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Introduction

Energy depletion and environmental pollution are the urgent issues that humanity is
facing nowadays due to the economic growth and rapid increase of population. In
particular, water pollution has caused severe impact on the quality of human’s life and
ecosystem. Numerous physicochemical and biological methods such as adsorption,
filtration, and precipitation have been employed for water and wastewater treatment.
However, these techniques cannot sufficiently remove effluents from wastewater, still
leaving behind the residues of contaminants in the water streams from ppb to ppm
concentrations. For this reason, advanced oxidation processes (AOPs), based on the
generation of strong oxidants such as hydroxyl radicals and superoxide radicals, have
been proposed as an additional step to mineralize organic pollutants [1].
Photocatalysis, as one of the most promising AOPs, has been widely studied for water
and wastewater treatment owning to its ability to degrade organic pollutants to CO2
and H20 under light irradiation [2]. To date, semiconductors such as TiO2, ZnO, NiO,
CdS, and ZnS have been used as photocatalysts in photocatalysis process for water
and wastewater treatment. Among these semiconductors, TiO2 is the mostly studied
photocatalyst due to its excellent photocatalytic activity (PA), nontoxicity, and
chemical stability. Another photocatalyst, ZnO is also considered as an efficient and
alternative to TiO2. Nevertheless, the main drawbacks of TiO2 and ZnO photocatalysts
are the fast recombination of photogenerated electron-hole pairs and weak absorption
of visible light [3]. However, compared to TiOz, ZnO is easy to synthesize in various
morphologies. To overcome the drawbacks of ZnO as photocatalyst, several
modification methods have been employed to improve the PA of ZnO, such as metal/
non-metal doping, and coupling with a metal or semiconductors [4]. NiO has also been
used as a photocatalyst to degrade organic pollutants in water owning to its
tunable bandgap, chemical stability and low cost [5]. As a p-type semiconductor,
NiO is a suitable candidate for coupling with ZnO to form p-n heterostructure
and enhancing the PA by such approach.

To date, ZnO and NiO photocatalysts are mostly studied in their powdery form due
to their high surface area [6]. However, photocatalyst in its powdery form has
drawbacks such as particle agglomeration and difficulty of separation of
the photocatalyst from aqueous medium. Hence, immobilizing a photocatalyst
on a substrate is a more proper approach due to its easy separation from
aqueous medium. The development of photocatalytically efficient ZnO nanorod
and NiO film based photocatalysts on substrates by simple and low-cost fabrication
methods is of vital importance for further large-scale applications.

The aim of this dissertation was development of strategies for the synthesis of ZnO
and NiO based layers as photocatalytic coatings on glass substrates by low-cost chemical
solution methods such as hydrothermal growth and chemical spray pyrolysis. ZnO in the
form of nanorod layers (ZnOnr) that possess much higher surface area compared to thin
films, and NiO thin films with high chemical stability and p-type conductivity were
chosen as materials to study. The methodology applied includes the experimental
investigation of the relationship between the technological parameters of synthesis
and physico-chemical properties of ZnO and NiO in order to find out the
technological routes for preparation of materials with enhanced photocatalytic activity.

The first objective of the thesis was the synthesis of photocatalytically efficient
ZnOnr/Au composites. The effect of ZnOwnr treatment with HAuCls on ZnOnr/Au



composite formation and its optical properties, surface chemical composition
and photocatalytic performance was studied.

The second objective was focused on synthesis of photocatalytically active NiO films
by cost-effective chemical spray method. Herein, the effect of deposition
temperature and solvent type on structural, optical, and surface properties, including
photocatalytic activity of NiO films produced by pneumatic spray pyrolysis
method using nickel acetate as source material was studied.

The third objective was development of ZnOnr/NiO n-p core-shell heterostructures
with improved photocatalytic performance. To obtain this goal, the technology for
deposition of uniform NiO thin films by ultrasonic spray method was elaborated using
nickel acetylacetonate as a precursor material. Ultrasonically sprayed NiO films were
applied to form ZnO/NiO heterostructures. The impact of NiO deposition temperature
on NiO film properties, ZnO/NiO bilayer heterostructure formation and photocatalytic
activity was studied. Based on those results, the most suitable process parameters were
selected for ZnOngr/NiO core-shell heterostructure fabrication.

This dissertation is based on three published papers and consists of three chapters.
The first chapter contains a literature overview on the photocatalysis mechanism,
main semiconductor photocatalysts, and current status of investigations on ZnO and
NiO photocatalysts. At the end of the first chapter, a summary of literature overview
and the aim of the study are presented. Applied experimental procedures and
characterization methods are summarized in the second chapter.

The third chapter is composed of three sections presenting the main results of the
thesis. The first section of this chapter summarizes the results of paper | on synthesis
and properties of ZnOnr/Au composite. The second section summarizes the results of
paper Il on deposition and properties of NiO films grown by pneumatic spray. The third
section summarizes the results of paper lll on deposition of NiO thin films by ultrasonic
spray, and formation and characterization of ZnO/NiO heterostructures with enhanced
photocatalytic performance.

The novelty of this study lies within the new strategies for synthesis of
photocatalytically active ZnO nanorod and NiO thin film based materials by simple and
cost-effective chemical methods. Novelties of the study could be listed as follows. In
paper |, for the first time Au NPs were produced by spin-coating of HAuCls solution onto
ZnOnr layers followed by thermal treatment to form ZnOnr/Au composite with
enhanced PA. In paper |IlI, by systematic study the effect of deposition
conditions on surface properties of pneumatically sprayed NiO films we showed
that the deposition temperature is the main technological parameter controlling
the content of surface hydroxyl groups on the film surface, and consequently, the
film photocatalytic performance. In paper Ill, we demonstrated for the first time
that homogeneous crystalline films of NiO with cubic structure can be successfully
grown on different substrates by employing a robust ultrasonic spray
technique and nickel acetylacetonate as a source material. For the first time
ultrasonically sprayed NiO film has been applied to ZnOnr layer to form ZnOnr/
NiO core-shell heterostructure demonstrating significantly enhanced photocatalytic
performance compared to pristine ZnOnr.

Current research is a continuation of previous studies on the growth and properties
of ZnO nanostructures [7-9] performed at the Laboratory of Thin Film Chemical
Technologies, Tallinn University of Technology, Estonia. The thesis is directly related
to the research topics on the development of semiconductor materials and devices by
the Laboratory. The study has been financially supported by Estonian Research Council
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projects IUT 19-4 “Thin films and nanomaterials by wet-chemical methods for
next-generation photovoltaics”, PRG627 “Antimony-chalcogenide thin films for the next
generation of semi-transparent solar cells for use in power-producing windows”,
the Estonian Centre of Excellence project TK141 (TAR16016EK) “Advanced materials and
high-technology devices for energy recuperation systems”, the European Commission’s
H2020 programme under the ERA Chair project 5GSOLAR grant agreement No 952509,
and ASTRA “TUT Institutional Development Programme for 2016-2022" Graduate School
of Functional Materials and Technologies (2014-2020.4.01.16-0032).
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1 Literature overview

1.1 Photocatalysis

Photocatalysis is a process of decomposition of organic pollutants based on the
generation of hydroxyl radicals under light irradiation [4, 10-12]. Photocatalysis has the
advantages over other water purification methods due to its cost-effectiveness,
environmental benignity, and the ability to mineralize organic pollutants into CO2 and
H20 [4, 10-12]. In particular, it is an effective way to remove persistent organic pollutants
such as pharmaceuticals, pesticides, and endocrine-disrupting chemicals in a low
concentration (such as ppm) [4, 10-12].

Photocatalysis processes are divided into homogeneous and heterogeneous classes
[4]. In homogeneous photocatalysis pollutants and photocatalysts are in the same phase,
whereas in heterogeneous photocatalysis pollutants and photocatalysts are in different
phases [4]. Heterogeneous photocatalysis favoring its advantage of easy separation
of photocatalysts from aqueous medium is more widely accepted [4]. Semiconductors
are usually used as photocatalysts in heterogenous photocatalysis [4].
Semiconductor photocatalysts have found numerous applications in environmental
and energy fields such as water and wastewater treatment, air purification,
photocatalytic hydrogen production, also in the development in self-cleaning,
antifogging, antibacterial coatings, and even in cancer treatment [13].

In water and wastewater treatment, semiconductor photocatalysts are used to
degrade various organic pollutants including textile dyes, antibiotics, analgesics,
herbicides, and pesticides [14].

Thus, heterogeneous photocatalysis is a promising approach to be widely applied for
environmental applications [15].

1.1.1 Mechanism of photocatalysis

The photocatalytic process may happen when the photocatalytic material is irradiated
by light. The photocatalytic process is illustrated in Figure 1.1.

SeS
€
s
( | " \ —
i S e 1
1 Organic i o
i | Pollutants C0zEHG E
VB + /'\ ___________________ ’
HO"

H:0

0:

Excitation

Figure 1.1. Basic mechanism of photocatalysis based on semiconductors [16].

When the semiconductor photocatalyst is photo-induced by light with the photon
energy equal to or larger than its bandgap energy (Eg), electron/hole pairs are formed
(Eq. (1)) [4]. The photogenerated e7/h* pairs then move to the surface of photocatalysts
to participate in redox reactions with adsorbed pollutants. In oxidation reactions, holes,
h*we), react with H20 or hydroxide ion (OH™) to generate hydroxyl radicals (*OH) (Eqg. (2),
(3)). In reduction reaction, electrons, e”(cs), react with oxygen to generate superoxide
radicals (*027) (Eq. (4)) [17]. In addition, *O2", can react with H20 or H* to form hydrogen
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peroxide (H202), which subsequently produces *OH (Eq. (5-10)) [4, 17-19]. The resulting
‘OH and *0: species are powerful oxidizing and reducing agents, respectively, to
decompose organic pollutants to CO2 and H20 (Eq. (11)) [18]. The basic principles behind
the photocatalytic reactions can be summarized as follows [4, 17-19]:

hv + MeO - MeO (h*ve)+ e (cs) (1)
h*we)+ H20 - H* + "OH (2)
h*(ve)+ OH™ > *OH (3)
e+ 02> "0 (4)
*02" + H* > HO?® (5)
HO2°+ HO2® - H202 +02 (6)
‘02" + H20 + H* - H202 + 02 (7)
H202 + e7(cs) > ‘OH + OH~ (8)
H20:2 +°02” - *OH + OH™ + 02 (9)
H20z + hv > 2°OH (10)
Pollutant + "OH/ "0z~ = intermediates = CO3 + H20 (11)

The separation of photogenerated e7/h* pairs is the most important step in the
photocatalytic reaction process since a large number of e/h* pairs recombine while
migrating to the surface. The recombination of e7/h* pairs will result in a decrease of PA.
Thus, the key for enhancing PA is to prolong the lifetime of photogenerated charge carriers.

1.1.2 Main semiconductor photocatalysts

Semiconductor photocatalysts have the ability to fully degrade organic pollutants to CO, and
H20. In particular, the remarkable mineralization ability to low concentrations (in ppm) of
non-biodegradable organic pollutants makes photocatalysts ideal materials for water and
wastewater treatment.

In general, an ideal photocatalyst should be photoactive under UV, visible, or solar light;
nontoxic; inexpensive; abundant in nature; stable during photocatalytic reactions; and must
have high redox potential to produce sufficient amount of hydroxyl radicals [20]. All these
features are key factors for efficient photocatalysts. To date, a large number of
semiconductors have been used to study their PA such as metal oxides (TiO2 [21], ZnO [4],
Sn02 [22], WOs [23], Fe203 [24], Cu20 [25], NiO [26]), metal sulfides (CdS [27], ZnS [28]), and
nonmetal semiconductors (g-CaN4 [29], SiC [30]).

Among the various semiconductor materials, metal-oxide based photocatalysts are
commonly used. TiOz is the mostly studied photocatalyst due to its excellent photocatalytic
activity, low cost, chemical and photo stability, and nontoxicity [24]. It has been extensively
investigated for numerous applications such as water and air purification, hydrogen
evolution, self-cleaning, anti-bacterial surfaces and cancer therapy [31]. However, its large
bandgap energy of 3.2 eV and fast recombination of the photogenerated electron-hole pairs
are the main drawbacks limiting its PA [24].

The PA of TiO: has also been investigated at the Department of Materials and
Environmental Technology, Tallinn University of Technology. Namely, photocatalytic
properties of TiO2 powders [32-35] and TiO2 coatings on a substrate prepared by sol-gel
method [36] have been studied in Laboratory of Environmental Technology. Photocatalytic
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performance of TiO2 thin film deposited by spray method [37, 38] has been studied in
Laboratory of Thin Film Chemical Technologies.

Zn0 (Eg=3.37 eV) is also widely studied photocatalytic material because ZnO shows
excellent photocatalytic activity with advantages of good thermal stability at room
temperature and nontoxicity [4]. Similar to TiO,, ZnO also suffer from fast
recombination of electron-hole pairs [4].

Sn02 (Eg=3.5 eV) [22] photocatalyst is active under UV light irradiation, while WO3
(Eg=2.7-2.8 eV) [23], Cu20 (Eg=2.2 eV) [25], and Fe203 (Eg=2.0-2.2 eV) [27] photocatalysts
are able to harness visible light. Although these photocatalysts have the advantages of
low cost and low-toxicity, however, fast recombination of photogenerated electron-hole
pairs is their drawback [22, 23, 25, 27].

NiO (Eg=3.0-4.3 eV) is also considered as a photocatalyst due to its low material cost,
high stability, and ability to degrade organic pollutants [26]. Fast recombination rate of
electron-hole pairs is also its main drawback [26]. Although NiO has lower PA than TiO2
and ZnO, NiO can be used as a cocatalyst to improve the PA of TiO2 and ZnO by forming
TiO2/NiO [21] and ZnO/NiO heterojunctions [39].

CdS and ZnS are the most widely used metal sulfide photocatalysts. CdS photocatalyst
has high photosensitivity owning to its narrow bandgap of 2.4 eV [27]. The drawback of
CdS is insufficient stability and photocorrosion, especially in an aqueous medium [27].
ZnS has a large bandgap of 3.7 eV, and because of this being an UV light active
photocatalyst [28]. Compared to metal oxide-based photocatalysts, metal sulfides have
poor stability in agueous solutions that limits their employment as a photocatalyst.

To summarize, most semiconductor photocatalysts suffer from fast recombination
rate of photogenerated electron-hole pairs, thus suppressing their PA. For this reason,
numerous modification methods including metal/nonmetal doping and coupling with
metal or semiconductors have been proposed and employed to suppress the
recombination of photogenerated electron-hole pairs [6]. The details of modification on
the semiconductor photocatalysts will be discussed on the example of ZnO photocatalyst
in the next sections.

1.2 Overview of ZnO photocatalysts

1.2.1 Main properties and applications of ZnO

Zinc oxide is an inorganic compound with the chemical formula of ZnO. ZnO can crystalize
in three different forms: hexagonal wurtzite, cubic zincblende and rocksalt (Figure 1.2).
Hexagonal wurtzite is the most stable structure of ZnO under ambient conditions [4].
Cubic zincblende can be obtained by growing ZnO on cubic substrates [4]. Rock salt
structure can only exist at relatively high pressures [4].

Stoichiometric ZnO naturally appears in the form of rare mineral zincite [40].
Non-stoichiometric ZnO is an n-type semiconductor due to oxygen vacancies or zinc
interstitials [41]. It has a direct bandgap of 3.37 eV and a large exciton binding energy of
60 meV [4].
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Rocksalt Zincblende Wourtzite

Figure 1.2. ZnO crystal structures: (a) cubic rocksalt, (b) cubic zincblende, and (c) hexagonal wurtzite

[4].

Zn0 can be easily synthesized in various morphologies. ZnO is mainly used in the form
of powders, films, and different nanostructures. Numerous morphologies of ZnO
nanostructures from one-dimensional (1D) to three-dimensional (3D) have been
developed including nanorods, nanofibers, nanowires, nanotubes, nanoneedles (1D);
nanosheets, nanoplates (2D); and nanoflowers (3D) [4].

Zn0O has been widely used in many applications such as pharmaceutical, cosmetic,
food, rubber, commodity chemical, painting, ceramic, and glass industries [42]. ZnO is an
attractive material for electronic and optoelectronic devices such as light-emitting
diodes, laser, photodetector, solar cells, transistors [42]. Besides, ZnO has been used in
piezoelectric devices, sensors, and also as a photocatalyst [4, 42].

1.2.2 ZnO as a photocatalyst

ZnO with Eg of 3.37 eV is nontoxic, inexpensive material that exhibits excellent
photocatalytic activity, which makes it an attractive photocatalyst in water and
wastewater treatment. It has also been extensively investigated for water splitting and
antibacterial treatment applications [43, 44]. In water and wastewater treatment, the PA
of ZnO is mainly studied in the form of nanoparticles (NPs) [45-52], films on substrates
[53-57], and nanorods on substrates [8, 58-62]. The results of the PA of ZnO in different
forms are summarized in Table 1.1, Appendix 2.

It is well known that surface area of photocatalysts plays an important role in PA,
as higher surface area leads to more active generation of hydroxyl radicals and higher
adsorption rate of pollutants on the surface of photocatalysts, thereby accelerating the
photodegradation efficiency of pollutants [45]. Thus, ZnO nanoparticles [45-52] have
shown excellent PA owing to their high surface area. To date, ZnO NPs with different
morphologies including rod-like [45-48], wire-like [49], plate-like [50], flower-like [51],
and sponge-like [52] have been studied for their PA.

For instance, rod-like [45-47] and flower-like [51] ZnO NPs exhibited ca. 99% MO
degradation efficiency under UV light in 50-100 min irrespective of synthesis methods.

Although ZnO NPs showed excellent PA, their powdery form makes it difficult
to separate from the aqueous medium, causing secondary pollution of water. For
this reason, immobilizing photocatalysts on substrates is a more suitable form due to
its ease of separation from polluted water and ease of reuse. To date, the PA of ZnO
immobilized on substrates has been studied mainly in the form of ZnO thin film
[53-56], and ZnO nanorods [8, 58-62] (Table 1.1, Appendix 2).

ZnO in the form of film usually possesses lower degradation efficiency compared to
ZnO NPs due to its lower surface area. For the degradation of MO by ZnO prepared by
sol-gel method, 18% MO degradation efficiency was achieved by ZnO film under sunlight
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in 150 min [53], being more than five times lower than that from rod-like ZnO NPs (99%,
100 min) [45]. For the degradation of MB, ZnO film prepared by atomic layer deposition
showed 40% degradation efficiency under UV light in 240 min [56], being more than
twice lower than that from plate-like ZnO NPs (90%, 14 min) [50]. Sprayed ZnO film
possessed 88% MB degradation efficiency under UV light in 240 min [57].

However, ZnOnr on substrates demonstrated comparable or even higher degradation
efficiency than ZnO NPs. For the degradation of MO by hydrothermally grown ZnO under
UV light, ZnOnr on a substrate degraded 87% in 60 min [58] and 95% in 160 min [59],
comparable or even higher that from rod-like ZnO NPs (89%, 180 min) [48], respectively.
For the degradation of RhB by hydrothermally grown ZnO under UV light, ZnOnr on
substrates owned 70% degradation efficiency in 120 min [60] in comparison to 80% from
wire-like ZnO NPs in 500 min [49]. While 98% RhB degradation efficiency was achieved
by ZnOnr on a substrate prepared by chemical bath deposition [62], being even higher
than that from ZnO NPs (88%, 500 min) [49].

In summary, the form of ZnO nanorods immobilized on the substrate showed a relatively
high degradation efficiency, which was only slightly lower compared to nanopowders,
but significantly higher than that of thin films. Considering high PA, ease of synthesis and
separation from pollutant solution, ZnO nanorods on substrates have great potential for
wastewater treatment applications.

1.2.3 ZnO/noble metal composite photocatalysts

Zn0O photocatalysts suffer from fast recombination of photogenerated electron-hole
pairs and poor absorption of visible light [45]. In order to overcome these drawbacks
ZnO/noble metal composites approach has been developed [63-84].

To date, noble metals such as Au [63-67, 74, 76-80], Ag [68, 69, 73, 75, 81, 82], Pt [70,
73, 83, 84], Pd [71-73], and Rh [73] have been used to form ZnO/noble metal composites.
Since noble metals can form a Schottky barrier with ZnO and the Fermi levels of noble
metals are lower than the conduction band minimum of ZnO, electrons from conduction
band of ZnO will migrate to metal side under UV irradiation (Figure 1.3 a) [66, 85].
Thus, noble metals act as effective traps of photogenerated electrons to suppress the
recombination of electron-hole pairs generated in ZnO due to the formation of Schottky
barrier with ZnO [66, 85]. Besides, noble metal nanoparticles (Au, Ag, and Pt) can strongly
absorb visible light owing to their localized surface plasmon resonance (SPR) from the
collective oscillation of the surface electrons and they exhibit a great potential to extend
the light-absorption range of semiconductors [86]. Under visible light irradiation,
electrons from noble metals can transfer to the conduction band of ZnO due to the
surface plasmon resonance effect, increasing the number of reactive electrons in the
conduction band of ZnO which participate in the generation of superoxide radical anions
to decompose pollutants (Figure 1.3 b) [66]. Hence, ZnO coupling with noble metal is an
effective strategy to increase PA of a photocatalyst.
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Figure 1.3. Band alignment of electron transfer mechanism of ZnO/Au composite under (a) UV light
irradiation and (b) Visible light irradiation [66].

To date, the PA of ZnO/noble metal composites have been studied in the form of
powder [63-73] and nanostructures fixed on a substrate [74-84]. The results on PA of
Zn0 coupling with different noble metals are shown in Table 1.2, Appendix 2.

The powdery form of ZnO/noble metal composites, which is a mixture of ZnO NPs and
noble metal NPs, has been fabricated by either one-step [63-70, 72] or two-step [71, 73]
solution-based deposition methods. In one-step approach, the precursors for preparing
ZnO and noble metal are mixed in one solution for the deposition of ZnO/noble metal
NPs by using chemical deposition methods such as spray pyrolysis [64, 70], hydrothermal
[65], solvothermal [69, 72], combustion [63], and precipitation in solution [66-68].
In two-step approach, ZnO is firstly prepared by solution-based chemical deposition
methods such as hydrothermal growth [71, 73], followed by a deposition of noble metals
on their surfaces. Noble metal NPs onto ZnO NPs are mostly prepared by precipitation in
solution [73] and photodeposition methods [71].

ZnO/noble metal composites in powdery form including ZnO/Au, ZnO/Ag, ZnO/Pd,
Zn0O/Pt, and ZnO/Rh have been studied for their PA by degrading various pollutants such
as MO, MB, RhB, phenol, IC, AO Il [63-73]. All studies revealed that the incorporation of
noble metal such as Au, Ag, Pd, and Pt enhances the PA of ZnO NPs [63-73].

For hydrothermally grown ZnO NPs with Ag, Pd, and Pt, 96% AO |l
degradation efficiency was achieved by ZnO/Pd NPs under UV light in 300 min,
compared to 92% from ZnO/Ag NPs, 78% from ZnO/Pt NPs, and 70% from pristine ZnO
NPs [73]. For ZnO/Au NPs prepared by precipitation in solution, the MO degradation
efficiency was 96% under UV light in 160 min [67] and 75% under visible light in 200
min [66], being 20% and 60% higher than pristine ZnO NPs, respectively. For the
MB degradation under UV light, sprayed ZnO/Pt NPs degraded 55% in 60 min in
comparison to 54% from ZnO NPs [70]; ZnO/Ag NPs prepared by precipitation in
solution degraded 97% in 15 min compared to 65% from ZnO NPs [68]; hydrothermally
grown ZnO/Au NPs degraded 96% in 140 min in comparison to 15% from ZnO NPs [65].

ZnO/noble metal NPs possessed higher PA than ZnO NPs. However, its severe
drawbacks such as particle aggregation, difficulty of separation of photocatalyst from
aqueous medium, and poor reusability limit its development and wide range usage
[87]. In particular, particle aggregation not only decreases its surface area but also
reduces visible-light response, resulting in poor photocatalytic performance [87]. For
this reason, photocatalysts immobilized on substrates is an alternative way to
overcome those drawbacks.

To date, the ZnO/noble metal composites fixed on substrates have been mainly
studied in two forms which are ZnO thin film composites with noble metals such as Ag
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[75] and Au [74], and ZnOnr decorated by noble metal NPs such as Ag [81, 82], Pt [83,
84], and Au [76-80, 88].

