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Biomimetic Super Anti-Wetting 
Coatings from Natural Materials: 
Superamphiphobic Coatings Based 
on Nanoclays
Jie Dong1,2 & Junping Zhang   1

Superamphiphobic coatings (SAPCs) that resist wetting of water and low-surface-tension liquids have 
generated widespread attention in academia, but are very challenging to invent. Liquid adhesion, low 
stability, complicated and expensive preparation methods are the typical characteristics of SAPCs, 
which seriously hinder real-world applications of SAPCs. Here, we report a comprehensive study about 
preparation of SAPCs from abundant nanoclays with fibrous, plate-like and porous microstructures. 
The SAPCs are prepared simply by hydrolytic condensation of silanes in the presence of nanoclays, 
followed by spray-coating the as-formed suspensions onto substrates. The SAPCs feature high 
superamphiphobicity for various liquids down to a surface tension of 23.8 mN m−1 (n-decane), and 
high mechanical, chemical and thermal stability. The superamphiphobicity and stability depend 
on microscale and nanoscale surface morphology of the coatings, which are controllable by the 
microstructures of nanoclays and their acid activation. The fibrous nanoclays with moderate aspect 
ratio like palygorskite are the most suitable building blocks for the preparation of SAPCs by effectively 
forming the reentrant surface morphology. We believe that the findings will promote the progress of 
SAPCs, and pave the way for the development of clay-based super anti-wetting coatings.

Superamphiphobic coatings (SAPCs) that resist wetting of water and low-surface-tension liquids are of great 
interest in academia and industry1–3. However, different from superhydrophobic coatings, preparation of SAPCs 
is very challenging owing to the very low surface tension of some liquids, for example, n-decane (23.8 mN m−1) in 
contrast with water (72.8 mN m−1)4–7. Combining a microstructured surface and a low-surface-energy material 
is difficult to form SAPCs, especially those with low sliding angles (SAs)8–10. The interaction between the coatings 
and the liquids should be sufficiently weak in order to have low SAs for such liquids11. So far, only a few groups 
have reported SAPCs that organic liquids could fall down with low SAs by designing special surface morphology 
(e.g., reentrant structure, overhang structure and silicone nanofilaments) and by using fluoroPOSS with very 
low surface energy11–14. Tuteja et al. demonstrated that the combination of reentrant structure and fluoroPOSS 
could form extremely non-wetting surfaces to water and organic liquids12,15. Liu et al. designed doubly reentrant 
structures in order to prepare SAPCs superrepellent to completely wetting liquids16. However, the low mechan-
ical stability of most SAPCs is a key issue in the field17,18. Also, the methods for preparation of SAPCs are often 
complicated and expensive, which limits their applications. So, we invented mechanically durable and self-healing 
SAPCs using nanorod-like palygorskite (PAL)18.

Clay-based super anti-wetting coatings, superhydrophobic or superamphiphobic, are receiving growing atten-
tion since 201318–20. Different from most of the reported super anti-wetting coatings, the micro-/nanostructures 
of the clay-based ones are built with natural nanomaterials21. Clays are natural nanomaterials with diverse micro-
structures22, such as nano-platelets and nanofibers, and thus are ideal building blocks for constructing micro-/
nanostructures of super anti-wetting coatings23,24. Also, clays have many advantages like abundant in nature, 
low cost and environmentally friendly22. There are many kinds of clays on the earth, such as kaolin25, mont-
morillonite (MMT)26, PAL27, sepiolite28 and mica29. Clays have been widely used in various fields, e.g., polymer 
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reinforcement30,31, superabsorbent composites32, dye adsorption28, tissue regeneration33 and so on. We have pre-
pared superhydrophobic coatings in 201319 and SAPCs in 201618 using PAL and other clays, and given a pri-
mary study about the influence of clays. Qu et al. prepared superhydrophobic, superoleophobic/superhydrophilic 
and superamphiphobic materials from kaolin34. Inspired by the famous Maya Blue, we also prepared colorful 
super anti-wetting coatings using PAL23,24,35. Although encouraging results have been obtained, clay-based super 
anti-wetting coatings are in their infant state. There are a lot of scientific questions remained to be answered in 
the field. For example, which type of clay or which one is the most suitable for preparation of super anti-wetting 
coatings? How do the microstructures and physicochemical properties of clays affect the properties and stabil-
ity of these super anti-wetting surfaces? Can modification of clays improve comprehensive properties of super 
anti-wetting coatings? The answers to these questions will pave the way for the development of clay-based super 
anti-wetting surfaces.

Here, we report a comprehensive study about preparation of SAPCs from abundant nanoclays with fibrous, 
plate-like and porous microstructures. Fifteen kinds of clays, such as PAL, MMT and diatomite, with different 
microstructures and physicochemical properties were studied. The fibrous clays are superior to the plate-like and 
porous ones in forming SAPCs. The SAPCs based on fibrous clays feature high superamphiphobicity for various 
liquids down to a surface tension of 23.8 mN m−1 (n-decane), and high mechanical, chemical and environmental 
stability. The superamphiphobicity and stability depend on microscale and nanoscale surface morphology of the 
coatings, which are controllable by the microstructures of nanoclays and their acid activation.

Results
Preparation of Clay@fluoroPOS suspensions and SAPCs.  The clay-based SAPCs are prepared by the 
combination of 1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PFDTES), tetraethoxysilane (TEOS) and clays 
with various microstructures and physicochemical properties (Fig. 1). By a modified Stöber method, the clays 
were successfully modified with polymerized perfluoroalkylsilane (fluoroPOS) via hydrolytic condensation of 
PFDTES and TEOS36. Catalyzed by ammonia, hydrolytic condensation of PFDTES and TEOS happened on the 
surface of clays in the ethanol aqueous solutions by formation of the Si-O-Si bonds between clays and fluoro-
POS (Supplementary Fig. S1). In this way, the clay@fluoroPOS suspensions were obtained. The clay@fluoroPOS 
SAPCs were readily prepared by spray-coating the suspensions onto glass slides.

