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Abstract
A series of textile based smart materials have been designed and fabricated in
this thesis integrating a variety of bio-inspired concepts to manipulate different
types of liquids on solid surface. The stimuli responsiveness endows the
biomimetic materials or surfaces with better flexibility, adaptability, and
controllability to achieve various on-demand applications. According to different
manipulation mechanism towards liquid behaviors, this study is divided into four
research systems: (i) manipulation of liquid wetting behavior between hydrophilic
and hydrophobic states by a temperature-responsive nanofiber system and its
application in smart separation of oil/water mixture at different temperature; (ii)
manipulation of liquid wetting behavior between superhydrophilic and
superhydrophobic states by a light/heat responsive nanofiber membrane and the
application in reversible separation of oil/water mixtures; (iii) manipulation of the
directional condensation and coalescence of water droplets on a superhydrophobic
cotton fabric surface with light-induced superhydrophilic bumps and its
application in water collection from fog; (iv) real-time manipulation of the
coalescence and sliding of liquid droplets on a flexible slippery surface with
tunable morphology along with external tensile stress and its practicability in
wind-resistance water collection.
The above division of this thesis is according to the evolving manipulation
mechanism towards liquid behaviors from static to dynamic, and also from simple
i

to complex. Specifically, the liquid wetting behavior is a basic property of a solid
surface, and with simple and uniform modification of surface chemical
composition or surface energy, a statically hydrophilic or hydrophobic surface can
be obtained. By grafting stimuli-responsive polymer brushes with adjustable
surface energy, a smart transition between wetting and non-wetting can be
achieved. However, the single control of surface energy is not sufficient to
fabricate surfaces with extreme wettability, such as superhydrophilicity and
superhydrophobicity. A delicate construction of surface microstructure is also
necessary to form hierarchical roughness. Therefore, stimuli-responsive change of
surface energy accompanied by a highly roughened microstructure is required to
design smart material with super-wetting/resistant surface. Further, dynamic
manipulation of liquid behaviors such as directional condensation and coalescence
requires higher level of material design. Driven force commonly generated from
wettability gradient or shape gradient should be included to lead the mobility of
liquid droplets. Meanwhile, the integral surface energy and roughness should still
be well regulated to ensure the low friction during droplet movement. Thus, the
more sophisticated design including both integral surface construction and
detailed decoration with multiple ingredients make it possible to realize more
complicated manipulation towards liquid behaviors. Finally, compared to those
stimuli responding mechanism that needs long time exposure to certain stimuli or
has slow response speed, a real-time stimulus response is considered to be of
better controllability while giving rise to more sophistication towards material
ii

design. To achieve real-time manipulation of liquid behaviors such as coalescence
and sliding, a material surface should show immediate change in surface property
such as morphology, wettability, or friction along with external applied stimuli
and should possess sufficient flexibility for both the substrate and modification
agent, as well as the good coordination between each other.
In this thesis, we conducted in depth study for various basic mechanisms of
liquid manipulation learning from creatures in nature and summarized a variety of
design concepts of biomimetic materials from literature. Following this, we
creatively designed different kinds of stimuli-responsive materials and strategies
to develop smart and biomimetic composite materials or surfaces aiming to
improve their controllability and expand their applications. Besides, the
incorporation of diverse textile substrates with appropriate properties makes such
kind of materials more readily available and easier to be scaled up. This attempt
may facilitate the interdisciplinary studies among traditional textile technology
and new branches of science, and possibly promote their industrialization.
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Chapter 1

Introduction
1.1 Research Background
Liquid behavior on a solid surface has always been an interesting and in
some cases important subject being investigated by material and chemical
scientists. Technologies in manipulating liquid behaviors on solid surfaces are
widely exploited and utilized in a great many of areas among research, industry,
agriculture, daily life, and even environmental protection. For example, liquid
wetting/non-wetting behavior is a fundamental factor to be considered in
developing waterproof clothing, biomedical dressings, filtration membranes,
oil/water absorbents, anti-water electronics, and so on. Liquid condensation is
critical to applications such as water capturing systems, distillation towers,
desalination, air conditioning, and thermal power generation. Liquid rolling,
sliding and other mobile behaviors determine the efficiency of fuel transportation,
microfluidics, water collection/drainage, self-cleaning, irrigation, and so on.
Therefore, liquid behavior on a material surface sometimes determines the
function and major application of this material.
Recently, along with the progress of science and technology, people are no
longer content with single-functioned materials with fixed property and limited
applications. In other words, for daily life, people tend to use or wear “smarter”
1

accessories or clothes that can provide flexible, adaptive, and controllable
feedbacks and experiences. Also for research and industrial development,
scientists tend to prepare versatile materials that can solely solve different kinds of
problems or can be solely utilized in various applications after been given
different orders or stimuli. As a result, a new branch of technology revolution
named “smart” or “intelligent” technology appeared recently. Smart materials are
generally defined as materials that can sense and react to surrounding conditions
such as temperature and humidity, or applied stimuli such as chemical treatment,
electricity, light irradiation, and stress. For liquid behavior manipulation strategies,
smart concept seems to be a novel and potential direction to help develop
materials with adaptive wettability, activatable condensation sites, and
controllable liquid mobility on their surfaces.
On the other hand, our understanding towards manipulation of liquid
behavior also largely benefits from nature creatures. Especially after the invention
of microscopy with high magnification and other surface characterization
technologies, many secrets hidden in the surface of animals or plants were
uncovered finally. Complicated and sophisticated structures including micro- or
nano-scaled ingredients and accompanied various chemical components and
distributions contribute to diverse dominating strategies towards liquid behaviors,
which enlightened us a lot to design similar surfaces. Furthermore, scientists have
even developed numerous materials or surfaces by combining together two or
more bio-inspired concepts to realize liquid manipulation with higher efficiency
2

and achieve more complicated manipulation.
However, while designing such biomimetic materials or surfaces, the
fabrication of hierarchical structures including both micro- and nano-scaled
components highly increased the difficulty and cost. Some of the fabrication
processes are so time-consuming and usually require expensive facilities or raw
materials. In this regard, textile materials that naturally consist of micro-scaled
fibers gradually came into our vision and were considered as possible substrate to
construct hierarchical structures on. Besides, the unique interlaced net work of
textile not only makes it a stable supporter for applied chemicals or nano-particles
but also provides necessary tunnels for some types of manipulation of liquid
droplets. Furthermore, other advantages of textile material such as the light weight,
flexibility, and low cost make it a promising material for massive transportation,
bulk production and design of soft devices. Moreover, enormous new advanced
techniques and facilities have enriched the approaches to fabricating diverse
textiles and even offered customized production. From this, smart and biomimetic
materials or surfaces can become more readily available and easier to be scaled up
by integrating textile materials as linkers or substrates.

1.2 Research Objectives
Based on the increasing research demand of the smart materials, valuable
inspirations from nature creatures towards liquid manipulation and the relatively
high-cost fabrication methodology of such smart and biomimetic materials, this
3

study aimed to meet the expectation of this emerging research area and provide
effective response to its present problems. The effort of this study is directed to
stepwise achieving the goals of designing and developing smart and biomimetic
textile materials or surfaces to realize a variety of manipulation strategies towards
liquid behaviors. To be specific, the research objectives of this study are described
as follows:
(i)

To develop a novel, free standing, and nanofiber based stimuli-responsive
material with smart and reversible superficial wettability transition
between hydrophilicity and hydrophobicity.

(ii)

To

provide

a

thorough

investigation

into

the

recyclable

stimulus-responsive change of wetting behaviors of the as-prepared
material along with the external stimulus and explore its advantage in
certain applications.
(iii)

To design and fabricate nanofiber based materials with adjustable
super-wetting or super-non-wetting behaviors on the surface.

(iv)

To offer a mechanism understanding of the requirement to achieve extreme
wettability and wettability transition. To investigate the performance of the
as-prepared material in selectively separating liquids and its recyclability.

(v)

To design and fabricate textile surface with certain integral wettability
accompanied with additional construction of wetting gradient and shape
gradient to achieve the manipulation of liquid condensation and
coalescence.
4

(vi)

To investigate the performance of the prepared material in dynamic
manipulation towards liquid condensation and coalescence and assess its
efficiency in capturing fog droplets and the following drainage.

(vii)

To develop nanofiber based material surface with flexible and immediate
change of surface property to achieve a real-time manipulation of liquid
behaviors along with external stimulus.

(viii)

To conduct mechanism study on the surface property change and the
exhibited performance of the real-time manipulation toward liquid sliding
and condensation. Explore a self-adaptive application in liquid
management.

1.3 Overall Methodology
In this thesis, the design and fabrication of smart and biomimetic materials
were all based on flexible and low-cost textile substrates including electrospun
nanofibrous textiles using cellulose acetate, polyvinylidene fluoride, or
thermoplastic polyurethane and traditional cotton fabrics.
A variety of surface modification methods were involved such as
dip-pad-cure process, spray coating, surface initiated atom transfer radical
polymerization (SI-ATRP), inner doping, lubricant infusion and dip-coating.
Various modification agents with different functions were utilized including
metallic/nonmetallic oxide nanoparticles, temperature-responsive polymer chains,
long chain silane, lubricant, fluorinated copolymers and so on.
5

After synthesis, comprehensive characterizations have been conducted to
investigate the as-prepared materials or surfaces. Specially, the surface
morphologies were studied mainly by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), wettabiligy were assessed by contact angles
(CAs), chemical compositions were detected mainly by Fourier transform infrared
(FT-IR), phase transitions along with temperature were recorded by differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA), the
elementary composition and distribution were studied by (EDX) and X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD) was performed to
study the crystallization, transmission electron microscopy (TEM) was conducted
to further investigate the inner structures of composite materials.
To further assess the manipulation performance towards liquid behaviors,
some fluid samples simulating nature or industrial process were prepared. The
artificial fog flows were generated by an ultrasonic humidifier with adjustable
flaw rate. Compressed air simulating the nature wind was generated by an
industrial air blower, and the wind speed was measured by a digital anemometer.
Two types of acidic fog flow were made from water solutions with pH values of 3
and 5 containing H2SO4 and HNO3 (1.9:1 w/w) to simulate acid rain. Oil polluted
water were prepared by mixing water with a variety of oils with different
properties including n-hexane, chloroform, paraffin oil, silicone oil, peanut oil and
gasoline and some of the mixtures were dyed for a easy detection.
All the tested data were repeated for three or five times to ensure reliability.
6

Corresponding check experiments were performed to show the performance
improvement and advantages. The stability and durability of most of the materials
were studied by recyclable exposure to stimuli or repeated consumption by
mechanical friction, liquid washing or pollutant contamination.

1.4 Framework of Thesis
The thesis is divided into seven chapters.
Chapter 1 introduces the background and research gap, research objectives,
and methodology of this study.
Chapter 2 reviews and summarizes the typical work devoted to discovery and
investigation of liquid management by nature creatures, exploration and
development of biomimetic materials, structures and properties of smart materials,
techniques of surface modification, and textile based technologies.
Chapter 3 focuses on the fabrication, structure and surface property analyses
of a temperature-responsive nanofiber textile with manipulation ability towards
liquid wetting behavior between hydrophobicity and hydrophilicity, followed by
its assessment of applications in high-efficient oil/water absorption separation.
Chapter 4 presents the design and fabrication of a lotus leaf inspired
nanofiber membrane doped with TiO2 nanoparticles, and its performance in
manipulation of liquid wetting behaviors which can reach superhydrophobicity
and superhydrophilicity. Its light-heat triggered reversible oil/water separation and
7

anti-fouling performance was further investigated.
Chapter 5 concentrates on design and fabrication of an integral
superhydrophobic cotton fabric with light-induced superhydrophilic bumps
mimicking both desert beetle’s back and spider silk. The enhanced water
condensation and coalescence were studied during a fog collection process, as
well as the effective drainage of the captured water benefitting from the integral
water rolling property.
Chapter 6 describes the design and development of a flexible slippery
membrane mimicking pitcher plants with real-time adjustable morphology along
with external tensile stress. Various liquid mobility real-time controls were
performed on the as-prepared membrane surface and its innovative application in
wind-resistant water collection was studied.
Chapter 7 summarizes the whole work of this thesis and presents some
suggestion for the future work.
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Chapter 2

Literature Review
2.1 Smart/stimuli-responsive materials
Smart or stimuli-responsive materials are defined as materials that can
exhibit varied properties along with environmental stimuli and have present
growing attraction for the use to support various applications (e.g., responsive
moisture management, controlled agents release, and adaptive shape memory).
Among all the reported or fabricated smart materials, smart polymers are the most
common materials that could respond with an apparent property change to slight
changes in their environment.1 The unique macromolecule chain composed of
smaller repeating structural subunits2 endows polymers the possibility to present
varied responsive property changes in chemistry or structure which thus results in
macroscopical property changes such as wettability, mechanics, and conductivity.
The stimuli they respond to and the responsive property variation are determined
by the monomer type, and also can be tailored by adjusting their molecular
structures. In addition to smart polymers, some transition metal oxides also show
stimuli-responsive properties along with external environmental changes. The
specific electron transport and energy level transition along with external stimuli
make

them

significant

materials

used

in

semiconductor,

catalysis,

electromagnetism, and so on. Nowadays, smart materials have been studied and
9

applied into varied areas due to their controllability, high flexibility, and energy
saving.

2.1.1 Temperature responsive materials
To trigger the property change of smart materials, temperature is among the
most widely used stimulus on account of the easy controllability and
universality.3-5 The lower critical solution temperature (LCST) is always used to
evaluate temperature-responsive polymers. It is a critical temperature below
which the components of a mixture are miscible for all compositions.6-7 The phase
behavior of polymer solutions around the LCST is an important property utilized
to design temperature-responsive materials for certain applications. For the
polymers with LCST, they are usually miscible and exhibit homogeneous phase in
the solution below LCST, whereas above LCST partial liquid miscibility and a
phase separation occurs. On the contrary, for polymers with High Critical Solution
Temperature (HCST), they are usually miscible and exhibit homogeneous phase in
the solution above HCST, whereas below HCST partial liquid miscibility and a
phase separation occurs. The HCST is also named of Upper Critical Solution
Temperature (UCST).

8-11

Some polymer solutions possess an LCST higher than

the UCST, as shown in Figure 2.1, which means that there is a temperature
interval of homogeneous phase or complete miscibility, with partial miscibility or
phase separation occurring at both higher and lower temperatures.12
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Figure 2.1. A plot of typical polymer binary solution phase behavior including both an LCST
and a UCST.

Among

all

the

temperature-responsive

polymers,

poly(N-isopropylacrylamide) (PNIPAAm) is the most famous one and has been
extensively studied because of its sharp phase transition around 32 °C (below
32 °C it is soluble in water whereas insoluble above 32 °C).13 Moreover, the
LCST of it (32 °C) is very close to the temperature of human body, which can be
well utilized in developing medicine related functional materials. At lower
temperature, PNIPAAm is miscible with water due to the hydrogen bonds formed
between amide groups and water. In contrast, at the temperature above 32 °C, it
becomes hydrophobic and phase separation occurs immediately because the
polymer chains coil up and form intramolecular hydrogen bonds between the
amide groups (Figure 2.2).14
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Figure 2.2. The transition of PNIPAAm molecule conformation in water at low (left) and high
(right) temperatures.14

The unique thermal-responsive property of PNIPAAm in the presence of
water makes it a potential material which can be used in drug delivery systems.
By integrated with micropore-structures,15-17 the as-developed drug delivery
systems containing PNIPAAm progressively solved the conventional problems
such as long responsive time and low permeability present in traditional drug
delivery systems. Wu et al.15 first carried out such work by crosslinking
PNIPAAm with hydroxypropyl cellulose (HPC) achieving a large pore volume,
homogeneous pore size distribution and faster velocity of permeability.
Fabricating microgels is another strategy to shorten the responsive time.18 The
pioneering work was made by Pelton et al.19 who prepared aqueous lattices with
PNIPAAm and studied their morphology and temperature-responsive property,
after which microgels were studied extensively and have been widely utilized in
12

other areas such as environment protection and photoelectric switch.20-21
In addition to hydrogels, PNIPAAm is also widely explored in the application
of solid surface modification. By grafting PNIPAAm on substrates such as
polymer, silicon and metal, the original surface property of the substrates can be
altered.22-26 For examples, Jiang et al.27 grafted PNIPAAm on both a rough and a
flat silicon substrate and realized a switch between superhydrophilic to
superhydrophobic property which can be intelligently controlled by the change of
temperature (Figure 2.3).

Figure 2.3. Thermal responsive wettability for a (a) smooth and (b) PNIPAAm-modified
rough surface.27

Listed below are some examples of polymers which possess a LCST (Figure
2.4). The function group among these molecules is poly(N-substituted
acrylamide).5, 13, 28-30
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Figure 2.4. Temperature responsive polymers. (a) poly(N-isopropylacrylamide) (PNIPAAm);
(b) poly(2-carboxyisopropylacrylamide) (PCIPAAm); (c) poly(N,N’-diethylacrylamide)
(PDEAAm); (d) poly(N-acryloyl-N’-alkylpiperazine); (e) poly(N-(L)-(1-hydroxymethyl)
propylmethacrylamide (P(L-HMPMAAm)).

2.1.2 pH responsive materials
Two types of functional groups may be included in a pH-responsive polymer:
weak polyacids and weak polybases.The ionizable pendants existed in these
groups can accept and donate protons induced by the pH change in the
environment.31 Along with the change of the degree of ionic concentration, the
polymer network structure will be rearranged and thus the hydrogel swells due to
the breakage of the the hydrogen bond inside polymer gels. The pH-responsive
polymers have been widely used in drug release,32-33 gene delivery,34-37 and
oil/water separation.38-40 For examples, Li et al.38 designed a smart fiber
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membrane for pH-induced oil/water separation via synthesizing poly(methyl
methacrylate)-block-poly(4-vinylpyridine) (PMMA-b-P4VP) copolymer solution
and electrospinning. The pH-responsive polymer P4VP and the under-water
oleophilic/hydrophilic PMMA endow the as-prepared fiber membrane with
switchable wettability toward water or oil (Figure 2.5).

Figure 2.5. (a) Schematic showing the electrospun membrane fabrication process, (b) SEM
image of the original stainless steel mesh, (c) SEM image of a fiber-coated stainless steel
mesh with high and low magnification, and (d) photograph of the as-prepared
PMMA-b-P4VP fiber membrane, Oil wettability of the as-prepared fiber membrane in
aqueous media with different pH values: (e) images of an oil (n-hexane) droplet on the fiber
membrane in acidic water (pH 3) with an OCA of∼152°(left) and a sliding angle of ∼4°
(right); (f) images of an oil (n-hexane) droplet on the as-prepared membrane in neutral water
(pH 7) with an OCA of∼146°in a horizontal state (left) and a tilted state (right); (g and h)
schematic description of the oil wetting behavior on the fiber membrane surface in pH 3 and 7
water, respectively.38
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2.1.3 Electricity and light responsive materials
The electro-responsive materials have attracted less attentions than pH- and
thermal-responsive materials. The electro-sensitive polymers usually consist of
polyelectrolyte. The deformation of this type of polymers may occur due to the
directional movement of the free ions in solution under DC voltage.41-42 Langer et
al.43 used hexadecanoic acid (MHA) to modify the gold surface, when the
substrate is applied with negative electrical potential, the surface shows
hydrophilic property, because the negative charged carboxylate groups will locate
on the surface layer due to the electric repulsive force between the gold substrate
and the negatively charged end group. However, the surface exhibited
hydrophobic property when positive potential was applied onto the gold substrate
due to the attractive force between negative end groups and the substrate (Figure
2.6).

Figure 2.6. Schematic diagram of the switch from straight (hydrophilic) to bent
(hydrophobic) molecular conformations.43
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The light-responsive materials can be mainly divided into polymers and
inorganic metal oxide. For polymers, two types of mechanism are most common:
(1) the structure of the polymer changes after absorbing a certain wavelength of
light;44-45 (2) functional groups existed in the polymer can transfer the energy
absorbed from light into enthalpy, and thus cause structure changes of the
thermal-sensitive polymer chains.46 For metal oxide, TiO2 and ZnO are the most
popular light-responsive materials. Fujishima et al.47 first reported the amphiphilic
transition of TiO2 induced by UV light, after which the relevant research and its
applications have been extensively explored.48-55

2.2 Liquid behavior on solid surface and examples in nature
2.2.1 Wettability
Wettability is a property assessing the ability or the extent to which can a
solid surface be wetted by liquids, which is very important for both industry and
daily life.56-63 Liquid contact angle, defined as the angle that a liquid/vapor
interface meets a solid surface, is always used to measure the wettability of a solid
surface. The Young equation describing the balance of the contact angle and the
surface tensions of interfaces is:64-65
γSV = γSL + γLV cosθ

(Eq. 2.1)

where γSV, γSL and γLV represent surface tensions between solid and vapor, solid
and liquid, and liquid and vapor, respectively. And θ is the contact angle of the
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liquid droplet.

Figure 2.7. The forces balance of a liquid drop on a solid surface demonstrated by Eq. 2.1.64

According to Eq. 2.1, different wetting states with corresponding contact
angles are listed below:
θ = 0 completely wetting

0 < θ < 90°wetting

90°< θ < 180°nonwetting

θ = 180°completely nonwetting
There are two commonly accepted factors which will influence the
wettability of a solid surface: surface free energy and surface micro-structure.
The value of surface free energy or surface tension (γSV) determines the basic
wettability or surface property of a material surface, i.e., hydrophilic or
hydrophobic. To be specific, a larger value of γSV generally means a more
hydrophilic surface whereas a smaller value of γSV usually means a more
hydrophobic surface. The surface wettability is highly determined by the chemical
18

composition of the surface materials. For examples, the replacement of hydrogen
atoms by halogen element fluorine will cause the decrease of γSV . However, the
replacement of hydrogen atoms by oxygen or nitrogen will cause the increase of
the γSV. The extent to which the γSV will decrease/increase is determined by the
degree of replacement. The sequence of normal elements which will cause γSV
increase is as follows:
N > O > I > Br > Cl > H > F
An example of high degree of replacement of halogen element in the molecule is
polytetrafluoroethylene (PTEF) which possesses critical surface tension lower
than most of liquids (including organic solvent and water) and is thus referred to
as amphiphobic material. It can be well applied in oil transmission pipe line
because it can decrease the resistance of flow and minimize the deposition of salts
crystallization when transporting crude oil.66
However, in order to achieve an extreme wetting or nonwetting state, only
chemical modification of the surface is far not enough, which can be proved by
the water contact angle of 119°on the flat surface composed of –CF3 groups.67
According to the Wenzel’s model proposed in 1936,68 the surface roughness is
also important in improving the surface wettability (Figure 2.8). To be specific,
the relationship between the contact angle and the surface roughness can be
qualified by:
𝑐𝑜𝑠𝜃 ∗ = 𝑟𝑐𝑜𝑠𝜃

(Eq. 2.2)
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In the equation, is 𝜃 ∗ the apparent contact angle on the rough surface, 𝜃 is the
intrinsic contact angle on the smooth surface, and 𝑟 is the surface roughness (r
∈ (1, +∞)). Accordingly, when the θ is below 90°, the increase of the roughness
will lower the apparent contact angle θ∗ , whereas when θ is above 90°, the
increase of the roughness will enlarge the apparent contact angle θ∗ . In summary,
the surface roughness increase will lead the wettability to extreme. In other words,
a hydrophilic surface will become more hydrophilic along with increasing degree
of surface roughness and a hydrophobic surface will be more hydrophobic when
the degree of surface roughness is increased.69

Figure 2.8. Wenzel model.

