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Abstract Compared to superhydrophobic surfaces, su-

peramphiphobic surfaces possess more potential applica-

tions but are difficult to fabricate. Herein, to address this

problem, we describe a simple method to fabricate a su-

peramphiphobic surface based on a CNTs–SiO2 hybrid

material. The CNTs–SiO2 hybrid material obtained by a

sol–gel approach was sprayed onto glass slides to form

coatings. After surface fluorination, the sprayed coating

displayed superamphiphobicity toward water and a number

of organic liquids, such as dodecane. It was found that the

time of fluorination slightly influenced the surface wetta-

bility of the sprayed coating. We also investigated the role

of CNTs and SiO2 on superamphiphobicity establishment

separately, and such information allowed us to engineer

surfaces with specific wettability.

1 Introduction

Recently, superamphiphobic surfaces have immensely

generated commercial and academic interest for a diverse

array of applications, including nonfouling surfaces, self-

cleaning surfaces, stain-free clothing and antifreezing

coatings [1–5]. However, superamphiphobic surfaces are

difficult to fabricate, which involve selection of a suitable

surface chemistry to minimize the solid-surface energy

and optimal choice of the surface texture [6–8]. Fluoro-

polymer/fluorocarbon materials possess one of the lowest

surface energies available, which make such coatings

attractive for self-cleaning surfaces. Appropriately geo-

metrical shape is also critical in establishing superamp-

hiphobicity. Herein, some special structures, such as the

re-entrant geometry or overhanging architecture [9, 10],

have to be introduced to achieve superamphiphobicity.

Until now, various research groups have tried to design

superamphiphobic surfaces using the methods of elec-

trospinning, spray-coating, sol–gel methods, etching

methods, and so on [11–16]. However, some of the used

methods are either time-consuming or laborious, while

others require special materials to realize superamphip-

hobicity, which greatly limit the practical applications of

superamphiphobic surfaces. Thus, creating of superam-

phiphobic surfaces by a simple and timesaving method

becomes the urgent demand and will greatly advance the

applications of superamphiphobicity.

In this study, we develop a facile method to fabricate a

superamphiphobic surface based on a CNTs–SiO2 hybrid

material, and the designing strategy is shown in Fig. 1. The

CNTs–SiO2 suspension was sprayed onto glass slides to

form coatings, and after surface fluorination, the coatings

displayed superamphiphobicity toward water and several

organic liquids possessing much lower surface tension than

that of water, such as dodecane. The whole fabrication

procedure was fairly easy to be carried out and can

be applied to scalable production of superamphiphobic

surfaces. Moreover, tunable surface wettability can be

achieved by spray-coating with varied materials. This study
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is expected to provide a new avenue for the basic research

as well as real applications.

2 Experimental

2.1 Materials

Hydroxylic MWCNTs (30–50 nm in diameter and 50 lm

in length, purity [95 wt %) were purchased from

Chenguang Research Institute of Chemical Industry

(Chengdu, China), and the content of hydroxyl group was

1.06 wt %, which was obtained by the chemical oxidation

of raw MWCNTs. Both tetraethyl orthosilicate (TEOS) and

1H, 1H, 2H, 2H-perfluorooctyltrichlorosilane (PFOTS)

were purchased from Sigma-Aldrich. Ammonia aqueous

solution (25 wt %) was provided by Kaitong Chemical

Reagents Company (Tianjin), and ethanol was obtained

from Xilong Chemical Industry Company.

2.2 Preparation of the SiO2-CNTs hybrid material

The preparation of our SiO2-CNTs hybrid material was

carried out as follows. 1 g of hydroxyl MWCNTs was

ultrasonically dispersed into 100 mL of ethanol to form a

homogeneous dispersion, and 5 mL of ammonia aqueous

solution (25 wt %) was added dropwise to the above

mixture under magnetic stirring. Subsequently, a 27.5 mL

mixture of TEOS and ethanol (volume ratio 1:10) was

added dropwise to the CNTs suspension. Finally, we

obtained the product that we had expected after the mixture

was kept stirring at room temperature for 12 h.

