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Introduction
During the last few decades, the cost-effective synthesis of low-dimensional
nanostructured materials has been one of the main challenges in materials science. High
surface-to-volume ratios of nanostructured layers are favourable for various
applications. Today, nanostructured layers are already employed in optoelectronic
devices such as solar cells, optical sensors, gas sensors, and light emitters. Among the
various materials, nanostructures based on zinc oxide (ZnO) have attracted much
attention. ZnO is a versatile functional material offering a variety of morphologies that is
widely used in environmental, biological, electronic, and sensing applications. For
environmental applications, ZnO has emerged as an outstanding photocatalyst material.
Photocatalysts are commonly used in the form of powders or nanoparticles, which offer
increased active surface area, thus enhancing their photocatalytic activity. However, the
costs involved in the separation and recovery of the powder photocatalyst after
treatment limit its potential widespread application. Therefore, an effective solution to
overcome the problem could be a photocatalyst with a defined crystal structure and
large surface-to-volume ratio that is attached to the substrate. A good option in this
regard would be a nanorod-like morphology. Therefore, researchers have been
developing synthesis strategies to prepare ZnO nanostructured layers with tailored
geometry and material properties. However, obtaining a reproducible morphology by
using simple inexpensive methods is still a challenge.
In this study, ZnO nanostructures were deposited by using commercially attractive,
cost-effective, and relatively simple wet chemical deposition methods such as spray
pyrolysis (SP) and electrodeposition (ED). The number of studies concerning the
photocatalytic activity performance and controlled growth of SP ZnO rods is scarce, while
information on their surface properties is absent. In comparison with SP, the ED of ZnO
rods is more widely investigated; however, according to the literature, it has similar
problems with respect to the controlled growth of ZnO rods on different substrates
under similar deposition conditions.
Thus, the aim of this study was to extend the knowledge on the controlled growth of
ZnO rods by SP and ED methods by studying the influence of substrate morphology on
the resultant ZnO rod layer morphology. Another objective of the dissertation was to
investigate and compare the surface properties of SP and ED rods. From an application
point of view, the influence of the morphological and surface chemical properties of the
SP and ED ZnO nanostructured layers on their photocatalytic activity was investigated.
The results on the photocatalytic properties of the ZnO layers were obtained through a
collaboration with the Laboratory of Environmental Technology at the Department of
Materials and Environmental Technology in the Tallinn University of Technology.
This dissertation is based on four published articles and composed of three main
chapters. Chapter 1 contains a literature overview of the main properties of ZnO in
general and in the form of rods, ZnO application areas, basic principles of photocatalysis,
and description of SP and ED methods. Towards the end, Chapter 1 summarizes the
literature overview and formulates the aim of this study. Chapter 2 describes the
experimental details of the work and the characterisation methods applied. Chapter 3 is
divided into three sections and presents the obtained results and discussions on ZnO rod
deposition by SP and ED on various substrates and seed layers, followed by the study on
their surface properties and photocatalytic capability.
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Abbreviations, Terms and Symbols
1D
2D
3D
AcacH
AFM
c
Δc
CA
CE
D
DC
E
eE0
Eg
ED
F
FTO
h+
hν
HA
HF
ITO
L
MTBE
NBE
NHE
PNL
R
RE
RMS
RNO
SA
Sa
SCE
SEM
SP
Ts
TT
TTIP

One-dimensional
Two-dimensional
Three-dimensional
Acetylacetone
Atomic force microscopy
Concentration
Decrease in the pollutant's concentration
Contact angle
Counter electrode
Diameter
Doxycycline
Photocatalytic oxidation efficiency
Electron
Standard reduction potential
Band gap
Electrodeposition
Faradays constant
Fluorine tin oxide
Hole
Photon energy
Humic acid
Haze factor
Indium tin oxide
Length
Methyl-tert-butylether
Near-band-edge emission
Normal hydrogen electrode
Prednisolone
Universal gas constant
Reference electrode
Root mean square roughness
N,N-dimethyl p-nitrosoaniline
Self-activated emission
Average roughness
Saturated calomel electrode
Scanning electron microscopy
Spray pyrolysis
Temperature of the substrate surface
Total transmittance
Titanium tetraisopropoxide
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UV-VIS
WE
XPS
XRD

Ultraviolet-Visible light spectroscopy
Working electrode
X-ray photoelectron spectroscopy
X-ray diffraction
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1 Literature overview
1.1 Main properties of ZnO
ZnO is an inorganic compound of the II-VI semiconductor group. It naturally occurs as the
mineral zincite [1]. ZnO is a direct wide bandgap semiconductor [Eg(0 K) = 3.44 eV;
Eg(300 K) = 3.37 eV] with n-type properties that are related to its native defects such as
zinc interstitials or oxygen vacancies [2-6]. Obtaining reproducible and reliable p-type
ZnO still remains a challenge for the scientific community [1, 6, 7]. ZnO exhibits strong
polar binding and a large exciton binding energy of 60 meV. It is a multifunctional
material with piezo- and pyroelectric properties, a wide range of UV absorption,
biocompatibility, and biodegradability [2–5].
ZnO may crystallize in three forms: hexagonal wurtzite, cubic zinc blende, and rocksalt
(Fig. 1.1). Under general conditions, it exhibits a hexagonal wurtzite structure [8–10],
where the Zn2+ ion is surrounded tetrahedrally by four O2- ions, and vice-versa; the ions
are stacked alternately along the common c-axis [8, 11]. Wurtzite ZnO has a positively
charged Zn-polar surface (0001) and a negatively charged O-polar surface (0001), which
are terminated by the Zn2+ and O2- ions, respectively. The planes {0110} and {2110} are
non-polar and have lower surface energies, compared to the polar {0001} facets [8, 12].
As a result, wurtzite ZnO usually tends to grow along the c-axis, maximizing the areas of
the {0110} and {2110} facets due to their low surface energy [13], forming an elongated
crystal. The relative surface energy of the facets is an important factor determining
crystal growth and the final morphology [11].

Figure 1.1 Crystal structures of ZnO (a) Rocksalt, (b) Zinc Blende, (c) Wurtzite. Black spheres refer
to the O atoms, grey spheres refer to the Zn atoms [10, 14, 15].

ZnO offers a marvellous variety of morphologies among all the known materials. ZnO
is commonly used in the form of powders, films, and different nano- or microstructures.
All the structures can be classified into three major groups: one- (1D), two- (2D), and
three-dimensional (3D). The 1D structures represent the largest group and are usually
characteristic of small area (0001) facets with a high surface energy, e.g., nanorods
[16–18], nanoneedles [19], nanowires [20–22], nanosprings [13, 23], nanorings [24],
nanotubes [17, 25], nanobelts [13], and nanocombs [26]. The 2D structures include
structures like nanoplatelets [22, 27] and nanosheets [28] that are characteristic of large
area (0001) facets. Examples of 3D structures are flower-like [29–31], dandelion-like [32],
12

tetrapods [33], and different hierarchical structures [5, 34–37]. Schematic illustrations of
the main representatives of the 1D, 2D, and 3D nanostructures are presented in Fig. 1.2.
Morphology is one of the most important parameters that has to be controlled before
proceeding with the application [38].

Figure 1.2 Different ZnO nanostructures: (a) rod, (b) wire, (c) plate, (d) tube, (e) tetrapod, (f)
hierarchical nanostructure, (g) flower-like nanostructure, (h) spring.

1.2 Applications of ZnO
For many years, ZnO has been used as an additive in concrete, rubbers of tyres, and
ceramic industries, as a white pigment (zinc white) in painting and colouring, and as an
UV blocker in sunscreen crèmes [3, 5, 8]. The progress of nanoscience has expanded the
field of ZnO application [4, 7, 14, 40]. A wide band gap of 3.37 eV at room temperature,
high exciton binding energy of 60 meV, high thermal and mechanical stability make ZnO
films attractive for potential use in electronics and optoelectronics, such as in fieldemitters, light-emitting diodes, photodetectors, and lasers [40−42]. Additionally, ZnO
layers can be used as a sensors [2, 4]. The high transparency of the ZnO films to visible
light combined with their tuneable electrical conductivities enable their use as
transparent conductive layers in thin film transistors and as optical window layers in solar
cells [42, 43]. Very recently, 1D ZnO layers, mainly in form of rods, were actively applied
in solar cells in order to increase the surface area of the p-n junction to provide a direct
path for the electrons from the point of photogeneration to the conducting substrate,
decreasing charge recombination and thus increasing the overall efficiency of the device
[7, 10, 44].
Owing to their controllable wetting properties, the potential application of ZnO layers
as antifogging and self-cleaning coatings has been demonstrated [45]. Biocompatibility,
biodegradability, and low toxicity make ZnO attractive for biomedicine and
environmental applications [5, 46].
Among environmental applications, the use of ZnO as a photocatalyst in hydrogen
production and for water cleaning from organic pollutants are worth considering [47].
As reported within the framework of this thesis, ZnO nanostructured layers have been
tested as photocatalysts, and the subsequent subsections will describe this topic in more
detail.
Mechanism of photocatalytic degradation of pollutants in water
Heterogeneous photocatalysis is one of the advanced oxidation processes developed to
remove persistent organic pollutants from water and wastewaters. Recently,
heterogeneous photocatalysis with semiconductors as photocatalysts has been an area
of intense research due to the rapid degradation rate and mineralisation of pollutants to
green products, etc. [48−50].
13

Generally, photocatalysis is a light-induced catalytic process based on the in situ
generation of a highly reactive oxidising agents, hydroxyl radicals (•OH), obtained at a
sufficient concentration to effectively degrade the pollutants adsorbed on catalyst
surface. The basic principle of the photocatalytic process is presented in reactions 1-10
below [47, 51–54].
Photocatalyst + hν → e−CB + h+VB

(1)

h+VB + pollutant → intermediates

(2)

(H2O ⇔ H+ + OH−) + h+VB → •OH + H+

(3)

O2 + e−CB → O2•−

(4)

O2 + H → OOH

(5)

2•OOH → H2O2 + O2

(6)

O2 + e

(7)

+

•−

•−

−

CB

•

→ O2

•2−

O2•2− + 2H+ → H2O2

(8)

H2O2 + e−CB → •OH + OH-

(9)

•OH + pollutant → intermediates → CO2 + H2O

(10)

Choice of photocatalyst materials
The suitable photocatalyst material for the degradation of the organic pollutants present
in water and wastewater must be inexpensive, easily producible, efficient under light
irradiation, stable during photocatalytic reactions, and not harmful to the environment.
Since 1972, TiO2 has been the most widely used and studied material for photocatalytic
applications [50, 55]. However, the need to make the photocatalytic process more
efficient and cheaper has reawakened the search for suitable alternatives to TiO2. During
the last few decades, ZnO has emerged as an outstanding alternative photocatalyst
material [47, 49, 56]. The number of studies investigating the photocatalytic properties
of ZnO has been increasing annually, especially in the last five years (2010 – 2014),
wherein ca. 1115 publications have been reported from a total amount of ca. 1500
publications for the last 15 years (2000 – 2014), according to the Web of Science
database. In contrast to TiO2, ZnO is relatively cheaper and more efficiently generates
hydroxyl ions, thus promoting the photocatalytic efficiency [47, 56 57]. Several
comparative studies on photocatalytic degradation efficiency between P25 TiO2 and ZnO
commercial powders indicated ZnO as a more efficient catalyst for the degradation of
organic pollutants like Remazol Black B, Remazol Brilliant Blue R [58], Reactive Blue 19
[59], Acid Brown 14 [60], Rhodamine 6G, Methyl Orange [61], etc. [62–64].
Highly dispersed powder nanoparticles have a large surface area and are therefore
generally considered as the most effective photocatalysts. However, a number of
problems, including the recovery of the powder photocatalyst, high aggregation
tendency, and difficulties in distributing the particles uniformly, limit their practical
application and have force scientists to search for an alternative [68]. One of the good
options is a photocatalyst in the form of nanostructures (rods, wires, hierarchical
structures) attached to a steady substrate. Although nanostructured layers typically
reveal lower surface-to-volume ratios compared to the powders, several studies have
demonstrated that ZnO nanostructured layers (composed of tetrapods or hierarchical
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structures) could achieve comparable or even higher photocatalytic activity than the
powders [33, 34]. Examples of the photocatalytic performances of the ZnO photocatalyst
in the forms of powder, films, and nanostructured layers for different preparation
methods, and types of pollutants are summarised in Table 1.1 in Appendix 2 [29, 30, 36,
37, 62−64, 66−77].
Analysis of the photocatalytic results on the degradation of pollutants in water
The lack of a general agreement in the photocatalysis experiments, as well as the manner
of comparing the photocatalytic efficiencies of different nanostructures complicate the
comparison between the results, since very few studies have been carried out in
comparable conditions (Table 1.1 in Appendix 2) [29, 30, 36, 37, 62−64, 66−77].
Nevertheless, it was observed that the photocatalytic activity of ZnO significantly varies
depending on the preparation technique (hydrothermal growth, electrodeposition, spray
pyrolysis, chemical bath deposition, etc.) and type of morphology (rod-, sphere-, flower
layers) [72]. Differences in photocatalytic activity among the nanostructured layers could
be caused by the variation of several parameters in complex, especially specific area and
chemical composition of the surface. Surface properties play a determinative role during
photocatalysis, since the molecules of the pollutant are adsorbed on the surface. It is
generally accepted that the presence of hydroxyl groups (OH) on a surface is
advantageous for photocatalytic efficiency [77, 78], since the (OH) groups are believed
to react with the photogenerated holes, leading to the formation of •OH, which mediates
the degradation of the pollutants on the surface of ZnO [77]. Special attention in the
literature has also been paid to the presence of surface defects (in terms of concentration
and type), since they can serve as active sites and enhance the photocatalytic activity
[34, 71, 79–83]. However, only a limited number of studies evaluate the changes in the
photocatalytic performance by considering several variables of the surface properties.
The changes in the photocatalytic activity of the aged ZnO nanostructures have also not
been extensively studied [31].
Thus, nanostructured ZnO layers fixed on a steady substrate with sufficiently high
effective surface areas are expected to be an efficient photocatalyst. The chemical
surface properties of the ZnO nanostructures (amount of hydroxyl group and defect type
and concentration) vary depending on the structure type or deposition method used,
and that consequently affects the photocatalytic behaviour of the ZnO nanostructured
layers. According to the literature review, spray-deposited ZnO nanostructured layers are
one of the least studied samples from the photocatalytic application point of view [35,
74]. Unexpectedly, the photocatalytic efficiency of electrodeposited ZnO nanostructured
layers and its correlation with surface properties have also not been extensively studied
[72, 92].

