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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 One-dimensional

2D Two-dimensional

3D Three-dimensional

AcacH Acetylacetone

AFM Atomic force microscopy

o Concentration

Ac Decrease in the pollutant's concentration
CA Contact angle

CE Counter electrode

D Diameter

DC Doxycycline

E Photocatalytic oxidation efficiency
e Electron

E° Standard reduction potential
Eg Band gap

ED Electrodeposition

F Faradays constant

FTO Fluorine tin oxide

h* Hole

hv Photon energy

HA Humic acid

HF Haze factor

ITO Indium tin oxide

L Length

MTBE Methyl-tert-butylether

NBE Near-band-edge emission
NHE Normal hydrogen electrode
PNL Prednisolone

R Universal gas constant

RE Reference electrode

RMS Root mean square roughness
RNO N,N-dimethyl p-nitrosoaniline
SA Self-activated emission

Sa Average roughness

SCE Saturated calomel electrode
SEM Scanning electron microscopy
SP Spray pyrolysis

Ts Temperature of the substrate surface
T Total transmittance

TTIP Titanium tetraisopropoxide
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UV-VIS Ultraviolet-Visible light spectroscopy

WE Working electrode
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

11



1 Literature overview

1.1 Main properties of ZnO

ZnOis 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,
E¢(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].

Zn0 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 Zn?" ion is surrounded tetrahedrally by four 0% 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 Zn?* and O 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 {01TO} and {ZHO} 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].

G*—:‘.’ ]
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Rocksalt Zine blende Wurtzite
(a) (b) ()

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].

Zn0 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],
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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].
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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 cremes [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 field-
emitters, 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].
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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 + hv > e s + h*yg (1)
h*yg + pollutant - intermediates (2)
(HO © H*+ OH7) + h*yg > *OH + H* (3)
0,+e > 0, (4)
0,"" + H* > *O0H (5)
2°00H - H,0, + 0, (6)
0" +ecs > 0% (7)
02°2 + 2H* - H,0, (8)
H20; + e"cg > *OH + OH" (9)
*OH + pollutant - intermediates - CO; + H,0 (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, TiO, 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 TiO,. 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 TiO,, 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 TiO, 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 large-
area coatings.

1.3.1 Spray pyrolysis

Spray pyrolysis is based on the distribution of a pulverised precursor solution (agqueous
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, In,0s,
SnQy, ZrO,, Pb0), sulfide layers (ZnS, SnS, In,S3, 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.
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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
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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 (ZnCl;) or
zinc acetate (Zn(ac),) 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
ZnCl; precursor yielded rods with larger diameters and lengths than those grown from a
Zn(ac), solution. An increase in solution concentration (ZnCl,) from 0.05 mol/I to 0.2 mol/I
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-axis-
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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 ZnCl; 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 SnOy/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 SnO,/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 SnO,/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 (ZnCl, ¢ = 0.05 - 0.1 mol/l when ITO/glass is used;
¢ = 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 H,SO4
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, (Inse/lsa= 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), 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 UV-
illumination [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, non-
aqueous, inorganic, organic, and ionic liquids [122]. When the electrodes are inserted
into an electrolyte solution, an electric field has to be applied.

Potentiostat
Counter electrode 1 Reference electrode
J t Working electrode
Electrolyte
L ) i

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/I KCI) 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):

[0x]

RT
E In _[Red] (11)

E =E°+
Where E, — standard reduction potential, R — universal gas constant (8.314 J’K mol?),
T —temperature in Kelvin (°C + 273), F — Faradays constant (96.487 C:molt), [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 lzaki 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 Zn?* ions (15). At elevated
temperatures, zinc hydroxide is dehydrated to ZnO. At the elevated temperature zinc
hydroxide is dehydrated to ZnO (16) [140]. Eo is a value of standard redox potentials,
below which the reaction takes place.

0, + 2H,0 + 4e" > 40H E°/V (NHE) = 0.4 (12)
H,0, + 2e" - 20H" E%/V (NHE) = 1.006 (13)
NOs + H,0 + 2e = NO, + 20H E°/V (NHE) = —-0.008 (14)
Zn* + 20H" < Zn(OH), (15)
Zn(OH); temp. = ZnO + H,0 (16)
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ZnCl; and Zn(NOs), are the most commonly used zinc sources to grow ZnO rod-like
crystals. Zn(NOs), acts as both a precursor of Zn?* ions and a source of oxygen [128-132].
When using the ZnCl; salt, molecular oxygen is required as an oxygen precursor. Elias et
al. also reported ZnSO, and Zn(ac); as good alternatives to ZnCl,[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),,
compared to ZnCl,, 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 ZnCl,[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 Zn? 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 Zn?* concentration is in excess, every electro-generated OH" ion is
consumed by Zn?* 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 Zn?* concentration is low, OH" ions are generated in excess, which increases the
pH to the alkaline range (> 9), and the most stable forms of Zn?* are the hydroxide
complexes Zn(OH)s™ and Zn(OH)4>". This leads to predominant growth along the c-axis
direction [133, 134]. In particular, when the concentration of ZnCl, is ca. 5 mmol/I, 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 x 102 mmol/l) is used, elongated well-
aligned 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 % HCI [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 ZnCl; 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), 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 um, 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 (Inge/lsa ~ 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 ZnCl, 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 well-
established TiO; 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 ZnCl, or Zn(ac); ¢ = 0.05 — 0.1 mol/I
(ZnCly); Ts = 490 — 550 °C, and spray rate 2.4 — 2.5 ml/min. For the ED ZnO rods: the
precursor is ZnCl, or Zn(NOs),; ¢ = 0.2 — 0.02 mmol/l (ZnCly); 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 TiO;
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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 I/min [l, lll, IV].

Deposition of ZnO rod layers

The ZnO rods-shaped layers were prepared using the aqueous solutions of zinc chloride
(ZnCly, Aldrich, 98% purity). The concentration of ZnCl; was 0.05 [, IV] and 0.1 mol/I [lll].
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
[1, I, IV]. Three types of commercial transparent conductive oxide layers were used as
substrates: FTO/glass [I], SnO,/glass (10 x 25 x 1 mm?3) [Ill] and ITO/glass (10 x 25 x 1 mm3)
[, (25 x 25 x 1 mm3) [IV]. Under the same deposition conditions, usage of large grain
ITO/glass substrate yielded in truncated pyramid-shaped ZnO crystals [Il].

Deposition of ZnO needle layers

The ZnO needle layers were synthesised by spraying the solution consisted of 0.2 mol/I
zinc acetate dihydrate (Zn(ac); - 2H,0, Aldrich, 99 % purity) in water:isopropanol mixture
(2:3) on glass substrate (10 x 25 x 1 mm?3) at T;= 330 °C. The solution volume was 75 ml,
spray rate was maintained as 1.5 ml/min [lll].

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 Sn0O,/glass and ITO/glass
substrates (10 x 25 x 1 mm?3), respectively as described earlier. Then, 40 ml of Zn(ac),
aqueous solution with ¢ = 0.1 mol/l was pulverised over those rods or pyramid-like layers
at T,= 330 °C with spray rate maintained as 4 ml/min [lll].

2.2 Deposition of ZnO nanostructured layers by electrodeposition

The electrodeposition of ZnO rod-like layers was performed potentiostatically in a three-
electrode 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 x 25 x 1 mm? and 25 x 25 x 1 mm?3) substrates [ll] and ITO/glass
covered with ZnO or TiO; thin films (seed layers) were employed as working electrodes
[, IV]. The deposition solution consisted of 0.2 mmol/I ZnCl, (Aldrich, 98% purity) and
0.1 mol/l KCI 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 [ll, IV].

Deposition of ZnO and TiO; seed layers

Seed layers used in paper [ll] 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 TiO; seed layers deposition.

Seed layer type Ts, °C Precursor ¢, mol/I Deposition time
420 Zn(ac), 0.1 29 min
Zn0
440 Zn(ac),+3 at.% InCls 0.2 20 min
. TTIP + 0.2 40 cycles x (1s spraying
Tio, 450 acacH 0.9 + 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-1V].

Table 2.2 Methods used for the characterisation of ZnO nanostructured layers.

. Characterisation
Properties method Apparatus Ref.
morphology; layer thickness SEM Zeiss EVO-MAL15, Zeiss [1-1V]
(cross-sectional images) HR FESEM Ultra 55
surface roughness AFM NT-MDT Solver 47 Pro (11
phas.e composition, cr.ySta.”'tes XRD Rigaku Ultima IV [1-1V]
orientation, crystallite size
phase composition Raman Horiba's LabRam HR800 [IV]
optical transmittance,
reflectance, absorbance, haze UV-VIS spectroscopy Jasco V-670 m
factor
wettability Water CA DSA 25 (KRUSS (V]
measurement Instrument)
chemical composition of the XPS Kratos Analytical AXIS (v
surface Ultra DLD

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/I 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

26



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 [lll] 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/cm?) equipped with reflectors. The experimental time was chosen to be 2h for
MTBE (initial concentration 100 mg/I) 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/I).

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.

_ AcxV 10000
T IxSxt

E (17)

where E - the photocatalytic oxidation efficiency (mg/Wh); Ac - the decrease in the
pollutant's concentration (mg/l), or chemical oxygen demand (mg O,/) ; V - the volume
of the treated sample/pollutant (I); | - the irradiance, (mW/cm?); S - the irradiated area
(cm?); 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-UV0O, LED
Engin Inc. with emission at 365 nm, irradiance intensity 7.5 mW/cm?2). The experimental
time was 4 h. DC initial concentration was 25 mg/Il. Photocatalytic performance of
sprayed and electrodeposited ZnO rod layers was expressed as the decrease of
normalised concentration (C/Co) 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 [l], [Il],
[, 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
Sn0,/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 [l].

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, ¢
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.
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Figure 3.1 Upper row: AFM images of the substrates FTO-a, b and ¢; middle row: SEM images of
the same substrates; bottom row: SEM images of ZnO rod-like crystals grown on corresponding
substrates (a, b, ¢ 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).

Properties of FTO substrates Dimensions of ZnO crystals
RMS, Aver.age Crystallite Aspect
nm Sa, nm grain size. nm L, nm D, nm Ratio
(AFM) size, nm ! (SEM) (SEM) ’
(AFM) (SEM) (XRD) L/D
FTO-a 9 7 50 13 1400 300 4.5
FTO-b 12 10 80 15 600 500 1
FTO-c 36 30 250 40 300 300 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
Zn0 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
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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
(Zn0O, ZnO:In, TiO,) 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 [ll].

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.

3
Y 1200 nm

Figure 3.3 Upper row: SEM images of a) TiO, seed layer grown at Ts = 450 °C; b) ZnO seed layer
grown from Zn(ac); solution with ¢ = 0.1 mol/l at Ts= 420 °C; c) ZnO seed layer grown from Zn(ac),
solution with ¢ = 0.2 mol/l doped with In (3 at.%) at T;= 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, ¢, and ITO
layer, respectively.

As can be seen from Fig. 3.3a3, 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 TiO, 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 TiO; 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 [ll])
substrates and on the ZnO:In seed layer are markedly larger than the ZnO crystals grown
on TiO, 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 TiO, and undoped ZnO layers.

The XRD patterns of the ZnO crystals are presented in Fig. 4 in [Il]. 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, SnO,/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 TiO, 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 [lll].

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 (SnO,/glass or ITO/glass),
spraying rate, and solution volume, ZnO was deposited in the form of various
nanostructures [Ill]. Bare ZnO structures, like needles (S-1), rods (S-2), and pyramid-
shaped 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); solution (2" step) was pulverised over the bare crystal structure (1% 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, (5-2) 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), 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 um. 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); 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 SnO,/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 [lll]), the layers showed reflections at 26 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 (ljp02)/l(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-tert-
butyl 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 TiO, (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 TiO; slurry (170 mg O, W hl). 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 TiO; in form of slurry (1 g/l); the experimental time 2h.

structure grown on pyramids) was the highest, 518 mg 0, W h?, after 2 h, exceeding
the TiO, 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 O, W h!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 [Ill]), 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 [ll1]).

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 cm?, 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 cm?/cm?.

Table 3.2 Summary of ZnO rods dimensional parameters (L — length, D — diameter), density of
crystals and specific surface area of ZnO rods.

sample Dimensions Number of crystals, Specific surface area,
L, nm D, nm pcs/cm? cm?/cm?
SP 750 300 6 E+08 ~4
ED 950 350 3 E+08 ~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 26
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 As-deposited Two-month-aged Heat-treated
o CA ~12° CA ~ 50° CA~9°
CA~ 3 CA ~ 120° CA~3
ED

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 heat-
treated SP and ED rods. Therefore, Ols and Cls 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+0.3eV,531.9+0.1eV, 531.1 eV and 533.2 + 0.4 eV are attributed to the (Me-0O)
bond [173], surface hydroxyl (OH") groups [174], oxygen vacancies (Vo) [79] and oxygen
bonds with carbon (C-O and C=0) or H,0 [175, 176], respectively (Fig. 3.7).
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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, V,, OH", H,0 or C-O
or C=0) 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 In,03: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-0 are presented in Table 3.4.

Table 3.4 XPS analysis data (atomic ratios of the OH/Zn-0 and V,/Zn-0) obtained from the O1s core
level peaks.

SP ZnO rod sample ED ZnO rod sample
Two- Two-
As-dep. month- Heat- As-dep. month- Heat-
treated treated
aged aged
[OH]/[zn-0], arb.units
(at.%/at.%) 0.3 0.3 0.4 1.2 0.7 0.8
[Vo)/ [Zn-0] arb.units
(at%./at.%) 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), 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 V, present on the Ol1s spectra of the ED rods
(Fig. 3.7, Table 3.4). The presence of V, 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™ of the Raman spectra of the ED rods (centred at 564 cm™).
In contrast, the typically highly crystalline SP ZnO do not reveal a shift in that region. It
has been reported that the V, possess enhanced adsorption energy and subsequently
high capability to bind the (OH’) groups [177, 178]. Such interdependency between V,
and the (OH") groups was observed for the ED rods: the higher the amount of V,, 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=0) or H,0, 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 Cls 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=0, 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=0).
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Figure 3.8 XPS spectra of as-deposited, aged, and heat-treated at 400 °C in air ZnO rod samples in
the Cls 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.

38



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™ (Fig. 4 in [IV]), commonly assigned to the
C-Cand 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.

SP ZnO rod sample ED ZnO rod sample
Two-month- Two-month-
As-dep. Heat-treated As-dep. Heat-treated
aged aged
1400 1500 400 2700 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™, corresponding to the C-C and C-
H 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 V, 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 as-
deposited 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 as-
deposited 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 V, 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 V, 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 heat-
treated SP rods was restored and even improved (60 %/4 h) compared to that of the as-
deposited SP rods (48 %/4 h). Since the amount of (OH’) groups on the surface of the as-
deposited, 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 V, 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.

