
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Multifunctional superhydrophobic composite
materials with remarkable mechanochemical
robustness, stain repellency, oil‑water separation
and sound‑absorption properties

Huang, Zu‑Sheng; Quan, Yun‑Yun; Mao, Jia‑Jun; Wang, Yi‑Li; Lai, Yuekun; Zheng, Jing; Chen,
Zhong; Wei, Kun; Li, Huaqiong

2018

Huang, Z.‑S., Quan, Y.‑Y., Mao, J.‑J., Wang, Y.‑L., Lai, Y., Zheng, J., . . . Li, H. (2019).
Multifunctional superhydrophobic composite materials with remarkable mechanochemical
robustness, stain repellency, oil‑water separation and sound‑absorption properties.
Chemical Engineering Journal, 358, 1610‑1619. doi:10.1016/j.cej.2018.10.123

https://hdl.handle.net/10356/143002

https://doi.org/10.1016/j.cej.2018.10.123

© 2018 Elsevier B.V. All rights reserved. This paper was published in Chemical Engineering
Journal and is made available with permission of Elsevier B.V.

Downloaded on 23 May 2023 01:27:30 SGT



1 
 

Multifunctional superhydrophobic composite materials with 1 

remarkable mechanochemical robustness, stain repellency, oil-water 2 

separation and sound-absorption properties 3 

 4 

Zu-Sheng Huang,
b,1

Yun-Yun Quan,
a,c,d,1

 Jia-Jun Mao,
e,f

 Yi-Li Wang,
c,d 

Yuekun Lai,
e,f

 5 

Jing Zheng,
c,d

 Zhong Chen,
g
 Kun Wei,

a,c,h,*
 Huaqiong Li

 a,c,d,*
 6 

 7 

a
School of Biomedical Engineering, School of Ophthalmology & Optometry and Eye 8 

Hospital, Wenzhou Medical University, Wenzhou, 325035 China 9 

b
School of Pharmaceutical Sciences, Wenzhou Medical University, Wenzhou 325035, 10 

China 11 

c
Wenzhou Institute of Biomaterials and Engineering, CAS, Wenzhou, 325011 China 12 

d
Engineering Research Center of Clinical Functional Materials and Diagnosis & 13 

Treatment Devices of Zhejiang Province, Wenzhou Institute of Biomaterials and 14 

Engineering, CAS, Wenzhou, 325011 China 15 

e
College of Chemical Engineering, Fuzhou University, Fuzhou 350116, China 16 

f
National Engineering Laboratory for Modern Silk, College of Textile and Clothing 17 

Engineering, Soochow University, Suzhou 215123, China 18 

g
School of Materials Science & Engineering, Nanyang Technological University, 50 19 

Nanyang Avenue, 639798, Singapore  20 

hSchool of Biological Science and Engineering, South China University of 21 

Technology, Guangzhou 510640, China 22 

*E-mail: weikun@wibe.ac.cn, lihq@wibe.ac.cn.  23 

1 
Those authors contribute equally. 24 

  25 

*Revised Manuscript (clean for typesetting)
Click here to view linked References

mailto:lihq@wibe.ac.cn
http://ees.elsevier.com/cej/viewRCResults.aspx?pdf=1&docID=90312&rev=1&fileID=2489397&msid={B6C3E166-C1E2-43AE-8E99-604CCCA05B81}


2 
 

ABSTRACT 26 

Superhydrophobic materials have attracted immense commercial and academic 27 

interests in recent years. However, the poor mechanical durability has restricted their 28 

practical applications where high durability is required. Here, a facile one-pot 29 

synthesis method was reported to fabricate multifunctional superhydrophobic 30 

composite materials with remarkable mechanochemical robustness, stain repellency, 31 

oil-water separation and sound-absorption. Their mechanical and chemical durability 32 

could be greatly improved by chemically adhering epoxy resin microspheres (ERMs) 33 

on 3-D porous skeleton structures of latex sponge. The materials could retain 34 

superhydrophobicity after going through sandpaper abrasion, ultrasonication, multiple 35 

knife scratch, tape peeling and finger wiping, and exposure to UV irradiation and high 36 

temperature. The materials are able to maintain the repellency against strong acid and 37 

alkali droplets. The combined excellent mechanical properties, liquid repellency & 38 

selectivity, and other functional properties displayed by this type of material have 39 

made it a strong candidate for a range of industrial applications.  40 

Keywords: superhydrophobic composite materials; mechanochemical robustness; 41 

multifunction; recoverable; sound-absorption 42 

  43 
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1. Introduction  44 

Superhydrophobic materials, with contact angle larger than 150° and sliding angle 45 

smaller than 10° [1-3], have attracted tremendous attention in recent years owing to 46 

their excellent properties of self-cleaning [4-6], anti-fogging [7], oil-water 47 

separation[8-10], anti-corrosion [11] and delayed frosting [12]. Surface roughness and 48 

surface hydrophobicity are the two prerequisites to form an ultra-hydrophobic surface 49 

[13]. Hierarchical structures accompanied by low surface energy materials could 50 

render surfaces with large static contact angles (>150°) with water droplets [14, 15]. 51 