For the deposition of ZnO/noble metal thin film composites, sol-gel spin coating was
the mostly used method [74, 75]. For the deposition of ZnOnr decorated by noble metal
NPs, ZnO nanorods were firstly deposited by chemical deposition methods such as
chemical bath deposition [81], hydrothermal growth [76-78, 82-84], electrodeposition
[79], and chemical vapor deposition [80]. In the second step, the noble metal
nanoparticles are deposited on the surface of ZnOnr by chemical solution methods such
as photodeposition [81], hydrothermal growth [83], precipitation in solution [76-78, 82,
84], and physical deposition method such as magnetron sputtering [79].

In the form of thin film composites, Ag and Au have mainly been used to improve the
PA of ZnO (Table 1.2, Appendix 2). For example, ZnO/Ag thin film composites prepared
by sol-gel spin coating possessed 30% IC degradation efficiency under UV-Vis irradiation
in 300 min in comparison to 18% from ZnO film [75]. While ZnO/Au film exhibited 94%
MO degradation efficiency under sunlight in 150 min compared to 61% from ZnO film
[74].

Majority of the studies were mainly focused on the form of ZnOnr decorated by noble
metal NPs due to the higher surface area of ZnOng. Under UV light, ZnOng/Pt on Zn foil
degraded 62% RhB in 12 min in comparison to 37% from bare ZnOnr [83], ZnOnr/Au on
Si substrate degraded 91% RhB in 90 min compared to 27% from bare ZnOnr [76]. For the
degradation of MB by ZnOnr/Ag on glass, 49% degradation efficiency was achieved under
UV light in 100 min compared to 36% from bare ZnOnr and 65% degradation efficiency
was achieved under visible light in 43 min, being 5% higher than ZnOnr [82]. However,
ZnOnr/Au possessed MO degradation efficiency of ca. 90-100% under UV light in 180-240
min, compared to ca. 15-70% from bare ZnOnr [77-80].

Among noble metals, Ag [68, 69, 73, 75, 81, 82] and Au [63-67, 74, 76-80] are the
mostly used for ZnO to improve its photocatalytic activity. Although Ag is cheaper, Au
has a work function of 5.1 eV, which is higher than the work function of Ag (4.3 eV),
resulting in a higher Schottky barrier height of ZnO/Au. A higher Schottky barrier is more
beneficial for the separation of photogenerated electrons and holes. In addition, the
surface plasmon effect of Au and Ag usually occurs in the spectral range of 500-600 nm
and 400-500 nm, respectively [89, 90]. Therefore, Au is a more effective coupling metal
for enhancing the PA of ZnO under visible light. To date, the reported techniques for the
deposition of Au NPs on ZnOnr are including precipitation in solution [76-78], magnetron
sputtering [79], and photodeposition [80]. HAuCls is the mostly used precursor for the
synthesis of Au NPs on ZnOnr [76-78, 80]. Spin coating method, being a simple and
low-cost technique, has not been used to synthesize Au NPs from HAuCls solution upon
heat treatment on the surface of ZnOnr up to now.

1.2.4 ZnO heterostructures based photocatalysts
In general, a heterojunction is defined as the interface between two different
semiconductors with unequal bandgaps [91].

The formation of p-n heterojunction between p-type and n-type semiconductors is an
effective way to separate photogenerated electron-hole pairs in order to increase the PA
of photocatalysts [92-107]. In general, when the p- and n-type semiconductors are in
contact, they form a p-n heterojunction with a space-charge region at the interfaces due
to the diffusion of electrons and holes, and thus create a built-in electrical potential
(Figure 1.4) [108]. When the p-n heterojunction is irradiated by photons with energy
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higher or equal to the bandgaps of the photocatalysts, the photogenerated electron-hole
pairs can be quickly separated by the built-in electric field within the space charge region
[108]. Driven by the electric field, the electrons are transferred to the conduction band
of the n-type semiconductors and the holes to the valence band of the p-type
semiconductors [108]. Thus, the effective charge separation by p-n junction will enhance
the photocatalytic performance of heterojunction photocatalyst.
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Figure 1.4. Schematic illustration of electron-hole pairs separation in p-n heterojunction under light
irradiation [91].

The most widely used p-type metal oxide semiconductors coupling with ZnO are Cu20
[92, 102, 103], CuO [93, 104-106], and NiO [94-100, 107]. The results on the PA by ZnO
heterostructures based photocatalysts are presented in Table 1.3, Appendix 2.

ZnO heterostructures are mainly studied in powdery form [92-97]. For
example, hydrothermally grown ZnO/Cu20 NPs degraded 99% MO under visible light in
120 min, compared to 30% from Cu20 NPs [92]. ZnO/CuO NPs possessed 78% phenol
degradation efficiency under visible light in 180 min in comparison to 40% from ZnO
NPs and 20% from CuO NPs [93]. For ZnO/NiO NPs prepared by precipitation in
solution, 90% RhB was degraded under UV light in 200 min in comparison to 20% from
NiO NPs and 80% from ZnO NPs [95], 100% MO was decomposed by ZnO/NiO NPs in
comparison to 10% from NiO NPs and 40% from ZnO NPs [96], 72% MB was degraded
by ZnO/NiO NPs under UV light in 80 min compared to 54% for ZnO NPs [97].

In addition to ZnO/NiO nanoparticles, it has been reported that ZnO/NiO nanofibers
prepared by electrospinning exhibited 100% degradation efficiency toward MB under
visible light in 180 min [99] and 100% degradation efficiency towards RhB under UV light
in 50 min [100], being 2.5 times higher than that from NiO nanofibers.

Although ZnO heterostructures in the form of nanoparticle and nanofiber showed high
degradation efficiencies compared to their individual components, it is difficult to
separate powders from water medium, as already discussed hereinabove. For this
reason, fixing ZnO heterostructures on substrates would be a way for fabrication of an
efficient photocatalyst. ZnO heterostructures immobilized on substrates such as
Zn0O/Cu20, ZnO/CuO and ZnO/NiO heterostructures have been mainly studied in the
form of nanorod layers [102-107]. It has been reported that 90% MO degradation
efficiency was achieved by ZnOnr/Cu20 [102] and ZnOnr/CuO [104] heterostructures
under visible light, being more than 70% higher than that from ZnOnr. ZnOnr/CuO
heterostructure degraded 78% MB under UV light [105] and 72% under visible light [106]
in 180 min, being ca. 30% higher than that from ZnOnr.
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The PA of ZnOnr/NiO heterostructures on substrates has been investigated only in one
article so far [107]. In this study, the NiO shell was sputtered onto hydrothermally grown
ZnOnr and the degradation efficiency towards RhB was 67% by ZnOngr/NiO core-shell
heterostructure in comparison to 65% by bare ZnOnr under UV light in 180 min [107].
Nonetheless, studies on optimization of NiO shell properties to improve the PA of
ZnOnr/NiO core-shell heterostructure are missing in the literature. For instance, the
effect of deposition temperature and thickness of NiO shell on the PA of ZnOnr/NiO
core-shell heterostructure has not been studied yet.

To summarize, ZnO coupling with other semiconductors to form a heterojunction is
an effective way to suppress the recombination of photogenerated electron-hole pairs,
thereby increasing its PA.

1.2.5 Methods for synthesis of ZnO nanorods
Chemical deposition methods

Chemical bath deposition

The growth of ZnO nanorods by chemical bath deposition is usually conducted by
immersing a substrate into an aqueous solution with zinc precursor and pH buffer at
relatively low temperatures (< 100 °C) [62, 109, 110]. Prior to the nanorods growth, ZnO
seed layer is usually prepared on the substrates to initiate the growth of well-aligned ZnO
nanorods [111]. The most frequently used precursors to grow ZnO nanorods by CBD are
Zn(NOs)2 and Zn(CHsCOO). [111-116]. Precursor concentration [112], reaction time
[111-116], and pH of the solution [115] have been reported to affect the growth and final
properties of ZnO nanorods. The parameters listed above should be carefully optimized
to obtain ZnO nanorods with possibly high aspect ratio for efficient degradation of
pollutants. For example, decrease in ZnO aspect ratio from 13.0 to 8.3 decreases the MO
degradation efficiency from 94 to 54% in 3h under UV irradiation [111]. The disadvantage
of this method for the production of ZnO nanorods on substrates is a relatively long
reaction time (> 4h) [111, 112].

Hydrothermal method

Zn0 nanorods growth by hydrothermal method is usually carried out in a sealed vessel
containing an aqueous solution of zinc salt and pH buffer, the process temperatures are
varied in the range of 100-250 °C, vapor pressures are between 0.3 and 3 MPa [59-61,
117]. The need of autoclave is mentioned to be a disadvantages of this method compared
to CBD [118], although shorter process time is a clear advantage. The literature summary
on hydrothermally grown ZnO nanorods will be introduced in subsection- “1.2.6 ZnO
nanorods by hydrothermal method”.

Electrodeposition

Electrodeposition of ZnO nanorods is based on the generation of OH™ ions at the surface
of working electrode by electrochemical reduction of O2, NOs~, or H02 in aqueous
solution with zinc salt, followed by precipitation of Zn(OH). and its dehydration to ZnO
[119-122]. ZnCl2 and Zn(NOs)2 are the most frequently used precursors to grow ZnO
nanorods by electrodeposition [119-122]. The O: gas is usually bubbled in the precursor
solution to provide oxygen [119-122]. Precise control of the deposition parameters such
as voltage [121], current [123], bath temperature [121], precursor concentration [121],
and deposition time [122] are critical to get ZnO nanorod structures. For instance, by
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changing the deposition voltage from 1.5 to 4V, the rods have a regular rod structure at
2.5V, then collapsed at 3V [121]. The disadvantage of this method is the need of using
conducting substrates [119-122].

Chemical spray pyrolysis

Sprayed ZnO nanorods on substrates were firstly fabricated at Laboratory of Thin Films
Chemical Technologies, TalTech, in 2006 [124]. ZnCl; is the mostly used precursor to
deposit sprayed ZnOnr [8, 124-126]. To get elongated rod-like ZnO crystals, zinc precursor
solution is usually sprayed at elevated temperature (above 500 °C) [8, 124-126]. Both
the deposition temperature and precursor concentration have been reported to
influence the growth of ZnOnr [124]. For instance, increasing the deposition temperature
from 400 to 560 °C while fixing the ZnCl> precursor concentration to 0.1 M, the
morphology of deposited ZnO changed from plate-like to rod-like structure [124].
By increasing the ZnClz precursor concentration from 0.05 to 0.2 M while keeping the
deposition temperature at 560 °C, the aspect ratio decreased from ca. 15 to ca. 5 [124].
It has been also reported that the sprayed ZnO nanorods prepared by using 0.05 M ZnCl,
aqueous solution at 550 °C degraded 50% doxycycline under UV light in 4h [8].
The disadvantage of this method for synthesis of ZnO nanorods is the relatively high
deposition temperature above 500 °C [8, 124-126].

Physical deposition methods

Vapor-liquid-solid growth

ZnO nanorods deposition by vapor-liquid-solid growth usually takes place via the
vaporized mixture of ZnO powders and graphite on an Au-coated Si substrate at growth
temperatures of 800-900 °C [127-129]. It has been reported that the ZnO nanorods can
be very well vertically aligned if grown on ZnO seed layer along with Au catalyst layer
[128]. However, no PA of ZnO nanorods prepared by vapor-liquid-solid growth has been
reported yet. The reason behind this might be the high temperature for growing ZnO
nanorods, which is not cost-effective and inappropriate surface properties for PA.

Magnetron sputtering

The deposition of ZnO nanorods has been achieved by sputtering metallic zinc target
under oxygen atmosphere at high temperature (300-700 °C) [130-132]. It has been
reported that the growth temperature controls the morphology of deposited ZnO
nanostructures [130]. The deposited ZnO nanostructures exhibited vertically aligned
nanorods only when the growth temperature is above 700 °C, below this temperature a
film forms [130]. It has also been reported that the sputtered ZnO nanorods degraded
60% MB under solar light in 60 min [133]. The disadvantage of this method for synthesis
of ZnO nanorods is the high cost of apparatus and high deposition temperature.

Pulsed laser deposition

The deposition of ZnO nanorods has also been obtained by pulsed laser deposition
method, in which a high-power pulsed laser beam bombards ZnO target to generate
plasma plume to the heated substrate at high temperature and under vacuum pressure
[134, 135]. ZnO nanorods with diameter of 500-700 nm and the length of ca. 1 um have
been fabricated at substrate temperature of 500 °C and background pressure of 10 Pa
[135]. The disadvantage of this method for synthesis of ZnO nanorods is also the high
cost due to the expensive vacuum equipment and relatively high deposition
temperature.
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To summarize, the photocatalytic materials should be produced by low-cost
technologies, otherwise semiconductor photocatalysts are not competitive in this field.
Compared to physical methods, wet chemical routes are more simple with lower cost,
the morphology of ZnO could be easily controlled by manipulating the
experimental parameters such as precursor, type of solvent, and reaction conditions
[4]. Hence, ZnO nanorods on substrates for photocatalysis are usually fabricated by wet
chemical routes such as hydrothermal growth [117], chemical bath deposition [109],
electrodeposition [119], and chemical spray pyrolysis [124]. Among these methods,
hydrothermal growth is the mostly used preparation technique to grow ZnO nanorods
due to its simplicity, cost-effectiveness and ability to produce hydroxyl-group rich ZnO
nanorods enabling high degradation efficiencies [117].

1.2.6 ZnO nanorods by hydrothermal method
The general setup of hydrothermal processing is shown in Figure 1.5. It consists of an
autoclave (1) and a regulator (2) for controlling the temperature.

1

=

Figure 1.5 Sketch of hydrothermal deposition set-up.

ZnO with various morphologies such as nanoplates, nanoneedles, nanorods, and
nanoflowers has been successfully fabricated by hydrothermal method [117].

Zinc nitrate is the most frequently used precursor for hydrothermally grown ZnO
nanorods and hexamethylenetetramine (HMT, (CH2)eNa) is typically used as a pH buffer,
also to release hydroxyl ions that react with Zn?* ions to form Zn(OH)2, ZnO forms
thereupon [117]. The formation of ZnO can be summarized by the following equations
[117]:

(CH2)sNa + 6H20 - 6HCHO + 4NH3 (12)
NHs +H20 - NH4" + OH" (13)
20H +Zn% - Zn(OH)2-> ZnO +H,0 (14)

To align ZnO nanorods, ZnO seed layer with good uniformity and homogeneity is
usually used prior to the deposition of ZnO nanorods in order to grow ZnO nanorods
elongated, vertically standing on a substrate [136]. In addition, factors such as precursor
concentration [137], deposition temperature [138], and deposition time [61, 139, 140]
influence the growth of ZnO nanorods by hydrothermal method. Precise control of
these factors is critical to prepare ZnO nanorods with desired properties [141, 142].
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1.3 Overview of NiO photocatalysts

1.3.1 Main properties and applications of NiO

Nickel (Il) oxide with the formula of NiO is the principle oxide of nickel. It possesses cubic
structure (Figure 1.6) and wide direct bandgap of 3.0-4.3 eV depending on the
preparation techniques [143-146]. It also has a good thermal and chemical stability [146].
Non-stoichiometric NiO is an intrinsic p-type semiconductor due to Ni vacancies or
oxygen interstitials [146]. Although stoichiometric NiO is an insulator with the resistivity
in the order of 10! Qecm, the resistivity of NiO can be lowered by increasing the
concentration of Ni**ions or doping with monovalent atoms such as Li, Na, K [147, 148].
Stoichiometric NiO appears in a pale green color, while non-stoichiometric NiO can be
gray or dark color determined by the ratio of Ni3*/Ni%* [149].

Figure 1.6. Face-centered cubic structure of NiO [146].

NiO has a range of applications such as hole transporting layers in thin film solar cells
[150], electrodes in optoelectronic devices [151], a component in nickel-iron battery [152],
smart windows [153], sensors [154], UV-photodetector [155], supercapacitors [156], and
photocatalysts [157].

1.3.2 NiO as a photocatalyst

NiO has also been used as a photocatalyst for water and wastewater treatment due to
its low cost, high chemical stability, and ability to degrade organic pollutants such as methyl
orange [158-161], methylene blue [162, 163], rhodamine B [164, 165], methyl green
[166], and phenol [167, 168] under UV or visible light irradiation. The results on studies
focused on PA of NiO are summarized in Table 1.4. NiO has been mainly studied in the
form of nanoparticles [158-164, 167] and thin-film on substrates [165, 166, 168-170].

Hydrothermal method [162], combustion [158], precipitation in solution [159] are the
main methods used to deposit NiO NPs, whereas thermal decomposition [169], DC
magnetron sputtering [166], pulsed laser deposition [165], electrodeposition [168] and
pneumatic spray pyrolysis [170] are used for NiO films deposition.

NiO nanoparticles possess high PA because of their high surface area. For the
degradation of MO, rod-like NiO NPs prepared by combustion method degraded 80%
under visible light in 50 min [158]; plate-like and flower-like NiO NPs prepared by
precipitation in solution degraded 38% under visible light in 110 min [159] and 49%
under UV light in 120 min [161], respectively; hydrothermally grown plate-like
NiO NPs decomposed 53% under UV light in 120 min [160]. For the
degradation of MB, hydrothermally grown sphere-like [162] and plate-like [163]
NiO NPs degraded 64% under UV-Vis light in 180 min and 99% under visible light in 20
min, respectively.
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NiO films usually possess lower PA than NPs. For instance, NiO film prepared by pulsed
laser deposition exhibited 30% RhB degradation efficiency under UV light in 60 min [165],
compared to 70% from plate-like NiO NPs [164]. Electrodeposited NiO film degraded 45%
phenol under UV light in 60 min [168], compared to 97% from sphere-like NiO NPs [167].
Sprayed NiO film possessed 90% MB degradation efficiency under UV light in 90 min [170]
in comparison to 99% from hydrothermally grown NiO NPs under visible light in 20 min
[163].

Although the degradation efficiency of the NiO films on substrates is lower than that
in powdery form, the film is beneficial for separation of the catalyst from polluted water
as already discussed in previous paragraphs.

Besides, NiO could be used to form n-p heterostructure based photocatalysts such as
ZnO/NiO [94-100, 107] and TiO2/NiO [171-174]. For instance, ZnO/NiO NPs degraded
under sunlight 90% MB in 60 min, compared to 50% from bare ZnO NPs. TiO2/NiO hybrid
exhibited nearly 100% MB degradation efficiency under visible light in 100 min, being
4 times higher than bare TiO2 nanosheet [171].

To summarize, NiO as a photocatalyst has shown potential to mineralize various
pollutants in water. Its low material cost, high chemical stability and photostability, as
well as tunable bandgap make NiO an attractive material in photocatalytic applications.

1.3.3 Methods for synthesis of NiO films
Chemical deposition methods

Sol-gel spin coating

NiO film can be prepared by sol-gel spin coating method via dropping an inorganic
colloidal suspension of nickel precursor [175] onto a substrate and spinning to obtain a
thin layer, followed by annealing at elevated temperature (2300 °C) [176-179]. Nickel
acetate is the mostly used precursor to deposit NiO film [176-179]. The use of sol-gel
spin coated NiO film for photocatalytic applications is a single case [179]. In this study,
NiO film degraded 100% KMnOs in aqueous solution under UV irradiation in 1h [179].

Electrodeposition

NiO film is usually electrodeposited on transparent conducting oxide (such as ITO, FTO)
coated glass substrates by the redox reaction taking place in nickel salt aqueous solution
for the generation of Ni(OH)2 and followed by the formation of NiO [180-183]. Nickel
nitrate [180], nickel sulfate [181, 182], nickel chloride [183] are the mostly used
precursors for the deposition of NiO film. It has been reported that uniform NiO film with
fine grained structure was electrodeposited on ITO/glass substrate by using nickel sulfate
precursor and applied potential at -1.1 V/SCE [181]. However, the surface of NiO film is
covered with big grains with diameter of 300-500 nm and may contain cracks when the
film was electrodeposited on FTO/glass using NiCl> precursor and applied potential at
4.2 V/SCE [183]. Porous NiO films have also been deposited by pulsed electrodeposition
using nickel sulfate precursor [181, 182]. No PA study of electrodeposited NiO films has
been reported yet.

Chemical spray pyrolysis

NiO film on a substrate prepared by chemical spray pyrolysis has been deposited via
spraying of an aqueous or alcoholic solution containing a nickel salt onto a preheated
substrate (300-500 °C) [146]. It has been reported that sprayed NiO film possess 90% MB
degradation efficiency under UV light in 180 min [170]. More detailed description of
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properties of sprayed NiO films is presented in subsection “1.3.4 NiO films by chemical
spray pyrolysis”.

Physical deposition methods

Magnetron sputtering

NiO film can be deposited by DC or RF magnetron sputtering via sputtering Ni or NiO
target under vacuum atmosphere [166, 184, 185]. The sputtered NiO film is usually dense
and uniform [166, 184, 185]. Wang et al. [185] reported that the crystallite size of
sputtered NiO film increased from 7 to 89 nm by increasing the deposition temperature
from 30 to 450 °C. Al-Ghamdi et al. [166] sputtered NiO film with 30-80 nm thickness by
increasing deposition time and the 30 nm-thick film exhibited 70% MG degradation
efficiency under UV-B irradiation in 2h.

Pulsed laser deposition

NiO film on a substrate has been fabricated by pulsed laser deposition technique
via irritating a nickel target by using a pulsed laser beam in a vacuum chamber at
elevated temperature (100-400 °C) [186]. It has been reported that the crystallite size
along (200) orientation of NiO film prepared by pulsed laser deposition is in a range
of 19-32 nm when increasing the deposition temperature from RT to 400 °C. It has also
been reported that NiO film prepared by pulsed laser deposition exhibited 30%
RhB degradation efficiency under UV-Vis light in 60 min [165].

It is generally accepted that photocatalysts produced by wet chemical
deposition methods have higher PA compared to those fabricated by physical
deposition methods due to the fact that photocatalysts synthesized by wet chemical
deposition methods contain more hydroxyl groups on the film surface [165, 170].

1.3.4 NiO films by chemical spray pyrolysis

Spray pyrolysis is a process in which a thin film is deposited by spraying a precursor solution
on a heated surface, where the precursor thermally decomposes to form thermally more
stable compound [187]. Depending on the atomization type, spray pyrolysis techniques
have been mainly divided into pneumatic, ultrasonic, and electrostatic spray pyrolysis
[188].

NiO films by pneumatic spray pyrolysis
A typical pneumatic spray pyrolysis (PSP) set-up is shown in Figure 1.7 and consists of a
precursor solution container (1), pneumatic nebulizer (2) that generates fine droplets,
substrate heater (3), temperature controller (4), air compressor (5) to deliver carrier gas
to the system and rotameter (6) [188].
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Figure 1.7. Set-up of pneumatic spray pyrolysis [188].
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Pneumatic nebulizers produce droplets by expanding a pressurized liquid, these
nebulizers have a high droplet output of large sizes around 50 um, and the droplet sizes
and size distribution are difficult to control [189].

The properties of the NiO films synthesized by pneumatic spray pyrolysis methods are
highly influenced by the precursor and deposition parameters such as substrate
temperature, solution concentration, solvent, also substrate type, solution spray rate,
carrier gas flow rate, and distance between the nozzle and substrate [188, 190].

Most commonly used precursors for NiO films by pneumatic spray are nickel chloride
[191, 192], nickel nitrate [192, 193], nickel acetate [147, 192, 194] and nickel
acetylacetonate [145, 195]. The precursor type largely affects the crystallinity and
homogeneity of the films. NiO in films deposited at substrate temperature (Ts) of 450 °C
from chloride precursor possessed larger crystallite size (D11)=57 nm) than in case of
using acetate (D(111)=10 nm) and nitrate precursors (D111)=45 nm) [192]. Meanwhile, the
RMS roughness of the film produced from chloride precursor was 90 nm compared to
31 nmand 16 nm for the film produced from acetate and nitrate precursors, respectively.
It has been reported that NiO films deposited at Ts=450 °C from nickel acetylacetonate
in alcoholic solution (ethanol:water=9:1, vol. ratio) possessed NiO crystallite size of
19 nm (D(11)) and film RMS roughness of 7 nm [145]. It has also been reported that NiO
films deposited from chloride precursor were porous and contained chlorine residues
[191].

The deposition temperature is one of the most important parameters controlling the
film structural, optical and electrical properties [146]. To date, only few studies have
focused on the effect of deposition temperature on NiO film properties [147, 191-193].
NiO films by spray pyrolysis are usually deposited at Ts=300-500 °C [147, 191-193].
In general, the crystallite size of NiO increases with increasing the deposition
temperature independent of used precursor. For instance, the crystallite size of NiO in
films deposited from chloride precursor increased from 30 nm to 35 nm by increasing
the Ts from 300 °C to 375 °C [191]. While the NiO crystallite size in film produced from
acetate precursor increased from 6 nm to 10 nm with increasing the Ts from 400 °C to
500 °C [147].

