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Abstract
Smart surfaces with dynamic and reversible wettability offer much versatility to meet
various application needs. However, application of the smart materials remains challenging,
mostly due to complex preparation procedure, a small change in the contact angle, and slow
wettability switching. A thorough understanding of wetting phenomena is needed to achieve a
breakthrough in the design of superwettability systems.
This thesis describes an electrochemical technique to evaluate the surface wettability of
rough surfaces based on the wetted area under the droplet. The proportionality between the
double layer capacitance and the ion accessible solid-liquid interfacial area is exploited to
determine the actual wetted area. While the contact angle fails to describe the wetting mode, the
electrochemical approach is capable of discerning the effective wetted area. The electrochemical
wettability metric is also used to understand an anomalous wetting behaviour at which the
contact angle and interfacial area of an intrinsically hydrophilic substrate show a concurrent
increase with roughness. These observations contradict predictions from the Wenzel and CassieBaxter models. Based on a coupled optical and electrochemical analysis, the limitations of
contact angle are highlighted.
An in-situ control over the wettability of electrodeposited copper structure through
electrochemical modulation of oxidation state is demonstrated for the first time. Precise control
over the rate and extent of the wetting transition is achieved by tuning the magnitude and
duration of the applied voltage. Moreover, air drying at room temperature for 1 hour or mild heat
drying at 100°C for 30 min restores the initial superhydrophobicity. Microstructural and
electrochemical analysis show that the active wetting control is based on the Faradaic phase
transformation of the surface-bound CuxO phase shielding the Cu core. Based on the wetting
switching functionality of the Cu-CuxO core-shell structures, a smart oil-water membrane is
designed. The as-deposited or air-dried Cu mesh exhibits superhydrophobicity and
superoleophilicity, thus is effective for heavy oil-water separation. On the other hand, the
application of a small reduction voltage (< 1.5 V) remediated light-oil contaminated water.
Separation efficiencies greater than 98% are achieved with less than 5% variation over 30 cycles.
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Lay Summary
Conventional evaluation of surface wettability, a property that governs the interaction
between solid and liquid phases, is based on optical measurement of contact angle. However, the
solid-liquid interaction beneath the droplet is optically inaccessible. A robust characterization
technique is required to understand the structure-property relationship in the development of
artificial wetting systems with different functionalities. Through determination of wetted area
under the droplet for a series of carbonaceous surfaces with varying roughness, this work has
demonstrated the capability of the electrochemical technique for enhancing the understanding of
wetting phenomena. An in situ electrochemical alterations of wetting properties on additive-free
metal oxide surface has also been demonstrated for the first time. The wetting transition is fully
reversible via air-drying at room temperature or mild heat drying at 100°C. Application of the
copper structures for on-demand separation of light oil-water and heavy oil-water mixtures
shows efficiency above 98%.
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1

Introduction

1.1 Surface wetting theories
Surface wettability is a key physical parameter which manifests the affinity of a liquid
towards a solid phase. Wetting phenomena are ubiquitous and central in various biological
systems and technological applications. For instance, the lotus leaf relies on its self-cleaning and
water-repelling feature to keep the surface free from dirt and contamination, despite living in a
muddy habitat. In industrial applications such as the printing, painting and water treatment
industries, the solid-liquid interfacial interaction embodies a range of surface properties,
including the surface adhesion, friction, biocompatibility, and catalytic activity. When a liquid is
brought in contact with a solid phase, it forms the solid-liquid interface by replacing another
fluid (which is usually a vapour phase). The liquid droplet shape is a result of the competition
between the cohesive interactions between the like molecules in the liquid phase and the
adhesive interactions between the solid and liquid phases

1–3

. Intrinsically a solid surface with a

high affinity towards the liquid phase would form a larger solid-liquid contact area.
Alternatively, the liquid would minimize the contact with the solid surface in the presence of a
strong cohesive force due to the resistance to separation between the liquid molecules.
Characterization of wetting properties of the solid surface has attracted continued interest from
the industry and scientific community due to their fundamental importance as well as vast
applications in the field of painting, printing, cleaning, and many more 4–7.
Due to its simple measurement procedures, contact angle has been widely used as a
parameter to quantify the wetting characteristics of solid surfaces and solid-liquid interaction
10

8–

. Based on the traditional wettability criteria, a system with a static contact angle less than 90°

is regarded as hydrophilic (water-attracting) whereas those with a contact angle greater than 90°
are hydrophobic (water-repelling), as depicted in Figure 1.1

11–17

. However, the general

classification as a hydrophilic or a hydrophobic behaviour based on the cut-off contact angle of
90° has attracted few criticisms

18,19

. Even though the measurement of contact angle appears to

be operationally straightforward, interpretation of the measurement is often complicated by an
array of factors, including surface smoothness, heterogeneity and cleanliness

20

. Any variations

in these surface properties can result in a significant deviation in the measured contact angle,
which could render the interpretation of the experimental results challenging.
1

Critical
Contact Angle
θ = 90°

Hydrophobic
θ > 90°

Hydrophilic
θ < 90°

Fluid/Vapor
Liquid

θ

θ

Solid
Figure 1.1: Classification of wettability of a three-phase system using static contact angle.
An ideal solid surface is defined as topographically smooth, rigid, chemically
homogeneous, insoluble and non-reactive

11,21–23

. The homogeneity of the surface results in a

uniform surface energy and therefore such ideal surface has a single unique contact angle value.
The equilibrium state for a solid-liquid-air system corresponds to the configuration at which the
Gibbs free energy of the entire system is at a minimum value

24,25

. In other words, the contact

angle of a droplet on the ideal surface depends only on the intrinsic surface chemistry, which in
turn dictates the Gibbs free energy minimum

22,26

. The contact angle on such surfaces can be

uniquely described using the Young equation through Young contact angle (YCA). The Young
equation (Equation (1.1)), formulated based on the force balance at the interface of all three
phases (solid, liquid and fluid) around 200 years ago, is one of the most well-known models used
to quantify solid surface energy using the contact angle, Y
cos Y 

27–30

 SV   SL
 LV

:

(1.1)

In the above representation,  SV ,  SL and  LV are interfacial tensions between the solidvapour phase, solid-liquid phase and liquid-vapour phase, respectively. The contact angle (  ) is
defined as the angle between the tangent to the solid-liquid and liquid-fluid interfaces at the
three-phase contact line, as illustrated in Figure 1.1

11

. The macroscopic contact angle

corresponding to the configuration of global Gibbs energy minimum is also known as the
equilibrium contact angle (ECA)

31

. Nonetheless, almost all materials encountered in real life

applications exhibit certain extent of intrinsic roughness features. Therefore, the interactions
under the droplet and more specifically the solid-liquid interfacial area under the droplet can be
2

significantly different from that of a perfectly smooth surface. These differences in the
interactions lead to variation in the apparent contact angle (APCA), which is the angle between
tangents to the liquid-air interface and the macroscopically observable solid surface. This APCA
is experimentally measurable and is widely used as a measure of the surface wetting properties
owing to its straightforward experimental evaluation process. Nevertheless, the APCA could
correspond to the droplet in either the most stable or metastable wetting states. This means that
the APCA might be different from the ECA for the rough solid surface. Since the surface
wettability dictates the formation of the solid-liquid interface, the APCA should correlate with
the geometric considerations and most importantly the wetted area.
The wetting properties of a material are predominantly governed by its chemical
composition and surface geometrical structure

32–37

. Depending on the interplay between these

two factors, wetting of rough solid surfaces can be classified into three general categories:
Wenzel, Cassie-Baxter and mixed Cassie-Wenzel (intermediate) states, as shown schematically
in Figure 1.2

37,38

. In Wenzel wetting state (also known as homogeneous wetting), the water

droplet penetrates completely into the corrugations, cracks and other roughness features of the
solid surface and is in full contact with the surface beneath the droplet. On the other hand, the
droplet in Cassie-Baxter state (also known as Fakir state or heterogeneous wetting state) is
suspended on the tip of surface asperities at which air remains trapped underneath the liquid
phase in the grooves. For a system in an intermediate state between Wenzel and Cassie-Baxter
wetting states, the droplet only partially fills the grooves between the roughness features. In light
of different wetting configurations that could be induced by surface irregularities, the Young
equation (Equation 1.1) must be corrected to take into account these surface morphological
features. The APCA on the real solid surface can be described through the Wenzel or CassieBaxter equations. A surface roughness factor ( r ) is introduced in the Wenzel equation in order to
capture the effect of geometrical heterogeneity 35,39:

cos   r cos Y

(1.2)

3

Figure 1.2: Schematic illustration of the effect of surface roughness on the wetting behaviour of
solid surface: (a) Liquid droplet on an ideal smooth surface that can be described using the
Young equation, (b) Droplet completely fills the grooves of rough surface (Wenzel state), (c)
Droplet partially penetrates into the roughness features (Intermediate state between Wenzel and
Cassie-Baxter regime), (d) Droplet sits on crests of rough patterns (Cassie-Baxter state).
Here,  is the apparent contact angle corresponding to complete wetting of droplet
(Figure 1.2 (b)), r is the surface roughness factor defined as the ratio of effective solid-liquid
contact area to the projected (geometric) surface area, and Y is the Young contact angle (YCA).
Equation (1.2) implies that the surface roughness amplifies the inherent interaction between the
solid surface and liquid droplet. If the contact angle of a smooth surface is less than 90°, the
presence of surface roughness would accentuate the affinity to the water droplet. Therefore, the
APCA of the rough surface will reduce further in comparison to the YCA of the same material.
Similarly, for a smooth surface with an initial contact angle of θ > 90°, the existence of
roughness feature would enhance the non-wetting characteristic, leading to an increase in the
APCA. The use of the simple scaling factor r has nevertheless attracted criticism as the
applicability of Wenzel equation is only restricted to moderate surface roughness. This is
because the maximum attainable value of cosine function is one 40,41. It is suggested that beyond
certain threshold roughness, air can be trapped between the solid surface and liquid phase, which
is characterized as Cassie-Baxter wetting 42. The Cassie-Baxter model describes the APCA with
minimum Gibbs free energy on the rough surface based on the correlation between the surface
structures and the intrinsic wettability as:

4

cos   f s (cos Y  1)  1

(1.3)

In Equation (1.3),  corresponds to the apparent contact angle of the droplet that rests on
the composite surface of solid and air while f s is the fraction of solid in contact with the liquid
phase. Equation (1.3) is a simplification of the original form of the Cassie-Baxter equation on a
composite surface. The composite interface under the droplet consists of solid and air, where the
air pockets are deemed as completely non-wetting, thus having a contact angle of 180°. A
rigorous derivation of the equations above can be found elsewhere 42–44.

1.2 Limitations of contact angle as wettability metric
Although the predictability of the APCA based on the Wenzel and the Cassie-Baxter
equations (Section 1.1) may seem straightforward, experimental evaluation has shown significant
deviations from the predicted values

45–47

. One of the reasons suggested in the literature for the

deviation is that the above model equations average out the effect of roughness by assuming
global considerations 48. Another emerging line of thought for the observed deviation is that the
APCA is independent of the wetted area under the droplet and depends only on the three-phase
contact line at the droplet periphery. The Wenzel and Cassie-Baxter models correlate the APCA
to the wetted area under the droplet. Therefore, the deviations of the experimentally measured
APCA cannot be corrected by improving the pre-existing models. The use of a contact angle as
wettability metric is further complicated by the choice of droplet size in relation to the surface
geometry and line tension effect

49,50

. The following subsections outline three main aspects

concerning the challenges in measurement and interpretation of contact angle.

1.2.1 Role of solid-liquid contact area and three-phase contact line
Based on a series of experiments on materials with a delicately-engineered center spot
with distinct roughness and hydrophobicity, Gao and McCarthy claimed that only the interaction
of solid and liquid at the three-phase contact line is important in dictating the contact angle
value. Specifically, it is suggested that the solid-liquid interfacial area is essentially irrelevant 46.
The similar proposition has also been asserted by Extrand
Bartell and Shepard

52

45

, Öner and McCarthy

51

as well as

. Subsequently, the Wenzel and Cassie-Baxter wetting equations, which

were developed based on the impression that wettability is dictated by interfacial free energies
and the contact area between the liquid and solid phases, fail under these circumstances.

5

Nevertheless, there is lack of theory or predictive model that could relate either the geometry
(shape, length or continuity) or chemical composition of the three-phase contact line to the
magnitude of apparent contact angle (APCA) 53.
Considering the three-phase contact line as the controlling aspect for the contact angle
value itself generates a few complications for the rough surface characterization. The three-phase
contact line can be described as the point where the liquid, solid and the gas phase co-exist.
Depending on whether the droplet is in a Cassie-Baxter or a Wenzel wetting state, the threephase contact line can exist at different locations at the periphery or even under the droplet

48

.

When the liquid completely penetrates into the grooves as described by the Wenzel wetting
configuration (Figure 1.3 (a)), change in the surface free energy and thus the droplet shape and
contact angle can only be accomplished via a shift of the three-phase contact line, which in this
case is similar to the droplet periphery. Therefore, it is obvious that the three-phase contact line
does not exist under the droplet 48. The situation of the Cassie-Baxter wetting where air bubbles
are trapped underneath liquid in the grooves (Figure 1.3 (b)) is more complicated. Multiple threephase contact lines actually exist: macroscopically observable exterior contact line represented
by the droplet perimeter and interior three-phase contact line formed by interfaces of solid,
suspended liquid and trapped air phase locally (Figure 1.3). Consequently, attainment of a stable
contact angle can be achieved by minimization of surface free energy dictated by the interior
contact line under the droplet through liquid penetration into the grooves. In contrast, movement
of the exterior three-phase contact line via an increase in the projected droplet diameter can
cause a change in the contact angle 48. Penetration of liquid that is initially suspended on surface
asperities into the surface features could potentially induce a transition from Cassie-Baxter to
Wenzel wetting state and change in the solid-liquid interfacial area, as well as the apparent
contact angle

48

. In summary, the droplet perimeter cannot be identified as the three-phase

contact line. Instead, the interior contact lines under the droplet should be considered in addition
to the exterior three-phase contact line at the droplet perimeter 48,53.

6

Figure 1.3: Schematic illustration of the existence of exterior and interior three-phase contact line
for Wenzel and Cassie-Baxter wetting configurations. The red dotted arrow represents the
possible direction of droplet movement in response to the supply of external energy.
In fact, the relevance of both the contact line and interfacial area in governing the contact
angle value has been addressed by Marmur and Bittoun by evaluating the assumption of the
Wenzel and Cassie-Baxter models. Based on a series of numerical examples, it is shown that
both interactions at the three-phase contact line and solid-liquid interfacial area are equally
important 54. The actual contact angle along the contact line must match the local Young contact
angle to satisfy the thermodynamic requirement. However, there are many metastable contact
angles that fulfill this condition. It is claimed that the attainment of the most stable contact angle
is governed by the surface properties of the wetted area

54

. Specifically, it is suggested that the

Wenzel and Cassie-Baxter equations are originally formulated by defining a hypothetical surface
with average properties representative of the original surface features. Replacement of the real
surface with an equivalent ideal surface with single Gibbs energy minimum allows the
determination of the most stable energy state which is otherwise impossible

54,55

. Thus the use of

a larger droplet would minimize the effect of surface heterogeneity, in conformity to the
averaging approach adopted in Wenzel and Cassie-Baxter wetting models. In turn, this
requirement for larger droplet size in obtaining the most stable contact angle is claimed to be the
illustration of the significance of the contact area. Therefore, the local and global equilibrium
conditions at the three-phase contact line and the interfacial area, respectively, must be
considered together 54.

7

1.2.2 The multiplicity of contact angle values on the rough surface
Contrary to the case of an ideal surface with single Gibbs free energy minimum, the
Gibbs energy curve of a real surface possesses multiple minima points corresponding to many
possible metastable equilibrium states, as depicted in Figure 1.4 11,56. Presence of multiplicity of
Gibbs energy minima for a rough solid surface is a consequence of the variation in the local
microscopic properties of the solid surface. These microscopic variations can arise from the
surface roughness or chemical heterogeneity. On a microscopic scale, this leads to the formation
of different actual contact angles (ACCAs) at each surface site at the periphery of the droplet. A
local energy minimum exists when the droplet satisfies both the thermodynamics and the
geometric considerations. In order to achieve either the metastable or the most stable state, two
thermodynamics conditions must be fulfilled: firstly the local actual contact angle (ACCA) must
match the Young contact angle (YCA), and secondly the local mean curvature of the droplet
must conform to the local pressure difference across the liquid-air interface (∆P), as described by
the Young-Laplace equation 25,54,57,58:
P   LV (

1
1
 )
R1 R2

(1.4)

In the above expression, R1 and R2 are the two principal radii of curvature of the droplet.
In addition, the droplet shape must also conform to the geometrical constraint of constant
volume, which imposes a relationship between the droplet radius, location of contact line and the
apparent contact angle. Theoretically, a droplet could exist at any of the metastable states (Figure
1.4) at which the thermodynamics and geometric criteria are simultaneously satisfied, leading to
the multiplicity of the apparent contact angle (APCA) 11,54,59. Therefore, in contrary to the unique
Young contact angle of the ideal surface, the APCA of the rough surface cannot be uniquely
determined. Instead, the value lies between a maximum and minimum value known as the
advancing (ACA) and receding contact angle (RCA). Non-singularity of the contact angle values
poses a challenge in using the contact angle values for estimating the relative wettability of
rough surfaces.

8

Figure 1.4: Gibbs energy profile of (a) an ideal solid surface and (b) a real (rough) solid surface
in relation to the contact angle value.
The existence of multiple thermodynamic states could give rise to the measurement of
contact angle values that fail to reflect the representative surface features under the droplet and
the effective surface wetting properties. At a metastable state, the system is essentially trapped in
a local minimum state imposed by the energy barriers that hinder it from reaching the global
minimum energy state 60. The droplet is pinned to the surface defects due to resistance imposed
by the surface structure and/or chemical heterogeneity. External energy is required for the system
to overcome the energy barrier and to transit the droplet from one metastable energy states to
another. Various approaches have been reported in the literature to provide the additional energy
for inducing the transition between thermodynamic states, such as mechanical, thermal or
electrical energy

40,61–64

. From a practical point of view, determination of the amount of energy

required to attain the global minimum energy state can be quite challenging. Moreover, the
global Gibbs energy minimum state is not readily recognizable experimentally 65.
Wolansky and Marmur have mathematically shown that a droplet at the state of global
energy minimum should be symmetrical. Accordingly, present best practice in measuring contact
angle is to ensure that the droplet is axisymmetric

25,39

. However, the presence of symmetrical

droplet is a necessary but not sufficient condition to ensure that the system is at a globalminimum wetting state. It is also worth mentioning that while a droplet on a rough surface may
reveal a seemingly circular shape on a macroscopic scale, there will always be a certain degree
9

of local deformations due to slight inclination of surface defects

58,66

, as depicted schematically

in Figure 1.5.

Figure 1.5: Local deformation of the three-phase contact line as a result of surface defects
leading to asymmetric droplet shape.
The symmetry of droplet should rather be perceived as a prerequisite for proper contact
angle measurement since the evaluation of contact angle from an asymmetric droplet is not
meaningful. The reason is that the measured apparent contact angle of a distorted droplet would
vary with each angle of observation 25. It has been proposed that in addition to taking a side-view
image of the droplet, a top-view picture should also be captured to ensure droplet symmetry 11.
The use of a larger droplet is also favourable in attaining the desired symmetrical shape as the
effect associated with surface roughness and chemical heterogeneity would be minimized
11,39,48,67

. It has been showed that a droplet resembles closer to the spherical cap shape with more

circular contact line when a larger droplet size is used because the increase in droplet volume
minimizes the corrugation of contact line at local scale 67,68. The higher internal energy possessed
by a larger droplet would also facilitate movement past the energy barrier towards the global
energy minimum state

68

. Additionally, another study on the effect of droplet size showed that

the Wenzel and Cassie-Baxter equations used for the interpretation of the contact angle give
better predictions when the droplet size is larger by several orders of magnitude in comparison to
the scale of surface roughness or heterogeneity 39. In other words, the experimentally measured
contact angle would approach the value predicted by Wenzel and Cassie-Baxter wetting models
when a larger droplet volume is used (Figure 1.6).
10

Figure 1.6: Schematic illustration of the effect of droplet volume on the droplet symmetry and
approximation to Wenzel and Cassie-Baxter equations for the rough solid surface. As the droplet
size increases relative to the scale of surface heterogeneity, an approximation of the Wenzel and
Cassie-Baxter models to the most stable contact angle improves. The corrugation of the contact
line is exaggerated for illustration purpose.
The requirement on droplet volume described above, however, leads to an interesting
complication concerning the ideal droplet size for comparison of surface wettability between
different materials. Given the plethora of surface roughness parameters that have been used in
evaluating surface geometry, the selection of proper roughness scale is also not trivial
line tension effect dominates when the droplet size is very small

25,70–72

69

. The

. On the other hand, the

gravitational effect becomes more predominant with a larger droplet, resulting in distortion of the
droplet shape

73

. Moreover, restriction on the ratio of droplet size to surface roughness scale

would impose a certain degree of technical complexity since the type and size of samples that
could be analyzed is limited 73.
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1.2.3 Droplet size dependence of contact angle
The Young equation implies that the contact angle is only dependent on the surface
tensions of the constituting solid, liquid and air phases, but not the mass or volume of liquid used
in the measurement 57. In other words, the contact angle should ideally be an intensive quantity.
Nevertheless, experimental evidence in the literature reveals a wide range of contact angles in
chemically similar systems when different droplet volumes are employed

50,74,75

. A possible

explanation is that the derivation of Young equation entails many simplifications, including the
assumption of perfectly smooth and homogeneous surface as well as exclusion of the effect of
molecular interactions at the three-phase contact line

57,72

. In order to account for the effect of

droplet size, the concept of line tension has been introduced, leading to a modified form of
Young model as shown in Equation (1.5) and (1.6) 57,76–84:
cos   cos  

cos  

 1
 LV R

(1.5)

 SV   SL
 LV

(1.6)

 is the line tension, R is the radius of the three-phase contact line,  is the
experimentally measured contact angle of finite droplet volume, and   is the contact angle
corresponding to an infinitely large droplet. Equation (1.5) is a simplified case for the ideal solid
surface at which the three-phase contact line corresponds to a perfect circle. In other cases, the
term

1
has to be replaced by the appropriate radius of curvature of the contact line. When the
R

contact line radius is infinitely large, Equation (1.5) implies that the contact angle would reduce
to equilibrium contact angle predicted by the classical Young equation (Equation (1.6)) 27.
Line tension can be perceived as a manifestation of an imbalance of different
intermolecular interactions experienced by the molecules in the vicinity of the three-phase
contact line. Depending on the type of systems, intermolecular forces that could exist include the
van der Waals, electrostatic, solvation and steric forces

20,85,86

. In an analogy to the surface

tension, the line tension is defined either as the specific free energy (per unit length) of the threephase contact line or as the force acting at the three-phase line

21,57,87,88

. As seen in Equation

12

(1.5), the slope of cos θ against

1
depends only on the sign of line tension since the surface
R

tension of the liquid phase is always positive. If the line tension is positive, the linear plot of cos
θ to

1
would exhibit a negative slope, signifying a decrease of the contact angle with increasing
R

radius of contact line, or equivalently droplet volume. A negligible line tension would imply a
constant contact angle with droplet volume. In contrast, the slope of cos θ to

1
would be
R

positive and the contact angle would increase with increasing droplet volume when the line
tension is negative 57.
Different signs and orders of magnitude of line tension have been reported in both
theoretical and experimental observations 20. Typical line tension values are in the range of 10-11
and 10-5 J m-1 with both positive and negative signs

20,75,89

. Although there is lack of agreement

on the sign and magnitude of line tension, many attempts have been made to explain the trends in
contact angle relative to the droplet volume using the concept of line tension. Figure 1.7
summarizes three possible trends of change in contact angle with increasing droplet volume that
have been observed experimentally. As the droplet size increases, the macroscopic contact angle
can either decrease, increase or even remains constant, corresponding to positive, negative and
insignificant line tension effect, respectively 57,21.
It has been suggested that the controversy over the sign and magnitude of the line tension
might be partially caused by artifacts in the experimental approach (sample preparation),
misinterpretation of the mathematical models as well as inappropriate comparison between
systems with different geometries 20,21,90,91. Despite extensive studies on the subject, it is unclear
whether the size-dependent wettability can be sufficiently described using the line tension
concept as the value and sign of line tension remains a subject of controversy 92. However, it is
noteworthy that the line tension effect is only prevalent for an extremely small droplet in the size
of nanometer range. This is because the influence of line tension at contact line becomes more
important than the surface tension effect at such small scale. Therefore it is almost negligible for
practical measurement of contact angle in most applications 11,54,72,93–97.
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Figure 1.7: Summary of observed trends of the contact angle with increasing droplet volume in
the literature. The droplet size dependence of the contact angle has been explained using the line
tension (  ) effect.

