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S
urfaces and interfaces occur every-
where in nature, from minute sand
grains to the vast expanse of oceans.

Surfaces and interfaces play a key role in
nanoscience since they often serve as plat-
forms for the growth of low-dimensional
materials. Besides, the physical and chemi-
cal processes taking place at these regions
can be different from the ones in bulk
phases, and decisive in controlling the ma-
terials performances in diverse areas of ap-
plications, such as green energy (fuel cells,
solar cells, and hydrogen storage), medicine
(biomaterials, biosensors, and gene chips),
catalysis, electronics, composites, etc. Con-
tinuous progress in nanomaterial syntheses
and extensive research on interfacial phe-
nomena of low-dimensional materials have
brought the advent of a new area of nano-
scale interface engineering which aims at
employing nanoscale interfacial features to
obtainmaterialswithmodifiedor totally new
properties. A classical example of interface-
related properties is the wettability of mate-
rials, where the interfacial interactions be-
tween the solid surface and liquid determine
the wetting degree. Surface wetting is pre-
valent in nature featuring various biologi-
cal surfaces which benefit from specialized

structural and chemical modifications to
manage the wetting behavior.1 For example,
the superhydrophobic surface of a lotus
leave contains nano/micro-roughness that
enables self-cleaning,whereas themicroscop-
ically smooth superhydrophilic surface of a
water plant allows water absorption and
water spreading to achieve a sustained state
of wetness.2

Inspired by nature, topographical surface
structuring has been employed to create a
multitude of new engineered surfaces with
diverse wetting properties. Certain types
of such surface structures can even induce
directional wetting which allows a great
degree of control over liquid spreading.3�6

In this regard, arrays of symmetric or asym-
metric surface features, such as arrays of
nanotubes, nanowires, grooves, inclined pil-
lars, and helical protrusions, have shown
unique anisotropic wetting properties.7 Be-
sides morphological changes at the inter-
face, chemical functionalization can also
affect the wettability of a surface. Depend-
ing on the material properties, a wide range
of methods can be used to achieve surface
functionalization, such as chemical, electro-
chemical, andmechanochemical treatments,
vapor deposition, and exposure to plasma of
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ABSTRACT Today many aspects of science and technology are progressing into

the nanoscale realm where surfaces and interfaces are intrinsically important in

determining properties and performances of materials and devices. One familiar

phenomenon in which interfacial interactions play a major role is the wetting of

solids. In this work we use a facile one-step plasma method to control the

wettability of boron nitride (BN) nanostructure films via covalent chemical functionalization, while their surface morphology remains intact. By tailoring

the concentration of grafted hydroxyl groups, superhydrophilic, hydrophilic, and hydrophobic patterns are created on the initially superhydrophobic BN

nanosheet and nanotube films. Moreover, by introducing a gradient of the functional groups, directional liquid spreading toward increasing [OH]

content is achieved on the films. The resulting insights are meant to illustrate great potentials of this method to tailor wettability of ceramic films, control

liquid flow patterns for engineering applications such as microfluidics and biosensing, and improve the interfacial contact and adhesion in nanocomposite

materials.

KEYWORDS: boron nitride nanotubes . boron nitride nanosheets . interface engineering . plasma treatment . superhydrophobicity .
superhydrophilicity . directional wetting
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accelerated ions and particles.8�11 Among these tech-
niques, plasma treatment is technologically very im-
portant due to its possibility of scaling up to produce
large quantities of material necessary for commercial
use, its much lower reaction time compared to other
functionalization techniques, and the variety of func-
tional groups that can be achieved depending on the
plasma parameters.12

