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In order to improve the waterproof and mildew resistance of electronic equipment, a superhydrophobic

coating was prepared on a circuit board. First, hexadecyl trimethoxysilane was used to modify the nano

silica and nano zinc oxide particles, and then the modified nanoparticles were mixed with the silica sol.

Then the superhydrophobic coating was prepared on the surface of the printed circuit board by

a spraying process. The preparation technology and physical and chemical properties of the coating

were studied. The contact angle of the final sample can reach 169.47�, the sliding angle can reach 1.2�, it
has good acid and alkali corrosion resistance, resistance to NaCl, self-cleaning performance and

antimildew performance.
1. Introduction

Electronic equipment will be covered by some dust in the
process of use, and some special electronic equipment is used
in acid–base, seawater and humid environments, so these
external factors will seriously affect the heat dissipation and
service life of the circuit board.1–3 At present, although some
circuit board protective adhesives can achieve water and
corrosion resistance, there are still some problems, for example,
the self-cleaning and antimildew performance of the coating is
poor, which increases the failure rate of electronic products and
reduces the service life of electronic products.

A superhydrophobic surface means that the contact angle
between the water droplet and the contact surface is greater than
150� and the sliding angle is less than 10� at the same time. The
water droplet will remain spherical on the superhydrophobic
surface and roll easily,4,5 therefore, superhydrophobicity has great
potential application value in waterproong, self-cleaning,
corrosion resistance and other aspects,6–16 but rarely reported in
electronic products such as circuit boards. There are two key
factors to construct superhydrophobic surface: one is that the
surface has a certain roughness, the other is that the surface has
a low surface energy.17,18 In nature, the appearance of the muddy
lotus and the rolling water droplets on the lotus leaf are the result
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of the special structure on its surface.19,20 Based on the above two
key factors, scientists have explored a number of methods for
preparing super hydrophobic surfaces: sol–gel, layer by layer self-
assembly, surface etching, electrospinning, lm forming, vapor
deposition, etc.21–27 Sol–gel method has many advantages, such as
easy control of reaction process, high uniformity of coating and
wide application of substrate. For example, Wang et al.,3 a uo-
rinated silica sol based super hydrophobic coating was prepared
on the printed circuit board by sol–gel method. The contact angle
of the coating was 158�, the sliding angle is 3�. Yang et al.,28 the
superhydrophobic coating of uorinated functionalized titanium
dioxide sol was prepared on the surface of cotton fabric by sol–gel
method. The contact angle of samples was 160�.

In this paper, silica sol was prepared by sol–gel method, and
then the different particle size of SiO2 & ZnO modication, then
the superhydrophobic composite coating was prepared by
mixing silica sol and modied nanoparticles. The effects of the
mass ratio of silica to zinc oxide, the mass ratio of surface
modier to nanoparticles, and the mass ratio of nanoparticles
to silica sol on the hydrophobicity of the coating were investi-
gated, and the microstructure of the coating was characterized.
The chemical and mechanical durability of superhydrophobic
coatings, such as acid and alkali corrosion resistance, friction
resistance and mildew resistance, were studied.
2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS) was purchased at Guangzhou
Wengjiang Chemical Reagent Co., Ltd. Hexadecyl trimethox-
ysilane (HDTMS, mass fraction of 85%) was obtained at
Shanghai McLean Biochemical Technology Co., Ltd. Sodium
© 2021 The Author(s). Published by the Royal Society of Chemistry
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chloride (NaCl), sodium hydroxide (NaOH), hydrochloric acid
(HCl), anhydrous ethanol and ammonia water are all analytical
pure, all of which are purchased from Guoyao Group Chemical
Reagent Co., Ltd. SiO2 (100 nm particle size) was purchased
from Hebei Bocheng Metallurgical Research Center. ZnO
(30 nm particle size) was produced by Guangzhou Changyu
Chemical Technology Co., Ltd. The circuit board (PCB, green,
single side, 3� 5 cm) was purchased from Shenzhen Kebi micro
Semiconductor Co., Ltd.
2.2. Preparation of superhydrophobic nanocomposite
coatings

2.2.1. Preparation of silica sol. 75 ml absolute ethanol,
10 ml deionized water and 3ml ammonia water were added into
the beaker and stirred evenly at the speed of 500 rpm, then 6 ml
TEOS was added slowly and stirred continuously at the speed of
500 rpm for 3 h to obtain silica sol.29

2.2.2. Hydrophobic modication of nanoparticles. SiO2

and ZnO nanoparticles were added into the mixed solvent of
anhydrous ethanol and deionized water, a certain amount of
HDTMS was added and stirred at the speed of 600 rpm for 5 h to
obtain the modied material SiO2 & ZnO solution.

