
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Journal of
 Materials Chemistry A

www.rsc.org/materialsA

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


1 

 

Emerging trends in superhydrophobic surface based magnetic materials: 1 

fabrications and their potential applications   2 

Saravanan
 
Nagappan and Chang-Sik Ha

* 
3 

 
4 

Department of Polymer Science and Engineering, Pusan National University, Busan 609-735, 5 

Republic of Korea.  6 

* Tel.: +82-10-48441-7066; Fax: +82-51-514-4331; E-mail: csha@pnu.edu 7 

 8 

Abstract 9 

Superhydrophobic surfaces have become an emerging field over the last few decades. Recently, 10 

these surfaces have attracted considerable attention in wide variety of applications due to the 11 

smart and self-cleaning ability of the surface. On the other hand, the switchable surface 12 

properties, self-healing and robust mechanism for mechanical abrasion make these 13 

superhydrophobic surfaces more reliable for practical applications and commercialisation in 14 

coating industries. More recently, superhydrophobic surfaces induced by magnetic fields or 15 

magnetic particles have also emerged as new area for a range of applications, such as oil spill 16 

capture and separation, catalysis, sensors, liquid marbles type microfluidic devices, magnetic 17 

resonance imaging (MRI) contrast agents, and superhydrophobic magnetic fluids. This review 18 

covers the fabrications of superhydrophobic surface based magnetic materials (SSBMMs), such 19 

as superhydrophobic magnetic surfaces, nanoparticles, liquid marbles, sponges and foams, bulk 20 

materials, aerogels, fabrics and papers, elastomer actuators, micro-fluids, anisotropic particles 21 

(tri-patch magnetic supraparticles), and their past, present and future applications.             22 

 23 
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1. Introduction 1 

Superhydrophobic surfaces are inspired by a wide variety biological systems, such as lotus leaf 2 

(front side), rice leaf, wheat leaf, Ailanthus altissima (Tree of Heaven) leaf (rear side), geckos, 3 

butterfly wings, shark skin, carp scales, water strider, mussel, nacre, and Clam shell.
1-9

 The 4 

example of nature may lead to the creation of micro-nano hierarchical structures on biological 5 

surfaces that resist water droplets on the surface and make the surface clean forever (self-6 

cleaning).
10 

Based on these bio-inspirations, several studies have attempted to mimic the surface 7 

topography of biological systems to form robust superhydrophobic and self-cleaning 8 

coatings.
11,12

 Recently, highly robust, self-healing and switchable surface properties have 9 

attracted considerable attention to the production of superhydrophobic surfaces.
11-15

 The above 10 

properties are very important for the commercialisation of materials for practical applications. 11 

On the other hand, the development of these properties is quite difficult. Therefore, care is 12 

needed when designing and fabricating these surfaces. Superhydrophobic surfaces are switchable 13 

under circumstances, such as pH, light (ultra-violet (UV), plasma, and laser), temperature, and 14 

electrochemical treatments. These all depend on the type of materials used for coating 15 

applications.
16-21

 16 

Several metal precursors, polymers, silane precursors, siloxane based materials, and various 17 

substrates, such as glass, nanofibers, silica wafer, membranes, papers, textile fabrics, sponges, 18 

foams, and aerogels, etc., have been used to fabricate superhydrophobic surfaces.
1,22-32

 Fig. 1 19 

gives an example of superhydrophobic surfaces using polymer hybrids based on 20 

polymethylhydroxysiloxane (PMHOS)/nature leaf powder mixtures.
1
 More recently, 21 

considerable attention has been paid to the development of superhydrophobic surface based 22 

magnetic materials (SSBMMs) on a range of substrates, such as sponges, foams, aerogels, glass, 23 
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magnetic particles, and liquid marbles (Fig. 2). These surfaces are used widely for the selective 1 

removal and separation of oils from water surfaces or under water, catalysis, sensors and 2 

biomedical applications, elastomeric actuators, magnetic fluid device fabrications, and other 3 

applications (Fig. 2). The main reason for use of these SSBMM is the easy separation of the 4 

material or substrate using a permanent magnet and the recyclability without any loss of 5 

material. To the best of the authors’ knowledge, this is the first review to focus more deeply on 6 

the fabrication and emerging trends in a wide range of applications using SSBMMs. Based on a 7 

literature survey, the applications of SSBMMs have not been well established in wider 8 

applications compared to the superhydrophobic surfaces used in a range of applications (Fig. 3A 9 

and B). The growth and development of these SSBMMs have emerged for wider applications 10 

(Fig. 3B). More details of these properties, fabrications, and their applications of SSBMMs are 11 

provided in this review.            12 

Superhydrophobicity is defined generally by the surface wettability.
33-36

 Surfaces with a 13 

contact angle (CA) lower than 90° and 5° (or almost zero) are called hydrophilic and 14 

superhydrophilic surfaces, respectively. On the other hand, the surfaces with contact higher than 15 

90° and 150° are called hydrophobic and superhydrophobic surfaces, respectively. In most cases, 16 

superhydrophobic surfaces show lower contact angle hysteresis (CAH) based on the surface 17 

properties. When superhydrophobic surfaces exhibit a very low CAH (< 10°-5°) the surfaces can 18 

show a very high contact angle (>170°). CAH is defined from their dynamic contact angles 19 

(DCAs), such as from the advancing and receding contact angles.
35-40

 In another case, CAH is 20 

also defined from the subtraction of the advancing CA (θa) by the receding CA (θr).
39,40

  21 

CAH = θa - θr        (1) 22 
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6 

 

The extreme non-stick and self-cleaning properties of superhydrophobic substrates are quite 1 

useful in daily life.
41

 The applications of these substrates are emerging in a wide range of 2 

applications based on the chemical compositions and properties.   3 

   4 

2.0. Magnetic properties of various materials  5 

Several metal ions exhibit partial magnetic properties due to the presence of unpaired electrons 6 

in the electronic configuration. On the other hand, Fe-based materials can generate strong 7 

magnetic moments due to the presence of a larger number of unpaired electrons in the orbital 8 

shells and positive net magnetic moments. The magnetic properties of a material are classified 9 

into several types based on the types of magnetisms such as diamagnetism, paramagnetism, 10 

ferromagnetism, anti-ferromagnetism, ferrimagnetism, and superparamagnetism, etc.
42-44

    11 

Diamagnetism is a weak and non-permanent magnetism in magnetic materials. The orbital 12 

shells of a material filled completely by electrons show that there is no net magnetic moment in 13 

the material. The material does not show any dipoles in the absence of magnetic field, which 14 

illustrates the non-magnetic property of the material. Meanwhile, dipoles are induced in the 15 

presence of magnetic field and aligned towards the opposite direction of the applied field 16 

direction. Based on this approach, the material shows negative magnetic moments when exposed 17 

to the permanent magnet field, so that magnetic susceptibility also becomes negative.    18 

Paramagnetic materials show the presence of some unpaired electrons in the orbital shells, so 19 

that the electron can easily exchange between the orbital shells in the presence of some external 20 

quencher. The materials are magnetized partially and showed the positive net magnetic moment 21 

and magnetic susceptibility by applying permanent magnet field. On the other hand, the net 22 

magnetic moment becomes weaker due to the non-interaction of individual magnetic moment. 23 
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As a consequence, the net magnetic moment of the materials becomes zero in the absence of 1 

permanent magnetic field.     2 

On the other hand, ferromagnetic materials can show strong magnetic properties to the 3 

permanent magnet due to the presence of large number of unpaired electrons in the materials. 4 

The multi-domains of electrons in the materials are parallel to each others in the presence of 5 

external magnetic field which helps to maintain the magnetic property of the materials for longer 6 

time even in the absence of permanent magnet, so that the net magnetic moment and 7 

susceptibility of those materials also becomes positive. Anti-ferromagnetic materials are similar 8 

to the ferromagnetic materials. However, the magnetic domains are exactly in the opposite 9 

direction of the applied magnetic field. This is due to anti-parallel coupling with neighbouring 10 

atoms or ions which results to cancel out the net magnetic moment in the materials. Anti-11 

ferromagnetic materials show no magnetic property in the absence of magnetic field, whereas the 12 

materials show small net magnetic moment under the applied magnetic field. Ferrimagnetic 13 

materials are also similar to the ferromagnetic materials. It differs from the net magnetic 14 

moments. An incomplete cancellation and anti-parallel directions of the spin moments in the 15 

magnetic domains result to the net magnetic moments. Ferrimagnetic materials also show 16 

permanent magnetic property in some materials based on the properties of the materials.      17 

In most cases, superparamagnetic materials act like a ferromagnetic material. When the 18 

particle size of ferromagnetic materials is reduced to the size of less than 10 nm, the electronic 19 

domains in the individual particles try to assemble to each other. Then, the materials do not have 20 

stronger interaction between them due to their smaller size. The electronic domains in each 21 

single particle are parallel to each other, so that the materials also maintain the magnetic property 22 

for short time in the absence of permanent magnet and show positive net magnetic moment and 23 
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susceptibility. The materials show much weaker magnetic property than that of ferromagnetic 1 

materials.     2 

 3 

2.1. Fabrication of superhydrophobic surface based magnetic materials (SSBMMs) 4 

Superhydrophobic surfaces prepared by using magnetic materials can generate strong magnetic 5 

properties on the surface.
45-47

 Pogreb et al.
48

 developed a novel hierarchical SSBMM by two 6 

stage processes with the support of a laser beam and permanent magnet on the polymer substrate. 7 

In the first stage, they spread large scale metallic (Ni 17Cr 4Fe 4Si 3.5B 1C) magnetic 8 

nanoparticles (100 µm) on polymethylpetene (TPX) film on the top of a permanent magnet 9 

followed by surface irradiation under laser light. During this treatment, metallic particles 10 

generate heat that melts the TPX at 200-230 °C. This molten polymer film covered the metallic 11 

magnetic particles and exhibited hydrophobic (120-135°) surface properties. In the second stage, 12 

the surface was treated in a similar manner using small scale metallic (Fe, 1-5 µm) magnetic 13 

particles. Through this two stage process, a twin scale hierarchical surface was generated by 14 

depositing small scale metallic magnetic particles on large scale metallic magnetic particles. This 15 

dual hierarchical structure showed a superhydrophobic contact angle (153°) with lower 16 

hysteresis (15°) on the surface. Zhu et al.
49

 developed a novel conducting and magnetic 17 

superhydrophobic surface by an electrospinning technique using polyvinyl alcohol (PVA) and 18 

ferrous acetate (FeAc2). The materials were mixed at various weight percentages and electrospun 19 

into nanofibers. The obtained nanofibers were calcined at 600 °C for 8 h in an Ar atmosphere to 20 

produce carbon nanofibers (CNFs). The obtained CNFs exhibited excellent conductivity (3.4 S 21 

cm
-1

 at 50 wt.% FeAc2), magnetic properties (ferromagnetic) and superhydrophobicity (156° ± 22 

2.6° at 40 wt.% FeAc2). They also reported an increase in conductivity and magnetic properties 23 
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of the multifunctional CNFs by the increase in the weight percentage of FeAc2. Wang et al.
50

 1 

also prepared multifunctional magnetic superhydrophobic surfaces by electrospinning using 2 

poly(vinylidine fluoride) (PVDF) as the basic material for the nanofibers. A pre-synthesised 3 

fluorinated core/shell magnetic microsphere was dispersed with PVDF under ultrasonication and 4 

electrospun into nanofibers (Fig. 4). The obtained nanofibers exhibited superparamagnetic 5 

properties and stable superhydrophobicity (152.4° ±0.4°) under strong acids and bases. Table 1 6 

lists the recent developments of SSBMMs and their potential properties.   7 

 In a similar manner, a superparamagnetic and superhydrophobic coating surface was 8 

fabricated by the graft polymerisation of a core/shell magnetite nanoparticles (MNPs) 9 

(Fe3O4@SiO2@MPS) surface using 2,2,3,4,4,4-hexafluorobutyl acrylate (HFBA) on a copper 10 

wafer substrate using casting method.
51

 The casted copper wafer substrates showed a CA 154.6° 11 

with a saturation magnetisation value of 44.0 emu/g. In another method, Zhang et al.
52

