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Abstract
Functional coatings, i.e. coatings that possess a property that adds a desirable function
onto a surface, offer great potential in numerous situations when specific requirements
of a material must be fulfilled. Self-cleaning and antibacterial properties are useful in
many cases, for instance in factories to reduce costs caused by washing processes or
in hospitals to prevent bacterial infections. The self-cleaning property can be obtained
with superhydrophobic, in other words highly water repellent, coatings. Besides the superhydrophobic surface, a photocatalytic surface also possesses self-cleaning capability.
Photocatalysis is a phenomenon induced by light that can lead to oxidation and reduction
reactions and further decomposition of organic pollutants. Photocatalytic surfaces exhibit
antibacterial properties. There are also numerous metals that possess antibacterial properties, especially in the form of nanoparticles. In fact, silver is one of the most studied
and used metal in antibacterial applications.
In this study, we have prepared, analyzed, and investigated the properties of two selfcleaning, antibacterial surfaces: a superhydrophobic silver-containing coating and a photocatalytic ZnO film. ZnO is a photocatalyst with an additional antibacterial property that
is attributed to its semiconductor properties, in addition to the toxicity of zinc ions against
bacteria. In this work, we have demonstrated a route for preparing superhydrophobic
silver-containing coatings and studied their antibacterial efficiency. We have also studied
the effect of synthesis parameters on the structure of ZnO films. The influence of the
structure of the ZnO film on functional properties, photocatalytic, and antibacterial activity
has also been investigated. Moreover, we have demonstrated the functionality of silvercontaining superhydrophobic surfaces as effective antibacterial coatings. The approach
of using two functional mechanisms, superhydrophobicity and antibacterial silver, offers
great potential for self-cleaning applications. In addition, this study shows the antibacterial effectiveness of ZnO in dark conditions as well as the relatively high photocatalytic
activity of structured ZnO films, on the basis of which we can anticipate enhanced antibacterial activity under irradiation. The chemical stability of the surfaces has been investigated in order to estimate the usability of the surfaces in varying environments. Based
on the knowledge obtained in this study, the prospects of using superhydrophobic silvercontaining coatings and ZnO films in applications requiring antibacterial and self-cleaning properties are discussed.
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1

1 INTRODUCTION TO FUNCTIONAL SURFACES
AND THIS THESIS

In this chapter, the concept of functional surfaces is introduced. The motivation and aims,
as well as the structure of the work are also described.

1.1 Functional surfaces
Surfaces are present everywhere around us. The requirements of the surface depend
on the purpose of the use and the environment that they have interfaces with. Surfaces
can be coated for protective, decorative, or functional purposes. Compared to protective
or decorative coatings, functional coatings possess an additional functionality such as
anti-abrasive, anti-corrosion, antifouling, easy-to-clean, or antibacterial property. A common feature related to functional coatings is that the coating is of particular benefit for
some application requirement. In addition to a specific property of functional coatings,
they often need to satisfy additional requirements such as tailored surface morphology,
durability, and cost effectiveness. The functionality of coatings can be generated by
means of chemical, physical, mechanical, and thermal properties. Some material properties and the functional applications based on those properties are presented in Fig. 1.
[1]
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Hydrophobic
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FIGURE 1 Functional coatings based on different material properties. Adapted
from ref. [1]
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Surface structure plays an important role in many functional coatings. Self-cleaning superhydrophobic surfaces, for instance, have a property known as the Lotus effect, which
results from a combination of a certain surface structure, and physico-chemical properties of the coating. Self-cleaning properties can also result from the photocatalytic activity
of a material such as TiO2 or ZnO, when organic waste is decomposed from the surface
due to radiation-catalyzed chemical reactions taking place on the surface. The photocatalytic activity of a material also enables the anti-fogging property due to the changed
chemical properties of the surface catalyzed by irradiation.
Recently, nanomaterials as well as nanostructured coatings have been the center of attention due to the unique properties resulting from their small particle and structure size
and high surface area to volume ratio. In coatings, nanostructured topography provides
a large surface area and in many cases enhances the functional properties of the material. This is the case for instance, in antibacterial coatings with functionality based on
dissolution of ions from the surface, in which case a larger surface area provides higher
solubility. The durability of the coating is essential for nanostructured coatings and thin
films as well as other structured coatings that have morphology-dependent functionality.
Surfaces often bear both mechanical and chemical loads and without adequate durability
against this exposure, the functionality of the surface is easily lost when the chemical
properties and morphological characteristics of the surface are changed. Sometimes the
solution to the low durability of the coating is to reproduce the coating after it has worn
off, but this kind of solution is neither an economic nor environment friendly solution.

1.2 Motivation and aims of the work
Environmental applications and microorganism inactivation offer solutions to the problems caused by pollution and infections that are spreading worldwide. Development of
functional coatings enables the fighting against the serious threats that our planet is facing. Consequently, the main focus of this thesis is on the development and study of the
properties of self-cleaning surfaces, represented by both superhydrophobic surfaces and
photocatalytic surfaces, and the deactivation of microorganisms by using antimicrobial
agents or photocatalytic surfaces.
More precisely, the focal point of the study is on synthesizing antibacterial and photocatalytic coatings and thin films and enhancing both antibacterial and photocatalytic activity by modifying the surface structure. The photocatalytic activity of the surface is of
great interest because it enhances antibacterial activity under irradiation. Various mate-

2

rials have exhibited an antimicrobial tendency, functioning by different mechanisms. Silver, especially in the form of ions and nanoparticles, has been shown to be effective
against numerous bacterial species. [2] Zinc oxide, on the other hand, has also shown
high antibacterial activity and functions by different mechanisms, making it effective in
varying environments. [3] Since the dissolution of ions plays an essential role in the antibacterial activity of both Ag and ZnO, it can be assumed that increasing the surface
area will lead to higher antibacterial activity.
Superhydrophobicity enhances the self-cleaning and easy-to-clean ability of surfaces. In
this work, the antibacterial activity of silver-containing superhydrophobic surfaces is studied. The aim of combining two functional properties, superhydrophobicity and antibacterial activity, is to create a surface that not only kill bacteria but is also easy to clean after
the bacteria have been killed. Silver is introduced to the coatings as nanoparticles.
Hydrothermal synthesis provides an easy and relatively economic route for synthesizing
structured thin films. The topography of thin films can be controlled by varying the synthesis parameters, including temperature, time, and precursor concentrations. This thesis investigates both the effect of the synthesis parameters on the surface topography
and the effect of surface topography on antibacterial and photocatalytic activity.
The durability of coatings is of great interest when there is a possibility of applying the
surfaces in applications utilized sometimes in extreme conditions. In this thesis we have
also concentrated on the study of the chemical durability of the fabricated coatings.

3
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FIGURE 2 Illustration of the main themes of this study.

1.3 Structure of the thesis
This thesis consists of the introduction (Chapter 1) followed by the background on superhydrophobicity, photocatalysis and antibacterial materials. Knowledge of the above
mentioned themes is provided in chapter 2. The research questions and contributions of
this thesis are listed in chapter 3. Chapter 4 describes the materials and methods including the characterization methods used in this work. The results from publications I–VI
are introduced in chapter 5 together with a discussion concerning the results, followed
by the conclusions of the study and the future prospects in chapter 6. Publications I–VI
are provided in the appendix.
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2

THEORETICAL BACKGROUND ON SUPERHYDROPHOBICITY, PREPARATION AND PROPERTIES OF
ZNO THIN FILMS, PHOTOCATALYSIS, AND ANTIBACTERIAL MATERIALS

This chapter describes the theoretical background of the main topics of this work including superhydrophobicity, photocatalytic activity and antibacterial silver and ZnO. An introduction to the properties and fabrication of ZnO films is also given.

2.1 Superhydrophobic surfaces
Superhydrophobic surfaces are a typical example of biomimetics, in other words the
modeling of elements found in nature for use in technical solutions. Studying the superhydrophobic surfaces found in nature has provided valuable knowledge and enabled the
fabrication of artificial, highly water repellent surfaces. [4] Such surfaces have huge demand and great potential for numerous applications such as self-cleaning surfaces [5].
This chapter describes superhydrophobicity as a phenomenon and illustrates the manufacturing methods and applications of superhydrophobic surfaces.

Superhydrophobic surfaces in nature
The leaf of the lotus flower (Nelumbo nucifera) is the most notable and commonly known
plant with superhydrophobic properties. In fact, the term ‘lotus effect’ refers to the selfcleaning property arising from superhydrophobicity. The self-cleaning phenomenon results from water droplets rolling on the surface carrying particulates such as dirt or dust
(Fig 3). [6] In the case of the lotus leaf, epicuticular wax crystalloids, which can also be
termed nanostructure roughness [7], are responsible for the superhydrophobic properties. It can be said that the surface of a lotus leaf consists of micro-sized nubs covered
with nano-sized hairs, i.e., nanostructure roughness (Fig. 4). This hierarchical micro/nano structure is characteristic of a superhydrophobic surface. [8]
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FIGURE 3 Self-cleaning effect. Water droplet rolling along the surface carrying undesired
particulates. Adapted from ref. [8]

FIGURE 4 Leaf of a lotus plant and schematic picture of a hierarchical microstructure.
Adapted from ref. [9]
In addition to the lotus leaf, there are also other plants and insects found in nature with
similar properties. Besides the self-cleaning property, superhydrophobicity is also utilized
in numerous other applications, for instance in the antireflective applications mimicking,
e.g., moth eyes [10] and the wings of a butterfly [11].

Superhydrophobicity
Superhydrophobicity refers to a condition where two criteria on a surface are fulfilled: a
high water contact angle (defined to be above 150º) and a low rolling angle [6,12]. Surface roughness has been found to have a profound effect on surface wetting [13]. In
addition, the role of surface energy in surface wetting is significant.
In a situation where a water droplet is placed on an ideally smooth surface (Fig. 5a) under
the equilibrium condition, the contact angle θY between the droplet and the surface is
given by the Young equation (Eq. 1) [12,14–15]:
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,
where

SV,

SL

and

(1)
LV

refer to energies on the solid-vapor, solid-liquid and liquid-vapor

interfaces, respectively.
On a rough surface, the interfacial area involved is larger compared to a smooth surface.
A rough surface can be either homogeneously or heterogeneously wetted (Fig. 5). The
Wenzel state describes a condition where a surface is homogenously wetted, that is
to say water completely penetrates the voids of the rough surface (Fig. 5 b). The
Wenzel equation (Eq. 2) [15] describes the relation between the contact angle of a
smooth surface ( Y) compared to that of a rough surface ( R). In Eq. 2, r refers to the
roughness parameter, which is the ratio between the actual surface area that is supposed to be wetted and the projected planar area. [16] A higher roughness parameter
gives a higher water contact angle.

.

(2)

In the case of the heterogeneous wetting of a rough surface, air (or a liquid other than
that which the droplet consists of) is trapped between the surface and the droplet (Fig. 5
c). Such condition is described as the Cassie-Baxter state and the apparent water contact angle A is given by the Cassie-Baxter equation (Eq. 3) [15]:
,

(3)

where f1 and f2 are the fractions of the solid surface and air in contact with liquid, respectively, and 1 is the contact angle for the original smooth solid surface.