2.2.3. Preparation of superhydrophobic nanocomposite
coatings. A certain amount of hydrophobically modied nano-
particle solution was added to 15 ml silica sol, and 30 min was
prepared by emulsion stirring. The emulsion was sprayed onto
the surface of the clean PCB by spraying. The specic spraying
process is as follows: adjust the relative pressure of the air pump
to 2 bar, adjust the distance between the muzzle of the spray
gun and the PCB to 10 cm, spray slowly on the circuit board with
Z-shaped technique, and dry at room temperature for 5 h aer
spraying. As shown in Fig. 1.
2.3. Characterization of structure and wettability

Themolecular structure of hydrophobic modied nanoparticles
was analyzed by FTIR (Nicolet is 5). The microstructure of
superhydrophobic composite coating was analyzed by SEM
(QUANTA FEG 400). Surface element analysis of super-
hydrophobic composite coating by EDS (Genesis). The wetta-
bility of the sample was measured by optical contact angle
instrument (Kruss, DSA30), the volume of water droplet was 10
ml, the test was repeated at ve different positions of the sample,
and the average value was taken as the test value.
Fig. 1 Preparation of superhydrophobic coating.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2.4. Performance testing

2.4.1. Corrosion resistance. The samples were immersed in
aqueous solutions with different pH values or NaCl (3.5 wt%)
aqueous solutions, wash and dry with water every other time,
then test the wetting performance of the sample and record the
change of wettability on the surface of the sample.

2.4.2. Electrochemical test. The electrochemical imped-
ance spectrum of the sample was measured by the electro-
chemical workstation (Gamry reference 3000), the sample, AgCl
electrode and Pt electrode correspond to working electrode,
reference electrode and counter electrode respectively. The
exposed area of the sample is 1 cm2, and the corrosion medium
is 3.5 wt% NaCl aqueous solutions.

2.4.3. Friction resistance test. Place the sample (15 cm2) on
800 mesh sandpaper and load 50 g weight, push it back and
forth horizontally, the speed is about 5 cm s�1, 10 cm at a time,
the surface wettability of the sample was recorded every 10
times.30

2.4.4. Mildew resistance. The powdery mildew resistance
was assessed in obedience to GB/T2423.16-2008 standard for
environmental testing of electrical and electronic products, the
sample was inoculated with a spore suspension by spraying and
cultured at the temperature (29 � 1) �C and the relative
humidity (90–100%). The mildew growth of the sample was
aerwards observed within 28 days.

2.4.5. Self cleaning. The cement powder is evenly spread on
the surface of the superhydrophobic PCB and pristine PCB,
observe the situation of water drops rolling away dust.
3. Results and discussion
3.1. Inuencing factors of coating wettability

3.1.1. Inuence of preparation process. There are two key
factors to construct superhydrophobic surface, surface rough-
ness and low surface energy. In this paper, the micro–nano
rough structure is constructed by using SiO2 and ZnO with
different particle sizes, the inuence of mass ratio of SiO2 to
ZnO on the hydrophobicity of the coating was investigated, the
test results of contact angle and sliding angle are shown in
Fig. 2(A). At this time, the mass ratio of surface modier to nano
particle is 3%, the mass ratio of nanoparticles to silica sol is 3%.
It can be seen from Fig. 2(A) that the contact angle is 164� and
the sliding angle is 8.2� when SiO2 is used alone. The contact
angle is 167.5� and the sliding angle is 10.3� when ZnO is used
alone. When SiO2 and ZnO are mixed, with the increase of ZnO
content, the SiO2 content decreases, and the contact angle
basically remains stable, while the sliding angle rst decreases
and then increases, this is because the mixed use of nano-
particles with different sizes can better construct the rough
structure. Fig. 3(a) and (c) shows the SEM picture of SiO2 and
ZnO with mass ratio of 1 : 0, Fig. 3(b) and (d) are SEM images of
SiO2 and ZnO with mass ratio of 1 : 1. It can be seen from Fig.
3(a)–(d) that the surface with the mass ratio of SiO2 to ZnO of
1 : 1 is coarser than the surface with the mass ratio of SiO2 to
ZnO of 1 : 0, and has the micro–nano rough structure required
for superhydrophobic surface. When the two nanoparticles are
RSC Adv., 2021, 11, 21862–21869 | 21863
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Fig. 2 The effect of SiO2 and ZnO quality ratio on hydrophobicity of coating (A); the effect of mass ratio of surfacemodifier and nanoparticles on
hydrophobicity of coating (B); the effect of the mass ratio of nano particles and silica sol on hydrophobic properties of coating (C).