 12 

synthesised superhydrophobic (157°) and superparamagnetic films by the atom transfer radical 13 

polymerisation (ATRP) of core/shell maghemite nanoparticles (Fig. 5). On the other hand, stable 14 

biomimetic SSBMM was fabricated by forming copper (Cu)-ferrite nanorods on a copper 15 

substrate that is treated further by a fluorinated silane precursor (dodecafluorooctatriethoxysilane 16 

(FOS-12)).
53

 The Cu-ferrite produces crystal nanorods film on a copper substrate by increasing 17 

the growth time (Fig. 6). By increasing the growth time from a few hours to 24 h, the number of 18 

crystal nanorods decreased and their size and mean distance between the nanorods increased. 19 

The ‘dagger-like’ nanorod crystals (1 h) will become sword-like nanorod crystals within 8 h of 20 

immersion and a submicrorods crystal structure developed at 24 h. The magnetisation of the 21 

substrate was dependent mainly on the cu-ferrite nanorod size. The saturation magnetisation of 22 

the film increased with increasing growth time of the Cu-ferrite nanorods. On the other hand, the 23 
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increased Cu-ferrite nanorods film would produce a partially smooth surface that reduces the 1 

surface CA from superhydrophobic (156.5° ± 2.1° at 10 h of immersion) to hydrophobic (142° ± 2 

2.4° at 24 h of immersion).       3 

 4 

2.1.1. Superhydrophobic magnetic nanoparticles 5 

Recently, novel bio-inspired magnetic nanoparticles were synthesised by mimicking the surface 6 

of mussels.
54

 They developed this mussel-inspired surface using silica nanoparticles with a range 7 

of particle sizes as the core material, which was modified by a surface treatment with dopamine, 8 

silver nanoparticles and 1H,1H,2H,2H-perfluorodecanethiol. The obtained nanoparticles 9 

exhibited superhydrophobic properties. The surface wettability was changed partially depending 10 

on the size of the silica nanoparticles cores (171.0° ± 2.0° at 500 nm, 166.8° ± 2.1° at 200 nm 11 

and 156.8° ± 1.4° at 300 nm) used for synthesis. Based on this idea, they also developed liquid 12 

marble-magnetic nanoparticles using carbonyl iron particles as the core material (Fig. 7). The 13 

magnetic nanoparticles obtained exhibited superhydrophobicity (159.6°), and almost complete 14 

oil wettability (~0°). The magnetic nanoparticles can be controlled remotely by the help of a 15 

permanent magnet. Using this idea, the applications of magnetic nanoparticles can be useful for a 16 

range of applications. The mussel-inspired magnetic nanoparticles exhibited oil marble 17 

properties by spreading the particles on oil spills over the water surface. This shows that using a 18 

permanent magnet, oils can be separated and recycled without any loss of magnetic 19 

nanoparticles. Fang et al.
55

 fabricated magnetically-induced temporary superhydrophobic 20 

coatings by a simple approach in a one-pot process based on the Fig. 8. In the first step, 21 

magnetite nanoparticles were prepared by a co-precipitation method using ferrous and ferric 22 

chloride, which was dissolved in water in a beaker in one-pot followed by the addition of an 23 
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aqueous ammonia solution. The obtained magnetite nanoparticles were surface functionalised 1 

further by the addition of tridecafluorooctyl triethoxysilane (FAS), ethanol, and water in one-pot. 2 

The obtained fluorinated magnetite nanoparticles exhibited hydrophobic properties. To create 3 

superhydrophobicity using this material, fluorinated magnetite nanoparticles were deposited on a 4 

range of substrates by keeping the permanent magnet below the substrate. The hydrophobic 5 

particles (124.6° ± 2.1° on a glass substrate) exhibited temporary superhydrophobicity (172.8° ± 6 

0.2° on glass substrate) on a range of substrates using this technique. The saturation 7 

magnetisation of pure magnetite nanoparticles was approximately 65.20 emu/g at 300 K. On the 8 

other hand, the surface-functionalised magnetic nanoparticles exhibited partially-reduced 9 

magnetisation (53.10 emu/g at 300 K). The reduced magnetisation of the magnetic nanoparticles 10 

was mainly due to the surface functionalisation of FAS. The formation of smooth layers on the 11 

outer surface of magnetite nanoparticles by fluorinated silica particles would reduce the 12 

magnetisation and increase the surface properties from hydrophilic (38.9° ± 1.2° of pure 13 

magnetite nanoparticles on glass substrate) to hydrophobic and superhydrophobic. Several 14 

magnetic nanoparticles have also been synthesised and functionalised with a range precursors to 15 

enhance the surface properties of those materials.
56-58

                    16 

 17 

2.1.2. Superhydrophobic magnetic liquid marbles 18 

Aussillous et al.
59,60

 proposed the first concept of the formation of liquid marbles by a 19 

hydrophobic material. Liquid marbles are prepared by rolling a water droplet on the hydrophobic 20 

micro or nanoparticles surface.
59-62

 Water can generate the layer formation of particles over the 21 

water surface because of the electrostatic attractions among the particle surfaces by their highly 22 

active functional groups (Fig. 9). Liquid marbles maintain the surface properties up to the 23 
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separation of hydrophobic particles on the surface. Liquid marbles are used widely in a range of 1 

applications, such as oil adsorption and separation, gas separation, identification of water on the 2 

water/vapour interface, and in the synthesis of solid polyelectrolyte microspheres.
63-68 

Recently, 3 

liquid marbles using monodisperse poly(methylsilsesquioxane) (PMSQ) particles have been 4 

developed (Fig. 9).
63

 A liquid drop was rolled gently on a PMSQ powder bed to create 5 

monolayers of powder on the water surface. The excess deposited powders were removed by 6 

transferring the liquid marbles to a n-octadecyltrimethoxysilane (OTS) modified silicon wafer 7 

substrate followed by gentle rolling and cleaning the liquid marbles on the surface. The obtained 8 

liquid marbles exhibited stable surface properties until the loss of particles on the surface. On the 9 

other hand, the freezing properties of the liquid marbles have been studied.
69-71

 These studies 10 

found that the liquid marbles can delay the freezing time of a water drop due to the formation of 11 

layers of particles on the water drop surface. Similarly, some studies were also carried out to 12 

measure the evaporation rate of liquid marbles.
72,73 

Magnetic liquid marbles were prepared based 13 

on these concepts with superhydrophobic properties. Zhang et al.
74

 synthesised magnetic liquid 14 

marbles using core/shell magnetic nanoparticles followed by surface functionalisation of the 15 

shell by grafting with a block copolymer (poly(2-vinylpyridine-b-dimethylsiloxane, (P2VP- b -16 

PDMS)) (Fig. 10). The surface was treated further with a photoacid generator (PAG). Owing to 17 

the presence of PAG on the polymer-core/shell magnetic nanoparticles surface, the surface can 18 

be tuned easily under acids and UV light. Under these conditions, PAG protonates the adjacent 19 

P2VP blocks and generates hydrophilic groups on the surface of the particles, which form a thin 20 

layer on the surface of the water drop. The hydrophobic property remaining on the particles 21 

maintains the stability of liquid marbles. Based on the mechanism, the magnetic liquid marbles 22 

were controlled remotely using a permanent magnet.
74-76 

Zhao et al.
75

 examined the movements 23 

Page 12 of 99Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

of magnetically-activated liquid marbles on a glass substrate by placing a permanent magnet at 1 

one side of the substrate and moving the magnetic liquid marble slowly by the movement of a 2 

permanent magnet. The magnetic liquid marbles (the mass of magnetic powders on the droplet 3 

(0.18 mg)) was moved a distance of ~14 mm with the support of an external magnetic field (0.02 4 

T). The authors also explained the role of the particles size on the development of stable 5 

magnetic liquid marbles.
77

 Nanoparticles can produce more robust liquid marbles than 6 

microparticles. This is because of the uniform deposition of nanoparticles on the surface of the 7 

water drop, which reduces the liquid/air boundary and maintains the stability for a longer period 8 

of time. They used very small (10 nm) and highly hydrophobic Fe3O4 magnetic nanoparticles.
77

 9 

The particles obtained exhibited highly durable liquid marble properties because of the reduced 10 

interface between the liquid and air. In another method, highly stable superhydrophobic magnetic 11 

liquid marbles were developed using fluorinated decylpolyhedral oligomeric silsesquioxane (FD-12 

POSS)/Fe3O4 nanoparticles.
76

 A thin bed was prepared using a FD-POSS/Fe3O4 nanoparticles 13 

powder, the surface exhibited superhydrophobicity to water (171.1°) and superamphiphobicity to 14 

dimethyl sulphoxide (DMSO), toluene, hexadecane, and ethanol with a contact angle of 166.2°, 15 

155.7°, 154.4°, and 142.8°, respectively (Fig. 11). The FD-POSS/Fe3O4 magnetic liquid marbles 16 

were adjusted by opening and closing the marbles. During this stage, a range of water colours 17 

were also encapsulated to the check the chemiluminescence properties of the liquid marble 18 

surface. The hexadecane magnetic liquid marble displayed various colours on the surface, which 19 

confirms the highly durable surface property of the liquid marbles. The stable superhydrophobic 20 

magnetic liquid marbles were attributed to the formation of low surface energy FD-POSS on the 21 

surface of Fe3O4 nanoparticles. They also examined the chemiluminescence reaction in magnetic 22 

liquid marbles by the addition of hydrogen peroxide in a single liquid marble and bis(2,4,6-23 
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trichlorophenyl)oxalate and dye in another liquid marble. A chemiluminescence reaction 1 

occurred in the liquid marble when the two liquid marbles joined to form a single liquid marble, 2 

which can be observed from the optical images (Fig. 11). In a similar manner, the authors also 3 

conducted other chemical reactions successfully in magnetic liquid marbles, such as acid-base 4 

reactions, nanoparticles synthesis and photochemical polymerisation. The chromatography study 5 

showed the direct purification of the reaction product by a chromatographic alumina sheet. In a 6 

similar fashion, Janus particles are also attracted considerable attention to develop magnetic 7 

liquid marbles. In general, Janus particles are fabricated by the formation of anisotropic colloidal 8 

particles in water/oil interface or pickering emulsion method using polymers or inorganic 9 

nanoparticles, polymer/inorganic hybrid system.
78,79

 Similarly, the Janus particles have been also 10 

fabricated by layer-by-layer self-assembly, photo-polymerization in micro-fluidic channel, and 11 

surface coating by deposition of evaporated metal particles, etc.
78,79

 The surface properties of the 12 

colloidal particles were modified by using various types of surfactants, compatibilizers, 13 

stabilizers, etc. The size and shape of the Janus particles can also be varied based on the use of 14 

surfactants, compatibilizers, and stabilizers in the inorganic, polymeric and polymer-inorganic 15 

systems.
78,79

 Based on these approaches, a multi-compartment bio-inspired Janus particles were 16 

prepared by using silica nanoparticles (250 nm), α-Fe2O3 nanoparticles and ethoxylated 17 

trimethylolpropane triacrylate (ETPTA) (Fig. 12).
80

 The Janus particles were prepared by 18 

dissolving silica nanoparticles with α-Fe2O3 in ethanol and mixing them with ETPTS followed 19 

by the complete removal of ethanol from the magnetic nanoparticles. The obtained suspension 20 

was mixed with a photoinitiator (0.25% v/v 2-hydroxy-2-methylpropiophenone) under 21 

ultrasonication and were capped with 5 wt.% poly(vinyl alcohol) (PVA) and 1 wt.% 22 

ethyleneoxide propyleneoxide tri-block copolymer (Pluronic F108). The capping agents were 23 
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removed completely by an acid wash and the particles were treated with O2 plasma for 30 1 

seconds. The treated amphiphilic particles were modified further with fluorosilane and wax to 2 

create the Janus particles. The obtained Janus particles exhibited magnetic liquid marble 3 

properties and could be useful for optical reflective spectroscopy. Several other studies have also 4 

been carried out for the preparation of SSBMMs, and their properties and various applications 5 

were analyzed.
81-86

  6 

 7 

2.1.3. Superhydrophobic magnetic sponges and foams 8 

Superhydrophobic sponges and foams were fabricated using a simple approach by a surface 9 

treatment with pristine melamine, polyurethane, carbon nanotube (CNT) sponges, or other foams 10 

by a dip coating method.
1,87-94

 On the other hand, melamine and polyurethane sponges have 11 

attracted considerable interest for various applications, such as cleaning vessels to oils and 12 

organic solvent absorption/adsorption, and separations. Because of the flexible, economically 13 

viable and thermally stable properties under optimal conditions, the sponges can be applied 14 

easily to a range of fields. The simple surface modifications of the sponge also lead to enhanced 15 

properties of the substrate. Zhou et al.
87

 developed a novel Fe
2+

 ion induced superhydrophobic 16 

polyurethane (PU) sponge using 1H,1H,2H,2H-perfluorooctyltriethoxysilane (PTES) and pyrrole 17 

monomer as the surface modifier. The PU sponge was cleaned in acetone and water before a 18 

surface treatment (Fig. 13a). The pre-cleaned sponge was dip-coated in a ferric chloride/PTES 19 

solution dissolved in ethanol (Fig. 13b). The dip-coated sponge was covered further by 20 

vaporisation of the pyrrole monomer, which was polymerised at room temperature by the 21 

continuous exposure of pyrrole vapour on the substrate (Fig. 13c). The pyrrole monomer was 22 

oxidised in the presence of Fe
3+

 ions and provided polypyrrole (Fig. 13d), whereas at the same 23 

Page 15 of 99 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



16 

 

time, Fe
3+

 ions were reduced to Fe
2+

 ions (Fig. 13e). The prepared substrate showed 1 

superhydrophobic and superoleophilic properties (Fig. 13). In 2003, Maspoch et al.
90

 introduced 2 

the concept for the fabrication of a porous magnetic solid by mixing copper atoms with 3 

polychlorinated triphenylmethyl tricarboxylate (PTMTC) as an organic radical ligand. A 4 

selective magnetic sponge was formed by enhancing the network structure of the porous solid. 5 