Wenzel model reveals the relationship between the roughness and the contact
angle of the surface, but it is not sufficient to deal with a heterogeneous surface.
When various materials are involved, a more complex model measuring the
change of the apparent contact angle is needed. Cassie–Baxter equation is a
widely accepted model to explain that phenomenon as below (Cassie's law):70
𝑐𝑜𝑠𝜃 ∗ = 𝑟𝑓 𝑓𝑐𝑜𝑠𝜃𝑌 + 𝑓 − 1

(Eq. 2.3)

Where the rf is the roughness ratio of the wet surface area; f is the fraction of solid
surface area wetted by the liquid. It is worth noting that when rf = r and f = 1 , the
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Cassie–Baxter equation will become the Wenzel equation. On the other hand, if
there are many different surface roughness ingredients involved, each ingredient
of the total surface area can be denoted by 𝑓𝑖 . Then the Cassie–Baxter equation
will be recast as follows:
𝛾 𝑐𝑜𝑠 𝜃 ∗ = ∑𝑁
𝑛=1 𝑓𝑖 (𝛾𝑖,𝑠𝑣 − 𝛾𝑖,𝑠𝑙 )

(Eq. 2.4)

Here 𝛾 is the Cassie–Baxter surface tension between liquid and vapor, 𝛾𝑖,𝑠𝑣 is
the surface tension of solid-vapor interface of each component and 𝛾𝑖,𝑠𝑙 is the
surface tension of solid-liquid interface of each component. It is worth noting that
when the liquid drop is placed on the solid surface and the air is trapped
underneath it, which forms the two-component system, the Cassie–Baxter
equation can be denoted by:
𝛾𝑐𝑜𝑠𝜃 ∗ = 𝑓1 (𝛾1,𝑠𝑣 − 𝛾1,𝑠𝑙 ) − (1 − 𝑓1 )𝛾

(Eq. 2.5)

This equation is based on an assumption that the exposed surface of air is under
the liquid droplet and is the only other substrate in the system.

Figure 2.9. Cassie model.

The traditional boundary between hydrophilic and hydrophobic deduced
from Young’s equation is the contact angle of 90°. But most recent researches
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have shown a different point that a contact angle of 65°is considered as a more
reasonable boundary above which a hydrophobic material surface is defined and
below which a hydrophilic surface is defined.71 The main reason of the difference
is that one assumption in Young’s equation, that the water molecules on the
surface of liquid is the same as those in the bulk phase, is not true in the real case.
The truth is that the structure and activity of the facial water molecules are highly
different from those in the bulk phase. When studying the water structure at the
surface, it is found that a water contact angle θ< 65°indicates a surface with
adhesion tension > 30 dyn/cm and a repulsive force can be detected at the
interface, while a water contact angleθ> 65°indicates a surface with adhesion
tension < 30 dyn/cm and a long-range attractive force can be detected. Therefore,
a more reasonable theory is proposed about the two kinds of structure and activity
of water molecules at the surface: on the hydrophobic surface, the density of water
molecules is relatively low with open hydrogen-bonded network, whereas on the
hydrophilic surface, the density of water molecules is relatively high with
collapsed hydrogen-bonded network. This study was also supported by Yoon72
and Berg73 that the boundary separate the hydrophilic and hydrophobic surface
should be the contact angle of 65°.
The

concept

of

super-wetting,

including

superhydrophilic

and

superhydrophobic, is also a very important property that has attracted extensive
attentions in recent decades. As is known to all, a superhydrophobic surface
requires a minimum water contact angle of 150°, and a superhydrophilic surface
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means a water contact angle of which is less than 10°.74 To fabricate surfaces with
super-wetting property, a chemical modification with sufficiently low/high surface
energy and a sufficient surface roughness are both required.
There are many examples with different types of wettability existing in
nature. The most famous ones are the lotus leaf effect and rose petal effect. The
self-cleaning function of the lotus leaf due to its superhydrophobicity make it
“live in the silt but not imbrued”, which has attracted great interesting among
researchers.75 The first observation of the topography related hydrophobicity of
many kinds of plant leave was conducted by Barthlott76 and Neihuis77, and the
widely accepted mechanism of the self-cleaning property was based on papillae’s
micro-scale roughness and the water-repellent wax. Later, Jiang et al.78 proposed a
novel viewpoint that the nanostructure on the micro- papillae, which forms a
hierarchical structure, is the main reason leading to the final superhydrophobic
surface of lotus leaf. Figure 2.10 shows the hierarchical structure by SEM images
with different resolutions. This extreme non-wetting property of lotus leaf makes
the water droplets on it easy to roll off and meanwhile take the stain off the leaf.
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Figure 2.10. (a-c) are the SEM images of lotus leaf; (d) is the fitted curve based on the
calculated data (contact angle, in degrees, against the mean outer diameter of protruding
structures, in micrometers).79

The other famous example of superhydrophobicity in nature is rose petal.80
However, different form lotus leaf, even though the rose petal surface also
exhibits superhydrophobic property, the small water droplets on it can hardly roll
of even the petal is turned upside down. When observing the structure of rose
petal (Figure 2.11), cuticular folds about 730 nm in width on each top can be
detected on the micropapillae, forming a micro- and nano-scale hierarchical
structure, which results in the spherical shape of the water droplets on it (with
water contact angle of 152.4°). The difference on water-rolling property of these
two kinds of plants is attributed to the diverse design, the different sizes of the
micro- and nano-structure and the different chemical compositions (Figure 2.12).
To be specific, the triple (three phase) lines on the wax-covered and randomly
roughened hydrophobic lotus leaf surface are considered to be contorted and
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extremely unstable, which prevent water from intruding into the spaces between
micropapillae.81-85 Therefore, the drop moves easily due to the constant advancing
and receding behavior at different contact line point on the lotus leaf. However,
compared to the lotus leaf, the rose petal has larger size of both micropapillae and
nanostructures. Hence, water droplets are expected to intruding into the larger
scale grooves but not into the smaller ones, forming the Cassie impregnating
wetting regime.86-88 As a result, a higher contact angle hysteresis is expected
owing to that the water sealed in the microstructures is clinged to the rose petal
surface, which leads to a non-rolling phenomenon when the petal is tilted or even
turned upside down.

Figure 2.11. (a, b) SEM images of the surface of a red rose petal, showing a periodic array of
micropapillae and nanofolds on each papillae top. (c) Shape of a water droplet on the petal’s
surface, indicating its superhydrophobicity with a contact angle of 152.4°. (d) Shape of water
on the petal’s surface when it is turned upside down.80
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Figure 2.12. Schematic illustrations of a drop of water in contact with the petal of a red rose
(the Cassie impregnating wetting state) and a lotus leaf (the Cassie’s state).80

Besides the plants, many animals have been found to utilize their
superhydrophobic organs in life. For examples, the special superhydrophobic
structures composed of stepwise stacked stripes of duck and butterfly can realize
easy rolling of water along the radial outward of the central axis of the body and
tight pinning along the opposite direction.89-90 Another instance is for Water
striders Gerridae, a common insect reside on the surface of rivers, was found
supporting their weight by the superhydrophobic legs with numerous oriented
setae and nanoscale grooves on each setae which constructs a hierarchical
structure to trap air and form a cushion that support their bodies on the water
surface (Figure 2.13).91
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Figure 2.13. (a) side view of Gerridae’s leg in water; (b), (c) SEM images of mirco-,
nanostructure on a leg.91 Scale bars: b, 20 μm; c, 200 nm.

2.2.2 Directional transportation and condensation
In addition to the wetting property, some nature creatures have been found
with excellent ability to manipulate the directional transportation and
condensation of water droplets. They are commonly seen in those inhabited
deserts and arid regions. The rainfalls in such areas are scarce, some animals and
plants rely on fog and humid air as the major source of water. Stenocara beetle
from Namib Desert can harvest water from the mist and direct the drops into its
mouth, because its carapace has a hydrophobic surface with a random array of
hydrophilic bumps (Figure 2.14 a-b). The fog droplets contact with the beetle
back will condense primarily on the hydrophilic bumps, after which the coalesced
water drop will roll down to beetle’s mouth after they reach enough volume.92-94
Cribellate spiders rely on their silks, on which alternated spindle-knots and joints
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lead to both wettability95-96 and curvature gradients,97-98 to collect water from
humid air (Figure 2.14 c-d). To be specific, the spindle-knot has larger radius of
curvature and the joints has smaller one, and the spindle-knot part shows a rough
and random conformation while the joint structure is smoother. The two driven
forces formed on the silk, surface energy gradient and the Laplace pressure
gradient, is the reason why the water droplets can move directionally.99
Additionally, some plants have also been found with water collection properties.
For instance, Cotula fallax, a plant in South Africa, can collect water from fog and
channel the drops to its stems due to the hydrophobic surface and 3D hierarchical
structure of its leaves (Figure 2.14 e-g).100 The increasing radius of curvature from
the tip to the bottom generates a Laplace pressure gradient driving the water
moving from tip to the bottom. The surface energy generating driven force can be
calculated by:96, 101
𝐿

𝐹 = ∫𝐿 2 𝛾(𝑐𝑜𝑠 𝜃𝐴 − 𝑐𝑜𝑠 𝜃𝑅 )𝑑𝑙
1

(Eq. 2.6)

Where γ is the surface tension of water, 𝜃𝐴 and 𝜃𝑅 are the advancing and
receding contact angles respectively, l is the integration variable along the length
between two areas with different surface energy. The Laplace gradient between
different radius of curvature can be denoted by:97, 99
𝑟

2𝛾

∆𝑃 = − ∫𝑟 2 (𝑟+𝑅)2 𝑠𝑖𝑛 𝛽𝑑𝑧
1

(Eq. 2.7)

Where 𝛾 denotes the local mean radius of the fiber, r1 and r2 are the radii of the
substrate at the two sides of a droplet, β denotes half of the apex angle of the
conical shape, z is the integration variable along the diameter of the fiber. Besides,
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in some extremely droughty areas, cactaceae species can efficiently capture fog
benefiting from the well-distributed spines and trichomes on their stems (Figure
2.14 k-l).102 A unique water capturing and direction behaviour was also found in
green bristlegrass due to the barb-groove structure of its bristles (Figure 2.14
h-j).103 These two kinds of plants also rely mainly on the Laplace pressure
gradient or shape gradient as the driven force to lead the transportation of the
water droplets from the tip to the bottom of the barbs or the spines, then the
coalesced water on the stem or the bristle which also possesses the shape gradient
was further led to the needed organs. In summary, the relatively more hostile
environment such as desert drives the plants or animals living there to evolve
more sophisticated organs or implements to adapt and survive. That is, compared
to the strategies only adjusting the wetting behaviour utilized by lotus or rose, the
directional transportation or condensation utilized by Cribellate spiders and cactus
seems to be more high-level because it requires diverse or heterogeneous design
to form hybrid wettability or shape in different areas on a single surface or organ
instead of a uniform property. This undoubtedly raises higher demand to scientists
when developing bio-inspired materials to manipulate liquid behaviours.
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Figure 2.14. Images depict the structures of water collection units of nature creatures. (a)
Adult female of desert beetle Stenocara sp, dorsal view; peaks and troughs are evident on the
surface of the elytra. (b) A ‘bump’ on the elytra, stained with Red O for 15 min and then with
60% isopropanol for 10 min, a procedure that tests for waxes. (c) Lowmagnification
environmental SEM image of periodic puffs and joints surrounding two main-axis fibres on
dry capture silk of cribellate spider. (d) Magnified image of puff composed of countless
nanofibrils. (e) A single leaf covered in hairs of Cotula fallax. (f) individual hairs, (g)
midsection of a single hair at high resolution. The bristle has aligned micro-grooves and
oriented barbs (h), the magnified image of barb (i), and nano-fold structure at the bottom of
the barb (g). (k) SEM image of a single spine of the cactus, the tip (l) with an apex angle (2a)
and oriented barbs.92, 99-100, 102-103
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2.2.3 Rolling and sliding
In manipulation of liquid behaviors, the rolling or sliding of the liquid out of
the surface is a very important factor or even fundamental to some applications
such as water collection, self-cleaning or desalination. The rolling or sliding
property of a surface is always measured by sliding angle (SA), an inclination
angle of the surface above which the liquid droplet can start to roll or slide.
According to Furmidge,104 the SA was defined as a function of advancing and
receding contact angles. If a drop is placed on a tilted solid surface (Figure 2.15),
the contact angles at the front and back of the direction of droplet movement
represent the advancing and receding contact angle respectively. The SA can be
calculated by:104
𝑚𝑔(𝑠𝑖𝑛 𝛼)
𝜔

= 𝛾(𝑐𝑜𝑠 𝜃𝑎𝑑𝑣 − 𝑐𝑜𝑠 𝜃𝑟𝑒𝑐 )

(Eq. 2.8)

Wherein 𝑚 is the mass of water, 𝛼 is sliding angle (SA), 𝛾 is the surface
tension of water, 𝜃𝑎𝑑𝑣 and 𝜃𝑟𝑒𝑐 are the advancing and receding contact angles
respectively, 𝑔 is the acceleration of gravity, 𝜔 is the width along the movement
direction of the contact area between the droplet and the surface.

Figure 2.15. Tilted surface profile (tilt angle, α) with a liquid droplet; advancing and receding
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contact angles are θadv and θrec, respectively.105

Even though the sliding or rolling property of surfaces can uniformly
measured by SA, but these two concepts are recently considered different from
each other, especially after the discovery of the slippery surface on the pitcher
plant (Figure 2.16).106 It is found that the Nepenthes can capture insects with high
efficiency especially after a rainfall. The insects that step on the peristome
helplessly slip on the surface and fall into the pitcher. The main mechanism of the
slipperiness of the peristome of Nepenthes is based on the presence of lubricating
water or nectar film as well as on the microstructure of the peristome surface
(Figure 2.16 D-E). To be specific, after rainfall, the peristome is wetted by rain
water which spread and forms a fluid film integrating nectar. The fluid film
generates an aquaplaning, i.e., lubricating effect between the peristome surface
and adhesive pads of insects, which highly decrease the friction force. Then, the
microscopic cavities with opening pointing inside of the pitcher can provide
anchorage for insect claws pointing outside of the pitcher.

Figure 2.16. Nepenthes pitcher and peristome morphology. (A) Pitcher. (B) Butterfly
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(probably Tanaecia pelea pelea) harvesting nectar from the peristome surface. (C) Underside
of inner margin of peristome with tooth-like projections and nectar pores (arrow). (D and E)
Peristome surface with first- and second-order radial ridges. Arrows indicate direction toward
the inside of the pitcher (F) Transverse section of peristome. Note the transition from the
digestive zone to the smooth surface under the peristome (arrow). (G) Inner pitcher wall with
digestive gland at the height of the inner peristome margin (H and I) N. alata. (H) Transverse
section of peristome. (I) Waxy inner pitcher wall at the height of the inner peristome
margin.106

Different from the lotus leaf with high surface roughness, low surface energy
and thus very large water contact angle which make the water droplets easily to
roll off the surface, the capturing activity of Nepenthes with the help of the
slippery peristome provide a novel thinking towards liquid drainage, i.e., sliding
off. Note that the slippery surface on which liquid can slide off does not mean a
highly roughened surface morphology and a large liquid contact angle. On the
contrary, a slippery surface with lubricating film always requires sufficient
smoothness and shows a relatively lower contact angle.107 In the other words, the
mechanism of the lubricating slippery surface is not based on the lower liquid
spreading and higher air trapping on the highly roughened solid surface: it is
based on the higher flexibility of movement of molecules in the layer of the liquid
lubricant, which is like transportation with help of wheels underneath. There is a
similarity between a slippery and a superhydrophobic surface that the contact
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angle hysteresis (CAH) on both surface, which is denoted by105 𝜃𝑎𝑑𝑣 − 𝜃𝑟𝑒𝑐 , is
very small.

2.3 Biomimetic materials or surfaces for the manipulation of
liquid behaviors
Inspired by nature creatures, many materials have been designed to realize
the manipulation of liquid behaviours. Inspired by lotus leaf or other prototypes
with special surface wettability, materials or surfaces with elaborate surface
modifications integrating the promotion of the surface roughness or altering the
surface energy have been developed to manipulate the wetting behaviour of the
liquid. Along with the increasingly profound understanding of the desert beetle or
cactus by scientists and the fast development of the science and technology, more
sophisticated materials or surfaces have been fabricated integrating hybrid
wettability components and unique structures or shapes to realize the
manipulation of the directional transportation or condensation of liquid. With deep
study of the pitcher plant species, a novel slippery surface to further decrease the
friction of liquid mobility has been reported and has enlightened the development
of lubricating surfaces to improve the efficiency of manipulating liquid
condensation, transportation and drainage. The detailed introduction of these
progresses is listed below.
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2.3.1 Biomimetic surfaces to manipulate liquid wetting
Jiang et al.108 fabricated a lotus-leaf-like superhydrophobic surface via the
electrohydrodynamics

(EHD)

technique

with

fine

adjusting

of

the

polystyrene/dimethyl formamide (PS/DMF) solution concentration (Figure 2.17).
A porous microsphere/nanofiber composite film (PMNCF) was obtained from a 7
wt % PS/DMF solution and it showed a water contact angle of 160.4 ±1.2°. The
obtained superhydrophobicity of this film is attributed to the high roughness of the
microspheres and the interweaved nanofibers formed a 3D network that reinforced
the composite film.

Figure 2.17. a) SEM image of porous microsphere/nanofiber (PMNCF) prepared from a 7 wt %
PS/DMF solution; b) 3D network structure of PMNCF; c) surface nanostructure of a single
porous microsphere; d) water droplet on PMNCF.108

Liu et al.109 developed a CNTs–Teflon composite coating to repellent hot
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liquid (Figure 2.18) because they found that many so-called superhydrophobic
surfaces, which exhibited high repellency towards cool water, showed remarkably
decreased repellency to hot water (Figure 2.18E). This can be attributed the
decreased surface tension of the hot water which make it easier to intrude into
the pores and fissures of surfaces with high roughness. They also argued that the
surface energy is more dominant than the surface roughness in improve the
repellency to hot liquids of the surface. The as-prepared CNTs–Teflon coating
showed better repellency towards hot liquid with temperature above 50 °than just
a layer of Teflon coating. This paper pointed the challenge faced by scientists that
hot liquid with high pressure is more difficult to repel by present
superhydrophobic materials.

Figure 2.18. SEM images of CNT–Teflon hybrid treated fabrics: (A) and (B), 80/20
cotton/polyester blend weaved fabrics; (C) and (D), 100% cotton knitted fabrics. (E)
Repellent properties of fluorine-containing (silica-F, b and c) and non-fluorine-containing
(silica-C, a and d) composite coatings to water with different temperatures. (F) Repellent
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properties of CNT–Teflon composite (a and c) and Teflon (b and d) treated fabrics to hot
water.109

Wang and his group110-111 proposed general methods in fabricating stable
superhydrophobic fabrics combining dip coating and chemical in-situ growth of
transition metal or metal-oxide nanocrystals (including Fe, Ni, Co, Ag and Cu)
with modification by n-octadecylthiol (Figure 2.19). The nanoparticles of
metal/metal oxide provide the roughness of surfaces, long chain thiol offers the
low surface energy. Due to the strong covalent bond formed between the
transition-metal element and sulfur, thiols with a strong tendency in reacting with
the transition-metal element are applied as modifying agents. The combination
reaction between metal/metal oxide nanoparticles and n-octadecylthiol enhances
the synergy of the two important factors to fabricate oil/water separation
materials.

Figure 2.19. Optical images of the superhydrophobic fabric/sponge from the in situ growth of
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Group VIII and IB metal/metal oxide nanoparticles (a); Schematic illustration of the
preparation procedure of the superhydrophobic and superoleophilic fabric from the in situ
growth of transition-metal/metal oxide nanocrystals with thiol modification (b).110-111

2.3.2

Biomimetic

surfaces

to

manipulate

directional

transportation and condensation
Spider silks have both micro- and nanoscale composite structures, for
example, nanofibrils and nanocrystals. The nano- and micro-scale structure of
spider silks plays a pivotal role in achieving the unique physical and chemical
properties of spider silks. In additions, the spindle-knots and joints structure that
possessing wettability and curvature gradients gives us a biomimetic revelation to
fabricate 1-D bioinspired fibers to realize water drops capture. Based on fiber
material, 1-D water collection materials have been developed imitating spider
silks,112-119 on which condensed small water drops were transported from joints to
spindle-knots and coalesce to form larger drops.
Hou et al.120 fabricated porous hump fibers using the Rayleigh instability
technique and breath figure method. The structures of the pores can be adjusted by
changing the reaction conditions of the resin (Figure 2.20a). Jiang et al.121
developed periodic, screw-shaped cracks on core–shell spindle-knots by a
first-step dip-coating and subsequent calcination (Figure 2.20b). Hou et al.122
further studied the water collection performance related to the periodicity of
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structural geometry on artificial humped fiber. They investigated two water
collection mode, i.e., water collected by a single spindle-knot (Figure 2.20c) and
by two spindle-knots together (Figure 2.20d), in terms of different conjunction
mode of three-phase contact line with threshold volume.

Figure 2.20. (a) SEM images of the polymer bioinspired fibers fabricated after different
reaction times.120 (b) Intact and helically cracked spindle knots after calcination.121
Illustrations of water droplet formation on bioinspired fibers with spindle-knots on (c) Fiber
with one spindle-knot, (d) fiber with two spindle-knots.122

A type of smart water drops direction fiber was developed by combine
hydrogel and N-isopropylacrylamide (NIPAAm), which is a thermo-responsive
polymer.123

Features of different curvature, roughness and wettability were also

adopted. By changing the surrounding temperature (above or below the LCST of
PNIPAAm), the water droplets can be driven towards and away from the
spindle-knots accordingly. This innovation is promising to fabricate smart fibers
with controllable water collection function, which can provide solutions towards
liquid collection in various surrounding conditions.
Inspired by cactus, Luo et al.124 fabricated a type of ZnO wire with an array
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of small ZnO wires on it motivated by the approach used in cactus to harvest fog.
All these wires possess conical shapes, with a gradually increasing diameters
from tip to root of the wire. Therefore, water droplets condensed on the tip of
each wire are driven into the root by the capillary force generated from the
curvature gradient. The as-prepared ZnO wires exhibit an excellent water
collection performance exceeding its counterparts in the case of cactus.
Jiang’s group125 developed a cactus spine like water collection material by
gradient electrochemical corrosion and investigated the directional water
transportation and condensation on the as-prepared artificial cactus inspired
spines.