Various methods have been used to fabricate superhydrophobic surface, such as 52 

chemical vapor deposition, electrospinning, layer-by-layer assembly, etching, 53 

lithography, and so on [16-18]. However, their poor mechanical durability, a critical 54 

factor affecting the lifespan, has restricted large-scale applications of these 55 

superhydrophobic surfaces. The micro/nano-scale surface structures were inherently 56 

fragile and could be easily damaged in practical applications (such as physical scratch 57 

and sunlight radiation), which would result in the loss of superhydrophobicity. Thus, 58 

improving the mechanical robustness of the superhydrophobic coatings had been a 59 

focus in the past research. 60 

  To date, some strategies have been put forward to expand the lifespan of 61 

superhydrophobic surfaces. One strategy was to endow the surface with self-healing 62 

ability. The lost superhydrophobicity could be healed by external stimulus, including 63 

heating [19, 20], organic solvents [21], humidity [22] and mechanical forces [23]. 64 

However, the use of hydrophobic agents, such as poly- or perfluoroalkyl and 65 
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long-chain fatty amines, was either expensive or harmful to the environment and 66 

health. In addition, the healing ability relied on the content and nature of self-healing 67 

agent. Another strategy was to bond functionalized hydrophobic nanoparticles to the 68 

applied object, such as the commercial superhysrophobic coatings “NeverWet” spray. 69 

However, the mechanical durability of these coatings were limited by the strength of 70 

the bonding between the substrate and the coatings [24, 25].  71 

  Making a bulk material with superhydrophobicity throughout the whole volume 72 

allows it to retain its properties even after any mechanical damage. For example, after 73 

the top layer is damaged or removed upon scraping, the newly exposed surface 74 

possessing the same low-energy rough structures will be able to maintain the 75 

superhydrophobicity [26]. The common method to fabricate a bulk superhydrophobic 76 

material was to add hydrophobic nanoparticles into the bulk materials under a high 77 

pressure at room temperature or at high temperatures [27-29]. For example, Zhang [28] 78 

mixed TiO2 nanorods and SiO2 nanoparticles in a polypropylene (PP) solution to 79 

prepare TiO2/SiO2/PP composite powders. A bulk superhydrophobic material was 80 

obtained by pressing these powders into a mold under a pressure of 25 MPa at room 81 

temperature. Zhu [29] created a CNT-PTFE bulk material by pressing the mixture of 82 

CNTs and PTFE in a mold under a pressure of 256 kPa at 390 
o
C. The use of high 83 

pressure and/or high temperature would increase construction difficulty and limit the 84 

practical applications. In addition, simple physical mixing of these hydrophobic 85 

particles would reduce mechanical strength of the bulk materials, resulting in a 86 

compromise in mechanical durability.  87 
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  Here, a simple and effective solution immersion method was presented to build 88 

multifunctional superhydrophobic epoxy composites with excellent wear-resistance, 89 

mechanical strength, stain repellency, oil-water separation and sound-absorption 90 

properties. Epoxy resin microspheres (ERMs) formed in this reaction system could 91 

chemically adhere to latex porous skeleton. This superhydrophobic material was 92 

denoted as ERMs@Latex. ERMs@Latex could be made into free-standing bulk or 93 

sheet form, or could be further anchored onto different substrates without using 94 

adhesives. These surfaces could maintain superhydrophobicity even after sandpaper 95 

abrasion for 3000 cm, ultrasonication for 60 min, multiple knife scratch, tape peeling 96 

and finger wiping, UV-irradiation for 300 h, heating at 300 
o
C, and soaking in 97 

acidic/alkali solutions. Excellent mechanochemical robustness and multifunctionality 98 

have enabled the ERMs@Latex materials to possess the versatility for a number of 99 

practical applications.  100 

2. Materials and methods 101 

2.1. Materials 102 

Tetraethoxysilane (TEOS) (AR, 98%) was purchased from Guangzhou Chemical 103 

Reagent Factory. Hexamethyldisilazane (HMDS) (AR, 98%) was purchased from 104 

Meryer. Ethanol (AR, ≥99.7%) were purchased from Sinoparm Chemical Reagents 105 

Co., Ltd. Bisphenol A epoxy resin (E-44) and low molecule polyamide curing agent 106 

(650) were purchased from Yueyang petrochemical plant, China. Latex sponges 107 

(Dunlop latex) were provided by Wenzhou Xinshili Latex Factory. Trypan blue, 108 

methyl orange and phenolphthalein were purchased from Aladdin. Oil Red O was 109 



6 
 

purchased from Adamas. Distilled water was prepared by a water purification system 110 

(UPH-II-20T). Qualitative filter paper was purchased from Hangzhou specialty paper 111 

Co., Ltd. Polyurethane sponge was provided by Jiangsu Huayi foam technology Co., 112 

Ltd. Cotton textile were bought from a local supermarket. 113 

2.2. Preparation of silica sol 114 

Hydrophobic silica sol was prepared first [30]. TEOS (2.1 mL) was dripped into 115 

ethanol (30 mL). After being vigorously stirred for 10 min, HMDS (2.0 mL) was 116 

slowly added to the above mixture and stirred for 0.5 h. Then deionized water (3.0 mL) 117 

was dropped into the mixture with the same stirring rate at room temperature. The 118 

reaction of the mixture was carried out with stirring for 2 h to form a transparent sol. 119 

