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Abstract: Hexagonal boron nitride (h-BN) has emerged as a promising dielectric material
for protecting metallic substrates such as copper and steel under ambient conditions. The
layered structure of h-BN offers significant potential in preventing the oxidation and corro-
sion of these substrates. Due to their impermeability, boron nitride nanosheets (BNNSs)
do not form a galvanic cell with the underlying metals, enhancing their effectiveness as
protective coatings. BNNSs are both thermally and chemically stable, making them suitable
for coatings that protect against environmental degradation. Additionally, BNNSs have
demonstrated excellent fire resistance, hydrophobicity, and oxidation resistance when
applied to wood, functioning as a binder-free, retardant coating that remains effective up
to 900 °C in air. This review focuses on the anti-corrosion properties of BNNSs, particularly
on copper and steel substrates, and discusses various methods for their application. This
article also discusses future perspectives in this field, including the innovative concept of
wooden satellites designed for short- and long-term missions.

Keywords: boron nitride nanosheets (BNNSs); binder-free coatings; corrosion resistance;
fire resistance; wooden satellite

1. Introduction

Corrosion, the gradual chemical or electrochemical deterioration of metals, results in
the loss of their integrity, strength, luster, and overall metallic properties. This phenomenon
significantly impacts various industrial sectors, such as offshore extraction, natural gas
extraction, and transportation, particularly when metals are exposed to corrosive agents like
chloride ions, oxygen, and water [1]. While several methods, including anodic and cathodic
protection, coatings, and alloying, have been developed to combat corrosion, organic
polymer coatings are a relatively straightforward solution [2-9]. However, traditional
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coatings often suffer from defects, cracks, and shrinkage due to solvent evaporation,
necessitating thicker coatings (300-500 um) to prevent corrosion effectively [10].

To overcome this issue, various nanocomposite coatings are already prepared or in the
developing stages, which exhibit superior barrier characteristics and corrosion resistance
compared to a singular organic coating, attributable to the synergistic interaction between
the coating matrix and nano-fillers [11,12]. For fillers, an important feature is dimensional-
ity, like the layered two-dimensional (2D) structure, nanosheets with a thickness less than
10 nm, and lateral dimensions greater than 100 nm. These nanosheets are acknowledged
for their remarkable properties in terms of specific surface area and their notable chemical,
thermal, and mechanical characteristics. These characteristics render them exceptionally
attractive for prospective applications in energy storage materials, catalysis, electronics,
water purification, and protective coatings [13-22]. Since the discovery of graphene, ex-
tensive exploration has been conducted on a diverse array of 2D nanomaterials. This
involves layered hexagonal BN (h-BN), graphitic carbon nitride, transition metal dichalco-
genides, MXenes, layered double hydroxides, and others [23-31]. Due to the structural
and morphological similarity of the h-BN nanosheets (BNNSs) with the graphene, it is also
known as “white graphene” and received much attention due to its distinct electronic and
thermodynamic characteristics. Hexagonal boron nitride (h-BN) is a white, solid material
with minimal porosity, attracting significant attention for use as a protective coating due
to its exceptional electronic and thermodynamic properties. Structurally, h-BN consists
of boron (B) and nitrogen (N) atoms in a 1:1 ratio, arranged in stacked sp? hybridized
honeycomb lattice structures. The material is characterized by strong B-N covalent bonds
with a bond length of 1.45 A and interlayer spacing of 0.333 nm, held together by weak
van der Waals forces. The bonding between boron and nitrogen, driven by their respective
electronegativities (2.04 for B and 3.04 for N), creates a slightly ionic B-N bond. This
significant electronegativity difference and partial ionic character make h-BN an excellent
electrical insulator with a wide band gap. Few-layered boron nitride nanosheets (BNNSs),
typically ranging in thickness from 0.414 to 10 nm, possess a high aspect ratio and large
surface area. These nanosheets demonstrate impressive mechanical properties, includ-
ing a high bending modulus (~32 GPa) and thermal conductivity in the range of 1700 to
2000 W/m-K, making them highly effective for thermal management. Their elevated ther-
mal and chemical stability is ascribed to robust o-bonds, a partly ionic character, and the
lack of surface states and dangling bonds, enhancing their overall durability. BNNSs also
exhibit several other advantages, such as low electrical conductivity, exceptional thermal
shock resistance, impermeability, non-toxic behavior, and a high dielectric constant. Their
surface area (~2600 m?/g) is significantly higher than that of BN nanotubes (212-254 m?/g)
and bulk BN (10 m?/ g), enhancing their performance in various applications. The oxidation
resistance of BNNSs, which exceeds 800 °C, further positions them as ideal candidates for
high-temperature, oxidation-resistant coatings [24,32,33].