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 (TiO,, 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
Zn0 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 TiO, (D ~ 60 nm, L ~ 350 nm) and undoped ZnO.

It has been shown that ZnO nanostructured layers grown by the fast and cost-
effective 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 TiO, powder. The highest oxidation efficiency (518 mg O, W h?!
after 2 h), which is three times higher compared to commercial TiO, 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:

e  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 as-
deposited ED ZnO rods showed the highest relative amount of hydroxyl
groups on their surface ([OH]/[Zn-0] ~ 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).
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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 (SnO: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 (TiO,, 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 TiO; 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 TiO,, 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 TiO,. 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 0, W h! 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 h1). 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-0] ~ 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 as-
deposited SP rods (48 %/4 h).

The results presented in this thesis are of practical importance in synthesizing rod-
like 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 TiO; 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.

59



Lihikokkuvote

ZnO nanostruktuursed kihid vedeliksadestuse meetoditel:
kasvatamine, pinnaomadused, fotokataliiiitiline voimekus

ZnO nanostruktuurseid materjale on edukalt rakendatud optoelektroonika seadistes,
nagu paikesepatareid, optilised- ja gaasandureid, valgusdioode jne. Viimastel
aastakiimnetel on hakatud ZnO kasutama ka keskkonnakaitselistes rakendustes, sh
fotokatalttilise materjalina vee puhastamiseks orgaanilistest saasteainetest.
Kontrollitud geomeetria ja pinnaomadustega ZnO nanostruktuursete kihtide siinteesi
areng odavate sadestamismeetoditega nagu pihustuspiroliils (SP) voi elektrokeemiline
sadestamine (ED) on praeguseks sihipGhine strateegia. ED ja SP-meetodil sadestatud ZnO
nanovarrastest koosnevate kihtide fotokatalUdtilisi omadusi on vaga vahe uuritud,
puuduvad ka uuringuid kihtide pinnaomaduste mojust fotokataltutilisele voimekusele.

Antud t60 eesmarkideks oli uurida aluste ja aluskihtide omaduste mdju SP ja ED
meetoditel sadestatud ZnO kristallide morfoloogiale ning hinnata nende
nanostruktuursete kihtide fotokataltitilist véimekust soltuvalt kihtide morfoloogiast ja
pinna keemilistest omadustest.

Doktorito6  pohineb  neljal publitseeritud  teadusartiklil  ja koosneb
kirjandusiilevaadest, eksperimentaalsest osast, tulemustest ning arutelust. Kirjanduse
Ulevaates  kirjeldatakse  keemilisi  vedeliksadestusmeetodeid,  p&hirdhk on
pihustuspiroltusil ja elektrokeemilisel sadestamisel. Antakse Ulevaade SP ja ED
meetoditel kasvatatud ZnO nanostruktuursete kihtide omadustest ja uuringutest, ZnO
kihtide kasutusaladest, réhutades fotokatalliiisi omadusi. Eksperimentaalses osas on
esitatud eksperimentaalsed andmed ja karakteriseerimismeetodid. Viimane peatiikk on
jaotatud kolme ossa ja sisaldab peamisi eksperimentaalseid tulemusi ja arutelu.

Esimene osa jaguneb kaheks alapeatikiks. Esimeses alapeatikis kasitletakse ZnO
vardakujuliste kristallide kasvatamist SP meetodil FTO-ga (SnO;:F) kaetud klaasalustele.
Uuritakse FTO kihi morfoloogia m&ju ZnO varraste kujunemisele. Kihte iseloomustati
SEM, AFM ja XRD meetoditega. Leiti, et ZnO kristallide kuju ja mddtmed sdltuvad
aluspinna karedusest ja terade suurusest. Leiti, et FTO mille RMS vaartused 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
korgema karedusega (> 12 nm) ja tera suurusega (= 80 nm) ei sobi piklikke ZnO-
vardakujuliste kristallide kasvatamiseks.

Teises alapeatikis esitatakse uuringu tulemused ED-meetodil ZnO nanovarrastest
koosnevate kihtide kasvatamise kohta erinevatele aluskihtidele (TiO, ZnO, ZnO: In). Siin
réhutakse aluskihi omaduste ja ZnO kristallide morfoloogia seost. Kihte iseloomustati
SEM ja XRD meetoditega. Leiti, et aluskihi morfoloogia ja juhtivus mdjutavad ZnO
vardakujuliste kristallide m&6tmeid. Suhteliselt sileda morfoloogiaga TiO, ja ZnO:In
aluskihtide peal kasvasid piklikud vardakujulised ZnO kristallid, kuid ZnO aluskihi peale,
mis koosneb erineva suuruste ja kujuga teradest, kasvasid lihikesed (D ~ 150 — 300 nm,
L ~ 150 nm) ZnO kristallid. Elektriliselt juhtivad kihid nagu ITO (In;0s3:Sn) ja ZnO:In
vBimaldavad kasvatada suuremaid ZnO kristalle (D ~ 200 nm, L ~ 700 nm) kui vaiksema
elektrijuhtivusega TiO, aluskiht, kus saadud ZnO vardad olid peenemad ja lihemad (D ~
60 nm, L ~ 350 nm).

Teine osa on plhendatud erinevate morfoloogiatega (nanondeldad, vardad,
plramiidid ja hierarhilised struktuurid) pihustussadestatud ZnO nanostruktuursete
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kihtide fotokatalUltilise vGimekuse hindamisele ning vGimekuse vordlusele
kaubandusliku fotokatallisaatoriga P25 TiO,. Fotokatallitilise vGimekuse hindamiseks
mdddeti ZnO nanostruktuursete kihtide vdoimekust lagundada vees lahustunud metul-
tert-butiiileetrit (MTBE), huumushape (HA), N, N-dimetidl-p-nitrosoaniliini (RNO) ja
prednisolooni (PNL). Sdltumata morfoloogiast olid SP ZnO nanostruktuursed kihid
efektiivsed lagundama MTBE-d, kusjuures kdorgeim fotokataliiGtilise okstidatsiooni
efektiivsus (518 mg O, W h'! parast 2 tundi) saavutati SP ZnO nanostruktuuride puhul ,
mis koosnesid hierarhilise ptiramiidi kujulistest kristallidest. RNO lagundamisel saavutati
kdrgeim fotokataliiiitilise oksiidatsiooni efektiivsus 6 tunni pérast (44,7 mgW? h'') ZnO
kihtide puhul, mis koosnesid vardakujulistest kristallidest.

Doktorit66 kolmandas osas esitatakse vordlusuuring SP ja ED meetoditel kasvatatud
ZnO nanovarrastest koosnevate kihtide pinnaomaduste kohta. Vardad saadi SP meetodil
550 °Cjuures, ja ED sadestamisel 80 °C juures. Selleks, et vdlistada pindala mdju kasvatati
mdlema meetodiga sarnase morfoloogiaga ja pindalaga ZnO-varrastest koosnevad kihid.
Kihte uuriti XPS, SEM, XRD, Ramani ja vee kontaktnurga (CA) mddtmiste ja doksitsikliini
fotokataltitilise  oksldatsiooni abil. Leiti, et pindade keemiline koostis
(htdroksiilrihma ja susinikku sisaldavate riihmade hulk, hapniku vakantsid)
dsjasadestatud kihtidele ning kahe kuu vanustele ning kuumutatud kihtidele maarab SP
ja ED ZnO kihtide margumise ja fotokatallutilise véimekuse).

Asjasadestatud ED ZnO vardakihid niitasid pinnal kdrgeimat hidroksiilriihmade
suhtelist kogust ([OH]/[Zn-O] ~ 1.2 at.%./at.%.) ja tulemusena ka suurimat
fotokatalUitilise lagundamise efektiivsust uuritud proovide hulgast: 85 % doksutsukliini
esialgsest kogusest lagunes 4 tunni jooksul. Kérge hidroksiiiilriihmade sisaldus varskelt
sadestatud ED ZnO pinnakihis muudab selle pinna superhidrofiilseks (CA ~ 3 °).
Vananenud objektide pinna peal leiti suures koguses siisinikku sisaldavaid rihmi ning
seetdttu hiidroksuulriihmade mdju vahenes. Selle tulemusena kasvasid ka CA vaartused
(SP varraste CA ~ 50 °, ED varraste CA ~ 120 °) ja fotokataliiitiline voimekus vahenes
SP-varrastel 48 %-st 30 % -ni (parast 4 tundi) ja ED-varrastel 85 %-st 30 %-ni (parast
4 tundi). Susinikku sisaldavate riihmade kogus kaks kuud vanade ED varraste pinnal on
kuus korda suurem vdrreldes vananenud SP varrastega. ZnO kihtide jarelkuumutamine
temperatuuril 400 °C 30 minuti jooksul taastab ZnO kihtidel esialgse marguvuse taseme
(SP kihid: CA ~ 9 °, ED kihid: CA ~ 3°), kuid see ei kajastu fotokataliittilise voimekuse
tesemes. Naiteks, jarelkuumutatud ED varraste kihtide fotokatallitiline voimekus naitab
vaid osalist paranemist (45 %/4 h), vdrreldes vananenud ED ZnO kihtidega (30 %/4 h),
ning ei taasta oma esialgset varske kihi vdimekust (85 %/4 h). SP ZnO jarelkuumutatud
vardakihtide fotokatalGdtiline vdimekus paranes (60 %/4 h) vdrreldes vananenud SP
varrastega (30 %/4 h).

Doktorit60s esitatud tulemused omavad praktilist tahtsust uut tllpi fotokataltttiliste
katete valmistamisel odavate meetoditega nagu SP ja ED. Saadud ZnO kihid omavad
fotokataltttilist voimekust lagundada erinevaid saasteaineid vees sama hasti voi
paremini kui klassikaline TiO, nanopulbriline fotokatallisaator. Tanu sellele, et ZnO
nanostruktuurid on kasvatatud alusele on nad immobiilsed ja ei kujuta ohtu keskkonnale.
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Abstract. ZnO layers comprizing rods were deposited by chemical spray pyrolysis (CSP)
method at 520 °C on different FTO (SnO2:F)/glass substrates using zinc chloride aqueous
solutions. Substrates were purchased from different manufactures and differ by morphology,
grain size and roughness of FTO electrode. FTO/glass substrates and ZnO layers grown on them
were characterised with the help of XRD, AFM, high resolution SEM, EDX methods. The
relationship between nanorod formation and substrate properties was studied. It was found that
substrate roughness and grain size influence the ZnO rods formation. Deposition of rods (d=300
nm, L=1.4 pum) was successful on the FTO layers with grain sizes around 30-50 nm and
roughness below 10 nm, whereas large-grained FTO (grain size > 130 nm) resulted in thick, low-
aspect ratio crystals with diameter around 400 nm and length of about 400 nm.

Keywords: FTO, substrate, morphology, ZnO rod, spray pyrolysis, nanostructured layers, haze factor,

1. Introduction

ZnO nanostructured layers have been the research focus in recent years because of their potential
applications in various nanodevices [ 1-5]. Key challenges in ZnO nanorod growth for device application
are controlled growth using simple and inexpensive growth methods. ZnO nanorods can be produced
by diverse methods, as summarized in numerous review articles [1, 2]. Among them, spray pyrolysis,
presented in this study, is simple and low-cost method to produce large area thin films and
nanostructured layers including ZnO nanorods [6-8].

Particular significance in nanorods growth has a substrate and its preparation. In many studies to
contribute the rods growth or improve their vertical alignment a seed layer (ZnO nanoparticles) is
required prior to the deposition of the ZnO nanorods [1, 9, 10]. However, for some applications (emitting
diodes, solar cells), it is required to grow ZnO nanorod directly on a transparent conductive oxide [11,
12]. There are some reports on the direct deposition of ZnO rods onto Indium Tin Oxide (ITO) substrates
[11, 13, 14]. However, due to the scarcity of indium search for alternative transparent conductive oxide
(TCO) materials has been a topic of an active research. Such a good alternative could be fluorine-doped
tin dioxide FTO, however, very little studies were reported on growth of ZnO rods on FTO substrates
up to now [12, 15-17]. As FTO might have different morphologies depending on the manufacturer and
preparation method, therefore it is important to find out a correlation between initial morphology of the
substrate and final morphology of the grown layers.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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In this study, we present a systematic study on ZnO rods on FTO substrates with different morphology.
The morphology, structural and optical properties of the substrates are studied by means of high
resolution SEM, AFM and UV-VIS techniques.

2. Experimental

ZnO layers were deposited using pneumatic spray pyrolysis method, described in details earlier [6, 7,
13, 16, 18]. To grow ZnO layers, 50 ml of 0.05 mol/l aqueous solution of ZnCl, (Fluka) (pH=5) was
sprayed over the FTO (SnO,:F) substrate surface at Tsub=520 °C. The solution spraying rate and carrier
gas (compressed air) flow rate were 2.4 ml/min and 8 1/min, respectively. The variety of FTO substrates
(further referred in a text as FTO-1, FTO-2, FTO-3, FTO-4, FTO-5) purchased from different
manufactures was used in this study. All substrates undergone standard cleaning procedure: firstly in
soap solution, then in isopropyl alcohol cleaning in ultrasonic bath for 1 minute and finally, treatment
during 1 minute in concentrated H,SO4 (Tca ~40 °C). The samples were rinsed with deionised water
after each cleaning step.

The morphology of the FTO substrates and ZnO layers were studied by a high resolution SEM on a
Zeiss HR FESEM Ultra 55 apparatus at an accelerating voltage of 1.7 kV. Structural characterization of
the FTO substrates was carried out on a Rigaku Ultima IV diffractometer using Cu K o radiation
(A=1.5406A,40 kV at 40 mA). Surface topographies of the FTO substrates were studied by AFM using
the NT-DT Solver47 Prosystem operated in a“semi-contact”(tapping) mode. The root mean square
(RMS) and average roughness (Sa) values were taken on AFM from area of 2x2um?. The diffuse (Taifr)
and total (Ti) transmittance spectra were measured in the wavelength range of 200 -2500 nm on a Jasco
670-V UV-VIS-NIR spectrophotometer equipped with an integrating sphere. Haze factor (HF) values
were determined as HF=T it/ Tot.

3. Results and discussion

Figure 1 presents SEM and AFM images of FTO surface and of corresponding ZnO layers grown on
them at similar growth conditions. The morphological parameters obtained from SEM and AFM studies
for FTO and dimensions of ZnO crystals are summarized in Table 1.