1.3 Synthesis of ZnO layers
Generally, the preparation methods for ZnO layers can be divided into two basic
categories: physical and chemical. The physical methods are physical vapor deposition
[84], magnetron sputtering [85], pulsed laser deposition [86], and vapor-liquid-solid
growth [87]. The chemical processes can be split to gas-phase (chemical vapor deposition
[88], atomic layer deposition [42]) or liquid-phase (sol-gel [89], spray pyrolysis [16],
electrodeposition [72], chemical bath deposition [90], spin-coating [91], hydrothermal
growth [92]) methods.
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Nowadays, synthesis of ZnO layers (films and nanostructures) by using wet chemical
deposition methods is becoming increasingly attractive due to the relative simplicity and
low cost of such techniques. According to the literature, rod-like crystals (including
nanoarrays and nanowires) are the most common representatives of the ZnO
nanostructures used for increasing the active surface area of the layers.
In this thesis, ZnO rod layers were deposited by means of chemical SP and ED. In
addition to the main advantages of wet chemical methods, both these methods are
technologically attractive, being fast and capable of being scaled up for producing largearea coatings.
1.3.1 Spray pyrolysis
Spray pyrolysis is based on the distribution of a pulverised precursor solution (aqueous
or alcoholic) in the form of fine droplets onto a hot substrate where the precursor
decomposes thermally [92]. The first introduction of the SP technique for thin film
deposition was given in 1966 by Chamberlin and Skarman for CdS [93]. Thereafter, SP
has been used to obtain a variety of other materials such as oxide layers (ZnO, In2O3,
SnOx, ZrO2, PbO), sulfide layers (ZnS, SnS, In2S3, CdS), binary, ternary, and quaternary
chalcogenides [95, 96]. Nowadays, the SP technique is extensively used for the
deposition of various powders, thin films, and structured materials. The relevance of the
SP method is also supported by the number of publications: 7239 in the last ten years
(2005-2014), of which 4495 were in the recent five years (2010-2014), based on the Web
of Science database.

Figure 1.3 General scheme of the spray pyrolysis set-up.

A typical SP set-up is shown in Fig. 1.3 and consists of a (1) precursor solution
container, (2) atomiser (including a spray nozzle) that generates fine droplets,
(3) substrate heater, (4) temperature controller, (5) air compressor to deliver carrier gas
to the system and (6) rotameter [93, 94, 96, 97]. The substrate, on which the desired
layer is expected to be grown, is mounted on a hot plate and heated by direct contact
with the heater. Among the various heating methods, liquid metal baths (like tin bath)
provide good thermal contact and also make the cleaning procedure easier as the thin
tin layer used can be scratched off with a scalpel [96, 98]. A variety of different
atomisation techniques can be applied to control the droplet size and distribution over
the substrate; pneumatic, ultrasonic, or electrostatic techniques are commonly used [5,
95, 99]. By using these techniques, droplet dimensions can be changed from micrometre
to nanometre range, being the largest for the pneumatic system and smallest for the
16

ultrasonic and electrostatic techniques [96, 98]. The ultrasonic atomization technique,
where a high-frequency sound vibration generates a fine mist of solution, is usually
favoured over pneumatic spray pyrolysis for the deposition of thin films or compact
layers owing to the lower velocity and highly uniform distribution of smaller droplet sizes.
In this work, we used the most basic pneumatic spray set-up because practically
nanostructured layers of ZnO were mainly grown using this set-up.
The properties of the final layer synthesized by the SP method are highly influenced
by the deposition parameters such as a substrate temperature, precursor solution and
its properties, precursor solution concentration, substrate type, droplet size, solvent,
solution volume, solution spray rate, carrier gas flow rate, and distance between the
nozzle and substrate [16, 35, 100−111].
In general, SP has a number of advantages. The main advantage is the use of low-cost
equipment that does not require vacuum or highly priced supplements. SP methods are
suited for mass production, and are capable of being scaled up over large areas and
permit rapid growth rates (up to 100 nm/s) [95]. The SP method also allows to grow
various coatings with complex geometries. The easy control over the desired layer
properties by changing the spray parameters may be considered as an advantage of this
technique. On the other hand, such sensitive dependence on each parameter
necessitates high precision during experiments, since the different parameters can
influence each other. For instance, the usage of certain precursors may lead to the nozzle
becoming cluttered, which changes the droplet sizes and their distribution and, as a
result, the layer properties. The main difficulties of the SP process are the determination
and control of the substrate temperature. The choice of the substrate is also limited by
the temperature. For instance, some polymeric substrates cannot be used for
depositions above 400 °C. To summarise, the SP technique is a promising, effective, and
versatile method for the deposition of metal oxide and metal sulphide layers with precise
composition, stoichiometry, and crystallinity.
1.3.2 ZnO rod layers by spray pyrolysis
The possibility to grow elongated ZnO rod-shaped crystals by pneumatic SP method was
firstly achieved in 2006 at Tallinn University of Technology, in the Laboratory of Thin Films
Chemical Technologies [100]. After that, much effort has been devoted to study the SP
ZnO crystals formation and its properties [16, 22, 35, 100−119]. Temperature, substrate,
solvent, precursor type and concentration along with pH are key parameters that
influence the final shape, dimensions, density and distribution of ZnO crystals on the
substrate, subsequently their physical and chemical properties.
Influence of precursor type and concentration, growth temperature, solvent type, and
solution pH
According to numerous reports on SP of ZnO rods, only the use of zinc chloride (ZnCl2) or
zinc acetate (Zn(ac)2) as a precursor yielded the rod-like structures [16, 100, 104, 105].
Other salts such as zinc nitrate did not produce the ZnO rod-like structures [105]. The
ZnCl2 precursor yielded rods with larger diameters and lengths than those grown from a
Zn(ac)2 solution. An increase in solution concentration (ZnCl2) from 0.05 mol/l to 0.2 mol/l
leads to increasing rod dimensions. High concentrations (c ≥ 0.2 mol/l) not only increase
the dimensions of the crystals but also change their rod-shape to the tripod-shape bent
down to the substrate surface [100]. Another important deposition parameter that
influences ZnO rod formation is temperature. To grow separated and elongated c-axis17

oriented hexagonal ZnO rod-like crystals, temperatures higher than 490 °C are required
[16]. It was established that with increasing temperature in the range 490 − 550 °C, the
length and diameter of the rods deposited on glass substrates also increase [100]. By
changing the solvent from water to alcohol (ethanol, isopropanol), rods could be grown
using lower substrate temperatures (ca. 480 °C). The dimensions of the ZnO rods
obtained from an alcoholic solution are much lower compared to those produced from
aqueous media [116, 119]. An effect of the pH of the spray solution on the morphology
of the ZnO rod layers was observed. The use of acidic ZnCl2 solution (pH ∼ 2) yielded
separately standing ZnO rod-like crystals, whereas a less acidic solution (pH ∼ 5) induced
coalescence of the initial grains, and consequently, produced thicker rods with
significantly lower aspect ratios [118].
Influence of the substrate
Considering that ZnO rod layers are widely used in solar cells, ZnO is commonly deposited
on transparent conductive substrates such as ITO/glass and SnO2/glass. It has been
previously reported that the substrate morphology has a strong effect on the
morphology of the ZnO rods synthesized by SP [100, 110, 120]. Specifically, the growth
of SP ZnO rods on a substrate is controlled by the amount of nucleation centres (grain
boundaries, intersections) on it [110]. The ITO/glass and SnO2/glass substrates generally
have high amounts of nuclei centres on their surfaces (markedly higher than those on
soda-lime glass). Therefore, the ZnO rods grown by SP on ITO/glass and SnO2/glass have
more uniform sizes and are more densely distributed than when they are deposited on
a glass substrate. However, a possible drawback of the high amount of nucleation centres
is the coalescence of crystals located too close to each other. To avoid this, the precursor
solution should not be concentrated (ZnCl2 c = 0.05 − 0.1 mol/l when ITO/glass is used;
c = 0.05 mol/l when FTO/glass is used) [120]. An alternative option is the adjustment of
the amount of nucleation centres by chemical etching of the substrate. According to the
study by Dedova et al., treatment of the ITO/glass substrate with concentrated H2SO4
decreased the density of the nucleation centres and, as a result, well-shaped vertically
aligned ZnO rods (L = 500 nm, D = 150 nm) were formed [110]. Another morphological
parameter that could also affect the resultant shape and dimensions of the ZnO crystal
during SP is the substrate grain size. Several studies indicated that ITO/glass with higher
grain sizes was more advantageous for the growth of elongated ZnO rods than ITO/glass
with lower grain sizes [16, 120].
Thus, substrate morphology, namely, the density of nucleation centres and grain size,
are important morphological parameters which affect the final morphology of the ZnO
crystals grown by the SP method. However, the influence of surface roughness on ZnO
rod formation by SP was not studied in detail.
Optical and surface properties of sprayed ZnO rods
Optical transparency of the ZnO rods in the visible region of the spectrum is ca. 20−65 %.
Low optical transparency of the rod layers is caused by the light scattering from crystal´s
planes [100, 113]. Photoluminescence spectrum of SP ZnO rods generally possess weak
self-activated (SA) emission band centred at ca. 500 nm and intense near band-edge
(NBE) band centred at ca. 380 nm, (INBE/ISA = 30) [116]. Thus, the high crystalline quality
of the SP ZnO rods is superior compared to other solution-based methods in the sense
of photoluminescence properties.
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Investigations on the surface properties of SP ZnO rods are very scarce. Study on
wetting properties of the SP rods grown from Zn(ac)2 water-alcohol solution revealed
that after thermal treatment at 450 °C SP ZnO rods are highly hydrophilic (CA ∼ 11°), but
might be easily modified to hydrophobic (CA ∼ 125 – 132°) by using stearic acid or ageing
during 2 months. Hydrophobic SP ZnO changed to hydrophilic (CA ∼ 21°) after UVillumination [104]. Studies on surface chemical composition of SP ZnO rods are missing
in the literature.
1.3.3 Electrodeposition
Another attractive solution-based deposition technique is ED method. ED is a process in
which a redox reaction occurs upon passing an electric current between electrodes
separated by an electrolyte. Layer deposition takes place at the electrode-electrolyte
interface, which is called the electrical double layer [121]. Oxidation reaction occurs at
the anode and reduction at the cathode. ED is a versatile technique and can be applied
for depositing metals, metal alloys, and metal oxides [122].
The ED process is typically carried out in an electrolytic cell. The simplest form of an
electrochemical cell is a two-electrode system. However, the most commonly used setup
for ED is the three-electrode cell, consisting of a counter electrode (CE), working
electrode (WE), and reference electrode (RE). The set-up shown in Fig. 1.4 has been used
in our study to produce ZnO layers by ED. In order to provide an electrically conducting
path between the electrodes, an electrolyte solution is needed in the cell. In addition to
the reacting electrolyte, a support electrolyte can be added. The most often used support
electrolyte is KCl. The electrolyte solution can be in different forms: aqueous, nonaqueous, inorganic, organic, and ionic liquids [122]. When the electrodes are inserted
into an electrolyte solution, an electric field has to be applied.

Figure 1.4 General scheme of the electrodeposition set-up.

