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Abstract: The aim of this study is to assess the effectiveness
of hexagonal boron nitride (hBN) coatings to enhance the
corrosion resistance of metals as well as evaluate their cru-
cial toxicological impacts on both the environment and
human health. Organic coatings are extensively applied in
the field of protecting metals against corrosion. They are
preferred as corrosion inhibitors due to their carbonyl
and hydroxyl group content, but they have drawbacks
regarding brittleness, porosity, and oxidation susceptibility.
In this review, we mainly focused on the synthesis, proper-
ties, and applications of hBN coatings and emphasized the
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way to improve corrosion resistance in metals and alloys.
Furthermore, our discussion demonstrated that the boron
nitride nanosheet (BNNS) coatings significantly improve
corrosion resistance, hydrophobicity, and crack mitigation
properties. The researchers achieved reduced coating porosity
and enhanced protection against corrosive media by effec-
tively dispersing BNNS in organic resin. This study also deter-
mines the protective mechanism of BNNS composite coatings
against corrosion. Moreover, we addressed the impact of
BBNS synthesis and its physicochemical properties on the
environment and organisms. Finally, suggestions are made
for future research and the sustainability of industrial use to
broaden the scope of applications for BNNS composite coating.

Keywords: corrosion resistance, barrier coatings, boron
nitride nanosheets, environmental and health issues

1 Introduction

An hBN is a layered structural material that has been
investigated for the corrosion resistance coatings due to
its high thermal, flame retardancy, and chemical stability
[1,2]. Several techniques are reported in the literature, such
as galvanization and metallic, which include chromium and
nickel coatings in protecting the alloy against corrosion for
industrial applications [3-5]. Hot-dip galvanizing is a tech-
nique that is mostly used for steel protection that is
implanted in soil or concrete [6]. Nonetheless, the problem
of white rust, which accumulates on the galvanized layer’s
steel surface in the atmosphere, adversely affects both the
appearance and the properties of galvanized products [7-9].
Anticorrosion coatings, which include chromium coatings,
are well-known for their exceptional corrosion resistance
properties [10-13], but these coatings are toxic to the environ-
ment. Nickel- and copper-based metallic/composite coatings
have also been used, but they possess weak durability and
wear resistance [14,15]. Furthermore, various corrosion pro-
tection coatings have been developed using different
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elements, such as cadmium [16], copper [17], and cobalt [18]
for marine applications [19] and oceanic transports, but
they also result in toxic coatings for the marine eco-
system, which are carcinogenic to humans [20-22].

However, organic coatings are preferred due to a large
number of carbonyl and hydroxyl groups, such as phytic
acid and tannic acid [23-25]. The carbonyl group presents
the carbon double-bonded to oxygen (O=H), whereas the
hydroxyl group contains oxygen and hydrogen that are
bonded together (OH). Organic coatings contain a rela-
tively thin barrier between the substrate and the environ-
ment. There are several organic coatings, such as epoxy,
polypyrrole, and acrylic resins that are mostly used for
corrosion protection [26-29]. The epoxy resins are digly-
cidyl ethers of bisphenol A, whereas polypyrrole is the
most widely studied among the various types of conducting
polymers due to its facile synthesis and promising redox
properties. Furthermore, acrylic resin is a type of thermo-
plastic, which is heated and repeatedly molded to any
shape. It is different from epoxy resin due to the re-shaping
and manipulation by heat. In addition, organic coatings are
brittle, porous, and prone to oxidation. The low evapora-
tion rate, small solid content, and agglomeration are a few
of the disadvantages of these types of coatings [30-33].
Adding nanoparticles, such as tantalum carbide, hafnium
carbide, cerium oxide, and other metal oxides, can provide
favorable effects on the anticorrosive properties. Better
mechanical properties of organic coatings can be achieved
even at low loads depending on the particle morphologies,
surface energies, and the inherent small sizes of the parti-
cles [34-37]. However, these types of nanoparticles lack
non-toxicity, high thermal stability, and lubricity. hBN pro-
vides better chemical inertness, thermal stability, and
lubricity, which contrasts with the previously mentioned
nanoparticles. This makes it a more effective anticorrosion
coating material. Moreover, the non-toxicity and low den-
sity of hBN offer advantages for anti-corrosion applica-
tions. The hBN has recently been studied, improving the
corrosion resistance of metals and alloys for these rea-
sons [38-40].

An extensive amount of research has been conducted
on graphene, and hBN is relatively new in regard to corro-
sion protection [1,41,42]. The hBN is gaining a lot of atten-
tion due to corrosion protection due to its outstanding
chemical and physical properties, which include high hard-
ness, oxidation resistance, insulating properties, corrosion
resistance, low density, and barrier protection [43-47].
Nadeem et al. [48] found that the corrosion resistance of
mild steel increases six times by BNNS coating, which
improves its hydrophobicity, inertness, an increased polar-
ization of charge distribution, and dielectric nature [49].
Cui et al. [20] added hBN into epoxy resin to enhance
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corrosion protection and crack mitigation properties.
This improvement was achieved due to the effective dis-
persion of the hBN that interrupts the crack propagation as
well as also causes a reduction in the coating porosity,
which inhibits the penetration of the corrosive medium
in epoxy resin.

This review investigates the effectiveness of BNNS coat-
ings, cultivating the corrosion resistance of metals and
alloys by comparing the surface morphology of BNNSs
that are synthesized by various methods using scanning
electron microscopy (SEM), and the corrosion inhabitation
mechanism of BNNS coatings. In addition, we highlighted
the ecological and human health risk assessments of the
possible hazards and risks of BNNS materials.

