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Superhydrophobic surfaces with micro/nano structures were prepared using the synergistic effect of the
hydroxyl-silicone-oil modified microscale tourmaline particles (HTP) and the nanoscale silica (SiO2) by a
simple spraying method. The SiO2/HTP/Polyurethane (PU) and HTP/PU dispersions were sprayed onto the
waterborne polyurethane (WPU) film using a shower nozzle driven by an air compressor. After drying of
the spraying film at room temperature, a surface with micro/nano structures was obtained and the micro/
nano structures were consisted of the microscale HTP coated by the nanoscale SiO2. Static water contact
angle measurements proved that the rough surfaces were superhydrophobic. Furthermore, their perfor-
mance of releasing negative air ion was significantly enhanced due to the rough structure. Importantly,
this method is simple, low-cost and suitable for the fast and large-scale preparation of superhydrophobic
surfaces, which is particularly important for the modification of hydrophilic polymer surfaces.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Materials with superhydrophobic surfaces have recently re-
ceived significant attention because of its importance in many bio-
logical processes and technological applications, which include
self-cleaning surfaces, antifouling or foul-release coatings, stain
resistant textiles, non-icing or ice repellant surfaces, etc. [1]. Two
descriptions have been proposed for the dependence of the wetting
behavior on surface roughness: the Wenzel and Cassie–Baxter
models. The Wenzel model [2,3] holds for cases where the liquid
remains in contact with the whole solid surface. The enhancement
of hydrophobicity is quantitatively described by the Wenzel
equation:

cos hW ¼ r cos hE ð1Þ

where hW is the observed angle on the rough surface, hE is the equi-
librium contact angle on the flat surface of the same chemical char-
acter, and r (with r P 1) is the ratio of the actual surface area to the
projected area of the surface. This equation indicates that the sur-
face roughness enhances the hydrophobicity of hydrophobic ones
because r is always larger than 1.

The Cassie–Baxter model [4] holds for surfaces with a topogra-
phy such that water cannot deeply penetrate and wet the whole
surface, thus air is trapped into the grooves under the droplet,
which is then suspended across the surface protrusions. In such a
case, the droplet is in contact with a composite surface (solid and
air) and the observed contact angle hCB, according to the Cassie–
Baxter equation, is given by the linear combination:

cos hCB ¼ f S cos hS þ f air cos hair ð2Þ

By considering the air area fraction as fair = 1 � fS, hair = 180�,
and assuming that the water contact angles of the solid fraction,
hS, corresponds to that of the flat surface, hE, Eq. (2) can be rewrit-
ten as:

cos hCB ¼ f S cos hE þ ð1� f SÞ ð3Þ

Therefore, in this model, the hydrophobic character of a rough
surface is enhanced by the decrease of the solid–liquid contact area
[5].

According to the above theories, superhydrophobic surfaces
have been prepared by a number of techniques including lithogra-
phy [6], sol–gel processing [7], electrospinning [8], electrochemical
methods [9] chemical vapor deposition [10] and others [1,11].
However, these methods are complex, time-consuming, expensive
and not suitable for the fast and large-scale production in current
stage. Recently, spray deposition, an alternative low-cost tech-
nique to rapidly coat a polymer solution on a variety of substrates
to prepare polymer films, has been developed. Karapanagiotis et al.
[12] prepared the superhydrophobic films by spraying hydrophilic
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silica (SiO2)/poly(methyl methacrylate) (PMMA) suspensions and
SiO2/a commercial poly(alkyl siloxane) on glass surfaces. Bayer
et al. [13] reported a superhydrophobic cellulose-based bionano-
composite fabricated by spraying a blend of cellulose nitrate and
fluoroacrylic polymer dispersed in modified Pickering emulsions
onto aluminum substrates. Zhu et al. [14] reported a superhydro-
phobic carbon nanotube film fabricated by one-step spray-coating
method without any chemical modification on which the wettabil-
ity can be reversibly switched between superhydrophobic and
superhydrophilic by the alternation of UV irradiation and dark
storage. Yilgor et al. [15] developed a multi-step spin-coating pro-
cess that the dispersion of hydrophobic SiO2 in tetrahydrofuran is
coated onto a desired polymer surface to prepare polymer materi-
als with superhydrophobic surfaces. However, the preparation of
SiO2 dispersions used in the coating process requires ultrasonic
dispersion for 3 h at room temperature, requiring lots of energy
and time. Srinivasan et al. [16] described a similar spraying tech-
nique to fabricate various microtextured surfaces from a polymer
solution containing a perfluorinated dispersant, with the ability
to control the morphology from fibers to beads-on-string and cor-
puscular structures. The incorporation of the low surface energy
1H, 1H, 2H, 2H-heptadecafluorodecyl polyhedral oligomeric sils-
esquioxane in the polymer solution confers these microtextured
surfaces with significantly enhanced liquid-repellent properties.