FIGURE 5 Surface models for contact angle calculations; a) smooth surface, b) rough
surface, and c) rough surface with air trapped between the liquid and the solid. Adapted
from ref. [17]
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Both the Wenzel and Cassie-Baxter states can be suitable for superhydrophobic surfaces. There are, however, factors that are not taken into account in these models such
as defects and fine structures caused by the manufacturing process. [18]
In addition to the contact angle, the contact angle hysteresis for its part also defines the
stable superhydrophobic state. The contact angle hysteresis can be explained as the
angle of the measured surface at which the liquid droplet slides off of the surface. Both
advancing and receding contact angles can be measured. Another way to describe hysteresis is as follows: When a liquid droplet evaporates or is withdrawn carefully with a
syringe from the surface, the size of the droplet decreases but the contact area between
the droplet and the surface stays the same as at the beginning and thus the water contact
angle decreases. At one point, the water begins to recede. On the other hand, when the
water condenses on the surface, the water contact angle increases until the water droplet
starts to advance. The advancing and receding angles can be measured from the moving
droplet (Fig. 6). The contact angle hysteresis is the difference between those two angles.
The receding and advancing angles are characteristic of the surface topography and
chemistry. [19]

FIGURE 6 Receding (a) and advancing (b) angles of a moving droplet as the liquid evaporates or condenses on the surface. Adapted from ref. [19]
It must be noted that the chemical and structural properties of the surface are inhomogeneous which can cause the hysteresis and pinning of the water droplets. The concept
of hysteresis and the validity of different wetting theories are complex and disputed. Nevertheless, it is evident that surface structure and roughness play essential roles where
superhydrophobic surfaces are considered. [15,19]

Preparation, properties and applications of artificial superhydrophobic surfaces
Based on the Young, Wenzel, and Cassie-Baxter equations, it can be noticed that the
water contact angle is influenced by surface roughness and surface energy. Thus, when
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superhydrophobic surfaces are artificially manufactured, the aim is often to control these
parameters. [15] Surface roughness can be tailored using different approaches, for instance laser patterning [20], sol–gel processing [21] or hydrothermal synthesis [22]. Surface energy, on the other hand, can be modified by choosing a substrate material with
low surface energy or by adding a low surface energy layer onto the surface. Low surface
energy can be achieved for instance by depositing a self-assembled monolayer of alkanethiols, fatty acids, or organic silanes on the surface. [8]
Since the preparation of superhydrophobic surfaces often requires a tailored hierarchical
micro/nano multilayer surface structure, it is challenging to prepare a superhydrophobic
surface for demanding conditions, e.g., with a severe mechanical or chemical load. Studying the durability of the superhydrophobic coatings is of great importance when considering them for use in a real-life environment.
Superhydrophobic surfaces have been prepared using various different methods [23]
including nanoimprint and nanosphere lithography [16–18], chemical etching [24], selfassembly [25], laser patterning, [16] and the wet-chemical route [26]. Superhydrophobic
surfaces can be used in a wide range of applications, e.g., self-cleaning surfaces, antiicing surfaces such as solar cells and wind turbines, transparent and antireflective coatings, antibiofouling surfaces for ships for instance, microfluidic devices to reduce pressure loss, and in tubes or channels for drag reduction. [8,27] Several materials can be
used as substrate material for superhydrophobic coatings. [15] The most convenient
manufacturing method depends on the requirements of the target application.
Superhydrophobic surfaces have been shown to prevent bacteria from adhering to the
surface. However, this kind of behavior has been detected only with certain bacterial
species, e.g., E. coli [28–29], S. aureus [29–31] and P. aeruginosa [31–32]. It must be
noted that bacteria prefer rough surfaces compared to smooth surfaces. However, when
roughness increases over a certain level, there is no notable difference in the adhesion
of the bacteria on a rough or smooth surface. There are also numerous other factors
influencing bacterial adhesion such as the chemical composition of the material, associated flow conditions and temperature. [33]

2.2 ZnO thin films
The substrate material plays an important role in the fabrication of ZnO thin films. Besides the use of ZnO itself as the substrate, the most commonly used heterosubstrate is
sapphire. Numerous coating methods, one of the most promising being hydrothermal
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growth, can be applied when manufacturing ZnO thin films. The advantage of hydrothermal growth is the relatively low-cost and simple process. [34] The functional properties
of a film can be enhanced by maximizing the surface area, by creating micro- or
nanostructures on the surface. [35]

General properties of ZnO
Zinc oxide (ZnO) is a semiconductive compound with high thermal stability and relatively
high bond polarity. ZnO most commonly crystallizes in the hexagonal wurtzite structure
(Fig. 7 a). The more rarely occurring crystal structures are zinc blende (Fig. 7 b) and rock
salt (Fig. 7 c). In wurtzite lattice, tetrahedrally bonded Zn and O ions form ZnO4 groups.
However, the bonds of the tetrahedra are not equal in length. The bond in the direction
of the c-axis is 1.992 Å and the basal bond length is 1.973 Å, which results in a dipole
moment. Since the atomic structures of different orientations vary, the properties, including electrical properties of different planes also vary, which causes phenomena like piezoelectricity. The difference in bond lengths is also important for the growth direction of
the nanorods, since the polar plane attracts ions from the surrounding solution, leading
to growth of the crystal in a certain direction. In the case of ZnO, nanorod arrays have a
tendency to grow along the polar c-axis. [36–37] ZnO crystals are almost always n-type,
meaning that electrons are responsible for carrying the charge, due to intrinsic defects
such as oxygen vacancies and zinc interstitials in the lattice. There have been multiple
attempts to obtain p-type conductivity, meaning that the holes are responsible for charge
carrying, by doping. Moreover, there have been some reports of p-type ZnO obtained by
nitrogen doping, for example. In contrast, Cu, Ag and Au are deep acceptors and cannot
contribute to p-type conductivity. [38]

(a)

(b)

(c)

FIGURE 7 Lattice structure of a) wurtzite, b) zinc blende, and c) rock salt structured ZnO.
Gray spheres denote Zn and black spheres oxygen. Adapted from ref. [39]
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ZnO is attracting attention due to the large variety of applications in both scientific and
industrial areas. It is used for instance as an additive in concrete and rubber, as a white
pigment in paints, and also in food additives, pharmaceutics, cosmetics, and catalysts.
[34]
In semiconductor device applications, ZnO is a very promising material for several reasons including the following: ZnO is available in large single crystals; it has relatively
wide band gap, which allows its use in optoelectronic applications in blue/UV region; it
has high thermal conductivity, which allows its use as an additive in tyres etc.; and it is a
good choice as a substrate for epitaxial growth. [38]

Preparation of structured ZnO thin films by hydrothermal synthesis
Hydrothermal synthesis, i.e., an inorganic synthesis that can be used to grow single crystals in an aqueous solution at high temperature and pressure, is a commonly used
method and its advantage compared to solid-state methods is sometimes higher reactivity in aqueous media which allows the use of lower temperatures. [40–41] In hydrothermal synthesis, the reactions occur in the solution. In the reactions, water acts as a
catalyst and sometimes also as a component of a forming solid phase. [42] Although
hydrothermal synthesis is sometimes regarded as occurring at temperatures and pressure above 100 ºC and 1 bar, the concept of hydrothermal synthesis can be seen to
cover the whole temperature region above room temperature and the pressure region
above 1 bar. In fact, there are numerous publications describing studies performed under
mild hydrothermal conditions. [43] One advantage of hydrothermal synthesis is the relatively simple experimental set-up. When elevated temperature and pressure are applied,
an autoclave is normally used. In the case of synthesis with elevated temperature but
ambient pressure, as in this work, the set-up is even more simple. [40–41] Hydrothermal
synthesis can be used to synthesize a wide range of materials and compounds such as
fluorides, sulfides, zeolites, or oxides including quartz and ZnO. Among the different
methods to produce ZnO crystals, hydrothermal synthesis provides a method to obtain
crystals of good quality. Another major advantage of hydrothermal method is the controllability of the synthesis. [43]
The ZnO film nanostructure is affected by numerous factors related to hydrothermal synthesis conditions, e.g., precursor solution composition. [44] Depending on the seed layer
grain size, the nucleation mechanism can occur either by surface nucleation or grainboundary nucleation. With a larger grain size (and thus higher surface roughness and
lower grain boundary surface area), surface nucleation is more dominant, leading to a
less dense structure with thicker and longer nanorods. [45] The grain boundaries are
more thermodynamically favorable sites for nucleation, [46] possibly due to the structure
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of the grain boundaries, which is less organized and contains more defects. The larger
diameter and length of the nanorods on the surfaces with a larger substrate grain size
(and less dense nanorod structure) can be explained by the higher amount of ions
around the nucleation centers during synthesis compared to the amount of ions that surround a single nanorod in a denser structure. [45] Moreover, the precursor concentration
mainly determines the diameter of the nanorods, whereas the seed layer structure plays
a dominant role in the nanorod array density and orientation. [47]
Substrate pre-treatments also influence the growth of nanostructures. [48] Annealing has
been shown to lead to the growth of the substrate grain size and in addition, exposure to
a certain environment before the annealing also has an impact on the epitaxial growth.
[45] This could be caused by the changes (i.e., defects) on the surface due to the adsorption of gas molecules from the surrounding phase. In hydrothermal synthesis, the
growth of ZnO nanostructures is influenced by various factors such as the type and
amount of precursors, synthesis time, temperature, and the pH of the growth solution.
The process often involves the formation of Zn(NH4)2+ and Zn(OH)42- species followed
by the reactions that are presented in equations 4 and 5. [49–50]
)

(
(

)

+2

+4
+

+

(4)

+2

(5)

In the hydrothermal synthesis of ZnO films, one of the precursors is often a soluble zinc
salt such as zinc nitrate. OH- ions are required for the formation of ( ) ions and
the ZnO forming reaction (Eq.4), and thus the higher pH of the growth media promotes
the synthesis. [49] The Pourbaix diagram of ZnO (Fig. 8) shows that, at pH values of
approximately between 5.5 and 14, ZnO is stable in aqueous solution at room temperature. The formation of crystals is affected by additives in the growth media. Additives
such as hexamethylenetetramine (HMTA) and ethylene glycol are often used as templates leading to the formation of smaller crystals. [51–52] HMTA decomposes into formaldehyde and ammonia, which increases the pH of the solution and promotes the precipitation of zinc oxide and hydroxide. HMTA forms hydrogen-bonded 3D complexes with
many transition metals and water. These complexes might contribute to the crystallization of the ZnO nanorod structure. However, the role of HMTA in the process is not yet
fully understood. [53]
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FIGURE 8 Pourbaix diagram of Zn-H2O system at 25 ºC drawn with HSC Chemistry 6.

2.3 Photocatalysis
Photocatalysis, a phenomenon involving redox reactions on a material surface in the
presence of light, enables various applications in the field of environmental protection,
water purification, reduction of hazardous components [54] and micro-organism inactivation. [55] Some metal oxides with the desired band gap energy, including TiO2 and
ZnO, have demonstrated photocatalytic activity that can be utilized for the above-mentioned purposes. [56] This chapter introduces the basic mechanism of photocatalysis
and concentrates on the photocatalytic activity of ZnO and the effect of metal doping on
it.

Mechanism of photocatalysis
Photocatalysis has been defined as “acceleration of a photoreaction by the presence of
a catalyst” [57]. Photoreactions occur at the surface of a catalyst in heterogeneous pho-
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tocatalysis. In the process, called sensitized photoreaction, the initial photoexcitation occurs in the catalyst substrate, which then interacts with the ground state adsorbate molecule. Equation 6 summarizes the semiconductor-sensitized photoreaction:

(6)
As shown in equation 6, the energy of the absorbed light must be equal to or higher than
the band gap of the material for a photocatalytic reaction to occur, which results in the
excitation of an electron e- from the valence band to the conduction band. Simultaneously,
a photogenerated hole h+ is created in the valence band leading to interfacial processes
that involve electrons and holes, as shown in Fig. 9. [57] In these processes, redox reactions occur with gas or liquid phase adsorbed reactants. Reduction (Eq. 7) and oxidation (Eq. 8) proceed as follows [58]:
(7)
(8)
For instance, the oxidation of water by holes leads to the generation of hydroxyl radicals,
which are highly oxidative. [58]