14

1.3 Surface wetting control
Biological organisms in nature exhibit unique surface wettability in order to adapt to their
living environment. A diverse range of wettability can be observed, ranging from the lowadhesion superhydrophobic lotus leaf with the self-cleaning property, high-adhesion
superhydrophobic gecko foot, to the in-air superhydrophilic and underwater superoleophobic fish
scale. Inspired by these natural systems with superwetting/anti-wetting properties, significant
efforts have been devoted to fabricating artificial surfaces with different wettabilities by
engineering the surface microstructure and chemical composition. Functional materials with
distinct wetting properties have been fabricated through chemical vapour deposition,
electrospinning, femtosecond laser micromachining, plasma treatment, lithography and so on.
This approach of tailoring the surface chemistry and morphology represents a passive means for
tuning the material wettability. The static nature of these modifications prevents the surfaces to
alter the wettability in response to their environment. In fact, active control over the surface
wettability is highly desirable in applications including microfluidic devices, sensors, tunable
optical lenses, and smart membranes. A number of stimuli-responsive materials featuring
dynamic and reversible wettability alteration upon stimulation have been designed. Driven by
external stimuli such as pH, temperature, solvent, electric potential, and light, the smart surfaces
can switch between two opposing wetting states of superhydrophobicity and superhydrophilicity
in a reversible manner.

1.3.1 Passive wettability control through surface chemistry and structure
modification
It has been established that surface wettability of a solid substrate is governed by both the
surface energy and geometrical structure

98

. Thus the design of artificial wetting systems has

been revolved around either modifying the surface chemistry, morphology, or both

99,100

. The

chemical composition dictates the intrinsic wettability of the surface as described by the Young
contact angle (YCA). However, the highest contact angle reported to date for surface obtained
through chemical modification alone is only about 120°

101,102

. In fact, both Cassie-Baxter and

Wenzel equations suggest that geometrical configuration is a key factor governing the surface
wetting properties. Several studies have demonstrated that superhydrophobic behaviour can not
only be generated on the intrinsically hydrophobic surface, but also on the hydrophilic surface by
15

creating sufficient roughness such that the solid-liquid interface is minimized 103. Correlating the
surface structure and wetting properties, numerous design principles and the role of geometrical
parameters have been proposed to guide the fabrication of superwetting and anti-wetting
materials

104

. Marmur claimed that the convex roughness feature is favourable over the concave

roughness in trapping the air pockets to form the Cassie-Baxter state

55

. Another study showed

that the presence of re-entrant topography induces a negative Laplace pressure difference due to
trapped

air

within

the

surface

roughness,

which

helps

to

stabilize

the

surface

superhydrophobicity 105,106. The durability of the superhydrophobic surface can also be increased
by creating a hierarchical structure with multi-scale roughness in the range of micro- and
nanometer

107

. The multiplicity of roughness scale improves the resistance against water

penetration into the roughness features, thus endowing the surface with higher mechanical
stability than single-scale roughness surface 108–110. Although the hierarchical architectures is not
a prerequisite for superhydrophobicity, it reduces the aspect ratio of the macroscale structure
necessary to achieve the Cassie-Baxter state

101,108

. Based on these structure-property

relationships, various synthesis routes have been adopted.
The fabrication techniques that have been employed in the preparation of artificial
surfaces with superwettability can be categorized into the top-down or bottom-up approaches.
The top-down synthesis methods involve a restructuring of bulk materials in the form of etching,
templating, lithography, micromachining, and plasma treatment 111. In the bottom-up approaches,
smaller building blocks are integrated into a more complex object through self-assembly.
Examples include chemical synthesis, electrochemical deposition, electrospinning, layer-by-layer
deposition, colloidal assembly, and sol-gel method 103,112. Compared to the top-down approaches,
the bottom-up methods allow a higher degree of control over the molecular arrangement and
chemical composition 112. The electrochemical deposition method is particularly attractive due to
its high controllability, scalability, reproducibility, and implementation simplicity. Fine control
of the material properties can be achieved by simply adjusting the deposition parameters, such as
the electrolyte composition, applied potential or current density, deposition time, temperature,
and pH 113. A variety of surface morphologies have been synthesized using the electrodeposition
technique, including rods, fibres, needles, dendrites, and flower-like structures 111,114–119.
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1.3.2 Active wettability control on the stimuli-responsive surface
In contrast to the static wetting properties induced by structural and chemical
modifications, smart surfaces with dynamically switchable and reversible wetting properties
offer much flexibility and versatility. The dynamic change in the wetting behaviour is usually
triggered by an external stimulus within a short time period. The external stimulus causes a
change in the surface structure or chemical composition, which leads to an alteration in the
surface wettability

120–122

. Such on-demand wetting alteration finds numerous technological

applications such as self-cleaning surfaces, microfluidic tools, tunable optical lenses, lab-on-achip systems, smart membranes, and corrosion platforms

123–127

been used to achieve the wettability alteration, including pH
irradiation

132,133

, solvent treatment

134,135

and electric field

136,137

. Various external stimuli have

128,129

, temperature

130,131

, light

. Table 1.1 gives an overview of

the wetting switching techniques that have been reported in recent years. Among the various
wettability alteration approaches, the electric field stimulation has the advantages of real-time
response, fast switching, and high stability 138. The electric potential-assisted wettability control
can be realized by a conformational change of functional molecules, charge accumulation at the
solid-liquid interface (electrowetting), and redox reaction induced chemical change

38

. For

biological applications that could be susceptible to drastic chemical, electrical, UV, or heat
stimulations, wettability regulation actuated by mechanical force is favourable

139

. By

manipulating the morphological features of elastic material by mechanical strain, dynamic tuning
of the adhesion and wetting properties can be achieved 140–143.
As illustrated in Table 1.1, a number of the stimuli-responsive surfaces entail the use of
tedious preparation steps and chemical additives to acquire the surface chemistry and structure
essential for the superwetting-anti-wetting properties. In addition, some of the wettability
transitions require extreme conditions such as high voltage, special light sources and corrosive
solvents

144,145

. The range of CA transition and switching speed also remains an important topic

of research. From a practical perspective, a few key features are required to extend the
applicability of the material, including a wide range of achievable contact angles, fast response
time, and a stable intermediate wetting state. In this context, the use of redox reactions in
stimulating the wetting transitions is particularly attractive. Wetting alterations mediated via
redox reactions demand much lower potentials than those required for electrowetting and
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therefore they are more versatile and efficient approaches to achieve smart wetting alteration
146,147

.
The design of the electrochemical technique depends on the base material and therefore

different mechanistic approaches are involved. Various electrochemical approaches reported in
the literature include the use of conformational re-orientation of polyelectrolytes 148, oxidation or
reduction of conductive polymers 149,150, intercalation and de-intercalation of ionic species 151,152,
attachment of oxygen functional groups for carbon nanotube arrays

153

and addition of chemical

dopant or grafting of redox molecules 154,155. Recently, the low voltage has been used to facilitate
electrowetting without any electrochemical reactions following the accumulation of charges at
the interfaces. The basic requirement for low-voltage electrowetting involves using a material
with low intrinsic electroactivity such as steel, gold and graphite

156–158

. The potential required

for such electrowetting process is on par with that of the electrochemical process. For example,
the wetting transition was reversible for the gold surface at < 0.7 V
an irreversible transition using 1.5 V

157

156

, the steel surface showed

, and electrowetting on the graphitic surface was

observed at a voltage of approximately 1.5 V 158.
One specific group of stimuli-responsive material that has been extensively investigated
is the inorganic-oxide based material

120,159–162

. Generally, planar metallic and metal oxide

surfaces possess high surface energy and hence low contact angle (CA)

159

. However, upon

modifying their surface morphology or treating with low surface energy compounds

163–165

,

superhydrophobic properties can be achieved. Due to its abundance, low cost and ease of
synthesis in several nanoscale topologies, copper and its oxides have attracted much interest for
the preparation of the superhydrophobic surfaces

166

, electrochemical sensors

167

, energy storage

materials 168 and photo-electrochemical water reduction catalysts 169. Different oxidation states of
copper show distinct intrinsic wetting properties. The metallic Cu is hydrophilic with CA of
approximately 78° while the cuprous oxide (Cu2O) and cupric oxide (CuO) display hydrophobic
and hydrophilic character with CA of about 100° and 20°, respectively 159,170,171. The commonly
observed copper oxide, Cu2O is formed when Cu gets oxidized
oxidization during prolonged exposure to ambient air

159

172

or CuO undergoes de-

. The replacement of surface hydroxyl

groups by oxygen during air exposure has also been attributed to the de-oxidization of CuO to
Cu2O

173

. The opposing wetting properties of these two copper oxides make them suitable
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candidates for developing materials with tunable wettability without additional low surface
energy reagents. Copper oxide based surfaces with reversibly switchable wettability under
external stimuli without the addition of chemical reagent have been reported in the literature
120,159,163,173

.

The dynamic wetting alteration for the copper oxides has been demonstrated with various
forms of external stimuli, including heat, ultraviolet (UV)-radiation and X-rays. Lee et al.
induced structural and compositional changes to a copper substrate by oxidizing and reducing the
copper surface at different temperatures

170

. In their study, the outermost surface layer was

dominantly composed of Cu2O which along with the surface modifications led to different levels
of hydrophobic behaviour. Chang et al. showed the use of annealing temperature to attain CuO
surface with contrasting wetting characters. The authors showed that the CuO surface becomes
hydrophobic by annealing at 100ºC, but the surface is hydrophilic when annealed at 350ºC in air
159

. The surface hydrophobicity is achieved via surface oxidation and annealing at 100ºC in air in

order to promote the transformation of the hydrophilic CuO phase to Cu2O dominant phase with
hydrophobic property

159

. Pei et.al reported the switchable wettability of CuO during repetitive

exposure to UV and dark storage for creating hydrophilic and hydrophobic surfaces, respectively
173

. The author used UV exposure time of 4 hours and dark storage of 2 weeks in the study.

Kwon et al. showed that the X-ray irradiation modifies the wettability of inorganic substrates
including CuO to a superhydrophilic behaviour within a time period of fewer than 10 minutes 120.
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Table 1.1: Overview of the wettability switching techniques reported in the literature
Stimulus
Temperature (25 to
40°C)
pH
(1 to 13)
Mechanical force
Electric potential
(~0.8 V)
O2 plasma
treatment / dark
storage
Thiol
modification/air
annealing
Cl- and PFOcounterion
exchange
UV irradiation /
dark storage

Synthesis method
 Polymerization






Electrodeposition
Thiol modification
Commercial film
Thermal treatment
Surface grafting

 Solvent oxidation





Etching
Electrodeposition
Thiol modification
Solution
immersion
 Plasma treatment
 Polymerization
 DC reactive
magnetron
sputtering

H2O2 oxidation /
vacuum
deoxidation

 H2O2 solution
dipping

Electric potential
(10 V)

 Chemical bath
deposition

CO2 / N2 treatment

 Polymerization
 Electrospinning

Material

Change in
water CA

Switching speed

Reference

Poly(N-isopropylacrylamide)
(PNIPAAm) film

149.3 to 0°

Several minutes

Sun et al. 174

Thiol-coated gold surface

154 to 0°

Several seconds

Yu et al. 128

Polyamide film
Ferrocene modified TiO2
nanotube

151 to 0°

-

115 to 65°

2 min

Zhang et al. 175
Schmidt-Stein
et al. 176

CuO / Cu(OH)2

159 to 0°

3 min plasma / 72hour dark storage

Chaudhary et
al. 177

CuO film

165 to 0°

10 to 30 min

Wang et al. 178

Polyelectrolyte-tethered
transparent glass surface

164 to 3°

5 min

Hua et al. 179

TiO2 film

110 to 0°

30 min UV / 1week dark storage

Zheng et al. 180

CuO film

150 to 5°

8 hour

Tu et al. 171

154 to 0°

20 min

Lin et al. 155

140 to 36°

15 min

Che et al. 181

N-dodecyltrimethoxysilane
(KH1231)- modified copper
foam
PMMA-co-PDEAEMA
nanofibrous membrane
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Stimulus

pH
(3 to 12)
H2 / O2 gas
annealing
Temperature
(25 to 40°C)

UV-vis irradiation
/ dark storage
H2O2
oxidation/vacuum
drying
O2 plasma
treatment/heat
treatment
Electric potential
(2.5 to 35 V)
Annealing
(150 and 400°C)
Electric potential
(< 1.5 V) / air
drying

Synthesis method
 Anodic oxidation
 Gold layer
spraying
 Thiols
modification
 Chemical vapour
deposition
 Electrospinning
 Hydrothermal
 Spin coating
 Stearic acid
modification
 Hydrazine hydrateassisted chemical
reduction
 Redox etching
 Chemical
precipitation
 Chemical vapour
deposition
 Annealing
 Chemical bath
deposition
 Annealing
 Electrodeposition

Material

Change in
water CA

Switching speed

Reference

Aluminum alloy

160 to 0°

-

Liu et al. 182

ZnO nanowires

153.5 to 0°

60 to 90 min

Yadav et al. 183

Poly-N-(isopropyl acrylamide)
(PNIPAM) and poly(vinylidene fluoride) (PVDF)
blend membranes

136 to 5°

Several seconds

Ranganath et
al. 184

Bismuth-based
micro/nanomaterial

163 to 10°

5-80 min UV-vis /
3-26 day dark
storage

Yang et al. 185

Copper surface

150 to 0°

1 min H2O2
oxidation / 1-hour
vacuum drying

Yang et al. 186

FeNiOx(OH)y-coated nickel
mesh

153 to 0°

2 min plasma / 3hour heat treatment

Zhou et al. 187

Super-aligned carbon nanotube
(SACNT)

156 to 20°

-

Zhang et al. 188

ZnO surface

164 to 0°

30 min to 6 hour

Velayi 189

Cu/CuxO surface

160.8 to 10°

Several seconds to
minutes of voltage
/ 1 hour air drying

Present study
190,191
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2

Motivation and research objectives

2.1 Objectives
Although the sessile-drop contact angle measurement has been widely used as a tool to
characterize surface wettability due to its simplicity, interpretation of the results can be
challenging, as discussed in Section 1.2. A robust wettability characterization method is required
to enable a thorough understanding of the effect of geometrical parameter and surface chemistry
on the wetting behaviour. As shown in Section 1.3, such structure-property-function relationship
will establish a set of design criteria in the development of functional surfaces with special
wettabilities. In order to realize the full potential of smart interfacial materials with
superwettability, several aspects need to be improved, including the material cost, fabrication
method, wetting switching condition, the range of contact angle transition, switching speed, and
durability.
The focus of this thesis work was thus to develop a new wettability characterization
technique to overcome the limitations of the optical method and to design a simple approach for
fast and reversible wetting switching on the stimulus-responsive surface. The specific objectives
are outlined as follows:
1) Development of electrochemical wettability characterization technique


To design an electrochemical testing platform for characterizing the wetting
behaviour of the surface with a regular and irregular roughness



To devise a new wettability metric to overcome the limitations of contact angle



To investigate the effect of testing parameters on the electrochemical wettability
metric, e.g. electrolyte composition, scan rate

2) Development of electrochemical wettability switching method


To identify a low-cost, simple and fast route for in-situ wettability alteration



To investigate the effect of applied potential magnitude and duration on the
wetting switching



To investigate the reversibility of the wettability transition



To investigate the wetting switching mechanism



To explore and demonstrate the relevant application of the tunable wettability
22

2.2 Thesis layout
This thesis is organized into five chapters. Figure 2.1 is a schematic layout of this thesis
depicting the approaches taken to meet the objectives.


Chapter 1 provides an overview of the surface wetting theories highlighting the
challenges in using contact angle for wettability characterization. The typical approaches
employed for controlling the surface wettability are presented. The challenges and
opportunities in using the stimuli-responsive materials with switchable wettability are
also discussed.



Chapter 2 presents the objectives of this thesis work along with a layout illustrating the
thesis organization.



Chapter 3 describes the use of an electrochemical approach for characterization of
surface wetting behaviour. An electrochemical-based wettability metric is proposed and
evaluated based on a series of experiments on rough surfaces. The robustness of the
electrochemical technique is compared against the standard wetting measurement tool,
namely the static contact angle. The results were analyzed based on the Wenzel and
Cassie-Baxter wetting models.



Chapter 4 presents an electrochemical wettability control technique based on
manipulation of the surface oxidation state. The wetting alteration mechanism was
investigated using a combination of physical characterization techniques and
electrochemical analysis. The wetting switching feature was also demonstrated for ondemand separation of oil-water mixtures.



Chapter 5 summarizes the research outcomes and significance, conclusions and
recommendations for future work.
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Figure 2.1: Thesis layout
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3

Electrochemical approach for surface wettability evaluation

3.1 Introduction
Conventionally, the contact angle is used as a metric for quantitative evaluation of the
surface wettability. The apparent contact angle of a droplet placed on a rough surface differs
from that on a smooth surface and it depends on the type of solid-liquid (S-L) interface under the
droplet. For a rough surface, there are two possible wetting mechanisms. In the first case, the
liquid can penetrate into the roughness features forming a fully wetted homogeneous interface
under the droplet. In another scenario, the liquid phase can stay suspended on the roughness
asperities leading to a composite solid-liquid-air interface. The presence of surface roughness
changes the S-L interfacial interaction, which dictates the effective interfacial area beneath the
droplet. Subsequently, the variation in the interfacial area and wetting state affect the apparent
contact angle. In order to predict the roughness induced change in the contact angle, various
theoretical formulations have been developed. The two most widely used models are the Wenzel
(Equation (1.2)) and the Cassie-Baxter (Equation (1.3)) equations that are described in Section
1.1. The objective is to predict the apparent contact angle (  ) for a rough surface as a function
of the Young contact angle ( Y ). The vast majority of these models involve a direct or an
indirect correlation between three important parameters:  , Y and the solid-liquid (S–L)
interfacial area under the droplet. While the optical evaluation procedure for the contact angle is
well established, estimating the wetted interfacial area poses problems primarily due to the
limited optical accessibility.
Despite extensive applications of the Cassie-Baxter36 and Wenzel35 models in the
literature, there has been a long-standing debate regarding the validity of the models and their
range of applicability

46,192

. The influence of droplet volume during the measurement of

wettability parameters has also shown some contradictory results 193. A quantitative evaluation of
the wetted area could provide additional insights into addressing these issues. Moreover,
identifying the appropriate model to represent the wetting behaviour based on the optically
measurable  and Y values can be challenging. For example, when the substrate is intrinsically
hydrophobic, both the Cassie-Baxter model and the Wenzel model predict an increase in the
contact angle with roughness

22,37

. Understanding the dynamic behaviour of the droplet on
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hydrophobic surfaces is also an important field that can benefit from the accurate measurement
of solid-liquid (S-L) interfacial area 194,195.
Model systems with the patterned roughness of known dimensions for approximating the
S–L interfacial area have been used to circumvent these problems

192,196,197

. However, even for

the patterned roughness, the liquid meniscus under the droplet can behave differently depending
on the geometry, leading to inaccuracies in the predicted values

197–199

. Additionally, the

approximations based on a pattern cannot be extended for the surface with irregular roughness
features due to the stochastic nature of the surface topologies 200.
This chapter describes the development of an experimental approach to overcome the
limitations in the contact angle measurement. The proposed method evaluates the parameters  ,

Y and S–L interfacial area using a combination of optical and electrochemical measurements.
Figure 3.1 highlights two shortcomings associated with the use of contact angle for surface
wettability characterization. These two aspects entailing the ineffectiveness of the contact angle
in capturing the roughness effect are used to demonstrate the capability of the electrochemical
approach. We have shown that the limitations of the conventionally used optical method can be
overcome by the electrochemical measurement of the double layer capacitance of the surface. In
particular, the proportionality between the electrochemical double layer capacitance and the S-L
interfacial area is used to determine the wettability of rough surfaces. Through a quantitative
comparison of the model predictions with the experimental results, we identified the model
which best describes the wetting behaviour. The applicability of the electrochemical double layer
capacitance as a wettability metric was illustrated on carbon surfaces with regular (plasma
treatment) and irregular (mechanically polishing) roughness. Previous studies showed that
relative scale of the roughness with respect to the double layer thickness and the mass transport
rates within the nano-pores could affect the capacitance measurement 201–203. The impact of these
roughness-induced phenomena on the electrochemical wettability measurement has also been
systematically studied in present work. By enabling the study of surface structures with a
stochastic distribution, the electrochemical technique has the potential to be used in
complementary to the optical method to advance the understanding of wetting phenomena.
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Figure 3.1: Overview of two aspects of the limitations in static contact angle measurement
addressed in this study. (a) Contact angle increase on an intrinsically hydrophobic surface can
correspond to both Wenzel and Cassie-Baxter wetting states. (b) Experimental results showed an
anomalous increase in contact angle and S-L interfacial area after the introduction of roughness
on the intrinsically hydrophilic surface, which contradicts prediction of Wenzel and CassieBaxter models.
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3.2 Experimental methods
3.2.1 Sample preparation
Glassy carbon (GC) discs with 10 mm diameter (Sigradur G from HochtemperaturWerkstoffe GmbH) were used as substrates for studying the effect of roughness on surface
wettability. Prior to any treatments, all bare GC discs were polished to a mirror finish with 1 µm
monocrystalline diamond suspension (Allied High Tech Products Inc.) on a polishing cloth. The
polished GCs were successively cleaned with acetone, isopropyl alcohol, and deionized (DI)
water for 10 min each in an ultrasonic bath. The approaches used for inscribing regular and
irregular roughness on the GC discs are outlined in Section 3.2.1.1 and 3.2.1.2, respectively.