The FTIR spectra of three representative clays and the corresponding clay@fluoroPOS coatings are shown in 
Supplementary Fig. S1. In the spectra of PAL, Ca2+-MMT and kaolinite, the bands at 3400–3700 cm−1 are attrib-
uted to stretching vibration of the -OH groups. After modification with PFDTES and TEOS, the absorption bands 
of the C-F groups appeared at 1210 and 1215 cm−1 in the spectra of PAL@fluoroPOS, Ca2+-MMT@fluoroPOS 
and kaolinite@fluoroPOS37. The bands at 1032–1036 cm−1 are attributed to stretching vibration of the Si-O groups 
of clays, and the Si-O-Si bonds between clays and fluoroPOS. The bands at 1148–1150 cm−1 are attributed to the 
silsesquioxane of fluoroPOS. In addition, the bands attributed to the -OCH2CH3 groups of PFDTES and TEOS 
were not detected. These results indicate complete hydrolysis of silanes and formation of clay@fluoroPOS.

Effect of Clays on superamphiphobicity.  Similar to steel reinforced concrete, clays act as the skeleton of 
the clay@fluoroPOS coatings. Thus, the microstructure of clays has a great influence on superamphiphobicity of 
the coatings. Fifteen kinds of clays were used to prepare the clay@fluoroPOS coatings (Supplementary Table S1). 
n-Decane (5 μL) was used as the probe liquid to show the difference in superamphiphobicity among the coatings, 
as no difference could be seen if water was used. Water drops have very high contact angles (CAwater > 160°) and 
low SAwater (<3°) on the surfaces of all the coatings. Table 1 listed the CAn-decane and the SAn-decane of the clay@
fluoroPOS coatings.

According to their microstructure, the clays in Table 1 can be divided into the following categories: (1) fibrous 
clays including PAL, sepiolite and halloysite; (2) platelet-like clays including but not limited to MMT, kaolinite, 

Figure 1.  Preparation of the SAPCs. Schematic illustration for preparation of SAPCs from clays with fibrous, 
plate-like and porous microstructures.
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vermiculite, mica and rectorite; (3) porous ones like diatomite. According to the results of extensive experiments, 
the coatings from fibrous clays show higher superamphiphobicity than the coatings from platelet-like clays. On all 
the coatings from fibrous clays, the n-decane drops are in the Cassie-Baxter state. The superamphiphobicity of the 
diatomite@fluoroPOS coating is higher than all the coatings in Table 1 expect for the PAL@fluoroPOS coating. 
The difference in superamphiphobicity is closely related to surface morphology of the coatings originating from 
the microstructure of the clays (Fig. 2). The fibrous clays and porous diatomite are helpful in forming coatings 
with reentrant surface morphology, therefore resulting in coatings with higher superamphiphobicity than those 
from platelet-like clays (Fig. 1).

For the coatings from fibrous clays, the PAL@fluoroPOS coating has a CAn-decane of 153.6° and a SAn-decane of 
14.8°. However, the n-decane drops cannot roll off the coatings based on halloysite and sepiolite until the coatings 
were tilted up to 36.3° and 39.3°, respectively. This is owing to the differences in length and diameter of these 
fibrous clays. The PAL nanorods are 300–800 nm in length and 20–50 nm in diameter (Fig. 2a–c). Some of the 
PAL nanorods exist as crystal bundles or aggregates owing to the strong hydrogen bonding and Van der Waals’ 
interaction among them27. Halloysite is in the form of short nanotubes 100–500 nm in length and 50–150 nm in 
diameter (Fig. 2d–f). Sepiolite nanofibers 1–5 μm in length and 10–50 nm in diameter exist as bundles (Fig. 2g–i). 
The fibrous clay with moderate aspect ratio results in SAPCs with lower SAn-decane by forming better reentrant 
surface morphology. The aspect ratio of halloysite nanotubes is too small, whereas the sepiolite nanofibers are 
flexible owing to the very high aspect ratio.

For the coatings from platelet-like clays, only the coatings based on illite, Ca2+-MMT and white mica have the 
CAn-decane around 150°, and the n-decane drops can roll off the coatings but the SAn-decane are very high (40–60°). 
The CAn-decane of the coatings from kaolinite, rectorite, Li+-MMT, Laponite RD and Na+-MMT are lower, and the 
n-decane drops adhere stably to the coatings even the coatings were turned 180°. This means the n-decane drops 
on the surface of the coatings are in the Wenzel state. The difference in the superamphiphobicity is owing to the 
diversity in microstructure of the platelet-like clays. Illite contains ribbon-like platelets with varied aspect ratio 
and nanoparticles 20–50 nm in size (Fig. 2j–l). The morphology of illite is more close to the fibrous clays than 
the others. Kaolinite is composed of platelets 0.3–1.2 μm in size (Fig. 2m–o). The morphology of rectorite is very 
similar to that of kaolinite, but the platelets are bigger (Fig. 2p–r). Na+-MMT is composed of slightly curly plate-
lets stacking together (Fig. 2s–u). In the case of vermiculite, black mica and hydrotalcite, the dispersion stability 
of the clay@fluoroPOS suspensions is very low, which makes it impossible to prepare the corresponding coatings 
via spray-coating.