Figure 1. Influence of FTO substrate morphology on the formation of ZnO rods grown by spray
pyrolysis. Upper row: AFM images of the substrates FTO-1 up to FTO-5; middle row: SEM images of
the same substrates; bottom raw: SEM images of ZnO rods grown on these substrates (a, b, ¢, d, e
correspond to FTO-1, 2, 3, 4 and 5, respectively).
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As it can be seen from Fig.1 and Table 1, the substrates mainly differ by grain and crystallite size,
roughness and grain shape. Elongated ZnO rods (L=800-1400 nm) were formed only on FTO -1 and 2
which have low roughness (RMS=7-9 nm) and smaller grains (ca. 30-50 nm). The FTOs with higher
roughness > 12 nm (FTO-3, 4 and 5) resulted in low aspect ratio ca. 1, fat ZnO crystals. FTO-5 and 6
differ from others by large and pyramidal shaped grains. It should be mentioned here, that ZnO crystals
on FTO-4 and 5 are tightly standing next to each other. This could be explained by high number of
nucleation centres on FTO-5 and 6 substrates. The step-like texture of FTO facets (clearly seen on SEM
of FTO-5) might be a good platform for preferable sites for ZnO nucleation. High amount of ZnO nuclei
lead to further coalescence of the crystals and formation of closely standing to each other thick low-
aspect ratio rods.

Table 1. Root mean square roughness (RMS), average roughness (Sa), average grain and crystallite
size of FTO substrates and dimensions of ZnO crystals grown on them.

Properties of FTO substrates Dimensions of ZnO crystals
FTO No. RMS, nm Sa, nm Avel:age grain Cr.ystalllte Aspect Ratio,
(AFM) (AFM) size, nm size, nm L, nm D, nm L/D
(SEM) (XRD)

FTO-1 7 6 30 12 800 250 3
FTO-2 9 7 50 13 1400 300 4.5
FTO-3 12 10 80 15 600 500 1
FTO-4 15 12 130 17 300 200 1
FTO-5 36 30 250 40 300 300 1

Haze factor values presented in Figure 2 are in a good correspondence with AFM and SEM studies.
The rougher FTO substrates is, the higher is light scattering and haze factor in the visible spectral region.
Thus, haze factor measurements might be a handy and fast tool to estimate the surface roughness of the
substrate and its suitability for growth of the ZnO rods. According to EDS study, the elemental
composition of the FTO substrates (not presented here) is similar and, therefore impurity coming out
from the substrate does not affect the rods formation in our case. According to the XRD patterns
presented in Fig. 3, SnO» crystallites in FTO-5 are orientated along (110) plane parallel to the substrate,
while in FTO-1 — FTO-4 the crystallites are preferably grown along (200) plane parallel to the substrate.
Thus, the orientation of the crystallites in the substrate doesn’t have strong influence on the formation
of the rods. Thus, the main factor influencing the ZnO rods formation in our case is FTO roughness.
Obtained result is in a good correlation with that reported for ZnO rods growth on GaN substrate by
MOCVD [19] and ZnO seed layers by solution growth [20], where ZnO rod growth was favoured using
relatively smooth substrates.
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Figure 2. Haze factor spectra of FTO substrates. Figure 3. XRD patterns of FTO substrates.
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4. Conclusions.

Herein we present a systematic study on ZnO rods growth by spray pyrolysis depending on the FTO
substrates morphology. Depending on the manufacture, FTO surface morphology differs by roughness,
grain size and shape, and crystallite orientation. Haze factor calculated from optical transmittance
spectra measurements is a handy and fast tool for rough estimation of the surface roughness of the
substrate and its suitability for growth of the ZnO rods. It was shown that rods formation is strongly
affected by roughness and grain sizes of the FTO substrates. It was found that elongated ZnO rods
(L=1400 nm, d=300 nm) can be produced on FTO with small roughness (ca. 8 nm) and grain sizes ca.
30-50 nm. FTO RMS roughness values higher that 12 resulted in thick ZnO crystals with low aspect
ratio.
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Abstract. In this study we present results on electrochemically grown ZnO nanorods on
different metal oxide underlays, such as ZnO seed layers with different morphologies, ZnS and
TiO, compact thin films produced by spray pyrolysis on transparent conductive oxide (TCO)
substrates. Also in this work we present results on ZnO nanorods directly deposited on some
chosen TCO substrates. The relationship between nanorod formation and substrate properties
were studied. All ZnO nanorod layers were grown electrochemically using ZnCl, aqueous
solutions (c=0.2 mmol/L) at the bath temperature of 80 °C during one hour. The structural
properties and morphology of metal oxide underlays and ZnO nanorods grown on them were
studied by scanning electron microscopy (SEM), x-ray diffraction spectroscopy (XRD).
Depending on the substrate morphology, ZnO rods with different dimension, orientation, shape
and density were obtained. For instance, larger rods (d~200 nm, 1~700 nm) were obtained on
substrates, such as ITO/glass, FTO/glass and ZnO:In/ITO/glass. Smaller rods (d~60 nm, 1~350
nm) were obtained on smooth, uniform and fine-grained underlays, such as ZnS and TiO».

1. Introduction

Zinc oxide (ZnO) is an n-type II-VI semiconductor with a direct band gap (3.37 eV) and large exciton
binding energy of 60 meV [1-2]. ZnO has attracted research interest in recent years due to its potential
applications in various nanodevices such as lasers and light emitting diodes [3], gas sensors [1, 4],
field emission devices [1, 4] and solar cells [4, 5]. For hybrid organic/inorganic solar cells with
“absorber layer/ZnO nanorod/blocking layer/TCO (transparent conductive oxide)” structure, it is
highly important to synthesize ZnO nanorod/blocking layer/TCO structures. In order to increase the
solar cell performance, it is desired to obtain high aspect ratio (I/d, where 1 — length and d — diameter)
conductive ZnO nanorods. Among various deposition techniques, electrodeposition is a promising
approach for growing ZnO nanorods, because it is simple, low-cost, low temperature and easily
scalable to large-area deposition [6-7].

Morphology of the substrate has a particular significance in nanorods growth. A seed layer (usually
ZnO thin film) is required prior to the electrodeposition of the ZnO nanorods to contribute the rods
growth or improve their vertical alignment [1, 8, 9]. For some applications (emitting diodes, solar
cells), it is required to grow ZnO nanorod directly on a transparent conductive oxide [10-11]. In this
paper, we present a study on the growth of ZnO nanorods by electrodeposition on various substrates:
1) commercially available indium tin oxide (ITO) and fluorine doped tin oxide (FTO) coated glass
substrates, 2) set of ZnO seed layers with various morphologies prepared by spray pyrolysis onto
ITO/glass substrates and 3) ZnS and TiO: thin films deposited by spray pyrolysis on ITO/glass
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substrates. Herein we study relationship between the initial morphology of the substrate and final
morphology of the ZnO nanorod layer. The morphology and structural properties of the substrates and
ZnO nanorods deposited on them, respectively, are studied by means of high resolution scanning
electron microscopy (SEM) and X-ray diffraction (XRD) techniques.

2. Experimental

2.1. Synthesis details

Prior the deposition, ITO and FTO covered glass substrates were washed thoroughly with soap,
ethanol and sulphuric acid. The samples were rinsed with deionised water after each cleaning step. On
some chosen ITO/glass and FTO/glass substrates, the ZnO nanorods were deposited directly onto the
substrate. Commercially available ITO/glass substrates have been chosen for the deposition of metal
oxide underlays such as ZnO seed layers, ZnS and TiO; thin films prepared by using spray pyrolysis
method as described in details earlier [12-13]. Electrodeposition of ZnO nanorods was carried out
potentiostatically in a three-electrode glass cell, where the TCO/glass was used as a working electrode,
while a silver/silver chloride/3M KC1 (Ag/AgCI/KCl) and a platinum (Pt) wire were used as reference
and counter electrodes, respectively.

Solution of 0.2 mmol ZnCl, (Sigma-Aldrich), and 0.1 M KCl in amount of 50 ml was utilized as a
supporting electrolyte. The growth temperature was kept at 80 °C using a temperature controlled
circulating bath. Deposition time was fixed to 1 hour. Electrochemical deposition was done under
-1.0 V potential, vs the reference electrode using the Radiometer Analytical potentiostat PGP201.

2.2. Characterization

The morphology of the substrates was studied by the high resolution scanning electron microscope
Zeiss EVO-MAL1S at the operating voltage of 10 kV. The crystal structure of the nanorods was
characterized by using X-ray diffraction on a Rigaku Ultima IV diffractometer using CuKoa radiation
(A=1.5406A, 40 kV at 40 mA). Crystals density was evaluated from the SEM surface images, from
area of 6.2 pmx4.7 um.

3. Results and Discussion

3.1. Deposition of ZnO rods on TCO electrodes

In this study two different types of conducting electrodes were used: commercially available ITO and
FTO coated glass substrates. The SEM images of TCO electrodes are shown in figure la (from
ITO/glass) and in figure 1c (from FTO/glass). Corresponding morphologies of the electrodeposited
ZnO layers directly grown on ITO and FTO electrodes are presented in figures 1b and 1d,
respectively. As can be seen from the figures, the final shape of the ZnO nanorods differs depending
on the substrate morphology. In case of ITO/glass, the rods are thinner (d~170 nm, 1~700 nm) and
show higher density (~7.4x10% cryst./cm?) than those grown on FTO/glass (d~300 nm, 1~600 nm,
density ~6.5x10® cryst./cm?). Such difference can be explained by the difference in the morphology of
the substrate. Higher density of the grains on the FTO electrode (Figure 1c) provoke large amount of
nuclei that can further coalescence and promote the lateral growth of the crystal. Similar behaviour has

a b ' d I o,

Figure 1. SEM images of: a) ITO/glass substrate, b) ZnO nanorods grown onto ITO/glass, c)
FTO/glass substrate, d) ZnO nanorods grown onto FTO/glass.
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already been reported for spray pyrolysis deposited ZnO nanorods on ITO/glass and FTO/glass
substrates [14-15]. The resistivity of the substrates might be also a reason of such difference in final
shape of the ZnO crystals. In our case, the ITO has lower resistivity (p~15-20 Q-cm) than resistivity of
the FTO susbtrate (p~150 Q-cm). It was reported earlier by Kim et al., that conductive substrates
greatly affect on the structural and optical properties of ZnO nanorods [16].

3.2. Deposition of ZnO nanorods on ZnO seed layers obtained by spray pyrolysis

In previous studies on ZnO thin films by spray pyrolysis [17-19], it was shown that temperature,
concentration of the precursor solution (zinc acetate), dopant type and amount are the most important
technological parameters that influence the morphology of the film. Here we prepared ZnO seed layers
by spray pyrolysis on ITO/glass substrates using different technological parameters mentioned above.
The morphology of ZnO seed layers are shown in figures 2a, 2c, 2e and 2g. The SEM images of ZnO
nanostructures grown on those seed layers are presented in figures 2b, 2d, 2f and 2h, respectively.

Figure 2. SEM images of: a) ZnO seed layer SL-1 grown by spray of zinc acetate solution with
¢=0.05 mol/L at Ts=320 °C; b) ZnO nanorods on seed layer SL-1; ¢) ZnO seed layer SL-2 grown by
spray of zinc acetate solution with ¢=0.1 mol/L at Ts=320 °C; d) ZnO nanorods on seed layer SL-2; )
ZnO seed layer SL-3 grown by spray of zinc acetate solution with ¢=0.1 mol/L at Ts=420 °C; f) ZnO
nanorods on seed layer SL-3; g) ZnO seed layer doped with In (3 at.%) SL-4 grown by spray of zinc
acetate solution with ¢=0.2 mol/L at Ts=440 °C, (ZnO:In); h) ZnO nanorods on seed layer SL-4.

Seed layer SL-1 is compact and flat, composed of densely packed fine grains. As a result, ZnO
nanorods grown on SL-1 have a diameter of 80 nm and length of ca. 270 nm, and show uniform dense
coverage (figure 2b). SL-2 seed layer from solution with higher concentration at the same temperature
have highly structured surface composed of the flake-like grains with different sizes (figure 2c).
Because of such nonuniformity in the dimensions of the grains on this substrate, the sizes of the ZnO
rods vary greatly. ZnO nanorod layers compose of smaller crystals (d~80 nm) as well as of much
larger crystals (d~350 nm) with length of ca. 300 nm (figure 2d). Seed layer SL-3 is also composed of
grains with different shapes including platelets and nanoneedles (figure 2e). The ZnO nanostructures
grown on this seed layer are mixture of fat and thin compactly standing ZnO crystals (d~150-300 nm,
1~150 nm) (figure 2f). The ZnO nanorods have been deposited also onto ZnO:In seed layer. SEM
image for SL-4 seed layer is presented in figure 2g and for the resultant ZnO nanorod crystals in figure
2h. Rods have uniform dimensions (d~200 nm, 1~700 nm) comparable to those grown on bare
ITO/glass layer. Rods grown on ZnO:In are markedly larger than those grown on undoped ZnO layers,
that might be explained with difference in conductivity of ZnO:In and ZnO films [20-21].

XRD patterns of ZnO seed layers and of samples with ZnO nanorod grown on those seed layers are
presented in figure 3. All the samples show the reflections at 20 of 31.73°, 34.36° 36.21° and 62.75°
corresponding to the (100), (002), (101) and (103) planes of ZnO (PDF 01-080-0074) [20].



RCBIJSF-2014-FM&NT IOP Publishing
IOP Conf. Series: Materials Science and Engineering 77 (2015) 012012 doi:10.1088/1757-899X/77/1/012012

=y x o ZnO rods on seed layer )§002
k2 ® b =1 DZHO rods on seed layer © C o g d A,‘:)Znorods on seed layer|
c c = B c ==}
=1 =1 S :
i 1 ; o
2 ] g g
@ ® © ©
= =S 2z z
‘» ‘B @ »
= c c o
7] [} [} M | 7}
b= - A -
= E £1S8L-3 — E
20 25 30 35 40 45 50 55 60 65 70 20 25 30 35 40 45 50 55 60 65 70 20 25 30 35 40 45 50 55 60 65 7 20 25 30 35 40 45 50 S5 60 €5 70
20, deg 20, deg 20, deg 20, deg

Figure 3. XRD patterns of the nanorods grown on different ZnO seed layers: a) SL-1; b) SL-2; ¢) SL-
3; d) SL-4; x — reflections from ITO/glass substrate.

