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ABSTRACT: Superhydrophobic surfaces are attractive as self-cleaning protective
coatings in harsh environments with extreme temperatures and pH levels. Hexagonal
phase boron nitride (h-BN) films are promising protective coatings due to their
extraordinary chemical and thermal stability. However, their high surface energy makes
them hydrophilic and thus not applicable as water repelling coatings. Our recent
discovery on the superhydrophobicity of boron nitride nanotubes (BNNTs) is thus
contradicting with the fact that BN materials would not be hydrophobic. To resolve this
contradiction, we have investigated BNNT coatings by time-dependent contact angle
measurement, thermogravimetry, IR spectroscopy, and electron microscopy. We found
that the wettability of BNNTs is determined by the packing density, orientation, length
of nanotubes, and the environmental condition. The origins of superhydrophobicity of
these BNNT coatings are identified as (1) surface morphology and (2) hydrocarbon
adsorbates on BNNTs. Hydrocarbon molecules adsorb spontaneously on the curved
surfaces of nanotubes more intensively than on flat surfaces of BN films. This means the
surface energy of BNNTs was enhanced by their large curvatures and thus increased the affinity of BNNTs to adsorb airborne
molecules, which in turn would reduce the surface energy of BNNTs and make them hydrophobic. Our study revealed that both
high-temperature and UV-ozone treatments can remove these adsorbates and lead to restitution of hydrophilic BN surface.
However, nanotubes have a unique capability in building a hydrophobic layer of adsorbates after a few hours of exposure to
ambient air.

■ INTRODUCTION
Nature has created many examples of highly water repellent
(superhydrophobic) biological surfaces. Leaves of the lotus
plant (Nelumbo nucifera) as well as nearly 200 other plant
species are superhydrophobic due to micro- and nanosized
asperities or hairs, which are coated with hydrophobic wax.1,2

Wings of many insects,3−5 feathers of birds,6,7 and body parts of
semiaquatic and aquatic insects8−12 are also superhydrophobic
due to a combination of organic coatings and fine biological
structures. As inspired by nature, researchers could fabricate
superhydrophobic surfaces by organic coatings and microscopic
surfaces.13,14 The prospect of self-cleaning windows, counter
tops, fabrics, and even microrobots that can walk on water
drives the innovations into designing more sophisticated and
durable superhydrophobic coatings.
The uses of polymeric and organic superhydrophobic

surfaces are limited by their short lifetime, due to mechanical
erosion and heat degradation. Many strong acids, bases, and
UV irradiation from the sunlight accelerate instability and
degradation of these coatings. The search for superhydrophobic
inorganic materials is thus important for applications in
sporadic harsh environment. Nature cannot be mimicked
here as there is no known natural inorganic example displaying

superhydrophobicity. The design of ceramic coatings with
superhydrophobicity is complicated by the hydrophilic proper-
ties of these materials, commonly known as high surface energy
materials.
The possibility of achieving the thermodynamically stable

superhydrophobic and highly hydrophobic state on the rough
surface of hydrophilic materials has been widely discussed in
the literature.15−20 The main points raising heated debates are:
(1) whether such state can be considered as thermodynamically
stable or it is simply a metastable one; and (2) what physical
mechanisms, if any, can provide the manifestation of hydro-
phobicity for high-energy materials. These points arise from
comparison between the experimental findings and the
theoretical predictions. We will elucidate below the contra-
diction that follows from such comparison.
The main peculiarity of liquid spreading on a rough surface is

the existence of two different wetting regimes: homogeneous
and heterogeneous ones (Figure 1). Both regimes correspond
to minima in the Gibbs free energy of the three-phase system
containing a wetted substrate, wetting liquid, and surrounding

Received: August 9, 2011
Published: December 7, 2011

Article

pubs.acs.org/Langmuir

© 2011 American Chemical Society 1206 dx.doi.org/10.1021/la204429z | Langmuir 2012, 28, 1206−1216

pubs.acs.org/Langmuir


phase (vapor or other liquid).21 Wettability in homogeneous
regime can be indicated by the water contact angle (θW) as
described by the Wenzel equation22 (also often referred to as
the Wenzel−Derjaguin equation in the Russian literature23):

