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Abstract

Superhydrophobic surfaces are often found in nature, such as plant leaves and insect wings. Inspired by superhydrophobic
phenomenon of the rose petals and the lotus leaves, biomimetic hydrophobic surfaces with high or low adhesion were prepared
with a facile drop-coating approach in this paper. Poly(vinyl alcohol) (PVA) was used as adhesive and SiO, nanoparticles were
used to fabricate surface micro-structure. Stearic acid or dodecafluoroheptyl-propyl-trimethoxysilane (DFTMS) were used as
low surface energy materials to modify the prepared PVA/SiO, coating surfaces. The effects of size of SiO, nanoparticles,
concentration of SiO, nanoparticle suspensions and the modifications on the wettability of the surface were investigated. The
morphology of the PVA/SiO, coating surfaces was observed by using scanning electron microscope. Water contact angle of the
obtained superhydrophilic surface could reach to 3°. Stearic acid modified PVA/SiO, coating surfaces showed hydrophobicity
with high adhesion. By mixing the SiO, nanoparticles with sizes of 40 nm and 200 nm and modifying with DFTMS, water
contact angle of the obtained coating surface could be up to 155° and slide angle was only 5°. This work provides a facile and

useful method to control surface wettability through changing the roughness and chemical composition of a surface.
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1 Introduction

The extreme water wetting properties of surfaces
have been of great interest within the scientific com-

munity over the past decade and are gradually finding

[

. . . 1-3
applications in many areas 1. There are many super-

hydrophobic surfaces in nature, such as plant leave sur-

[4’5], petal surfaces[6], water strider leg surfacesm,

[8,9]

faces
insect wing surfaces"™, efc. Materials with superhy-
drophobic surface are in extreme demanded due to po-
tential applications in anti-corrosion, anti-icing, lig-
uid-repellent textiles, oil/water separation, nanoparticles
assembly, microfluidic devices, printing techniques,
optical devices, high-sensitive sensors and batteries
Superhydrophobic surfaces are usually achieved by
forming hierarchical micro/nanoscale binary structures
and modifying the rough surface with low surface en-

ergy materials'®'".
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[10-17]

In the past decade, considering the significant po-
tential of such surfaces in a number of scientific and
industrial applications, researchers have made great
efforts to fabricate biomimetic superhydrophobic sur-

faces. Up to date, many preparation methods, including

[21

template imprinting””, plasma treatment”'!] electro-

chemical processing™”, lithography!*’!

[24,25]

, sol-gel proc-

[26,27

essing , chemical vapour deposition®*"); electro-

28,2 1
8.29] 3031 have been

spinning[ , and phase separation
reported. However, most of the reported methods to
fabricate superhydrophobic surfaces are either relatively
complicated in operation or fairly expensive, which
makes large scale production and application of super-
hydrophobic surfaces not easy to achieve.

Biomimetic hydrophobic surfaces with high or low
adhesion were fabricated through a facile drop-coating
method via the strategy as presented in Fig. 1.

Poly(vinyl alcohol) (PVA) and SiO, nanoparticles were
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Fig. 1 Strategy for stearic acid or DFTMS modified PVA/ SiO, coating on glass substrate.

used to fabricate rough surfaces which showed hydro-
philicity. Hydrophobicity of the prepared PVA/SiO,
nanoparticles surfaces was achieved by modifying the
surfaces with stearic acid or dodecafluorohep-
tyl-propyl-trimethoxysilane ~ (DFTMS). Scanning
Electron Microscope (SEM) and Atomic

Microscope (AFM) were used

Force

to observe the
of the PVA/SiO,
nanoparticle coating surfaces. Fourier Transform Infra-

morphology and topographies

red (FT-IR) was used to analyze the reactions between
PVA and SiO, nanoparticles, stearic acid and SiO,

nanoparticles, as well as DFTMS and SiO, nanoparticles.

Water contact angles of the PVA/SiO, nanoparticle
coating surfaces were measured to investigate the effect
of surface structures (resulted from different sizes and
concentrations of SiO, nanoparticles) and the chemical
modifications on surface wettability.