For the SL-1 seed layer, the Iio2)/I(100y~1 and Ii02)/I(101y~4 (figure 3a). As in ZnO powder reference
[20] the T02y/I(100y~0.7 and I(002)/I(101y~0.4, thus the crystallites in SL-1 film are orientated along the
(002) plane parallel to the substrate. The L100)/I002y~1.9 is characteristic of the SL-2 ZnO seed layer, in
ZnO powder I(100/T002y~1.4, thus the orientation is along the (100) plane (figure 3b). For the SL-3 ZnO
seed layer the I(103)/I02~2 , in ZnO powder I103y/I002~0.7, thus the crystallites are orientated along the
(103) plane (figure 3c). According to XRD pattern of ZnO:In film (figure 3d), the intensity of the
(002) reflection is negligible and the intensity of the (101) is the strongest, the crystallites do not have
preferred orientation. Observed result is in a good correspondence with the results of earlier studies
[21]. Therefore, according to the XRD patterns presented in figure 3, all the ZnO underlays show
different crystallographic orientations. Herein are presented intensities ratios of resultant ZnO
nanostructured layers: I(ooz)/I(101)~1.6, I(loo)/I(101)~1.2, I(1o3)/I(ooz)~2.2, I(ooz)/I(101)~1 (ﬁgures 38., b, C, d,
respectively). Comparing them with the ZnO powder references [20] where the Io2yli101)~0.4,
I(]oo)/l(101)~0.56, 1(103)/I(ooz)~0.7, 1(002)/1(101)~0.4 it seems that for all resultant ZnO nanostructured layers
intensities ratios changed. Orientation along the (002) plane is characteristic of all electrodeposited
ZnO layers except of ZnO rods on seed layer SL-2 (figure 3b). It could be that differences in seed
layer thicknesses (SL-2 is deposited from more concentrated solution than SL-1 and thus SL-2 layer is
probably thicker [15, 22]) or surface morphologies (compare figures 2a and 2¢) are responsible for
such kind behavior. XRD study shows that the ZnO rods grow preferably along the (002) plane
parallel to the substrate independent of the orientation of corresponding ZnO seed layer.

3.3. Deposition of ZnO nanorods on ZnS and TiO; underlays grown by spray on ITO/glass substrates
For some purposes (dye-synthesized solar cell etc.) it is important to have a less conductive thin
barrier layer between TCO and ZnO nanorods, therefore it is important to find out technological
parameters in order to grow nanorods on such types of the substrate. Here we prepared ZnS and TiO»
thin films by spray pyrolysis using knowledge of the earlier studies on ZnS [23] and TiO; films
deposition by spray [24]. Both ZnS and TiO; films have smooth morphologies according to SEM
images (figures 4a and 4c). Both substrates resulted in very uniform and dense coverage of well-
shaped hexagonal ZnO nanorods. The dimension of the rods grown onto ZnS are slightly larger
(d~150 nm, 1~450 nm), than those grown on TiO, (d~60 nm and 1~370 nm). The difference in rods
dimensions could be explained by different surface roughness on ZnS and TiO; underlays.

> 9v° ol | RS =
Figure 4. SEM images of the a) ZnS underlay; b) ZnO nanorods deposited on underlay (a); c) TiO,
underlay; d) ZnO nanorods deposited on underlay (c).

4. Conclusions
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Herein we presented a study on the growth of ZnO nanorods by electrodeposition on various
substrates: commercially available ITO, FTO substrates on glass, metal oxide underlays such as ZnO
seed layers, ZnS and TiO; thin films prepared by using spray pyrolysis. The underlays with highly
structured surface composed of grains with different sizes provoke the growth of ZnO crystals with
different sizes and shape. ZnO rods were grown on smooth, flat, uniform and fine-grained substrates,
such as ITO, FTO, ZnS and TiO thin films, ZnO seed layer obtained at 320 °C and ¢=0.05 mol/L and
indium-doped ZnO seed layer. The conductivity of the substrates might also affect the shape of
resultant ZnO crystals. Electrically more conductive substrates- such as ITO, FTO and indium-doped
ZnO seed layer provoke the growth of ZnO rods with larger dimensions. Thus, dimensions, shape and
density of the rods depends strongly on the properties of the substrate or seed layer used, the
orientation of the seed layer has minor effect.
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ARTICLE INFO ABSTRACT

Available online 24 December 2014 In this research, ZnO nanostructured layers with various morphology, i.e. nanoneedles,
Keywords: nanorods, pyramid shaped ZnO crystals, and hierarchical structures of ZnO deposited on
Zinc oxide nanorods and pyramid shaped crystals, were synthesised by pneumatic spray pyrolysis
Hierarchical method. Hierarchical structures, a dense network of well-ordered platelets covering the
Spray pyrolysis side facets of the rod-like and pyramid shaped ZnO crystals, were obtained by spraying Zn
Photocatalytic activity (Ac), solution over the surface of pre-grown ZnO crystals at deposition temperature of

330 °C within 5 min. All ZnO layers have been characterised by scanning electron
microscopy (SEM), X-ray diffraction spectroscopy (XRD), absorbance of ultraviolet and
visible light (UV-vis), surface wettability measurements and photoluminescence (PL).
Photocatalytic activity of the layers was evaluated by means of photocatalytic oxidation
activity (PCO) of several organic pollutants, namely, methyl-tert-butyl ether (MTBE),
humic acid (HA), N,N-dimethyl p-nitrosoaniline (RNO), and prednisolone (PNL); the
results were compared to the performance of well-established commercial photocatalyst,
P25 titanium dioxide (Evonik). MTBE was the most efficiently degradable compound by all
objects, while RNO was effectively degraded by plain structures only. In HA photocatalysis,
needle-like ZnO as the most efficient material; PNL was the least degradable by ZnO
layers. In the degradation of MTBE, RNO and HA, ZnO objects have shown activity
comparable to or highly exceeding that of P25 TiO,. The explanation of the differences in
ZnO objects' photoactivity is proposed to be the different character of oxidising species
produced by the ZnO objects, and different interactions of these with the degradation
substrates, based on the relative amount of surface defects, surface morphology and
hydroxylation of the ZnO structures' surface.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The interest in the preparation of ZnO nanostructures

such as nanowires, nanorods, hierarchical structures of

* Corresponding author. Tel.: +372 620 2851; fax: +372 620 2856. ZnO is continuously growing due to the wide potential of
E-mail address: deniss.klauson@ttu.ee (D. Klauson). their applications in optoelectronic devices, gas sensors, or

http://dx.doi.org/10.1016/j.mssp.2014.12.012
1369-8001/© 2014 Elsevier Ltd. All rights reserved.
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Fig. 1. Schematic representation of photocatalytic oxidation working
principle: hv stands for electromagnetic radiation, Eg for band gap, e
for electron and h* for hole.

photocatalysis for degradation of environmentally hazar-
dous pollutants. For photocatalysis ZnO has been attracted
great interest due to its low cost, low-toxicity, abundancy,
and ease of preparation of ZnO with various morphologies.

Up to now there are many reports on efficient photo-
catalytic activity of ZnO nanorods and hierarchical struc-
tures deposited by electrodeposition, chemical bath, solvo-
thermal method [1,2].

In addition to these techniques, spray pyrolysis is a very
simple and relatively low-cost processing method for
preparing plain and nanostructured layers with precise
composition control, precise stoichiometry, high crystal-
linity and purity of the materials [3-5]. In spite of many
reports on photocatalytic activity of the ZnO layers it is still
a great challenge to produce photocatalitically active ZnO
with new morphologies by inexpensive and well control-
lable techniques and study their photocatalitical proper-
ties with respect to the growth conditions.

Herein, we present a study on synthesis and photocatalytic
performance of spray-deposited ZnO nanostructured layers
with various morphology, namely, nanoneedles, rods, hier-
archical structures grown on the rods, pyramid shaped crys-
tals, and hierarchical structures grown on the pyramid shaped
crystals.

Literature data on various ZnO objects (including hier-
archical ones) synthesis and activity testing is plentiful,
but it deals mostly with dyes as degradation substrates,
such as methyl orange (MO) [2,6,7], methylene blue (MB)
[8-10], rezaurin [11], rhodamine B (RhB) [1], etc., in mg L
scale, with degradation rates ranging from 40% to 100%;
some notable exceptions are the works dealing with degr-
adation of actual pollutants, such as 2,4-dichlorophenox-
yacetic acid (2,4-D) [12], estrone [13] and 4-chlorophenol
(4-CP) [14]; as a rule, only one degradation substrate is
used in such works. The authors' approach, on the other
hand, lies within assessment of their objects' photocat-
alytic activity by degrading several organic pollutant types
with different structure, giving a more detailed insight on
their abilities.

In order to assess the photoactivity of ZnO layers, the
authors chose aqueous photocatalytic oxidation of several
organic compounds with different structure. Photocataly-
tic oxidation is a phenomenon based on the creation of

excitons by the subjection of the semiconductor material to
electromagnetic radiation the quanta of which possess
equal or higher energy to that of the semiconductor's band
gap. With the existence of suitable charge carrier traps (e.g.
oxygen vacancies, surface defects, sharp edges, etc.), posi-
tively charged holes produce hydroxyl radicals from water
molecules, or can directly substract pollutant molecules'
electrons. At the same time, conduction band electrons
reduce suitable electron acceptors (e.g. dissolved oxygen).
This way, the defects on irradiated semiconductor mate-
rial are a source of reactive oxygen species (ROS). Besi-
des the relative abundance of defects, their availability
to the aqueous pollutant (governed both geometrically
and hydrodynamically by the surface morphology) and
chemical composition of the surface (hydroxylated sur-
faces produce hydroxyl radicals, while non-hydroxylated
ones produce less potent oxidising species) are the pri-
mary factors influencing the photocatalytic oxidation eff-
iciency. The mechanism of photocatalysis is schematically
represented in Fig. 1.

The following compounds were chosen to evaluate the
photocatalytic activity of ZnO objects in this study:
methyl-tert-butyl ether (MTBE, CAS 1634-04-4), humic
acid sodium salt (HA, CAS 68131-04-4), N,N-dimethyl p-
nitrosoaniline (RNO, CAS 138-89-6) and prednisolone
(PNL, CAS 50-24-8). An aliphatic and relatively non-polar
MTBE is perhaps best known as a fuel additive, used
worldwide, although banned for some time in the United
States; it is non-biodegradable and hard to remove from
water by conventional means, and a suspected carcinogen
[15-18]. RNO is an aromatic compound, which has also
seen the application in measuring the number of hydroxyl
radicals in various advanced oxidation processes (AOPs),
including photocatalysis, due to RNO decolouration upon
stoichiometric reaction of its molecule with OH-radical
[19]. Humic acid was chosen as a representative of a wider
compound class, humic substances (HS), the product of
plant matter decay, that have various polycyclic, aromatic
and heteroatom-containing functional groups; besides the
coloration of water, HS, being radical scavengers and thus
hardly affected by common water treatment methods, are
easily bonded with heavy metals and other toxics [20],
being able to effectively transport them through drinking
water treatment stages [21]. Upon HS-containing water
chlorination, they serve as a source of carcinogenic triha-
lomethanes [22,23]. Finally, PNL is a widely used gluco-
corticoid anti-inflammatory agent, and as such is a very
common emerging micropollutant [24]. The substances’
structural formulae can be seen in Fig. 2.

The aim of this study was the synthesis and investiga-
tion of hierarchical ZnO objects, possessing different
morphology and surface properties, and thorough and
representative investigation of their photoactivity by their
action on several substrates with different chemical struc-
ture and properties. Such an approach will no doubt give
an objective view on the new materials and their abilities
in the light of their possible applications. This should give
an insight on the characteristics of an “ideal” photocataly-
tic material in terms of its structure and properties, and,
consequently, on the conditions of synthesis which would
provide such a material.
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Fig. 2. Structural formulae of substrates used in this study to test the photocatalytic activity of ZnO samples: (a) metyl-tert-butyl ether (MTBE);
(b) N,N-dimethy! p-nitrosoaniline (RNO); (c) hypothetical molecule of humic substances (HS) and (d) prednisolone (PNL).

2. Materials and methods
2.1. Synthesis of ZnO layers

In this study, ZnO nanostructured layers with different
morphology, such as nanoneedles (S-1), nanorods (S-2),
hierarchical structure on nanorods (S-3), truncated pyramid
shaped crystals (S-4) and hierarchical structures on those
pyramids (S-5) were synthesised by a pneumatic spray
pyrolysis method. The preparation details of ZnO layers and
illustration of their morphology are summarised in Table 1.
The details on the spray pyrolysis deposition and some
properties of the ZnO needles, rods and hierarchical structures
on the rods can be found in some earlier published studies
[25-29]. Sample (S-1) with nanoneedle-like morphology was
synthesised by spraying Zn(Ac), solution at T=330 °C on glass
substrate. Samples S-2, S-3, S-4, S-5 were prepared as follows:
first, nanorods or pyramid shaped crystals were prepared by
spraying the ZnCl, aqueous solution at T=530 °C on ITO/glass
and SnO,/glass substrates, which were mounted side by side
to the tin bath. Final morphology depended on the substrate.
Nanorod-like crystals were grown on ITO/glass substrate and
pyramidal shaped crystals were obtained on Sn02/glass
substrate. Within one deposition run we prepared 4 samples,
2 samples with nanorod and pyramid morphologies (S-2 and
S-3) were taken out of the bath and studied on their
photocatalitic activity and 2 others (S-4 and S-5) were left in
the bath and proceeded further spray deposition procedure to
produce hierarchical structures. In order to produce hierarch-
ical layers, Zn(Ac), aqueous solution was sprayed at T=330 °C
over those nanorod and pyramid-like samples [27]. In all
experiments, independent of the precursor, concentration of
precursors was fixed to 01 molL~" and air was used as

carrier gas. The authors' previous studies have shown that
under such conditions it is possible to obtain single-crystal
ZnO without any traces of chloride ions or organics [30,31].

2.2. Characterisation

The morphology of the layers was studied by a high
resolution scanning electron microscope, Zeiss HR FESEM
Ultra 55, at an acceleration voltage of 1.5 kV. X-ray diffrac-
tion (XRD) patterns were recorded on a Rigaku Ultima IV
diffractometer operated at 40 kV and at a 40 mA (Cu Ko
radiation, A=1.5406 A) using the D/teX Ultra silicon strip
detector and a rotating sample holder. The diffuse (Rgjfr)
and total (Ry,) reflectance spectra were measured in the
wavelength range 200-2500 nm on a Jasco 670-UV-vis—
NIR spectrophotometer equipped with an integrating
sphere. Haze factor values (HF) were determined from
HF=Rgif/Rior- Photoluminescence (PL) was measured at
room temperature using the fluorometer Fluromax-4 at an
excitation wavelength of 330 nm (3.76 eV).

Surface wettability of the samples was measured by
Rame-Hart Model 260 surface tension metre. Water dro-
plet was placed upon the surface of ZnO objects, filmed
with magnifying camera, with contact angle measured by
respective software.

Aqueous photocatalytic oxidation experiments were con-
ducted in 200-mL batch reactors with magnetic stirrers,
thermostatted at 20+1°C, and placed under UV-lamps
(Philips Actinic 15 W mercury low-pressure lamps, with
emission at 365 nm) equipped with reflectors. Irradiance of
the lamps used was measured to be around 1.2 mW cm ™2 by
Ocean Optics USB2000+ spectrometer, with the data inter-
preted by SpectraSuite software. Objects with ZnO layers
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Table 1
Synthesis conditions for ZnO samples.