θ = θrcos cosW 0 (1)

and is determined by the chemical composition of surface layer
represented in the above equation through the Young contact
angle θ0 and by the roughness parameter r. Thus, the roughness
of surface enhances its hydrophobicity if θ0 > 90° and improves
wettability for θ0 < 90°.
In the heterogeneous regime, the contact angle can be

described using the Cassie−Baxter equation:21,24

θ = θ − +r f fcos cos 1CB f 0 (2)

and the main factors affecting the contact angle value are the
chemical composition of the surface layer, associated with θ0,
the roughness of wetted area rf, and the portion of substrate
surface wetted by testing liquid, f.
As follows from the analysis of the Cassie−Baxter eq 2, in the

heterogeneous wetting regime, one can manipulate θCB on the
rough surface by simply varying the surface topography and, as
a result, the portion of wetted solid area f. Theoretically,
therefore, a superhydrophobicity, with water contact angle
higher than 150°, can be achieved on any intrinsically
hydrophilic material with 0° < θ0 < 90°. For example, material
with θ0 = 55° would need to be roughened to produce nail-
shaped protrusions with flat heads such that water meniscus
may pin at the heads edges and less than 9% of the solid surface
is wetted by water. Such rough surfaces are difficult to fabricate,
although it is less challenging when roughness is introduced by
the growth of nanomaterials. Even when accomplished by such
approaches, a superhydrophobic state for the hydrophilic
material (θ0 < 90°) is only the realization of metastability. As
it was shown by thermodynamic analysis,21,25−27 the smallest of
the two possible contact angles, associated with homogeneous

and heterogeneous wetting regimes, corresponds to the lower
Gibbs free energy, and therefore to the higher thermodynamic
stability. For hydrophilic materials (with θ0 < 90°), effective
contact angles in the homogeneous regime will always be less
than in the heterogeneous regime, and, according to the
thermodynamics, the hydrophilic state of such materials with
rough surface is expected to be more thermodynamically
favorable than the hydrophobic one.
When the substrate surface possesses a complex topography,

the Gibbs free energy of the three-phase system can have
several local minima, separated by energy barriers.28−30 Such
systems can exist in metastable states with the spontaneous
transition to more stable states at low barriers. If the potential
barrier is high enough, which is typical for the multilevel (re-
entrant) surface topography, the metastable heterogeneous
wetting regime can be frozen for some time and reveals itself as
the robust one.31,32 For such surfaces, the transition from the
metastable heterogeneous to the stable homogeneous wetting
regime can be provoked through a supply of external energy
(i.e., vibration, pressing the droplet against the substrate,
hydrostatic pressure at deep immersion, or due to the kinetic
energy of the falling droplet27,33−36). Metastable super-
hydrophobicity can hardly be used in practical applications
due to the transition to higher stability of the homogeneous
wetting regime with the effective contact angle θw < 90°.
At the same time, a few studies appeared in the literature

(see, for example, refs 36−38), where the formation of stable
superhydrophobic states on the surface of ceramic materials
having high surface energy (and thus with θ0 < 90°) was
reported. Unfortunately, the stability of the superhydrophobic
state and the forming mechanisms of such state were not
discussed in refs 36−38.
Here, we analyze both homogeneous and heterogeneous

wetting regimes for boron nitride nanotube (BNNT) coatings
in details. The bulk boron nitride, as follows from theoretical
calculations, is the material having high-energy surfaces.39,40 We

Figure 1. Schematic drawings of wetting regimes for a liquid droplet on a rough solid surface.
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demonstrate that the superhydrophobic state of the BNNT
coating can be thermodynamically stable, which results from a
spontaneous adsorption of hydrocarbons onto the highly
curved surfaces of BNNTs. A remarkable property of BNNT
coating is the self-restoration of hydrocarbon layer adsorbed in
a few hours after high temperature adsorbate removal.