In this article, superhydrophobic surfaces with micro/nano
structures were prepared using the synergistic effect of the hydro-
xyl-silicone-oil modified microscale tourmaline particles (HTP)
and the nanoscale SiO2 by a simple spraying method. The SiO2/
HTP/Polyurethane (PU) and HTP/PU dispersions were sprayed onto
the waterborne polyurethane (WPU) film to improve its hydropho-
bic properties. Furthermore, the performance of releasing negative
ion was significantly enhanced due to the rough structure.
2. Material and methods

2.1. Materials

TP was purchased from Bao Hua Aion Powder Co., Ltd., Shenz-
hen, China. Hydrophobic SiO2 HDK H2000 (H2K) was kindly pro-
vided by Wacker Chemie, Munich, Germany. Polytetramethylene
glycol (PTMG, Mn = 2000), polycaprolactone glycol (PCL,
Mn = 2000) and 4, 4-diphenyl methane diisocyanate (MDI) were
supplied by An Li Artificial Leather Co., Ltd., Hefei, China. Petroleum
ether, butanediol (BD), acetone, triethylamine (TEA), and butane-
diol (BD) and N, N-dimethylformamide (DMF) were purchased
from Sinopharm Chemical Reagent Co., Ltd., Beijing, China. Hydro-
xyl silicone oil (HSO, COH = 280 mg KOH/g) was obtained from
Foshan Vago Organic Silicon Co., Ltd., Guangzhou, China. Dimethy-
lol propionic acid (DMPA) was obtained from Aladdin Reagent,
Shanghai, China.
Fig. 1. Schematic of the preparation of superhydrophobic surfaces. (a) WPU film, (b)
Spraying of SiO2/HTP/PU dispersion, and (c) surfaces with micro/nano structures
after drying.
2.2. Modification of TP by grafting HSO

HSO and TP were heated at 100 �C under reduced pressure
(5 Torr) for 6 h. Then, HSO and TP with the mass ratio of 1 to 1 were
put into an autoclave and mixed by stirring. After mixing, they
were sealed in the autoclave under nitrogen atmosphere and
heated at 140 �C for 12 h. The treated TP was repeatedly washed
using petroleum ether by vacuum filtration. The filtrate cake was
placed in a vacuum oven at 90 �C for 12 h. At last, the dried cake
was ground and sieved with a 200 mesh sieve to obtain the HSO-
modified TP, which is designated as the HTP.
2.3. Preparation of WPU emulsions and WPU films

12.5 g of MDI, 20.0 g of PTMG, 20.0 g of PCL and 2.68 g of DMPA
were put into a 500 ml three-necked flask equipped with a con-
denser tube, dropping funnel, and mechanical stirrer to react at
75 �C for about 3 h under nitrogen atmosphere. Then the NCO-
terminated prepolymer was obtained. According to the NCO value
determined by the standard dibutylamine titration method (HG/T
2409-92), a stoichiometric amount of BD dissolved in 40 ml
acetone was added dropwise to extend the chain at 60 �C until
the theoretical NCO content was reached. After that, the reaction
mixture was cooled to 40 �C, and 2.1 g of TEA was added to
neutralize the carboxylic groups of DMPA. After 30 min neutraliza-
tion, distilled water was added to the mixture with vigorous
stirring to obtain the WPU emulsion with the solid content of
about 30 wt%. At last, the WPU emulsion was cast glass substrates
and dried at 80 �C for 12 h to obtain the WPU films.
2.4. Preparation of HTP/PU and SiO2/HTP/PU dispersions