Based on this concept, a new model was designed for developing a magnetic sponge with an 6 

alkanedithiol-bridged network using nano magnets (Fig. 14).
91

 A switchable magnetic sponge 7 

was developed via an ON and OFF mechanism of an applied magnetic field. By changing the 8 

applied magnetic field, the magnetic sponge can expand or compress their framework.
91 

The 9 

alkanedithiol, such as icosane-1,20-dithiol (C20 dithiol) and triacontane-1,30-dithiol (C30 dithiol), 10 

were used in that study with magnetic Co-Pd alloy nanoparticles as a network connector of the 11 

alkanedithiol to create a bridged network of magnetic sponges. Recently, ultralight 12 

superhydrophobic magnetic foam was fabricated by modifying the PU sponge under an acid 13 

wash followed by acrylic acid (Fig. 15).
94

 This acrylic acid-modified sponge was dipped into a 14 

range of solutions, such as Fe(NO3)3, Co(NO3)2 and Ni(NO3)2, respectively, and sintered at 400 15 

°C for 1 h in an Ar atmosphere. Ultralight weight magnetic foams of Fe2O3/C, Co/C and Ni/C 16 

foams were prepared using this technique. The magnetic foams underwent a further surface 17 

treatment using 2% (v/v) of methyltrichlorosilane to induce superhydrophobicity. The density of 18 

the foams can vary depending on the acrylic acid and metal ions loading. The modified foam 19 

exhibited superhydrophobic (152° for water), superoleophilic (0° for lubricating oil) and 20 

superparamagnetism properties. Owing to the ultralight weight, the superhydrophobic and 21 

superoleophilic properties of the modified foam can be used to separate a larger amount of oils 22 
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through the pore channels. The superhydrophobicity of the foam prevent the water (surface 1 

tension 72.8 mN/m) from passing through the pore channels of the foam.   2 

 3 

2.1.4. Superhydrophobic magnetic aerogels and films 4 

An aerogel is a type of light weight material that is normally prepared by sol-gel techniques 5 

using a silane precursor followed by the complete removal of solvents under reduced pressure.
95

 6 

Silica-based aerogels have a large surface area (55-1200 m
2
/g), high porosity (80-99.8%), high 7 

thermal insulation value (0.005 W/m K), fire resistance, ultra-low dielectric constant (k = 1.0–8 

2.0), low density (~0.0003 g/cm
3
), and lower refractive index (~1.05).

96
 Owing to the extreme 9 

properties of the silica aerogel, the applications of the aerogel are used widely in a range of 10 

applications, such as supercapacitors, thermal insulations, catalytic supports, and acoustic 11 

barriers. Recently, superhydrophobic aerogels and superhydrophobic aerogels based magnetic 12 

materials have also attracted keen interest for the development of aerogels for a variety of 13 

applications.
97-109

 Hamdeh et al.
98

 and Long et al.
99

 examined the magnetic properties of zinc-14 

ferrite aerogel powders and nanocrystalline magnetic mesoporous aerogels. The iron oxide 15 

(FeOx) based nanocrystalline mesoporous aerogels were prepared by sol-gel method by using 16 

ferric chloride and epoxide-based proton scavenger under various calcination conditions. The 17 

magnetic property of the prepared magnetic aerogel was measured by vibrating sample 18 

magnetometry (VSM) (Fig. 16).
99

 Amorphous nature of the as-prepared magnetic material 19 

showed weak paramagnetic property with no saturation or coercivity (Fig. 16). Similarly, the 20 

magnetic materials calcined in air at 260 °C and 320 °C also showed weak paramagnetism and 21 

less crystalline properties (Fig. 16). The authors found that the magnetic materials calcined in 22 

argon gas or argon/air mixture at 260 °C and 370 °C showed the formation of nanocrystalline 23 
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mesoporous aerogel with superparamagnetic property (Fig. 16). On the other hand, the particle 1 

size and the magnetic properties of the prepared aerogels were depended strongly on the 2 

calcination condition and their structural behaviour. The magnetic aerogel prepared at 370 °C in 3 

argon gas showed stronger magnetic property even though the particle size was quite higher in 4 

size (~18.5 nm, saturation magnetization 57 emu/g) as compared with the material prepared at 5 

260 °C in argon (~7 nm, 44 emu/g) (Fig. 16). Olsson et al. prepared a highly flexible cellulose-6 

based magnetic aerogel.
100

 Initially, a bacterial cellulose hydrogel was prepared using a bacterial 7 

strain (Acetobacter xylinum FF-88) in a cell culture medium containing 5 vol.% of coconut milk 8 

and 8 vol.% of sucrose. The obtained hydrogel was treated with a 10 vol.% NaOH solution, and 9 

washed with distilled and Milli-Q water followed by freeze drying. The obtained cellulose 10 

aerogel was treated further by immersing it into a FeSO4/CoCl2 solution for 15 min. and heated it 11 

at 90 °C for 3 h. The dried aerogel was further soaked in a NaOH and KNO3 solutions at 90 °C 12 

for 6 h. The aerogel was washed with Milli-Q water and freeze dried to obtain elastic and 13 

ferromagnetic aerogel nanocomposites. Liu et al.
101

 also prepared highly flexible magnetic 14 

aerogel using similar method with FeCl3 and CoCl2 and cellulose hydrogel membranes. Based on 15 

these approaches, a range of magnetically-induced aerogels were prepared successfully. 16 

Recently, a new method for producing superhydrophobic surface based magnetic films by an 17 

aerogel-assisted chemical vapour deposition method (AACVD) using a range of metal 18 

nanoparticles, such as Fe3O4, Co, Ti, Ni, and Au nanoparticles, was developed.
103

 The 19 

nanoparticles were hydrophobised using oleic acid or trimethoxy(octadecyl) silane (OTMS). A 20 

Sylgard® 184 Silicone Elastomer solution was prepared by dissolving in chloroform followed by 21 

the slow addition of a variety of hydrophobised nanoparticles solutions. The obtained solution 22 

was used to prepare a superhydrophobic magnetic film by AACVD. The Fe3O4 nanoparticles 23 
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exhibited superparamagnetic properties in the colloidal suspension as well in the aerogel assisted 1 

film with a magnetisation saturation of 42.2 emu/g, which is due mainly to the small crystallite 2 

size (<20 nm) of Fe3O4. The metal nanoparticle-loaded superhydrophobic films could be used for 3 

the photodegradation of organic dyes. The dye can be adsorbed on the surface of the 4 

superhydrophobic film because of the presence of a larger surface area on the surface. The 5 

adsorbed organic dye is degraded further by the photocatalytic properties of Ti and other metal 6 

nanoparticles. The superhydrophobic films can be removed easily from solution using an 7 

external magnet because of the magnetic properties of the superhydrophobic film. The 8 

magnetically-induced superhydrophobic film can be recycled for the continuous degradation of 9 

organic dyes in water. 10 

 11 

2.1.5. Superhydrophobic magnetic fabrics and papers 12 

A fabric or paper prepared with superhydrophobic properties exhibited another interesting 13 

surface property due to the use of the matrix surface for various applications, such as self-14 

cleaning textile fabrications, filtrations, and the separation of oils and solvents, micro-15 

nanoparticles and bio-molecules, electrochemical energy storage, etc..
110-115

 In most cases, the 16 

electrospinning technique has been used for the development of superhydrophobic fabrics.
114 

17 

This was attributed to the creation of micro and nanostructures over larger areas by the 18 

electrospinning of a polymer solution. The hydrophobicity of the polymer fabrics (hydrophobic 19 

polymer) can impart superhydrophobic surface properties based on the nanofiber architecture or 20 

the surface treatment with hydrophobic materials or the loading of hierarchical nanoparticles 21 

with a polymer solution. Richard et al.
111

 developed a novel superhydrophobic cotton fabric 22 

using a simple method with zinc hydroxide and stearic acid solutions through a solution 23 
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immersion method. The obtained superhydrophobic fabric exhibited relatively low cost and non-1 

toxic properties. Bayer et al.
117

 developed a new type of cellulose fabric with a combination of 2 

superhydrophobic and magnetic properties. First, spherical superparamagnetic MnFe2O4 3 

nanoparticles were synthesised by dissolving 2 mmol of iron (III) acetylacetonate [Fe(acac)3], 4 

1.25 mmol of manganese (II) acetylacetonate [Mn(acac)2], 10 mmol of hexadecanediol, 6 mmol 5 

of dodecylamine, and 6 mmol of dodecanoic acid in a round bottomed flask with 20 mL of 6 

benzyl ether under a nitrogen atmosphere at various temperatures (140 °C, 210 °C and 300 °C) 7 

and times (600, 120, 60 min.). The magnetic nanoparticles were washed with a mixture of 8 

isopropanol, ethanol and acetone, and dispersed in toluene. In the second stage, a functionalised 9 

hydrophobic cellulose fibre sheet was prepared using 5 wt.% ethyl-2-cyanoacrylate (ECA) 10 

monomer in acetone using a solution cast or dip-coating method. The functionalised sheet 11 

surface was treated further with yellow carnauba Wax flakes (150 nm) or PTFE particles, and the 12 

ECA monomer was polymerised at room temperature. The surface property of the functionalised 13 

cellulose sheet increased steadily and become saturated at certain concentrations by increasing 14 

the weight percentage of wax or PTFE particles. The results showed that PTFE particles play a 15 

key role in producing superhydrophobicity on a cellulose fabrics sheet than the use of carnauba 16 

wax. Optical images of the water droplet on the modified cellulose substrate and Fig. 17 (a-c) 17 

shows their surface morphology. Magnetic cellulose sheets were prepared by immersing the 18 

cellulose sheet in a ECA/MnFe2O4 nanoparticle solution and polymerised at room temperature. 19 

MnFe2O4 nanoparticle-loaded cellulose sheets exhibited hydrophobic properties and 20 

superparamagnetic properties due to the extremely smaller nanoparticles of MnFe2O4 and the 21 

motion on the paper was monitored easily by a permanent magnet (Fig. 17A). 22 

 23 
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2.1.6. Superhydrophobic surfaces and magnetic fluids 1 

Micro-fluidic devices can be fabricated by surface patterning techniques using laser, ion 2 

irradiation, sealing, rapid prototyping, lithography, and replica molding, etc.
79

 The transportation 3 

of macro or micro or nanofluids in a controlled manner requires an external force to transport the 4 

fluids.
118,119

 This might need more energy or incur high cost for maintenance, storage and 5 

transport. Several approaches to fluid transportation in controlled wetting phenomena, such as 6 

liquid drop movement on a surface using external gradient and capillary rise and fall technique, 7 

have been carried out.
120-122

 The wetting phenomenon of a fluid on the substrate was controlled 8 

by treating the surface with various techniques, such as surface chemical treatment, light and pH. 9 