Figure 2.21. Sketch of step 1 (a) and step 2 (b) of preparation of conical copper wire
(CCW) through gradient electrochemical corrosion. (c-d) Structure of the CCW. (e-g)
Microscopic observations of typical fog-collection processes on three kinds of CCWs with
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different wettability. (h-m) Mechanism of the distinct velocity of water drop motion on CCWs
with different wettability.125

By mimicking the desert beetles’ back, a variety of strategies have been
explored to fabricate 2-D surfaces consisting of both hydrophobic and hydrophilic
ingredients.126-129 However, some of the approaches are very difficult to be
generalized due to the laborious and tedious synthetic procedures. In spite of this,
some innovations have been attempted to simplify the synthesis procedures.
Wang et al.130 reported a simple route to make fabric with a
superhydrophobic-superhydrophilic hybrid (SSH) surface based on the selective
reactivity of thiol with Fe and Co nanoparticles. Through an evenly distribution of
Fe and Co nanoparticles, and a subsequent treatment of n-Octadecyl thiol, an
integral superhydrophobic surface mixing alternately distributed superhydrophilic
sites was prepared mimicking the desert beetle, and was investigated on the water
collection process.
Bai et al.131 prepared a superhydrophobic surface with star-shaped
superhydrophilic patterns to create a combination of a wettability gradient and a
shape gradient to improve the water collection efficiency. By integrating a
wettability gradient and shape gradient, the hydrophobic surface with star-shaped
superhydrophilic patterns can be more efficient in driving water droplets into
bigger ones and avoid the water being lost in wind (Figure 2.22).
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Figure 2.22. (a) Bioinspired gradient surface with a star-shaped wettability pattern. (b)
Star-shaped pattern are more efficient than that with circle-shaped pattern. (c) Calculation of
the hydrophilic area of star-shaped patterns as shown by the in-Figure equation. Detailed
directional collecting processes on the border of (d) star-shaped wettability patterns and (e)
star-shaped edge.131

Compared to water collection materials or surfaces inspired by spider silk or
cactus, desert beetle bio-inspired water collection materials or surfaces have a
better drainage system as the integral hydrophobic surface prepared can let the
captured water drops roll down to a designated device to improve the
conveniences of human utilization. Also, the small space occupation and the
relatively strong mechanical strength of this type of 2-D materials can suit better
for a mass production and transportation.
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2.3.3 Biomimetic surfaces with better manipulation of liquid
sliding
Inspired by pitcher plant, numerous kinds of materials with slippery surface
have been developed and applied in some areas such as biomedicine,132-134
self-cleaning,135-136 anti-icing,137-142 and self-repairing.107, 143-145 There are mainly
two strategies to fabricating such lubricating slippery surface: covalently surface
grafting and liquid infusing.
For surface grafting method, McCarthy et al.146 reported the development of
an instant omniphobic surface with unprecedented repellency by grafting a layer
of covalently attached liquid on the surface of glass slide. The as-prepared surface
is smooth, stable and temperature-durable, and also exhibit extremely low contact
angle hysteresis (CAH) (<1°) as well low sliding angle (SA) for liquids even with
low surface energy (18.4 mN/m) as shown in Figure 2.23.

Figure 2.23. Time-sequence images for comparison of the mobility of 20 μL toluene drops
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(containing Oil Red O) on a clean glass slide surface (a), on a clean glass slide modified with
CF3- (CF2)5CH2CH2SiMe2Cl (b), and on a clean glass slide coated with a SOCAL PDMS
layer (c). d) Time-sequence images for a hexane drop sliding down a tilted SOCAL PDMS
surface.146

Yao et al.147 grafted a liquid-like copolymer with reactive groups via a
layer-by-layer covalently immobilization. The grafted nano-coating is oil-repellent
to a broad range of organic liquids and can be further modified by functional
molecules because of the reactive sites. This approach may have technical
implications in surface modifications and biomedical technologies.
For liquid infusing method, there are three principles:107 (1) the infused
lubricating fluid must wick into, wet and stably adhere within the substrate, (2)
the solid substrate must be preferentially wetted by the lubricating fluid rather
than by the liquid one wants to repel, and (3) the lubricating and impinging test
liquids must be immiscible. The first criterion can be satisfied by utilizing
micro/nanostructured, highly roughened substrates with large surface area,
integrating chemical affinity towards the liquid to facilitate its wetting and
adhesion by the lubricant. The second criterion should be satisfied by determining
the required chemical and physical properties to ensure the combinations of
substrates and lubricants. To be specific, ΔE1 = EA - E1 > 0 and ΔE2 = EA – E2 > 0
should be satisfied in order to ensure the solid is wetted preferentially by the
lubricating fluid, wherein the total interfacial energies of textured solids that are
completely wetted by arbitrary immiscible liquid (EA), or a lubricant with (E1) or
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without (E2) a completely wetted immiscible testing liquid above it. The equations
can be expressed as:148
∆𝐸1 = 𝑅(𝛾𝐵 𝑐𝑜𝑠 𝜃𝐵 − 𝛾𝐴 𝑐𝑜𝑠 𝜃𝐴 ) − 𝛾𝐴𝐵 > 0
∆𝐸1 = 𝑅(𝛾𝐵 𝑐𝑜𝑠 𝜃𝐵 − 𝛾𝐴 𝑐𝑜𝑠 𝜃𝐴 ) + 𝛾𝐴 − 𝛾𝐵 > 0

(Eq. 2.9)
(Eq. 2.10)

In the equations, 𝛾𝐴 and 𝛾𝐵 are the surface tensions of the testing liquid and the
lubricant, 𝛾𝐴𝐵 is the interfacial tension at the interface of two liquids, 𝜃𝐴 and
𝜃𝐵 are the equilibrium contact angles of the testing liquid and the lubricant on a
flat solid surface respectively, R is the surface roughness factor.
Based on these principles, a smart slippery membrane with tunable
transparency and wettability has been developed via infusing lubricant into a
porous film.149 Along with the change of external stretching force, the
morphology of the membrane tunes from smooth to rough which thus results in its
ability to control the transparency and manipulate various low-surface-tension
droplets from sliding to pinning.

Figure 2.24. (a) Scheme showing the control mechanism: a droplet of test liquid changes
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from sliding to pinning under external stretching. (b) Comparison of water drops sliding on a
tilted slippery surface without (upper row) and with (lower row) bending. (c) Change of
transparency and anti-fingerprint ability.149

Besides, due to the highly decreased friction of droplet mobility on a solid
surface by introduction of a layer of lubricant, the efficiency of liquid
transportation or condensation can be highly improved. For example, a type of
asymmetric bumps has been designed by 3D-printing combining three concepts
inspired by desert beetle, cactus and pitcher plant to enhance the water
condensation on solid surface (Figure 2.25).150 The droplets condense on the
bumps grow much faster than on the flat surface and can slide along the slope
even its direction is opposite the gravity. This strategy can be applied on a wide
range of areas such as water collection, phase-change heat-transfer applications
and droplet transportation.

Figure 2.25. (a) The design concept of the approach. (b) A profilometer image (oblique view)
showing nanostructure (inset) infused with lubricant, and the tangentially connected bottom
slope. (c) Time-lapsed optical images of condensed water droplets on an asymmetric bump
rotated 180°relative to gravity.150
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2.4 Textile based materials and surface modification
A textile is a flexible material consisting of natural or artificial fibers. In the
process of the development of functional, biomimetic or intelligent materials,
textile has always been one of the most popular substrates due to its light weight,
flexibility, and low cost, which make it a promising material for massive
transportation and bulk production. For designing materials or interfaces with
special wettability, the interlaced fibers of the textile can provide a micro- or even
nano-scaled roughness, which is highly needed when fabricating hierarchical
structures. Traditionally, textiles are formed mainly by knitting, weaving,
crocheting, knotting, and felting. As technology advances, more types of artificial
textile materials with adjustable fiber diameters have been developed by various
techniques

such

as

melt-spinning,151

wet-spinning,152

dry-spinning,153

electro-spinning,154 and micro-channel spinning155 to satisfy increasingly diverse
applications.
Strategies to modify textile surface are also diverse. The most widely used
methods to treat textiles are surface coating by dip-coating or dip-pad
coating.156-157 For example, Kong et al.54 developed a cotton fabric with light-dark
triggered self-adaptive wettability to realize moisture management and directional
transportation of water through cotton fabric. The TiO2 nano-sol were dip-pad
coated on the surface of cotton fabric and adhered by hydrogen bonds between the
oxide network of TiO2 and hydroxyls of cellulose. However, most of the surface
modifications by dip-coating or dip-pad coating will form a coating layer that is
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adhered onto the substrate by physical force, which usually means a poor
adhesion strength and durability. Similar modification methods also include spray
coating, spin coating, doctor blading, and so on.

Figure 2.26. Fabric with self-adaptive wettability controlled by ‘‘light and dark’’.
Two-dimensional wetting phenomenon on a cotton substrate with one side having hydrophilic
and other side having hydrophobic properties.54

The other strategy of surface modification is to form chemical bonding
between the textile substrate and the coating agent. In order to fabricate functional
textile materials with special surface structure and property, surface grafting of
polymers with a variety of functional groups have been widely explored. The
traditional polymer grafting method can be performed by a couple of techniques
such as cationic, anionic, living free radical, and open-ring metathesis
polymerization.158-160 There are some shortage of the above grafting method that
the end group of those polymer chains should be functioned with high active
anchors such as chlorosilyl group which can be deactivated by some groups such
as amine, hydroxyl and carboxylic acid groups, and the thickness of the grafted
polymer are always limited to 1 to 5 nm because of the kinetic and
thermodynamic characteristic of such technique. To solve the above problems, a
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more advanced grafting strategy called “grafting from”method has been explored
involving a functional initiator immobilization process in the first step for
subsequent polymer brush growing. The grafting methods include ionic,
ring-opening metathesis, free radical, and controlled radical polymerization.161-166
Among above techniques, the controlled radical polymerization is regarded to be
to be superior to others for the reason that it can generate uniform brush layer,
controllable brush thickness, layer of homopolymer or diblock copolymer. The
surface initiated atom transfer radical polymerization (SI-ATRP) is the most
popular technique that has been widely utilized in modifying textile materials. For
instance, Yang et al.167 proposed a method to develop smart water absorbing
cotton with high efficient. In this work, a temperature-responsive polymer
PNIPAAm was grafted from a pre-initiated cotton fabric, and formed a layer of
uniform structured, highly roughened polymer brushes on the surface of the cotton
fibers. It is worth noting that the as-prepared sponge-like cotton fiber can
automatically collect and release water just triggered by temperature change
which is consistence with the typical day-and-night range of desert.
In summary, the development and study of biomimetic liquid-manipulating
materials is of great significance in both academic research and industrial
application. The introduction of smart materials and chemicals endows such
materials with higher controllability, adaptability, and flexibility. In terms of
lowering the synthetic cost and meanwhile further promote the flexibility, textiles
materials show their great advantages due to their low cost, light weight, and
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unique interlaced structures with micro- or even nano-scaled roughness. In this
thesis, therefore, the design and development of textile-based stimuli-responsive
biomimetic materials for liquid manipulation is targeted, with an in-depth study of
the correlations among material structures, stimuli, and liquid manipulation
performances.

Figure 2.27. Reversible responsive behavior of PNIPAAm-cotton fabric (a-d) and water
collection/release by the PNIPAAm-cotton fiber upon temperature changes.167
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Chapter 3

Temperature-Responsive Nanofibers Fabricated by
Surface Grafting of Polymer Chains to Manipulate Liquid
Wetting: Synthesis, Characterization, and Application
Surface functionalization with stimuli-responsive materials can turn an
ordinary material into a smart one that shows adaptive properties upon external
stimuli. In this study, an electrospun regenerated cellulose (RC) nanofiberous
membrane was firstly prepared; subsequently, Poly (N-isopropylacrylamide)
(PNIPAAm), a thermo-responsive polymer, was surface grafted to form the
polymer chains/brushes on the surface of RC nanofibers via the surface-initiated
atom transfer radical polymerization (SI-ATRP) method. Thereafter, the
PNIPAAm-modified RC nanofibrous membrane was investigated for its
temperature-responsive surface wettability at temperature below/above the lower
critical solution temperature (LCST). Furthermore, the nature of the
hydrophilic/hydrophobic transitions of the modified nanofibrous membrane was
also investigated through the water up-taking and release experiment at various
temperatures.

Especially,

PNIPAAm-grafted

as

responses

nanofibrous

to

different

membrane

temperatures,

exhibits

the

switchable

super-lyophilic/super-lyophobic property at a water-oil-solid three-phase interface.
With the large surface area and switchable surface wettability, the as-prepared
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PNIPAAm-grafted nanofibrous membrane exhibits excellent property of
controllable oil/water separation, and possesses great potential towards both
wastewater treatment and oil purification.

3.1 Introduction
Oil/water separation technology attracts much attention in recent years due to
the increasing problems of industrial oily waste water discharge, offshore oil
spillage, and the high cost of treating domestic waste water. Therefore, a large
number of oil/water separation materials have been fabricated based on polymer
membranes,168-169 metal nets,170-171 nanoparticles,172-173 or textiles174-175 with
special surface wettability. In addition to fixed surface wettability, materials with
switchable surface wettability have also been developed for controllable oil/water
separation triggered by pH value,176 electric field,177 thermo-treatment,178 or
multiple stimuli.39 Considering the recycling and anti-fouling properties of the
separation materials, some responsive hydrophilic/underwater superoleophobic
membranes were developed with self-cleaning or anti-fouling function.179-180
Overall, materials with the stimuli-responsive property, which are generally
defined as ‘smart materials’, have shown great potential to offer on-demand
treatments towards liquid pollution.
Among the various fabrication methods of all the smart materials mentioned
above, surface modification is the most popular one, which can turn an ordinary
material into a smart one with certain stimulus sensibility. Usually, the
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modification agent determines the stimulus a material responds to, while the
substrate determines the functional efficiency and capacity of the material.
Specifically, with the purpose of waste water treatment or oil purification, high
adsorption efficiency and capacity of the material is greatly required.181-182
Nanofibers with the diameter in submicron range or even nanoscale have shown
great promise to serve as substrates of functional materials,183-185 because the large
surface area provided by nanofibers means more chemical reaction sites and a
higher degree of physical contact, which can result in improved adsorption
efficiency.186 To fabricate nanofibers with such advantages, electrospinning has
been considered as a versatile technique.183
In our experiments here, regenerated cellulose (RC) nanofibers were
modified with Poly (N-isopropylacrylamide) (PNIPAAm) via surface-initiated
atom transfer radical polymerization (SI-ATRP).187-189 PNIPAAm, as a
temperature-responsive polymer, has attracted more attention, because of the
transition between coil and globule with the change of wettability (hydrophilic
and hydrophobic, respectively) in an aqueous solution at lower critical solution
temperature (LCST, +32 °C).13, 190 As suggested, the grafted temperature-sensitive
PNIPAAm brushes can turn the RC nanofiber into a smart material, the surface
wettability of which can be switched between hydrophilic and hydrophobic with
the change of temperature of the environment.
The switchable wettability, triggered by temperature, enables the material to
provide specific solutions towards the separation of various oil/water mixtures. To
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be specific, at room temperature, the PNIPAAm-RC nanofiber presents a
hydrophilic and under-water superoleophobic property. As a result, water can pass
through and the oil will be blocked by the pre-wetted PNIPAAm layer. Therefore,
in a water-in-oil mixture, the PNIPAAm-RC nanofiber can clean the oil phase by
removing water drops out without much oil adhering. In contrast, the PNIPAAm
layer can let the oil pass through and block the water due to the oleophilic and
under-oil superhydrophobic property at temperature above the LCST. This enables
the PNIPAAm-RC nanofibers to treat the oil polluted water by drawing the oil
drops out at a high temperature. With the combination of responsive wettability
and high adsorption efficiency, the PNIPAAm-RC nanofiber shows outstanding
potential in various types of oil/water separation situations, for instance,
wastewater treatment and oil purification. Scheme 1 shows the fabrication
procedures and the thermo-responsive wettability at a water-oil-solid interface of
PNIPAAm-RC nanofibers.
In this chapter, RC nanofibers were fabricated through electrospinning
method from a cellulose acetate (CA) solution, followed by hydrolysis in strong
base. Hydrolysis of CA was referred to in Menkhaus’s work,182 and had no
damage on well-defined cylindrical morphology of the nanofibers. Thereafter,
through SI-ATRP, the RC nanofibers were surface functionalized by PNIPAAm
brushes, which introduced a thermal-responsive wettability at oil-water-solid
interfaces. The results indicate that the prepared PNIPAAm-RC nanofibers show
excellent water absorption from water/oil mixture at 22 °C and oil absorption
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from oil/water mixtures at 40 °C. To date, most of the existing oil/water separation
materials can hardly have versatile applications due to the fixed wettability;191-193
and even if some stimuli-responsive materials have been designed for selective
oil/water separation, few of them are qualified for the in situ oil/water removal
because of the poor adsorbability.194-195 Innovatively, the study presented here can
lead to a simple method to realize controllable oil/water separation in situ.

Scheme 3.1. Fabrication process of PNIPAAm-RC nanofibers undergoing electrospinning,
hydrolysis and SI-ATRP; and the temperature-responsive super-lyophobic/super-lyophilic
property at water-oil-solid interface of the prepared PNIPAAM-RC nanofiber membrane.
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3.2 Experimental
3.2.1 Materials
Cellulose acetate (CA, ACROS, Mn~100000 g/mol), acetone (VWR
International 99.8%), dimethylacetamide (DMAc, Duksan Chemical 99.5%),
sodium hydroxide (NaOH, VWR International 99%), 2-bromisobutyryl bromide
(BiB, Aldrich 98%), triethylamine (TEA, Aldrich 99%), 4-(dimethylamino)
pyridine

(DMAP,

Aldrich

99%),

tetrahydrofuran

(THF,

J&K

99.9%),

N-isopropylacrylamide (NIPAAm, J&K 99%), methanol (MeOH, Duksan
Chemical 99.9%), pentamethyldiethylenetriamine (PEMDETA, Aldrich 99%),
copper (I) bromide (CuBr, J&K 98%).

3.2.2 Characterization
Field emission scanning electron microscopy (FE-SEM, JSM-6335F, Japan)
was used to observe the surface morphologies of the electrospun CA nanofibers,
RC nanofibers and PNIPAAm-grafted RC nanofibers, with a gold sputtering prior
to imaging. All the samples were dried at 40 °C under vacuum and then fixed on
the sample stub by electroconductive double-tape at room temperature before the
FE-SEM test. Then, the samples were observed at room temperature under
vacuum condition by FE-SEM.
Atomic force microscopy (AFM, Veeco, USA) was utilized to observe
topography of the RC nanofibers before and after SI-ATRP.
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Differential scanning calorimetry (DSC, PerkinElmer Diamond DSC, USA)
was employed to investigate the interaction between polymer and water. The test
was performed in the temperature range of 23 °C to 60 °C using a heating rate of
5 °C/min. Prior to the test, 5 mg of as-prepared PNIPAAm-RC nanofibers were
soaked with 5 mg of distilled water.
Fourrier Transform Infrared (FT-IR, PerkinElmer Spectrum 100, USA) was
used to characterize the functional groups of the CA, RC and PNIPAAm-grafted
nanofibers.
Static oil/water contact angle (CA) measurements were carried out with
OCA20 (Data Physics, Germany) using a sample chamber to control the test
temperature. The data of each contact angle were calculated averagely from five
repeated measurements.

3.2.3 Fabrication of electrospun RC nanofibers
Prior to electrospinning, 15 g of CA was dissolved in 100 mL mixture of
acetone and DMAc (3:1, v/v). The electrospinning setup was purchased from
Micro & Technologies Expert (TL-Pro), Shenzhen, China. During electrospinning,
a positive high voltage of 15 kV was applied to the needle, and the flow rate of 0.5
mL/h was maintained. The CA nanofibers were collected as an overlaid
membrane on a roller covered with aluminium foil. The rotational speed of the
collector was set at 10 rpm during electrospinning. The ambient relative humidity
in the chamber was around 55%.
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The as-electrospun CA nanofibrous membrane was hydrolysed upon
immersion into 0.05 M NaOH aqueous solution for 24 hrs to obtain the RC
nanofibrous membrane. The RC nanofibrous membrane was then rinsed with
deionized (DI) water for three times and dried in a vacuum oven.

3.2.4 Immobilization of the ATRP-initiator on the RC nanofibers
The dried electrospun RC nanofibrous membrane was immersed into a
mixture solution containing 15 mL anhydrous THF, 10 mg DMAP and 0.2 mL
TEA, and then 0.2 mL of BiB was added into the mixture. Subsequently, the
reaction mixture was kept at room temperature for 12 hrs under stirring in a
nitrogen atmosphere. After reaction, the initiator-modified electrospun RC
nanofibrous membranes were rinsed thoroughly with THF, acetone, and DI water
and finally dried at 40 °C under vacuum for 24 hrs.

3.2.5 Surface-grafted with PNIPAAm
4 mL of the mixture of MeOH and DI water solution (3:1, v/v) was added
into a Schlenk flask and deoxygenated by a nitrogen flow for 15 minutes. The
initiator-modified RC nanofibers (35 mg), NIPAAm (1.2 g), CuBr (16 mg), and
PMDETA (0.05 mL) were then added into the deoxygenated mixture.
Subsequently, the mixture was degassed by three vacuum-nitrogen cycles under
an ice-salt bath to remove the oxygen from the system, followed by being sealed
for 6 hours (Products with grafting duration of 2 hours and 10 hours have also
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been made as shown in Figure 3.2) with slow magnetic stirring at room
temperature. Next, the PNIPAAm-RC nanofibers were sequentially rinsed by
MeOH and DI water to remove the residual monomers, unbonded polymers, and
catalyst complex. Finally, the PNIPAAm-RC nanofibers were dried under vacuum
overnight.

3.2.6 Investigation of water collection/release and separation of
oil/water mixtures
In order to further illustrate the temperature-responsive behavior of the
modified nanofibers and the accompanied interfacial phenomenon with water,
water collection and release performance of the as-prepared PNIPAAm-RC
nanofibers was investigated, using the unmodified RC nanofibers as reference.
Water collection of the as-prepared PNIPAAm-RC nanofibers was firstly
conducted at room temperature (22 °C) and in an artificial humid atmosphere
generated by an ultrasonic humidifier (Midea S40U-T, China). Typically, the
PNIPAAm-RC nanofibers were placed in the generated fog (with relative
humidity, RH, around 95% and the sprayed flow being 1/3 of maximum to avoid
vast water condensation in short time), and the water uptake (weight percent)
along with the humidity exposure time was recorded. Then, the water release rate
of the modified samples were also investigated by measuring the water loss along
with the exposure time in an oven at 40 °C. It is noted that the samples had a 375%
(weight percent to the samples) initial water uptake prior to the water release test.
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The water collection and release of the unmodified RC nanofibers were also
studied for reference.
Oil/water separation was carried out through the absorption of methylene
blue (MB) dyed deionized (DI) water, in n-hexane and the absorption of
chloroform drops, colored by oil-based ink, in DI water. Typically, the as-prepared
PNIPAAm-RC nanofibers were placed into the mixtures under magnetic stirring
for 30 seconds.

