Colloid Polym Sci (2016) 294:1519-1527
DOI 10.1007/500396-016-3914-7

@ CrossMark

ORIGINAL CONTRIBUTION

Heat/durability resistance of the superhydrophobic PPS-based
coatings prepared by spraying non-fluorinated polymer solution

Huaiyuan Wang' - Chijia Wang' + Dong Gao' + Meiling Li' + Yixing Zhu' - Yanji Zhu'

Received: 15 March 2016 /Revised: 13 June 2016 / Accepted: 27 June 2016 /Published online: 11 July 2016

© Springer-Verlag Berlin Heidelberg 2016

Abstract The purpose of this work was to prepare a non-
fluorinated superhydrophobic composite coating with
heat/durability resistance and excellent adhesion properties.
This procedure was based on organic—inorganic molecular hy-
brid Zinc oxide (ZnO)/Carbon Nanotubes (CNTs)-
Poly(dimethylsiloxane) (PDMS) and Stearic acid compound.
The coating produced was characterized in terms of their
superhydrophobic properties and morphology. In optimized con-
ditions, the contact angle (CA) for water and oil deposited on the
coating were as high as 172, and 154°, respectively. In addition,
the composite coating could maintain superhydrophobic even
soaked in liquid with pH from 1 to 14. The resulting
superhydrophobic composite coating showed good thermal sta-
bility, which could maintain hydrophobic even under a harsh
environment with the high temperature over 150 °C. The contact
angle of the prepared coating could still keep superhydrophobic
even after being exposed in air about 90 days, showing a good
performance in durability. The enhancement in these preliminary
results will guide the design and fabrication of the non-
fluorinated commercial superhydrophobic coatings.
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Introduction

In recent years, superhydrophobic coatings, which display
static water contact angles (WCAs) of water greater than
150° and slide angle (SA) of water less than 10°, have
attracted tremendous attention in both scientific and industrial
areas owing to their wide practical applications in various
fields, including water—oil repellent fabrics, anti-adhesion
films, stain resistant coatings, and anti-fogging films [1-4].
Typically, the surface morphology and chemical composition
of the superhydrophobic coatings endowed them with high water
—/oil-repellent [5, 6]. In addition, superhydrophobic coatings
with high water adhesion are promising attributed to their repre-
sentative superhydrophobic property and relative research value
in various realms, such as barrier materials, micro fluidic sys-
tems, liquid transportation, etc. [7-9]. Therefore, generating a
surface with high degree of roughness and lowering down the
surface free energy of materials are the two main strategies for the
preparation of superhydrophobic coatings [10—14]. Techniques
for fabricating superhydrophobic surfaces are using large quan-
tity of fluoride materials to provide low surface energy [15-19].
Naddaf et al. fabricated a superhydrophobic coating with FEP by
oxygen glow discharge treatment and argon—ion etching; this
combined treatment yield an increase in CA for water from
109 £2.2° to 152 = 2.1° [20]. The drawback with this fluorine-
functionalized coating is its high-cost, environmental hazards,
and potential risks for human health during the lifetime [11-23].
Zinc oxide (ZnO) is an appropriate candidate for fabricat-
ing coatings with hydrophobic properties due to the special
structure of nano-tetrapod-like [24]. Poly(dimethylsiloxane)
(PDMS) has excellent properties such as low surface energy,
low friction, chemical inertness, and weatherability [25-27].
For instance, Cho et al. fabricated a superhydrophobic film
using chemical vapor deposition approach depositing uni-
formly ZnO hydrophobic nanoparticles (HNPs) on the Poly
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(dimethylsiloxane) (PDMS) film substrate [28]. Chakradhar
et al. prepared ZnO—PDMS nanocomposite coatings by wet
chemical route [29]. The engineering value of this surface is
limited by the fragility and poor durability resistance.
However, Poly(phenylene sulfide) (PPS) is an appropriate ma-
trix for fabricating coatings with hydrophobic properties due
to the outstanding adhesion, thermally stabilization, and
thermo-plasticity [30]. However, the surface energy of PPS
is high and unable to provide the function of low surface
energy. Hence, preparing a superhydrophobic coating with
greater heat/durability resistance via a non-fluorinated proce-
dure will be challenging and significant in industry.