Figure 1 represents the various forms of boron nitride, ranging from bulk to zero-
dimensional structures, including cubic-BN (c-BN), wurtzite-BN (w-BN), hexagonal-BN
(h-BN), rhombohedral-BN (r-BN), boron nitride nanotubes (BNNTs) with both single
and multiwall configurations, boron nitride nanoribbons (BNNRs) featuring zigzag and
armchair edges, as well as boron nitride nanocages and quantum dots [32,33]. Every nanos-
tructure has unique physicochemical properties, such as a large specific surface area, a high
band gap energy, a low dielectric constant, remarkable thermal and chemical durability,
and excellent thermal conductivity. These outstanding features have led to the use of
h-BN nanoparticles in diverse applications, including adsorption, photocatalytic degrada-
tion, sensor and electrical device development, medication delivery, energy storage, and
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more [34-36]. Properties like electrical conductivity, thermal conductivity, and applications
of various types of h-BN are discussed in Table 1.

(a) "m'. (b) BN-EHOSI‘%( BN-Nanoribbon BN-Nanotube
Hexagonal Rhombohedral
® ¢ @ BN-Fullerene
Cubie Waurtzite Armehair-edge

Figure 1. Structural models of boron nitride. (a) Bulk BN with different crystal structures like hexag-
onal, rhombohedral, cubic, and wurtzite, and (b) BN nanostructures with nanosheet, nanoribbon
(zigzag and armchair configurations), nanotube, and zero-dimensional fullerene [32].

Table 1. The electrical conductivity, thermal conductivity, and typical applications of various forms
of boron nitride (BN).

Types of h-BN

Type of Hy-
bridization

Electrical
Conductivity

Thermal
Conductivity

Applications

Ref.

Cubic BN (c-BN)

Sp3

Insulator

~1300 W/mK

For cutting tools, insulating material in
electronics, protective coatings,
thermocouple protection sheaths,
crucibles, protective lining for reaction
vessels, ultraviolet (UV) detectors, and
UV-light-emitting diodes.

[32,37-40]

Waurtzite BN
(w-BN)

Sp3

Insulator

100-300 W/mK

Machining/cutting/milling ferrous and
carbide materials; Optoelectronics
devices; dielectric substrate material for
optical, electronic, and 2D
graphene-based devices; short
wavelength electro-luminescent optics;
and high-temperature microelectronics,
transparent coatings, energy storage
devices, optical sensors, thermal
management systems, and durable
structural components.

[32,37,41-44]

Hexagonal BN
(h-BN)

Sp2

1078 t010714S/m

390-2000 W/mK

Adsorption nanomaterials,
photocatalysis, membrane separation,
antibiosis, environmental sensing,
energy conversion and storage, and
toxicity analysis.

[32,37,45-53]

Rhomohedral BN
(r-BN)

Sp2

Insulator

20-300 W/mK

Cutting tools and abrasives, coating and
mold release, electrical insulation, and
thermal spray.

[32,37,46]

BN nanotubes
(BNNTs)

Sp2

Insulator, could be a
semiconductor under
specific conditions

~350 W/mK

Polymer coating reinforcement, thermal
management packages, piezo actuators,
neutron shielding nanomaterials,
self-cleaning membranes, reusable heat
resistive films, biological probes, and
biological channels in biosensing.

[32,37,54-61]

BN nanoribbons

Sp2

Insulator

100-400 W/mK

Adsorption, CO, reduction, water
splitting, and environmental sensing.

[32,37,62-65]

BN quantum
dots (BNQDs)

Sp2

~107°t0107°S/m

0.3-1.5nW/K

On-off probes, bioimaging,
electrochemical biosensing,
photocatalytic activator, proton
exchange membranes, microwave
absorption material, DNA cleavage
activity, and detection of cancer cells.

[32,37,66-73]
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The synthesis of high-quality BNNSs is crucial for achieving optimal antioxidant
and corrosion resistance. BNNSs can be produced using top-down methods (e.g., me-
chanical exfoliation, liquid exfoliation, and thermal expansion) and bottom-up methods
(e.g., chemical vapor deposition, physical vapor deposition, laser ablation, and pulsed
laser deposition) [23,24,74-76]. Several studies have explored various synthesis techniques,
modifications, and applications of h-BN nanomaterials, yielding BNNSs with specific
characteristics tailored for different protective applications, and some of them are men-
tioned in Table 2. Previous research was conducted to assess the efforts in addressing
the synthesis procedures, modification efforts, and applications of h-BN nanomaterials.
Like Novoselov et al., [77,78] mechanically exfoliated monolayer graphene and BNNSs.
Lei et al. [79] were fortunate enough to yield up to 85% for the exfoliation process by using
urea as an assistant. They developed a few layered BNNSs with 2-2.5 nm thicknesses and
lateral sizes of 100 nm. Han et al. [80] demonstrated the solvent-assisted ultrasonication
of single- or few-layered BNNSs by liquid phase exfoliation. Cheng et al. [81] used gas-
assisted thermal expansion to develop BNNSs with 3-5 nm thicknesses, yielding up to
13.6%. Zhou et al. [82] introduced and developed BNNSs by chemical weathering with
2—4 layers of a single or bilayer structure, each layer 1 nm thick. By contrast, much research
work conducted on the different applications of h-Bn, like Zheng et al. [83], noticed the
varied covalent and non-covalent surface alteration methods to better the interfacial per-
formance and dwindle the aggregation tendency of h-BN nanomaterials. Zhou et al. [84]
reviewed multiple h-BN/semiconductor composite types as photocatalysts and illustrated
their photocatalytic mechanism. Yu et al. [85] reviewed h-BN-based nanomaterials for the
absorption of contaminants in an aqueous solution, described the removal process, and
examined the effects of environmental factors on absorption.