A 500 ml three-necked flask equipped with a condenser tube,
dropping funnel, and mechanical stirrer was charged with 10.0 g
of MDI, 20.0 g of PTMG, 20.0 g of PCL and HTP at 75 �C. The mixture
in the three-necked flask reacted at 75 �C for about 3 h with stir-
ring to obtain the prepolymer. The temperature was then reduced
to 60 �C, and a stoichiometric amount of BD dissolved in 60 ml
DMF was added dropwise to extend the chain until the theoretical
NCO content was reached. DMF was added in the process of
expanding chain in order to reduce the viscosity of reaction sys-
tem. At last, the 5 wt% HTP/PU dispersion with a solid content of
about 30% was obtained, which was diluted in DMF to obtain the
diluted HTP/PU dispersion with a solid content of about 10%. The
5 wt% TP/PU, 2 wt% SiO2/5 wt% TP/PU and 2 wt% SiO2/5 wt% HTP/
PU dispersions were also prepared in the similar way.
2.5. Sample preparation by spraying

The spraying equipment is a shower nozzle driven by an air
compressor, which is similar with Srinivasan’s report. [16] The
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process of sample preparation by spraying is illustrated in Fig. 1,
which is similar with Yilgor’s report [15]. As shown in Fig. 1b,
the diluted HTP/PU and SiO2/HTP/PU dispersions with a solid con-
tent of about 10% were sprayed on the WPU films. The spraying
films were slowly dried at room temperature. In the process of dry-
ing, the surface layer of WPU films were dissolved by DMF, which
allowed the penetration of HTP and SiO2 into the surface layer of
WPU films (Fig. 1c). Thus, there was a strong adhesive between
the WPU films and the spraying layer. After drying, HTP and SiO2

were partly protruded out, which formed the micro/nano struc-
tures (Fig. 1c).
Fig. 3. TGA curves of HSO, raw TP and HTP.
2.6. Characterization

The sample and KBr were pressed to form a tablet and their
spectra were recorded on a Nicolet Nexus Fourier transform infra-
red (FTIR) spectrometer. Thermal gravimetric analysis (TGA) was
carried out using a Q5000 IR thermal gravimetric analyzer with a
heating rate of 10 �C/min under nitrogen condition. Water contact
angles were measured using a FTA-1000B contact angle goniome-
ter (First Ten Angstrom, USA), and the values reported were the
average of three drops per sample at different locations. The mor-
phology of samples was observed under a Sirion-200 SEM (FEI,
America) with an accelerating voltage of 10 kV. The concentration
of negative air ions emitted from the samples prepared by the
spraying method and the samples prepared by the casting method
were determined using an air ion detector (model COM-3010 PRO,
made in Japan). The concentration of negative air ions reported is
an average value of five measurements.
3. Results and discussion

3.1. Modification of TP by grafting HSO

FTIR spectra were used to characterize the HTP as shown in
Fig. 2. The raw TP exhibited absorption bands at 3560 cm�1

(–OH) and 985 cm�1 (Si–O). The FTIR spectrum of HSO showed a
strong Si–O–Si stretching absorption at 1033 and 1092 cm�1,
which was characteristic of a siloxane backbone. [17,18] The CH3

bending and rocking peaks were observed at 1262 and 800 cm�1.
[18] It can be clearly seen that the FTIR spectrum of the HTP reveals
new absorptions compared with the raw TP. The new absorptions
at 1262 cm�1 (Si–CH3), 1098, 1021 cm�1 (Si–O–Si), and 800 cm�1

(CH3–Si) for the HTP were ascribed to the HSO groups, [17] indicat-
ing that the HSO groups were successfully grafted onto the TP.
Fig. 2. FTIR spectra of HSO, raw TP and HTP.
TGA was also used to confirm the grafting of HSO on the surface
of the TP. Fig. 3 shows the TGA curves of the HSO, raw TP and HTP.
As shown in Fig. 3, the HSO exhibits a rapid weight loss starting at
160 �C, and has nearly 60 wt% weight loss between 150 and 400 �C,
compared with the good thermal stability of the raw TP below
500 �C. For the HTP, the weight loss due to the decomposition of
organic species is observed in the range of 300–600 �C, which sug-
gests that the HSO has been chemically grafted onto the surfaces of
the TP and the grafting improves significantly the thermal stability
of the HSO on the surfaces of the TP. The mass percentage of the
grafted HSO onto the HTP was estimated to be 22 wt% according
to the residues of the raw TP and the HTP at 600 �C in Fig. 3.
3.2. Surface structure and morphology