Sample  Morphology

Preparation details of the samples

name
Substrate Precursors C (mol/l) V sol V (ml/min) T

(ml) Q)

S-1 Needles Glass Zn(Ac), 0.1 75 1.5 330

S-2 Rods Sn0,/ ZnCl, 0.1 50 25 530

glass

S-3 Platelets on side facet of rods, needles SnO,/ 1. ZnCl, 0.1 50 25 530

on top plane glass 2.Zn(Ac), 0.1 30 4 330

S-4 Pyramid shaped crystals ITO/glass ZnCl, 0.1 50 2.5 530

S-5 Platelets wounded around the ITO/glass 1. ZnCl, 0.1 50 25 530

pyramids 2. Zn(Ac), 0.1 30 4 330

were placed upon larger Pyrex glass plates, submerged into
the reactors at constant depth of about 2 cm. The experi-
mental time was chosen to be 2h in case of MTBE
(100mgL~") and PNL (10mgL~"'), 6h in case of RNO
(50 mgL~1), and 24 h with HA (25 mgL~!), based on the
authors' previous experience [20,32]. For every experiment,
two reactors were used: one with ZnO sample, and a
reference reactor, without any photocatalyst. Reference reac-
tor is needed to take into account the evaporation of water
during the experiments, which results in slight pollutant
concentration increase. Photocatalytic experiments were
performed at least three times, with parallel experiment
deviation being under 5%. While it is generally accepted that
ZnO is a material prone to corrosion, i.e. dissolution under
acidic and alkaline conditions, in this study the experiments
were performed at natural pH of the solutions, i.e. at near-
neutral conditions, where ZnO is stable. In order to check
this, some of the photocatalytic oxidation experiments were
repeated (as described earlier in this section) after the con-
clusion of the main experimental runs, showing only negli-
gible differences from the results obtained earlier; the latter,
together with the visible inspection of the films suggest no

substantial ZnO corrosion. To evaluate the degradation
efficiency of MTBE, Chemical Oxygen Demand (COD) was
used, as in the authors' previous studies [33]. The concen-
trations of PNL were determined photometrically as desc-
ribed in [34]. Concentrations of RNO were determined
photometrically, by measuring adsorbance at 440 nm.
Finally, HA concentrations measurements were conducted
as in [20].

The results of these substances' photocatalytic oxida-
tion (PCO) were compared to those obtained with P25
Evonik titanium dioxide, a well-known commercial photo-
catalyst, applied as slurry, and immobilised upon glass
substrate. Photocatalytic performance of ZnO layers was
evaluated by PCO efficiency (Eq. 1), showing the amount of
pollutant degraded per 1Wh of energy reaching the
treated solution surface [35].

E:ACXVX1000 o
Ixsxt

where E is the photocatalytic oxidation efficiency, mg W~!

h=1'; Ac is the decrease in the pollutant's concentration,

mg L™, or chemical oxygen demand (COD), mg O, L~ ; Vis
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Fig. 3. SEM images of ZnO layers used in the current study: (S-1) nanoneedles; (S-2) rods; (S-3) hierarchical structures on the rods; (S-4) pyramid shaped

crystals and (S-5) hierarchical structures on pyramids.

the volume of the treated sample, L; I is the irradiance,
mW cm~?; s is the irradiated area, cm?; t is the treatment
time, h.

As surface reactions preceded by adsorption of the
substrates are an important part of PCO in general, the
adsorption of the substances under scope was studied at
their working concentrations (see above). The experi-
mental setup was similar to that of PCO, with the
exception that the reactors were sealed from the atmo-
sphere and closed from the light. The results, expressed in
ug of the adsorbed substance per cm? of the respective
thin film area, were derived from the batch mass balance:
the concentration of the substrates was determined
before the experiment, and at its end. The duration of
adsorption experiments was the same as in case of PCO
experiments.

3. Results and discussions
3.1. ZnO layers characterisation

SEM images of the ZnO layers are presented in Fig. 3.
Sample S-1 is mainly composed of nanoneedles with
diameter of 20 nm and length of 100 nm. This is charac-
teristic morphology of ZnO thin film produced from Zn
(Ac), solution at deposition temperatures of 400-450 °C
[28]. ZnO rods (S-2) are elongated hexagonally shaped
crystals with diameter of 200-300 nm and length of ca.
1 pm. Hierarchical structures (S-3) represent a dense net-
work of platelets wounded around the rod stem with some
needles on top of (002) plane of the rod. (002) plane of the
rods has highest surface energy and therefore the needles
formation is predominantly observed on this plane, as it
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Fig. 4. XRD patterns of the ZnO layers. (S-1) nanoneedles, (S-2) rods on
ITO/glass substrate, (S-3) hierarchical structure grown on S-2, (S-4)
pyramid shaped crystals on SnO,/glass and (S-5) hierarchical structure
grown on S-4. xis reflections from ITO substrate and y is reflections from
SnO,; substrate.

has been shown in previous study [27]. Truncated pyr-
amidal formed crystals (S-4) were fabricated using SnO,
substrate that composed of the larger grains compared to
ITO surface. The hierarchical structure of ZnO on pyramidal
shaped crystals (S-5) is mainly composed of very densely
packed platelets and small amount of needles on a top
plane of a crystal.

3.2. XRD study

XRD patterns of the layers are presented in Fig. 4.
Strong and narrow reflections of (002) plane detected at
20=36.2° and weaker reflections of (101), (102), (103),
(112) found at 20=36.2°, 47.5°, 62.9°, 67.9°, respectively,
reveal the formation of highly crystalline and strongly c-
axis oriented ZnO layers (JSPDS card. No. 80-0074). Both
plain crystals (S-2 and S-4) and hierarchical structures (S-3
and S-5) have similar crystallographic orientation along
(001) direction. According to the XRD study, the intensity
ratios of the main reflections of (002) to (103) planes I
(002)/1(103) are slightly higher for hierarchical structures.
For example, the [(002)/1(103)=3.5 for the hierarchical
structure on the rods (S-3) and 1(002)/I(103)=2.6 for bare
rods (S-2); the 1(002)/1(103)=2.8 for hierarchical struc-
tures on pyramidal crystals and 2.4 for bare pyramidal
crystals. Both (002) oriented nanoneedles formed on (002)
plane of the crystals and platelets perpendicularly winded
around the stems of the crystals may contribute the
increased (002) plane of hierarchical structures.

3.3. Photoluminescence measurements

The main purpose of PL measurements was to estimate
the existence and relative intensities of near band edge
(NBE) emission (~3.25eV, 380 nm) and defects related
green emission (SA) bands (2.5 eV, 500 nm). Room tem-
perature PL spectra of the ZnO layers are presented in
Fig. 5.

NBE emission is usually connected to the excitons and
is characteristic for pure high crystalline quality material.
The green band is usually attributed to deep level defects
within the ZnO crystal such as vacancies and interstitials of
oxygen and zinc [36]. As can be seen from PL spectra, ZnO
layers produced at higher deposition temperatures around
530 °C from ZnCl, solution (S-2 and S-4) are less defective,
because NBE/SA emission ratios are higher than for the
layers produced from Zn(Ac), solution at 330°C. NBE/
SA=32 for the rods (S-2), 3.6 for the pyramidal shaped
crystals (S-4) and only 0.06 for the needles (S-1). Also after
deposition of hierarchical layer on the surface of ZnO rods
or pyramidal shaped crystals, the UV emission decreases
and green emission becomes more pronounced. The NBE/
SA intensities ratios for S-4 sample is 2.3 and for S-5
sample is 0.35.

From point of view of photocatalytic activity, the defect
sites, such as oxygen vacancies are favourable adsorption
sites and charge carrier traps, and therefore their presence
is more desirable. Thus, the increased photocatalytic
performance of the layers with hierarchical structures
and the needles is expected. However, other parameters,
such as adsorption ability, the surface area and its mor-
phology should be also taken into account. In the authors’
previous study it was shown that hierarchical layers based
on the rods possess ca 4.5 times higher surface areas than
bare rods coupled with significantly higher photocatalytic
activity in the degradation of doxycycline [28].

3.4. Surface wettability measurements

The contact angle values are presented in Table 2.
According to the results obtained, samples S-2 (rods) and
S-3 (rods with needles and leaflets) are the most hydro-
philic ones, having the smallest contact angle when
measured from the inside of the water droplet placed
upon the surface of ZnO objects. The least hydrophilic
sample, on the other hand, was S-4 (pyramids).

Relative hydrophilicity of the surface, measured through
contact angle, should, however, be indirectly linked to the
surface hydroxylation, which is in turn responsible for the
production of radical species on the photocatalyst surface. If
superoxide radical is formed in reaction with conduction
band electron scavenged at surface vacancies of the semi-
conductor crystallites merely in the presence of oxygen,
than hydroxyl radicals’ formation is contingent on the so-
called deep hydroxylation of the surface, coupled with the
availability of surface defects. It has been shown on the
example of titanium dioxide that the amount of strongly
adsorbed water may vary significantly, depending on the
crystalline modification of the semiconductor and also on
synthesis conditions and surface structure [37]. In the latter
case, strong adsorption of water originates from the avail-
ability of free surface Ti** cations, and their amount
determines the degree of deep hydroxylation; similarity is
inevitable is case of another semiconductor, ZnO. Strong
water adsorption may be very different is case of various
surface structures, and this way objects having greater
amount of surface defects but not properly hydroxylated
yield more superoxide radicals or other radical species than
hydroxyl ones. However, superoxide radical is known to be
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Fig. 5. Room temperature PL spectra of ZnO layers (a) S-1, S-2, S-3 and (b) S-4, S-5.
Table 2 Table 3

Contact angle values for ZnO samples.

Sample Contact angle (°)
S-1 14.79 + 0.09
S-2 833+0.14
S-3 13.39 + 0.08
S-4 36.53 +0.25
S-5 23.30+0.08

a much weaker oxidant than hydroxyl radical [38]. This will
result in decreased substrate degradation rate and, thus,
decreased PCO efficiency. It should be noted here that this
characterises not the absolute amount of active species
produced, but the amount produced that is readily available
and powerful enough for subsequent oxidation reactions,
and it can be strongly influenced by the surface morphology
of catalytic materials and by structure of organic com-
pounds to be oxidised.

3.5. Adsorption

The results of the substrates’ adsorption are presented
in Table 3. In general, it can be seen that the adsorption
values decrease with the increase in the substances' molar
mass and dimensions, showing evidence of relatively
strong molecule geometry influence on adsorption. The
adsorption of MTBE is relatively high, with hierarchical
structures giving the best results (S-3, plates on rods, and
S-5, plates on pyramids), followed by plain rods (S-2),
whereas the adsorption results on needles and plain
pyramids are comparable. The connexion of MTBE adsorp-
tion to surface hydrophilicity is not well pronounced due
to relatively hydrophobic nature of MTBE molecule, which
is however well miscible in water. With RNO, the highest
adsorption results were observed with rods (S-2), which is
the most hydrophilic object. Some adsorption was
observed with S-4 and S-5 (more hydrophobic objects),
with S-5, being hierarchical structure, providing higher
results. HA and PNL, even larger molecules, were adsorbed
only on S-1 (needles). Consequently, among the degrada-
tion substrates used in this study, larger molecules appear
to adsorb better on plain structures.

Adsorption results of the substances under scope on ZnO layers; initial
concentrations of the substrates: MTBE (100 mg L~'), RNO (50 mg L"),
HA (25 mgL~1!), and PNL (25 mg L~ ').

Sample q (ngcm™?)
MTBE RNO HA PNL

s1 318 0 8 3
S2 709 61 0 0
s3 2049 0 0 0
sS4 329 2 0 0
S5 1384 8 0 0
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Fig. 6. Results of MTBE, RNO, HA and PNL photocatalytic oxidation by
ZnO layers (S1-S5) compared to P25 Evonik TiO, (MTBE is TiO, slurry,
1gL~", others are TiO, deposited upon plate, 0.6 mg cm~2).

3.6. Photocatalytic activity characterisation

3.6.1. MTBE

Fig. 6 shows the results obtained in MTBE PCO with
ZnO layers, compared to those of P25 Evonik (slurry). It
can be seen that the highest MTBE PCO efficiency
(518 mg O, W~ h~1) was exhibited by sample S-5 (pyr-
amids and needles), followed S-3 (rods and needles), S-4
(pyramids), S-2 (rods) and S-1 (needles). Even the least
effectively working object, S-1 (needles), still showed PCO
efficiency superior to that of P25 in slurry (244 and
170mg O, W' h~! respectively). It can be seen that
although the best results here were obtained with the
hierarchical structures, which are supposed to have more
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surface defects that may act as charge carrier traps and active
sites, and possess far greater surface area, the performance of
plain structures (rods and pyramids) was quite comparable to
that of the hierarchical structures (rods with needles and
leaflets). However, trying to synthesize catalysts with incre-
ased surface area should not be the main goal: it should
always be kept in mind that greater surface area does not
automatically result in increased adsorption, or greater photo-
catalytic activity, as it was noted both by the authors in the
earlier studies [33,39] and by other researchers [40,41].

In terms of the ZnO samples' hydrophilicity, it can be
seen that MTBE degrades well with both more or less
hydrophilic photocatalysts, although in general less hydro-
philic samples showed the best performance. This can be
explained by the fact that MTBE molecule is relatively
hydrophobic, although this effect is not pronounced to
such a degree where the performance of more hydrophilic
objects would be negligible.

When compared to the MTBE adsorption results, it can
be seen that in general higher adsorption of MTBE results
in higher PCO efficiency. However, S-5 showed ca. 20%
higher efficiency than S-3, which had nearly two times
higher adsorption of MTBE. This could be explained by a
greater radical species production by S-5, as radicals
production and adsorption capacity are likely not closely
connected.

When taking into account the PL results, one can see
that S-5, which has the highest defect content relatively to
other ZnO samples, indeed has the highest efficiency in
MTBE degradation.

To sum up, the production of reactive oxygen species
(ROS) at the ZnO surface defects, initiated the UV-
irradiation of the ZnO objects' surfaces, appears to be
sufficient for the efficient MTBE degradation. In case of
MTBE, it appears to be the quantity of various ROS (as
opposed to their composition) is enough to provide highly
efficient degradation results (far surpassing those of P25
titanium dioxide); adsorption as the prerequisite of photo-
catalysis does not seem to be of very high importance
consequently, it can be stated that radical oxidation is
predominant in MTBE photocatalytic decomposition.

3.6.2. RNO

In case of RNO, PCO efficiency generally declined from
S-1 to S-5; the results were significantly higher compared
to P25 Evonik titanium dioxide (1.45 mg W~ ' h~! for P25
and 44.7 for S-2). The results can be seen in Fig. 6.

In this instance, rods (S-2), a simple structure, showed
the best results as well, followed by needles (S-1) pyr-
amids (S-4); hierarchical structures, i.e. pyramids with
needles and leaflets (S-5) and rods in combination with
needles (S-3) showed no RNO degradation within the
limits of analytical precision. This can be explained by
the fact that unlike MTBE and HA, RNO is readily oxidised
only by hydroxyl radicals, but does not react with super-
oxide radicals or other peroxy compounds [34,42]. If the
surface defects under UV irradiation tend to produce
peroxy radicals, RNO degradation rate will decrease.