3.2.1.1 Plasma treatment
Plasma treatment is used to generate randomly and homogeneously distributed
nanostructured surface roughness features on the GC discs. A Sentech Etchlab 200 reactive ion
etcher instrument was used for this purpose. The roughness variation was achieved by
controlling the etching condition and the processing time. The samples were dried overnight and
pre-evacuated in the pressure range of 10−6 Torr. The etching process was performed under
pressure of 300 mTorr and radio frequency (RF) power of 300 W with 30 sccm O2 gas flow to
create nanostructures on the GC surface

204,205

. In order to generate different roughness scales,

different etching durations ( tO 2 ) of 2 min, 5 min and 10 min were utilized. Following the O2
plasma etching, the samples were hydrophobized under 300 mTorr of 30 sccm CF4 gas flow and
100 W RF power for the duration of 1 min

206

. A smooth mirror-polished sample was cleaned

using a short (20 sec) O2 plasma step followed by the same hydrophobic treatment to be used as
the baseline. Similar surface treatment (O2 plasma treatment followed by CF4 plasma treatment)
leads to similar surface chemistries and hence comparable electrochemical behaviour is
expected.

3.2.1.2 Mechanical polishing
Irregular roughness features are created by mechanical polishing treatment. In contrary to
micro- or nano-patterning, surface polishing with abrasive paper generates realistic surfaces that
are relevant for industrial applications. One of the mirror-finish polished GC substrates was used
as the smooth surface baseline to the mechanically abraded samples. Three GC discs were
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roughened with abrasive papers of grit size 1200, 800, and 400. The grit size is a reference to the
number of abrasive particles per inch of sandpaper

200

. The grit size of abrasive papers ranges

between 15 and 65 µm, which results in different microscale roughness features as shown in the
scanning electron microscopy (SEM) and atomic force microscopy (AFM) images in Section
3.3.2. After the mechanical abrasion, the GC substrates were cleaned by ultrasonication in
acetone, isopropyl alcohol and DI water for 10 min each.

3.2.2 High-throughput sessile droplet setup for simultaneous optical and
electrochemical measurements
Figure 3.2 shows a schematic diagram of an in-house developed sessile drop setup with
coupled contact angle and electrochemical measurement capabilities that was used in this thesis
work. The system works as a miniaturized three-electrode electrochemical cell consisting of a
liquid droplet as the electrolyte medium, the substrate as the working electrode, and the two
platinum wires (Fisher Scientific) as the counter and pseudo-reference electrode, respectively.
The working, counter and reference electrodes were connected to an electrochemical analysis
system (Biologic SP-150) to facilitate electrochemical measurement. The substrate was clamped
on a sample holder consisting of copper contact pads mounted on an x-y platform (Siskiyou
Inc.). The platinum electrodes are embedded in a polycarbonate plate and are mounted on a
vertical displacement platform for controlling the distance between the platinum wires and the
substrate. The experimental procedures involve placing a droplet on the substrate using a
precision micropipette, followed by lowering of the two platinum wires into the droplet bulk to
complete the circuit for electrochemical assessment. The thickness of the platinum wires is 25
μm, which ensures minimum distortion of the droplet shape. The setup was coupled with a
camera (Canon T6i), lights and a diffuser ring to capture the droplet side view image. Apart from
the optical evaluation of contact angle, the setup offers the versatility to measure the
electrochemical double layer capacitance proportional to the solid-liquid (S-L) interfacial area
between the droplet and substrate under study 207. Using this proportionality, the S–L interfacial
area is quantified and used as a wettability parameter along with the optically measured contact
angle.
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Figure 3.2: Schematic representation of the opto-electrochemical setup for simultaneous optical
and electrochemical measurements. WE, CE and RE represent the working electrode, counter
electrode and reference electrode, respectively.

3.2.2.1 Contact angle measurements
The static CA was determined by optical imaging of a droplet (5-10 µL) on the sample
surface. The side view image of the droplet was captured using a camera (Canon T6i) and the
contact angle was measured at the three-phase contact line along with the droplet base diameter
using open access image analysis software ImageJ

208

. The CA and the geometrically projected

surface area are used as optically measured parameters for characterizing the water-surface
interaction. The surface tension of 1 M Na2SO4 electrolyte concentration (the highest
concentration used in this study) at 20 °C is 74.67 mN m-1 as compared to 72.76mN m-1 for pure
water

209

. Therefore, the surface tension of the electrolyte solution is comparable to that of pure

water. We further confirmed this by performing CA measurements at the highest concentration,
which showed similar values compared to pure water droplet.
The water dynamic contact angle was measured using the needle-syringe volume
changing method 210,211. For the roughness study on GC substrates, the initial droplet volumes for
both advancing (ACA) and receding contact angle (RCA) measurements are fixed at 5 µL. A
Hamilton syringe with needle outer diameter of 0.474 mm was lowered to the center of the
droplet to ensure that the liquid injection or extraction would occur in a symmetrical way. The
syringe was connected to a Siskiyou MC401 controller for liquid injection into or withdrawal out
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of the sessile droplet at a rate of about 1 µL/min in line with the typical low-rate dynamic CA
measurement 212–215. The droplet volume was increased and decreased continuously by a total of
2–3 µL for the measurement of ACA and RCA, respectively. The volume variation range was
chosen such that the maximum droplet volume is below 10 µL to minimize distortions in droplet
shape and to ensure the minimum droplet volume is less than the amount used for the static CA
(5 µL)

193

. Side-view image of the droplet was taken during the progress of droplet volume

variation to be analyzed for the contact angle and droplet base diameter (D) using software
ImageJ. The ACA and RCA were then deduced from the plot of CA versus droplet base diameter
as the maximum and minimum contact angles prior to the motion of the contact line,
respectively. The contact line movement can be inferred from the change in the droplet base
diameter

11

. The ACA was identified when the droplet showed a constant CA with increasing

droplet volume and diameter. A typical ACA and RCA measurement with the needle-syringe
method for the smooth GC surface is shown in Appendix A. During the receding measurement,
the CA profile shows a continuous decrease. However, there exists a point at about 1% decrease
relative to the droplet initial diameter (D0) where the CA shows a sudden increase. This is in
agreement with the previously reported methods for measuring RCA

216,217

. The point

immediately prior to such increase was taken as the RCA. The contact angle hysteresis (CAH)
values were calculated as the difference between the ACA and RCA. At least two measurements
were performed at different locations of each sample and an average value is reported.
The RCA was also measured using the drop evaporation method by tracking the
evaporation of sessile droplet following the procedure described by Erbil et al.217. A 5 µL droplet
was deposited onto the substrate using micropipette. The droplet was allowed to evaporate in the
still air while the evolution of the droplet shape was monitored by capturing the droplet sideview images. All measurements were conducted at an ambient level with a room temperature of
20 ± 2 °C and relative humidity of 30–40 %. The side- view images were then analyzed using the
software ImageJ to obtain the droplet base diameter and CA. The RCA can be retrieved from the
time plots of droplet base diameter and CA based on the stick-slip motion of droplet during
evaporation 217. The droplet at the initial stage is pinned, thus exhibiting a constant base diameter
(D) with systematically decreasing contact angle. Following the retreat of the contact radius
(decrease in droplet base diameter), the first contact angle peak corresponds to the RCA. Figure
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A1 (c) shows a typical evaporation experiment in the case of the smooth GC. The experiments
were repeated for at least three times to examine the reproducibility of the results.

3.2.2.2 Electrochemical measurements
The electrochemical approach to study the surface wettability involves measurement of
the double layer capacitance at the S-L interface formed under the droplet. Sodium sulphate
(Na2SO4 procured from Fisher Scientific) solutions of varying concentration (0.001-1 M) were
used as the electrolyte solution to provide the necessary conductivity and to facilitate the electric
double layer formation. The double layer capacitance (C) was quantified based on the total
charge enclosed by the cyclic voltammetry (CV) curve using the following equation:

C

1
2 ( E f  E0 )

 I ( E )dE

(3.1)

Here, the integral term is evaluated based on the area enclosed by the CV curve, 
represents the scan rate, and ( E f  E0 ) represents the potential window for the CV measurement.
In this study, a potential window of 0.2 V (−0.1 to 0.1 V vs. Pt pseudo-reference) was used at a
scan rate of 100 mV s-1. The average value of three measurements for each sample is reported
along with the standard deviation. The electrochemical measurements were performed using a
Solartron 1470E Cell Test System along with a Solartron SI 1260 Impedance/Gain-Phase
analyzer.
The study on the influence of potential sweep rate and electrolyte concentration was
carried out using similar droplet setup depicted in Figure 3.2. The sweep rate was varied from 10
to 500 mV s-1 to investigate the dependence of capacitance on the double layer charging rate. Six
different electrolyte concentrations were used: 0.001, 0.01, 0.05, 0.1, 0.5 and 1 M. Following
each measurement, the substrate was cleaned thoroughly with acetone, isopropyl alcohol and
deionized water before a fresh droplet was deposited in order to avoid contamination from salt
residue on the substrate surface.

3.2.3 Surface roughness characterization
A FEI Helios NanoLab 650 scanning electron microscope (SEM) was used to evaluate
the surface morphology of the samples. Low accelerating voltage of 1 kV and beam current of 50
pA was used to ensure that the topmost surface morphology is captured. In order to compare the
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roughness dimensions of the plasma-etched samples, representative feature size distribution was
extracted using SEM image analysis

218,219

. However, roughness assessment of the mechanically

abraded samples using the aforementioned approach is impractical due to lack of definite
features. Therefore AFM was employed to provide a 3D surface roughness profile. AFM was
performed at ambient conditions using a Bruker AFM system operated in the ScanAsyst Peak
Force Tapping in air mode. A Bruker ScanAsyst-Air probe tip (nominal spring constant of 0.4
N/m) was used. The scan sizes for all the samples were 40 µm by 40 µm. The AFM images were
analyzed using the Nanoscope Analysis software to obtain the depth profile.

3.3 Results and discussion
3.3.1 Wettability measurement of plasma treated GC substrates
3.3.1.1 Surface characterization
SEM images in Figure 3.3 show the surface morphology of plasma-treated GC substrates.
The baseline sample consists of the minimal amount of surface features and has been considered
as the smooth surface in this study. In other words, the short plasma cleaning step (20 sec) and
fluorination of the GC surface using CF4 plasma does not induce any significant change to the
surface morphology, but only modifies the substrate surface chemistry, which is in line with the
literature

220

. The O2 plasma-treated samples consist of an array of nanoscale conical structures

distributed randomly and uniformly over the GC surface. The size distribution of conical features
was obtained using image analysis from the SEM image as reported elsewhere 218,219. The width
at half maximum height of at least 200 features was analyzed and used to compare the roughness
dimensions between samples. The average (μ) and standard deviation (σ) of the feature size are
reported in the inset of Figure 3.3. The average feature size increases with increasing O2 plasma
etching time ( tO 2 ).

33

Figure 3.3: SEM micrographs of the plasma-treated GC samples. The duration of O2 plasma
etching ( tO2 ) of each sample is indicated at the bottom left of the respective SEM image. The
histograms (inset) show the distribution of the width at half maximum height of the conical
feature along with the average (µ) and standard deviation (). All samples were cleaned with O2
plasma for 20 seconds.

3.3.1.2 Optical wettability measurement
Figure 3.4 shows the typical droplet image of each sample along with the projected
geometric area ( Ageo ) and the corresponding contact angle obtained using the image analysis. All
samples demonstrated hydrophobic behaviour with a contact angle greater than 90°. The contact
angle increased with the roughness scale from 100° for the smooth surface (Sample 1) to 127°,
128° and 137° for Sample 2, 3 and 4, respectively. The contact angle values of Sample 2 and 3
are comparable within the error range and thus the relative wettability of two samples could not
be compared by relying only on the optical measurement. Moreover, the increase in the contact
angle values with roughness for an intrinsically hydrophobic surface (contact angle of smooth
sample 1 is about 100°) could correspond to either homogeneous (Wenzel) or heterogeneous
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(Cassie-Baxter) wetting. In order to gain insight into the solid-liquid interfacial interaction, an
electrochemical method based on the double layer capacitance is used.

Figure 3.4: Contact angle and projected geometric area ( Ageo ) of the samples with increasing
roughness from Sample 1 to Sample 4. Sample 1, 2, 3 and 4 correspond to GC substrates that
have undergone O2 plasma etching for 0, 2, 5, and 10 min, respectively.

3.3.1.3 Electrochemical wettability measurement
The double layer capacitance corresponding to the solid-liquid interfacial area under the
droplet was electrochemically evaluated using cyclic voltammetry (CV), as shown in Figure 3.5
(a). The quasi-rectangular CV curves without any redox peaks indicate the capacitive property of
the GC associated with charging and discharging of electric double layer

221

. Depending on the

energy dynamics, a droplet placed on a rough surface can be in a homogeneous or heterogeneous
wetting state. In the homogeneous wetting mode, the liquid droplet is in full contact with the
surface beneath the droplet and only the solid-liquid interface exists. For the heterogeneous
wetting, the droplet is suspended on the tip of the roughness features trapping air underneath the
liquid, leading to a mixture of solid-liquid and liquid-air interfaces. The presence of homogenous
and heterogeneous interface under the droplet can be described using the Wenzel (Equation
(1.2)) and the Cassie- Baxter (Equation (1.3)) model, respectively. These two models correlate
the apparent contact angle (  ) and the intrinsic contact angle ( Y ) based on the interfacial
interaction of the solid and liquid phases.
The surface roughness parameter, r, in the Wenzel equation (Equation (1.2)) equals the
ratio of the wetted area ( Asl ) to the projected geometric area ( Ageo ), represented as Asl / Ageo .
Similarly, for the Cassie-Baxter equation, the parameter f s can be approximated as Asl / Ageo . In
this case, Sample 1 has the smoothest surface with negligible roughness. Therefore the optically
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measured contact angle of Sample 1 has been used as an approximation to the intrinsic contact
angle ( Y ). Moreover, the Ageo of the droplet placed on Sample 1 has been regarded to be equal to
the Asl based on the assumption of negligible roughness feature. For Samples 2–4, the optically
measured contact angle corresponds to the apparent contact angle (  ) in the Wenzel and CassieBaxter equations. In both equations, the parameters dependent on the S–L interfacial area ( r for
the Wenzel wetting and f s for the Cassie-Baxter wetting) can be estimated based on the known

 and Y . The estimated values for both models are presented in the bar chart in Figure 3.5 (b).

Figure 3.5: (a) Typical cyclic voltammetry curves for the plasma-treated samples obtained using
a droplet of 10 µL 0.1 M Na2SO4 with a scan rate of 100 mV s-1. (b) Comparison of the ratio of
the S-L interfacial area to the projected geometric area ( Asl / Ageo ) to the predicted values based
on the Wenzel and Cassie-Baxter models.
The parameter r for the Wenzel equation increases with the surface roughness. In
contrast, the parameter f s from the Cassie-Baxter model decreases with an increase in the
roughness. Therefore the contact angle increase upon introducing surface roughness can be
described by both the Wenzel and the Cassie-Baxter models, in accordance with the case of an
intrinsically hydrophobic surface depicted in Figure 3.1. In order to distinguish between these
two wetting state, the electrochemical double layer capacitance is used to evaluate the ratio
Asl / Ageo .
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As shown in Figure 3.5 (a), the area enclosed by the CV curve and thus the double layer
capacitance increases with the surface roughness (Equation (3.1)). The electrochemical double
layer capacitance ( C ) is proportional to the wetted area under the droplet ( Asl ) and can be
approximated as 222:

C

 0 r
d

Asl

(3.2)

In this relation,  0 is the vacuum permittivity,  r is the relative electrolyte permittivity,
and d is the double layer thickness. The characteristic double layer (diffuse layer) thickness ( d
), also referred to as the Debye length, can be approximated using the Debye-Hückel parameter (

 ) given in the following equation 223:
d   1 

 0 r k B T

e 2  ci0 zi2

(3.3)

0
Here kB is the Boltzmann constant, T is the temperature, ci is the bulk electrolyte

concentration, Zi is the valency of ion i, and e is the elementary charge. The double layer
thickness ( d ) depends on the ionic properties of the electrolyte, concentration, and temperature,
all of which can be considered constant for the present system. Since the parameters  0 ,  r , and

d are constants, the change in the measured capacitance ( C ) with roughness is attributed to the
change in the S-L interfacial area ( Asl ). Applying the above concept, the ratio Asl / Ageo has been
evaluated as a roughness metric for the rough surfaces as:

Asl
Ageo

Rough

S
C R Ageo
 S R
C Ageo

(3.4)

In the above representation, C R and C S are the electrochemical capacitance of the rough
S
R
samples (Samples 2–4) and the smooth sample (Sample 1), respectively. The Ageo and Ageo are

the projected geometric area of the droplet that is obtained from the droplet image. Sample 1
represents the smooth surface and therefore the Asl is equal to Ageo. In other words, the Asl / Ageo of
the smooth surface baseline is equal to 1. The left-hand side of Equation (3.4) represents the ratio
of S-L interfacial area to the geometric area for the rough surfaces ( Asl / Ageo ) and is presented in
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the bar chart in Figure 3.5 (b). From the plot, the Asl / Ageo ratio increases with roughness and the
values are greater than 1 for the rough surfaces (Samples 2–4). A higher wetted area as compared
to the projected geometric area suggests the penetration of liquid into the roughness features and
therefore points towards the Wenzel model. A quantitative comparison of the two parameters
obtained from the Wenzel and Cassie-Baxter model ( r and f s ) with the electrochemically
extracted Asl / Ageo is shown in Figure 3.5 (b). The Cassie-Baxter parameter ( f s ) is smaller than
1 for all the samples. However, both r and Asl / Ageo show values greater than 1 and increases
from Sample 1 to Sample 4. From the similarity in the trend for r and Asl / Ageo , the Wenzel
model is a better representative of the wetting behaviour on the GC surface compared to the
Cassie-Baxter model. Comparing the values of Asl / Ageo with r shows that the relative difference
in the predicted values increases with the roughness scale from Sample 2 to Sample 4. The
percentage difference between Asl / Ageo and r for Sample 2 is 17% while this difference
increases to 43% for Sample 4 with the largest roughness.
Deviation of the wetting parameters predicted by the Wenzel and Cassie-Baxter models
has been reported in previous studies

192,224

. The optically measurable quantity does provide

insights into the macroscopic features; however, validation of the models requires parameters
which are otherwise inaccessible using the optical measurement. This additional parameter ( Asl )
can bridge this information gap and facilitate resolving the model validity. Figure 3.6
summarizes the potential steps for quantitative assessment of the model predictions. Moreover,
this approach is applicable for irregular roughness features and therefore can be used to study the
wetting behaviour of different surface structures of stochastic nature. This work has significant
implications as a tool to characterize and understand the wettability of rough surfaces as well as
to facilitate the development of mechanistic and predictable mathematical models for surface
wettability.
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Figure 3.6: An experimental approach for validating theoretical wetting models.

3.3.2 Wettability measurement of mechanically polished GC substrates
3.3.2.1 Surface characterization
Figure 3.7 shows the SEM micrographs of the smooth (SS) baseline and mechanically
polished rough (RS1 to RS3) samples at similar magnifications. For the smooth sample SS,
minimal surface features were obtained as can be seen from the SEM micrograph. For the rough
surfaces, irregularly distributed roughness features from the abrasion process can be observed.
As reported in previous studies

200,225

, different grit size of the abrasive papers produces varying

roughness features on the surface. The AFM studies of these surfaces represent a similar trend.
For the smooth sample, the dimension of roughness features is in the range of < 10 nm.
However, the roughness scale shifts towards several hundreds of nanometer to microns with the
mechanical polishing treatment. The distribution plots in Figure 3.7 clearly show an increase in
the peak height position for the polished samples as compared to the smooth surface.
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Figure 3.7: SEM micrographs and AFM analysis of the mechanically abraded GC samples. The
histograms show the depth distribution of the irregular surface roughness detected by the AFM
measurement. SS refers to smooth GC sample that was polished to mirror finish. RS1, RS2, and
RS3 correspond to GC substrates that had been roughened using the abrasive papers of grit size
1200, 800, and 400, respectively.
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3.3.2.2 Optical wettability measurement
The static contact angle was evaluated by analyzing the side view image of a 5μL droplet
placed on the substrate. The average CA of three measurements is shown in Table 3.1 for all the
samples. The CAs of rough surfaces RS1 to RS3 were found to be consistently greater (in the
range of 81° and 92°) than the value obtained for the smooth sample SS representing the Young
CA (62°). The CA correlates to the projected geometric area, and hence, the projected geometric
area ( Ageo ) was assessed based on the projected base diameter of the droplet and is tabulated in
Table 3.1. The Ageo for the sample SS is 6.9 mm2, which is greater than those obtained for the
rough samples. A larger CA and a lower Ageo correspond to hydrophobic behaviour, implying all
the rough samples (RS1 to RS3) are more hydrophobic compared to the sample SS. The
predictions of the roughness effect on the contact angle of a hydrophilic smooth surface based on
the Wenzel and Cassie Baxter theories are summarized in Figure 3.1. In accordance with the
Wenzel model (Equation (1.2)), an increase in the roughness factor ( r ) is accompanied by a
decrease in the CA when the surface is intrinsically hydrophilic. On the other hand, an increase
in the CA with roughness for a hydrophilic surface corresponds to the Cassie- Baxter wetting
mode (Equation (1.3)) 55. The rough samples in this study demonstrate an overall increase in the
static CA with roughness, which hints towards the Cassie-Baxter wetting state. However, the
dynamic CA and electrochemical measurements suggest Wenzel wetting.
Table 3.1: Surface wetting properties of mechanically polished samples
Dynamic CA
Needle syringe

Static CA
Sample

Ageo
ACA
(mm2)
SS
62.1 2.1
6.91
84.4
RS1
81.5 2.0
5.63
87.7
RS2
88.4 2.0
5.01
89.3
RS3
92.3 2.1
4.50 110.2
*All contact angle values are in degree.
CA



Evaporation



RCA



CAH



RCA



CAHevap

0.6
0.6
2.0
0.1

26.1
19.5
13.1
24.4

0.2
3.3
2.0
3.5

58.3
68.2
76.3
85.8

0.6
3.3
2.8
3.5

23.6
23.1
18.8
26.3

1.6
2.4
1.0
1.1

60.9
64.7
70.4
84.0

The inadequacy of the static contact angle in describing the change in wetting behaviour
following the alteration of surface roughness has been raised by several authors

51,226,227

. Due to

the existence of multiple Gibbs free energy minima, the static contact angle of a droplet placed
on a surface is not unique. Rather, the static CA value would span a range bounded by the
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advancing contact angle (ACA) and receding contact angle (RCA), depending on the location of
droplet deposition and measurement method

25,53

. We addressed this issue by measuring the

ACA and RCA of all samples using the needle-syringe volume changing method, as described in
the Section 3.2.2.1. Briefly, the contact line of the droplet could be pinned when the droplet
volume is increased, giving rise to an increase in the apparent contact angle. The local contact
line pinning is an embodiment of the presence of local energy barrier hindering the motion of
advancing liquid meniscus. The CA increases to a maximum value at which subsequent volume
injection would not alter the CA, but only the droplet diameter. This maximum CA value is
referred to as the ACA

228,229

. On the other hand, a continuous decrease in the CA is observed

during the receding CA measurement of a hydrophilic surface

66,210

. In the process of liquid

retraction, the CA shows a sudden increase when the droplet diameter retracts from the initial
pining state

213,217,230

. The RCA is assigned to the first immediate CA prior to the sudden CA

increase.
Table 3.1 tabulates the ACA and RCA values of all samples obtained using the volume
changing method. The ACA and RCA of the smooth sample (SS) are 84.4° and 26.1°,
respectively. Although the sample SS has been polished to a mirror finish with minimal
roughness features as shown by the SEM micrographs and AFM results (Figure 3.7), the
existence of nano- or microscale roughness may lead to local contact line pinning and therefore
give rise to the evolution of the ACA and RCA

210,231

. Also, the static contact angle of the

smooth sample lies in between the ACA and RCA, which agrees with other works in literature
25,53,227

. The ACA of all the rough substrates is consistently greater than that of the smooth

sample. The higher ACA relative to the smooth sample could be partly attributed to the presence
of greater energy barrier induced by the introduction of surface roughness, thus offering greater
resistance to droplet spreading during ACA measurement

53,232

. The RCA of the rough samples

lacks a clear trend as seen in Table 3.1. In general, the RCA is the largest for the smooth sample
while the rough surfaces show lower RCA. The smaller RCA of the rough samples could be
partly ascribed to the existence of a larger number of energy barriers that act as pinning points at
the droplet periphery. During the receding motion, the liquid phase must disjoin from the solid
surface to retract. For a droplet in Wenzel state where the liquid fills the surface asperities, the
adhesive force between the solid and liquid phase is much greater compared to a droplet in the
Cassie-Baxter state with minimal contact with the solid surface. Higher adhesion strength could
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restraint the droplet receding motion, leading to trapping of liquid in the surface features.
Therefore, the reduction in the RCA values of the rough samples relative to the smooth
counterpart suggest the presence of stronger pinning force and point towards the existence of
Wenzel wetting 233,234. The inconsistency in the RCA with sample roughness could be attributed
to irregular contact line retraction as the RCA is more sensitive towards surface defects

94,235,236

.