2 Materials and methods

2.1 Materials

PVA with average polymerization degree of 1750
was obtained from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Stearic acid was purchased from
Tianjin Guangfu Fine Chemical Research Institute
(Tianjin, China). DFTMS was purchased from XEOGIA

Fluorine Silicon Chemical Co., Ltd. (Harbin, China).
Absolute ethanol, tetraethyl orthosilicate and ammo-
nium hydroxide were obtained from Beijing Chemical
Works (Beijing, China). Silane coupling agents, KH-550
(NH,-CH,-CH,-CH,-Si(OC;Hs)5) and KH-560
(CH,-CH(O)CH,-O(CH,);3Si(OCHj3);) were supplied by
Green Circle Chemical Works (Kunshan, China). SiO,
nanoparticles with various average sizes were prepared
according to Stober’s method™ and the procedures are
given in Table 1. The average size of the obtained SiO,
nanoparticles was measured using a Malvern Zetasizer
Nano-ZS90 (Malvern Instruments Ltd., UK).

2.2 Preparation of PVA/SiO, coatings on glass sub-

strate

PVA solution was prepared by dissolving 15 g PVA
in 500 g distilled water under stirring at 95 °C for 2 h.
Subsequently, a cleaned glass substrate with size of
20 mm % 20 mm was coated using the PVA solution and
dried in a chamber at room temperature and 33% Rela-
tive Humidity (RH). SiO, nanoparticles with different
average sizes were dispersed into distilled water using
ultrasound respectively. After continuously stirring for
30 min at room temperature, SiO, nanoparticle suspen-
sions with various concentrations were obtained.
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Table 1 Procedures for preparing SiO, nanoparticles with various average sizes

Procedure Time (h)  Size (nm)
AE(50 mL)—Adding TEOS(1 mL)—Stiring—Adding AH(1 mL)—Stiring 6 40
AE(50 mL)—Adding TEOS(1 mL)—Stiring—Adding AH(3 mL)—Stiring 6 100
AE(50 mL)—Adding TEOS(1 mL)—Adding DW(0.3 mL)—Stiring—Adding AH(4 mL)—Stiring 6 200
AE(61.75 mL)—Adding DW(24.75 mL)—Adding AH(9mL)—Stiring—Adding TEOS(4.5 mL)—Stiring 6 400
AE(61.75 mL)—Adding DW(24.75 mL)—Adding AH(9 mL)—Stiring—Adding TEOS(4.5 mL)—Stiring 12 500
AE(100 mL)—Adding TEOS(50 mL)—Adding AH(10 mL)—Adding DW(50 mL)— Stiring 6 600
AE(100 mL)—Adding TEOS(50 mL)—Adding AH(10 mL)—Adding DW(30 mL)—Stiring 6 800

* AE (absolute ethanol); TEOS (tetracthyl orthosilicate); DW (distilled water); AH (ammonium hydroxide).

Then, 0.5 mL of the SiO, nanoparticle suspensions was
dropped on the PVA coated glass substrate and dried at
room temperature and 33% RH for 12 h.

2.3 Modification of the PVA/SiO; coatings via stearic

acid or DFTMS

Stearic acid solution (0.01 mol-L™") was prepared
by dissolving 28.4 mg stearic acid in 10 mL absolute
ethanol and stirring for 30 min. DFTMS solution was
obtained by mixing 1 mL DFTMS and 25 mL absolute
ethanol under continuously stirring for 2 min and then
adding 1 mL distilled water and stirring for 2 h at room
temperature. The PVA/SiO, nanoparticle coating sur-
faces were modified by dropping the stearic acid solu-
tion or the DFTMS solution on the surfaces and drying at
room temperature and 33% RH for 12 h.