2 Literature review
2.1 hBN

hBN is a crystalline compound of boron (B) and nitrogen
(N) that has the chemical formula arranged hexagonally like
a honeycomb structure analogous to graphene. It is a color-
less crystalline material that has covalent bonds between B
and N. There is a more energetically stable and favorable
B-N bond than B-B and N-N bonds. hBN is mostly com-
pared with carbon allotropes [50]. It is a chemically and
thermally resistive refractory compound. It is a synthetic
compound that can be produced using multiple methods
[51]. Figure 1 illustrates the chemical structure of hBN.

2.1.1 Properties of hBN

hBN is a two-dimensional material, which has garnered a

considerable amount of consideration in recent years due

to its rare properties and potential applications in various

materials science fields. The band structure of hBN is ana-

logous to graphite, which is described by its layered hex-

agonal lattice arrangement of boron and nitrogen atoms.

This structure reveals several outstanding properties, which

maintain its structural integrity at high temperatures as a

result. This further enhances its usage in high-performance

applications. The following are a few more properties of

hBN and BNNS.

* The band gap is 6.8 eV, and hBN acts as a thermal con-
ductor and electrical insulator as a result [52].

+ The low density is theoretically about 2.27 g-cm™>.

* They are against thermal shocks.

* The multi-layers act as a lubricant [53].
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Figure 1: Chemical compositional structure and polar covalent bond of hBN.

MBNNSs

membrane

Figure 2: Illustration of the mechanism where BNNS coating can shield
the polymer from oxygen-atom corrosion [59].

» They have mechanical properties and high thermal con-
ductivity [54].

* The high thermal stability and bending modulus are
18-32 GPa [55,56].

« The thermal conductivity is about 1,700-2,000 W-mK* [57].

* They have good oxidation and corrosion resistance.

* They have stability at high temperatures near 2,600°C.

Table 1: Comparison study of hBN with other metallic nitrides [60-62]

» They are chemically inert due to sp* covalent bonds and
corrosion resistive.

* The in-air stability is up to 1,000°C.

* They have better dielectric properties than graphene, so
they are useable in places where graphene cannot be
used [58].

* The act as a barrier between the environment and the
substrate’s surface, which is illustrated in Figure 2.

Furthermore, the optical properties of hBN also get
attention due to a wide energy bandgap that allows for
its potential use in the optoelectronic devices of solar cells
and photodetectors. The unique combination of mechan-
ical strength, chemical stability, and optical properties lar-
gely enables the hBN to be a versatile material for diverse
next-generation technology.

We essentially include a relative analysis, which is
displayed in Table 1, and it highlights the properties of
hBN compared with other metal nitrides to illustrate the
superior properties of hBN and its potential applications.
This comparison will be constructive to understand the
advantages of hBN in regard to various perspectives of
anti-corrosion.

2.1.2 Applications of hBN

hBN is an outstanding material with a variety of applica-
tions in several industries due to its exceptional properties.
It possesses excellent thermal conductivity, and it is

Properties Materials

hBN TiN AIN VN
Thermal conductivity High Low Low Low
Electrical conductivity Insulating Conductive Conductive Conductive

Chemical inertness
Lubricating properties

Highly inert, resistant to acids and bases
Excellent, low friction

Moderately resistant
Poor

Moderately resistant
Poor

Highly resistant
Poor
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important to note that boron nitride (BN) has a wide
energy bandgap that acts as an electrical insulator and
not a conductor. This type of combination of high thermal
conductivity and high resistivity makes it a fascinating
candidate in the field of electronic applications. hBN is
generally used as a heat sink in computer chips and light
emitting diodes, which efficiently prevents overheating
and thereby improves the performance to ensure the dur-
ability of electronic devices, in electronic devices. hBN also
has an application beyond electronics, such as being used
as a lubricant specifically in harsh environments where
high temperatures are implicated. The high thermal stabi-
lity also ensures its crucial role as a solid lubricant in the
aerospace and automotive manufacturing industries. hBN is
in the realm of anti-corrosion coatings as applications due to
its resistance to heat and chemicals, which makes it suitable
for protecting instruments and equipment in critical envir-
onments, such as those that are encountered in metal-
working. A few more promising applications are highlighted
below.
* hBN is used in electronic components, such as coil forms,
substrates, and prototypes.
* hBN is used in semiconductor processing as boron wafers
in silicon.
* hBN is used in vacuum-melting crucibles and highly pre-
cise sealing and brazing.
* hBN is used in high-temperature furnace supports and
fixtures [63].

2.1.3 Synthesis of hBN

The synthesis of hBN earned a significant amount of atten-
tion in materials chemistry due to its special properties,
such as high thermal conductivity and mechanical strength.
BN has an analogous structure to carbon, which is due to the
arrangement of boron and nitrogen atoms in a hexagonal
lattice. hBN was first synthesized by Balmain in 1842 as a
product of potassium cyanide and boric acid, but the com-
position was not stable. Ventorf succeeded in 1957 in regard
to producing cubic hBN at a high temperature and pressure
and named the product Borazon [53,64].

There are numerous synthesis methods for BN, and
each of them has distinct advantages and limitations. The
most common method is the reaction of boron oxide (B,05)
or boric acid (H3BO3) with ammonia (NH3) at high tempera-
tures in a furnace tube under an inert atmosphere, such
as nitrogen gas to avoid the oxidation of hBN. Another
method is the reaction of boron halides, such as boron
trichloride (BCl3), which includes ammonia or hydrazine
(N,H,) at high temperatures. These reactions typically
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result in the formation of hBN, which has a layered struc-
ture like graphite.

In addition, another technique in regard to synthesizing
cubic BN (c-BN) has a diamond-like structure. This technique
of synthesizing c-BN requires high-pressure high-tempera-
ture processes, which imply boron and nitrogen precursors
to extremely high pressures and temperatures in a diamond
anvil cell or cubic press. Finally, the chemical vapor deposi-
tion (CVD) method, where boron and nitrogen precursors
are thermally decomposed onto the substrate at high tem-
peratures, deposits a thin ¢-BN film.