Effects of clay content and acid activation on superamphiphobicity.  Acid activation is commonly 
employed to improve physicochemical properties of clays and remove soluble impurities38,39. On the basis of the 
above results, eleven kinds of clays were activated using 2 M HCl(aq). The influences of clay content and acid acti-
vation on superamphiphobicity and surface morphology of the coatings were studied.

Figure 3a shows superamphiphobicity of the coatings prepared using the pristine fibrous clays. For the 
PAL@fluoroPOS coatings, the CAn-decane remained in the range 153.2°–156.8° with increasing the CPAL from 5 to 
15 g L−1, and meanwhile the SAn-decane reduced from 22.2° to 14.8°–16.3°. With increasing the CPAL to 20 g L−1, the 
n-decane drops became sticky on the coating although there was no obvious change in the CAn-decane, implying 
transition of the droplets to the Wenzel state. The difference in the CAn-decane among the coatings from PAL, hal-
loysite and sepiolite is small when the Cclay is 5–20 g L−1. However, the SAn-decane has big difference. The SAn-decane 
of the coatings from halloysite and sepiolite are higher than those of the PAL@fluoroPOS coatings. Also, the 

Clays Structure Cclay/(g L−1) CAn-decane/° SAn-decane/°

PAL

fibrous

10.0 153.6 ± 2.3 14.8 ± 1.8

Halloysite 5.0 155.0 ± 1.7 36.3 ± 1.9

Sepiolite 10.0 149.9 ± 2.3 39.3 ± 1.8

Illite

platelet-like

20.0 153.8 ± 0.3 39.7 ± 1.2

White mica 12.0 149.1 ± 0.7 44.5 ± 3.0

Ca2+-MMT 20.0 150.1 ± 1.0 59.8 ± 2.8

Kaolinite 20.0 147.9 ± 0.4 —

Rectorite 20.0 144.5 ± 0.7 —

Li+-MMT 10.0 139.8 ± 1.3 —

Laponite RD 20.0 139.6 ± 1.0 —

Na+-MMT 15.0 138.3 ± 1.3 —

Vermiculite × × ×

Black mica × × ×

Hydrotalcite × × ×

Diatomite porous 10.0 150.0 ± 1.2 26.0 ± 1.7

Table 1.  Superamphiphobicity of the coatings based on different clays. CAn-decane and SAn-decane of the 
clay@fluoroPOS coatings prepared using different clays. The coatings with Cclay of 5–20 g L−1 were prepared for 
all the clays, and the coating with the highest superamphiphobicity was listed. “—”means the n-decane drops 
adhered strongly to the coatings even they were turned 180°. “x” means the clay@fluoroPOS coating cannot be 
formed via spray-coating.
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n-decane drops are in the Cassie-Baxter state in a wider range of Cclay in the case of PAL. In general, the coatings 
from the pristine fibrous clays have the optimal superamphiphobicity when the Cclay is ca. 10 g L−1.

Acid activation of the fibrous clays resulted in a little bigger change of the CAn-decane with increasing the 
Cclay, and also larger difference in the CAn-decane among the coatings from PAL, halloysite and sepiolite (Fig. 3b). 
However, the change in the SAn-decane was evident after acid activation. For the coatings from activated PAL, the 
n-decane drops are sticky on the coatings when the CPAL is below 10 g L−1. Activation of PAL has no influence on 
the SAn-decane when the CPAL is 10–15 g L−1. The n-decane drops still could roll off the coating with further increas-
ing the CPAL to 20 g L−1 in spite of increase in the SAn-decane. Activation of halloysite does not reduce the SAn-decane, 
and a higher Challoysite is necessary to keep the n-decane drops in the state of Cassie-Baxter. Differently, activation 

Figure 2.  SEM images of different clays. (a–c) PAL, (d–f) halloysite, (g–i) sepiolite, (j–l) illite, (m–o) Ca2+-
MMT, (p–r) kaolinite, (s–u) rectorite, and (v–x) diatomite.
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of sepiolite is helpful to reduce the SAn-decane. In a wide range of Csepiolite (5–15 g L−1), the n-decane drops can roll 
down from the coatings. Similar to the PAL@fluoroPOS coating, the coating with 10 g L−1 Csepiolite has a SAn-decane 
of 16.7°.

The difference in superamphiphobicity of the coatings from the fibrous clays is closely related to their sur-
face morphology. The micrographs of the coatings with the lowest SAn-decane from the activated fibrous clays 
are shown in Fig. 3c–k. All the three coatings have hierarchical micro-/nanostructures, which are built by the 
fluoroPOS-modified clay nanofibers with fluoroPOS as the crosslinker. The fluoroPOS-modified clay nanofibers 
form the nanoscale roughness, whereas their aggregates form the microscale roughness. The hierachical micro-/
nanostructures are helpful to stably trap some air at the interface of the coatings and the liquids, which leads 
to rolling of the n-decane drops off the coatings. At low magnification, the surface morphology of the coatings 
is obviously different from each other (Fig. 3c,f,i). The microscale roughness of the coating from halloysite is 
lower than that from PAL or sepiolite. In addition, the coating from PAL is even-textured compared to that 
from sepiolite (Fig. 3c,i), which is owing to serious aggregation of the sepiolite nanofibers induced by fluoroPOS. 
On the other hand, at high magnification, the surface morphology of the coatings is very similar to each other 
(Fig. 3e,h,k). Thus, the difference in the microscale surface morphology should be responsible for the difference 
in superamphiphobicity.