3.2.7 Measurement of liquid absorption capacity and reusability
In order to investigate the absorption capacity of the modified RC nanofibers
for water and common oils (including N-hexane, paraffin oil, silicone oil, peanut
oil and gasoline), the experiments were performed in the water/hexane mixture
(with a weight ratio of 10:90) and oil/water mixture (with a weight ratio of 10:90)
for water absorption and for oil absorption, respectively, and the final absorption
capacity was generated by average value of 5 times experiments. Noted that, the
water absorption capacity was measured at room temperature (22 °C); while the
oil absorption capacity was measured at 40 °C. In a typical absorption
measurement, the samples were immersed in the mixture for 30 seconds. After
removed from the mixtures, the adherent excess of water or oil on the samples
was cleaned with a tissue paper. The weight of the sample before and after
absorption (defined as Winitial and Wfinal, respectively) were used for the
calculation of absorption capacity C, defined as C=(Wfinal-Winitial )/Winitial.
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The reusability of the PNIPAAm-RC nanofibers was evaluated by repeated
absorption-clean process. Normally, the absorbate saturated PNIPAAm-RC
nanofibers were cleaned using ethanol and acetone, and dried in an oven before
the next absorption-clean cycle. The absorption-clean cycle was repeated for 5
times.

3.3 Results and discussion
3.3.1 Characterization and Morphology
As shown in Figure 3.1a, the electrospun CA nanofibrous membrane
consisted of overlaid nanofibers with diameters of ~200-500 nm, and the
nanofibers were relatively uniform without obvious beads and beaded nanofibers.
After hydrolysis with 0.05 M NaOH aqueous solution, the RC nanofibers
maintained well-defined cylindrical morphology and the diameter had no obvious
change (as shown in Figure 3.1b). After the surface modification for 6 hours via
the ATRP method, the RC nanofiber was fully covered by a concentric and rough
PNIPAAm layer causing the increase of diameter by ~50 % (Figure 3.1c). The
grafting reactions proceeding for shorter and longer time were also considered,
but it was found that the long-time reaction led to the clogging of fibrous pores
(see Figure 3.2c and f), while the short-time one resulted in an insufficient
grafting content (the fiber base could not be evenly covered by a continuous
polymer coating, as shown in Figure 3.2a and d）. The atomic force microscopy
(AFM) was further applied for characterization of the electrospun RC nanofibers
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before and after PNIPAAm modification (as shown in Figure 3.1d and e).
Additionally, Figure 3.1c and e reveal the hierarchical structure of the materials,
which possesses submicro-scaled roughness from the nanofibers and nano-scale
roughness due to the formation of PNIPAAm layer on RC nanofibers. Wenzel68
reported that surface morphology or roughness assists in determining the
macroscopic wettability of solid surface by magnifying the wettability levels to
their extreme. As a result, the apparent surface wettability of PNIPAAm layer,
either hydrophilicity or hydrophobicity, can be raised to a higher degree by the
increased surface roughness.

Figure 3.1. SEM images of CA nanofibers (a), RC nanofibers (b), and PNIPAAm-RC
nanofibers (c); and AFM topography images of RC nanofibers before (d) and after (e)
PNIPAAm modification.
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Figure 3.2. SEM images of PNIPAAm-modified nanofibers with different grafting duration: 2
h (a,d), 6 h (b,e), 10 h (c,f); a-c are SEM images with lower magnification (x10,000) and d-f
are SEM images with higher magnification (x20,000).

FT-IR was employed to study differences among the CA, RC, and
PNIPAAm-RC nanofibrous membranes (Figure 3.3). After hydrolysis, the
characteristic ester band of CA at 1750 cm-1 completely disappeared, which
indicates that CA was thoroughly converted into RC.196 After SI-ATRP, the
primary amide band (−C=O) at 1640 cm-1 and the secondary amide band (−N−H)
at 1540 cm-1 can be clearly identified in the spectrum, which means that the
PNIPAAm has been successfully grafted onto the RC nanofibers.197-198
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Figure 3.3. FTIR spectra of CA nanofibers, RC nanofibers, and PNIPAAm-RC nanofibers.

3.3.2 Thermo-Responsive Behavior
The pre-wetted PNIPAAm-RC nanofibers were further investigated by DSC
for consecutive heating/cooling cycles, and the results were shown in Figure 3.4a.
Repeated LCST transition was detected by the presence of the typical endothermic
peaks at 29 °C on cooling experiment and exothermic peaks at 32 °C on heating
experiment. These thermal transitions are mainly attributed to the forming and
breaking of hydrogen bonds between polymer and water molecules along with the
change of polymer configuration.13, 199-200 When the PNIPAAm-RC nanofibers are
heated to the LCST, the hydrogen bonds between PNIPAAm and water start to be
broken due to the aggregating and collapse of the polymer chains. When
temperature is lower than the LCST in the presence of water, the polymer chains
stretch and the amide groups on the polymer brushes bind to the surrounding
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water molecules by forming hydrogen bonds. The responsive stretching/shrinking
behavior and the interaction with surrounding water of the grafted PNIPAAm
brushes can be simulated as the illumination in Figure 3.4b. These structural
changes occurring around the LCST directly cause the reversible change of
surface wettability of the PNIPAAm-RC nanofibers, which can be observed from
the static water contact angle (WCA) measured by switching the temperature at
22 °C and 40 °C. As shown in Figure 3.4c, the WCA was ~0o at 22 °C, while a
WCA of ~113o could be observed at 40 °C. The phenomena of WCA oscillation
between 0o and 113o indicated a transition between hydrophilic and hydrophobic,
which is consistent to previous research.13

Figure 3.4. Reversible responsive behavior of PNIPAAm-RC nanofibers: DSC thermogram
showing the thermo transition around the LCST in continuous cycles (a). Mechanism graph of
the responsive interfacial phenomenon with water (b). Reversible WCA of PNIPAAm-RC
nanofibrous membrane at 22 °C and 40 °C (inset: images of the droplets at the respective
temperatures) (c). Water collection (d) and release (e) efficiency of the PNIPAAm-RC
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nanofibers at 22 °C and 40 °C respectively (with unmodified RC nanofibers as reference).

The water collection/release performance of the as-prepared PNIPAAm-RC
nanofibers was investigated to further illustrate the responsive polymer behavior
and accompanied interfacial phenomenon with water. Water collection
performance was studied in an artificial humid atmosphere (RH: ~95%) at room
temperature (22 °C), and the water uptake along with the exposure time under
humid atmosphere was plotted in Figure 3.4d. At the beginning of humidity
exposure, the bare and PNIPAAm grafted RC nanfibers had the same weight
increasing rate due to physical water adsorption from the fog. About 15 min later,
water adsorbed by the PNIPAAm-RC nanofibers became enriched and formed
hydrogen bonds with PNIPAAm brushes (referring to Figure 3.4b). And the
hydrogen bonds between polymer chains and water molecules could limit the
water lost in wind, which resulted in an increase of water uptake speed. Finally,
under the experimental condition of this study (a small fog flow), the
PNIPAAm-RC nanofibers showed a high water uptake of approximately 260%
only after around one hour adsorption. While, the water uptake of bare RC
nanofibers gradually tended to be stable at about 123% indicating the
equilibration between physical water adsorption and evaporation lost in the wind.
The high capacity of water collection of PNIPAAm-RC nanofibers at room
temperature is attributed to the rough surface modified nanofibers and the
hydrogen bonding between water molecules and polymer chains. Moreover, the
PNIPAAm-RC nanofibers also showed fast water release when the temperature
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was above LCST. Compared with the unmodified RC nanofibers, the PNIPAAm
grafted RC nanofibers had a much higher water loss rate at 40 °C, as shown in
Figure 3.4e. The easier water release of PNIPAAm-RC nanofibers is attributed to
the shrinkage of the PNIPAAm brushes and the formation of intra-polymer
hydrogen bonds when the temperature is above LCST, which squeezes the water
molecules out of the PNIPAAm layer and thus increase the water evaporation rate.
The in-air oil contact angles (OCA) were measured at different temperatures.
Figure 3.5a and 3.5b shows that the PNIPAAm-RC nanofibers are always
oleophilic (~0°) in air at both 22 °C and 40 °C. Therefore, the wettability of
PNIPAAm-RC nanofibers at oil-water-solid interface (Figure 3.5 c-f) was mainly
determined by the in-air WCA at different temperature. As shown in Figure 3.5c
and 3.5d, the PNIPAAm-RC nanofibers exhibit a transition from superoleophobic
(~160.2°) to superoleophilic (~0°) under water when the temperature increases
from 22 °C to 40 °C. This apparent OCA (θ𝑂𝑊 ) transition with temperature
variation in aqueous environment can be explained by:201
𝑐𝑜𝑠𝜃𝑂𝑊 =

𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 −𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊
𝛾𝑂𝑊

(Eq. 3.1)

Where 𝜃W and 𝜃O represent the WCA and OCA in air, respectively; 𝛾OA , 𝛾WA
and

𝛾OW are interface tensions of oil–air, water–air and oil–water interfaces,

respectively. According to Eq. 3.1, it is reasonable that the in-air hydrophilic and
oleophilic PNIPAAm-RC nanofibers show oleophobic property under water at the
solid–water–oil interface at room temperature. This can be attributed to the
generally much lower surface tension of oil/organic liquids than that of water,
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which results in a commonly negative value of 𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 − 𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊 . However,
at a temperature above the LCST, the PNIPAAm-RC nanofibers become
hydrophobic in air, which in turn makes the right hand of Eq. 3.1 always larger
than 0, thus, makes the surface oleophilic. Similarly, the Eq. 3.1 can be
transformed to Eq. 3.2 to predict the WCA (θ𝑊𝑂 ) altering of the PNIPAAm-RC
nanofibrous membrane in an oily environment, i.e., superhydrophilic (~0°) at
22 °C but superhydrophobic (~156.3°) at 40 °C (Figure 3.5 e, f).
𝑐𝑜𝑠𝜃𝑊𝑂 =

𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊 −𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂
𝛾𝑊𝑂

(Eq. 3.2)

As mentioned above, when the temperature is below the LCST, 𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊
and 𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 are both positive and the value of the former one is normally
larger than that of the latter one, which makes the θ𝑊𝑂 always less than 90°. In
contrast, at a high temperature of 40 °C, θ𝑊𝑂 is always larger than 90°because
of a definite negative value of the right hand of Eq. 3.2 resulting from the
hydrophobicity and oleophilicity of PNIPAAm-RC nanofibers in air. Furthermore,
combining the high surface roughness of the PNIPAAm layer, the PNIPAAm-RC
nanofibers ultimately exhibit extreme dual-scale wettability at temperatures
below/above the LCST, including under-water superoleophobic/superoleophilic
and under-oil superhydrophilic/superhydrophobic.
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Figure 3.5. In-air OCA of the PNIPAAm-RC nanofibrous membrane at 22 °C (a) and 40 °C
(b). Oil and water wettability of the PNIPAAm-RC nanofibrous membrane at the
oil-water-solid interface: under-water superoleophobic (~160.2°) at 22 °C (c), under-water
superoleophilic (~0°) at 40 °C (d); under-oil superhydrophilic (~0°) at 22 °C (e), under-oil
superhydrophobic (~156.3°) at 40 °C (f).

3.3.3 Thermo-responsive Controllable oil/water Separation
The obtained PNIPAAm-RC nanofibers were further used to absorb either oil
or water from different oil-water mixture due to their temperature-responsive
wettability. In a water-in-oil mixture, MB colored DI water was dropped into
n-hexane. As shown in Figure 3.6a, after the PNIPAAm-RC nanofibers were
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placed in the mixture under magnetic stirring at room temperature, blue water
drops gradually disappeared and the nanofibers turned blue, indicating the
efficient water absorption by PNIPAAm-RC nanofibers. To remove 0.04g of water,
less than 0.01g of PNIPAAm-RC nanofibers were needed (Referring to Table 3.1).
Additionally, the PNIPAAm-RC nanofibers absorbed with water can be easily
recycled by being dried in an oven. Analogously, the oil removal from water by
PNIPAAm-RC nanofibers was performed at 40 °C, and the procedure is shown in
Figure 3.6b. Hence, by simply adjusting the operating temperature (below or
above the LCST), the as-prepared PNIPAAm-RC nanofibers can be applied in
dual-mode oil/water separation due to its responsive transition of wettability.

Figure 3.6. Water removal from water-in-oil mixture at 22 °C (a) and oil removal from
oil-in-water mixture at 40 °C (b) by using the as-prepared PNIPAAm-RC nanofibers.

Moreover, the oil/water absorption capacities of the PNIPAAm-RC
nanofibers were studied by measuring the absorption weight in five cycles. The
water-in-oil mixture was made with DI water and n-hexane. Varied oils (including
n-hexane, CHCl3, paraffin oil, silicone oil, peanut oil and gasoline) were used for
preparing the oil-in-water mixtures, which were used to investigate the oil
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absorption capacity and recycling property of the PNIPAAm-RC nanofibers.
These mixtures were chosen to represent common pollutions from industrial
drainage and daily emission. Table 3.1 shows the water and oil absorption
capacities of the PNIPAAm-RC nanofibers (water uptake from water-in-oil
mixture at 22 °C and oil uptake from varied oil-in-water mixtures at 40 °C) in
weight percentage. It is obvious that the PNIPAAm-RC nanofibers show an
excellent absorption capacity of about 4 times of its own weight for water from
the water/hexane mixture at 22 °C, and also exhibit significant absorption
capacities of about 3-5 times of its own weight for oils from oil/water mixture at
40 °C. Overall, the as-prepared PNIPAAm-RC nanofibers can be suitable for a
wide range of oil/water separation with good capabilities. The specific absorption
amount of the PNIPAAm-RC nanofibers may be determined by density, viscosity,
or other physic-chemical properties of the absorbate.

Table 3.1. Absorption capabilities of the as-prepared PNIPAAm-RC nanofibers from
different oil/water mixtures at 22 °C and 40 °C.
Water-inMixture

Oil-in-water (40°C)
oil (22°C)
Paraffin

Absorbate

water

n-hexane

Silicone

Peanut

CHCl3

Gasoline
oil

oil

oil

Absorption

440±22.0

346±22.1

496±29.8

capacity/%
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318±20.3

332±29.3

295±21.0

276±19.8

It is noted that the PNIPAAm-RC nanofibers could also be reused for
absorbing water and various oils with high capacities, which is significant for
practical applications. After absorption, the PNIPAAm-RC nanofibers were rinsed
using ethanol and acetone to remove the absorbates for the next absorption cycle.
The varied absorption capacities are shown in Figure 3.7. As shown in curve A
(water absorption at 22 °C), the water absorption had no remarkable decrease after
five cycles, indicating an excellent reusability for water absorption from water-oil
mixture. Significantly, oil absorption could be negligible in this process due to the
superoleophobicity of the water absorbed PNIPAAm-RC nanofibers at room
temperature. Additionally the PNIPAAm-RC nanofibers also showed great
recycling properties for varied oil (curve B-G in Figure 3.7). For oils with strong
volatility (n-hexane, CHCl3 and gasoline, showed by curve B, C and D,
respectively), the absorption capacities remained almost constant after five
absorption cycles. For absorbates with poor volatility and high viscosity—paraffin
oil, silicone oil and peanut oil (curve D, E and G, respectively), the absorption
capacities had reduction after each absorption cycle. But still the absorption
capacities can remain over 75% of the original after five absorption cycles.

72

Figure 3.7. Absorption capacities of PNIPAAm-RC nanofibers in different cycles of
absorption-desorption from varied mixtures.

As suggested by the results above, the as-prepared PNIPAAm-RC nanofiber
can be suitable for the separation of various types of oil/water mixtures with both
high absorption efficiency and easy recycling. This makes it a promising material
to treat either oil-polluted water or water-polluted oil from both industrial
drainage and daily emission.

3.4 Conclusions
In summary, the preparation of a thermo-responsive nanofiberous membrane
through grafting PNIPAAm chains/brushes on the electrospun RC nanofibers via a
surface-initiated atom transfer radical polymerization method has been
demonstrated. The as-prepared PNIPAAm-RC membrane shows a switchable
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wettability, which makes it a smart material with controllable oil/water separation
function. As reported, the oil/water separation mode can be switched by simply
changing the operating temperature. Benefiting from the large surface area
provided by electrospun nanofibers, the efficiency and capacity of oil/water
absorption were highly improved.
In addition, PNIPAAm brushes with more adaptive LCST can be synthesized
by fine-adjusting the polymer characteristics, e.g., Mn and PDI, or grafting
density.199, 202

Furthermore, by copolymerization with other polymers or synergy

with other molecules, the reported method may be extended to a variety of
applications (e.g., drug delivery, chemical separation, ion exchange, and molecule
detection).
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Chapter 4

Light-Responsive Nanoparticle/Polymer Composite
Nanofiber Membrane to Manipulate Liquid Wetting with
Antifouling Property: Synthesis, Characterization and
Application

It is challenging to explore a unified solution for the treatment of oily
wastewater from complex sources. Thus membrane materials with flexible
separation schemes are highly desired. Herein, a smart membrane was fabricated
by electrospinning TiO2 doped polyvinylidene fluoride (PVDF) nanofibers. The
as-formed beads-on-string structure and hierarchical roughness of the nanofibers
contribute to its super-wetting/resisting property to liquids, which is desirable in
oil/water separation. Switched simply by UV (or sunlight) irradiation and heating
treatment, the smart membrane can realize reversible separation of oil/water
mixtures by selectively allowing water or oil to pass through alone. Most
importantly, the as-prepared nanofiber membrane possesses outstanding
anti-fouling and self-cleaning performance resulting from the photocatalytic
property of TiO2, which has practical significance in saving solvents and recycling
materials. This work provides a route for fabricating cost-effective, easily scaled
up, and recyclable membranes for on-demand oil/water separation in versatile
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situations, which can be of great usage in the new green separation technology.

4.1 Introduction
Oily wastewater yielded from offshore drilling, industrial production or
household sewage poses threats to both the environment and humans.203-204
Materials with effective oil/water separating capability are therefore strongly
needed.205-206 Based on interfacial science, materials with unique wettability,
especially with hydrophobic/oleophilic192,

207-211

or hydrophilic/underwater

superoleophobic212-214 surfaces, have been produced to offer solutions for
separating oil/water mixtures without energy consumption. But the fixed
wettability patterns of these materials do not have any flexibility in separation,
which limits their application in the treatment of oily wastewater from diverse
sources of pollution. Very recently, smart materials with surface wettability switch
triggered by various stimuli such as pH value,38,

176

electric field,177

temperature,178 light illumination,215 and multiple stimuli39 have attracted
increasing attention. With elaborate design, extreme wettability switch can be
realized for more efficient separation. However, fouling problems of smart
materials during oil-removing processes were always intractable. Among various
smart materials, titanium dioxide (TiO2) has been widely studied due to its
photocatalytic property,216-217 self-cleaning,218-219 and photo-induced wettability
change,47, 54 all of which are desirable functions in smart oil/water separation.180
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However, the less extreme wettability switch and the insecure coating adhesion
may restrict its practical application. Blending nanoparticles into polymer matrix
has been explored as one of the strategies to anchor nanoparticles from leaching
out,220-221 but the photocatalytic property of TiO2 nanoparticles may cause damage
to polymer matrix.222 Polyvinylidene fluoride (PVDF) is among the most
commonly used polymer incorporating with TiO2 because of its outstanding
antioxidation property, excellent resistance to chemicals and irradiation, favorable
thermal stability, and good mechanical property.223-224 Many studies have proved
the anti-fouling ability of TiO2/PVDF composites under UV treatment,225-227 but
the extreme wettability switch between superhydrophobic/superoleophilic and
superhydrophilic/underwater superoleophobic of TiO2/PVDF composites has
rarely been realized. In chemical composition, both TiO2 and PVDF have intrinsic
hydrophobic properties but not extremely.54,

223

To overcome this, the surface

asperity should be designed skillfully for more extreme wetting or anti-wetting
property. In this regard, electrospinning as a simple and low-cost technique can
construct polymeric surface with various levels of roughness by regulating the
fiber diameter which can be controlled by the polymer solution concentration,
applied voltage and receipt distance.154, 183, 228 Moreover, combined with doping of
nanoparticles in an appropriate proportion, the surface can be further roughened to
achieve super-wettability. Herein we report a unique structural design of TiO2
doped PVDF (T-P) nanofiber membrane fabricated by electrospinning to realize a
smart and reversible oil/water separation, triggered by UV (or sunlight) irradiation
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and heating treatment. This is attributed to the light/heat-induced wettability
switch of anatase TiO247, 54, 229-230 combined with the as-formed highly roughened
beads-on-string structure, which generate an extreme wetting state switching
between

superhydrophobic/superoleophilic

and

superhydrophilic/underwater

superoleophobic. This switch is triggered by light and heat, and can be repeated
for many cycles. To the best of our knowledge, the unique beads-on-string
structure and the wetting state transition between superhydrophobicity and
superhydrophilicity of such an electrospun TiO2/PVDF binary composite has not
been reported before. Likewise, the light-heat triggered reversible oil/water
separation which requires such super-wetting/resisting switching behavior on a
TiO2/PVDF binary composite has also not been realized prior to our study.
Moreover, the composite nanofiber membrane possesses excellent self-cleaning or
anti-fouling property after a simple UV (or sunlight) treatment, which
significantly improves its practical applicability. In this study, nano-sized TiO2
particles were precisely synthesized via a sol-gel process and evenly dispersed
into a PVDF electrospinning solution. An appropriate proportion of TiO2
nanoparticles to PVDF plays an important role in fabricating T-P nanofiber
membrane with satisfactory structure and efficient light responsiveness.

4.2 Experimental
4.2.1 Materials
Titanium tetraisopropoxide (TTIP, Aldrich 97%), polyvinylidene fluoride
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(PVDF, Arkema, Kynar 761A), acetic acid (HAc, Aldrich 99%), hydrochloric acid
(HCl, Aldrich 37%), dimethylacetamide (DMAc, Duksan Chemical 99.5%), and
acetone (VWR International 99.8%) were used as received. Copper mesh (pore
size: 75 μm) was firstly cleaned by ethanol and acetone in ultrasonic bath before
use.

4.2.2 Synthesis of TiO2 gel
The TiO2 nano-gel was prepared by the condensation of TiO2 nano-sol which
was obtained by the hydrolysis of a TTIP hydrosol. TTIP (4 g) was firstly added
dropwise into distilled water solution (10 ml) which contained HCl (1 wt.%) and
HAc (0.5 wt.%) under vigorous stirring to form a hydrosol. Then, the obtained
TTIP hydrosol was dropped into a beaker slowly along with adding of water (with
temperature of 90 °C) for 4h. The prepared milk-like sol was then cooled to 60 °C.
Subsequently, a violent stirring was applied for 15 h until a transparent bluish sol
was obtained. The mixture was then cooled to room temperature and stored for
two weeks, after which the final TiO2 nano-sol was obtained with a 10 wt.% solid
content of TiO2. Finally, the above TiO2 sol was condensed by the heat
evaporation of water to produce TiO2 nano-gel with a 32 wt.% solid content of
TiO2.