The synthesis of hBN is generally an intricated and
multi-step process that involves careful control of reaction
conditions and precursor materials. The research commu-
nity continues to explore the prospective applications of
hBN by establishing novel synthesis methods and techni-
ques, which could be more advanced in the field of hBN
materials science.

2.1.4 Types of hBN

BN is a polymorphic compound that exists in different
forms, such as hBN, a-BN, t-BN, m-BN, r-BN, w-BN, 0-BN,
and c¢-BN, which are displayed in Figure 3 [66]. BN has
three allotropes in translucent form that include sphalerite
BN (B-BN), which is like a cubic diamond, hBN, which is
similar to graphite, and wurtzite BN (y-BN), which is
similar to a hexagonal diamond. According to dimensions,
fullerene-like (single-layered octahedral) forms are 0D in
structure, nanotubes and NTs are 1D in structure, hBN is 2D
in structure, and cubic BN is 3D in structure [67]. c-BN and
hBN are the most common types of hBN among all these
forms. hBN is the most stable form, which is known as
white graphene.

2.2 BNNSs

hBN is the most stable form of hBN, which is also known as
graphitic boron nitride or white graphite, due to its resem-
blance with graphite. It has a similar layered structure to
graphene. Boron and nitrogen atoms are bonded together
through a covalent bond, and interplanar layers of BNNS
are held together through the weak Van der Wall forces,
which are shown in Figure 4. Nitrogen and boron atoms
attract each other due to electronegativity differences
between them and form ionic characters [69]. The angle
is 120° between N-B-N or B-N-B. A single layer of hBN is
known as a BNNS [70]. hBN can be produced by reacting
with urea-boric acid, melamine-boric acid, and
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Figure 3: hBN structures of different types and dimensions [65].
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Figure 4: Schematic illustration of BNNS structure [68].

melamine-urea and boric acid precursors, which is fol-
lowed by the pyrolysis and heat treatment in a nitrogen
atmosphere at 1,050°C [71].

2.2.1 Synthesis of BNNS

Since BNNS consists of a monolayer of hBN, so several
exfoliation methods are used for the production of BNNS.
There are several methods for the synthesis of BNNS, and a
few of them are mentioned in Figure 5. Moreover, we
established a comparison study, which is provided in
Table 2, to enhance the comprehension of the advantages
and disadvantages of the BNNS synthesis routes.

h-BN (or a few-layered BNNS)

The exfoliation method (liquid/chemical) [74].
The CVD method [10].

¢ The directional etching method [75].

* The mechanical cleavage method [76].

* The electron beam (high energy) method [77].
* The wet chemical synthesis method [78].

* The microwave-assisted synthesis [79].

We only discuss the first two methods, which are related
to the top-down and bottom-up approaches, after this point.

2.2.1.1 Liquid exfoliation method
It is a simple method that is based on the top-down
approach, in which the inter-layers of cohesion of a bulk



6 —— Syed Muhammad Zain Mehdi et al.

O 0
\;\Q\)\‘\-\g‘a\'\o
&0

DE GRUYTER

%

Mechanically

BNNSs

o

Figure 5: Schematic representation of the various synthesis methods of BNNS from bulk hBN.

Table 2: Comparative analysis of various synthesis methods for BNNSs [72,73]

Synthesis methods Advantages

Disadvantages

Mechanical exfoliation
Chemical weathering
CvD

Physical vapor deposition
Liquid exfoliation

Simple, low-cost, highly crystalline

High-quality, large-area BNNSs

Low cost, tunable number of layers and morphology

High quality, tunable morphology, and thickness
Precise control dimension of the nanosheets

Low production yield

High defect concentration

High cost, special catalyst, and substrates required
High vacuum, high cost

Utilizes toxic chemicals and surfactants

hBN precursor are broken down to produce BNNS by using
different solvents.

Zhi et al. [80] produced BNNS by sonicating micron-sized
hBN particles in N-dimethyl formamide solvent for 10 h
by using a probe-type sonicator. As a result, 1-5 nm thick
BNNSs are produced.

Wang et al. [81] produced 2 nm thick BNNS through the
exfoliation of micron-sized hBN in methane sulfonic acid
and 8 h of ultra-sonication.

Marsh et al. [82] produced 7-9 nm thick BNNS by the
sonication of bulk hBN in a solvent containing 60 wt%
tert-butanol in water.

Thangasamy and Sathish [83] produce BNNS by soni-
cating in a mixture of isopropanol-water for 5 min.

2.2.1.2 CVD method

It is a bottom-up approach method that proceeds at high

temperatures in the presence of precursors that are boron

rich such as borazine, ammonia borane, or boron oxide,
which can decompose in a nitrogen environment.

* Gao et al. [84] produced 25-50 nm-thick BNNS using mel-
amine (powder) and B,03 as precursors by mechanically
mixing them. This was followed by placing them in a CVD
furnace for 1h at a temperature that ranged from 1,100 to

1,350°C in an Ar and nitrogen environment, which is
shown in Figure 6.

* Nadeem et al [85] produced 5-11 nm-thick BNNS in a
CVD at a temperature that ranged 900-1,400°C at a
heating rate of 50°Cmin"* for 1-9 h. About 1-2 um pure
boron powder was used as a precursor in a nitrogen
environment.

2.2.1.3 SEM analysis of the produced BNNS

The SEM analysis of hBN synthesized via various routes is
given in Figure 7. Figure 7a and b shows SEM images of
hydrothermally exfoliated BNNS with rough and irregular
morphology forming agglomerates. Figure 7c and d shows
SEM images of CVD-grown hBN that represent a dense and
uniform array of hBN nanoparticles. The SEM images of
hBN grown via the wet chemical route are provided in
Figure 7e and f, which represent rod-like morphology
with clear and elongated hBN tubes, whereas hBN that is
grown using the freeze casting method shows fibrous and
layered texture. This indicates a network or interconnected
structure, which is shown in Figure 7g and h. It is essential
to understand the morphological variety of materials at
various sizes and processing circumstances to customize
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Figure 6: Schematic CVD apparatus drawing for BNNS production [85].

the hBN characteristics for applications, which is demon-
strated by the SEM images [74,86-88].