Table 2. The various methods used for producing boron nitride nanosheets (BNNSs) and the key
properties of the resulting BNNSs.

Methods Involved to Obtain BNNSs Properties of BNNSs Obtained Ref.

CVD

Controllable atomic thickness

High-quality 2D single and multilayer BN thin films

Thin film with wide area homogeneity and first-class layer
number selectivity

High purity and crystallinity

Relatively higher corrosion resistance and mechanical strength

[13,86-88]

Electrophoretic deposition

e  Enhanced mechanical, anti-corrosion, and antitribological properties ~ [89-91]

Liquid phase exfoliation method

° Precise adjustments of the concentration, lateral dimension, and
thickness of the generated NSs.

High-quality crystalline NSs

% yield might be low; probability of layer stacking exists.

[23,86,92]

Magnetron sputtering

High-quality BNNSs with controlled thickness

Scalable deposition rate

High uniformity over large area [93-95]
Good adhesion to substrates

Low defect density

This review focuses on using binder-free hexagonal boron nitride nanosheets (BNNSs)
as protective coatings for copper, steel, and wood substrates. It examines the synthesis
methods, structural properties, and performance of BNNS coatings in preventing corrosion,
with particular attention to their application in high-temperature environments. This review
also highlights recent advancements and future perspectives in developing h-BN-based
protective coatings.
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2. Evaluation of BNNSs Binder-Free Coating on Copper, Steel, and
Wood Substrates

2.1. Evaluation of BNNSs Binder-Free Coating on Copper

Li et al. [96] conducted experiments on 20 pm thick copper (Cu) foil coated with
BNNSs grown via chemical vapor deposition (CVD) using borazine as the precursor. The
BNNSs formed a uniform coating on both sides of the Cu foil. The foils were oxidized in
open air using a tube furnace and used for further study. Atomic force microscopy (AFM)
revealed the BNNS thickness to be 7-8 nm (~20 layers) after transferring them to a silicon
substrate with a 90 nm oxide layer (SiO, /5i). Due to BN’s low visible light absorption, the
BN-coated Cu foil retained a metallic appearance, like bare Cu foil, as shown in Figure 2a,c

and the scanning electron microscopy (SEM) surface topography in Figure 2b,d.

—Cu
........ BN+Cu
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Figure 2. (a) Optical and (b) electron microscope images of bare Cu foil, (c) optical and (d) electron
microscope images of BNNS-covered Cu foil, and Tafel plots of the bare and BNNS-covered Cu foil
in (e) aerated and (f) nitrogen gas bubbled 0.1 M NaCl solution [96].

A Tafel analysis was used to compare the corrosion kinetics of Cu foil with and without
BNNSs in an aerated NaCl solution (shown in Figure 2e,f). The BNNS-coated Cu foil had
a lower anodic current but a greater cathodic current than the bare Cu sample, showing
that BN nanosheets decrease Cu oxidation while increasing oxygen reduction. Cyclic
voltammetry (CV) studies in a nitrogen-saturated NaCl solution verified this behavior, with
the BN-coated Cu foil exhibiting lower anodic and cathodic currents and a lower corrosion
current density. The corrosion current (Icorr) of bare Cu and BN-coated Cu was 0.93 and
0.27 wA/cm?, respectively. The shift in corrosion potential from —0.20 V to —0.17 V for
the BN-coated Cu foil implies the passivation of the underlying Cu by the BN nanosheets.
A comparison of Tafel and (open circuit potential) OCP plots (shown in Figure 2) from
aerated and nitrogen-saturated solutions indicated that the BN-coated Cu sample’s higher
cathodic and open circuit current was possibly defective due to the BN sheets. Carbon and
oxygen contaminations, often found in BN crystals [97,98], along with carbon doping, can
lead to the formation of boron carbide nitride, which enhances oxygen reduction [99,100].
The lower anodic current observed in the aerated solution and the significant anti-oxidation
performance of the BN-coated Cu foil indicate that the oxygen reduction assisted by BN
nanosheets does not enhance the production of CuyO on the Cu substrate.

In another study, Khan et al. [101] studied the growth of h-BN on Cu foils (0.25 mm
thick, 99.98% purity). The Cu foil was pre-treated with 10% HNOj, dried with nitrogen,
and annealed at 1000 °C (solid copper) and 1100 °C (molten copper) for 40 min under a
500 sccm flow of 10% Hj/Ar gas to remove surface oxides. h-BN growth was achieved
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by introducing gaseous thermal breakdown products of ammonia borane for one hour
at 110 °C and transported by a 100 sccm flow of 10% H;/Ar gas. A higher flow rate
(200 sccm) reduced nucleation, leading to inhomogeneous deposition. Tungsten foil was
used to support molten copper due to its superior wettability. Further, they analyzed
h-BN morphology, thickness, and crystallinity, varying ammonia borane quantities while
maintaining the same gas mixture and substrate (Tungsten) support [102].