From the hydrodynamic point of view, leaflets and
needles, protruding from the surface of rods or pyramids,
may hinder RNO molecules from reaching the main body

of ZnO particles, as laminary liquid layer is created in
spaces between those close-lying structures. This, in turn,
should hinder RNO molecules' movement in the vicinity of
the ZnO surface by mass transfer, originating from solution
agitation, supplanting it with far slower diffusion process.
This will result in the decrease of the overall PCO effi-
ciency. At the same time, numerous sharp edges and tips
of needles and leaflets, when protruding into the turbu-
lent core of the moving liquid, serve as local turbulence
sources.

In case of RNO, the increase of PCO efficiency results
from the increased amount of hydroxyl radicals produced
by the photocatalyst surface that (or the vicinity of which)
can be readily reached by RNO molecules; this way, the
relative degradation rate of RNO by various ZnO samples
shows their hydroxyl radical production ability in relative
terms. Two most hydrophilic samples - S-2 and S-1 -
showed the best performance in RNO PCO; interestingly,
third most hydrophilic object - S-3 - showed no detect-
able RNO degradation, whereas some amount of RNO was
degraded by the least hydrophilic object (S-4) as well. This
can be explained by the surface geometry obstacles.

The adsorption results of RNO (see Table 3) show that
although higher adsorption in case of S-2 (rods) could be
connected with higher PCO efficiency, then e.g. S-1 (nee-
dles), which showed relatively good PCO efficiency exhib-
ited no adsorption, and on the contrary, S-5 (pyramids
with leaflets and needles) shows no RNO oxidation,
although its adsorption there is four times higher than in
case of S-4 (pyramids). As RNO is degraded by hydroxyl
radicals, it may be assumed that in case of the hierarchical
structures, the needles and leaflets could be producing
various peroxy radicals, as opposed to hydroxyl radicals
production by the plain structures; however, these are the
needles and leaflets where the adsorption of RNO is likely
to take place due to hydrodynamic and geometry obstacles
described above, or at least where RNO molecules can get
sufficiently close to the ZnO surface, into what we may call
radical mist, i.e. the zone where radical species formed on
the catalyst surface exist during their lifetime. When
compared to PL results, it can be seen that in case of
RNO the best PCO performance was provided by object
with the highest exciton content, i.e. S-2.

To conclude with RNO PCO, it can be stated that its
results show the comparative hydroxyl radical production
ability by the ZnO objects (at least the production of OH-
radicals available for RNO degradation), and it was shown in
most cases to be significantly higher than that of P25 TiO,.

3.6.3. Humic acid

With humic acid, the results obtained with several of
ZnO objects showed performance comparable or inferior
to P25: while P25 immobilised on glass substrate showed
41 mgW~'h™1, the result of S-2 (rods) and S-4 (pyra-
mids) was 1.5mg W' h~!, and that of S-1 (needles) was
45 mgW~1h~!, while object S-5 (pyramids with leaflets
and needles) showed no HA degradation. The results can
be seen in Fig. 6.

HA has been reported in the literature to be a radical
scavenger, this way, it can react to certain extent with
different radical types, but the majority of HA's degradation
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should originate from surface reactions of pre-adsorbed
molecules, when possible. As in case of RNO, sample S-5
(pyramids with needles and leaflets), that supposedly
produces small amounts of hydroxyl radicals vs. peroxy
radicals, showed no detectable HA degradation. Sample S-3
(rods and needles), having the same radical production
issues, on the other hand, showed performance second to
needle structure (S-1) only. Thus, from HA PCO perfor-
mance it can be seen that from ZnO objects it is oxidised
best by needle-containing structures that have also shown
their ability to produce hydroxyl radicals. The best perfor-
mance of S-1 should likely be also attributed to this object's
ability to adsorb certain amounts of HA. But on the whole,
as the adsorption on the surface of ZnO objects is poor, their
PCO performance was also mediocre.

It appears that HA PCO can be connected to the relative
amount of the ZnO objects' surface defects and adsorption:
S-1, providing both adsorption of HA and relatively high
defect amount, is most efficient in HA degradation. It is
followed by S-3, where no adsorption of HA could be
experimentally determined, but where there is still sufficient
number of defects, that can produce radicals, which, in the
vicinity of the photocatalyst surface, can degrade HA.

3.64. PNL

With PNL, several experiments with ZnO layers were
made, showing results inferior to that of P25 titanium dioxide
(6.2 at best with S-3 compared to 10.2 mg W~'h~1). While
S-5 showed no detectable PNL degradation, the results of S-1,
S-3 and S-4 were comparable, but still inferior to those of P25
(see Fig. 6). These results bear a certain similarity to the case
of HA, suggesting similarities in degradation mechanism:
indeed, PNL was also shown to be more sensitive towards
oxidation on photocatalyst surface [34].

3.6.5. Comparison

When comparing the action of ZnO samples towards the
substances under scope, it can be seen that objects S-4 and
S-5 seem to have less hydroxylated surface, resulting in
smaller production of OH-radicals, and, consequently, no or
low observable RNO degradation, whereas other objects
appear to produce hydroxyl radicals (i.e. reachable by the
substrates to be degraded) in the relative amount described
by the descending row S-2>S-1>S-4; S-3, which has
relatively hydrophilic surface and should thus produce more
hydroxyl radicals, showed no observable RNO degradation
likely due to surface geometry obstacles (total radicals
production vs. the amount of radicals readily available for
reactions). On the other hand, MTBE, although recalcitrant
towards conventional oxidation methods, was shown earlier
to yield well to PCO with various photocatalysts [33,39],
which had different surface properties, including hydrophy-
licity [39], although in the earlier studies more hydrophilic
catalysts showed in general better performance; this way, it
can be concluded that MTBE oxidises well with various
radical species. With HA and RNO, oxidised mostly by
surface reactions upon adsorption, or at least in the closest
vicinity of the photocatalyst surface, greater surface area
coupled with the ability of the surface to produce radical
species results in greater PCO efficiency, as it was seen in
case of needle-containing structures. Generally, with the

increase of molecule size, plain structures seem to be more
favoured in both adsorption and photocatalytic activity,
allowing to suggest greater obstacles in larger molecules
(among the investigated ones) adsorption on the hierarch-
ical objects. The availability of both surface defects and
excitons seem to produce favourable conditions for PCO,
depending on the substrate: if MTBE, HA and RNO were
better degraded with photocatalysts possessing greater rel-
ative abundance of surface defects (serving as charge carrier
traps and thus improving overall PCO performance), then in
case of RNO object with the highest relative exciton content
(together with highest hydrophilicity, meaning better OH-
radical production) has shown the best performance. It must
be noted that the different properties of the photocatalytic
materials discussed here do not influence PCO performance
in a discrete manner, but should be viewed as an inter-
dependent complex, together with the properties of degra-
dation substrates.

To sum up, the activity of the photocatalysts towards
various substrates depends on a combination of several
factors, some of them interconnected; the most important
(and perhaps equally important) of these are: (a) oxidant
production ability, dependent on semiconductor defects,
such as oxygen vacancies, and surface hydroxylation: this
accounts for the total possible oxidant production, whereas
surface morphology regulates the amount of oxidants avail-
able for surface reaction; (b) hydrodynamic aspects, which
should be viewed together with surface morphology, and
which regulate the amount of oxidants readily available for
substrate degradation in the vicinity of the photocatalyst
surface; (c) the ability of photocatalyst to adsorb degradation
substrates, which depends on both structure characteristics
and morphology; greater surface area does not immediately
result in greater adsorption, whereas increased adsorption
does not mean increased degradation rate: it is adsorption at
or in the closest vicinity of oxidant-producing sites that will
result in improved photocatalytic oxidation results. A photo-
catalyst with unselective performance should have highly
hydroxylated surface (enabling the production of more
potent hydroxyl radicals) and neutral surface; surface area
should be sufficiently high to provide good adsorption at the
oxidant-producing sites (surface defects), and at the same
time be able to provide as little as possible hydrodynamic
obstacles for the transfer of both substrate molecules and
radical oxidants in the vicinity of the photocatalyst surface.
Judging from the available results, needle-containing struc-
tures seem to combine the abovementioned qualities to the
highest extent among the objects studied in this research.

4. Conclusions

In this research, five ZnO layers with both plain (3) and
hierarchical (2) structure were synthesised; their propert-
ies were investigated using XRD and SEM, and their activity
assessed by aqueous photocatalytic oxidation (PCO) of four
organic substrates with different structure: methyl-tert-butyl
ether (TBE), humic acid (HA), N,N-dimethyl p-nitrosoaniline
(RNO), and prednisolone (PNL). The results obtained with ZnO
object were compared to those of P25 Evonik TiO,. Different
trends observed in the substrates’ PCO were explained by
the differences in the objects' surface morphology, relative
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production of various radical species, and different properties
of the substrates.

It was found that the degradation ability (PCO) of ZnO
layers differed significantly depending on the degradation
substrate. MTBE was the most efficiently degradable com-
pound by ZnO layers irrespective of their initial morphol-
ogy. Hierarchical layers either grown on the rod or
pyramidal shaped crystals showed at least three times
better performance compared to P25. Oppositely to MTBE,
RNO was effectively degraded by plain structures, namely
needles, plain rods or pyramid-shaped crystals without
any detectable degradation by hierarchical structures: the
performance bare rods exceeded that of TiO, (P25) 45
times. In case of humic acid (HA), ZnO with needle-like
morphology is most efficient sample showing very similar
degradation ability to P25 TiO,. PNL was the least degrad-
able by ZnO layers. The degradation ability is at least two
times lower than that of P25.

The observed differences were explained by the differ-
ent character of oxidising species produced by the ZnO
objects, and different interactions of these with the sub-
stances under scope. This, in turn, depends on the relative
amount of surface defects, surface morphology and hydro-
xylation of the ZnO structures' surface. Among the struc-
tures analysed in this study, needle-containing ZnO objects
appear to possess a combination of these qualities. As a
result, this is a material with efficient and at the same
times the least selective performance towards different
substrates in this study. This allows suggesting that objects
with similar morphology, surface properties and structure
should be given a more detailed study as both highly
efficient and potentially universal photocatalysts, over-
coming one of the main obstacles in successful photoca-
talytic oxidation implementation at a wider scale, i.e. the
selective performance of the process towards different
compounds. A determination of the photocatalyst proper-
ties optimisation direction, thus provided, is tied to the
respective synthesis conditions, the optimisation of which,
as a final outcome, would result in the creation of the
desired ideal or near-ideal photocatalyst, having highly
efficient and non-selective performance.
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Herein we present a comparative study on as-deposited, two-month-stored, and heat-treated ZnO rods
obtained by spray pyrolysis (SP) at 550°C, and electrodeposition (ED) at 80°C. The aim of the study
is to establish the reason for different behaviour of wettability and photocatalytic activity (PA) of SP
and ED rods. Samples were studied using XPS, SEM, XRD, Raman, contact angle (CA) measurements and
photocatalytic oxidation of doxycycline.

Wettability and PA are mainly controlled by surface composition rather than by morphology. The
relative amount of hydroxyl groups on the surface of as-deposited ED rods is four times higher compared
Chemical spray pyrolysis to as-deposited SP rods. Opposite to SP rods, ED rods contain oxygen vacancy defects (Vo). Therefore,
Electrodeposition as-deposited ED rods are superhydrophilic (CA~3°) and show highest PA among studied samples, being
XPS three times higher compared to SP rods (removing of 75% of doxycycline after 30 min). It was revealed
Wettability that as-deposited ED rods are inclined to faster contamination. The amount of C=C groups on the surface
Photocatalytic oxidation of aged ED rods is six times higher compared to aged SP rods. Stored ED samples become hydrophobic
(CA~120°) and PA decreases sharply while SP rods remain hydrophilic (CA ~50°), being more resistive

Keywords:
ZnO rods

to the contamination.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

ZnOis a one of the most important n-type semiconducting mate-
rial with a wide band gap (3.37eV) and a large exciton binding
energy of 60 meV at room temperature [1]. Due to its superior
inherent properties and other benefits including non-toxicity, low
cost, high electronic conductivity, and ease of fabrication with
a diversity of nanostructures ZnO has already found numerous
applications in optoelectronic devices, such as solar cells [2], light-
emitting diodes [3], gas sensors [4]. Due to controllable and peculiar
wetting properties, great attention has recently been devoted to the
ZnO for the development of photocatalytic, self-cleaning, antifog-
ging coatings [5-7]. Also ZnO nanomaterials have gained enormous
interest in biomedical applications, such as biomedical imaging,
drug delivery, gene delivery, and biosensing [8].

According to the literature, wettability may depend on both the
geometry and the chemical composition of the surface [9,10], these
in turn depend on deposition method and growth conditions. A
number of techniques for the deposition of ZnO nanostructures
have been reported, including hydrothermal growth [11], chem-

* Corresponding author.
E-mail address: tatjana.dedova@ttu.ee (T. Dedova).

http://dx.doi.org/10.1016/j.apsusc.2017.02.065
0169-4332/© 2017 Elsevier B.V. All rights reserved.

ical bath deposition [12], chemical vapor deposition [13], chemical
spray pyrolysis (SP) [14], electrodeposition (ED) [15]. The various
deposition methods listed here have their own individual advan-
tages and disadvantages.

For this study we have chosen SP and ED methods for a number
of reasons. Both methods are technologically attractive, being fast,
simple, and low-cost techniques, capable of being scaled up for pro-
ducing large area coatings. In both cases ZnO rods are obtained from
similar precursor, ZnCl,. SP rods are obtained by spray of the solu-
tion onto preheated substrates; growth temperatures 500°C and
above are used [14,16]. ED rods deposition is usually performed at
significantly lower temperatures around 80 °C in an aqueous solu-
tion [15,17]. Wetting properties of SP ZnO layers have yet to be
studied in detail [ 18], whereas wettability of electrodeposited ZnO
rods is studied to a certain extent [10,15,19-21].

Our systematic study on wettability of ZnO rods revealed the
difference in wettability of ZnO ED and SP rods after deposition
and within storage time. Technological details for preparation of
Zn0 nanostructures with desired morphology by these two meth-
ods are studied well. Therefore, we obtained ZnO nanostructures
with similar surface morphology and surface area and studied the
influence of the surface chemical composition on wettability and
photocatalytic activity.
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Fig. 1. SEM micrographs of (a) SP ZnO rods on ITO/glass substrate (A-type), (b) ED ZnO rods on ITO/glass substrate (B-type), (c) ED ZnO rods on TiO,/ITO/glass substrate

(C-type), the inset shows the corresponding SEM cross-section micrograph.

Table 1

Summary of dimensional parameters (Length-L, Diameter-D, nm), density of crystals, surface area of ZnO rods and preferred orientation of crystallites for ZnO rod layers.