2.2.2 Applications of BNNS

Some of the common applications of BNNS are stated as follows.

* BNNS can be used in dielectric applications due to its
insulating nature [89].

* BNNS can be used as a photoluminescent material
[90].

* BNNS can be used in thermal interface applications [91].

» BNNS can be used as a nanofiller in composites due to its
mechanical properties [92].

* BNNS can be used as a water repellant [46].

« BNNS can be used for anti-fouling [93,94].

* BNNS can be used as an anti-corrosion system [47].

* BNNS can be used as a solid-state lubricant [95,96].

» BNNS can be used for water cleaning [97].

We discuss some of the previous studies where BNNS
is used as the main component in anti-corrosion coatings
in the following sections.

2.3 hBN in anti-corrosion coatings

Ysiwata-Rivera et al. [98] prepared functionalized hBN
with polyacrylic acid plasma polymerization. Rheometric
testing and zeta potential were conducted to check the sta-
bility and viscosity of the nanocoating. The 1wt% coating
showed a twofold increase in magnitude corrosion resis-
tance compared to pure acrylic paint. The Nyquist diagram

for the 304-SS and the coating made of acrylic resin is shown
in Figure 8a. A typical steel curve line for 304-SS is shown in
this graph, and two semicircles of varying sizes are shown
in the acrylic resin. The Bode-impedance data are displayed
in Figure 8b, which is where it is shown that 304-SS has the
lowest impedance value over the complete frequency range.
It was found that coatings that contain untreated BNNS have
a somewhat greater low-frequency impedance than coatings
that contain modified nanoparticles. The EIS bode plot in
Figure 8b shows low-frequency unmodified hBN |Z| =1.52 x
10° Q-cm? modified hBN |Z| =5.75 x 10%, and acrylic resin |
Z| = 840 x 10° The impedance value increases with an
increase in the hBN concentration without plasma modifica-
tion. The Warburg impedance value at 1wt% for unmodi-
fied hBN was 9.30 x 107, and it was 5.32 x 10® for modi-
fied hBN.

Fan et al. [45] prepared a corrosion-resistant coating of
acrylic resin with modified BNNS on a hot dip galvanized
steel substrate. The BNNSs were prepared by adding 1g of
hBN powder and 0.5g of potassium permanganate in
200 mL of deionized water with a small amount (30 mL)
of sulfuric acid under continuous stirring for 12h. The
suspension was prepared with 20 mL of hydrogen per-
oxide, and it was centrifuged at 3,000 rpm. The superna-
tant was then filtered, washed, and dried. About 0.6 g of the
BNNSs with 0.16 g of the buffer solution were added into
100 mL of ethanol for the modification, and it was soni-
cated for 30 min. Dopamine hydrochloride (0.24g) was
added to the mixture, and it was stirred for 6 h. The mod-
ified BNNs obtained are PDA/BNNS. One milliliter of KH560
(3-glycidoxypropyltrimthoxysilane) was added to this solu-
tion, and it was placed for 5h at 60°C. The solution was
filtered and washed with deionized water and ethanol and
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vacuum dried. The modified BNNS prepared was 560/
BNNS, which is shown in Figure 9a.

The tannic acid (0.3 g) solution was prepared in 200 mL
of deionized water for the anti-corrosion coatings. JFC (poly-
oxymethylene ether) 0.1 g, (1-hydroxyethane-1,1-diphosphonic
acid) HEDP (0.1 g), and OP (0.1 g) were added to the prepared
solution. Forty grams of the water-borne acrylic solution and
0.02 g of the modified BNNS were added into the above solu-
tion, which was stirred continuously. Galvanized steel was
dipped into the above solution for 20 s, washed with deio-
nized water, and dried naturally. The Tafel polarization was
performed in a 3.5% NaCl environment for corrosion resis-
tance. Figure 9b shows that the current density of the acrylic
resin decreased from 2.3 x 1077 to 2.2 x 10 A-cm 2 after the
addition of modified BNNS. The anticorrosion coating with
modified BNNS showed an impedance of 4,435 Q-cm? This
impedance is higher than BNNS 2,500 Q-cm* and acrylic resin
1,500 Q-cm?

Huang et al. [99] prepared zinc phosphate BNNS coat-
ings for anti-corrosion purposes on mild steel. The mild
steel was prepared by removing rust from the surface
using SiC paper. The substrate was cleaned by dipping it
in a sodium hydroxide (NaOH) solution to remove organic
material, and it was then rinsed with deionized water and
dried in air. The phosphate bath that contained hBN was
prepared by constantly stirring it for good dispersion of
hBN. The prepared mild steel samples were then immersed
in a bath for 20 min at 40°C, which is revealed in Figure 10a.
The sample was cleaned with deionized water to remove
acids and salts from the surface after immersion. The sam-
ples were then dried and placed in a drying vessel for char-
acterization. There are five different compositions of hBN

coatings that were prepared, which include hBN-0 (0 g-L™),
hBN-0.15 (0.15 gL ™), hBN-0.30 (0.30 g-L ™), hBN-0.45 (045 gL ™),
and hBN-0.60 (0.60 gL ™). Three characterization techniques
were used for the corrosion resistance. The Tafel polarization
plots in Figure 10b show that the curve of the hBN containing
samples moved toward the right side compared to the simple
phosphate coating. The phosphate coatings showed high corro-
sion rates. The thick and dense hBN coatings showed high
corrosion resistivity and the barrier effect. hBN-0.45 showed
5334.44 Q-cm? corrosion resistance, and hBN-0 showed 523.30
Q-cm?, which is 1 order of magnitude less than hBN-0.45. The
EIS measurements were taken at room temperature based on
the phase angle, Bode, and Nyquist.