The aging of silica sol for three days was needed before it was used. 120 

2.3. Preparation of superhydrophobic composite materials on different 121 

substrates  122 

 The simple one-pot fabrication route of superhydrophobic latex composite materials 123 

(ERMs@Latex) was illustrated in Fig. 1. Epoxy resin (1.25 g) and polyamide (0.46 g) 124 

were dissolved in silica sol (20 ml) with magnetic stirring until a homogeneous epoxy 125 

mixture was formed. The mixture was heated and kept at different temperatures (15, 126 

25, 35, 45, 60 
o
C). Then a piece of latex spoon was immersed in the mixture. The 127 

curing reaction of epoxy and amine was carried out in the system at the different 128 

temperatures with stirring. Epoxy resin microspheres appeared, adhered, grown and 129 

cured on the latex skeletons. After 24 h, the wet latex was taken out and washed with 130 

ethanol. Finally, the latex was dried in air for 24 h. The obtained materials were 131 
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named as ERMs@Latex-T, where T was the reaction temperature (15, 25, 35, 45, 60
 

132 

o
C).  133 

In the drying process, if the samples had been flipped for several times, the 134 

obtained superhydrophobic materials were free-standing with no adhesiveness to base 135 

surfaces. If the wet latex has not been flipped in the drying process, the material could 136 

adhere on the base surface with strong bonding strength. If the wet latex was 137 

compressed first and then dried, a sheet-like superhydrophobic material would be 138 

obtained. The thickness of these sheet-like materials could be adjusted by changing 139 

the compressing pressure. The sheet-like materials could be either free-standing or 140 

anchored firmly on any substrate surfaces. 141 

The latex sponge was not the only matrix to prepare superhydrophobic composite 142 

materials. The fabrication of polyurethane sponge composite materials (named as 143 

ERMs@PU), textile composite materials (named as ERMs@Textile) and filter paper 144 

composite materials (named as ERMs@Paper) under the reaction temperature of 45 145 

o
C were also performed using the same method as for the ERMs@Latex. 146 

To better illustrate the comprehensive performance of superhydrophobic composite 147 

materials, a control group was prepared. Epoxy mixtures containing epoxy resin, 148 

curing agent and silica sol were reacted for 24 h under different temperatures (15, 25, 149 

35, 45, 60 
o
C). Then the epoxy mixtures were coated on smooth glass surfaces which 150 

were called control groups (ERMs@Glass).  151 

 2.4. Characterization 152 

The morphology of latex porous structures and other matrix materials before and 153 
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after ERMs adhering was observed by scanning electron microscope (SEM, SU8010, 154 

HITACHI, Japan). Fourier transform infrared spectrometry (FTIR, Tensor II, 155 

Germany) was performed to measure the components of the reaction system. The 156 

wettability was measured by a contact angle system (Theta, Sweden) at ambient 157 

temperature with a 6 μl droplet. The slide angles were measured by tilting the samples 158 

with a static droplet of 10 μl. When the water drop started to roll from the surface, the 159 

tile angle was recorded as the sliding angle. Compression tests were performed on a 160 

texture analyzer (TMS PRO ILC-S 1000N) equipped with a 1000 N load cell and a 161 

loading speed of 30 mm/min at room temperature. Compressive strength could be 162 

calculated from the obtained stress-strain curves. The thermal conductivity was 163 

measured by a Hot Disk Thermal Constants Analyzer (TPS 2500s) with a 164 

measurement time of 40 s. Sound-absorption test was carried out in a SW477 165 

impedance tube (Beijing China prestige Sound Technology Co. Ltd., China). 166 

The mechanical robustness was evaluated by sandpaper abrasion, ultrasonication, 167 

tape peeling, knife scratch and finger wiping. The chemical stability of 168 

ERMs@Latex-T was evaluated by UV-irradiation, heating under high temperature, 169 

and droplet test with strong acid (pH=1) and alkali (pH=14) solutions. The details of 170 

experimental methods were listed in supporting information. 171 

  Experimental data of ERMs@Latex-60 were reported here unless otherwise noted. 172 

Other samples prepared under different temperature were also characterized and listed 173 

in supporting information.  174 

3. Results and discussion 175 
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3.1. Characterization of superhydrophobic latex composite materials 176 

The one-pot fabrication route includes three key components for different purposes. 177 

The first was epoxy resin (E44) and its curing agent, which were used as adhesive 178 

agents and were the source of surface roughness (producing ERMs). The second was 179 

the hydrophobic silica sol acting as a dispersing agent, which helps to form the ERMs 180 

with good dispersibility. The speculated formation pathway of silica particles and 181 

ERMs are shown in Fig. 1a and Fig. 1b, respectively. The detailed reaction equations 182 

for silica [31] and the curing reaction of epoxy resin [32] are shown in Fig. S1a and 183 

Fig. S1b, respectively. The formation mechanism of ERMs in the epoxy resin system 184 

had has been explained previously [30]. At the early stage, microgels with dimensions 185 

of 10-50 nm were generated and they grew up to secondary gels (200-500 nm) (Fig. 186 