The movement of the fluid droplet was also controlled in a systematic manner based on these 10 

concepts. Two external forces were used for the transport of fluid drops, such as asymmetric 11 

lateral vibrations and thermal gradient controlled by laser beam.
118-122

 Recently, 12 

superhydrophobic surfaces have attracted increasing interest in this field due the extremely high 13 

surface non-wetting and self-cleaning properties. Water or other fluids can be easily 14 

transportable in a controlled manner using the superhydrophobic surface, which might reduce 15 

power consumption, external stimuli and cost. Several engineers have designed suitable coating 16 

materials and methods for fluid transportation. Recently, an attempt for the tracking of fluid 17 

motion on a superhydrophobic surface by an external magnet was conducted. The fluid motion 18 

might depend on the magnetic properties of the fluids. Gómez et al.
118,119

 examined the 19 

paramagnetic fluid movement on a superhydrophobic surface. Spherical paramagnetic particles 20 

(diameter, 0.2 to 4.0 µm) were dispersed in water at various concentrations (0.1% -5%) and used 21 

as a fluid motion study. A permanent magnet was kept under a superhydrophobic surface (CA, 22 

145° to 160°) followed by placing the magnetic nanoparticle-dispersed fluid on a surface (fluid 23 
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drop, 5 to 35 µL). The movements of magnetic fluids were monitored and controlled by the 1 

permanent magnet. The superhydrophobic surface exhibited excellent properties for fluid 2 

transport than other methods used for fluid transportation. This was attributed to the non-stick 3 

and self-cleaning properties of the superhydrophobic surface. The drop motion was dependent 4 

mainly on the concentration and size of the magnetic particles at the magnetic fluid. The authors 5 

concluded that drop motion was mainly due to the sliding of the droplet rather than to rolling on 6 

the superhydrophobic surface under an external magnetic field. In another case, the particle 7 

clusters at the sides of a droplet surface by an external magnet, which drives the fluid by 8 

capillary forces and strongly distorts the drop shape. Hong et al.
122

 also examined the 9 

transportation of a superparamagnetic micro-fluid on the superhydrophobic surface. The fluid 10 

transport and adhesion of the superparamagnetic fluid were studied using an ON and OFF 11 

mechanism of the external magnetic field on the surface (Fig. 18). The superhydrophobic surface 12 

(~160°) was fabricated by the formation of a polystyrene (PS) nanotube layer on the porous 13 

alumina membrane template. A superparamagnetic magnetic drop (4 µL) was placed on the 14 

superhydrophobic surface, which was controlled by two permanent magnets at the top and 15 

bottom of the two superhydrophobic substrates at a constant distance of 2 mm (Fig. 18a). The 16 

external magnetic field was switched on the substrate at the top, which attracts the magnetic 17 

fluids towards the surface due to the strong magnetic field acting on the superhydrophobic 18 

surface (Fig. 18b and c). When the magnetic field was switched off on the top and switched on 19 

the bottom, the attracted magnetic fluid on the top of superhydrophobic surfaces pulls towards 20 

the bottom of the superhydrophobic surface (Fig. 18d and e). The results showed the controlled 21 

and magnetically driven fluids on the superhydrophobic surface by the permanent magnet (Fig. 22 

18f). The movement of the ferrofluid on the superhydrophobic aluminium alloy substrate (162°) 23 
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under a constant external magnetic field was also studied.
123 

Cheng et al. reported the tuneable 1 

adhesion of the superparamagnetic fluid on the superhydrophobic surface (157°) (Fig. 19).
124

 2 

When iron is magnetised, the surface will become a micro-magnetic field due to the presence of 3 

a small magnetic field remaining caused by the ferromagnetism of iron, which attracts the 4 

superparamagnetic droplet on the surface and nucleates the magnetic fluid partially on the 5 

surface. On the other hand, the surface completely resisted the penetration of a magnetic fluid on 6 

the surface before magnetisation or after demagnetisation (Fig. 19). This was attributed to the 7 

absence of a strong magnetic field and the presence of air layers on the superhydrophobic 8 

surface, which exhibited a Cassie-Baxter state on the surface. The rotation and movement of a 9 

viscous paramagnetic fluid on the superhydrophobic surface (~160°) was also studied by 10 

applying an external magnetic field to the bottom of the substrate.
125

 The superhydrophobic 11 

surface was fabricated on a low density polyethylene (LDPE) surface, and used further by 12 

placing a magnetic fluid drop on the surface. The drop was moved slowly by moving the 13 

permanent magnet at the bottom of the superhydrophobic surface (Fig. 20). Owing to its 14 

paramagnetic properties, the fluid drop can rotate towards the opposite directions of the magnetic 15 

field applied to the superhydrophobic surface. Based on this concept, we can monitor the 16 

movements of paramagnetic fluid on the superhydrophobic surface. Zhu et al.
126

 examined the 17 

simulation of non-linear deformation of a ferrofluid on a superhydrophobic surface under an 18 

applied magnetic fluid. Recently, Timonen et al.
127

 examined the switchable static and dynamic 19 

self-assembly mechanisms of a magnetic fluid on a superhydrophobic surface (~175°) by an 20 

external magnet. When the permanent magnet was moved slowly towards the superhydrophobic 21 

surface, the mother magnetic fluid drops began to split into several daughter magnetic fluid 22 
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droplets because of the strong magnetic property developed on the fluid droplet. This could be 1 

switchable by moving the permanent magnet away and nearer to the superhydrophobic surface.     2 

 3 

3.0. Emerging applications of superhydrophobic surface based magnetic materials 4 

(SSBMMs) 5 

Superhydrophobic surfaces are used widely in a range of applications due to the non-stick and 6 

self-cleaning properties.
1,6,128-130

 The stability of the superhydrophobic surface under external 7 

stimuli, such as temperature, light and pH, are important criteria to consider when using the 8 

substrates for practical applications. The cost of the final material is also an important 9 

consideration for practical uses. In most cases, fluorine-based precursors were used for a surface 10 

treatment to develop superhydrophobicity on the substrate surface.
131-134

 The cost of the fluorine-11 

based precursor lacks the use of materials for bulk applications. Superhydrophobic surfaces are 12 

generally used for oils and organic solvents absorption/adsorption and separation, self-cleaning 13 

coatings, drug delivery, and various bio-medical applications, solar cell, sensors, etc. Magnetic 14 

nanoparticles have several applications. By combining the superhydrophobic and magnetic 15 

properties, the obtained SSBMMs also have a range of applications, such as oil 16 

absorption/adsorption and separation, catalysis, sensors and bio-medical applications, micro-17 

fluidic device fabrication, actuators, and other applications. The magnetic properties of 18 

superhydrophobic materials allowed easy separation of the particles after the 19 

absorption/adsorption using a permanent magnet. The applications of SSBMMs have emerged in 20 

recent days due to the necessity of the controlled motion of fluids, improving the recyclability of 21 

materials for longer period of time and reducing the processing cost. 22 

 23 

Page 24 of 99Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



25 

 

3.1. Oil-spill capture and separation 1 

Recently, a novel bio-inspired superhydrophobic hybrid micro-nanocomposites suspension was 2 

developed using lotus leaf powder, polymethylhydroxysiloxane and phenyl substituted silica 3 

ormosils.
1 

A suspension of the above mixture exhibited superhydrophobicity on a variety of 4 

substrates through the evaporation of solvents. The suspension was also loaded on a melamine 5 

sponge (pre-cleaned in water/ethanol/acetone mixture before use) and treated with 6 

polydimethylsiloxane (PDMS)/chloroform at room temperature and 100 °C. The obtained hybrid 7 

sponge also exhibited superhydrophobicity and the selective absorption of various oils and 8 

organic solvents (Fig. 21).
1
 The absorbed oils and organic solvents were collected by simply 9 

squeezing the absorbent and collecting the oils and solvents in a glass beaker. The absorbed oil 10 

was purified by mixing with hexane and in a rotary evaporator under mild conditions. The hybrid 11 

micro-nanocomposite sponges were recycled approximately 15 times after the absorption of 12 

larger amounts of oils and organic solvents.
1
 Recycling of the material, absorption of larger 13 

amounts of oils and purification of the absorbed oils are important considerations for using a 14 

superhydrophobic absorbent. Several light weight sponges, foams and aerogels, and membranes 15 

have also been used for the absorption of oils and solvent spills in water.
135-141

 SSBMMs also 16 

have many more applications for the sorption and separation of oils from water.
54,93,94,,97,112,142-146

 17 

This is because of the self-driven properties of magnetic particles or surfaces under a permanent 18 

magnet and high stability to pHs and temperatures, which might assist in the easy separation of 19 

oil sorbed on the substrate or material from oil spills. 20 

Highly hydrophobic core-shell Fe2O3@C nanoparticles were prepared using terephthalic 21 

acid, which was modified by lithium hydroxide and iron (II) sulphate hexahydrate 22 

(FeSO4.7H2O).
135

 The material was carbonised in a quartz tube at 600 °C for 6 h. The resulting 23 
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Fe2O3@C nanoparticles were treated further with vinyltriethoxysilane and used to capture oil 1 

spills on the water surface. The magnetic nanoparticles were poured on the outer surface of the 2 

oil bed followed by the selective separation of the oil-absorbed magnetic nanoparticles from the 3 

water using an external magnetic field (Fig. 22). In another method, Gui et al.
142

 developed a 4 

novel magnetically-induced hydrophobic CNT sponge (>145°) by chemical vapour deposition 5 

(CVD) using ferrocene and dichlorobenzene as precursors. The resulting magnetic sponge 6 

exhibited highly stable properties at a range of pH and maintained their hydrophobicity under 7 

strong acidic and basic pH conditions. This simple way of preparing hydrophobic sponges has 8 

been used widely for oil absorption. Owing to the magnetic properties of the hydrophobic 9 

surface, the sponge substrate can be recycled several times for the sorption and separation of oils 10 

from water. A small piece of a magnetic sponge was placed on the oil spill and the sponge was 11 

removed within a few minutes using a permanent magnet (Fig. 23). The sorbed oils were 12 

removed from the sorbent by heat treatment and collected by mechanical compression. The Me-13 

CNT sponge was recycled again for the absorption larger quantities of oil. The Me-CNT sponge 14 

was repeated more than 1000 times for oil absorption. This excellent absorption behaviour of the 15 

Me-CNT sponge allowed the hydrophobic magnetic sponge to be used in larger scale oil 16 

absorption applications. In a similar manner, a magnetically induced superhydrophobic bulk 17 

material was prepared by the simple mixing of PTFE with MWCNT (diameter, 30-50 nm and 18 

length 30 µm) and pre-synthesised Fe3O4 nanoparticles in 30 mL chloroform at 60 °C.
143

 The 19 

solvent was removed completely by evaporation and the remaining PTFE/MWCNT was poured 20 

into a mould and hot pressed (pressure-11.5 KPa) for 30 min. at 390 °C. The bulk material 21 

surface exhibited superhydrophobicity with a CA ~158° (Fig. 24). The superhydrophobicity of 22 

the magnetically-induced surface was stable under strong acidic and basic pH values, and higher 23 
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temperatures. Owing to the bulk properties of the superhydrophobic surface, the matrix can 1 

absorb larger amounts of oils from a spill on the water surface and be removed easily through the 2 

help of a permanent magnet. The absorbed oil was removed by burning the bulk material (Fig. 3 

24). The superhydrophobic property of the bulk material was maintained even after burning the 4 

oil absorbed bulk matrix. The stable superhydrophobicity of the matrix surface might be due to 5 

the high thermal stability of the bulk material. Consequently, the superhydrophobic based 6 

magnetic bulk material was also recycled for several times. 7 

Calcagnile et al.
93

 also developed a novel magnetically-driven superhydrophobic foam using 8 

PU foam as the starting substrate, which was modified further using submicrometer 9 

polytetrafluoroethylene (PTFE) particles and colloidal superparamagnetic iron oxide 10 

nanoparticles (NPs). They incorporated different types of magnetic nanoparticles into the sponge 11 

with the support of PTFE. The wettability of the hybrid-loaded and surface-treated foam 12 

exhibited superhydrophobicity with a CA greater than 160° and lower hysteresis. The hysteresis 13 

of the PU/PTFE and PU/NPs/PTFE hybrid foams was 7.23° ± 2.31° and 5.53° ± 2.21°. The 14 

hybrid PU/NPs/PTFE foam also exhibited superoleophilic and superparamagnetic properties. 15 