According to the Nyquist plot, which is displayed in
Figure 10c, the diameter of the semicircular shape that
represents phosphate increases with an increase in the
amount of hBN, which shows an increase in the charge
transfer resistance. Furthermore, the Bode plots in Figure
10d and e show that high phase angle and high frequency
were achieved for all hBN that contained phosphate coat-
ings, such as hBN-0.45, which means that the phosphate
coating intactness increases after the addition of hBN,
and the cathodic delamination of the phosphate crystals
decreases. According to the Bode impedance, hBN-0.45
showed the highest impedance 2.01 x 10° Q-cm” at a low
frequency compared to hBN-0, which was 9.71 x 10* Q-cm?

Zhang et al. [100] developed a filler hBN@F-SiC for the
anticorrosion coatings. This filler was introduced in epoxy
to see the effect on corrosion resistance properties. SiC was
hydrophobically modified by introducing ~OH on the sur-
face using the chemical drafting method for F-SiC. Modified
SiC (0.4 g) with 100 mL of ethanol was magnetically stirred
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Figure 10: (a) Schematic presentation of introducing BN in phosphate coating and (b) potentiodynamic polarization curve of phosphate coatings, and
the EIS measurements, which include (c) the Nyquist plot, (d) the phase angles, and (e) the Bode impedance [99].

that included the dropwise addition of glacial acetic acid
until 4-5pH was reached, which is shown in Figure 11a.
Ultrapure water with 0.8g of 1H,1H,2H,2H-trifluorotri-
fluoro-n-octyltriethoxysilane was added to the mixture to
react for 2h at 500 rpm and 70°C temperature. The mixture
was dried for 12 h at 80°C to produce F-SiC powder. hBN-OH
was prepared by adding 0.1g of hBN in 5M NaOH and
stirring it for 8 h at 125°C for complete dispersion. hBN-OH
was obtained after centrifuging and drying the mixture. The
final step was the hBN@F-SiC synthesis. Modifier y-amino
propyl triethoxy silane (KH550) was added in 0.2 g of F-SiC,
sonicated for 30 min, and stirred for 4 h at 70°C to get grafted
F-SiC. Grafted hBN-OH is obtained the same as F-SiC by
adding (glycidoxy-propyltrimethoxysilane) KH560 in hBN-
OH. Three mass ratios of mBN:mF-SiC were made, which
included 3:1, 2:1, and 1:1. mBN and mF-SiC were sonicated
for 30 min in the presence of anhydrous ethanol for the
preparation of hBN@F-SiC. The mixture was dried and
hBN@F-SiC was obtained after stirring for 4h. Q235 steel
was stand-blasted to remove the rust. hBN@F-SiC was added
and mixed in CYD-014 with epoxy resin in the ratios of 3:1,
2:1, and 1:1. Magnetic and ultrasonic stirrers were used for
mixing. The coatings were placed in a vacuum to remove the
bubbles. A wire coating machine of 60 um was used to coat
the substrate’s surface. Dynamic polarization and salt spray
tests showed exceptional corrosion resistance. hBN@F-SiC/

EP (2:1) showed more than 10" Q-cm? of impedance, which is
10° times higher than pure EP coating, at a low frequency
(102 Hz) and 400 h of soaking in 3.5% NaCl, which is revealed
in Figure 11b and e.

Zou et al [101] succeeded in regard to developing a
plasma-treated hBN nanoflakes coating in an acrylic matrix.
Figure 12 shows that a homemade plasma chamber was
used to attain low plasma pressure to prepare modified
hBN nanoflakes.

A 2.45 GHz microwave was used as the source in the
plasma treatment. The processing pressure was 1-100 Pa at
800 W microwave power. About 0.5 g hBN was placed in a
chamber within a petri dish for 3 min of the plasma treat-
ment. Three types of gases were used in the plasma
chamber, which included (4:1) Ar + NH;, (4:1) Ar + H,,
and Ar. The plasma-treated 0.3g hBN nanoflakes were
added to acrylic resin (30 mL). The mixture was mixed
for 20 min in a high-speed homogenizer for the dispersion.
Ten to fifteen drops of deformer, a 0.5-1% leveling agent,
and an antiflash rusting agent were added in the last 10 min
of the dispersion. A 150 um-thick coating was applied on a
low-carbon steel substrate by using a rod coater. The coating
was dried at room temperature before starting the charac-
terization. According to the potentiodynamic polarization
results in Figure 12b, the untreated hBN showed the highest
current density about 4.990 x 10~ pA-cm™2 hBN treated in



DE GRUYTER Role of emerging BNNS in corrosion resistance coating = 11

(a) OH o CH, OH CH,

: SFFFFFF o Ve g
wo-@zoniio-s T LI Ly wo@o-s JEFFFF,
F

on yc® FFFFEF on ‘(’." FEEEEE \ BN@F-SiC
A F-SiC+KHS$0 )
OH
S Hydroolation éé é%‘o;"“ KHS60 / @
Ol ; —_—
=SSSS L

BN+KHS60
Hydrophobic surface L + Epoxy resin
spraying and curing
V' :EP coating :‘Microporous . h-BN sheet o F.SiIC 3. > 3 BN@F-S$iC
1.2x10°% (b) 108 (C) 100
. < L IR ® 24h
®m |h A 48h ¥ 9%h
" 1 1 ® 24h € 14
1.0x10% 4 s A 48h
g..,i v 712h 107 5
L @ 96h
gox10'4 - < 168h . &)
«E ":' Lv — fitted Eio° %
o 80 e I S wouet aeaY e 9 =)
A 6.0x107 1 oo ¢ <
F e N i Q
N ! £
4.0x10" A e
10* 5
2.0x107
0.0 . . . . ’ 10° i tstssc o
0.0  2.0x10" 4.0x107 6.0x10" 8.0x10” 1.0x10° 1.2x10° 10210t 10° 10t 102 10° 10t 10°
Z'(Q-cm?) Frequency(Hz)