Deposition temperature also influences the bandgap of NiO films. For the films produced
from aqueous solution, the bandgap of NiO film produced from nitrate precursor increased
from 3.1 eV to 4.0 eV with increasing the Ts from 350 °C to 390 °C [193]. The bandgap of
NiO films prepared from chloride precursor was found to be in the range of 3.04-3.28 eV
when the film deposited in the temperature range of Ts=425-500 °C [196]. However,
the bandgap of NiO films prepared from acetate precursor decreased from 3.46 eV to
3.17 eV with increasing the T;from 275 °C to 350 °C [194].

The solvent type also influences the properties of NiO films. The films prepared by
spraying alcoholic solutions are usually thinner and smoother compared to those
obtained by spraying aqueous solutions [147]. Up to now, only one study has shortly
compared NiO films properties obtained from aqueous and alcoholic solution [147].

Little effort has been devoted to study the surface chemical composition of sprayed
NiO films. To date, the surface chemical composition has been studied for sprayed NiO
films deposited at one fixed temperature of 350 [195] and 450 °C [192, 197] . Gomaa et al.
[192] compared the surface chemical composition of sprayed NiO films prepared from
different precursors while fixing the deposition temperature at 450 °C. It was found that
NiO film prepared from acetate precursor has higher amount of surface carbon species
and lower ratio of Ni/O compared to the films deposited from nitrate and chloride

28


https://www.sciencedirect.com/topics/physics-and-astronomy/crystallinity
https://www.sciencedirect.com/topics/physics-and-astronomy/homogeneity

precursors. Chan et al. [197] sprayed NiO film at Ts=450 °C from acetylacetonate precursor
and discovered that the surface of NiO film contains not only NiO as a main phase, but
also Ni203 phases. Reguig et al. [195] sprayed NiO film by using chloride precursor at
Ts=350 °C and showed that in addition to NiO and Ni203 phases the surface of NiO film
also contains Ni(OH)2 phase. There are no studies published on the effect of deposition
temperature on the surface chemical composition or photocatalytic activity of NiO films
fabricated by spray pyrolysis.

NiO films by ultrasonic spray pyrolysis

Ultrasonic spray pyrolysis (USP) is a more powerful spray technique for deposition of thin
films with controlled thickness and lower surface roughness compared to PSP. A typical
USP set-up is shown in Figure 1.8 and consists of an air compressor (1) to deliver carrier
gas, ultrasonic nebulizer (2) to generate the droplets, temperature controller (3), pipe (4)
to transport the droplets to the hot plate, substrate heater (5) to transport droplets to
hot place. USP employs an ultrasonic nebulizer that generates ultrasound to break the
liquid into droplets. The sizes of the droplets depend on the ultrasound frequency [198].
It has been reported that droplets in a size distribution from 1 to 15 um are created with
a high-frequency ultrasound (0.5-3 MHz) [199]. Hence, ultrasonic nebulizer is able to
generate smaller, more stable and uniform in size droplets compared to pneumatic
nebulizer. USP can be used for deposition of thinner coatings with better homogeneity,
uniformity, and film purity compared to PSP.

Figure 1.8. Set-up of ultrasonic spray pyrolysis.

There are very few studies related to NiO films deposition by USP up to now [197,
200-203]. Ultrasonically sprayed NiO films have been used as a hole transporting layer in
solar cell [201], electrochromic devices [202, 203], and as p-type photocathode [197].
For the deposition of NiO films, the deposition temperature was varied from 300 °C to
450 °C [197, 200-203], and nickel nitrate [200-203] and nickel acetylacetonate [197] were
used as precursor materials. It has been reported that crystalline NiO film was deposited at
360 °C on a Si substrate by using a nitrate precursor in solution (water: ethanol= 1:1)
[200]. Scheideler et al. [201] deposited NiOy film at 300 °C on a ITO/glass substrate by
spraying a nitrate precursor in aqueous solution and used it as a hole transporting layer
for perovskite solar cell to improve its power conversion efficiency [201]. Tenent et
al. [202] and Denayer et al. [203] prepared Li doped NiO film by spraying nickel
nitrate with 5 wt% lithium nitrate in aqueous solution at 330 °C and 350 °C, respectively,
for electrochromic applications.

However, ultrasonically sprayed NiO film produced from nickel acetylacetonate
precursor has been rarely reported [197]. Chan et al. [197] deposited homogeneous and
uniform NiO films by spraying nickel acetylacetonate in acetonitrile at 450 °C, films were
used for CdS-sensitized photocathodes. Nonetheless, no study has been found on the
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investigation of deposition temperature on properties of ultrasonically sprayed NiO films
using nickel acetylacetonate as a precursor material. Furthermore, no study has reported
the PA of ultrasonically sprayed NiO nor on its application in heterostructured
photocatalyst.

1.4 Summary of literature overview and aim of study

Photocatalysts are promising materials to deal with environmental pollution. Ideal
photocatalytic materials must be photoactive, abundant, cheap, nontoxic, and easy to
synthesize. So far, semiconductors such as TiO2, ZnO, NiO, CdS, and ZnS have been used as
photocatalysts for water and wastewater treatment. Among these semiconductors, TiO; is
the mostly studied photocatalyst due to its excellent PA, nontoxicity, and chemical stability.

In addition to TiO2, ZnO is also considered as a promising photocatalyst due to its high
PA, nontoxicity, and various morphologies. So far, ZnO nanoparticles are the mostly
studied photocatalysts due to their high surface area. However, photocatalysts in powder
form have drawbacks such as particle agglomeration and difficulty of photocatalyst
separation from aqueous medium, which in turn, may cause secondary pollution. For this
reason, a more suitable approach is to immobilize photocatalysts on substrates enabling
easy separation from aqueous medium. ZnO nanorod layers grown on a substrate may be
one possible solution and therefore are intensely studied. ZnO nanorods could be grown
by variety of physical and chemical methods, but wet chemical technique of
hydrothermal growth that is a simple and low-cost method, carried out at relatively low
temperatures within acceptable time frame, is proper and widely used technique to
fabricate ZnO nanorod photocatalyst [58-60, 117]. ZnO based photocatalysts suffer from
poor absorption of visible light and fast recombination of photoinduced electron-hole
pairs, limiting their PA. To overcome these drawbacks, ZnO has been coupled with noble
metals (Au, Ag, Pt) or p-type semiconductors (NiO, CuOy) to enhance its PA.

Among noble metals coupling with ZnO, Au is the most frequently used because it is the
most effective one which could potentially form the Schottky barrier with ZnO to reduce
the recombination of photoinduced carriers and enhance the absorption of visible light
due to the surface plasmon resonance effect [89, 90]. To date, the methods for the
deposition of Au nanoparticles on the surface of ZnOnr consist of precipitation in solution,
magnetron sputtering, and photodeposition. HAuCls is the mostly used precursor for the
generation of Au nanoparticles. Spin-coating is a simple and low-cost method and has not
been used to synthesize Au nanoparticles from HAuCls solution upon heat treatment on
the surface of ZnOnr up to now.

NiO is another promising photocatalyst due to its tunable bandgap, low-cost, and high
chemical stability. The PA of NiO is mostly studied in its powdery form. However, the PA of
NiO films immobilized on substrate has been rarely studied. To date, the methods used for
the deposition of NiO films as photocatalytic coatings include thermal decomposition, DC
magnetron sputtering, pulsed laser deposition, electrodeposition, and PSP. Among these
methods, PSP is a simple, low-cost method with the potential for mass production. In
particular, only one study has been focused on the PA of NiO thin film deposited by PSP up
to now [170]. Deposition temperature is one of the most important parameters in PSP.
Nevertheless, no study has been focused on the influence of deposition temperature on
the PA of NiO film deposited by PSP up to now. In addition to the deposition temperature,
the influence of solvent type on the properties of NiO film has only been roughly reported
in one publication [147]. The correlation of surface chemical composition and PA of NiO
films grown by PSP has not been reported yet.
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NiO as a p-type semiconductor is also an appropriate candidate for coupling with ZnO
to form a p-n heterojunction to suppress the recombination of electron-hole pairs.
To date, the PA of ZnO/NiO heterostructure has been mainly studied in the form of
nanopowders and nanofibers. ZnO/NiO heterostructures immobilized on a substrate are
rarely studied. Deposition of NiO on ZnO nanorods to form the ZnOnr/NiO core-shell
heterostructure could potentially enhance the PA of ZnOnr/NiO core-shell heterostructure
and protect the corrosive ZnOnr. However, the PA of ZnOnr/NiO core-shell heterostructure
has been investigated only in one study [107]. Sputtering is the only method used to
deposit NiO shell on ZnOnr [107]. Ultrasonic spray pyrolysis is a simple and reliable
method to deposit thin coatings with controlled thickness and uniformity. To date, USP
has not been used for the deposition of NiO shell onto ZnOnr to form ZnOnr/NiO core-shell
heterostructure. Although metal acetylacetonates have been found the most suitable
precursors for the deposition of smooth and conformal coatings of different metal oxides
by USP then nickel acetylacetonate has been used as a precursor for NiO film deposition
only in one study [197]. It could be assumed that NiO film deposition temperature and
thickness in ZnOnr/NiO core-shell heterostructure are of great significance in development
of photocatalytically highly active ZnOnr/NiO core-shell heterostructures. According to
literature survey, there are no investigations published on this topic yet.

The formation of n-p junction of ZnO/NiO heterostructures is reported only relying on
the PA measurement results rather than actual energy parameters measured by physical
characterization methods [94, 96, 204-206]. Therefore, the ZnO/NiO n-p heterojunction
formation is required to be confirmed directly applying necessary physical characterization
methods.

The aim of this dissertation is to develop the strategies for the synthesis of ZnO
nanorod and NiO film based materials as efficient photocatalytic coatings on glass
substrates by low-cost chemical solution methods such as hydrothermal growth and
chemical spray pyrolysis. To reach the aim of the thesis, the following tasks are outlined:

1. To synthesize ZnOnr/Au composite via spin coating of HAuCls solutions on the
surface of hydrothermally grown ZnOnr to form Au nanoparticles upon heat treatment
and to study the surface treatment effect on the structural, optical properties, surface
chemical composition of ZnOnr, and to study the photocatalytic activity to degrade MO
by both ZnOnr and ZnOnr/Au composite under UV and visible light irradiation.

2. To synthesize NiO films by PSP method using nickel acetate as precursor material
and to study the effect of film growth temperature and solution type (aqueous or alcohol
based) on the structural, optical, morphological properties and surface chemical
composition of NiO film. To define the correlation between the surface chemical
composition, wettability, and PA towards photocatalytic degradation of MO by sprayed
NiO films.

3. To develop the strategy for synthesis of ZnOnr/NiO n-p core-shell heterostructures
with improved photocatalytic activity. Firstly, to synthesize NiO films by USP method
using nickel acetylacetonate as precursor material and to study the effect of the
deposition temperature on the structural, optical, and morphological properties of NiO
films. Secondly, to determine the optimal NiO layer deposition temperature on example
of ZnO/NiO n-p bilayer structure. Thirdly, to determine the optimal NiO shell thickness in
ZnOnr/NiO n-p heterostructure to enhance MB degradation efficiency. To characterize
the n-p junction formation and the band structure with the help of advanced physical
characterization techniques.
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2 Experimental

2.1 Deposition of ZnOng layers, ZnOnr/Au composites, NiO films,
ZnO/NiO heterostructures

All the substrates were thoroughly cleaned by detergent, ethanol, and deionized water
in ultrasonic bath before deposition [I-111].

2.1.1 Deposition of ZnOnr layers by hydrothermal method

ZnOnr layers were grown by hydrothermal method [I, lll]. Soda-lime glasses covered with
ZnO film as a seed layer were used as substrates for ZnOnr layer growth in paper [l],
whereas borosilicate glasses covered with ZnO film were used for this purpose in paper
[1] (Table 2.1). ZnO films were grown by pneumatic spray pyrolysis method using 0.05
mol/L zinc acetate dihydrate (Zn(CH3COO).:2H20, 99.9%, Sigma-Aldrich) solution, and tin
bath temperature of 500 °C. To grow ZnOnr layer, zinc nitrate hexahydrate
(Zn(NO3)2:6H20, 99.9%, Sigma-Aldrich) and hexamethylenetetramine ((CH2)sNa, 99%,
Sigma-Aldrich) with a molar ratio of 1:1 were dissolved in deionized water to prepare
0.1 mol/L solution. Glass/ZnO substrate was placed into a reactor beaker that contains
40 mL of the ZnOnr precursor solution. The reactor beaker was mounted into a steel
autoclave and the reaction was carried out at 120 °C for 2 h (Table 2.1).

Table 2.1. Technological parameters for ZnO and NiO nanostructures deposition.

Ts(°C)/  Tan(°C)/

Sample Substrate Precursor Method time (h)  time (h) Ref.
. SLG - [
ZnO fil ———— Zn(CH3C0O0)2:2H20 PSP 500 —
nO film BSG n(CHs )2:2H20, i ]
SLG/Zn0O - (1
ZnOnr | ——————— Zn(NO3)2:6H,0 HT 120/2 ———— 7
NONRIaYer " BsG/zn0 n(NOs)2-6H / 600/1 [II]
ZnOngr/Au 100/0.5,
composite SLG/Zn0O/ ZnOnr HAuCls SC RT 400/1 m
NiO film SLG Ni(CH3COO0)2:4H.0 PSP 300-420 - (]
NiO film BSG Ni(CsH702)2 usp 350-500 600/1 [l]
Zn.O/NIO BSG/ZnO Ni(CsH702)2 usp 350-500 600/1 [l]
bilayer
ZnOnr/NiO .
core-shell BSG/ZnO/ZnOnr Ni(CsH702)2 usp 500 600/1 [l]

The detail of the technological procedures can be found in paper [I-lll].

2.1.2 Deposition of Au nanoparticles on ZnOxz layers

Au nanoparticles (NPs) were fabricated on ZnOnr layer by spin-coating chloroauric acid
(HAuCls, 99.9%, Sigma-Aldrich) solution in ethanol followed by drying at 100 °C for
30 min and heat treatment at 400 °C for 1h [I]. The concentrations of precursor solution
were set as 0.005 mol/L, 0.01 mol/L, and 0.03 mol/L and the prepared samples were named
as ZnOnr/Au: 0.005, ZnOnr/Au: 0.01, and ZnOnr/Au: 0.03, respectively. For comparison, one
additional ZnOwr layer [I] was surface treated with 0.01 mol/L HCl solution. This sample
was named as ZnOnr/HCI: 0.01 [1].
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2.1.3 Deposition of NiO and ZnO films by pneumatic spray method
NiO film was deposited on soda-lime glass by pneumatic spray method. Nickel acetate
tetrahydrate (Ni(CH3sCOO)2:4H20, 99%, Sigma-Aldrich) was dissolved in deionized water
and in a mixture of water and isopropanol (H20:isopropanol=2:3, vol%) to prepare
0.5 mol/L aqueous solution and alcoholic solution, respectively [ll]. The pH of the
prepared nickel acetate (Ni(ac)z2) solutions was adjusted to 5 to prevent hydrolysis of
precursor. The volume of spray solution was fixed to 50 mL for aqueous solution and
150 mL for alcoholic solution. The substrate temperatures were set in the range of
300 °C to 420 °C with an interval of 40 °C for both aqueous and alcoholic solutions.
The distance between the nozzle and the substrate was 25 cm. The carrier gas flow rate
was 8 L/min and solution spray rate was 2 mL/min.

The deposition of ZnO film for ZnO/NiO bilayer heterostructure [lll] is similar to that
described for ZnO film [I] on borosilicate glass in section 2.1.1.

2.1.4 Deposition of NiO film by ultrasonic spray method and preparation of
ZnO/NiO bilayers and ZnOng/NiO core-shell heterostructures

Nickel acetylacetonate (Ni(CsH702)2, 96%, Sigma-Aldrich) in ethanol was used as the
precursor solution for the deposition of NiO films by ultrasonic spray pyrolysis (USP)
method [Ill] (Table 2.1). The air flow to transport precursor droplets from nebulizer to
hot plate was set to 8 L/min. The frequency of nebulizer was 1.7 MHz and the spray rate
was 4 mL/min.

To prepare NiO film [lll] on borosilicate glass, the concentration of nickel
acetylacetonate (Ni(acac)z) solution was set to 10 mM and number of spray cycles was
fixed at 12 cycles. The substrate temperatures were set as 350 °C, 400 °C, 450 °C, and
500 °C.

To make ZnO/NiO bilayer heterostructure [lll], NiO film was deposited onto ZnO layer
at temperatures of 350 °C, 400 °C, 450 °C, and 500 °C using 10 mM Ni(acac)2 solution.
The number of spray cycles were 6, 4, 3, and 3 for NiO grown at 350 °C, 400 °C, 450 °C,
and 500 °C, respectively, to obtain NiO film with closely similar thickness (ca. 15 nm) at
each temperature. The deposited ZnO/NiO bilayer heterostructures were labeled as
Zn0O/NiO(350), ZnO/NiO(400), ZnO/NiO(450), and ZnO/NiO(500), accordingly.

To fabricate ZnOnr/NiO core-shell heterostructure, NiO film was deposited onto
hydrothermally grown ZnOnr at 500 °C using 5 mM Ni(acac)z solution [lll]. The thickness
of NiO film was varied by using 1, 2 and 4 spray cycles and the deposited ZnOnr/NiO
core-shell heterostructures [lll] were labeled as ZnOnr/NiO(1), ZnOnr/NiO(2), and
ZnOnr/NiO(4), respectively.

The fabricated NiO films, ZnOnr layers, ZnO/NiO bilayer and ZnOnr/NiO core-shell
heterostructures were annealed at 600 °C in air for 1h. The annealed samples of ZnOng,
ZnOngr/NiO(2), and ZnOnr/NiO(4) were named as ZnOnr-600, ZnOnr/NiO(2)-600, and
ZnOnr/NiO(4)-600, respectively [lII].
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2.2 Characterization of ZnOng layers, ZnOnr/Au composites, NiO films,
ZnO/NiO heterostructures
The characterization methods for ZnOng, ZnOnr/Au composites, NiO films, ZnO/NiO

heterostructures are summarized in Table 2.2. Detailed descriptions of different
characterization methods are given in papers [I-1ll].

Table 2.2. Methods used for characterization of ZnOng layers, ZnOng/Au composites, NiO films, and
ZnO/NiO heterostructures.

Characterization

Properties method Apparatus Ref.
Crystal struct tallit
rystal strueure, crystatite XRD Rigaku Ultima IV [I-11l]
size
Phase composition Raman Horiba's LabRam HR800 [
Phase composition FTIR Perkin ElImer GX 2000 [
Optical transmittance, UV-Vis Jasco V-670 (-]
reflectance, absorbance
Zeiss EVO-MA15, Zei
Morphology, film thickness SEM elss ) 1SS [1-mn

HR FESEM Ultra 55

Water contact
Wettability angle
measurement

DSA 25 (KRUSS
Instrument)

[, n

Kratos Analytical AXIS [0 1]

Ultra DLD
Surface chemical XPS
composition XPS laboratory system
with nonmonochromatic  [lll]
X-ray source from SPECS
I-V curve |-V measurement AutolLab PGSTAT-30 [
Work function (¢) KP Ambient-pressure KP
o Technology SKP5050- [
lonization energy (E) PYS

APSO02 instrument

2.3 Characterization for the photocatalytic properties of ZnOnr layers,
ZnOngr/Au composites, NiO films, ZnO/NiO heterostructures

The PA of ZnOnr layers [l], ZnOnr/Au composites [l], NiO films [Il], NiO films [lll], ZnO
films [I1], ZnOnr layers [lll], ZnO/NiO bilayer heterostructures [llIl], ZnOnr/NiO core-shell
heterostructures [lll] was estimated by photodegradation of MO and MB in aqueous
solution under UV and/or visible light irradiation. The detail of the parameters for
photodegradation tests is listed in Table 2.3. The description and molecule structures of
methyl orange and methylene blue are presented in Table 2.4 in Appendix 2.
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Table 2.3. Parameters of photodegradation tests of samples.

Pollutant . Reaction
Pollutant GCo Light .
Samples type  (ppm) volume source time Ref
ype 1pp (mL) (min)
ZnOnr layer and ZnOnr/Au UV-A,
: 15 . [
composite Vis
MO 3 UV-A
NiO film 10 e [
Uv-B 180
NiO film, ZnO film, ZnOnr layer,
ZnO/NiO bilayer heterostructure, MB 10 5 UV-B [

and ZnOngr/NiO core-shell
heterostructure

Philips mercury lamp (15 W, TL-D model, Amax=365 nm) with light intensity of 60 W/m?
(270-380 nm) was used as UV-A light source, Philips Master TL-D Super 80 (15 W,
Amax=550 nm) with light intensity of 160 W/m? (400-650 nm) was used as visible light
source and Philips mercury lamp (36W, PL-L, Amax=315 nm) with 150 W/m? (270-380 nm)
was used as UV-B light source. The concentrations of MO and MB aqueous solution were
determined every 30 min in 180 min by measuring the highest absorbance intensity of
MO and MB aqueous solutions at 464 nm and 660 nm, respectively, from Jasco V-670
UV-VIS-NIR spectrophotometer to compare with the recorded calibration curve of
absorbance intensity vs. known dye concentrations.

The photodegradation efficiency of MO or MB was calculated from Eq. (16):

1= (Cy— C)/Cy x 100% (16)

where n is the photodegradation efficiency (%), Co (ppm) is the initial concentration of
the MO or MB solution before light irradiation, and C (ppm) is the concentration of the
MO or MB solution after the irradiation time.

The photodegradation kinetics of MO and MB dye were estimated using Langmuir-
Hinshelwood model, the first order reaction rate constant (k) was calculated from Eq.
(17) [207]:

In(C,/C) = kt (17)

where t is the irradiation time.
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3 Results and discussion

3.1 Effect of surface treatment by HAuCl; on photocatalytic activity of
ZnOng layers

In this section, the structural, morphological, optical properties, surface chemical
composition and PA of ZnOnr layer and ZnOnr/Au composites have been investigated.
The results have been published in paper [l].

3.1.1 Structural, morphological, and optical properties of bare ZnOxr layers
and ZnOxgr/Au composites

XRD was used to study the crystal structure of deposited samples and to confirm the
formation of Au nanoparticles (NP) on the surface of ZnOnr layer. XRD patterns of ZnOnr
and ZnOngr/Au: 0.03 layers are shown in Figure 3.1. The reflections at 26 of 31.77°, 34.42°,
36.25°, 47.54°, 56.6° correspond to the (100), (002), (101), (102) and (110) planes of
hexagonal wurtzite ZnO (PDF-2, 01-084-6784). The sharp and strong reflection from the
(002) plane indicates the formation of highly crystalline c-axis oriented ZnO crystals on a
substrate. The reflection at 20 of 38.10° from ZnOnr/Au: 0.03 layer belongs to the (111)
plane of metallic Au with cubic structure (PDF-2, 00-066-0091), confirming the formation
of Au on ZnOnr. However, no reflections belonging to Au were detected by XRD from
ZnOngr/Au: 0.005 and ZnOngr/Au: 0.01 composites.
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Figure 3.1. XRD patterns of ZnOnwg layer and ZnOng/Au: 0.03 composite.

Surface and cross-sectional SEM images of the ZnOnr layer and ZnOngr/Au composite,
presented in Figure 3.2, clearly showed a uniform and dense coverage of ZnO nanorods
on the glass substrate. The average length of ZnO nanorods is ca. 1 um and diameter of
the nanorods varies from 50 nm to 150 nm. Au NPs on the surface of ZnOnr could be
clearly seen from back-scattered electron SEM images (Figure 3.2 d left) after surface
treatment with 0.01 mol/L HAuCls solution. The diameter of Au NPs increases from
20 nm to 60 nm when increasing the concentration of HAuCls solution from 0.005 mol/L
to 0.03 mol/L (Fig. 1 in [1]).
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Figure 3.2. SEM images of ZnOng layer and ZnOnr/Au composite: (a) surface of ZnOng, (b) cross-
section of ZnOng; (c) surface of ZnOng/Au: 0.01, (d) cross-section of ZnOng/Au: 0.01.

The absorption spectra of the ZnOnr layer and ZnOnr/Au composites, presented in
Figure 3.3, clearly showed a difference in absorption in the spectral region of 500-600 nm.
The stronger absorbance in the region of 500-600 nm from ZnOnr/Au composites
compared to ZnOnr layer is attributed to plasmonic effect caused by Au NPs [77, 78, 85].
In addition, ZnOnr/Au: 0.03 composites demonstrated a higher absorbance in the visible
light range in comparison to ZnOnr/Au: 0.01 and ZnOnr/Au: 0.005 composites probably
due to the larger size of Au NPs produced from a solution with higher HAuCls
concentration.