Post-EIS testing (after 1 h in 0.5 M NaCl), the samples’ optical appearance changed
noticeably. Corrosion was evident across the entire surface of the bare solid and melted
Cu (Figure 3a,b), but only a few small spots appeared on the hexagonal boron nitride
nanofilm (BNNF)-coated melted Cu. Further analysis using Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS) was conducted to examine the corrosion products
after EIS tests. A Raman analysis confirmed the excellent protective performance of the
high-quality BNNF on melted Cu (Figure 3c). The strong peaks at 531 and 614 cm™!
and shoulder peaks at 338 and 414 cm~! indicated the production of Cu(OH), or CuO
on the bare Cu surface [103,104]. Weak oxidation signals were identified on solid Cu in
BNNF-coated samples, but they were almost completely missing on melted Cu. In the XPS
assessment (Figure 3d), the BNNF-coated melted Cu had the smallest Cl 2p peak among all
samples, indicating the coat’s great efficacy in preserving the surface and restricting C1~
ion transport.

(C) ﬁfl?“

Bare solid Cu

Bare melted Cu

s o
Intensity (a.u.)

BNNF/solid Cu
BNNF/melted Cu

200 v 6[l|0 . m'oo v 14I00 . ISIG(I
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Figure 3. (a,b) Optical images of the bare and BNNF-coated Cu after the EIS tests; (c) Raman spectra;
(d) XPS analysis of Cl 2p peak for the bare and BNNF-coated Cu after the EIS tests; (e) Nyquist plots,
with the inset showing an enlargement of the high-frequency region; and (f) Bode plots acquired by
EIS in 0.5 M NaCl solution after 5 min of immersion [101].
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Electrochemical impedance spectroscopy (EIS) was conducted to evaluate the
impedance properties of bare and BNNF-coated solid and melted copper (Cu). The
impedance values presented in the Nyquist and Bode plots (Figure 3e,f) revealed a signifi-
cant increase in impedance values for the BNNF-coated samples, highlighting the effective-
ness of the coating. Among the uncoated samples, the melted Cu exhibited higher corrosion
resistance than solid Cu, likely due to its larger grain size and smoother surface, which re-
duced the exposure of reactive Cu atoms. For the BNNF-coated melted Cu, the impedance
at low frequencies was almost ten times higher than that of the bare melted Cu, underscor-
ing the high quality of the BNNF coating. The increased low-frequency impedance linked to
charge transfer in defective surface regions suggests that the hexagonal structure of BNNF
effectively hinders ion diffusion, aligning with previous findings [105,106]. In a 0.5 M NaCl
solution, the bare solid and melted Cu experienced a substantial rise in impedance due
to the formation of thick oxides on their surfaces, whereas the BNNF-coated Cu showed
significantly less increase, affirming its protective nature. Notably, the BNNF-coated melted
Cu demonstrated minimal impedance change, indicating superior corrosion resistance and
structural stability. After one hour of immersion, the charge transfer impedance at 0.01 Hz
for the BNNF-coated melted Cu decreased slightly, likely due to surface ion absorption
enhancing the charge transfer process. Importantly, the mid-frequency domain impedance
of the BNNF-coated melted Cu remained unchanged, confirming its chemical stability in a
saline environment.

Further, Ren et al. [107] successfully synthesized BN films on Cu foil via CVD, produc-
ing monolayer and multilayer films by adjusting deposition time. The Cu foil (25 pm thick)
was pre-cleaned and annealed at 600 °C for 20 min under an Ar/H; gas flow, followed by
heating to 1000 °C. Ammonia borane was sublimated at 120-130 °C and delivered to the
reaction zone using a gas flow. The BN growth lasted 30-60 min, followed by rapid cooling.
BN films were transferred using polymethyl methacrylate (PMMA) for further analysis.

The as-grown BN films were transferred onto 300 nm SiO;/Si substrates using a
PMMA-assisted method for further characterization. The thickness and uniformity of the
films were evaluated using optical microscopy and AFM, as illustrated in Figure 4a—d. The
green color of the films deepened as the number of layers increased. Monolayer (1 L) and
multilayer BN films were tested by storing uncoated and BN-coated copper (Cu) foils under
ambient conditions at room temperature for 30 days to assess oxidation resistance. After
this period, the BN-coated Cu foils retained their metallic appearance, similar to uncoated
Cu, owing to the atomic thickness and high optical transmittance of the BN films. At T1
(after the first 30 days), the BN-coated samples showed the same color and morphology as
freshly prepared samples, indicating that even a single atomic layer of BN is an effective
oxidation barrier in ambient conditions [108]. Figure 4i-1 shows the surface topography
of the coated foils at T1, revealing a smoother surface on the BN-coated Cu foils, further
confirming their superior resistance to oxidation at room temperature. However, Cu grains
and BN wrinkles became increasingly visible as the number of BN layers increased, likely
due to the mismatch in thermal expansion coefficients between Cu and BN.

