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ABSTRACT

To fabricate a superhydrophobic and durable coating, non-fluorine siloxane

solution for the coating was successfully synthesized via a facile one-pot

method. The wetting properties and morphology of coatings with different

concentration and adding time of additives were studied. Under condition of

low water content, the coatings’ superhydrophobicity was improved with the

increasing amount of ammonia content, water content, and low-surface-energy

material (HTMS) content. However, too more ammonia or water or HTMS

would sacrifice the coating’s integrality and lead to the cracking of it. The

obtained coatings showed good superhydrophobicity and anti-UV property on

plain and even curved substrates, including glass, metal, and polymer. Contact

angle and sliding angle of the coating could reach 158� and 1.8�, respectively.
What is more, coating on PET filter could be used for oil/water separation with

an efficiency of 80%.

Introduction

Superhydrophobic surfaces that exhibit very high

water contact angle (CA, greater than 150�) and very

low roll-off angle have received much attentions due

to their huge potential application in environment,

energy and biomedical fields [1, 2]. Among artificial

superhydrophobic coatings, those with durability

could be widely applied in self-clean or icephobic [3]

outdoor instruments’ coatings [4–6], anti-corrosion,

and anti-biological adhesion, etc. [7–10]. To date, a

great deal of effort has been made to fabricate

coatings, possessing the properties of superhy-

drophobicity and durability. Basically, hierarchical

surface structure and low-surface-energy materials

are both essential for the preparation of superhy-

drophobic surfaces [11–14]. Recent process [15] in

obtaining hierarchical structure contain template-

based techniques [16, 17], etching [18, 19], deposition

[20–22], electrospinning [23, 24], sol–gel [25–27], and

phase separation [28, 29], etc. Meanwhile, low-sur-

face-energy materials, such as fluoride, hydrophobic

polymer, and compounds with alkyl groups, have

been utilized to make surfaces more hydrophobic. In
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these studies, sol–gel techniques have been widely

used because of its mild operation situations without

extra post-treatments such as high-energy etching or

high-temperature calcination. In addition, the sur-

faces morphology can be easily controlled and coat-

ings’ properties can be enhanced with constituent

oxide materials during sol–gel process [30]. Never-

theless, the drawback of particles aggregation due to

high surface-energy in sol–gel technique has greatly

restricted its applications in the required fields [31].

To overcome this shortcoming, several approaches

have been developed, especially the kinetic reaction

controlling or introducing surface modifiers. How-

ever, many corresponding fabrication crafts are

unstable and complicated, and the guiding rules are

still unclear [32, 33].

In this study, we have obtained superhydrophobic

surfaces in a simple way with non-fluorine siloxanes

including tetraethyoxysilane (TEOS), 3-(methacry-

loyloxy) propyltrimethoxysilane (MPS, commercial

name: Silane A174), and hexadecyltrimethoxysilane

(HTMS). Herein, TEOS as precursor, and MPS as co-

precursor to improve the dispersion of formed par-

ticles, were first hydrolyzed into silanol with the help

of ammonia and gradually formed three-dimensional

silica network via dehydration condensation reaction.

And then HTMS containing three hydrolysable

methoxy groups and long-chain alkane, which

underwent hydrolysis and condensation reactions

with TEOS and MPS, further improved the roughness

of the surface and provided hydrophobic group for

the superhydrophobic coatings. The obtained modi-

fied silica sol was stable and could form superhy-

drophobic coatings with anti-UV property on

different kinds of substrates such as glass, metal, and

polymer. Contact angle and sliding angle of the

coating could reach 158� and 1.8�, respectively. What

is more, coating on PET filter could be used for oil/

water separation with an efficiency of 80%. None pre-

or post-treatment was required in the synthesis

process.

Experimental

Materials

Tetraethyoxysilane (TEOS, 99%), 3-(methacryloyloxy)

propyltrimethoxysilane (MPS, 99%), hexade-

cyltrimethoxysilane (HTMS, 99%), NH4OH (28%

NH3 in H2O), absolute ethanol (EtOH, AR), isopropyl

alcohol (IPA, AR) were purchased from Aladdin

Industrial Co., Ltd (Shanghai, China). All chemicals

were used as received without further purification.

PET nonwovens (50 g/cm2) were supplied by Baoji

Jiaxin Filter Materials Technologies Co., Ltd (Shaanxi,

China, commercial name: J50), and the other sub-

strates for superhydrophobic coatings were acquired

from supermarket. Deionized water was used in all

experiments.

