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Surfaces  exhibiting  superhydrophobicity  are  attracting  commercial  and  academic  attention  because  of
their potential  applications  in,  for example,  self-cleaning  utensils,  microfluidic  systems,  and  microelec-
tronic  devices.  In  this  study,  we  prepared  a fluorinated  superhydrophobic  surface  displaying  nanoscale
roughness,  a superhydrophobic  surface  possessing  a micro-  and  nanoscale  binary  structure,  and  a  fluori-
nated  superhydrophobic  surface  possessing  such  a binary  structure.  We  investigated  the  effects  of  the  (i)
hierarchy  of  the  surface  topography  and  (ii)  the  surface  chemical  composition  of  the  superhydrophobic
uperhydrophobic
opography
obustness
arbon nanotube
olybenzoxazine

carbon  nanotube/polybenzoxazine  coatings  on their  ability  to retain  superhydrophobicity  upon  con-
tamination  with  particles  and organic  matter,  an  important  characteristic  for maintaining  non-wetting
properties  under  outdoor  conditions.  We  have  found  that  the  topographical  microstructure  and  the  sur-
face chemical  composition  are  both  important  factors  for preservation  of  the non-wetting  properties  of
such  superhydrophobic  surfaces  upon  contamination  with  organic  matter.
. Introduction

The liquid repellency of a solid surface is one of the most
mportant characteristics affecting its industrial applications. The

ettability of a solid surface is determined by a combination
f its chemical properties and its topographical microstructure.
urface roughness increases the surface area of a solid and,
hereby, enhances its hydrophobicity (Wenzel model) [1]; in addi-
ion, air trapped within the grooves beneath the liquid leads to
uperhydrophobic behavior because the drop sits partially on air
Cassie–Baxter model) [2]. For example, the water contact angle of

 natural lotus leaf is greater than 160◦ because (i) its waxy coating
as a rough surface and (ii) air trapped between the water droplets
nd the wax crystals at the plant surface minimizes the contact area,
ausing water drops to bead and roll off the surface, thereby gen-
rating extreme water repellency and self-cleaning characteristics

3]. Such surface properties are applicable in many fields, including
elf-cleaning utensils, microfluidic systems, and microelectronic
evices [4–14].

∗ Corresponding author. Tel.: +886 7 6577711 3129; fax: +886 7 6578444.
E-mail address: cfwang@isu.edu.tw (C.-F. Wang).
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Durability is a fundamental issue for a superhydrophobic sur-
face developed for industrial applications. Several strategies have
been proposed recently to improve the wetting robustness of
superhydrophobic surfaces [15–22]. For example, in a previous
study we prepared a stable polybenzoxazine surface that displayed
superhydrophobicity not only for pure water but also for cor-
rosive water under both acidic and basic conditions [15]. More
recently, we realized pressure-proof superhydrophobic films from
flexible carbon nanotube (CNT)/polymer coatings, which main-
tained their superhydrophobicity after bending or pressing and
displayed excellent environmental stability [16]. In addition, we
have used microwave irradiation to prepare a durable superhy-
drophobic CNT/polybenzoxazine nanocomposite that retained its
superhydrophobicity after a tape test [17]. Deng et al. used a
porous deposit of candle soot as a template to prepare a super-
amphiphobic silica film that resisted impingement with sand [18].
Xu and coworkers used a colloid assembly method to fabricate
superhydrophobic coatings exhibiting strong adhesion strength,
high chemical stability, and good self-cleaning ability [19]. Yao

et al. developed a water-repellent material decorated with ribbed,
conical nanoneedles; it was sufficiently robust that compres-
sion experiments did not affect its superhydrophobicity [20]. Jin
and coworkers demonstrated a superamphiphobic silica aerogel
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hat preserved its non-wetting properties upon wear damage
21].

In most practical applications, superhydrophobic surfaces are
ikely to encounter organic contaminants through continuous
xposure to outdoor environments. To the best of our knowl-
dge, superhydrophobic surfaces that preserve their non-wetting
roperties after contamination with organic matter have been
eported only in a few studies [23]. In this present study, we
eveloped three types of CNT/polybenzoxazine coatings: (i) a fluo-
inated superhydrophobic surface exhibiting nanoscale roughness;
ii) a superhydrophobic surface possessing a micro- and nanoscale
inary structure; and (iii) a fluorinated superhydrophobic surface
ossessing such a binary structure. Herein, we  report the results
f our investigation into the influences of the morphology and
he surface chemistry on the ability of these CNT/polybenzoxazine
oatings to preserve their superhydrophobicity upon contamina-
ion with organic matter.