Low-dimensional boron nitride (BN) materials are
among the most promising inorganic nanosystems ex-
plored so far because of their unique properties, such as
excellent stiffness, high thermal conductivity, outstand-
ing chemical and thermal stability, corrosion resistance,
electrical insulation, wide optical bandgap, and deep UV
emission.13,14 Recent studies on hierarchical BN nano-
structure surfaces in our group as well as Yap's group of
Michigan Technological University and Chen's group of
Deakin University showed that nanoscale topography
can give an unusual rise to water repelling properties of
BN surfaces.15�19 We synthesized various BN films com-
posed of vertically aligned or randomly oriented 1D and
2D nanostructures by a chemical vapor deposition (CVD)
method and investigated the influence of surface mor-
phology on their wetting properties.17�20 We observed
that a smooth BN film is relatively hydrophilic with a
water contact angle (CA) of ∼50�, whereas nanostruc-
tured BN surfaces can be hydrophobic or even super-
hydrophobic with water CAs larger than 150� (Figure S1,
Supporting Information). This CA variation was attribu-
ted to the combined effects of surface roughness and
partial liquid�solid contact at the interface.
In the present work, chemical functionalization of

BN nanostructure films, as another aspect of nanoscale

interface engineering to control the wetting proper-
ties, is achieved by air-plasma treatment. The resulting
hydroxyl-functionalized BN nanosheets and nanotube
films show a drastic change in their water-repellency
from superhydrophobicity to superhydrophilicity. The
mechanisms involved in this one-step functionaliza-
tion process and their influence on wetting properties
are discussed in detail. Moreover, by controlling the
interfacial interactions during the plasma treatment, a
chemical gradient of hydroxyl groups on the BN nano-
structure films is achieved which is then utilized to
demonstrate directional-water-spreading functionality
of the films. Such a controllable surface chemistry route
provides further possibilities in device design for a
wide application range from microfluidics and water
treatment to nanocomposites and chemical sensing.

RESULTS AND DISCUSSION

Figure 1a,b shows scanning electron micrographs
(SEM) of BN nanosheet and nanotube films prepared
by the CVD method. Detailed transmission electron
microscopy (TEM) studies revealed purity and good
crystallinity of the synthesized nanosheets and nano-
tubes (Figure S2, Supporting Information). The average
diameter of the nanotubes was ∼60 nm and the
nanosheets were mostly 2�5 nm in thickness. Both
nanostructured films demonstrated superhydrophobi-
city with average water CA values of∼153� and∼157�
for BN nanosheets and nanotubes, respectively. The
films were then subject to direct ion/electron bom-
bardment in an air-plasma device for 10 min, as
schematically illustrated in Figure 1c. As a result, their
water CA dropped to almost zero (water completely

Figure 1. (a,b) SEM images of BN nanosheets and nanotubes grown as uniform films over Si/SiO2 substrates by a thermal
CVD method. The insets show 10 μL water droplets residing on the superhydrophobic BN nanostructure films. (c)
Schematics of the air-plasma device in which the sampleswere subject to direct bombardment of the plasma species. (d) CA
measurements after air-plasma treatment indicate that both the BN nanosheet and nanotube films have become
superhydrophilic.
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spread over the film surfaces) indicating a drastic
change in their wetting behavior from superhydropho-
bicity to superhydrophilicity (Figure 1d). The air-plasma
treated BN nanostructure films kept their extreme
wettability for several days, and their water CA raised
only ∼10� after 3 days in ambient conditions, possibly
due to the surface adsorption of airborne molecules.21

To identify the origins of stable superwettability of
plasma-treated hierarchical BN films, several surface
characterization techniques were utilized. A compar-
ison between scanning electron micrographs (SEM)
before and after the treatment confirmed that the
overall morphology of the BN films remained intact
during the process (Figure S3, Supporting Information).
Figure 2a displays local chemical composition analysis
of the BN nanostructures performed by an Auger elec-
tron spectrometer (AES) equipped with a secondary
electron imaging system (SEM), before and immedi-
ately after the air-plasma treatment (time of exposure
to the environment was less than 1 min). The red,
green, and blue curves are typical spectra gathered
from the edge of a nanosheet, the planes of a nano-
sheet, and the walls of a nanotube, respectively, as
indicated in the SEM images of Figure 2b. The un-
treated nanosheet and nanotube films show two main
peaks related to boron and nitrogen and small peaks