From the ACA and RCA, the contact angle hysteresis (CAH) is calculated and shown in Table
3.1. The CAH shows a clear monotonic increasing trend with roughness. Numerous reports have
also suggested that the large CAH is an indication of the Wenzel wetting state due to immobility
of the droplet caused by contact line pinning 98,112,237.
As shown in Table 3.1, the evaporation method yields slightly different RCA values.
With the exception of the smooth sample, a larger RCA was obtained based on the evaporation
method as compared to the needle-syringe approach. Such a discrepancy between the two
methods has been attributed to the different rate of liquid retraction during each measurement
217,238,239

. While the evaporation provides the slowest and most steady rate, the needle-syringe

method could have varied rates far from steady rate causing inaccurate RCA measurements. The
CAH values based on the ACA from the needle-syringe method and RCA from the evaporation
approach (CAHevap) are listed in Table 3.1. Although the magnitude of the CAH has decreased
by about 4.5 ± 2.1% relative to the needle-syringe case, the increasing trend with roughness still
persists. The increasing trend in CAH further confirms that the rough samples in this study
undergo Wenzel wetting

112,240

. However, the observed increase in the static CA with a

roughness which is typically observed for the Cassie-Baxter wetting state needs to be addressed.
Hence, we utilize an electrochemical approach to estimate the wetted area underneath the droplet
in an attempt to clarify the wetting mode.
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3.3.2.3 Electrochemical wettability measurement
The double layer capacitance corresponding to the interfacial area under the droplet was
evaluated using cyclic voltammetry (CV). Figure 3.8 shows the typical CV plots obtained for the
GC samples using 0.1 M Na2SO4 electrolyte solution at the sweep rate of 100 mV s-1. The quasirectangular CV curves with the absence of redox peaks indicate the capacitive nature of the GC
electrodes arising from pure double layer charging process. In other words, the pseudocapacitive
contribution from surface functionalities at the GC is minimal.
The capacitance, which scales with the charge enclosed by the CV curve, is higher for the
rough samples than that obtained for a smooth sample (Figure 3.8). As indicated by Equation
(3.2), the double layer capacitance (C) is proportional to the S-L interfacial area ( Asl ). Here, we
assumed that the Ageo equals to the Asl for the sample SS with a smooth surface morphology at the
nanoscale dimension. Based on the C  Asl proportionality, the interfacial area was calculated for
the rough surfaces by correlating the two parameters as:
AslRS  AslSS

C RS
C SS

(3.5)

Here the superscript SS and RS represent the smooth surface and the rough surfaces,
respectively.

Figure 3.8: Typical cyclic voltammetry plots corresponding to a droplet volume of 5µL, a sweep
rate of 100 mV s-1 and an electrolyte concentration of 0.1 M Na2SO4.
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The magnitude of the capacitance, particularly for rough and porous surfaces, is highly
dependent on the sweep rate and electrolyte concentration, which dictate the ion mobility and
double layer thickness

241–244

. Motivated by the potential implication of sweep rate and

electrolyte concentration on the use of double layer capacitance for interpretation of interfacial
area in this study, both parameters were varied and studied by introducing the normalized
screening efficiency 244. The screening efficiency is determined by dividing the Asl / Ageo ratio at
each sweep rate by the corresponding value at 10 mV s-1, assuming complete ion access to all
available surface sites at the lowest sweep rate. The cyclic voltammograms of smooth and rough
samples at different sweep rates and electrolyte concentrations are presented in Appendix B.
Figure 3.9 illustrates the effect of sweep rate and electrolyte concentration on the
screening efficiency for smooth and rough samples. Generally, the screening efficiency
decreases with increasing sweep rate. This trend can be interpreted as a consequence of the
limited mass transfer kinetics and ion penetration into the surface features at high sweep rates 245.
At high sweep rate, only the external surface of the roughness features or a small fraction of the
total interfacial area is involved in the double layer charging process due to increase in ion
diffusion resistance. The available time for the ions to diffuse from the bulk solution to the inner
electrode surface sites is insufficient within the timeframe of each charging cycle. As a result of
the shorter ion penetration depth, the inner roughness structure is practically inaccessible at
higher scan rates

246,247

. The measured capacitance originates mainly from the external surface

only, leading to lower overall capacitance and reduced screening efficiency 248,249. In the context
of surface wetting behaviour, the area within the internal structure of the roughness features is
unavailable for ion adsorption at a high sweep rate, despite the liquid droplet being in full contact
with the surface beneath the droplet (Wenzel wetting). Therefore, the capacitance at the lowest
sweep rate resembles the closest to the full ion coverage of the electrode surface area, justifying
the assumption of 100% screening efficiency at 10 mV s-1. The significant difference between
the screening efficiency for the rough samples at 10 and 500 mV s-1 offers additional proof that
the droplets on rough samples are in Wenzel mode. The decreases in the screening efficiency for
the rough samples are in the range of 28-34% using 1 M solution and 51-60% using 0.001 M
solution. Yet the corresponding reductions for the smooth sample are significantly smaller, with
18% and 30% decrease for a droplet of 1 M and 0.001 M, respectively. The discrepancy in the
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dependence of the screening efficiency on the sweep rate for smooth and rough surfaces
corresponds to the variation in the ionic diffusion and double layer charging at the internal
roughness features. Unlike the smooth sample that provides short ion diffusion path, the nanoand microscale roughness features in the rough samples give rise to constrained diffusion path
hindering ion movement 246. Longer time is needed for the ions to diffuse to the inner adsorption
sites in the rough sample, which are inaccessible at the higher scan rate. Therefore the decrease
in the screening efficiency with respect to sweep rate is greater for the rough samples. Such
observation is only possible when the liquid is in contact with the solid surface inside the
roughness features as for the case of Wenzel wetting state. If the droplet were in the CassieBaxter wetting state, the reductions in the screening efficiency for the smooth and rough samples
would be expected to be similar. This is due to the absence of ionic diffusion into the internal
roughness structures, which would be occupied by air pockets in Cassie-Baxter state. Therefore,
for the case of Cassie-Baxter wetting, the effective area accessible for the double layer charging
is restricted to the outer surface regardless of the sweep rate.
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Figure 3.9: Effect of scan rate and electrolyte concentration on the screening efficiency (the
-1
Asl / Ageo ratio normalized by the lowest sweep rate data at 10 mV s ). All plots are scaled to

similar y-axis values.
For all samples, the screening efficiency using a 0.001 M Na2SO4 droplet, in comparison
to a droplet of higher concentrations, has a greater dependence on the sweep rate (Figure 3.9).
One possible reason for this observation is the ion-exclusion effect induced by overlapping of the
double layer at low electrolyte concentrations

245,250,251

. The Debye length representative of the

double layer (diffuse layer) thickness depends solely on the electrolyte properties. Specifically, a
lower electrolyte concentration would give rise to a thicker double layer 252,253.
On a rough surface with the presence of local curvature, it is possible for the double
layers at adjacent solid surfaces to overlap, resulting in a decrease of the measured capacitance.
This phenomenon is known as the shielding effect of the electric double layer and is illustrated in
Figure 3.10. It has been reported that the shielding effect becomes important when the surface
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roughness feature is of the same order of magnitude as the electrical double layer thickness
250,254

. The 0.001 M Na2SO4 solution used in this study has a Debye length of approximately 1.8

nm at room temperature of 298 K

223,255

. As illustrated in Figure 3.7, the depth distributions of

the samples span over a wide range of few nanometers to a micrometer. Therefore, the observed
underestimation of the capacitance in the case of 0.001 M Na2SO4 solution can be attributed to
the interaction between the electrical double layers formed inside these nanoscale surfaces. The
capacitance underestimation translates into lower screening efficiency because the contributions
from the wetted area inside the roughness features become smaller.
Indeed the roughness-induced double layer overlapping and the resulting reduction in the
measured capacitance further corroborate that the droplet is in the Wenzel wetting state. This is
because the reduction in the measured capacitance from the overlapping double layer entails the
establishment of electrode-electrolyte interface inside the nanoscale features. This interface is
otherwise absent if the droplet is in the Cassie-Baxter wetting mode. In the Wenzel wetting state,
the double layers are formed at both the outer surface as well as the inner roughness structure
infiltrated by the electrolyte. Thus it is anticipated that the double layer overlapping would only
come into effect for a droplet in Wenzel mode. In addition, the ionic mobility is larger at higher
electrolyte concentration. The higher concentration gradient results in an enhanced mass transfer
rate of ions from the bulk solution to the electrode surface during the charging process 245. On the
other hand, the electrolyte of low concentration contains an insufficient number of ions for
effective charging of the double layer

245,256

. Therefore, the measured capacitance and screening

efficiency are greater at higher concentration.
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Figure 3.10: The influence of electrolyte concentration and sweep rate on the screening
efficiency.
To summarize, the highest screening efficiency is achieved when a low sweep rate and
high electrolyte concentration is used. When a high sweep rate and low electrolyte concentration
are used, some roughness features of the solid surface could be neglected in the double layer
capacitance-based interfacial area measurement, leading to low screening efficiency (Figure
3.10). Figure 3.11 demonstrates the range of Asl / Ageo ratios obtained for each sample at varying
sweep rates and electrolyte concentrations. According to the range plot, the ratio of S-L
interfacial area to the geometrically projected area is larger than 1 for the rough samples under
all testing conditions. This implies liquid intrusion into the roughness features for all rough
samples RS1 to RS3. The Asl / Ageo ratios of greater than unity are consistent with the
aforementioned increasing trend in the CAH with roughness, suggesting the Wenzel wetting
state. A quantitative real solution to the Wenzel equation is possible only when the values of

Asl
A
cos Y are less than 1. However, the values of sl cos Y for the rough samples RS1 to
Ageo
Ageo
RS3 are significantly higher than 1. Therefore, a real contact angle based on the relation between

cos Y and Asl / Ageo cannot be evaluated using the Wenzel equation. Even though the Wenzel
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model has been presented as a general model to predict the contact angle, there exists a
mathematical limitation on its applicability.

Figure 3.11: The ratio of the solid-liquid interfacial area ( Asl ) to the geometrical area ( Ageo ) for
droplet with electrolyte concentration of 0.001-1 M and sweep rate in the range of 10-500 mV s-1
For intrinsically hydrophilic surfaces with apparent CA < 90o, Wenzel state is the
thermodynamically stable wetting state with a global free energy minimum

257

. The increase in

Asl for rough samples in this study suggests liquid intrusion into the roughness features. The
liquid penetration corresponds to the description of the Wenzel model, based on which a
reduction in the apparent CA should be observed. A higher CA compared to the smooth surface
is an anomaly in the wetting behaviour for the rough hydrophilic surfaces, if the Wenzel model is
accepted. However, an increase in the CA was observed consistently for all rough samples with
irregular roughness created using different grit sizes of polishing paper. Therefore a decrease in
the CA with an increase in the S-L interfacial area for a rough hydrophilic surface is not always
valid. The experimental results emphasize the ineffectiveness of the Wenzel model in predicting
the wetting behaviour on rough surfaces.
One possible explanation for the observed anomaly is that the three-phase contact line
dictates the apparent contact angle of a droplet placed on a rough surface 53,258. Starting from the
point when the liquid first comes in contact with the solid surface, the three-phase contact line
advances until the droplet reaches a thermodynamic energy minimum 25. During the spreading of
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the liquid droplet, the CA and the net free energy become smaller due to the formation of the S-L
interface, which is dictated by the Gibbs free energy (G) of the solid- liquid-air system and is
given by 55:

G   s As   l Al   sl Asl

(3.6)

Here,  is the surface tension, A is the surface area and the subscripts s and l refer to the
solid and liquid phases, respectively. Based on Equation (3.6), the net Gibbs free energy change
depends on the solid surface area ( As ) being replaced by the liquid forming the solid-liquid
interfacial area ( Asl ) in order to minimize the Gibbs free energy of the system. The wetting
models (Cassie-Baxter and Wenzel) take an average of the effect of heterogeneity to give a
unique macroscopic CA, which corresponds to the global energy minimum

25,48,54

. Nevertheless,

in addition to the global minimum, there exist multiple local Gibbs free energy minima for a
rough surface, which can give rise to multiple metastable states

227

. For these metastable states,

the solid and liquid phases at the three-phase contact line are at equilibrium and the microscopic
actual contact angle at the interface is equal to Young’s contact angle, assuming negligible line
tension 25. Therefore there exists multiple metastable CA which could be measured optically for
a rough surface, corresponding to the local energy minima. As the advancing liquid meniscus
reaches a local minimum, the meniscus motion stops and a metastable CA larger than the value
corresponding to the global energy minimum is obtained 53. External energy input, such as in the
form of vibration, is required to overcome the energy barrier so as to advance the droplet to the
most stable wetting state. Physically, the trapping of the droplet in the metastable state results
from frictional dissipation of the droplet kinetic energy during advancing of the contact line

214

.

The contact line stops moving when all the kinetic energy is dissipated by friction arising from
the surface heterogeneity representing the energy barrier. Overcoming the energy barrier de-pins
and displaces the contact line. Nonetheless, the classical wetting models based on the global
Gibbs free energy minimum do not account for the energy barrier which stops the advancing of
the liquid meniscus at the three-phase contact line.
The hypothesis of the three-phase contact line governing the contact angle has been
actively discussed and supported by several authors to explain the anomalous wetting behaviour
in various studies for heterogeneous surfaces

53,73,227,259–265

. Bartell and Shepard tested the
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application of Wenzel theory for water and glycerol droplets placed on smooth paraffin surface
and partially cross-hatched paraffin

52

. The similarities of CA in both cases led the authors to

conclude that the contact line has a dominating effect in controlling the contact angle 52. Extrand
studied lyophilic silicon surfaces containing lyophobic islands made of polystyrene

45

. He

showed that forcing the liquid beyond the lyophobic island by adding to the droplet volume
results in the CA similar to that obtained for the homogenous periphery. His results showed that
heterogeneity under the droplet does not affect the measured CA

45

. Wetting behaviour on

surfaces with two-component heterogeneity, consisting of a hydrophilic spot in a hydrophobic
surrounding field and vice versa as well as a rough spot in a smooth surface by Gao and
McCarthy, was also described using the three-phase contact line as the determining factor for CA
as opposed to the contact area 46.

3.4 Summary
We have presented an experimental methodology based on simultaneous optical
measurement of contact angle and electrochemical evaluation of the wetted area under a droplet
for characterizing the surface wettability. The versatility of the opto-electrochemical technique
was illustrated using two case studies. In the first case study, the experimental platform was used
to determine the validity of theoretical models (Wenzel or Cassie-Baxter) in describing the
wetting behaviour of the plasma-treated carbon substrates. Optical measurement of the droplet
showed that the change in the surface wettability for the intrinsically hydrophobic samples can
be predicted by both the Cassie-Baxter and the Wenzel model. In order to circumvent the
limitation of the contact angle measurement, the electrochemical double layer capacitance is
used as a metric to estimate the solid-liquid interfacial area under the droplet based on the
proportionality between the two parameters. Using the electrochemical approach, it was deduced
that the Wenzel model provides a better representation of the wetting behaviour than the CassieBaxter model. However, the ability of the Wenzel model in predicting the wetting behaviour was
found to be dependent on the roughness. Compared to electrochemically derived Asl / Ageo
roughness ratio, the Wenzel roughness factor ( r ) shows an underestimation which increases with
the roughness scale.
In another study, we report an anomalous wetting behaviour on intrinsically hydrophilic
rough surfaces by correlating the wetted area under the droplet to the apparent contact angle. The
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S-L interfacial area was determined using the similar electrochemical method described above.
The wetted area is used in conjunction with the apparent contact angle as fitting parameters in
the wetting models in an attempt to predict the wetting behaviour on these surfaces. Yet the
observed increase in the apparent contact angle along with the S-L interfacial area with
roughness contradicts the predictions by both the Wenzel and Cassie-Baxter equations. Increase
in the static CA with roughness for a smooth hydrophilic surface corresponds to the CassieBaxter state. On the other hand, the CAH shows an increasing trend with the surface roughness,
pointing towards the Wenzel wetting state. The electrochemical evaluation revealed that the ratio
of S-L interfacial area to the geometrically projected area ( Asl / Ageo ) is greater than 1 for the
rough surfaces, regardless of the electrolyte concentration and potential sweep rate. The
Asl / Ageo ratio larger than unity suggests liquid intrusion into the roughness features, which is in

line with the description of the Wenzel model. The observed anomaly is explained on the basis
of the role of the S-L contact area and three-phase contact line in determining the contact angle.
In fact, the dependence of the CA on the interfacial area beneath the droplet from which the
wetting models are derived has been the subject of intense debate in the scientific community
46,53,266–269

. Here we demonstrate that the electrochemical approach can play a complementary

role to CA study in elucidating the wetting behaviour. The experimental results show that the
solid-liquid interaction at the three-phase contact line, rather than the interfacial area, governs the
apparent contact angle on a rough surface. The coupled optical and electrochemical analysis
yields parameters that describe the wetting behaviour, but that is otherwise inaccessible using
conventional optical method alone.
Typical studies on wetting phenomena and validity of theoretical wetting models have
been performed on regularly patterned surfaces by taking advantage of the well-defined
roughness features to simplify analysis. The experimental protocol involves evaluating the
dimensions of the roughness features followed by calculating the S-L interfacial area for the two
conditions corresponding to the Wenzel and the Cassie-Baxter models. However, extending the
strategy for surfaces with irregular roughness becomes impractical to incorporate due to the
stochastic nature of the roughness features. In practice, rough and irregular surfaces are more
common than patterned surfaces, and they are present on a wide range of applications such as
biomimetic surfaces 270–272, tribology 273 and in-service engineering parts 274,275. Various attempts
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have been dedicated to probing the interfacial interaction between the droplet and solid surface,
including droplet visualization from top or bottom, high-resolution microscope imaging,
environmental scanning microscopy, confocal scanning microscopy, reflection interference
contrast microscopy, and X-rays

199,225,276–279

. While these imaging techniques have the

advantages of revealing the dynamics of the liquid meniscus during the wetting process, the
applicability becomes limited for opaque materials and surfaces with irregular roughness.
Another barrier hindering the progress is the unavailability of a parameter to represent the
surface heterogeneity of an irregular rough surface and to link the metrics to the contact angle
measurements. Following these practical limitations, the effect of irregular roughness on the
contact angle and its compliance with wetting models remain largely unexplored. The
electrochemical wettability characterization tool outlined in this work enables the study of
surfaces with a stochastic topological distribution, circumventing the challenge of determining
the dimensions of the roughness feature. Carbon surface has been used as the model system in
this work, but the technique can be applied to a wide range of conductive materials which
support the double layer formation. In addition, the possibility of creating rough surfaces with
high contact angles while simultaneously enabling a large interfacial area, as observed in this
study, could be particularly interesting for applications in droplet-based microreactors, highthroughput chemical analysis and liquid transportation

280–283

. A large interfacial area enhances

adhesiveness of droplet to minimize liquid loss whereas a high contact angle ensures small
footprint and prevents excessive wetting that would otherwise obstruct the in situ analysis 280,284.
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4

Electrochemical wettability control

4.1 Introduction
The ability to tune the surface wettability is of great interest as different wetting
characteristics are desired to meet various application needs. A superwetting state with high
water affinity is favourable to maximize electrode-electrolyte contact area in supercapacitor and
electrolysis applications. In contrast, the water-repelling feature is the key criteria in the design
of anti-icing and anti-fogging surfaces. In other instance, patterned wettability with alternate
hydrophilic and hydrophobic regions proves to be useful, such as the case of water harvesting
and fuel cell applications. A common strategy to alter the wetting property is to manipulate the
chemical composition and surface morphology of the substrate 285. Even though a wide range of
wettability from superhydrophilic to superhydrophobic surfaces has been successfully attained,
the wettability alteration achieved by tailoring the surface chemistry and structure is static in
nature. To realize real-time control over the surface wettability, significant effort has been
devoted to the development of stimuli-responsive surfaces with dynamically switchable and
reversible wetting properties. These smart materials can span two opposing wetting states of
superhydrophobicity and superhydrophilicity upon exposure to external stimuli, such as
temperature, light pH and electric field. Despite recent progress in the development of switchable
wettability surface, the degree of wetting switchability and reversibility, switching speed and
durability still need to be improved for practical applications. In many cases, the use of tedious
and complex processing steps, specialized fabrication facilities and the high cost of materials
pose further challenges for the commercialization of these smart surfaces 145.
This chapter describes an electrochemical approach for precise and reversible in-situ
modulation of the surface wettability and adhesion on a core-shell Cu-CuxO surface. The copper
surface was prepared by means of a two-step electrodeposition technique without post-treatment
using low surface energy coating material. By manipulating the oxidation state of the CuxO shell
phase, the wetting switching from superhydrophobic to superhydrophilic regime could be
accomplished within a few seconds to a few minutes by applying a low voltage (<1.5 V). Using
different combinations of magnitude and duration of the applied voltage, the rate and extent of
the wetting transition can be fully controlled. Moreover, the contact angle of the droplet obtained
after the electrochemical manipulation was found to be stable when the applied potential was
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removed. The initial superhydrophobicity is regained by air drying at room temperature for 1
hour or mild heat drying at 100°C for 30 min. Microstructural and electrochemical analysis
revealed that the wetting transition is based on the Faradaic phase transformation of the surfacebound CuxO groups. The use of the in-situ wettability switching functionality of the Cu-CuxO
dendritic core-shell structures was also demonstrated for gravity-driven separation of oil-water
mixtures with efficiency greater than 98%.