Electrodeposition can be classified according to the nature of the electric field applied
in an electrolytic cell: constant potential (potentiostatic), constant current
(galvanostatic), and periodic or pulsed source [123]. In the potentiostatic mode, a desired
potential is applied to the WE to supply electrons to the electrolyte during the reduction
reaction. The RE has a fixed potential that is used to measure and control the potential
of the WE. The RE should neither pass any current through, nor participate in the
electrochemical process. Different REs have different known potentials: the normal
hydrogen electrode (NHE) is defined as zero, and the Ag/AgCl (3 mol/l KCl) RE at room
temperature is fixed at 0.210 V with respect to the NHE. The common substrate types
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(WE) for ED are metals and conductive oxides. The CE is used to maintain the current
flow needed for the desired reaction to take place on the WE.
Since different reactions will dominate at different potentials, the deposition of the
desired material can be achieved by applying a specific potential. The theoretical
potential needed for the desired electrochemical reaction can be calculated using the
Nernst equation (11):
𝐸𝐸 = E0 +

𝑅𝑅𝑅𝑅

𝑛𝑛𝑛𝑛

𝑙𝑙𝑙𝑙

[Ox]

(11)

[𝑅𝑅𝑅𝑅𝑅𝑅]

Where E0 – standard reduction potential, R – universal gas constant (8.314 J.K-1.mol-1),
T – temperature in Kelvin (°C + 273), F – Faradays constant (96.487 C.mol-1), [Ox]/[Red] –
the ratio of oxidised to reduced molecules.
The properties of the ED layers can be controlled by various deposition variables such
as the applied potential, precursor type, concentration, electrolyte, pH, temperature,
deposition time, and substrate type [124−162].
The main advantage of the ED technique is its low cost. Deposition takes place at low
temperatures and under ambient pressures. Another benefit of the method is a good
reproducibility of the films as the layer properties can be easily controlled. The ED
technique is easily scalable over large areas and for surfaces with complex shapes,
making it applicable for mass production. The disadvantages of this method are the
restriction to conductive substrates and the need for post-deposition annealing in order
to improve the stoichiometry and crystallinity of the layers grown at low temperatures.
1.3.4 ZnO rod layers by electrodeposition
The first studies on the ED of ZnO layers were reported in 1996, independently by Lincot
and Peulon [146], and Izaki and Omi [147]. Numerous reports have shown that the
morphology, size, and distribution of the ZnO rods can be easily controlled by varying the
electrochemical parameters [124−164, 167]. There are several primary factors that
influence the morphology of the ZnO nanostructures: Zn precursor type and
concentration, electrolyte, applied potential or current density, bath temperature, and
substrate type.
Influence of oxygen precursor, zinc precursor type and concentration, solution pH, bath
temperature, and applied potential
The ED of ZnO is generally based on the formation of OH- ions through the cathodic
reduction of an oxygen precursor such as molecular oxygen (12), peroxide species (13),
or nitrate ions (14), followed by the reaction with Zn2+ ions (15). At elevated
temperatures, zinc hydroxide is dehydrated to ZnO. At the elevated temperature zinc
hydroxide is dehydrated to ZnO (16) [140]. E0 is a value of standard redox potentials,
below which the reaction takes place.
O2 + 2H2O + 4e- → 4OH

E0/V (NHE) = 0.4

(12)

H2O2 + 2e → 2OH

E /V (NHE) = 1.006

(13)

NO3- + H2O + 2e- → NO2- + 2OH-

E0/V (NHE) = –0.008

(14)

-

-

0

Zn + 2OH ⇔ Zn(OH)2
2+

(15)

-

Zn(OH)2 temp. → ZnO + H2O

(16)
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ZnCl2 and Zn(NO3)2 are the most commonly used zinc sources to grow ZnO rod-like
crystals. Zn(NO3)2 acts as both a precursor of Zn2+ ions and a source of oxygen [128–132].
When using the ZnCl2 salt, molecular oxygen is required as an oxygen precursor. Elias et
al. also reported ZnSO4 and Zn(ac)2 as good alternatives to ZnCl2 [128]. It was shown that
counter anions significantly tune the diameter and length of the ZnO rods. In particular,
the highest aspect ratio (length/diameter = 60) has been obtained in the case of Zn(ac)2,
compared to ZnCl2, where the aspect ratio was ca. 9 [128]. However, in some other
studies, high aspect ratio (ca. 30) ED ZnO nanowires have also been grown from ZnCl2 [132].
Various studies showed that the final morphology of the ZnO layer can be precisely
controlled by adjusting the solution concentration. El Belghiti et al. explained that the
concentration of Zn2+ ions influences the interfacial pH at the electrode surface, which in
turn controls the speciation of the zinc ions and their ability to react with the growing layer
[133]. When the Zn2+ concentration is in excess, every electro-generated OH- ion is
consumed by Zn2+ to form zinc hydroxide; the pH is neutral, which supports both lateral
and longitudinal (c-axis) crystal growth. In spite of the fact that the c-axis growth rate is ca.
four times higher than the lateral growth rate, when deposition under neutral pH is
performed for a long duration, a continuous film instead of crystals could be obtained.
When the Zn2+ concentration is low, OH- ions are generated in excess, which increases the
pH to the alkaline range (≥ 9), and the most stable forms of Zn2+ are the hydroxide
complexes Zn(OH)3– and Zn(OH)42–. This leads to predominant growth along the c-axis
direction [133, 134]. In particular, when the concentration of ZnCl2 is ca. 5 mmol/l, the
obtained ZnO crystals are thick and have low aspect ratios. By decreasing the precursor
concentration to 0.2 mmol/l, the average diameter of the ZnO rods decreases [124]. Badre
et al. also report that when a low concentration (2 × 10-2 mmol/l) is used, elongated wellaligned hexagonal zinc oxide rods perpendicular to the substrate are formed [167].
According to numerous papers, the suitable temperature for the ED of elongated ED
ZnO rods is in the region 70 – 90 °C [139, 142]. By increasing the deposition temperature
from 70 to 90 °C, the length of the rods increased ca. two times, while the diameter
decreased [132]. Changes in the applied potential also influence the final shape of the
ZnO rods [124, 125]. Jangfeng et al. reported that the average diameter of the ZnO rods
decreased as the applied potential changed from –0.7 to –1 V/SCE [124]. A similar
tendency was observed by Xu et al. [125].
Influence of the substrate
In the ED method, the substrate not only acts as the cathode but similarly to SP
deposition also plays a significant role in the nucleation and growth of ZnO rods. ZnO has
been electrodeposited onto a variety of substrates such as gold, steel, copper, zinc, etc.
[146–148]. The influence of the substrate can be observed by comparing the results of
several groups (Canava et al., Cembrero et al., and et al. Peulon), where except for the
substrate, the deposition parameters used were similar [146, 148, 149]. Owing to their
potential optoelectronic application, ZnO rods are often electrodeposited onto
transparent conductive oxide substrates like ITO/glass and FTO/glass [137].
As in the case of SP deposition, the amount of nucleation centres and grain sizes
greatly influence the shape and distribution of the resultant rods. A wide dispersion of
the substrate grain sizes leads to a wider diameter dispersion of the ZnO rods [150];
additionally, conductivity plays a role. Kim et al. reported that the distribution of the rods
on high-resistivity (not measurable) substrates yielded low coverage density of the
crystals[151].
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On the basis of the observed literature, it should be noted that the morphology of
commercial ITO/glass varies in its microstructure, and as a result, ZnO rods with different
dimensions, uniformities, and ordering are obtained [16]. As a result, the obtained ZnO
nanostructures have different sizes, homogeneities, and densities. Sun et al. proposed a
modification of the ITO/glass surface by etching it with 6 % HCl [152]. As a result, ZnO
rods uniformly covered the substrate, but decreased in dimensions. When the desired
rod morphology cannot be achieved using a commercial substrate or after its
modification, the common solution is to use an additional layer (seed layer or underlay)
[150, 153–156]. The underlay acts as nucleation centres for the growth of ZnO
nanostructures. It is reported that the coverage density of the ZnO rods grown on the
substrates covered with ZnO underlay is significantly better than that of the rods grown
on bare ITO/glass [150, 156]. The seed layer can be obtained by a controlled method and
recipe in the home lab. The common methods used for the synthesis of the ZnO seed
layer are chemical techniques like SP, spin coating, and ED [150, 157–160]. For SP and
spin-coating, zinc acetate alcoholic solutions are generally used.
To the best of the author's knowledge, for the ED of ZnO rods using ZnCl2 as the
precursor, sprayed seed layers were used only by J. Elias et al. [150, 161]. In both studies,
Elias et al. used ZnO layers deposited at 350 °C from Zn(ac)2 with the concentration of
0.1 M. The ZnO rods grown on the SP seed layer were highly oriented along the c-axis
compared to the rods grown on ED seed layers.
Optical and surface properties of electrodeposited ZnO rods
Optical transparency of the ED ZnO rod layers varies in a range of 20 – 60 % [162, 163].
With increasing nanorod length (from 0.5 to 2.0 μm, respectively) total reflectance
(maximum of scattering) increased from 8.6 % to 20.4 % [137]. The photoluminescence
spectrum of ED ZnO rods at room temperature usually shows a NBE UV emission peak
centred at ca. 380 nm and at least one broad SA emission band between 400 nm and 750
nm (INBE/ISA ∼ 2) [125]. The broad visible band (SA) is usually ascribed to defects in ZnO,
such as zinc or oxygen vacancies and interstitials.
As-deposited ED ZnO rods deposited from ZnCl2 solution, as well as annealed at
400 °C, showed highly hydrophilic nature (CA ∼ 0°) [132, 165]. Further studies observed
the interdependency between the density of the nanowires and the water contact angle
value, indicating that the higher the density of the nanowires is, the higher the measured
contact angle [132]. The highest observed (CA ∼ 176°) superhydrophobic properties
obtained for ED ZnO rods were presented by Badre et al. [166]. Superhydrophobic
surfaces can be achieved by modification of ZnO rod surface with fatty acid molecules
such as stearic acid [165–167]. Studies made on the characterisation of the surface
chemical composition of the ED ZnO rods, indicated that the higher is amount of
hydroxyls on a surface, the more hydrophilic the surface is [168].

1.4 Summary of literature oreview and the aim of the study
One of the characteristic features of modern science and technology is the increasing
focus on application-related aspects. Apart from the numerous applications listed in the
introduction section, the ZnO rod-shaped morphology has gained enormous attention
among the researchers as a promising photocatalytic material. A number of studies
revealed that the photocatalytic performance of ZnO can exceed that of a wellestablished TiO2 catalyst. Nanostructured ZnO layers showed photocatalytic efficiencies
comparable or exceeding those of the powders, which due to their higher surface areas
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typically yield the highest photocatalytic performance. Producing a reproducible and
controlled ZnO rod-shaped morphology by using simple inexpensive methods is highly
challenging and a desirable task in the material science community nowadays.
Among others wet chemical methods, SP and ED techniques are technologically
attractive, being simple, low cost methods for growing nanostructured ZnO. The
influence of the main growth parameters such as temperature and precursor type and
concentration on the formation of ZnO rods has been properly studied and reported in
the literature for both the methods. The most widely used deposition parameters for the
growth of the elongated SP ZnO rods are: precursor ZnCl2 or Zn(ac)2; c = 0.05 – 0.1 mol/l
(ZnCl2); Ts = 490 – 550 °C, and spray rate 2.4 – 2.5 ml/min. For the ED ZnO rods: the
precursor is ZnCl2 or Zn(NO3)2; c = 0.2 – 0.02 mmol/l (ZnCl2); Ts = 70 – 90 °C, and applied
potential varies from –0.7 to –1 V/SCE. The morphology of the substrate is another
integral factor influencing ZnO nanorod-like crystal formation by both SP and ED
methods. On the basis of a few papers, the morphologies of commercial substrates
(generally transparent conductive oxide coated glass) may vary in terms of their
microstructures, depending on the batch or supplier, and as a result, ZnO rods with
different dimensions and morphologies are obtained. Not all the substrates resulted in
the nanorod-like morphology. In some cases, the usage of a special seed layer prior the
deposition (usually flat ZnO films) may support the formation of well-shaped ZnO rod
layers. Still there is a gap in the literature on the relationship between certain
morphological parameters of the substrate or seed layer and ZnO rod-like crystal
formation. Therefore, the understanding of how exactly the substrate morphology is
connected to the resultant morphology of the ZnO crystals in order to achieve
reproducible growth is highly important.
A majority of studies have focused on the influence of the main technological
parameters on the morphological properties (e.g., rods dimensions, density of the
crystals on the substrate) of the ZnO rods, leaving behind the other properties of the
crystals. However, for certain applications like photocatalysis, the surface properties
(wettability, chemical composition: number of hydroxyl groups, surface defect
concentration and type) of the crystals are highly important. Until now, there have been
no systematic studies on the surface properties of ZnO rods obtained by both ED and SP
methods. Studies on how the surface properties of the ZnO crystals influence their
photocatalytic activity are also highly scarce. According to numerous papers, the
photocatalytic activity of ZnO nanostructures differs from study to study, mostly
depending on either the morphology or the deposition method used. A detailed study
on the photocatalytic properties of spray-deposited ZnO nanostructures has not been
reported in the literature.
Based on the literature overview on ZnO rod layers and from an application point of
view, the objectives of the present doctoral thesis were:
1. To study the influence of the substrate and seed layer properties on the morphologies
of ZnO rods deposited by chemical spray pyrolysis and electrochemical deposition
methods;
2. To evaluate the photocatalytic activity of the sprayed ZnO nanostructures for different
morphologies (bare rods, hierarchical structures) in relation to various organic pollutants
and compare the photocatalytic activity performance of ZnO with that of the commercial
catalyst P25 TiO2;
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3. To perform a systematic study on the surface properties (chemical composition,
wettability) of sprayed and electrodeposited ZnO rod layers with similar morphologies
and surface areas, obtained by adjusting the deposition parameters; To define the
interdependency between the surface properties of the rods and their photocatalytic
activity for as-grown, plastic-box-stored, and heat-treated samples.
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2 Experimental
Prior the deposition all the substrates were washed thoroughly with soap, ethanol,
sulphuric acid and rinsed with deionised water after each cleaning step.

