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Abstract: Two-dimensional hexagonal boron nitride nanosheets (h-BNNS) were synthesized
on silver (Ag) substrates via a scalable, room-temperature atmospheric pressure plasma (APP)
technique, employing borazine as a precursor. This approach overcomes the limitations of
conventional chemical vapor deposition (CVD), which requires high temperatures (>800 °C)
and low pressures (102 Pa). The h-BNNS were characterized using FT-IR spectroscopy,
confirming the presence of BN functional groups (805 c¢cm™' and 1632 c¢cm™), while
FESEM/EDS revealed uniform nanosheet morphology with reduced particle size (80.66 nm at
20 min plasma exposure) and pore size (28.6 nm). XRD analysis demonstrated high
crystallinity, with prominent h-BN (002) and h-BN (100) peaks, and Scherrer calculations
indicated a crystallite size of ~15 nm. The coatings exhibited minimal disruption to UV-VIS
reflectivity, maintaining Ag’s optical properties. Crucially, Vickers hardness tests showed a
39% improvement (38.3 HV vs. 27.6 HV for pristine Ag) due to plasma-induced cross-linking
and interfacial adhesion. This work establishes APP as a cost-effective, eco-friendly alternative
for growing h-BNNS on temperature-sensitive substrates, with applications in optical mirrors,
corrosion-resistant coatings, energy devices and gas sensing.

Keywords: 2D materials; Vicker’s hardness; h-BN nanosheets (h-BNNS); borazine; surface
chemistry; atmospheric pressure plasma (APP)