■ MATERIALS AND METHODS
In this Article, we have studied coatings made of short and long
BNNTs grown on silicon substrate as described in refs 37,38,41 and
hexagonal phase boron nitride (h-BN) thin films deposited by a pulse
laser deposition (PLD) technique.37 The subdividing of BNNTs into
two groups37 is determined by the temperature and time of synthesis
and the average length of nanotubes. If not mentioned otherwise, the
testing was performed on as-grown samples without additional
cleaning. The cases when different cleaning procedures were used
will be discussed separately. Two major cleanings reported in this
Article were done with solvent and under UV light. We washed
selected samples with a C2H5OH−H2O (1:1) mixture at 80° for 2 h.
During washing, the mixture was replaced eight times, and after such
procedure the samples were rinsed in cold deionized water and dried
during 2 days. Selected samples were inserted into a UV cleaner
(Bioforce Laboratories) and exposed to UV irradiation for 90−120
min.
Fourier transformed infrared (FTIR) spectroscopy at a grazing

angle of 80° (Perkin-Elmer 2000 Fourier spectrometer equipped with
Spectra-Tech FT-80 Grazing Angle Accessory), 800 scans and 4 cm−1

resolution, was used to analyze the chemical makeup and
contamination of BNNT coatings and its variation after heat
treatments. Also, attenuated total reflectance FTIR spectroscopy
using ZnSe crystal, at operating conditions of 1000 scans and 4 cm−1

resolution was used in the examination of organic contaminants on
selected BNNTs films before and after cleaning in the UV cleaner.
The substrate temperature was controlled by the Peltier thermo-

electric module (TV127-1,4-1,15−80 W).
Scanning electron microscopy (SEM) images were obtained with S-

4700 field emission scanning electron microscope (SEM) (Hitachi)
using 5 kV accelerating voltage and JSM U3 SEM (JEOL) using 25 kV
accelerating voltage. The JSM instrument was equipped with a
WinEDS attachment for energy dispersive analysis of X-rays and a
DISS digital scanning system (Getac).
The study of the degree of hydrophobicity for the deposited

coatings and its degradation was based on contact angle measure-
ments. We used the method of digital video image processing of sessile
droplets. The homemade experimental setup for recording optical
images of sessile droplets and software for subsequent determination
of droplet parameters using Laplace curve fitting routine were
described earlier.42,43 A monochrome digital camera Pixelink PL-
B686MU with space resolution 1280 × 1024, color resolution 256 gray
levels, and time resolution 25 frames per second was used to capture
the droplet images. To analyze the deterioration of hydrophobic state,
deionized water was used as a testing liquid. Such choice of the liquid
allows studying the evolution of contact angle and the process of
interaction of substrate with water in situ. Typical time, necessary for
equilibrating the initial shape of deposited droplet, did not exceed
milliseconds, and in the following we will refer to the angle obtained in
2 s after the droplet deposition, as an initial contact angle. The
measured initial contact angles, as follows from the behavior of contact
diameter, correspond to advancing contact angles. Subsequent
evolution of droplet shape is determined by many factors such as
pinning of contact line in droplet spreading over rough surfaces,
growth of precursor adsorption or wetting film in the vicinity of
droplet, transition from the metastable to the stable regime of wetting,
interaction of liquid with substrate resulting in variation of wetting due
to alteration of chemical composition of substrate, and partial
detachment of segments of coating from the coating/liquid interface.
To characterize the wetting of different coatings, initial contact

angles for the 10−15 μL droplets were measured on five different
surface locations for each sample, with the average angle for 10

consecutive images of the droplet being defined for each place. The
reproducibility of the contact angle determination defined as the root-
mean-square (rms) deviation of angles for 10 consecutive images of
the droplet was better than 0.1°.

The stability of superhydrophobicity was studied by the evolution of
water contact angle, base diameter of water droplet, and liquid surface
tension as a function of time. To conduct these measurements, a tested
sample was placed inside the experimental chamber on the top of a
fine positioner, which allows adjustment of the sample tilt with the
accuracy of 0.05°. The humidity inside the experimental chamber was
maintained at 100%, as described in ref 44. Although 100% humidity
atmosphere has the vapor pressure undersaturated with respect to the
convex droplet surface, the water droplet with 2 mm contact diameter
can be stored in such a system more than 15 days without noticeable
variation in droplet size, caused by evaporation. The low evaporation
rate and simultaneous measurement of contact angle, droplet base
diameter, and liquid/vapor surface tension made it possible to
distinguish between the decrease in the contact angle caused by
evaporation of the droplet and that related to the hydrophilization of
the substrate as a result of its interaction with water.

To measure the rolling angle, the 10−15 μL droplets were
deposited onto the surface. After the initial droplet shape equilibration,
the manipulation with an angular positioner allowed one to change the
sample surface tilt in a controllable manner and detect the rolling angle
as a result of averaging over five different droplets on the same
substrate.