Synthesis of organic–inorganic hybrid silica
sol

Organic–inorganic hybrid silica sol was synthesized

by a one-pot method, and the corresponding syn-

thetic route referencing to Stöber [34] method was as

follows: 1.663 g TEOS, 5 g H2O, and 45 g EtOH were

successively added under magnetic stirring into a

250-mL three-necked round-bottomed flask matched

with a condenser, and blended at 30 �C for 30 min.

The obtained solution was followed by the addition

of 1.167 g MPS dropwise and stirred for 1 h, after that

a given amount of ammonia was added and then the

mixed solution was stirred for another 4 h. Finally, a

solution containing 0.909 g HTMS, 4 mL IPA, and

2 mL EtOH was put into the reaction flask with

temperature raising to 75 �C for another 5-h hydrol-

ysis to obtain the modified silica sol for coatings.

Preparation of superhydrophobic surfaces

The obtained silica nano-sol was directly used to

form surface coatings on different kinds of substrates

like glass slide, metal, and polymer. The slide was

hydroxylation by plasma treatment, and all surfaces

were coated by means of self-leveling coating and

fiber by dip-coating. Obtained coatings were heated

and consolidated at 60 �C for 12 h. The following

related tests and characterizations are based on

slides.

Characterization

Water contact angle (CA) and sliding angle (SA) were

measured by contact angle measuring instrument

(JC2000D2, Shanghai Zhongchen Digital Technology

Co., Ltd). A water droplet of 5 lL was employed, and

each contact angle value was an average of five

measurements on different positions of the coating.
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Sliding angles were also measured five times for each

sample by tilting the coating until the droplet (5 lL)
began to slide. FTIR spectra of the samples were

recorded by a Bruker Tensor 27 FTIR spectropho-

tometer. Morphology of the coating surfaces was

investigated by using a Hitachi S3400N scanning

electron microscope (SEM) and Bruker Multimode 8

atom force microscope (AFM).

Results and discussion

Real-time study of wettability and
morphology of coatings on slides and FTIR
characterization

For real-time monitoring of the surfaces’ wetting

properties, modified silica sol were taken out from

time to time during the synthesis process and self-

level on slides and water contact angle and mor-

phology were studied. Figure 1 shows the change in

water contact angle with different HTMS adding

moments, and Fig. 2a–d shows the related coating

surfaces’ morphology characterized by means of SEM

and AFM. It can be evidently observed that water

contact angle significantly rose up from 51� to 158�
with the increase of HTMS adding time. Before

HTMS adding in (considered HTMS adding moment

as 0 and used negative abscissa to indicate moment

before HTMS adding in), the coating was hydrophilic

with a contact angle of 51� and the surface was not

rough enough with large sticky sphere particles

(Fig. 2a, a-1) due to severe aggregation, and the

corresponding coating’s root mean roughness (Rq)

was 93.5 nm. With the addition of HTMS, the long-

chain alkyl groups of HTMS improved the dispersion

of particles as well the hydrophobicity of the coating

and the contact angle was raised to 110�. As reaction

going on, the particles first became slightly smaller

and the corresponding coating’s roughness also

became slightly smaller with Rq of 73.9 nm (Fig. 2b,

b-1). After that, the small particles gradually packed

up (Fig. 2c, c-1) because of the condensation reaction,

as a result, the corresponding coating got rougher

with Rq of 133 nm. After adding HTMS for 5 h, a

kind of continuously hierarchical structure with

small roughness of 114 nm was obtained (Fig. 2d,

d-1), and hydrophobicity of coatings became

stable with almost constant contact angle at 158�.
Therefore, we believed that continuously hierarchical

structure was more conducive to the hydrophobicity

of coatings.

To further investigate the chemical structure, the

coating surfaces before and after HTMS adding were

characterized by FTIR, which is shown in Fig. 3. It is

observed that the strong absorption peak at

3452 cm-1 is attributed to the vibrations of –OH on

the sample of before HTMS adding, and it becomes

very weak on the sample after HTMS adding, which

indicates Si–OCH3 group was successfully hydro-

lyzed to Si–OH first and then condensed to Si–O–Si

[35, 36]. Besides, the characteristic peak centered at

2927.4 and 2856.1 cm-1 assigning to –CH3 and –CH2–

of HTMS could be found in the sample after HTMS

adding, while the peak at 1456 cm-1 corresponding

to the CH2 of HTMS becomes stronger after HTMS

adding in; meantime, that at 1384.6 cm-1 assigned to

CH3 of MPS gets weak. Therefore, the long-chain

alkane of HTMS was successfully covalently con-

nected to the Si–O–Si network.

Thus, the whole process could be schemed as in

Fig. 4. Before HTMS adding in, the coating was

hydrophilic with unresponsive –OH and methacry-

loxypropyl group of MPS on a not-so-rough surface.