4.2 Experimental methods
Section 4.2.1 and 4.2.2 outline the synthesis procedure and characterization techniques
for both the copper plate and copper mesh. Section 4.2.3 summarizes the protocols of the contact
angle measurements and electrochemical droplet manipulation on the copper plate. The
experimental details for characterization of the water and oil wettability of the as-deposited
copper mesh were reported in Section 4.2.4. Section 4.2.5 describes the electrochemical analysis
on the mesh while Section 4.2.6 shows the methodology for using the copper mesh in separating
oil-water mixtures.

4.2.1 Sample preparation
The stimuli-responsive copper oxide surface was synthesized by potentiostatic
electrochemical deposition technique using a Solartron 1470E Cell Test System along with a
Solartron SI 1260 Impedance/Gain-Phase analyzer. Electrodeposition of the dendritic copper was
carried out on a polycrystalline copper plate in a three-electrode system with an Ag/AgCl
reference electrode and a copper counter and working electrodes. The electrolyte solution
consisted of a mixture of 0.1 M copper sulphate (CuSO4) procured from BDH Chemicals, 0.1 M
sodium sulphate (Na2SO4) procured from EMD Chemicals Inc., and 0.1 M sulfuric acid (H2SO4)
procured from Sigma-Aldrich. The electrolyte solutions were prepared in Millipore water (18.2
MΩ cm) without any further purification. The bare copper substrate was first cleaned with
acetone followed by isopropyl alcohol and Millipore water to remove any organic contaminant.
Strips of copper were cut and their edges were covered with insulating Kapton polyimide tape
leaving an exposed area of 2 cm2. The electrodeposition was carried out in two stages
potentiostatically

172

. The first step consisted of an upper potential of −1.5 V versus Ag/AgCl

reference electrode for 100 s, followed by a second step of the lower potential of −0.2 V vs
Ag/AgCl for 20 s. The negative voltage induces a reduction potential that drives in the working
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electrode a cathodic reaction. During the initial electrodeposition step at relatively high potential,
loosely bound structures are formed due to the mass transfer limitation induced instabilities. By
applying a secondary low potential step, these potentially loose structures have been found to be
fixed more strongly

172

. After the deposition process, the copper working electrode was washed

in Millipore water to remove any remaining residues, followed by air drying at room temperature
for 1 h or at 100°C for at least 30 min.
For the oil-water separation experiments, copper mesh with a pore size of 140 µm was
used. The copper mesh has an exposed geometric area of about 8 cm2 with the edge covered by
Kapton polyimide tape and a rubber layer. The solvent cleaning step, electrolyte mixture,
electrodeposition conditions, and post-synthesis cleaning and drying procedures are similar to
that adopted for the deposition of copper plate described above.

4.2.2 Material characterization
The morphology of the as-deposited and post-cycled samples was investigated using FEI
Helios NanoLab 650 scanning electron microscope (SEM). A low accelerating voltage of 1 kV
and 50 pA current was used to enable capturing of the top surface morphology. The size
distribution of the secondary dendritic arms was obtained using SEM image analysis reported
elsewhere 286. The width at half maximum height of at least 200 features was used to generate the
distribution histogram (Figure 4.2 (c)).
The crystal structure of the as-deposited and post-cycled samples was determined by Xray diffraction (XRD) analysis. A Rigaku Rapid Axis X-ray Diffractometer with Cu Kα (λ =
1.5406 Å) source was used for this purpose. In order to remove the interference effect of the Cu
substrate, the electrodeposited layer was scraped off the substrate and placed on a sticky tape.
High resolution (HR-TEM) and scanning transmission electron microscopy (STEM) with a
probe diameter of 1 nm was used for investigating the nanoscale structure. High-angle annular
dark field (HAADF) imaging was utilized to investigate the homogeneity of the structure in
terms of constituent elements. The HAADF imaging technique is well-known for its sensitivity
to atomic number ( z ) in the structure. The STEM-HAADF technique combined with the energy
dispersive X-ray spectroscopy (EDS) enabled high-resolution elemental mapping of the
structure. A FEI Tecnai Osiris analytical STEM instrument operating at 200 kV was used for the

57

STEM analysis. EDS map quantification was performed using the Cliff–Lorimer approach
implemented in the Bruker Esprit software.
The surface composition and the oxidation state at the top-most surface were evaluated
using X-ray photoelectron spectroscopy (XPS). A Kratos Axis Ultra XPS instrument with a
monochromatic aluminum source (Al Kα, 1486.6 eV) operating at 150 W (10 mA emission
current and 15 kV HT) was used for this purpose. Ar ion etching was used to obtain the profile
below the top dendritic surface on the mesh. The analysis was conducted on a 700 × 300 µm2
area of the samples. High-resolution scans were collected at a 25 meV step size with a dwell time
of 200 ms per step and pass energy of 20 eV. A Shirley background correction was applied to all
XPS spectra.

4.2.3 Contact angle measurements and electrochemical wettability alteration
on the copper plate
Dynamic tuning of the surface wettability mediated via redox reaction entails tracking the
contact angle evolution during voltage application. In order to satisfy the concurrent needs of
continuous contact angle evaluation and electrochemical measurements during the in-situ droplet
manipulation, an in-house built opto-electrochemical setup was used. The experimental setup is
similar to the system presented in Figure 3.2 of Section 3.2.2. The system works as a
miniaturized three-electrode electrochemical cell consisting of a liquid droplet as the electrolyte
medium, the as-deposited substrate as the working electrode, and two 25 μm platinum wires as
the counter and pseudo-reference electrode, respectively. The experimental procedure involves
placing a 10 µL droplet of 0.1 M Na2SO4 solution on the copper surface using a Hamilton
syringe. After the droplet placement, the platinum wires are lowered into the droplet thereby
completing the ionic circuit, followed by the application of a reduction potential. The changing
contact angle of the droplet was captured continuously during the electrochemical droplet
manipulation. Evaluation of the contact angle was performed based on the side view image of the
droplet using a drop shape analysis algorithm from the image analysis software ImageJ 208.
The ACA and RCA were measured using the volume changing method

287–289

. A 0.1 M

Na2SO4 droplet was gently deposited on the copper substrate using a syringe with a needle of
0.474 mm diameter. For the ACA measurement, the initial water droplet volume was 10 µL and
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was increased incrementally up to 20 µL. The starting droplet volume for the RCA measurement
was 20 µL, which was decreased in a stepwise manner to 10 µL. The syringe needle was lowered
to the center of the droplet to ensure that the liquid injection or extraction during the dynamic
contact angle measurement would occur in a symmetrical fashion. The syringe was connected to
a Siskiyou MC401 controller with adjustable speed. The droplet size was manipulated via
vertical motion of the syringe plunger induced by the controller, which was set at a specific
speed to maintain a constant volumetric flow rate into or from the sessile droplet. Side-view
image of the droplet was continuously captured during the volume increment (for ACA) or
reduction (for RCA). The contact angle of the expanding and shrinking droplet was determined
using the software ImageJ. The ACA and RCA were then deduced from the plot of CA versus
droplet size.

4.2.4 Water and oil contact angle measurements on as-deposited copper mesh
The static contact angles (CA) of the water and oil droplets were determined by optical
imaging of a 10 µL droplet placed on the copper mesh. The water and oil droplets were placed
directly on the mesh surface in air to obtain the water contact angle (WCA) and oil contact angle
(OCA), respectively. For the underwater oil contact angle (UWOCA) measurement, the substrate
was submerged in a transparent container filled with Millipore water. The wettability of the
copper mesh under high salt concentration resembling the conditions of seawater and industrial
wastewater was also investigated. This was achieved by performing the CA measurements using
1 M Na2SO4 solution. The surface tension of 1 M Na2SO4 at 20°C is 74.67 mN m-1, as compared
to 72.76 mN m-1 for pure water

209

. The CA values using Millipore water and 1 M Na2SO4

solution are similar 290,291, illustrating the practical oil-water separation functionality of the mesh.
For mixtures in which the oil is heavier than water, such as 1,2-dichloroethane, the oil droplet
was placed directly onto the substrate. For oils with lower density compared to water, the oil
droplet was placed under the substrate using an inverted needle. The side view images of the
droplets were captured using a Canon T6i camera and were analyzed using the open access
software ImageJ

208

. The CA measurements were performed at five different positions of the

substrate to obtain the average CA value.
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4.2.5 Electrochemical characterization of the as-deposited copper mesh
The electrochemical behaviours of the copper meshes were characterized using the cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). The CV and EIS
measurements were conducted in a three-electrode setup with the copper mesh working
electrode, Ag/AgCl reference electrode and platinum mesh counter electrode in 0.1 M sodium
sulphate (Na2SO4) aqueous electrolyte solution. The CV was carried out within a potential
window of 0 to -0.8 V vs Ag/AgCl at a scan rate of 30 mV s-1. The impedance spectra were
obtained in the frequency range of 100 kHz to 1 Hz at open circuit potential (OCP) with an AC
amplitude of 10 mV and a sampling rate of 20 points per decade. The electrochemical
measurements were carried out using a BioLogic SP-150 potentiostat at room temperature (20 ±
2 °C). The EIS data were analyzed and fitted using the BioLogic EC-Lab software package.

4.2.6 Oil-water separation experiments
The as-prepared copper mesh was clamped between two glass funnels with diameters of
30 mm. For clarity, the oil and water were dyed with Oil red O and methylene blue, respectively.
For separation of the heavy oil-water mixture, the mixture was poured into the upper funnels,
and the separation process was achieved spontaneously on the as-deposited copper mesh. For
separation of the light oil-water mixture, the process was triggered on-demand by applying a
reduction voltage of 1.5 V on the copper mesh in a two-electrode configuration. The reduction
voltage causes the reduction of surface-bound copper oxides into metallic copper, initiating the
wetting transition for selective removal of water. A thin strap of carbon cloth was used as the
counter electrode and the mesh as the working electrode. In both cases, the separation process
was driven solely by gravity. In the oil-removing mode, the oil-water separation efficiency (η)
was defined as the ratio between the mass of oil collected as filtrate after the separation (m) to
the mass of oil in the original oil-water mixture before separation (m0) 292,293:



m
100
mo

(4.1)

In the water-removing mode, the m and m0 in Equation (4.1) represent the mass of water
after the separation and the mass of water in the original oil-water mixture prior to the
separation, respectively. Figure 4.1 demonstrates the separation process.

60

Figure 4.1: Schematic illustration of the oil-water separation process involving (a) heavy oilwater mixture in oil-removing mode and (b) light oil-water mixture in water-removing mode.
The separation efficiency is determined as the ratio of the mass of oil or water phase collected
(m) to the mass before (m0) the separation.

4.3 Results and discussion
4.3.1 Surface characterization of electrodeposited copper surface
Figure 4.2 presents the surface morphology of the electrodeposited copper layer. The topview SEM image in Figure 4.2(a) shows that the potentiostatic electrodeposition creates a layer
of clustered features. At higher magnification, Figure 4.2(b) reveals that each cluster contains a
dense distribution of dendritic structures. The formation of the leaf-like dendrites is in line with
the previously reported results of copper electrodeposition at high potentials

294,295

. The growth

of the dendritic structures is governed by the chemical distribution of the reactive species at the
growth front of particles, which is determined by the balance between the chemical diffusion and
reaction rates

296

. The reaction rate determines the consumption of reactive ions whereas the

diffusion rate determines the ion replenishment form the bulk solution. At sufficiently high
applied potential at which the growth is diffusion limited, the ion consumption outpaces the
61

diffusive transport to the solid-liquid interface. The resulting concentration gradient forming at
the interface leads to instability in the chemical distribution around the growth front of the
particles, triggering the formation of protrusions and branch grow along the preferential
directions to form dendrites

296–299

. The histogram in Figure 4.2 (c) shows the average (  ) and

standard deviation (  ) of the width ( w ) of individual secondary dendritic arms (as depicted in
the schematic in Figure 4.2 (c)). The majority of the dendritic arms are about 290 nm in width;
however, there exist some arms as wide as 700 nm.
In order to identify the crystal structure of the deposited film, X-ray diffraction (XRD)
was performed. Figure 4.2 (d) shows the XRD pattern of the as-deposited layer. The XRD
confirms that the structure of the as-deposited layer contains metallic copper as the main
constituent. Moreover, this XRD pattern shows the absence of any crystalline copper oxide
component in the structure of the as-deposited layer. However, the presence of the oxide as an
amorphous or nanocrystalline phase cannot be ruled out as XRD is known for poor detection of
such phases

300,301

. The arrow in the XRD plot and the inset graph show a small peak that most

likely corresponds to the CuO (111) peak. The formation of amorphous or nanocrystalline copper
oxide during and after the electrodeposition has been suggested in several works 302,303. The peak
centered at around 41.4° corresponds to a phase (indicated by the solid circle) which cannot be
identified. Beside copper oxides and sulphides, trace amounts of Al, Si, and Sn have been
reported in the structure of as-received copper sheet 304. However, none of these phases and their
alloy counterparts can be attributed to this peak. Based on the two major Cu peaks, a rough
estimate of the crystallite size can be obtained using the Scherrer equation:
L

k
 cos  max

(4.2)

L is the crystallite size,  is the X-ray wavelength for Cu k (= 1.5406 Å),  max is the

position of the peak maximum and  is the full width at half-maximum intensity (FWHM) in
radians. Based on the average values of the two observed peaks in Figure 4.2 (d), the
electrodeposited copper has a grain size of 77.6 + 1.4 nm. A rough comparison of this grain size
with the width of the individual dendritic branch (Figure 4.2 (c)) reveals that each branch
consists of at least four to five copper crystallites. The presence of multiple grains and hence,
grain boundaries in each arm makes them more prone to surface oxidation.
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Figure 4.2: The microstructure of the as-deposited copper affects the surface wettability. The
SEM micrograph shows the structure of the as-deposited copper structure at (a) low and (b) high
magnification. (c) A bar chart showing the average (µ) and standard deviation (σ) of the width of
individual dendritic arms (w). (d) The crystal structure of the as-deposited sample studied using
XRD. The dashed lines represent the copper XRD peaks, the arrow corresponds to an
amorphous/nanocrystalline CuO and the solid circle is an unidentified phase.
Although XRD does not reveal conclusive evidence of any copper oxide phase formation,
there still remains the possibility of a thin nanocrystalline or amorphous oxide surface layer on
the dendritic structures. This was further investigated with the aid of STEM-EDS mapping as
shown in Figure 4.3. Figure 4.3 (a) shows the HAADF micrograph of a single dendrite. As
suggested by the intense contrast which is directly related to the atomic number ( z ) of the
existing element, a uniform dispersion of single elemental grains can be observed. The presence
of dark regions corresponds to the larger relative thickness of the interior crystallites. Coupling
the HAADF imaging with the EDS allows for obtaining an elemental mapping, which reveals the
elements present in the structure. Figure 4.3 (b)-(d) are the EDS maps of the Cu and O elements
for a single dendritic structure. As can be seen in the elemental map, the interior regions of the
dendrite contain high concentrations of Cu. On the other hand, the oxygen concentration tends to
increase towards the exterior surface of the dendrite. Higher magnification HAADF micrographs
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along with the elemental mappings from two adjacent secondary dendritic arms are shown in
Figure 4.3 (e)-(h). The presence of a highly concentrated oxygen layer is evident near the
surface. These results suggest that there exist a < 10 nm thick layer of an oxygen-rich layer on
the surface of the as-deposited dendritic structure. The oxygen-rich layer can arise from the
formation of surface oxides or the presence of adsorbed molecular O2 or oxygen-containing
species such as OH groups 295. In fact, adsorbed O2 upon the exposure of electrodeposited copper
structures to ambient air has been attributed as the basis for their hydrophobic properties 172,173.

Figure 4.3: Surface composition of the dendritic structure contributes towards the hydrophobic
behaviour. (a) STEM-HAADF micrographs of the as-deposited dendrite structure. (b) STEMEDS overlapping Cu and O and individual (c) Cu and (d) O elemental mapping. (e) STEMHAADF of dendritic secondary arms. (f) Corresponding STEM-EDS overlapping and (g) Cu and
(h) O mapping. (i) High-resolution XPS spectrum of Cu 2p and (j) O 1s signal from the asdeposited sample showing the presence of oxygen in the copper lattice as well as surface oxygen
groups.
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XPS was applied to identify the chemical state of the copper near the top surface of the
dendritic structure. The Cu 2p spectrum is the most commonly used signal for identifying the Cu
oxidation state and is shown in Figure 4.3 (i). The XPS profile shows two major broad peaks
indicating the Cu 2p1/2 and Cu 2p3/2 signals with a clear shoulder and satellite structures. The
appearance of the satellite structures at around 943.8 and 962.5 eV binding energies arises from
the open 3d9 shell of the CuO phase 305–307. The deconvolution of the Cu 2p region also indicates
the existence of two overlapping signals corresponding to Cu2+ and Cu1+ phases

170,308,309

. The

spin-orbit splitting of the two peaks assigned to the CuO phase is 19.7 eV which is in good
agreement with that reported in the literature 307,310. The 2p signals from the metallic Cu and the
Cu2O are typically within a narrow range of binding energy 295,308. However, the binding energy
of the Cu2O phase generally lies at a slightly lower binding energy 310,311. In our case, the binding
energy of the peak assigned to Cu2O is at 932.2 eV which is lower than the typical 933 eV
reported for metallic Cu. The O 1s signal was also evaluated to clarify the presence of the metalbound oxygen on the surface. Figure 4.3 (j) shows the O1s XPS profile of the as-deposited
sample. The broad O 1s peak after the deconvolution process shows three separate signals. Based
on the literature, the small shoulder at the lower binding energy of 529.5 eV corresponds to the
CuO phase 312–315. The peak centered at 530.6 eV corresponds to the oxygen in the Cu2O lattice
308,312

. The signal at a higher binding energy of 531.7 eV has been attributed to the chemisorbed

or dissociated oxygen species at the surface 312,313,315,316. From these results, it can be concluded
that the surface of the as-deposited dendrites contains surface oxides mixture (CuO and Cu2O),
which is in agreement with the STEM-EDS results.

4.3.2 Wettability of as-prepared copper surface
The wetting properties of the as-deposited structure were determined using the sessile
droplet method at which the side-view image of a droplet was used to evaluate the CA. As Figure
4.4 (a) shows, the CA of a droplet placed on the electrodeposited copper is approximately 157.9
 4.5º based on over 10 measurements. Figure 4.4 (b) demonstrates an experiment in which a
droplet was dropped from a centimeter height onto the as-deposited copper to examine the
adhesiveness of the surface. Multiple images have been taken during the fall and bounce of the
water droplet and the motion trajectory is shown by juxtaposing multiple images as a
demonstration of the low adhesion induced roll-off effect. In order to further elucidate this
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behaviour, advancing (ACA) and receding (RCA) contact angle measurements were performed.
Figure 4.4 (c) depicts the ACA and RCA over the range of volume variation from 10 to 20 µL
and the corresponding droplet diameter. The ACA is almost constant (161.8°) with a small
variation of 0.9º. Similarly, the RCA also has a small variation of 1.5° during the extraction of
the liquid with an average value of 157.1°. The contact angle hysteresis (CAH), calculated based
on the difference between the ACA and RCA, is 4.7 ± 1.8°. Such a low CAH (< 10°) combined
with the CA > 150° have been attributed as the characteristic of a superhydrophobic surface with
easy roll-off behaviour 98,237,317. The easy roll-off behaviour is also demonstrated in Appendix C
(Figure C1) showing the time-lapsed motion of the droplet when the Pt wires are removed from
the droplet. The superhydrophobic behaviour and low droplet adhesion correspond to the CassieBaxter wetting state

98,112

. Under such conditions, the droplet is suspended on the roughness

features, thereby minimizing the solid-liquid contact area under the droplet.
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Figure 4.4: The electrodeposited copper yields a surface that exhibits superhydrophobic
behaviour. This behaviour is characterized by large contact angles (a) and droplet bouncing when
dropped on the surface (b) showing the low adhesion easy roll-off properties. (c) Advancing
(ACA) and receding (RCA) contact angle measurements obtained by varying the droplet volume
between 10 to 20 µL. The contact angle hysteresis (CAH) of the copper surface is 4.7  1.8°.
The extreme hydrophobicity with easy roll-off properties observed in Figure 4.4 arises
from the synergistic effect of surface topography and chemical composition. Superhydrophobic
rough surfaces without any low energy chemical additive obtained from electrodeposition of
copper have also been reported in earlier studies

172

. High electrodeposition voltage (> 1 V) is

typically used to induce morphological instabilities during the electrodeposition process. The
resulting unstable growth imparts hydrophobicity to the surface following the introduction of
surface roughness

318

. In the present study, the dendritic morphologies of the electrodeposited

copper offer the required roughness, as shown in the SEM micrographs (Figure 4.2). Moreover,
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the secondary branching from the dendritic structure introduces multiscale roughness similar to
the lotus leaf effect

319

, which further enhances the surface hydrophobicity. In addition to the

roughness features, the chemical composition of the surface also plays an important role in the
superhydrophobic behaviour. Pure copper in the presence of ambient air undergoes surface
oxidation leading to the formation of surface-bound copper oxides comprising of CuO and Cu2O
mixture 170,172. Moreover, any CuO phase on the surface tends to undergo partial de-oxidation to
Cu2O phase 159. Among all the oxidation states of copper (CuO, Cu and Cu2O), the Cu2O phase
is the most hydrophobic with apparent water CA of about 110° for a smooth surface (with
roughness ≤ 10nm)

159

. For the present study, as confirmed by STEM-EDS mapping and XPS

analysis, there exists a thin surface bound oxygen-rich layer. Correlating the water-repellent
nature of the as-deposited surface with the STEM-EDS and XPS results, it is plausible to
attribute such oxygen-rich layer to the presence of Cu2O phase, which is in agreement with the
previous study 159. Overall, the hydrophobic Cu2O phase, in addition to the multiscale roughness
arising from the dendritic structures, imparts the superhydrophobic behaviour with low adhesion
and easy roll-off to the electrodeposited surface.