2.4 Characterizations
Morphologies of SiO, nanoparticles, PVA/SiO,

nanoparticle coating surfaces and stearic acid or DFTMS
modified PVA/SiO, ones were observed using a Zeiss
EVO 18 SEM (Zeiss, MERLIN Compact, Germany).
The specimens were sputter-coated with gold before the
observation. AFM (Dimension Icon microscope, Bruker)
equipped with a Nanoscope V controller images was
used to examine topographies of the coating surfaces.
FT-IR spectra were recorded at resolution of 4 cm ™' and
32 scans using a FT-IR spectrometer (IR Affinity-1
SHIMADZU, Japan) to investigate the interactions be-
tween PVA and SiO; nanoparticles, stearic acid and SiO,
nanoparticles as well as DFTMS and SiO, nanoparticles.
The FT-IR specimens were prepared by scraping an
amount of the coating from the glass substrate surface
and grinding it with KBr and then pressing it into a disc.
Measurements of static contact angle and dynamic
sliding angle were conducted by sessile drop method at

ambient temperature with 2 pL water droplets using a
contact angle meter equipped with a tilting table
(JC2000A, POWEREACH, China). After the static
contact angle was measured, the table was tilted and the
subsequent measurement of sliding angle at the same
position was carried out. The tests were conducted on
three different locations of each specimen, and average
value was reported.

3 Results and discussions

3.1 Distributions of SiO, nanoparticles on silicon
wafer surface
Suspensions containing SiO, nanoparticles of
400 nm but with different concentrations were dropped
The distributions of the SiO,
nanoparticles are shown in Figs. 2a — 2c¢. It can be seen

on silicon wafers.

that, the SiO, nanoparticles distribute optionally with
monolayer and some of the SiO, nanoparticles aggre-
gates. When the concentration of SiO, nanoparticle
suspension increases from 1 g/ 500 mLto 1 g/ 125 mL,
more and more SiO, nanoparticles aggregate and the
interspaces among the SiO, nanoparticle aggregates
become smaller. Fig. 2d presents AFM image of the
surface prepared by dropping SiO, nanoparticle (500 nm)
suspension with concentration of 1 g /250 mL on silicon
wafer. It is indicated that when the size of the SiO,
nanoparticles is 500 nm, the suspension with concentra-
tion of 1 g/ 250 mL can give rise to a close and uniform
distribution of the SiO; nanoparticles.

3.2 Morphology and wettability of PVA/SiO, coating
surfaces
Fig. 3 shows the accumulations of the SiO,
nanoparticles on PVA coating surface when dropping the
suspensions (containing SiO, nanoparticles with various
average sizes) with concentration of 1 g/ 50 mL. The
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Fig. 2 Distributions of SiO, nanoparticles (400 nm) on silicon wafer obtained by dropping the SiO, nanoparticle suspensions with con-
centration of 1 g/ 500 mL (a), 1 g/ 250 mL (b) and 1 g/ 125 mL (c), and AFM image of the surface prepared by dropping the SiO,

nanoparticles (500 nm) suspension of 1 g/ 250 mL on silicon wafer.
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Fig. 3 SEM images of PVA/SiO, coating surfaces prepared by 1 g/ 50 mL SiO, nanoparticle suspension with the SiO, nanoparticle size of

100 nm (a), 400 nm (b) and 600 nm (c).
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Fig. 4 Effects of SiO, nanoparticles size and concentration of
SiO, nanoparticle suspension on water contact angle of the
PVA/SiO, coating surfaces.

observations suggest that the roughness of the PVA/SiO,
coating surfaces can be regulated by changing the size of
the SiO, nanoparticles and the concentration of the SiO,
nanoparticle suspensions.