1. Introduction

Boron nitride (BN), a notable member of 2D materials, has been extensively
investigated due to its excellent and desirable properties such as high surface
toughness, low electrical but high thermal conductivity, surface hardness, versatile
thermal and chemical stability, and impermeability to fluids [1-8]. h-BN is white, non-
toxic, and impermeable, with a density of 2.27 g/cm’, making it the least dense
material in its class. White graphene is the term for the 2-D nanosheets of hexagonal
boron nitride [9,10]. Owing to their interesting features, they offer considerable
potential in a variety of applications, including coatings, stealth, automotive, gas
sensing, aerospace, corrosion resistance, catalysts, energy storage, medicine,
electronics, high-resolution imaging, water purification and flame retarding [11-17].
Boron nitride nanomaterials exhibit exceptional mechanical properties, including a
fracture strength of 165 GPa and a Young’s modulus of 0.8 TPa [18], alongside high
thermal stability (up to 800 °C in air) [19—22] and a low thermal expansion coefficient
(—2.72 x 10° K~") [23,24]. Their thermal conductivity (300-2000 W-m'-K") [24,25]
surpasses many conventional materials, making them ideal for thermal management
applications. Unlike other 2D materials (e.g., graphene, MXene) [26-29], BN
nanosheets (BNNS) are electrically insulative due to their wide bandgap (~5.6 eV),
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low leakage current, and high dielectric strength (12 MV-cm™") [30]. These properties
enable BNNS-polymer nanocomposites to achieve superior performance in
electronics, coatings, and energy devices [31-33]. Nanoscale BN is of potential use in
nanostructured ceramic materials and nano-dimensional electronic devices [34—36]. h-
BN is non-cytotoxic and contains an extent of biocompatibility [37,38]. Due to its
electron affinity being highly negative [39], chemical, physical and thermal stabilities,
the BN sheathing may function as an organic covering that is both protective and
insulating for the materials it encapsulates. h-BNNS have several desirable qualities
for potential uses in optics as well. It also has a significant field-emitting factor [40].
h-BNNS also exhibit desirable optical properties such as a direct band gap of 5.5 eV
and great electromagnetic transparency, confirming its electrically insulating nature
[41,42]. In lasers as well as LEDs, h-BNNS are utilized for heat dissipation and
protective coating [43,44]. A protective layer of 130 um thick h-BN was applied to a
solar probe because of the outstanding stability of h-BN at high temperatures. It also
contains high ratios of solar emissivity to absorptivity [45]. Unlike conventional
bigger materials or thin films, 2-D boron nitride nanosheets can perform new or better
functions. The distinctive anisotropy and mechanical characteristics of 2D materials
have greatly spurred interest in their basic mechanics and optics as well as a broad
range of applications [46—48]. Because of its high reflectivity in the UV-visible region,
silver mirrors are an excellent choice for solar energy concentrators and astronomical
telescopes [49,50]. Nevertheless, as a result of the reaction of Ag with sulfur-
containing substances, particularly H,S in the open atmosphere, Ag progressively
tarnishes, creating black Ag,S that reduces UV-VIS reflectivity and promotes
electrical resistance. Ag>S and can be removed using techniques like sanding and
dipping in a sodium bicarbonate solution, but they also run the risk of irreversible
material loss and the formation of micro-pits, which will eventually encourage more
corrosion [51-53]. Atomic layer coating of conventional thin layers like AlOx is also
incompatible with metals like Ag because it can partially oxidize their surface and
reduce their reflectivity [54,55]. While chromate conversion coatings and other tarnish
inhibitors work well, they frequently include extremely toxic hexavalent chromium
compounds [56]. In addition, the other carbon equivalents of boron nitride like
graphene possess similar characteristics, however, a fatal drawback of graphene is
that, with time, it may create a galvanic cell with the underlying metal Ag and
potentially promote oxidation resulting in extended corrosion. These attributes make
h-BNNS a suitable defensive coating that may be applied to Ag in challenging
conditions. This work is the first to demonstrate such growth. Research on the CVD
growth of h-BNNS on single [57,58], as well as polycrystalline Ag has been conducted
[59], but no earlier studies have been made on the h-BNNS synthesis on industrially
existing Ag utilizing a simple but versatile plasma facility [60]. Borazine has been
used in chemical vapor deposition (CVD) to create nanoporous-like structures of h-
BN on a variety metal surfaces, like Rh(111) and that of Ru(001) as well [61,62]. The
main drawback of CVD (chemical vapor deposition) was that it requires a high
temperature of 800 to 1600 °C and an extremely low pressure of 102 Pa which is
industrially incompatible. Moreover, h- Boron Nitride nanosheets cannot be grown on
all the substrates by CVD especially temperature sensitive substrates like plastics and
polymers. Also, some chemicals like diborane, boron trihalides e.g., BCls, arsenic and
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phosphorus are highly toxic, explosive, and corrosive [63] at elevated temperatures
and special care is required. Due to these reasons atmospheric pressure plasma is
applied as it provides us the same growth at atmospheric pressure and room
temperature. All the substrates from hard metals to soft polymers can be coated using
non-thermal atmospheric pressure plasma. The plasma operating parameters, such as
interelectrode spacing, power, interaction time, applied voltage and working gas
pressure are easily adjustable. h-BNNS were synthesized on Ag through a simple
plasma facility at room temperature and atmospheric pressure. The resulting h-BNNS
were characterized using FT-IR analysis, FESEM analysis accompanied by EDS,
XRD analysis, UV-VIS spectroscopy, and Vickers hardness tests.

2. Experimental setup

Figure 1 exhibits an illustrative schematic and an image of the atmospheric
pressure plasma (APP) facility for the growth of h-BNNS on Ag substrates. Seven
stainless steel capillary tubes act as the anode and are maintained at an elevated voltage
to make up the reactor head. The cathode is mounted over a load-lock stage,
horizontally aligned beneath the anode, and spaced 2 cm apart. These components are
enclosed in an acrylic container with a top-mounted gas inlet pipe. The upper inlet
provides nitrogen gas to the capillary tubes (cathode). A double-neck flask containing
the precursor is attached to an argon (Ar) cylinder, which is then connected to the
reactor head in order to transport the precursor fumes.
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Figure 1. (a) An illustrative schematic; (b) an in-situ image of the atmospheric
pressure plasma (APP) facility for h-BNNS growth on Ag.

