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R
ecent research progress on single-
layer graphene andmultilayer carbon
nanosheets with thicknesses below

20 nm illuminated the importance of two-
dimensional (2D) nanostructures on ac-
count of their extraordinary properties such
as high surface-to-volume ratio, superior
strength, sharp open edges, and eminent
room-temperature carrier mobility.1�4

These 2D nanomaterials have attracted a
great deal of attention academically and
also promise numerous applications in bio-
sensing, hydrogen storage, ultracapacitors,
composite filling, gas detection, and elec-
tron emission.2�9 The structural similarity of
carbon (C) and boron nitride (BN) nano-
materials created a lot of curiosity about
the latter ones. Layered BN is an analogue of
graphite in which alternating boron (B) and
nitrogen (N) atoms substitute for C atoms in
a honeycomb network with sp2 bonding.
Within each layer of hexagonal BN (h-BN), B
and N atoms are bound by covalent bonds,
whereas the layers are held together by van
der Waals forces.9 A 2D BN crystal structure
can exhibit unique features such as superb
thermal conductivity, excellent mechanical
strength, remarkable chemical stability,
magnetism, and electrical conductivity.10,11

2D BN nanostructures have been prepared
by several methods, including decomposi-
tion of borazine, ultrasonication processing
of h-BN, peeling by Scotch adhesive tapes,
and chemical exfoliations of h-BN in ways
similar to graphene fabrication.10�12 Also, in
order to take advantage of the aforemen-
tioned properties of BN, different methods
have been proposed for preparing BN coat-
ings on carbon nanotubes (CNTs)13�15 and
onother types of inorganic fibers,16,17 which
would be of great value for the design of
nanoscale electronic devices and nano-
structured composites.18

Nanostructured films of BN have shown
superb hydrophobicity, although BN coatings
withoutnanostructure features arehydrophilic

surfaces.19 In general, wettability of a surface
depends on its chemical composition and
microstructural geometry.20 Nonwetting sur-
faces with high water contact angles (CA) can
be prepared via two approaches: chemical
functionalization of the surface with materials
of low surface free energy21 and creating
micro/nanoscale roughness on the surface.20

Superhydrophobicity is achieved if the CA of
water on a surface reaches 150�. So far, many
superhydrophobic coatings have been
made of organic materials with low surface
free energies, such as silicon-based hydro-
carbons,22,23 fluorohydrocarbons,24 and fluori-
nated polymers.25 Also, several works on the
preparation of rough structures have been
carried out, such as making electrodeposited
gold cluster films,26 anodic oxidation of
aluminum,27 fabricating densely packed
aligned CNTs,28 films of zinc oxide (ZnO)29

and titanium oxide (TiO2) nanowires,
30,31 hier-

archical self-assemblies of 4,5-diphenylimida-
zole on copper,32 Si pyramid/nanowire binary
structures,33 and nanosphere lithography.34

However, most of these materials are not
applicable at high temperatures and harsh
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ABSTRACT The growth, structure, and properties of two-dimensional boron nitride (BN)

nanostructures synthesized by a thermal chemical vapor deposition method have been system-

atically investigated. Most of the BN nanosheets (BNNSs) were less than 5 nm in thickness, and their

purity was confirmed by X-ray energy dispersive spectroscopy, X-ray photoelectron spectroscopy,

electron energy loss spectroscopy, and Raman spectroscopy. The effects of the process variables on

the morphology and roughness of the coatings were studied using atomic force microscopy and

scanning electron microscopy. A smooth BN coating was obtained at 900 �C, while compact BNNS
coatings composed of partially vertically aligned nanosheets could be achieved at 1000 �C and
higher temperatures. These nanosheets were mostly separated and exhibited high surface area

especially at higher synthesis temperatures. The nonwetting properties of the BNNS coatings were

independent of the water pH and were examined by contact angle goniometry. The present results

enable a convenient growth of pure BNNS coatings with controllable levels of water repellency,

ranging from partial hydrophilicity to superhydrophobicity with contact angles exceeding 150�.