Sample Dimensions Density of crystals, Surface area, Preferred crystallographic
S —— pes/em? cm?[cm? orientation
L, nm D, nm

SP (A-type) 750 300 6.25E+08 ~4 (002)

ED (B-type) 950 350 3.44E +08 ~4 (002)

ED (C-type) 450 70 1.75E+09 ~2 (101)

Here we present a complex study containing full overview on
the SP and ED layer properties. The aims of this work are: 1) to gain
a deeper understanding of as-deposited, aged, and heat-treated SP
and ED rod layers properties including surface chemical composi-
tion, wettability, morphology, crystallinity 2) to define the major
factors that determine the wettability and photocatalytic perfor-
mance of the ZnO rods layers. The relationship between wettability,
surface composition and photocatalytic activity of as-deposited,
aged, and heat-treated samples is established.

2. Experimental
2.1. Samples preparation

In this study we investigate three types of the ZnO rod sam-
ples: A - sprayed on ITO/glass substrate, B - electrochemically
deposited on ITO/glass substrate, C - electrochemically deposited
on TiO,/ITO/glass substrate. ITO/glass substrates with ITO thick-
ness of 150 nm were purchased from Zentrum Sonnenenergie and
Wasserstoff Forschung (ZSW). Each sample was studied right after
the deposition (as-deposited), then, after two weeks and again
after two months of storage in plastic boxes in the dark at room
temperature. To study the reversibility of ZnO rod layers from
hydrophobic to the initial superhydrophilic stage, two-month-aged
samples were annealed at 400 °C for 30 min in the air.

Previous studies have described SP set-up for ZnO rods depo-
sition in detail [16]. 50 mL of aqueous solution of ZnCl, (Sigma
Aldrich) with a concentration of 0.05M was sprayed onto the
heated substrates. The ZnO growth temperature was maintained
at 550°C. The solution spray rate and carrier gas (compressed air)
flow rate were 2.4 mL/min and 8 L/min, respectively.

ED ZnO rods deposition has been performed in accordance with
previous studies [15,17]. ED was carried out in a three-electrode
glass cell: the ITO/glass and TiO,/ITO/glass were used as a work-
ing electrode, the Ag/AgCl 3M KCl and the platinum wire were
used as reference and counter electrodes, respectively. ZnO ED rods
were grown from 0.2 mM aqueous solution of ZnCl, together with
0.1 M KCl solution saturated with O, under —1.0V potential using
Radiometer Analytical potentiostat PGP201. The growth tempera-
ture was kept at 80 °C. Deposition time was fixed to 45 min.

In order to deposit ZnO rod on TiO,/ITO substrates, TiO, seed
layer was prepared by SP method using the spray solution con-
taining titanium (IV) isopropoxide, acetylacetone and ethanol.
Deposition was carried out at a substrate temperature of 450°C
employing 1-125 spray pulses (1s spray and 30s pause) [22].

2.2. Characterization

The surface morphology of the ZnO layers was examined using
a high resolution scanning electron microscope (SEM), Zeiss HR
FESEM Ultra 55, at an acceleration voltage of 1.5kV. To calculate
and compare the surface areas of SP and ED rods, high resolution
SEM micrographs were used. Dimensions of the crystals, their aver-
age open surface area were calculated from 3 intentionally chosen
places of SEM image (plane and cross-sectional views) from area
of 2 x 2 wm?. The surface area of one ZnO crystal was calculated
according to the cylinder surface area (CSA) formula excluding one
bottom surface, CSA=mr? +27rh. The density of the crystals has
been counted from 10 x 10 wm? area.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
Ultima IV diffractometer operated at 40kV and at 40 mA (CuKa
radiation, A =1.5406 A) using the D/teX Ultra silicon strip detector
and a rotating sample holder. ZnO XRD reflections were indexed
according to JSPDS card no. 80-0074. The wettability of the films
was evaluated by the water contact angle (CA) measurements on a
DSA 25 (KRUSS Instrument) at room temperature, using the sessile
drop fitting method. At least three spots per substrate were aver-
aged. X-ray photoelectron spectroscopy (XPS) study was performed
on the Kratos Analytical AXIS ULTRA DLD spectrometer fitted with
the monochromatic Al Ko X-rays source and the achromatic Mg
Ko/Al Ko dual anode X-ray source. All the spectra have been charge-
corrected by taking C1s peak (BE=285.0eV) as reference. Raman
spectra of the films were recorded at room temperature on a
Horiba’s Lab Ram HR800 spectrometer using laser line at 532 nm
that was focused on the sample with spot diameter of 200 pm.

Photocatalytic activity of ZnO samples was measured through
the photocatalytic oxidation (PCO) of doxycycline (DC) (initial
concentration 25mg L-1). These experiments were carried out
in a 20-mL batch reactor equipped with a 2.7W UVA-LED (LZ1-
UVO00, LED Engin Inc.), providing radiation at 365 + 5 nm with the
irradiance intensity of 7.5mW cm~2, measured by Ocean Optics
UV-VIS-ES-2000+ radiometer equipped with cosine corrector. The
reactor was thermostatted at 204+ 0.5°C by cooling water jacket.
ZnO sample area was 2.5 cm2. The experimental time was chosen
to be 4h in accordance to the earlier studies [14,23].

3. Results and discussion
3.1. Morphology and structural properties

In this study we have chosen three types of ZnO rod samples: A,
B and C (details are given in the experimental part). Samples A and
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Table 2
Contact angle values of as-deposited, aged (stored in plastic boxes), and annealed ZnO rods.
Sample As-deposited Two-week-aged Two-month-aged Annealed
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Fig. 3. XPS spectra of as-deposited, aged, and heat-treated at 400 °C in air ZnO rod samples in the binding energy region of O1s; (a) SP rods (A-type) and (b) ED rods (B-type).

B (Fig. 1a, b) have similar morphology, where elongated hexagonal
rod-like ZnO crystals are perpendicularly attached to the substrate.
A and B both have nearly similar surface areas of ca. 4cm?2/cm?.
Sample C (Fig. 1c) differs in morphology compared to A and B, C

is composed of randomly distributed ZnO rods tilted towards the
substrate.

The dimensions, density of the crystals on a substrate, surface
area and preferable crystallographic orientation of the ZnO rods are
summarized in Table 1.
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Fig. 2 shows the XRD patterns of all three types of ZnO rod lay-
ers studied here. The most intensely sharp (002) reflection peak
at 20=34.39° of A and B rods reveals high crystallinity and strong
c-axis orientation of both SP and ED rods deposited on ITO/glass
substrate. Intensities ratio of XRD peaks, Iigo2)/l(101), is 24.5 for A-
rods and 3.5 for B-rods, indicating that the SP deposited rods have
much stronger c-axis orientation compared to ED rods. In contrast
to A and B, preferred crystallographic orientation of C-type ZnO
rods is along the (101) plane, parallel to the substrate, the (002)
reflection peak, at 20 =34.39¢, is barely visible in the XRD pattern of
sample C. XRD study is in a good correspondence with SEM images,
where it is clearly seen that A and B rods are only slightly tilted
and positioned almost vertically on the substrate, whereas C rods
are nearly parallel to the substrate surface (according to SEM cross-
section image shown as inset in Fig. 1c, tilting angle of C-rods is ca.
45°).

3.2. Wettability

Surface wettability of the ZnO rod layers was investigated by
measuring the static water contact angle (CA). Table 2 summarizes
the average water CAs values together with the droplet photos of
the as-deposited, two-week and two-month-stored in plastic boxes
and annealed at 400 °C rods of A, B and C-type.

According to the results, as-sprayed ZnO rods are hydrophilic in
nature with CA of ca. 12°. These values are close to earlier reported
for as-deposited ZnO nanostructured layers (CA of 11-13°) pro-
duced by spray from zinc acetate solutions [18].

Both electrochemically as-grown ZnO rod samples B and C are
superhydrophilic (CA <5-10° [13]) showing contact angle values
of 3° and 5°, respectively. These data are in a good correspondence
with Th. Pauporté’s studies, where superhydrophilic behavior of
electrodeposited ZnO rods (CA of ca. 2° or less) was reported
[15,20]. The contact angles of B and C are nearly similar in spite
of such a significant difference in crystals orientation and size. This
means that in our study the surface geometry (crystals orientation,
shape, “exposed” planes, distribution) has a minor effect on the
surface wetting properties. There are number of studies in the lit-
erature that support this observation. For example, K. Yadav et al.
[24] reported that morphology of the nanostructures does not play
a significant role in their wetting behaviour, but the defects in the
material may control the wettability. They reported that CA of the
oxygen-rich, oxygen-deficient and highly oxygen-deficient In;03
nanowires with similar morphology was 8°, 134° and 168°, respec-
tively [24].

Further, after keeping the samples in a plastic box for two weeks
the difference in wetting behaviour of ED and SP deposited rods
becomes more pronounced (Table 2). ED rods independent of the
crystals orientation showed a hydrophobic nature having a con-
tact angle of 112° and 104° for samples B and C, respectively. In a
contrast, the SP rod sample had smaller CA change from 12° to
40° after two weeks of storage in a plastic box. Longer storage
time (two months) in a plastic box did not change the wetting
behaviour of the SP and ED rods noticeably. CA of SP rods has
increased up to 50° and CA of ED rods has also increased slightly,
up to 120° and 111° for samples B and C, respectively. Thus, SP
rods remained hydrophilic even after two months of storage time.
Similarly to ED rods, the wettability of hydrothermally grown rods
have been reported to change from superhydrophilic (CA~0°) to
superhydrophobic (CA~ 150°) upon storage during 20 days in the
dark [25].

Reverse hydrophilic behaviour for all studied types of the rods
was detected after heat treatment of the samples at 400°C for
30mininair (Table 2). The water CAs decreased so remarkably that
ZnO rods surface turned back to highly hydrophilic stage. Again, CA
of SP rods has shown slightly higher values (CA ~9°) compared to
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Fig. 4. Raman spectra of as-deposited, aged, and heat-treated ED and SP ZnO rod
layers. Raman peaks located at 438 cm~" and 379 cm~" are attributed to the E, (high)
and A; (TO) Raman modes of wurtzite phase of ZnO, respectively [35].

ED ZnO rods (CA ~ 3°). Obtained values of heated samples are very
close to the CA values of as-deposited ones. Reversibility of the
wetting properties from hydrophobic to hydrophilic state is very
common feature for ZnO rods obtained by solution methods after
heating [13,26] or UV illumination [27].

3.3. XPS study

The surface composition of as-deposited, aged and heat-treated
SP (A-type) and ED grown rods (B-type) was investigated by XPS
analysis. Herein the O1s and C1s core level spectra are presented
only. Those spectra are of greatest interest for the evaluation of
chemical composition, presence and nature of defects, and degree
of surface contamination.

3.3.1. O1s core level spectra

Fig. 3represents the O1s core level spectra of as-deposited, aged
and heat-treated ZnO rods samples obtained by spray (a) and elec-
trodeposition (b).

The asymmetric O1s core level peaks were deconvoluted using
Lorentzian-Gaussian (function pseudo-Voigt) fitting analysis.

Inthe O1score level spectra of as-deposited SPZnO rods samples
the peaks observed at binding energy (BE) values of 530.4 + 0.3 eV
and 531.9+0.1eV are ascribed to the Me-O bond [28] and to the
surface hydroxyl (—OH) groups [29], respectively. The Me-O bond
in our case originates from two oxides: ZnO and In;03:Sn (ITO). In
order to calculate the atomic concentration of single Zn-O compo-
nent, In-O part coming from the ITO substrate was deducted from
the Me-O peak area. Atomic concentrations of all the components
(Zn—0, Vo, —0H, H;,0) found in O1s core level spectrum of SP and
ED ZnO rod samples were calculated from integrated areas of the
O1s spectrum using Scofield$ cross-sections. Atomic ratios of the
components, OH/Zn-0 and Vo/Zn-0, are summarized in Table 3.

Relative amount of hydroxyl groups remains almost similar dur-
ing all modification steps for SP rods (See Table 3). On the spectrum
of the aged SPZnO rods sample a low intensity peak at BE 0f 533.6 eV
was found. This peak is usually assigned to the oxygen bonds with
carbon, C—0 and C=0 or H, 0, and disappears from the O1s spectra
of heat-treated SP rods (Fig. 3a) [30,31].

In the O1s core level spectrum of as-deposited ED ZnO rods sam-
ple, the peaks at BE of 530.1+0.2eV is ascribed to Me-O [28], at
531.1eV to the oxygen deficient region i.e. oxygen vacancies (Vo)
[1,32,33,34], at 531.9 eV to the surface hydroxyl groups [29], and
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Table 3
XPS analysis data (atomic ratios of the OH/Zn-O and Vo/Zn-0) obtained from the O1s core level peaks.
SP (A-type) ED (B-type)
As-dep. Two-month-aged Annealed As-dep. Two-month-aged Annealed
[OH]/[zn-0O], 0.3 0.3 0.4 1.2 0.7 0.8
arb.units (at%/at%)
[Vol/[Zn-0] - - - 0.4 0.3 0.2

arb.units (at%/at%)

the peak at BE of 533.2+0.4eV is associated with the C—0, C=0
and H, 0 species [30,31].

The main difference in the O1s spectra of SP and ED samples
is the presence of a peak at BE of 531.1eV in the case of ED rods
independent of storage or treatment and an absence of this peak in
the spectrum of SP rod samples (Fig. 3, Table 3).

PL and Raman studies provide additional confirmation about
the defect nature of ED rods. Raman spectra of SP and ED rods are
presented in Fig. 4. In addition to the main Raman modes at 331,
379 and 438 cm~! characteristic of both SP and ED samples, a wide
band centred at 564 cm~! could be detected on Raman spectra of
ED rods only. Raman shift located in the region of 560-580 cm~! is
associated with the oxygen vacancy defect, Vo [35-37].

According to the PL spectra presented by different authors ear-
lier [38], ED rods usually exhibit broad self-activated (SA) emission
band at around 500 nm associated with oxygen vacancy defects,
and weak near band edge (NBE) emission peak (Ingg/Isa ~2). In
contrast to ED rods, SP rods show weak SA emission band and
possess intense NBE band, the evidence of high crystalline qual-
ity (Inge/Isa =30 [35]). Thus, according to the PL and Raman data,
the ED rods probably contain oxygen vacancy defects, and the O1s

core level peak at BE of 531.1eV is likely associated with the oxy-
genvacancies, while SP rods have higher crystalline quality without
those defects.

It has been reported in the literature that the oxygen vacancy
defects possess enhanced adsorption energy and subsequently high
capability to bind the hydroxyl groups [39,40]. That kind of inter-
dependency between oxygen vacancies and hydroxyl groups on
a surface is characteristic of ED rods, namely, the higher amount
of Vo leads to the higher amount of OH on the sample sur-
face (Table 3). For example, [Vo]/[Zn-0]=0.4 and [OH]/[Zn-0]=1.2
are characteristic of as-deposited ED rods; [Vo]/[Zn-0]=0.2 and
[OH]/[Zn-0]=0.8 are characteristic of annealed ED rods.