The superhydrophobic, superoleophilic and superparamagnetic properties of the foam can be 16 

traced easily on the water surface. The motion of the hybrid foam can be controlled using a 17 

permanent magnet. This self-driven magnetic foam is also useful for the adsorption of larger 18 

amounts of oils from a water surface. The fabricated foam exhibited the selective absorption of 19 

oil from the water surface. The superhydrophobic foam can also be used in the separation of oil 20 

by a simple filtering technique. Similarly, a magnetically-driven superhydrophobic and super 21 

durable polyester material surface was fabricated by dip coating the substrate in a pre-prepared 22 

hybrid nanocomposites solution.
112

 The nanocomposite solution was prepared by the 23 
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polymerisation of tetraethoxysilane (TEOS) and n-hexadecyltriethoxysilane (HDTES) in the 1 

presence of Fe3O4. The magnetic-driven superhydrophobic surface (>150°) exhibited excellent 2 

water resistance, good absorption for oil (superoleophilic),  and long- term chemical stability. 3 

The obtained properties highlight the potential of the surface treated polyester material for the 4 

absorption and separation of oils, such as petrol or gasoline, diesel and crude oil from water. The 5 

magnetic superhydrophobic polyester substrate was also recycled 10 times without significant 6 

loss of the total absorbent capacity. The superhydrophobicity was also maintained on the 7 

substrate with lower sliding angle before and after 10 times of oil absorption and separation. 8 

These results highlight the excellent properties of the surface-treated magnetic superhydrophobic 9 

polyester material. Recently, a novel metal (FeO, CoO, NiO, CuO and Ag) nanoparticle-loaded 10 

superhydrophobic sponge and textile fabrics were fabricated for the separation of oil from 11 

water.
113

 The metal nanoparticle-loaded sponges and textile fabrics were treated with 12 

octadecylthiol to the bind the metal nanoparticles with a mercapto group. The octadecyl group on 13 

the outer surface makes the substrate superhydrophobic (>150°) due to the hydrophobicity of 14 

octadecylthiol and the formation of a hierarchical surface on the substrate by metal nanoparticles. 15 

The obtained superhydrophobic surface showed excellent water resistance, was stable in hot 16 

water (~85 °C), various surfactant solutions and ultrasonic treatments, and induced the excellent 17 

separation of oil and water. The applications of magnetically-induced and self-driven 18 

superhydrophobic surfaces are increasing dramatically for the absorption and separation of oils 19 

from water because of the excellent absorption behaviour and the easy removal of the absorbed 20 

absorbent using an external magnet as well as the possibility of recycling several times. These 21 

extreme properties illustrate the potential of a magnetic superhydrophobic matrix in bulk 22 

amounts for the mass-scale purification of oils for real practical applications.       23 

Page 28 of 99Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



29 

 

3.2. Catalysis 1 

Catalysts are classified mainly into two classes, homogeneous and heterogeneous catalysts.
147-149

 2 

In homogeneous catalysis, the catalytic phase is similar to that of the reactant phase. Therefore, 3 

the homogenous mixing of these two phases makes it easier for the material to convert the 4 

reaction product under the catalytic system. The complete separation of the mixed catalyst was 5 

quite difficult, which may lack the purity of the final product and in some applications. To avoid 6 

this problem, heterogeneous catalysts are used for reaction conversion. Heterogeneous catalysts 7 

are normally prepared by the grafting or covalently binding of the active molecules on the 8 

surface of a material or inside the pore channel. A heterogeneous catalyst had the drawback of a 9 

decrease in the product yield than the product obtained by a homogeneous catalyst. More 10 

recently, nanocatalysts and magnetically-induced nanocatalysts have been used widely for 11 

catalysis applications.
150,151

 Several metal nanoparticle-loaded materials have been used for 12 

catalysis applications. The metal nanoparticle-loaded materials showed the fast conversion of the 13 

reaction with a higher yield.
152-154 

In other cases, small nanoparticles, such as CoO, Mn3O4 and 14 

Co3O4, supported on SBA-15 and other meso and nanoporous materials exhibited better catalytic 15 

activity for the selective oxidation of ethylbenzene, toluene, and cyclohexane, and for the 16 

reduction n-nitro phenol than larger nanoparticles.
153-159

 The magnetically-induced and metal 17 

nanoparticle-loaded materials can be much more applicable to catalysis applications because of 18 

the possibility of recycling the materials several times by the simple separation of materials by 19 

the assistance of an external magnet. Magnetic materials with hydrophilic properties have been 20 

used widely for catalysis because of easy dispersal of the nanocatalyst with the reactant. On the 21 

other hand, some hydrophobic and superhydrophobic materials have also been used for catalytic 22 

applications.
41,152-163

 Shi et al.
152

 synthesised a yolk shell superhydrophobic nanosphere catalyst 23 
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using gold nanoparticles for the reduction p-nitro phenol. Chen et al.
153

 synthesised a variety of 1 

organic silane precursor-coated superhydrophobic cobalt nanocomposites for the selective 2 

oxidation of ethylbenzene. The nanocomposites showed hierarchical particles with a raspberry 3 

like structure and excellent catalytic properties for the oxidation of ethylbenzene. TiO2 4 

nanoparticles are well known for their photocatalytic and self-cleaning properties. Kamegawa et 5 

al.
154

 used TiO2 nanoparticles for the preparation of superhydrophobic and photocatalytic self-6 

cleaning surfaces. TiO2 nanoparticles were hydrophobised using PTFE by radio frequency 7 

magnetron sputtering (RF-MS) deposition on quartz and structured Ti substrates. Fig. 25 shows 8 

the surface morphologies of the pristine and modified substrates. The TiO2 nanoparticles 9 

sputtered Ti substrate exhibited hydrophobic properties (CA ~ 107°). On the other hand, the 10 

PTFE-modified substrate showed enhanced surface non-wettability because of the deposition of 11 

the hydrophobic layer on the TiO2 surface, which might affect the surface morphology and 12 

induce superhydrophobicity (168°) on the surface (Fig. 25). The obtained superhydrophobic 13 

surface exhibited self-cleaning properties due to self-oxidation of the surface under light by their 14 

photocatalytic property. Magnetic nanoparticles also showed a range of catalytic properties and 15 

recyclability because of the easy separation of the particles using a bar magnet. Sreedar et al.
155

 16 

synthesised propargylamines by coupling three components, such as aldehydes, alkynes and 17 

amines, via C-H activation using magnetically separable Fe3O4 nanoparticles as a catalyst. The 18 

authors also synthesised 5-substituted 1H-tetrazoles using magnetically separable CuFe2O4 19 

nanoparticles as a catalyst.
156

 The Fe3O4-supported palladium nanoparticles catalyst was also 20 

used for the fluoride-free Hiyama cross-coupling reaction of aryl halides with aryl siloxanes 21 

under aqueous conditions.
157

 In another method, the Fe3O4@mesoporous SBA-15 nanoparticles 22 

were used as a catalyst for the photodegradation of malachite green dye in water.
158

 Some other 23 
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metal nanoparticles, such as Au-, Ag- and Pt-loaded magnetic nanoparticles, were also used for 1 

the reduction of 4-nitro phenol to 4-amino phenol.
159

 A light responsive ferromagnetic 2 

Bi7Fe3Ti3O21 catalyst was prepared for the photocatalytic degradation of Rhodamine B under the 3 

irradiation of a 20 W fluorescent lamp with wavelengths ranging from 400 to 760 nm at neutral 4 

pH.
164

 The ferromagnetic Bi7Fe3Ti3O21 catalyst induced the easy decolouration of Rhodamine B 5 

using the catalyst. The light responsive catalyst was also recycled by centrifugation of the 6 

dispersed catalyst in an aqueous medium followed by a similar experiment. 7 

More recently, SSBMMs were also used for catalysis applications. Zheng et al.
165

 8 

synthesised a novel biphasic Pickering emulsion and micelle catalyst with magnetically (Fe3O4)-9 

induced hydrophobic polymer (polystyrene) nanospheres. A Pickering emulsion, such as water-10 

in-oil or oil-in-water is normally used for the reduction of surface energy. In another case, the 11 

emulsion was also used for the self-assembly of nano or micro particles to form particle 12 

framework capsules. Based on this technique, the prepared magnetic micelle nanocatalyst was 13 

modified by 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) as a model oxidation catalyst. This 14 

TEMPO-grafted Fe3O4/PS nanoparticles surface formed a micelle-like architecture, and was used 15 

for the Montanari oxidation of alcohols (Fig. 26). Li et al.
166

 fabricated a multifunctional 16 

ferromagnetic superhydrophobic film for the reduction of p-nitro phenol. The various types of 17 

synthesised superhydrophobic magnetic nanoparticles (Co, 152.2° ± 0.9°, Ni, 152.2° ± 0.9°, 18 

Co75Ni25 alloy, 156.3° ± 1.4°, and Co50Ni50 alloy, 153.5° ± 1.2°) exhibited an excellent catalytic 19 

effect for the reduction of p-nitro phenol. The ferromagnetic nanoparticles were recycled 20 

successfully 20 times for the reduction of p-nitro phenol. The results showed an almost similar 21 

trend for the reduction capacity at the first and 20
th

 cycle, and confirmed the excellent catalytic 22 

properties of the magnetically-induced superhydrophobic films.       23 
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3.3. Sensors  1 

Sensors are used widely for the detection of chemical compounds or bio-molecules or metal ions 2 

in mixed solutions.
167,168

 Magnetic nanoparticle-based sensors are used widely in a range of 3 

applications, such as the sensing of metal ions, detection of antibodies, magnetic resonance 4 

imaging (MRI), and various other bio-medical applications. Superhydrophobic surfaces and 5 

materials have attracted recent attention for various sensing applications. Pang et al.
169

 developed 6 

a novel, highly sensitive and flexible superhydrophobic strain gauge sensor using ultra-violet 7 

curable polyurethane acrylate (PUA). First, a replica was fabricated by exposure to UV light for 8 

several hours and two layers of Pt-coated PUA nanohair array were then placed in contact with 9 

the surface followed by sealing with a thin layer of PDMS and an oxygen plasma treatment on 10 

both sides. The resulting substrate showed a hierarchical surface morphology with 11 

superhydrophobic (160°) properties. The fabricated device was used to detect the physical force 12 

of a heartbeat and the dynamic motion of a small bouncing droplet. Yoon et al.
170

 prepared well-13 

ordered multi-functional spherical monodisperse nanoparticles with magnetic, superhydrophobic 14 

and sensing properties (Fig. 27). The multi-functional nano-sensor was prepared by the synthesis 15 

of a core material, such as aminopropyltrimethoxysilane (APS)-functionalised silica colloidal 16 

suspension, which was modified further by 2-bromo-2-methylpropionic acid (BMPA)/quantum 17 

dots (QD) and poly(amidoamine) (i.e. PAMA) dendrimers. In another step, the synthesised 18 

Fe3O4 nanoparticles was functionalised further using 2-bromo-2-methylpropionic acid (BMPA). 19 

The functionalised Fe3O4 nanoparticles were added to the surface of the core-shell sphere, and a 20 

layer by layer type of well-ordered multi-functional magnetic raspberry-type spherical particles 21 

were prepared (Fig. 27). The layer prepared by the layer hybrid substrate also showed 22 

superhydrophobic (153°) and photo luminescent properties under UV light.    23 
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3.4. Bio-medicals  1 

 2 

Several environmental-friendly materials already existed for various types of bio-medical 3 

applications, such as drug and gene delivery, tissue engineering, cancer-therapy, dental, and bone 4 

regeneration applications.
171-173

 Recently, superhydrophobic surfaces and SSBMMs have also 5 

attracted attention in various bio-applications, such as cell and protein adhesion and transport, 6 

blood typing, drug delivery, anti-bio adhesion, fluid transport, and the detection of antibodies.
174-

7 

179
 Pernites et al.

176 
fabricated colloidally-templated, superhydrophobic polythiophene films and 8 

examined the switchable adhesion behaviour of proteins and bacterial cells on the surface. The 9 

fabricated substrate exhibited stable superhydrophobicity under a wide range of pHs (pH 1 to 13) 10 

and temperatures of -10 °C to +80 °C with self-cleaning properties and a very low sliding angle 11 