■ RESULTS AND DISCUSSION
The initial advancing angles, as well as rolling angles for all
BNNT coatings studied in this Article, are presented in Table 1.

The contact angles, characteristic to the h-BN film and to the
silicon substrate, are shown in Table 1 as well. As shown, both
the Si substrate and the h-BN film are hydrophilic, while the as-
grown BNNT coatings are superhydrophobic.
The h-BN film has smooth morphology with rms = 21.9 ±

1.7 nm and arithmetic Ra = 14.8 ± 1.3 nm.37 The advancing
contact angle for the h-BN film is ∼55°, which is substantially
less than those for hydrophobic materials with water contact
angle larger than 90°. For example, polyethylene with the
surface energy of 31−36 mJ/m2 demonstrates contact angle
with water in the range of 90−100°.45,46 The reported surface
energy of BN (cubic phase, c-BN) materials range from ∼40
mJ/m2 for thin films47,48 to >3000 mJ/m2 for bulk samples.39,40

Interestingly, surface energy as low as 27 mJ/m2 was reported
for BNNTs;49 we will return to this issue later.
All of the reported contact angles and surface energies

suggest on the hydrophilic state of macroscopic BN surfaces. In
contrast, contact angles on BNNT coatings measured here
(Table 1) are >150° and consistent with the reported data.37

These are typical for superhydrophobic materials. The
superhydrophobic nature of BNNT coatings was also
confirmed by weak adhesion of water droplets to BNNT
coatings as water droplets easily rolled off the coating (rolling
angle <10−15°; Table 1). The typical images of water droplets
on BNNT coatings are shown in Figure 2. As shown in the
cross-section SEM view, our BNNTs are merely vertically

Table 1. Contact and Rolling Angles for Samples

sample contact angle, deg rolling angle, deg

silicon wafer without coating 44.8 ± 1.7
h-BN film deposited by PLD 55.3 ± 1.5
short BNNT 167.2 ± 3.8 6.1 ± 4.6
long BNNT 165.9 ± 2.3 10.7 ± 4.9
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aligned on the substrate surface with the tips of BNNTs
randomly pointing upward.
Thus, the nature of superhydrophobic state of BNNT

coatings has to be discussed. Three hypotheses were tested

here: (1) the stability of superhydrophobicity of BNNT
coatings, (2) the effect of curvature on the wettability of
individual nanotubes, causing an increase in the Young contact
angle to θ0 > 90°, and (3) the adsorption of organic

Figure 2. Images of water droplets on BNNTs coated on a Si substrate (top) and the cross-sectional view of the sample showing BNNTs grown
vertically aligned on the substrate (bottom).

Figure 3. SEM images of samples with short (a) and long (b) BNNTs. Evolution of contact angle (c) and contact diameter (d) with time for the
samples with short (◆) and long (●) BNNTs.
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contaminants onto the BNNT surface giving sufficiently low
surface energy and θ0 > 90°.
Stability of Superhydrophobic State. The stability of

superhydrophobicity was analyzed by monitoring the evolution
of contact angle and the base diameter of water droplet and
liquid surface tension of the droplet. For samples coated with
short (Figure 3a) and long (Figure 3b) BNNTs, the contact
angles decreased only by a few degrees after 10 days as shown
in Figure 3c. The superhydrophobic state was maintained with
final contact angles of ∼158° and ∼168° for long and short
BNNTs, respectively. Also, despite such a long exposure time,
each BNNT coating preserved low wetting hysteresis, and
water droplets continued to rolled off the samples at low
sample tilts, <10−15°.
A decrease in contact angle was also accompanied by an

expansion of the droplet base diameter (Figure 3d). This
phenomenon is, most likely, due to the formation of water
adsorption film on nanotubes.50 As shown in Figure 4, smaller

water droplets nucleated and grew near the base of (macro-
scopic) sessile droplet after several hours during the stability
tests. The growth of microdroplets was particularly noticeable
for short BNNTs and unambiguously indicates the presence of
water-soluble constituent on the coating. The analysis of IR
absorbance spectra of short BNNTs (Appendix) allowed us to
associate water-soluble substances with BxOy groups. Traces of
these oxides on BNNTs could lead to the nucleation of
aqueous microdroplets with the equilibrium vapor pressure
smaller than the saturated value above bulk water. Thus, in the
experimental chamber, supersaturation with respect to aqueous
solution holds, which promotes growth of microdroplets. The
growth of the microdroplet volume is obvious as one compares
the sizes of the microdroplets to that of the larger sessile
droplet that we introduced (Figure 4).
We have also tested the stability of superhydrophobicity by