2.1 Deposition of ZnO nanostructured layers by spray pyrolysis
In all experiments compressed air carrier gas had a flow rate of 8 l/min [I, III, IV].
Deposition of ZnO rod layers
The ZnO rods-shaped layers were prepared using the aqueous solutions of zinc chloride
(ZnCl2, Aldrich, 98% purity). The concentration of ZnCl2 was 0.05 [I, IV] and 0.1 mol/l [III].
Deposition temperatures on the substrate surface (Ts) were in the region from 520 to
550 °C. The solution volume was 50 ml, spray rate was maintained as 2.4 – 2.5 ml/min
[I, III, IV]. Three types of commercial transparent conductive oxide layers were used as
substrates: FTO/glass [I], SnO2/glass (10 × 25 × 1 mm3) [III] and ITO/glass (10 × 25 × 1 mm3)
[III], (25 × 25 × 1 mm3) [IV]. Under the same deposition conditions, usage of large grain
ITO/glass substrate yielded in truncated pyramid-shaped ZnO crystals [III].
Deposition of ZnO needle layers
The ZnO needle layers were synthesised by spraying the solution consisted of 0.2 mol/l
zinc acetate dihydrate (Zn(ac)2 · 2H2O, Aldrich, 99 % purity) in water:isopropanol mixture
(2:3) on glass substrate (10 × 25 × 1 mm3) at Ts = 330 °C. The solution volume was 75 ml,
spray rate was maintained as 1.5 ml/min [III].
Deposition of ZnO hierarchically structured layers
In order to deposit hierarchical structures, two-step spray depositions were performed.
At first, bare rod- and pyramid-shaped crystals were grown on SnO2/glass and ITO/glass
substrates (10 × 25 × 1 mm3), respectively as described earlier. Then, 40 ml of Zn(ac)2
aqueous solution with c = 0.1 mol/l was pulverised over those rods or pyramid-like layers
at Ts = 330 °C with spray rate maintained as 4 ml/min [III].

2.2 Deposition of ZnO nanostructured layers by electrodeposition
The electrodeposition of ZnO rod-like layers was performed potentiostatically in a threeelectrode electrochemical cell (Fig. 1.4). Platinum (Pt) wire was used as a counter
electrode and silver/silver chloride (Ag/AgCl) 3 mol/l KCl was used as a reference
electrode. ITO/glass (10 × 25 × 1 mm3 and 25 × 25 × 1 mm3) substrates [II] and ITO/glass
covered with ZnO or TiO2 thin films (seed layers) were employed as working electrodes
[II, IV]. The deposition solution consisted of 0.2 mmol/l ZnCl2 (Aldrich, 98% purity) and
0.1 mol/l KCl electrolyte aqueous solutions. The solution volume was set to 50 ml. The
deposition took place at steady potential of –1.0 V. Radiometer Analytical potentiostat
PGP201 has been used to drive the electrodeposition system. The deposition
temperature was kept at 80 °C using a temperature controlled circulator bath.
Deposition time varied in a time interval of 45 – 60 min [II, IV].
Deposition of ZnO and TiO2 seed layers
Seed layers used in paper [II] were deposited on ITO/glass substrate by spray pyrolysis
technique. Technological parameters are described in Table 2.1.
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Table 2.1 Technological parameters for ZnO and TiO2 seed layers deposition.
Seed layer type
ZnO
TiO2

Ts, °C

Precursor

c, mol/l

Deposition time

420

Zn(ac)2

0.1

29 min

440

Zn(ac)2+3 at.% InCl3

0.2

20 min

450

TTIP +
acacH

0.2
0.9

40 cycles × (1s spraying
+ 30s pause)

2.3 Characterisation of ZnO nanostructured layers
Methods used for the characterisation of ZnO nanostructured layers are summarised in
the Table 2.2. Detailed description of each method used in this study can be found in the
experimental sections of [I–IV].
Table 2.2 Methods used for the characterisation of ZnO nanostructured layers.
Properties

Characterisation
method

Apparatus

Ref.

morphology; layer thickness
(cross-sectional images)

SEM

Zeiss EVO-MA15, Zeiss
HR FESEM Ultra 55

[I-IV]

surface roughness

AFM

NT-MDT Solver 47 Pro

[I]

phase composition, crystallites
orientation, crystallite size

XRD

Rigaku Ultima IV

[I-IV]

phase composition

Raman

Horiba's LabRam HR800

[IV]

optical transmittance,
reflectance, absorbance, haze
factor

UV-VIS spectroscopy

Jasco V-670

[I]

wettability

Water CA
measurement

DSA 25 (KRÜSS
Instrument)

[IV]

chemical composition of the
surface

XPS

Kratos Analytical AXIS
Ultra DLD

[IV]

SEM surface and cross-sectional images were taken by Dr. Valdek Mikli and Dr. Olga
Volobujeva. AFM measurements were made by Dr. Valdek Mikli. XPS spectra were
recorded by Dr. Mati Danilson. All the measurements were performed in the Tallinn
University of Technology.

2.4 Characterisation of the photocatalytic properties of ZnO
nanostructured layers
ZnO nanostructured layers, as well as powders, generally show a good performance in
degradation of organic pollutants such as dyes, in mg/l scale under UV-irradiation (Table
1.1 in Appendix 2). However, there are many various pollutant substances with different
chemical structure that might have different approach for degradation. For the
evaluation of the photocatalytic activity of ZnO samples in this work, different types of
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micropollutants not so widely studied in presence of ZnO photocatalyst were purposely
have been chosen: methyl-tert-butyl ether (MTBE), humic acid (HA), N, N-dimethyl
p-nitrosoaniline (RNO), prednisolone (PNL), and doxycycline (DC). The brief review of
each compound is presented in Table 2.3 in Appendix 2.
In paper [III] photocatalytic activity of sprayed ZnO nanostructured layers was
measured through the photocatalytic oxidation of MTBE, HA, RNO and PNL. Experiments
were carried out in a thermostatted (20 °C) 200-ml batch reactor under UV-lamps (Philips
Actinic 15 W mercury low-pressure lamps, with emission at 365 nm, irradiance intensity
1.2 mW/cm2) equipped with reflectors. The experimental time was chosen to be 2h for
MTBE (initial concentration 100 mg/l) and PNL (initial concentration 10 mg/l), 6 h in case
of RNO (initial concentration 50 mg/l), and 24 h with HA (initial concentration 25 mg/l).
Photocatalytic performance of sprayed ZnO nanostructured layers was expressed by
photocatalytic oxidation efficiency (17), showing the amount of pollutant degraded per
1 Wh of energy reaching the treated solution surface.
𝐸𝐸 =

Δc×V ×10000

(17)

I×S×t

where E - the photocatalytic oxidation efficiency (mg/Wh); Δc - the decrease in the
pollutant's concentration (mg/l), or chemical oxygen demand (mg O2/l) ; V - the volume
of the treated sample/pollutant (l); I - the irradiance, (mW/cm2); S - the irradiated area
(cm2); t - the treatment time (h).
In paper [IV] photocatalytic activity of sprayed and electrodeposited ZnO rod layers
was measured through the photocatalytic oxidation of DC. Experiments were carried out
in a thermostatted (20 °C) 20-ml batch reactor under UVA-LED lamp (LZ1-UV00, LED
Engin Inc. with emission at 365 nm, irradiance intensity 7.5 mW/cm2). The experimental
time was 4 h. DC initial concentration was 25 mg/l. Photocatalytic performance of
sprayed and electrodeposited ZnO rod layers was expressed as the decrease of
normalised concentration (C/C0) during the treatment time.
Measurements were performed in The Laboratory of Environmental Technology in the
Tallinn University of Technology by Dr. Deniss Klauson.
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3 Results and discussion
The following sections summarise the results of the studies on the deposition and
properties of SP and ED ZnO rod layers. The results have been published in papers [I], [II],
[III], and [IV].

3.1 Growth of rod-shaped ZnO nanostructures by spray pyrolysis and
electrodeposition
3.1.1 Influence of FTO/glass substrate morphology on the growth of ZnO rods by
spray pyrolysis
In practice, commercial transparent conductive oxide substrates such as ITO/glass or
SnO2/glass differ in morphology depending on the batch or supplier. Taking into
account the influence of the substrate on rod formation and owing to the number of
FTO/glass substrates with different morphologies, a systematic investigation on the
influence of the FTO/glass substrate type on the resultant SP ZnO rod-layer
morphology has been performed and published in a paper [I].
We investigated commercial FTO/glass substrates with five different morphologies
and growth of ZnO crystals on them [I]. The AFM and SEM images of typical FTO-a, b, c
substrates and the corresponding ZnO rod-like layers grown on them at similar growth
conditions are presented in Fig. 3.1. The morphological parameters obtained from the
SEM and AFM studies for FTO/glass substrates and the dimensions of ZnO crystals are
summarised in Table 3.1.

Figure 3.1 Upper row: AFM images of the substrates FTO-a, b and c; middle row: SEM images of
the same substrates; bottom row: SEM images of ZnO rod-like crystals grown on corresponding
substrates (a, b, c correspond to FTO-a, b and c respectively).
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Table 3.1 Characteristics of FTO substrates (root mean square roughness (RMS), average roughness
(Sa), average grain and crystallite size) and dimensions of the ZnO crystals grown on corresponding
substrates (L – length, D – diameter).

FTO-a
FTO-b
FTO-c

Properties of FTO substrates
Average
RMS,
Crystallite
Sa, nm
grain
nm
size, nm
(AFM)
size, nm
(AFM)
(XRD)
(SEM)
9
7
50
13
12
10
80
15
36
30
250
40

Dimensions of ZnO crystals
L, nm
(SEM)

D, nm
(SEM)

Aspect
Ratio,
L/D

1400
600
300

300
500
300

4.5
1
1

It can be seen from Fig. 3.1 and Table 3.1 that the FTO/glass substrates mainly differ
in terms of roughness, crystallite and grain sizes. Among the studied substrates,
elongated (L ∼ 1400 nm) and uniformly sized ZnO rods with the highest aspect ratio value
of 4.5 were grown on the FTO-a substrate. This substrate had one of the lowest
roughness values (RMS = 9 nm), with grain sizes of around 50 nm. Rods grown on a
FTO/glass substrate with a lower roughness (RMS = 7 nm) were also elongated, however,
they revealed smaller dimensions (L ∼ 800 nm) and an aspect ratio of 3 (presented in
Table 1 in [I]). On FTO/glass substrates with roughness ≥ 12 nm (FTO-b and FTO-c), the
obtained ZnO rods had smaller lengths and the lowest aspect ratios (Table 3.1). These
results are in good agreement with that reported for the ZnO rods grown on a GaN
substrate by the metalorganic chemical vapour deposition method and the ZnO seed
layers obtained by solution growth, where growth of elongated ZnO rods was favoured
by using relatively smooth substrates. Thus, for the spray deposition of the elongated
ZnO rods with aspect ratios value 3 or higher, apart from a specific amount of nucleation
centres, a roughness of the substrate around 9 nm or less than 12 nm is required.
According to the XRD study, a relationship between the orientation of the crystallites
of the FTO and the morphology of the ZnO rods was not observed.
Haze factor (HF) measurements were used as an additional method to estimate the
surface roughness of the FTO/glass substrates. HF spectra were calculated from optical
transmittance spectral measurements as the ratio of the diffuse transmittance to the
total transmittance and show the light scattering ability of the sample. It is assumed that
difference in light scattering behaviour depends on the surface morphology [169]. The
HF spectra of the FTO-a, b and c substrates are presented in Fig. 3.2. The rougher the FTO

Figure 3.2 Haze factor spectra of FTO-a, b and c substrates.
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layer on the glass substrate, the higher is the HF. The observed results correspond well
with the AFM results on surface roughness. Thus, HF measurements could be used as an
additional fast tool to evaluate the surface roughness of the substrate, and consequently,
its suitability for the growth of elongated ZnO rods.
Several studies on SP reported that the growth of rod-like structures on a FTO/glass
substrate without a seeding layer yielded non-uniform or randomly orientated ZnO rods,
without providing detailed information on the substrate morphology [170]. This study
clarifies that commercial FTO/glass substrates differ from one another and that their
grain sizes may vary over a wide range (in our study, from 30 to 250 nm), therefore, an
individual approach for each specific substrate is highly recommended.
In summary, the relationship between substrate grain sizes, surface roughness, and
rod formation was established. The FTO/glass substrates with high roughnesses
(> 12 nm) and grain sizes (> 80 nm) are not suitable for the growth of ZnO rod-like
crystals. FTO/glass substrates with lower RMS and grain size values are advantageous for
the growth of elongated ZnO rod-like crystals.
3.1.2 Influence of metal oxide seed layer types on the growth of ZnO rods by
electrodeposition
Since the formation of ZnO rod-like crystals is very sensitive to the substrate, attention
must be paid to obtain substrates with controlled and repeatable properties in order to
reproduce ZnO nanorods with similar morphologies. Herein, various types of seed layers
(ZnO, ZnO:In, TiO2) with easily reproducible morphologies were grown on an ITO/glass
substrate by SP. The influence of the seed layers on the formation of the ED ZnO rods is
investigated in paper [II].
The SEM images of the ZnO seed layer substrates grown by SP and ZnO crystals grown
by ED on those ZnO seed layers are shown in Fig. 3.3.

Figure 3.3 Upper row: SEM images of a) TiO2 seed layer grown at Ts = 450 °C; b) ZnO seed layer
grown from Zn(ac)2 solution with c = 0.1 mol/l at Ts = 420 °C; c) ZnO seed layer grown from Zn(ac)2
solution with c = 0.2 mol/l doped with In (3 at.%) at Ts = 440 °C; d) ITO layer without seed layer;
bottom row: SEM images ED ZnO rod-like crystals (e, f, g, h) grown on seed layers a, b, c, and ITO
layer, respectively.