1b). The silica sol dispersant cut the contact between gels. These gels grew up as 187 

stand-alone units as the curing process continues. Thus, the dispersive ERMs were 188 

generated. The third key component was latex sponge used as a carrier for the ERMs, 189 

which could enhance the mechanical strength of superhydrophobic materials. The 190 

one-pot fabrication route of superhydrophobic latex composite materials 191 

(ERMs@Latex-T) was shown in Fig. 1c. The morphology of latex porous structures 192 

before (Fig. 1d) and after (Fig. 1e) the ERMs adhering was observed using SEM.  193 

 194 
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 195 

Fig. 1. (a) Speculated formation pathway of silica. (b) Speculated formation pathway 196 

of ERMs. (c) Schematic illustration of the one-pot synthesis procedure of 197 

ERMs@Latex-T. SEM images of latex porous structures before (d) and after (e) 198 

ERMs adhering. (f) The high magnification image of (e). The reaction temperature of 199 

the sample was 25 
o
C. 200 

The effect of reaction temperature on the morphology and size of ERMs was 201 

investigated. ERMs with dimension larger than 5 μm were formed in the system at 202 

low temperature (15 or 25 
o
C, see Fig. S2a and Fig. S2b). With increase in 203 

temperature, the size of ERMs was reduced. When the temperature was higher than 35 204 

o
C, the dimension of ERMs was smaller than 5 μm (Fig. S2c and Fig. S2d). ERMs 205 



11 
 

with the size smaller than 2 μm (marked by white cycle in Fig. S2f) were observed 206 

when the reaction temperature was 60 
o
C. The smaller size of ERMs under higher 207 

temperature was due to the better solubility of epoxy resin and smaller the size of gel 208 

formed in the reaction system with increasing reaction temperature. Thus, the sizes of 209 

cured ERMs were also decreased. The temperature also influenced the extent of 210 

reaction of the epoxy resin. The curing of epoxy resin was related to the ring-opening 211 

reaction of glycidyl of epoxide by amine (Fig. S1b). No infrared characteristic peak of 212 

glycidyl of epoxide around 912 cm
-1

 was observed when the temperature was higher 213 

than 35 
o
C (Fig. S3). This implies that the curing reaction of epoxy resin was 214 

complete at this temperature or higher.  215 

The EDX mapping of pristine latex skeletons and ERMs@Latex-T skeletons 216 

prepared under different reaction temperatures were shown in Fig. S4. It could be 217 

found that mainly C and O were found on pristine latex skeletons. While on 218 

ERMs@Latex-T skeletons, elemental C, N, O and Si distributed homogeneously 219 

across skeleton surfaces. The presence of N element was ascribed to ERMs, and Si 220 

was derived from the silica sol. These results confirmed the formation of ERMs and 221 

silica, and their adhesion on latex skeleton surfaces. 222 

  The ERMs@Latex-T samples were superhydrophobic after being manually abraded 223 

for 2 or 3 times using sandpaper (1000 Cw). No fluorinated polymers were used in the 224 

whole process, which decreased the manufacturing cost and could be considered safe 225 

to human health. The mechanism of superhydrophobicity was due to the hydrophobic 226 

ERMs and hydrophobic silica sol adhering on latex skeletons, which not only 227 
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roughened the skeleton surfaces but also decreased the surface energy. Plenty of 228 

–Si(CH3)3 groups are grafted on silica surfaces, resulting in the hydrophobicity of 229 

silica sol (Fig. 1a). The hydrophobicity of ERMs has been proved in our previous 230 

work [30]. Polyamide curing agent was made by reacting a dimer fatty acid with 231 

excess low molecular weight of aliphatic amines. The dimer fatty acid was a strong 232 

hydrophobic chain segment, which could improve the water resistance of epoxy resin. 233 

Thus, the hydrophobicity of curing products (ERMs) could attribute to the long 234 

methylene chain (hydrophobic chain segment) from polyamide. Thus, the rough 235 

structures (due to the adhesion of ERMs and silica) and their low surface energy 236 

properties worked together to render the composite materials superhydrophobic. The 237 

contact angles of all these ERMs@Latex-T samples were larger than 150° and their 238 

sliding angles were less than 10°, showing superhydrophobicity (Fig. 2a). It was 239 

worth mentioning that the preparation methods of latex composite materials in this 240 

study was versatile, and could be adopted for different types of superhydrophobic 241 

materials meeting different demands for practical applications. For example, samples 242 

could be made into standing-alone bulk materials (Fig. 2b). Alternatively, the wet 243 

latex could be bonded onto a substrate with the help of the adhesive nature of epoxy 244 

resin. The bonding process occurred spontaneously in the drying process of wet latex 245 

due to some residual active groups of epoxy resin (Fig. 2c). The low stiffness of the 246 

wet latex allows it to be compressed and then dried into a plate or sheet-like 247 

superhydrophobic material (Fig. 2d).  248 

The robust bonding strength of the sample to a substrate was due to the bonding of 249 
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multiple hollow pillars formed by latex skeleton on the substrate surface. The 250 

discontinuous crack propagation in the debonding process gives rise to a higher 251 

adhesion compared to a uniform material [33].  252 

 253 

Fig. 2. (a) The contact angles and sliding angles of ERMs@Latex-T samples. (b) 254 