4_0)'(I01° (d..) 10" (e) 100

- [ 101 %
3.2x10% g - 80
* I 70
- B>
~~ p
< 2.4x10° Sl 60 2
] 5 =0
a 1 50 2
= o N = 1h 2
N 1.6x10' = Ih 106 ® 120h 40 =
* :2: A 168h [ 30 &
: v 240h lO’] : 233:
8.0x10° 4 ~e e * 360h - 20
4 < 400h 10 4 400h
> 450h 1 > 480h -10
0.0+ . . . ——fited | 10° . 0
0.0 8.0x10°  1.6x10"° 24x10" 3.2x10" 4.0x10" 100 10" 10 100 100 10t 10t 10t
Z'(Q-cm?) Frequency(Hz)

Figure 11: (a) Schematic presentation of preparing a composite coating, the Nyquist and Bode diagrams of (b and c) pure BN and (d and e) BN@F-SiC
(2:1)/EP soaked in 3.5% NaCl for different times [100].
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Figure 12: (a) Schematic representation of changes in hBN after the plasma treatment, (b) potentiodynamic polarization curves, (c) EIS measurements
and Nyquist plots, and (d) the Bode impedance plots. The inset shows the equivalent circuit. The electrolyte resistance is represented by R, the
coating resistance by R, the charge transfer resistance by R, the coating capacitance by CPEc, which is the capacitance between the substrate and the

electrolyte, and the Warburg impedance by CPEdI [101].

Ar-NH; showed a minimum current density of 3.834 x 10~
uA-cm™% which was 13 times less than the untreated hBN
coating. The corrosion potential moved toward the positive
side after plasma treatment, which is revealed in Figure 12b.
The larger semicircle is shown by Ar—NH3, which is shown
in Figure 12¢c, in EIS Nyquist plots. According to the Bode
plots, the Ar—NH;-treated samples showed the best results in
all the coatings at both low and high frequencies, which are
illustrated in Figure 12d. The inset of Figure 12d presents
the equivalent electrical circuit. However, two things were
focused on after setting the Randles—Warburg model’s para-
meters, which included the charge transfer resistance (R
and the coating capacitance (CPE,). If the coating R value is
high and the CPE. value is low, it means that the coating has
good corrosion resistance properties. CPE: shows water
take-up capacity, and R shows resistance against aggres-
sive and harmful species [102-104]. All plasma-treated coat-
ings showed high R ¢ and small CPE, values. Ar-NH; showed
the smallest CPE, value of 6.58 x 10° F-cm ™ and the highest
R values of 7.37 x 10* Q-cm? and these values are 22 times

lower (1.53 x 10 F-cm™® and 3.6 times higher (1.60 x 107
Q-cm?) than the untreated hBN, respectively.

A graphic representation, which is illustrated in Figure 13a,
shows polypyrrole-functionalized BNNSs. Sodium dodecyl-
benzene sulfonate was utilized as a dispersion agent in a
water—ethanol solvent to reduce the BNNS agglomeration as
well as regulate the degree of pyrrole crosslinking during
polymerization. Pyrrole was in situ polymerized on the
BNNS surface with the addition of (NH,),S,0g via the m—m
interactions between the aromatic pyrrole molecules and the
hexagonal rings of BNNS. The optical images of the f-BNNS
(0.7mgmL™) and the as-exfoliated BNNS (0.7 mg-mL™) dis-
persion in ethanol show that the f-BNNS was quite
stable after 24h of standing, which is displayed in
Figure 13b. On the other hand, the as-exfoliated BNNS
precipitated during the same standing time without
polypyrrole functionalization.

The open-circuit potential (OCP) values of the -BNNS0.5/
EP and f-BNNS, 5-PPyz/EP coatings are shown in Figure 13d,
which follows the specific day of immersion in a 3.5% NaCl
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Figure 13: (a) A schematic diagram that shows the in situ functionalization of BNNS with polypyrrole, (b) pictures that show the dispersions of f-BNNS
and as-exfoliated BNNS in ethanol, (c) an example of composite coatings’ ability to resist corrosion, (d) OCP, and (e) potentiodynamic polarization of
substrate coated with f-BNNSq s/EP, f-BNNSq s-PPy,/EP, f-BNNS, 5-PPy,/EP, and f-BNNS, 5-PPys/EP coatings [29].

solution. A high OCP value often indicates a low corrosion
tendency. The OCP values of the f-BNNS, 5-PPyz/EP coatings
(z =1, 2, or 3) positively increase as the polypyrrole content
increases, which indicates that polypyrrole effectively
blocks the infiltration of corrosive species onto the under-
lying metal. The corrosion potential (E..,) is unaffected by
the electrical resistance of the coating, so it may be a reliable
indicator of the state of corrosion on coated metal. Steel is
well protected against corrosion by the f-BNNS,s-PPy3/EP
coating, which has the maximum corrosion potential (E o)
of —0.13V. This was calculated from the potentiodynamic
polarization data, which is displayed in the Tafel curves in
Figure 13e. As a result, the corrosion rate (V) and

corrosion current density (ico) of f-BNNS,5-PPy3/EP are
15nm/year and 1.3 x 10~ A-cm™? respectively, which are
about an order a factor less compared to that of the f-
BNNSO0.5/EP coating. These findings confirm that adding
polypyrrole to the f-BNNS-epoxy composite increases its cor-
rosion barrier, which in turn prevents invading species.
Also, the electrochemical comparison of hBN, carbon
nitrides, polyurethane/GO, and silane-functionalized RuO,
nanoparticles also provides a clear understanding of dif-
ferent polymeric coatings with respect to their anticorrosion
properties [105-107]. Further, Table 3 compares the electro-
chemical properties of BNNSs in various composite
materials.
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Table 3: Comparison of electrochemical parameters of BNNSs of various
composites [45,99,101]