FIGURE 9 Schematic diagram of photocatalysis. Adapted from ref. [56]
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ZnO photocatalysis
Intensive studying of photocatalysis has been ongoing since Fujishima et al. [59] used a
TiO2 photoelectrode for water splitting. [55] Besides TiO2, ZnO has attracted increasing
attention as a photocatalyst material, as mentioned earlier. [60–61] ZnO is a semiconductor with a direct band gap of 3.37 eV. [34] Fabrication of ZnO nanoparticles costs
considerably less than the fabrication of, e.g., TiO2 or Al2O3 nanoparticles. In addition,
ZnO has been shown to exhibit higher absorption efficiency compared to TiO2. [62] ZnO,
however, has a tendency to photocorrosion [63] and a high recombination rate of photogenerated electron-hole pairs. In the photocorrosion, the photogenerated holes attack
the Zn-O bond leading to dissolution of Zn2+ ion to the solution following equations 9–10.
[63] The photocorrosion leads to, besides degradation of the surface, to reduced photocatalytic activity. Contradictory results have been reported when comparing the photocatalytic performances of TiO2 and ZnO. [62,64] Clearly, it is essential to inhibit recombination and photocorrosion in order to improve the photocatalytic performance of ZnO.
(9)
(10)
In ZnO, the photogenerated electrons and holes can produce both superoxide anion
radicals (Eq. 11) and hydroxyl radicals (Eq. 12). [65]:
(11)
(12)
In addition, superoxide radicals can react with protons producing HO2 – anions, which can
further react with protons to form H2O2. Oxygen vacancies can act as electron acceptors
and trap electrons, leading to a decreased recombination rate. Moreover, oxygen interstitials can trap photogenerated holes, which promotes the production of hydroxyl radicals. [66]
It has been demonstrated that different ZnO particle shapes affect the recombination
kinetic parameters. [67] Doping of ZnO with metals or non-metals has been shown to
enhance photocatalytic performance partly by inhibiting the recombination of photogenerated electrons and holes. Doping can also be used to modify the band gap energy.
[68–69] Reducing the band gap energy is of great interest to enable the utilization of ZnO
in visible light photocatalytic applications.
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The most typical heterojunction system used to enhance the photocatalytic performance
of ZnO is an ordinary type-II heterojunction, which is usually formed by combining two
semiconductors that have adequate band location in such a way that electron-hole pair
transfer occurs as demonstrated in Fig 10. Coupling ZnO with a narrow band gap semiconductor, e.g., CuO, may improve charge separation and shift the band gap of the system, enabling visible-light photocatalysis. [70–72]
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FIGURE 10 Conventional type-II heterojunction. Adapted from ref. [70]
Formation of a p-n junction is another way to separate the charge carriers by building an
electric field into the photocatalytic system. In a p-n junction, the electrons in the n-type
semiconductor migrate to the p-type semiconductor and holes migrate from the p-type
semiconductor to the n-type semiconductor and thus an internal electric field builds up.
Such a system can be achieved, e.g., by an n-type TiO2—p-type ZnO system. Under
irradiation, both materials will be excited. The generated charge carrier pairs are separated by the internal electric field. The band locations need to be appropriate in order to
fulfill the thermodynamic requirements. [70–71]
Yet another heterojunction photocatalytic system is the Z-scheme heterojunction (Fig 11).
In this system, photogenerated electrons of the semiconductor with higher oxidation potential migrate to the other semiconductor with higher reduction potential. Photogenerated holes are located in the semiconductor with higher oxidation potential, leading to
the increased redox ability of the system. [70–71]
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FIGURE 11 Z-scheme heterojunction for ZnO-based photocatalyst. Adapted from ref.
[70]
Transition metals like Fe, Ni, Mn, and Cu can relatively easily be doped into ZnO. In the
case of a metal atom creating an energy state below the conduction band of ZnO, the
photogenerated electrons are trapped, which inhibits recombination. [71,73–76] Mn doping has indeed been shown to enhance the photocatalytic performance of ZnO due to
the increased production of hydroxyl radicals. [77] Addition of Fe to the ZnO lattice induces electron traps near the conduction band of ZnO, which prevents recombination.
[68]
Alkali metal, e.g., Na, Li, or Mg, doping can cause ZnO band gap widening and create
electron traps, which also enhances photocatalytic activity by inhibiting the recombination reactions of photogenerated electrons and holes. Mg2+ doping can also enhance the
electron trapping of oxygen vacancies. [71,78] It was found that Mg ion substitution at
Zn sites enhanced photocatalytic activity by shifting the conduction band to a higher energy level whereas Mg ion substitution at the interstitial sites lowered the photocatalytic
activity by producing impurity levels below the conduction band. [79] The doping of the
ZnO lattice with ions such as Li changes the electrical properties of the material. The Li+
cation has a smaller ionic radius compared to the Zn2+ cation and thus Li ions are displaced from the Zn positions in the lattice, resulting in locally increased dipole moments.
[37] In addition, other properties can be controlled by doping: for example, the band gap
of ZnO can be modulated by addition of Mg. [80]
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Noble metals such as Ag and Au in the ZnO lattice can also capture photogenerated
electrons. They also enhance light absorption via surface plasmon resonance, which
facilitates redox reactions. [71,81] The Fermi levels (i.e., the chemical potential of electrons) of copper and silver are below the Fermi level of ZnO. Since ZnO is typically an ntype semiconductor, the presence of electrons as charge carriers leads to the Fermi level
of ZnO being near the conduction band. During excitation, electrons are transferred due
to the downward band bending in the silver-ZnO system and electrons are available at
the ZnO conduction band, facilitating the formation of superoxide radicals. In contrast, in
copper, charges are transferred from ZnO to Cu, which inhibits recombination. [68,82]
There are, however, results showing a decrease in the photocatalytic activity of Cudoped ZnO compared to non-doped ZnO. This could be explained by increased light
scattering in the presence of Cu or CuO. It is also assumed that holes in the CuO valence
band are less reactive compared to holes in the ZnO valence band. [82] Moreover, the
Cu concentration has been shown to play an important role. Up to a certain level, Cu
doping decreases recombination but at increased Cu dopant levels, Cu starts acting as
a recombination center, decreasing photocatalytic activity. [84]
Doping with non-metals like N, S, or C can generate intermediate band gap levels that
enhance visible light photocatalytic performance.[84] Doping with N narrows the band
gap through the hybridization of O 2p and N 2p states.[85–86] N-doped ZnO has in fact
shown better photocatalytic efficiency in daylight compared to non-doped ZnO. [71,85]
Doping of ZnO can reduce the band gap energy by changing the coordination environment of Zn atoms, leading to the addition of localized electronic energy levels, as demonstrated in Fig 12. Photogenerated charge carriers are trapped on the dopant energy level
that is below the conduction band. This can lead to enhanced photocatalytic activity. [71,
88–90]
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FIGURE 12 Band structures of ZnO, metal-doped ZnO, and non-metal doped ZnO.
Adapted from ref. [71]
Besides doping, the structure of ZnO particles or thin films influences the photocatalytic
performance of ZnO [61]. Indeed, it has been shown that ZnO nanorods on a substrate
have higher photocatalytic efficiency compared to a smoother ALD grown ZnO surface.
[35] In addition, the specific surface area has been shown to correlate with photocatalytic
activity. [60] A smaller particle size increases the specific surface area of the powder,
which obviously enables more effective creation of reactive oxygen species (ROS). The
facets of the nanostructures or nanoparticles could also have an important role in photocatalytic activity since the generation of hydroxyl radicals and H2O2 is greater in polar
facets compared to non-polar facets, due to their greater tendency to adsorb oxygen
molecules and hydroxyl ions. [91–92] Moreover, it has been shown that the more polar
planes there are, the more oxygen vacancies there are, and the higher the photocatalytic
activity. [93]

2.4 Antibacterial metals and ZnO
In our globalizing world with people travelling around the globe, bacterial plasmids are
transported between countries. Due to the antibiotic-resistant bacterial species that have
been detected, [94–96] there is a growing demand for development of new, effective
antibacterial materials. Numerous studies have shown that some metals, silver being
perhaps the most commonly known, have the ability to inhibit bacterial growth. [2,97–
113] Indeed, silver is widely used in several antibacterial applications such as in the
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treatment of burn wounds, in food preservation, and in water treatment to mention a few.
[108] In addition to metals, some other compounds such as CuO and NiO have proven
to possess antibacterial properties. [114–115] In addition, as a very promising candidate
due to its non-toxic nature, ZnO has become the central focus of antibacterial activity
studies. [58,60,97–148]

Silver and other metal-based antibacterial agents
Bacteria as well as other living organisms need certain macronutrients and micronutrients to live. These elements start acting like toxins, if the concentration of essential elements exceed a certain level. Zn is one of these elements. Besides Zn, there are various
other metals that have been shown to be toxic against different bacterial species including Ag, Au, Cu, Pb, Mo, Ni, and Co. [97,149] Three essential determinants can be highlighted when considering the antibacterial activity of metals. Firstly, donor atom selectivity, which refers to the interactions of donor ligands such as O, S, or N with metal ions,
plays an important role. [150–151] These interactions are often selective and may lead
to toxic metal species binding to proteins or other essential parts of the cell, leading to
the rupture of the cell. According to the hard-soft acid base theory, transition metals can
be ordered according to the preference for specific organic ligands, for example Cu(I),
Cu(II), Ag(I), and Zn(II) have a tendency to associate tightly to sulfhydryl (R-SH) and
other soft bases. [152–153] Secondly, the reduction potential of a metal describes how
metal species tend to become reduced by acquiring electrons from a donor. [154] Indeed,
a correlation between the toxicity of some redox-active metals and standard electron
potential has been found. [155] Thirdly, speciation, which refers to the chemical form in
which the metal species are present in the cell. Factors such as pH, temperature, and
ionic strength determine the chemical form of the metal species. [156]
Silver is widely studied and used in antibacterial applications due to its high antibacterial
efficiency and because it presents very little systemic toxicity for humans. Silver has been
used as a disinfectant for several millennia [157] but extensive research on the antibacterial activity of nanosized silver especially has been ongoing for the last decade. [110]
The mechanism of the action of silver-based antibacterial systems depends on several
factors, including the environment of interest and physical and chemical factors, such as
dissolution, aggregation, adsorption and desorption of ions, release of adsorbed species,
present molecular species, and interaction with surfaces or other nanoparticles. The temperature of the system, amount of oxidizer present, composition of the medium, and
presence of light also have an impact on the antibacterial action of the system. [110]
Ag+ cations have a prevalent role in antibacterial activity of silver. The ions can be released from different systems such as salts, ionomers, or zeolites. [158–160] The Ag
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ions can also be released from metallic silver via oxidative dissolution that requires presence of an oxidizer, for instance atmospheric O2 dissolved into water. Silver ions have a
high affinity for thiols as well as phosphates and organic amines. Silver forms a quasicovalent (Ag-S) bond with thiols. [161] Silver can also form chains between thiols by
acting as a bridging agent leading to the aggregation of thiol-bearing molecules. [162] In
this way Ag+ can cause the inactivation of biological systems. Some organic molecules
such as DNA and peptides can be the targets of monovalent silver. However, Ag+ cannot
act selectively in the cell but will be adsorbed by any system to which it has high affinity
and thus it has several pathways leading to cell death. Of such pathways, some are more
sensitive to silver cations and are thus more likely to be the main cause of cell death.
The large variety of pathways leading to cellular death is one reason explaining antibacterial efficiency against a large variety of bacterial species. [110]
Besides ionic silver, Ag nanoparticles have also been shown to demonstrate anti-bacterial activity by accumulating at the bacterial membrane and forming aggregates. This
seems to lead to the diminution of bacterial membrane integrity, which then results in cell
death. [110,163] Smaller particles have shown higher antibacterial efficiency compared
to bigger silver nanoparticles. [102] However, particles within a large particle size range,
from 1 nm to several hundreds of nm, have exhibited antibacterial activity. Due to the
notable size difference, it seems evident that the action mechanism results, at least to
some extent, from secondary species. [110] It has in fact been shown that a high level
of reactive oxygen species (ROS) is observed in cells that have been treated with silver
nanoparticles. [164] In these cases, it can be postulated that silver nanoparticles play a
catalytic role in the formation of ROS. Another explanation for the ROS in the cells is the
disruption of the scavenging pathways that have an important role in the lowering the
concentration of ROS in the cell to prevent oxidation stress. [110]
Since the mode of action of antimicrobial silver is much based on monovalent silver, the
conditions of the environment are in essential role in the antimicrobial efficiency. In some
cases, e.g. when antibacterial activity is required on dry surfaces, some other materials
may possess better functionality. For instance, copper acts antimicrobially not only
through ionic interaction but also by a contact killing mechanisms which enables functioning as antimicrobial agent also in dry conditions. [165–166]
To conclude, there are several mechanisms proposed for antibacterial action of silver (Fig. 13) starting from electrostatic interactions between the cell and silver
nanoparticles/cations and leading to changes in permeability, productions of ROS and
leakage of the content inside the cell, interaction of silver cations with SH-groups and
inhibition of protein synthesis as well as interaction with DNA molecules leading to cell
death. [2]
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FIGURE 13 Antibacterial mechanisms of silver. Adapted from ref. [2]