4.3.3 Electrochemical wettability control: Effect of applied voltage and time
duration
A redox reaction mediated electrochemical alteration of the surface chemistry can induce
rapid changes in the oxidation states. In order to track the changes in surface wettability in
response to alteration of the oxidation state, a reduction potential was applied to the substrate
(working electrode) while simultaneously evaluating the CA. The experimental setup design is
similar to the capacitive wettability evaluation setup illustrated in Figure 3.2. The as-deposited
surface was used as the working electrode with two platinum wires as the counter and pseudoreference electrodes (Figure 4.5 (a)).
Prior to the voltage application, the copper surface is extremely hydrophobic with the
easy roll-off property because the droplet is in the Cassie-Baxter wetting state. As the reduction
potential is applied, a gradual reduction in the CA was observed. Different reduction potential in
the range of -0.7 V to -1 V vs. Pt pseudo-reference electrode was applied and the CA was
measured in an interval of 60 seconds. Figure 4.5 (b) shows the reduction in the CA as a function
of time at different applied potentials. As it can be observed from this plot, the rate of CA
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decrease strongly depends on the reduction potential. The reduction potential determines the rate
of the electrochemical reaction occurring at the solid-liquid interface and therefore affects the
rate of CA decrease 320. The percentage decrease in the CA under -1 V was found to be 79% and
the corresponding decrease was only 6% under -0.7 V over the period of 420 seconds. These
findings highlight that the CA alteration can be effectively controlled based on the applied
potential.
In order to achieve an active control over the wetting behaviour, it is important that the
CA remains stable after the desired CA is achieved. A stable droplet represents that the droplet
should cease spreading when the potential is removed. Figure 4.5 (c) demonstrates the results of
an illustrative experiment where the droplet system is alternately subject to a step input of a
constant potential for a specified duration and a rest period at which no potential is applied for 2
min in a repetitive manner. The main objective of such an experiment is to demonstrate that any
given CA can be achieved using the rate curves in Figure 4.5 (b) as guidelines for tuning the
variation in CA. As can be seen in Figure 4.5 (c), the droplet spreads onto the surface and the CA
decreases upon applying the potential. However, the spreading is halted upon removal of the
potential. No significant variation in the CA was observed when no potential was applied. Upon
re-applying the potential, the CA starts to reduce until the potential is removed. By applying
different step potential between -0.8 and -1 V, different CA values down to 30° were achieved
(the point at which the droplet lost contact with the Pt wires). The high potential can lead to a
faster and a larger change in the CA. Conversely, a lower potential causes a slower change and
therefore a small change in the magnitude of CA can be achieved in a controlled manner. The
analogy of such procedure is to consider the high potentials for coarse tuning and the low
potentials as the fine-tuning factors for the wettability alteration. These results demonstrate the
capability of the electrochemical process to manipulate the CA to any desired value.
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Figure 4.5: Modulation of the magnitude and duration of the applied voltage enables precise
control over the rate and extent of the wetting transition. The potential represented here is
referred with respect to that of the platinum pseudo-reference electrode (a) A conceptual
representation of the electrochemical system where the substrate acts as the working electrode
and two platinum wires as the counter and pseudo-reference electrode, respectively (b)
Experimental results showing the change in the CA with time at varying reduction potentials. (c)
Results showing the stability of the CA achieved after the application of the potential. The CA
reduces upon the application of reduction potential but remains stable when the potential is
removed.
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4.3.4 Mechanism of the electrochemical wettability control
The mechanism for the wetting alteration is an outcome of two interdependent aspects,
i.e. the electrochemical and physical mechanism. The surface of the dendritic structure contains
copper species with different oxidation states. The wettability modulation described above is a
direct consequence of an electrochemical change in oxidation state of the copper surface, which
highlights the electrochemical mechanism. The change in the chemical composition drives the
interaction of the liquid phase with the roughness features underneath the droplet, which
corresponds to the physical mechanism. In order to elucidate on the electrochemical mechanism
underlying the surface wettability manipulation, cyclic voltammetry (CV) studies were
conducted on the copper oxide sample. Figure 4.6 (a) shows the CV curve of an as-deposited
sample immersed in a beaker as the working electrode with Ag/AgCl and carbon plate as the
reference and counter electrodes, respectively. A scan rate of 30 mV s-1 was used to track the
redox reaction. A 0.1 M Na2SO4 solution was used as the electrolyte. The plot resembles a
typical redox behaviour of copper as reported previously

321,322

. As can be seen in this plot, the

as-deposited structure undergoes two-step reduction reactions denoted as peak A and B. In
general, two reduction mechanisms have been proposed

322

. In a one-step reduction mechanism,

CuO is directly converted into Cu. A two-step reduction mechanism involves the reduction of
CuO into Cu2O, followed by reduction of Cu2O into Cu. Qualitative comparison of the two
distinct reduction peak areas reveals the underlying mechanism in the present system. In the twostep mechanism, the Cu2O being converted to Cu originates from the initial Cu2O species present
on the sample and the Cu2O generated from first-step CuO reduction reaction. Thus the peak area
for the reduction of Cu2O is expected to be greater than that of the CuO reduction

322

, which is

reflected in the CV plot in Figure 4.6 (a). Peak A can be attributed to the reduction of CuO to the
lower oxidation state Cu2O according to Equation (4.3)

321–323

. Further reduction to metallic Cu

occurs at higher reduction potentials (peak B) as indicated by Equation (4.4) 322,323:

2CuO  H 2 O  2e   Cu 2 O  2OH 

E0 = -0.220 VSHE

(4.3)

Cu 2 O  H 2 O  2e   2Cu  2OH 

E0 = -0.365 VSHE

(4.4)

The oxidation peak at about -0.2 V (peak C) can be attributed to the oxidation of the
metallic phase into the corresponding oxide states. The small shoulder peak at about -0.5 V has
been correlated to the adsorption of oxygen in previous study 324,325.
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Figure 4.6: The change in the contact angle and alteration of wettability occurs due to the
electrochemical change in the oxidation state of copper. (a) Cyclic voltammogram of the asprepared 2 cm2 copper strip sample in 0.1 M Na2SO4 electrolyte solution conducted with a
potential scan rate of 30 mV s-1. (b) The current vs. time profile corresponding to a droplet under
a constant reduction potential of -1 V. The sequence of images from A to H shows the evolution
of the droplet shape over 180 seconds of the test. (c) A conceptual representation of the
underlying mechanism for the contact angle alteration. Negative potential induces the reduction
of Cu2O to Cu and the droplet penetrates into the roughness features. Further application of the
reduction potential causes the three-phase contact line of the droplet to spread leading to further
reduction in the contact angle. The contact angle of the droplet after the first current peak
corresponding to point B in (b) at the rotation angle of (d) 90º and (e) 180º shows the transition
from roll-off to sticky surface with high adhesion.
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The dynamic current-time profile during the electrochemical wetting alteration revealed
further insights into the two-stage dynamic transition of the droplet CA reduction. Figure 4.6 (b)
shows a sequence of droplet images along with the corresponding current profile during the
introduction of constant -1 V vs Pt to the droplet. During the initial phase of the applied voltage,
the current increases, reaching a maximum after which the current reduces. The increase in the
current corresponds to a rapid increase in the accessible solid-liquid (S-L) interfacial area
occurring during the transition from the Cassie-Baxter to the Wenzel wetting state, as illustrated
in Figure 4.6 (c). This stage corresponds to the transition of the surface oxide to the metallic
state, which causes the penetration of water into the roughness features. After this transition,
most of the unreacted hydrophobic oxide surface resides at the periphery of the droplet and the
reactions occur predominantly at the three-phase contact line. Various studies have shown that
the three-phase contact line plays a key role in determining the CA of a surface

53,93

. During the

first stage, the area available for the redox reaction is higher and includes area under the droplet,
as compared to later stages where the reaction is confined to the periphery of the droplet. The
difference in the S-L interfacial area during each stage of wetting transition results in a current
peak, followed by smaller currents in later stages. Over time, the droplet CA switches from a
superhydrophobic (> 150º) to a fully wetting state (< 40º) until the loss of electrical contact of
the Pt microelectrodes with the droplet.
A droplet in a Cassie-Baxter wetting state has a lower adhesion to the surface as
compared to the Wenzel wetting state 326. The droplet shapes before (point A) and after (point B)
the initial current peak are shown in the inset of the current profile of Figure 4.6 (b). The
reduction in the CA was found to be relatively small with initial CA of approximately 157º and
decrease to about 135º. However, the droplet adhesion to the surface was enhanced as can be
observed in Figure 4.6 (d) and (e). The droplet remains adhered to the surface even at a tilt angle
of 90° and 180º. Conversely, a droplet placed on the substrate before the electro-reduction rolled
off easily (Figure C1), reflecting the low adhesion of the as-deposited sample. The increase in
the adhesion and pinning of the droplet further supports the fact that during the initial stages of
the CA change, the transition of the Cassie-Baxter to Wenzel wetting state occurs.
In general, CA alteration at low voltage can be achieved following two pathways, either
by charge accumulation or by a change in the surface chemistry. CA alteration arising from the
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charge accumulation following the Young-Lippmann equation requires the substrate to have low
intrinsic electroactivity (e.g. steel and gold)

156,157

. Conversely, in the present work, the bias

potential alters the surface chemistry in accordance with the electrochemical reactions as
described by Equation (4.3) and (4.4), which is the underlying cause for the change in the CA.
Additionally, the wetting transition shows multiple distinct features, suggesting that the
wettability switching mechanism is different from the traditional electrowetting process. In
contrast with the electrowetting phenomenon where a stable CA is obtained for a bias potential,
the contact angle in this study was found to decrease continuously under the reduction potential
till the droplet loses contact with the counter electrode. The steady reduction in the CA and
absence of stable CA suggests that the wetting alteration is dependent on the Faradaic activity
resulting from the electro-reduction of surface oxide. Moreover, conventional electrowetting,
which is based on the charge accumulation, is weakly dependent on the polarity of the applied
potential in accordance with the Young-Lippmann equation

152,153,327

. To investigate the impact

of the potential polarity on the present system, a positive bias potential of +0.5 V vs. the Pt
reference was applied. Although we did not observe a significant change in the CA and droplet
profile even after 5 min of voltage application, the droplet transformed from the easy roll-off to
adhesive state as shown in Figure C2 (a) and (b). In comparison to the negative potential, the CA
change was negligible, which further confirms the wetting to be dependent on the potential
polarity and the underlying mechanism to be different from the electrowetting phenomenon. The
transition from easy roll-off to the adhesive state can be explained based on the reversible redox
reactions shown in Figure 4.6 (a). The application of positive potential drives the oxidation of
Cu2O species initially present on the as-deposited substrate to CuO. Increase in the surface
concentration of the more hydrophilic CuO enhances the adhesion of droplet. Any further
increase in the positive potential resulted in the electrolyte decomposition accompanied by
bubble formation on the Pt counter electrode 158.
It has been reported that exposure of copper oxides surfaces to ambient environment
causes accumulation of the adventitious carbon species that promote hydrophobicity

328–330

. In

order to investigate the contribution of airborne hydrocarbon adsorption during the drying
process, the changes in the surface composition at the mid-point (electrochemical transition at 0.8 V vs. Ag/AgCl for 200 s) and the end of wetting transition were determined through the XPS
analysis. Figure D1 (a) compares the XPS survey scans of these samples to the as-deposited
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structure. As seen in the XPS results, no significant variation in the surface composition was
observed. The impact of such carbon contamination at the surface was further studied by
comparing the C 1s signal for the three samples in the as-deposited, mid-point and the end of
wetting transition

316

. Figure D1 (b) shows that all samples possess adsorbed carbon and

hydrocarbon species at the surface. However, the carbon content at different stages of wetting
transition seems to remain unchanged. Although the adsorbed hydrocarbon can play a role in the
enhancement of the observed hydrophobic behaviour, the mechanism for the CA transition is
independent of the adsorbed hydrocarbon and only depends on the copper oxidation states.

4.3.5 Reversibility of wetting alteration
4.3.5.1 Multi-cycle wetting transformation test
The as-deposited sample showed excellent underwater hydrophobicity. Figure 4.7 (a)
shows the inclined angle image of the electrodeposited sample immersed in the electrolyte
solution of 0.1 M Na2SO4. The silvery appearance of the submerged sample observed here arises
due to the internal reflection of incident light at the air-water interface corresponding to the
trapped air pockets within the dendritic structures of the substrate. Upon applying a potential of 0.6 V vs. Ag/AgCl reference electrode, the surface gradually becomes hydrophilic and water
intrudes into the roughness features by displacing the trapped air, leading to the loss for
reflectivity (Figure 4.7 (b)). The applied potential of -0.6V vs the Ag/AgCl reference electrode
corresponds approximately to -0.85 V vs. the Pt pseudo-reference electrode. This
electrochemically controlled underwater hydrophobicity can be important in the design and
development of the smart membranes and applications requiring control over the underwater gas
bubble dynamics on a solid surface.
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Figure 4.7: Experimental results illustrating the electrochemically controllable underwater
hydrophobicity on the copper sample. The wettability alteration was found to be reversible. (a)
The as-prepared sample on the copper strip immersed in 0.1 M Na2SO4 electrolyte shows a
reflective surface due to superhydrophobicity. In the representation, WE and CE denote the
working and counter electrodes. (b) The same sample as in (a) after 30 s under a reduction
potential of -0.6 V vs. the Ag/AgCl reference electrode. (c) The contact angle of the copper
sample measured for 10 consecutive transition cycles. Following the application of reduction
potential, the sample showed superhydrophilic behaviour. After heating at 100ºC for 30 min or at
room temperature (25ºC) for 1 hour, the initial superhydrophobic behaviour was regained.
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The durability and wetting reversibility of the surface is important to allow reuse of the
substrate. In order to evaluate the reversibility of the hydrophobic properties, underwater wetting
transitions were performed. Following the wetting alteration, the sample was extracted from the
electrolyte and washed thoroughly with DI water. The excess water was removed and the CA
was measured to be around 10° demonstrating superhydrophilicity. Then, the substrate was dried
using a blower followed by mild heat drying at 100ºC in the air for 30 min. The CA of the
surface was measured again after the drying step and the initial superhydrophobicity is fully
regained. Figure 4.7 (c) shows the CA measured for the dried sample after wetting transition and
after heating the sample at 100ºC in the air, evaluated for 10 consecutive cycles. The CA
returned to the superhydrophobic regime after the heat drying process.

4.3.5.2 Surface structure and composition after wetting transition cycles
As discussed earlier, the pure copper surface gets oxidized mostly in the form of
Cu2O/CuO mixture under ambient environment as corroborated by XPS. The wetting transition
occurs predominantly through simultaneous two-step reduction of the mixed oxide species into
the metallic phase. Figure 4.8 (a) shows the SEM micrograph of a sample which has undergone
10 cycles of wetting transitions. A comparison of this micrograph with that obtained from the asdeposited sample (Figure 4.2) suggests that the dendritic microstructure of the sample remains
intact after the wetting alteration and cycling. The STEM-HAADF and STEM-EDS mappings of
the individual dendritic arm are shown in Figure 4.8 (b)-(d). The O2-rich region near the exterior
surface of the dendrites is still observed for the post-cycled structure, as indicated in Figure 4.8
(c) and (d). The presence of this O2 layer shows that oxygen adsorption and/or formation of
copper oxide species still happens after the electrochemical reduction reaction. The crystallite
size of the copper phase was also determined via Scherrer analysis of the two major copper XRD
peaks, as shown in Figure 4.8 (e). The grain size does not show significant growth after the
cycling when compared to the as-deposited structure (80.8 nm vs.77.6 nm). The unidentified
XRD peak at 41.4º remains intact. The introduction of the electrochemical redox reaction does
not seem to have any impact on the removal of the unidentified phase corresponding to this
reflection. In addition, XPS was incorporated to identify the chemical state of copper near the top
surface of the dendritic structure. The XPS results obtained from the post-cycled structure is
shown in Figure 4.8 (f). Similar to the as-deposited sample, the top surface is composed of mixed
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oxide species of Cu2O and CuO. These findings verify that the process of electrochemical
wetting transition does not induce any microstructural alteration to the sample.
The underlying mechanism for the reversibility follows the fact that the application of
reduction potential converts the oxygen-rich surface layer into pure copper. Heat drying of the
sample at 100°C after the wetting transition promotes the atmospheric oxygen to react with the
copper phase, thereby converting the surface into a mixture of copper oxides

331

, as exemplified

in Figure 4.8. Oxidation of the copper surface upon heating in the air as discussed in prior work
322

is the underlying reason for the substrate to regain their hydrophobicity after the heating step.

It is to be noted that regenerating the hydrophobic behaviour via this heating step requires
significantly shorter time (within 30 minutes) as compared to the regeneration step for the UV
light based wettability alteration (as long as 2 weeks) 173.
The influence of the mild thermal drying (100 ºC) on the composition of the copper
sample was also investigated. Two samples were prepared after the wetting transition by drying
at room temperature (air-dried, 1 hr) and under 100ºC (heat-dried, 30 min). The survey scan of
the two samples is shown in Figure D1 (c). Comparison of the two XPS profiles reveals no
change in the surface composition. The O 1s signal of these samples was also compared against
that of the as-deposited structure in Figure D1 (d). As can be seen in the O 1s spectra, drying at
100ºC does not introduce additional oxide species. The CA of the air-dried and heat-dried sample
also shows negligible variation, as shown in the inset of Figure D1 (c). These results further
confirm that the mild heat treatment only serves to accelerate the drying of surfaces as compared
to the room temperature drying process.
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Figure 4.8: Surface properties of the copper sample which has undergone 10 consecutive wetting
transition cycles resembles that of the as-deposited counterpart. (a) The SEM micrographs of the
post-cycled structure. (b) STEM-HAADF micrographs of the dendrite structure after cycling.
The STEM-EDS mapping of (c) Cu and (d) O for individual secondary arm indicated by the
square in (b). (e) The XRD pattern of the post-cycled structure. The dashed lines represent the
copper XRD peaks, the solid circle is an unidentified phase. (f) XPS spectrum of Cu 2p region
for the post-cycled sample reveals similar copper oxide species as those in the as-deposited
sample.
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4.3.6 Application of electrochemical wettability control for on-demand oilwater separation
4.3.6.1 Surface characterization of electrodeposited copper mesh
Figure 4.9 represents the microstructure of the copper mesh before and after the
electrodeposition. As can be seen in Figure 4.9 (a), the pristine Cu mesh consists of interwoven
Cu wires resembling a fairly smooth surface. The presence of minor mechanical damage due to
the sample handling prior to the electrodeposition is also observed. After the electrodeposition,
the Cu wires are fully covered with a rough layer approximately 10-30 µm in thickness, as
shown in Figure 4.9 (b) and (c). Higher magnification micrograph of the electrodeposited layer
(inset in Figure 4.9 (b)) reveals that the layer contains dendritic structures similar to what has
been observed previously and the copper plate

294,295

. The dendritic structure forms due to the

supersaturation of the copper metal reduced in the vicinity of the surface of the substrate which is
directly proportional to the crystal growth rate

294

. Figure 4.9 (c) shows a full coverage of the

electrodeposited dendritic structure on a single copper wire. The dashed line in this image
represents an estimated location of the wire periphery under the electrodeposited layer.
The crystal structure of the electrodeposited layer was investigated using XRD. As Figure
4.9 (d) shows, the dendritic structure consists of metallic copper as the main constituent. The
major XRD reflections of the face-centered cubic copper (FCC-Cu) are shown in this plot. The
formation of metallic copper dendrites during the high overpotential of -1.5 V in an acidic
electrolyte is expected and in agreement with previous studies

294,295,332

. However, XRD is not

capable of identifying the formation of any nanocrystalline oxide layer at the topmost layer
333,334

. Hence, electron microscopy and XPS were utilized to investigate the possibility of oxide

formation at the top surface layer of dendritic structures.
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Figure 4.9: Microstructure of the (a) pristine and (b) as-deposited copper mesh. The inset shows
the high magnification of the dendritic structure formed during electrodeposition. (c) The crosssection of a single Cu wire with the full coverage of dendritic structures. The thickness of the
deposited layer ranges from 10 to 30 µm. (d) The XRD pattern of the dendritic structure shows a
single FCC-Cu crystal structure.
Figure 4.10 (a-i) and (a-ii) shows the STEM-HAADF and STEM-EDS mapping of a
single dendritic branch. Figure 4.10 (a-i) is the STEM-HAADF micrograph of dendrite cluster
demonstrating multiple branching during the electrodeposition process. As suggested by the
intense contrast which is directly related to the atomic number ( z ) of the existing element, a
uniform dispersion of single elemental grains can be observed. The presence of some dark
regions corresponds to the larger relative thickness of the interior crystallites. Figure 4.10 (a-ii)
shows the STEM-EDS maps of the Cu and O elements for a portion of the dendritic structures
indicated by the box in Figure 4.10 (a-i). As can be seen in the elemental map, the interior
regions of the dendrite contain high concentrations of Cu. On the other hand, the oxygen
concentration tends to increase towards the exterior surface of dendrite forming a <10 nm
oxygen-concentrated layer. Such a layer can arise from the formation of surface oxides or the
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presence of adsorbed molecular O2 or oxygen-containing species such as OH groups

295

. High-

resolution TEM (HR-TEM) imaging of the near-surface regions indicated by the two arrows in
Figure 4.10 (a-i) is depicted in Figure 4.10 (a-iii) and (a-iv), respectively. The corresponding Fast
Fourier Transform (FFT) of each micrograph is also shown as an inset. Mixed lattice fringe
spacing was observed for both regions. Based on the FFT analysis, the major spacing values of
2.32 Å and 2.46 Å was observed in Figure 4.10 (a-iii). The lattice spacing of 2.32 Å is most
likely corresponding to the monoclinic CuO (111) interplanar spacing and has been previously
reported

335,336

. On the other hand, the 2.46 Å lattice fringes corresponding to the Cu2O (111)

spacing are also reported elsewhere

337,338

. The observed lattice fringes of 2.32 Å and 2.09 Å in

Figure 4.10 (a-iv) are also in line with the CuO (111) and Cu (111) planes, respectively

335,337

.

These observations corroborate the presence of mixed copper oxide shell on the copper core
dendritic structure.
The XPS analysis was utilized to obtain the chemical states of the copper near the top
surface of dendritic structures. Figure 4.10 (b-i) shows a typical high-resolution XPS profile near
the Cu 2p region. This profile shows two major broad peaks indicating the Cu 2p1/2 and Cu
2p3/2 signals with a clear shoulder and satellite structures. The appearance of the satellite
structures at around 943.9 and 962.8 eV binding energies arises from the open 3d9 shell of the
CuO phase

305,307,339

. The deconvolution of the Cu 2p region also indicates the existence of two

overlapping signals corresponding to Cu2+ and Cu1+ phases

170,308,309

. The spin-orbit splitting of

the two peaks assigned to the CuO phase is 19.6 eV, which is in agreement with that reported in
literature 307,310. The 2p signals from the metallic Cu and the Cu2O are typically within a narrow
range of binding energy 295,308. However, the binding energy of the Cu2O phase generally lies at a
slightly lower binding energy

310,311

. In our case, the binding energy of the peak assigned of

Cu2O is at 932.3 eV, which is lower than the typical 933 eV reported for metallic Cu. Figure 4.10
(b-ii) shows the same Cu 2p region after exposure to Ar ion etching in order to remove the top
layer. As indicated in this plot, the satellite signature of the CuO phase is diminished. Moreover,
the 2p3/2 signal is shifted toward slightly higher binding energies around 933 eV. Comparison of
this binding energy with those observed for Cu2O phase shown in Figure 4.10 (b-i) suggests that
the etched surface mostly consists of the metallic copper phase. However, the presence of a trace
amount of oxygen in the lattice cannot be ruled out based on the analysis of the O 1s signal
described below.
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The O 1s signal was also evaluated to clarify the presence of metal-bound oxygen on the
surface. Figure 4.10 (b-iii) shows the O1s XPS profile of the as-deposited sample. The broad O
1s peak after the deconvolution process shows three separate signals. Based on the literature, the
small shoulder at the lower binding energy of 529.5 eV corresponds to the CuO phase 312–315. The
peak centered at 530.6 eV corresponds to the oxygen in the Cu2O lattice

308,312

. The signal at

higher binding energies (531.7 eV) has been attributed to the chemisorbed or dissociated oxygen
species at the surface

312,313,315,340

. After the etching process, the intensity of the surface-bound

oxygen species decreases as shown in Figure 4.10 (b-iv). Moreover, there is a decreased amount
of oxygen in the copper lattice. These results suggest that the surface of the as-deposited
dendrites contains mixed oxides species of CuO and Cu2O, which is in agreement with the
STEM-EDS and HR-TEM results. The mixed copper oxide phase will be referred to as CuxO in
the following text.