As can be seen from Fig. 3.3a, b, and c, the sprayed seed layers vary in their
morphology, which influenced the morphology of the resultant ZnO crystals. According
to the SEM study, the TiO2 seed layer, presented in Fig. 3.3a, is compact, flat, and
composed of densely packed fine grains. As a result, the ZnO rods grown on the TiO2 seed
layer showed uniformly dense coverage, having a diameter of ca. 60 nm and length
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ca. 370 nm (Fig. 3.3e). In contrast, the ZnO seed layer has a highly structured surface
composed of grains with different shapes, including platelets and nanoneedles
(Fig. 3.3b). The ZnO structures grown on the ZnO seed layer were composed of a mixture
of fat and thin compactly standing ZnO crystals (D ∼ 150 - 300 nm, L ∼ 150 nm) (Fig. 3.4f).
The surface of the ZnO seed layer doped with indium (ZnO:In) is dense and flat. The ZnO
rods deposited onto the ZnO:In seed layer have uniform dimensions (D ∼ 200 nm,
L ∼ 700 nm) (Fig.3.3g) and are comparable to those grown on bare ITO/glass without a
seed layer (D ∼ 170 nm, L ∼ 700 nm) (Fig. 3.3h).
It should be noted that the ZnO rods grown on ITO/glass, FTO/glass (Fig. 1d in [II])
substrates and on the ZnO:In seed layer are markedly larger than the ZnO crystals grown
on TiO2 and undoped ZnO seed layers. This could be explained by the differences in the
electrical conductivity of the films. The ITO, FTO, and ZnO:In films are several times more
conductive than the TiO2 and undoped ZnO layers.
The XRD patterns of the ZnO crystals are presented in Fig. 4 in [II]. According to XRD
analysis, the ED crystals are of ZnO and the orientation of the crystallites in the seed layer
has no effect on the orientation of the ZnO crystals.
Thus, the dimensions, shape, and density of the ZnO rods depend strongly on the
properties of the substrate or seed layer used. Well-shaped hexagonal ZnO crystals were
grown on the seed layers with smooth, flat, fine-grained, and uniform morphologies,
while the seed layers whose surfaces were composed of grains of different sizes induced
the growth of ZnO crystals with different sizes and shapes. Electrically more conductive
substrates such as ITO/glass, SnO2/glass, and indium-doped ZnO seed layer induce the
growth of ZnO rods with larger dimensions (D ∼ 200 nm, L ∼ 700 nm). ZnO rods with
smaller dimensions were grown on less conductive seed layers like TiO2 and undoped
ZnO (D ∼ 60 nm, L ∼ 350 nm).

3.2 Bare and hierarchical ZnO nanostructures by spray pyrolysis

Results on deposition of ZnO nanostructures with different morphologies (bare- and
hierarchical structures) by SP and evaluation of their photocatalytic activity in relation to
various organic pollutants are published in paper [III].
3.2.1 Growth, morphological, and structural properties of sprayed bare and
hierarchical ZnO nanostructures
By adjustment the SP deposition parameters such as the type and concentration of the
Zn precursor, temperature of the substrate, substrate type (SnO2/glass or ITO/glass),
spraying rate, and solution volume, ZnO was deposited in the form of various
nanostructures [III]. Bare ZnO structures, like needles (S-1), rods (S-2), and pyramidshaped crystals (S-4), were obtained by one-step spray pyrolysis. For the deposition of
hierarchical structures (S-3 and S-4), two-step spray depositions were performed, where
the Zn(ac)2 solution (2nd step) was pulverised over the bare crystal structure (1st step)s.
The detailed experimental description is presented in section 2.1. The SEM images and
schematic illustrations of the obtained SP ZnO nanostructured layers are presented in
Fig. 3.4. According to the SEM study, sample S-1 is composed of two types of structures:
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Figure 3.4 SEM images and of ZnO layers composed of: (S-1) nanoneedles, (S-2) rods, (S-3)
hierarchical structures grown on the rods, (S-4) pyramid-shaped crystals and (S-5) hierarchical
structures grown on pyramids and their schematic illustrations, respectively.

mainly nanoneedles with diameter of ca. 20 nm and length ca. 100 nm and random
individual large crystals (D = 170 nm) between the needles. The needle-like morphology
is specific for the SP ZnO layers produced from the Zn(ac)2 solution at deposition
temperatures in the range 400 – 450 °C [104]. Sample S-2 is composed of elongated
vertically aligned ZnO rods with diameter of ca. 250 nm and length ca. 1 μm. Sample S-3,
obtained by two-step spray deposition, exhibits hierarchical structures, where dense
networks of platelets wounded the rod-like pillars with nanoneedles on top. The
formation of the nanoneedles on the top (002) plane has been shown in earlier studies
using Zn(ac)2 as a branching solution and could be explained by the high surface energy
of the (002) plane [35]. Sample S-4 was composed of truncated pyramid-shaped crystals
deposited in similar deposition conditions as the rod-like sample S-2. By using the large
grained ITO/glass substrate (S-4), instead of the SnO2/glass substrate (S-2), the truncated
pyramid-shaped crystals were obtained. Sample S-5 is composed of hierarchical
truncated pyramid-shaped crystals, and the morphology is similar to that of the surface
of S-3; it is mainly composed of densely packed platelets and some needles on the top
plane of the crystal.
According to the XRD study (Fig.4 in [III]), the layers showed reflections at 2θ values
of 31.73°, 34.36°, 36.21°, 47.47°, 62.75°, and 67.85° corresponding to the (100), (002),
(101), (102), (103), and (112) planes of ZnO, respectively, confirming the formation of the
hexagonal wurtzite structure of ZnO, according to PDF 01-080-0074. In comparison with
the standard powder diffraction data (PDF 01-080-0074), the (002) reflection in all the
samples is predominant (the intensity ratios of (I(002)/I(103)) have the highest values
compared to other ratios), which indicates that all the ZnO nanostructured samples are
preferred oriented in the direction of the c-axis.
3.2.2 Photocatalytic properties of sprayed bare and hierarchical ZnO nanostructures
The photocatalytic activity of the ZnO nanostructured layers was evaluated by means of
the photocatalytic oxidation activity of several organic pollutants, namely, methyl-tertbutyl ether (MTBE), humic acid (HA), N, N-dimethyl p-nitrosoaniline (RNO), and
prednisolone (PNL). The photocatalytic activity of the studied ZnO nanostructured layers
was compared to the photocatalytic oxidation performance of the commercial
photocatalyst P25 TiO2 (Evonik). The outstanding photocatalytic performance achieved
for the MTBE pollutant is presented in Fig. 3.5.
Independent of the morphology, the ZnO nanostructured layers showed higher MTBE
photocatalytic degradation than the P25 TiO2 slurry (170 mg O2 W-1 h-1). It can be seen
from Fig. 3.5 that the MTBE photocatalytic oxidation efficiency of sample S-5 (hierarchical
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Figure 3.5 Results of MTBE (100 mg/l) photocatalytic oxidation by ZnO layers compared to P25
Evonik TiO2 in form of slurry (1 g/l); the experimental time 2h.

structure grown on pyramids) was the highest, 518 mg O2 W-1 h-1, after 2 h, exceeding
the TiO2 performance by three times. Numerous reports support the fact that
hierarchical structures having increased surface area compared to bare 1D structures are
more beneficial for photocatalytic performance [35, 36]. The results of MTBE
photocatalytic oxidation by the hierarchical ZnO nanostructures (S-3 and S-5), obtained
from this study, confirm these assumptions.
According to the investigations on the surface properties of SP and ED ZnO rods [IV],
it can be assumed that the chemical composition of the surfaces of the ZnO
nanostructures obtained in this study may also influence the photocatalytic
performance. Since ZnO nanoneedles (S-1), bare rod- and pyramid-shaped structures
(S-2, S-4), and hierarchical structures (S-3, S-5) were obtained at different deposition
conditions, different chemical compositions of the surface were expected for these
samples. Fig. 3.5 confirms that the photocatalytic oxidation activity towards MTBE of
S-2 and S-4 samples, sprayed in similar conditions, showed nearly similar results, being
320 and 330 mg O2 W-1 h-1 after 2 h, respectively. On the other hand, the hierarchical ZnO
nanostructures of both S-3 and S-5 showed higher photocatalytic efficiencies in
comparison with the bare structures S-2 and S-4.
A different trend in the photocatalytic degradation was observed for the RNO
pollutant (Fig. 6 in [III]), where the highest photocatalytic performance was achieved
after 6 h for the S-2 sample (rods), indicating that not only the surface area of the ZnO
nanostructure affects the photocatalytic behaviour. A similar tendency was observed by
Guo et al. and Tong et al., where ZnO layers composed of tetrapods or hierarchical
nanostructures showed significantly higher photocatalytic degradation efficiencies of
organic dyes such as methyl orange and methylene blue in comparison to ZnO
nanoparticles with much higher surface areas [33, 34]. The observed difference in the
photocatalytic degradation for the RNO pollutant can be explained by the different
characters of the oxidising species produced by the ZnO nanostructures and their
different interactions with the pollutants. ZnO nanostructures were not efficient in
degrading the HA and PLN pollutants (Fig. 6 in [III]).
In summary, all the studied ZnO nanostructures were effective for the photocatalytic
oxidation of the MTBE pollutant. It was found that the photocatalytic efficiency varies
depending on the type of ZnO nanostructure. The highest photocatalytic oxidation
efficiency of the MTBE pollutant was achieved by the hierarchical pyramid-shaped SP
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ZnO nanostructures, indicating that a ZnO structure with increased surface area is
beneficial for the degradation of such types of pollutants. Different trends were observed
in the photocatalytic efficiency of other pollutants (RNO, HA, and PNL). Therefore, it can
be concluded that the photocatalytic activity of the nanostructured ZnO depends on a
combination of several factors including morphological and probably surface chemical
properties, but varies individually for the different types of pollutants. For a deeper
understanding of the role of surface properties on photocatalytic activity, ZnO samples
with similar morphologies and specific surface areas should be compared through a more
detailed study.

3.3 Surface properties of sprayed and electrodeposited ZnO rod layers
For this study, two types of ZnO rod layers deposited on ITO/glass substrates were
investigated in parallel: SP and ED. The results have been published in a paper [IV].
By adjusting the deposition parameters during the SP and ED processes and choosing
a suitable type of ITO/glass substrate, ZnO rods with relatively similar morphologies and
specific surface areas were deposited (Fig. 3.6).

Figure 3.6 SEM micrographs of (a) SP ZnO rods on ITO/glass substrate, (b) ED ZnO rods on
ITO/glass substrate.

The dimensions (length and diameter), number of crystals per cm2, and specific
surface area of the deposited ZnO rods are summarized in Table 3.2. According to the
calculations, both SP and ED samples have nearly similar specific surface areas of
ca. 4 cm2/cm2.
Table 3.2 Summary of ZnO rods dimensional parameters (L – length, D – diameter), density of
crystals and specific surface area of ZnO rods.
Sample
SP
ED

Dimensions
L, nm
D, nm
750
300
950
350

Number of crystals,
pcs/cm2
6 E+08
3 E+08

Specific surface area,
cm2/cm2
~4
~4

According to the XRD study (Fig. 2 in [IV]), both SP and ED ZnO rod layers are
composed of hexagonal (wurtzite) ZnO. The most intense (002) reflection peak at the 2θ
value of 34.39° for the SP and ED rods reveals the strong c-axis orientation of the
crystallites in both the samples. The results of this study correspond well with the SEM
observations, where it is shown that the SP and ED rods are only slightly tilted and
positioned almost vertically on the substrate.
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3.3.1 Wettability of sprayed and electrodeposited ZnO rod layers
Surface wettability of the ZnO rod layers was investigated by measuring the static water
contact angle (CA). Table 3.3 summarises the average water CA values, together with the
droplet photographs of the as-deposited, two-month-plastic-box-aged, and annealed at
400 °C SP and ED ZnO rod layers during the 30 min.
Table 3.3 Contact angle values of as-deposited, aged (stored in plastic boxes) and heat-treated (at
400 °C during the 30 min) SP and ED ZnO rods.
Sample
SP
ED