The present work, the non-fluorinated superhydrophobic
PPS-based composite coatings were the first time to be pre-
pared by the simple spraying method via designing reticular
(network) structure and introducing the low surface energy
material ZnO-PDMS and CNTs-PDMS by organic—inorganic
molecular hybrid. The heat/durability resistance of the
superhydrophobic coatings are investigated and discussed. It
is believed that the work is of great interest to researchers,
particularly in the fields of multi-functional nanocomposites
and non-fluorinated superhydrophobic polymer coatings.

Experimental details
Materials

Aluminum plates (80 x 80 x 1 mm?, purity > 99.9 wt%) are
supplied by Jiayun aluminum product Co. Ltd., China.
Polyphenylene sulfide (PPS, average diameter of 30 pum) is
supplied by Yuyao Degao Plastic Technology Co. Ltd., China.
Polydimethylsiloxane (PDMS, purity > 98 wt%, reagent
grade) is obtained from Jinan Hailan Reagent Factory of
China. Stearic acid is purchased from Shenyang Huadong
Reagent Factory. Zinc oxide (ZnO, average diameter of
50 nm) is obtained from DuPont, China. Carbon Nanotubes
(CNTs) is purchased from Guangdong Tianxin Reagent
Factory, China, and Ethanol (ET, reagent grade,
purity > 98 wt%) is supplied by Shenyang Huadong
Reagent Factory, China.

Sample preparation
Fabrication of silylated CNTs/ZnO

One milliliter H,O and 1 mL KH550 were dissolved in 18 mL
anhydrous alcohol ultrasonically for 30 min. 0.1 mL PDMS
was added with ultrasonically for another 30 min to allow the
reaction as shown in Fig. 1. Then added 0.5 g oxidized CNTs
into the resultant solution with 400 rpm stirring for 1-2 h to
yield a final solution. Finally, products were filtered, washed
by anhydrous alcohol (50 mL), and dried at 80 °C for 4 h. ZnO
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powders were silylated either in the same way. The dried
CNTs-PDMS and ZnO-PDMS powders were obtained after
drying at 80 °C for 24 h.

Fabrication of superhydrophobic coating on aluminum plate

Aluminum plates, as the substrate, with the size of
80 x 80 x 1 mm? were first polished with 1000-grit waterproof
abrasive paper to obtain a relatively rough surface, then ultra-
sonically cleaned in anhydrous alcohol for 10 min and dried in
air at room temperature. The coating was obtained through
spraying polymer solution, which was composed of PPS,
CNTs-PDMS, and ZnO-PDMS nano-particles, on the alumi-
num plates. The samples were then sintered at 300-350 °C in
a muffle furnace for 90 min. Finally, the sintered coating was
soaking in the 0.03 mol/l stearic acid ethanol solution at 70 °C
for 120 min; after that, the coating was heated at 120 °C for
30 min, and then the PPS/ZnO-PDMS/CNTs-PDMS compos-
ite coating was synthesized.