related to oxygen and carbon, which could be attrib-
uted to minuscule levels of impurity and/or airborne
molecules on the surface. However, after the plasma
treatment, the oxygen level immensely rises in all
spectra indicating the possible oxidation/hydroxidation
of the BN nanostructures.
To further characterize the chemical state of the

surface, X-ray photoelectron spectroscopy (XPS) was
carried out on BN nanostructure films. Compared
to the localized chemical analysis performed by AES,
a large area analysis (∼400 μm in diameter) by XPS
conveys complementary information about surface
bonds. XPS survey spectrum of plasma-treated BN
nanosheets (Figure 2c) identifies B 1s, N 1s, O 1s, and
C 1s peaks at ∼190.1, ∼397.6, ∼531.6, and ∼284.3 eV,
respectively. Higher resolution core-level photo-
emission spectra of the elements (Figure 2d) display
some levels of asymmetry and broadening which
suggest the existence of more than one type of bond-
ing scheme for the atoms (larger sized spectra available
at Figure S4, Supporting Information). The B 1s spec-
trum in Figure 2d can be fitted by two curves using a
Gaussian profile; the main one with a binding energy
peak at ∼190.0 eV is attributed to B�N bonds and the
other one at∼191.8 eV is assigned to B�OHbonds that
originate from the hydroxidation of some boron atoms

Figure 2. (a) AES spectra taken from the edges (1) and planes (2) of a BN nanosheet andwalls of a BN nanotube (3) before and
after air-plasma treatment; (b) SEM images of the BN nanostructures indicating the points from which the AES spectra were
collected; (c) XPS survey spectrumof BN nanosheets after air-plasma treatment; (d) high-resolution core-level photoemission
spectra of boron, nitrogen and oxygen; (e) XPS survey spectrum of BN nanosheets after air-plasma treatment and argon ion
sputtering.
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at the surface of the sample. The B�OH signal is
observed at a higher binding energy than the B�N
signal owing to higher electronegativity of the hydro-
xide anion compared to that of nitrogen, and yet in a
lower bonding energy than BdO in B2O3 (∼193 eV)
due to the lower oxidation state in B�OH.22�24 The N
1s spectrum in Figure 2d can be fitted by two curves;
themain onewith the binding energy peak centered at
∼397.5 eV is attributed to N�B bonds and the other
one centered at ∼399.8 eV refers to N�H bonds.22�24

The O 1s spectrum in Figure 2d is centered at∼531.6 eV
and indicates the formation of HO�B bonds
(hydroxidation of boron). It has a lower value than
those of O�Si bonds (532.5 eV) in SiO2 and OdB bonds
(533 eV) in B2O3; therefore, it may be interpreted to
have originated neither from the substrate nor from
higher-state oxidation of boron.22�25

To investigate the stability of the hydroxyl functional
groups on the BN nanostructure surfaces, argon ion
sputtering was performed inside the XPS chamber.
Figure 2e shows the XPS survey spectrum of the air-
plasma treated BN nanosheet film after argon ion
sputtering. It is seen that even after the ion bombard-
ment of the surface, a strong O 1s peak in the spectrum
appears which demonstrates the high stability of
functional hydroxyl groups on the surface. On the
contrary, the intensity of the carbon peak drastically
drops implying the removal of loosely bound super-
ficial carbon atoms from the surface. The disappear-
ance of the Auger line at ∼1223 eV also confirms the
elimination of carbon atoms after argon bombard-
ment, suggesting that unlike the covalently bound
�OH functional groups, carbonaceous species were
mainly trapped or physisorbed contaminants on the
surface. The new two peaks appearing at ∼321.2 and
∼243.9 eV are attributed to Ar 2s and Ar 2p photoelec-
trons, respectively, which have resulted from argon ion
implantation during the surface bombardment. XPS
experiments on BN nanotube films also yielded similar
results (Figure S5, Supporting Information).
The detailed AES and XPS analyses of the plasma-