Antibacterial ZnO
During recent years, ZnO has been extensively studied due to its antibacterial properties.
Despite numerous studies [3,71,91,116–148], the antibacterial mechanism of ZnO is still
not yet fully understood. However, it has been shown that several mechanisms contribute
to the antibacterial activity of ZnO [125,147]. Such mechanisms are the release of Zn2+
ions [3,167], generation of reactive oxygen species (ROS), [168] and membrane dysfunction [166] caused by contact between ZnO and bacterial cells. ZnO nanoparticles
may also penetrate the cell, leading to cell death. [71,170]
Toxicity related to the release of Zn2+ ions is explained by the interaction of zinc cations
with functional groups, e.g., hydroxyl or amino groups, inside the bacterial cell. [171]
Since there are several mechanisms involved in the antibacterial action, and the environment in which the antibacterial activity is studied is rather complex with numerous
variables, e.g., pH and ionic strength, it is challenging to clarify comprehensively the
influence of any certain mechanism. It has been shown, however, that there is no clear
correlation between the Zn2+ concentration and antibacterial activity. [71,172] This could
in fact be due to the changing media as well as variation in sensitivity of different organisms to Zn2+ cations. However, the contribution of Zn2+ ions to the antibacterial activity of
ZnO is evident. [3,71]
Reactive oxygen species contribute to antibacterial activity by damaging essential cell
constituents such as proteins, lipids, or DNA. [173] When ZnO is photoexcited, the antibacterial activity of ZnO is attributed mainly to the generation of ROS. [71,174] Hydroxyl
radicals can react with biomolecules including DNA, amino acids, nucleic acids, lipids,
and carbohydrates. [175] Hydrogen peroxide also reacts with bacterial cells contributing
predominantly to the antibacterial activity of ZnO. [71,176] Since ROS have a notable

22

role in the antibacterial activity of ZnO, the latter can be improved by enhancing photocatalytic activity by means of metal or non-metal doping, and in the case of ZnO films,
by structuring the ZnO film. Superoxide radicals can also be generated without UV irradiation via single-electron reduction. [177]
The contact-killing mechanism is based on the charges of the ZnO surface and the bacterial cells. Positively charged ZnO attracts negatively charged bacterial cells [178] and
the charge balance of the cell may be disturbed, resulting in the deformation and death
of the cell. [71] In fact, cell damage has been observed with different ZnO nanoparticle
morphologies. [179] In addition to electrostatic forces, some weak interactions like hydrophobic interactions are involved. [131] In addition, once the cell membrane has been
disturbed by the interaction between the ZnO surface and the bacterial cell, nanoparticles
may penetrate the cell, leading to disruption of the bacteria. [71,180]
ZnO has exhibited antibacterial activity against several bacterial species, including both
gram-positive and gram-negative bacteria. Gram-positive S. aureus and gram-negative
E. coli are commonly used in antibacterial investigations. [71,147] The antibacterial efficiency of photoactivated ZnO has been shown to be higher for gram-negative bacteria,
probably due to the cell wall structure, which consists of a thinner peptidoglycan layer
containing proteins, phospholipids, and lipopolysaccharides, compared to the thicker
peptidoglycan layer with teichoic and lipoteichoic acids of gram-positive bacteria. [91]
In the case of nanoparticles, the size of the nanoparticles has been shown to affect the
antibacterial efficiency of ZnO. [181] Some studies have excluded Zn2+ ions from the
system and nevertheless found the nanoparticle size to be related to antibacterial efficiency. [182] Thus, it can be concluded that penetration of nanoparticles into the cells
and formation of ROS are most likely responsible for cell death when Zn2+ is not available. [71] The morphology of the nanoparticles has also been shown to influence the
antibacterial efficiency of a powder. [91] The shape of the particle could affect the ability of the particles to penetrate the cells, which could explain the differences in antibacterial efficiency of different shaped particles. The facets in particles of different
shape also vary. Polar facets are more active in creating ROS and they could attract
bacteria due to the charge, which could lead to enhanced antibacterial activity. [93] Although the concentration of Zn2+ ions has not shown any clear correlation to the antibacterial activity of ZnO, the concentration of ZnO nanoparticles is correlated to the antibacterial efficiency of ZnO. [71,183]
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3

RESEARCH QUESTIONS AND CONTRIBUTION OF
THIS THESIS

In this thesis, the focus was on developing functional surfaces for antibacterial and selfcleaning purposes, concentrating on ceramic-based structured thin films. The testing of
the chemical resistance of these films was also included as the main focus area of this
work in order to evaluate their suitability for industrial use. Based on the objectives, the
following research questions were asked:
I)

Can superhydrophobic silver-containing coatings and structured ZnO films
effectively prevent bacterial growth on surfaces?

II)

How do superhydrophobic and ZnO surfaces withstand aqueous conditions?

III)

How do the synthesis parameters influence the structure of hydrothermally
grown ZnO film?

IV)

How does the structuring of ZnO surfaces affect their functional properties?

V)

How to lower the band gap energy of ZnO films in order to increase the visible-light photoactivity of films?

The contribution of this thesis is novel information on the effect of hydrothermal synthesis
parameters on the morphology of a prepared ZnO film. New, more detailed knowledge
on the influence of the ZnO thin film structure on antibacterial and photocatalytic activity
is also presented. Ways to decrease the band gap of ZnO films are discussed. In addition,
new scientific knowledge on the dissolution behavior of ZnO films in varying conditions
is introduced and, based on the results obtained, their suitability for use in practical applications is evaluated. Moreover, information on the antibacterial properties and chemical stability of superhydrophobic silver-containing films is given and their use in harsh
environments is considered and discussed. The combination of superhydrophobicity and
antibacterial silver is aimed at the production of easy-to-clean anti-bacterial surfaces.
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4

MATERIALS AND METHODS

In chapter 4, the materials used in the synthesis and experiments conducted in this thesis
are listed. The preparation methods of the samples in each publication are also described. Moreover, there is a description of the characterization methods used in this
work.

4.1 Materials
The following precursors were used to synthesize flake-structured aluminum oxide coatings: aluminum tri-sec-butoxide (C12H27AlO3 > 97 %, VWR), isopropyl alcohol (C3H7OH >
99%, VWR), and ethyl acetoacetate (C6H10O3 > 98%, VWR). Silver nanoparticles were
produced on the surface using silver nitrate (AgNO3, VWR), sodium hydroxide (NaOH,
65%, Prolabo), ammonia (NH3, 34%, VWR), and glucose (C6H12O6, VWR). Lower surface energy was obtained using (heptadecafluoro-1,1,2,2-tetrahydrodecyl) trimethoxysilane (CF3(CF2)7CH2CH2Si(OCH3)3, denoted as FAS (ABCR GmbH & Co. KG, Karlsruhe, Germany). A mixture of 1 ml FAS and 50 ml ethanol (C2H5OH, 99.5 %, Altia Oyj
Finland) was used for the low surface energy coating. Zinc oxide thin films were
produced with the following precursors: 2-methoxyethanol (CH3OCH2CH2OH,
Sigma-Aldrich), ethanolamine (NH2CH2CH2OH, Sigma-Aldrich), zinc acetate dehydrate
(Sigma-Aldrich, C4H6O4Zn·2H2O), hexamethylenetetramine (HMTA, C6H12N, SigmaAldrich), and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Sigma-Aldrich). For the copper doping of ZnO thin films, copper nitrate trihydrate (Cu(NO3)2·3H2O, Sigma-Aldrich) was used.

4.2 Preparation of the samples
The sample preparation processes carried out in publications I–VI are described in this
chapter. The synthesis routes and chemicals used in each step are noted in detail.

Fabrication of superhydrophobic silver-containing and superhydrophobic surfaces (Publication I and II)
Superhydrophobic surfaces were prepared using the following procedures. 3 g aluminum
tri-sec-butoxide was mixed with 30 ml isopropyl alcohol and stirred at ambient conditions
for 1 h. After that, 2 ml ethyl acetoacetate was added into the solution and it was stirred
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for 1 h. Then a mixture of 5 ml isopropyl alcohol and 1 ml de-ionized water was added
for hydrolysis. Next, the solution was stirred for 2 h and then the AISI 304 type austenitic
stainless steel plates were coated. Before coating, the substrates were rinsed with acetone and ultrasonicated in both ethanol and water. Finally the substrates were wiped with
isopropyl alcohol. After cleaning the substrate, spin coating was carried out at 1500 rpm
for 20 s. After 10 minutes drying in air, the specimens were heat treated at 400 ºC for 15
min. Next, the specimens were immersed in boiling water for 10 min and then dried in
air. Finally, a heat treatment at 600 ºC for 30 min to obtain a

-alumina phase structure

was performed.
Silver particles were reduced onto the surface using the Tollens process. First, 1% silver
nitrate solution was prepared. Then, 1 ml sodium hydroxide was added so that silver
oxide precipitation occurred. Then ammonia was added to form diammonium silver complex ions until the precipitate dissolved and the solution became clear. After that, 1 g
glucose was dissolved into 10 ml de-ionized water and the solution was added to reduce
the diammonium silver complex ions to metallic silver. The solution was then spin-coated
on the previously prepared

-alumina surface and finally a heat treatment was per-

formed at 80 ºC for 15 min to ensure the silver reduction.
To obtain low surface energy, a layer of FAS was added on the surface. 1 ml FAS and
50 ml ethanol were mixed and stirred for 1 h at room temperature. Then the samples
were immersed in the prepared solution for 1 h after which they were heat-treated at 180
ºC for another 1 h to ensure the condensation reaction between the surface and the FAS
molecules.

Fabrication of ZnO films for antibacterial and photocatalytic studies
(Publication III)
Zinc oxide thin films were prepared by a two-step hydrothermal method in order to study
the antibacterial and photocatalytic properties of the films. The samples were prepared
by changing the synthesis parameters in order to obtain thin films with varying morphology. The synthesis parameters that were altered were the precursor concentration and
temperature. At first, the concentration of zinc nitrate hexahydrate and HMTA was 0.029
M and the temperature was 90 ºC. Then, the samples were prepared at zinc nitrate hexahydrate and HMTA concentrations of 0.058 M and a temperature of 80 ºC. Finally, a
set of samples was prepared at zinc nitrate hexahydrate and HMTA concentrations of
0.16 M and a temperature of 90 ºC. The substrates were cleaned by wiping with isopropanol and rinsing with ethanol and before the hydrothermal growth of ZnO structures,
a seed layer was formed on an AISI 304 stainless steel substrate (75mm x 25 mm). A
solution for the seed layer was prepared by mixing 2-methoxyethanol (CH3OCH2CH2OH)
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and ethanolamine (NH2CH2CH2OH) (96:4). Then 0.23 M zinc acetate dehydrate
(C4H6O4Zn·2H2O) was dissolved into the mixture which was then stirred at 60 ºC for 2 h.
The solution was cooled down and then spin-coated on the substrates. The samples
were then heat-treated at 350 ºC for 20 min. The solution for the growth of a ZnO layer
with nanotopography was prepared by mixing hexamethylenetetramine (C6H12N) and
zinc nitrate (Zn(NO3)2) with a volume ratio of 1:1. The plates were placed in the solution with the seed layer side upside down and the growth was allowed to continue for 2
hours. After being removed from the solution, the samples were rinsed with de-ionized
water and then dried in air. Finally, the samples were heattreated at 300 ºC for 30 min.

Fabrication of ZnO films for the study of the effect of temperature
and concentration of precursors on morphology and photocatalytic
activity of zinc oxide thin films (Publication IV)
The ZnO films were produced for publication IV using a similar method as in publication
III. At first, a seed layer was formed on a stainless steel substrate followed by the growth
of ZnO nanorods as described in section 4.2.2. In the hydrothermal growth of ZnO films,
the concentrations of the mixtures of zinc nitrate hexahydrate and HMTA were 0.029 M,
0.058 M, and 0.16 M. Coatings were fabricated at three different temperatures: 70 ºC,
80 ºC, and 90 ºC. The hydrothermal growth was performed following the steps described
in section 4.2.2.