Experimentation

h-BNNS were successfully grown on Ag with borazine (H;BNH3) serving as the
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precursor. For this purpose, commercially available Ag (99.9 % pure) with the
dimensions of 8 x 8 x 2 mm® was used as a substrate. To ensure that the substrate was
free from surface contaminations, it was washed in ethyl alcohol for two hours prior
to treatment. Subsequently, the substrate was placed in an airtight desiccator to protect
it from ambient exposure. Borazine (H;:BNH3) was used as a boron nitride precursor.
Ar was used as a precursor carrier gas while N, was used to produce plasma. 250 mL
of borazine was filled in the double-necked flask having a capacity of 500 mL. The
substrate Ag was placed on a horizontally mounted cathode. The argon was made to
flow at a fine-tuned flow rate of 10 sl/m via the double-necked flask to carry the
borazine fumes to the substrate. The N, was made to flow via the steel capillaries at
an optimized flow rate of 10 sl/m. A 10 kV constant DC voltage was applied to the
electrodes to generate the plasma. This resulted in the exposure of the substrate to
fumes containing the precursor, coupled with plasma. In this way, nanosheets of h-BN
were grown on Ag for 10, 15 and 20 min. In order to make a comparison, one Ag
sample was kept untreated. For ease, the samples have been labeled as follows: pristine
Ag sample as (Ag), 10 min. grown sample as (Ag GT)10, 15 min. grown samples as
(Ag GT)15 and 20 min. grown samples as (Ag GT)20 respectively (where GT stands
for “growth time”).

FTIR evaluation was performed to confirm the presence of BN bonds and
vibrational modes at the surface of grown samples. FESEM along with EDS was
employed to evaluate microstructure and elemental analysis. XRD was implied to
govern the hexagonal structure of BNNS. Diffused reflectance spectra were carried
out to check the reflectivity of the samples. To confirm the hardness enhancement, the
samples underwent Vickers hardness tests post-growth.

3. Results and discussions

3.1. FTIR analysis

FTIR analysis was performed to determine the presence of BN functional groups
on substrate Ag. Figure 2 shows the FTIR spectra for (Ag), (Ag GT)10, (Ag GT)15,
and (Ag GT)20. The resolution was set at 2 cm™', with a frequency range spanning
from 500 to 4000 cm™'. Two prominent absorption bands, located at 805 cm™' and
1632 cm™, are visible for (Ag GT)10, (Ag GT)15, and (Ag GT)20, confirming the
presence of h-BN functional groups. The dotted boxes in Figure 2 draw attention to
the absence of these bands in (Ag). Depending on the type of BN structure, these
peaks’ precise locations vary. In h-BN, a prominent peak appears at approximately
805 cm™'. These bands represent, respectively, the bending and stretching modes of
the crystalline h-BN lattice bound to sp” [63-65]. As plasma exposure time increased,
IR light reflection, associated with that of BN functional groups, intensified. This
enhanced reflection is proportional to the enhanced BN formation for (Ag GT)20. This
phenomenon can be explained by the decrease in pore size, surface roughness, and
particle size, which leads to a greater reflection of IR radiation (also verified in SEM
section). The BN structure, as well as the existence of impurities or structural defects,
can all affect the exact location and form of this peak. Furthermore, other functional
groups, such as C—H, C=N, and C—C, which correspond to peak locations at 1367,
2265, and 2920 cm', arise with longer plasma exposure time [66]. Since the
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experiment was conducted in the ambient environment, these groups might have arisen
from environmental contamination. Upon comparison, it can be seen that the h-BNNS
grown on Ag at an operating voltage of 10 kV for 20 min are the best among the others.
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Figure 2. FTIR spectra of (Ag), (Ag GT)10, (Ag GT)15, (Ag GT)20. Dotted

rectangles represent the distinctive bands of h-BN.