vibrating the BNNT coatings with deposited water droplets. It
was suggested51 that stable (equilibrium) contact angles can be
measured for both heterogeneous and rough surfaces after
applying external mechanical energy to a solid in contact with a
wetting liquid. Our experiments showed that vibrations could
distort the shape of water droplets on BNNT films, but their
contact angles restored in a few minutes after termination of
the vibrations.
For further understanding of the mechanism of the stable

superhydrophobicity of our samples, we have forced the
transition of wetting regime on BNNT coatings from
heterogeneous to homogeneous. This was accomplished
through local substrate cooling. We used a Pelitier device to
decrease the temperature of the sample to T = 1 °C while
keeping the temperature of the surrounding vapor phase at T =
20 °C. Such a temperature gradient initiated the condensation
of water vapor on BNNTs due to the difference in chemical
potential of water molecules at different temperatures. Next, we

Figure 4. Images of the sessile water droplet on the surface of samples
coated with short BNNTs surrounded by small droplets that nucleated
and grew during long-time tests.

Figure 5. The time evolution of the contact angle (◆) and the contact diameter (●) on long BNNTs during the warming process from 1 to 20 °C
(a). SEM images (top view) of the sample before (b) and after (c) the water condensation experiment. Bundling of BNNTs is clearly seen after the
experiment.
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placed a sessile droplet on top of a cooled sample (coating with
long BNNTs). As shown in Figure 5a, the water droplet
acquired homogeneous wetting regime, with an initial contact
angle of θ = 103°. The contact angle increased quickly to 111°
and then remained stable for 20 h after we allowed the sample
to return to room temperature by turning off the Peltier device.
This was accompanied by a quick decrease in the droplet base
diameter, which was then stable for 20 h.
Two main conclusions can be deduced from the data

presented in Figure 5a. First, according to eq 1, to satisfy the
Wenzel wetting regime for θW > 103°, the Young contact angle
has to be θ0 > 90°. Second, although the evident increase in the
contact angle and decrease of the contact diameter took place,
the superhydrophobic state of our sample was not fully restored
even when equilibration condition was established at room
temperature. Such behavior of the drop might be related to
either inverse transition from homogeneous to heterogeneous
wetting regime or variation of surface energies of three
contacting interfaces due to a raise in the substrate temperature,
decrease in vapor oversaturation and evaporation of water from
intertube space that condensed earlier. As shown in Figure 5b
and c, irreversible bundling and flattening of nanotubes took
place after water vapor condensation on the sample. This is
most likely responsible for the lack of full restoration of
superhydrophobic state as the f value (eq 2) became much
larger for the flattened sample.37 The phenomenon described
above was detected in the experiments with both short and long
nanotubes.
Influence of BNNT Curvature on the Wettability of

Individual Nanotube. In the previous section, we have shown
that the superhydrophobic state of BNNT coatings is
thermodynamically stable, and therefore the Young contact
angle on BNNTs must be larger than 90°. Because the contact
angle on our h-BN film is about 55° (Table 1), we believe that

the higher contact angles detected on BNNTs are related to
their large surface curvature. The comparison of contact angle
data for flat film, measured in this study, and that for individual
boron nitride nanotubes with the diameter 40 nm studied with
the Wilhelmy method in ambient conditions49 supports this
hypothesis. In fact, it is known that contact angles depend on
the curvature of the contact surfaces.36,52 The increase in
curvature of convex surfaces was shown to increase the water
contact angle as the radius of contact surface becomes
comparable to the range of action of surface forces. This effect
is especially important for systems with very strong and long
ranged surface forces and may cause even transition from
hydrophilic state with θ0 < 90° to hydrophobic state with θ0 >
90°. However, the curving of h-BN sheets is not the only
reason for the increased contact angle value, as will be discussed
below.