Fig. 4 shows the effects of SiO, nanoparticle size
and concentration of SiO, nanoparticle suspension on
water contact angle of the PVA/Si0O, coating surfaces. It
can be seen that, for a given size of SiO, nanoparticles,
the water contact angle decreases with the increase in
concentration of SiO, nanoparticle suspension, and for a
fixed concentration of SiO, nanoparticle suspension, the
water contact angle increases with the size of
Si0O, nanoparticles except the 200 nm nanoparticles at
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1 g /250 mL and the 500 nm nanoparticles at 1 g/ 125
mL. The water contact angle of the PVA/SiO, coating
surfaces decreases from 29° to 3° when the size of SiO,
nanoparticles decreases from 800 nm to 100 nm and the
concentration of SiO, nanoparticle suspension increases
from 1 g/ 500 mL to 1 g/ 125 mL, which indicates the
change of surface wettability of the PVA/SiO, coating
surfaces from hydrophilic to superhydrophilic. Accord-
ing to the Wenzle theoretical model, a hydrophilic sur-
face will be more hydrophilic when the surface rough-
ness is increased. The data in Fig. 4 suggests that the
roughness of PVA/SiO, coating surface increases with
the concentration of SiO, nanoparticle suspension. This
is understandable, because when SiO, nanoparticle
suspension with higher concentration was used, the ex-
tent of the SiO, nanoparticle aggregation on the coating
surface increases, which leads to a higher surface
roughness.

3.3 Morphology and wettability of the stearic acid or
DFTMS modified PVA/SiO, nanoparticle coat-
ing surfaces
Fig. 5 shows morphologies of stearic acid and

DFTMS modified PVA/SiO, nanoparticle (600 nm)
coating surface. It can be seen that stearic acid fills the
gaps among the SiO, nanoparticles and forms a thin film
over the SiO, nanoparticles (Fig. 5a), which partially
changes the micro structure built by the SiO, nanoparti-
cles. While for the DFTMS modified one, most of the
individual SiO, nanoparticles are coated by DFTMS and
the surface structure is not changed (Fig. 5b).

In order to investigate the interactions between
PVA and SiO,, SiO, and stearic acid, as well as SiO, and
DFTMS, FT-IR analysis was carried out. Fig. 6 shows
the corresponding FT-IR spectra. The peaks around
3334 cm ' and 1092 cm' in the spectrum of PVA
(Fig. 6a) were attributed to the stretching of O-H and
C-O, respectively®). In the spectrum of PVA/SIO,
(Fig. 6¢), the peak at 3334 cm ' shifts to a lower
wavenumber of 3310 cm_l, and there is also a shift, from
1092 ¢cm 'to 1107 cm ', for the peak of C-O stretching.
These observation results indicate that hydrogen bonds
may form between the hydroxyl groups of PVA and SiO,
nanoparticles. Figs. 6d and 6e show the FT-IR spectra of
the stearic acid modified PVA/SiO, coating and the
DFTMS modified PVA/SiO; coating, respectively. The

absorption bands at 2919 cm ' and 2851 cm™' could be
ascribable to the CH; asymmetric and CH, symmetric

-

stretching vibration, and the peak of 1718 c¢cm ' in
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Fig. 5 SEM images of stearic acid modified PVA/SiO, (600 nm)
coating surface with the suspension concentration of 1 g/ 125 mL
(a) and DFTMS modified PVA/SiO, (600 nm) coating surface
with the suspension concentration of 1 g /250 mL (b).
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Fig. 6 FT-IR spectra of PVA (a), SiO, nanoparticles (b), PVA/SiO,
coating (c), stearic acid modified PVA/SiO, coating (d) and
DFTMS modified PVA/SiO, coating (e).
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Fig. 7 Images of water droplets on the coating surface of PVA (a), stearic acid modified PVA (b), DFTMS modified PVA (c), PVA/SiO,
(100 nm, 1 g/ 125 mL) (d), stearic acid modified PVA/SiO, (200 nm, 1 g /250 mL) (e), and DFTMS modified PVA/SiO, (100 nm, 1 g/

250 mL) (f) as well as the corresponding contact angles.
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Fig. 8 Water contact angles of stearic acid modified PVA/SiO, coatings (a) and water contact angles and slide angles of DFTMS modified

PVA/SiO, coatings (b).

Fig. 6d was attributable to the COO- of stearic acid”*.
While the absorption band at 1250 cm™' in Fig. 6e was
due to the stretching vibration of CF, groups™. Al-
though the results of FT-IR do not provide any evidences
that the interactions between SiO, nanoparticles and
stearic acid or SiO; nanoparticles and DFTMS occurred,
they confirm that the chemical composition of the sur-
face was changed after the modifications.