3° ± 1°. Protein and bacteria cell adhesion were examined by doping and dedoping of the 12 

superhydrophobic surface. A doping study was carried out using an electrochemical technique by 13 

immersing the superhydrophobic surface in aceteonitrile (ACN) with hexafluorophosphate (0.1 14 

M TBAH) along with the reference (Ag/AgCl) and counter (Pt wire) electrodes followed by the 15 

application of a constant oxidation potential (1.5 V or 0 V) for 30 min. The undoped surface 16 

maintained its superhydrophobicity before and after coming in contact with the fibrinogen on the 17 

surface which results the resisting property of the superhydrophobic surface for the protein 18 

molecules adhesion on the surface. On the other hand, the doped superhydrophobic surface by 19 

applying an oxidation potential 1.05 V showed switchable surface properties, ranging from 20 

superhydrophobic to hydrophilic, as well as excellent adhesion of the fibrinogen by nucleating 21 

the protein on the porous gaps of the surface. The hydrophilic property becomes 22 

superhydrophobic after dedoping at the oxidation potential of 0 V. The results showed the 23 

excellent tuning properties of the superhydrophobic surface under an oxidation potential and 24 
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improved the adhesion behaviour for protein and bacteria cells. Song et al.
177,178

 fabricated a 1 

superhydrophobic polystyrene (PS) substrate, which was treated with argon plasma at 30 W for 2 

20 s and the surface was modified with 1H,1H,2H,2H-perfluorodecyltrimethoxysilane. Magnetic 3 

microparticles, chitosan and genipin-mixed magnetic hydrogel beads were prepared by dropping 4 

the hydrogel solution on the superhydrophobic surface (>150°). The resulting magnetic 5 

responsive hydrogel was freeze dried and used to examine the cell adhesion and expansion 6 

behaviour on the surface of the hydrogel beads. The magnetic responsive hydrogel beads 7 

exhibited good cytocompatibility, such as pristine chitosan. Moreover, the magnetic hydrogel 8 

beads were also easy fixed and transported from the culture medium with an external magnetic 9 

field, which results the use of a new system of the superhydrophobic surface for the preparation 10 

of uniform size biocompatible hydrogel beads. Nie et al.
179

 prepared the superhydrophobic 11 

surface-based analytical platform (SSAP) on the inner wall surfaces of a polypropylene (PP) tube 12 

by a coating with bisphenol A-type polycarbonate (PC) particles on the surface. The authors also 13 

prepared magnetic particle-based bio-conjugates by mixing amine coated superparamagnetic 14 

nanoparticles (0.5 µm to 1 µm) in glutaraldehyde, which was modified further with Schistosoma 15 

japonicum antigen (sjAg) (Fig. 28). On the other hand, a modified gold nanoparticle-based bio-16 

conjugate was also prepared by mixing Au nanoparticles with antibodies. They also reported 17 

three main advantages for the detection of antibodies using the superhydrophobic surface: 1) 18 

requirement of a small volume of a biomagnetic particle probe, reagents or samples and a shorter 19 

time; 2) efficient mixing and binding of antigen and antibodies via a self-circulating flowing 20 

mechanism; and 3) reusability of the system more than 300 times.
179

 The potential advantages of 21 

this simple system for the detection of antibodies using superhydrophobic surface-based 22 

magnetic electrochemical immunoassays can be usable in a range of bio-molecule sensors.                          23 
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3.5. Micro-fluidic devices and actuators 1 

 2 

Micro-fluidic devices are an important classical type of application for controlled fluid transport 3 

and a reaction of small amounts of liquid or gas in micrometre-sized miniature channels. The 4 

applications of micro-fluidic devices are well established in various bio-medical applications, 5 

such as the detection of proteins, DNA amplification, biological cell manipulation, stem cells, 6 

drug delivery, single cell analysis, structural biology, electronic devices, and other 7 

applications.
180-190

 This is because of the controlled flow of liquid or gas at the channel, which 8 

makes the device easily detect various types of bio-molecules. Superhydrophobic surfaces have 9 

attracted recent attention in the fabrication of micro-fluid devices due to the complete non-10 

wetting property of the coated surfaces, which makes easy flow of the fluid on the substrate 11 

surface and reduces the loss of the sample during the experiment, which then increased the 12 

reusability of the sample.
191,192 

Bormashenko et al.
193

 fabricated liquid marble type 13 

superhydrophobic micro-fluidic devices on a poly(methyl methacrylate) (PMMA) substrate via a 14 

hot pressing (95 °C) technique using a hydrophobic PTFE nanopowder (100-200 nm). They 15 

examined the movement of ferrofluids on the superhydrophobic surface with the support of an 16 

external magnetic field. A ferrofluidics liquid marble was first prepared by dispersing the Fe2O3 17 

nanoparticles in water. The resulting fluid was dropped slowly on the superhydrophobic surface 18 

using a micro-syringe and the ferrofluids were covered with layers of polyvinylidinefluoride 19 

(PVDF) beads (130 nm) and rolled on the polyethylene (PE) substrate. Fluid motion was 20 

controlled by an external magnetic field (permanent neodymium magnet, 0.5 T) applied to the 21 

bottom of the PE substrate. A thin polypropylene film was kept on the outer surface of the 22 

ferrofluids liquid marbles (Fig. 29) stacked on the PE substrate and moved slowly with the 23 

assistance of a magnetic field. The ferrofluids were easy magnetised by the magnetic field and 24 
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moved in the direction of the applied magnetic field. When a ferrofluid liquid marble moves on 1 

the substrate as a result of a permanent magnet, it also moves and rotates the PP film on the 2 

surface of the ferrofluids liquid marble towards the directions of the magnetic field, as indicated 3 

in Fig. 29. The results highlight the possibilities of the fabrication of magnetic ferrofluidic 4 

devices for a variety of applications. García et al.
194

 also examined the movements of a magnetic 5 

fluid on the superhydrophobic surface. First, they synthesised polysiloxane-coated carbonyl-iron 6 

microparticles by mixing carbonyl-iron microparticles with tetraethoxyorthosilicate (TEOS) in 7 

the presence of ethyl alcohol and an ammonium hydroxide solution. The polysiloxane magnetic 8 

fluid was modified by doping with various biological fluids (8% bovine serum albumin (BSA), 9 

foetal bovine serum (VWR), and whole bovine blood supplemented with an anti-coagulant, 10 

K3EDTA), and checked the movement of the magnetic biological fluid on the superhydrophobic 11 

surface. Similar to the Bormashenko et al.
193

, this study also suggests the movement of magnetic 12 

biological fluids by the permanent magnet. In another method, Seo et al.
195 

prepared 13 

superhydrophobic magnetic elastomer actuators for the controlled motion of fluid droplets. The 14 

superhydrophobic elastomer prepared with four coatings, such as the soft layer at the bottom, 15 

magnetic elastomer layer at the second followed by the hard elastomer coating. The top (fourth) 16 

layer consisted of a superhydrophobic coating that was fabricated by applying a pre-dissolved 17 

solution of isotactic polypropylene in p-xylene and a-butanone using a spray coating method. 18 

Based on these four layer coatings, the fabricated substrate showed robust superhydrophobicity 19 

(159° ± 1°) and very low hysteresis (2°) with magnetically active properties (Fig. 30). When a 20 

water drop was placed on the superhydrophobic elastomeric surface the surface formed a mini-21 

bowl (or concave) shape on the substrate due to the elastic property of the surface. The droplet 22 

rolls on the concave bowl due to the gravitational force toward to centre of the bowl. On the 23 
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other hand, when a droplet is placed in the presence of an external magnetic field, the 1 

ferromagnetic elastomer coating activates the droplet on the concave shape bowl, and the move 2 

is towards the direction of the permanent magnet. The velocity at the movement of a droplet in 3 

the magnetically-induced superhydrophobic elastomer substrate by the presence of an external 4 

magnetic field could be higher than 8 cm/s. This simple idea gave the technical advantages of the 5 

use of a superhydrophobic magnetic elastomer substrate for controlled fluid transport and other 6 

applications.             7 

        8 

 3.6. Other applications 9 

The applications of SSBMMs are also used for the synthesis of anisotropic magnetic 10 

nanoparticles, electromagnetic shielding, etc. Rastogi et al.
196

 synthesised well-ordered 11 

anisotropic magnetic nanoparticles (Mickey mouse) using iron-nickel alloy (Iron 55% and 12 

Nickel 45%), which was modified by TEOS in the presence of an aqueous ammonia solution. 13 

The nanoparticles suspension was stabilised using PS latex to form a patchy magnetic 14 

supraparticles on the superhydrophobic surface. A variety of patchy magnetic supraparticles 15 

were prepared by applying rod magnets at different directions to engineer magnetic 16 

supraparticles with the desired shape, such as single, double and tri patchy magnetic particles 17 

(Fig. 31). Ding et al.
197

 prepared SSBMM in a one-pot approach by mixing the Fe3O4 18 

nanoparticles with silicone resin, curing agent and aminopropyltriethoxysilane (APS). The 19 

dispersant was cast on a glass or polycarbonate substrate using a drawdown rod and dried at 20 

ambient temperature for 1 week. The superhydrophobicity of the surface was mainly due to the 21 

amounts of Fe3O4 nanoparticles present in the dispersion. The cast substrate exhibited 22 

hydrophobic properties at lower levels of Fe3O4 nanoparticles in the dispersion. On the other 23 
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hand, the surface contact angle increased gradually with increasing Fe3O4 weight percentage and 1 

become superhydrophobic (156-158°) at more than 40 wt.% Fe3O4 nanoparticles. The SSBMM 2 

exhibited highly stable surface property and enhanced mechanical hardness compared to the 3 

pristine Fe3O4 nanoparticle-coated substrate. The magnetic superhydrophobic surface also 4 

showed a stable surface property under the QUV accelerated weathering test (QUV/se, Q-Panel, 5 

Co. Ltd., USA). QUV/se tester was used to test the surface property of a material under 6 

accelerated weathering conditions such as UV light, condensation, and solar eye irradiation 7 

control. The surface treated magnetic nanoparticles can show an electromagnetic shielding 8 

effect. The electromagnetic shielding effectiveness (SE%) was measured from the magnetic 9 

superhydrophobic surface. The pristine polysiloxane coating showed <3% SE% on the coated 10 

substrate, which indicated no shielding effect of the substrate. On the other hand, the Fe3O4 11 

nanoparticles-loaded superhydrophobic coated substrate showed 60% SE% over the frequency 12 

range (10–3000 Hz), which indicated a higher electromagnetic shielding property of the 13 

superhydrophobic substrate. The results proved the excellent electromagnetic shielding property 14 

of the Fe3O4 nanoparticles on the superhydrophobic surface. Moreover, the higher reflection by 15 

the rough superhydrophobic surface was also responsible for the electromagnetic shielding. The 16 

enhanced electromagnetic shielding properties of the hierarchical superhydrophobic surface 17 

highlight the use of the substrate in self-cleaning coatings. SSBMMs are also useful in a range of 18 

applications through simple modifications of the surface properties. 19 

.   20 

4. Conclusions and Future Perspectives 21 

This review deals with the recent approaches and their potential advantages and emerging 22 

applications of superhydrophobic surface based magnetic materials (SSBMMs) with broad way 23 
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of explaining the main concepts to synthesise and fabricate a new class of SSBMMs, such as 1 

magnetic nanoparticles, liquid marbles, sponges and foams, aerogels, fabrics and papers, and 2 

fluids for various applications, such as oil sorption and separation, catalysis, sensors, bio-3 

medicals, micro-fluidic devices and actuators, anisotropic magnetic nanoparticles synthesis, and 4 

electromagnetic shielding. The wide ranges of applications by the SSBMMs are important 5 

because of the excellent recyclable property, ease of the control of motion by the external 6 

magnetic field and the ability to switch the surface property by the electrode potential. These 7 

smart ways of producing SSBMMs result highly stable surface properties under a wide range of 8 

conditions, such as temperature, pH, light, and acid/base solutions. The potential properties of 9 

the SSBMMs also show the emerging trends of the surface for various applications and the 10 

extreme breakthrough of the SSBMMs for a variety of other applications in the future.  11 