4.2.3 Preparation of electrospun T-P nanofiber membrane
Firstly, the prepared TiO2 nano-gel (0.25 g) was dispersed into 10 ml
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DMAC/Acetone (3/1, w/w) solvent and the solution was treated by ultrasonic for
2 h. Then, 1 g of PVDF powder was added into the solution under a magnetic
stirring which lasted for 12 h at room temperature (23 °C) to produce the
electrospinning solution. An electrospinning setup (Micro & Technologies Expert,
TL-Pro, Shenzhen, China) was used to fabricate nanofibers at room temperature
(23 °C) with a positive voltage of 15 kV applied on the needle and a negative
voltage of 2 kV applied on the collecting copper mesh. The distance between the
spinneret and the collector was 20 cm. The solution flow rate was set at 1 ml/h
through a syringe pump, and the ambient relative humidity was around 60%. The
as-spun nanofiber membrane (the weight ratio of TiO2 to PVDF is 8%) was dried
at 80 °C for 30 min followed by a 12 h air-dry in dark to remove the residual
solvent. T-P nanofiber membranes with TiO2/PVDF weight ratio of 2%, 4% and 6%
were also prepared according to the same procedures. Pure PVDF nanofibers
without TiO2 doping were prepared as reference with strictly the same PVDF
concentration of the electrospinning solution and operating conditions as above.
The diameters of nanofibers of all the prepared samples were measured from their
SEM images using the software ImageJ and the average diameter of each sample
was calculated from the measurements of 20 nanofibers.

4.2.4 Characterization
The morphology of the as-prepared PVDF nanofiber with and without TiO2
doping was observed using a field emission scanning electron microscopy
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(FE-SEM, JSM-6335F, Japan) with a prior gold sputtering. The topography of the
PVDF/TiO2 nanofiber was observed utilizing atomic force microscopy (AFM,
Veeco, USA) with pure PVDF nanofiber as reference. Transmission electron
microscopy (TEM, Jeol JEM-2011, Japan) was used to observe the distribution of
TiO2 in PVDF nanofiber. Contact angle (CA) measurements were conducted with
OCA20 (Data Physics, Germany). Fourier transform infrared (FT-IR, PerkinElmer
Spectrum100, USA) was utilized to evaluate the anti-fouling and self-cleaning
performance of the prepared PVDF/TiO2 nanofiber membrane. Energy dispersive
X-ray spectroscopy (EDX) detector attached to the scanning electron microscope
was used to detect the surface Ti content on the membrane along with repeated
UV-heat cycles.

4.2.5 Oil/water separation
To conduct the oil/water-removing process using the as-prepared T-P
membrane before and after UV irradiation (in air, by 3 paralleled UV lamps,
PHILIPS TL-D 18W, with a distance of 20 cm from the membrane), n-Hexane
(dyed by solvent red) and deionized water (DI water, dyed by methylene blue)
were mixed as oily water. The as-prepared T-P nanofiber membrane was anchored
between two glass apparatuses to form a filter. A flask was placed under the filter
to collect the liquid that can pass through the membrane. The layered oil/water
mixture was poured slowly on the membrane directly (the pouring should be
controlled at slow speed during the oil-passing process to avoid that too much
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water is poured down first and blocks the oil passing through). The approximate
fluxes of water and oil through the tested membrane were ~2.63x104 L/ m2h and
~3.12x104 L/ m2h respectively. Note that the membrane need a prior wetting by
water before conducting the water passing/removing process after UV irradiation.

4.2.6 Exact procedure for contact angle measurements
The sample for contact angle measurement of the PVDF or T-P nanofiber
membrane was prepared by attaching one piece of the as-spun membrane (with
size 1x2 cm2) on a cleaned glass slide by double sided adhesive tape. The
spin-coated T-P membrane was fabricated on a cleaned glass slide with rotate
speed of 1600 rpm for 15 s followed by 3000 rpm for 5 s. The droplet volume of
the testing liquid (DI water or chloroform) for contact angle measurements was 2
μL. For the measurement of oil-in-water contact angle, the as-spun T-P nanofiber
membrane was attached on the bottom of a quartz cuvette containing DI water,
then 2 μL of chloroform droplet was dragged by the needle tip to contact the
surface of the T-P nanofiber membrane under water. Each value of the contact
angle was averagely calculated from 5 repeated measurements.

4.2.7 Investigation of self-cleaning property
A piece of the prepared T-P nanofiber membrane with size of 2x2 cm2 was
stained by 0.1 ml of the ethanol solution (to ensure the even distribution and
spreading on the membrane surface) of oleic acid (with concentration of 10 vol.%).
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The stained membrane was then dried in an oven at 80 °C. The UV or sunlight
irradiation was performed in a dry state in air. No rinse step was carried out by
any solvent. The samples after UV or sunlight irradiation were directly used in the
following observation.

4.2.8 Durability study
The durability of the prepared T-P nanofiber membrane was studied by
applying repeated UV and heating treatment on it. The gradual change of
membrane morphology, hydrophobicity and Ti content after each light-heat cycle
were recorded through SEM, WCA and EDX tests, respectively. The average
diameter of the beads on the nanofibers were calculated from 20 measurements
using the software ImageJ. The Ti content on the surface of the T-P membrane
after each cycle of light-heat treatment were averagely calculated from 3
measurements in different areas.

4.3 Results and discussion
Scheme 1 demonstrates the fabrication process of the TiO2 doped PVDF (T-P)
nanofibrous membrane and its smart oil/water separation triggered by UV
irradiation and heating treatment. The electrospinning solution was prepared by
simply mixing PVDF into TiO2 dispersion which was treated beforehand by
ultrasonic. The electrospinning process was conducted by a commercially
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available setup. The fabrication process of T-P nanofibrous membrane is
extremely simple and low-cost, which is easy to be scaled up.

Scheme 4.1. Illustration of the fabrication process of T-P nanofibrous membrane and its smart
oil/water separation performance triggered by UV irradiation and heating.

The morphology of the prepared T-P nanofibrous membrane was studied by
FE-SEM and AFM with the pure PVDF nanofibers as reference. Without TiO2
doping, the PVDF nanofibers have an average diameter of ~795 nm (Figure 4.1a).
Also, a mulberry-like surface of the PVDF nanofiber can be observed from Figure
4.1b and e. This formed highly roughened surface is attributed to the
crystallization process of PVDF determined by thermal history, solvent,
deposition method, et al.223, 231-234 The low surface energy and the hierarchical
surface roughness of PVDF nanofibrous membrane corporately lead to an
outstanding hydrophobicity with a water contact angle (WCA) of ~140.6°(shown
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by the inset in Figure 4.1b). Even so, the roughness is not sufficient to achieve
superhydrophobicity which is generally defined with a WCA above 150°.
However, after TiO2 doping (TiO2/PVDF weight ratio is 8%), a superhydrophobic
surface is obtained on T-P nanofiber membrane with a WCA of ~152.1°(see the
inset in Figure 4.1d). The WCA increase of ~8° is possibly attributed to the
increased surface roughness resulting from the decreased nanofiber diameter (with
an average of ~120 nm) and the unique beads-on-string structure. To be specific,
the import of TiO2 lowers the entanglement and the spinnability of PVDF chains,
thus caused a decreased diameter and an increased surface roughness, which lead
to an improved air-trapping and a better water repellence.70, 235 Moreover, a unique
beads-on-string structure caused by the crystallization of PVDF and the lowered
chain

entanglement

further

increase

the

surface

roughness

and

the

hydrophobicity.236 In additions, as shown by Figure 4.1f, a nano-scale roughness
can be observed after the import of TiO2 NPs, which forms a hierarchical structure
combined with the submicro-scale roughness provided by the T-P nanofibers and
generated another possible factor for the hydrophobicity increase.68 An apparent
WCA comparison between T-P membranes produced by electrospinning and
spin-coating is also shown by Figure 4.2. A narrower range of WCA switch
between ~90°and ~50°can be observed on the smoother surface of spin-coated
T-P membrane, which indicates the critical role played by surface spacial structure
in constituting super-wetting surfaces. Compared to electrospun T-P nanofiber
membrane, the spin-coated one exhibited a narrower range of WCA switch (only
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between ~50°and ~90°) and longer duration needed until it can be restored to
hydrophobicity or hydrophilicity upon heating or UV treatment. The smoother
morphology (or lower roughness) of the spin-coated T-P membrane compared to
the electrospun one might be responsible for its narrower range of wetting state
switch. Similarly, the lower sensibility of it towards UV and heating treatment
might also be attributed to the less reception and internal reflection of the applied
light and heat due to its lower exposed surface area and smoother morphology
compared to the 3D porous structure formed on the electrospun T-P membrane.

Figure 4.1. Morphology characterizations and WCAs of electrospun PVDF and T-P
nanofibers. FE-SEM images of electrospun PVDF nanofibers with magnifications of x7,000
(a) and x30,000 (b); FE-SEM images of electrospun T-P nanofibers with magnifications of
x7,000 (c) and x30,000 (d); AFM images of electrospun PVDF (e) and T-P (f) nanofibrous
membrane; insets are the WCAs (~140.6°in b and ~152.1°in d) of corresponding
membranes.
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Figure 4.2. The morphology and WCA comparison between TiO2/PVDF membranes
produced by electrospinning (a) and spin-coating (b); (c) WCA changes on the spin-coated
T-P membrane with increasing time of UV irradiation; (d) hydrophobicity recovery indicated
by WCAs of the spin-coated T-P membrane along with increasing time of heating treatment at
110 °C; (e) reversible WCA changes of spin-coated T-P membrane along with repeated light
and heat cycles.

To observe the TiO2 distribution in T-P nanofiber better, TEM was conducted.
Figure 4.3 shows a series of TEM images of T-P nanofibers (with TiO2 of 8%)
with increasing magnifications. In Figure 4.3 b-d, the even distribution of TiO2
can be observed both inner and on the surface of the nanofiber. The evenly
distributed TiO2 NPs in a polymer nanofiber can not only generate a nano-scale
roughness on the surface (showed by Figure 4.1f), but also be anchored against
leaching. In Figure 4.3e, fingerprint-like lattice of TiO2 can be recognized with
87

diameters less than 10 nm (marked with white circles). XRD spectrum (Figure 4.4)
of T-P nanofiber indicates the anatase phase of TiO2 which possesses superior
light-induced superhydrophilicity and photocatalytic property.47

Figure 4.3. TEM images of T-P nanofiber with increasing magnifications (a, b, d and e). TEM
images showing the TiO2 distribution in a “string” (b) and a “bead” (c). Inset in (e) is the
SAED pattern of the observed TiO2 particles.

Figure 4.4. XRD spectrum of T-P nanofiber with pure PVDF nanofiber as reference. Letter ‘A’
marks the three peaks (25.4°, 37.8°and 48.1°) of anatase TiO2.
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The UV-induced wettability change of T-P nanofibrous membrane (with TiO2
doping ratio of 8%) was detected by measuring the WCAs along with increasing
UV irradiation time, which is shown in Figure 4.5a. The prepared T-P nanofibrous
membrane exhibited decreasing hydrophobicity along with the increasing UV
irradiation time and turned superhydrophilic with a WCA of 0°after 90 min of
UV irradiation, while the pure PVDF nanofibrous membrane showed no
responsive change in WCA. It is worth noting that the UV-triggered
superhydrophilic status can last several days in dark, which can ensure the stable
performance in water passing separation. The UV-triggered water passing
efficiency is also determined by the membrane thickness besides the UV
irradiation time. As shown in Figure 4.6, thicker membrane showed slower flux
increase along with the increasing UV irradiation, which suggests extended UV
treatment for membranes with higher thickness. In addition to UV lamps, sunlight
can also serve as the inducer to turn the T-P membrane into superhydrophilic.
Under the exposure of sunlight with an average UV intensity of ~1 mW cm-2, the
T-P membrane became superhydrophilic after ~189 min (Figure 4.7). Therefore,
the conversion to superhydrophilic of T-P nanofiber membrane is easily accessible
even in situations without handy artificial UV sources. To recover the
superhydrophobicity of the prepared T-P nanofiber membrane, heating treatment
in an oven was adopted. As shown in Figure 4.5b, a fast recovery of WCA from 0°
to ~152°can be realized by heating treatment at 110 °C for around 70 min. This
heat-induced transition from superhydrophilicity to superhydrophobicity is
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attributed to the dehydration process triggered by heat and thus the decreased
concentration of Ti-O-H bonds on the TiO2 surface.230 The switching ability of
wetting state on the spin-coated T-P membrane was also investigated as a
comparison to the electrospun T-P membrane. As shown in Figure 4.2 c-e, longer
duration was needed until the spin-coated T-P membrane can be restored to
hydrophobicity or hydrophilicity upon heating or UV treatment, which might be
attributed to the less reception and internal reflection of the applied light and heat
due to its lower exposed surface area and smoother morphology compared to the
3D porous structure formed on the electrospun T-P membrane. Therefore, the
facile and time-saving features of the reversible transitions between water-soaking
and water-resistant behaviors on the as-prepared T-P nanofiber membrane have
favorable significance in practical or industrial applications.

Figure 4.5. (a) UV-induced WCA change of T-P nanofibrous membrane (with TiO2 of 8%)
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after different UV irradiation time with pure PVDF nanofibrous membrane as reference. (b)
Heat-induced restoration of superhydrophobicity of T-P nanofibers (with TiO2 of 8%). (c)
UV-induced WCA decrease of T-P nanofibers with different doping ratio of TiO2.

Figure 4.6. Water fluxes passing through the T-P membranes with different thicknesses along
with increasing UV irradiation time. The membrane thicknesses are: A~5.6 μm, B~9.7μm,
C~17.6 μm, D~32.1 μm.

Figure 4.7. Sunlight-induced WCA change of T-P nanofibrous membrane (with TiO2 of 8%)
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after different sunlight irradiation time.

To fabricate T-P nanofiber membrane with satisfactory surface structure and
sensitive wettability transition, the weight ratio of TiO2 to PVDF should be set in
perspective. As shown in Figure 4.8, weight ratio of TiO2/PVDF has an apparent
effect on the morphology of electrospun T-P nanofibers. With a low doping ratio
(2%, Figure 4.8a) of TiO2, the entanglement of PVDF polymer chains has not
been distinctly lowered, which retains large diameter of the obtained nanofibers.
Along with the increasing doping ratio (4% and 6 % from Figure 4.8b,c
respectively), more nanofibers with small diameters (around 100 nm) and
structured with beads and strings could be observed, but in both images there were
still large portions of tangled polymer chains that were difficult to form separated
nanofibers. However, when 8% of TiO2 was doped, the obtained T-P nanofibers
were mostly separated and had more homogeneous diameter distribution (Figure
4.8d). With further raised TiO2 doping ratios (more than 10%), continuous jetting
behavior from spinneret could hardly be observed, which indicates the thoroughly
jeopardized entanglement of polymer chains due to the excess doping ratio of
TiO2 NPs. For the feature of sensitive wettability transition, T-P nanofiber
membrane with TiO2 doping ratio of 8% showed the fastest UV response, namely,
shortest UV irradiation time was needed to reach superhydrophilic status
compared to samples with TiO2 doping ratio of 2%, 4% and 6% (Figure 4.5c).
Therefore, with consideration of both qualified structure and efficient wettability
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manipulation, the doping ratio of TiO2 towards PVDF should be controlled around
8%.

Figure 4.8. FE-SEM images showing the morphologies of T-P nanofiber membranes with
TiO2/PVDF weight ratio of 2% (a), 4% (b), 6% (c), 8% (d).

The light and heat triggered, extreme wettability change of the prepared T-P
nanofiber

membrane

between

superhydrophobicity

(>150°)

and

superhydrophilicity (0°) can sustain for many cycles of UV irradiation and heating
treatment (Figure 4.9a). Before UV irradiation or after heating treatment for
sufficient time, a formed nearly spherical shape of water droplet with a WCA of
~152.1°(the left photo in Figure 4.9b) and a thoroughly disappeared oil droplet
with an OCA of 0°(the middle photo in Figure 4.9b) on the surface illustrates a
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superhydrophobic and superoleophilic property of the prepared T-P nanofiber
membrane in air. This high affinity of the prepared T-P membrane towards oil in
air is mainly attributed to the lower surface tension of oil (generally below 30
mN/m) compared to PVDF (with surface energy of 33.8 mN/m).237-238
Furthermore, the 3D roughness formed by the beaded nanofibers and the
hierarchical structure of the T-P membrane lead to its superoleophilicity. Even
under water, the similar superoleophilicity can be observed on the T-P membrane
(the right photo in Figure 4.9b). In contrast, a superhydrophilic property can be
detected after UV irradiation by a fully penetrated water droplet into the
membrane. Meanwhile, a spherical oil (chloroform) droplet with an OCA of
~158.3° formed on the membrane under water indicates an under-water
superoleophobicity. The optical under-water OCAs (𝜃OW ) on the T-P membrane
can be explained by:201
𝑐𝑜𝑠𝜃𝑂𝑊 =
Wherein 𝛾OA , 𝛾WA and

𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 −𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊
𝛾𝑂𝑊

(Eq. 4.1)

𝛾OW represent interface tensions of oil–air, water–air

and oil–water interfaces, respectively; 𝜃W and 𝜃O are the WCA and OCA in air,
respectively. According to equation (1), when the membrane is hydrophobic and
oleophilic, 𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 − 𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊 is always positive indicating an under-water
oleophilic property shown in the right photo of Figure 4.9b. However, when the
membrane is both hydrophilic and oleophilic (with both the WCA and OCA of 0°
shown in the top row of Figure 4.9c), 𝛾𝑂𝐴 𝑐𝑜𝑠𝜃𝑂 − 𝛾𝑊𝐴 𝑐𝑜𝑠𝜃𝑊 is almost always
negative because of the generally much lower surface tension of oil than that of
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water. Therefore, the under-water oleophobicity (the top-right photo in Figure
4.9c) can be expected. Combined with the highly roughened surface of the T-P
nanofibrous membrane, the extreme oil repellence or superoleophobicity under
water is also reasonable. Moreover, the repeated contacting and leaving motion of
the oil droplet dragged by the needle tip indicates an extremely low adhesion
force between the oil droplet and the prepared T-P membrane (see the bottom row
of Figure 4.9c). The excellent under-water oil repellence not only ensures a strict
separation of the oil/water mixture but also minimizes the fouling effect caused by
oil adhesion. The stability regarding the TiO2-catalyzed photochemical oxidation
(or ageing) of the PVDF host fibers was also under our consideration. As shown
by Figure 4.10, the overall morphology and superhydrophobicity could be well
retained after 5 cycles of UV-heat cyclic treatment, but showed apparent damage
after 10 cycles. However, frequent UV or heat treatments are hardly needed in
practical use because each of the wetting status (superhydrophilicity or
superhydrophobicity) can last for a long time once triggered.

Figure 4.9. Light-heat induced wettability change of the prepared T-P nanofiber membrane. (a)
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Reversible WCAs of the T-P nanofiber membrane in 5 cycles of UV irradiation and heating
treatment; (b) the static shape of water and oil droplets on the T-P nanofiber membrane after
heating; (c) the static shape of the water droplet and the under-water oil droplet on the T-P
nanofiber membrane; the bottom row in (c) demonstrates three cycles of contacting and
leaving motion of the oil droplet dragged by the needle tip under water.

Figure 4.10. SEM images showing the UV-induced TiO2-catalyzed photochemical oxidation
(or aging) of the T-P nanofiber membrane after 0-10 cycles (a-k, respectively) of UV-heat
cyclic treatments, and (l-n) shows the corresponding changes of WCA, average bead diameter,
and Ti content on the surface of the T-P nanofiber membrane.

The fracture of the T-P nanofibers caused by UV-induced photochemical
oxidation occurs from thinner nanofibers to thicker ones. After 5 cycles of
UV-heat treatment, the overall morphology (with only a few of thin nanofibers
96

fractured) and superhydrophobicity (with WCA of ~150.3°) of the T-P nanofiber
membrane can be well retained. However, apparent damage can be observed on
the morphology (with the fracture of thick nanofibers shown in Figure 4.10 i-k)
after 8-10 cycles of UV-heat treatments. The decrease of WCA and bead diameter
along with increased UV-heat cycles (Figure 4.10 l-m) can indirectly indicate the
damage of T-P nanofibers. The increasing Ti content obtained from EDX test
indicates the increasing exposure of TiO2 NPs on the nanofiber surface caused by
TiO2-catalyzed photochemical oxidation induced by UV. In practical use,
nevertheless, frequent UV or heat treatments are hardly needed because each of
the wetting status (water-wetting or water-resisting) can last for a long time once
triggered.
The light and heat induced smart oil/water separation of the as-prepared T-P
nanofibrous membrane was investigated using n-Hexane (red)/D.I. water (blue) as
the oil/water mixture. As shown in Figure 4.11a, the oil/water mixture was
separated with the oil phase passing through and the water phase being blocked
before UV irradiation or after heating restoration. A reverse separation occurred
with the water phase passing through and the oil phase being blocked after the T-P
membrane underwent a UV irradiation (Figure 4.11b). Both types of separation,
water passing or oil passing, are highly efficient without any leakage of
unexpected liquid, which can be distinguished by the complete separation of the
two purely colored liquids. This smart passing control of water and oil switched
by UV and heat endows the prepared T-P nanofibrous membrane an on-demand
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oil/water separation function to adapt to different separation situations and
requirements such as separation of water- or oil-upper mixtures, separation of
oil-in-water or water-in-oil mixtures, and recycling requirements of either water or
oil. Furthermore, two pieces of the same T-P membranes with different treatment
(UV or heating) and thus opposite wetting preference can be combined in one
separation system to recycle both water and oil as reported by Liu et al239 with the
advantage that only one fabrication technique is needed.

Figure 4.11. Light (b) and heat (a) induced oil/water separation by the T-P nanofiber
membrane. (c) Schematic demonstration of the oil/water separation process before UV
irradiation or after heating treatment; (d) schematic demonstration of the oil/water separation
process after UV irradiation.
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The self-cleaning behavior of the prepared T-P nanofiber membrane under
UV irradiation was also studied. As for traditional oil/water separation membranes,
fouling issues arise from the oil adhesion severely restrict the repeated and
long-term use of the membranes.240-242 In contrast, the TiO2 used in our study
endows the T-P membrane a feature of excellent anti-fouling and self-cleaning due
to its photocatalytic degradation property towards organic compounds. In this
study, oleic acid was used as the oily pollutant to detect the anti-fouling property
of the T-P nanofiber membrane. As shown in Figure 4.12a, after stained by oleic
acid, peaks at 2923, 2852 (ascribed to the stretching vibration of –CH3 and –CH2
respectively), and 1746 cm-1 (characteristic ester band) appeared in the FTIR
spectrum. However, when the stained membrane was irradiated by UV-light for 3
h, these three peaks of oleic acid disappeared completely, which indicates a
photocatalytic decomposition behavior of TiO2 towards the oleic acid. A gradual
elimination of oleic acid on the surface of the stained T-P membrane with
increasing time of UV irradiation from 0 h to 3 h was also recorded by FTIR (see
Figure 4.13). It is shown that with the increasing time of the UV irradiation, a
gradually declining intensity of the characteristic peaks of oleic acid can be
observed. As a reference, pure PVDF nanofiber membrane exhibited no
self-cleaning property with all the characteristic FTIR peaks of oleic acid retained
(see Figure 4.14) on the membrane surface after the UV irradiation for the same
time. Moreover, FE-SEM was also conducted to observe the difference presented
on the top surface of the contaminated T-P nanofiber membrane before and after
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UV irradiation. As can be seen in Figure 4.12b and c, the oleic acid that nearly
covered the membrane was mostly cleared only by the photocatalytic degradation
behavior of TiO2 without rinsed by any solvent. Similar to superhydrophilic
conversion, the self-cleaning property can also be triggered by sunlight. As shown
in Figure 4.15, it takes 3.5 h for T-P membrane to degrade the same amount of
adherent oleic acid under sunlight with average UV intensity of ~1mW cm-2. The
underlying mechanism of the pollutant (such as organic oil) degradation is the
photocatalytic property of TiO2 NPs. After UV irradiation, reactive oxygen
species with strong redox activity are generated due to the electron excitation and
transition. These as-formed reactive oxygen species can degrade organic
compounds into H2O, CO2 and other small molecule compounds (as illustrated by
Figure 4.12d). This smart anti-fouling and self-cleaning behavior of the T-P
membrane may be of great significance for practical application by reducing the
use of solvent and decreasing the recycling cost. Therefore, the light/heat-induced
wettability change and the photocatalysis property, which are considered as the
two most attractive features of TiO2, were utilized conjunctively in this study.
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Figure 4.12. Anti-fouling and self-cleaning behavior of the prepared T-P nanofiber membrane.
(a) FTIR spectrum showing the chemical component difference among the T-P membrane
before stained, after stained by oleic acid, and the stained T-P membrane treated by UV
irradiation; FE-SEM images showing the top surface of the stained T-P membrane before (b)
and after (c) UV irradiation. (d) Illustration of the under-UV self-cleaning behavior of the
prepared T-P nanofibers and the photocatalytic mechanism of TiO2 NPs.
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Figure 4.13. FTIR spectrums of the stained T-P nanofibers with subsequent UV irradiation for
0-3 hours.