As-deposited
CA ∼ 12°

Two-month-aged
CA ∼ 50°
CA ∼ 120°

CA ∼ 3°

Heat-treated
CA ∼ 9°
CA ∼ 3°

According to the results, the as-sprayed ZnO rods are hydrophilic (CA < 90°) in nature,
with CAs of ca. 12°. These values are close to those earlier reported for as-deposited ZnO
nanostructured layers (CA of 11 – 13°) produced by SP from zinc acetate solutions [104].
An electrochemically as-grown ZnO rod sample is superhydrophilic (CA ≤ 5 – 10° [171]),
showing CA values of 3°. These data are in good agreement with the studies of Barde
et al., where superhydrophilic behaviour of electrodeposited ZnO rods (CA of ca. 2° or
less) was reported [167].
After keeping the samples in a plastic box for two weeks, the difference in the wetting
behaviour of the ED and SP deposited rods becomes pronounced. The ED and SP ZnO rod
layers showed CA values of 112° and 40°, respectively (Table 2 in [IV]). A longer storage
time (two months) in a plastic box did not change the wetting behaviour of the SP and
ED rods significantly. The CA of the SP rods has increased up to 50°, while that of the ED
rods has also increased slightly, up to 120°. Thus, the SP rods remained hydrophilic even
after two months of storage. Similar to the ED rods, the wettability of hydrothermally
grown rods has been reported to change from superhydrophilic (CA ∼ 0°) to
superhydrophobic (CA ∼ 150°) upon storage for 20 days in the dark [172].
Reverse hydrophilic behaviour for all the types of rods studied was detected after heat
treatment of the samples at 400 °C for 30 min in air (Table 3.3). The water CAs decreased
so remarkably that the ZnO rod surfaces again became hydrophilic, with CA values close
to that of the as-deposited samples. The CA of the SP rods has shown slightly higher
values (CA ∼ 9°) compared to the ED ZnO rods (CA ∼ 3°). The reversibility of the wetting
properties from the hydrophobic to the hydrophilic state after heating is a very common
feature of the ZnO rods obtained by solution methods [171]. However, to the best
knowledge of the author, there has been no precise study on the influence of the
chemical composition of the ZnO rod surface on the wetting behaviour observed in the
literature.
Wettability behaviour is governed and explained by both chemical composition and
geometrical feature of the crystals. The ZnO rods deposited for this study have relatively
similar morphology (crystals orientation, shape, “exposed” planes, distribution and
specific surface area), therefore all the differences in wettability behaviour of the
samples probably could be attributed to the difference in surface chemical properties.
Wettability results reveal that chemical composition of the SP and ED ZnO rods surfaces
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is different and for that reason chemical composition of the rod layers surfaces has been
investigated.
3.3.2 Chemical composition of the surfaces of sprayed and electrodeposited ZnO rod
layers
XPS analysis was used to investigate the chemical composition, presence and type of
defects, and degree of contamination of the surface of as-deposited, aged, and heattreated SP and ED rods. Therefore, O1s and C1s core level spectra are of the greatest
interest in this study.
O1s core level spectra
According to the XPS survey, the asymmetric O1s core level peaks of the ZnO SP and ED
rod samples can be deconvoluted by using Lorentzian-Gaussian (function pseudo-Voigt)
fitting analysis into two, three or four peaks, as shown in Fig 3.7. The peaks centred at
530.4 ± 0.3 eV, 531.9 ± 0.1 eV, 531.1 eV and 533.2 ± 0.4 eV are attributed to the (Me-O)
bond [173], surface hydroxyl (OH-) groups [174], oxygen vacancies (Vo) [79] and oxygen
bonds with carbon (C-O and C=O) or H2O [175, 176], respectively (Fig. 3.7).

Figure 3.7 XPS spectra of as-deposited, aged and heat-treated 30 min at 400 °C in air ZnO rod
samples in the binding energy region of O1s: (a) SP rods and (b) ED rods.

The atomic concentrations of all the detected components (Zn-O, Vo, OH−, H2O or C-O
or C=O) were calculated from the integrated areas of the O1s spectra of the SP and ED
ZnO rod samples using Scofield´s cross-sections. Since both the SP and ED ZnO rods were
grown on the ITO substrate, the Me-O bond corresponding to the binding energy (BE) of
530.4 ± 0.3 eV originates from the two oxides ZnO and In2O3:Sn (ITO). In order to calculate
the atomic concentration of the single Zn-O component, the In-O part coming from the
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ITO substrate was subtracted from the Me-O peak area. The atomic ratios of OH-/Zn-O
and Vo/Zn-O are presented in Table 3.4.
Table 3.4 XPS analysis data (atomic ratios of the OH/Zn-O and Vo/Zn-O) obtained from the O1s core
level peaks.

[OH]/[Zn-O], arb.units
(at.%/at.%)
[Vo]/ [Zn-O] arb.units
(at%./at.%)

SP ZnO rod sample
TwoHeatAs-dep.
monthtreated
aged

ED ZnO rod sample
TwoHeatmonthAs-dep.
treated
aged

0.3

0.3

0.4

1.2

0.7

0.8

-

-

-

0.4

0.3

0.2

The O1s spectra of the as-deposited, aged, and heat-treated SP ZnO rod samples
showed peaks at BE = 530.4 ± 0.3 eV and BE = 531.9 ± 0.1 eV, corresponding to the Zn-O
bond and the (OH-) groups, respectively.
The relative amount of (OH-) groups on the surface of the SP rod sample remained
almost constant after the ageing and annealing steps (Table 3.4). In contrast to the SP
rods, the ED rod sample showed a higher relative amount of the hydroxyl groups. This
could be explained by the fact that the Zn(OH)n species formed in the solution adhered
onto the substrate surface and was only partly dehydrated to ZnO during the ED process
[173], while the SP rods are fabricated at high temperatures, and therefore, the relative
amount of the (OH-) groups is expected to be lower. In contrast to the SP rod sample,
independent of the storage or heat-treatment, the peak at the BE of 531.1 eV ascribed
to the oxygen-deficient region or the Vo present on the O1s spectra of the ED rods
(Fig. 3.7, Table 3.4). The presence of Vo could be explained by the defect nature of ED
ZnO rods. Raman study (Fig. 4 in [IV]) additionally confirms the defects of the ED ZnO rod
samples, showing the shift associated with the oxygen vacancy defect located in the
region 560 – 580 cm−1 of the Raman spectra of the ED rods (centred at 564 cm−1).
In contrast, the typically highly crystalline SP ZnO do not reveal a shift in that region. It
has been reported that the Vo possess enhanced adsorption energy and subsequently
high capability to bind the (OH-) groups [177, 178]. Such interdependency between Vo
and the (OH-) groups was observed for the ED rods: the higher the amount of Vo, the
higher is the amount of (OH-) groups on the sample surface (Table 3.4).
After two months of ageing in a plastic box at ambient conditions, a low-intensity peak
centred at the BE of 533.2 ± 0.4 eV (Fig. 3.7), assigned to the oxygen bonds with carbon
(C-O and C=O) or H2O, was detected on the XPS spectrum of the SP and ED ZnO rod
samples [175, 176]. After heat-treatment, the peak disappeared in both the cases.
The results of the XPS studies are in good correlation with the wettability results of
the as-deposited ZnO rods layers, showing that a higher amount of the hydroxyl groups
contributes to higher hydrophilicity of the samples: CA ∼ 3° for ED rods (Table 3.3).
However, such correlation disappeared for the aged samples, indicating that the
wettability results cannot be directly connected to the amount of (OH-) groups on the
surface. A CA value of 50° for the aged SP rod sample, in contrast to the CA value of 12°
for the as-deposited SP rod sample (Table 3.3), indicates that in addition to the (OH-)
groups, the presence of other species on the surface probably affects the surface wetting
properties. Furthermore, the aged ED rod sample showed hydrophobic properties
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(CA ∼120°) while having ca. two times higher amount of (OH-) groups than the aged SP
rod sample, which remains hydrophilic (CA ∼ 50°).
It could be speculated that the (OH-) groups in the aged samples were inactivated by
the carbon species settled on the surface due to the atmospheric contamination from
the exposure of the sample to ambient conditions. Carbon is commonly recognised as a
surface contaminant. Several studies on ZnO nanostructures confirmed that wettability
changes from hydrophilic to hydrophobic after storage (2-4 weeks) under ambient
conditions [179]. This is attributed to the replacement of the initial surface (OH-) groups
with thermodynamically more stable oxygen atoms, which are less polar and, thus,
increase the surface hydrophobicity and adsorption ability of the organic contaminants
from the air. Contaminant adsorption decreases the surface energy of the substrate and
increases its hydrophobicity, which is reflected in an increased CA value [180]. This
assumption is also supported by the fact that the CA values of both the ED and SP samples
decrease after heating, although no significant change is detected in the relative amount
of the (OH-) groups (Table 3.4).
C1s core level spectra
According to the XPS study, the C1s core level spectra of the SP and ED rods could be
resolved into four main peaks centred at 285.0 eV, 285.7 eV, 286.5 ± 0.3 eV, and
289.0 eV, corresponding to the C=C, C-C/C-H, C-O-C/C-O, and COOH/C=O, respectively
(Fig. 3.8). Furthermore, the discussion is focused on hydrocarbon species (C=C, C-C/C-H),
as these are more dominant compared to oxygen-containing organics (C-O-C/C-O,
COOH/C=O).

Figure 3.8 XPS spectra of as-deposited, aged, and heat-treated at 400 °C in air ZnO rod samples in
the C1s binding energy region, (a) SP rods and (b) ED rods. Note: Scale is different. Horizontal
Dashed lines on ED C1s spectra correspond to the peak maximum of analogue SP rods.
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The intensity of the C=C peak of the as-deposited and aged SP rod samples on XPS
spectra showed only a small increase compared to the as-deposited value (Table 3.5).
The intensity of the C=C peak of the aged ZnO ED rod sample is about three times higher
than that of the as-deposited ED sample (Table 3.5). These results are in good accordance
with the CA measurements, revealing that the SP rod sample increased in CA from 12° to
50°, though it remained hydrophilic even after two months of storage, whereas the ED
rods changed from superhydrophilic (CA ∼ 3°) to hydrophobic (CA ∼ 120°). Additionally,
broad bands in the region of 1250 – 1750 cm−1 (Fig. 4 in [IV]), commonly assigned to the
C-C and C-H species, were observed only on the Raman spectra of the aged ED rods [181].
Table 3.5 Intensities of C=C peaks at BE=285 eV from C1s core level spectra for ZnO samples.
As-dep.
1400

SP ZnO rod sample
Two-monthHeat-treated
aged
1500
400

As-dep.
2700

ED ZnO rod sample
Two-monthHeat-treated
aged
9000
600

After heat treatment for 30 min at 400 °C, the intensity of the C=C peak decreases ca.
15 times for the ED rod sample and ca. four times for the SP rod sample, in comparison
with the aged samples (Table 3.5), being even less than those of the as-deposited
samples. The Raman spectrum of the annealed ED rods after ageing demonstrates that
the broadened peak in the region of 1250 – 1750 cm−1, corresponding to the C-C and CH species, present in the spectrum of the aged ED sample disappears after thermal
treatment (Fig.4 in [IV]).
The CA values of the SP and ED heat-treated samples decreased back to the initial
values characteristic of the as-deposited samples. Reversible wettability behaviour was
observed mainly due to the efficient removal of contaminants from the sample surface
during annealing.
Thus, according to the XPS, Raman, and wettability studies, the as-deposited ED rods
contain higher amounts of (OH-) groups and Vo defects on the surface, and therefore, are
more susceptible to faster and easier contamination by carbon species from air and
plastic boxes, compared to the SP rods.
3.3.3 Photocatalytic properties of sprayed and electrodeposited ZnO rod layers
The photocatalytic activity of the as-deposited, aged, and heat-treated SP and ED ZnO
rod samples was investigated through the photocatalytic degradation of the antibiotic
doxycycline (DC). The results on the decrease in DC normalised concentration with time
are presented in Fig. 3.9.
The as-deposited ED rods have shown the highest photocatalytic activity among all
the studied samples; ca. 75 % of the initial amount of DC was degraded after 30 min.
After the experimental time of 4 h, ca. 85 % of the initial DC was decomposed by the asdeposited ED rods. In contrast to the ED rods, the as-deposited SP rods showed a
degradation efficiency of ca. 48% after 4h. Here, the photocatalytic activity of the asdeposited ED rods is ca. two times higher than that of the as-deposited SP rods.
According to the wettability, XPS, and Raman studies, such a result could be explained
by the higher amount of (OH-) groups and Vo defects on the surface of the as-deposited
ED rods compared to the as-deposited SP rods, and a relatively low degree of
contamination on the surface. It is well-known that Vo and (OH-) groups make the surface
more hydrophilic and assist the trapping of photoinduced electrons and holes, thus
promoting the photocatalytic degradation process [174].
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Figure 3.9 Decrease in doxycycline normalised concentration by ZnO rod layers.

Both SP and ED rods showed reduced photocatalytic activity performance after
ageing: only 30 % of the initial amount of DC was degraded (after 4 h). The decreased
photocatalytic activity of the aged samples is caused by surface contamination involving
airborne hydrocarbon species, as confirmed by the XPS study. The contaminants settled
on the ZnO rod surface decreased the DC adsorption ability, leading to worse
photocatalytic performance of the rods. In contrast to the ED rods, the changes in the
photocatalytic activity of the SP rods after two months of ageing are less pronounced,
due to the lower amount of contaminants on the surface, indicating that the
photocatalytic activity of the SP rods do not change significantly. After the experimental
time of 4 h, the as-deposited SP rods decomposed ca. 48 % of DC, while the aged ones
were able to decompose ca. 30 %.
In order to study the possibility of restoring the surface properties of the SP and ED
rods after ageing, the samples were heat-treated. The photocatalytic activity of the heattreated SP rods was restored and even improved (60 %/4 h) compared to that of the asdeposited SP rods (48 %/4 h). Since the amount of (OH-) groups on the surface of the asdeposited, aged, and annealed SP rod samples was almost the same, the improvement
in photocatalytic activity can be explained by the reduced amount of contaminants in the
annealed SP sample (Table 3.5).
The photocatalytic activity of the annealed ED rod samples slightly improved
(45 %/4 h) compared to that of the aged ED rods (30 %/4 h), but was much below the
original photocatalytic activity of the as-deposited sample (85 %/4 h). The obtained
results are in correspondence with the XPS study, which showed the relative amount of
(OH-) groups and Vo on the surface of the heat-treated ED rod sample is lower than on
the as-deposited ED rods sample (Table 3.4).
A higher photocatalytic activity of the annealed SP rod samples compared to that of
the annealed ED rods sample, in spite of the higher relative amount of (OH-) groups on
the surface of the annealed ED rod sample, can be explained by the higher amount of
contaminants or contaminating species on the surface of the annealed ED rods.
To summarise this section, the highest photocatalytic activity was demonstrated by
the as-deposited ED rods (85 %/4 h). Ageing of the ED ZnO rods decreased their
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photocatalytic performance to 30 %/4 h, which was not restored to the initial level after
heat treatment. The SP rods are less photocatalytically active (as-dep. 48 %/4 h), though
their photocatalytic performance is more stable (aged 30 %/4 h) compared to the ED
rods. The reversibility in wettability behaviour (highly hydrophilic surface after heat
treatment) was not accompanied by a reversibility in the photocatalytic activity of the
ED ZnO rods.
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Conclusions
The main conclusions from this dissertation can be summarised as follows:
1.