The XPS analysis in Figure 40,p revealed that after 30 days of exposure, BN-coated
Cu foils showed distinct metallic copper peaks at 932.6 and 952.5 eV corresponding to
the Cu 2p3,, and 2pq,,, while uncoated Cu foils exhibited broader peaks, indicating
CupO formation and significant oxidation [109]. These findings confirm that BN films
effectively protect Cu foils from atmospheric reactions, preventing Cu oxide formation
under ambient conditions. However, defects in monolayer BN films, such as wrinkles and
grain boundaries, allowed localized oxidation, leading to micro-sized oxidation patches. In
contrast, multilayer BN films provided better protection by hindering horizontal oxygen



Crystals 2025, 15, 99

8 of 20

Intensity (a.u.)

T — )

(e)

BN

Si0,

U]

transport, with oxidation occurring mainly at wrinkles where oxygen reached the Cu
surface through meandering pathways.

o 5 i) : (m) Monolayer (n) Multilayer
e m

Heating
before Cu

Wrinkle

e = ; h) =
it | ’ ] 1 I
J \ ! =

Heating

"
Oxidized area | arter Cu Oxidized area

(o) —5i

w—s

L

Intensity (a.u.)

1w’
185 190 195 200 A8 46 A4 DT 00 42 04 06

Binding energy (eV) Potential (V vs SCEy Frequency (Hz)

Figure 4. Optical images of (a) 1L, (b) 5L, (c) 10 L, and (d) 20 L BN films; digital camera photos
of BN-coated Cu foil after 30 days exposure at room temperature (e) 1 L, (f) 5L, (g) 10 L, and
(h) 20 L; SEM images of BN-coated Cu foil after 30 days exposure at room temperature (i) 1 L, (j) 5L,
(k) 10 L, and (1) 20 L; schematic diagrams of the oxidation mechanisms for the (m) monolayer and
(n) multilayer BN films; (o,p) XPS spectra of BN-coated and uncoated Cu foils after 30 days exposure
at room temperature; (q) potentiodynamic polarization plots; (r) Bode plots; and (s) phase angle vs.
frequency plots of the BN-coated and uncoated Cu foils [107].

The corrosion resistance of BN-coated and uncoated Cu foils was assessed through
electrochemical measurements in a 3.5 wt.% NaCl solution. The potentiodynamic po-
larization test results in Figure 4q show that the BN-coated Cu foils displayed higher
corrosion potentials (Ecorr) and significantly lower anodic current densities (Icorr) than
uncoated Cu foils. The E.r and Icorr values for uncoated Cu foils were —0.29 V and
9.23 x 107> A/cm?, respectively, while those for BN-coated Cu foils ranged from —0.24 V
and 1.12 x 107 A/cm? (1 L) to —0.088 V and 4.62 x 107 A/cm? (20 L). The 20 L BN-
coated Cu foil demonstrated a positive Ecorr shift of 0.202 V and a remarkable 200-fold
reduction in I.orr compared to the uncoated sample. The Bode plots in Figure 4r revealed
that the impedance modulus values at the lowest frequency (Zf = 0.01 Hz) of BN-coated Cu
foils ranged from 1.3 times (1 L) to 14 times (20 L) higher than those of uncoated foils, with
a notable improvement in Zf = 0.01 Hz as the number of BN layers increased from 1 L to
10 L. However, the rate of impedance increase diminished beyond 10 layers. These results
highlight that even a few atomic layers of BN provide substantial corrosion protection for
Cu foils, significantly mitigating their susceptibility to degradation in saline environments.

While in another study, A. Nadeem and M.A. Raza [91] successfully deposited BNNSs
on copper using electrophoretic deposition (EPD). They prepared BNNSs by dispersing
125 mg of h-BN powder in 125 mL isopropyl alcohol (IPA), sonicated for 35 h, centrifuged
at 4000 rpm, and used the supernatant for deposition. A Cu strip and platinum electrode
served as the cathode and anode, respectively, with 50 uL. of HCI added to enhance
conductivity before deposition. The X-ray diffraction (XRD) pattern of both the h-BN
powder and the BNNS-coated Cu sample (deposited for 5 min) is presented in Figure 5a.
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The BNNS-coated Cu sample shows a distinct peak at 20 = 26.78°, corresponding to the
typical (002) peak of BNNSs, confirming the successful deposition of BNNSs on the Cu
substrate by EPD. The additional peaks in the BNNS-coated Cu sample are attributed to
the underlying Cu planes. Figure 5 also displays photographs of the bare Cu sample, the
BNNS-coated sample at 90 V for 1 min, and the BNNS-coated sample at 90 V for 5 min.
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Figure 5. (a) XRD pattern of h-BN (commercial) and BNNSs-(5), (b) SEM and EDX spectrums of bare
Cu and with BNNSs-(5), (c) Tafel plotting of bare Cu and BNNSs coated samples, and (d) Nyquist
and (e) Bode curves of BNNSs-(5) vs. bare Cu samples [91].

The SEM and energy-dispersive X-ray spectroscopy (EDX) analysis of commercial
h-BN and BNNSs developed by sonication are shown in Figure 5b. A SEM analysis
reveals that h-BN consists of large particles, whereas BNNSs are smaller, flat sheets with
slightly smaller lateral dimensions than h-BN. Both h-BN and BNNSs contain boron (B)
and nitrogen (N) elements, as confirmed by the EDX analysis. The Cu sample’s coated
portion shows uniform BNNS coverage with a slightly rough topography, consistent with
AFM observations.

