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Abstract Superhydrophobic and highly oleophobic sur-

face with micro-nanoscale binary structure (MNBS) was

fabricated on the glass substrates with nano-silica modified

by perfluoropolyether (PFPE) derivative. It was found that

the formation of the MNBS and the modification of nano-

silica by functionalized PFPE can be achieved simulta-

neously. The reaction time for preparing the fluorinated

silica from nano-silica and functionalized PFPE plays an

important role in the water and oil repellency of the

coating surface. The maximum static water contact angle

of this coating surface was 151.4� and its hysteresis was

2.9�, while for tetradecane it was 132.2� and 20.5�,

respectively. Furthermore, the thermal property of the

surface was also investigated. The main thermal weight

loss proceeded from 241.7 �C and the total weight loss of

the fluorinated silica was less than 30% even when heated

to 800 �C.

Introduction

In the past decades, researches on designing superhydro-

phobic (water contact angle (WCA) higher than 150�) and

oleophobic (oil contact angle higher than 90�) solid sur-

faces have been reported extensively due to the potential

applications of these artificial surfaces ranging from self-

cleaning (building exterior, windshields, and fabrics) to

surface friction reducing for microfluidic channels [1–4].

Superhydrophobic surfaces can be achieved by a com-

bination of low surface energy materials and surface micro-

and nano-structures [5–8]. In order to create a biomimetic

superhydrophobic surface, various approaches have been

proposed for the preparation of superhydrophobic surfaces

via the construction of an appropriate surface geometry

structure [9]. Most of the preparation methods involve

strict conditions (such as harsh chemical treatment), com-

plicated processing procedures, and the use of templates.

Recently, multistep procedures for preparing superhydro-

phobic films with dual-size hierarchical structure origi-

nated from silica particles have been reported [10, 11].

These methods include two key steps to achieve superhy-

drophobicity, the fabrication of micro-nanoscale binary

structure (MNBS) with silica particles and modification of

it by hydrophobic materials. For the sake of extending the

application of this technique to a more extensive field,

more scalable and achievable methods are desired.

For achieving superhydrophobicity and high oleophob-

icity, perfluoroalkyl chains (CnF2n?1, n = 8–10) and their

derivatives are the most favorable functional groups due to

their very low surface energies (less than 20 mJ/m2) [12].

However, recent studies suggest that molecules containing

perfluoroalkyl chain (CnF2n?1, n [ 8) are relatively lipo-

philic and can accumulate in wildlife and human body,

which result in a potential risk for human health and
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environmental concerns [13, 14]. Perfluoropolyether (PFPE)

materials exhibited low surface energy, low toxicity, high

chemical resistance, and thermal stability, which have

attracted increasing attentions for achieving superhydro-

phobic coatings [3, 15]. Paper sheets treated with PFPE-

modified polyurethanes were characterized by high water

and oil repellence [16]. Perfluoropolyether-based organic–

inorganic hybrids by sol–gel process as functional coatings

onto glass substrates were hydrophobic and oleophobic, but

the water contact angles and n-hexadecane contact angles

of the surface can only reach to 100–112� and 64–68�,

respectively [17, 18]. This result also indicated that

appropriate surface texture is crucial for achieving super-

hydrophobicity and high oleophobicity.

In this work, we wish to report a new coating material

with dual-size hierarchical structure which could be pre-

pared by modification of nano-silica particles with low

surface energy and low toxic chains PFPE via a simple

procedure. The formation of the MNBS and the modifica-

tion with functionalized perfluoropolyether were achieved

simultaneously. The superhydrophobic and highly oleo-

phobic surface was fabricated on the glass substrates. The

surface morphology was characterized by scanning elec-

tron microscopy (SEM) and atomic force microscopy

(AFM). The surface chemical composition was determined

by FT-IR spectra and X-ray photoelectron spectroscopy

(XPS) analyses. The wetting property of the coating sur-

face was determined by static and dynamic contact angle

measurements.

Experimental

Materials

All reagents and solvents were used as received or purified

using standard procedures [19]. Tetraethoxysilane (TEOS),

3-aminopropyltriethoxysilane (APS), and triethylamine

were purchased from Sinopharm Chemical Reagent Co.

Ltd. Acyl fluoride-end functionalized perfluoropolyether

(AF-PFPE) was obtained from Shanghai Institute of

Organic Chemistry, Chinese Academy of Sciences. The

molecular structure of the AF-PFPE can be represented

by the following formula: CF3CF2CF2OCF(CF3)CF2OCF

(CF3)COF.

Characterization

The structural and surface morphology of the coating on

glass substrate was characterized by a JSM-5600LV SEM

(JEOL, Japan). AFM was carried out by using a Nano-

Scope IV instrument (Veeco Instruments Inc, USA) to

determine the values of roughness factor (R, R = 1 ? Sdr,

Sdr is the ratio between the interfacial and projected areas)

[20]. Thermogravimetric (TG) analyses were carried out

under nitrogen atmosphere with a heating rate of 10 �C/

min by using a TG 209 F1 apparatus (Iris, Germany).