Characterization

Contact angles (CAs) of liquid droplets on the fabricated coat-
ings were estimated by using JC2000A apparatus at ambient
temperature via a sessile drop method. The water droplet was
controlled at around 5 puL. All CA and SA measurements
obtained were averages of five values made on different areas
of coatings. The morphology of the coatings was observed by
scanning electron microscope (SEM, Quanta 200). The chem-
ical composition was examined by Fourier transform infrared
spectrometer (FT-IR, Tensor27). Thermal stability characteri-
zation was calcining the fabricated coatings in a muffle fur-
nace for 90 min. The wear resistance tests were carried out on
a pin-on-disk friction and wear tester (MPX-2000, Xuanhua
Testing Factory, China). The corrosion resistance was evalu-
ated by using the electrochemical workstation (LK 2010) in
3.5 wt.%, NaCl solution. The adhesive ability of the prepared
composite coating was evaluated according to GB/T9286.
The painted aluminum plate was scribbled into 2 mm x 2 mm
gridding with a razor to expose the base metal, and then the
adhesive tapes were pressed and pulled to remove from on the
scored surface in 5 min.

Results and discussion
Surface wettability

The effect of different nanoparticles content on the WCAs of
PPS-based composite coatings is shown in Fig. 2 a. It can be
seen that WCAs of PPS/ZnO/CNTs or PPS/ZnO-PDMS/
CNTs-PDMS coatings increase gradually along with the pro-
motion of CNTs or CNTs-PDMS content. When the CNTs-
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PDMS content increase to 9 %, the PPS-based composite
coating shows the most excellent superhydrophobic property,
whose contact angle can hold up to 171° and the sliding angle
is as low as 3° (Fig. 2 c.. The obvious contrast is that the As of
the coatings with CNTs under the same proportion is only 93°.
Result has shown that the CNTs can improve the WCAs of the
coatings by enlarging the micro/nano-structure on the surface.
Nevertheless, the unmodified CNTSs lead to the small increase

of the WCAs due to the result from the FT-IR that there exist
large amount of hydrophilic hydroxyl group on the surface.
The effects of different CNTs-PDMS content on the
oleophobic property of superhydrophobic PPS-based com-
posite coatings are shown in Fig. 2 b. When CNTs-PDMS
content increases to 3 %, the contact angle for glycerine and
ethylene glycol reaches to 113° and 95°, respectively.
Moreover, the glycerine and ethylene glycol angle increases
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up to 126° and 121° when CNTs-PDMS content reaches 9 %.
So far, the silicon-oxygen bond (—Si-O-) terminated surface
has been reported to possess the lowest surface free energy [9,
31]. This illustrates that the existence of silicon-oxygen bond
(=Si-O-) is a key factor to achieve the superhydrophobic and
oleophobic properties.

The photos of water droplets of 5 UL on the un-stearic acid
treated coating with different tilt angles (A: 0°, B: 90°, C:
180°) are shown in Fig. 3. It can be observed that the WCA
of the un-stearic acid treated coating is 145°. In addition, the
water can still maintain a spherical on the coating surface after
incline 90° and 180°, showing high bond strength. This per-
formance is mainly caused by a network-like rough grading
structure. Network-like structure allows droplets immersed in
a large gully among micron structure and ensure the droplets
adhere to the surface of the coating even if the coating rollover
90° and 180°. This phenomenon contributes to the high con-
tact angle hysteresis of coating. As to the network-like com-
posite coating, the sizes of hierarchical micro and nanostruc-
tures are both larger than those of low contact angle hysteresis
coatings [32, 33]. Moreover, take the FT-IR result into consid-
eration, the surface of network-like composite coating exists
not only the hydrophobic group, but also exist a certain
amount of hydroxyl group. Therefore, the coexisting of hy-
drophobic group and hydroxyl group on superhydrophobic
coating should be one of the main factors that cause the ap-
pearance of high water adhesion. At the same time, the vol-
ume of the droplet is a key factor to ensure this performance.
The droplets, whose weight is lighter than the surface tension
of composite coating, can adhere to the coating and the huge
droplet may be dropped from the fabricated surface.