KEYWORDS: boron nitride nanosheets . chemical vapor deposition . Raman
spectroscopy . surface morphology . atomic force microscopy . superhydrophobicity
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environments. Highly hydrophobic coatings possess
significant advantages such as water repelling, anti-
fouling, and self-cleaning properties,35 which appoint
theman important role in anticorrosion, resistingwater
coalescence, and fog condensation systems.35�37

Moreover, the hydrophobic coatings offer further pro-
mise for the formation of high-performance nano-
structured surfaces with multifunctionality that can
be used in optical, photoelectric, microelectronic, cat-
alytic, and biomedical applications.38�42 Undoubtedly,
the ability to produce hydrophobic films of diminutive
structures such as BN nanosheets (BNNSs) is beneficial
for many branches of modern science and technology.
Here we report a simple and efficient approach for

the direct fabrication of BNNSs on silicon/ silicon
dioxide (Si/SiO2) substrates by thermal chemical vapor
deposition (CVD) in a conventional horizontal tube
furnace using B, magnesium oxide (MgO), and iron
oxide (FeO) powders as precursors and ammonia (NH3)
gas flow. The systematic procedure for controlling the
size, shape, andwettability of BNNSswas established. A
similar growth system has been used recently for the
synthesis of BN nanotubes (BNNTs);43 thus we believe
this approach can pave the way for enhancing the
research activity in regard to BN nanostructures and
their smart integration into modern technologies.

RESULTS AND DISCUSSION

Figure 1 depicts a schematic illustration of the
synthesis conditions of the BNNSs. The Si/SiO2 sub-
strate on top of the combustion boat and the closed-
end quartz test tube help to trap and accumulate the
growth vapors,43 which reacted with the NH3 gas
entering the boat and formed BNNSs on the substrate.
Figure 2 shows the scanning electron microscope

(SEM) images of the samples grown for 30 and 60 min
at the synthesis temperatures of 900, 1000, 1100, and
1200 �C. The morphology of the as-grown coating was
found to be strongly dependent on the process variables,
i.e., growth time and temperature. A very fine BN coating
was obtained at 900 �C (Figure 2a); however, partially
vertical nanosheets could be achieved at 1000 �C
(Figure 2b) and higher temperatures (Figure 2c, d). The
coatings exhibit high surface area, especially at higher
synthesis temperatures, and are composed of compact
nanosheets that are mostly separated and partially
aligned, althoughnoelectricfieldor templateswereused.
SEM images in Figure 2 indicate that BNNSs display a

uniform size distribution. Moreover, by increasing the
growth time and/or the growth temperature, larger-
sized nanosheets were formed and the relative spacing
between the vertical BNNSs increased. Evidently the
growth rate of the BNNSs was faster at higher tem-
peratures, comparable to the growth rate reported for
carbon nanosheets.44,45 The nanosheet deposition
on the substrate can be explained by the theory of

nucleation46,47 and the subsequent growth of the
BNNSs. In fact, the accumulation of the trapped growth
vapors due to the synthesis conditions (shown in
Figure 1) would increase the reactive BxOy vapor
pressure, leading to an enhancement of the probability
of nucleation of the BNNSs.
Comparing parts b and f of Figure 2, we suggest that

before the onset of the vertical growth of the BNNSs,
there was a planar growth stage, in which the base
layers were flat and parallel to the substrate. After the
development of sufficient levels of force at grain
boundaries, the leading edges of the top layers curled
upward and the vertical growth of the nanosheets
began. BN species at the synthesis temperature
(g1000 �C) could be assumed to have very high
mobility; therefore, upon landing on the surface of a
growing BNNS, they quickly moved along the surface
toward the edge of the nanosheet and covalently
bonded to the edge atoms before being re-evapo-
rated. Thus, the BNNSs tended to grow higher rather
than thicker. BN species diffusing toward the substrate
instead of toward the growing edges could be re-
evaporated due to the weak van der Waals forces
connecting them to the substrate. That is why partially
vertically aligned BNNSs rather than thick layers of BN
oriented parallel to the substrate grew on the Si/SiO2

wafers, as seen in Figure 2b, c, and d. A similar
mechanism has been proposed for the formation of
vertically standing carbon nanosheets (CNSs) pro-
duced by radio frequency plasma enhanced CVD,
where the existence of an electric field promotes the
growth of the CNSs perpendicular to the substrate.45

The BNNSs were characterized by transmission elec-
tron microscopy (TEM), as shown in Figure 3. The low-
magnification TEM image in Figure 3a reveals the
transparency of the nanosheets synthesized at 1200
�C to the electron beam due to their very small
thicknesses. Also, as an intrinsic property for 2D nano-
structures, bending and scrolling of the nanosheets
can be noticed in Figure 3a similar to those reported for
BNNSs prepared by other methods.11,48,49 The inset of
Figure 3a shows the selected area electron diffraction
(SAED) pattern of region A, indicating the distinctive
hexagonal structure of h-BN films.50 High-resolution
TEM (HRTEM) images of regions B, C, and D of Figure 3a