Standing-alone superhydrophobic bulk material. (c) Superhydrophobic material 255 

adhered onto a substrate. (d) A sheet-like superhydrophobic material. (e) Optical 256 

images of the compression performance for the latex sponge. (f) Optical images of the 257 

compression performance for ERMs@Latex-60. (g) The compressive stress-strain 258 

curve of ERMs@Latex-60. The scale bars in (b-f) are 10 mm.  259 

The compressive strength of materials was crucial for many applications. The 260 

initial latex sponge was soft and could be compressed easily (shown in Fig. 2e). 261 

However, after adhering ERMs and curing of the epoxy resin on the sponge skeletons, 262 

the obtained composite materials were much harder and stiffer. Fig. 2f showed that no 263 

appreciable deformation for ERMs@Latex-60 under a load of 500 g. The compressive 264 

stress-strain curve of ERMs@Latex-60 was shown in Fig. 2g. At the beginning, the 265 
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stress-strain curve was relatively steep, which meant that a smaller amount of 266 

deformation with the incremental stress occurred [9]. After the elastic linear stage, the 267 

compressive strength of ERMs@Latex-60 was around 1.22 MPa. The mechanical 268 

strengths of other four samples (0.78, 1.08, 0.53, 0.66 MPa) were also measured by 269 

the compression test and displayed in Fig. S5. The different yield strength was related 270 

to the extent of reaction in the epoxy resin, which was explained in supporting 271 

information.  272 

3.2. The mechanical and chemical robustness of superhydrophobic latex 273 

composite materials  274 

3.2.1 The mechanical robustness tests 275 

To evaluate the mechanical robustness of superhydrophobic materials, a serious of 276 

mechanical tests were performed. Knife scratch, file abrasion, sandpaper abrasion, 277 

finger-wiping and tape-peeling, pressure and high-speed water droplet impinging tests 278 

were common used methods [24, 34-36]. In this paper, the sandpaper abrasion, 279 

knife-scratch (Movie S1), finger-wiping (Movie S2), and tape-peeling (Movie S3) 280 

tests were performed to evaluate the mechanical robustness of composite materials. 281 

After these tests, the physical look or shape of the samples was altered, but they still 282 

kept superhydrophobicity (Fig. 3a-e). In the process of sandpaper abrasion test, 283 

samples loaded with 100 g weight were placed face-down on a piece of sandpaper 284 

(grit no.1000 Cw) and moved for 300 cm. This process was defined as one abrasion 285 

cycle. Water contact angles and sliding angles were measured for every cycle. 10 286 

cycles were repeated and a total of 3000 cm abrasion distance was generated. The 287 
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change of contact angle and sliding angle for ERMs@Latex-60 is shown in Fig. 3f. It 288 

could be seen that it still exhibited robust superhydrophobicity after the 3000 cm 289 

abrasion. The wettability change of other four samples prepared with different 290 

temperatures after sandpaper abrasion is shown in Fig. S6. Samples with reaction 291 

temperature higher than 35 
o
C possessed better abrasion resistance. Retention ratio 292 

and weight loss per unit area of the five samples after sandpaper (1000 Cw) abrasion 293 

for 3000 cm were used to further quantify the abrasion resistance displayed in Fig. S7. 294 

The retention ratio was              , where m1 referred to the sample mass 295 

after abrasion for a distance, and m2 referred to the original sample mass. The weight 296 

loss per unit area was            , where A was the abrasion area of samples. 297 

With the increase of temperature, the retention ratio of samples decreased and the 298 

weight loss per unit area increased. However, all these samples displayed high 299 

retention ratios after the abrasion test, showing limited damage by sandpaper 300 

abrasion. 301 

 302 
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 303 

Fig. 3. (a) Sandpaper abrasion (1000 Cw) test. (b) Knife-scratch test. (c) Finger-wipe 304 

test. (d) Tape-peeling test. (e) The water repellency of sample after undergoing the 305 

tests from (a) to (c). (f) The contact angle and sliding angle of ERMs@Latex-60 after 306 

sandpaper abrasion for up to 3000 cm. (g) The contact angle and sliding angle of 307 

ERMs@Latex-60 after tape-peeling for up to 60 times. The scale bars in (a)-(e) are 10 308 

mm. 309 

The tape-pealing test result of the ERMs@Latex-60 was shown in Fig. 3g. The 310 

contact angle and sliding angle were recorded for every 10 peelings. Tape-peeling 311 

displayed a larger influence on the performance degradation of ERMs@Latex-60 than 312 

the sandpaper abrasion. This could be due to the components of the adhesive cloth 313 

were adhered to the ERMs@Latex surfaces after the repeated peeling processes. 314 

These residues from the adhesive are more hydrophilic, and would reduce the 315 

hydrophobicity of the samples. However, the hydrophobicity could be easily 316 

recovered by abrasion using sandpapers. The exposed surface after sandpaper 317 

abrasion showed a contact angle larger than 150 ° and sliding angle smaller than 10 ° 318 
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again as shown in Fig. 3g (marked by a red vertical arrow). The tape-pealing test was 319 

also conducted on other four samples prepared with different temperatures as shown 320 

in Fig. S8. Some samples gradually lost water-repellence after the repeated peeling 321 

processes. Similar to ERMs@Latex-60, their superhydrophobicity could also be 322 

recovered by sandpaper abrasion. Thus, samples prepared in this paper were easily 323 

recoverable after contamination. 324 

The excellent mechanical strength was attributed to the composite structures of 325 