Figure 4.14. FTIR spectrums of PVDF nanofiber membrane, oleic acid stained PVDF
nanofiber membrane, and oleic acid stained PVDF nanofiber membrane with subsequent UV
irradiation for 3 hours.
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Figure 4.15. FTIR spectrums of the stained T-P nanofibers with subsequent sunlight
irradiation for 0-3.5 hours.

4.4 Conclusions
In this chapter, a cost-effective TiO2 doped PVDF nanofiber membrane has
been successfully fabricated by electrospinning. The as-prepared nanofibers had
unique beads-on-string structure and formed highly roughened top surface.
Switched by simple UV irradiation and heating treatment, the TiO2/PVDF
membrane can exhibit transition between superhydrophobic/superoleophilic and
superhydrophilic/underwater superoleophobic states, which can realize an
on-demand oil/water separation by controlling the passing of water or oil. The
transitions are easily manipulated, sensitive and reversible for many times. More
importantly, this TiO2/PVDF membrane possesses excellent anti-fouling property
under UV irradiation by automatically removing the oil stain from the surface,
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which is significant in saving solvents and recycling materials. Hence, this
recyclable, easily scaled-up, and controllable smart nanofiber membrane can
provide solutions to complex and industry-scale oily water treatment.
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Chapter 5

Biomimetic Surface with Light-Induced Superhydrophilic
Bumps to Manipulate the Directional Condensation of
Water: Synthesis, Characterization and Application

To develop an efficient water collecting surface that integrates both fast
water capturing and easy drainage properties is of high current interest for
addressing global water issues. Herein, a superhydrophobic surface was fabricated
on cotton fabric via manipulating both the surface roughness and surface energy.
This was followed by a subsequent spray coating of TiO2 nano-sol that created
light-induced superhydrophilic bumps with a unique raised structure as the result
of interfacial tension of the TiO2 nano-sol sprayed on the superhydrophobic fiber
surface. These raised TiO2 bumps induce both wettability gradient and shape
gradient, synergistically accelerating the water coalescence and water collection.
The in depth study revealed that the quantity and the distribution of the TiO2 had a
significant impact on the final water collection efficiency. This inexpensive and
facilely fabricated fabric biomimicks the desert beetle back and the spider silk that
are capable of fog harvesting without additional energy consumption.
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5.1 Introduction
Increasing attention has been paid to water capturing technology since 20th
century because of more serious water shortage problems throughout the world,
especially in those inhabited deserts and arid regions. The rainfalls in such areas
are scarce, some animals and plants rely on fog and humid air as the major source
of water. Stenocara beetle from Namib Desert can harvest water from the mist and
direct the drops into its mouth, because its carapace has a hydrophobic surface
with a random array of hydrophilic bumps.92-94 Cribellate spiders rely on their
silks, on which alternated spindle-knots and joints lead to both wettability96, 101
and curvature gradients,97-98 to collect water from humid air.99 Additionally, some
plants have also been found with water collection properties. For instance, Cotula
fallax, a plant in South Africa, can collect water from fog and channel the drops to
its stems due to the hydrophobic surface and 3D hierarchical structure of its
leaves.100 In some extremely droughty areas, cactaceae species can efficiently
capture fog benefiting from the well-distributed spines and trichomes on their
stems.102 A unique water capturing and direction behaviour was also found in
green bristlegrass due to the barb-groove structure of its bristles.103
Inspired by nature creatures, some materials have been designed to realize
the function of water collecting from humid air.124-125,

243-244

Based on fiber

material, 1-D water collection materials have been developed imitating spider
silks,112-114 on which condensed small water drops were transported from joints to
spindle-knots and coalesce to form larger drops. However, these coalesced water
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drops collected by intricate silks or fibers can be expediently utilized by spiders
rather than by human beings because they are separately distributed and difficult
to be collected directly and in bulk. With this consideration, the aligned
barb-groove structure of some plants or the vertically raised carapace of desert
beetles, which have a uniform direction, can be imitated to transport collected
water into a designated device. Despite the fact that, motivated by cactus, some
attempts have been made to develop spine-like water collection materials,124-125,
244

some of their synthetic procedures were too complicated to be expanded, and

these approaches did not include any effective drainage system. Fortunately, the
hydrophobic carapace with hydrophilic domains of desert beetle offers an idea on
draining the collected water. By mimicking the desert beetles’ back, a variety of
strategies have been explored to fabricate 2-D surfaces consisting of both
hydrophobic and hydrophilic ingredients.126-129 However, some of the approaches
are still difficult to be generalized due to the laborious and tedious synthetic
procedures. Wang et al.130 reported a simple route to make fabric with a
superhydrophobic- superhydrophilic hybrid surface based on the selective
reactivity of thiol with Fe and Co nanoparticles. Bai et al.131 prepared a
superhydrophobic surface with star-shaped superhydrophilic patterns to create a
combination of a wettability gradient and a shape gradient to improve the water
collection efficiency. According to these previous reports, a water harvesting
surface should include both hydrophilic sites, where water is easy to condense,
and a slippery surface for water to roll off with gravity as the driven force. Herein,
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inspired by both 1-D spider silk and 2-D beetle back, we created a
superhydrophobic fabric surface with light-induced superhydrophilic bumps via a
simple and efficient process including first-step hydrophobization by SiO2
nanoparticles (NPs) and an alkylsilane and subsequent spray coating with TiO2
nano-sol. It is worth pointing out that the deposited TiO2 can form raised shape
due to the difficulty for sol drops to spread on the superhydrophobic cotton fibers
before water evaporation. The hydrophilic spots with convex structure generate
both a surface energy gradient and Laplace pressure gradient, which can
accelerate the coalescence of water droplets on them. Meanwhile, by consisting of
interlaced fibers, a fabric-based material provides not only channels for water
drops to coalesce but also a surface for coalesced water drops to roll off. Also, the
light weight, flexibility and low cost of fabric make it a promising material for
massive transportation and bulk production. In this chapter, we eliminated the
inherent water-absorbing property of cotton fabric by making it superhydrophobic
through both increasing the surface roughness and decreasing the surface energy.68
To be specific, silica nanoparticles (NPs) was applied onto the cotton fabrics
firstly to form hierarchical structure including both micron-scale and nano-scale
roughness. Then, octadecyltriethoxysilane was applied to lower the surface energy,
resulting in the superhydrophobic cotton fabric. Similar procedures in creating
superhydrophobic surfaces integrating NPs and hydrophobic agents have been
reported before.109, 245 The prepared superhydrophobic fabric efficiently block the
water absorption, thus improve the water drainage. Finally, TiO2 NPs was
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introduced onto the pre-treated fabric as hydrophilic sites via a simple spray
coating

method.

As

demonstrated

in

previous

reports,

TiO2 exhibits

superhydrophilic after light irradiation, which has been widely explored in
changing surface wettability.47,

54-55, 246

This light-induced superhydrophilic

property can be utilized conveniently under the adequate sunlight of nature. In this
chapter, the coating amount of TiO2 was controlled by the spraying distance and
the spraying time. Moreover, the effect of the size and density of hydrophilic spots
distributed on the fabric on the final water harvesting efficiency was analysed.

5.2 Experimental
5.2.1 Materials
Cotton fabric (twill, 202 g/m2, provided by China Dye Ltd., Hong Kong),
water glass (UNI-CHEM, 12% Na2O and 30% SiO2), hydrochloric acid (HCl,
Aldrich 37%), n-octadecyltriethoxysilane (OTES, Accuchem 95%), titanium
tetraisopropoxide (TTIP, Aldrich 97%) and acetic acid (HAc, Aldrich 99%) were
used as received.

5.2.2 Synthesis of SiO2 and TiO2 nanosol
The SiO2 nanosol was prepared by the following procedures: firstly, water
glass (10 g) was added into 100 mL of distilled water under magnetic stirring at
room temperature for 10 min, and 2 M hydrochloric acid solution was added
dropwise into the water glass solution under a magnetic stirring until the pH value
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of the mixture reaching 8-9.
The TiO2 nanosol was prepared by the hydrolysis of a TTIP hydrosol. Firstly,
TTIP (40 g) was added dropwise into 100 ml distilled water solution containing
HAc (0.5 wt.%) and HCl (1 wt.%) under vigorous mechanical stirring. The
prepared TTIP hydrosol was then dropped slowly with a simultaneous adding of
water at 83~90 °C for 4h to produce a milk-like sol. Subsequently, the sol was
cooled to 60 °C, and stirred violently for 15 h until a transparent bluish sol was
obtained. Finally, the mixture was cooled in air to room temperature and aged for
two weeks, resulting in the final TiO2 nanosol with TiO2 solid content being 10
wt.%. The above TiO2 sol was diluted by 10 times before use.

5.2.3 Fabrication of superhydrophobic fabric with light-induced
superhydrophilic domains
The cotton fabrics were immersed into the prepared SiO2 sol for 1 min, and
then padded with an automatic padder at a pressure of 2 kg/cm2 to ensure the
uniform coating of SiO2 NPs. After dried at 80 °C for 3 min, the fabrics were
dipped in a OTES/ethanol solution with the OTES concentration of 5 wt.% for 30
min. Then, the fabrics were washed using ethanol, and dried at 80 °C for 3 min,
followed by curing at 160 °C for another 3 min.
A spraying equipment (RUIYI, HD-130, Taiwan) was applied to spray TiO2
nanosol onto the as-prepared superhydrophobic cotton fabrics. The spray coating
time was controlled at 5 seconds for all the samples, and the distances were varied
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at 3, 5, 7, 9, 11, 13 and 15 cm to make different samples. A simultaneous heat
treatment was conducted using a hot plate during the spraying process to facilitate
the evaporation of water. After the spray coating, the cotton fabrics were dried at
80 °C for 3 min.
For comparison, a piece of pristine cotton fabric was also treated directly by
spray coating of TiO2 sol according to the above procedures (with a spraying
distance of 11 cm).

5.2.4 Characterization
Scanning electron microscopy (SEM, Jeol 6490) was used to observe the
bare cotton fabric (bare-C) and cotton fabrics treated with SiO2 NPs, SiO2
NPs/OTES, SiO2 NPs/OTES/TiO2, and only TiO2 (defined as SC, SSC, SSTC, and
TC, respectively). Before applied on fabrics, SiO2 NPs and TiO2 NPs were
observed by transmission electron microscopy (TEM, Jeol JEM-2011). To make
SiO2 and TiO2 NPs, 10 μL of SiO2 and TiO2 sols with concentration of 0.1 wt.%
were dripped onto the copper mesh and dried. X-ray diffraction spectroscopy
(XRD, Rigaku SmartLab) was performed to study the crystallinity of TiO2. The
morphology of bare-C and SC were recorded on atomic force microscopy (AFM,
Veeco NanoScope V) in a tapping mode. X-ray photoelectron spectroscopy (XPS,
Sengyang SKL-12) was performed to distinguish the surface chemical
composition of SC, SSC and SSTC. The elementary composition and distribution
were further studied by an energy dispersive X-ray spectroscopy (EDX) detector
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attached to SEM. Water contact angles (WCA) of all the samples were measured
by OCA20 (Data Physics). The thermal weight loss of SSTC samples with
different spraying distances were investigated by thermogravimetric analyser
(PerkinElmer Diamond TGA).

5.2.5 Water collection measurement
An artificial fog flow (200 ml/h) horizontally generated by an ultrasonic
humidifier (Midea, S20U-A) was used to simulate the fog of nature. All prepared
samples (bare-C, TC, SSC, and SSTC with various spraying distances) with a
uniform size of 3x3 cm2 were firstly exposed to a UV irradiation (the wavelength
is 365 nm and the light intensity of the lamp is 0.46 mW/cm2) for 30 min (the
same result can be obtained by 1 h of sunlight irradiation with a light intensity of
~1 mW/cm2) and subsequently fixed vertically to the direction of fog flow at room
temperature (23 ºC). A beaker was placed under the sample to receive the
collected water. The time was recorded when the first water drop dripped off each
fabric sample. Also, the weight of the first water drop was measured. Finally, the
water-collecting capacity of each sample was evaluated after 30 and 60 min.
Moreover, in order to observe the water condensing and coalescing process, a fog
flow was directed vertically to the horizontally placed fabrics. A digital camera
was used to capture pictures.
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5.2.6 Stability and durability study
The durability of the superhydrophobic coating and TiO2 bumps was studied
by repeated water collection and abrasion test. One cycle of water collection
included a prior UV irradiation for 30 min, 1 hour of water-collecting process
using method as previously mentioned, followed by an airdry. WCA and water
collection performance of SSTC-11 fabric were recorded after 5, 10, and 15 cycles.
SEM and EDS mapping were used to observe the surface morphology and
element distribution respectively after 15 cycles of water collection. The abrasion
test was conducted using a Martindale abrasion tester based on standard ASTM
D4966-12. 100 and 500 times of friction was performed, after which WCA (after
UV irradiation), water collection performance, SEM and EDS mapping were
recorded. Two types of acidic fog flow was made from water solution with pH
values of 3 and 5 containing H2SO4 and HNO3 (1.9:1, wt/wt) simulating the acid
rain.246 Water collection stability and morphology of SSTC-11 fabric was studied
under acidic fog flow by 15 cycles. Water collection performance of the prepared
SSTC-11 fabric at different temperature (20, 25, and 40 °C) was also investigated
by conducting the experiments in a constant temperature laboratory, a common
laboratory without air-condition, and an oven respectively.

5.3 Results and discussion
The fabrication procedure from bare-C to SSTC is demonstrated in Scheme
5.1. SiO2 NPs were first synthesized beforehand by a sol-gel process with water
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glass as the precursor and then applied onto the fabric via a simple dip-pad-dry
method. Then, the SC was treated by OTES to form a superhydrophobic SSC
fabric. Finally, the TiO2 sol was sprayed onto the surface of SSC fabric to create
raised hydrophilic domains after dried at 80 °C.

Scheme 5.1. Illustration of the fabrication process for SC, SSC and SSTC fabrics.

In order to investigate the crystallinity of titania particles by XRD, the titania
solid powders were extracted from the TiO2 sol. As shown in Figure 5.1a, the
characteristic peaks of TiO2 in anatase phase (25.4 °, 37.8 °and 48.1 °) can be
detected from XRD spectrum (Figure 5.1a). Anatase TiO2 has been reported to
have strong photocatalytic property and light-induced superhydrophilicity.47 The
light-responsive wettability change of TiO2-treated cotton fabric (TC) was studied.
As shown in Figure 5.2, the introduction of TiO2 would lengthen the time to wick
the water droplet indicating the decrease of hydrophilicity of cotton fabric.
However, after UV irradiation for 30 min (or sunlight irradiation for 1 h), much
shorter time was needed for WCA to become 0 °than that before UV irradiation,
indicating a wettability transformation of TiO2 to superhydrophilicity. Note that
this superhydrophilic status can be maintained for at least 12 h in absence of light
(the top column in Figure 5.3), which can ensure a good fog capturing in next
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morning even after a whole night storage. After about 48 h of dark-storage,
however, TiO2 turns hydrophobic (the bottom column in Figure 5.3) because of
the dehydration-induced decrease in -OH groups and the readsorption of airborne
organics on TiO2 surface. Hence, in cloudy and rainy days, TiO2 bumps can turn
hydrophobic and have a better resistance to the damage by flush rainwater. TEM
was also performed to characterize TiO2 and SiO2 NPs which were deposited from
TiO2 and SiO2 nano-sols with concentration being both 0.1 wt.%. From Figure
5.1c, a diameter of around 10 nm could be measured for each TiO2 NP, but an
aggregation phenomenon of TiO2 NPs could also be found in Figure 5.1b in the
absence of water. The aggregation instinct of TiO2 NPs is conductive to the
formation of scattered hydrophilic TiO2 domains. Conversely, SiO2 NPs had a
much better dispersibility after the evaporation of water (Figure 5.1d), which may
be responsible for the homogeneous coating of SiO2 NPs and even roughness
increase on the SC fabric.

Figure 5.1. a-c) Characterization of TiO2 NPs by XRD (a), and low resolution (b) and high
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resolution (c) TEM; d) TEM observation of SiO2 NPs. The inset in (c) is the SAED pattern for
the observed TiO2 NPs.

Figure 5.2. Illustration of the hydrophilicity of bare-C, TC, and UV-treated TC (TC-UV).
Time needed for water droplets to become 0 °on bare-C, TC and TC-UV is 0.56 s, 6 s and
0.16 s respectively. A sunlight irradiation of 1 h was confirmed to have the same result (with a
light intensity being 1 mW/cm2).

Figure 5.3. Pictures of water droplets on TC fabric after UV irradiation and following
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dark-storage for 12 h, 24 h and 48 h. After 12 h dark-storage, TiO2 maintains superhydrophilic
and only 0.85 s is needed for water droplets to infilter into the TC fabric. The hydrophilicity
of TC fabric decreases apparently after more than 24 h dark-storage, and even turn
hydrophobic with a WCA around 144.6 °after 48 h of dark-storage.

SEM was conducted to observe the surfaces of bare-C, SC, and SSC (Figure
5.4 a-f). In Figure 5.4a and d, a flat and smooth surface of bare cotton fiber can be
seen. After padding with SiO2 sol and drying, the surface of cotton fiber was
covered by a layer of SiO2 NPs, which introduced a nano-scale roughness onto the
surface (see the AFM images of bare-C and SC in Figure 5.5a and b, respectively).
The increase of the surface roughness can maximize the surface wettability
levels.68 Therefore, after treated by OTES, with low surface energy, the fabric
surface turned superhydrophobic (Figure 5.4g) with the WCA of about 155.6 °
(Figure 5.4h). This superhydrophobic fabric surface ensures efficient water
drainage by accelerating the rolling off of water droplets.

Figure 5.4. SEM images of bare-C (a, d), SC (b, e), and SSC (c, f) fabrics with different
magnification (a, b, c with 1,000 times and d, e, f with 10,000 times); optical image of water
macro-droplets on the as-prepared SSC fabric (g); WCA of ~155.6 °on the as-prepared SSC
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fabric (h).

Figure 5.5. AFM images of bare-C (a) and SC (b) fabrics in tapping mode.

After the fabrication of the superhydrophobic fabric, hydrophilic domains
were

introduced

by

simply

spraying

TiO2

sol

onto

the

as-formed

superhydrophobic surface. The coating amount of TiO2 and the domains size was
generally determined by the spraying distance. Specially, SSTC fabricated with a
different spraying distance: 3, 5, 7, 9, 11, 13, or 15 cm is defined as SSTC-3,
SSTC-5, SSTC-7, SSTC-9, SSTC-11, SSTC-13, and SSTC-15, respectively. Note
that the spraying time for all the SSTC samples were maintained the same (5 s).
The spraying process is demonstrated in Scheme 5.2. A longer spraying distance
can lead to smaller and more scattered TiO2 domains and a lower TiO2 coating
percentage, which is demonstrated detailedly in the following section. The
distribution of the light-induced superhydrophilic domains has a complicated
influence on the water collection efficiency of SSTC fabrics, which will be
discussed in the subsequent section.
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Scheme 5.2. Illustration of spray coating of TiO2 sol on SSC fabrics with varying the distance
between the nozzle and the fabrics.

The elementary composition and distribution of the prepared samples were
studied by XPS and EDX. The elementary change during the synthesis process
from SC fabric to SSTC fabric was recorded by XPS curves. As shown in Figure
5.7a and b, Si2p peak was detected on SC fabric around 103.4 eV indicating the
successful preparation of SiO2 and the coating of SiO2 on the cotton fabric. After
treated with OTES, the C1s peak intensity relative to that of the O1s peak was
greatly increased due to the existence of long aliphatic carbon chain of OTES.
With subsequent spray coating of TiO2 sol (Figure 5.6 a-c), Ti2p 3/2 peak (Figure
5.6b) started to appear around 458.5 eV denoting the presence of TiO2 on the
fabric. To further demonstrate the composition of SSTC fabric (SSTC-11), EDX
spectrum and mapping are given in Figure 5.6d and e. The result confirms the
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presence of C, O, Ti, Si elements and displays the distribution of Ti, Si and C.
Note that Si and C are both uniformly distributed along with the corresponding
SEM image, while Ti is distributed as scattered domains with irregular shapes.
The discrete distribution of TiO2 is attributed to the superhydrophobic surface, on
which the sprayed TiO2 sol beads up and this will be the key factor to fog trapping
and coalescence.

Figure 5.6. Elementary composition and distribution of the as-prepared SSTC fabric. (a)-(c)
are XPS survey spectrum, high-resolution spectrum of Ti2p and high-resolution spectrum of
Si2p, respectively; (d) EDX spectrum of the resultant SSTC fabric; (e) EDX mapping images
of Ti, Si and C elements on the SSTC fabric corresponding to the SEM image.
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Figure 5.7. XPS results of the prepared SC (a) and SSC (b) fabrics. The far left column are
integral spectra of the fabrics and the others are spectra with high-resolution denoting Si and
Ti elements as labeled in the spectra.

To study the water-collecting efficiency, bare-C, TC, SSC and SSTC were
compared with the weight of collected water after 30 and 60 min. The
starting-time for collection and the weight of the first drop off each sample were
also recorded. Before water collection, all the samples were exposed to a UV light
(365 nm) for 30 min, and the comparison result of water collection is presented in
Figure 5.8. As shown in Figure 5.8a and b, SSTC samples have a generally higher
water collecting efficiency than bare-C, TC and SSC. The poor water collection
capacity of bare-C and TC can be explained by their inherent hydrophilic and
water-absorbing properties. Condensed water on bare-C or TC can wet and
saturate the fabric before dripping, so the starting time for collection of bare-C
and TC are much longer than other samples with superhydrophobic modification.
Furthermore, Figure 5.8c and d shows that TC took the longest time until the first
drop dripped, and the weight of its first water drop was the largest. This can be
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attributed to the superhydrophilicity of TiO2 treated cotton fabric after UV
irradiation, which leads to high water absorption capacity and strong water
adhesion property, and thus an inefficient water collection property.