Figure 1. Schematic illustration of the apparatus used for
the synthesis of the BNNS coatings.
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are shown in Figure 3b, c, and d, respectively. Highly
ordered lattice fringes can be observed in Figure 3b
and c, indicating that the BNNSs are well-crystallized.
Measurements on many nanosheets revealed the spa-
cing between adjacent fringes to be in the range

0.333� 0.351 nm. The average spacing is deduced to
be 0.343 nm, quite close to the (002) interplanar
distance in layered BN materials. Curled edges of
nanosheets in Figure 3b and c made it possible to
evaluate the sheet thicknesses. Statistics of the sheet

Figure 2. SEM images of the coatings synthesized at 900�1200 �C for 30 and 60 min.

Figure 3. (a) Low-magnification TEM image of the BNNSs synthesized at 1200 �C for 30 min. (b, c, d) HRTEM images of the
areas marked in panel (a) as B, C, and D, respectively. (e) Statistics of the thickness distribution of BNNSs. (f) Typical EEL
spectrum of the BNNSs.
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thicknesses are shown in Figure 3e after examining
50 sections in several TEM images; this exhibits that
most of the BNNSs have thicknesses smaller than
4 nm. Figure 3b and c also indicate that the majority
of BN layers are straight and parallel to each other;
however, distorted layers and discontinuities exist as
well. The chemical composition and stoichiometry of
the synthesized BNNSs were further verified via

electron energy loss spectroscopy (EELS). Figure 3f
represents a typical EEL spectrum of the BNNSs
having two distinct absorption features at 188 and
401 eV, indicating that only B and N K-shell ionization
edges exist in the product. The sharp peaks on the
left side of B�K and N�K edges correspond to 1s�π*
antibonding orbits, and the peaks on the right side of
the absorption edges correspond to 1s�σ* anti-
bonding orbits. This type of EELS edge structure is
typical of an sp2-hybrizied layered BN. No trace of
impurities is observed in the EEL spectrum, and
quantification analysis gives a B/N atomic ratio of
∼1.0.51,52

TEM characterization of the BNNSs synthesized at
lower temperatures (e.g. 1000 �C) showed similar fea-
tures to those synthesized at 1200 �C, suggesting that
most of the BNNSs have thicknesses smaller than 5 nm.
However, SAEDpatterns indicate that the BNNSs synthe-
sized at 1000 �C consist of very fine grains, while the
ones grown at higher temperatures are single crystals
(see Supporting Information, Figure S1).
Raman spectroscopy was also used to characterize

the BNNSs. Figure 4 shows typical Raman spectra of the
BNNSs synthesized at 1000 and 1200 �C. The charac-
teristic peaks seen at 1363 cm�1 in curve (a) and
1365 cm�1 in curve (b) are attributed to the B�N
high-frequency vibrational mode (E2g) within the
h-BN layers, analogous to the G peak in graphene.53

The reported Raman shift for different BN structures is
in the range 1366�1374 cm�1.54�56

It is stated that the position of high-frequency E2g
varies inversely with the crystallite size.57 Also, a Raman
peak frequency would shift to a higher frequency
under a compressive stress and to a lower frequency
under a tensile stress.58 Very recently, it has been

reported that the Ramanpeak is usually shifted upward
and downward in monolayer and bilayer BN, respec-
tively, compared with its position in bulk h-BN.59

Monolayers show sample-dependent blue shifts of
up to 4 cm�1 (i.e., the Raman shift at ∼1370 cm�1),
which is explained by a hardening of the E2g phonon
mode due to a slightly shorter B�N bond expected in
the isolated monolayers.59 The upshift of the Raman
line to 1370 cm�1 has also been reported to be intrinsic
for single-walled BN nanotubes (SW-BNNTs).56 How-
ever, the TEM results revealed that the present BNNSs
aremultilayered; thus, they were expected to show the
same features as bulk h-BN, i.e., a Raman shift at
1366 cm�1.48 Nevertheless, the Raman spectra of our
BNNSs show red shifts of 3 and 1 cm�1 for BNNSs
synthesized at high and low temperatures, respec-
tively. These red shifts can be due to the interactions
of neighboring sheets in few-layered h-BN, leading to a
small elongation of the B�N bond and consequently a
softening of the phonons,59 local temperature increase
caused by the laser,56 generation of stress in nano-
sheets due to the interactions with the substrate,
and the intrinsic wrinkles of the BNNSs.9 We speculate
that the smaller red shift in curve (b) is attributed to the
polycrystalline nature of the BNNSs grown at low
temperature. Measurements of bulk polycrystalline
h-BN specimens indicate that the Raman line is in the
range 1367 to 1374 cm�1.57 However, we believe that
in the case of our polycrystalline nanosheets the
phonon softening due to stress and heating by the
laser shifted the Raman peak down to 1365 cm�1 instead
(for more discussion, see Supporting Information).
Figure 4 also proves the absence of the carbon G band
trace at∼1600 cm�1 in the Raman spectra and thus the
high purity of the BNNSs synthesized by the present
carbon-free CVD method.
Typical results of the X-ray energy dispersive spec-