3.2. Scanning electron microscopy analysis

Having confirmed the presence of h-BN functional groups via FTIR, we next
examined the morphological evolution of the nanosheets using SEM. Figure 3 shows
the scanning electron micrographs alongside EDX spectra for (Ag), (Ag GT)10, (Ag
GT)15, and (Ag GT)20 respectively. Pristine Ag used as a substrate (Figure 3a) does
not show any deposition; however, a few scratches are seen on the surface. Figure 3b
reveals the surface morphology of h-BNNS grown via plasma operated for 10 min.
There are uniformly distributed nanosheets of BN (Figure 3b). The high-energy
atmosphere of plasma boosts the polarization exhibited by the covalently bound SP2
[67] h-BN. This enhanced polarization of the h-BN bond is a consequence of plasma
bond interaction. As a result, electrostatic induction in the Ag substrate takes place,
increasing the adhesion between the adsorbing BN particles and substrate Ag.
Additionally, huge and unreacted particles are observed over the surface of these h-
BNNS. These particles remained so because there is a layer (nanosheet of BN)
between these bigger particles and substrate Ag, due to which these particles could not
interact with the substrate. Also, the plasma exposure time was small, as a result they
remained bigger. The existence of B and N was certified through the respective EDS
spectrum. For (Ag GT)15 (Figure 3c), the BN nanosheets are more uniformly
dispersed compared to (Ag GT)10. This is attributed to the enhanced plasma exposure
with the fumes containing the precursor, which leads to greater electrostatic induction,
ultimately increasing the electrostatic interaction between adsorbing BN particles and
the underlying substrate Ag. For (Ag GT)15, big unreacted precursor particles are less
abundant on the surface of h-BNNS, as the plasma has sufficient time to break them
down. EDS examination verified the existence of B and N. Figure 3d displays the
morphology of (Ag GT)20, where the SEM image shows that the BN nanosheets (as
confirmed by EDX) appear to be fused or adhered, likely because of the extended
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Figure 3. Scanning electron micrographs alongside EDX spectra for (a) (Ag); (b) (Ag GT)
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plasma exposure with both the adsorbing BN particles and that of Ag. Plasma
enhances interfacial properties, including inter-diffusion and the formation of BN
surface layers, such as inter-diffusion and plasma-enhanced surface layers of BN. As
the plasma exposure time increases, so does the electrostatic induction, resulting in
stronger attraction between BN and Ag. Additionally, a few cracks can be observed in
the h-BNNS in the FESEM micrograph of (Ag GT)20. These cracks likely formed
after prolonged plasma heating, followed by rapid condensation when the samples
were cooled to room temperature after the growth process. Boron nitride nanosheets
interact strongly with Ag via van der Waals attractions as well as Coulombic forces
[68]. The underlying Ag substrate appears as dark regions in the FESEM micrographs
(as illustrated in Figure 3b—d), on the other hand, h-BNNS exhibits different shadows
of grey. Since h-BN is a semiconductor or insulator, the electron charging from the
FESEM beam causes the nanosheets to appear brighter. Upon comparison, distinct
differences in the morphology of these nanosheets are observed. As plasma growth
time increases, the sheets become more uniform. Consequently, (Ag GT)20 shows
more uniform h-BNNS as compared to the others, which is attributed to the prolonged
plasma exposure time.
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The FESEM micrographs were processed by software called Fiji Imagel to
evaluate the particle size of BN, porosity of BNNS, and average surface roughness of
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the grown h-BNNS. Figure 4 presents the graph of particle size as a function of plasma
exposure time while average surface roughness, pore size are functions of plasma
exposure time. Figure 4a shows a decrease in particle size with extended plasma
exposure. The average particle sizes for (Ag GT)10, (Ag GT)15, and (Ag GT)20 are
140.91, 128.43 and 80.66 nm, respectively. Because the highly reactive plasma species
break down the larger precursor particles into smaller ones, the particle size decreases
with increasing plasma exposure duration. Furthermore, plasma removes impurities
and pollutants from the surface, improving h-BNNS growth conditions and
encouraging the development of smaller, more uniform BNNS. For (Ag), (Ag GT)10,
(Ag GT)15, and (Ag GT)20, the average surface roughness (Ra) values were 23.5337
nm, 31.9465 nm, 47.764 nm, and 43.3627 nm, in that order. An increase in surface
roughness was noted for (Ag GT)10 and (Ag GT)15, followed by a decrease for (Ag
GT)20. This rise in roughness for (Ag GT)10 is linked to the presence of larger BN
particles on these nanosheets. As seen in the earlier graph depicting particle size and
growth time (Figure 4a,b), highly energetic and reactive plasma ions and electrons
interacting with Ag and the encroaching fumes of precursor initiate activation
processes, leading to increased surface roughness [69,70]. Further enhanced average
surface roughness for (Ag GT)15 (Figure 4b) is attributed to the presence of the
prominent cracks in thusly synthesized h-BNNS (Figure 3c¢). The reduction in average
surface roughness for (Ag GT)20 predicts the smoothness of the 2D h-BNNS on Ag.
Plasma interaction for a larger time span cleans the surface. This might also be due to
the filling of surface defects or voids resulting in a smoother surface. Also, the bigger
particles were turned into smaller ones (as seen in SEM section Figure 3d). As a result,
surface roughness reduced for (Ag GT)20. An observable decrease in porosity with
extended plasma exposure time has also been noted (Figure 4b). The average pore
size reduces a top value of 61.049 to 28.6 nm for (Ag GT)10 and (Ag GT)20
respectively. The highly reactive species from plasma, including ions, excited atoms,
electrons, and free radicals, break down bigger covalently SP2-bonded BN particles
into smaller ones, which results in the lowering of pore size. This leads to a decrease
in pore size because more tiny particles are contained in a smaller volume. Longer
plasma exposure causes the boron nitride nanosheets to become more uniform and
cover the sample’s surface more successfully. As a result, the particle and pore sizes
decrease with an increase in plasma exposure time (Figure 4a,b). Thus, for (Ag
GT)20, the average surface roughness is decreased. Thus, in comparison to the other
samples, (Ag GT)20 exhibits the most consistent, homogenous, and flexible boron
nitride nanosheets.
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Figure 4. Graph showing the relationship between (a) particle size vs. growth time; (b) average surface roughness and
pore size vs growth time.