these samples. First, the ERMs were chemically adhered on the latex skeleton 326 

surfaces, ensuring a good bonding between them. The robust bonding strength could 327 

be proved by an ultrasonic experiment. Five samples were immersed in a beaker with 328 

absolute ethanol which could wet samples completely. Then the beaker was sealed 329 

and put in an ultrasonic cleaner and sonicated (100 Hz) for 30 and 60 min. SEM 330 

images of ERMs@Latex-25 are shown in Fig. 4(a)-(c). The ERMs were largely intact 331 

after the ultrasonication for 60 min. ERMs@Latex-25, ERMs@Latex-35, 332 

ERMs@Latex-45 were able to maintain a contact angle larger than 150° and sliding 333 

angle less than 10° (Fig. 4d). Second, it was interesting to know that the epoxy 334 

microspheres could fully permeate into the inside domain of latex sponge and 335 

uniformly deposited on skeleton of the sponge. Fig. S9 shown the SEM images of 336 

internal sections of ERMs@Latex-T samples which were cut by a knife (Fig. S9f). 337 

The black circles marked the fracture positions of samples cut by a knife. This would 338 

be particularly useful once a significant thickness of the surface layer is worn out. The 339 

SEM images of sample surfaces before and after sandpaper abrasion are shown in Fig. 340 
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5. It could be found that abrading the outside sample surfaces could lead to newly 341 

exposed internal surfaces with similar roughness. Thus, ERMs fully permeating into 342 

the inside domain of latex sponge could ensure the superhydrophobicity of the whole 343 

materials. Third, the coatings were reinforced by the tangles of latex skeleton to 344 

ensure that shear forces caused by friction could largely dissipate into the entire 345 

coating instead of the local places. The sandpaper abrasion experiments on control 346 

groups (Fig. S10) could indirectly demonstrate the reinforcement effects of these 3D 347 

latex skeletons. Except for the coating prepared under 15 
o
C, epoxy resin coatings on 348 

smooth glass surfaces had contact angle larger than 150 ° and sliding angles smaller 349 

than 10°, presenting the superhydrophobicity. However, their superhydrophobicity 350 

could not be kept after sandpaper abrasion. After one cycle abrasion (300 cm), large 351 

area of bare glass surfaces exposed resulting in the dramatic reduction of contact 352 

angle. While for ERMs@Latex samples, they could keep superhydrophobicity after 353 

10 cycles (3000 cm) abrasion. Thus, the reinforcement effect of these 3D latex 354 

skeletons was very obvious to prepare excellent wear-resistant superhydrophobic 355 

materials.  356 
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 357 

Fig. 4. Ultrasonic vibration test for ERMs@Latex-25. (a) SEM image before 358 

ultrasonic vibration. (b) SEM image after ultrasonic vibration for 30 min. (c) SEM 359 

image after ultrasonic vibration for 60 min. (d) The contact angles and sliding angles 360 

after ultrasonic vibration for 60 min. The scale bars in (a)-(c) are 10 μm and in (d) is 361 

10 mm. 362 

 363 

Fig. 5. The SEM images of ERMs@Latex before (a-e) and after (f-j) sandpaper (1000 364 

Cw) abrasion. These samples are prepared at different temperature: (a) (f) 15
 o
C, (b) 365 

(g) 25
 o
C, (c) (h) 35

 o
C, (d) (i) 45

 o
C and (e) (j) 60

 o
C. The scale bar was 50 μm. 366 
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Latex sponge was very important to prepare robust superhydrophobic composite 367 

materials. However, latex sponge was not irreplaceable. Matrixes that possessed 3D 368 

rough microstructures could be used as a substitute for latex, which also proved the 369 

versatility of the present strategy. Here, polyurethane sponge, textile and filter paper 370 

were used as examples. Fig. S11-S13 showed the SEM images of the three substrate 371 

materials before and after ERMs adhering. The contact angle for polyurethane sponge 372 

was nearly 70°. For textile and filter paper, water could completely penetrate into the 373 

materials, showing contact angles of 0°. After the reaction with epoxy mixtures, it 374 

could be clearly seen that all these microstructures (polyurethane skeletons, textile 375 

threads and paper fibers) were closely adhered with small ERMs and silica particles. 376 

These composite materials all exhibited superhydrophobicity and robust mechanical 377 

strength. Sandpaper abrasion tests were conducted on the three composite materials. 378 

The ERMs@PU had excellent wear-resistance just like ERMs@Latex samples. 379 

ERMs@PU still kept superhydrophobicity (Fig. S14e) and displayed high retention 380 

ratios (Fig. S14f) after 3000 cm abrasion test, which showed the limited damage by 381 

sandpaper abrasion. The ERMs@Textile also showed good wear-resistance. However, 382 

the composite material surfaces were highly distorted and the exposed textile threads 383 

on surfaces tended to impede the move of small droplets. Thus, its contact angles and 384 

sliding angles could not be measured. Alternatively, the mobility of lager water 385 

droplets extruded from a dropper and the spherical shape of static water droplets on 386 

the material surface could be used as the tracer. After ten cycles of sandpaper abrasion, 387 

droplets still kept spherical and easily moved away from slightly inclined surface, 388 
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demonstrating the superhysrophobicity (Fig. S14d). For ERMs@Paper, it could keep 389 