The superamphiphobicity of the coatings from the pristine platelet-like clays is shown in Fig. 4a. The CAn-decane 
increased with increasing the Cclay from 5 to 20 g L−1 for all the coatings expect for that from Li+-MMT. For the 
Li+-MMT@fluoroPOS coatings, a decrease in the CAn-decane was observed when the CLi+-MMT was over 10 g L−1. 
On the other hand, the n-decane drops could only roll off the coatings from illite, white mica and Ca2+-MMT 
when their concentrations were in proper ranges, e.g., 12–20 g L−1 of illite, 10–20 g L−1 of white mica and 20 g L−1 
of Ca2+-MMT. For the other pristine platelet-like clays, the n-decane drops adhered stably to the clay@fluoroPOS 
coatings when the Cclay was in the range 5–20 g L−1

.
Acid activation of the platelet-like clays resulted in obvious improvement in superamphiphobicity of the coat-

ings as shown in Fig. 4b. When the Cclay was in proper ranges, the CAn-decane became higher, and the droplets can 
roll down from all the coatings. With increasing the Cclay of the activated platelet-like clays, there are two different 
trends in the SAn-decane and CAn-decane. For rectorite, Na+-MMT and Li+-MMT, when the Cclay increased from 5 

Figure 3.  Superamphiphobicity and microstructure of the coatings based on fibrous clays. CAn-decane and SAn-

decane of the clay@fluoroPOS coatings from (a) pristine and (b) acid activated fibrous clays. SEM images of the 
coatings from acid activated (c–e) PAL (CPAL = 12 g L−1), (f–h) halloysite (Challoysite = 12 g L−1) and (i–k) sepiolite 
(Csepiolite = 10 g L−1). The solid lines represent the CAn-decane, and the dash lines represent the SAn-decane.
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to 20 g L−1, the SAn-decane decreased and the CAn-decane increased. For Ca2+-MMT, illite, kaolinite and white mica, 
when the Cclay increased to 15 g L−1, the CAn-decane increased, and the SAn-decane decreased. Then, the SAn-decane 
increased and the CAn-decane decreased when the Cclay further increased to 20 g L−1.

The micrographs of the coatings with the lowest SAn-decane from the four activated platelet-like clays are shown 
in Fig. 4c–n. All the four coatings showed high micro-/nanoscale roughness, which is responsible for the high 
superamphiphobicity. At low magnification, the surface morphology of the coatings is very similar to each other 
(Fig. 4c,f,i and l). There are a lot of aggregates of similar size on the surface of the coatings. However, at high 
magnification, the surface morphology of the coatings is completely different from each other (Fig. 4d,g,j and 
m). The nanoscale roughness of the coating from kaolinite is higher than that from rectorite, illite or Ca2+-MMT. 
In addition, the coating from kaolinite has many small protrusions which are responsible for the lower SAn-decane 
(Fig. 4j and m). So, the difference in the nanoscale surface morphology should be responsible for the difference 
in superamphiphobicity.

The superamphiphobicity of the coatings from the pristine and activated diatomite is shown in Fig. 5a. For 
the coatings from pristine diatomite, the CAn-decane was in the range 145.6°–149.3° with increasing the Cdiatomite 
from 5 to 20 g L−1. Meanwhile, the SAn-decane reduced from 37.8° to 26.0° with increasing the Cdiatomite to 10 g L−1. 
Increasing the Cdiatomite to 20 g L−1 caused increase in the SAn-decane to 35.8°.

Acid activation of diatomite affected the CAn-decane and SAn-decane, and slightly improved the superamphipho-
bicity. The CAn-decane increased from 127.8° to 155.2° with increasing the Cdiatomite from 5 to 15 g L−1. Although the 
n-decane drops were sticky on the coatings when the Cdiatomite was below 10 g L−1, the SAn-decane reduced to 22.6° 

Figure 4.  Superamphiphobicity and microstructure of the coatings based on platelet-like clays. CAn-decane and 
SAn-decane of the coatings from (a) pristine and (b) acid activated platelet-like clays. SEM images of the coatings 
from acid activated (c–e) illite, (f–h) Ca2+-MMT, (i–k) kaolinite, and (l–n) rectorite. The solid lines represent 
the CAn-decane, and the dash lines represent the SAn-decane.
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with increasing the Cdiatomite from 10 to 15 g L−1. Then, the SAn-decane changed to 27.8° with further increasing the 
Cdiatomite to 20 g L−1.

The SEM images of the coating with the lowest SAn-decane from the activated diatomite are shown in Fig. 5b–d. 
The coating is rough in both the microscale and the nanoscale. The microscale roughness is owing to aggregates of 
the activated diatomite induced by fluoroPOS (Fig. 5b). There are many micropores on the surface of the coating 
because diatomite is porous (Fig. 5c). Also, there are many nanoparticles 200–300 nm in diameter on the wall 
of the micropores (Fig. 5d). The high superamphiphobicity of the diatomite@fluoroPOS coatings relies on the 
hierachical micro-/nanostructures.

Besides superamphiphobicity and the surface morphology, acid activation of the clays also enhanced stability 
of the clay@fluoroPOS suspensions. This is helpful to form uniform coatings via spray-coating. The enhanced sta-
bility of the clay@fluoroPOS suspensions is attributed to the fact that the zeta potentials of activated clays became 

Figure 5.  Superamphiphobicity and microstructure of the coatings based on diatomite. CAn-decane and SAn-decane 
of the coatings from (a) pristine and acid activated diatomite, and (b–d) SEM images of the coating from acid 
activated diatomite (Cdiatomite = 15 g L−1). The solid lines represent the CAn-decane, and the dash lines represent the 
SAn-decane.
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more negative than pristine ones (Supplementary Table S2). Acid activation could break the Si-O-Si bonds and 
remove the impurities of clays, which produced more negatively charged sites40,41. Zeta potential is commonly 
used as an index of the stability of suspensions42.