——Zn0,,
——2Zn0, /Au: 0.005
\ ——2Zn0,/Au: 0.01
——Zn0O,/Au: 0.03

Absorbance, arb. unit

¢

400 500 600 700 800
Wavelength, nm

Figure 3.3. Absorption spectra of ZnOng layer and ZnOng/Au composites.

To conclude, XRD, SEM, and optical study confirmed the formation of Au NPs on
ZnOnr. The increased absorbance in the visible light range (500-600 nm) from ZnOnr/Au
composites is due to the plasmonic effect caused by Au NPs.
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3.1.2 Photocatalytic activity of ZnOyr layer and ZnOnr/Au composites

The photocatalytic activity of ZnOnr layer and ZnOnr/Au composites was estimated by
photodegradation of MO in an aqueous solution. The degradation curves of MO by ZnOnr
layer and ZnOnr/Au composites under UV-A and visible light irradiation are presented in
Figure 3.4 (a) and (b). The degradation efficiency values and rate constants of ZnOnr layer
and ZnOnr/Au composites are summarized in Table 3.1.

(a) ()
100 100
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80 ¥ 80 R
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Figure 3.4. Degradation curves of MO by ZnOng layer and ZnOng/Au composites under (a) UV-A light
and (b) visible light illumination.

As can be seen from Table 3.1, ZnOnr and ZnOnr/Au layers exhibited higher MO
degradation efficiency under UV-A light compared to visible light irradiation because the
energy from visible light cannot excite ZnOnr due to its large bandgap (3.25-3.27 eV).
Moreover, all the ZnOnr/Au composites possessed higher MO degradation efficiency
than ZnOwr layer independent of irradiation sources. For instance, ZnOngr/Au: 0.01
composite possessed 94% MO degradation efficiency under UV irradiation in 180 min,
being 37% higher than bare ZnOnr layer. Under visible light, ZnOnr/Au: 0.01 composite
demonstrated 39% MO degradation efficiency in comparison to 21% from ZnOnr layer.

The degradation rate constant (k) of ZnOnr/Au: 0.01 composite is 0.016 min? under
UV light and 0.0028 min* under visible light, compared to 0.006 and 0.0014 min by bare
ZnOnr layer under UV and Vis light, respectively.

Table 3.1. Degradation efficiency (n) and rate constant (k) of ZnOnr layer and ZnOng/Au composites
under UV light and visible light irradiation.

sample name UV light illumination Visible light illumination
n (%) k (min™) n (%) k (min™)
ZnOnr 57 0.006 21 0.0014
ZnOnr/Au: 0.005 90 0.013 40 0.0028
ZnOnr/Au: 0.01 94 0.016 39 0.0028
ZnOnr/Au: 0.03 88 0.010 37 0.0027

This observation indicates that the Au NPs formed on the surface of ZnOnr layer upon
thermal degradation of HAuCls [208] largely enhances the photocatalytic activity of
ZnOnr layer. In particular, the nearly twice higher MO degradation efficiency under visible
light by ZnOnr/Au composites compared to ZnOnr could be assigned to the surface
plasmonic effect that increases the light absorption in the visible light spectral region
(Figure 3.3) [66]. Notably, the PA of the ZnOnr/Au composite almost doubled under UV
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light irradiation (Figure 3.4, Table 3.1). To obtain better understanding of causes
responsible for the increased PA of ZnOnr/Au under UV light irradiation, XPS analysis was
performed to investigate the surface chemical composition of ZnOnr layer and ZnOnr/Au
composites.

3.1.3 Surface chemical composition and wettability of ZnOyg layer and
ZnOngr/Au composites

O 1s core-level spectra of ZnOnr layer and ZnOnr/Au composites are presented in Figure
3.5. Three main peaks were deconvoluted at binding energies (BE) of 530.2+0.2 eV,
531.1+0.3 eV, and 532 eV+0.2 eV, assigned to Zn-O bond, oxygen vacancies (Vo), and
surface hydroxyl groups (OH’), respectively [8]. The peak at BE of 533.1 eV from
ZnOnr/Au: 0.01 could be assigned to C-O, C=0 and H.0 species [8].
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Figure 3.5. O 1s core-level spectra of (a) ZnOnr layer, (b) ZnOng/Au: 0.005 composite, (c) ZnOng/Au:
0.01 composite.

The atomic ratios of the components, OH/Zn-0 and Vo/Zn-0, are summarized in Table
3.2. The atomic ratio of Vo/Zn-O and OH/Zn-O is higher for ZnOnr/Au composites
compared to ZnOnr layer (Table 3.2). For instance, the atomic ratio of OH/Zn-O and
Vo/Zn-0 for ZnOnr/Au: 0.01 composite is 0.7 and 0.5, respectively, being more than twice
higher than that of bare ZnOxr layer. The higher amount of OH and Vo from ZnOngr/Au
layers leads to more effective generation of hydroxyl radicals [8]. Thus, the increased PA
of ZnOnr/Au composites under UV light compared to that of ZnOnr layer is achieved due
to the increased amount of OH" groups and V. defects on the surface of ZnOwr after its
treatment with HAuCls solution.

Table 3.2. The atomic ratios of V,/Zn-O and OH/Zn-O obtained from the O 1s core-level peaks and
water contact angle values.

Sample Vo/Zn-0 OH/Zn-O Water contact angle (°)

ZnOnr 0.2 0.3 17-20
ZnOnr/Au: 0.005 0.3 0.3 11-15
ZnOnr/Au: 0.01 0.5 0.7 1-8

Water contact angles characterize the hydrophilicity or hydrophobicity of the measured
surface [8]. In general, the lower water contact angle value is the more hydrophilic the
surface is, which means there are more hydroxyl groups on the surface [8]. From this
perspective, the results of water contact angle measurements are in good agreement
with the XPS results. For instance, the surface of ZnOnr/Au: 0.01 composite showed a
lower water contact angle of 1-8° and higher amount of hydroxyl groups compared to
bare ZnOnr layer.
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To summarize, the increased PA of ZnOnr/Au composites under UV light is mainly due
to the increased amount of surface hydroxyl groups on ZnOnr. In addition, the effect of
ZnOnr/Au Schottky barrier for more efficient separation of photoinduced charge carriers
should be considered as well. Nearly twice higher MO degradation efficiency under
visible light irradiation by ZnOnr/Au composites compared to that of ZnOnr could be
assigned to the Au nanoparticles induced surface plasmon resonance effect that
increases the light absorption in the visible light spectral region.

3.2 NiO films deposited by pneumatic spray pyrolysis method

In this section, the structural, morphological, and optical properties, surface chemical
composition, and photocatalytic activity of NiO films deposited by PSP method have been
studied. The results have been published in paper [Il].

3.2.1 Structural, morphological, and optical properties of NiO films
NiO films were deposited at Ts=340-420 °C from Ni(ac)2 aqueous solution. The XRD
patterns of deposited films are presented in Figure 3.6. Three reflections were found at
20=37.47°, 43.26°, and 62.67°, corresponding to the (111), (200), and (220) planes of
cubic NiO (bunsenite), respectively (PDF-2, 01-071-1179). The NiO crystallites in
deposited films do not show preferential orientation because the intensity ratio of
l111)/1(200) is 0.5-0.7, similar to that in NiO powder (l(111)/1(200=0.669, PDF-2, 01-071-1179).
The full width at half maximum (FWHM) of the (200) reflection was used to calculate the
NiO crystallite size in sprayed films by Scherrer formula. It was found that the crystallite
size increased with increasing the deposition temperature, being 4 nm, 6 nm, 8 nm, and
10 nm at Ts=300 °C, 340 °C, 380 °C and 420 °C, respectively. The crystallite size values are
in agreement with that reported for sprayed NiO films produced from Ni(ac). aqueous
solution [147, 192]. For instance, the crystallite size of NiO in sprayed films increased
from 6 nm to 10 nm by increasing the deposition temperature from 400 °C to 500 °C [147].
However, the films produced from alcoholic solution were amorphous according to
XRD as no reflections were detected on diffraction patterns of the samples deposited at
different temperatures. For this reason, Raman spectroscopy was applied to further
investigate the phase composition of deposited films.
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Figure 3.6. XRD patterns of NiO films deposited from Ni(ac), aqueous solution at T=300-420 °C.

Raman spectra of NiO films deposited at Ts=300-420 °C from aqueous and alcoholic
solutions are presented in Figure 3.7. Irrespective of the solvent used, the Raman spectra
of the sprayed films are quite similar and consist of two broad Raman bands centered at
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around 500 cm™ and 1095 cm?, that could be assigned to one phonon transverse optical
mode (1P TO) and two-phonon longitudinal optical mode (2P LO) of NiO [209-212],
respectively. The 2P LO band was detectable only when films deposited at Ts>380 °C.
The appearance of 1P TO band in Raman spectra is characteristic of defective,
nonstoichiometric NiO produced by wet-chemical methods including spray pyrolysis [212,
213], hydrothermal growth [214], chemical bath deposition [215] and electrodeposition
[216]. The 1P TO band in Raman spectra is absent or negligible from stoichiometric NiO
single crystal [217] and high-purity NiO samples produced by electron beam evaporation
[213] or epitaxial growth [218]. Therefore, Raman spectroscopy studies confirmed the
formation of defective NiO phase from both aqueous and alcohol-based solutions.
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Figure 3.7. Raman spectra of NiO films deposited at T;=300-420 °C from (a) Ni(ac), aqueous solution,
(b) Ni(ac), alcoholic solution.

Cross-sectional SEM images of NiO films produced from aqueous and alcoholic
solution clearly indicates the film thickness reduced with increasing the deposition
temperature (Figure 3.8). By increasing the Ts from 340 °C to 420 °C, the thickness of NiO
films produced from aqueous solution decreased from ca. 830 nm to ca. 430 nm, whereas
the thickness of the films deposited from alcoholic solution reduced from ca. 180 nm to
ca. 20 nm. The reduction in film thickness with higher deposition temperature is a feature
of spray pyrolysis techniques as precursor solution droplets are repelled from the
reaction area at higher temperatures [147, 191, 194].

Figure 3.8. SEM cross-sectional images of NiO films from Ni(ac), aqueous solution: (a) T;=340 °C,
(b) Ts=420 °C, and Ni(ac); alcoholic solution (c) Ts=340 °C, (d) T;=420 °C.
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The total transmittance spectra of the NiO films (Fig.4 in [ll]) showed that optical
transmittance of the films increases with increasing the deposition temperature
irrespective of the solvent used. Furthermore, the total transmittance in the visible light
range (300-800 nm) of NiO films produced from alcoholic solutions was higher than that
of films produced from aqueous solutions. One of the reasons could be the lower
thickness of NiO film grown from alcoholic solution.

The bandgap of NiO films were determined from absorption data using Tauc plots
(Fig.5 in [ll]). Independent of the deposition temperature, the sprayed NiO films showed
direct bandgaps of 3.4 eV and 4.0 eV when produced from aqueous solution and alcoholic
solution, respectively. The larger bandgap of NiO film produced from alcoholic solution
compared to aqueous solution is probably due the fact that the films were amorphous
according to XRD.

The obtained bandgap values correspond to the reported ones in the literature [143,
145, 146, 192, 219]. For example, the Eg values of sprayed NiO films produced from
acetate precursor in aqueous solution were 3.5 eV [146] at Ts=330 °C and 3.43 eV [192]
at Ts=450 °C. NiO films produced from chloride precursor in aqueous solution possessed
similar bandgap values of 3.4 eV [143, 219]. The Eg value of NiO film prepared from alcoholic
solution (ethanol:water =9:1, vol. ratio) was 3.87 eV when grown at Ts=450 °C [145].

In summary, XRD confirmed that films produced by spray from Ni(ac). aqueous
solution at Ts=340-420 °C were of crystalline cubic NiO phase, whereas films produced
from Ni(ac)2 alcoholic solution were amorphous. Raman spectroscopy study revealed
that films were of defective NiO irrespective of solvent used for the synthesis. SEM study
showed that film thickness decreased with increasing the deposition temperature
independent of solvent type and films from alcohol-based solutions were thinner than
those obtained by spray of aqueous solutions. UV-Vis spectroscopy study demonstrated
that the bandgap of NiO films produced from Ni(ac). aqueous solution and alcoholic
solution were 3.4 eV and 4.0 eV, respectively, independent of deposition temperature.

3.2.2 Photocatalytic activity of NiO films

The degradation curves of MO in aqueous solution under UV irradiation by NiO films
deposited at different Ts using aqueous and alcoholic solutions are presented in Figure
3.9 (a) and (b), respectively. Irrespective of the solvent type, the degradation efficiency
of MO by NiO films decreased with increasing the film deposition temperature. For NiO
films produced from aqueous solutions, MO degradation efficiency reached 45% within
3 h under UV-A irradiation by the films grown at Ts=300 °C, dropped to 11% for the NiO
films grown at Ts=420 °C. Similar tendency was observed for the films grown from
alcoholic solution. The MO degradation efficiency was 31% within 3 h under UV-B for the
films grown at Ts=300 °C, and decreased to 5% for the film grown at 420 °C.
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Figure 3.9. MO degradation curves in presence of NiO films deposited by spray at different Ts from
(a) Ni(ac), aqueous solution under UV-A irradiation; and from (b) Ni(ac), alcohol-based solution
under UV-B irradiation.

It should be marked out that NiO films produced from alcoholic solution exhibited
lower MO degradation efficiencies compared to those grown from aqueous solution
(25% vs 30%, Ts=340 °C). The possible reason could be the much lower thickness of the
films produced from alcoholic solution (180 nm) compared to the NiO films grown from
aqueous solution (830 nm) according to SEM study. It has been reported that the higher
PA was observed for TiO; film with increased thickness [220].

The NiO films obtained in this study demonstrated 45% MO degradation efficiency,
which is comparable or even higher than shown by NiO particles or fibers [221-223].
It has been reported that hydrothermal grown NiO nanoparticles possessed 22% MO
degradation efficiency under UV-C light in 90 min [221]. NiO nanoparticles prepared by
precipitation in solution showed 30% MO degradation efficiency under UV-A light in 180
min [222]. It has been also reported that NiO nanofibers prepared by electrospinning
were capable to degrade 40% MO under UV-A light in 160 min [223].

To investigate the reason behind the lower MO degradation efficiency of NiO films
grown at higher temperatures, XPS measurements were performed to study NiO film
surface chemical composition (see section 3.2.3).

3.2.3 Surface chemical composition and wettability of NiO films

In this section, surface chemical composition and surface wettability of NiO films were
analyzed. Based on the analyzed data, the effect of deposition temperature on the PA of
NiO films was explained.

The O 1s and Ni 2ps/2 core-level spectra of NiO films grown from aqueous solutions in
the temperature range of 300-420 °C are presented in Figure 3.10 a and b, respectively.
The O 1s, Ni 2ps/2, and C 1s core-level spectra of NiO films are presented Fig. 6 in [Il] and
the peak positions and assignments are summarized in table 1 in [ll]).

In the O 1s core-level spectra (Figure 3.10 a), four peaks were resolved at BE of
529.4 + 0.1 eV, 531.0 eV, 531.9 + 0.1 eV, and 532.8 + 0.2 eV. The peak at BE of
529.4 + 0.1 eV belongs to the Ni-O bond [145, 192, 224]. The peak at BE of 531.0 £ 0.1 eV
can be assigned to different species, either Ni(OH)2 [225, 226], NiO(OH) [224], Ni.Os
[145, 197, 227] or Vo [8, 225]. The peak at BE of 531.9 + 0.1 eV is usually assigned to the
surface hydroxyl groups (OH") [8, 228, 229]. The weak peak at 532.8 + 0.2 eV could be
assigned to C-O, C=0 or adsorbed H,0 [8].
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In the Ni 2p3/2 core-level spectra (Figure 3.10 b), six peaks were detected including
three satellite peaks at 860.8 £ 0.1 eV, 863.7 £ 0.1 eV and 866.6 + 0.2 eV due to shake up
effect, and three main peaks at BE of 853.8 + 0.1 eV, 855.4 £ 0.2 eV, and 857.6 £ 0.3 eV
[195, 224]. The peaks at BE of 853.8 + 0.1 eV and 855.4 + 0.2 eV are assigned to Ni-O
bond in NiO [225].
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Figure 3.10. Core-level spectra of NiO films deposited at T,=300-420 °C from Ni(ac), aqueous
solution: (a) O 1s. (b) Ni 2ps/>.

At the same time the peak at BE of 855.4 eV has also been assigned to Ni(OH)2 [195,
224] as well as to Ni203 [197]. However, in case of stoichiometric Ni2Os, the peaks are
centered at BE of 852.5 and 867.5 eV [230], that are missing in spectra of our samples,
and thus, the 855,4 eV peak most probably could be assigned to Ni(OH)2. The weak peak
at 857.6 eV probably belongs to Ni(OH)2, a characteristic subband in the Ni 2ps»
core-level spectrum of stoichiometric Ni(OH)2 [225].

The peak positions and shape of Ni 2ps/2 core-level spectra of our samples are in
agreement with those reported for NiO films produced by wet chemical methods such
as spray pyrolysis, chemical bath deposition, hydrothermal growth and spin coating
techniques [145, 197, 227, 228, 231].

To get further understanding of the effect of deposition temperature on the surface
chemical composition of NiO films, the ratios of peak components were calculated,
results are summarized in Table 3.3. It can be seen that the ratios of Ni(OH)2/NiO and
OH7/NiO, calculated from O 1s core-level spectra, decreased nearly 5.6 and 10 folds,
respectively, with increasing the deposition temperature from 300 to 420 °C. Similarly,
the ratio of Ni(OH)2/NiO from Ni 2ps/2 core-level spectra drops nearly two times, from
4.62 to 2.38, by increasing the deposition temperature from 300 to 420 °C. It should be
noticed that NiO films produced from alcoholic solutions showed a similar tendency as
the films produced from aqueous solution.
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Table 3.3. O 1s and Ni 2ps/, core-level peak component ratios in NiO films obtained by spray of
Ni(ac), solutions at various deposition temperatures.

O1s Ni 2ps/2
at%/at% at%/at%
Solvent Ts . . - . . .
type °C) Ni(OH)2/NiO OH/NiO OHads/NiO Ni(OH)2/NiO
300 3.31 1.35 0.89 4.62
340 0.84 0.28 0.15 2.95
aqueous
380 0.75 0.19 0.07 2.43
420 0.59 0.13 0.06 2.38
alcoholic 340 0.98 1.03 0.37 2.74

To summarize, the increase in the NiO film deposition temperature significantly
reduces the amount of hydroxyl group containing species on the film surface. It is
commonly known that hydroxides or hydroxyl groups on the surface are critical species
to generate hydroxyl radicals that participate in the decomposition of pollutants [8].
Higher amount of hydroxides or hydroxyl groups on the surface leads to higher
degradation efficiency [8]. Hence, the decreased MO degradation efficiency by NiO films
grown at elevated deposition temperatures is due to the decreased amount of hydroxyl-
containing species on the film surface.

Additional evident to prove the lower amount of hydroxyl groups on the surface of
NiO films at higher temperature can be found from water contact angle values,
presented in Table 3.4. It appears that the water contact angle values increase with
increasing the deposition temperature of NiO films. For the NiO films produced from
aqueous solution, the water contact angle increased from 8 to 35° and for the films
produced from alcoholic solutions, the water contact angle increased from 10 to 45°
when increasing the Ts from 300 to 420 °C. The higher the water contact angle value, the
more hydrophobic the surface, indicating less hydroxyl groups on the surface. Therefore,
the obtained results from water contact angle measurements are in good agreement
with the results of XPS analysis.

Table 3.4. Water contact angle values of NiO films deposited at various temperatures from
Ni(ac), aqueous and alcoholic solutions.

Water contact angle (°)

T:(°0) NiO from aqueous solution NiO from alcoholic solution
300 8 10
340 13 18
380 25 26
420 35 45

In this study, we showed that NiO films produced by simple and cost-efficient PSP
method demonstrated the ability to photocatalytically degrade MO pollutant under UV
irradiation. It was shown that NiO film deposition temperature is the technology key
parameter controlling the film surface chemical composition that, in turn, determines
the film photocatalytic activity. Notably, the decreased amount of surface hydroxyl
groups in the films grown at higher temperatures is responsible for the reduced MO
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degradation efficiency. At the same time, it should be recognized that PSP technique
does not allow fabrication of NiO uniformly thin conformal coatings with controlled
thicknesses as required for core-shell heterostructures. For that reason, study on USP
deposition of NiO thin films was carried through.

3.3 ZnO/NiO heterostructures by ultrasonic spray of NiO films on ZnO
films and ZnOnr

This section summarizes the results of the studies on deposition of NiO thin films by USP
and its application in ZnO/NiO bilayer and ZnO/NiO core-shell heterostructures as
potentially efficient photocatalysts. The results of the study have been published in the

paper [lll].

3.3.1 Effect of deposition temperature on structural, morphological, and
optical properties of NiO films

NiO films were deposited by USP method using Ni(acac): as Ni source material dissolved
in ethanol. Ni(acac). solution with 10 mM concentration was sprayed onto glass
substrates at Ts=350-500 °C using 12 spray cycles. The XRD patterns of NiO films
deposited at Ts= 350-500 °C are presented in Figure 3.11. As can be seen the main
reflection is centered at 26=43.51° corresponding to the (200) plane of cubic NiO
(PDF-2, 01-071-1179), while the reflections corresponding to (111) and (220) planes are
weak. The preferential orientation of the NiO crystallites in films is along the (200) plane
as the intensity ratio of /200)//(111) is in the range of 6 to 13, being much higher than that
of the powder reference of NiO (/(200)//(111) =1.49, PDF-2,01-071-1179). The NiO crystallite
sizes , calculated from the FWHM of the (200) reflection using the Scherrer formula [26],
are presented in Table 3.5. Increasing the Ts from 350 to 500 °C increases the NiO
crystallite size from 17 to 30 nm. Annealing NiO films in air at Tan=600 °C resulted in larger
crystallite size in case the films were deposited at Ts=350-450 °C, while the crystallite size
remained the same of ca 30 nm after annealing when the film was grown at Ts=500 °C
(Table 3.5).
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Figure 3.11. XRD patterns of NiO films deposited onto glass substrates at T,=350-500 °C from

Ni(acac)z alcoholic solution and the NiO film deposited at Ts= 350 °C followed by annealing at
Tan=600 °C for 1h in air.
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Table 3.5. The film thickness (d), crystallite size (D) and bandgap (E,) of NiO films deposited onto
glass substrate at T,=350-500 °C from Ni(acac), alcoholic solution and after annealing at T,,=600
°C for 1h in air.

D (nm) Eg (eV)

T0C dlm) o dep Tw=600°C  As-dep Ta=600°C
350 30 17 24 3.8 37
400 45 2 25 3.7 37
450 60 25 30 3.7 37
500 70 30 30 3.7 37

The SEM images of NiO films are shown in Fig.1c in [lll]. Independent of the Ts, the
films possessed a uniform surface with fine-grained structure. According to the
cross-sectional images, the thickness of NiO films increased from ca. 30 to 70 nm when
increasing the Ts from 350 to 500 °C (Table 3.5). The increased thickness at higher Ts is
commonly observed for metal oxide films (TiO2, ZrOx) produced from acetylacetonate
precursor by spray method [229, 232].

The direct bandgap values of NiO films are summarized in Table 3.5. The Eg of
as-deposited NiO films grown at Ts=350 °C is 3.8 eV at and decreased to 3.7 eV when
Ts2350 °C. Annealing at Tan=600 °C did not affect the Eg value of the films grown at
T,=400-500 °C, all the films have a similar Eg value of 3.7 eV. The slightly higher Eg value
of 3.8 eV of the film grown at 350 °C is probably due to the presence of some residues
which are removed by annealing.

In summary, crystalline and uniform NiO films with Eg=3.7 eV were successfully
fabricated from a nickel acetylacetonate precursor by USP method for the first time.

3.3.2 ZnO/NiO bilayer heterostructures: effect of NiO growth temperature

In this subsection, NiO films were deposited at different temperatures by USP onto ZnO
films to find out the optimal NiO growth temperature to prepare photocatalytically active
ZnO/NiO bilayer heterostructure. Ni(acac). solution with concentration of 10 mM was
sprayed on ZnO film at Ts=350-500 °C using 12 spray cycles.