3.3. X-ray diffraction analysis

Figure 5 shows the X-ray diffraction patterns of (Ag), (Ag GT)10 and (Ag GT)20.
The pattern of (Ag GT)15 is missing as our aim was to observe the h-BNNS growth at
minimum and maximum plasma exposure time. In the XRD pattern of (Ag) (Figure 5),
three highly sharp peaks at the positions 26 = 38.8°, 65.2° and 78.6° which represents
Ag(111), Ag (220) and Ag(311) respectively (JCPDS Ref. Code 03-065-2871) [71]. For
(Ag GT)10 and (Ag GT)20, there are two new peaks at the positions of 26 = 26.2° and
45.2° which correspond to the h-BN(002) as well as h-BN(100) (JCPDS Ref. Code 00-
009-0012) [72,73]. The appearance of these two new peaks confirms the growth of 2D
h-BN on Ag via plasma using hexagonal borazine (H3:BNH3) [74] as a precursor. The
borazine contains the stoichiometry 1:1 between B and N [75]. When borazine is used
as a precursor, it facilitates the formation of h-BN at reduced temperatures [76]. Before
settling down of BN particles from Ar fumes on substrate Ag, electrons and ions from
plasma dissociate borazine (H;:BNH3) into BN accompanied with dehydrogenation [77]
according to the Equation (1) given below [78].

e + H;BNH; - BN+ 3H2T (1)