Composite materials Parameters

Ecor V) Icor (A'cmiz)
BNNS in polypyrrole -0.13 13x107°
BNNS in acrylic -1.06 23x107
Phosphate-treated BNNS -0.44 15 x 107°
BNNS in acrylic -0.57 3.8 x 107°

2.4 Anticorrosion mechanism

Anticorrosion mechanisms are processes or techniques
that are proposed in regard to preventing or impairing
the corrosion of materials, such as metals and alloys that
are exposed to severe environments. Corrosion is the
degradation/deterioration of metal due to a chemical reac-
tion in an ambient environment. Oxygen and moisture
typically play an important role in this reaction, which
leads to the formation of oxides, hydroxides, or sulfides.
Anticorrosion mechanisms are decisive in extending the
aging factor of materials and alloys to retain the integrity
of the structure and fatigue behavior [108].

Figure 14 shows the schematic representation of the cor-
rosion protection mechanism of the PDA-BN@ZnO coating.
The hBN is coated with PDA by adding ZnO ions via a hydro-
thermal technique. The whole coating functions as a barrier to
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effectively block the corrosive liquid from penetrating during
the initial immersion stage. Nonetheless, imperfections, such
as holes and microcracks, are unavoidable with polymer coat-
ings. The corrosive medium eventually penetrates through the
pores of the coating as the immersion duration rises. The PDA-
BN@ZnO nano-pigment is compatible with the silicon-epoxy
(SE) matrix, and it improves the interfacial contact by che-
mical bonding (Zn-0-Si). This allows the penetration route
to be expanded for the corrosive media and the composite
coating’s barrier effectiveness to be enhanced, which improves
the passive impermeability. Moreover, PDA-BN@Zn*" has a
particular capture impact on the ClI” ion during its penetration.
As aresult, the process of charge neutralization is hampered by
a reduction in the amount of freed CI” in the electrochemical
erosion of the Al-alloy substrate.

In addition, an electrochemical corrosion process at the
coating/Al-alloy interaction releases PDA and Zn®" ions in an
acid-base environment. An AP**-PDA complex is formed
when the released PDA moves to the anode area and
anchors AI**. Zn*" gets absorbed at the cathode area where
they precipitate zinc hydroxide, which inhibits the cathode
reaction, under the influence of the H* that is generated by
the anode reaction. Favorable corrosion inhibition is demon-
strated by PDA and 7n**, which reduces metal corrosion and
provides a positive active protective effect. The PDA-BN@ZnO/
SE coating has superior long-term anticorrosive capabilities
when compared to the other nano-pigment-enhanced
anticorrosive coatings. PDA-BN@ZnO nano-pigments may
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Figure 14: Illustration of the PDA-BN@ZnO/SE coating’s protective mechanism [97].
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Figure 15: Schematic illustration of a corrosion inhabitation
mechanism [45].

consequently be used to construct high-performance and long-
term protective coatings with good barrier, chlorine capture,
and corrosion inhibition effects as well as to greatly improve
the protective qualities of SE coatings [97].

The addition of 560/BNNS can increase the corrosion
resistance of acrylic coatings on galvanized steel. Figure 15
shows the corrosion inhabitation mechanism of 560/BNNS.
The BNNS nanosheets are evenly dispersed throughout the
aqueous acrylic coating, and they make the mutual interfacial
crosslinking of organic molecules. The coating was also made
smooth and uniform, since 560/BNNSs were impermeable due
to the better interfacial interaction. The crack propagation can
be efficiently controlled by crosslinking using silane mem-
branes. These findings demonstrate that the number of frac-
tures significantly decreased when the organic coatings dried.
These effects allow the production of a relatively thick and
complete coating, which improves the barrier of the material.
This morphology of the 560/BNNS/waterborne acrylic and
BNNS/waterborne acrylic coatings also improved the corro-
sion protection. The ion interaction between the solution
and the metal substrate may be effectively inhibited, and
the diffusion of the ion channel can be extended through
the addition of BNNS and 560/BNNS to the waterborne acrylic
solution. The corrosion resistance of the composite coating
consequently increased and its rate of corrosion for galva-
nized steel decreased [45].

2.5 Comparison of BNNS with other
materials for corrosion-resistance
coating

The BNNS is significantly used in organic coating to embark
the anticorrosive properties which have a great impact on the
passivating performance of hBN composite coating [20]. But
BNNSs have a few issues of uniform dispersion, interface
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interaction, and antifriction properties with organic resins
in the organic coating, so such limitations deteriorate the
protection performance of the composite coating in industrial
applications [109,110]. Therefore, surface doping and adapta-
tion can enhance the interface interaction and dispersion
uniformity of BNNS in organic resins while making compo-
sites with other materials for great commercial benefits
[111,112]. On the other hand, regardless of BNNS and its sur-
face modification, a few promising nanocomposite materials
including graphene oxide, polyacrylamide/TiO,, and silanized
cerium carbide nanofillers also improve the structural and
mechanical features of epoxy coating for automotive appli-
cations [113-115]. Overall, the actual mechanisms of phase
transition across the interphase between hBN and other
matrix-based composites during crystallization are not
well addressed. Consequently, the deep understanding
of interactions at the heterointerface between hBN and
organic phase change materials, mainly in the context of
corrosion resistance coating, can lead to advancements in
materials science.