XRD patterns of NiO film and ZnO/NiO(500) bilayer heterostructure which are
presented in Figure 3.12 (a). The XRD pattern of NiO film showed a reflection at 26 of
43.56° corresponding to the (200) plane of NiO, whereas the XRD pattern of
ZnO/NiO(500) bilayer heterostructure exhibited several reflections at 26 of 31.79°,
34.48°, 36.36°, 47.67°, 63.04°, 68.17° corresponding to the (100), (002), (101), (102),
(103), (112) planes of ZnO and at 26 of 43.31° belonging to the (200) plane of NiO [94].
Hence, XRD data confirmed that NiO film was grown on ZnO film.

The conductivity type of ZnO and NiO layers were measured by two-point hot probe
method. Hot-probe measurements confirmed that ZnO film is a n-type and NiO film
is a p-type semiconductor material. Current-voltage (I-V) characterization of the
ZnO/NiO(500) bilayer heterostructure after post-annealing at Tan=600 °C demonstrated
a pronounced rectifying characteristic (Figure 3.12 (b)), indicating the formation of the
n-p heterojunction.
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Figure 3.12. (a) XRD patterns of NiO film deposited onto glass substrate at T,=500 °C from Ni(acac),
alcoholic solution and ZnO/NiO(500) bilayer heterostructure. (b) I-V curve of ZnO/NiO bilayer on
ITO glass (NiO was deposited at T;= 500 °C using 12 spray cycles, ZnO/NiO bilayer was annealed at
Tan=600 °C for 1h in air). (c) Degradation curves of MB by as-deposited samples under UV-B
illumination: NiO films (T,=350-500 °C) onto glass, ZnO film onto glass, and ZnO/NiO(350),
Zn0O/NiO(400), ZnO/NiO(450), ZnO/NiO(500) bilayer heterostructures.

The PA of ZnO/NiO bilayer heterostructures was measured by photodegradation of
MB under UV-B light. The MB degradation curves of as-deposited ZnO/NiO bilayer
heterostructures as well as their singular components are presented in Figure 3.12 (c).
The degradation efficiencies and degradation rate constants (k) are summarized in Table
3.6. Negligible degradation efficiency of ca. 1% was achieved by NiO films regardless of
the deposition temperature in the range of 350-500 °C, whereas the MB degradation
efficiencies by as-deposited ZnO/NiO bilayer heterostructures increased from 8 to 30%
with increasing the deposition temperature of NiO from 350 to 500 °C. The 30% MB
degradation efficiency by the ZnO/NiO bilayer heterostructure with NiO grown at 500 °C
(ZnO/NiO(500)) was already higher than bare ZnO film (26%). Post-deposition annealing
at 600 °C increased the degradation efficiencies of ZnO/NiO bilayer heterostructures
when NiO was grown at Ts=350-450 °C (Table 3.6). However, no changes in degradation
efficiency were observed from ZnO/NiO(500) bilayer heterostructure after annealing at
600 °C.

Table 3.6. Degradation efficiencies (n) of MB and degradation rate constants (k) by as-deposited
samples from Ni(acac), alcoholic solution and samples annealed at T,,=600 °C in air for 1h: NiO
films (Ts=350-500 °C); ZnO film; and ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), and
ZnO/NiO(500) bilayer heterostructures.

n (%) k (min-?)
Samples
As-dep Tan=600°C As-dep Tan=600°C
NiO film 1 2 - -
ZnO film 26 32 0.0015 0.0021
Zn0O/NiO(350) 8 13 0.0005 0.0007
Zn0O/NiO(400) 15 20 0.0008 0.0011
Zn0O/NiO(450) 21 26 0.0012 0.0015
Zn0O/NiO(500) 30 30 0.0017 0.0018

Performed experiment clearly showed that NiO deposition at higher temperatures
and post-deposition annealing at 600 °C are crucial to fabricate ZnO/NiO bilayer
heterostructures with enhanced photocatalytic activity.
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3.3.3 ZnOnr/NiO core-shell heterostructures: effect of NiO shell thickness

In this subsection, the results on the formation and characterization of ZnOng/NiO
core-shell heterostructure are presented and discussed. The deposition temperature of
NiO was fixed at 500 °C according to the results obtained from ZnO/NiO bilayer studies.
Here we focus on impact of NiO shell thickness on ZnOnr on ZnOnr/NiO core-shell
properties. NiO shell thickness was varied by changing the number of spray cycles (1, 2,
or 4 cycles).

To find out the optimal concentration of Ni(acac): solution to deposit a uniform NiO
shell on ZnOngr, NiO shell was sprayed on ZnOng from 10 mM and 5 mM Ni(acac)2 solutions
by using 2 spray cycles. The SEM images of the fabricated ZnOnr/NiO core-shell
heterostructures and bare ZnOnr are presented in Figure 3.13 (a). As can be seen from
Figure 3.13 (a), the bare ZnOnr layers consist of elongated rods with hexagonal shape on
the top of rods and the diameter of the rods is ca. 100 nm. ZnOnr layers are composed
of hexagonally shaped elongated ZnO crystals with average diameter of ca. 100 nm.
ZnOnr/NiO core-shell heterostructure produced from 10 mM Ni(acac) solution with
2 spray cycles demonstrated a coverage of nanosized grains on the surface of ZnOnr.
However, by decreasing the concentration of Ni(acac). solution from 10 mM to 5 mM,
a more uniform, denser and smoother coverage was formed on the surface of ZnOnr
(Figure 3.13 (a)). Thus, 5 mM Ni(acac)2 solution was selected to deposit NiO onto ZnOnr
to fabricate ZnOnr/NiO core-shell structures to study their PA.
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Figure 3.13. (a) SEM images of ZnOngr, ZnOngr/NiO core-shell heterostructures with NiO from 10 mM
and 5 mM Ni(acac), alcoholic solution using 2 spray cycles. (b) Degradation curves of MB by as-
deposited samples under UV-B illumination: NiO films (1,2,4 spray cycles) onto glass, ZnOng, and
ZnOngr/NiO(1), ZnOnr/NiO(2), ZnOng/NiO(4) core-shell heterostructures. (c) Reusability test of
photodegradation of MB by ZnOng and ZnOng/NiO(2) core-shell heterostructures.

The MB degradation curves by as-deposited ZnOngr/NiO core-shell heterostructures as
well as their components, NiO films and ZnOng, are shown in Figure 3.13 (b), and the
corresponding degradation efficiencies and degradation rate constants (k) are summarized
in Table 3.7. NiO films showed negligible degradation efficiency, being ca. 1%, irrespective
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of the number of spray cycles. Meanwhile, ZnOnr/NiO core-shell heterostructures with
NiO thickness related to 1 or 2 spray cycles exhibited degradation efficiencies of 60% and
64%, respectively, being higher than 48% obtained from bare ZnOnr. However, a thicker
NiO layer deposited from 4 spray cycles in ZnOnr/NiO core-shell heterostructure
decreases the degradation efficiency dramatically, from 64 % to 44 %, indicating that the
optimization of NiO shell thickness is critical to enhance the PA of ZnOng/NiO core-shell
heterostructure.

The PA results of ZnOnr/NiO core-shell heterostructures annealed at 600 °C are
summarized in Table 3.7. In general, annealing leads to a higher PA of all the ZnOnr/NiO
core-shell heterostructure. For instance, the MB degradation efficiency by ZnOng/NiO(2)
increased from 64% to 70%. Therefore, annealing is an important procedure to increase
the PA of ZnOnr/NiO core-shell heterostructure probably due to the improvement of the
material properties and the quality of heterojunction.

Notably, higher PA of core-shell heterostructure photocatalysts compared to their
single components has been observed by other researchers. For instance, Periyannan
et al. [107] reported that ZnOngr/NiO core-shell heterostructure obtained by sputtering
NiO on hydrothermally grown ZnOnr possessed 58% RhB degradation efficiency under
UV light in 3 hours compared to 54% from bare ZnOnr. Montero et al. [103] reported that
ZnONr/CuxO core-shell heterostructure showed 65% degradation efficiency towards
orange Il dye under UV light in 3 hours compared to 55% of bare ZnOxg.

The degradation rate constant (k) values before and after annealing at 600 °C are
shown in Table 3. As the most photocatalytically active sample, ZnOnr/NiO(2)-600
demonstrated a degradation rate constant (k) value of 0.0072 min?, being 1.7 times
higher than that of bare ZnOngr.

Table 3.7. Degradation efficiencies (n) of MB and degradation rate constants (k) by as-deposited
samples from Ni(acac), alcoholic solution and samples annealed at Ta,=600 °C in air for 1h: NiO
films onto glass substrate; ZnOwg; and ZnOwg/NiO(1), ZnOng/NiO(2), ZnOng/NiO(4) core-shell
heterostructures.

n (%) k (min")
Samples As-dep  Tan=600 °C As-dep Tan=600 °C
NiO films (1,2,4 spray cycles) 1 2 - -
ZnOnr 48 53 0.0034 0.0041
ZnOng/NiO(1) 60 65 0.0051  0.0057
ZnOngr/NiO(2) 64 70 0.0055  0.0072
ZnOngr/NiO(4) 44 50 0.0029  0.0038

The reliability and stability of the photocatalyst are essential for practical application.
For this purpose, three parallel samples of ZnOnr prepared under similar deposition
conditions and three parallel samples of ZnOnr/NiO(2) core-shell heterostructures
prepared under similar deposition conditions were used to repeat the MB
photodegradation test for 10 times. The results of photodegradation tests were
presented in Figure 3.13 (c), numbers on the graph indicate the averaged degradation
efficiency. The obtained results indicated that both ZnOng and ZnOnr/NiO(2) core-shell
heterostructure are stable and reusable for at least 10 times measurements.
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Surface chemical composition of ZnOnr/NiO core-shell heterostructures

XPS was used to confirm the presence of NiO on the surface of ZnOnr since NiO was not
detected by XRD due to the low film thickness and can be hardly seen from the SEM
image (Figure 3.13 (a)). The Zn 2ps/2, Ni 2p, and O 1s core-level spectra of ZnOnr-600,
ZnOnr/NiO(2)-600, and ZnOnr/NiO(4)-600 are presented in Figure 3.14 (a), (b), and (c),
respectively. The BE of Zn 2ps/2 of ZnOnr-600 is centered at 1020.7 eV (Figure 3.14 (a)),
corresponding to the reported BE value of Zn 2pz/2from ZnO [233-235]. The Zn 2ps3/2 peak
intensity decreases significantly for ZnOnr/NiO(2)-600 and ZnOnr/NiO(4)-600 compared
to ZnOnr-600. The peaks at BE of 852.5+0.3 eV and 870.9+0.3 eV are usually assigned to
Ni 2ps/2 and Ni 2p12 of NiO in spectra of ZnOnr/NiO(2)-600 and ZnOnr/NiO(4)-600,
respectively (Figure 3.14 (b)) [26, 175].

In O 1s spectra of ZnOnr-600 (Figure 3.14 (c)), three peaks centered at BE of 530.2 eV,
531.8 eV and 532.9 eV are assigned to Zn-O bond, surface hydroxyl groups (OH7), and
surface H20, respectively [8, 236, 237]. After the coverage of NiO on the surface of ZnOng,
An additional peak at BE of 528.81£0.1 eV in the O 1s spectra was observed, belonging to
characteristic of Ni-O bond [26, 238].

It should be noted that the BE of Zn 2ps/2 of ZnOnr/NiO(2)-600 and ZnOnr/NiO(4)-600
heterostructures is shifted by 0.9 eV and 1.1 eV, respectively, towards lower values
compared to the BE of Zn 2ps/2 of ZnOnr-600 (Figure 3.14 (a), Table 3.8). The shifts in the
BE of Zn2p spectra of ZnO/NiO heterostructures have been observed in several reports
[107, 239, 240]. For instance, Periyannan et al. [107] observed a similar shift of 1.1 eV to
lower BE, while Tian et al. [239] and Zhang et al. [240] observed a 0.6 eV and 0.9 eV shift
toward higher BE, respectively, in BE of Zn 2ps/2 from different ZnO/NiO heterostructures
compared to bare ZnO. It seems like these obtained shifts in BE are in contradictory to
some extent [107, 239, 240]. Our results appear to support the ones reported by
Periyannan et al. [107] instead of those reported by Tian et al. [239] and Zhang et al. [240].
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Figure 3.14. XPS core-level spectra from ZnOng-600, ZnOngr/NiO(2)-600, and ZnOnr/NiO(4)-600: (a)
Zn 2psy5, (b) Ni 2p, (c) O 1s.
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To elucidate the cause of the shift of BE of Zn 2ps2 from ZnOnr/NiO core-shell
heterostructure, the Znwvm Auger spectra of ZnOnr-600, ZnOnr/NiO(2)-600 and
ZnOnr/NiO(4)-600 were analyzed. The kinetic energy of Znumm and Auger parameter are
presented in Table 3.8.

Table 3.8. Binding energy (BE) of O 1s, Ni 2p, Zn 2ps/; core levels, and kinetic energy (KE) of Znimm,
and the modified Auger parameter (a’) for ZnOng-600, ZnOngr/NiO(2)-600, and ZnOng/NiO(4)-600.

BE (eV) KE (eV)

- X o (eV)
Sample name O1s Ni 2ps/2 Ni 2p1/2 Zn 2p3/2  Znivm
Zn0O OH H20 NiO
ZnOnr-600 530.2 531.8 5329 - - - 1020.7 988.5 2009.2
ZnOnr/NiO(2)-600 530.3531.8 - 528.9 852.5 870.9 1019.8 987.4 2007.2
ZnOnr/NiO(4)-600 530.2 531.4 - 528.8 852.2 870.6 1019.6 987.9 2007.3

As can be seen from Table 3.8, there is a significant difference of 1.9-2.0 eV between
the modified Auger parameter values (a’) of pristine ZnOnxr and ZnOnr/NiO
heterostructures. This difference confirms the existence of built-in electric field at the
heterojunction interface.

Band diagram of ZnOngr/NiO core-shell heterostructures and MB degradation mechanism
The MB degradation mechanism by the ZnOnr/NiO core-shell heterostructure is
discussed on base of the energetic diagram of the heterostructure composed using
experimental results of KP and PYS analysis. The work functions of ZnOnr-600 and
ZnOnr/NiO(2)-600 are measured by KP and the results are presented in Fig. 5 (a) in [Ill].
The work function values of ZnOngr-600 and ZnOnr/NiO(2)-600 are 4.42 eV and 4.70 eV,
respectively (Table 3.9). Compared with ZnOnr-600, the higher work function value of
ZnOnr/NiO(2)-600 proves the existence of NiO thin films on the surface of ZnOng.

Table 3.9. Work function (@), ionization energy (E;) and the energy difference between Fermi level
(Er) and valence band maximum (Even) of ZnOng-600 and ZnOng/NiO(2)-600.

Sample ® (£ 0.04eV) Ei(+0.03eV) Er—Evem(£0.05eV)
ZnOngr-600 4.42 6.29 -1.87
ZnOnr/NiO(2)-600 4.70 5.41 -0.71

The ionization energy (Ei) of the ZnOnr-600 and ZnOnr/NiO(2)-600 was measured by
PYS and the corresponding spectra are presented in Fig. 5 (b) and (c) in [lll], respectively.
The Ei values of ZnOngr-600 and ZnOnr/NiO(2)-600 are 6.29 eV and 5.40 eV, respectively
(Table 3.9). To draw the band diagram of ZnOnr/NiO heterojunction, the difference
between valence band maximum (Evem) and Fermi level (Ef) is calculated as the difference
between the work function (®) and E;, Ef - Evem = @ - Ei. The conduction band minimum
(CBM) is calculated as Ecam = Evem + Eg by using the bandgap of the hydrothermally grown
ZnOnr of 3.27 eV [236] and of the USP grown NiO of 3.70 eV (Table 3.5). With the known
VBM and CBM positions, the energy band diagram of the ZnOnr/NiO heterostructure can
be presented as shown in Figure 3.15. As can be seen from the energy band diagram,
it shows a n-type conductivity for the ZnOnr and a p-type conductivity for the NiO films
corresponding to the results of the hot point probe measurements in chapter 3.2.
In addition, a rectifying current-voltage characteristic is predicted.
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Figure 3.15. Energy band diagram of ZnOng/NiO(2)-600 heterostructure.

It is worth noting that in most of the PA studies the formation of ZnO/NiO
heterojunction is proposed based on the PA results rather than relying on actual
energetic parameters of the heterostructure [94, 96, 204-206]. For instance, Hameed
et al. [204] claimed the formation of ZnO/NiO heterojunction only by comparing the MB
degradation efficiencies from ZnO/NiO NPs and its singular components. Similarly, Tian
et al. [96] and Liu et al. [206] concluded the formation of ZnO/NiO heterojunction based
on the difference in MB degradation efficiency by ZnO/NiO particles and bare ZnO.
However, none of aforementioned studies confirmed the formation of ZnO/NiO
heterojunction via experimentally measured energetic parameters.

For this reason, the band diagram of the ZnOngr/NiO heterojunction based on directly
measured experimental data (Figure 3.15) and the MB photocatalytic degradation
mechanism are proposed.

Following the classical concept of heterojunction formation [241], the electrons
transfer from ZnO to NiO and holes transfer from NiO to ZnO until the system reaches
thermodynamic equilibrium and an inner electric field forms at the heterointerface.
When ZnO/NiO heterostructure is irradiated by UV light, the electron hole pairs are
generated in both ZnO and NiO, and electrons from valence band (VB) could be excited
to the conduction band (CB) in both materials with simultaneous formation of the same
amount of holes in valence band. However, our experimentally proven band alignment
for the p-NiO/n-Zn0 heterojunction (Figure 3.15) supports transfer of the photogenerated
electrons from CB of NiO to the CB of ZnO, and transfer of photogenerated holes from
VB of ZnO to VB of NiO, indicating that the electrons and holes are efficiently separated.
The electrons from the ZnO and holes from the NiO will be injected into the reaction
medium and participate in chemical reactions to degrade different organic pollutants.
The electrons interact with dissolved O2 molecules and produce the superoxide radical
anion (*027). The photogenerated holes are trapped by OH™ forming hydroxyl radical
species (*OH). Formed radicals are the main species that degrade the organic dye
molecule to carbon dioxide and water. Thus, this study clearly demonstrated that
efficient separation of charge carriers at ZnOnr/NiO heterointerface determines the
boost of the photocatalytic performance.
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Conclusions

This thesis was focused on the development of strategies for the synthesis of
photocatalytically efficient ZnO nanorod and NiO film based materials by low cost
chemical solution methods such as hydrothermal growth and chemical spray pyrolysis.
The novelty of this study is summarized as follows. Firstly, Au nanoparticles were
synthesized by spin-coating of HAuCls solution onto ZnOnr layers followed by thermal
treatment to form ZnOngr/Au composites with enhanced PA. The mechanism behind the
increased PA upon HAuCls treatment was described and proved. Secondly, we
showed that the NiO film deposition temperature is the main technological parameter
that controls the content of hydroxyl groups on the surface, mainly responsible for the
photocatalytic performance of pneumatically sprayed films from a nickel acetate
solution. Thirdly, we demonstrated that homogeneous crystalline films of NiO with a
cubic structure could be fabricated on different substrates via employing a robust
ultrasonic spray technique and nickel acetylacetonate as a source material. Moreover,
for the first time ultrasonically sprayed NiO film was applied onto ZnOnr layer to form
ZnOnr/NiO core-shell heterostructures with significantly enhanced photocatalytic
performance compared to pristine ZnOng. The formation of ZnOnr/NiO n-p core shell
heterostructure was confirmed applying advanced physical characterization techniques.

The main conclusions from this dissertation are summarized as follows:

1. ZnOnr/Au composites were fabricated by spin-coating of HAuCls solution onto
ZnOnr layers followed by thermal treatment at 400 °C, the formation of Au nanoparticles
was confirmed by XRD and SEM. The dimensions of Au nanoparticles were in a
direct correlation with HAuCls solution concentration. According to XPS study,
ZnOnr/Au composites contain higher amount of hydroxyl groups on the surface and
therefore possess higher MO degradation efficiency under UV light compared to
bare ZnOnr. Employment of HAuCls solution with concentration of 0.01 mol/L resulted
in ZnOnr/Au composite showing the highest MO degradation efficiency of 94 % in 3 h
compared to 65% by bare ZnOnr under UV light irradiation. Nearly twice higher MO
degradation efficiency under visible light by ZnOnr/Au composites (ca. 40% in 3 h)
compared to that by pristine ZnOnr (21% in 3 h) is explained by occurrence the
absorption band in the visible spectral region, at 500-600 nm due to the surface
plasmon resonance effect.

2. NiO thin films were fabricated by pneumatic spray technique at
deposition temperatures of 300-420 °C using nickel acetate as a precursor
material in different solvents (aqueous and alcohol based). The formation of NiO was
confirmed by XRD and Raman spectroscopy methods. Deposition temperature and
solvent type affect the structural, optical properties, and surface chemical
composition of pneumatically sprayed NiO films. Films prepared from aqueous
solution are of polycrystalline NiO with crystallite size of 4-10 nm, but films from
alcoholic solution are amorphous according to XRD study. Bandgap of NiO films
produced from aqueous and alcoholic solutions is 3.4 eV and 4.0 eV, respectively,
irrespective of the deposition temperature. Deposition temperature is the main
technological parameter that controls the content of hydroxyl groups on the surface,
and therefore the photocatalytic performance of NiO films. The MO degradation
efficiency under UV light by NiO films produced at 300 °C from aqueous solution was
45% in 3 h and 11% in 3h for the film grown at 420 °C. The decrease in PA of NiO films
with increasing the deposition temperature correlates to the decrease in the amount of
hydroxyl groups on the surface of NiO film.
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3. The strategy for synthesis of ZnOnr/NiO n-p core-shell heterostructures with
improved photocatalytic activity was developed.

Firstly, homogenous, transparent polycrystalline NiO films with E; of 3.7 eV were
fabricated by ultrasonic spray pyrolysis technique using nickel acetylacetonate as
precursor material.

Secondly, the NiO layer deposition temperature of 500 °C was found to be optimal for
ZnO/NiO bilayer heterostructure fabrication as the MB degradation efficiency by
ZnO/NiO bilayer increased from 8 to 30% with increasing the NiO deposition temperature
from 350 to 500 °C. Rectifying I-V characteristic of ZnO/NiO contact confirms the
formation of ZnO/NiO n-p heterostructure.

Thirdly, the optimum preparation conditions of photocatalytically efficient ZnOnr/NiO
core-shell heterostructures were determined: NiO film deposition from two USP cycles
at 500 °C followed by annealing heterostructure at 600 °C in air. The formation of
ZnONr/NiO n-p core shell heterostructure was confirmed applying advanced physical
characterization techniques. XPS analysis confirmed the formation of NiO shell on ZnO
core and showed a 1.9-2.0 eV difference in modified Auger parameter between ZnOnr
and ZnOnr/NiO core-shell heterostructure, validating the presence of built-in electric
field at the interface. A type-Il band diagram between NiO and ZnOnr is proposed based
on Kelvin probe and photoelectron yield spectroscopy measurements.

ZnOnr/NiO core-shell heterostructure showed MB degradation efficiency of 70%
compared to 53% by ZnOnr as measured under UV irradiation for 3 h. The increased
photocatalytic performance of ZnOnr/NiO heterostructures is due to the improved
separation of photogenerated electron-hole pairs.
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Abstract

Development of ZnO Nanorod and NiO Thin Film based
Materials for Photocatalyttic Applications

Photocatalysis as one of the advanced oxidation processes emerged as promising
technology for wastewater treatment. Photocatalysis employs semiconductors (TiO2,
Zn0, NiO, CdS, etc) as photocatalysts that under light irradiation are able to degrade
various organic pollutants. Among these semiconductors, TiO; is the mostly studied
photocatalyst due to its excellent photocatalytic activity, nontoxicity, and chemical
stability. In addition, ZnO is also considered as a promising photocatalytic material due
to its abundance, low cost, and ease of synthesis in various morphologies. Nonetheless,
Zn0O photocatalyst suffers from rapid recombination of photogenerated electron-hole
pairs, thereby decreasing photocatalytic activity. To suppress the recombination of
photogenerated carriers and improve photocatalytic performance, ZnO has been
coupled with noble metals or semiconductors. NiO is another promising metal oxide
based photocatalyst that attracted great interest by scientists worldwide. NiO has been
used for photocatalytic studies due to its tunable bandgap, low cost, chemical stability
and ability to mineralize organic pollutants. As a p-type semiconductor, NiO is also a
suitable candidate for coupling with ZnO to form a p-n heterojunction to suppress the
recombination of photogenerated electron-hole pairs and improve photocatalytic
activity of ZnO.