Tafel plots were generated to evaluate the corrosion resistance of uncoated Cu and
BNNS-coated Cu samples deposited via EPD. The BNNS-coated samples, prepared at 90 V
for 1 min (BNNS-(1)) and 5 min (BNNS-(5)), demonstrated a positive shift in corrosion
potential (Ecorr). For BNNS-(5), Ecorr shifted to —185 mV compared to —230 mV for
bare Cu, indicating improved corrosion resistance. Furthermore, the corrosion current
density (Icorr) of BNNS-(5) decreased significantly to 4.80 pA/cm? from 21.40 pA/cm?
for bare Cu, reflecting a nearly sixfold reduction in the corrosion rate. The Tafel analysis
also revealed that BNNS-(5) offered better corrosion resistance than BNNS-(1). EIS was
performed to investigate the corrosion mechanisms further. Nyquist and Bode plots
showed that BNNS-(5) exhibited higher impedance across both high and low frequencies
than bare Cu, confirming its superior corrosion protection. These results underscore
the enhanced protective performance of the BNNS coating, particularly for BNNS-(5), in
reducing corrosion susceptibility.
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2.2. Evaluation of BNNSs Binder-Free Coating on Steel

A. Nadeem et al. [110] successfully deposited BNNSs on mild steel (MS) using CVD.
Pre-treated 1 x 2 cm? MS strips were etched with 5% HCl, sonicated, and cleaned with 1M
NaOH. In the CVD process, 100 mg of boron powder and the MS samples were placed in a
quartz tube, evacuated to 1 bar, and exposed to ammonia gas at 200-250 sccm. The furnace
was heated to 1200 °C at 50 °C/min and held for 30-180 min before cooling overnight
in the sealed tube. Figure 6a presents SEM images of the BNNS-coated MS substrate,
clearly showing the deposition of BNNSs. The coating predominantly consists of BNNSs
(approximately 80%), with some ribbons and boron nitride nanotubes (BNNTs) also forming.
This occurrence is likely due to the iron in the mild steel acting as a catalyst for BNNT
growth [111]. Additionally, some pores are visible in the image. The FTIR spectra of BNNS-
coated MS samples, subjected to deposition at 1200 °C for varying durations, are shown in
Figure 6b, reveal two strong transmission peaks at 1330 cm ! and 760 cm ™!, corresponding
to sp?-bonded B-N and B-N-B bending vibrations, respectively [112]. These characteristic
peaks in all BNNS-coated samples confirm the successful deposition of BNNSs across all
temperatures. The Raman spectra of commercial BN and BNNS-coated MS are displayed
in Figure 6¢, further corroborating these findings. The BNNS-coated MS samples exhibit
two characteristic peaks at 1377.69 cm~! (commercial BN) and 1366.49 cm~! (BNNSs),
corresponding to the E2g vibration mode of BN [113]. The slight shift in the B-N bond peak
in the BNNS-coated MS compared to the commercial BN (1366-1377 cm~!) suggests that
the BN was deposited as turbostratic nanosheets [114].
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Figure 6. (a) SEM of BNNS-coated MS with inset digital camera photo (1 h deposition time at
1200 °C), (b) FTIR curves, (c¢) Raman spectra, and (d) Tafel curves of BNNS-coated MS sample [110].
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A Tafel analysis of bare MS and BNNS-coated MS samples, produced at 1200 °C for
1h and 3 h, is shown in Figure 6d. The BNNS-coated samples exhibited a shift in corrosion
potential (Ecorr) toward more negative values and a significant reduction in corrosion
current density (Icorr) compared to the bare MS. This decrease in I indicates that the
BNNS coating effectively inhibits ion oxidation and enhances oxygen reduction [115]. The
presence of carbon and oxygen impurities in the BN crystal and potential carbon doping
from the MS at high deposition temperatures (1200 °C) likely leads to the formation of
boron carbonitride, further facilitating oxygen reduction. The observed negative shift
in Ecorr suggests that BNNSs act as a cathodic coating, providing electrical insulation
and minimizing the risk of galvanic corrosion. Specifically, the I o, of the BNNS-coated
MS sample, deposited for 1 h at 1200 °C, decreased from 32.0 pA/cm? (bare MS) to
15.9 pA/cm?, demonstrating a twofold improvement in corrosion resistance [116].

Meanwhile, Tang et al. [117] explored the deposition of h-BN films directly onto SS304
stainless steel substrates using RF magnetron sputtering. The 10 x 10 mm? substrates
were polished and pre-cleaned through ultrasonic treatments in diluted HCI, alcohol,
and deionized water. During deposition, the chamber pressure was maintained below
1 x 107° Pa, and a sintered BN target, mounted on a water-cooled magnetron gun, was
powered at 90-150 W. The substrates, positioned 8 cm from the target, were heated to
650 °C and biased with a pulsed voltage. Nitrogen and Ar gases flowed at 50 sccm, and
the working pressure was set to 2 Pa. The BN target was pre-sputtered for 3 min to ensure
cleanliness before the 3 h deposition process, successfully forming h-BN films on the
stainless steel.