Hydrophobization of BNNTs Due to the Spontaneous
Adsorption of Organics. Another reason for the hydro-
phobic state of our BNNT coatings is related to the adsorption
of organic molecules. As discussed earlier, although the surface
energy for h-BN is unknown to us, theoretical calculations give
very high values for bulk c-BN.39,40 Chemical and physical
adsorption activity on the surface of various high energy
materials is often driven by the tendency to reduce the total
free (Gibbs) energy of the system by diminishing the surface
energy part. Thus, from the view of thermodynamics, the
surfaces of BNNTs could have been enhanced by adsorbates
that decrease their surface energy. To confirm the adsorption of
organic contaminants from the environment on BNNTs,
infrared (IR) absorption spectra were measured at a grazing
angle of 80°. This was carried out for coatings with both short
and long BNNTs.
As shown in Figure 6, the characteristic alkyl C−H bond

stretching vibrations of CH2 and CH3 groups were ubiquitous

Figure 6. IR absorbance spectra of long BNNTs before and after heat treatment at 500 and 850 °C. The presented range of spectra contains bands
associated with CH stretching vibrations in CH(n) groups of various organic compounds.

55
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detected from our samples in the range 3000−2700 cm−1. This
is direct evidence of the presence of hydrocarbon contaminants
on the surface of our BNNTs. We will discuss the IR spectra
after annealing at 500 and 850 °C hereafter.
To elucidate the nature of such adsorption, physical versus

chemical, two types of experiments were performed. First, we
attempted to remove physically adsorbed contaminations by
washing the samples in 1:1 C2H5OH−H2O mixture at 80° for 2
h. During washing, the mixture was replaced eight times. After
washing, the samples were rinsed with cold deionized water and
dried slowly for 2 days. The initial contact angles measured for
the washed samples are presented in Table 2. As compared to

those measured from as-grown samples (Table 1), obvious
decreases in contact angles were detected for all washed
samples, including BNNT coatings and h-BN film. The
observed drop in contact angle could be the result of either
incomplete removal of physically adsorbed organic contami-
nants from the surfaces or readsorption of contaminants during
drying. However, washing and drying the BNNT coatings can
cause bundling as a result of capillary forces for liquid meniscus
acting between BNNTs,37 and the initial contact angles were
rarely restored for washed samples.
To avoid bundling of BNNTs, we attempted to remove the

organic contaminants by extensively exposing the BNNT
samples to UV-ozone etching in a UV cleaner designed for the
cleaning of AFM cantilever tips from hydrocarbons.53 We
found that the contact angles on BNNT coatings sometimes
decreased only 12−20° after 90 min UV-ozone treatment but
typically dropped to zero after 2 h of cleaning. Figure 7 shows

the CH asymmetric (2921 cm−1) and CH symmetric (2852
cm−1) bands of CH2 groups associated with organics
contaminating surfaces of the BNNTs. After being cleaned in
the UV cleaner for 2 h, the intensity of these bands drops
practically to zero (to the level of noise), but slowly restores
after sample exposure to the laboratory air (as will be discussed
later in this section). The results of this experiment confirm the

presence of organics on BNNTs and BNNTs affinity toward
airborne contaminants.
Finally, we attempted to remove both physically and

chemically adsorbed organic contaminants by heat treatment.
BNNTs were reported to be thermally stable at temperature
above 1100 °C.54 In our studies, the heat treatment at different
temperatures was performed in a thermogravimetric chamber
(TA Instruments). After being heated to a selected temper-
ature, the samples were heat treated for an hour, and then
cooled to room temperature, with constant flow of either pure
argon or in air throughout the whole process. The initial
contact angles, measured 10 min after the treatment in argon
for samples coated with short (●) and long (◇) BNNTs, are
shown in Figure 8a. For comparison, the initial contact angles
for samples coated with long BNNTs after heat treatment in air
(◆) are also shown.
As shown in Figure 8a, similar results are detected for

samples coated with long BNNTs after heat treatment in argon
and air. This means insignificance of oxidation (if present) on
our BNNTs. A similar trend is observed for samples coated
with short BNNTs after heat treatment in argon ambient. A
gradual deterioration of hydrophobic state (decrease in contact
angles) was recorded for all of these samples after heat
treatments at temperatures higher than ∼400 °C. The
transition to hydrophilic state occurred at about 800 °C
(contact angle <90°), and contact angles dropped to ∼20−45°
after annealing at 850 °C. The decrease in contact angles is
accompanied by the simultaneous increase in statistical
variation of the contact angle. We attribute these behaviors to
two independent phenomena: (1) the removal of organic
adsorbates and (2) the gradual distortion of the BNNT
networks.
As shown in Figure 2, our as-grown BNNTs are partially