After understanding the effects of clays and their acid acidification on superamphiphobicity and micro-/nano-
structures of the clay@fluoroPOS coatings, superamphiphobicity of the coatings based on acid activated clays was 
studied in detail. Three representative coatings based on activated PAL, kaolinite and Ca2+-MMT were presented 
in Table 2.

For the PAL@fluoroPOS coating, all the tested liquids have CAs above 154° (Fig. 6a) and SAs below 15°. The 
drops can roll down from all the tilted coating, which means extremely weak interaction at the solid-liquid inter-
face. Beyond that, the high superamphiphobicity of the coating was also demonstrated by the following facts. 
Once immersed in n-hexadecane, a silver mirror-like phonomenon was observed on the surface of the coating, 
and the coating was entirely dry after taken out of n-hexadecane (Fig. 6b). A stream of water can flow away the 
coating easily (Fig. 6c). The superamphiphobicity of the coatings are in the order of PAL@fluoroPOS > kaolin-
ite@fluoroPOS > Ca2+-MMT@fluoroPOS regarding their CAs and SAs for all the liquids in Table 2. Moreover, 
all the three coatings show self-cleaning property (Fig. 6d). The dirt on the coatings can be easily removed by the 
liquids in Table 2.

The stability of the representative PAL@fluoroPOS, kaolinite@fluoroPOS and Ca2+-MMT@fluoroPOS coat-
ings from acid activated clays was evaluated. The stability was studied via water jetting, dipping in corrosive 
liquids and so on. The CAn-decane and SAn-decane were recorded after these tests to evaluate the changes in super-
amphiphobicity. It should be noted that the changes in the SAs, especially for the liquids of low surface tension, 
are strongly suggested to be shown after stability tests of super anti-wetting coatings. Without the SAs, the CAs 
themselves are not sufficient to show stability of such coatings.

The mechanical stability of the clay@fluoroPOS coatings was studied by the intensive water jetting test18,43. 
Water jet at 50 kPa impacted the 45° inclined coatings for half an hour (Fig. 7a and Supplementary Video S1). 

Liquids

PAL@fluoroPOS Kaolinite@fluoroPOS Ca2+-MMT@fluoroPOS Surface tension
(mN m−1, 20 °C)CA/° SA/° CA/° SA/° CA/° SA/°

Water 163.7 ± 1.5 2.5 ± 0.5 160.8 ± 0.2 4.5 ± 0.5 160.4 ± 0.8 5.5 ± 0.5 72.8

Glycerol 161.7 ± 0.9 3.5 ± 0.5 159.8 ± 0.4 5.5 ± 0.5 157.6 ± 0.4 6.7 ± 0.5 64.0

Diiodomethane 158.6 ± 0.5 4.8 ± 0.7 158.0 ± 1.1 8.2 ± 0.7 155.5 ± 0.6 11.7 ± 0.8 50.8

N-Methyl-2-pyrrolidone 157.1 ± 0.2 6.7 ± 0.5 157.5 ± 0.6 12.2 ± 1.2 155.3 ± 0.5 14.8 ± 1.2 40.8

Toluene 157.5 ± 0.7 8.2 ± 0.8 155.4 ± 0.7 15.0 ± 1.4 153.5 ± 0.6 21.5 ± 2.2 28.4

n-Hexadecane 157.1 ± 0.8 8.3 ± 0.7 155.6 ± 0.8 15.3 ± 1.2 153.3 ± 0.4 23.5 ± 1.6 27.5

n-Dodecane 155.6 ± 1.1 11.0 ± 0.9 153.9 ± 0.9 17.7 ± 1.0 152.5 ± 0.9 27.3 ± 0.5 25.4

n-Decane 154.7 ± 0.9 14.8 ± 0.8 153.2 ± 0.7 20.2 ± 1.2 152.3 ± 0.8 29.3 ± 1.4 23.8

Table 2.  Superamphiphobicity. CAs and SAs of diverse liquids on the PAL@fluoroPOS, kaolinite@fluoroPOS 
and Ca2+-MMT@fluoroPOS coatings from acid activated clays at 25 °C.

Figure 6.  Superamphiphobicity of the PAL@fluoroPOS coating. Photographs of the coatings (a) with different 
liquids, (b) in n-hexadecane, (c) with a stream of water flowing away and (d) showing self-cleaning property.
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When the water jetting time increased, the SAn-decane increased and the CAn-decane decreased (Fig. 7b,c). For the 
PAL@fluoroPOS coating, the CAn-decane was 150.9° and the SAn-decane was 26° after water jetting for 1 min. The 
CAn-decane was 139.2°, but the n-decane drops adhered to the coating after 10 min, indicating transition of the 
n-decane drops from the Cassie-Baxter state to the Wenzel state. It should be noted that the coating was still 
perfectly superhydrophobic after water jetting for 30 min, and no change in the CAwater and SAwater was detected. 
The surface micrograph and the surface chemical composition of the coatings have been studied after 30 min 
water jetting. There is no big change in the surface morphology as shown in Fig. 7d. In addition, according to 
the X-ray photoelectron spectroscopy (XPS), the F 1 s peak is as strong as before (Fig. 7e) and the F content 
is 45.05 at.%, similar to the new coating (Supplementary Table S3). Mechanical stability of the coatings is in 
the order of PAL@fluoroPOS > kaolinite@fluoroPOS ≈ Ca2+-MMT@fluoroPOS regarding the changes in the 
CAn-decane and the SAn-decane.