Fig. 3 SEM images of different samples. SEMwithmass ratio of SiO2 to ZnO 1 : 0 (a and c); SEMwithmass ratio of SiO2 to ZnO 1 : 1 (b and d); SEM
with 1% mass ratio of nano particles to silica sol (e and g); SEM with 1% mass ratio of nano particles to silica sol (f and h).

21864 | RSC Adv., 2021, 11, 21862–21869 © 2021 The Author(s). Published by the Royal Society of Chemistry
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mixed, the hydrophobicity of the coating has little change, this
is because when the surface roughness of the coating reaches
a certain level, the surface energy of the coating surface plays
a very important role.

The mass ratio of SiO2 to ZnO is 2 : 1 and the mass ratio of
nano particle to silica sol is 3%, other production processes
remain unchanged, the effect of the mass ratio of surface
modier to nanoparticles on the hydrophobicity of the coating
was investigated, the test results of contact angle and sliding
angle are shown in Fig. 2(B). As can be seen from Fig. 2(B), when
the mass ratio of HDTMS to nanoparticles is 1.5%, the contact
angle is 121� and the sliding angle is 58.3� and the super-
hydrophobic effect cannot be achieved. With the increase of
HDTMS content, the contact angle increases and the sliding
angle decreases. When the content of HDTMS is 4.5%, the
maximum contact angle is 168.3� and the sliding angle is 4.3�

lower. With the increase of HDTMS content, the stronger the
ability of nanoparticles to resist hydrophilic groups, the smaller
the surface energy and the stronger the hydrophobicity of the
coating. Aer adding HDTMS, the contact angle and sliding
angle remained stable, this is because the surface energy of the
surface is difficult to continue to decrease when it is low to
a certain extent, considering the economic and practical effects,
the mass ratio of HDTMS to nanoparticles is 4.5%.

The mass ratio of SiO2 to ZnO is 2 : 1, the mass ratio of
HDTMS to nanoparticles is 4.5%, and other processes remain
unchanged, the inuence of the mass ratio of nano particles to
silica sol on the hydrophobicity of the coating is explored. The
test results of contact angle and sliding angle are shown in
Fig. 2(C). As can be seen from Fig. 2(C). When the mass ratio of
nanoparticles to silica sol is 1%, the contact angle and sliding
angle are 168.2� and 3.2�. When the mass ratio of nanoparticles
to silica sol is 5%, the contact angle is 169.47� and the sliding
angle is 1.2�. At this stage, with the increase of the amount of
nanoparticles, the hydrophobicity of the coating becomes
better, this is due to the increase of nanoparticles, the structure
of a better rough structure. When the mass ratio of nano
particles to silica sol increases to 9%, the contact angle is 158.9�

and the sliding angle is 9.7� and the hydrophobicity of the
coating decreases, the reason is that the content of silica sol
decreases, resulting in a large number of nanoparticles cannot
adhere to the coating surface, and cannot create a better rough
structure, so the hydrophobicity of the coating decreases.
Fig. 4 FTIR spectra of different samples (A); possible reaction mechanis

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 3(e) and (g) shows SEM with 1%mass ratio of nanoparticles
to silica sol, and Fig. 3(f) and (h) shows SEM with a mass ratio of
9% between nanoparticles and silica sol. Compared with the
low power mirror (e and f), it can be found that the sample with
mass ratio of 1% adheres more coatings on the surface, so it has
better hydrophobicity.

3.1.2. Inuence of surface chemical composition and
morphology. The FTIR spectra of HDTMS, SiO2, ZnO and their
mixed modied nanoparticles are shown in Fig. 4(A). The
absorption peak arising in the spectrum of modied nano-
particles at 3353.05 cm�1 is attributed to stretching and
bending vibrations of hydroxyl or bridged hydroxyl groups as
a result of dissociation of a large number of water molecules on
the surface of nano-SiO2 and ZnO.31 In Fig. 4(A), spectral line a is
compared with spectral lines c and d, 2976.93 cm�1 and
2910.86 cm�1 is the stretching vibration peak of –CH3 and
–CH2, this indicates that HDTMS is successfully graed on
nanoparticles. The absorption peak at 1646.97 cm�1 is the water
content in potassium bromide. The peak at 1381.42 cm�1 is the
vibration generated by ester group (–COOR) radicals of
a coupling agent. Those at 1086.78 cm�1 and 1043.27 cm�1 are
brought by the anti-symmetric and symmetric contraction
vibrations of Si–O–Si bonds.32 Finally, the signature at
879.15 cm�1 refers to the contraction vibration of Zn–O bonds
that are formed by the dehydration reaction between HDTMS
hydrolyzed to Si–OH and –OH radicals on the SiO2 and ZnO
surfaces, as shown in Fig. 4(B).33