In fact, XPS O1s spectra show that the relative difference of
hydroxyl groups (RDoy) for ED ZnO rods is four times higher com-
pared to SPZnO rods. RDoy on the surface of ED and SP as-deposited
rods was evaluated according to the following Eq. (1).

((Qan))
EDas —dep.\  \ (Czn0) Jpp 12
RDox (SPas — dep. ) ~ (Cza—on) T 03 =40 M

(Czn-0) “sp
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It is also commonly accepted that in ED process the Zn(OH)n
species are formed in the solution as an intermediate product prior
to the dehydration of Zn(OH)n to ZnO [28]. In contrary to ED rods,
the SP rods are fabricated at high temperature and relative amount
of hydroxyl groups is expected to be lower (Table 3).

Results on XPS studies are in good correlation with the wet-
tability studies showing that higher amount of hydroxyl groups
contributes to higher hydrophilicity for as-deposited samples.
According to the wettability studies, the CA for as-deposited SP
rods (CA~12°) is higher than CA of as-deposited ED rods (CA~ 3°)
(Table 2).

However, it seems that wettability cannot be directly connected
to the amount of hydroxyl groups of aged samples. For example,
relative amount of hydroxyl groups for aged ED sample is ca. two
times higher than aged SP sample has (Table 3), but CA is 120° and
50° for aged ED and SP rods, respectively. Also, as-grown and aged
SP rods have similar relative amount of hydroxyl group (Table 3),
but CA values are higher for aged sample (Table 2). We assume that
hydroxyl groups in aged samples are not active anymore, being
inactivated by carbon species during storage. This assumption is
strongly supported by the fact that CA values of both ED and SP sam-
ples drop down after thermal treatment, and the surfaces become
hydrophilic, although no significant change is detected in relative
amount of hydroxyl groups (Table 3). Thus, the relative amount of
hydroxyl groups affects the wettability of as-deposited ZnO rods
but not of aged samples.

3.3.2. Cls core level spectra

Fig. 5 represents the C1s core level spectra of as-deposited, aged,
and heat-treated ZnO rods samples obtained by spray (a) and elec-
trodeposition (b). The Cl1s core level spectra of SP and ED rods
are resolved into four main peaks with BE of 285.0eV, 285.7 eV,
286.5+0.3eV and 289.0eV corresponding to the C=C, C—C/C—H,
C—0—C/C—0 and COOH/C=0, respectively [41].

Furthermore, we are focusing our discussion on hydrocarbon
species (C=C, C—C/C—H) as these are more dominant over oxygen
containing organics (C—0-C/C—0, COOH/C=0).

A common source of such unintentional contamination is the
presence of hydrocarbons in ambient air. The concentrations of
volatile organic compounds (VOCs; for example, alkanes, alkenes,
aromatics and alcohols) in air are typically in the ppb to ppm range.
Many surfaces are known to adsorb hydrocarbon from ambient
air, including metals, TiO,, SiO,, etc. Such hydrocarbon adsorp-
tion decreases the surface energy of the substrate and increases its
hydrophobicity, which is reflected as an increase of their CA [42].

The intensity of the C=C peak of two-month-aged ED sample
is about three times higher than that of as-deposited ED sample
(Table 4). At the same time the aging almost does not affect the
intensity of the C=C peak of SP sample although some increase in
C—O0 peak with BE at 286.8 eV could be observed (Fig. 5). In addition,
Raman spectra of aged ED rods show broad bands in the region of
1250-1750cm~" (Fig. 4), usually assigned to the C—C, C—H species
[43].Raman spectra of as-deposited ED rods and SP rods both do not
exhibit any shift in that region. Consequently, XPS and Raman stud-
ies both confirm that as-deposited ED rods have higher inclination
to be contaminated with carbon species compared to SP rods.

Those results are in a good accordance with the water con-
tact angle measurements as SP rods remain hydrophilic even after
two months of storage time (CA~50°), whereas ED rods turned
from superhydrophilic to hydrophobic, CA increased from 3° to
120° upon aging. In agreement with Y. Liu et al. [44] and our XPS
results, wettability alteration of ZnO rod layers from hydrophilic
to hydrophobic state is associated with the adsorption of organic
contaminants.

After thermal treatment the intensity of the C=C peak of ED
sample decreases more than ten times and more than three times

OH O OH O O
PR
NH,
OH
He 0 OHT N
3
HsC~ “CHs

Fig. 6. Doxycycline molecule structure [23].
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Fig. 7. Decrease of doxycycline normalised concentration in-time.

for the SP sample compared to the correspondent aged sample
(Table 4). Additionally, the Raman spectrum of annealed after aging
ED rods (Fig. 4) demonstrates that broadened peak in the region of
1250-1750 cm~! corresponding to C—C, C—H species, present in the
spectrum of aged ED sample, disappears after heat treatment. Both
annealed samples show reversible wettability behaviour, CA val-
ues dropped back down to the initial values independent of the ZnO
rods type mainly due to the efficient removal organic contaminants
from the sample surface upon annealing.

Thus, according to the wettability, XPS and Raman study, as-
deposited ED rods contain higher amount of hydroxyl groups and
Vo defects on a surface and, therefore, they are inclined to the faster
and easier contamination by organic species from air and plastic
boxes.

3.4. Photocatalytic activity of as-deposited, aged, and
heat-treated samples

Photocatalytic activity of as-deposited, aged, and heat-treated
(after two month aging) samples was studied using the removal of
a tetracycline group antibiotic, doxycycline. Doxycycline molecule
structure is presented in Fig. 6. The decrease of doxycycline nor-
malised concentration within time is presented in Fig. 7.

According toFig. 7, as-deposited ED rods have shown the highest
photocatalytic activity among all the studied samples: ca. 75% of the
initial amount of doxycycline was removed already after 30 min,
with ca. 85% removal observed after the experimental time of 4 h
under the influence of as-deposited ED rod sample. However, aging
reduced the performance of the ED rods drastically: only 30% of
the initial doxycycline was removed. The observed low photocat-
alytic activity of aged ED rods is caused by surface contamination
of the sample. The surface of the aged rods is highly hydrophobic
(CA~120 °) being contaminated by airborne hydrocarbon species
(XPS study) that can decrease doxycycline adsorption on the ZnO
rods, and more importantly those hydrocarbons will be the primary
targets for produced oxidants, leaving less of these for doxycycline.

Opposite to ED rods, photocatalytic activity of SP rods does not
change markedly with aging of the samples. After the experimental
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Table 4

Intensities (I) of C=C peaks at BE=285 eV from C1s core level spectra for ZnO samples.
SP (A-type) ED (B-type)
As-dep. Two-month-aged Annealed As-dep. Two-month-aged Annealed
1400 1500 400 2700 9000 600

time of 4 h, as-deposited SP rods removed ca. 50% of doxycycline,
while the aged ones were able to remove ca. 30%. This is an addi-
tional complementation that the surface properties of SP rods do
not change significantly.

Photocatalytic activity of ED rods is ca. three times higher than
as-deposited SP rods. According to the wettability, XPS and Raman
studies, as-deposited ED rods contain higher amount of hydroxyl
groups and Vo defects on a surface. It is well-known in the litera-
ture that oxygen vacancies and hydroxyl groups make the surface
hydrophilic or superhydrophilic and facilitate the trapping of pho-
toinduced electrons and holes, thus enhancing the photocatalytic
degradation process [29]. However, they may also effectively serve
as adsorption sites for the airborne contaminants, most likely the
VOCs, which leads to the long-term reduction of the ED rods’ pho-
tocatalytic activity, observed in this study.

In order to study whether the PA activity of aged samples can
be restored after heat treatment, aged ED and SP samples were
annealed and corresponding PA tests were performed (Fig. 7). PA
activity of annealed ED samples has slightly improved compared
to aged ED sample (69 and 56% of doxycycline removed, respec-
tively), but the original activity of the as-deposited samples was not
restored. This result is in a correspondence with the XPS study, that
shows that relative amount of OH groups and vacancies on a sur-
face of annealed ED sample is still lower than that on as-deposited
sample (Table 3). On the other hand, the annealing of aged SP rods
was able to restore their PA to the level of as-deposited sample:
60% of the initial doxycycline was removed. Thus, according to the
results obtained in this study, the reversibility in wettability was
not accompanied by similar reversibility in photocatalytic activity
of SP and ED ZnO rods.

4. Conclusions

In this work we have studied and compared the wettability,
surface composition and photocatalytic activity of as-deposited,
two-month-aged, and heat-treated electrodeposited (ED) and
spray pyrolysed (SP) ZnO rods.

Our study is an instalment confirmation that the surface
composition, namely, the amount of hydroxyl groups on a sur-
face determine the wettability and photocatalytic properties of
as-deposited samples making the surfaces hydrophilic and pho-
catalytically active. Opposite to as-deposited ZnO rods, impact of
hydroxyl groups of aged samples is completely shaded by onset-
ting airborne hydrocarbon contamination within the storage time.
Hydrocarbons onsetting on the surface make the surface of the aged
ED rods hydrophobic and photocatalytically less active.

According to the XPS analysis, as-deposited ED ZnO rods sam-
ples contain four times higher amount of hydroxyl groups and
defects such as oxygen vacancies, compared to analogue SP rods.
Such surface composition makes the as-deposited ED rods highly
hydrophilic (CA ~ 3°) and photocatalytically active. Ca. 75% of doxy-
cycline, has been removed by as-deposited ED rods already after
30 min of treatment. However, as-deposited ED rods are inclined to
become quickly contaminated from contact with the air and already
after two weeks ED samples become hydrophobic with CA of 112°,
and photocatalytic performance drops down four times.

ZnO spray deposited rods have good crystalline quality accord-
ing to the XRD and Raman studies. However, the low number of
hydroxide groups and absence of oxygen vacancy defects reduces

the photocatalitycal performance of as-deposited SP ZnO rods. The
photocatalytic activity of as-deposited SPZnO rods is ca. three times
lower than that of as-deposited ED rods (20% of doxycycline was
removed after 30 min). However, the rate at which contaminates
accumulate on a surface of SP rods is slower compared to ED, even
after two months of storage the samples didn’t change wettability
significantly, the CA is 50° instead of 12° and photocatalytic per-
formance is about 1.5 times lower for the two-month-aged spray
rods compared to as-deposited ones.

The annealing of the rods restore the PA activity of SP rods
and show only moderate improvement in case of ED rods. Conse-
quently, significance of usage of the as-deposited layers for further
manipulations or potential applications such as photocatalysis can-
not be underestimated.
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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).
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Catalyst Synthesis method Pollutant Photodegradation time Photod.e.gradatlon Ref.
efficiency
ZnO flower-like layer MO . o
1g CBD 20 mg I 240 min 2% [66]
Zn0 nanoparticles 60 min 85 %
25mg
ZnO nanorod layer 60 min 90 %
25mg MO
ZnO nanosheet layer hydrothermal method 20mg It [36]
Y & 60 min 100 %
25mg
ZnO0 hierarchical flower layer 40 min 100 %
25mg
MO
60 mi 0.39
ZnO nanorods layer thermal decomposition 3x10°M min % [67]
500 mg method MB . o
3 %105 M 60 min 26%
Zn0 nanorod layer hydrothermal method 60 min 50 %
10 mg MO (62]
. -1
TiO, P25 ) 20mg | 60 min 25 9%
10 mg
ZnO hierarchical flower-like MO
layer aqueous solution route 5.0x105M 100 min 99.6 % [29]
30 mg )
ZnO hierarchical flower-like thermal decomposition MO . .
layer method 105 M 100 min 85 % [37]
0.0158 g




00T

Zn0 spherical

nanostructures 140 min 98 %
10 mg hydrothermal method
ZnO flower-like layer MO [30]
¥ 25 mg I 140 min 75%
10 mg
Zn0 nanoparticles Commercial (Aladdin) 140 min 95 %
10 mg
DCB
IOmC 11 60 min 95 %
ZnO nanowire layer hydrothermal method £
MO .
" 60 min 50%
20mg | [64]
10DnC18 o 60 min 100 %
TiO, P25 - v cg)
1 0,
20 mg It 60 min 100 %
MO .
Zn0 nanorod layer hydrothermal method i 60 min 20% [68]
5mgl?t
, MO , .
Zn0 nanorod layer solution growth 20 mg I 60 min 28 % [63]
ZnO nanoparticles . AO7 . o
160 mg/! Commercial (Mereck Co.) 20 mg I 60 min 100 % [69]
Zn0 nanocrystal layer o Diazinon . o
150 mg/! precipitation method 20 mg I 60 min 75 % [70]
ZnO tetrapods . MO, AO7, MB, R6G . o
50 mg evaporating 20 mg I 5-10 min 100 %
) [33]
Zn0O nanoparticles commercial Sigma-Aldrich MO, A7, MB, R6G 10-30 min 95-100 %

50 mg

20 mg It




10T

Zn0 nanoparticles

Commercial catalyst 5

MB

50 mg types 5 mg It 6-60 and more min 100 % [71]
MO .
Zn0 nanorod layers ED 10 mg I 60 min 13% [72]
) SA .
Zn0 nanostructured film uspP 01M 60 min 10-20% [73]
. MB .
ZnO microrod layer SP 105 M 60 min 78 % [74]
DC .
ZnO rod layer SP 25 mg Lt 60 min 1%
[35]
ZnO0 hierarchical rod layer SP 25 r?é L1 60 min 2%
ZnO film SP 13450M 60 min 45 % [75]
MO .
ZnO rod layer CBD 10 mg I 180 min 98.6 % [76]
Zn0 powder Commercial (Nuclear, Remazol Black B, Remazol Brilliant . .
125 mg 99%) Blue R 60 min 100 % [58]
50 mg It
gnsogg;lowder Commercial (Merck) 55?7129” 25 min 100 % [59]
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Zn0O powder

Acid brown 14

. H )
2.5/l Commercial (Merck) c 0x10%M 60 min 62 % [60]
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& Commercial (Merck) e [61]
ZnO powder R6G 60 min 29%
0.5 g/l 25 mgI? °
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Table 2.3 Descriptions of micropollutants used in this thesis.

Type of micropollutant

Molecule structure

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 [lll].

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 [lll].

'\.HN_‘_."
N,N-dimethyl p-nitrosoaniline (RNO) is an aromatic compound, applied in measuring the number of hydroxyl radicals in various (L“‘
advanced oxidation processes, due to the RNO decolouration upon reaction of its molecule with hydroxyl radical [ll1]. =
M.
o
HL"J
Prednisolone (PNL) is a widely used glucocorticoid anti-inflammatory agent, and is a very common emerging micropollutant ﬁ i
[1m].
o4 o
APy ,\TJ\/«NH

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