treated BN nanostructure films suggest that hydroxyl
and hydrogen ions were grafted on the edges and
planes of the BN nanosheets and nanotubes, whose
functionalization mechanism can be explained as fol-
lows. In air-plasma treatment, air molecules (primarily
nitrogen, oxygen, and water vapor) become excited
and react with other molecules, knock off electrons,
and emit photons. The excited nitrogen molecules
mainly relax by emission of photons which produce
the observable purple light in the plasma region. The
excited oxygenmolecules on the other hand, are more
stable and capable of reacting with other oxygen
molecules to form ozone or breaking chemical bonds
in water vapor molecules to form reactive [OH], [O],
and [H] species. Such reactive ions and radicals can
readily react with other chemicals present in air and the

nearby BN surface, causing the breakage of existing
chemical bonds and formation of new ones. Thus, the
functionalization process can include several mecha-
nisms as schematically illustrated in Figure 3a. The
covalent bonds can primarily form at the chemically
active edges of BN nanosheets and nanotubes as pre-
ferred sites to saturate their dangling bonds. In addi-
tion, the nanosheet planes and nanotube walls nor-
mally contain certain amount of point defects (such as
vacancies) serving as active sites for chemical interac-
tions. Moreover, the attack of reactive species on
electron-deficient boron and electron-rich nitrogen
atoms can result in covalent-bond formation via Lewis
acid�base interactions, for instance between the hy-
droxyl groups (as the electron pair donors) and the
boron atoms (as the electron pair acceptors with
vacant p orbitals). The plasma components (i.e., chem-
ical species and energetic particles) may also attack the
B�N bonds, break them, and create new bonds. In this
case, the covalent bond formation between a boron
atom and a hydroxyl ion or a nitrogen atom and a
proton (Hþ) occurs with concomitant cleavage of the
in-plane B�N bond to satisfy the valence conditions.
Consequently, the boron and nitrogen atoms
can be expected to become dislocated out of the
planar sp2 lattice as their hybridization is modified to
the tetrahedral sp3 configuration by the function-
alization.25 Then, when the functionalized surface
was in contact with water, the polarity of the grafted
hydroxyl groups could create a strong attraction to the
extremely polar water molecules, resulting in hydro-
gen bonding, as schematically shown in Figure 3b.
Such strong intermolecular forces and dipole moment
interactions led to the observed hydrophilic effect, as
predicted by theoretical calculations.26,27 Therefore,
the extreme change of wettability from superhydro-
phobicity to superhydrophilicity in both BN nanosheet
and nanotube films after the air-plasma treatment is
attributed to the chemical engineering of the interface
between the BN nanostructures and water molecules.
The obtained results are in agreement with the pre-
vious reports on strong hydrophilic behavior of boron
hydroxide,28 compared to the hydrophobic nature of
boron oxide28 and boron nitride.15�19

The present one-step plasma-assisted covalent ad-
dition of hydroxide and hydrogen ions to boron and
nitrogen atoms in BN nanostructures is complemen-
tary to the recent multistep methods for hydroxyl
group grafting of BN nanosheets and nanotubes
via ultrasonication assisted hydrolysis, solution-
phase radical functionalization, and autoclaved high-
temperature high-pressure chemical reactions.25,29�31

Moreover, the present plasma method enabled us to
control the wetting degree of the films by grading the
density of the chemical functional groups. This was
achieved by using a canopy-shapedphysicalmaskwith
a small gap, as illustrated in Figure 4a. Such type of
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mask partially shields the film surface and interacts
with the plasma components. Thus, plasma density
decreases and a gradual penetration under the mask
takes place. This provides control over the distribution
of incident ions and reactive neutrals on the film
surface.32 On the basis of the plasma exposure level,
three different areas existed on the sample: area I was
fully exposed to the plasma for 10min, while area II and
area III were partially and fully covered by the canopy,
respectively. Figure 4b shows O 1s spectra taken from
these three areas under similar conditions (i.e., 400 μm
spot size, 100 scans, Al KR source, 0.1 eV energy step
size). It is observed that the oxygen concentration on