As a result, the dissociated BN readily settles down to the substrate. It is worth
noting that despite a large lattice incompatibility between Ag (4.036 A) [79] and that
of h-BN (2.50475 A) [80], even then there is growth of h-BN on Ag. This is due to the
reason that the precursor while interacting with the plasma melts and h-BN dissociates
in the molten form. Since plasma is also in direct contact with the Ag substrate as well,
it heats up the Ag also. This molten h-BN settles down on the preheated Ag substrate.
Consequently, the precursor adheres well to the substrate, leading to more effective
growth. Furthermore, the difference in the surface energies of Ag (1.0-2.2 J/m?) [81]
and h-BN (25 mJ/m?) [50] is less, which is also in favor of this growth. Better wetting
is achieved with a fluid with a lower surface tension and a solid with a higher surface
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energy [82]. Plasma compensates for this lattice mismatch and surface energy
difference by improving interfacial interaction between incoming h-BN and the
underlying Ag substrate [83]. In the case of (Ag GT)10 as well as (Ag GT)20, it is
clearly evident that peaks centered at a diffraction angle of 26 = 45.2° have slightly
higher intensity as compared to peaks situated at 26 = 26.2° which shows that BN(100)
are more abundant/populated than that of BN(002) in the lattice of h-BN [84]. It is also
observed that the peaks situated at 20 = 26.2° and 45.2° for (Ag GT)20 have higher
intensity than the corresponding peaks at the same positions in (Ag GT)10 (Figure 5).
This is because of enhanced plasma-precursor exposure resulting in more effective
and improved BN growth. Longer plasma exposure time leads to increased
crystallinity [85] by promoting better adhesion, polarization, cleaning, growth and
alignment of nanoparticles on Ag substrate that aligns well with literature as well [86].
Also, the crystallite size determined by Scherrer’s equation is ~15 nm for (Ag GT)20.
Consequently, 20 min. seems to be an optimum growth time at which boron nitride
nanosheets can be grown with high crystallinity, high purity and high yield on Ag
substrates. It seems reasonable to state that the optimal condition for the growth of h-
BNNS on Ag is achieved with plasma operation at 10 kV for 20 min.
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Figure 5. Diffraction peaks observed in X-ray analysis of (Ag), (Ag GT)10, and (Ag
GT)20.

3.4. Diffuse reflectance spectra analysis

Figure 6 showcases the diffuse reflectance spectra for (Ag), (Ag GT)10, (Ag
GT)15, and (Ag GT)20, and a magnified view (360—-800 nm) of (Ag), (Ag GT)10, (Ag
GT)15, and (Ag GT)20. It appears from the graph that there is no reflection from 200
to 300 nm for all the samples (Figure 6a). In this range of the electromagnetic
spectrum, all the samples behave as good absorbers. After 300 nm, there is a sharp
increase in the reflectivity till 350 nm which lies in the ultraviolet wavelength range.
There are two crests corresponding to 550 and 740 nm which show the highest
reflectivity for each sample in Figure 6b, depicting that these samples are good
reflectors for these wavelengths. The curves become smooth from 525 to 675 nm. (Ag)
shows maximum reflectivity among (Ag GT)10, (Ag GT)15, (Ag GT)20. The
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reflectance increases with extended plasma exposure time. As plasma exposure
progresses, there is an abrupt decrease in surface roughness of (Ag GT)20 (Figure
4b), leading to a smoother surface. Reflectivity for (Ag GT)10 and (Ag GT)15 is lower
compared to (Ag) and (Ag GT)20, primarily due to the larger surface particles and
surface fractures. The increase in plasma exposure duration introduces new surface
chemical groups like C=N, C—C, C=N, C-H, Ag,0 as well as C=0 on the Ag substrate
(verified through FT-IR in Figure 5 as well as EDS analysis in Figure 3). Through
partial absorption of light and possible modification of reflectance, these newly
developed groups alter the way light interacts with the Ag surface.

As the plasma exposure time rises, a decrease in the average particle size was
observed (Figure 4a). Reflectivity decreases when the particle size gets closer to the
wavelength of light due to stronger scattering effects. As demonstrated in Figure 4b,
the nanosheets formed under similar conditions likewise saw a decrease in pore size
with extended plasma exposure. Scattering and interference processes are responsible
for influencing overall reflectivity when the wavelength of incident light matches the
pore size in the boron nitride nanosheets. As a result, reflectance is reduced. Based on
this, (Ag GT)20 seems to be the best sample of the rest of the samples.

80 - (a) (b)
1 74
70
] 72 -
604 L e e
] 70 -
N .
e 50 NS
-‘E 40 e :?68_ —(Ag)
g ] -~ (AeGDIO £ ‘/ — -(AgGT)I10
30 - (AgGDIS < 64 - +(AgGT)I5
N "~ (AgGT)20 & - - - (AgGT)20
20 62 . g
10 4 604 ,
] sl
04
] 56
-10

T T T T T T T T T T T T T T T T T
T T T T T T T
200 300 400 500 600 700 800 400 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

(@) (b)
Figure 6. The diffuse reflectance spectra of (a) (Ag), (Ag GT)10, (Ag GT)15, and (Ag GT)20; (b) a magnified view
(360-800 nm) of (Ag), (Ag GT)10, (Ag GT)15, and (Ag GT)20.