troscopy (EDS) analysis and the corresponding ele-
mental mappings over a large area indicated that the
coatings were homogeneously composed of B and N
species covering the Si/SiO2 substrate (see Supporting
Information, Figure S2). X-ray photoelectron spectros-
copy (XPS) was also used to verify the chemical com-
position and purity of the BNNSs. The results showed
typical sp2 B�N bonding, implying that the coating

Figure 4. Raman spectra of (a) BNNSs synthesized at 1200 �C
and (b) BNNSs synthesized at 1000 �C.

Figure 5. Water CAs measured on different BNNS coatings.
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was made of hexagonal BN (see Supporting Informa-
tion, Figure S3).
Water repellency of the BNNS coatings was investi-

gated keeping inmind their special nanoscale features.
Figure 5 shows the results of CA measurements con-
ducted on pristine Si/SiO2 wafers and the coatings
grown at different temperatures for 30 min. The pri-
mary CA of a water droplet on the Si/SiO2 wafer was
64.2�. This value decreased to 51.4� on the smooth BN
coating grown at 900 �C, which is in agreement with
the reported CA of granular BN films (48�55�)35 and
with our measurements on finely polished bulk BN
plates (50�54�). The reason for this decline is themore
hydrophilic nature of BN than the pristine substrate.
However, by increasing the growth temperature from
900 to 1000 �C, the CA increased from 51.4� to 104.9�,
revealing the transition from hydrophilicity to hydro-
phobicity. Further increase of the synthesis tempera-
ture to 1100 and 1200 �C resulted in enhanced
hydrophobicity and superhydrophobicity of the coat-
ings, with CAs reaching 142.3� and 159.1�, respectively.
Typical atomic forcemicroscopy (AFM) images of the

BNNSs are presented in Figure 6. Figure 6a represents
the smooth surface of the coating grown at 900 �C
corresponding to the observed hydrophilic behavior.
Figure 6b, c, and d depict the topography of the
coatings prepared at 1000, 1100, and 1200 �C, respec-
tively. Quantitative analysis of the AFM images is also

shown in Table 1, verifying the escalation of the surface
roughness by raising the synthesis temperature of the
BNNSs (detailed definitions of the terms used in Table 1
are presented in the Supporting Information).
For a liquid droplet on an ideally flat film, the

wettability is determined by the classical Young's
equation:

cos θe ¼ γsv � γsl
γlv

(1)

where θe is the contact angle in the Young's mode, γ is
the surface tension, and subscript s, l, and v refer to the
solid, liquid, and vapor phases, respectively. However,
most of the solid surfaces are not truly flat; therefore,
the surface roughness factor has to be considered
during the evaluation of the surface wettability.
This addition of surface texture can be explained by
two independently developed models: the Wenzel

Figure 6. AFM topography images of BN coatings synthesized at (a) 900 �C, (b) 1000 �C, (c) 1100 �C, and (d) 1200 �C.

TABLE 1. Topographical Properties of the BNNS Coatings

synthesis

temperature (�C)

average

roughness

(Ra) (nm)

root mean square

roughness

(Rq) (nm)

maximum

height difference

(Rz) (nm)

surface

roughness

factor (Sr)