Later, with HTMS adding in for appropriate reaction

time, many –OH groups were grafted by long-chain

alkane of HTMS, which leaded to good dispersion of

the sample and rough surface of the surface mor-

phology; thus, the coating got superhydrophobic.

Figure 1 Water contact angle and root mean roughness of

different HTMS adding time.
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Effects of ammonia, water, and HTMS
content on wettability and morphology
of coatings

In our study, we found that the wetting properties

and morphology of coatings changed with different

concentration of ammonia, water, and HTMS.

Considered study based on formulations of the

modified silica sol shown in Tables 1 and 2.

Under the catalysis of ammonia (base), the Si–OR

(R=CH3 OR CH2) was hydrolyzed and Si–OH was

generated; then, the hydrolyzed siloxanes collided

with each other and condensed into three-dimen-

sional network and further reunited into particles via

intermolecular force. As a result, gel or precipitate or

Figure 2 Morphology via

SEM of coatings with different

HTMS adding times of

a - 1.5 h; b 1 h; c 2.5 h;

d 5.5 h. Morphology via AFM

of coatings with different

HTMS adding times of a-1

- 1.5 h; b-1 1 h; c-1 2.5 h; d-

1 5.5 h. Consider HTMS

adding moment as 0.
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homogeneous modified silica sol could be formed

due to different reaction conditions [37]. The

hydrolysis rate increased as the catalyst concentration

increased, and the resulting three-dimensional net-

work got more highly cross-linked. Thus, polymers

became denser and particles packed more tightly to

form more hierarchical structure, which could be

observed though SEM morphology of the coatings

surfaces shown in Fig. 6a-1–4. Therefore, as ammonia

content increased, water contact angle of the coatings

increased obviously from 120� to 154� and water

sliding angle decreased significantly from 90� to 5�

(Fig. 5a). Water drops could easily roll down from

the surfaces. However, continuously increasing the

concentration of ammonia resulted in severe

agglomeration of the particles, which resulted in a

light decrease in coating’s water contact angle as well

as increase in sliding angle. What is worse, the coat-

ing became brittle and cracks were obvious on the

coating, which is shown in (Fig. 6a-4).

The change in water concentration had similar

influences on wettability and morphology of coating

surface. The water contact angle of coatings increased

slightly from 146� to 158� as water concentration

increased; meanwhile, the sliding angle decreased

significantly from 90� to 1.8�, which is shown in

Fig. 5b. Water concentration in this system was far

more excessive than theoretical value though it was

rather low (actual molar ratio of TEOS: MPS ?

HTMS: H2O = 1: (0.76–1.42): (20.8–48.6), theoretical

molar ratio of TEOS: MPS ? HTMS: H2O = 1:

(0.76–1.42): (6.28–4.26), considered that siloxanes

were totally hydrolyzed). Therefore, even the lowest

water concentration could meet the need of hydrol-

ysis. However, water concentration had a great

influence on surfaces morphology shown in Fig. 6b-

1–4. Dispersed rough particles with size of

3.12 ± 0.11 lm (measured by Image J, in Fig. 6b-1)

could be observed at first. As shown in Fig. 6b-2–4,

the particle size gradually decreased with the

increase in water content, which was 0.34 ± 0.04 lm,

0.26 ± 0.02 lm, 0.19 ± 0.02 lm, respectively, fur-

thermore, particles got closer and closer to form

Figure 3 FTIR of coating surfaces before and after HTMS

adding.

Figure 4 Schematic illustration of coating surfaces before and after HTMS adding.
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hierarchical structure instead of loose spherical

structure, which enabled the coatings to become

more water repellent with higher water contact angle

and lower sliding angle.

More importantly, the coatings surfaces’ wettabil-

ity and morphology were significantly affected by

HTMS content. HTMS contains three hydrolysable

methoxy groups and a long-chain alkane, which not

only improved the roughness (shown in Fig. 5c) of

the coating surface but provided hydrophobic group

for the superhydrophobic coatings. With more HTMS

addition, more –OH groups were grafted by long-

chain alkane of HTMS and the hierarchical structure

was constructed (Fig. 6c-1–4, Figure S1a–d); thus, the

coating surfaces became more hydrophobic with the

water contact angle increasing from 140� to 156.5�
and the sliding angle decreasing from 55� to 5.1�, as
shown in Fig. 5c. When the amount of HTMS was

small, the morphology of corresponding coating was

relatively flat (Fig. 6c-1, Figure S1a) with very small

roughness of 43.8 nm, and the contact angle was low.