FT-IR spectra were recorded on a FT-IR spectrometer

(Avatar 380) using KBr crystal in the infrared region 4000–

600 cm-1.

To confirm the presence and the chemical composition

of the PFPE-modified nano-silica (PFPE-NS) coating sur-

face, the X-ray photoelectron spectroscopy (XPS) analysis

was carried out by using XPS spectroscope (XPS,

XSAM800, Kratos, UK) with a monochromatic Al Ka
X-ray source (1486.6 eV photons), operated at 180 W

(12 kV and 15 mA) and a pressure of 2 9 10-7 Pa. The

survey spectra and the detailed C1s spectra were obtained

at a photoelectron take-off angle (a, with respect to the

sample surface) of 20�.

The sessile drop method was used for static contact

angle measurements at ambient temperature with an auto-

matic video contact-angle testing apparatus (DataPhysics

OCA 40 apparatus, DataPhysics Instruments GmbH;

Germany). The probe liquids were water, n-tetradecane,

and n-dodecane. The average CA value was determined by

measuring three to five different positions of the same

sample with 5 lL of water and 3 lL of oil each time. The

CA hysteresis angle was calculated by hA - hR, where hA

is the advancing contact angle and hR is the receding

contact angle. The advancing and receding angle were

measured by the same instrument at ambient conditions.

Synthesis of PFPE-modified nano-silica particles

(Scheme 1)

The amino-functionalized silica nanoparticles with a

Z-average diameter of 105 nm were prepared according to

the Stöber method [10]. To a three-necked flask equipped

with a condenser and a dropping funnel was added a

mixture of absolute ethanol (200 mL) and ammonia (25%,

15 mL); after heating to 60 �C, TEOS (6 mL, 26.9 mmol)

was added dropwise with stirring and the mixture was

stirred at 60 �C for 5 h. Then a solution of APS (1.0 mL,

4.3 mmol) in ethanol (10 mL) was added dropwise. The

mixture was stirred at 60 �C for further 12 h under nitrogen

atmosphere. The precipitated nanoparticles were separated

by centrifugation and washed with ethanol three times. The

white powder was dried in vacuum at 50 �C for 16 h. The

existence of amino groups at the surface of silica nano-

particles was examined by the ninhydrin test [10, 21]. The

average particle size was measured on Zetasizer Nano ZS

Particle Sizer (Malvern Instruments Ltd., UK).

The modification of nano-silica particles with AF-PFPE

was conducted in a 50 mL three-necked flask in two

steps: (i) dispersing amino-functionalized nano-silica particles
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(0.1 g) in anhydrous Freon 113 (15 mL) by ultrasonic

vibration for 1 h; and (ii) adding triethylamine (0.2 g,

2 mmol) and AF-PFPE (1.0 g, 2 mmol) dropwise under

refluxing. PFPE-modified nano-silica (PFPE-NS 1 and 2) can

be obtained by controlling the reaction time as 2 and 12 h,

respectively. All of the products were separated by centrifu-

gation and washed with water and Freon 113 three times.

Preparation of coatings with PFPE-NS (1, 2)

Microscope glass substrates were cleaned in a boiling

Piranha solution, i.e., H2SO4 (98%): H2O2 (30%) = 7:3

(V/V), for 90 min and then rinsed with deionized water and

blown dry with nitrogen gas. The PFPE-NS (1, 2) dispersed

in Freon 113 by ultrasonic vibration was deposited on the

glass substrate by manual dip-coating. After a period of

30 min at room temperature under the ventilator hood,

samples were subjected to a thermal post-treatment at

120 �C for 2 h.

Results and discussion

Preparation of the PFPE-NS

In this work, we prepared the superhydrophobic coating

material by a simple procedure as shown in Scheme 1.

Firstly, the amino functionalized silica nanoparticles were

prepared according to the Stöber method. The size distri-

bution by number of the amino functionalized silica par-

ticles is shown in Fig. 1. It indicated that more than 70% of

particles are less than 100 nm in diameter. Then the

modification of the silica nanoparticles by PFPE chains

was conducted by the reaction of AF-PFPE and amino

functionalized silica particles in Freon 113 using triethyl-

amine as catalyst. PFPE-NS (1) and (2), with different

surface morphology, were obtained by controlling the

reaction time of modification as 2 and 12 h, respectively.

Chemical structures of the PFPE-modified silica

As shown in Fig. 2a, the characteristic absorption bands of

N–H (3340 cm-1) and C–H (2940 cm-1) indicated the

achievement of amino functionalization of the nano-silica.