. Experimental section

.1. Materials

2,2-Bis(3-phenyl-3,4-dihydro-2H-1,3-benzoxazinyl)propane
BA-a benzoxazine; Shikoku Chemicals), multiwalled CNTs (aver-
ge diameter: 10–20 nm;  length: 5–15 �m;  Centron Biochemistry
echnology), and 1H,1H,2H,2H-perfluorooctyltriethoxysilane
PTES; Sigma-Aldrich) were used as received. Water that had been
urified through reverse osmosis was further purified using a
illipore Milli-Q system.

.2. Sample fabrication

A solution of BA-a benzoxazine (0.5 g) in tetrahydrofuran (THF,
0 mL)  was spin-coated (1500 rpm, 45 s) onto a glass slide using a
hotoresist spinner and then cured in an oven at 220 ◦C for 1 h to
orm a polybenzoxazine film. Two kinds of CNT/polybenzoxazine
oating were prepared, using deposition and spray methods,
espectively. In the deposition process, the CNT/THF suspension
1 mg/mL, sonicated for 2 h prior to use) was  poured onto a
olybenzoxazine-modified glass slide in an aluminium container
nd then the sample was dried at room temperature for 8 h
efore being cured in an oven (220 ◦C, 1 h). In the spray pro-
ess, a CNT/EtOH suspension (1 mg/mL, sonicated for 2 h prior
o use) was sprayed onto a polybenzoxazine-modified glass slide
hat was positioned on a heating plate (ca. 130 ◦C) and then
he sample was cured in an oven (220 ◦C, 1 h). Surface modifica-
ion of CNT/polybenzoxazine coating was performed by soaking
he sample in a methanolic solution of PTES (1 wt%) for 2 h and
ubsequently baking it at 140 ◦C for 1 h. The film’s durability
oward organic contaminants was tested by following the exper-
mental procedures detailed in Scheme 1. The superhydrophobic
NT/polybenzoxazine coatings were placed, in an iron box, facing
hree lit cigarettes at a distance of approximately 40 cm for vari-
us periods of time. In this test, nine cigarettes were consumed in
hole experiment process.

.3. Characterization

The microstructures of the CNT/polybenzoxazine coatings were
haracterized using a HITACHI-S-4700 scanning electron micro-

cope (acceleration voltage: 15 kV); each specimen was  coated with

 thin layer of Pt/Pd prior to observation. The static contact angle
nd the sliding angle were measured, for a 5-�L  droplet, using an
DSA MagicDroplet-100 contact angle goniometer. Each reported
ontact angle is the average from six measurements.
Scheme 1. Cartoon representation of the organic contamination test on the super-
hydrophobic CNT/polybenzoxazine coatings.

3. Results and discussion

We obtained smooth polybenzoxazine thin films through spin-
coating of BA-a benzoxazine onto glass slides and then curing them
at 220 ◦C for 1 h. We used either a deposition strategy or a spray
method to prepare the CNT/polybenzoxazine coatings; Table 1 lists
the conditions for these fabrication processes.

Fig. 1a and b displays top-view scanning electron microscopy
(SEM) images of Sample 1, prepared using the deposition method,
recorded at different magnifications. This substrate possessed a
nanoscale structure, but no microscale texture. Its water con-
tact angle was approximately 80◦. Previous studies have indicated
that nanostructured aligned carbon nanotubes (ACNTs) can exhibit
hydrophilicity, which can be enhanced by changing either the
surface free energy or the geometric structure, or both [24].
In this study we  prepared three types of superhydrophobic
CNT/polybenzoxazine coatings: the first in which we changed the
surface chemical composition, the second in which we  adjusted
the topographical microstructures, and the third in which we
applied both of these methods. We  produced the superhydrophobic
CNT/polybenzoxazine coating, Sample 2, through surface modifi-
cation of Sample 1. The SEM images of Sample 2 (Fig. 2a and b)
reveal that it retained the nanoscale structure of Sample 1. Relative
to Sample 1, however, Sample 2 possessed a high water contact
angle (162 ± 1◦) and a low sliding angle (4◦). On this superhy-
drophobic surface, water droplets possessed near-spherical shapes
and rolled off easily. We  also prepared another superhydropho-
bic CNT/polybenzoxazine coating, Sample 3, using a spray method;
Fig. 2c–e presents its SEM images. This superhydrophobic surface
featured a rough surface possessing both micro- and nanoscale
binary structures. Each micro-island (5–25 �m)  on the super-
hydrophobic CNT/polybenzoxazine coating (Fig. 2c) was  covered
with branch-like nanostructures (diameters: 20–60 nm; Fig. 2d).
Nanostructures were also present on the lower surface of the
superhydrophobic film (Fig. 2e). Such a structure increased the sur-
face roughness dramatically, leading to a composite interface in
which air could become trapped within the grooves beneath the
liquid, thereby inducing superhydrophobicity (the Cassie–Baxter
model) [2]. Water droplets on Sample 3 also possessed high
contact angles (161 ± 1◦) and readily moved upon the surface
when tilted slightly (sliding angle: 4◦). We  produced our third
kind of superhydrophobic CNT/polybenzoxazine coating, Sample
4, through surface modification of Sample 3. Fig. 2f–h presents
SEM images of this modified CNT/polybenzoxazine coating (Sam-
ple 4), which retained the micro-/nanoscale binary structure and
superhydrophobicity (contact angle: 163 ± 1◦; sliding angle: 3◦) of
Sample 3. We  evaluated the time-dependence of the wettability of