 12 
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Abbreviations  1 

MRI   Magnetic resonance imaging (MRI) 2 

SSBMMs   Superhydrophobic surface based magnetic materials  3 

UV   Ultra-violet 4 

PMHOS  Polymethylhydroxysiloxane 5 

CA   Contact angle 6 

CAH   Contact angle hysteresis 7 

DCAs   Dynamic contact angles 8 

θa    Advancing CA 9 

θr    Receding CA 10 

SAXS   Small angle X-ray scattering  11 

TPX   Polymethylpetene  12 

PVA   Polyvinyl alcohol  13 

FeAc2   Ferrous acetate  14 

CNFs   Carbon nanofibers 15 

PVDF   Poly(vinylidine fluoride)  16 

MNPs   Magnetite nanoparticles 17 

HFBA   2,2,3,4,4,4-hexafluorobutyl acrylate 18 

FOS-12  Dodecafluorooctatriethoxysilane  19 

PSVSF   polystyrene/silica/maghemite 20 

FAS   Tridecafluorooctyl triethoxysilane  21 

Fe3O4   Magnetite  22 

PMSQ   Poly(methylsilsesquioxane) 23 
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OTS   n-Octadecyltrimethoxysilane 1 

SEM   Scanning electron microscopy 2 

FESEM  Field emission scanning electron microscopy 3 

TEM   Transmission electron microscopy 4 

P2VP- b -PDMS  Poly(2-vinylpyridine-b-dimethylsiloxane) 5 

PAG   Photoacid generator  6 

ETPTA  Ethoxylated trimethylolpropane triacrylate 7 

Fe2O3   Iron (II) oxide 8 

PVA   Poly(vinyl alcohol)  9 

Pluronic F108  Ethyleneoxide propyleneoxide tri-block copolymer  10 

FD-POSS  Fluorinated decylpolyhedral oligomeric silsesquioxane  11 

DMSO   Dimethyl sulfoxide 12 

EMIMTFB   1-ethyl-3-methylimidazolium tetrafluoroborate 13 

TEOS   Tetraethoxysilane 14 

CTAB   Cetyltrimethylammonium bromide 15 

NH4NO3  Ammonium nitrate 16 

SiO2   Silica nanoparticles 17 

RMPs   Stimuli-responsive magnetic particles 18 

CNT   Carbon nanotube 19 

PU   Polyurethane  20 

PTES   1H,1H,2H,2H-Perfluorooctyltriethoxysilane  21 

PTMTC  Polychlorinated triphenylmethyl tricarboxylate 22 

C20 dithiol   Icosane-1,20-dithiol   23 
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C30 dithiol   Triacontane-1,30-dithiol  1 

CVD   Chemical vapour deposition 2 

PTFE   Polytetrafluoroethylene  3 

NPs   Nanoparticles 4 

Fe(NO3)3  Ferric nitrate  5 

Co(NO3)2   Cobalt (II) nitrate 6 

Ni(NO3)2,  Nickel (II) nitrate 7 

VSM   Vibrating sample magnetometry 8 

PPy   Polypyrrole 9 

XRD   X-ray diffraction   10 

TGA   Thermogravimetric analysis  11 

AACVD  Aerogel assisted chemical vapour deposition method  12 

OTMS   Trimethoxy(octadecyl) silane (OTMS) 13 

Fe(acac)3  Iron (III) acetylacetonate  14 

Mn(acac)2  Manganese (II) acetylacetonate 15 

ECA   Ethyl-2-cyanoacrylate 16 

PTFE   Polytetrafluoroethylene  17 

PECA   Poly(ethyl-2-cyanoacrylate) 18 

PS    Polystyrene 19 

LDPE   Low density polyethylene  20 

Me-CNT   Magnetic carbon nanotube  21 

CVD   Chemical vapour deposition  22 

HDTES  n-hexadecyltriethoxysilane  23 
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TEMPO  2,2,6,6-tetramethylpiperidine 1-oxyl  1 

PUA   Polyurethane acrylate  2 

APS   Aminopropyltrimethoxysilane 3 

BMPA   2-bromo-2-methylpropionic acid 4 

QD   Quantum dot  5 

PAMA   Poly(amidoamine)  6 

EB-MOS  Ethidium bromide-bridged alkoxysilane precursor 7 

ACN   Acetonitrile 8 

TBAH   Hexafluorophosphate 9 

SSAP   Superhydrophobic surface-based analytical platform 10 

PC   Polycarbonate  11 

CV    Cyclic voltammetry 12 

DNA   Deoxyribonucleic acid.  13 

PMMA  Poly(methyl methacrylate)  14 

PVDF   Polyvinylidinefluoride  15 

PE   Polyethylene 16 

BSA   Serum albumin  17 

QUV/se  UV light, condensation, and solar eye irradiation control 18 

SE   Shielding effectiveness 19 

20 
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Table caption 1 

Table 1. Collective survey in the recent developments of superhydrophobic surface based 2 

magnetic materials (SSBMMs) and their properties. 3 

 4 

Figure captions 5 

Fig. 1 Instant superhydrophobic properties of the polymethylhydroxysiloxane/nature leaf powder 6 

hybrids on a range of substrates, (a) glass, (b) flexible laminating film, (c) tree leaf and (d) hand 7 

glove. (e and f) hand glove immersed in water before and after casting (attraction and reflection 8 

of uncasted and casted finger in water). (g) stainless steel plate, (h) paper, (i) cotton cloth, (j) 9 

cement floor, (k) wooden board, (l) cherry tomato and (m) fibreglass mesh (pore diameter, 1.5 10 

mm). (n) Superhydrophobicity of the dip-coated hybrid/polydimethylsiloxane (PDMS) sponge 11 

dried at room temperature. (o and p) Superoleophilicity of the hybrid casted glass substrate for 12 

dodecane and soybean oil from ref.1. Reproduced with permission. Copyright 2013, Royal 13 

Society of Chemistry. 14 

Fig. 2 Various ways of preparing superhydrophobic surface based magnetic materials 15 

(SSBMMs) and their potential applications. 16 

Fig. 3 Number of papers published from 2004-2014 under the topic of (A) superhydrophobic 17 

surfaces, and (B) magnetic superhydrophobic surfaces (Source: ISI Web of Science). 18 

Fig. 4 Pictorial representation of the methodology for producing Fe3O4@SiO2@POTS magnetic 19 

microspheres from ref. 50. Reproduced with permission. Copyright 2013, Elsevier Ltd. 20 

Fig. 5 Schematic diagram of polystyrene/silica/maghemite (PSVSF) preparation from ref. 52. 21 

Reproduced with permission. Copyright 2012, Elsevier Ltd. 22 
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Fig. 6 Scanning electron microscopy (SEM) images of Cu-ferrite films for different crystal 1 

growth times of (a) 1 h; (b) 3 h; (c) 8 h; and (d) 24 h from ref. 53. Reproduced with permission. 2 

Copyright 2007, American Chemical Society. 3 

Fig. 7 Pictures of (a) water/oil separation and (b) an “oil marble” under water from ref. 54. 4 

Reproduced with permission. Copyright 2012, American Chemical Society. 5 

Fig. 8 Synthetic route for surface-functionalised Fe3O4 nanoparticles from ref. 55. Reproduced 6 

with permission. Copyright 2010, American Chemical Society. 7 

Fig. 9 (a) Preparation of a liquid marble with a particulate monolayer. (i) Rolling a droplet on 8 

PMSQ particle’s bed. (ii) Surface cleaning of liquid marbles on clean OTS-modified substrate. 9 

(b−d) Optical micrograph of a liquid marble: (b) whole image, (c) magnified image of the as-10 

prepared surface, and (d) magnified image after surface cleaning. (e) Confocal laser scanning 11 

microscopy images of bottom area of the liquid marble (5 µL of 1-ethyl-3-methylimidazolium 12 

tetrafluoroborate (EMIMTFB) containing 0.1 mg/mL rhodamine B dye). The observation 13 

position is depicted by the blue line in the z-axis from ref. 63. Reproduced with permission. 14 

Copyright © 2014, American Chemical Society. 15 

Fig. 10 (a) Schematic diagram showing the preparation strategy for core/shell structured 16 

responsive magnetic particles. (b–e) transmission electron microscopy (TEM) images of Fe3O4 17 

particles (b), Fe3O4@nSiO2@mSiO2 particles (c), and stimuli-responsive magnetic nanoparticles 18 

(RMPs) (d,e). Inset in (b): Enlarged TEM image of a single Fe3O4 particle. TEOS: Tetraethyl 19 

orthosilicate from ref. 74. Reproduced with permission. Copyright 2012, Wiley-VCH 20 

(Weinheim, Germany). 21 

Fig. 11 a) Digital graphic images of liquid marbles produced from different liquids and FD-22 

POSS powder (droplet size 3 µ L). For easy observation, a small amount of dye was added to the 23 
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liquid and the existence of the dye has no influence on the stability of the liquid marbles. b) 1 

Liquid marbles floating on water and hexadecane surfaces (droplet size 3 µ L). c) Magnet opened 2 

liquid marbles (droplet size 7 µ L). d) Magnet-driven motions of a FD-POSS-stained FD-3 

POSS/Fe3O4 hexadecane marble on a glass slide (top) and water surface (bottom) (droplet size 7 4 

µ L). e) Magnet opened hexadecane marbles with different numbers of coloured water droplets 5 

added (overall droplet size 10 µ L). f) A chemiluminescence reaction that occurs as a result of 6 

the coalescing of two magnetic liquid marbles that contain different reagents (top), and the same 7 

chemiluminescence reaction occurring within a single liquid marble (bottom) (droplet size 10 µ 8 

L). g) Chromatography analysis of a liquid in the opened liquid marble (droplet size 10 µ L). 9 

Scale bar: 1 mm from ref. 76. Reproduced with permission. Copyright 2010, Wiley-VCH 10 

(Weinheim, Germany). 11 

Fig. 12 Photographs of multicompartment particles: (a) four compartment particles with red, 12 

blue, and green structural colours and a grey magnetic component; (b, c) three-compartment 13 

particles; (d−f) Janus particles. Scale bars are 100 µm from ref. 80. Reproduced with permission. 14 

Copyright 2013, American Chemical Society. 15 

Fig. 13 Photographic and schematic diagrams of the PPy−PTES sponge fabrication process from 16 

ref. 87. Reproduced with permission. Copyright 2013, American Chemical Society. 17 

Fig. 14 Expanded and contracted states of the magnetic sponge. Upper panel: Geometrical 18 

relation of two dipoles, µi at site i (located at the origin) and µj at site j. The vector rij connects i 19 

and j and makes an angle θ with respect to the X axis. Lower panel: the orange spheres represent 20 

the nanomagnet particles of a 3 nm Co-Pd alloy, and the blue spheres represent the nitrogen 21 

molecules. The black arrow represents the direction of the applied magnetic field. An expanded 22 

state with the nanopores filled with nitrogen is formed in the absence of a magnetic field (0 T), in 23 
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which the magnetic dipoles of the constituent nanomagnets are oriented randomly. A contracted 1 

state from which nitrogen has been expelled is formed upon the application of a magnetic field (7 2 

T), in which all of the dipoles are oriented along the field direction. The two states are reversibly 3 

transformed by switching the magnetic field on/off. The nitrogen molecules serve to maintain the 4 

structure in the contracted/expanded state from ref. 91. Reproduced with permission. Copyright 5 

2011, American Chemical Society. 6 

Fig 15 Optical image (a), XRD pattern (b), TG curve (c), and room-temperature magnetisation 7 

hysteresis curve (d) of the as-prepared ultralight Fe2O3/C foams. The density of the foam was 3.9 8 

mg cm
-3

. A piece of ultralight Fe2O3/C foam could be manipulated by a magnet bar (e) and stand 9 

on a dandelion (f) from ref. 94. Reproduced with permission. Copyright 2013, American 10 

Chemical Society. 11 

Fig. 16 Vibrating sample magnetometry measurements of γ-FeOx aerogel powders with various 12 

thermal treatments. The measurements were performed at ambient temperature from ref. 99. 13 