To date, ZnO and NiO based photocatalysts have been mainly studied in their powder
form. However, photocatalyst in powder form has the severe disadvantages such as
particle agglomeration and difficulty of separation from wastewater, causing secondary
pollution. From this perspective, developing photocatalysts immobilized on substrates is
a more suitable approach that allows ease of separation and recovery of photocatalyst
from wastewater. Therefore, the forms of ZnO nanorods (ZnOnr) and NiO films grown on
substrates have been chosen for this study.

The overall aim of this thesis was to develop the strategies for the synthesis of ZnO
nanorods and NiO film based materials as efficient photocatalytic coatings on glass
substrates by low-cost chemical solution methods such as hydrothermal growth and
chemical spray pyrolysis. To reach the aim, three main tasks were set: 1) to synthesize
ZnOnr/Au composite through the surface treatment of ZnOng by HAuCls solution and to
study the physico-chemical properties of the composite; 2) to synthesize NiO films by
pneumatic spray pyrolysis technique using nickel acetate as precursor material and to
study the effect of deposition temperature and solvent type on the physico-chemical
properties and PA of NiO films; 3) to synthesize thin continuous layers of NiO by
ultrasonic spray method using nickel acetylacetone as precursor material, to characterize
the physico-chemical properties in NiO films, apply NiO film to form ZnO/NiO bilayer and
ZnOnr/NiO core-shell heterostructures and to study photocatalytic performance of
heterostructures.

ZnOnr/Au composites were fabricated by spin-coating HAuCls solutions with different
concentrations, 0.005, 0.01, and 0.03 mol/L onto hydrothermally grown ZnOnr surfaces
followed by thermal annealing at 400 °C. XRD and SEM studies confirmed the formation
of Au nanoparticles (NPs) on ZnOngr. The size of Au NPs is ca. 20-70 nm depending on the
concentration of HAuCls solution. The absorbance spectra of ZnOnr/Au composites
indicated the increase of optical absorbance in the visible light range. XPS study revealed
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the 2.5 fold increase in the amount of surface hydroxyl groups from ZnOnr/Au composite
with Au NPs from 0.01 mol/L HAuCls solution, compared to bare ZnOnr. Employment of
HAuCls solution with concentration of 0.01 mol/L resulted in ZnOnr/Au composite
showing the highest MO degradation efficiency of 94 % in 3 h compared to 65% by bare
ZnOnr under UV light irradiation. Nearly twice higher MO degradation efficiency under
visible light by ZnOnr/Au composites (ca 40 % in 3 h) compared to that by pristine ZnOnr
(21 % in 3 h) is explained by occurrence the absorption band in visible spectral region, at
500-600 nm due to the surface plasmon resonance effect.

NiO films were synthesized at 300-420 °C from nickel acetate aqueous and alcoholic
solutions by pneumatic spray pyrolysis method. Films prepared from aqueous solution
are of polycrystalline NiO with crystallite size of 4-10 nm, but films from alcoholic solution
are amorphous according to XRD study. Bandgap of NiO films produced from aqueous
and alcoholic solutions is 3.4 eV and 4.0 eV, respectively, irrespective of the deposition
temperature. It was found that the temperature is a key factor that influences the
photocatalytic activity of the films. The photocatalytically more active NiO films were
grown at 300 °C. The surfaces of those films were highly hydrophilic (water contact angle
= 8°) and contain relatively high amount of hydroxide groups (atomic ratio of
Ni(OH)2/NiO= 3.31). The amount of surface hydroxyl groups gradually decreases with an
increase in deposition temperature, with subsequent decrease in the PA of MO. The MO
degradation efficiency under UV light by NiO films produced at 300 °C from aqueous
solution was 45% in 3 h and decreased to 11% in 3h for the film grown at 420 °C. The
decrease in PA of NiO films with increasing the deposition temperature correlates to the
decrease in the amount of hydroxyl groups on the surface of NiO film.

It was shown that homogenous transparent polycrystalline NiO films with Eg of 3.7 eV
are obtained by ultrasonic spray pyrolysis technique at temperatures 350-500 °C using
nickel acetylacetonate as precursor material. The NiO layer deposition temperature of
500 °C was found to be optimal for ZnO/NiO heterostructure fabrication as the MB
degradation efficiency by ZnO/NiO bilayer increased from 8 to 30% with increasing the
NiO deposition temperature from 350 to 500 °C. Results of the study showed that
photocatalytically efficient ZnOnr/NiO core-shell heterostructures could be obtained
using for NiO shell deposition two USP cycles at 500 °C followed by annealing the
heterostructure at 600 °C in air. ZnOnr/NiO core-shell heterostructure with the shell
thickness from two spray cycles show MB degradation efficiency of 70% compared to
53% by ZnOnr as measured under UV irradiation for 3 h.

The formation of ZnOnr/NiO n-p core shell heterostructure was confirmed applying
advanced physical characterization techniques. XPS analysis confirmed the formation of
NiO shell on ZnO core and showed a 1.9-2.0 eV difference in modified Auger parameter
between ZnOnr and ZnOnr/NiO core-shell heterostructure, validating the presence of
built-in electric field at the interface. A type-ll band diagram between NiO and ZnOnr is
proposed based on Kelvin probe and photoelectron yield spectroscopy measurements.
In this study we proved that enhanced photocatalytic performance of ZnOnr/NiO
heterostructures is due to improved separation of photogenerated in ZnO electron—hole
pairs at n-p heterointerface.

The novelty of the thesis lies in the following: 1) Au NPs were produced by spin-coating
of HAuCls solution onto ZnOnr layers followed by heat treatment to form ZnOnr/Au
composite with enhanced PA 2) by systematic study the effect of deposition conditions
on surface properties of pneumatically sprayed NiO films we showed that the deposition
temperature is the main technological parameter controlling the content of surface
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hydroxyl groups on the film surface, and consequently, the film photocatalytic
performance 3) homogeneous crystalline films of NiO with cubic structure can be
successfully grown on different substrates by employing a robust ultrasonic spray
technique and nickel acetylacetonate as a source material. For the first time
ultrasonically sprayed NiO film was applied to ZnOnr layer to form ZnOnr/NiO core-shell
heterostructure demonstrating significantly enhanced photocatalytic performance
compared to pristine ZnOnr.

In this thesis study feasible, cost-effective and scientifically evidenced strategies for
the synthesis of ZnO nanorod and NiO film based materials as efficient photocatalysts on
glass substrates by chemical solution methods such as hydrothermal growth and
chemical spray pyrolysis are presented.
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Lihikokkuvote

ZnO nanovarrastel ja NiO 6hukestel kiledel baseeruvate

fotokataliiiitiliste materjalide arendus

Fotokatallils on Uks eesrindlikest stivaokslidatsiooni protsessidest orgaaniliste jadkainete
lagundamiseks reovees. Fotokatallilisi protsessis kasutatakse fotokatallisaatoritena
pooljuhtmaterjale nagu TiO2, ZnO, NiO, CdS, jt. Pooljuhi valgustamisel valgusega, mille
kvandi energia on suurem kui pooljuhi keelutsooni laius, tekitatakse elektron-auk paare,
mis pooljuhi pinnal omakorda tekitavad vabu radikaale, mille toimel orgaanilised
saasteained lagundatakse. TiO2 on kdige laialdasemalt uuritud materjal tdnu oma véga
heale fotokatalUutilisele voimekusele, mittetoksisusele ja keemilisele stabiilsusele. ZnO-
d peetakse samuti Uheks paljulubavaks fotokataliiiitiliseks materjaliks tdnu oma
keelutsoonile, laialdasele levikule, odavusele, mittetoksisusele, ning erinevate
morfoloogiate slinteesi lihtsusele. ZnO kui fotokatallisaatori peamiseks puuduseks on
fotogenereeritud elektron-aukpaaride kiire rekombinatsioon, mis oluliselt vahendab
materjali fotokatalldtilist aktiivsust. Fotogenereeritud laengukandjate paremaks
eraldamiseks ja seekaudu fotokatalitilise voimekuse parendamise liheks strateegiaks
on ZnO/metall (Au, Ag) vdi ZnO/pooljuht struktuuride loomine. NiO on samuti Uks
perspektiivne fotokatalldtiline materjal, mis on viimasel ajal palvinud paljude uurijate
tdhelepanu tdnu tema muudetavale keelutsooni laiusele, odavusele, keemilisele
stabiilsusele ja vdimekusele lagundada orgaanilisi saasteaineid. NiO kui p-tidpi
juhtivusega pooljuhtmaterjal on sobilik ZnO/NiO n-p heterostruktuuri valmistamiseks,
millel on suurem fotokatallitisi véimekus kui struktuuri komponentidel eraldi.

Praeguseks on ZnO ja NiO fotokatallisaatoritena uuritud peamiselt pulbri kujul.
Pulbrilisel fotokatallisaatoril on aga tosised puudused nagu osakeste aglomeratsioon ja
raskused reoveest eraldamisel, mis omakorda vdib pOhjustada sekundaarset reostust.
Sellest vaatenurgast on aluspindadele immobiliseeritud fotokatallisaatorite arendamine
palju sobivam lahendus, mis vGimaldab fotokatallisaatori hdlpsat eraldamist reoveest
ning materjali taaskasutamist. Just seetdttu on uurimist6d objektideks valitud
klaasalustele kasvatatud ZnO nanovarrastest koosnevad kihid (ZnOnr) ja NiO kiled.
Kaesoleva doktorito6 pdhieesmark oli ZnO nanovarrastel ja NiO kiledel baseeruvate
t6husate fotokatalUitiliste katete silinteesi strateegiate vdljatootamine. Materjalide
siinteesiks kasutati odavaid keemilisi meetodeid nagu hiidrotermaalne kasvatamine ja
keemiline pihustuspurollis.

Doktoritd0 eesmargi saavutamiseks seati kolm peamist llesannet: 1) slinteesida
ZnOnr/Au komposiit kasutades ZnOng pinnat66tluseks HAuCls lahust ja uurida komposiidi
flusikalis-keemilisi omadusi; 2) kasvatada NiO-kiled pneumaatilise pihustuspuroliiisi
meetodil kasutades lahtematerjalina nikkelatsetaati, ning uurida sadestustemperatuuri
ja lahusti titbi moju NiO kilede fuusikalis-keemilistele omadustele ja fotokataltitilisele
aktiivsusele; 3) slinteesida NiO dhukesed kiled ultraheli pihustuse meetodil kasutades
lahtematerjalina nikkelatsetiiilatsetooni, iseloomustada NiO kilede fiilisikalis-keemilisi
omadusi, kasutada NiO kilesid ZnO/NiO ©hukesekilelise ning ZnOngr/NiO
heterostruktuuride valmistamiseks. Uurida struktuuride fotokataliitilist véimekust.

ZnOnr/Au komposiidid valmistati HAuCls lahuse (0,005; 0,01; 0,03 mol/L) kandmisel
ZnOnr kihtidele, millele jargnes termiline to6tlemine 400 °C juures. Au nanoosakeste
moodustumist kinnitasid XRD ja SEM analtisid. Au nanoosakeste mdddud vahemikus
20-70 nm olid otseses korrelatsioonis HAuCls lahuse kontsentratsiooniga. ZnOnr/Au
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komposiitide optilised spektrid naitasid neeldumise kasvu spektri ndhtavas osas. XPS
uuringu kohaselt on ZnOnr/Au komposiidi, mis valmistati HAuCla 0,01 mol/L lahusest,
pinnal 2,5 korda rohkem hiidrokstilrihmi kui ZnOnr pinnal ja seet6ttu on neil ka suurem
MO lagundamise vdimekus. HAuCls 0,01 mol/L lahuse kasutamine andis tulemuseks
ZnOnr/Au komposiidi, mis UV kiirguse all lagundas 94 % MO-st 3 tunni jooksul, samas kui
Au-ga katmata ZnOnr vaid 65%. ZnOnr/Au komposiit naitas peaaegu kaks korda suuremat
MO lagundamise vdimekust ndhtava valguse all (ca 40% 3 tunni jooksul) vorreldes ZnOng-
ga (21% 3 tunni jooksul). ZnOnr/Au komposiitide suurem fotokatalldtiline vdimekus
nahtava valguse all on seletatav Au nanoosakeste plasmonresonants efektiga, mis tekitas
neeldumise spektri ndhtavas osas 500—-600 nm juures.

NiO G&hukesed kiled valmistati pneumaatilise pihustuspiroliiisi meetodiga
sadestustemperatuuridel 300-420 °C kasutades ldhteainena nikkelatsetaati ning
erinevaid lahusteid (vesi, alkohol). NiO moodustumist kinnitasid XRD ja Raman
spektroskoopia meetodid. Leiti, et sadestustemperatuur ja lahusti tilip mdjutavad
pneumaatiliselt pihustatud NiO kilede struktuurseid ja optilisi omadusi ning kilede pinna
keemilist koostist. Vesilahusest valmistatud NiO kiled on polikristalsed, kristalliidi
suurusega 4-10 nm, samas kui alkoholilahusest sadestatud kiled on XRD uuringu kohaselt
amorfsed. Vesi- ja alkoholilahustest valmistatud NiO kilede keelutsooni laius on vastavalt
3,4 eV ja 4,0 eV sOltumata sadestustemperatuurist. XPS anallisi jargi on
sadestustemperatuur  peamine tehnoloogiline  parameeter, mis kontrollib
hidrokstilrihmade kogust kile pinnal ja seetdottu ka NiO kilede fotokatallitilist
vdimekust. Vesilahusest 300 °C juures valmistatud NiO kiled on vdimelised lagundama
UV kiirguse all 3 tunni jooksul 45% anallitsitavast MO-st samal ajal kui 420 °C juures
kasvatatud kiled vaid 11 %. NiO kilede fotokatalitilise aktiivsuse vahenemine
sadestustemperatuuri t8stmisel korreleerub hidroksuilrihmade koguse vahenemisega
NiO kilede pinnal.

Doktorit66s tootati valja kdrge fotokatallittilise vBimekusega ZnOnr/NiO n-p tuum-
koorik heterostruktuuride siinteesi strateegia, kasutades esmakordselt NiO kooriku
valmistamiseks ultrahelipihustusplroliiisi meetodit. Esiteks, kasutades ldhteainena
nikkelatsetiitilatsetonaati valmistati ultraheli pihustuspiroltitsi meetodil NiO
homogeensed, optiliselt labipaistvad, polikristallilised NiO kiled, mille Eg on 3,7 eV.
Teiseks leiti, et ZnO/NiO heterostruktuuri valmistamiseks on NiO kihi optimaalne
sadestustemperatuur ca. 500 °C. MB lagunemise efektiivsus kilelise ZnO/NiO struktuuri
poolt suurenes 8%-It 30%-le kui NiO sadestustemperatuuri tdsteti 350-It 500 °C-le.
ZnO/NiO kontakti volt-amper karakteristikute médtmine kinnitas n-p heterostruktuuri
moodustumist. Kolmandaks, maarati fotokatalltiliselt tdhusate ZnO nanovarrastel
baseeruvate ZnOnr/NiO heterostruktuuride optimaalsed valmistamise tingimused: NiO
kile sadestamine kahest ultraheli pihustustsiklist 500 °C juures, millele jargnes
heterostruktuuri 168mutamine &hus 600 °C juures. ZnOnr/NiO n-p heterostruktuuri
moodustumist kinnitas XPS-anallilis, mis nditas NiO kooriku moodustumist ZnO
nanovarraste pinnal ning 1,9-2,0 eV erinevust modifitseeritud Augeri parameetrites
ZnOnr ja ZnOnr/NiO heterostruktuuri puhul, mis omakorda valideeris sisemise elektrivalja
tekke. Kelvini sondi, fotoelektronide saagise spektroskoopia ja keelutsooni laiuse
md&tmiste tulemuste pdhjal koostati ZnOnr/NiO heterostruktuuri tsoonidiagramm.
ZnOnr/NiO heterostruktuur naitas UV kiirguse all MB lagunemise efektiivsust 70% 3 tunni
jooksul samas kui ZnOwr lagundas samades tingimustes 53% MB-st. ZnOnr/NiO
heterostruktuuride suurenenud fotokataltitiline voimekus on tingitud fotogenereeritud
elektron-auk paaride efektiivsemast eraldamisest p-n siirde poolt.
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TO6O6 uudsus seisneb jargmises: 1) Esmakordselt valmistati Au nanoosakesed ZnOnr
peale kasutades selleks HAuCls lahuse pindvurritamist millele jargnes kuumutamine 6hu
keskkonnas. Tulemusena saadi ZnOnr/Au struktuurid, mis olid fotokataliiitiliselt
tunduvalt efektiivsemad lagundama MO-d kui ZnOnr kihid nii UV kiirguse kui ndhtava
valguse all. 2) Uurimist66 tulemusena testati, et pneumaatilise pihustamise meetodil
on vodimalik valmistada hea fotokataliiiitilise voimekusega NiO kilesid, kusjuures
sadestustemperatuur on peamine tehnoloogiline parameeter, mis maarab
hidrokstitlriihmade kontsentratsiooni kilede pinnal ja see omakorda kilede
fotokataltititilise voimekuse lagundada MO-d kui saasteainet. 3) Toos naidati
esmakordselt, et ultrahelipihustuse meetodil on vdimalik valmistada Ghukesi, (ihtlase
pinnaga, kristallilisi NiO kilesid kasutades lahteainena nikkelatsetiililatsetonaati.
Esmakordselt kasutati ultrahelipihustuse meetodit NiO kooriku sadestamiseks ZnOnr
tuumale, maarati optimaalsed tehnoloogilised tingimused ZnOnr/NiO tuum-koorik n-p
heterostruktuuride valmistamiseks, n-p heterostruktuuri moodustumine tdestati
struktuuri fausikaliste parameetrite mo6tmiste kaudu.

Kokkuvottes, doktorit6ds tootati valja tehnoloogiliselt lihtsalt teostatavad,
kuluefektiivsed ja teaduslikult pdhjendatud strateegiad ZnO nanovarrastel ja NiO
S6hukestel kiledel baseeruvate efektiivsete fotokatallittiliste materjalide valmistamiseks
keemilistel vedeliksadestuse meetoditel.
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ARTICLE INFO ABSTRACT
Keywords: In this research, we demonstrate an enhanced photocatalytic activity (PA) of ZnOg/Au composites compared to
Hydrothermal growth PA of plain ZnOg structures. The ZnOr were produced by a hydrothermal growth method and the surface
Z?O nanorods treatment of the ZnOg crystals was carried out with HAuCl, using a spin coating technique. In this study, methyl
E;;;r;i;lation orange was chosen to evaluate the photocatalytic activity of the ZnOg and ZnOg/Au. The highest degradation

Photocatalytic activity

efficiency of MO was achieved with ZnOg/Au layers. The XPS and wettability measurements have confirmed the

increase in the amount of hydroxyl groups on the surface of the ZnOg/Au. Taking into account the physical and
chemical characterizations of the samples, the enhanced photocatalytic activity of the ZnOg/Au composites has
been attributed to the three main issues 1) an effective charge carries separation due to proper ZnO and Au bands
alignment where the gold acts as an electron scavenger, 2) surface plasmon resonance from Au nanoparticles 3)
increase of the hydroxylation of the ZnOg crystals surface after HAuCl4 interaction with ZnOg surface.

1. Introduction gained increasing attention in environmental problems related to the
removal of toxic organic substances (dyes, antibiotics, e.t.c.) from
Currently, environmental investigations around the world [1,2] have wastewater. Ultimately, research activities on wastewater treatment
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methods have focused on advanced oxidation processes (AOP), mainly
due to the complete degradation of a wide range of organic contami-
nants that are resistant to conventional purification methods of water,
absence of waste disposal problems and low cost [3]. Among the AOPs, a
heterogeneous photocatalysis, a new wastewater treatment technique, is
a rapidly growing research area in recent decades [3,4]. The heteroge-
neous photocatalysis that uses semiconductor catalysts (TiOy, ZnO,
Fey03, CdS, GaP, and ZnS) has demonstrated its effectiveness in the
degradation of a wide range of organic compounds into easily biode-
gradable compounds, and eventually mineralized them into harmless
carbon dioxide and water [4].

In the field of photocatalysis today, ZnO has become the main
candidate in the ecological environmental management system due to
its non-toxicity, profitability, a near UV band gap value (3.37 eV), its
excellent capacity to grow in many different nanostructured forms
(wires, rods, platelets, etc.), strong oxidation capacity and chemical and
optical stability [5,6].

However, a major obstacle to achieving highly efficient photo-
catalytic performance is the rapid recombination of pairs of photo-
generated electron-holes in ZnO nanosystems [7].

Therefore, much effort has been expended to improve the charge
separation and transport by coupling ZnO with other materials [7-10].
The combination of plasmonic metal nanoparticles (Au, Ag, Pd) with
semiconductors has been considered as an effective approach to improve
the photocatalytic efficiency of the resulting hybrid semi-
conductor/plasmonic particle structure. Benefits of such a composite
structure are known, such as improving the absorption of sunlight
through the surface plasmon resonance, an improvement in the sepa-
ration of the charge carrier due to the proper correct position of the
energetic band of the gold nanoparticles and semiconductors, where
gold acts as an electron scavenger [11].

Currently, the number of studies on the photocatalytic activity of
such Au/ZnO composites is growing rapidly, however, the most of the
studies still comprise the powder forms of photocatalysts [12-19].

The powdery photocatalyst has several serious problems that limit its
practical application for the remediation of wastewater. These are dif-
ficulties of separation and recovery, high tendency to the aggregation of
nanoparticles, low capacity of adsorption of hydrophobic contaminants,
difficulties in the uniform distribution of particles.

One of the effective solutions to overcome the problems caused by
the nanoparticles could be the photocatalyst with a defined crystalline
structure attached to the substrate. The 1D nanostructures such as
nanorods, nanowires or nanoarrays are a good choice due to their high
open surface area and their easy preparation on various substrates. So
far there are very limited amount of studies on photocatalysis of Au/ZnO
composit with ZnO rod-like morphology attached to the substrates. J.
Wu et al. [20] have studied the photocatalytic activity of MO degrada-
tion by using CVD deposited ZnO films, ZnO nanorods and Au/ZnO
nanorod composites on Si with different size and density of Au particles.
It was shown that the highest photocatalytic activity to degrade MO
solution (15 ppm) was achieved by Au/ZnO nanorod composit samples.
For example, the degradation rate of MO by Au/ZnO nanorod samples
was ca. 70-83%, compared to ca.50% for ZnO nanorod sample without
gold and 5% for ZnO film sample for 3 h under UV light (365 nm). The
authors have shown that high density and smaller Au nanoparticles di-
ameters (5 nm) induce greate MO decomposition ability (83%/3h)
compared to the larger, 30 nm large Au particles (PA is 70%/3h) or
lower density 5-15 nm large Au particles (PA is ca.75%/3h) [20]. J. Lu
et al. [21] have studied the photocatalytic activity of Au/ZnOnanorod
vs. ZnO nanorod samples, where nanorods were produced by hydro-
thermal growth and nanorods were immersed to the HAuCl4 - ammonia
solution at pH 8-9 at 70 °C for 1h and model pollutant was MO (5 ppm,
300 W Xe lamp). It has been shown that Au/ZnO samples have superior
PA activity over ZnOg samples, being 87-100%/3h for Au/ZnO samples
(3h) and ca.65%/3h for ZnO samples [21]. It was found that optimal Au
concentration to achieve maximum PA performance is 0.25 and 0.75
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mmol/L and highest Au concentration studied in this paper 1 mmol/L
lowered PA activity of Au/ZnOg samples up to 87%/3h. Da-Ren Hang
et al. [22] have reported the increased PA acitivity of hydrothermally
grown ZnOg rod samples (91%/2h of 10 ppm MB, 500 W UV lamp)
compared to pristine ZnOg photocatalyst (ca. 35%/2h of 10 ppm MB,
500 W UV lamp).

X. Liu [23] has also reported the enhanced PA of Au/ZnO rod sam-
ples, where ZnO rods were grown by chemical bath and immersed into
HAuCl4 solution. The PA of Au/ZnOg sample over MO pollutant was
90%/3h vs. 50%/3h for pristine ZnOg sample. Thus, the Au decoration
of either random ZnO crystals or ZnOg nanorods structure lead to in-
crease in photocatalytic activity of the photocatalyst independent of the
pollutant.

The enhanced photocatalysis of Au/ZnOg composites over ZnOg rods
is usually refered to so called physical reasons, such as enhanced charge
separation due to proper Au and ZnO bands alignment (scavenging ef-
fect) or plasmonic effect, leaving behind the chemical interaction of an
acid (HAuCl4) or ammonia with ZnO crystals surface. In this study
additionally to systematic PA activity study under UV and visible light
we study the influence of the surface composition of Au/ZnOg on PA
after chemical treatment of ZnOg with HAuCly.

Another problem that complicates the comparison of results from
one study to another is a wide range of model pollutants used, their
different concentrations, different types of irradiation sources and the
power used in several studies. Therefore, the study that covers several
parameters in a study represents high scientific value.