Fabrication of ZnO films to study the effect of copper nitrate addition to precursor solution on topography, band gap energy, and
photocatalytic activity (Publication V)
The samples were prepared for publication V using a similar two-step hydrothermal
method to that used in publication III. In publication V, the zinc nitrate hexahydrate and
HMTA concentrations were 0.05 M and the synthesis temperature was 90 ºC. A seed
layer was formed on a steel substrate following the procedure described in section 4.2.2.
Before the process, the substrates were cleaned by wiping with iso-propanol and rinsing
with ethanol. A solution for the seed layer was prepared as described in section 4.2.2.
Copper nitrate trihydrate (Cu(NO3)2)·3H2O was added to the growth solution in addition
to HMTA and zinc nitrate hexahydrate. Two syntheses with varying copper concentrations were conducted: in the first synthesis, the Cu/Zn molar ratio in the solution was
0.005 and, in the second synthesis, the Cu/Zn molar ratio was 0.05. The hydrothermal
growth procedure and final heat treatment were conducted as described in section 4.2.2.
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Fabrication of ZnO films for investigation of long-term chemical stability of structured ZnO films in aqueous solutions of varying conditions (Publication VI)
For publication VI, the samples were prepared using the same method as in publication
III. In publication VI, the zinc nitrate hexahydrate and HMTA concentrations were 0.058
M and the synthesis temperature was 80 ºC. Again, a seed layer was formed on cleaned
stainless steel substrates followed by the growth of ZnO nanorods as described in the
section 4.2.2. A solution for the seed layer was prepared, spin-coating was conducted
and heat treatment was performed as described in section 4.2.2.

4.3 Characterization methods
In this section, the characterization methods used in this thesis are presented. These
characterization methods include Field Emission Scanning Electron Microscopy
(FESEM), water contact angle measurement, electrochemical impedance spectroscopy,
atomic absorption spectrophotometry, UV-vis spectrophotometry, X-ray diffraction, and
methods used in the determination of antibacterial activity.

Field Emission Scanning Electron Microscopy (FESEM) and energydispersive X-ray spectroscopy
The morphology of the synthesized thin films and coatings were analyzed using a field
emission scanning electron microscope (FESEM Zeiss Ultraplus) at an acceleration voltage of 15 kV. Energy dispersive X-ray spectroscopy (EDS Inca Energy 350) was used
to investigate the composition of the thin films and coatings.

Water contact angle measurements
To investigate the superhydrophobic nature of the films and to study the chemical
changes on both the superhydrophobic coatings and ZnO thin films, water contact angles
were measured using a KSV CAM 200 Optical tensiometer. A droplet of 10 µl was
injected onto the surface, imaged, and measured with the tensiometer.

Electrochemical studies
The photoelectrochemical properties of the coatings were characterized using alternating-current electrochemical impedance spectroscopy (EIS). The open circuit potential
(OPC) was recorded for 1 h before the EIS measurement. A classical three-electrode
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cell was used with the measured specimen as a working electrode, an Ag/AgCl (3.0 M
KCl) reference electrode, and a Pt counter electrode. A potentiostat (Gamry Instruments
G750) was also used. An alternating voltage of 10 mV at a frequency range of 5–100
MHz was applied and the recorded data was analyzed with Gamry Echem Analyst 5.5
software.

Atomic Absorption Spectrophotometry
An atomic absorption spectrophotometer (AAS Philips PU 9200X) was used to investigate the dissolution of silver from silver-containing superhydrophobic surfaces as well as
the dissolution of zinc from ZnO thin films. In the experiments, an air-acetylene flame
was used to atomize the samples.

UV-vis spectrophotometry
Photocatalytic activity and band gap measurements were conducted using a UV-vis
spectrophotometer. The photocatalytic activities of the prepared samples were measured in an aqueous solution of methylene blue. The samples were placed in a methylene
blue solution in an open beaker and kept in the dark for one hour in order to reach the
adsorption equilibrium. After that, an ultraviolet (UV) lamp (Ledia NIS330U-M UV-gun,
peak maximum at 365±5 nm) located 10 cm above the MB solution was switched on.
During the photocatalytic reaction, the absorbance of MB in the solution was measured
at hourly intervals using a Shimazu UV-3600 UV/Vis/NIR spectrophotometer in a wavelength range of 300–800 nm. Band gaps were determined from the reflectance spectra
obtained with CARY 300 UV-VIS Varian equipment by plotting (Abs x E)1/2 versus E (eV)
and determining the band gap energy from the tangent.

X-Ray Diffraction (XRD) measurements
The XRD analyses were performed to analyze the crystal structure of the ZnO films. A
Panalytical Empyrean Multipurpose Diffractometer was used at 2 from 20° to 80° using
CuK radiation. The obtained data was analyzed using HighScore plus software.

Determination of antibacterial activity of the surfaces
In publications I and II, the antibacterial activity of the films was determined using the
plate count method. The cleaned specimens were mounted on Petri dishes and immersed in a broth (Difco malt extract 0.6 g l 1, Bacto yeast extract 0.02 g l 1, saccharose
0.6 g l 1) that was seeded with three bacterial strains: pseudomonas rhodesiae, serratia
marcescens, and lactobacillus paracasei. The specimens were then covered by a lid and
incubated under shaking for 18 h at 25 ºC. To remove the non-adhered bacteria, the
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specimens were rinsed with sterile municipal tap water and the non-coated side of the
specimens was rinsed with 70% ethanol. After that, the specimens were put in tubes (50
ml) with 45 ml of Ringer’s solution. Ultrasonication (Bransonic 2210E-DTH, 47 kHz, 70
W) for 10 min and vortexing for 1 min were used to detach the adhered bacteria. Cultivation in Wallerstein Laboratory medium was performed during three days at 30 ºC for
the first two days aerobically and one day anaerobically. The results are given in colonyforming units (CFU cm-2).
In publication III, the antibacterial activity of the ZnO films was determined using S. aureus 8325-4 containing plasmid pAT19-lux-hlaP-frp and E. coli K-12 MG1655 (DSM
18039) containing plasmid pCGLS1 as constitutively bioluminescent biosensor cells. An
IVIS® Lumina imaging station (Caliper Life Sciences, USA) was used for measuring the
bioluminescence of the specimens. Exposure times were 2 min and 10 min for E. coli and
S. aureus, respectively. To analyze the bioluminescent results, the counts per area of the
sample disc and the background surrounding area were calculated and the sample disc
counts were divided by the background surrounding area counts to obtain the relative
antibacterial activities of the specimens.
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5

RESULTS AND DISCUSSION

The main results introduced in publications I–VI are presented in this chapter. The aim
of the work was to develop easy-to-clean materials that inhibit bacterial growth, which
could be exploited for instance in industrial environments to minimize the use of chemicals and time-consuming washing processes. At first, we prepared aluminum oxide
based superhydrophobic silver-containing coatings using sol–gel processing and investigated the antibacterial property of the coating. The chemical durability of the coating
was also studied [I]. The chemical stability of the coatings was then further investigated
with more rigorous tests. [II] After that, we expanded the study by examining the photocatalytic properties of structured zinc oxide films in order to investigate the possibility of
improving the durability of self-cleaning surfaces compared to that of superhydrophobic
coatings. The impact of the surface structure on photocatalytic activity was also investigated. [III,IV] The antibacterial activity of the structured zinc oxide films was studied in
publication III using both gram-positive and gram-negative bacterial species [III]. In the
fifth publication, the effect of copper doping on photocatalytic activity and the band
gap energy of zinc oxide films was studied. [V] Subsequently, we studied the chemical
durability of zinc oxide thin films in varying conditions. [VI]

5.1 Superhydrophobic surfaces
In publication I we studied the antibacterial activity of silver-containing superhydrophobic
coatings. The dissolution of silver from the coating was studied in different environments
with varying pH values (1–13) in order to investigate the role of silver dissolution in antibacterial performance. The water contact angle values of specimens immersed in different solutions were measured after eight weeks of exposure to the solution to monitor the
durability of the coating in an aqueous environment. In publication II we continued the
study with superhydrophobic silver-containing surfaces. The antibacterial property was
studied for a superhydrophobic surface without silver also in order to determine the role
of the superhydrophobic coating in the antibacterial action of the coatings. The durability
of the superhydrophobic and superhydrophobic silver-containing coating was also investigated more comprehensively using SEM imaging, water contact angle measurements,
and EIS measurements.
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Morphology analysis of superhydrophobic silver-containing surfaces
The aluminum oxide based superhydrophobic surfaces were prepared by the sol–gel
method, using spin coating as the coating method. As described above, superhydrophobicity was induced by the addition of an FAS layer onto the surface and the Tollens process was used to reduce the silver particles on the surface. The silver particles formed
were spherical with a diameter in the range of 50–200 nm. The structure of the prepared
surfaces, superhydrophobic without silver and superhydrophobic with silver, are presented in Figures 14 a and b, respectively. The arrows in Fig. 14 c indicate the silver
particles on the surface.

FIGURE 14 Superhydrophobic surface without (a) and with (b and c) silver particles. The
water contact angles of the surfaces were measured from the water droplet shown in the
upper right corner. (Publication II)
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Antibacterial activity and silver dissolution from superhydrophobic
silver-containing surfaces
Antibacterial activity was studied for a stainless steel substrate (reference), a superhydrophobic coating, and a superhydrophobic silver-containing coating. The number of viable cells on the superhydrophobic silver-containing surface was notably lower compared to the stainless steel (the superhydrophobic silver-containing coating reduced the
number of viable bacteria by 88% compared to the stainless steel specimen, see Fig.
15). The superhydrophobic surface without silver, however, did not reduce the number
of viable bacteria adhered on the surface in comparison with the stainless steel surface.
This indicates that the antibacterial action of the superhydrophobic silver-containing surface is attributed to silver and the superhydrophobic nature of the film does not play a
role in the decrease in the number of viable bacteria on the surface.

FIGURE 15 Antibacterial activity test results for stainless steels (AISI304), superhydrophobic (SHP) and superhydrophobic silver-containing (SHP+Ag) surfaces. (Publication
II)
Silver cations play a predominant role in the antibacterial activity of silver and thus it was
of particular interest to investigate the solubility of silver from the coatings. Seven pH
values ranging from 1 to 13 were selected to investigate silver solubility in different environments. The dissolution test showed that within eight weeks, varying amounts of silver
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dissolved from the superhydrophobic silver-containing coatings in the investigated solutions. Dissolution was highest at pH 1 (0.48 mg/l at 8 weeks) and second highest at pH
3 (0.23 mg/l at 8 weeks). At pH 13 the amount of dissolved silver was slightly less than
at pH 3 (0.19 mg/l at 8 weeks). At pH 5 the amount of dissolved silver was 0.11 mg/l at
eight weeks. The amounts of dissolved silver at pH 7, 9, and 11 were 0.02, 0.04, and
0.01 mg/l, respectively (Fig. 16).

FIGURE 16 Concentration of dissolved silver in solutions with pH varying in the range of
1–13. (Publication II)
It can be concluded that superhydrophobic silver-containing surfaces possessed notable
antibacterial activity compared to that of the reference stainless steel surface. The antibacterial activity can be attributed mainly to the silver particles. The amount of dissolved
silver is highest at low pH (pH 1) and decreases as the pH increases. At a high pH level
(pH 13), silver dissolution is comparable to that of pH 5 but at pH values in the range of
7–11 the amount of dissolved silver is significantly lower compared to that of pH < 7 and
pH 13. However, silver was dissolved at least slightly in all the tested conditions (pH 1–
13). Although the superhydrophobic property itself did not induce antibacterial activity, it
can be beneficial in the removal of killed bacteria from the surface.