Reproduced with permission. Copyright 2004, American Chemical Society. 14 

Fig. 17 (a) Coloured water droplets are laid onto the area of a cellulose sheet treated with 15 

poly(ethyl-2-cyanoacrylate) (PECA) (defined by the red line), whereas they are absorbed by its 16 

untreated area. (b) Optical microscopy image showing surface roughness generation on cellulose 17 

fibres by impregnating them with nanocomposite 10.0 wt.% carnauba wax in PECA to render 18 

them highly hydrophobic. (c) SEM image showing the surface of a cellulose fibre roughened by 19 

sub-micrometre (<200 nm) PTFE particles mixed with PECA (20.0 wt.% PTFE in PECA) to 20 

fabricate super water repellent cellulose sheets. (A) Photograph showing the difference in the 21 

wetting properties between the corner of a sheet treated with nanocomposite of 5.0 wt.% 22 

MnFe2O4 NPs in PECA (hydrophobic) and the untreated inherently hydrophilic part (a). 23 
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Magnetic actuation of the treated sheet: A simple magnet attracts the corner of the cellulose sheet 1 

treated with the magnetic nanocomposite causing the elevation of the whole piece (b-e) from ref. 2 

117. Reproduced with permission. Copyright 2011, American Chemical Society. 3 

Fig. 18 No lost transport processes of a superparamagnetic microdroplet in alternating magnetic 4 

fields (for movie, see Supporting Information). (a) A magnetic microdroplet was placed on an 5 

ordinary superhydrophobic surface, which was positioned above the PS nanotube layer with the 6 

distance of 2 mm. Magnets A and B were assembled outside. (b) When magnet A was switched 7 

on, the microdroplet was magnetised and attracted to fly upward. (c) Microdroplet was stuck to 8 

the surface of PS nanotubes due to strong adhesion between them. (d) When magnet A was 9 

switched off and magnet B was switched on, the direction of magnetic force was reversed and 10 

the microdroplet fell down the initial surface. (e) When both magnets were switched off, 11 

transport was stopped. (f) The superparamagnetic microdroplet was reversibly transported 12 

upward and downward by alternating magnetic fields from ref. 122. Reproduced with 13 

permission. Copyright 2007, American Chemical Society. 14 

Fig. 19 Schematic diagram of the interactions between the superhydrophobic iron surface and the 15 

superparamagnetic microdroplet. Before the iron surface is magnetised, or after demagnetisation, 16 

the magnetic domains of iron surface are disordered, such a surface cannot lead to the 17 

magnetisation of Fe3O4 nanoparticles in the microdroplet, so there is no magnetic force between 18 

them, and the microdroplet resides in the low adhesive Cassie state with a layer of air below 19 

(left). After the iron plate is magnetised, the magnetic domains of iron are arrayed in orderly 20 

manner, and such surface can induce the magnetisation of Fe3O4 nanoparticles, so a magnetic 21 

force is produced. Meanwhile, the microdroplet would reside in the high adhesive Wenzel state 22 
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as a function of the magnetic force (right) from ref. 124. Reproduced with permission. Copyright 1 

2008, Wiley-VCH (Weinheim, Germany). 2 

Fig. 20 Schematic diagram (a) and sequence of frames from a video (d–e) showing a drop 3 

rotating due to the action of spinning the magnetic field. M, magnet; S, superhydrophobic 4 

surface; D, drop. The aligned particle clusters are seen to rotate counter clockwise with 5 

perspective looking down at the drop from above from ref. 125. Reproduced with permission. 6 

Copyright 2008, Elsevier Ltd. 7 

Fig. 21 (a) Absorption of various oils and organic solvents by the superhydrophobic 8 

hybrid/PDMS sponge cured at room temperature (RT) and 100 °C. (b) Optical image of the 9 

hybrid/PDMS sponge after the absorption of diesel oil. The complete superhydrophilic properties 10 

of the pristine sponge illustrated at the right corner of the inset figure and at the bottom (black 11 

dotted circle) of the water bath. The left corner inset figure shows the complete 12 

superhydrophobic properties of the hybrid/PDMS sponge when immersed in water (silvery 13 

shine). (c, d) Graph of the absorption capacity to various oils (soybean (�), corn (�), canola 14 

(�), diesel (�) and decane oils (�)) and various solvents (benzene (�), toluene (�) and 15 

chloroform (�)) of the hybrid loaded and surface treated sponge cured at room temperature from 16 

ref. 1. Reproduced with permission. Copyright 2013, Royal Society of Chemistry. 17 

Fig. 22 Illustration of the Removal of Oil from Water Surface through Highly Hydrophobic 18 

Fe2O3@C Nanoparticles under External Magnetic Field from ref. 135. Reproduced with 19 

permission. Copyright 2011, American Chemical Society. 20 

Fig. 23 Schematic diagram of the recycling of Me-CNT sponges used for spilled oil sorption. (I) 21 

sprinkled on oil; (II) adsorb spilled oil; (III) collected by magnet; (IV) regeneration; (V) reuse 22 

from ref. 142. Reproduced with permission. Copyright 2013, American Chemical Society.  23 
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Fig. 24 Optical images for the removal of hexadecane spreading over the water surface using the 1 

as-prepared bulk material (a)–(c). The oil-absorbed bulk material can be removed easily from 2 

water under a magnetic field (d). Hexadecane absorbed in the bulk material can be removed 3 

directly by burning in air, allowing the bulk material to exhibit superhydrophobicity again (e) 4 

and (f) from ref. 143. Reproduced with permission. Copyright 2013, Elsevier Ltd. 5 

Fig. 25 Field emission (FE-SEM) images of (a) structured Ti substrate, (b) PTFE/Ti, (c) TiO2-6 

PTFE/Ti and (d) TiO2-PTFE/Ti with high magnification. The inset of (a,b) is also magnified 7 

images from ref. 154. Reproduced with permission. Copyright 2012, Wiley-VCH (Weinheim, 8 

Germany). 9 

Fig. 26 Photographs of magnetic separation of Fe3O4/PS[im-C6TEMPO]Cl in the Montanari 10 

oxidation of benzyl alcohol (the excess hypochlorite was destroyed by drops of saturated 11 

Na2SO3) from ref. 165. Reproduced with permission. Copyright 2014, Wiley-VCH (Weinheim, 12 

Germany). 13 

Fig. 27 Superhydrophobicity of PAMA/BMPA nanoparticle multilayer-coated colloidal films. 14 

Water droplet on (A) silica colloidal films without nanoparticles and (B) (BMPA-15 

Fe3O4/PAMA/BMPA-QDgreen/PAMA)3 multilayer-coated silica colloidal films. In this case, the 16 

water contact angles obtained from bare and multilayer-coated colloidal films were 17 

approximately (A) 118° and (B) 153°, respectively. (C) Photographic image of a 18 

superhydrophobic surface prepared from magnetic luminescent colloidal films. Note that for 19 

samples in (A-C), the outermost surface of colloidal films was coated with fluoroalkylsilane 20 

polymer from ref. 170. Reproduced with permission. Copyright 2011, American Chemical 21 

Society. 22 
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Fig. 28 Picture of 24-well SSAP made of 24 superhydrophobic PC-modified polypropylene 1 

tubes each of which has specific dimensions of 1.5 cm (inner diameter) by 1.5 cm (height) (left) 2 

and the schematic representation of the SSAP-based magnetic electrochemical immunoassay for 3 

SjAb detection (right). (A) Capture of the SjAb analyte to the SjAg-immobilised magnetic 4 

particles (MP–SjAg); (B) binding of AuNP-labelled secondary antibodies (AuNP–Ab); (C) 5 

catalytic enlargement of AuNPs in the copper enhancer solution; (D) dissolution of copper metal 6 

deposited on the AuNPs in an acid; and (E) square-wave stripping voltammetry (SWSV) 7 

detection of the released copper ions from ref. 179. Reproduced with permission. Copyright 8 

2012, Elsevier Ltd. 9 

Fig. 29 (A) Microfluidic device based on marbles. (B) Rotation of the upper PP film (A→B→C 10 

subsequent stages). The black ball is the ferrofluidic marble from ref. 193. Reproduced with 11 

permission. Copyright 2008, American Chemical Society. 12 

Fig. 30 (a) When a droplet is placed in the middle of a concave-shaped bowl with 13 

superhydrophobic surface, the droplet rolls off toward the centre due to the gravitational force. 14 

(b) Schematic diagram of single droplet transportation on a superhydrophobic magnetic 15 

elastomer. (c) A series of images showing fast droplet transportation of a 25 µL methyl orange 16 

indicator on the superhydrophobic magnetic elastomer from ref. 195. Reproduced with 17 

permission. Copyright 2013, Wiley-VCH (Weinheim, Germany). 18 

Fig. 31 Schematics of the assembly configuration, optical micrographs and simulation patterns of 19 

applied external magnetic fields for a) single patch magnetic supraparticles, b) bi-patch magnetic 20 

supraparticles, and c) tri-patch or the so-called ‘‘Mickey Mouse’’ magnetic supraparticles. The 21 

scale bars are 500 mm in length. The magnetic simulation pattern is drawn to scale; one square 22 
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on the grid represents an area of 1 mm
2
 from ref. 196. Reproduced with permission. Copyright 1 

2010, Wiley-VCH (Weinheim, Germany). 2 
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Table 1.  1 

No. Basic materials Superhydrophobic 

magnetic 

substrate/surface 

Magnetic property Contact angle 

(degree) 

Ref. 

1. Metallic magnetic 

nanoparticles 

Polymethylpetene  

substrate 

- 153° 48 

2. PVA and FeAc2 Carbon nanofibers Ferromagnetism 156° ± 2.6° 49 

3. Fluorinated 

core/shell magnetic 

microsphere/PVDF 

Nanofibers Superparamagnetism 152.4° ± 0.4° 50 

4. Fe3O4@SiO2@MP

S/HFBA 

Copper wafer 

substrate 

Superparamagnetism 154.6° 51 

5. Polystyrene/silica/

maghemite film 

Silicon wafer 

substrate 

Superparamagnetism 157° 52 

6. Fluorinated copper-

ferrite nanorods 

Copper substrate - 156.5° ± 2.1° 53 

7. Fluorinated 

carbonyl iron 

particles 

- - 159.6° 54 

8. Fluorinated 

magnetic 

nanoparticles 

- - 172.8° ± 0.2° 55 

9. FD-POSS/Fe3O4 

magnetic liquid 

marble 

- - 171.1° 76 

10. PU foam/Fe3O4/ 

PTFE 

Foam Superparamagnetism >160° 93 

11. PU sponge/ 

Fe(NO3)3 or 

Co(NO3)2 or 

Ni(NO3)2 

Foam Superparamagnetism 152° 94 

12. TEOS/ HDTES/ 

Fe3O4 

Polyester surface Paramagnetism >150° 112 

13. Metal nano 

particles/ 

octadecylthiol 

Sponges/textile 

fabrics 

- >150° 113 

14. ECA/MnFe2O4/ 

PTFE 

Cellulose fabrics Superparamagnetism >150° 117 

15. Spherical magnetic 

fluid 

Nanowire surface Paramagnetism 145° to 160° 118 

16. Superparamagnetic 

microdroplet 

Aligned 

polystyrene surface 

Superparamagnetism ~160° 122 

17. Ferrofluid Aluminum or Al 

alloy substrate 

Ferromagnetism 162° 123 
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18. Superparamagnetic 

fluid 

Polystyrene 

nanotube surface 

Ferromagnetism 157° 124 

19. Paramagnetic fluid LDPE surface Paramagnetism >160° 125 

20. Ferrofluid Copper substrate Ferromagnetism ~175° 127 

21. Ferrocene and 

dichlorobenzene 

CNT sponge Ferromagnetism >145° 142 

22. PTFE with 

MWCNT/Fe3O4 

Bulk material Superparamagnetism ~158° 143 

23. Co, Ni and CoNi 

alloy 

Nanoparticles/NPs 

alloy films 

Ferromagnetism ~152-157° 166 

24. Fe3O4/BMPA/QD/P

AMA 

Nanoparticles Superparamagnetism >153° 170 

25. Magnetic hydrogel 

beads 

Polystyrene 

substrate 

- >150° 177 

26. Polysiloxane/ Fe3O4 

nanocomposite 

Glass or 

polycarbonate 

substrate 

- 156-158° 197 
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Fig. 1  3 
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Fig. 9 3 
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Fig. 10  3 
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Fig. 11 3 
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Fig 15 3 
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Fig. 17  3 
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Fig. 31  3 
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