Commercial FTO/glass substrates differ in FTO layer roughness and grain size
values, which are important parameters in controlling the growth of ZnO rod layers
by SP on those electrodes. It has been shown that FTO/glass, with the RMS values
of FTO in the range 7 – 9 nm and grain sizes in the range 30 – 50 nm, yielded
elongated hexagonal ZnO rod-like crystals with aspect ratios values in the range
3 to 4.5. FTO/glass substrates with higher roughness (≥ 12 nm) and grain sizes
(≥ 80 nm) are not suitable for the growth of ZnO rod-like crystals.

2.

The relationship between the morphology and conductivity of the seed layer and
the dimensions of the ZnO rods obtained by electrodeposition was established.
Hexagonal ZnO crystals were ED on the seed layers with smooth and fine-grained
morphologies (TiO2, ZnO:In seed layers, commercial ITO electrode). Underlays with
a surface composed of grains of different sizes (undoped ZnO seed layers) induce
the growth of short ZnO crystals with nonuniform diameters (D ∼ 150 – 300 nm,
L ∼ 150 nm). Electrically more conductive substrates such as ITO and indium-doped
ZnO seed layer induce the growth of ZnO rods with larger dimensions (D ∼ 200 nm,
L ∼ 700 nm), but ZnO rods with smaller dimensions were grown on less conductive
seed layers like TiO2 (D ∼ 60 nm, L ∼ 350 nm) and undoped ZnO.

3.

It has been shown that ZnO nanostructured layers grown by the fast and costeffective SP method are efficient for the photocatalytic degradation of organic
pollutants in water. ZnO layers comprising nanoneedles, rods, pyramids, or
hierarchical rods or pyramids demonstrated higher photocatalytic efficiency of
methyl-tert-butyl ether oxidation than the generally well known photocatalyst
commercial P25 TiO2 powder. The highest oxidation efficiency (518 mg O2 W-1 h-1
after 2 h), which is three times higher compared to commercial TiO2 powder, was
obtained for the sample with the hierarchical structure grown on pyramids, which
also has the highest surface area. ZnO rod layers with similar morphologies and
surface areas were deposited by SP and ED. The different chemical compositions of
the surfaces (amount of hydroxyl and carbon containing groups, oxygen vacancies)
of the as-deposited, aged, and annealed SP and ED ZnO rods determine their
wettability and photocatalytic properties:
•

•

The hydroxyl groups on the as-deposited ZnO rods make the surface
hydrophilic (SP rods CA ∼ 12°, ED rods CA ∼ 3°) and photocatalytically
active (48 % of the initial amount of doxycycline is degraded after 4 h for
the SP rods and 85 % for the ED rods). According to the XPS study, the asdeposited ED ZnO rods showed the highest relative amount of hydroxyl
groups on their surface ([OH]/[Zn-O] ∼ 1.2 at.%/at.%), and subsequently,
the highest photocatalytic activity among the studied samples.

The impact of hydroxyl groups on two-months-aged-in-plastic-box ZnO
rod layers is completely shaded by the increased amount of carbon
groups. As a result, the CA increases (SP rods CA ∼ 50°, ED rods
CA ∼ 120°), and the photocatalytic efficiency of the SP and ED rod layers
drops down (30 %/4 h).
42

•

Annealing of the ZnO rods at 400 °C for 30 min restores their initial
wettability (SP rods CA ∼ 9°, ED rods CA ∼ 3°), however, the
photocatalytic activity of the heat-treated ED rod layers shows only a
moderate improvement (45 %/4 h) compared to the aged ED ZnO rod
layers (30 %/4 h), not reaching the initial efficiency of the as-ED ZnO
samples (85 %/4 h). The photocatalytic activity of the SP heat-treated
ZnO rod layers was improved (60 %/4 h) compared to that of the aged SP
rod layers (30 %/4 h) or as-deposited SP rod layers (48 %/4 h).
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Abstract
ZnO nanostructured layers by wet chemical methods:
growth, surface properties, photocatalytic capability
The interest in the synthesis of low-dimensional nanostructured ZnO materials raised by
their successful application in optoelectronic devices such as solar cells, optical sensors,
gas sensors, and light emitters. During the last few decades, ZnO has emerged as an
outstanding material for environmental applications as a photocatalyst material
applicable for water treatment from organic pollutants. For that reason, the
development of strategies to synthesize ZnO nanostructured layers with tailored
geometries and suitable surface properties by low-cost deposition methods like spray
pyrolysis (SP) or electrodeposition (ED) has emerged as a challenge. To our best
knowledge, studies on the photocatalytic properties of ZnO rods obtained by both ED
and SP methods are very scarce, and the influence of the surface properties of these
samples on photocatalytic activity has not been studied so far.
The aim of this thesis was to study the influence of the substrate and seed layer
properties on the morphology of ZnO crystals deposited by SP and ED methods and
evaluate the photocatalytic activity of the SP and ED ZnO nanostructured layers in terms
of different morphological and surface chemical properties.
The thesis is based on four publications and comprises literature overview,
experimental, and results and discussions sections. The literature overview includes
chapters describing wet chemical methods, with an emphasis on SP and ED, scientific
papers overview on the properties and other studies of SP and ED ZnO nanostructured
layers, and widely used applications of the ZnO layers, with an accent towards
photocatalysis. The experimental section presents the details of the experimental
process and characterisation methods. The last chapter is divided into three sections that
contain the experimental results, discussion, and conclusions based on the main results.
The first section is divided into two subsections. The first subsection introduces the
deposition of ZnO rod-shaped crystals by SP on commercial FTO/glass (SnO2:F) substrates
with different FTO layer morphologies. The relationship between the FTO layer
morphological properties and ZnO rod formation is investigated. Samples were
characterized using SEM, AFM, and XRD methods. It was found that the ZnO crystal shape
and dimensions depend on the surface roughness and grain size values of the substrates.
It has been shown that FTO/glass, with RMS values for FTO in the range 7 – 9 nm and
grain sizes in the range 30 – 50 nm, yielded elongated hexagonal ZnO rod-like crystals
(L ∼ 800 – 1400 nm, D ∼ 250 – 300 nm). The FTO/glass substrates with a FTO layer of
higher roughness (≥ 12 nm) and grain size (≥ 80 nm) are not suitable for the growth of
elongated ZnO rod-like crystals.
The second subsection presents a study on the deposition of ZnO rod-shaped layers
by the ED method on various sprayed seed layers (TiO2, ZnO, ZnO:In) and focuses on the
investigation of the relationship between the seed layer properties and ZnO crystal
morphologies. The samples were characterized by means of SEM and XRD methods. The
influence of the morphology and conductivity of the seed layers on the dimensions of
the ZnO rod-shaped crystals obtained by ED was established. Hexagonal ZnO crystals
were obtained on the TiO2 and ZnO:In seed layers with relatively smooth morphologies.
Undoped ZnO underlays with surfaces composed of grains with different sizes and shapes
induce the growth of short (D ∼ 150 - 300 nm, L ∼ 150 nm) and compactly standing ZnO
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crystals. An electrically more conductive layer such as ITO or ZnO:In induces the growth
of ZnO rods with larger dimensions (D ∼ 200 nm, L ∼ 700 nm), compared to the less
conductive seed layers like TiO2, where the ZnO rods obtained were smaller (D ∼ 60 nm,
L ∼ 350 nm).
The second section is dedicated to the evaluation of the photocatalytic activity of
sprayed ZnO nanostructured layers with different morphologies (nanoneedles, rods,
pyramids, and hierarchical structures) and a comparison of the photocatalytic activity of
ZnO with that of the commercial catalyst P25 TiO2. To evaluate the photocatalytic activity,
the ZnO nanostructured layers were investigated through the photocatalytic oxidation of
methyl-tert-butyl ether (MTBE), humic acid (HA), N, N-dimethyl p-nitrosoaniline (RNO), and
prednisolone (PNL). Independent of the morphology, the sprayed ZnO nanostructured
layers were effective for the photocatalytic oxidation of the MTBE pollutant. The highest
photocatalytic oxidation efficiency of MTBE was achieved by hierarchical pyramid-shaped
SP ZnO nanostructures (518 mg O2 W-1 h-1 after 2 h), indicating that a ZnO structure with
increased surface area is beneficial for the degradation of such types of pollutants. The
highest photocatalytic oxidation efficiency of the RNO pollutant was achieved after 6 h by
the ZnO rod layer sample (44.7 mgW-1 h-1). SP ZnO nanostructures were not efficient in
degrading the HA and PLN pollutants.
The last section presents a comparative study on the surface properties of ZnO rod
layers obtained by SP at 550 °C, and ED at 80 °C. In order to exclude the influence of
surface area on photocatalytic performance, ZnO rod layers with similar morphologies
and surface areas were deposited by both the methods. The samples were studied using
XPS, SEM, XRD, Raman, and water contact angle (CA) measurements, and the
photocatalytic oxidation of doxycycline. It was found that different chemical
compositions of the surfaces (amount of hydroxyl, carbon-containing groups, oxygen
vacancies) of the as-deposited, two-month-stored, and heat-treated SP and ED ZnO rods
determine their wettability and photocatalytic properties.
The as-ED ZnO rod layers showed the highest relative amount of hydroxyl groups on
their surface ([OH]/[Zn-O] ∼ 1.2 at.%/at.%), and consequently, the highest photocatalytic
activity among the studied samples: 85 % of the initial amount of doxycycline degraded
after 4 h. A high amount of hydroxyl groups on the surface of the as-deposited ED ZnO
rod layers also makes it highly hydrophilic (CA ∼ 3°). The impact of hydroxyl groups on
two-month-stored ZnO rod layers is completely shaded by the increased amount of
carbon-containing groups. As a result, CA increases (SP rods CA ∼ 50°, ED rods CA ∼ 120°)
and the photocatalytic efficiency drops from 48 % to 30 % (after 4 h) for the SP rods, and
from 85 % to 30 % (after 4 h) for the ED rods. The amount of carbon-containing groups
on the surface of two-month-stored ED rod layers is six times higher compared to that
on aged SP rods. The heat-treatment of the ZnO rod layers at 400 °C during 30 min
restores their initial wettability (SP rods CA ∼ 9°, ED rods CA ∼ 3°), however, the
photocatalytic activity of the heat-treated ED rod layers shows only a moderate
improvement (45 %/4 h) compared to that of the aged ED ZnO rod layers (30 %/4 h), not
reaching the initial efficiency of the as-deposited ED ZnO samples (85%/4 h). The
photocatalytic activity of the SP heat-treated ZnO rod layers was improved (60 %/4 h)
compared to the photocatalytic performance of the aged SP rods (30 %/4 h) or asdeposited SP rods (48 %/4 h).
The results presented in this thesis are of practical importance in synthesizing rodlike ZnO nanostructures by low-cost methods such as SP and ED. The obtained ZnO
nanostructured layers have the photocatalytic capability to degrade various water
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pollutants as efficiently as, or more efficiently than the commercial P25 TiO2 slurry,
eliminating the problem of separation and recovery of the powder photocatalyst after
treatment. The efficiency of photocatalytic activity, however, depends on the surface
chemical composition, which is different for the SP and ED rods, and also depend on the
sample freshness or treatment conditions.
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Lühikokkuvõte
ZnO nanostruktuursed kihid vedeliksadestuse meetoditel:
kasvatamine, pinnaomadused, fotokatalüütiline võimekus
ZnO nanostruktuurseid materjale on edukalt rakendatud optoelektroonika seadistes,
nagu päikesepatareid, optilised- ja gaasandureid, valgusdioode jne. Viimastel
aastakümnetel on hakatud ZnO kasutama ka keskkonnakaitselistes rakendustes, sh
fotokatalüütilise materjalina vee puhastamiseks orgaanilistest saasteainetest.
Kontrollitud geomeetria ja pinnaomadustega ZnO nanostruktuursete kihtide sünteesi
areng odavate sadestamismeetoditega nagu pihustuspürolüüs (SP) või elektrokeemiline
sadestamine (ED) on praeguseks sihipõhine strateegia. ED ja SP-meetodil sadestatud ZnO
nanovarrastest koosnevate kihtide fotokatalüütilisi omadusi on väga vähe uuritud,
puuduvad ka uuringuid kihtide pinnaomaduste mõjust fotokatalüütilisele võimekusele.
Antud töö eesmärkideks oli uurida aluste ja aluskihtide omaduste mõju SP ja ED
meetoditel sadestatud ZnO kristallide morfoloogiale ning hinnata nende
nanostruktuursete kihtide fotokatalüütilist võimekust sõltuvalt kihtide morfoloogiast ja
pinna keemilistest omadustest.
Doktoritöö
põhineb
neljal
publitseeritud
teadusartiklil
ja
koosneb
kirjandusülevaadest, eksperimentaalsest osast, tulemustest ning arutelust. Kirjanduse
ülevaates kirjeldatakse keemilisi vedeliksadestusmeetodeid, põhirõhk on
pihustuspürolüüsil ja elektrokeemilisel sadestamisel. Antakse ülevaade SP ja ED
meetoditel kasvatatud ZnO nanostruktuursete kihtide omadustest ja uuringutest, ZnO
kihtide kasutusaladest, rõhutades fotokatalüüsi omadusi. Eksperimentaalses osas on
esitatud eksperimentaalsed andmed ja karakteriseerimismeetodid. Viimane peatükk on
jaotatud kolme ossa ja sisaldab peamisi eksperimentaalseid tulemusi ja arutelu.
Esimene osa jaguneb kaheks alapeatükiks. Esimeses alapeatükis käsitletakse ZnO
vardakujuliste kristallide kasvatamist SP meetodil FTO-ga (SnO2:F) kaetud klaasalustele.
Uuritakse FTO kihi morfoloogia mõju ZnO varraste kujunemisele. Kihte iseloomustati
SEM, AFM ja XRD meetoditega. Leiti, et ZnO kristallide kuju ja mõõtmed sõltuvad
aluspinna karedusest ja terade suurusest. Leiti, et FTO mille RMS väärtused on vahemikus
7 – 9 nm ja tera suurused vahemikus 30-50 nm lubavad kasvatada kuusnurkse kujuga
ZnO piklikke kristallid (L ∼ 800 – 1 400 nm, D ∼ 250 – 300 nm). FTO/klaas alused FTO kihi
kõrgema karedusega (≥ 12 nm) ja tera suurusega (≥ 80 nm) ei sobi piklikke ZnOvardakujuliste kristallide kasvatamiseks.
Teises alapeatükis esitatakse uuringu tulemused ED-meetodil ZnO nanovarrastest
koosnevate kihtide kasvatamise kohta erinevatele aluskihtidele (TiO2, ZnO, ZnO: In). Siin
rõhutakse aluskihi omaduste ja ZnO kristallide morfoloogia seost. Kihte iseloomustati
SEM ja XRD meetoditega. Leiti, et aluskihi morfoloogia ja juhtivus mõjutavad ZnO
vardakujuliste kristallide mõõtmeid. Suhteliselt sileda morfoloogiaga TiO2 ja ZnO:In
aluskihtide peal kasvasid piklikud vardakujulised ZnO kristallid, kuid ZnO aluskihi peale,
mis koosneb erineva suuruste ja kujuga teradest, kasvasid lühikesed (D ∼ 150 – 300 nm,
L ∼ 150 nm) ZnO kristallid. Elektriliselt juhtivad kihid nagu ITO (In2O3:Sn) ja ZnO:In
võimaldavad kasvatada suuremaid ZnO kristalle (D ∼ 200 nm, L ∼ 700 nm) kui väiksema
elektrijuhtivusega TiO2 aluskiht, kus saadud ZnO vardad olid peenemad ja lühemad (D ∼
60 nm, L ∼ 350 nm).
Teine osa on pühendatud erinevate morfoloogiatega (nanonõeldad, vardad,
püramiidid ja hierarhilised struktuurid) pihustussadestatud ZnO nanostruktuursete
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kihtide fotokatalüütilise võimekuse hindamisele ning võimekuse võrdlusele
kaubandusliku fotokatalüsaatoriga P25 TiO2. Fotokatalüütilise võimekuse hindamiseks
mõõdeti ZnO nanostruktuursete kihtide võimekust lagundada vees lahustunud metüültert-butüüleetrit (MTBE), huumushape (HA), N, N-dimetüül-p-nitrosoaniliini (RNO) ja
prednisolooni (PNL). Sõltumata morfoloogiast olid SP ZnO nanostruktuursed kihid
efektiivsed lagundama MTBE-d, kusjuures kõrgeim fotokatalüütilise oksüdatsiooni
efektiivsus (518 mg O2 W-1 h-1 pärast 2 tundi) saavutati SP ZnO nanostruktuuride puhul ,
mis koosnesid hierarhilise püramiidi kujulistest kristallidest. RNO lagundamisel saavutati
kõrgeim fotokatalüütilise oksüdatsiooni efektiivsus 6 tunni pärast (44,7 mgW-1 h-1) ZnO
kihtide puhul, mis koosnesid vardakujulistest kristallidest.
Doktoritöö kolmandas osas esitatakse võrdlusuuring SP ja ED meetoditel kasvatatud
ZnO nanovarrastest koosnevate kihtide pinnaomaduste kohta. Vardad saadi SP meetodil
550 °C juures, ja ED sadestamisel 80 °C juures. Selleks, et välistada pindala mõju kasvatati
mõlema meetodiga sarnase morfoloogiaga ja pindalaga ZnO-varrastest koosnevad kihid.
Kihte uuriti XPS, SEM, XRD, Ramani ja vee kontaktnurga (CA) mõõtmiste ja doksütsükliini
fotokatalüütilise oksüdatsiooni abil. Leiti, et pindade keemiline koostis
(hüdroksüülrühma ja süsinikku sisaldavate rühmade hulk, hapniku vakantsid)
äsjasadestatud kihtidele ning kahe kuu vanustele ning kuumutatud kihtidele määrab SP
ja ED ZnO kihtide märgumise ja fotokatalüütilise võimekuse).
Äsjasadestatud ED ZnO vardakihid näitasid pinnal kõrgeimat hüdroksüülrühmade
suhtelist kogust ([OH]/[Zn-O] ∼ 1.2 at.%./at.%.) ja tulemusena ka suurimat
fotokatalüütilise lagundamise efektiivsust uuritud proovide hulgast: 85 % doksütsükliini
esialgsest kogusest lagunes 4 tunni jooksul. Kõrge hüdroksüülrühmade sisaldus värskelt
sadestatud ED ZnO pinnakihis muudab selle pinna superhüdrofiilseks (CA ∼ 3 °).
Vananenud objektide pinna peal leiti suures koguses süsinikku sisaldavaid rühmi ning
seetõttu hüdroksüülrühmade mõju vähenes. Selle tulemusena kasvasid ka CA väärtused
(SP varraste CA ∼ 50 °, ED varraste CA ∼ 120 °) ja fotokatalüütiline võimekus vähenes
SP-varrastel 48 %-st 30 % -ni (pärast 4 tundi) ja ED-varrastel 85 %-st 30 %-ni (pärast
4 tundi). Süsinikku sisaldavate rühmade kogus kaks kuud vanade ED varraste pinnal on
kuus korda suurem võrreldes vananenud SP varrastega. ZnO kihtide järelkuumutamine
temperatuuril 400 °C 30 minuti jooksul taastab ZnO kihtidel esialgse märguvuse taseme
(SP kihid: CA ∼ 9 °, ED kihid: CA ∼ 3°), kuid see ei kajastu fotokatalüütilise võimekuse
tesemes. Näiteks, järelkuumutatud ED varraste kihtide fotokatalüütiline võimekus näitab
vaid osalist paranemist (45 %/4 h), võrreldes vananenud ED ZnO kihtidega (30 %/4 h),
ning ei taasta oma esialgset värske kihi võimekust (85 %/4 h). SP ZnO järelkuumutatud
vardakihtide fotokatalüütiline võimekus paranes (60 %/4 h) võrreldes vananenud SP
varrastega (30 %/4 h).
Doktoritöös esitatud tulemused omavad praktilist tähtsust uut tüüpi fotokatalüütiliste
katete valmistamisel odavate meetoditega nagu SP ja ED. Saadud ZnO kihid omavad
fotokatalüütilist võimekust lagundada erinevaid saasteaineid vees sama hästi või
paremini kui klassikaline TiO2 nanopulbriline fotokatalüsaator. Tänu sellele, et ZnO
nanostruktuurid on kasvatatud alusele on nad immobiilsed ja ei kujuta ohtu keskkonnale.
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Appendix 1