The existences of amino groups were also confirmed by

Scheme 1 Preparation of

PFPE-NS (1 and 2)

Fig. 1 The size distribution by number of the amino-functionalized

silica particles
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positive results of ninhydrin test. The appearance of char-

acteristic absorption bands of C=O (1700 cm-1) and C–F

(1240 cm-1) for the PFPE-modified silica particles illus-

trated that the AF-PFPE has reacted with the amino groups

of nano-silica (Fig. 2b, c). The much weaker absorption

peak intensity of C=O (1700 cm-1) of PFPE-NS (1) than

that of PFPE-NS (2) suggests that less AF-PFPE has

reacted with amino nano-silica when the reaction time was

only 2 h.

The surface chemical composition of PFPE-NS (2)

coating was analyzed by XPS analysis. As shown in

Fig. 3a, Si 2s, Si 2p, C 1s, N 1s, O 1s, F 1s peaks were

detected at around 150, 100, 285, 400, 535, and 690 eV,

respectively. The C1s XPS high-resolution spectrum with

five subpeaks stands for five kinds of carbon bonds, shown

in Fig. 3b. The bands at 293.4, 292.0, 291.4, 288.7, 286.5,

and 285.0 eV are attributed to –CF3, –CF2, –CF, N–C=O,

C–O, and C–C, respectively [17, 22, 23].

The XPS quantification in atomic concentration has

been carried out taking into account the individual peak

areas and the corresponding atomic sensitivity factors

(ASF). The relative atomic concentration of i element (Ci)

can be calculated using the equation:

Ci ¼
Ii=ASFi
P

j

Ij

�
ASFj

ð1Þ

The ASF values provided here for Si 2p, C 1s, N 1s,

O 1s, and F 1s are 0.29, 0.25, 0.42, 0.66, and 1.00,

respectively. The calculated atom concentrations of F and

C in the outermost surface are 35.77 and 15.14%,

respectively. The atomic ratio of F/C is 2.36 which is

significantly higher than the corresponding bulk atomic

ratio (F/C, 1.4) of PFPE-NS (2), indicating a strong surface

enrichment of fluorine. Furthermore, the atomic ratio of

F/C (2.36) more than 2 means the CF3 side groups are

mainly oriented to the surface.

Surface morphology

The SEM images of PFPE-NS (1 and 2) are shown in

Fig. 4. As can be seen from Fig. 4a, the average diameter

of the PFPE-NS (1) is about 100 nm, which is coincident

with the data in Fig. 1. It can be found that the small silica

nanoparticles were coagulated to form micro-nanoscale

binary structure (MNBS) when the reaction time of mod-

ification is 12 h (Fig. 4b).

As shown in Fig. 5b, the AFM images of PFPE-NS (2)

coating also indicates that the MNBS was formed when the

reaction time was 12 h. The surface of each micro-scale or

sub-micro-scale protuberance is embedded with hundreds

of nano-scale particles. While PFPE-NS (1) coating has

only nano-structure as shown in Fig. 5a. This result

suggests that the fluorinating reaction time plays a signif-

icant role in the formation of MNBS. The silica in the

Fig. 2 FT-IR spectra of amino nano silica particle, PFPE-NS (1) and

(2). (a) amino nano silica particle; (b) PFPE-NS (1); (c) PFPE-NS (2)

Fig. 3 XPS spectra of the coating surface of PFPE-NS (2)
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nano-range has a tendency to undergo coagulation to form

large micron-sized aggregates in the reaction system. It is

probably that the coagulation of nano-silica caused the

formation of micro-scale or sub-micro-scale protuberances

when the reaction time is enough.

It is reported that even a material with the lowest surface

energy (6.7 mJ/m2 for a surface with regularly aligned

closest-hexagonal-packed –CF3 groups) gives a water

contact angle of only around 120� [24]. Yarosh et al.

[25] synthesized similar organofluorosilicon compounds

according to Scheme 2.

When the compound was used to treat specimens of

construction materials, the WCA was only 130�, which did

not achieve the superhydrophobic effect due to the lack of

roughness. So a proper surface roughness is necessary

for achieving higher hydrophobicity. In our work, the

introduction of the MNBS resulted in the WCA as 151.4�
and WCA hysteresis as only 2.9�. Furthermore, the

tetradecane and dodecane contact angle achieved to 132.2�
and 113.9�, respectively, which were much higher than

90�.