Fig. 5 SEM of pristine PCB surface, it can be seen from the
low power Fig. 5(a) that there are some rough structures
arranged disorderly on the surface of the pristine PCB, however,
in the high power Fig. 5(c), the surface is smooth and there is no
obvious rough structure, which indicates that the surface of the
untreated circuit board has no rough structure needed to
construct superhydrophobic surface. SEM of superhydrophobic
PCB surface (d–f), in the low power Fig. 5(d), it can be seen that
there are many synaptic nanoparticles on the surface of the
sample, which are densely and neatly arranged on the surface,
this is a micro–nano rough structure composed of hydro-
phobically modied nanoparticles added into the coating, in
the high power Fig. 5(f), there is still a rough structure of
nanometer scale. Compared with the two groups of micro-
graphs, it can be found that the surface of the circuit board
treated by superhydrophobic coating has a better rough
m of HDTMS modified nanoparticles (B).

RSC Adv., 2021, 11, 21862–21869 | 21865
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Fig. 5 SEM of pristine PCB surface (a–c); SEM of superhydrophobic PCB surface (d–f).
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structure, so it has a better hydrophobicity. It can be found from
Table 1 that the content of C, N, Si and Zn in the circuit board
treated by superhydrophobic coating is obviously increased,
especially Si and Zn, this is corresponding to the element
content of HDTMS used in the modication of nanoparticles,
which further indicates that the nanoparticles are successfully
mixed into the coating and the graing of HDTMS is successful.
3.2. Stability analysis

3.2.1. Corrosion resistance. Electronic equipment in the
process of using will encounter some harsh environment, such
as acid rain, sea water, etc., these bad factors will corrode the
circuit board, so the circuit board has good corrosion resistance
is very necessary. The samples were soaked in aqueous solu-
tions with different pH values or NaCl (3.5 wt%) aqueous
solutions, and then washed and dried with water at intervals.
The changes of surface wettability of the samples were recorded.
The wettability relationship of samples immersed in aqueous
solutions with different pH values for 12 h is shown in Fig. 6(A),
the wettability of the sample immersed in NaCl (3.5 wt%)
solution for different time is shown in Fig. 6(B), the Nyquist
plots of bare Cu samples, superhydrophobic samples and
Table 1 EDS comparison between pristine and superhydrophobic
PCB

Element wt%
PCB

Pristine
PCB

Superhydrophobic
PCB

C 53.49 59.46
N 03.05 04.65
O 09.94 04.37
Si 01.19 02.73
Zn 00.06 00.63

21866 | RSC Adv., 2021, 11, 21862–21869
superhydrophobic samples soaked in NaCl (3.5 wt%) solution
for different times are shown in Fig. 6(C).

It can be seen from Fig. 6(A), the dramatic changes in both
parameters are observed within the whole pH scale, particularly
in the strong acid (1–5) and alkali (9–12) ranges. However, even
aer 12 h of soaking in the aqueous solutions with pH values of
1 and 12, the contact angle can still reach the values of 153�–
154�, whereas the sliding angles may strongly deviate from the
references. In the case of pH 5–9, the contact angle is greater
than 150� and the sliding angle is less than 10�. Therefore,
coatings remain superhydrophobic and exhibit good resistance
to acids and alkalis at pH of 5–9, thus allowing the circuit
boards to be applied within this pH range.

Both wettability parameters were found to undergo drastic
changes with increasing soaking time in NaCl aqueous solu-
tions: whereas the contact angle decreased from 169.9� to
149.6�, the sliding angle rose from 2.2� to 34.5�. It can be seen
from Fig. 6(B) that the contact angle decreased by about 6� and
the sliding angle increased by 6� aer 48 h of soaking. Aer
144 h, the static contact angle was 152.3�, still achieving the
superhydrophobic effect, and the sliding angle increased to
29.8�. With the increase of time, Na+ and Cl� begin to destroy
the waterproof barrier of superhydrophobic coating, invade into
the coating, and then destroy the sample. On the whole, the
sample has good stability in NaCl aqueous solutions.