FT-IR analysis

As shown in Fig. 4, the ZnO and CNTs with PDMS modifi-
cation are further characterized by FT-IR. It can be seen that
the peaks at 1550 ~ 1650 and 3450 cm ' are corresponding to
the hydroxyl group on ZnO. The peaks of 784, 1022, and
1256 cm™! represent the Si-C, C-C, and Si-O-C bonds of
PDMS, respectively [34]. And the new peaks appear at 796,
1017, and 1261 cm ™" belong to the asymmetric bond types of
Si-C, C-C, and Si-O-C, which indicates the ZnO and CNTs are

Fig. 3 Photos of water droplets
of 5 uL on the un-stearic acid
treated coating with different tilt
angles—A: 0°, B: 90°, and C:
180°
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modified with PDMS successfully [35]. Results show that the
unmodified ZnO and CNTs have high level of hydroxyl on the
surface, which makes them hydrophilic. In addition, hydroxyl
group exists on the surface of ZnO-PDMS, CNTs-PDMS par-
ticles. Therefore, it can be demonstrated that the existence of
silicon-oxygen bond (—Si-O-), which terminated on ZnO and
CNTs, is providing the lowest surface free energy which is the
key to superhydrophobic and oleophobic performance.

Surface morphology

Figure 5 clearly shows the SEM images and WCA of the PPS/
ZnO-PDMS/CNTs-PDMS composite coating with different
CNTs-PDMS content at low- and high-magnification, respec-
tively. In this work, we designed network-like structures to
exhibit superhydrophobicity and oleophobicity on PPS com-
posite coatings. It can be observed that the surface morphol-
ogies of the prepared coating exhibit both internal and external
nano/p-structure. The surface with 1 % CNTs-PDMS content
has more rough structure on external surface, but it has less
network-like nano-structure under the high-magnification. As
a result, it obviously shows the smaller WCAs than the coat-
ing with 9 % CNTs-PDMS. In addition, it could be clearly
seen that there is much more nano-structure on the surface
Fig. 5 d, while the surface morphology in Fig. 5 ¢ is almost
micro-structure. What is more, the low-magnification Fig. 5 a,
b shows that surface of 9 % CNTs-PDMS coating is smoother
and more uniform than that of 1 % CNTs-PDMS coating.
Therefore, the nano-network structure is generated in the com-
posite coating during the heat treatment; thus,CNTs and ZnO
particles play an important role in fabricating
superhydrophobic surfaces.

Mechanical property

The wear test of the PPS/3 %ZnO-PDMS/9 %CNTs-PDMS
composites coating was conducted as reported in the literature
[36]. Results shown in Fig. 6 depict that the WCA of the
friction surface on the coating is a little higher than that of
the fresh one after 1-hour wear test. While, after long times
of wear test, the WCA of the coating is showing a declining
trend. The reason of the above phenomenon can be explained
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Fig. 4 FT-IR spectra of the PDMS modified ZnO and CNTs

from two aspects. First, the density of ZnO (5.6 g/em®) is
higher than CNTs (1.8 g/em®), so the location of ZnO in the
coating can be a little lower than that of CNTs after the coating
calcinating for 2 h. Therefore, the appearance of the little
higher of CA at 1 h, is attributed to the exposure of more rough
structure on the surface such as the micro-ZnO after short time
friction. Second, the stearic acid on the surface of coating is
reducing with the increase of friction time. More and more
residual hydroxyl and carboxyl groups are exposed. That is
the point of the decreasing of WCAs of the friction surface on
the coating. However, the whole special construction distrib-
uted uniformly in the coating; the WCA is still higher than
150°after wear test for 8 h, indicating that the coating has good
wear resistance.