With the increase in HTMS concentration, the hier-

archical structure became obvious and kept similar

morphology (Fig. 6c-2–3, Figure S1b–d) with a

Table 1 Formulation of

different modified silica sol Sample no. TEOS/g H2O/g EtOH/g NH3�H2O/ml MPS/g HTMS/g

1 1.663 5 45 1 1.167 0.909

2 1.663 5 45 1.5 1.167 0.909

3 1.663 5 45 2 1.167 0.909

4 1.663 5 45 2.5 1.167 0.909

5 1.663 5 45 3 1.167 0.909

6 1.663 5 45 2 1.167 0.4545

7 1.663 5 45 2 1.167 0.909

8 1.663 5 45 2 1.167 1.3635

9 1.663 5 45 2 1.167 1.818

10 1.663 5 45 2 1.167 2.2725

11 1.663 3 45 2 1.167 1.818

12 1.663 4 45 2 1.167 1.818

13 1.663 5 45 2 1.167 1.818

14 1.663 6 45 2 1.167 1.818

15 1.663 7 45 2 1.167 1.818

Table 2 Molar ratio of

different modified silica sola Sample no. TEOS/mol H2O/mol NH3�H2O/mol MPS/mol HTMS/mol

1 1 34.7 0.8 0.6 0.33

2 1 34.7 1.2 0.6 0.33

3 1 34.7 1.6 0.6 0.33

4 1 34.7 2 0.6 0.33

5 1 34.7 2.4 0.6 0.33

6 1 34.7 1.6 0.6 0.16

7 1 34.7 1.6 0.6 0.33

8 1 34.7 1.6 0.6 0.5

9 1 34.7 1.6 0.6 0.66

10 1 34.7 1.6 0.6 0.82

11 1 20.8 1.6 0.6 0.66

12 1 27.8 1.6 0.6 0.66

13 1 34.7 1.6 0.6 0.66

14 1 41.7 1.6 0.6 0.66

15 1 48.6 1.6 0.6 0.66

aConsider the molar mass of TEOS as 1 mol
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roughness of about 110 nm (Fig. 5c). As the amount

of HTMS further increasing, the roughness of the

surface obviously increased to 178 nm and the great

superhydrophobicity of coating was obtained. How-

ever, too more HTMS would lead to excessively

packed particles as large scale of particles are shown

in Fig. 6c-4, which directly led to crack of coatings.

Besides, as more –OH replaced by long-chain alkane

of HTMS, less –OH was left for bonding with sub-

strates; thus, the formed coating’s adhesion with

substrate was rather weak.

In conclusion, to obtain a rather good superhy-

drophobic coating, the feed molar ratio could be

TEOS/MPS/HTMS/H2O/NH3 = 1:0.6:0.66:41.7:0.6.

Effect of HTMS addition on durability
of the coatings

To study the effect of HTMS addition on durability of

the coatings, we employed UV exposure test and

water impact test to evaluate physical resistance and

acetic acid salt spray (AASS) test to evaluate coatings’

chemical resistance.

For UV exposure test, standard ISO 4892-3:2016

(Plastics—Methods of exposure to laboratory light

sources—Part 3: Fluorescent UV lamps) and a mul-

tifunctional device equipped with UV illumination,

condensation and water jet system were adopted,

which were used to evaluate humid environment

including heat, light, rain, and dew. Samples with

different HTMS content were tested. Exposure circle

was set as follows: samples were first radiated under

Figure 5 a–c Contact angle(CA)/sliding angle(SA) curve of different ammonia content, water content and HTMS content, respectively;

d contact angle(CA)/sliding angle(CA) with different HTMS content before and after UV exposure.
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UVA-340 nm for 8 h at 50 �C and then were impac-

ted by jet water under the same light at room tem-

perature for another 0.25 h and then were heated at

50 �C without exposure for 3.75 h. The whole test

lasted 10 circles. The contact angle of coatings before

and after exposure (Fig. 5d) was measured. After UV

exposure, the contact angles of coatings with differ-

ent HTMS content all decreased slightly. However,

these coatings still remained good hydrophobicity

with CA[ 135�. For coating without HTMS, the

contact angle also decreased, but both were below 60�
before and after UV exposure.

For water impact test, we employed a set of

experimental device according to GB/T 10299-2011.

The photograph of the device is shown in Figure S2.