It can be seen from Fig. 6(C) that the charge transfer
impedance of the superhydrophobic sample is about 10 000
times that of the bare Cu sample, the results show that the
superhydrophobic coating has good corrosion resistance. With
the increase of immersion time in NaCl (3.5 wt%) aqueous
solutions, the charge transfer impedance of the sample
decreases, but it still has good corrosion resistance compared
with the bare Cu sample.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Wettability diagram of samples soaked in different pH aqueous solutions for 12 h (A); wettability of samples immersed in NaCl (3.5 wt%)
aqueous solutions for different time (B); Nyquist plots of different samples (C).
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The reason why the samples have good corrosion resistance
is that the superhydrophobic coating has low surface energy
and repels the solution. At the same time, air can be stored in
the surface of a nano-rough structure, forming an air layer, thus
protecting the circuit board from the exposure of other corro-
sive media. Since superhydrophobicity itself is the physical
barrier against NaCl aqueous solutions immersion. The syner-
gistic effect of the above three aspects enhanced the corrosion
resistance of the samples.

3.2.2. Wear resistance test of coating. The relationship
between friction times and wettability of samples is shown in
Fig. 7 Relationship between friction times and wettability of samples (A

© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 7(A) and (B) shows SEM aer 50 times wear of samples on
800 mesh sandpaper.

It can be seen from Fig. 7(A) that both the contact angle and
sliding angle noticeably vary within the entire friction time
range. The contact angle of the coating decreases with
increasing wear time. When the wear time reaches 40, the
contact angle is still at the expected level (151.47�), showing the
good superhydrophobicity. Fig. 7(B) shows the SEM of samples
with different magnication aer 50 times of friction. The
coating surface friction marks, a portion of the coating was off,
but still part of the coating is preserved, can be seen in Fig. 7
); SEM of the worn surface of the sample for 50 times (B).

RSC Adv., 2021, 11, 21862–21869 | 21867
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Fig. 8 Sample magnification 50 times.
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[B(d)] at high magnication is still has many nanoscale rough
structure, sample has good friction resistance.
3.3. Application analysis: mildew resistance and self
cleaning performance

The results of this sample under GB/T 2423.16-2008. It can be
found from Fig. 8 that no obvious long mildew was found under
50 times magnication, and the mould resistance level reached
grade 0, which indicated that the sample had good mildew
resistance. The surface layer of superhydrophobic coating is
composed of SiO2 and ZnO nanoparticles, when ZnO is in
contact with mildew, ZnO can produce Zn2+, which can
combine with organic matter in mildew, destroy its internal
structure, cause cell damage, and achieve antimildew effect.
This is the chemical mechanism of antimildew of samples. The
surface of superhydrophobic coating is micro–nano rough
structure, and the air can be stored in the micro–nano rough
structure to form an air layer, which can prevent mildew from
adhering to and immersing in the sample. This is the physical
mechanism of mildew resistance of the sample. The coopera-
tion of the above two mechanisms makes the samples have
good mildew resistance.

Fig. 9 shows the self-cleaning performance of the sample by
simulating dust with cement powder. The sample is tilted at 10�

and the water drops slowly from 1 cm away from the sample
surface through the dropper at the higher end of the sample. It
is found that the water droplets will automatically adhere to the
passing dust during the rolling process of the super-
hydrophobic PCB surface, so as to take away all the dust on the
path. The water droplets are dry and clean on the rolling path,
Fig. 9 Self cleaning properties of the superhydrophobic PCB as
compared with the pristine PCB. Cement soils were washed away by
the water droplets impacted onto the superhydrophobic PCB (a) and
wetted by the water droplets impacted to the pristine PCB (b).

21868 | RSC Adv., 2021, 11, 21862–21869
and there is neither residual dust nor adhesive water droplets,
showing a good self-cleaning effect. However, water droplets
will agglomerate with dust on the pristine PCB surface, which
cannot achieve the effect of self-cleaning.
4. Conclusions

The nano particles were modied by hexadecyl trimethox-
ysilane. The modied nano particles were compounded with
silica sol, and then prepared by one-step spray method SiO2 &
ZnO/silica sol composite superhydrophobic coating. The effects
of the mass ratio of SiO2 to ZnO, the mass ratio of surface
modier to nanoparticles, and the mass ratio of nanoparticles
to silica sol on the hydrophobicity of the coating were investi-
gated. The results show that when the mass ratio of SiO2 to ZnO
is 2 : 1, the mass ratio of surface modier to nanoparticles is
4.5%, and the mass ratio of nanoparticles to silica sol is 5%, the
superhydrophobic coating has the best hydrophobicity, the
contact angle can reach 169.47� and the sliding angle can reach
1.2�. The superhydrophobic coating has good mildew resis-
tance, corrosion resistance, friction resistance and self-cleaning
performance.
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