900 0.494 0.702 11.6 1.00
1000 7.46 9.33 60.2 1.02
1100 14.2 17.7 118.6 1.13
1200 23.4 28.7 161.1 1.15
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model60 given in eq 2 and the Cassie�Baxter model61

given in eq 3:

cos θW ¼ r cos θe (2)

cos θCB ¼ � 1þ fs(1þ cos θe) (3)

where r is the surface roughness (i.e., the ratio of total
surface area to the projected area on the horizontal
plane) and fs is the fraction of solid�liquid contact. In
Wenzel's formulation, it is assumed that the liquid fills
up the rough surface, therefore increasing the inter-
facial contact area of the solid and the liquid. But in
Cassie's model, the liquid is assumed to form a line of
contact on the rough surface with air trapped below
the contact line. In our system, θe could be equal to
∼51.4�, because the surface roughness factor for the
smooth BNNS coatings grown at 900 �C is 1.00, giving
θW = θe = 51.4� in eq 2. Wenzel's formulation predicts
that when θe > 90�, the effect of increasing roughness
is to further increase θW toward 180�; however, when
θe < 90�, the effect of increasing roughness is to further
reduce θW toward 0�. That is contradictory to our
measurements, since increasing the surface roughness
of the BNNS coatings enhances the water CA from
51.4� to 159.1�, showing an alterable behavior of the
coatings from hydrophilicity to superhydrophobicity.
While Wenzel's model predicts an opposite trend, that
is, considering the surface roughness factors of 1.00
and 1.15 for the BNNSs grown at 1000 and 1200 �C,
respectively, Wenzel's equation suggests that the CA
decreases from 51.4� to 44.2� by increasing the surface
roughness. Therefore, we adopt Cassie�Baxter formu-
la for our system supposing that the liquid bridges the
surface features and does not penetrate between the
spaces separating them. Equation 3 predicts the frac-
tions of solid�liquid contact to be 0.46, 0.13, and 0.04
for the BNNS coatings grown at 1000, 1100, and 1200 �C,
respectively. A schematic representation of water
droplets on the BNNS coatings is illustrated in Figure 7.
It is assumed that the liquid contacts only the flat parts

of the surface and the menisci below the droplet are
due to the liquid's weight. These illustrations are in
good agreement with the height profile analysis of the
present BNNS coatings prepared at different tempera-
tures (see Figure S4 in Supporting Information).
Although the roughness factor (r) is not present in
the Cassie�Baxter formula, it is indirectly considered in
determination of the balance between fs and r for the
threshold CA at which the Wenzel state changes into
the Cassie�Baxter state, as discussed by Bico et al.62

Using the calculated fs values, we can conclude that
the trapped air within the nanostructures plays an
important role in promoting superhydrophobicity in
the BNNS coatings. In other words, by raising the
synthesis temperature the fraction of solid decreases
and the fraction of air (fν) in the composite interface
increases. This enhancement of fν and the increase of
roughness are the major causes to create superhydro-
phobicity in the present BNNS coatings (the impor-
tance of surface roughness in characterizing the

Figure 8. Typical photograph showing water droplets on
the BNNS coating synthesized at 1200 �C (a). Images
showing the approach and withdrawal of a water droplet
from the BNNS coating synthesized at 1200 �C (b) and 1000
�C (c).

Figure 9. Effect of droplet pH variations on the CA of BNNSs
grown at different temperatures.

Figure 7. Schematic illustration of water CA on BNNS
coatings prepared at (a) 1000 �C, (b) 1100 �C, and (c) 1200 �C
in the frame of the Cassie�Baxter model.
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wetting properties of the BNNS coatings was further
verified by a simple test; see Supporting Information,
Figure S5). It should be noted that the lack of liquid
penetration in the separation space between the
droplet and the substrate may not be only due to an
inability of air to escape. Whether a liquid will pene-
trate into the rough structure or not can also be
determined by the cost in surface free energy for
wetting down the surface structure.63

Figure 8a shows a photograph of spherical water
droplets on a BNNS coating prepared at 1200 �C,
indicating its nonwetting nature. In order to further
investigate the nonwetting properties, a suspended
water droplet was moved toward a BNNS coating
prepared at 1200 �C (Figure 8b). Then the droplet
was pushed against the coating, and finally the droplet
was withdrawn from the coating surface. No visual
water residue was left on the coating, indicating that
the adhesion force between the BNNS coating and the
droplet is much weaker than that between the droplet
and the needle. The same experiment was carried out
on a BNNS coating prepared at 1000 �C, as depicted
in Figure 8c. However, for this less hydrophobic
coating the water droplet adhered to the coating
and was detached from the syringe during with-
drawal. This experiment also indicates that the BNNS
coatings synthesized at 1200 �C have superior non-
wetting properties to those synthesized at lower
temperatures.
Moreover, the BNNS coatings showed stable

hydrophobic properties over a wide range of pH,
from 1 to 14, as shown in Figure 9. Because of the
outstanding chemical inertness of the BNNSs, even
strongly acidic and basic conditions do not affect
their nonwetting properties. The same behavior has
been reported for the BNNT films,35,64 suggest-
ing that the superhydrophobic BN nanostructures

can be excellent candidates for self-cleaning
applications.
Finally, self-cleaning tests on the BNNS coatings

revealed that the coatings synthesized at 1200 �C are
more efficient than those synthesized at 1000 �C (see
Supporting Information, Figure S6). The adhesion be-
tween the particle and the BNNS coating can be
attributed to fs,