superhydrophobic after 2 cycles of abrasion processes. After knife scratch and tape 390 

peeling tests on the three composite materials, they still retained the excellent water 391 

repellency (Fig. S14 (a)-(c)).Thus, matrixes possessed 3D rough microstructures 392 

could help to reinforce the wear-resistance of superhydrophobic materials. 393 

3.2.2 The chemical stability tests 394 

Chemical stability in various extreme environment is a very important 395 

characteristic of superhydrophobic materials for practical applications [24, 37]. Three 396 

independent experiments, namely heating under high temperature, UV-irradiation, and 397 

droplet tests with strong acidic (pH=1) and alkaline (pH=14) solutions, were 398 

performed to investigate the chemical stability of the five samples. Fig. 6a shown the 399 

contact angles and sliding angles of samples after heating under 150 
o
C and 300 

o
C 400 

for 30 min. Samples of ERMs@Latex-35, ERMs@Latex-45, ERMs@Latex-60 kept 401 

superhydrophobicity with contact angles larger than 150° and sliding angles smaller 402 

than 10° (Movie S4). Fig. S15 shows a very small mass loss (~1.5%) after 150 
o
C 403 

annealing. These samples remained white color under this condition (Fig. 6b). After 404 

heating at 300 
o
C, their mass loss increased to ~23%, indicating the heat-induced 405 

partial decomposition of samples. The color of samples changed to black under this 406 

condition (Fig. 6c). Their mechanical properties were also degenerated after the 407 

treatment at 300
 o

C. Despite the degenerated mechanical properties, samples of 408 

ERMs@Latex-35, ERMs@Latex-45, ERMs@Latex-60 still kept their 409 

superhydrophobicity proving their excellent chemical stability. The thermal profile of 410 
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the curing epoxy resin and ERMs@Latex-T samples were listed as follows. Fig. S15b 411 

and S16c showed the thermogravimetric analysis (TG) of epoxy curing product 412 

(without latex sponge) and ERMs@Latex-T samples, respectively. No obvious weight 413 

losses were observed before 200 
o
C; after 200 

o
C, epoxy resin and ERMs@Latex-T 414 

samples had dramatic weight decrease, indicating the heat-induced decomposition. 415 

The weight losses for ERMs@Latex-45 and ERMs@Latex-60 were less than other 416 

samples, indicating their better thermal stability. 417 

 418 

Fig. 6 (a) The contact angles and sliding angles of the five samples after annealing at 419 

150 
o
C and 300

 o
C for 30 min, respectively. (b) Digital photograph of samples after 420 

being heated at 150 
o
C for 30 min. (c) Digital photograph of samples after being 421 

heated at 300 
o
C for 30 min. (d) The contact angle and sliding angle of 422 

ERMs@Latex-60 after UV-irradiation for up to 300 h. The scale bars in (b) and (c) 423 

are 10 mm. 424 
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UV-durability test was conducted by exposing to UV light for 300 h at room 425 

temperature. The wetting behavior was examined at every 60 h. Fig. 6d shows the 426 

contact angle and sliding angle of ERMs@Latex-60 as a function of UV-irradiation 427 

time. After irradiation for 300 h, the sample exhibited a contact angle above 150° and 428 

a sliding angle below 10°. UV-durability tests on other four samples prepared under 429 

different temperatures were also conducted as shown in Fig. S8. It could be clearly 430 

seen that all these samples had excellent UV-durability. The longtime UV-irradiation 431 

had no influence on their superhydrophobicity, except for a slight change of their 432 

color from white to faint yellow. Chemical stability test with strong acid (pH=1) and 433 

alkali (pH=14) droplets was performed by positioning these droplets onto the five 434 

samples for up to 60 min as shown in Fig. S17 and Fig. S18. These droplets became 435 

smaller due to water evaporation. As the contact time increased, the contact angles of 436 

acidic/alkaline droplets decreased to below 150° for ERMs@Latex-15, 437 

ERMs@Latex-25. While for samples of ERMs@Latex-35, ERMs@Latex-45 and 438 

ERMs@Latex-60, their contact angles still remained above 150°.  439 

Through the above analysis, we discovered that samples of ERMs@Latex-35, 440 

ERMs@Latex-45 and ERMs@Latex-60 had better wear-resistance and chemical 441 

stability, compared with samples of ERMs@Latex-15 and ERMs@Latex-25. The 442 

reason was that the curing reaction of epoxy resin was more complete at higher 443 

temperature (see the FT-IR spectra in Fig. S3). More hydrophilic groups were 444 

consumed from epoxy resin improving the anti-wettability of samples. The total 445 

coverage of the silica sol on them increased the roughness of skeleton surfaces, which 446 
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enhanced the superhydrophobicity of samples. 447 

3.3. Practical applications of these superhydrophobic composite materials 448 

The excellent anti-wetting properties of the latex composite materials could be used 449 

to repel dust particles and stain liquids. As shown in Fig. 7a and Movie S5, dust 450 

particles collected from construction sites were carried away immediately by the 451 

moving droplets in air. The fouled sample was clean again as more water flowed over 452 

the surface, suggesting a good self-cleaning property in air. Fig. 7b and Movie S6 453 

shown the self-cleaning experiment in oil. Dust particles in oil also could be easily 454 

carried away by passing water droplets, suggesting a good self-cleaning property in 455 

oil. The anti-wetting properties of samples were tested by various liquids. Stain 456 

liquids including wine, milk, soy sauce, coffee, acid and alkali water could stand on 457 

surfaces with nearly spherical shapes as shown in Fig. 7c. The contact angles and 458 

sliding angles of coffee, milk, wine and sauce on sample surface are shown in Fig. 7d. 459 