Figure 7 shows the bending resistance property and the
adhesive ability of the prepared coatings. From Fig. 7a,b ,
we can observe that the surface of the prepared coating exhibit
slight cracks when the coating is bended at 90 angle. It is well

Fig. 5 a—d SEM images of PPS/
3%ZnO-PDMS/CNTs-PDMS
composites coating with different
CNTs content: 1 and 9 %

l(]l)l:m

100pm

known that the PPS base coatings have the weakness of high
brittleness [37]. We tested that the pure PPS can only be sub-
jected to 35°bending. This result can be explained by the
cross-linking effect of CNTs and it could obviously improve
the bending resistance of the PPS based coating. In addition,
the adhesive ability of the coating was qualitatively deter-
mined. According to GB/T92, grade 0 indicates the best ad-
hesion property of the coating, and grade 5 corresponds to the
worst. As shown in Fig. 7 ¢ , the prepared composite coating
has little peeling at the intersection of the scratches, and the
impacted area in the cross incision is less than 5 %. This
coating can be classified as grade 1.

Environmental tolerance

Thermal stability and acid-base resistance property of WCAs
for the PPS/ZnO-PDMS/CNTs-PDMS composite coating are
also tested (Fig. 8). The variations of WCAs under the tem-
peratures of 50-200 °C on the PPS/ZnO-PDMS/CNTs-PDMS
composite coating are shown in Fig. 8 a . There is no signif-
icant change of the WCAs (168 = 2.0°) when the temperature
increased from 50 to 100, which shows outstanding heat re-
sistance. Moreover, there is only a little decrease of the WCAs
although the temperature increased around 150-200 °C. All
the WCAs are in the range of 167.2 to 169.5°, within exper-
imental errors, indicating that the PPS/ZnO-PDMS/CNTs-
PDMS composite coating can maintain the characteristic of
superhydrophobic at both room temperature and the elevated
temperature around 150 to 200 °C. The results of the decrease
of WCASs under the temperature of 200 °C are attributed to the
shape change of the network-like structure. It can be noticed
that the surface roughness of the prepared coating decreased
after 200 °C calcination. This should be related to the melting
and softening phenomenon of the polymer (Fig. 9a, c .
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Fig. 6 WCAs of the prepared PPS/3 %ZnO-PDMS/9 %CNTs-PDMS
composites coating after different times of wear test

The WCAs results of PPS/3 %ZnO-PDMS/9 %CNTs-
PDMS composite coatings soaking in different pH conditions
are shown in Fig. 8 b. The insets in Fig. 3 show the WCAs of
the coating under strongly acidic (pH = 1) and alkaline con-
ditions (pH = 14). Five drops are placed at five different loca-
tions on the coating surface, and then the averaged values are
obtained. The tested coatings were immersed in the corrosion
conditions for 12 h, then it was cleaned with distilled water

Fig. 7 a Optical images of the
PPS/3%ZnO-PDMS/9%CNTs-
PDMS composites coating after
the bending tests, b Bending
angle of the bending tests, ¢ The
adhesive ability of the
superhydrophobic PPS/3 %ZnO-
PDMS/9 %CNTs-PDMS
composites coating

and dried in 80 °C. For the corrosion conditions tested com-
posite coating, there is no observable change of the CAs
(168 + 2.0°) when the pH increased from 1 to 14. All the
WCAs are in the range of 167.2 to 169.5°, within experimen-
tal error, indicating that the composite coatings have a shield
property not only for water but also corrosive liquids with pH
range from 1 to 14. To probe the mechanisms of the corrosion
surface, the morphologies of the acid-base treated coatings
were explored (Fig. 9). Obviously, surface of base-treated
coating have little change, while surface of acid-treated coat-
ing became more porous. Results indicate that the surface
structure and the covered chemicals could not be damaged
or changed by base liquid. In addition, results further indicate
that PDMS covered on the surface of ZnO could partly protect
it from acid corrosion. Therefore, the above results will have
great significance in extending the application scope of PPS/
3 %ZnO-PDMS/9 %CNTs-PDMS composite coating.