3.5. Vickers hardness analysis

Vickers hardness testers with steel balls having a diameter of 1.588 mm and
weighing 100 kg were used to measure the hardness of (Ag), (Ag GT)10, (Ag GT)15
and (Ag GT)20 at room temperature. The findings of at least two indentations are
averaged to produce the hardness values. Figure 7 graph illustrates Vickers hardness
as a function of plasma exposure time for (Ag), (Ag GT)10, (Ag GT)15, and (Ag
GT)20.

From Figure 7, it can be concluded that the hardness of each sample shows a
near-linear increase with extended plasma exposure time [87,88]. The (Ag) has an
average value of 27.6 HV, while the (Ag GT)20 has an average value of 38.3 HV.
There is a maximum increase in the hardness of (Ag GT)20 due to the extended plasma

10
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exposure episode. This may be due to the increase in hardness when plasma interacts
with Ag and BN, leading to cross-linking, ion implantation, and the formation of
strong covalent bonds between the substrate and BN. Plasma tends to activate the
substrate surface enhancing the adhesion between the substrate and BN particles.
Extended plasma exposure duration has also resulted in enhanced crystallinity of (Ag
GT)20 (Figure 3). With enhanced plasma exposure time, the average pore size as well
as the average surface roughness of thusly grown nanosheets has decreased (Figure
4b), thus creating a better environment for the adsorbents B and N via cleaning and
activating the substrate surface giving rise to hardness. The particle size has also
decreased for extended plasma exposure time (as verified in the FESEM section
Figure 4a). This increase in hardness might also be due to an increase in plasma
exposure time resulting in prolonged interaction of radiation like UV, X-rays etc.,
emitted from plasma with the underlying substrate and BN [89,90]. Furthermore, when
Ag is exposed to plasma along with precursor borazine, the B and N atoms imbed and
penetrate into the Ag surface (as also verified by FT-IR, EDX and XRD techniques)
as a result, the hardness of the samples increases. Hence, 20 min and 10 kV are the
best optimum parameters to enhance the surface hardness.
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Figure 7. Graph illustrating Vickers hardness as a function of plasma exposure time

for (Ag), (Ag GT)10, (Ag GT)15, and (Ag GT)20.

Figure 8 represents the change in the HV value, average particle size, average
surface roughness and average pore size versus plasma exposure time of (Ag), (Ag
GT)10, (Ag GT)15, (Ag GT)20. It can be inferred from this graph that the average
particle size as well as the pore size of boron nitride has reduced with an increase in
plasma exposure time. The average surface roughness of the samples increases and
then diminishes ultimately for 20 min. interaction time (Figure 4b). As a result, the
hardness of (Ag), (Ag GT)10, (Ag GT)15, (Ag GT)20 increases from an average 27.6
HYV value to a 38.3 HV value [91].
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Figure 8. Comparative graph of HV value, average particle size, average surface
roughness and average pore size as a function of plasma growth time for samples
(Ag), (Ag GT)10, (Ag GT)15, and (Ag GT)20.

4. Conclusion

h-BNNS were synthesized on silver using a simple plasma setup at atmospheric
pressure and room temperature. The BN source borazine underwent interaction with
the nitrogen plasma for various time spans of 10, 15 and 20 min. h-BNNS are found
to be grown for all the plasma exposure times; however, the crystallinity of the grown
BN sheets is much better for longer plasma exposure times (20 min. in our case).
Smoother nanosheets have grown as a result of a drop in average particle size, average
pore size, and average surface roughness as the plasma exposure period has increased.
The hardness of the samples has similarly risen with the increase in plasma exposure
time.

Therefore, it is concluded that the atmospheric pressure plasma facility serves as
an excellent, cost-effective, eco-friendly, and versatile approach for growing h-BNNS
on Ag resulting in smoother nanosheets with improved crystallinity and hardness.
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