The chemical stability of the representative clay@fluoroPOS coatings were studied by UV irradiation or 
immersion in various corrosive liquids (Supplementary Table S4). The PAL@fluoroPOS coating was quite stable 
after UV irradiation for 24 h, however, the other two coatings showed slight decline in superamphiphobicity. For 
example, after UV irradiation for 24 h, the SAn-decane of the kaolinite@fluoroPOS coatings increased from 20.2° 
to 27.3°. After immersed in different corrosive solutions (e.g., 1 M HCl(aq) and ethanol) for 24 h, there was no 
evident change in the CAn-decane and the SAn-decane of the PAL@fluoroPOS coating, except for saturated NaOH(aq) 
and 98% H2SO4. The CAn-decane decreased to 151.5° and the SAn-decane increased to 30.1° after immersed in satu-
rated NaOH(aq) for 24 h. The n-decane drops adhered to the coating after immersed in 98% H2SO4 for 24 h. After 
immersed in the aforementioned corrosive liquids for 24 h, the kaolinite@fluoroPOS and Ca2+-MMT@fluoroPOS 
coatings showed very similar changes in the SAn-decane and the CAn-decane. The chemical stability of the coatings 
is in the order of PAL@fluoroPOS > kaolinite@fluoroPOS > Ca2+-MMT@fluoroPOS based on the data in 
Supplementary Table S4.

The thermal stability of the representative clay@fluoroPOS coatings is shown in Fig. 8. After being kept for one 
hour at temperature up to 300 °C, the PAL@fluoroPOS coating remained superamphiphobic (CAn-decane = 154.3°, 
SAn-decane = 16.8°) and the n-decane drops can roll down from the coating. The SAn-decane increased to 31° at 350 °C, 
then the n-decane drops adhered stably to the coating (CAn-decane = 81.1°) at 400 °C. This is because of thermal oxi-
dation of fluoroPOS in the coating. The kaolinite@fluoroPOS and Ca2+-MMT@fluoroPOS coatings show similar 
change in the CAn-decane, and the difference among the coatings is small with increasing the temperature, except 
for 400 °C. However, the difference in the SAn-decane among the coatings is quite evident. For the PAL@fluoroPOS 
coating, the SAn-decane did not show obvious change with increasing the temperature up to 300 °C. However, the 
SAn-decane increased gradually to ca. 45° at 300 °C for the kaolinite@fluoroPOS coating, and to above 50° at 250 °C 
for the Ca2+-MMT@fluoroPOS coating.

Discussion
In summary, we have carried out a comprehensive study about preparation of SAPCs from abundant nanoclays 
with diverse microstructures such as fibrous, plate-like and porous. Compared to the plate-like and porous clays, 
the fibrous nanoclays with moderate aspect ratio, e.g., palygorskite, are the most suitable for preparation of SAPCs 
by forming the optimal reentrant surface morphology. Acid activation of clays could evidently enhance superam-
phiphobicity of the coatings. The superamphiphobicity relies on microscale and nanoscale surface morphology 
of the coatings, which are determined by the microstructure and content of the nanoclays. The coatings based 

Figure 7.  Mechanical stability of the PAL@fluoroPOS coating. (a) Photograph of water jetting at 50 kPa, (b) 
CAn-decane and (c) SAn-decane of the three representative coatings from acid activated clays in the water jetting test, 
(d) SEM image and (e) XPS spectrum of the PAL@fluoroPOS coating after 30 min water jetting.
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on acid activated PAL show high superamphiphobicity for various liquids with low surface tension. Meanwhile, 
the coatings have excellent mechanical stability against intense water jetting, high chemical stability after UV 
irradiation and immersion in various corrosive liquids, and high thermal stability up to 350 °C. The SAPCs from 
abundant nanoclays will find applications in anti-adhesion and anti-climbing of liquids of low surface tension 
such as oils, organic solvents, polymer solution and surfactant solutions, because of high superamphiphobicity 
and stability of the coatings. The findings in this study will promote the progress of SAPCs, and pave the way for 
the development of clay-based super anti-wetting coatings.

Methods
Materials.  PAL was purchased from Jiangsu, China. Kaolinite and vermiculite were purchased from Fujian, 
China. Illite and rectorite were purchased from Hubei, China. Mica was purchased from Hebei, China. Na+-
MMT was purchased from Shandong, China. Ca2+-MMT and Li+-MMT was purchased from Henan, China. 
Halloysite, diatomite, hydrotalcite and sepiolite were purchased from Sigma-Aldrich. Laponite RD was supplied 
by Southern Clay Products, Inc. For acid activation, the clays (15 g) were suspended in the 2 M HCl aqueous solu-
tions (150 mL) at room temperature and magnetically stirred for 2 h. The acid activated clays were washed with 
deionized water until pH 6, and then dried at 105 °C to a constant weight. The clays were sifted using a 200 mesh 
sieve. Glass slides (24 × 50 mm) were purchased from Menzel, Germany. PFDTES (97%) and TEOS (99.9%) were 
bought from Gelest. Ethanol, ammonia, CH2I2, toluene n-dodecane, n-hexadecane and n-decane were bought 
from China National Medicines Co. Ltd.

Preparation of Clay@fluoroPOS coatings.  Ethanol (44 mL) was mixed with 6 mL of an aqueous ammo-
nia solution, and then 0.25–1.0 g of clay was added. After 30 min ultrasonication, PFDTES (22.7 mM) and TEOS 
(8.9 mM) were added into the suspensions. Then, the suspensions were stirred vigorously for 6 h at room condi-
tions. As depicted in Fig. 1, by means of spraying the suspensions (6 mL) onto glass slides employing an airbrush 
with 0.2 MPa N2, the clay@fluoroPOS coatings were fabricated.