The four stain droplets possessed contact angles larger than 150 °and sliding angles 460 

smaller than 10 °, showing excellent stain-repellence. These stain liquids dropping on 461 

slightly inclined sample surfaces moved away quickly either in air (Movie S7) or 462 

when immersed in oil (Fig. 7e, Movie S8). In addition to superhydrophobicity, these 463 

samples also possessed superhemophobicity. Blood drops could stand on sample 464 

surfaces with nearly spherical shapes (Fig. 7c). Fig. 7f and Movie S7 shown that 465 

blood droplets placed onto a slightly inclined sample surface could move away 466 

quickly without leaving any residue behind. All these experiments indicated very low 467 

friction between stain liquids and sample surface. Thus, the prepared 468 
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superhydrophobic and superhemophobic composite material is a very promising 469 

candidate for advanced engineering materials with antifouling functionality.  470 

 471 

Fig. 7. (a) Self-cleaning experiment in air. Fouling powder could be easily carried 472 

away by passing water droplets. (b) Self-cleaning experiment in oil. Fouling power in 473 

oil (hexane) could be easily carried away by passing water droplets. (c) Stain liquids 474 

standing on a material with nearly spherical shapes. These liquids included wine, milk, 475 

soy sauce, coffee, acidic and alkaline solutions. (d) The contact angles and sliding 476 

angles of stain liquids, including wine, milk, sauce and coffee. (e) Stain liquids 477 

dropped on a material surface in oil could move away quickly. (f) The mobility of 478 

blood droplets on a material surface. The scale bars in (a)-(d) and (f) were10 mm. 479 

The 3-D porous structures of superhydrophobic materials could endow them a wide 480 

range of practical applications. Fig. 8 showed that oil could be separated from water 481 

immediately by the composite material (Movie S9). Oil contaminants left inside the 482 
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structures could be easily removed by evaporating, which made the material reusable. 483 

In addition, these materials perform well in a continuous oil-water separation test. A 484 

syringe was used here to simulate the continuous process.  485 

These materials also displayed good sound absorption property. Fig. 9a showed the 486 

sound absorption coefficients of the bare latex materials and the five samples under 487 

high frequencies ranging from 800 to 6300 Hz. The sound absorption coefficients of 488 

all samples were higher at high frequencies. The bare latex materials, 489 

ERMs@Latex-15, ERMs@Latex-25 and ERMs@Latex-45 showed greater 490 

sound-absorption in the range of 3000-6300 Hz and the latter three samples had larger 491 

sound absorption coefficients compared with the bare latex materials. 492 

ERMs@Latex-35 and ERMs@Latex-60 showed good sound absorption ability in the 493 

2000-5000 Hz range. The good sound absorption performances were attributed to the 494 

existence of micro pores. When the sound waves entered these porous materials, the 495 

diffuse refraction or reflection were enhanced and the vibration of the hole walls were 496 

increased, resulting in the effective attenuation of the sound waves.  497 

The composites were potentially good thermal resistance materials. Fig. 9b listed 498 

the thermal conductivity of the five samples. Among them, ERMs@Latex-35 had the 499 

smallest thermal conductivity of 0.066 W/m k and ERMs@Latex-25 had the largest 500 

value of 0.095 W/m k. The thermal conductivity of all samples have met the 501 

requirement for thermal insulation materials [38]. The existence of the micro pores 502 

(Fig. 1) disrupted the thermal conduction paths, which in turn gave the composite 503 

materials a low thermal conductivity [39].  504 
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 505 

Fig. 8. The simulation of continuous separation of oil from water by syringe pumping. 506 

Hexane was used as oil dyed by Oil Red O.  507 

 508 

Fig. 9. (a) Sound-absorbance performance tests for the bare latex materials and the 509 

five samples (b) The thermal conductivity of the five samples.  510 

4. Conclusions 511 

In conclusion, a facile one-pot synthesis method was reported to fabricate 512 

mechanically robust superhydrophobic and superhemophobic composite materials. 513 

The mechanical and environmental durability were owing to the strong chemical 514 

bonding between the epoxy resin microspheres (ERMs) and the 3-D porous skeleton 515 

structures of latex sponge. The samples of ERMs@Latex-35, ERMs@Latex-45 and 516 

ERMs@Latex-60 displayed better wear-resistance and chemical stability after severe 517 

mechanical and chemical durability tests. All the five samples exhibited a superior 518 

UV-durability after 300 h UV-irradiation. These superhydrophobic materials could be 519 
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made into free-standing bulk or thin plate samples. They could also be prepared to 520 

adhere onto a substrate during the curing stage. The excellent comprehensive 521 

performances including mechanochemical robustness, stain repellency, oil-water 522 

separation and sound-absorption properties have made these superhydrophobic 523 

materials a strong candidate for a range of industrial applications. 524 
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