the partially covered area is much lower than that on
the fully exposed area, indicating the presence of a
hydroxyl gradient on the film surface. This can affect
the wetting properties of the BN film. CA measure-
ments in Figure 4c demonstrate superhydrophilicity in
area I, hydrophobicity in area II, and superhydropho-
bicity in area III, which validate the possibility of
creating fully or partly wettable patterns on the origin-
ally unwettable BN nanosheet film. Since water has a
dipole moment of 1.85 D, the hydroxyl groups of the
plasma-treated BN most likely interact with the posi-
tive polar components of water (-H groups) through
hydrogen bonding.33 Then, as the concentration of

Figure 3. (a) Schematic representation of chemically engineered BN nanostructures by air-plasma treatment. The possible
mechanisms for functionalization of BN nanosheets and nanotubes are bond formation at the edges (1), bond formation at
defect sites, e.g., vacancies (2), Lewis acid�base interactions (3), breakage of B�N bonds and forming new bonds (4).
(b) Schematic representation of hydrogen bonds forming between water molecules and H-grafted nitrogen/OH-grafted
boron atoms on the surface of the BN nanostructure films.
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hydroxyl groups increased on the surface, a higher
number of hydrogen bonds and thus an extended
wetting degree could be obtained. In other words,
water droplets on the pristine BN nanostructure films
initially exhibited the Cassie�Baxter state34 in which
the droplets are in partial contact with the tops of the
rough surface features as well as the air pockets
trapped between them. However, by applying the
air-plasma treatment on the surfaces, water droplets
exhibited the Wenzel state35 in which the droplets can
penetrate inside the surface features and be in full
contact with the surface. Since the wetting transition
from metastable Cassie�Baxter state to thermodyna-
mically stable Wenzel state requires overcoming an
energy barrier, it can be concluded that hydroxyl
functionalization of the BN nanostructures acted like
a catalyst to facilitate this process. It should be noted
that the role of the energy barrier in wetting transition
and the effect of external stimuli on the energy barrier
reduction are broadly accepted facts.36�42

Another interesting feature observed in area II was
the directional wetting along the chemical gradient on
the BN nanosheet film. Figure 5a shows a series of
images taken from a water droplet placed on area II of
the graded BN nanosheet film. The droplet sponta-
neously extended over the film toward the direction of
higher hydroxyl groups concentration (video, Support-
ing Information). Such dynamic propagation of the
droplet on the chemically graded BN surface indicates
the presence of a strong driving force for interactions
of the liquid and the solid at the three-phase contact
line, which can be described in terms of hydrophilicity
augmentation along the direction of the functional
group gradient. In fact, the grafted hydroxyl groups on
the surface bring about larger surface energy and
consequently elevated adhesion,33 which promote
propagation of water toward the areas of higher OH
concentration (more hydrophilic areas), as schemati-
cally displayed in Figure 5b. This confirms that the CA
value is a function of contact line chemical composi-
tion, and that the kinetics of droplet movement, rather
than thermodynamics, dictate wettability.43 To ensure
that the driving force for droplet propagation was
the chemical gradient (not an unleveled stage, for
instance), the sample was rotated 180�, and the experi-
ment was repeated. Again, the droplet propagated
toward higher hydroxyl group concentration, demon-
strating the concept of interface engineering to control
surface wettability and liquid spreading along the
chemical gradient on the BN film. Such directional
wetting and control over liquid spreading can be of
great interest in a broad range of applications such
as surface-directed liquid flow, droplet-based micro-
fluidics, DNA microarrays, capillary imbibition, fluidic
optics, and inkjet printing.1,3,6,44�46

Figure 4. (a) Schematic illustration of masked plasma treat-
ment resulting in three different areas on the BN nanosheet
film: fully exposed to plasma (I), partially covered by the
mask (II), and completely covered by the mask (III). (b) O 1s
spectra taken from these three areas indicating a hydroxyl
gradient resulting from the gradual decrease of the plasma
density under the mask. (c) Images of water droplets at
different areas of the film showing superhydrophilic, hydro-
phobic, and superhydrophobic properties.