Figure 8.  Thermal stability of the PAL@fluoroPOS coating. (a) CAn-decane and (b) SAn-decane of the three 
clay@fluoroPOS coatings fabricated using acid activated clays after kept at different temperature in air for 1 h.



www.nature.com/scientificreports/

1 1SCientifiC REPOrtS |  (2018) 8:12062  | DOI:10.1038/s41598-018-30586-4

References
	 1.	 Chu, Z. & Seeger, S. Superamphiphobic surfaces. Chem. Soc. Rev. 43, 2784–2798 (2014).
	 2.	 Bellanger, H., Darmanin, T., Taffin de Givenchy, E. & Guittard, F. Chemical and physicalpathways for the preparation of 

superoleophobic surfaces and related wetting theories. Chem. Rev. 114, 2694–2716 (2014).
	 3.	 Liu, K., Tian, Y. & Jiang, L. Bio-inspired superoleophobic and smart materials: design,fabrication, and application. Prog. Mater. Sci. 

58, 503–564 (2013).
	 4.	 Steele, A., Bayer, I. & Loth, E. Inherently superoleophobic nanocomposite coatings by spray atomization. Nano Lett. 9, 501–505 

(2008).
	 5.	 Feng, X. J. & Jiang, L. Design and creation of superwetting/antiwetting surfaces. Adv. Mater. 18, 3063–3078 (2006).
	 6.	 Darmanin, T. & Guittard, F. Molecular Design of conductive polymers to modulate superoleophobic properties. J. Am. Chem. Soc. 

131, 7928–7933 (2009).
	 7.	 Xu, Z., Zhao, Y., Wang, H., Wang, X. & Lin, T. A Superamphiphobic coating with an ammonia triggered transition to 

superhydrophilic and superoleophobic for oil-water separation. Angew. Chem. Int. Ed. 54, 4527–4530 (2015).
	 8.	 Zhou, H. et al. Superstrong, chemically stable, superamphiphobic fabrics from particle-free polymer coatings. Adv. Mater. Interfaces 

2, 1400559 (2015).
	 9.	 Li, J. et al. A prewetting induced underwater superoleophobic or underoil (super) hydrophobic waste potato residue-coated mesh 

for selective efficient oil/water separation. Green Chem. 18, 541–549 (2016).
	10.	 Bhushan, B. & Jung, Y. C. Natural and Biomimetic Artificial Surfaces for Superhydrophobicity, Self-Cleaning, Low Adhesion, and 

Drag Reduction. Prog. Mater. Sci. 56, 1–108 (2011).
	11.	 Zhang, J. & Seeger, S. Superoleophobic coatings with ultralow sliding angles based on silicone nanofilaments. Angew. Chem. Int. Ed. 

50, 6652–6656 (2011).
	12.	 Tuteja, A. et al. Designing superoleophobic surfaces. Science 318, 1618–1622 (2007).
	13.	 Deng, X., Mammen, L., Butt, H. J. & Vollmer, D. Candle soot as a template for a transparent robust superamphiphobic coating. 

Science 335, 67–70 (2012).
	14.	 Wang, H. et al. Durable, self-healing superhydrophobic and superoleophobic surfaces from fluorinated-decyl polyhedral oligomeric 

silsesquioxane and hydrolyzed fluorinated alkyl silane. Angew. Chem. Int. Ed. 50, 11433–11436 (2011).
	15.	 Choi, W. et al. Fabrics with tunable oleophobicity. Adv. Mater. 21, 2190–2195 (2009).
	16.	 Liu, T. L. & Kim, C. J. Turning a surface superrepellent even to completely wetting liquids. Science 346, 1096–1100 (2014).
	17.	 Wang, Y. & Bhushan, B. Wear-resistant and antismudge superoleophobic coating on polyethylene terephthalate substrate using SiO2 

nanoparticles. ACS Appl. Mater. Interfaces 7, 743–755 (2015).
	18.	 Li, B. & Zhang, J. Durable and Self-healing superamphiphobic coatings repellent even to hot liquids. Chem. Commun. 52, 2744–2747 

(2016).
	19.	 Li, B. C., Zhang, J. P., Wu, L. & Wang, A. Q. Durable superhydrophobic surfaces prepared by spray coating of polymerized 

organosilane/attapulgite nanocomposites. ChemPlusChem. 78, 1503–1509 (2013).
	20.	 Li, J. et al. Robust superhydrophobic attapulgite coated polyurethane sponge for efficient immiscible oil/water mixture and emulsion 

separation. J. Mater. Chem. A 4, 15546–15553 (2016).
	21.	 Lin, J. J., Chu, C. C., Chiang, M. L. & Tsai, W. C. Manipulating assemblies of high-aspect-ratio clays and fatty amine salts to form 

surfaces exhibiting a lotus effect. Adv. Mater. 18, 3248–3252 (2006).
	22.	 Zhou, C. H., Zhao, L. Z., Wang, A. Q., Chen, T. H. & He, H. P. Current fundamental and applied research into clay minerals in China. 

Appl. Clay Sci. 119, 3–7 (2016).
	23.	 Zhang, Y. J., Zhang, J. P. & Wang, A. Q. From Maya Blue to biomimetic pigments: durable biomimetic pigments with self-cleaning 

property. J. Mater. Chem. A 4, 901–907 (2016).
	24.	 Dong, J. et al. Colorful superamphiphobic coatings with low sliding angles and high durability based on natural nanorods. ACS Appl. 