83

84

Figure 4.10: (a): (a-i) STEM-HAADF of a dendritic cluster with multiple branches. (a-ii) The
STEM-EDS mapping of Cu and O on single dendrite branches indicated by the box in (a-i). The
concentration of oxygen tends to increase from the interior towards the exterior regions of the
dendrite. (a-iii) and (a-iv) HR-TEM of the near-surface regions indicated by arrow 1 and 2 in (ai), respectively. The insets show the corresponding FFT to identify the lattice spacing. The
surface consists of a mixture of CuO and Cu2O phases while the interior regions contain metallic
copper phase. (b): (b-i) XPS profile of the Cu 2p region indicates the presence of Cu(I) and
Cu(II) oxide species. (b-ii) The Cu 2p region after the Ar etching indicates the removal of the
oxide species. (b-iii) O 1s XPS signal from the as-deposited sample shows the presence of
oxygen in the copper lattice and surface oxygen groups. (b-iv) Comparison of the O 1s signal
before and after the Ar ion etching shows the removal of the surface oxygen and decreased trace
of oxygen in the copper lattice.

4.3.6.2 Wettability of as-prepared copper mesh
The wetting properties of the as-deposited copper mesh towards water and oil were
evaluated through the static CA, as shown in Figure 4.11 (a-i). The as-deposited copper mesh is
superhydrophobic with WCA of 160.8 ± 1.9°. The oil droplet (1,2-dichloroethane) spreads out
rapidly with OCA of nearly 0°, demonstrating superoleophilicity in the air. Similar
superoleophilic behaviour is observed when the mesh is placed in water with UWOCA of 7.4 ±
1.0°. The superhydrophobicity of the as-deposited copper mesh can be attributed to the
synergistic effect of the chemical composition and surface topography

341

. As confirmed by the

STEM-EDS mapping and XPS analysis, the dendritic structure consists of the metallic copper
core and copper oxides shell phase. Among different oxidation states of copper (Cu, Cu2O, and
CuO), Cu2O is the most hydrophobic phase with WCA of approximately 110° on a smooth
surface

159

. In ambient air, pure copper undergoes surface oxidation to form surface-bound

copper oxides (Cu2O and CuO mixture). Moreover, the CuO phase undergoes partial deoxidation
to Cu2O phase. In addition to the chemical composition, the presence of micro- and nanoscale
hierarchical roughness endowed by the pores between the copper fibre mesh network and the
dendritic structures further amplifies the surface hydrophobicity

319

. Air trapped between the

branches of the dendrites on the porous copper mesh significantly reduces the contact area
between the water and the mesh surface, resulting in enhanced water repellent property 342. When
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a water droplet is placed on such surface, the trapped air leads to a heterogeneous liquid-solid
and liquid-air interfaces under the droplet. This superhydrophobic behaviour can be described
using the Cassie-Baxter wetting model 36,342,343.
The dendritic structure restricts the permeation of water into the roughness features,
which leads to a decrease in the solid-liquid (S-L) interfacial area and subsequent contact angle
rise. In contrast, the oil droplet spreads on the copper mesh surface in both air and water (Figure
4.11 (a-i)). This is a consequence of the low surface tension of the oil phase and the multiscale
surface morphology of the copper mesh. Driven by the low surface free energy of the mesh
surface and capillary effect, the oil droplet would spontaneously wet and penetrate into the
dendritic structures 344,345. The dendritic structures on the surfaces resemble a random network of
capillary channels through which a wicking phenomenon (hemi-wicking) occurs

346

. The

capillary-driven imbibition of the oil phase into the interspaces between the dendrites extends
from the droplet, leading to suppression of the droplet height

347

. Liquid impregnation into the

surface textures, in conjunction with the macroscopic radial propagation of the droplet meniscus,
give rise to the in-air and underwater superoleophilicity.
When the superhydrophobic mesh is underwater, the air pockets remain trapped in the
roughness features (Cassie-Baxter conditions). When the oil droplet is brought in contact with
the solid surface, the air trapped in the microstructure gets displaced by the oil. Therefore, the
wetting behaviour is expected to show a close resemblance to the behaviour observed for the oil
droplet in the air. Even though the interaction shows superoleophilic behaviour, the spreading of
the oil on the copper microstructure is slightly restricted as compared to the oil in the air system.
This can be observed in Figure 4.11 (a-i), where a visible oil meniscus is observed for the
underwater condition, while no such meniscus is observed when the oil is brought in contact with
the substrate in air. This restricted spreading is the result of a liquid-solid interface where the tip
of the dendritic structures are in contact with the water, which is evident from the finite
conductivity when a bias potential is applied, as will be discussed in Section 4.3.6.3. In
conventional wicking, a thin film of the liquid precedes the spreading of the macroscopic
meniscus

234

. However, when the oil is brought in contact with the surface underwater, the

advancing movement of the droplet meniscus following the precursor film is restricted by the

86

wetted tips of the dendritic structure. The restricted motion of the meniscus results in the
observable meniscus and the incomplete spreading on the surface.

Figure 4.11: (a) The water contact angle (WCA), oil contact angle (OCA) and underwater oil
contact angle (UWOCA) on the copper mesh after (a-i) air drying and (a-ii) voltage application.
The OCA and UWOCA are determined using 1,2-dichloroethane. (b) High underwater oil
contact angle (UWOCA) of different oils on the electrochemically modified copper mesh via
voltage application illustrates the applicability of the mesh as a separator for oil of different
densities and viscosities.
87

Following the application of reduction potential, the copper mesh exhibits
superamphiphilicity in the air. As shown in Figure 4.11 (a-ii), the water and oil droplets
instantaneously spread when brought into contact with the copper mesh, displaying WCA and
OCA of 11.5 ± 2.7° and nearly 0°, respectively. In contrast to the strong affinity towards oil in
the air, the copper mesh shows underwater superoleophobicity with UWOCA of 161.0 ± 2.8° in
a water environment. The two extremes in the wettability range of the oil droplet in the air and in
water can be described by the interfacial tension relations at the three-phase interface of the oil
droplet 348,349:
cos  ow 

 o cos  o   w cos  w
 ow

(4.5)

In Equation (4.5), γo, γw and γow represent the interfacial tensions of the oil-air, water-air,
and oil-water interfaces, respectively; θo and θw are the OCA and WCA in the air; θow is the
UWOCA. For a hydrophobic and oleophilic surface, an underwater oleophilic property with θow
< 90° is expected. This is in agreement with our experimental result shown in Figure 4.11 (a-i).
The oil surface tension typically lies in the range of 20-30 mN m-1, which is much lower
compared to the water surface tension of 73 mN m-1 350. As a result, the copper mesh exhibiting
both superhydrophilicity and superoleophilicity in the air becomes superoleophobic underwater
because the term  o cos o   w cos w is always negative. In general, a surface demonstrating a
superhydrophilic behaviour in the air will present an underwater superoleophobic behaviour,
which is an indirect outcome of the oil-water immiscibility 342. Physically, this behaviour arises
as the water infiltrates and gets trapped between the dendritic structures due to high water
affinity to reach a low-energy Wenzel state, as exemplified by the low WCA in Figure 4.11 (aii). The spontaneous formation of a continuous water film within the dendritic structure creates a
barrier, minimizing the contact area between the copper mesh and the oil phase

351

. The

replacement of the water molecules on the mesh surface by oil molecules is energetically
unfavourable due to repulsion between the oil and water phase

345,352

. Therefore the

superhydrophilic mesh surface is shielded from contacting the oil. Instead, the evolution of a
spherical oil droplet is favourable to minimize the surface energy. The decrease in the contact
area between the oil and copper mesh surface, in combination with the immiscibility between the
polar water and non-polar oil phases, results in an amplified UWOCA 350,353.
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After air drying for approximately an hour, the initial superhydrophobic-superoleophilic
properties of the mesh are restored. The ease of wettability tuning between superhydrophobicsuperoleophilic and superhydrophilic-superoleophobic (underwater) by alternate air drying and
voltage application offers a mechanism for realizing selective removal of oil or water on a single
filtration mesh. This can be achieved by smart switching between the wetting states to target the
isolation of the oil phase from water or vice versa. The UWOCA of a series of oils, including
toluene, octane, hexane and petroleum ether, was examined. The purpose of repeating the
UWOCA measurement for different oils is to confirm that the underwater superoleophobic
behaviour as shown in Figure 4.11 (a) arises independently of the viscosity and density of the oil
phase. As confirmed in Figure 4.11 (b), the copper mesh possesses underwater
superoleophobicity for different types of oil, and all the UWOCA values were higher than 160°.
The universality in the underwater superoleophobic property towards different oils further
corroborates the suitability of the copper mesh as a separator for a wide range of oils.

4.3.6.3 Electrochemical alteration of the surface oxidation state
The cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
used as an in-situ technique to investigate the electrochemical wettability switching process.
Figure 4.12 (a) shows the CV profile of the copper mesh in the as-deposited state over a potential
range suitable for inducing the reduction process. The CV plot of the copper mesh resembles that
obtained on the copper plate in Figure 4.6 (a). As described earlier, the two peaks A and B in
Figure 4.12 (a) correspond to two distinct reduction processes on the as-deposited copper mesh,
which can be described by Equation (4.3) and (4.4).
In the first step, the copper surface with the highest oxidation number (CuO) undergoes a
partial reduction and is transformed into the Cu2O phase (peak A). Upon continuous application
of the reduction potential, the Cu2O phase converts into the pure metallic Cu phase (peak B). On
the other hand, the application of a positive potential leads to the oxidation of the surface to form
CuO phase, as indicated by peak C in the CV profile (Figure 4.12 (a)). The transition of the
wetting properties from the superhydrophobic to superhydrophilic state occurs during the
electrochemical reduction of the mixed oxide surface to pure copper surface. The typical contact
angle of a water droplet in the air before and after the transition is also shown in the inset of the
CV curve (Figure 4.12 (a)).
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EIS measurements were performed on the mesh surface before (superhydrophobic) and
after the reduction (superhydrophilic) to elucidate the mechanism of the electrochemical
switching and properties of the surface. Due to its real-time and non-invasive nature, EIS
provides a means to probe the mesh-electrolyte interfacial interaction in-situ while preserving the
surface properties. Figure 4.12 (b) and (c) show the EIS profile of the surface in both states in the
form of Nyquist and Bode plots, respectively. The Nyquist plot of the superhydrophobic surface
features a depressed semicircle, which could be attributed to double layer charging and charge
transfer process on the hierarchical structure of the mesh

354

. The impedance |Z| value of the

superhydrophobic surface is greater than that of the superhydrophilic surface over the entire
frequency range (Figure 4.12 (c)). The high impedance |Z| arises from the existence of trapped
air pockets underneath the dendritic structure of the as-deposited mesh, which hinder penetration
of electrolyte medium into the surface

355

. The decrease in the impedance |Z| following the

electrochemical reduction also confirms the transition from Cassie-Baxter to Wenzel wetting
state 356.
The EIS data were analyzed by fitting with the equivalent electrical circuits (EECs)
shown in Figure 4.12 (d). Similar EECs have been used in several studies for elucidating the
interfacial behaviour of electrode with and without film coating

354,357–359

. Rs is the ohmic

resistance related to the ionic resistance of electrolyte solution, intrinsic resistance of the
electrode material and the contact resistance at the interface of the electrode and current collector
360

. Rct is the interfacial charge transfer resistance, CPEdl is the constant phase element

corresponding to the double layer capacitance at the interface, R f is the pore resistance
associated with the ionic pathway through the oxide film, and CPE f is the constant phase
element corresponding to the capacitance of the copper oxide film 354,357. Here the capacitance is
substituted with the constant phase element ( CPE ) to account for the arc depression and nonideal capacitive behaviour (deviation from the vertical line) observed in the Nyquist plot

358,361

.

The use of CPE has been shown to provide a better approximation for rough electrode surface
with distributed resistance and capacitance 357,362. As shown in the Nyquist and Bode plots, there
is a good agreement between experimental and simulated impedance spectra. Even though the
copper oxide layer exhibits a lower electrical conductivity compared to the metallic copper, Rs of
the superhydrophobic surface (45.9 Ω cm2) is only higher than the reduced surface (42.0 Ω cm2)
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by about 9%. Indeed such a small difference in Rs is expected since the copper oxide phase is
only present on the topmost layer of the mesh with metallic copper as the core phase. The Rct and

CPEdl of the superhydrophobic surface are 74.8 kΩ cm2 and 3.2 µF cm-2, respectively. On the
other hand, the superhydrophilic surface has Rct of 1.7 kΩ cm2 and CPEdl of 1.3 mF cm-2. In
agreement with the literature, the Rct value increases and the CPEdl decreases with an increase in
the surface hydrophobicity 354,362. The lower capacitance suggests a smaller electrode-electrolyte
interfacial area whereas a higher Rct is indicative of a surface with greater water repellency at
which the electron transfer process is hindered

363,364

. Prior to the electrochemical reduction, the

CuxO (Cu2O and CuO) surface film and trapped air layer in the dendritic structure act as a
diffusion barrier between the electrolyte medium and metallic Cu surface. The minimal contact
between the electrolyte and metal surface thus results in higher Rct and lower CPEdl

357

. After

reduction of the surface oxide layer, the electrolyte solution penetrates into the copper mesh
structure and the contact area between the mesh surface and electrolyte increases. Subsequently,
a lower Rct and a higher CPEdl are observed.
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Figure 4.12: (a) CV profile the copper mesh over a reduction potential range of 0 to -0.8 V vs.
Ag/AgCl reference. The inset shows the water contact angle of the mesh in the air before and
after the electrochemical reduction. The mesh is superhydrophobic prior to the reduction reaction
and turns superhydrophilic following voltage application of -1.5 V. The arrow 1 and 2 denote the
forward scan from 0 V to -0.8 V and reverse scan from -0.8 to 0 V, respectively. (b) Nyquist and
(c) Bode plots for the mesh surface before and after the reduction process at open circuit
potential. (d) Equivalent electrical circuits used to model the impedance data of the
superhydrophobic (before wetting transition) and superhydrophilic (after wetting transition)
copper mesh surface.
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4.3.6.4 Controllable oil-water separation in water-removing and oil-removing
mode
In view of the selective superwetting-superantiwetting properties towards oil and water
discussed in the previous section, the copper mesh can enable on-demand separation of light or
heavy oils and water mixtures. The reversible switching between opposing wetting properties
presents an opportunity to selectively remove oil or water from oil-water mixtures by operating
in either oil-removing or water-removing states, depending on the relative density of the oil and
water phase. When the oil phase to be separated is denser than the water phase, the
superhydrophobic/superoleophilic nature of the as-deposited or air-dried copper mesh can be
exploited for selective separation of heavy oil from water. The heavy oil will pass through the
copper mesh due to its superoleophilic nature while the water will be intercepted. The
superhydrophilic-underwater superoleophobic properties are not optimal in this case as the heavy
oil tends to settle below the water, forming a barrier layer that hinders water permeation

365

. On

the other hand, the concurrent superhydrophilicity and underwater superoleophobicity of the
electrochemically altered copper mesh are ideal for separation of light oil-water mixture. The
water accumulated in the bottom layer would permeate while the oil phase would be retained
above the mesh. Accordingly, both types of separation could be achieved by smart tuning of the
wettability of the copper mesh.
A series of proof-of-concept studies were carried out to assess the oil-water separation
capability of the copper mesh. For separating the heavy oil from water, the heavy oil-water
mixture was poured onto the as-deposited copper mesh without further modification or onto the
air-dried mesh. As shown in Figure 4.13 (a), the heavy oil (dyed by Oil red O) permeates due to
superoleophilicity of the nanostructured layer while the water (dyed by methylene blue) is
retained in the upper funnel because of the superhydrophobicity of the copper mesh. To separate
water from light oil, a reduction potential of 1.5 V is applied to alter the wettability of the copper
mesh via electrochemical transformation of the oxidation state of the copper oxide shell. The
current profile of the mesh during this transition is shown in Figure 4.13 (c). The initial increase
in the magnitude of the current is due to the increasing dendritic surface area in contact with the
water as the reduction reaction occurs and electrolyte penetrates into the roughness feature.
Owing to the superhydrophilicity and underwater superoleophobicity of the electrochemically
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reduced copper mesh, the mesh is permeable to water but not to oil. Therefore, water will pass
through while the oil will be blocked. In both cases, the separation process is solely driven by the
gravity without the application of external force. Through the facile control over the selective
permeation of oil or water, the copper mesh can be adapted to separate different oil-water
mixtures with different densities and viscosities.
For practical applications (e.g., oily wastewater cleanup), the mesh must possess the
flexibility to initiate the separation process on-demand with simple operating procedures. Figure
4.13 (b) shows a series of images illustrating the capability of the copper mesh for continuous
on-demand oil-water separation. Prior to the application of voltage, the oil-water mixture stays
on the mesh and the water (or 1 M Na2SO4 electrolyte) with higher density is at the bottom layer.
Upon application of reduction potential, the water permeates through the mesh instantaneously.
The light oil that remains on the mesh can then be collected separately. The voltage input can be
turned off at this stage since the copper mesh has completed the transition from the oil-removing
to the water-removing state. In addition, the separation process can be reactivated by pouring
more oil-water mixture into the existing batch, initiating the next separation cycle. As shown in
Figure 4.13 (b), the mesh only allows the newly added water to pass through while repelling the
oil. Subsequently, the separation process can be repeated for multiple cycles as required,
eliminating the need for any regeneration or cleaning steps.
The quality of the separation process is quantified using the separation efficiency, which
is determined based on the mass ratio of the rejected phase before and after the separation
(Equation (4.1)). The mixture of heavy oil (1,2-dichloroethane) and water was separated using
the as-deposited or air-dried copper mesh operating in the oil-removing mode. The light oilwater mixture was separated using copper mesh in the water-removing mode. Figure 4.13 (d)
shows that the separation efficiency of all the light oil-water and heavy oil-water mixtures are
higher than 98%. The high separation efficiency can be attributed to the distinctive wetting
behaviour towards oil and water.
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Figure 4.13: (a) Reversible oil-water separation in oil-removing and water-removing mode
triggered by air drying and voltage application (b) Series of images illustrating the on-demand
separation of light oil-water mixture via voltage application and the use of the mesh for multiple
separation cycles. CE and WE stand for counter and working electrodes, respectively. (c) The
current profile of the mesh as it undergoes the wetting transition following application of
reduction voltage of 1.5 V. (d) Separation efficiency of the copper mesh operating in both waterremoving and oil-removing modes are higher than 98% for different oil-water mixtures.
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4.3.6.5 Mechanism of selective removal of water and oil
One of the pivotal aspects of the oil-water separation system is the on-demand alteration
of the surface wettability. The ability to switch between superhydrophobic-superoleophilic and
superhydrophilic-superoleophobic behaviour allows the separation of heavy oil and water as well
as light oil and water. Mechanistically, the overall effectiveness of the mesh in separating oil and
water arises from the interplay of the morphologies from the woven wires and the dendritic
structures. The multiscale roughness plays an essential role in the observed water- and oilrepelling qualities

366,367

. When the material is in the phobic state (hydrophobic or oleophobic),

the re-entrant structure arising from the circular cross-section of the wires leads to an enhanced
phobic state for both water and oil

368

. In addition, the nano- and microscale roughness

originating from the hierarchical dendrites minimize the solid-liquid contact area by retaining air
pockets, thus impeding liquid propagation.
The separation process in oil-removing and water-removing modes is shown
schematically in Figure 4.14. The as-prepared mesh demonstrates a superhydrophobic behaviour
in agreement with the condition of the Cassie-Baxter wetting state. This implies that the water is
suspended on top of the dendritic structures and there exists a cushion of air underneath the water
phase. When a mixture of water and heavy oil is poured into the separation vessel, the heavy oil
will sink at the bottom due to its higher density until it touches the mesh. As the oil comes in
contact with the solid surface, the oil phase spreads on the wireframe of the mesh due to the
capillary wicking (hemi-wicking) and eventually penetrates the mesh. The heavy oil permeates
through the mesh not by overcoming the trans-membrane pressure, but by wicking-assisted
spreading

346,347

. As the spreading occurs, the gravity acts on the droplet forming on the bottom

side of the mesh leading to the oil droplet detachment, which is governed by the balance between
the surface tension and gravity. Any external stimuli do not instigate the separation in the oilremoving mode. Following the oil permeation, the hierarchical dendrites would be infused with
a thin film of oil molecules (Figure 4.14 (a)). Accordingly, the water layer on top of the oil does
not come in contact directly with the underlying solid surface but with an oil film. The
immiscibility of the oil and water restricts any further passage of water through the mesh. This
effect regulates the selective oil permeation while blocking the water access. Although the oil
film shielding the dendritic structure is not recovered, the trapped oil is not a recurring loss. For
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any further separations, the oil permeation takes place once the oil comes in contact with the
impregnated oil film. Therefore the efficiency is not affected during continuous operation of the
separation process.

Figure 4.14: Schematic illustration of the separation process of (a) heavy oil-water mixture in
oil-removing mode and (b) light oil-water mixture in water-removing mode. In both oilremoving and water-removing modes, liquid permeation begins by capillary-driven wicking into
the dendritic structures followed by gravity-assisted flow through the mesh. At the end of the
separation, the dendrite surface is infused with a thin film of oil (water) that restricts penetration
of water (oil).
While the separation of the heavy oil and water mixture occurs without any external
stimuli, the separation of the light oil-water mixture can be assisted via electrical stimuli. The
light oil with lower density floats on top of the water layer when a light oil-water mixture is
poured into the separation vessel. Since the surface is in the superhydrophobic Cassie-Baxter
state, the water is supported on the mesh. At this stage, none of the liquids are permeating
through the mesh. The electrochemical switching of the wettability of the mesh is induced by
applying a reduction potential of 1.5 V, initiating the separation process. Following the voltage
application, the oxide species on the surface (CuxO) get converted into the metallic phase (Cu) as
an outcome of the electrochemical reduction. In response to the change in the surface chemistry,
the water layer first imbibes the dendritic structure, leading to a transition from the Cassie-Baxter
to the Wenzel wetting state. After this transition, the macroscopic three-phase contact line
advances along the curved surface of the wire and forms a continuous water film. The movement
of the water through the dendritic structures resembles that of the wicking mechanism with the
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distinction of being assisted by the electrical potential, which causes the water to move through
the capillary network formed by the dendritic structures

346

. The water propagates through the

wire surface and emerges on the bottom side of the mesh. As the water accumulates at the
bottom, gravity overcomes the tension forces, and the water is removed as drops. Some residual
water is left impregnating the surface of the dendrites after the water is completely drained. The
oil layer that eventually contacts the water-impregnated dendritic structures would not be able to
permeate due to the repulsion between the oil and water phases (Figure 4.14 (b)). The behaviour
is the inverse of what is observed for the separation of the heavy oil and water where oilimpregnated dendritic structures prevent the passage of water.
The gravity-driven separation processes have low energy consumption. The oil-water
separation process and the permeation occur not by overcoming the trans-membrane pressure,
but by the solid-liquid interfacial interactions. Nevertheless, gravity does serve a few essential
functions, such as the layer formation for the two immiscible liquids (oil and water) based on
their difference in density, and the droplet detachment from the underside of the mesh once the
liquid has permeated the mesh structure.