To investigate the surface morphology of the samples prepared
by the spraying method and their effect on the hydrophobic behav-
ior, we performed SEM observations on the sample surfaces. As
shown by SEM images with different magnifications in Fig. 4, the
microscale rough structures were formed on the surfaces by spray-
ing the HTP/PU dispersion, which was somewhat similar with the
surface morphologies of cellulose-based composite films and
the composite films containing hydrophilic SiO2 prepared by the
spraying method. [12,13] The rough structures on the surfaces
were mainly consisted of the HTP with diameters of 1–20 lm
(Fig. 4a and b). It is worth noting that the surfaces of the HTP are
covered by a layer of PU film with many microporous (Fig. 4c
and d), which indicates that the HTP has a good compatibility with
the PU matrix. The good compatibility contributes to the long-term
stable adhesion of the HTP on the surfaces, which is helpful for
keeping the stability and persistence of the rough surface. These
rough structures will play an important role in the enhancement
of hydrophobic behaviors.

For the surfaces by spraying the SiO2/HTP/PU dispersion, a sim-
ilar rough structure was formed as shown by SEM images with dif-
ferent magnifications in Fig. 5. As shown in Fig. 5a and b, the
microscale rough structures were formed on the surfaces after
spraying the SiO2/HTP/PU dispersion and the rough structures
were also mainly consisted of the TP with diameters of 1–20 lm.
Although the surfaces of the HTP were also covered by a layer of
PU film with microporous (Fig. 4c and d), the number of the micro-
porous decreased significantly and the PU film was covered by a
layer of SiO2 particles. TP is a natural silicate mineral with the
strong polarity exhibiting both pyroelectric and piezoelectric prop-
erties. [19–21] Electric fields on the order of 105–107 V/m exist on
the surface of the micrometer-sized TP [22], even 107–109 V/m for



Fig. 4. (a)–(d) SEM images with different magnifications of surfaces by spraying the HTP/PU dispersion. The inset is the image of water drop and the water contact angle.

Fig. 5. (a)–(d) SEM images with different magnifications of surfaces by spraying the SiO2/HTP/PU dispersion. The inset is the image of water drop and the water contact angle.
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the nanometer-sized TP [23,24]. Therefore, the phenomenon that
TP is covered by a layer of SiO2 particles should be attributed to
the strong polarity and electric fields of the TP, that is, the micro-
scale TP and the nanoscale SiO2 play the synergistic role in the for-
mation of surfaces with micro/nano structures.

In order to better illustrate the effect of the spraying method on
surface morphology, the surface morphology of the HTP/PU film
prepared by casting the HTP/PU dispersion with a solid content
of about 10% was also investigated in Fig. 6. Compared with the
rough surfaces prepared by the spraying method (Fig. 4), the sur-
faces prepared by the casting method were nearly smooth
(Fig. 6a and b). As shown in Fig. 6, the HTP is almost immersed
in the PU matrix and only a part surface of the HTP was above
the surface of the PU matrix. The sharp contrast indicated that
the spraying method could be used to effectively prepare the sur-
face with rough structures, which play an important role in the
enhancement of liquid-repellent properties.

3.3. Enhanced liquid-repellent properties

The enhanced liquid-repellent properties of the surfaces pre-
pared by the spraying method were also confirmed by the liquid
droplet tests in Fig. 7. As shown in Fig. 7, all water, red ink and fluid
wax droplets with the size of 3–5 mm on the surfaces prepared by



Fig. 6. (a) and (b) SEM images of HTP/PU film prepared by the casting method. The inset is the image of water drop and the water contact angle.

Fig. 7. Images of liquid droplets on the rough surfaces prepared by spraying the (a)
HTP/PU dispersion, and (b) SiO2/HTP/PU dispersion.