Mater. Interfaces 9, 1941–1952 (2017).
	25.	 Wu, J., Wei, Y., Lin, J. & Lin, S. Study on starch-graft-acrylamide/mineral powder superabsorbent composite. Polymer 44, 6513–6520 

(2003).
	26.	 Lee, W. F. & Yang, L. G. Superabsorbent polymeric materials. XII. Effect of montmorillonite on water absorbency for poly (sodium 

acrylate) and montmorillonite nanocomposite superabsorbents. J. Appl. Polym. Sci. 92, 3422–3429 (2004).
	27.	 Wang, W. & Wang, A. Recent Progress in Dispersion of palygorskite crystal bundles for nanocomposites. Appl. Clay Sci. 119, 18–30 

(2016).
	28.	 Doğan, M., Özdemir, Y. & Alkan, M. Adsorption kinetics and mechanism of cationic methyl violet and methylene blue dyes onto 

sepiolite. Dyes Pigm. 75, 701–713 (2007).
	29.	 Lin, J., Wu, J., Yang, Z. & Pu, M. Synthesis and properties of poly (acrylic acid)/mica superabsorbent nanocomposite. Macromol. 

Rapid Commun. 22, 422–424 (2001).
	30.	 Pavlidou, S. & Papaspyrides, C. D. A review on polymer–layered silicate nanocomposites. Prog. Polym. Sci. 33, 1119–1198 (2008).
	31.	 Zeng, S. et al. Bio-inspired sensitive and reversible mechanochromisms via strain-dependent cracks and folds. Nat. Commun. 7, 

11802 (2016).
	32.	 Zhang, J. & Wang, A. Study on superabsorbent composites. IX: synthesis, characterization and swelling behaviors of polyacrylamide/

clay composites based on various clays. React. Funct. Polym. 67, 737–745 (2007).
	33.	 Dawson, J. I. & Oreffo, R. O. C. Clay: New opportunities for tissue regeneration and biomaterial design. Adv. Mater. 25, 4069–4086 

(2013).
	34.	 Qu, M. et al. Facile selective and diverse fabrication of superhydrophobic, superoleophobic-superhydrophilic and superamphiphobic 

materials from kaolin. ACS Appl. Mater. Interfaces 9, 1011–1020 (2017).
	35.	 Zhang, Y. et al. Solvatochromic coatings with self-cleaning property from palygorskite@polysiloxane/crystal violet lactone. ACS 

Appl. Mater. Interfaces 8, 27346–27352 (2016).
	36.	 Han, J. T., Kim, S. Y., Woo, J. S. & Lee, G.-W. Transparent, conductive, and superhydrophobic films from stabilized carbon nanotube/

silane sol mixture solution. Adv. Mater. 20, 3724–3727 (2008).
	37.	 Vilcnik, A. et al. Structural properties and antibacterial effects of hydrophobic and oleophobic sol-gel coatings for cotton fabrics. 

Langmuir 25, 5869–5880 (2009).
	38.	 Tyagi, B., Chudasama, C. D. & Jasra, R. V. Determination of structural modification in acid activated montmorillonite clay by FT-IR 

spectroscopy. Spectrochim. Acta A 64, 273–278 (2006).
	39.	 Pentrák, M., Czímerová, A., Madejová, J. & Komadel, P. Changes in layer charge of clay minerals upon acid treatment as obtained 

from their interactions with methylene blue. Appl. Clay Sci. 55, 100–107 (2012).
	40.	 Wang, Q., Zhang, J., Zheng, Y. & Wang, A. Adsorption and release of ofloxacin from acid- and heat-treated halloysite. Colloids Surf. 

B 113, 51–58 (2014).
	41.	 Popov, K. et al. Enhancement of clay zeta-potential by chelating agents. Colloids Surf. A 244, 25–29 (2004).
	42.	 White, B., Banerjee, S., O’Brien, S., Turro, N. J. & Herman, I. P. zeta-potential measurements of surfactant-wrapped individual 

single-walled carbon nanotubes. J. Phys. Chem. C 111, 13684–13690 (2007).
	43.	 Ge, D., Yang, L., Zhang, Y., Rahmawan, Y. & Yang, S. Transparent and superamphiphobic surfaces from one-step spray coating of 

stringed silica nanoparticle/sol solutions. Part. Part. Syst. Char. 31, 763–770 (2014).



www.nature.com/scientificreports/

1 2SCientifiC REPOrtS |  (2018) 8:12062  | DOI:10.1038/s41598-018-30586-4

Acknowledgements
This work is supported by the “Hundred Talents Program” of the Chinese Academy of Sciences, Funds for 
Creative Research Groups of Gansu, China (17JR5RA306) and the Talents of Innovation and Entrepreneurship 
Project of Lanzhou, China (2016-RC-77).

Author Contributions
J. Dong performed the experimental design and data analysis, and wrote the manuscript; J.P. Zhang performed 
the experimental design and data analysis, and contributed to writing the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30586-4.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-30586-4
http://creativecommons.org/licenses/by/4.0/

	Biomimetic Super Anti-Wetting Coatings from Natural Materials: Superamphiphobic Coatings Based on Nanoclays

	Results

	Preparation of Clay@fluoroPOS suspensions and SAPCs. 
	Effect of Clays on superamphiphobicity. 
	Effects of clay content and acid activation on superamphiphobicity. 

	Discussion

	Methods

	Materials. 
	Preparation of Clay@fluoroPOS coatings. 

	Acknowledgements

	Figure 1 Preparation of the SAPCs.
	Figure 2 SEM images of different clays.
	Figure 3 Superamphiphobicity and microstructure of the coatings based on fibrous clays.
	Figure 4 Superamphiphobicity and microstructure of the coatings based on platelet-like clays.
	Figure 5 Superamphiphobicity and microstructure of the coatings based on diatomite.
	Figure 6 Superamphiphobicity of the PAL@fluoroPOS coating.
	Figure 7 Mechanical stability of the PAL@fluoroPOS coating.
	Figure 8 Thermal stability of the PAL@fluoroPOS coating.
	Table 1 Superamphiphobicity of the coatings based on different clays.
	Table 2 Superamphiphobicity.