vertically aligned with their tips pointing outward from the
substrate surface. For such aligned nanotubes, the total contact
area of BNNTs with water droplet is small, with air pockets
trapped between BNNTs (heterogeneous wetting regime in
Figure 1). However, such morphology of BNNTs started to
distort toward flattening after annealing at T > 500 °C,
probably due to thermal stress relaxation at the bases of
BNNTs in contact with the Si substrates. This morphology
distortion and removal of the organic adsorbates are
responsible for a gradual decrease in contact angle with
annealing temperature in Figure 8a. After annealing at T > 750
°C, BNNTs are bundled and flattened and exposed a larger
contact area of nanotubes to the water droplet, which helps
water to penetrate the network of nanotubes. The effect of high
surface energy becomes dominant as now the adsorbates are
removed and the contact area on BNNTs has increased. These
are the reasons for a sharp decrease of contact angle shown in
Figure 8a. Flattening of the BNNTs coatings alone is not the
only reason for the changes in contact angle observed here
because flattened BNNT samples are still hydrophobic with
contact angle >130°37 as also shown in Table 2 for samples
after wet cleaning. The SEM images of one of the BNNT films
used after its annealing at 850 °C provide evidence of bundling
of the nanotubes (Figure 8b,c). Finally, the larger statistical
variation of contact angles after annealing at T > 750 °C is
probably due to the spatial randomness of the flattening
process during contact angle measurements.
In short, we found that high-temperature treatment induces

hydrophilization of our BNNT samples. To further understand
the mechanism, we coated the sample treated at 850 °C with a

Table 2. Initial Contact Angles for Samples Washed with a
1:1 C2H5OH−H2O Mixture

sample contact angle, deg

h-BN film deposited by PLD 49.2 ± 2.4
short BN NT 143.5 ± 1.8
long BN NT 135.3 ± 2.3

Figure 7. ATR-IR absorbance spectra of long BNNTs before and after
cleaning in the UV cleaner for 2 h. θ is the average advancing contact
angle measured for a water droplet.
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fluorosilane hydrophobic agent (CF3(CF2)5CH2O(CH2)3Si-
(OCH3)3) by adsorption from the solution as described in ref
44. As expected, adsorption of fluorosilane increased the
contact angles from 18° to 30° after heat treatments to140−
145°. This result proved that hydrophobicity of the BNNT
sample is due to the presence of alien molecules on BNNTs.
Superhydrophobic state with θ > 150° could not be restored in
these tests due to further bundling of BNNTs during the
coating process. We also found that h-BN film coated with the
fluorosilane modifier showed contact angles of 105−108°.
These results evidently indicate that hydrophobic state can be
obtained even for h-BN films if the surface energy is reduced by
adsorption of hydrophobic agents.
Let us revisit the IR spectra (Figure 6) collected from

samples annealed at 500 and 850 °C. As follows from Figure 6,
characteristic peaks of CH(n) groups of organic contaminants

55

essentially change after annealing at temperature T > 500 °C,
thus indicating that the initial organic contaminants were
removed already at 500 °C. Each of these spectra was collected
by more than 800 scans in more than 1 h. As the result, we
expect that new hydrocarbon contaminants may be readsorbed
on the heat-treated nanotubes during spectroscopic study and

initiate new IR spectra. To examine this hypothesis, a series of
experiments were conducted to understand the evolution of
wettability of freshly heat treated samples. Our results in Figure
9 unambiguously indicate that hydrophobization of BNNTs is
due to spontaneous adsorption of airborne adsorbates after
their heat treatments at 850 °C (Figure 9a) and 500 °C (Figure
9b). As shown in Figure 9a, contact angles for the sample
exposed to air increased quickly from ∼50° to >135° within 4 h
after the heat treatment and remained stable thereafter. The
process of hydrophobization is slower when the samples were
kept in pure nitrogen atmosphere. However, because the
measurement of contact angle was made outside in room
ambient, a gradual increase of contact angle with time still took
place. These trends were qualitatively reproducible for many
samples with some variation in contact angle values. In general,
a highly hydrophobic state was restored within a few days of
exposition for samples kept in nitrogen ambient. For samples
kept in laboratory air, the transition from hydrophilic to
hydrophobic state can even occur within 1 h after the heat
treatment. The increasing contact angles in air after heat
treatment indicate the strong affinity of both short and long

Figure 8. (a) The initial contact angles measured 10 min after the heat treatment in argon ambient for samples coated with short (●) and long (◇)
BNNTs. Those measured from a sample coated with long BNNTs after heat treatment in air are shown in filled diamonds. Typical SEM images (top
view) of samples coated with long BNNTs before (b) and after (c) annealing at 850 °C.