For this study, ZnOg crystals were grown using a hydrothermal
growth technique, which is one of the most popular methods for growing
ZnO nanostructured materials at present. The relevance of the hydro-
thermal method is also supported by the greater number of publications
on the hydrothermal growth of ZnO compared to the publications on
other synthesis methods (according to ISI Web of Science Hydrothermal
growth, ZnO ca. 3700 publications for a period of 2008-2018). How-
ever, most hydrothermally developed nanostructures are loose, are not
bound to the substrate structures, and by this growth method, the
growth of c-axis oriented ZnOg nanorod crystals which are highly
crystalline and vertically attached to the glass substrate is still
challenging.

The important topics addressed in this study are 1) the practical way
to synthesis elongated, highly crystalline, fixed to substrate ZnO nano-
rods by the hydrothermal growth method and their derivatives, ZnOg/
Au composits 2) comparative study on the photocatalytic activity of
ZnOg and ZnOg/Au layers using UV and VIS light sources in the same
study 3) establishing the synergetic mechanism that explains the
improvement of the photocatalytic efficiency of ZnOg/Au layers over
the bare ZnOg, including not only the physical backgrounds (electron
scavenging and plasmon resonance) established earlier, but also the
chemical reasons, such as changing the surface composition of Au/ZnOg
composits after the chemical interaction of HAuCls acid and ZnOg
during the decoration of ZnOg with Au nanoparticles.

2. Experimental details
2.1. Samples preparation

The soda-lime glass substrates were cut into pieces with a specific
size of 38 x 9 x 1.1 mm3. After that, the substrates were cleaned with
detergent solution, deionized water, and isopropanol in an ultrasound
bath, dried and washed thoroughly with deionized water. Properly
cleaned glass substrates were placed in a heated tin bath for the prep-
aration of the ZnO seed layer. The seed layers have been prepared by the
spray pyrolysis method. The precursor solution was nebulized with the
aid of a pneumatic spraying head, which operates in a pulsating feed
mode (5 s of power, 20 s of pause). The precursor solution (20 ml) is
composed of 0.05 mol/1 of zinc acetate solution (Zn(CH3COO)) solution
of 2/3 vol of the isopropanol/water mixture. The bath temperature (Ts)
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Fig. 1. SEM and back-scattered electron images of ZnOg and ZnOg/Au layers a) ZnOg, surface; b) ZnOg crosssections; ¢) ZnOg/Au 0.005 mol/L surface; d) ZnOg/Au
0.005 mol/L cross-sections; €) ZnOg/Au 0.01 mol/L surface; f) ZnOr/Au 0.01 mol/L cross-sections; g) ZnOgr/Au 0.03 mol/L surface; h) ZnOr/Au 0.03 mol/L

cross-sections.

was set at 500 °C and the air flow was adjusted to 8L/min. According to
SEM, the morphology of the seed layer represented a flat and compact
structure composed of round crystals of 30 nm thickness. The thickness
of the seed layer was ca. 80 nm.

For the hydrothermal synthesis, the glass substrates covered with

ZnO seed coatings were mounted simultaneously in 40 ml of the reactor
baker with a mixture of 0.1 mol/L zinc nitrate hexahydrate (Zn
(NO3)2*6H20, Sigma-Aldrich, 99.9%) and hexamethylenetetramine
((CH2)6N4, HMT) 0.1 mol/L aqueous solutions. The reactor baker was
then mounted in a steel autoclave and the reaction proceeded for 2 h at
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120 °C.

The freshly prepared ZnOg layers, thoroughly washed with deionized
water and washed with deionized water in ultrasound bath (1 min),
proceeded with the treatment with HAuCl4 (HAuCl4 - Sigma-Aldrich
99.9%). The HAuCly acid solution in ethanol was dropped (2 drops
with a 0-100 pm pipette) on the surface of the rods and centrifuged
[24-26]. The spinning regime was 5s at 500 rpm and 30 s at 3000 rpm.
The concentrations studied of HAuCl4 were 0.005 mol/L, 0.01 mol/L
and 0.03 mol/L. The highest concentrations were not studied due to the
partial dissolution of ZnO according to Ref. [26]. Then, the samples were
dried at 100 °C for 30 min and annealed at 400 °C for 20 min. The ZnOg
reference sample without Au particles proceeded to a heat treatment
procedure similar to the ZnOgr/Au composite. Parallel to the treatment
with HAuCly, we treat specific sample of ZnOg with a solution of HCI
alone using the concentration of 0.01 mol/L.

2.2. Samples characterization

The high-resolution scanning electron microscope (SEM) studied the
dimensions and shape of the gold nanoparticles and ZnOg rods in Zeiss
HR FESEM Ultra 55 at an operating voltage of 10 kV.

The phase composition and the structure of ZnOg and ZnOg/Au were
studied on an XRD machine. The XRD patterns were recorded using a
Rigaku Ultima IV diffractometer with CuKa radiation ( = 1.5406 A, 40
kV at 40 mA) and the D/teX Ultra silicone strip detector. The crystalline
phases were identified using the XRD reference files (PDF-2 file collec-
tion) of the International Center for Diffraction Data (ICDD, Pennsyl-
vania, USA).

The absorbance spectra of the ZnOg arrays and the ZnOg arrays with
Au nanoparticles were recorded in the Jasco V-670 UV-VIS-NIR spec-
trophotometer equipped with an integrating sphere. The spectra were
taken in the wavelength range of 300-2200 nm.

X-ray photoelectron spectroscopy (XPS) study was performed on the
Kratos Analytical AXIS ULTRA DLD spectrometer equipped with the
monochromatic X-ray source Al Ka and the achromatic anodic X-ray
source Mg Ko/Al Ka. All the spectra have been charge-corrected by
taking C1s peak (BE = 285.0eV) as reference.

The photocatalytic activity of the ZnOg, ZnOg/Au and ZnOg/HCl
samples were estimated by the degradation of the Methyl Orange (MO)
dye, concentration changes with time. The concentrations of the dye
were monitored every 30 min in the Jasco V-670 UV-VIS-NIR spectro-
photometer. The Philips Mercury lamp (15W*2 lamps, model TL-D, Amax
= 365 nm) was used as a UV source and Philips Master TL-D Super 80
(15W*2 lamps, Amax = 550 nm) for the visible light photodegradation
tests. The ZnO-photocatalyst rod samples (substrate surface area of one
sample is 3.42 cm? and weight of ZnO nanorod layer sample (photo-
catalyst) on glass substrate is 1.5 mg, (glasses were weighted before and
after the deposition) were mounted in a 5 ml UV-cuvette filled with 4 ml
of dye solution. The initial concentration of MO solution was 0.015037
mg/L (15 ppm). The standard measurement of MO concentration took
place at a wavelength of 464 nm. The study on the stability of photo-
catalyst, 10 repetitive cycles has been performed, 3h duration for each
cycle. To identify the reactive species actively taken part in photo-
catalytic degradation process, we performed photocatalytic measure-
ment mounting the samples into MO solution containing scavenger
solutions. The isopropanol was used to scavenge the hydroxyl radicals,
ammonium oxalate was used to catch the holes, p-quinone was used to
bound superoxide radicals. The degradation efficiency took place 1 h.
The concentration of scavenger was 1 mmol/L.

3. Results and discussion
3.1. Morphology, structural and optical properties of the layers

The surface and cross-sectional SEM images of the ZnOg and ZnOg/
Au layers studied here are presented in Fig. 1. According to Fig. 1, the
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Fig. 2. XRD patterns of ZnOgr/Au layers deposited from the HAuCl, solution
with concentration of 0.01 mol/L and 0.03 mol/L.

glass substrates have a dense, uniform coverage of elongated ZnO rod
crystals. The vertical orientation of the crystals prevails, the most of the
crystals have a well-defined hexagonal shape and a flat (002) top plane
termination, while others, minorities, have a sharp, pencil-shaped top
tip. The average lengths of the crystals are L = ca. 1 pm, and the di-
ameters vary from 50 to 150 nm. After treatment with HAuCly, the gold
nanoparticles are formed in the facets of the ZnOg crystals. The di-
ameters of Au-NPs vary from 20 to 60 nm depending on the concen-
tration of HAuCly used. The smallest particles with d = ca. 20 nm were
detected on the surface of ZnOg, treated with HAuCly solution with a
concentration of 0.005mol/L, the largest d = ca. 60-70 nm with a
concentration of HAuCly of 0.03mol/L. The back-scattered electron SEM
images (Fig. 1 d, f, h left) provide a clear representation of Au points and
positions due to a greater difference in conductivity between Au and
ZnO.

The crystalline structure and the composition of the phases of the
samples were characterized by XRD analysis. Regardless of the presence
of gold in the lateral facets of the rods, all the samples studied are
composed of wurtzite ZnO. The XRD patterns acquired from hydro-
thermally grown ZnOg crystals covered with gold nanoparticles are
shown in Fig. 2. The main reflections in 20 of 31.77, 34.42, 36.25,
47.54, 56.6° correspond to planes (100), (002), (101), (102) and (110)
of hexagonal ZnO. The strong and narrow predominant reflection at
34.40° from (002) plane of ZnO indicates the formation of highly crys-
talline, c-axis perpendicular to the substrate oriented ZnO crystals. The
ratio of the intensities of (002) and (101) reflections (Iio2)/I101)) is 68
and characteristic for the highly dense, well-aligned vertically oriented
ZnO nanorod arrays. For a powder sample, (Io02)/I¢101)) is 0.44.

The presence of Au nanoparticles as a separate phase can be detected
in the XRD diffractogram only for ZnOg covered with Au using a higher
concentration of HAuCly solution. The Au-NPs deposited from HAuCly
with a concentration of 0.03 mol/L are clearly detectable at 20 of 38.1°
corresponding to the plane (111) of metallic Au (cubic phase). XRD did

Zn0O,
——Zn0_Au0.005 mol/L
ZnO,_Au0.01 mol/L

——2Zn0,_Au0.03 mol,

Absorbance, arb. unit

T T
400 500 600 700 800
Wavelength, nm

Fig. 3. Absorption spectra of ZnOg and ZnOg/Au layers.
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Fig. 4. («hv)? vs. energy plot of ZnOg sample. Band gap determination from
Tauc’s plot.
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not detect any sign of Au-NPs for the samples produced using the lowest
concentration of HAuCly solution of 0.005 and 0.01 mol/L.

The absorbance spectra of the ZnOg and ZnOg arrays covered with
Au-NPs were measured in the wavelength range of 300-2200 nm and
the range of 300-800 nm is presented in Fig. 3. The absorption band in
the region of 500-600 nm with a maximum of 550 nm could be asso-
ciated with the effect of plasmon resonance exiting from the gold
nanoparticles [26,27]. The higher the concentration of the gold pre-
cursor used to produce the gold nanoparticles, the higher the absorbance
value.

The band gap energies were determined from the Tauc graph shown
in Fig. 4 as an example. Regardless of the presence of gold nanoparticles
or not, all ZnOg samples have almost similar band gap energy values, Eg,
in the range of 3.25-3.27 eV. This is an additional confirmation that the
gold particles are a separate unit distributed in the crystal facets of
ZnOR.

3.2. Photocatalytic activity and the surface properties of the layers

3.2.1. Photocatalytic activity

The photocatalytic activity (PA) of the samples studied was recorded
in the degradation rate of the methylene orange (MO) dye. The MO is a
well-known and frequently used model contaminant to evaluate the

a |

804

60

cIC, %

<

204 \‘
\\

AZnOR/HCI_74%

ZnOR/Au0.03_88%
ZnOR/Au0.005_90%
ZnOR/Au0.01_94%

0 T T T

b

T T T
100 125 150
Time, min

0 25 50 75

T T T
175 200 225 250

CIC,%

40+

204

0 20 40 60 80 100 120 140 160 180 200 220
Time, min

Fig. 5. MO (15 ppm) degradation rate C/Co vs. time of MO, ZnOg, ZnOg/HCl, ZnOg/Au 0.005 mol/L, ZnOg/Au 0.01 mol/L, ZnOr/Au 0.03 mol/L a) under UV light

(30 W Hg lamp) and b) under visible light (30 W luminescence lamp) illumination.
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Fig. 6. Plots of In(CO/Ct) vs. illumination time of the samples: ZnOg, ZnOg/HCl, ZnOg/Au 0.005 mol/L, ZnOg/Au 0.01 mol/L, ZnOg/Au 0.03 mol/L a) under UV
light (30 W Hg lamp) and b) under visible light (30 W luminescence lamp) illumination.
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Table 1

Kobss R? of ZnOg, ZnOg/HCl, ZnOg/Au 0.005 mol/L, ZnOg/Au 0.01 mol/L,
ZnOgr/Au 0.03 mol/L left) under UV light (30 W Hg lamp) and right) under
visible light (30 W luminescence lamp) illumination.

Sample name UV light illumination VIS light illumination
Kops R Kobs R
ZnOg 0.006 0.9955 0.0014 0.9918
ZnOg:Au0.005 0.013 0.9773 0.0028 0.9877
ZnOg:Au0.01 0.016 0.9907 0.0028 0.9877
ZnOg:Au0.03 0.001 0.9872 0.0027 0.9953
ZnOg:HCl 0.007 0.9984 N/A N/A

photocatalytic activity of several photocatalysts.

Degradation rate of MO, curves C/CO as a function of time, under UV
and visible light without (MO) and with photocatalyst layers (ZnOg,
ZnOg/Au 0.005 mol/L, ZnOgr/Au 0.01 mol/L, ZnOg/Au 0.03 mol/L,
ZnO/HCI) are presented in Fig. 5. As the photocatalytic degradation of
MO obeys the first-order kinetics [28] the graphs of In(C0/C) vs. illu-
mination time represent the straight line. The slope of the linear
regression is equal to the apparent first order rate constant, kops. The
graphs of In(C0/C) vs. illumination time are presented in Fig. 6. The
apparent first-order rate constant, the kops, and the correlation co-
efficients (R?) are presented in Table 1. As can be seen in Table 1, all the
correlation coefficients are greater than 0.95, which reveals that the
photodegradation of the dyes fits well with the chosen kinetic model.

According to the values of kops and the percentages of MO discolor-
ation over time, photocatalysts illuminated with UV light were per-
formed more efficiently compared to those illuminated with visible
light.

For example, ZnOg samples have shown ca. 65% degradation effi-
ciency for 3 h under UV light, and only 21% degradation of MO was
achieved under visible light illumination during the same time. The kops
of the illuminated UV light of ZnOg are almost 6 times higher than the
same sample treated with the VIS light source, being 0.006 and 0.001,
respectively.

The clear improvement of the photocatalytic performance due to the
presence of Au in a ZnOg sample surface is clearly demonstrated by the
values of Kkops as well as the graphs of C/CO vs. time. Gold-coated
nanorods compared to bare rods have shown an increase in degrada-
tion efficiency of 30% under UV light and 20% under visible light. The
samples of PA of ZnOg/Au are ca. 90% and 40% for 3 h for UV and VIS
light, respectively, and simple ZnOg PA is ca. 65% and 21% for 3 h, for
UV and VIS, respectively.

The reaction rate constant, Kyps, of bare ZnOg is as high as ca. 3 times
of ZnOg/Au 0.01, being ca.0.006 and 0.016, respectively, for UV light
and 2 times higher than ZnOgr/Au 0.01 (kebs 0.0014 and 0.0028,
respectively) for VIS light illumination.

It was observed that the ZnOg sample treated with only HCI solution
keeping the procedure and concentration mode similar to the samples

a) b)
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Table 2
XPS analysis data of atomic ratios of the Vo/Zn-O and OH/Zn-O obtained from
the O1s core level peaks and water contact angle values.

Sample [Vol/[Me-0] [OH]/[Me-O] CA®
ZnOg 0.2 0.3 17-20
ZnOg/Au 0.005 0.3 0.3 N/A
ZnOg/Au 0.01 0.5 0.7 1-8
ZnOg/HCl N/A N/A 10-14

treated with HAuCly, has shown a better photocatalytic performance
than the bare ZnOg sample. The ZnOr/HCI kps are 1.17 times higher
than the ZnOg sample (0.007 vs. 0.006, respectively) and the ZnOg/HCl
PA is 1.14 times higher than the ZnOg sample (74% vs. 65%,
respectively).

The results of photocatalytic degradation under UV light are in a
good correspondence with those reported in a literature by J. Lu et al.
[21] who reported 87-100% degradation of 5 ppm MO (300 W illumi-
nation) for 3h by ZnOg/Au and 65%/3h by pristine ZnOgr grown also
hydrothermally.

To further understand the chemical reasons behind the difference in
photocatalytic behaviour after an interaction of ZnOg crystals with
HAuCly acid, the ZnOg photocatalysts, ZnOr/Au and ZnO/HCI samples
proceeded to XPS analysis and surface wettability characterizations.

3.2.2. Surface properties of the layers via XPS study and wettability studies
The surface composition of ZnOg and ZnOg/Au 0.005 mol/L and
ZnOg/Au 0.01 mol/L samples were studied by XPS. Insofar as a relative
amount of hydroxyl groups and oxygen vacancies are the driving com-
ponents of the photocatalytic activity, the O1 core level spectra of those
samples were plotted and analyzed. The asymmetric core level peaks of
01S were deconvoluted using Lorentzian-Gaussian fitting analysis
(pseudo-Voigt function) and presented in Fig. 7 for ZnOg, ZnOg/Au
0.005 mol/L and ZnOg/Au 0.01 mol/L in a, b and c, respectively.

In the O1s core level spectrum of all the samples, three well-defined
deconvoluted peaks were observed. The peaks in the binding energy
values (BE) of 530.2 + 0.2 eV are attributed to the Me-O bond, in our
case Zn-0 [29], BE of 531.1 + 0.3 to the oxygen-deficient region, i.e.
oxygen vacancies (Vo) [30-33], BE of 532 eV + 0.2 eV belong to the
surface hydroxyl groups (-OH) [34], and 533.1 eV belong to the species
CO, C = O and H0 [35,36]. The atomic concentrations of all the
components (Zn-O, Vo, -OH, H,0) found in the O1 core level spectrum
were calculated from the integrated area of the O1 spectrum using the
cross sections of Scofield. The atomic relationships of the components,
OH/Zn-0 and Vo/Zn-0, are summarized in Table 2.

As shown in Table 2, the relative amount of [Vg]/[Me-O] and [OH]/
[Me-0] is higher for the samples covered with gold nanoparticles. The
relative amount of [OH]/[Me-O] for the sample ZnOg/Au 0.01 mol/1 is
0.7 being more than twice as high as compared to [OH]/[Me-O] = 0.3 of
the bare ZnOg.
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Fig. 7. O1S core level spectrum of a) ZnOg, b) ZnOg/Au 0.005 mol/L, ¢) ZnOg/Au 0.01 mol/L.
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Fig. 8. Schematic diagrams showing the charge carriers transportation processes in ZnOg/Au structures and physico chemical interaction reactions to radical

formation in case of UV and VIS light illumination.

Another test to estimate the relative content of OH groups on the
surface could be made by measurements of surface wettability. It is well
known that the amount of OH groups on the surface is directly pro-
portional to the water contact angle (WCA). The greater the number of
WCA, the smaller the number of OH groups on the surface, the greater
the hydrophobicity of the surface and vice versa. In our case, the
wettability measurements support the XPS results. The hydrophilicity
increases with the treatment of the ZnOg structures with an acid solu-
tion, the WCA values are in the range of 1-8°, 10-14 and 17-20 for
ZnOgr/Au 0.01, ZnOg/HCI 0.01 and ZnOg samples, respectively. This
supports the presence of a greater amount of hydroxyl groups on the
surface treated with acid solution samples compared to bare rods.

The greater amount of hydroxyl groups is reflected in the higher
photocatalytic behavior of the ZnOg/Au samples compared to ZnOg
samples showing PA of ca. 90%/3h and 65%/3h under UV light,
respectively (Fig. 5a). The greater number of OH groups on the surface
in the case of the ZnOr/Au samples can be explained as follows: Ac-
cording to thermal decomposition studies in HAuCly [37], the main
by-product of gas decomposition is HCl. Therefore, the HCl formed
during the heating of HAuCly reacts with the surface of the ZnO crystal
with the formation of ZnCl,. The latter, a highly hygroscopic compound
(Lewis acid) is known which immediately absorbs moisture from the
environment and is transformed into "OH groups' containing zinc
hydroxychloride, which makes the surface more hydroxylated. To test
this assumption, we treated the surface of the ZnOg crystal with HCl acid
(0.01 mol/L), proceeding with a procedure exactly similar procedure as
we treated the samples with HAuCly and we measured the photo-
catalytic activity of this sample with UV irradiation. The photocatalytic
performance value of this sample, ZnOr/HCI (Fig. 5a), is between the PA
of the pristine ZnOg and ZnOg/Au, being 74%/3h, 65%/3h and ca.
90%/3h, respectively. Therefore, the acid treatment changes the sur-
faces of the ZnOg layers making the surface more hydroxylated, result-
ing in greater photocatalytic activity.

The higher the concentration of HAuCly, the more HCI gas evolves
and reacts with the surface of the ZnO crystals and, therefore, the greater
number of OH species are formed. However, the higher concentrations
of HAuCly4 (0.03 and higher) may already be detrimental to the integrity
of the ZnO nanorod, subsequently worsening the photocatalytic activity
of the crystals. Therefore, a moderate or low concentration of HAuCly
acid is better for the treatment of the surface of the crystals due to the
hydroxylation effect of the surface. In addition, the ZnOg/Au samples

have an additional beneficial impact on the photocatalytic activity that
arises from the plasmonic effect of the gold nanoparticles and proper
gold ZnO band positions, making an Au as a charge scavenger sup-
pressing the losses of the charge carriers from the recombination.

3.3. Mechanism behind the photocatalytic activity

Taking into account the studies of absorbance spectra, XPS, wetta-
bility and photocatalytic activity, we propose the synergic mechanism
responsible for increasing the photocatalytic performance of the ZnOg/
Au samples. The mechanism includes both the physical and chemical
aspects.

Fig. 8 illustrates the schematic diagrams showing the charge trans-
port processes in ZnOg/Au hybrid structures and explains the enhanced
photocatalytic performance of the samples under UV and VIS light
illumination. The mechanism and the charge pathways differ for the UV
and VIS light sources.

3.3.1. UV light illumination. Charge transport. Au is a charge scavenger

Under UV illumination, the ZnOg/Au structures receive high energy
(E > Eg of Zn0O), over which the electrons of the ZnO conduction band
are transferred to their valence band. The charge transport path is
illustrated in Fig. 8 as white circles with the corresponding charges,
negative "-" corresponds to the electron and positive "+" to the holes. As
the Fermi level of Au is located slightly below the CB of ZnO, the exited
and positioned electrons in CB move down to the Fermi level of Au.
Therefore, Au acts here as an electron scavenger, efficiently suppressing
the losses of the charge carriers from the recombination. In turn, the
electrons (already moved to the Fermi level of Au from the ZnO CB and
the electrons belonging to the Au and located on Fermi level of gold)
actively participate in a reduction reaction with oxygen that is generally
adsorbed to the semiconductor surface from the air with formation of so-
called active reactive species. These are the first superoxide radical ion
(0%, which then reacts with the water molecule and forms ¢OH rad-
icals [38-40].

The holes left in the valence band after the ZnO electrons are
elevated to the CB react with the OH groups (either those adsorbed to
the surface from humid air or HyO in the aqueous solution) with the
formation of the eOH radical. Both reactive species, ¢OH and superoxide
radicals (¢0%7) act destructively on the dye molecule [41]. Finally, the
dye molecule under the influence of these radicals decomposes into
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Fig. 9. Illustration of the surface composition and wettability of ZnOg, ZnOg/HCl and ZnOg/Au.

harmless CO5 and H,0.

3.3.2. VIS light illumination. Charge transport. Surface plasmon resonance

When the ZnOg/Au structures are illuminated with visible light, the
surface electron of gold is excited and elevated to the higher energy
states normally referred to as the surface plasmon resonance (SPR) level,
located ca. 2.38 eV from the vacuum level in the energy diagram, Fig. 8
right. The SPR level energetically has a higher position than the con-
duction band of ZnO, and the electrons of gold are transferred to the CB
of ZnO. From the CB of ZnO, they move again to the E; of gold (as in the
case of the illumination with UV light) from where they meet and react
with the oxygen, forming first the superoxide ion (¢0?) and then
reacting with OH groups (on a surface or in water) that leads to eOH
radical formation. Parallel to these reactions, hole left behind after
electron elevation to the higher level, was accepted, with OH groups
forming eOH radicals. All the radical species, formed during these
charge carriers interactions with the molecules, react with the dye
molecule, decomposing it into CO, and H0.