Figure 5.8. Water collection performance of various fabrics. (a) Water collection amount of
each sample along with the collection time; (b) total amount of collected water of each sample
after 1 h; (c) starting time for collection, i.e., time needed for each fabric to drip the first water
drop in the fog environment; (d) the weight of the first water drop at the starting time for
collection.

On the contrary, the superhydrophilic property of TiO2 can play a positive
role in water collection when combined with superhydrophobic substrate. After
introduced

with

TiO2

domains,

the

water

collection

efficiency

of

superhydrophobic fabrics was generally increased except SSTC-15 (see Figure
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5.8b), indicating an increase of water condensation on the surfaces with
superhydrophilic domains. However, more hydrophilic domains do not mean
higher water collection efficiency. The incorporation of too much hydrophilic
ingredient will destroy the original superhydrophobicity of the fabric, which may
lead to a poor water collection property, such as SSTC-3, SSTC-5 and SSTC-7
(Figure 5.8b). The effect of TiO2 coating amount upon hydrophobicity of fabrics is
indicated by Figure 5.9. After UV irradiation, SSTC fabrics with more TiO2
coating had a higher degree of WCA decrease. As for SSTC-3~SSTC-7 with too
much TiO2 coverage, a hydrophilic property appeared after UV exposure.
However, when the spraying distance was more than 9 cm, the decline of
superhydrophobicity seemed not that obvious. Note that the SSTC-11 fabric,
which had the best water collection efficiency among all the samples (see Figure
5.8b), exhibited a WCA close to 150 °(Figure 5.9) indicating a good maintenance
of the superhydrophobic property. The gradual decrease of WCA along with
increasing UV irradiation time was also recorded on SSTC-11 fabric (see Figure
5.10a). The corresponding ascent of water collecting amount (Figure 5.10b)
indicates the important role the superhydrophilic TiO2 bumps play in water
pinning. In summary, water collection efficiency is mainly determined by the
combined effect of hydrophobicity of the surface and the amount of hydrophilic
ingredient. To be specific, an efficient water collection surface should possess not
only sufficient superhydrophilic sites to adhere and fix fog droplets but also an
integral superhydrophobic property to accelerate the rolling of water drops.
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Figure 5.9. WCA of SSTC fabrics with various spraying distances before and after UV
irradiation (insets on the top of the histogram are the corresponding shapes of water drops on
the fabrics).

Figure 5.10. (a) Gradual WCA decrease on SSTC-11 fabric surface along with an increasing
time of UV irradiation; (b) Water collection performance (for 1 h) of SSTC-11 fabric after
different time of UV irradiation.

SEM images of SSTC fabrics with various spraying distances are displayed
in Figure 5.11 (a-g). The top surfaces of SSTC-3 and SSTC-5 are almost fully
covered by contiguous titania bumps, each of which extends across the width of
one or two fibers (Figure 5.11a and b). With the increase of spraying coating
distance, TiO2 bumps seem less dense on surfaces of SSTC-7 and SSTC-9, but
still have large sizes with a width equal to a fiber (Figure 5.11c and d). When the
spraying distance reaches to 11 cm and 13 cm, smaller and scattered titania
domains appear with diameters ranging from one to a few tens of micrometers
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(Figure 5.11e and f). Finally on the surface of SSTC-15 fabric, very scarce titania
domains could be seen (Figure 5.11g), which may be responsible for its poor
water collection performance because of the insufficient hydrophilic sites for fog
to condense on. Additionally, SEM image of TC fabric is shown in Figure 5.11h
for a better comparison with SSTC fabrics. No raised TiO2 domains could be
found on the surface of TC fabric because the sprayed sol can spread evenly on
the pristine cotton fabric.

Figure 5.11. SEM images of TC (h) and SSTC with various spraying distances (a-g): SSTC-3
(a); SSTC-5 (b); SSTC-7 (c); SSTC-9 (d); SSTC-11 (e); SSTC-13 (f); SSTC-15 (g). The
white circles in a-g mark the TiO2 domains. No obvious TiO2 domains can be seen in TC
samples (h).

In order to further study the relationship between the spraying distance and
the coating amount of TiO2, TGA was performed to study the percentage of TiO2
on weight of SSTC fabrics with a series of spraying distances (see Figure 5.12).
Bare-C and SSC samples was chosen as references. The pyrolysis of the samples
started at about 350 °C due to the decomposition of cellulose fibers.247-248 Finally,
the weight gain percentage of TiO2 on each SSTC fabrics was calculated from the
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difference between the residue percentages of SSC and SSTC fabrics. As can be
seen from Figure 5.12, a shorter spraying distance indicates a higher percentage of
TiO2 coating. This result has also been supported by EDX detection of Ti content
on the fabric surface, which is shown in Figure 5.13. Specifically, with the TiO2
gain percentage of ~0.92 % (by TGA), SSTC-11 sample achieved the best water
collecting performance in our study owing to its sufficient hydrophilic sites with
no obvious damage effect on the integral superhydrophobicity.

Figure 5.12. TGA spectra of SSTC fabrics under various spraying coating distances with
bare-C and SSC fabrics as references.
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Figure 5.13. Surface Ti content of SSTC-3, SSTC-7, SSTC-11, SSTC-15, and SSC fabric
detected by EDX.

To investigate how the superhydrophilic TiO2 domains influence the water
condensing velocity on a superhydrophobic fabric surface, the water condensation
and coalescence process of SSTC-11 was recorded by a digital camera discretely
from 30 s to 4 min with SSC and TC fabrics as references. A prior UV light
exposure was conducted for 30 min to switch the TiO2 coating to be
superhydrophilic. A fog flow (200 ml/h) was then directed vertically onto the
horizontally placed fabrics. As shown in Figure 5.14a, during the fog
condensation process, no spherical water droplets can be formed because water is
easy to spread on a superhydrophilic TC fabric surface with strong water
absorption. In contrast, coalesced water forms visible spherical droplets on the
integral superhydrophobic surfaces of SSC and SSTC-11 fabrics as shown in
Figure 5.14b and c, respectively. However, in the presence of superhydrophilic
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spots, SSTC-11 fabric harvested more and larger water droplets than SSC fabric
with the same harvesting time. This fog pinning and overall superhydrophobic
property of SSTC-11 fabric can well explain the results shown in Figure 5.8c and
d that it have the earliest starting time for water collection and a biggish weight of
the first drop collected.

Figure 5.14. Water condensation and coalescence process along with time on TC (a), SSC (b),
and SSTC-11 (c) fabrics (the UV treatment was conducted before atomizing the fog).

The mechanism of how the sprayed TiO2 bumps accelerate the water
condensation and coalescence on SSTC fabrics was analyzed in detail (see Figure
5.15). After a light irradiation, the sprayed TiO2 bump becomes superhydrophilic,
which means that it has a much higher apparent surface energy and smaller WCA
than surrounding superhydrophobic fiber. The driven force generated by the
surface energy gradient can be calculated by96, 101 Eq. 2.6. As predicted by Eq. 2.6,
the water droplets will move from superhydrophobic fiber surface to
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superhydrophilic TiO2 bump driven by the surface gradient. Moreover, there is
another possible driven force generated by Laplace pressure gradient. From
Figure 5.11 and Figure 5.15a, raised TiO2 domains can be seen because of the
difficulty for spreading the TiO2 sol droplets on superhydrophobic fabric. The
raised TiO2 spots lead to a local increase of fiber radius (from r1 to r2 in Figure
5.15c), and can be thought of as two partial conical shape. The Laplace pressure
gradient (∆P) arises from the curvature gradient can be approximately calculated
by:97, 99
𝑟

2𝜎𝛾

∆𝑃 = − ∫𝑟 2 (𝑟+𝑅
1

2
0)

𝑠𝑖𝑛 𝛽 𝑑𝑧

(Eq. 4.1)

where 𝑟 denotes the local mean radius of the fiber; 𝛽 denotes half of the
apex-angle of the conical shape; 𝑑𝑧 is the integrating variable along the diameter
of fiber; 𝜎 is the proportion that TiO2 domain versus the whole cone (because the
TiO2 domain partially encircle the local fiber surface, the formed cone is not
integrated, namely, 𝜎 < 1). Overall, as a result of these two cooperative driven
force, surface energy gradient and Laplace pressure difference, water droplets are
more prone to coalesce from superhydrophobic fiber to superhydrophilic TiO2
domains.

Figure 5.15. Structure and distribution of raised TiO2 domains on SSTC-11 fabric and
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mechanism of directional water coalescence. (a) SEM image showing the shape and
distribution of raised TiO2 domains on SSTC-11 fabric; (b) illustration of driven force caused
by surface energy difference between superhydrophilic TiO2 domains and superhydrophobic
fiber; (c) illustration of Laplace pressure gradient between fiber and the thickened TiO2 area.

Besides the significance of the water capturing (condensation and
coalescence) process, the drainage of captured water is also important. An
effective water drainage system means larger water release in a shorter time. To
simulate the growing and release of water drops during the water collection, the
water drops were added on each horizontal UV-irradiated fabric (the bottom side
of the fabric was adhered to a glass slide by double sided adhesion tape) and then
the fabric was rotated to upright. The growing of the water drop was conducted by
using a microsyringe to add water to the initial drop. The growing process was
recorded by a digital camera discretely until the drop started to roll off. Figure
5.16 a-c show different mechanisms of water drainage of TC, SSC, and SSTC
fabrics, while Figure 5.16 d-f are their corresponding simulations displayed by
photos, respectively. Figure 5.16a and d display the poor water drainage on
superhydrophilic TC fabric. Water undergoes a thorough spread and is absorbed
by the fabric before dripping down from the bottom end (Figure 5.16d-4). Also,
the strong adhesion force between water drops and the superhydrophilic surface
makes water difficult to drip down. Therefore, the drainage time is long because
the captured water need to spread thoroughly and coalesce to be large enough to
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overcome the strong adhesion force, which can also explain the results (TC)
shown in Figure 5.8c and d. In contrast, water drainage in SSC and SSTC fabrics
are favoring because their overall superhydrophobic property. Water drops form
almost perfect spheres with a tiny contact area with fabric surface and a low
adhesion force, which may lead to rapid water release (Figure 5.8c and d). Note
that the SSTC fabric (Figure 5.16f) had a little higher critical roll-off volume than
SSC fabric (Figure 5.16e), which can be attributed to the incorporation of TiO2
causing a slight reduction in hydrophobicity. However, it does not lower the
overall water collection efficiency (Figure 5.8b) because the TiO2 bumps could
accelerate the pinning and growing of water drops on the fabric surface, as has
been discussed above. Overall, the as-prepared SSTC fabric exhibits an effective
water collection function attributed not only to the enhanced water capturing and
growing, but also an efficient drainage.

Figure 5.16. Graphic illustration of different water drainage systems on TC (a), SSC (b), and
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SSTC(c) fabrics; photos of simulations of water growing and rolling processes corresponding
different drainage mechanisms with (d)-(f) representing TC, SSC and SSTC fabrics,
respectively.

Finally, the stability and durability of the SSTC-11 fabric was studied by
repeated water collection and abrasion test. As shown in Figure 5.17a and b, there
was no obvious impairment in WCA or water collection performance even after
15 cycles of water collection repetition. This is attributed to the well conservation
of silica/silane superhydrophobic coating and the raised TiO2 bumps, which can be
observed in SEM image and EDS mapping shown in Figure 5.17 c-e.

Figure 5.17. (a) Line graph displaying the relationship between WCA and water collection
cycles (insets show the WCAs after 0, 5, 10, and 15 cycles of water collection); (b) Water
collection performance/weight after 0, 5, 10, and 15 cycles of water-collecting repetition; (c)
SEM image of the SSTC fabric surface after 15 cycles of water collection; (d) and (e) are
EDS mappings of Si and Ti, respectively, on SSTC fabric after 15 cycles of water collection.
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Even in acidic fog flow, a stable water collection performance and a well
retaining of the functional coating (after 15 cycles) can also be observed (Figure
5.18). Abrasion test was also conducted to evaluate the adhesion strength of the
functional coating against the friction during transportation.

Figure 5.18. (a) Water collection stability of the as-prepared SSTC-11 fabric under acidic fog
flow with pH values of 3 and 5 (with DI water generated fog as reference); (b) Water
collection stability after 0, 5, 10, and 15 cycles under fog flow with pH values of 3; (c) Water
collection stability after 0, 5, 10, and 15 cycles under fog flow with pH values of 5; (d) SEM
image of the SSTC-11 fabric surface after 15 cycles of water collection under fog flow with
pH values of 3; (e) SEM image of the SSTC-11 fabric surface after 15 cycles of water
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collection under fog flow with pH values of 5.

It can be seen from Figure 5.19 that 100 times of friction scarcely generates
damage to the surface coating and the WCA (after UV irradiation). 500 times of
friction causes a slight decrease of the density of TiO2 bumps, but it is hardly that
products undergo such high-strength friction in the practical transport. Hence, the
adhesion between cotton fabric and the surface finishing can withstand repetitive
water (including acidic water) flush and friction, which ensures a stable water
collection performance. In additions, the impact of temperature on water
collection performance was also investigated. As shown in Figure 5.20, along with
the increase of temperature, a decrease of water collection happens, which might
be attributed to the easier condensation of fog at lower temperature and the faster
water (including fog and the collected water) evaporation at higher temperature.
Therefore, in areas at high latitudes where the morning temperature is very low, a
better water collection performance of the as-prepared SSTC fabric can be
expected.
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Figure 5.19. Rub resistance testing results of the superhydrophobic coating and the TiO2
bumps on the SSTC-11 fabric. (a)-(d) are SEM images with magnification of x300, x1000,
EDS mapping of Si, and Ti on SSTC fabric surface after 100 times of friction respectively;
(e)-(h) are SEM images with magnification of x300, x1000, EDS mapping of Si, and Ti on
SSTC fabric surface after 500 times of friction respectively, insets in (a) and (e) show the
after-UV WCAs of SSTC after 100 and 500 times friction respectively; (i) shows the water
collection performance/weight after 0, 100, and 500 times abrasion; (j) is the picture of
Martindale abrasion-testing machine used in this chapter.
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Figure 5.20. Water collection performance at different ambient temperature.

5.4 Conclusion
An efficient water collecting fabric with a superhydrophobic surface
integrated with light-induced superhydrophilic bumps has been successfully
fabricated by a simple method. Utilizing the beads forming feature of TiO 2 sol on
a superhydrophobic surface, raised TiO2 bumps are obtained, which may provide
surface energy gradient and Laplace pressure gradient cooperatively accelerating
the directed coalescence of water droplets. The spraying distance of TiO2 sol (the
spraying time is fixed) had significant effect on the water collecting efficiency
through controlling the coating amount and distribution of TiO2. In order to attain
an efficient water collection, sufficient scattered TiO2 bumps should be formed on
the basis of an overall superhydrophobicity. The as-prepared SSTC fabric can
thereby be regarded as an inspiration of both 1-D spider silk and 2-D beetle back
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with water collecting function. Simply triggered by sunlight, a sustainable energy
source, the superhydrophilicity of TiO2 can be achieved without additional effort,
which may provide ideas to developing smart water collection device.
Furthermore, the self-cleaning or anti-bacterial property of TiO2 makes it a more
competitive material applied in water harvesting and recycling.
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Chapter 6

Flexible Slippery Surface to Manipulate Water Coalesence
and Sliding in Real Time: Synthesis, Characterization and
Application
A flexible slippery membrane with tunable morphology and high degree of
affordable deformation upon external tensile-stress is developed by infusing
perfluoropolyether

into

a

fluorinated-copolymer

modified

thermoplastic

polyurethane nanofiberous membrane. A controllable liquid condensation
enhancement on the surface can thus be realized, as well as a creative solution to
ensure an efficient water collection in strong wind.

6.1 Introduction
The manipulation of the wettability, condensation, and motion of liquids on
solid surfaces is fundamental to many applications, such as self-cleaning,249-250
oily water treatment,251-252 water collection,243,

253

moisture management,54,

254

desalination,255 microfluidics transportation,256-257 directional water transport,258
and anti-icing.259 For water collection in particular, the condensation and sliding
behavior of water droplets should be conjunctively addressed through adjusting
surface wettability and constructing spacial structure. The mainstream design
concepts for materials and surfaces with water-collecting function were inspired
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by creatures in nature living in arid regions and capturing water from mist air for
surviving. In particular, Stenocara beetle’s back,92 cribellate spider’s silk99 and
Cactaceae species’ leave102 are the three most popular models that have been
widely studied and imitated.131, 243-244, 253 Through sophisticated design of shape
and wettability gradients, these bio-inspired materials or surfaces can accelerate
the water condensation or facilitate the sliding/drainage of the captured water
droplets. Recently, Aizenberg and coworkers designed a slippery lubricated
surface with asymmetric bumps and reported its highly improved water
condensation

and

drainage

performance

compared

with

conventional

superhydrophobic based surfaces.150 In their work, the concept of the designed
asymmetric bumps is derived from Namib desert beetles and cacti, and the
slippery coating is inspired by Nepenthes pitcher plants106 with lubricated
peristome on which insects aquaplane and are captured. Based on the slippery
coating with negligible friction of pitcher plants, a new concept of manipulating
the motion of liquid droplets has been pointed out, i.e., creating a “liquid-like”
surface between solid surface and target liquids, which has been adopted in
fabricating a wide range of omniphobic surfaces.107, 132, 146, 260 Integrating such
slippery surfaces, the efficiency of water collection can be highly improved due to
the enhanced water condensation and shedding. Although recent progress is
remarkable in realizing beyond-nature water collection efficiency on account of
the highly decreased water adhesion and sliding friction, water captured on such
surfaces is easy to be blown away in nature wind. Few works have considered to
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eliminate the wind-caused loss of the captured water because it is incompatible to
simultaneously improve the water drainage/sliding and increase the water
adhesion to resist wind force, especially for rigid solid surfaces on which drastic
wind impact occurs and wind direction sharply changes. Herein we developed a
flexible slippery surface and studied its deformation-triggered manipulation of
water sliding and condensation. The membrane is developed by infusing
perfluoropolyether

into

a

fluorinated-copolymer

modified

thermoplastic

polyurethane nanofiberous membrane. A controllable liquid condensation
enhancement on the surface can thus be realized, as well as a creative solution to
ensure an efficient water collection in strong wind.

6.2 Experimental
6.2.1 Materials
Thermoplastic polyurethane (TPU, Mw ~600,000) was purchased from Hong
Kong Hi-Tech Enterprises Ltd. Dimethylacetamide (DMAc, Duksan Chemical
99.5%), dodecafluoroheptyl methacrylate (DFMA, XEOGIA 96%), lauryl
methacrylate (LMA, Aldrich 96%), isobornyl acrylate (IBOA, Aldrich, technical
grade), 1-dodecanethiol (DDET, Aldrich 98%), 2,2'-azobis(isobutyronitrile)
(AIBN, IL, 99%), propylene glycol butyl ether (PGBE, Aldrich 99%),
Perfluoropolyether (PFPE, Fomblin® Y, Aldrich) were used as received.
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6.2.2 Fabrication of electrospun TPU nanofiber membrane (NM)
The TPU electrospinning solution was made by dissolving 15 g of TPU chips
in 100 mL of DMAC. A commercial electrospinning setup (TL-Pro, purchased
from Micro & Technologies Expert, Shenzhen, China) was used to fabricate
nanofibers at room temperature (23 °C) with the ambient relative humidity around
55%. A positive voltage of 15 kV was applied on the needle and a negative
voltage of 2 kV was applied on the collecting aluminum foil (anchored on a
rotating drum with rotating speed of 10 rpm during the electrospinning process).
The distance between the needle tip and the aluminum foil was 20 cm. The
solution flow rate from the spinneret was controlled at 1 mL/h through a syringe
pump. The as-spun TPU NM (~46 μm, Figure 6.3) was placed in an oven at 80 °C
for 10 min followed by a 12 h air-dry in dark to remove the residual solvent.
Finally, the TPU NM was peeled off the aluminum foil and flattened before the
following treatment.

6.2.3

Fabrication

of

poly(dodecafluoroheptyl

methacrylate-

co-isobornyl acrylate-co-lauryl methlacrylate) (PDIL)
PDIL was synthesized by the random copolymerization of DFMA, IBOA and
LMA with weight ratio of 1:2:1. First, 10 g of DFMA, 20 g of IBOA and 10 g of
LMA were dissolved in 60 g of PGBE. The initiator AIBN (0.4 g) and
polymerization regulator DDET (0.1 g) were then added into the solution. The
reaction was kept at 80 °C for 3 hours without sealing because of the generation
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of N2 from the system. The resultant PDIL solution (40 wt %) was stored
overnight at room temperature and then diluted into solutions with five
concentration gradients: 1 wt %, 3 wt %, 5 wt %, 7 wt %, and 9 wt %.

6.2.4 Fabrication of PFPE-PDIL-TPU flexible slippery membrane
(FSM)
The as-prepared TPU NM was firstly dipped into the PDIL solution for 5
seconds, then it was extracted and the excess solution was removed by tissue
paper. Subsequently, the TPU NM was attached flatly onto a piece of TPU thin
film (~50 μm, Figure 6.3) made by spin-coating method (15 wt % of TPU/DMAC
solution with spin-coating rate of 1600 rpm for 10 s and 3000 rpm for 6 s in
succession). The composited membrane was then dried at 120 °C in an oven for
10 min. The liquid-infused FSM was prepared by infusing PFPE onto the
as-prepared membrane and the infusing amount was controlled by the volume of
liquid versus a known surface area.
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Scheme 6.1. Fabrication procedure of the PFPE-PDIL-TPU FSM.

6.2.5 Characterization
The morphology of the as-prepared TPU NM, TPU-PDIL NM, and
TPU-PDIL-PFPE FSM were observed using a field emission scanning electron
microscope (FE-SEM, JSM-6335F, Japan). Contact angle (CA), sliding angle (SA)
and contact angle hysteresis (CAH) measurements were conducted using OCA20
(Data Physics, Germany). The CAH (∆θ) was calculated by the difference
between advancing CA (θA) and receding CA (θR) which were measured from the
water droplet (4 μL) while the probe was added to and withdrawn from the drop:
∆θ=θA-θR. The chemical compositions of the samples were compared utilizing
Fourier transform infrared (FT-IR, PerkinElmer Spectrum 100, USA). The tensile
143

stress-strain curves of the samples awere recorded using an INSTRON 5566
(USA) universal tensile tester. The water or oil sliding on the tilted (45°) FSM was
investigated (for Figure 6.1 f, g) using deionized water (DI water, colored by
methylene blue) and n-hexane (colored by solvent red).