these surfaces in terms of the contact angles of pure water; droplets
positioned on our three superhydrophobic surfaces possessed near-
spherical shapes for at least 30 min  (the water droplets could still be
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Table 1
Preparation parameters, contact angles, and sliding angles of CNT/polybenzoxazine coatings.

Sample Preparation method Surface roughness scale Fluorinated modification Static contact angle (◦) Sliding angle (◦)

1 Deposition Nano No 80 ± 5 >90
2  Deposition Nano Yes 162 ± 1 4
3  Spray Micro- and nano No 161 ± 1 4
4  Spray Micro- and nano Yes 163 ± 1 3

 view 
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b
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Fig. 1. (a) SEM image of the surface of Sample 1 on a glass slide. (b) Enlarged

oved with ease at that time), suggesting stable superhydropho-
icity.

We examined the self-cleaning functions of our prepared super-

ydrophobic CNT/polybenzoxazine coatings when using CaCO3
owder as a contaminant. Fig. 3 presents the self-cleaning pro-
ess of Sample 2. We  sprinkled a sparse layer of contaminant
owder on the surface and then placed a water droplet upon the

ig. 2. (a) SEM image of the surface of Sample 2 on a glass slide. (b) Enlarged view of a
mage  of the surface of Sample 3 on a glass slide. (d) Enlarged view of a micro-island in 

roplet  on Sample 3. (f) SEM image of the surface of Sample 4 on a glass slide. (g) Enlarged
hotograph of a water droplet on Sample 4.
of a microstructure in (a); inset: photograph of a water droplet on Sample 1.

contaminated surface. Fig. 3a reveals that the water droplet main-
tained a spherical shape. When the particles of the contaminant
powder contacted a moving water droplet, they were instantly

adsorbed upon its surface, with the adsorbed particles thereafter
remaining on the water droplet such that they did not contaminate
the surface again (Fig. 3b). A small water droplet could clean a long
distance until most of the water droplet surface was covered with

 microstructure in (a); inset: photograph of a water droplet on Sample 2. (c) SEM
(c). (e) SEM image of the lower surface of Sample 3; inset: photograph of a water

 view of a micro-island in (f). (h) SEM image of the lower surface of Sample 4; inset:
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Fig. 3. Self-cleaning process on Sample 2.

he contaminant particles (Fig. 3c). Samples 3 and 4 possessed sim-
lar self-cleaning properties; indeed, all of the superhydrophobic
NT/polybenzoxazine coatings retained their superhydrophobic-

ty after five cycles of contamination with CaCO3 powder and
elf-cleaning with water droplets. Thus, the different surface mor-
hologies and chemical compositions of these superhydrophobic
NT/polybenzoxazine coatings did not have any obvious influence
n the self-cleaning properties.

In real applications, exposure to organic contaminants might
mpair the superhydrophobicity as well as destroy the self-cleaning
roperties of such superhydrophobic surfaces. Therefore, we  inves-
igated the robustness of superhydrophobic CNT/polybenzoxazine
oatings, featuring different structural hierarchies and surface
hemical compositions, by subjecting our three types of super-
ydrophobic CNT/polybenzoxazine coatings (Samples 2–4) to an
rganic contaminant and then comparing their resultant superhy-
rophobicities. Fig. 4 displays photographs of water droplets on the
uperhydrophobic CNT/polybenzoxazine coatings after perform-
ng the organic contamination test. The presence of contaminant

rganic matter on Sample 2 decreased its hydrophobicity: the
ater contact angle decreased from 160 to 136◦ (Fig. 4a) and the

liding angle increased from 4 to 90◦. In contrast, Samples 3 and
 retained their superhydrophobicities (contact angles: 160 and

Fig. 4. Profile of a water drop on (a) Sample 2, (b) Sample 3, an
Fig. 5. Time-dependence of the water contact angles of the superhydrophobic
CNT/polybenzoxazine coatings after contamination with organic matter.