Publication I
T. Dedova, O. Volobujeva, M. Krunks, V. Mikli, I. Gromyko, A. Katerski, A. Mere. Growth
of ZnO rods on FTO electrodes by spray pyrolysis. IOP Conf. Ser.: Mater. Sci. Eng. 49
(2013) 012001.
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Appendix 2
Table 1.1 Photocatalytic activities of ZnO photocatalyst toward different ZnO morphologies, preparation method and types of pollutants (MO – Methyl Orange, MB
– Methylene Blue, DCB – 1, 2-dichlorobenzene, AO7 – Acid Orange 7, R6G – rhodamine 6G, RB-19 – Reactive Blue 19, DC – doxycycline).
Catalyst
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ZnO flower-like layer
1g
ZnO nanoparticles
25mg
ZnO nanorod layer
25mg
ZnO nanosheet layer
25mg
ZnO hierarchical flower layer
25mg
ZnO nanorods layer
500 mg
ZnO nanorod layer
10 mg
TiO2 P25
10 mg
ZnO hierarchical flower-like
layer
30 mg
ZnO hierarchical flower-like
layer
0.0158 g

Synthesis method

Pollutant

Photodegradation time

Photodegradation
efficiency

Ref.

CBD

MO
20 mg l-1

240 min

2%

[66]

60 min

85 %

60 min

90 %

60 min

100 %

40 min

100 %

60 min

0.3 %

60 min

2.6 %

60 min

50 %

60 min

25 %

hydrothermal method

thermal decomposition
method
hydrothermal method
-

MO
20 mg l-1

MO
3 ×10−5 M
MB
3 ×10−5 M
MO
20 mg l-1

[36]

[67]

[62]

aqueous solution route

MO
5.0 × 10-5 M

100 min

99.6 %

[29]

thermal decomposition
method

MO
10-5 M

100 min

85 %

[37]

ZnO spherical
nanostructures
10 mg
ZnO flower-like layer
10 mg
ZnO nanoparticles
10 mg
ZnO nanowire layer

TiO2 P25

hydrothermal method

Commercial (Aladdin)

hydrothermal method

-

100

ZnO nanorod layer

hydrothermal method

ZnO nanorod layer

solution growth

ZnO nanoparticles
160 mg/l
ZnO nanocrystal layer
150 mg/l
ZnO tetrapods
50 mg
ZnO nanoparticles
50 mg

MO
25 mg l-1

Commercial (Mereck Co.)
precipitation method
evaporating
commercial Sigma-Aldrich

DCB
10 mg l-1
MO
20 mg l-1
DCB
10 mg l-1
MO
20 mg l-1
MO
5 mg l-1
MO
20 mg l-1
AO7
20 mg l-1
Diazinon
20 mg l-1
MO, AO7, MB, R6G
20 mg l-1
MO, AO7, MB, R6G
20 mg l-1

140 min

98 %

140 min

75%

140 min

95 %

60 min

95 %

60 min

50 %

60 min

100 %

60 min

100 %

60 min

20 %

[68]

60 min

28 %

[63]

60 min

100 %

[69]

60 min

75 %

[70]

5-10 min

100 %

10-30 min

95-100 %

[30]

[64]

[33]
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ZnO nanoparticles
50 mg

Commercial catalyst 5
types

MB
5 mg l-1

6-60 and more min

100 %

[71]

ZnO nanorod layers

ED

MO
10 mg l-1

60 min

13 %

[72]

ZnO nanostructured film

USP

SA
0.1 M

60 min

10-20 %

[73]

ZnO microrod layer

SP

MB
10-5 M

60 min

78 %

[74]

ZnO rod layer

SP

60 min

1%

ZnO hierarchical rod layer

SP

60 min

2%

ZnO film

SP

MO
10-5 M

60 min

45 %

[75]

ZnO rod layer

CBD

MO
10 mg l-1

180 min

98.6 %

[76]

ZnO powder
125 mg

Commercial (Nuclear,
99%)

Remazol Black B, Remazol Brilliant
Blue R
50 mg l-1

60 min

100 %

[58]

ZnO powder
0.8 g/l

Commercial (Merck)

RB-19
50 mg l-1

25 min

100 %

[59]

DC
25 mg L−1
DC
25 mg L−1

[35]

ZnO powder
2.5 g/l
ZnO powder
1 g/l
ZnO powder
0.5 g/l

Commercial (Merck)

Acid brown 14
5.0 × 10-4 M

Commercial (Merck)

MO
25 mg l-1
R6G
25 mg l-1

60 min

62 %

60 min

32 %

60 min

29 %

[60]

[61]
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Table 2.3 Descriptions of micropollutants used in this thesis.
Type of micropollutant
Methyl-tert-butylether (MTBE) is an aliphatic non-polar non-biodegradable compound, which is hardly removable from water
by conventional methods. MTBE is a fuel additive and a suspected carcinogen [III].

Humic acid (HA) have various polycyclic, aromatic and heteroatom-containing functional groups, hardly affected by common
water treatment methods, are easily bonded with heavy metals and other toxics compounds, being able to effectively transport
them through drinking water treatment stages [III].
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N,N-dimethyl p-nitrosoaniline (RNO) is an aromatic compound, applied in measuring the number of hydroxyl radicals in various
advanced oxidation processes, due to the RNO decolouration upon reaction of its molecule with hydroxyl radical [III].

Prednisolone (PNL) is a widely used glucocorticoid anti-inflammatory agent, and is a very common emerging micropollutant
[III].

Doxycycline (DC) is one of the most often used semi-synthetic antibiotic in the therapy of human and animal infections [IV].

Molecule structure
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