Chemical resistance of superhydrophobic surfaces
The chemical resistance of superhydrophobic surfaces was investigated by monitoring
the water contact angles and by SEM imaging. The water contact angles of the prepared
superhydrophobic and superhydrophobic silver-containing coatings were measured as
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157 and 154 degrees, respectively. It was shown that the water contact angle decreases
slightly even after a relatively short exposure to an aqueous solution (24 h). After one
week of exposure to all the solutions used (pH 1–13), the surface was still notably hydrophobic. After five weeks of exposure, however, the water contact angle had significantly decreased at pH 1. At all the other pH values, the water contact angle was relatively high and the surface remained hydrophobic. After eight weeks of exposure, the
water contact angles of the superhydrophobic silver-containing surface immersed in solutions with pH 1, 3, 5, 7, 9, 11, and 13 were 106 º, 123 º, 131 º, 142 º, 143 º, 145 º, and
98 º, respectively. This shows that the superhydrophobic nature of the surface had been
preserved the most at pH 7, 9, and 11 and the durability of the superhydrophobic surface
was lowest at pH 13 and pH 1, where the water contact angles had significantly decreased. A notable decrease in the water contact angle also appeared at pH 3 and 5,
which indicates that some chemical or structural changes had occurred on the surface.
The lowest and highest measured water contact angle values are listed in table 1
(marked in parentheses) after the average water contact angle value. It can be noted
that the variation is relatively high, which indicates that the structure of the coating is not
completely uniform throughout the whole surface. The higher the exposure time, the
higher the variation is. This also suggests that the removal rate of the coating is not even
at different spots on the surface.
TABLE 1
The average water contact angle values of the superhydrophobic silvercontaining surfaces after eight weeks exposure to solutions with pH values varying in the
range of 1–13 (the highest and the lowest measured values are marked in parentheses).
S1 and S13 refer to a superhydrophobic surface without silver at pH 1 and 13, respectively. (Publication II)

pH

0h

S1
1
3
5
7
9
11
S13
13

157
154
154
154
154
154
154
157
154

24 h

1 week

5 weeks

149(145,152)
137(132,144)
138(134,143)
140(139,141)
145(143,147)
145(140,149)

147(144,151)
133(123,141)
136(133,140)
135(133,136)
147(139,156)
142(136,146)

106(96,113)
131(123,141)
130(125,136)
139(125,145)
136(133,137)
127(115,133)

145(143,146)

136(133,140)

130(124,139)
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8 weeks
101(92,115)
106(102,114)
123(115,145)
131(121,138)
142(134,150)
143(141,144)
145(135,149)
102(95,113)
98(74,112)

In addition to monitoring the water contact angle, SEM imaging was conducted to inspect
changes on the surfaces during the exposure to the solutions. Fig. 17 shows the superhydrophobic silver-containing coating exposed to nitric acid solution of pH 1. It can be
noted that, after 24 hours, the coating has been preserved relatively well. After one week
of exposure, the coating was still covering the surface. The water contact angle measurements supported the finding that the coating had not undergone any distinct changes
during the first week of exposure since the water contact angle was significantly high
after one week. After five weeks’ exposure, the coating had been removed and only
some small particles remained on the stainless steel surface. After eight weeks of exposure, no visible changes could be seen compared to the sample imaged after five weeks’
exposure. The particles that were detected after five weeks still existed on the surface.

FIGURE 17 Superhydrophobic silver-containing surfaces exposed to nitric acid solution
of pH 1 for a) 24 h, b) 1 week, c) 5 weeks, and d) 8 weeks. (Publication II)
At pH 7, no clear changes on the surface could be seen by SEM imaging during the first
five weeks of exposure to the solution. After eight weeks’ exposure, however, the structure had clearly partly dissolved and signs of corrosion could be detected under the thin
coating layer (Fig. 18). Similar behavior was detected with the sample immersed in a
solution of pH 13 after only one week of exposure. Although it was evident that changes
had occurred on the surface at pH 13, a relatively homogeneous layer of the coating still
remained on the surface after eight weeks, as shown in Fig. 19. Fig. 20 presents FESEM
images of the samples exposed to pH 1, 3, 5, 7, 9, 11, and 13 after eight weeks of
exposure. As can be seen, a flaky structure remained on the surface at all other pH
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values except pH 1. At pH 13, the water contact angle was 98 º after eight weeks of
exposure; that is to say, the water contact angle was close to that of the stainless steel
specimen. It is obvious that the FAS layer had been removed in the solution of pH 13
during the eight-week period. At pH 3 and 5, no clear changes in the surface were visible
after eight weeks’ exposure (Fig. 20 b and c). In contrast, the water contact angle was
relatively high after eight weeks’ exposure at pH 7, 9, and 11. In addition, at these pH
values (7, 9, and 11), the surface had not undergone any visible changes during the
eight-week exposure (Fig. 20 e and f). However, at pH 3 and 5, the water contact angles
had clearly decreased to 123 º and 131 º, respectively. It can be postulated that the FAS
layer was not damaged on the surface in neutral and slightly basic conditions. In slightly
acidic conditions, the FAS layer was partly removed or modified leading to a decrease in
the water contact angle. It is also worth noting that the FAS layer is not strongly bound
on top of the silver particles, enabling dissolution of silver from the particles. Once the
silver has completely dissolved, the holes on the sites previously occupied by silver particles allow penetration of water into the structure. This might lead to the decomposition
of the coating.

FIGURE 18 Superhydrophobic silver-containing surfaces exposed to a solution of pH 7
for a) 24 h, b) 1 week, c) 5 weeks, and d) 8 weeks. (Publication II)
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FIGURE 19 Superhydrophobic silver-containing surfaces exposed to an ammonia solution of pH 13 for a) 24 h, b) 1 week, c) 5 weeks, and d) 8 weeks. (Publication II)
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FIGURE 20 FESEM images of superhydrophobic silver-containing coatings after eight
weeks of exposure to solutions of pH a) 1, b) 3, c) 5, d) 7, e) 9, f) 11, and g) 13. (Publication II)
As another means to study the chemical resistance of the coatings, the possibility of EIS
measurements to determine the presence of silver and different layers (alumina, FAS)
on the surface was also investigated. The investigated samples were a stainless steel
plate, stainless steel coated with FAS, stainless steel coated with alumina, stainless steel
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coated with both alumina and FAS, stainless steel coated with alumina and silver particles, and stainless steel coated with alumina, silver particles and FAS, i.e., the superhydrophobic silver-containing coating. The spectra obtained in the EIS measurement are
shown in Fig. 21. These spectra demonstrate that different coating layers imparted a
different electrochemical behavior to the surface. The superhydrophobic surface without
silver possessed the highest impedance values. The addition of silver onto the superhydrophobic surface decreased impedance value although the impedance value was still
notably higher than with any of the other tested surfaces. Thus, it can be anticipated
that dissolution of the alumina layer as well as removal of the FAS layer could be detected from the decrease in the impedance value. Moreover, the dissolution of silver
could lead to an increase in the impedance. Two samples, one exposed to pH 3 for eight
weeks and one exposed to pH 11 for five weeks were investigated and the EIS spectra
were determined for these samples. From the obtained spectra (Fig. 22), it could be
observed that the sample exposed to pH 11 for five weeks had a higher impedance value
than the unexposed superhydrophobic silver-containing sample, indicating dissolution of
silver from the surface. In contrast, the sample exposed to pH 11 for five weeks had
lower values than the one exposed to pH 3 for eight weeks, which indicates that there is
more silver present on the surface in the sample exposed to pH 11. This is fully consistent
with the AAS measurement results shown on page 34.
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FIGURE 21 EIS spectra a) Nyquist plot, b) bode magnitude plot, and c) bode phase
angle plot for stainless steel (SS), stainless steel coated with FAS (SS+FAS), stainless
steel coated with alumina (SS+Alumina), stainless steel coated with alumina and silver
(SS+Alumina+Ag), and superhydrophobic coating with and without silver (SS+Alumina+Ag+FAS and SS+Alumina+FAS, respectively). (Publication II)
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FIGURE 22 EIS spectra a) Nyquist plot, b) bode magnitude plot, and c) bode phase
angle plot for superhydrophobic silver-containing coating, stainless steel surface, and
superhydrophobic silver-containing samples exposed to pH 3 for eight weeks and pH 11
for five weeks. (Publication II)
In summary, the superhydrophobic silver-containing surfaces were successfully prepared and were found to exhibit notable antibacterial activity against the tested bacterial
species. The combination of superhydrophobic and antibacterial properties was demonstrated to be a feasible option for antibacterial easy-to clean surfaces. The durability of
the surfaces in aqueous solutions was investigated and it was found that while the surfaces did not last long in severe conditions, they preserved their properties relatively well
in milder conditions.

5.2 ZnO films
In publication III, we produced ZnO thin films with different surface morphologies in order
to study the effect of morphology on photocatalytic and antibacterial activity. The synthesis temperature and precursor concentration were altered, with the aim of producing surfaces with different surface structures. In publication IV, the photocatalytic properties of
zinc oxide films with different morphologies were studied more thoroughly. In addition,
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the effect of the concentration of the precursors on the morphology was investigated. In
publication V, we continued studying ZnO films and tested the effect of copper addition
on the topography, band gap energy, and photocatalytic activity of the films. In publication VI, we studied the long-term chemical stability of structured ZnO films in aqueous
solution with varying pH values (3–11).

Investigation of influence of synthesis parameters on morphology
of ZnO films
ZnO films were prepared using the hydrothermal method, varying the process temperature (70–90ºC) and precursor concentrations. The films prepared with three different precursor concentrations, 0.029 M, 0.058 M, and 0.16 M, denoted as C1, C2, and C3, respectively, at three different temperatures (70, 80, and 90 ºC), are shown in Figs. 23–25.
It was found that the precursor concentration had a significant impact on the morphology
of the ZnO film. At the lowest precursor concentration and lowest temperature (C1, 70
ºC), the substrate was partly covered with plain thin circular ZnO structures. It can be
assumed that the temperature was not high enough for the nucleation to occur thoroughly on the surfaces and to induce the growth of longer ZnO needles as occurred at
the same concentration at 80 ºC, where the whole substrate was covered relatively homogenously by thin ZnO needles. As the temperature further increased to 90 ºC with the
concentration remaining the same, the size of the needles increased, and the orientation
of the needles became less aligned. In addition, some significantly larger rods appeared
on the surfaces. However, the amount of the larger rods was not high enough to have a
notable impact on the surface area of the film. At the second highest concentration, C2,
however, the growth of flaky hexagonal ZnO structures was detected. As the temperature increased to 80 ºC at concentration C2, the structure consisted of hexagonal rods,
which indicates that (as at the lower precursor concentration), the lowest temperature
was not high enough to induce the growth of longer rods. However, in contrast to the
lowest concentration, at concentration C2 at 70 ºC, the substrate was completely covered by a thin layer of hexagonally shaped ZnO flakes. At the same concentration (C2)
at 90 ºC, hexagonal rods were also detected. However, the rods were clearly less aligned
compared to those synthesized at 80 ºC. At the highest concentration, C3, when the
temperature was 70 ºC, the surface was covered by randomly grown ZnO structures that
resembled the edges of hexagonal flakes. At C3 at 80 ºC, the ZnO structures that covered the surface were slightly smaller compared to those grown at the lower temperature.
With the highest concentration (C3) at 90 ºC, the structures on the surface were clearly
more flake-like compared to those grown at lower temperatures. As can be noted, in
addition to the precursor concentration, the synthesis temperature also played an important role in the ZnO film growth. At the low precursor concentration, the temperature
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needed to be higher for nucleation to occur and for the structures to grow along the caxis. As the temperature further increased, the structures grew less aligned compared
to the rather well aligned structures obtained at lower temperatures.

FIGURE 23 ZnO films synthesized at the lowest precursor concentration at a) 70 ºC, b)
80 ºC, and c) 90 ºC. (Publication IV)

FIGURE 24 ZnO films synthesized at the second highest precursor concentration at a)
70 ºC, b) 80 ºC, and c) 90 ºC. (Publication IV)

FIGURE 25 ZnO films synthesized at the highest precursor concentration at a) 70 ºC, b)
80 ºC, and c) 90 ºC. (Publication IV)
In addition to temperature and precursor concentration, the influence of the addition of
copper nitrate to the precursor solution on the morphology, photocatalytic activity, and
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band gap energy was investigated. It was found that the addition of copper nitrate resulted in a more aligned structure of ZnO needles (Fig 26). The diameter of the needles
was also reduced slightly due to the addition of copper nitrate . However, the copper
nitrate concentration was not found to play a significant role in the film morphology. Presumably, copper is reduced on the substrate. The properties of the substrate influence
the nucleation process and the orientation of the needles growing on the substrate, as
explained earlier on pages 11–12.

FIGURE 26 ZnO films synthesized a) without copper nitrate addition b) with 0.5% copper
nitrate addition, and c) with 5 % copper nitrate addition to the precursor solution. (Publication V)
To conclude, the synthesis parameters, including temperature as well as precursor concentration and content, had a significant role in the formation of the ZnO surface structure.
The lowest precursor concentration resulted in a needle-like structure. As the precursor
concentration increased, thicker ZnO rods started forming on the surface. With a further
increase in concentration, the surface structure was formed of thin flakes on the surface.
The temperature was required to be at a certain level (>70ºC) in order for the abovedescribed structures to grow. The addition of copper nitrate to the precursor solution
promoted a more aligned, denser structure with thinner ZnO pillars.