Fig. 7 shows images of water droplets on the sur-
faces of PVA coating, PVA/SiO, coating and stearic acid
or DFTMS modified ones as well as the corresponding
contact angles. The water contact angle of the PVA
coating is about 44°, demonstrating the hydrophilic
property of this substrate. The water contact angles of
the stearic acid modified PVA coating and the DFTMS
modified PVA coating are 97° and 101°, respectively.

Compared with that of the PVA coating surface, the
water contact angle of the PVA/SiO, coating surface
decreases significantly. The lowest water contact angle
of the PVA/SiO, nanoparticle (100 nm, 1 g/ 125 mL)
coating surface is only 3°, suggesting a superhydrophilic
property. However, after modification with stearic acid
or DFTMS, the water contact angles of the PVA/SiO,
coating surfaces could be up to 142° with high adhesion
and 147° with low adhesion as shown in Figs. 7e and 7f.
Since DFTMS has CH,, CH; and CF, groups, while
stearic acid only has CH, and CHj; groups, therefore, the
modification with DFTMS can reduce the free energy of
the PVA/SiO, coating surface more effectively.

Fig. 8a shows the water contact angles of the stearic
acid modified PVA/SiO, coating surfaces with different
suspension concentrations and SiO, nanoparticle sizes.
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It can be seen that when the size of the SiO, nanoparti-
cles is smaller than or equal to 600 nm, the water contact
angles of the stearic acid modified coating surfaces with
suspension concentration of 1 g/250 mL are higher than
those with suspension concentrations of 1 g/ 125 mL
and 1 g / 500 mL. However, when the size of SiO,
nanoparticles is 800 nm, the effect of the concentration
of Si0, nanoparticle suspension on water contact angles
of the surfaces is not significant.

Fig. 8b shows the water contact angles of the
DFTMS modified PVA/SiO, coating surfaces with dif-
ferent suspension concentrations and SiO, nanoparticle
sizes. Water contact angles of the DFTMS modified
PVA/SiO, coating surfaces increase significantly com-
pared with those of the unmodified PVA/SiO, coating
surfaces shown in Fig. 4 and the surfaces exhibit hy-
drophobic property. It is noted that the water contact
angles of the DFTMS modified PVA/SiO, coating sur-
faces range from 80° to 85° when the concentration of
Si0, nanoparticle suspension is 1 g/ 500 mL, and the
effect of the DFTMS modification is not significant.
This may be because the low concentration of SiO,
nanoparticle suspension (1 g / 500 mL) gives rise to
large interspaces among the SiO; nanoparticles and low
surface roughness as shown in Fig. 2a. When the con-
centration of SiO, nanoparticle suspension is 1 g / 250
mL, the water contact angles of the DFTMS modified
PVA/SiO, coating surfaces range from 115° to 147°
suggesting that the surfaces become hydrophobic. The
data in Fig. 8b also shows that, for a given size of SiO,
nanoparticles, the water contact angles of the DFTMS

Fig. 9 SEM image of the surface structure obtained by dropping
the mixture of the suspensions containing 40 nm SiO, nanoparti-
cles and 200 nm SiO, nanoparticles on silicon wafer.

modified PVA/Si0, coating surfaces with 1 g /250 mL
suspension concentration are larger than that with
1 g/ 125 mL suspension concentration, and the water
contact angles decrease with the increase in the size of
Si0, nanoparticles except the 500 nm when the suspen-
sion concentration is 1 g/ 250 mL. These results may be
because that the increase in the concentration of SiO,
nanoparticle suspension or the size of the SiO,
nanoparticles causes a reduction in roughness of the
coating surface. As for a hydrophobic surface, the higher
the surface roughness, the stronger the hydrophobicity.
It is known that if a hydrophobic surface has a slide
angle smaller than 10°, the surface will show low adhe-
sion, which means that water droplets can easily roll
away from the surface. Fig. 8b shows that the slide angle
of the DFTMS modified PVA/SiO, coating surface
prepared with 1 g /250 mL SiO, nanoparticle suspension
decreases with the reduction of the SiO, nanoparticle
size, and reaches to 5° when the size of SiO, nanoparti-
cles is 100 nm. These results indicate that the DFTMS
modified PVA/SiO, coating surfaces could have hy-
drophobicity and low adhesion characteristics.
Wettability of the DFTMS modified PVA/SiO,
nanoparticle (40 nm plus 200 nm) coating surface was
also investigated. 0.3 mL of KH550 and KH560 were
added into 50 mL of the suspensions containing 40 nm
Si0, nanoparticles and 200 nm SiO, nanoparticles, re-
spectively, and stirred for 3 h. Then the two suspensions
‘C for 4 h
Fig. 9 shows the surface structure obtained by dropping