2.3 Fabrication of the hybrid surface

using spray-coating and fluorination

The obtained SiO2-CNTs suspension was dispersed for

30 min by an ultrasonic bath, and then sprayed onto clean

glass slides (we used columnar copper substrates on mea-

surement of the surface morphology) using a spray gun

(Shanghai, Lotus brand, no. 1) with 0.2 MPa nitrogen gas

at room temperature. Subsequently, we placed the coatings

into vacuum drying oven for 5 min (at 20 �C). After being

taken out, the samples were fluorinated using CVD tech-

nique in airtight glass case that abounded with PFOTS gas.

We obtained the resultant surface after placement in vac-

uum drying oven for 5 min (at 80 �C).

2.4 Characterization

The surface morphology of the coating was investigated

using a field-emission scanning electron microscopy (JEOL

JSM–6701F FESEM), and the structural image of the

hybrid material was observed with a transmission electron

microscopy (FEI Tecnai F30 TEM). Fourier transform

infrared spectrometer (FTIR, IFS66V/S, Bruker) was used

to study the possible groups on the as-prepared material.

The contact angles (CAs) and sliding angles (SAs) of water

and several organic liquids on the surface were measured

using a KRÜSS DSA 100 (KRÜSS) apparatus by injecting

10 mL of certain probing liquid onto the sample. The

average values of contact angle (CA) and sliding angle

(SA) were achieved by measuring the same sample at five

different positions. The chemical composition information

of the surface was acquired by X-ray photoelectron

Fig. 1 Schematic illustration

showing the method of

fabrication of

superamphiphobic surface

Fig. 2 FTIR spectra of three materials: pure CNTs, CNTs–SiO2

hybrid material and pure SiO2
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spectroscopy (XPS), which was carried out on a VGES-

CALAB210 X-ray photoelectron spectrometer.

3 Results and discussion

Figure 2 shows the FTIR spectra of CNTs, CNTs–SiO2

hybrid material, and SiO2. It can be seen that the charac-

teristic peaks of CNTs are still observed after coating with

SiO2 and have no chemical shifts. The characteristic peaks

of SiO2 in the CNTs–SiO2 hybrid material are identical to

characteristic peaks of SiO2. These results indicate that

there is no chemical bond between CNTs and SiO2 in the

CNTs–SiO2 hybrid material.

Figure 3a, b shows FESEM images of the sprayed SiO2-

CNTs coating surface. It can be seen that a number of

microscale protrusions are distributed on the surface (see

Fig. 3a). CNTs wrapped around with SiO2 coating and its

particles are exposed outside the coating surface, further

increasing the surface roughness, as shown in Fig. 3b, c.

Moreover, mass of pores are distributed among the

protrusions, which can dramatically increase the trapped air

within the grooves, and thus is beneficial to establish solid–

liquid–air interface [17, 18]. The main reason for the

resulting special structure is that the solvent is rapidly

evaporated and the concentration of the suspension quickly

increases when the SiO2–CNTs suspension is sprayed onto

a certain substrate [19]. There is no observable change in

the surface structure after modification with fluorosilane by

CVD (see Fig. S1.). After surface fluorination, the peak for

F1s was detected at 689.0 eV (see Fig. 2d), and XPS

analysis demonstrated that the content of fluorine is up to

36.19 %. This high concentration of fluorine, when com-

bined with the rough textures, results in the CNTs–SiO2

coating with superamphiphobicity.

The superamphiphobicity of the coating is highlighted in

Fig. 4a, b. Water and hexadecane exhibit a spherical shape

on the surface and easily roll off. Moreover, the bright and

reflective surface visible underneath the liquid droplets is a

signature of trapped air and the establishment of composite

solid–liquid–air interfaces [20]. The formation of the

Cassie–Baxter state enhances superamphiphobicity by

Fig. 3 FESEM images of the sprayed SiO2–CNTs coating surface at a low and b high magnifications, respectively, c TEM image of the SiO2–

CNTs hybrid material, d XPS spectrum of the CNTs–SiO2 coating surface after fluorination
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promoting high apparent CA and low SA. As shown in

Table 1, all the probing liquids exhibited a high CA and

low SA on the surface. The superamphiphobic property of

the surface can be persevered longer than 3 months without

obvious changes, indicating the good long-term stability of

the surface. Moreover, it was found that the fluorination

time influenced the surface wettability slightly. As shown

in Fig. 4c, the values of CAs and SAs for water and

hexadecane change slightly as the fluoration time varying

from 2 to 11 min.