2.6 Environmental and health impact of hBN
and BNNS

2.6.1 Environmental impact

In this section, the synthesis of BNNS and their potential
impact on the environment and human health are addressed.
BNNSs are attracting a huge amount of attention due to their
rare properties of excellent thermal conductivity and high
mechanical strength. They are being used in many applica-
tions, electronics circuits, coatings, and high-density energy
storage devices. However, the production and application of
BNNS also have some environmental and health issues, like
other nanomaterials. For example, raw material extraction
(boron) through mining, synthesis processing at high tem-
peratures, chemical usage during the production process,
and the generation of waste are notorious challenges to
deal with due to their possible toxicity and persistence in
the environment [116]. A recent investigation revealed that
no data have been found for hBN, but single boron could be
the least toxic among 36 metals metalloids in an ostracod
Cypris subglobosa aquatic system [117]. A recent report in
Italy demonstrated no environmental risk effects of boron
in groundwaters by applying Daphnia as an ecotoxicology
readout [118]. However, a 3-year finding that was conducted
on a Canadian oil end pit lake found that boron exhibits a
very high toxicological risk to aquatic organisms, which can
be carefully managed by adopting green production methods
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and improving life-cycle management to ensure innocuous
BNNS for clean and green environment [119].

2.6.2 Health impact

The toxic effect of hBN on the human body at the skin level
is still elusive, and no in vivo studies have been accomplished
yet to assess the cutaneous effects of hBN. However, the
Cosmetic Ingredient Review Expert Panel reported a safety
assessment of hBN (50% hBN in olive oil) used in cosmetics as
a slip modifier in 2015, which is not an irritant to the body
skin. In addition, face powder and eye shadow formulations
that contain hBN (13-18%) were also non-irritant and non-
sensitizing for the skin. All these findings were supported by
unpublished results that were provided by the Personal Care
Products Council without any experimental information on
physicochemical properties of the tested materials [120].

Furthermore, a few in vivo studies of hBN and hBN
nanotubes have been established thus far [121,122]. Liu
et al studied the toxicity of polyethylene glycol (PEG)
coated hBN (20 mg-kg ™) in mice in 2015 which accumulated
in the liver, lung, heart, and spleen [123]. It was notably
observed that a biodistribution of BN-PEG in the heart with
high toxicity could be a risk of cardiovascular disease.
Nonetheless, BN is being used in many typical cosmetics
products, and they found it to be harmless in the specific
quantity that was used even if it was inhaled [124]. Various
other 2D materials, such as hBN, can be used for the treat-
ment of brain tumor imaging with the careful safety assess-
ment and close monitoring that are required to the degrad-
ability of the materials.

3 Future perspectives

The future prospect of the hBN and BNNSs in anti-corro-
sion coatings is indispensable, and the human health and
environmental concerns cannot be avoided in this
endeavor, which is provided as follows.

1) There are several ways to synthesize BNNSs, and each
of them has its own benefits and drawbacks. For
instance, CVD can be costly, and liquid exfoliation
reagents can be hazardous. It is therefore important
to investigate more effective, economical, and environ-
mentally friendly techniques, such as microwave-
assisted and electrochemical exfoliation to enhance
the production and quality of BNNSs as well as lower
the pollution and energy usage.

2) Improving the ordered arrangement of BNNSs in pro-
tective coatings presents another important area for
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future study. The ordered arrangement of BNNSs in a
coating matrix, which was opposed to random align-
ment, is more favorable for extending the penetration
route and boosting the ability of coating to hold the
penetration of corrosive chemicals. BNNSs with ordered
alignments in coatings were produced in some studies.
However, a thorough and in-depth investigation of the
process behind the orderly distribution of BNNSs in
coatings has not yet been conducted. More accurate
and tunable directional control techniques in conjunc-
tion with more effective and mild dispersion techniques
are required because the dispersion process of BNNSs
cannot be efficiently controlled.

3) BNNS composite coatings still have several limitations
to overcome the issues of industrial applications. For
instance, more affordable, eco-friendly, and effective
preparation techniques must be established, because
the recent BNNS preparation method is quite expensive.
Second, modifying the surface technology and disper-
sant selection need to be optimized, and the dispersion
homogeneity of BNNSs in polymers must be enhanced.
Third, the coating preparation procedure and interface
treatment technique need to be enhanced, because the
degree of bonding of hBN nanocomposite coatings and
metallic substrates is not optimal. Finally, the primary
emphasis of the current research is on how hBN nano-
composite coatings behave during short-term corrosion
in a lab setting. The long-term stability and durability of
additional accelerated aging studies and real-world
application testing must be conducted prior to the
hBN coating of a nanocomposite to confirm the long-
term stability and endurance of hBN nanocomposite
coatings under various environmental conditions.

4) It is important to note that the relation between 2D
materials and biological systems is contingent. 2D mate-
rials may consequently have a great influence on the
cells and tissues of living organisms, which initiate toxi-
city, but biological systems can prevent this effect
through enzymatic degradation. This essentially has
been exhibited in the environment and mammalian
systems. It is therefore vital to develop and employ an
effective testing tool by using robust model systems to
ensure the safety of human health and the
environment.

4 Conclusions

In summary, we emphasized the significance and diversity
of hBN as a promising material for corrosion protection
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coatings and its impact on ecological and healthcare mon-
itoring. However, it is elucidated that by incorporating hBN
into organic coatings, researchers have overcome several
drawbacks. The exceptional properties of hBN, which
include high hardness, oxidation resistance, and barrier
protection, make it an ideal candidate for corrosion protec-
tion applications. This review concludes that hBN coatings
improve corrosion resistance, hydrophobicity, and crack
mitigation properties, which offer a viable solution to the
challenges that are faced by conventional materials and
their coating methods. Furthermore, this study explicitly
highlighted the concerns of toxicity and the environmental
and health risks due to BNNS production and their applica-
tions of corrosion protection. Finally, we summarized the
prospects of hBN for advanced corrosion protection tech-
nologies while controlling the toxic and hazards effects on
the environment and health.
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