Photocatalytic activity of ZnO films
The photocatalytic activity of the different ZnO films was measured in order to analyze
the influence of the surface morphology on photocatalytic efficiency. The results are
shown in Fig. 27. It was found that at the lowest and second lowest precursor concentration (C1 and C2, respectively), the films grown at the highest temperature (90 ºC)
possessed the highest photocatalytic activity, followed by the films synthesized at 80 ºC.
In contrast, at the highest precursor concentration (C3), the ZnO film synthesized at the
lowest temperature showed the highest photocatalytic activity and those synthesized at
the highest temperature (90 ºC) showed the lowest photocatalytic activity. Of all the
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tested ZnO films, those synthesized with C2 at 90 ºC were the most active. The percentages of discolored methylene blue (MB) for the three most effective samples, the one
synthesized with C2 at 90 ºC, the one synthesized with C1 at 90 ºC, and the one synthesized with C3 at 70 ºC were 91%, 82%, and 81.5%, respectively. Despite the differences
between the samples, all the tested ZnO films showed relatively high photocatalytic activity. The differences observed between the samples resulted most probably from the
differences in surface area. Moreover, the structures with less-aligned and less dense
needle and rod structures exhibited greater photocatalytic activity compared to the
denser, well-aligned structures. This could be due to the more effective penetration of
water between the needles and rods and the fact that the radiation had access to the
larger surface areas when the needles and rods were partly transverse in relation to the
radiation.

)

FIGURE 27 Photocatalytic activities of the nine ZnO films synthesized for the photocatalytic test (the lowest concentration C1 at 70, 80 and 90 ºC, second highest concentration
C2 at 70, 80 and 90 ºC and the highest concentration C3 at 70, 80 and 90 ºC). (Publication IV)
In addition to the MB discoloration test, the photocatalytic activity of the films was also
tested by measuring the water contact angles of the films under illumination. The results
were in line with the MB discoloration test. The water contact angle decreased on all the
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samples during the 30-minute period. Samples C1 and C2 at 90 ºC, and C3 at 70 ºC
showed the highest decrease rate (0 º, 0 º, and 8 º after only 20 min of irradiation, respectively) in the water contact angle, which indicated that these surfaces possessed
the highest photocatalytic activity.

The photocatalytic activity of the ZnO films grown in the solution containing copper nitrate
was also studied. MB discoloration was used to evaluate the photocatalytic efficiency of
the films. It was found that the addition of copper nitrate to the precursor solution resulted
in the slightly reduced photocatalytic activity of the ZnO film (Fig. 28). An increase in the
copper nitrate concentration in the precursor solution further decreased the photocatalytic activity. The decrease in photocatalytic activity could be explained by the change in
the morphology of the ZnO film, inducing changes in the surface area of the film. Introducing copper to the lattice may also have decreased the photocatalytic activity due to
the transfer of electrons and holes into the CuO phase, leading to recombination reactions in the CuO. [184]
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FIGURE 28 Photocatalytic activity of ZnO films synthesized without copper nitrate addition, with 0.5% copper nitrate addition, and with 5 % copper nitrate addition to the precursor solution. (Publication V)
In summary, the structure of the ZnO film was found to influence the photocatalytic activity of the surface. The less dense rod structure possessed the highest photocatalytic
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activity. However, all the tested surfaces showed relatively high photocatalytic activity.
The addition of copper nitrate to the precursor solution was found to decrease photocatalytic activity.

Antibacterial activity of ZnO films
The synthesis temperature and precursor concentration were altered with the aim of producing surfaces with notably different surface structures; needle-like structures (C1, 90º),
hexagonal rods (C2, 80º), and a flaky structure (C3, 90º), as shown in Fig. 29. These
films were used to investigate the influence of morphology on the antibacterial activity of
the films. Dissolution of zinc from the surfaces was also studied since it is known that
zinc ions contribute to the antibacterial activity of ZnO.

FIGURE 29 Top view (a,c,e) and cross-section (b,d,f) of ZnO films prepared using different synthesis parameters. The needle-like sample is denoted as C190º (a,b), hexagonal
rods are denoted as C280º (c,d), and the flaky structure is denoted as C390º (e,f). (Publication III)
The AAS measurements showed that zinc had dissolved from all three coatings; the
amount of dissolved silver being the highest from the needle-like surface. The lowest
amount of dissolved zinc was detected from the flaky structured surface (Fig. 30). The
amount of dissolved silver after seven hours of immersion in de-ionized water was 6.3 %
higher for the needle-like surface (C190º) compared to the hexagonal rods (C280º) and
21.4 % higher compared to the flaky structure (C390º). Moreover, the dissolution from
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C280º was equal to the dissolution from C390º during the first three hours, after which
dissolution from C390º slowed down and from C280º increased. The differences in the
amounts of dissolved zinc originate from the different surface areas of the coatings. The
rod structure (C280º) is much denser compared to the needle-like structure, as can be
seen from the cross-sectional images in Fig 29. It is obvious that water can penetrate
deeper between the needles, which enables a higher zinc dissolution rate compared to
the rod-like structure. The rod-like structure has a higher surface area compared to the
flake-like sample and, once the water had penetrated between the rods (as a result of
rod dissolution leading to a less dense structure), the dissolution rate of the rod-structured sample increased and the amount of dissolved zinc approached that of the needlestructured sample. The dissolution rate from the flake-like sample was relatively constant
throughout the seven-hour test period.
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FIGURE 30 Concentration of dissolved zinc from the needle-like (C190º), rod-like
(C280º), and flaky (C390º) samples in de-ionized water.
After the seven-hour immersion of the ZnO films in de-ionized water, they were imaged
with FESEM in order to detect possible changes that might have occurred in the morphology during the dissolution test (Fig 31). Although no drastic changes in the morphology could be detected after exposure to the de-ionized water, the structure of the films
was observed to be slightly less dense, especially in the case of the rod-structured film.
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FIGURE 31 Top view (a,c,e) and cross-section (b,d,f) of ZnO films after seven hours’
immersion in de-ionized water. Needle-like samples are denoted as C190º (a,b), hexagonal rods are denoted as C280º (c,d), and the flaky structure is denoted as C390º (e,f).
The non-exposed surfaces are shown in Fig. 29. (Publication III)
In the antibacterial activity test, E. coli and S. aureus were used as bacterial strains to
investigate and compare the antibacterial efficiency of ZnO films with different morphologies. Although it was shown that the dissolution of Zn from ZnO films was morphologydependent, no changes in the antibacterial action could be detected with either of the
bacterial strains. The results showed, however, that the antibacterial activity of the ZnO
films was higher against E. coli than against S. aureus (Fig 32). Although it has been
shown that the morphology of ZnO nanoparticles plays a role in their antibacterial efficiency, based on our results it can be stated that the antibacterial activity of ZnO does
not have any clear correlation with the morphology of the structured film. Moreover, the
antibacterial activity of the synthesized ZnO films was at the same level despite the morphology, even though it was shown that the dissolution of zinc was related to morphology
changes. In the case of nanoparticles, the shape of the particle might affect the ability of
the nanoparticle to penetrate a cell. In the case of the ZnO films, ZnO is bound to the
surface and the antibacterial action is based solely on the contact between ZnO and the
bacteria, the dissolution of Zn2+ cations, and the creation of ROS. Although surface structuring increases the surface area of the film, the size of the bacteria is not small enough
that they could fit between the structures and thus the contact area between the bacteria
and the surface is at the same level as on a smooth surface. A higher surface area can,
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FIGURE 32 Relative light production of biosensor strain of E. coli (open symbols) and S.
aureus (solid symbols) in the presence of AISI 304 stainless steel (diamonds) or ZnO
samples C190º (squares), C280º (spheres), or C390º (triangles). The values were calculated by dividing the light production per area of the sample by the light production per
area of cell suspension surrounding the sample. The results shown are averages from
triplicate plates with error bars showing standard deviations.
To study the dissolution behavior of ZnO films in agar, the films were imaged with FESEM
after 30 days of immersion in agar. Signs of corrosion could be seen clearly on all the
specimens (C190º, C280º, and C390º, see Fig. 33). Despite the clear changes on the
surfaces, the characteristic features of the morphologies could still be observed for all
the specimens.
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FIGURE 33 a) The needle-like (C190º), b) rod-like (C280º), and c) flake-like (C390º)
ZnO films after 30 days immersion in agar. The non-exposed surfaces are shown in Fig.
29. (Publication III)
To sum up, the structured ZnO films exhibited relatively high antibacterial activity against
E. coli and S. aureus. However, the morphology of the film was not found to affect the
antibacterial activity of the surface. Zinc was found to dissolve from the surface and can
be assumed to have contributed to the antibacterial activity of the film. The films were
not visibly affected by the seven-hour immersion in water during the dissolution test but
the 30-day immersion in agar clearly affected the surface.

Effect of morphology and copper addition on band gap energy
The band gap energies of the ZnO films with different morphologies were determined
from the reflectance spectra measured with a UV-vis spectrophotometer. Band gap energies were determined for samples C190º, C280º, and C390º, shown in Fig. 29, and in
addition, for the film that was found to be the most active in the photocatalytic measurement of all the prepared samples (concentration C2 synthesized at 90 º, denoted as
C290º, Fig 24c). The needle-structured film (C190º) had a band gap energy of 3.145 eV,
and the two rod-like structures (C280º and C290º) had band gap energies of 3.212 and
3.204 eV, respectively. The flaky ZnO film (C390º) had a band gap energy of 3.212 eV
(Table 2). It is noteworthy that the structure with thin needles had the lowest band gap
energy whereas the densest flake-like structure had the highest band gap value. Moreover, the less aligned rod structured specimen had a slightly lower band gap energy
compared to the better-aligned rod structure.
The band gap energies for the ZnO films that were synthesized with an addition of copper
nitrate hexahydrate to the precursor solution were also determined (Fig 26 b and c). The
film that was synthesized in identical conditions except for the copper nitrate addition
(Fig 25 a) had a band gap energy of 3.204 eV. The addition of 0.5% copper nitrate to the
solution reduced the band gap energy of the film to 3.171 eV. When 5% of copper nitrate
was added, the band gap energy further decreased to 3.163 eV (Table 2). It is notable
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that the addition of copper nitrate to the precursor solution decreased the band gap energy of the synthesized ZnO film. The decrease in band gap energy can be attributed to
a change in the morphology, arising possibly from morphology-induced native surface
defects [185], but also from the copper atoms in the lattice, as earlier mentioned on page
18.
TABLE 2
Band gap energies for needle-like (C190º), rod-like (C280º and C290º), and
flake-like (C390º) samples, and the literature value for the ZnO band gap energy.
Sample

Band gap (eV)
C190º
3.145
C280º
3.212
C290º
3.204
C390º
3.212
C290º+0.5%Cu
3.171
C290º+5%Cu
3.163
Literature value
3.37
As a conclusion, it can be noted that all the measured films had a lower band gap than
that given in the literature. It is also significant that the thinner structures (needle-like
structure of sample C190º and the samples with copper addition) had a lower band gap
energy than the rod and flake-like structures.