To further investigate the influence of CNTs and SiO2

on the superamphiphobic establishment separately, the

pure CNTs coating and the pure SiO2 nanoparticles (circa

50 nm) coating were fabricated by spray-coating (see

supporting information for details). After surface fluorina-

tion, the pure CNTs coating displayed superhydrophobicity

and superoleophilicity with hexadecane, that is, CAs of

165.1� and 0� with water and hexadecane, respectively. As

for the fluorinated SiO2 nanoparticles coating, it exhibited

superhydrophobicity (151.1�) and oleophobicity (106.4�)

with hexadecane. As shown in Fig. 5, the surface texture of

the fluorinated pure CNTs (Fig. 5a, b) and SiO2 nanopar-

ticles coatings (Fig. 5c, d) is much smoother and lacks

pores that can trap air in them, when compared to CNTs–

SiO2 coating.

It should be noted that the trapped air can decrease

the contact area between the surface and the contact

liquid and thus is beneficial to superamphiphobicity

establishment. Therefore, surface texture composed of

pure CNTs or pure SiO2 nanoparticles could not form

superamphiphobicity, which is the synergistic action of

CNTs and pure SiO2 that play a key role in establishing

superamphiphobicity.

In this experiment, the mass ratios of CNTs and TEOS

have a great effect on the wettability of the superamphi-

phobic coating. As shown in Fig. 6, the anti-wettability of

water and hexadecane on the surface significantly increase

when the mass ratios of CNTs and TEOS are in the range

from 0 to 0.4. However, once the ratios are larger than 0.4,

the CAs for water and hexadecane begin to decline. Dif-

ferently, the CA for water is gradually stabilized but

always larger than 160� and the CA for hexadecane is

decreased at all times, which finally becomes 0� as the only

CNTs, i.e., superoleophilicity. Therefore, the optimum

mass ratio of CNTs and TEOS (0.4) is chosen as the

experimental advisement. Herein, the wettability of the

resultant surface with different mass ratio of CNTs and

TEOS is relevant to the corresponding surface morphology,

which could be considered as the Cassie or Wenzel model.

According to the relation of the mass ratios and the CAs,

the crucial status of SiO2 nanoparticles and CNTs on the

superamphiphobic surface can be further approved.

4 Conclusions

We developed a facile method to fabricate a superamphi-

phobic coating by spraying CNTs–SiO2 hybrid material

followed by surface fluorination. Water and a number of

extremely low surface tension liquids, such as hexadecane,

displayed typical spherical shapes on the coating and could

roll off the coating easily. It is found that the fluorination

Fig. 4 a The CA and SA profiles of water and hexadecane droplets,

b optical images of water, glycerol, ethylene glycol, rapeseed oil,

hexadecane, and dodecane droplets placed on the superamphiphobic

coating surface, c the relationship between the time of fluorination

and the values of CAs and SAs of water and hexadecane

Table 1 The CAs and SAs of water and organic liquids with dif-

ferent surface tensions on the superamphiphobic surface

Liquid Surface tension (mN m-1) CA (�) SA (�)

Water 72.1 167.6 1.6

Glycerol 63.6 165.2 2.6

Ethylene glycol 48.4 164.0 2.8

Rapeseed oil 35.7 163.7 3.7

Hexadecane 27.5 163.6 7.9

Dodecane 25.3 162.6 26.7
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time affects the surface wettability slightly. Separate

experiments show that surface texture composed of pure

CNTs or pure SiO2 nanoparticles cannot achieve

superamphiphobicity after surface fluorination. This study

provides a key addition to the functional superamphiphobic

materials.
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