Durable stability

WCA on the as-prepared composite coatings after outdoors air
exposure for different times are shown in Fig. 10. We can see
that the WCA of the PPS/ZnO-PDMS/CNTs-PDMS compos-
ite coating appears only a little slight decrease after placed for
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coatings, b Effects of pH on the
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Fig. 9 a SEM images of PPS/
3%Zn0O-PDMS/9%CNTs-PDMS
composites coatings, b SEM
images of the prepared coating
soaking in pH = 14 condition, ¢
SEM images of the prepared
coating calcining at 200 °C, d
SEM images of the prepared
coating soaking in pH = 1
condition

20, 60, and 90 days, showing high durability. This is mainly
due to these: (1) Constructed of network-like structure with
high stability within the coating provides a load supporting
role and hierarchical structures for long time. (2) Chemically
modified ZnO-PDMS CNTs-PDMS particles have a high
chemical stability, which ensure that the coating always has
a low surface energy.

Corrosion resistance of the prepared coating

The Tafel plots for (a) the pure aluminum plate, (b) PPS/ZnO/
CNTs composite coating, (¢) PPS/ZnO-PDMS/CNTs-PDMS
composite coating are shown in Fig. 11. Compared with the
aluminum plate, we can observe that the corrosion current
(Ieor) decrease from 1077 to 102> mA/cm? after coated

175 ll
170-llll
ol 11'}%% % % -} % li;

Contact angle/’
o
(4]
T

o
150 | 20 Days 60 Days
145
140 1 1 1 1 1 ,/// 1

0 10 20 30 40 90
Storage time(day)

Fig. 10 Water contact angles on the as-prepared composite coatings after
air exposure for different times

the PPS/ZnO-PDMS/CNTs-PDMS composite coating and
the corrosion potential also revealed a slight decrease. While
the corrosion current (I.o) of PPS/ZnO/CNTs composite
coating has no change and the corrosion potential decreased
little. The reason for the improved corrosion resistance of the
aluminum plate can be attributed to the enhanced shielding
effect of highly hydrophobic PPS coating by introducing the
ZnO-PDMS/CNTs-PDMS composite, which can keep oxy-
gen gas and water from the aluminum plate. Both the modified
PPS/ZnO/CNTs composite coating and the unmodified PPS/
ZnO/CNTs composite coating are micro and nanostructures,
the only difference is that the unmodified PPS/ZnO/CNTs
composite coating has a larger amount of hydrophobic group
on the surface. Accordingly, these results reveal that the nature
of hydrophobic group, which can keep oxygen gas and water

e
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Fig. 11 Tafel plots for (a) the pure aluminum plate, (b) PPS/3 %ZnO/
9 %CNTs composite coating, (¢) PPS/3 %ZnO-PDMS/9 %CNTs-PDMS
composite coating
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from inside the coating, is an important factor for
anticorrosion.

Conclusions

In conclusion, a simple spraying approach is applied to obtain
a non-fluorinated superhydrophobic composite coating with
heat/durability resistance properties. The CA for water, glyc-
erine, and ethylene glycol of PPS/ZnO-PDMS/CNTs-PDMS
coatings reaches a maximum value of about 171 ,131, and
128°, respectively. The coating retain good superhydrophobic
stability in a wide range of pH values (from 1 to 14).
Moreover, its superhydrophobicity can be maintained even
after the temperature increased from room temperature to the
elevated temperature around 150 °C, which shows outstand-
ing heat resistance. Besides, the un-stearic treated PPS/ZnO-
PDMS/CNTs-PDMS composite coating shows a high bond
strength even if the coating revolve 90 and 180°. In addition,
there is no significantly decrease on the PPS/ZnO-PDMS/
CNTs-PDMS composite coating after storing in air for as long
as 90 days, showing a long-term weather ability. More impor-
tantly, results have indicated that coatings with hydrophobic
group on the surface is showing a higher anticorrosion prop-
erty than the coatings with the same surface morphology,
which means the shielding effect is an important function for
anticorrosion coating. Such superhydrophobic surfaces would
have significant potentials for many applications, such as anti-
drag transport of liquids, self-cleaning coating for buildings,
and automobile decoration.
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