Figure 5. (a) Snapshots of a water droplet placed on area (II)
of the graded BN nanosheet film indicating the sponta-
neous extension of the droplet over the film toward higher
hydroxyl content (directional wetting); (b) schematic repre-
sentation of directional water propagation on the chemi-
cally graded BN nanosheet film and schematic profiles of
functionalization level and contact angle on its surface.
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Besides using a physical mask, the exposure time to
plasma was another means to tune the functionaliza-
tion level of the BN nanostructure films. Here we
compare the dynamic properties of a BN nanosheet
film in three stages: pristine and exposed to air plasma
for 1 and 3 min (for simplicity, these stages will be
referred to as T0, T1, and T3 respectively). Figure 6a
demonstrates the “inclined surface” test results in
which a water droplet was placed on the sample
surface followed by tilting until the droplet began to
move. The superhydrophobic film in T0 stage had a
very low degree of sticking, and the water droplet
moved as soon as the inclination of the film started
(tilting degree θt < 1�). The sample in T1 stage was also
highly hydrophobic but showed a small level of sticki-
ness. That is, during tilting the water droplet initially
adhered to the surface and underwent some sliding
and shape deformation (due to gravitational force)
until θt reached 19� where the droplet quickly moved
off the surface (more details in Figure S6, Supporting
Information). The sample in T3 stage was much less
hydrophobic; thus, the droplet pinned to the function-
alized surface and did not move even when θt reached
90�. To further investigate the relation between surface
functionalization level and the dynamic behavior of the
droplets, a high-speed camera was used to record free-
falling water droplets impacting on the BN film before
and after air-plasma treatment. The successive snap-
shots in Figure 6b indicate that as the droplet hit the
surface of the film in T0 stage, it deformed heavily and
then bounced back from the surface with no observa-
ble liquid residue left. In fact, the large CA of the film
allowed the droplet to store its kinetic energy in surface
deformation and to be fully rebounded.47 This con-
firmed the excellent water repellency of the BN na-
nosheet film in its pristine condition. However, since
the BN film in the T1 stage was slightly less hydro-
phobic, a small portion of the droplet pinned to the
surface during its rebound off the surface. In fact,
intermolecular attractive forces between the slightly
functionalized surface and the impinging liquid

prevented the droplet from a complete bounce back.48

This pinning effect became more pronounced when
the water droplet hit the less hydrophobic surface in
the T3 stage. The droplet then completely pinned to
the hydroxidized surface and just oscillated before
eventually coming to rest.

CONCLUSION

Air-plasma treatment was used for interface engi-
neering of BN nanosheet and nanotube films to con-
trol their wetting properties. As a result, the edges,
walls, and planes of the BN nanostructures could be
hydroxyl-functionalized. The covalent grafting of hy-
droxyl groups on the BN nanostructures was verified
using XPS, where in particular the formation of B�OH
bonds rather than B�O bonds was confirmed, and the
mechanisms for plasma functionalization of the BN
nanostructures were explained.
The resulting hydroxyl-functionalized BN nano-

sheets and nanotube films showed a drastic change
in their water-repellency. By tailoring the concentra-
tion of grafted hydroxyl groups, superhydrophilic,
hydrophilic, and hydrophobic patterns were created
on the initially superhydrophobic BN films. Such tun-
ability in wetting properties of the BN films can be
compared to that of some commercially available
polymeric and organic coatings. Yet, the main advan-
tage here is the robust mechanical properties and
excellent thermal and chemical stability which make
the BN films resistant to mechanical erosion, heat
degradation, and many strong acids and bases.
Moreover, by controlling the interfacial interactions

during the plasma treatment, a chemical gradient
of hydroxyl groups on the BN nanostructure films
was achieved which was then used to demonstrate
directional-water-spreading functionality of the films.
This can be of high technological importance, because
currently most anisotropic and directional wetting
surfaces are produced using expensive and compli-
cated techniques creating asymmetric nanostructures
on the surfaces, whereas the masked plasma process