The SEM images illustrating the direct growth of h-BN nanofilms on the ss304 substrate
are shown in Figure 7a—c. Figure 7a presents the SEM images of the bare ss304, while
Figure 7b shows the h-BN-coated substrate. The images confirm that the h-BN films are
continuous over a large area, closely following the morphology of the pristine substrate
surface. The uncoated ss304 surface appears shiny and bright, but after applying the h-BN
coating, the surface takes on a yellowish hue. The visible scratches on the S5304 surface
reveal the partial transparency of the h-BN film. The consistent coloration across the coated
substrate indicates that the h-BN film is uniform and continuous. As shown in Figure 7c,
the h-BN coating fully covers the S5304 surface, filling cracks and grain boundaries inherent
to the substrate. This comprehensive coverage provides robust protection against oxidation
and corrosion, enhancing the durability of the 55304 surface.

Figure 7d presents the XRD patterns of the SS304 substrate before and after h-BN depo-
sition. The uncoated SS304 substrate exhibits characteristic diffraction peaks at 26 = 43.8°,
50.9°, and 75.1°, corresponding to the (100), (200), and (220) planes of austenitic stainless
steel [118]. Following h-BN growth, an additional weak (002) diffraction peak at 26.7°
is observed, indicating that the h-BN film predominantly consists of nanocrystalline do-
mains with a preferential (002) plane orientation on the SS304 substrate. An FTIR analysis,
performed in reflection mode due to the non-transparency of S5304 in the IR region, is
shown in Figure 7e. The spectrum reveals two prominent peaks at 820 cm ! and 1549 cm !,
corresponding to transverse optical (TO) B-N-B out-of-plane bending vibrations [119] and
longitudinal optical (LO) in-plane B-N stretching vibrations of sp?>-bonded h-BN, respec-
tively. A weak shoulder at 1380 cm ™! is also observed, attributed to TO in-plane B-N
vibrations. These findings confirm the presence of pure h-BN in the film without any
detectable impurities. At the same time, the TO-LO splitting suggests an ordered texture
within the deposited h-BN film [120]. Figure 7f displays the Raman spectrum of the 55304
substrate after h-BN deposition, highlighting a pronounced E2g peak at 1367 cm ™!, charac-
teristic of h-BN [119]. The full width at half maximum (FWHM) of the h-BN/SS304 film is
measured at 27 cm ™!, significantly narrower than the FWHM of the few-layer h-BN directly
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grown on other substrates (60 cm 1) [121], though slightly wider than the h-BN atomic
layers grown on Cu foils (14.5 cm~1) [122] and transferred h-BN on SiO, /Si (23 em™1) [121].
These results suggest that the h-BN coating is of high quality and offers effective corrosion
protection for metallic surfaces.
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Figure 7. SEM images of (a) bare ss304 and (b,c) h-BN/ss304 with inset digital camera photo (h-BN
coated at 650 °C with 150 rf power and 0 V bias), (d) XRD, (e) FTIR and (f) Raman spectra of ss304
and h-BN/ss304 for comparison, (g) Tafel curves and (h) Nyquist plots of samples immersed in 3.5%
NaCl for five weeks, and (i) OCP stability of h-BN/ss304 for a total of 10 weeks [117].

Figure 7g,h illustrate the Tafel curve and Nyquist plot for the h-BN-coated 55304
sample after five weeks of immersion in a 3.5% NaCl solution. The Tafel curve shows no
significant changes in Ecorr o1 Leorr Over the five weeks, suggesting that the h-BN coating
effectively maintains its protective properties. While the Nyquist plot indicates a decrease in
impedance resistance, as evidenced by a reduction in the semicircle diameter, the impedance
values remain comparable in magnitude to those of the freshly coated film. Figure 7i shows
the open circuit potential (OCP) analysis of the h-BN-coated ss304 substrate, where the OCP
voltage (OPV) remained relatively stable, with only minor fluctuations. This indicates the
durability and consistency of the h-BN coating in providing corrosion protection over time.

2.3. Evaluation of BNNSs Binder-Free Coating on Wood

Liu et al. [123] developed BN nanosheets via liquid-phase exfoliation and applied them
as coatings on cedar wood. Bulk BN powder (4 g) was dispersed in a 1 mg/mL sodium
dodecyl benzenesulfonate (SDBS) solution and sonicated for 4 h with heat regulation. After
resting overnight, the mixture was centrifuged to isolate a semi-transparent BN nanosheet
suspension, further concentrated by high-speed centrifugation. For comparison, BN was
also exfoliated in IPA under similar steps. The final BN nanosheet coatings adhered strongly
to the cedar wood substrate, filling grooves and creating a uniform layer, forming a 1-5 um
thick layer, demonstrating their durability and protective potential.