4.3.6.6 Recyclability of copper mesh
The recyclability and durability of the copper mesh were evaluated through the
measurement of contact angle and separation efficiency for 30 consecutive cycles. The WCA in
air or UWOCA was obtained before each separation test to verify the reversibility of the wetting
state. Figure 4.15 (a) shows that the wetting transition between superhydrophobicity and
underwater superoleophobicity is fully reversible by consecutive air drying and voltage
application. In the oil-removing mode, the WCA remains consistently above 160° with a slight
fluctuation of 4%. Moreover, the mesh fully regains the underwater superoleophobicity after
voltage application. The UWOCAs of the electrochemically altered copper mesh are above 158°
with a variation of 5% for all water-removing cycles. In line with the reversible transition in the
WCA and UWOCA, the mesh retains high separation efficiency exceeding 98% for multiple
separation cycles in both oil-removing and water-removing states (Figure 4.15 (b)). The high
recyclability of the copper mesh lies upon the structural integrity of the dendrites and chemical
reversibility of the topmost oxide layer. As shown in Figure E1, the surface microstructure and
chemical composition of the copper mesh after the wetting transition cycles are similar to that of
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the as-deposited mesh. The stability of the wetting behaviour and separation efficiency
demonstrate the reusability of the copper mesh.

Figure 4.15: (a) WCA in air and UWOCA for 30 cycles of reversible transition between
superhydrophobic/superoleophilic and superhydrophilic/underwater superoleophobic states
induced by alternate air drying and voltage application. (b) The separation efficiency of the
copper mesh in water-removing and oil-removing mode for 30 separation cycles. Toluene and 1,
2-dichloroethane are used as the representative light and heavy oil, respectively.

4.4 Summary
A facile approach for electrochemical alteration of the surface wettability of
electrodeposited copper structures was demonstrated. By varying the copper oxidation state, the
entire

wettability

range

spanning

superhydrophobicity

(contact

angle

>

150°)

to

superhydrophilicity (contact angle < 10°) can be precisely adjusted in-situ. During the wetting
transitions, the surface transforms from a low adhesive rolling state (lotus effect) to high
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adhesive pinning state (petal effect), and eventually to superhydrophilic state with a waterabsorbing ability (fish scale wetting). The wetting alteration was found to be reversible and the
original hydrophobic behaviour was retained after multiple cycles of wetting alterations. The
reversal to the initial superhydrophobicity was achieved by either leaving the sample in ambient
air for an hour or by mild heat drying at 100 °C for 30 min. A combination of surface and
structure characterization revealed the presence of mixed oxide species (CuO and Cu2O) on the
as-prepared samples as well as the cycled samples. The electrochemical wettability modulation
involves reduction of the surface-bound oxide groups into their metallic counterpart as
corroborated by the cyclic voltammetry. The mechanism was found to be distinct from the lowvoltage electrowetting, which is governed by charge accumulation at the solid-liquid interface.
The switchable wetting properties of the core-shell copper-copper oxide structure were
further applied in the preparation of a copper mesh for on-demand separation of heavy oil-water
and light oil-water mixtures. The as-deposited mesh possesses simultaneous superhydrophobic
and superoleophilic behaviour suitable for selective removal of heavy oil from water. Upon
application of small electrochemical reduction voltage (<1.5 V), the mesh becomes
superhydrophilic and underwater superoleophobic, which is ideal for water permeation while
blocking the flow of light oil. The wettability of the copper mesh can be tuned between
superhydrophobic-superoleophilic and superhydrophilic-underwater superoleophobic by air
drying and voltage application. Extensive microstructural characterization revealed that the
composition of the outmost surface, as well as the roughness features of the dendrites, play a key
role in achieving the switchable wetting and oil-water separation. The underlying mechanism of
the wetting transition was elucidated based on the Cassie-Baxter and Wenzel theories. The
separation efficiency of the system operating under both oil-removing and water-removing states
is higher than 98% for a series of oil-water mixtures. Moreover, the mesh retains the wetting
behaviour and high separation efficiency after 30 consecutive cycles of oil-water separation.
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5

Conclusions and future considerations

5.1 Conclusions
The conventional method for surface wettability evaluation is based on measurement of
contact angle at the solid-liquid-air interface. Although the contact angle measurement provides
a fast and cost-effective tool for wettability characterization, the application of contact angle as
wettability parameter poses several limitations, including the multiplicity of contact angle values
for a rough surface, the elusive role of the contact area and contact line, and droplet size
dependence of the contact angle values. These complications in the optical wettability
characterization have resulted in the discrepancy in the experimental results and theoretical
predictions. For practical applications, different types of wetting behaviour are desired. For
example, the gas diffusion layer in the hydrogen fuel cell is typically coated with a hydrophobic
agent to prevent water flooding. On the other hand, a hydrophilic surface is favourable in water
electrolysis application to maximize the electrode-electrolyte contact area and to minimize gas
bubble blocking. As such, a thorough understanding of wetting phenomena would facilitate the
development of the structure-property-function relationship to prescribe the design of functional
materials with special wettability. In view of the limitations of contact angle, there is a need for a
robust wettability characterization technique and wetting metric.
Thanks to the advances in material processing and fabrication technology, a large number
of artificial surfaces with different wetting properties have been synthesized. In general, there are
two ways to control the surface wettability: the passive and active means. The passive wetting
tuning involves modification of the surface morphology and chemical composition.
Nevertheless, the obtained wettability is static in nature. In other words, the wetting behaviour of
the material cannot be changed unless further surface modification steps are applied. Dynamic
control over the wettability is desirable in applications such as microfluidic tools, lab-on-chip
devices, and smart membranes. For such active wettability alteration, smart surfaces showing
adaptive properties upon external stimulation are used. Despite extensive progress, several
aspects of the switchable materials and approaches entail further study for scale-up applications.
Among them are the complexity and cost of the fabrication process, use of the chemical additive,
the range of wettability conversion, contact angle switching speed, and time required for wetting
recovery.
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In an attempt to resolve the aforementioned challenges, this thesis describes the use of
electrochemical approaches to quantify the surface wettability and to achieve smart control over
the wetting behaviour of copper oxide surface. In Chapter 3, an experimental platform for
wettability characterization based on the double layer capacitance is presented. The
electrochemical technique utilizes the proportionality between the electric double layer
capacitance and solid-liquid interfacial area to evaluate the wetted area under the droplet. In
comparison to the conventionally used contact angle measurement, the electrochemical approach
is more sensitive towards change in the surface roughness. In the proof-of-concept experiment
based on intrinsically hydrophobic surfaces, the contact angle results showed that the increase in
the surface wettability can be predicted by either the Cassie-Baxter (heterogeneous wetting) or
Wenzel (homogeneous wetting) model. Using the electrochemically derived solid-liquid
interfacial area as wettability metric, the Wenzel model was identified to be a better
representation of the wetting behaviour.
In another study using mechanically polished surfaces, the static and dynamic contact
angle results show contradictory wetting behaviour. Compared to the intrinsically hydrophilic
smooth surface, the static contact angle of mechanically abraded rough samples increased,
suggesting the Cassie-Baxter wetting state. However, the dynamic contact angle measurements
hinted towards the Wenzel state because an increase in the contact angle hysteresis values with
roughness was observed. The electrochemical evaluation revealed an increase in the wetted area
with the roughness scale, which is in line with the contact angle hysteresis trend. Therefore, by
coupling the electrochemical and optical analysis, we have successfully unveiled the interfacial
interaction between the liquid and solid surface. The results can also aid in the elucidation of the
ongoing debate in the surface scientific community over the role of interfacial area and threephase contact line, as well as the validity of the Wenzel and Cassie-Baxter wetting models. We
have provided experimental evidence that the apparent contact angle has a rather weak
dependence on the area under the droplet. Instead, the three-phase contact line controls the
apparent contact angle on a rough surface. Overall, the studies demonstrate the potential use of
the electrochemical approach as a complementary characterization tool to the optical methods.
Chapter 4 describes an electrochemical approach for dynamic control over the wetting
behaviour of the electrodeposited copper structure. The copper-copper oxide core-shell structure
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was synthesized using a controllable, cost-effective, and scalable electrochemical deposition
process without any chemical additive. The magnitude and duration of applied reduction voltage
control precisely the rate and extent of the contact angle reduction. By manipulating the
oxidation state of the oxide shell phase, the entire wettability range from superhydrophobicity
(contact angle > 150°) and superhydrophilicity (contact angle < 10°) can be precisely controlled
in-situ within a few seconds to a few minutes. The electrochemical analysis shows that the
wetting transition is based on the Faradaic phase transformation of the surface-bound oxide
groups to the metallic counterpart. Moreover, the wetting alteration is reversible by air-drying at
room temperature for an hour or by mild heat drying at 100°C for 30 min. In comparison to other
potential-induced wetting alteration such as electrowetting, the approach presented in this thesis
controls the surface wettability by changing the surface chemistry. The rate of the
electrochemical reduction of the surface oxide is determined by the applied reduction voltage.
Thus there is a high level of controllability over the wetting state, which could be accomplished
with relatively low voltage (<1.5 V) operable by the conventional alkaline battery.
The reversibly redox-driven wettability conversion is demonstrated for controllable
separation of oil-water mixtures. The as-deposited copper mesh possesses simultaneous
superhydrophobic and superoelophilic behaviour suitable for selective removal of heavy oil from
water. Upon application of small electrochemical reduction voltage (<1.5 V), the mesh becomes
superhydrophilic and underwater superoleophobic, which is ideal for water permeation while
blocking the light oil. As a result, the mesh can be tuned between the oil-removing and waterremoving mode through air drying and voltage application for selective removal of light or heavy
oil. The underlying mechanism of the wetting transition and oil-water separation was explained
based on the Cassie-Baxter and Wenzel wetting models. In addition, the mesh retains the wetting
properties and separation efficiency of over 98% after 30 consecutive cycles of oil-water
separation. Owing to the simple preparation procedure, ease of wetting transition, and durability
of the copper structure, the mesh has the potential to be used for oily wastewater treatment, fuel
purification, and oil spills clean up.
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5.2 Future work and recommendations
The findings presented in this work have unveiled several areas that worth further
investigations to expand the potential of the electrochemical technique. The following are the
recommendations for future studies:


Application of electrochemical wettability metric for characterization of porous
materials
Porous carbon fibre substrate is used in many electrochemical conversion and storage
technologies, such as fuel cell, supercapacitor, and redox flow battery. Conventional
methods to study the solid-liquid interaction in the porous structure often require highly
specialized equipment or lack the sensitivity in detecting a difference in the internal
structure. Thus the successful extension of the electrochemical wettability metric and
characterization method for porous carbon material would provide the avenue for
enhancing the performance in these technologies. Similar to the glassy carbon substrate
used in this work, the carbon fibre substrate is conductive and can support the formation
of the electric double layer. Accordingly, a similar parameter based on the double-layer
capacitance could potentially be applied with minor modifications. The high sensitivity of
the electrochemical technique towards the surface properties, as demonstrated in this
thesis, would also facilitate the study of wetting dynamics in porous materials.



Application of plasma treatment technique for surface wettability modification
The plasma treatment method was used to prepare uniformly distributed nanoscale
roughness feature on the glassy carbon substrates in this work. In addition to the
roughness contribution, it was found that the surface can also be rendered hydrophobic
while preserving the surface morphology through deposition of fluorine-containing
groups (e.g. SF6, CF, CF2, CF3). Thus there is a potential to fine-tune the surface
wettability by controlling the process parameters, such as the treatment time, process gas
type, flow rate, and power. Our initial attempt on fibrous carbon layer used in the
hydrogen fuel cell indicated that the plasma modification is effective in creating water
removal pathway, thus boosting the performance at high current load.



Comparison of the effective area determination based on double layer capacitance
and measurement using redox probe
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This thesis work describes the measurement of double layer capacitance to infer the
wetting behaviour through determination of the solid-liquid interfacial area. Another
electrochemical method that can be used to estimate the effective area is based on an
evaluation of the peak current of well-characterized redox reaction using the RandlesSevcik equation. An example of such a redox probe is the ferrocene/ferrocenium couple.
Gira et al. have shown that the measurement on metal thin films based on the redox
couple tends to underestimate the surface area due to the convolution effect of diffusion
layer thickness for rough samples. In order to establish the electrochemical technique as a
tool for wettability characterization, there is a need to perform a systematic comparison
of the measurements based on double layer capacitance and redox probe on different
systems, including the carbonaceous, metallic and oxide surfaces. Extension of the
electrochemical methods to study surfaces with more complex morphologies would also
facilitate the establishment of structure-property relationship to guide the design and
development of artificial wetting systems.


Integration of double layer capacitance evaluation with impedance measurement for
probing intermediate wetting state and quantification of effective wetted area
While the comparison of the capacitance values offers insight on the solid-liquid
interfacial interaction under the droplet, it does not allow quantification of the liquid
penetration depth. In particular, the increase in the interfacial area shown in Section 3.3
may represent partial liquid penetration with air pockets still trapped underneath the
roughness feature. Due to lack of a robust wetting model for describing the intermediate
wetting state, only the cases of non-penetration (Cassie-Baxter) and complete penetration
(Wenzel) are considered in this study. Tuberquia et al. have demonstrated the application
of electrochemical impedance spectroscopy (EIS) to determine the liquid penetration
depth 356. Combination of the impedance-based method with the double layer capacitance
measurement presents the opportunity to monitor in real time the wetting state and to
quantify the effective wetted area.



Investigation of different transition metal oxide surfaces for wetting switching based
on oxidation state transformation
This work has demonstrated the wettability switching on the electrodeposited copper
surface by controlling the oxidation state. Copper is used as the model substrate for this
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study due to its low cost and abundance. Similar wetting alteration could possibly be
observed on other transition metal oxides or mixed oxides which exhibit multiple
oxidation states. A systematic study on the intrinsic wettability of different oxidation
states of various oxides is needed.


Exploring applications of low-voltage redox-driven wettability switching
Stimuli-responsive materials with controlled reversible wettability find diverse
technological applications in microfluidic devices, lab-on-a-chip systems, and smart
membrane. Compared to other wetting alteration methods, the electrochemical approach
presented in this thesis has the advantages of low switching requirement, fast response,
and high controllability. Therefore it is of interest to investigate the use of the
electrochemical switching technique in other areas.



Optimization of mesh structure for separation efficiency and capacity
A systematic design of the membrane structure is required to optimize the permeation
rate and separation efficiency. Several studies have revealed the contradictory impact of
pore size on the separation process

369–371

. The flux increases with the pore size, thus

generating a greater separation capacity. However, a larger pore size reduces the
breakthrough pressure. The breakthrough pressure characterizes the maximum height of
the repelled phase that the membrane can support. Subsequently, the decrease in the
maximum supporting height leads to lower separation efficiency due to undesired
infiltration of the repelled phase and limits the applicability of the oil-water separator.


Large-scale field testing of smart oil-water membrane
The smart copper membrane described in Chapter 4 showed that the mesh retains high
separation efficiency after 30 wetting cycles. However, for scale-up application, it is
necessary to investigate the durability of the membrane under actual-use testing
conditions. The stability of the mesh under harsh environmental conditions (elevated
temperature and corrosive solution) needs to be evaluated. The operation of the
membrane in continuous mode also needs to be tested to meet the target treatment
capacity for industrial requirements. In addition, evaluation of the membrane separation
technology for industrial uses entails a comprehensive techno-economic analysis.
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Appendices
Appendix A: Measurement of advancing and receding contact angles
Typical procedures for the advancing (ACA) and receding contact angle (RCA)
measurement using the needle-syringe method are illustrated in Figure A1 using smooth GC as
an example. The ACA corresponds to the value at which the contact angle (CA) remains constant
with increasing droplet volume and diameter. The RCA is identified as the point prior to the
sudden increase in CA during the volume retraction, as illustrated in Figure A1 (b). For
determination of RCA using the droplet evaporation method, the RCA is the value of the first
contact angle peak following a decrease in the droplet base diameter.
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Figure A1: (a) and (b) Exemplification of the typical advancing (ACA) and receding contact
angle (RCA) measurements for the smooth glassy carbon (GC) surface. D is the base diameter
and D0 is the starting base diameter for a 5 mL droplet. The RCA was achieved after about 1%
variation in the base diameter and a sudden increase in the CA during the receding process. (c)
Contact angle during the evaporation of 5 mL droplet on the smooth GC. The first local
maximum (arrow) in the contact angle after the decrease in the base diameter (denoted by the
dotted line) is considered as the RCA.
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Appendix B: Cyclic voltammetry plots of mechanically abraded samples at
different sweep rates and electrolyte concentrations
Figure B1 compares the cyclic voltammetry (CV) plots of the smooth and mechanically
abraded glassy carbon samples at various sweep rates obtained using 1 mM and 1 M Na2SO4
aqueous electrolytes. The symmetric shape of the CV curves implies that the electrochemical
double layer charging process is reversible 245. At low sweep rate, there is sufficient time for ion
diffusion from the bulk electrolyte to the electrode surface, ensuring nearly complete ion access
to the available surface sites. As a result, a quasi-rectangular CV shape is observed. As the sweep
rate increases, the CV curve becomes skewed. The distortion of the CV curve with increasing
sweep rate is even more prominent when a lower electrolyte concentration (1 mM Na2SO4) is
used, as illustrated in the transition from quasi-rectangular to an elliptical shape in Figure B1.
The deformation of the CV plot at high sweep rate can be attributed to sluggish ion transport that
fails to keep up with the potential variation during the double layer charging process

372

. Such

mass transport limitation is exacerbated at low concentration due to lower ion mobility
associated with a lower concentration gradient. Overall, the dependence of capacitance on the
sweep rate is weaker at higher electrolyte concentration due to improved mass transfer kinetics
245

.
Compared to the smooth sample, the degree of distortion in the CV with the sweep rate

and concentration is more pronounced for the rough samples. The rough samples offer longer
and more tortuous ion transport pathway for charge accumulation at the electrode-electrolyte
interface. Consequently, the restriction of the ionic motion gives rise to a slower reorganization
of the double layer at the switching potentials during CV measurement, leading to lag in the
attainment of the steady state current

203,373,374

. In addition, the extent of electrode surface

involved in the charging dynamics strongly depends on ion penetration depth into the roughness
structure, which is also dictated by the sweep rate and solution concentration. When a higher
sweep rate or a lower concentration is used, the greater transport resistance renders only the outer
electrode surface to be accessible to the ions

375

. Due to delay in the double layer charging,

distortion of the CVs and lower capacitance value are observed. In contrast, the ion diffusion
length is much smaller for the smooth sample, providing faster charge propagation. Thus the
impact of the ion diffusion rate on the charging process is less significant. As shown in Figure
143

B1, the dissimilarity between the CVs of the smooth sample obtained at different sweep rates and
concentrations is minimal.

Figure B1: Cyclic voltammetry curves of mechanically abraded glassy carbon samples obtained
using 1 mM and 1 M Na2SO4 electrolyte at different sweep rates of 10, 50, 100, 200, and 500
mV s-1.
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Appendix C: Stickiness of the electrodeposited copper surface
Figure C1 shows the time-lapsed motion of the droplet upon removal of the Pt wires. The
droplet rolls off the sample surface towards the edges.

Figure C1: The easy roll-off motion of the droplet upon the removal of the Pt wires. The droplet
moves towards the edge of the sample.
Figure C2 demonstrates the impact of applying positive potential on the contact angle and
the adhesiveness of the surface. Figure C2 (a) shows the easy roll-off behaviour of the asdeposited surface when Pt wires are used to move the droplet on the surface. Upon applying a
positive 0.5 V vs. Pt pseudo-reference electrode for over 5 min, the surface becomes more
adhesive. This is demonstrated in Figure C2 (b) where the droplet does not move using the same
rolling technique. The potential of the Pt pseudo-reference electrode is about -0.25 V relative to
the Ag/AgCl reference electrode. Applying higher voltages (>0.5 V vs. Pt) promotes the water
decomposition reaction on the Pt counter electrode.
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Figure C2: (a) The easy rolling motion of the droplet with the aid of Pt wires. (b) The droplet
becomes sticky after applying +0.5 V vs. Pt pseudo reference for 5 min.
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Appendix D: Effect of ambient hydrocarbon adsorption and mild heat drying
at 100°C
In order to investigate the possibility of adsorption of carbonaceous species on the surface
upon ambient exposure, XPS survey scans were performed. Three sets of samples were
compared: (1) sample in the as-deposited state, (2) sample prepared by applying -0.8 V vs.
Ag/AgCl for 200 seconds (sample at the middle of transition), and (3) sample after the wetting
transition. Figure D1 (a) and (b) show the XPS survey scan and C 1s profiles of the samples in
the as-deposited state, in the mid-point (-0.8 V, 200 s), and at the end of wetting transition. The
overall survey scans do not show any significant variation in the surface composition. The C 1s
signal does not show any significant change in the carbon content at the different stages of the
wetting transition that could contribute significant modification to the surface wetting properties
340

.
XPS analysis was also performed on two samples that were air-dried (room temperature

for 1 hr) and heat-dried (100ºC) to examine the presence of adsorbed species upon mild thermal
treatment in air. Figure D1 (c) and (d) compares the surface composition and oxygen species for
the samples dried at room temperature and at 100ºC. As can be seen in Figure D1 (c) and (d), the
surface composition and the type of adsorbed species were unchanged.
These results confirm that although adventitious carbon presents on the surface, the
amount of carbonaceous species is similar for all the samples prepared in this study.
Furthermore, the use of mild temperature (100ºC) for accelerating the sample drying process
does not alter the hydrocarbon content at the copper surface.
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Figure D1: (a) XPS survey scan and (b) C 1s signal for the as-deposited, mid-point and the end
of the wetting transition. Similar C 1s intensity and shape suggests similar carbon content for all
the samples. (c) XPS survey scan and (b) O 1s spectrum for samples dried at room temperature
(air-dried) and at 100ºC (heat-dried) and comparison vs. the as-deposited state. The CA for the
air-dried vs. the heat-dried samples is also shown in the inset.
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Appendix E: Microstructural characterization of the copper mesh before and
after 30 wetting transition cycles
SEM micrographs of the copper mesh prior to and after 30 separation cycles are shown in
Figure E1 (a) and (b). Comparison of these micrographs reveals that the dendritic microstructure
on the copper mesh remains intact after the wetting cycles. Thus the alternate application of
voltage and air drying do not change the surface morphology of the mesh.
Figure E1 (c) and (d) show the STEM-EDS mapping of the individual dendritic arm
before and after the wetting transition cycles, respectively. Similar to the as-deposited dendritic
structures, the post-cycled dendrites contains a thin layer of O2-rich region at the exterior surface
shielding the interior section of high Cu concentration. Therefore the formation of copper oxide
species and/or oxygen adsorption occur regardless of whether the electrochemical reduction
reaction is initiated.
Figure E1 (e) compares the XPS profiles of the as-deposited and post-cycled Cu
structures. The chemical states of copper of the post-cycled sample were identified using similar
fitting parameters for the as-deposited Cu mesh. The overall XPS profile and the position of the
fitted curve for the Cu mesh after the wetting cycles are almost identical to that of the asdeposited Cu mesh. The similarity between the XPS results of the Cu mesh before and after the
wetting transition cycles further corroborates that the voltage application and air drying did not
modify the Cu microstructure and chemical state.
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Figure E1: SEM micrographs of the (a) as-deposited and (b) post-cycled copper mesh. STEMEDS mapping of Cu and O elements on single dendrite branch (c) before and (d) after the
wetting cycling. (c) XPS spectra of the Cu 2p region for the as-deposited and post-cycled Cu
samples are similar to each other with identical copper oxide species.
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