Chemical resistance of ZnO films
The behavior of ZnO films in aqueous solutions with different pH values was investigated
in order to evaluate the long-term usability of the films in different conditions. Nitric acid
and ammonia were used to adjust the pH of the solutions. The films were prepared using
two-step hydrothermal synthesis identically for all the ZnO films in this thesis. The synthesis temperature was 80 ºC and the concentration of the precursor solution was 0.058
M (denoted as C2). The structure imaged with FESEM at different magnifications from
top view and cross-section is shown in Fig. 34. The film consisted of densely grown
hexagonal rods. The height of the rods was approximately 1100 nm and the diameter of
the rods was approximately 200 nm.
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FIGURE 34 FESEM images at different magnifications of the ZnO film used in the chemical stability investigation. (Publication VI)
The dissolution of zinc from the surface was monitored using an atomic absorption spectrophotometer. The results show that the lower the pH value of the solution, the higher
the amount of dissolved zinc (Fig 35). The highest zinc concentration was detected at
pH 3, as can be predicted based on the Pourbaix diagram for the ZnO-H2O system. It is
notable that during the first six hours of immersion in the solutions, the differences in the
amount of dissolved zinc at different pH values were already clear and, at pH 11, no zinc
could be detected from the solution during that time period.
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FIGURE 35 Concentration of dissolved zinc from the ZnO film in solutions with different
pH values a) during a 6 h period and b) during a 1344 h period. (Publication VI)
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In addition to the AAS measurements, the surfaces were imaged using FESEM at time
points of 1, 2, 4, and 8 weeks to detect any changes on the surfaces during the immersion
in aqueous solutions. At pH 3, the ZnO film had completely dissolved after only one week
according to the FESEM image (Fig. 36 a). At pH 5, no clear change in surface topography could be detected by FESEM during the eight weeks of immersion (Fig 37 b). At pH
7, in contrast, flake-like structures could be detected on the surface after eight weeks’
immersion (Fig. 38). The rod-like structure, however, did not show any clear changes
during the eight weeks at pH 7, as can be seen in Fig. 39 b. At pH 9, the change in
topography was not very clear during the eight weeks of immersion (Fig. 40 b). At pH 11,
no change could be observed in the FESEM images during the eight weeks of immersion
(Fig 41 b).

a

b

FIGURE 36 ZnO film exposed to nitric acid solution with pH 3 for a) 1 week and b) 8
weeks.

a

b

FIGURE 37 ZnO film exposed to nitric acid solution with pH 5 for a) 1 week and b) 8
weeks.
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FIGURE 38 ZnO film exposed to ammonia solution with pH 7 for 8 weeks imaged at two
different spots (a and b).

a

b

FIGURE 39 ZnO film exposed to ammonia solution with pH 7 for a) 1 week and b) 8
weeks.

a

b

FIGURE 40 ZnO film exposed to ammonia solution with pH 9 for a) 1 week and b) 8
weeks.
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a

b

FIGURE 41 ZnO film exposed to ammonia solution with pH 11 for a) 1 week and b) 8
weeks.
EDS analysis was used to investigate the composition of the films during exposure to
the solutions. EDS analyses were performed at time points of 1, 2, 4, and 8 weeks, corresponding to the SEM imaging. In the investigation, it was found that the chemical composition of the films did not alter notably during the first four weeks of immersion, except
at pH 3, where the film had completely dissolved after only one week. In contrast, after
eight weeks, notable changes in the zinc/oxygen ratio could be detected at pH 7 and pH
9 (Fig 42). The decrease in the Zn content observed for all the samples between the time
points of 4 and 8 weeks can be explained by the dissolution of the film, which led to a
thinner ZnO layer and thus lower Zn content and higher Fe content in the substrate. At
pH 7, the initial Zn/O atomic ratio was 0.94. After eight weeks, the Zn/O atomic ratio for
the sample at pH 7 had increased to approximately 1.1. In contrast, the Zn/O atomic ratio
at pH 9 decreased from 0.93 to 0.52 during the eight-week period. This indicates that the
rod structure at pH 9 after eight weeks was mainly hydroxide. At pH 7, zinc hydroxide
flakes could be detected on top of the film. At pH 7, it was assumed that the dissolved
zinc would form zinc hydroxide flakes while the rods that remained on the surface would
still be mainly zinc oxide. This is supported by the fact that the atomic ratio of Zn/O was
approximately 0.5 when the areas covered by flakes were analyzed, which indicated that
the flake structure consisted of Zn(OH)2. The Zn/O atomic ratios for the ZnO films before
exposure and after eight weeks’ exposure to the solutions with pH 3, 5, 7, 9, and 11 are
shown in Table 3.
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FIGURE 42 Weight percentages of a) Zn and b) O detected from the ZnO films in EDS
analysis as a function of immersion time in solutions of different pH values. (Publication
VI)
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TABLE 3. Zn/O atomic ratios before exposure and after 8 weeks’ exposure to solutions
of pH 3, 5, 7, 9, and 11.
0h
pH 3
pH 5
pH 7
pH 9
pH 11

0.94
0.91
0.94
0.93
0.9

8 weeks
0
0.95
1.11
0.52
0.89

The pH of the solutions was monitored during the dissolution test. The pH was measured
at 1, 2, 4, and 8 weeks of immersion. Interestingly, the pH of the solution with an initial
pH of 5 increased during the test and stabilized slightly above pH 7. Similar behavior was
detected for the solution with an initial pH of 9. The pH of the solution also decreased
and stabilized at a pH value of slightly above 7. In contrast, the pH of solutions with initial
pH values of 3 and 11 remained at the same level throughout the eight-week test period,
as shown in Fig 43. It has been reported that the pH of a ZnO nanoparticle aqueous
suspension is unstable in the regions of 4.4 < pH < 6.4 and 8.3 < pH < 10.5 [186]. This
also appeared to be the case for the solutions in which the ZnO film was immersed.
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FIGURE 43 pH of the solutions in which the ZnO samples were immersed during the
eight-week immersion test. (Publication VI)
The water contact angles of the ZnO films were also monitored during the immersion test
to investigate chemical changes on the surface. Water contact angles were measured
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after 1, 2, 4, and 8 weeks of immersion in the solutions and the results are shown in Fig.
44. The initial water contact angle of the film was 80º. In all the solutions, the water
contact angles decreased notably after one week of exposure to the solutions. The water
contact angle continued decreasing until two weeks of immersion, after which it slightly
increased. Similar behavior was detected for all the films in different solutions except for
the one in pH 3, where the ZnO film had completely dissolved after one week of immersion according to the FESEM images. The decrease in the water contact angle indicates
a change in the chemical composition of the surface. The formation of a thin hydroxide
layer can be assumed in the aqueous solution at all the pH values, which would explain
the change from 80 º to approximately 20 degrees for all the samples.
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FIGURE 44 Water contact angles of the ZnO films during eight-week immersion in solutions with different pH values. (Publication VI)
As a conclusion, it was found that the ZnO films are most durable at pH 11. At pH 3, in
contrast, the film was rapidly removed from the surface. At pH 5, the film did not undergo
any clearly visible changes but the dissolution of zinc from the film was higher than that
measured at pH 11. At pH 7, areas covered by flakes composing of zinc hydroxide could
be detected. At pH 9, formation of zinc hydroxide on the surface was clear, according to
the EDS analysis results. This would explain the decrease in the pH value as the hydroxide ions decreased in the solution as a result of the formation of zinc hydroxide.
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6

CONCLUDING REMARKS AND SUGGESTIONS FOR
FUTURE WORK

Functional surfaces offer a solution for materials requiring antibacterial activity. Such
surfaces could be suitable/applicable in hospitals for instance or in industrial plants
where cleaning surfaces incurs high costs. In this thesis, multifunctional antibacterial
surfaces have been produced using two different approaches and their properties linked
to antibacterial activity and self-cleaning ability investigated. Firstly, alumina-based silver-containing superhydrophobic surfaces were produced. Another approach selected in
this thesis to produce an antibacterial surface was the manufacture of structured ZnO
films. In addition to antibacterial activity, ZnO films were shown to possess remarkable
photocatalytic activity. Investigation of the chemical resistance of the surfaces in varying
conditions was also one focus of this study.
It was found that the superhydrophobic silver-containing surfaces exhibited high antibacterial activity compared to a pure stainless steel surface. Notable antibacterial efficiency
was also detected for ZnO films. The chemical resistance of the specimens was investigated by exposing the surfaces to aqueous solutions with varying pH values. During the
eight-week test period, both superhydrophobic and ZnO surfaces were clearly affected
by the aqueous environment. It was shown that in the solution with low pH, both of the
studied surfaces, ZnO and the superhydrophobic silver-containing surface, were severely damaged. The structure and the chemical composition of the ZnO films was best
preserved at the highest tested pH value of 11. The film structure and chemical composition were also relatively well preserved at pH 5 during the eight-week investigation. In
contrast, at pH 3, the ZnO film was rapidly moved from the surface. Moreover, at pH 9,
the chemical composition of the ZnO film was found to change during the eight-week
exposure as it was determined that the film was composed mainly of zinc hydroxide after
eight weeks’ immersion in the aqueous ammonia solution at pH 9. When considering the
long-term usability of ZnO films in wet conditions for photocatalytic purposes, it must be
noted that the formation of a thick zinc hydroxide layer on the surface deteriorates or
prevents the photocatalytic action of the surface. The structure and composition of the
ZnO films seemed to be best preserved at pH 11 in addition to pH 5, at which the film
would have the longest usability based on these investigations.
In the case of the superhydrophobic silver-containing surface, the surface was completely removed at pH 1. Although the coating was preserved on the surface at high pH
values (pH 13), the superhydrophobic property was lost. However, in milder conditions,
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i.e., with a pH closer to 7, the surfaces preserved their properties relatively well during
the eight-week investigation.
The influence of synthesis parameters in the formation of ZnO films was also investigated.
The morphology can be controlled by changing synthesis parameters such as temperature as well as precursor concentration and composition. In addition to antibacterial activity, ZnO films exhibit relatively high photocatalytic activity, which is also dependent on
the surface morphology. Photocatalytic activity promotes antibacterial property and is
one means to obtain a self-cleaning surface. A photocatalyst requires radiation with high
enough energy to excite electrons over the band gap. ZnO has a relatively wide band
gap (3.37 in the literature) and thus it cannot be effectively used in sunlight as a photocatalyst. Decreasing the band gap energy would increase the photocatalytic efficiency of
the photocatalyst in the visible light region. In this thesis, we studied the effect of morphology and precursor solution composition on band gap energy. The addition of copper
nitrate to the precursor solution was found to decrease the band gap energy. Band gap
energy was also found to be dependent on morphological changes. One explanation for
the morphological dependence of the band gap is native surface defects (e.g., a higher
surface to volume ratio and higher surface area of polar planes promotes formation of
oxygen vacancies), which could lead to defect-induced band gap narrowing. [184]
To conclude, both superhydrophobic and ZnO surfaces offer a feasible solution when
selecting a material for applications requiring a clean, bacteria-free surface. In this thesis,
the surfaces were coated and grown on a stainless steel substrate, which enables their
use in versatile environments and applications. The combination of superhydrophobic
and antibacterial properties on the surface was proven to work effectively and has significant potential for self-cleaning antibacterial applications. Moreover, zinc oxide thin
films have great potential as coating materials in antibacterial applications since, in addition to good antibacterial activity in the dark, they exhibit remarkable photocatalytic
activity, which indicates significant light-induced antibacterial activity.
When the research questions introduced in the chapter 3 are considered, the following
conclusions can be drawn: I) Superhydrophobic silver-containing coatings and structured
ZnO films can effectively prevent bacterial growth on the surfaces. II) Superhydrophobic
and ZnO surfaces withstand aqueous conditions relatively well at pH values close to 7.
The ZnO films also endure well in basic conditions contrary to the superhydrophobic
films. Both, superhydrophobic and ZnO films withstand badly strong acidic environment.
III) The structure of hydrothermally grown ZnO films can effectively be altered by changing synthesis condition. Both, synthesis temperature and precursor concentration, contribute to the formation of the ZnO film structure. IV) The structure of the ZnO film was
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found to influence the photocatalytic activity of the film. Instead, antibacterial activity was
not found to be influenced by the surface structure. V) Addition of copper nitrate in the
precursor solution decreased the band gap energy of the films. The higher the concentration of copper nitrate, the greater the decrease in the band gap energy.
The main focus for future work should be on developing the durability of superhydrophobic coatings as well as on a more intense study of the photocatalytic activity of ZnO
films. The effect of doping with several metals and non-metals on photocatalytic activity
will be the focus of the study and the visible light photocatalysis of the ZnO films will be
investigated. The study of the antibacterial activity of ZnO will also be continued and
the focus in that area is on determining the metabolism of the bacteria in order to detect the reason behind the cell death caused by ZnO surfaces.
Superhydrophobic films are currently utilized for example in clothing and packaging to
prevent penetration of moisture into the material. Addition of silver onto the superhydrophobic surface extends the potential to applications that require easy-to-clean and antibacterial properties. Such applications could be found for example in food industry production lines or hospital environments. Zinc oxide thin films could be used in some applications to replace silver due to its non-toxic nature and less expensive costs compared
to silver nanoparticles. Such applications could be for example in food packaging. Structured ZnO coatings with high surface area could also be utilized for instance, in air purification due to its photocatalytic activity. Utilization of ZnO in photocatalytic applications
requires often the use of UV-light source, which must be taken into account when potential applications for ZnO are considered.
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