65 assuming that a lower contact area
between the particles and the surfaces is achieved as fs
decreases. In coatings prepared at higher tempera-
tures, a small contact area decreases the adhesion of
the particle to the surface and leads to a more efficient
self-cleaning coating.

CONCLUSION

In summary, we performed a systematic study on the
synthetic parameters and structural features of BNNS
coatings on Si/SiO2 substrates made through a simple
and facile procedure in a conventional horizontal tube
furnace. The majority of the obtained BNNSs were less
than 5 nm in thickness, and their purity was confirmed
by several characterization techniques including EDS,
EELS, XPS, and Raman spectroscopy. The morphology,
roughness, and water-repelling properties of the coat-
ings were successfully controlled by the process vari-
ables. As a result, a wide range of water CAs, from∼51�
to∼159�, were obtained, indicating a significant change
from hydrophilicity to superhydrophobicity of the
coatings. The wetting characteristics of the coat-
ings were independent of the water pH value
and were explained in detail by the Cassie�Baxter
model. Considering the chemical inertness and the
stability of the BNNSs in a broad range of tempera-
tures, we anticipate future industrial applications
for the BNNSs as superhydrophobic self-cleaning
coatings.

METHODS

The crystalline BNNSs were grown in a horizontal electric
furnace consisting of a fused quartz tube 100 cm in length and
10 cm in diameter, as shown in Figure 1. Initially, B, MgO, and
FeO powders were mechanically mixed at the molar ratio of
2:1:1. In each experiment a total of 500 mg of the mixed
powders was used as the precursor, positioned in an alumina
combustion boat covered by a commercially available Si/SiO2

substrate. The boat was then placed inside a quartz test
tube, near the closed end, and the test tube was set into the
horizontal quartz vacuum chamber so the closed end was
located at the center of the heating zone. The quartz tube
chamberwas evacuated to∼1 Torr, and subsequently ammonia
gas was flowed into the chamber at the rate of 0.4 mL/min.
Then, the precursors were heated to 900�1200 �C, held for
30�60 min, and cooled to room temperature. The chemical
compositions and morphologies of the products were charac-
terized using an X-ray energy dispersive spectrometer attached
to a thermal field emission scanning electron microscope (FE-
SEM; Hitachi SU8000). X-ray photoelecton spectroscopy was
also performed using monochromatic aluminum KR X-rays to

further characterize the chemical composition of the coatings.
The Avantage software was used for XPS data analyses. The
structures of the BNNSs were studied by a high-resolution field
emission transmission electron microscope (JEOL, JEM-2100F)
equipped with an electron energy loss spectrometer. Raman
spectroscopy was performed by means of a LabRam HR-800
Raman microscope (Horiba, Japan) at 514.5 nm laser excitation.
Topographical images of the coatings were obtained by a JEOL
JSPM-5200 scanning probemicroscope using silicon cantilevers
NSC36-C (Micromash Inc., tip radius <10 nm) in the tapping
atomic force microscopy mode at ambient conditions. The
contact angle measurements were carried out by a sessile drop
method. A deionized water droplet of about 10 μL volume was
positioned on the coating by a microsyringe. A high-resolution
Keyence VH-5000 optical instrument equipped with WinROOF
V5.03 analysis software was used for measuring the CA of water
droplets. Each CA value and its standard deviation were the
results of at least 10 measurements carried out in ambient
environment, at room temperature (∼24 �C) and a relative
humidity of ∼40%. In order to investigate the effect of pH
on superhydrophobicity of the BNNS coatings, either diluted
NaOH or HCl was used to adjust the pH value of the liquid.
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For self-cleaning tests, MgO particles (<10 μm) were dispersed
on the BNNS coatings followed by placement of water droplets
on them. The self-cleaning efficiency of the BNNS coatings was
then determined by water droplets rolling off under 5�15�
tilting of the substrates.
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