were mixed by stirring at 60
the prepared mixture of the two suspensions on silicon
wafer. Compared with the surfaces fabricated with sin-
gle size of SiO; nanoparticles (Fig. 3), the surface
structure prepared with mixed sizes of SiO, nanoparti-
cles (40 nm plus 200 nm) is much rougher. The water
contact angle of the DFTMS modified PVA/SiO,
nanoparticle (40 nm plus 200 nm) coating surface is up
to 155° and the slide angle is only 5°, indicating the
coating surface has superhydrophobicity and low adhe-
sion characteristics.

To understand the hydrophobicity with low and
high adhesion behavior of the surfaces, the mechanism
affecting the adhesion is analyzed. Fig. 10 shows a
schematic diagram of a water droplet on solid surface.
If the interface is the Cassie impregnating wetting state
(Fig. 10b), the surface will show high adhesion behavior
to a water droplet like rose petal, due to the van der
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Fig. 10 Schematic diagrams of a water droplet on solid surface (a),
the Cassie impregnating wetting state (b) and the Cassie wa-
ter/air/solid three-phase state (c).

Waals force produced by large liquid—solid contact area
between the water droplet and the substrate**"]. If the
interface is the Cassie water/air/solid three-phase state
(Fig. 10c), large amount of air are trapped in the
nano-scale structure, and the surface will show super-
hydrophobicity and low adhesion like lotus leaf*®. In
this work, both the stearic acid and DFTMS modified
PVA/SiO, coating surfaces have hydrophobicity but
show different adhesion to water. The reason could be
the difference in the micro/nano surface structure.
Fig. 5a shows that stearic acid partially changes the
micro structure built by the SiO, nanoparticles, and the
modified coating surface shows hydrophobicity with
high adhesion (Fig. 7¢). However, DFTMS modified
PVA/SiO, coating surface shows hydrophobicity with
low adhesion (Fig. 8b) because that the surface structure
is not changed (Fig. 5b).

4 Conclusion

Biomimetic hydrophobic PVA/SiO, coating surface
with high adhesion and superhydrophobic PVA/SiO,
coating surface with low adhesion were successfully
prepared by using SiO, nanoparticles to fabricate surface
roughness and stearic acid or DFTMS as low surface
energy materials to modify the obtained surfaces. The
water contact angles of the PVA/SiO, coating surfaces
increase with the size of SiO, nanoparticles and the
hydrophilic property is enhanced by increasing concen-
tration of SiO, nanoparticle suspensions. The water
contact angle of the obtained superhydrophilic coating
surface could reach to 3°. The water contact angle of the
PVA/SiO, nanoparticle (200 nm, 1 g/ 250 mL) coating

surface modified by stearic acid is 142° with high adhe-
sion. The PVA/Si0O, nanoparticle (40 nm plus 200 nm)
coating surface modified with DFTMS shows superhy-
drophobic characteristic with water contact angle of
155° and low adhesion with slide angle of 5°. The hy-
drophilicity of the PVA/SiO, coating surfaces and hy-
drophobicity of the stearic acid or DFTMS modified
PVA/SiO, coating surfaces could be regulated by con-
trolling the size of SiO; nanoparticles and concentration
of SiO; nanoparticle suspensions. The present work
provides a facile method to change the wettability of
PVA/SiO, coating surfaces and broaden applications of
PVA/SiO, coatings as superhydrophilic surface or su-
perhydrophobic surface with low or high adhesion.
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