Figure 9. (a) Time-dependent evolution of contact angle for sample coated with long BNNTs and exposed to ambient air (◆) and dry nitrogen (■)
after heat treatment at 850 °C. Inset shows contact angle versus time dependence in the first 4 h. (b) Restoration of superhydrophobicity of a sample
coated with long BNNTs after annealing at 500 °C in Ar. Dashed line marks the initial contact angle of the same sample before it was annealed.
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BNNTs in adsorbing organic contaminants to reduce the
surface energy of the nanotubes.
In summary, we showed that high temperature heat

treatment could make BNNTs hydrophilic. However, the
hydrophobicity of BNNT samples can be restored by
spontaneous adsorption of organic adsorbates from the
laboratory air. Flat surfaces of thin h-BN films did not exhibit
the same affinity to organic adsorbates and thus remained
hydrophilic with the highest water contact angles below 60°.
Previous reports indeed suggested that adsorption of organic
molecules occurs more easily on highly curved surfaces of
nanoparticles than on flat surfaces, largely due to effects of
increased surface potential.56−58 However, the differences in
adsorption of organics reported in the literature are probably
not sufficient to trigger a jump in water contact angle from 55°
to over 90°. We expect, therefore, that enhancement of
hydrophobic properties of BNNTs as compared to flat surfaces
is the result of the combined effect of organic adsorbates and
high curvature of the nanotubes.

■ CONCLUSIONS

The origins of superhydrophobicity of BNNTs have been
identified, that is, the loosely packed nanotubular structures
with high surface curvatures, and the hydrocarbon adsorbates.
These two origins are correlated. The high surface energy of
BN materials is enhanced in BNNTs due to their large surface
curvatures. This has increased the affinity of BNNTs to adsorb
airborne hydrocarbon molecules, which in turn would reduce
the surface energy of BNNTs and make them hydrophobic. We
have demonstrated that this superhydrophobic state is
thermodynamically stable. Because of the large surface areas
offered by the nanotubular structures, freshly prepared or heat
treated BNNT coatings could quickly trap the hydrocarbon
adsorbates in the atmosphere. The high adsorption affinity of
BNNTs to these organic adsorbates provides “a green chemical

route” in maintaining the superhydrophobic state of BNNT
coatings in ambient conditions.
On the basis of these findings, it is now possible to explain

the discrepancy between the theoretically predicted hydro-
philicity of boron nitride materials and the experimentally
verified superhydrophobicity of BNNT coatings, where the
adsorption of airborne hydrocarbon adsorbates has played an
important role.

■ APPENDIX

Grazing angle FTIR spectroscopy was used to evaluate our
samples in the range of 700−1700 cm−1. The typical
absorbance spectra of samples coated with long and short
BNNTs are shown in Figure 10. Both samples induced
absorption bands at 1360 and 1530 cm −1 and the doublet at
809−820 cm−1, which are associated with in-plane B−N
stretching along the tube length, in-plane B−N stretching along
the circumference of the nanotubes, and out-of-plane radial
buckling of BNNTs, respectively.38 In addition, we also
detected absorption bands not belonging to BNNTs. For
example, the band at 1065 cm−1 may be associated with the TO
mode of sp3 BN bonds.59 The band with maximum of
absorbance around 1250 cm−1 may be interpreted as C−N or
B−C bonds due to minute carbon contamination.60 The bands
revealed in the spectra of short BNNTs centered at about 1427
and 921 cm−1 can be assigned to B−O stretching vibrations in
B−O−N and B−O−Si groups.61 The oxygen traces were also
detected on the EDX spectra (not shown here). The presence
of B−O groups, characterized by strong hydration affinity, was
also detected in the experiments with long-term exposure of
coating in saturated vapor pressure as discussed in the main
text.

Figure 10. IR absorbance spectra of samples coated with long and short BNNTs.
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