Surface wetting property

The water and oil contact angles and their hysteresis are

listed in Table 1. Compared with PFPE-NS (1) coating,

PFPE-NS (2) has much better water and oil repellency. The

measured roughness factor of PFPE-NS (2) by AFM

Fig. 4 SEM images of the

coating surfaces and photos of

water drops on the

corresponding samples, a PFPE-

NS (1), b PFPE-NS (2); Photos

of n-tetradecane drops on the

coating surfaces, c PFPE-NS

(1), d PFPE-NS (2)

Fig. 5 AFM images of the

coating surfaces of PFPE-NS

(1 and 2)

Scheme 2 Synthesis of organofluorosilicon
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analysis is 2.5, while that of PFPE-NS (1) is only 2.2. The

higher roughness is an important factor to achieve the

superhydrophobicity and oleophobicity. Qu et al. [26] also

obtained the superhydrophobic hybrid film surfaces based

on silica and fluoropolymer. They compared the surface

morphologies, roughness, and the wettability of the film

surfaces containing different structural silica particles and

their experimental data showed that the roughness factor of

a superhydrophobic coating should be higher than 2.4,

which is similar to our result.

The photos of water and oil drops on PFPE-NS (1) and

PFPE-NS (2) surfaces are shown in Fig. 4, as seen in the

inset of images a, b, and c, d. PFPE-NS (2) achieved not

only superhydrophobicity but also highly oleophobicity.

For the MNBS coating, air can be trapped in pore or nano-

gaps on pore walls at the films. In this case, Cassie presented

a model to describe the wettability as following [27]:

cos h� ¼ f1 cos h� f2 ð2Þ

where f is the ratio of the actual interface area to the

projected area and the subscripts 1 and 2 represent the

solid/liquid and air/liquid interface, respectively. The value

of f2 increases with the roughness of the interface. The h* is

the apparent contact angle for the rough surface, and h is

the intrinsic contact angle for a flat surface. Note that

f1 = 1 - f2, thus Eq. 2 can be rewritten as follows:

cos h� ¼ cos h� f2ð1þ cos hÞ ð3Þ

According to Eq. 3, when h is fixed, the value of h*

increases with f2, that is to say, the value of h* increases

with the roughness also. The experimental result of the

qualitative relationship between CA and the roughness of

PFPE-NS coating is in accordance with the theoretical

result from Eq. 3.

According to the analyses of the morphology and

chemical composition of the coating surface, more

AF-PFPE were grafted onto the nano-silica particles and

more micro- or submicro-scale structure were formed with

the increase of the reaction time, which further resulted in

the superhydrophobicity and high oleophobicity of PFPE-

NS (2). It should be pointed out that only one size of

particles was applied in this work, and furthermore, both

the formation of the MNBS and the modification with the

low free energy compound were achieved simultaneously.

Thermal stabilities of the amino functional and PFPE-

modified nano-silicas

The TG curves of the PFPE-NS (2) are shown in Fig. 6.

Thermal weight losses at different temperatures obtained

by using NETZSCH Proteus Thermal Analysis software

are summarized in Table 2.

Thermal weight loss below 100 �C represents the

desorption of free water or small molecules. As seen in

Table 2, the weight loss of the PFPE-modified nano-silica

at 100 �C is less than the amino functional one. The main

thermal weight loss of both samples occurred in the range

Fig. 6 TG curves of (a) amino functional nano silica, (b) PFPE-NS

(2)

Table 1 Static contact angles and their hysteresis with water (hH2O), n-dodecane (hDODE), and n-tetradecane (hTETRA) for the PFPE-NS surfaces

PFPE-NS Reaction time (h) Roughness factor hH2O (�) hTETRA (�) hDODE (�)

Static Hysteresis Static Hysteresis Static Hysteresis

(1) 2 2.2 127.6 10.8 56.9 38.1 9.6 Nonea

(2) 12 2.5 151.4 2.9 132.2 20.5 113.9 26.7

a The static CA is too small to measure the advancing and receding angle

Table 2 Thermal weight loss at different temperatures

Temperature

(�)

Amino functional

nano silica

PFPE-modified

nano silica

Weight loss (%) Weight loss (%)

100 3.17 1.94

200 4.84 3.68

300 6.34 13.65

400 9.31 23.13

600 14.04 28.63

800 15.30 29.92
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from 200 to 600 �C. The total weight loss of the PFPE-

modified nano-silica coating is less than 30% even after

heating to 800 �C. The decomposition onset temperature of

the amino functional silica is 294.9 �C, while the PFPE-

modified one is 241.7 �C. Although the decomposition

onset temperature of the PFPE-NS (2) is decreased slightly

for the introduction of imide group, it is still higher than

200 �C, which implies that PFPE-NS (2) is suitable for the

common application such as construction coating and

textile finishing.

Summary

In summary, a novel superhydrophobic and oleophobic

nano-composite was prepared. It was found that the MNBS

can be achieved via the coagulation of one size of nano-

silica. Thus the formation of the MNBS and the modifi-

cation with low free energy compound can be realized in

one step. In addition, it is worth noting that the low toxic

PFPE oligomer was applied as the fluorinating agent, rather

than the conventional but controversial long-chain per-

fluoroalkyl compounds. The results of this research may

be of considerable significance both as fundamental and

industrial guiding principles.
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