The sample was placed at a tilted angle of 45 o, and

the sprayer was adjusted just above the coating. The

water flow was stabilized at 100 L/h. Each coating

sample was sprayed for continuous 5 h. After t, the

coating was dried at 40 �C for 2 h; then, the contact

Figure 6 (a-1–4) Morphology via SEM of coatings with ammo-

nia content (mass ratio) of 1.65, 3.24, 4.07, 4.78%, respectively;

(b-1–4) morphology via SEM of coatings with water content

(mass ratio) of 6.5, 8.0, 9.5, 11.0%, respectively; (c-1–4)

morphology via SEM of coatings with HTMS content (mass

ratio) of 0.7, 1.4, 2.1, 3.5%, respectively.
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angle and the sliding angle of the coating were

measured. For chemical resistance test, acetic acid

salt spray (AASS) test (pH = 3) and base resistance

test (pH = 14) were adopted. For acetic acid salt

spray (AASS) test, ISO 9227:2017 (corrosion tests in

artificial atmospheres—salt spray tests) was

employed. Coatings were placed at a tilted angle of

60�, and acetic acid salt spray fell free onto the surface

of the coatings for continuous 48 h. For base test,

coatings were drawn in NaOH solution (pH = 14) for

5 h. The contact angle and sliding angle of the coating

before and after test were measured. As shown in

Fig. 7, even coatings suffered from water impact,

acetic acid salt spray, and base for a long time, those

with high content of HTMS still exhibit good super-

hydrophobicity, and the corresponding CA and SA

changed slightly, indicating that HTMS could

improve superhydrophobicity and the obtained

coating might have a considerable durability when

used in natural environment.

In order to further study the coating’s abrasion

resistance, a 1000-grit sandpaper was used. The

sandpaper was placed on a horizontal tabletop, and

the coating was brought into contact with the sand-

paper. A 100-g weight was superimposed on the

coating. The coating was pushed evenly in one

direction for 50 cm and then was pushed in the ver-

tical direction for another 50 cm. The total travel

distance of the coating is 1 m. After abrasion, the

water contact angle of the coating decreased to 130�
(Fig. 8), which indicated that the coating’s resistance

to severe abrasion was not strong enough.

Figure 7 Contact angle (CA)/sliding angle (SA) before and after

salt spray test/water impact test.

Figure 8 Contact angle (CA) after sandpaper abrasion for 1 m.

Figure 9 Contact angle/sliding angle/separation efficiency

change with the number of separation cycle.

Table 3 Contact angle and sliding angle of coatings on different

substrates

substrates Contact angle/� Sliding angle/�

Slidesa 158 1.8

Tin foil paper 145 5

Tape (outer surface) 140 7

PET filter 149 2

Beaker (curved surface)b – 1.6

Steel spoon (curved surface)b – 1.7

aThe best data of slides samples in this study; bthe curved surfaces’

contact angle is not important in this study, so we did not do the

test
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Wettability of coatings on other substrates

We also found that the modified silica sol could form

superhydrophobic coatings on other substrates, and

except for plain surfaces, superhydrophobicity

worked well on curved surfaces, either. As shown in

Fig. 9, superhydrophobicity worked well on both

plain and curved surfaces with high contact angle

and very low sliding angle, which is given in Table 3.

(For corresponding videos, see supplementary 1–5.)

In addition, PET filter with superhydrophobic

coating could be used to separate oil and water. In

this study, we have tested its separation effect with

olive oil and blue ink. The filter is put on a beaker

mouth, 2.5 ml olive oil and 2.5 ml blue ink together

are mixed and stirred for 30 s, and then the mixture is

dripped onto the filter drop by drop. After 10 s, olive

oil started to penetrate the filter and fell into the

beaker. (For corresponding process, see supplemen-

tary 6.) The oil/water separation test was repeated

for 21 times, and the contact angle, sliding angle, and

separation efficiency were measured and calculated

every four times. As shown in Fig. 9, after 21 cycles,

the filter remained good hydrophobicity with CA of

132� and SA of 7�, and the separation efficiency

decreased from 88 to 68%, indicating that the coated

filter had a considerable recyclability. Appearances of

olive oil before and after separation are shown in

Fig. 10f.

Conclusions

In this work, a one-pot organic–inorganic hybrid

modified silica sol and its coating with superhy-

drophobicity and chemical and UV resistance were

successfully fabricated in a simple way. The modified

silica sol could be self-leveling-coated or dip-coated

on plain and curved surfaces of different substrates

such as glass, metal, and polymer to form superhy-

drophobic coatings with a contact angle and a sliding

angle of 158� and 1.8�, respectively. In addition, PET

filter with this coating could be used to separate oil

and water with a separation efficiency of 80%. The

sol–gel process was studied. Under condition of low

water content, the coatings’ superhydrophobicity

became better when the ammonia content, water

content, and low-surface-energy material (HTMS)

content were increased. However, too more ammonia

or water or HTMS would sacrifice the coating’s

integrality and lead to the cracking of it.
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