The elemental composition of the exfoliated h-BN nanosheets was characterized using
Raman spectroscopy. The Raman spectra, shown in Figure 8a, feature a distinct peak at
1365.8 cm ™!, corresponding to the E2g vibrational mode of h-BN [124]. The FWHM of this
peak is approximately 5.21 cm ™! for the exfoliated BN nanosheets, which is slightly broader
than that of bulk BN powder (4.77 cm~1) [125]. This minor increase in the FWHM suggests
the high quality of the exfoliated nanosheets despite the reduction in interlayer interactions
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caused by the exfoliation process. Additionally, the variation in the intensity of the E2g
mode reflects changes in the material’s structural dynamics due to the exfoliation [126].
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Figure 8. (a) Raman spectra of BNNS-coated wood substrate, oxidation resistance property of
BNNS-coated wood substrate at (b) 300 °C and (c) 900 °C, and (d) schematic illustration of the
experiment [123].

Oxidation resistance experiments were conducted at 300 °C and 900 °C by exposing
the h-BN-coated substrates to these temperatures. As shown in Figure 8b, no visible damage
occurred to the coating at 300 °C. However, at 900 °C, significant morphological changes
were observed (Figure 8c). The h-BN coating began to deteriorate and separate from the
wood substrate, likely due to the thermal expansion of the wood at high temperatures. The
darkening of the coating indicates its degradation, though the underlying wood remained
largely unaffected by oxidation. Despite the coating’s withering, no significant mass loss
was observed up to 900 °C, suggesting that the h-BN nanosheet coating, with an optimal
thickness, enhances the oxidation resistance of wood products under high temperatures
and oxygen-rich environments. Figure 8d provides a schematic illustration of the oxidation
resistance experiments.

3. Conclusions and Future Perspectives

This review emphasizes the application of binder-free hexagonal boron nitride
nanosheets (BNNSs) as protective coatings for copper, steel, and wood substrates. The
absence of organic binders is a key advantage, as it allows the inherent properties of h-
BN—such as its exceptional mechanical strength, high thermal stability, hydrophobicity,
and chemical inertness—to be fully realized without interference. These characteristics
make BNNS coatings highly suitable for environments prone to corrosion, oxidation, and
wear. However, achieving the desired performance depends significantly on the quality
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of the nanosheets and their direct adhesion to the substrate, which is particularly critical
in binder-free systems. The ability of h-BN to form a protective boron oxide layer when
exposed to oxygen further enhances corrosion resistance. At the same time, its anisotropic
thermal properties are particularly effective for insulating wood substrates by minimizing
thermal diffusivity and effusivity.

Despite these promising attributes, several challenges limit the widespread use of
binder-free BNNS coatings, primarily related to the uniform dispersion and strong adhe-
sion of BNNSs on various substrates. The flake-like structure of BNNSs poses a challenge
due to its tendency to aggregate, which compromises its ability to form continuous, defect-
free coatings. Future research should focus on advanced surface modification techniques
to improve the compatibility and alignment of BNNSs on diverse substrates. Structural
modifications, such as functionalization with specific chemical groups, could significantly
enhance adhesion and, consequently, these coatings’ durability and protective performance.
Additionally, exploring hybrid structures combining BNNSs with other two-dimensional
materials like graphene offers a promising route for enhancing the mechanical and protec-
tive properties while retaining the advantages of a binder-free system.

From the structural design perspective, further research should emphasize the de-
velopment of multilayer BNNS coatings, which can enhance barrier properties against
environmental degradation and mechanical wear. The ordered arrangement of BNNS
layers could improve resistance to ion diffusion and moisture penetration, making these
coatings more effective in preventing corrosion. Traditional corrosion characterization
methods should be supplemented with advanced computational techniques, such as quan-
tum chemistry and molecular dynamics simulations, to fully understand the protective
mechanisms and optimize these coatings. These methods will provide valuable insights
into the molecular-level interactions between BNNS coatings and corrosive agents, allowing
for more targeted design improvements.

Current challenges in the field also include achieving consistent and uniform layer
deposition (binder-free or with binder) across various substrates (Al, Mg, Cu, Fe, Nj, etc.)
without sacrificing the nanosheets” intrinsic properties. Future efforts should aim to refine
exfoliation and deposition processes to produce monodispersed BNNSs with controlled
thickness and lateral dimensions. This will be key to preventing agglomeration, a significant
factor that currently diminishes the protective capabilities of BNNS coatings. Additionally,
optimizing these processes could enable the application of BNNS coatings in more industri-
ally relevant settings, including high-temperature and high-humidity environments.

The long-term stability and durability of binder-free BNNS coatings under diverse
environmental conditions must be a priority before they can be widely adopted in the in-
dustry. In aerospace and satellite applications, these coatings offer tremendous potential for
providing lightweight yet durable protection against extreme conditions such as radiation,
high temperatures, and oxidative environments. The absence of organic binders ensures
that these coatings maintain their structural integrity over time, making them ideal for
prolonged exposure in space. Future research should explore the role of BNNS coatings in
improving thermal management, resistance to space weathering, and overall durability
under the harsh conditions of outer space as proposed in Figure 9. Such innovations could
lead to the development of advanced materials for aerospace applications, contributing to
the reduction in space debris by eliminating the need for conventional metallic paints that
degrade over time. By addressing these challenges through innovative structural design
and process optimization, BNNS coatings can be better positioned as a robust solution for
corrosion protection in a variety of industrial and high-performance applications.
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BNNS coated satellite

Figure 9. Prospective application of binder-free BNNS coatings for wooden satellite.
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