6.2.6 Investigation of controllable water sliding and condensation.
The strain-release responsive water pinning and sliding was observed on the
as-prepared TPU-PDIL-PFPE FSM. A water droplet of 4 μL was placed on the
inclined FSM (with both sides attached on hard plastic sheets), and the
strain-release behavior was controlled by dragging or release the mobile side.
The enhanced water condensation behavior on the FSM along with its release
process from the strained status was investigated with both in-plane and out-plane
deformation. The in-plane deformation (strain) was conducted by the same
method as above, and the water droplets were placed on the horizontal and
strained FSM, then the FSM was put vertically and gradually released. The
out-plane deformation was conducted by attaching one terminal of a glass rod
onto the midpoint of the back face of the rounded FSM (anchored on a hollow
circle) using double faced adhesive tape and dragging the other terminal of the
glass rod. Fog droplets generated from an ultrasonic humidifier were directed onto
the vertically placed and strained FSM, after sufficient droplets were pinned, the
FSM was released gradually.
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6.2.7 Investigation of water collection in strong wind
The as-prepared TPU-PDIL-PFPE FSM was anchored onto a hollow circle
with a diameter of 5 cm. An industrial air blower (1200 W, ZHIPU, China) with
adjustable wind speed generated was used as the artificial wind source. The
distance between the blowing nozzle and the membrane was 20 cm. An ultrasonic
humidifier (Midea S20U-A, China) was utilized to generate fog droplets and was
placed between the air blowing nozzle and the membrane. A glass petri dish was
placed under the membrane to receive the collected water. The experimental setup
was demonstrated in Scheme 6.2. As comparison, another piece of
TPU-PDIL-PFPE FSM was anchored onto a top surface of a bottle cap with a
diameter of 5 cm to form a rigid slippery membrane (RSM). The wind speed was
measured by a digital anemometer (TA8161 0.3-30 m/s, TASI, China). For the
demonstration presented in Figure 6.11 a-b, the wind speed was set at 12 m/s. To
record the data in Figure 6.11e, each collection duration is set at 5 minutes. To
observe the water splashing during water collection by both the FSM and the
RSM, the membranes were placed near a background wall with a distance of 15
cm to collect part of the splashed water from the membranes.
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Scheme 6.2. Experimental setup for water collection test.

6.3 Results and discussion
By infusing lubricant perfluoropolyether (PFPE) into an electrospinning
thermoplastic polyurethane (TPU) composite membrane, an elastic surface with
tunable topography was obtained (Figure 6.1a). To overcome the low chemical
affinity between TPU and PFPE, a layer of fluorinated polymeric coating (Figure
6.1c) was introduced on the surface of electrospun nanofibers (Scheme 6.1). By
adjusting monomer proportion (1:2:1, weight ratio) among dodecafluoroheptyl
methacrylate (DFMA), lauryl methacrylate (LMA) and isobornyl acrylate (IBOA),
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a random copolymer poly(DFMA-co-IBOA-co-LMA) (PDIL) was synthesized
with low surface energy, high chemical affinity to PFPE (with strong C-F
stretching vibration appeared at 1100-1300 cm-1 in the FTIR spectrum of PDIL,
Figure 6.4), adequate flexibility and strong physical adhesion on TPU, which is
one of the critical innovations in this work. To be specific, the long carbon chains
contained in LMA and their interaction261-262 can lower the surface energy and
improve the molecular arrangement for a better exposure of the fluorine groups in
DFMA, the rigid side group of IBOA ensures the film-forming property and the
strong physical adhesion.263-264 The stable adhesive property of PDIL on solid
surfaces (Figure 6.2 shows a good adhesive property on metal surface) make it a
desirable linker between the lubricant PFPE and matrixes that naturally have no
affinity towards PFPE, which broadens the selection of matrixes with varied
mechanical properties.
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Figure 6.1. (a) Illustration of the fabrication process of the PFPE-PDIL-TPU composite
membrane; (b-e) FE-SEM image showing the top view of the corresponding prepared
membrane after each fabrication step; observation of movement of water and n-hexane drops
on the pure TPU NM (f) and on the PFPE-PDIL-TPU membrane (g).
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Figure 6.2. The strong adhesion of two weights (450 g) with the assistance of PDIL.

Figure 6.3. FE-SEM images of the top view (left) and the section view (right) of the
TPU-PDIL NM attached on a TPU thin film before PFPE infusion.

The as-spun TPU nanofiber membrane (NM) was dip-coated with the
synthesized PDIL solution and then attached to a spin-coated TPU base film
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without porous texture before drying (Figure 6.3). The coated PDIL polymer
chains can be wetted and infiltrated by PFPE chains more easily than TPU due to
the chemical affinity between fluorine groups, which ensures a more stable
immobilization and more even distribution of the lubricant PFPE. The coating
amount of the PDIL should be well controlled, for that the insufficient coating is
incapable of lowering the surface energy (Figure 6.5b) and the excessive coating
would block the porous texture for lubricant wicking as well as weaken the elastic
recovery of the membrane (Figure 6.5a and 5.6 c-e). The PDIL solution with
concentration of 3 wt % was used because the as-coated TPU NM exhibited the
best water repellency and a well retaining of elastic recovery. Following the over
infusion of PFPE, the membrane possesses a slippery surface on which water
drops and n-hexane drops can slide easily (Figure 6.1g) whereas water drops are
pinned and n-hexane drops will spread and penetrate on a pure TPU NM (Figure
6.1f). The formed smooth and flawless liquid surface (Figure 6.1e) on the
membrane with over infused PFPE (2.8 μL cm-2) and the low surface energy of
PFPE (17.4 mN m-1) is the key to the fluent sliding of the testing water and even
oil. As a comparison, a rough and porous surface can be observed (Figure 6.1d) on
the membrane with an insufficient lubricant infusion (1.6 μL cm-2), and as a result,
a higher contact angle hysteresis was detected (Figure 6.7f).
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Figure 6.4. (a) Separate FTIR spectrums of the as-spun TPU NM, as-synthesized PDIL, and
the purchased PFPE; (b) composite FTIR spectrums of the TPU NM, PDIL-TPU NM, and the
PFPE-PDIL-TPU FSM. The peak appeared at 950-1000 cm-1 on PFPE-PDIL-TPU spectrum
represents the stretching vibration of the ether bond in PFPE.

Figure 6.5. (a) SEM images of TPU NM (i), TPU NMs coated with PDIL solutions of varied
concentrations (ii-vi are 1, 3, 5, 7, and 9 wt % respectively), PFPE-PDIL-TPU FSMs with
varied PFPE infusion amount (vii-ix are 1.6, 2.2, and 2.8 uL/cm2); (b) and (c) are their
corresponding water contact angle (WCA) and contact angle hysteresis (CAH).
151

Figure 6.6. Stress-strain diagrams (including four strain-release cycles with a maximum
tensile strain of 100 %) of the TPU NMs coated with PDIL solutions with different
concentrations (a-e are 1, 3, 5, 7, 9 wt %, respectively). The red dotted line shows the status
that the tensile stress of the membrane returns to 0, and the blue dotted line indicates the
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elastic recovery value.

The formed smooth and flawless topography on the PFPE-PDIL-TPU
flexible slippery membrane (FSM) is not in a steady state due to the easy
deformation of the TPU-PDIL composite substrate and the flow ability of the
liquid lubricant. As shown by Figure 6.7 a-d, the flat surface topography turns into
rough and porous upon an external tensile stress. It is because that the
stretch-triggered deformation reduces the pressure in the porous matrix and drives
the lubricant to flow and retreat into the pores.149 As a consequence, the free
water-sliding behavior on the flat and lubricated surface will be decelerated and
even halted after a sufficient tensile strain is reached. Figure 6.7e demonstrates the
sliding-control of a water droplet (~30 μl) on the tilted FSM. To be specific, the
water droplet slides freely on the undeformed FSM, but slows down and nearly
stops when a tensile stress is applied (with tensile strain of ~50 %). Meanwhile,
the droplet shape changes apparently from a regular hemisphere to an irregular
one (Figure 6.7f) with advancing angle much bigger than receding angle
indicating an increased sliding resistance force encountered. After the stress is
removed, the high-speed sliding behavior is started again and the droplet shape
converts back to a regular hemisphere indicating the recovery to the smooth
topography of the FSM (Figure 6.7d). In agreement with this performance, the
recorded contact angle hysteresis (CAH) and the sliding angle (SA) change along
with different tensile stain (0-100 %) shows that the difficulty of water sliding
increases with enhanced deformation (Figure 6.7 g-h).
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Figure 6.7. Stain/release triggered topography change and corresponding water sliding
control on the as-prepared PFPE-PDIL-TPU FSM. (a) The topography transition between
smooth and rough along with the relaxing and straining of the FSM, respectively, shown by
FE-SEM images (b-d); (c) shows the topography of the FSM with tensile strain of 100 %; (e)
sliding control of a water droplet (~30 μl) on the tilted (~18 °) FSM by straining and relaxing
(with maximum tensile strain of ~50 %); (f) shows the magnified images of the droplet shapes
corresponding to the different sliding states in (e); (g-h) CAH and SA change along with
increasing tensile strain (the inset in f shows the measurement method of the
advancing/receding CAs).
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A more detailed topography change along with varied tensile strain extracted
from an integral strain-release cycle is shown in Figure 6.8. Namely, the
roughness and the surface pore ratio increases gradually with the increasing
tensile strain, which is responsible for the gradually raised water sliding
obstruction force. Note that a sufficient infusion amount of PFPE should be
ensured, otherwise it is difficult to obtain a water-sliding surface even without
external stress because of the incomplete filling of the pores (Figure 6.5a vii-ix).
Similar PFPE infused flexible system for the control of droplet mobility was
reported before integrating a Teflon porous matrix.149 However, in this work, the
creative synthesis of PDIL make it possible to infuse PFPE into a TPU nanofiber
matrix, which has low chemical affinity towards PFPE itself, and thus to fabricate
a membrane that can afford higher tensile strain (the elongation at break is
~220 %, Figure 6.9). Moreover, as a result of the high tensile strain or great
degree of deformation, a new function can be developed on the prepared FSM:
enhanced condensation triggered by the relaxation of the imposed strain.
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Figure 6.8. FE-SEM images showing the topographies of the as-prepared FSM with different
tensile strain (0, 30, 60, 100 %) extracted from an integral strain-release cycle.
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Figure 6.9. Stress-strain diagram showing the elongation at break of the prepared
PFPE-PDIL-TPU FSM.

In addition to the controllable sliding and pinning of water droplets, which is
one critical feature to enhance the water condensation and shedding, the
affordable high deformation degree of the FSM is another advantage to further
enhance the water condensation and drainage. To be specific, water droplets are
more easily to be pinned on the surface when the FSM is strained, which
contributes to the formation of the initial condensation nucleus to capture more
water droplets to condense. Upon relaxing of the FSM, some droplets may start to
slide due to the topography transition of the surface from rough to smooth.
Furthermore, those smaller droplets that are unable to slide can coalescence
together owing to the significant distance decrease or even the position overlap
between two adjacent droplets along with the high degree of surface reversion.
The sizes of those coalesced droplets are more likely to exceed the sliding
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threshold value and start to shed. The enhanced water condensation and sliding
along with release of the FSM has been investigated in two situations. As shown
in Figure 6.10a, several adjacent water droplets were firstly added onto the top
surface of the bi-directionally stretched FSM. During the decrease of the tensile
stress, the membrane reverted gradually with adhered water droplets coalescing
together along the reverting direction until they start sliding. Also, during the
out-plane deformation from strained to relaxed state by dragging the center of the
circular FSM, some adhered fog droplets coalesced along the spoke direction and
achieved a drastic size increase for shedding (Figure 6.10c, d). In theory, a higher
degree of deformation of the FSM means more coalescence among adjacent
droplets, which in turn lead to more efficient liquid drainage. Comparing to the
complicated design of wettability or shape gradients on rigid surface, which is a
common strategy to improve liquid condensation and drainage, the method
introduced here provides another solution with improved controllability and
flexibility.
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Figure 6.10. Demonstration of the enhanced condensation of pinned water drops along with
the relaxation of the FSM from a strained status. (a-b) Water condensation during the
relaxation from a bilateral and in-plane stretching; (c-d) water condensation during the
relaxation from an out-plane stretching (the right column of d illustrates the side view of the
coalescence of two adjacent droplets located around the dragging point).
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The strain responsive water sliding control and the remarkably high
deformation ability possessed by the prepared FSM make it a potential water
collector that is more suitable to be used in an environment with strong wind. The
wind in nature has pro and con for the efficiency of water collecting. First, the
accelerated fog droplets in soft wind are more readily to be captured by a solid
surface because of the increased impact force. Consistent with this point, our
investigation of the distinct improvement of the water collection efficiency on
both the flexible and rigid slippery membrane (RSM) in wind with speed from 0
to 2 m s-1 (Figure 6.11e) also indicates the obvious advantage brought by a soft
wind. Therefore, even without deliberate modification with wettability or shape
gradients on the surface, water condensation can be highly enhanced by only
strengthening the directional impact. However, as the wind power increases, more
captured water droplets are blown away because of the easy-sliding property of
the slippery surface, especially the rigid one (grey columns in Figure 6.11e), on
which water collection efficiency has a sharp decrease with the increasing wind
power. This is because that there is no deformation occurred on the RSM even
under increasingly strong wind and thus the surface can hardly prevent the splash
of water (Figure 6.11d). From Figure 6.11b, water splashing can be observed
along varied directions off the RSM and the captured droplets can hardly coalesce
together and shed to the collecting container. Also in the rightmost image of
Figure 6.11b, splashed water from the RSM can be observed everywhere on the
background wall near the membrane indicating the severe water loss on the RSM
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in strong wind. Compared to that, the FSM retains the water collection efficiency
with a significant degree: as wind power increases, the decrease of collected water
amount is much more moderate (Figure 6.11e, red columns). Meanwhile, an
interesting water collection process can be observed on the FSM (Figure 6.11a): at
early stage, the water droplets pinned on the membrane are driven to slide to the
boundary and fixed; then with more droplets coalesce at the boundary, larger
drops are formed and start to slide down along the boundary until they reach the
bottom; finally, the accumulated drops drip down when they have adequate
volumes. During the process, very few droplets splash out of the surface (it can
also be observed from the rightmost image in Figure 6.11a that almost no splashed
water is collected on the background wall), which ensures the efficient collection
of water. The better performance of the FSM at water collection in strong wind
can be mainly attributed to the sensitive deformation increment induced by
increasing wind power, which consequently generates increasing sliding
resistance force and thus effectively reduces the water splashing. In additions,
splashing on soft substrates is harder than that on rigid substrates due to energy
losses caused by immediate deformations of soft substrates after impact, which
was recently investigated by Howland et al.265

161

Figure 6.11. Investigation of the water collection process on the prepared FSM (a) in a strong
wind (12 m s-1) with the RSM (b) as reference (the rightmost images of both indicating the
water splashing extent by the quantity of the splashed water droplets collected on the
background wall). (c-d) Illustration of the water droplets movement on the prepared FSM and
the RSM respectively during the water collection process in strong wind. (e) Comparison of
the amount of collected water in 5 minutes by the FSM and the RSM in different wind power.
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Moreover, through wind force analysis (Figure 6.12), there is another
possible reason for the droplets-fixing at the boundary of the FSM that the
composite wind force of the incoming and the backflow wind has the opposite
direction to the movement of the water droplets and thus impeding the water
splashing off the boundary of the FSM. In contrast, the composite wind force at
the boundary of the RSM can aggravate the water splashing due to its small
intersection angle (< 90°) with droplet movement, which also results in the poor
water collection efficiency of the rigid surface in strong wind. To be specific, the
wind directed to the membrane surface will change direction and form backflow
wind which is the driven force leading the water droplets to move to the boundary
and even splash out. At the boundary of the RSM, the direction of the backflow
wind is vertical to that of the incoming wind, which would generate a force
enhancing the splashing of the water droplets off the surface. In contrast, the
backflow wind at the boundary of the FSM is in opposite direction with the
incoming wind (with vector angle >90°). Therefore, the generated composite force
will hinder the water from splashing out of the surface.
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Figure 6.12. The driven force analysis and the droplet movement at the boundary of the FSM
and the RSM (all the images are presented in side view). (a-b) The analysis of the interaction
between the incoming wind force and the backflow wind force, and whether the composite
wind force is enhancing the splashing of water droplets off the surface at the boundary of the
FSM and the RSM, respectively. (c-d) Illustration of the water droplets movement at the
boundary of the FSM and the RSM, respectively.

164

6.4 Conclusion
In conclusion, a flexible slippery membrane has been fabricated by infusing
PFPE into a PDIL coated electrospun TPU nanofiber matrix. The innovative
production of the coating agent PDIL with low surface energy, high chemical
affinity to PFPE, sufficient flexibility and strong physical adhesion broadens the
selection of porous matrix that can immobilize PFPE. The strain/release induced
manipulation of water pinning/sliding, integrated with the high degree of
deformation make the prepared FSM a potential material to enhance water/liquid
condensation and collection. Besides, due to the deformation sensitive water
sliding resistance change and the wind direction adjustment, the FSM exhibits the
ability to preserve the captured water from being blown away by strong wind.
This concept may provide solutions to develop water-collecting devices that are
more suitable to be used in the real nature.
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Chapter 7

Conclusions and Suggestions for Future Work
7.1 Conclusion
In this thesis, a systematic study has been presented on design and
development of textile based smart materials integrating biomimetic concepts to
manipulate

liquid

behaviors

condensation/coalescence,

including

rolling/sliding,

and

wetting/non-wetting,

real-time

mobility.

The

stimuli-responsive feature of the as-prepared materials endows the manipulation
of liquid behavior with flexibility, adaptivity, reversibility, and controllability. For
wetting behaviors manipulation, transition between non-extreme wetting states—
hydrophilicity

and

hydrophobicity,

and

extreme

wetting

states —

superhydrophilicity and superhydrophobicity have been both achieved inspired by
lotus leaf. Mechanism insights into the wettability transition and the wetting
degree have been provided in view of the surface energy and structure. For
manipulation of liquid condensation and coalescence, both the wettability gradient
and shape gradient have been considered inspired by desert beetle back and spider
silk in designing the smart textile surface. The enhanced water condensation and
coalescence have been investigated by a variety of assessment methods. For the
real-time mobility manipulation, a pitcher plant inspired slippery surface has been
fabricated by the incorporation of a flexible membrane. Mechanism insights into
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the tensile stress-responsive and real-time control towards the liquid mobility have
been provided.
The conclusive contributions of this thesis are detailedly summarized as
follows. Firstly, the preparation of a thermo-responsive nanofiberous membrane
through a SI-ATRP method has been introduced. The as-prepared PNIPAAm-RC
membrane shows a switchable wettability, which makes it a smart material with
controllable oil/water separation function. As reported, the oil/water separation
mode can be switched by simply changing the operating temperature. Also,
benefiting from the large surface area provided by electrospun nanofibers, the
efficiency and capacity of oil/water absorption were highly improved. Secondly, a
cost-effective TiO2 doped PVDF nanofiber membrane has been successfully
fabricated by one-step electrospinning. The as-prepared nanofibers had unique
beads-on-string structure and formed highly roughened top surface. Switched by
simple UV irradiation and heating treatment, the TiO2/PVDF membrane can
exhibit

transition

between

superhydrophobic/superoleophilic

and

superhydrophilic/underwater superoleophobic states, which can realize an
on-demand oil/water separation by controlling the passing of water or oil. More
importantly, this TiO2/PVDF membrane possesses excellent anti-fouling property
under UV irradiation by automatically removing the oil stain from the surface,
which is significant in saving solvents and recycling materials. This recyclable,
easily scaled-up, and controllable smart nanofiber membrane can provide
solutions to complex and industry-scale oily water treatment. Thirdly, a
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superhydrophobic surface integrated with light-induced superhydrophilic bumps
has been successfully fabricated by a simple method. Utilizing the beads forming
feature of TiO2 sol on a superhydrophobic surface, raised TiO2 bumps are
obtained, which provides surface energy gradient and Laplace pressure gradient
cooperatively accelerating the directed coalescence of water droplets. Simply
triggered by sunlight, a sustainable energy source, the superhydrophilicity of TiO2
can be achieved without additional effort, which may provide ideas to developing
smart water collection device. Finally, a flexible slippery membrane has been
fabricated by infusing PFPE into a PDIL coated electrospun TPU nanofiber matrix.
The strain/release induced manipulation of water pinning/sliding, integrated with
the high degree of deformation make the prepared FSM a potential material to
enhance water/liquid condensation and collection. Besides, due to the deformation
sensitive water sliding resistance change and the wind direction adjustment, the
FSM exhibits the ability to preserve the captured water from being blown away by
strong wind. This concept may provide solutions to develop water-collecting
devices that are more suitable to be used in the real nature. The textile based smart
and biomimetic materials presented in this thesis can shed light on the future
exploration of low-cost, multifunctional, and easy-manipulate materials or devices
that can be applied on environmental technology.

7.2 Suggestions for Future Work
Materials or surfaces design for manipulation of liquid behaviors is an
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ever-lasting research topic. Although great research progress in laboratory level
has been made in developing smart or biomimetic materials with functions of
manipulating liquid behaviors, the industrial production or application of such
materials only stays in primary stage. Therefore, developing low-cost,
easy-prepare, and durable materials with efficient performance is the most
important target from the industrial process point of view. Based on the progress
achieved and the shortages exist in design and fabrication of materials for liquid
manipulation, some future works are suggested as follows.
(1) The SI-ATRP method used in the temperature-responsive system is not so
cost-effective to be scaled up because the reaction condition involving two
steps isolating from water or oxygen is extremely demanding which will
highly increase the production cost. Seeking reaction with less-demanding
condition or other cheaper polymer substitute to simplify the fabrication
process and lower the cost is the an important issue.
(2) PNIPAAm brushes with more adaptive LCST can be synthesized by
fine-adjusting the polymer characteristics, e.g., Mn and PDI, or grafting
density. Also, by copolymerization with other polymers or synergy with other
molecules, the reported method in Chapter 3 may be extended to a variety of
applications (e.g., drug delivery, chemical separation, ion exchange,
emulsion separation, and molecule detection).
(3) The response rate of the membrane reported in Chapter 4 along with the
stimuli such as UV light exposure or heat treatment is not fast enough, which
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may limit its efficiency and practicability. Other elements doping or
incorporating with the TiO2 nanoparticles can be explored to narrow the
energy gap between valence band and conduction band, and thus to shorten
the response time.
(4) Fabricate more stable textile substrates to hold TiO2. The high photocatalytic
activity of TiO2 will cause damage to the substrate and shorten the usage
period. Oxidation, UV, and aging resisting agents or polymers should be
utilized to reinforce the PVDF substrate to increase the service cycles of the
material.
(5) For the method presented in Chapter 5, more hydrophobic fabrics such as
polyester or polystyrene should be explored to fabricate superhydrophobic
substrate with better water drainage performance. Evaluate the associativity
between the fabric and the SiO2 nanoparticles as well as the long chain silane.
Further study the water condensation or coalescence efficiency, and establish
a balance between water capturing and drainage performance.
(6) Try to shorten the activation time needed to turn the TiO2 bumps
superhydrophilic. Further study the adhesion mechanism of TiO2 bumps onto
the superhydrophobic layer.
(7) Further improve the elastic recovery of the TPU substrate reported in Chapter
6 by modifying the monomers, fabricating copolymers or doping other
materials.
(8) Applying the PDIL onto other substrates such as metal or glass to immobilize
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PFPE and design appropriate device which can transform wind power to
condensation driven force to collect more water in wind.
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