161◦, respectively) after performing the organic contamination test.
Fig. 5 displays the time-dependence of the water contact angles
for our superhydrophobic CNT/polybenzoxazine coatings after per-
forming the organic contamination tests. The water contact angle
of the contaminated Sample 2 decreased linearly over time, from
an initial value of 136◦ to 120◦ within 30 min. In contrast, the
water droplets on the surfaces of the contaminated Samples 3 and
4 retained their near-spherical shapes over the same period of time
(and they could still be moved readily at that time), suggesting
stable superhydrophobicity. In general, surface superhydropho-
bicity is evaluated using a combination of static contact angles
and sliding angles. Notably, however, superhydrophobic surfaces,
including those of lotus leaves and artificial materials, often lose
their functionality when droplets are squeezed or impacted upon
them. To further explore the effects of organic contaminants on
our superhydrophobic CNT/polybenzoxazine coatings, we per-
formed compression experiments in which we squeezed 4-�L
water droplets between a pristine superhydrophobic substrate
(upper side) and another superhydrophobic substrate or a contam-
inated superhydrophobic substrate (lower side) and then slowly
released the pressure, until the initial distance between the plates
was restored [20,25]. We  evaluated the internal pressure using the
Laplace equation [26],

p = 2�
∣
∣cos�

∣
∣ x−1 (1)

where � is the water surface tension, � is the contact angle under
compression, and x is the distance between the Samples. For the
system featuring the pristine Sample 3, the sequence of pho-
tographs in Fig. 6a reveals that the droplet flattened, with the
contact angle gradually decreasing from 160 to 146◦, upon increas-

ing the drop’s internal pressure from 85 to 140 Pa. Remarkably,
the droplet recovered its original shape when we  released the
pressure, revealing robust superhydrophobicity over an extended
range of compression. For the system featuring pristine Sample

d (c) Sample 4 after contamination with organic matter.
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ig. 6. Behavior of a 4-�L  water droplet positioned between a pristine superhydro
ample 3, and (d) organic-contaminated Sample 4.

, the behavior of the water droplet during the compression and
elaxation process (Fig. 6b) was similar to that in the system
ontaining pristine Sample 3. A water droplet that had been com-
ressed under a pressure of 143 Pa readily rolled off the surface
f Sample 4 when tilted at an angle of 8◦. In contrast, for the sys-
em featuring the organic-contaminated Sample 3, the sequence
f photographs in Fig. 6c reveals that the water contact angle
id not recover its initial value: the compressed droplet partially
etted the surface of the contaminated Sample 3, leading to a
ecrease in contact angle (from 157 to 110◦) and strong adhesion,
ighlighting the fragile superhydrophobicity of this contaminated
urface. For the system containing the contaminated Sample 4, the
roplet recovered its original shape when we released the pres-
ure, revealing robust superhydrophobicity over an extended range
f compression (Fig. 6d). Thus, our findings suggest that Sample 4
a superhydrophobic surface featuring a micro-/nanoscale binary
tructure and a fluorinated surface chemical composition) pos-
essed robust superhydrophobicity, even after contaminating it
ith CaCO3 powder or organic matter.

. Conclusions

Preserving superhydrophobicity in the face of organic con-
amination is one of the most important characteristics of

 superhydrophobic surface aimed at outdoor applications.
n this study we prepared three kinds of superhydrophobic
NT/polybenzoxazine coatings: Sample 2 possessing a nanoscale
ough structure and a fluorinated surface chemical composi-
ion, Sample 3 possessing a micro-/nanoscale binary structure,
nd Sample 4 possessing both a micro-/nanoscale binary struc-
ure and a fluorinated surface chemical composition. Although
ach of these as-prepared superhydrophobic CNT/polybenzoxazine
oatings exhibited stable superhydrophobicity and self-cleaning
roperties, the robustness of the superhydrophobicities of Sam-
les 2 and 3 was diminished after contaminating them with
rganic matter. Notably, however, Sample 4 – the superhydropho-
ic CNT/polybenzoxazine coating possessing both a hierarchical
tructure and a low-surface-free-energy chemical composition
 exhibited preserved superhydrophobicity upon contamination
ith both CaCO3 particles and organic matter. Such a structure

ould, therefore, serve as a guide for the preparation of superhy-
rophobic materials for outdoor use.

[

ic substrate (upper side) and (a) Sample 3, (b) Sample 4, (c) organic-contaminated
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