Figure 6. Dynamic wetting behavior of a BN nanosheet film in its pristine condition (T0) and after air-plasma treatment for
1 min (T1) and 3 min (T3): (a) snapshots of water droplets before and after tilting the film; (b) snapshots of water droplets
impinging on the film.
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utilized by us is relatively cheap and can easily be
scaled up.
The herein presented controllable surface chemistry

route provides further possibilities for the addition of
other functional groups to the BNnanostructures, which
for instance, can contribute to the poor interfacial

contact and adhesion of BN/-metal and -polymer
matrix nanocomposites,49�51 improve BN nanostruc-
ture performance in biomedical research such as drug
delivery and cancer therapy,52 and promote their
application in environmental research such as removal
of oils, organic solvents, and dyes from water.53

MATERIALS AND METHODS
All chemicals of analytical grade were purchased from Wako

Chemical Reagents Company (Japan), and were used without
further purification.

Synthesis of BN Nanostructures. The CVD synthesis of the BN
nanotube and nanosheet films was performed in an electric tube
furnace, as described elsewhere.17�20 In brief, the precursor
powder materials (B/FeO/MgO) were mechanically mixed in a
2:1:1 molar ratio and were positioned in an alumina combustion
boat covered with a Si/SiO2 wafer. The boat was then set into an
alumina test tube inside a vacuum chamber. The chamber was
evacuated to 1 Torr, and thenNH3 gas was introduced at a rate of
0.4 mL/min. The precursors were heated to 1100 and 1300 �C,
held for 60 min, and cooled to room temperature, and the
produced BNnanosheet and nanotube filmswere removed from
the furnace.

Plasma Treatment. BN nanostructure films were subject to
direct ion/electron bombardment in a plasma generator device
(SAKIGAKE-Semiconductor Co., Ltd., Japan) for 10 min. In this
device, air was used to create the plasma. An AC voltage (8.5 kV,
20 kHz) was applied to the electrodes of the plasma device and
the power was 45 W. The BN samples were placed on a proces-
sing stage under the plasma at ambient temperature and
pressure. To create hydroxyl-group gradients on the BN nano-
structure films, aluminum canopymasks were usedwith geome-
tries illustrated in Figure 4.

Characterization. The morphology of the films was studied by
a field-emission scanning electron microscope (FE-SEM; Hitachi
SU8000, Japan), and their structures were analyzed by a high-
resolution field emission transmission electron microscope
(JEOL, JEM-2100F, Japan) equipped with an electron energy
loss spectrometer (EELS). Auger electron spectroscopy (AES)
was performed at room temperature using an AES thin film
analyzer (ULVAC-PHI, Inc. Japan) with a cylindrical mirror analy-
zer and a thermal emission electron gun. X-ray photoelectron
spectroscopy (XPS) analysis was performed using a monochro-
matic X-ray photoelectron spectrometer (Al KR source, Thermo
Scientific Theta Probe, USA), and the surface composition was
determined by fitting the high resolution elemental spectra
of the B 1s, N 1s, and O 1s peaks using the Thermo Scientific
Avantage data acquisition and processing software. Interpreta-
tion of peak positions and binding energy shift was mainly
performed by referring to The Handbook of X-ray Photoelectron
Spectroscopy.23

Contact Angle (CA) Goniometry. Static and dynamic contact angle
measurements were performed using an automated digital
goniometer (DropMasterDM-701, KYOWA, Japan) equippedwith
a dispersing needle holder. Deionized water droplets of 3 μL
volume were placed on the BN films with a microsyringe. CAs of
three independent drops were averaged for each sample using
FAMAS (interFAce Measurement & Analysis System) software
version 2.4.5. (KYOWA, Japan). To investigate the dynamic behav-
ior of free-falling water droplets on the films, a high-resolution
high-speed camera (Phantom Miro eX2; Vision Research Inc.,
USA) with PCC (Phantom Camera Control) V2.14.727.0 software
was utilized.
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