Z. Wu et al. / Composites Science and Technology 94 (2014) 111–116 115
spraying the PU/TP (Fig. 7a) and the surfaces prepared by spraying
the SiO2/PU/TP (Fig. 7b) did not spread, keeping the liquid spheres
very well, which indicated that the surfaces prepared by the spray-
ing method showed the good hydrophobic and oleophobic perfor-
mances. The ultimate test to prove the formation of
superhydrophobic surfaces was the static water contact angle
measurements. As shown by the inset in Fig. 6, the static water
contact angle of the samples prepared by casting the HTP/PU dis-
persion reached about 91�. While the static water contact angles
of the samples prepared by spraying the HTP/PU and SiO2/HTP/
PU dispersion reached about 157� and 165� (the insets in Fig. 4
and Fig. 5), respectively. It also can be seen that the contact angle
of the sample prepared by spraying SiO2/HTP/PU is higher than
that of the sample prepared by spraying HTP/PU due to the
Fig. 8. SEM images of surfaces prepared by spraying the TP/PU (a) and SiO2/TP/PU (b) d
addition of hydrophobic SiO2. The enhanced hydrophobic proper-
ties should be attributed to the micro/nano structures constructed
by the synergistic effect of the microscale HTP and the nanoscale
SiO2.

Furthermore, in order to illustrate the effect of the modification
of TP on liquid-repellent properties, the surface morphology and
the water contact angles of the TP/PU and SiO2/TP/PU films pre-
pared by the spraying method were also investigated in Fig. 8.
Although their surface morphology (Fig. 8) was similar with that
of the films with the HTP (Figs. 4a and 5a), the static water contact
angles reached only 123� and 145� for the TP/PU film and the SiO2/
TP/PU film, respectively. The fact that the water-repellent proper-
ties of the films with the HTP were better than the films with the
raw TP indicated that both the modification of TP by grafting
HSO and the rough structures contributed to the enhanced
water-repellent properties. It was worth noting that the addition
of the hydrophobic SiO2 contributed more to the water-repellent
properties of the TP/PU film than that of the HTP/PU film, which
also illustrated the importance of the modification of TP.
3.4. Enhanced performance of releasing negative ions

It is well known that the TP maintains a pair of electrodes with
no supply of external electric energy, which can be recognized as
permanent electrodes that can generate negative air ions [23,25].
Biological functions of the person under the influence of negative
ions is improved, such as sleep-stimulation, good mood, activation
of body cells, acceleration of metabolism, blood circulation and
fatigue recovery [26–29]. The average concentration of negative
air ions emitted from the samples prepared by casting the
HTP/PU dispersion reached 1065 particles/cubic centimeter.
Compared with the samples prepared by the casting method, the
average concentrations of negative air ions emitted from the sam-
ples prepared by spraying the HTP/PU dispersion and SiO2/HTP/PU
dispersion were increased by 87.3% and 85.7%, respectively,
reaching 1995 and 1978 particles/cubic centimeter. It can be seen
ispersions. The insets are the images of water drops and the water contact angles.
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that the addition of SiO2 has almost no effect on the average con-
centration of negative air ions and the performance of releasing
negative ions of the sample surfaces prepared by the spraying
method is enhanced obviously. According to the rough structures
shown in Figs. 4 and 5, the enhanced performance of releasing neg-
ative air ions should be attributed to the special rough structure,
which allows the more surfaces of the HTP to contact with air. In
addition, aside from the spontaneous electric field and releasing
negative air ions, other salient features of the TP include the capac-
ity to shield electric field, self-radiating far infrared ray, as well as
antibacterial activity [21,30,31]. Therefore, the addition of the TP
will endow the composite films with more functions. The en-
hanced performance of releasing negative ions, liquid-repellent
properties and other functions introduced by the TP will greatly
improve the performance/price ratio and market competitiveness,
expanding the application fields of the products.

4. Conclusion

Superhydrophobic surfaces with micro/nano structures were
successfully prepared using the synergistic effect of the micron-
scale HTP and the nanoscale SiO2 by a simple spraying method.
After spraying the SiO2/HTP/PU and HTP/PU dispersions onto the
WPU films, the microscale HTP was coated by the nanoscale SiO2,
forming the superhydrophobic surfaces with micro/nano struc-
tures. Furthermore, the performance of releasing negative air ions
was significantly enhanced because the more surfaces of the HTP
were exposed to air due to the rough structure. The enhanced per-
formance of releasing negative ions, liquid-repellent properties
and other functions introduced by TP will greatly improve the per-
formance/price ratio and market competitiveness, expanding
application fields of the composite products. In addition, this sim-
ple and low-cost method is not only suitable for the fast and large-
scale preparation of superhydrophobic surfaces, but also provides a
new potential route for the preparation of multifunctional super-
hydrophobic composite films using the synergistic effect of the
microscale TP and the nanoscale particles, such as Fe3O4, TiO2,
and gold nanoparticles.
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