In the case of illumination with VIS light, there are no ZnO electrons
excited in the ZnO conduction band, nor are holes formed in the ZnO
valence band. The energy of VIS light is not as powerful compared to the
energy of UV light for electrons to be extremely fast and active. This is
the main reason why the photocatalytic degradation behavior of the
ZnOg/Au samples illuminated under visible light remains behind those
illuminated with powerful UV light.

3.3.3. Chemical interaction of ZnOg with HAuCly acid. Chemical
composition of ZnOg surfaces

Another important part of the photodegradation mechanism of the
dye is a "chemical part" or surface composition of the photocatalyst after
an interaction of ZnOg with HAuCl4 acid. Fig. 9 has an illustrative
reproduction of the ZnOg, ZnO/HCl and ZnO/Au surfaces and their
wettability.

One of the key components on the surface that plays a key role in
photocatalysis is adsorbed to the surface of the photocatalyst OH groups
[42,43].

According to the XPS and wettability studies, the relative amount of
OH groups on a surface is greater after surface treatment of ZnOg with an
acid solution, either with HCl or HAuCly. OH groups are primary com-
ponents required for the reactions no. 2a and 2b in Fig. 8 (reaction of an
electron with OH groups on the surface with the formation of eOH
radical), the photocatalytic activity directly depends on the amount of
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Fig. 10. MO degradation tests by ZnOR and ZnOR:Au 0.01 photocatalysts with
scavenging solutions.

OH groups adsorbed on the surface. In addition, there are many studies
that reveal that more hydroxylated surfaces offer better photocatalytic
performance [42-44]. eOH radicals are more active photocatalytically
than superoxide radicals [45], therefore, reactions 2a and 2b are the
most important to produce OH radicals.

Thus, the hydroxylated chemical surfaces of the ZnOg surfaces after
HAuCl4 treatment is an another important benefit additionally to a
physical issues that give rise to an increased photocatalytic activity.

To prove the existence and prevailing of the reactive species in the
solution, we performed so called scavenging test. The isopropanol was
used to scavenge the hydroxyl radicals, ammonium oxalate was used to
catch the holes, p-quinone was used to bound superoxide radical parti-
cles. The degradation efficiency took place 1 h and results are presented
in Fig. 10. As can be seen from Fig. 10, the presence of isopropanol,
oxalate and p-quinone in MO solution has decreased the photocatalytic
efficiency nearly twice compared to the photodegradation rate of
unscavenged MO solution. Results show that hydroxo, superoxide rad-
icals and holes are present and taking part in photocatalytic process of
MO degradation.
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Table 3
The pH values of the degradative solution before and after irradiation with UV
light.

Solution pH before UV illum pH after UV illum
Methyl orange (MO) 6.1 5.5
MO + isopropyl alcohol 6.4 5.9
MO + oxalate 5.3 5.2
MO + p-quinone 6.5 5.3

3.4. Stability of ZnOg and Au/ZnOg photocatalysts

Furthermore, we have tested the stability of chosen photocatalyst
and measured photocatalytical activity for at least 10 times (Fig. 11).
Each cycle continued for 3 h. We have also performed the monitoring of
PH of MO solution before and after the photocatalytic activity and SEM
study of the ZnOg structures after 10 cycles. The results of pH study are
summarized in Table 3 and SEM study of 10 cycles performed by ZnOg

Materials Chemistry and Physics 245 (2020) 122767

photocatalysts are presented in Fig. 11.

The stability test results have shown excellent stability of the ZnOg
and Au/ZnOg photocatalysts. The MO degradation efficiency of ca. 65
and 94% for ZnOg and ZnOg:Au 0.01 samples, respectively, was
demonstrated after 10 cycles with duration of 3h each.

Moreover, the SEM photos which were taken from the ZnOg samples
after 10 cycles clearly demonstrate the preserved initial rod shaped
morphology of ZnOg layers. The SEM images of ZnOg and ZnOg:Au 0.01
nanorods are shown in Fig. 12 a and b, respectively. Thus, ZnOg samples
are stable at pH range of 5.5-6.5 for multiple recycling times. The
excellent stability of ZnOg photocatalysts in MO solution was demon-
strated by Refs. [22,23].

4. Conclusions

This article deals with the photocatalytic activity of ZnOg/Au com-
posites and the reasons behind the increase in photocatalytic activity of
these samples compared to pristine ZnOg structures.

Regardless of the type of illumination, the ZnOr/Au composites have
shown the highest photocatalytic activity, achieving 94% degradation of
MO for 3h (k = 0.016 min-1), compared to ZnOg with a degradation
efficiency of 65% for 3h (k = 0.006 min-1) under UV illumination.
Under irradiation of visible light, the photocatalytic efficiency of the
ZnOg sample is 21%/3h (k = 0.0014) compared to 40%/3h (k = 0.0028)
for the ZnOg/Au sample.

According to an XPS study, the ZnOg/Au samples contain up to 2.5
times more hydroxyl groups on a surface compared to the ZnOg samples.
The XPS study is supported by wettability studies, where the water
contact angle values of the ZnOgr/Au samples are up to 20 times lower
compared to the ZnOg sample.

Here we report, summarize and illustrate a synergistic mechanism
behind enhanced photocatalytic performance of ZnOg/Au samples that
includes following issues together 1) an enhancement in sunlight ab-
sorption through a surface plasmon resonance phenomenon and 2) an
improvement in charge carrier separation due to the proper energetic
band positions of the semiconductor and gold nanoparticle, where gold
acts as an electron scavenger; and 3) ZnOg surface hydroxylation after
an interaction with the acidic HAuCly solution. The hydroxyl surface of

Fig. 12. SEM images of ZnOg(a) and ZnOg:Au0.01 (b) after 10 cycles in MO solution (pH 6.1-5.5).
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ZnOg contains a greater amount of hydroxyl groups (OH groups) on the
surface, which in turn are transformed into highly reactive radical
molecules (eOH, 0% radicals) that actively destroy the pollutant
molecule into harmless CO, and H20.

Besides that the ZnOg and ZnOg:Au samples posess excellent stabil-
ity, preserving the stable photocatalytic activity and rod shape
morphology even after 10 cycles of MO degradation.
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Nickel(II) oxide (NiO) films were grown via spray pyrolysis method. The effects of deposition temperature (Ts)
and solvent type (aqueous, alcoholic) on the properties of the NiO films were studied. It was found that Ts
significantly influenced the surface chemical composition, wettability, and photocatalytic activity (PA) toward
degradation of methyl orange (MO) pollutant. The solvent type significantly affected the optical and structural
properties of the NiO films. In accordance with the XRD and Raman studies, all deposited NiO films were
nanocrystalline defective NiO. According to the XPS study, the OH /Ni-O ratio decreased from 3.31 to 0.59 for
the films grown from aqueous solutions at Ts = 300 and 420 °C, respectively, indicating that the surfaces of films
grown at lower temperatures were richer in hydroxyl groups. Photocatalytic degradation efficiency was pri-
marily affected by the hydroxyl group content on the surface. The NiO films grown at lower Ts (Ts = 300 °C)
demonstrated 4-fold higher degradation efficiency toward MO degradation, at 45% over 3 h, relative to that of

the films grown at Ts = 420 °C (11% over 3 h).

1. Introduction

Nickel oxide (NiO) is an important p-type semiconductor with a wide
bandgap of 3.0-4.3 eV [1-5]. It has a cubic structure and antiferro-
magnetic nature. The p-type conductivity is related to non-
stoichiometric defects such as Ni vacancies and O interstitials, and can
be enhanced, for example, by substituting Ni sites with Li [6,7]. Owing
to its chemical stability and electrical and optical properties such as p-
type conductivity and a wide span of transmittance in the visible range,
NiO has attracted increasing attention for use in various applications
including solar cells [8], photocatalysts [9], sensors [10,11], batteries
[12], smart windows [13] and supercapacitors [14].

Several techniques have been reported for the synthesis of NiO thin
films, including sputtering [15], chemical bath deposition [16], spin
coating [17], electrodeposition [18], hydrothermal growth [11] and
spray pyrolysis [1,2,6]. Among other techniques, spray pyrolysis is
recognised as an important and facile technology for the production of
powdered materials and thin films owing to its simplicity, cost-
effectiveness, and potential for large-scale industrial production
[19-22].
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E-mail address: malle krunks@taltech.ee (M. Krunks).
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Nickel chloride [23,24], nickel nitrate [24,25], nickel acetate
[6,24,26], and nickel acetylacetonate [4,27] have been used as pre-
cursors to deposit NiO films by spray pyrolysis. The precursor type
strongly affects the crystallinity and homogeneity of the obtained NiO
films. It has been reported that NiO films produced from chloride pre-
cursors show higher crystallinity and roughness than films produced
from acetate and nitrate solutions [24]. Films produced from chloride
precursors could even be porous and contain chlorine residues [23].

Deposition temperature is one of the most important parameters
influencing the film properties. However, only a few studies have
investigated the effect of deposition temperature on the properties of
NiO films [6,23-25]. NiO films produced by spray pyrolysis are usually
obtained in the growth temperature range of 300-500 °C [6,23-25]. As a
rule, an increase in deposition temperature results in a larger crystallite
size, irrespective of the precursor. In general, the crystallite size of NiO
films produced from chloride precursors is usually higher than that of
those obtained from acetate precursors. For example, Kamal et al. [23]
reported that the crystallite size of NiO films deposited from a chloride
precursor increased from 30 nm to 35 nm by increasing the growth
temperature from 300 to 375 °C. Krunks et al. [6] reported that the
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crystallite size of NiO films produced from acetate precursor increased
from 6 nm to 10 nm upon increasing the substrate temperature (Ts) from
400 to 500 °C. Gomaa et al. [24] reported that the crystallite size of NiO
deposited from an acetate precursor was 10 nm, which was smaller than
that of NiO deposited from a chloride precursor (57 nm) at Ts = 450 °C.
To date, the effect of deposition temperature on the chemical compo-
sition of NiO films has been scarcely studied [23].

The bandgap of NiO films is also influenced by deposition tempera-
ture. Films produced from aqueous solution of nitrate precursor showed
an increase in bandgap from 3.1 eV to 4.0 eV as Ts was increased from
350 to 390 °C [25]. The bandgap of NiO obtained from a chloride pre-
cursor was found to range from 3.04 eV to 3.28 eV by varying the
substrate temperature from 425 to 500 °C [28]. In contrast, Mahmoud
et al. [26] reported that the bandgap of NiO obtained from an acetate
precursor decreased from 3.46 eV to 3.17 eV upon increasing Ts from
275 to 350 °C. As for NiO prepared from alcoholic solutions, it has been
reported that the bandgap of NiO obtained by spraying nickel acetyla-
cetonate in an alcoholic solution (ethanol:water = 9:1, vol%) at Ts =
450 °C was in the range of 3.71-3.87 eV [4].

To date, only one study has compared the properties of NiO films
obtained from aqueous and alcoholic solutions [6]. The films obtained
by spraying alcoholic solutions are usually thinner and smoother
compared to those obtained from aqueous solutions [6].

The surface chemical composition of sprayed NiO films was studied
in films obtained at a fixed substrate temperature [24,27,29]. For
example, Gomaa et al. [24] studied the surface chemical composition of
NiO films from different precursors deposited at Ts = 450 °C. It was
shown that NiO produced from an acetate precursor contained a higher
amount of surface carbon species and had lower Ni/O ratio than those
deposited from nitrate and chloride precursors. Chan et al. [29] reported
that the surface of a NiO film obtained from an acetylacetonate pre-
cursor at Ts = 450 °C contained NiO and NiyO3 phases. Reguig et al. [27]
have shown that the surface of sprayed NiO films produced from a
chloride precursor at Ts = 350 °C also contained the Ni(OH), phase in
addition to the NiO and Ni;O3 phases. However, there are no studies in
the literature on how different deposition temperatures affect the sur-
face chemical composition of sprayed NiO films.

NiO has also been studied for its photocatalytic activity (PA), and is
accepted as an alternative photocatalyst to TiO2 and ZnO because of its
low material cost, high stability, low toxicity, and ability to degrade
organic pollutants [30-35]. It has been reported that NiO is a prospec-
tive material for heterostructures, viz. NiO/ZnO for more efficient sep-
aration of charge carriers resulting in higher PA [36,37].

The PA of NiO is mostly reported and studied in its powdered form
due to its high surface area [34,35]. However, powdered photocatalysts
have serious drawbacks, such as problems with separation and reus-
ability. Therefore, thin film immobilised on a substrate is viewed as a
superior photocatalyst. To date, the PA of sprayed NiO thin films has
been studied only by Chakhoum et al. [31]. This author reported that the
degradation efficiency of the sprayed NiO film prepared from a nickel
chloride precursor at Ts = 450 °C on methylene blue in water was 90%
in 3 h under UV light irradiation.

In this manuscript, we present a systematic study on the influences of
film growth temperature (in the range of 300-420 °C) and solvent type
(aqueous or alcohol based) on the structural, optical, morphological
properties and surface chemical composition of sprayed NiO films.
Moreover, we determined the correlation between the surface chemical
composition, wettability, and photocatalytic activity toward degrada-
tion of methyl orange by NiO films.

2. Experimental
2.1. Sample preparation

Nickel(Il) acetate tetrahydrate (Ni(CH3COO)2-4H20, 99%, Sigma-
Aldrich) was used as the precursor. The precursor was dissolved in
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double-deionised (DI) water to prepare the aqueous solution and in a
mixture of water and isopropanol (water: isopropanol = 2:3, vol%) to
obtain the alcoholic solution. The pH of the solution was adjusted to 5 to
prevent hydrolysis of the precursor in the solution. The precursor con-
centration in the prepared solution was fixed at 0.05 mol/L for both
aqueous and alcoholic solutions. The volume of the spray solution was
fixed to 50 mL for the aqueous solution and 150 mL for the alcoholic
solution. The films were deposited using a homemade pneumatic spray
pyrolysis set-up. The distance between the nozzle and substrate was 25
cm. The carrier gas flow rate was 8 L/min, and the solution spray rate
was 2 mL/min. Soda-lime glasses (40 x 8 x 1 mm®) were used as sub-
strates. The substrates were thoroughly cleaned using a detergent so-
lution and then washed in DI water. After that, the substrates were
sonicated in ethanol for 20 min. Substrate temperatures between 300 °C
and 420 °C, at intervals of 40 °C, were used for both aqueous and
alcoholic solutions to study the effect of deposition temperature on the
film properties.

2.2. Characterisation

X-ray diffraction (XRD) was used to investigate the phase composi-
tion and structural properties of the prepared samples. XRD patterns
were recorded using a Rigaku Ultima IV diffractometer with Cu Ko ra-
diation (A = 1.5406 A, 40 kV at 40 mA) and a D/teX Ultra silicon strip
detector. The measurements were performed in 2 theta/theta configu-
rations with a scan range of 30-70°, with a step of 0.02° and a scanning
speed of 5° min ™1,

Raman spectroscopy was used to study the phase composition of the
sprayed films. The measurements were conducted at room temperature
using a Horiba Jobin Yvon Labram HR 800 spectrometer in backscat-
tering geometry. The excitation wavelength was 532 nm, while the
power density was sufficiently low to prevent excessive heating of the
sample area of ~100 um? over 100 s of data acquisition.

The surface morphology of the samples was investigated by scanning
electron microscopy (SEM) using a Zeiss HR Ultra 55 FESEM instrument
at an accelerating voltage of 4.0 kV. The film thickness was measured
from cross-sectional images of the samples.

The total transmittance (T) and reflectance (R) spectra of the NiO
films were recorded on a Jasco V-670 UV-VIS-NIR spectrophotometer
equipped with an integrating sphere. The spectra were recorded in the
wavelength range of 300-1000 nm. The optical direct bandgap (Eg) of
NiO was determined by extrapolation of the linear portion of the (ahv)?
vs. hv plot (Tauc plot) to meet the x-axis. To draw a Tauc plot, the ab-
sorption coefficient, o, was calculated using Eq. (1):

1-R
7) 1)

1
a:c—lln(

where «a is the absorption coefficient, d is the thickness of the film, T is
the total transmittance, and R is the total reflectance. X-ray photoelec-
tron spectroscopy (XPS) was performed using a Kratos Analytical AXIS
ULTRA DLD spectrometer (Manchester, England) in conjunction with a
165-mm hemispherical electron energy analyser (Kratos Analytical,
Manchester, England), and a delay-line detector (Kratos Analytical,
Manchester, England) was used to investigate the chemical composition
of the surfaces of the NiO thin films. The analysis was carried out with
monochromatic Al Ka X-rays (1486.6 eV) operating at 15 kV and 150 W.

The Fourier-Transform Infrared (FTIR) transmittance spectra of the
NiO films were measured using the KBr pellet method (2 mg of NiO film
was scratched from the substrate and thoroughly ground with 198 mg of
previously dried KBr powder) in the spectral region of 4000-400 cm !
on a Perkin Elmer GX-1 spectrometer.

The surface wettability of the deposited films was investigated by
measuring the static water contact angle (CA) on a DSA 25 (KRUSS
optronic GmbH) at room temperature at three randomly selected loca-
tions on the film surface. CA values were calculated using the sessile
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drop fitting method. The samples were cleaned under UV-A irradiation
(15 W, Amax = 365 nm) before the wettability test and PA test. The PA
was measured in the photodegradation of methyl orange (MO) dye
under UV-A irradiation (Philips, Hg, TL-D, 15 W, Apax = 365 nm) for the
NiO samples prepared from aqueous solution and UV-B irradiation
(Philips, Hg, PL-L, 36 W, Amax = 315 nm) for the samples prepared from
alcoholic solution. The initial concentration of the aqueous solution of
MO (Cp) was 10 ppm and the volume was 3 mL. The concentration of MO
in the solution at a given time (C) was determined by recording the
absorbance intensity at 464 nm using a Jasco V-670 UV-VIS-NIR spec-
trophotometer. The measured absorbance intensity was automatically
correlated to the MO concentration in accordance with the previously
recorded calibration curve of absorbance intensity vs. known MO con-
centrations. The absorbance intensity of MO at 464 nm was recorded
every 30 min for 3 h. The photodegradation efficiency of MO was
calculated from Eq. (2):

= (Co—C)/Cy x 100% ®)

where 1 is the photodegradation efficiency (%), Cp (mg/L) is the con-
centration of the MO solution before UV irradiation, and C (mg/L) is the
concentration of the MO solution after the irradiation time.

3. Results and discussion
3.1. Structural, morphological, and optical properties

The XRD patterns of the films prepared from the aqueous solution are
presented in Fig. 1. Three well-pronounced reflections at 20 = 37.47°,
43.26°, and 62.67° corresponding to the (111), (200), and (220)
crystal planes of cubic NiO (bunsenite) can be clearly seen in Fig. 1. The
films did not exhibit any preferential orientation of the crystallites, as
the intensity ratio of I 1 1)/I(200) was in the range of 0.5 to 0.7, which is
close to that of the powdered form of NiO (I(111)/I200) = 0.669, PDF-2,
01-071-1179). The crystallite size of the NiO films, as calculated from
the FWHM of the (200) reflection by the Scherrer formula increased
with the increase in deposition temperature, with values of 4, 6, 8, and
10 nm for the films grown at 300 °C, 340 °C, 380 °C, and 420 °C,
respectively. The crystallite size values are in good agreement with those
reported for NiO films grown by spray of a nickel acetate solution [6,24].
For example, it has been reported that the crystallite size in sprayed NiO
films increased from 6 nm to 10 nm upon increasing the substrate
temperature from 400 to 500 °C [6].

The XRD patterns of the films produced from alcoholic solutions
showed very broad and weak reflections, indicating that the films were
X-ray amorphous. However, the Raman investigations, which detect
short-range ordering of the material, clearly revealed the formation of

Intensity, a.u.

300 °C

30 40 50 60 70
20, degree

Fig. 1. XRD patterns of NiO films deposited from aqueous solution at Ts
= 300-420 °C.
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NiO. Fig. 2 shows the Raman spectra of NiO films in the wavenumber
range of 200-1700 cm ™}, The profiles of Raman spectra of NiO films
grown from aqueous and alcoholic solutions are quite similar, and
consist of two wide Raman bands centred at approximately 500 em™!
and 1095 cm ™!, which were assigned to the one-phonon transverse
optical modes (1P TO) and two-phonon longitudinal optical mode (2P
LO) of NiO [38-41], respectively. A weak 2P LO band was detectable
only for samples deposited at Ts > 380 °C.

In many studies, the appearance of the 1P TO band in Raman spectra
is characteristic of nanocrystalline, nonstoichiometric NiO produced by
wet-chemical methods, such as spray pyrolysis [41,42], hydrothermal
growth [43], chemical bath deposition [44] and electrodeposition [45].
The 1P TO sub-bands at 390 cm ™! and 460 cm ™! were well-pronounced
in the Raman spectra of Ni(OH)z-rich NiO produced by wet-chemical
methods [43]. It is worth mentioning that the 1P TO band, a sign of
defective material [46], is either missing or negligible in the Raman
spectra of stoichiometric defect-free NiO single crystals [47], as well as
in the spectra of NiO samples prepared by methods that produce high-
quality materials such as electron beam evaporation [42] or epitaxial
growth [48]. Thus, the Raman spectroscopy studies confirmed the for-
mation of nanocrystalline defective NiO films from both aqueous and
alcohol-based solutions. The SEM images clearly indicate that the film
thickness decreased with an increase in the deposition temperature. As
can be seen in Fig. 3, the film thickness decreased nearly two-fold from
ca. 830 nm to ca. 430 nm with an increase in the deposition temperature
from 340 to 420 °C for the films produced from aqueous solution. The
thickness of the films deposited from the alcoholic solution dropped
from ca. 180 nm to ca. 20 nm as Ts was increased from 340 to 420 °C.
The decrease in film thickness with increasing deposition temperature
has been reported frequently in the literature and is a characteristic
feature of the spray pyrolysis process due to repulsion of the precursor
containing droplets from the reaction zone at higher substrate temper-
atures [6,23,26]. According to the transmittance spectra of the NiO films
presented in Fig. 4, two general trends can be observed. First, with an
increase in the deposition temperature, the total transmittance of the
films increased independently of the solvent used. The second trend is
that the films produced from an alcoholic solution exhibited higher
transmittance in the visible spectrum range than the NiO films deposited
from aqueous solutions. This is probably due to the decrease in film
thickness with increasing film growth temperature, and when using an
alcohol-based solvent as described above. The Tauc plots of the NiO
films deposited at 420 °C from aqueous (a) and alcoholic (b) solutions
are shown in Fig. 5. The direct bandgap values were approximately 3.4
eV for the films produced from aqueous solution and 4.0 eV for the films
produced from the alcoholic solution, irrespective of the deposition
temperature. The larger bandgap of 4.0 eV in the film obtained from the
alcoholic solution is most probably due to the amorphous nature of the
samples, in comparison to the crystalline NiO films obtained from
aqueous solution. The bandgap values obtained are in good agreement
with the values for NiO films obtained by spray pyrolysis reported in the
literature [1,4,5,24,49]. For example, the bandgap of a sprayed NiO film
(aqueous solution, acetate precursor) was 3.5 eV [5] when grown at Ts
=330°C, and 3.43 eV [24] when grown at Ts = 450 °C. Similar bandgap
values of approximately 3.4 eV have been reported for NiO films grown
from chloride precursors [1,49]. The higher bandgap value of 3.87 eV
was reported for NiO films prepared from alcoholic solution (ethanol:
water = 9:1, vol%, Ts = 450 °C, acetylacetonate precursor) [4].

Summarising the previous sections, the XRD study confirmed the
formation of a cubic NiO film by spraying of an aqueous solution inde-
pendent of Ts. Raman spectroscopy confirmed the formation of nano-
crystalline defective NiO irrespective of Ts or solvent type. The thickness
of the films was altered by both deposition temperature and solvent
type. The Eg values of NiO films obtained from alcoholic solution were
higher (ca. 4 eV) than those produced from aqueous solution (ca. 3.4 eV)
due to the amorphous nature of the films.
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Fig. 2. Raman spectra of NiO films deposited from (a) aqueous solution and (b) alcoholic solution at Ts = 300-420 °C.

Fig. 3. SEM cross-sectional images of NiO films obtained from aqueous solution at (a) Ts = 340 °C and (b) Ts = 420 °C, and from alcoholic solution at (c) Ts = 340 °C

and (d) Ts = 420 °C.
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Fig. 4. Total transmittance (T) spectra of NiO films deposited from (a) aqueous solution and (b) alcoholic solution at Ts = 300-420 °C.

3.2. Surface chemical composition

The O 1s core-level spectra of NiO films deposited at various tem-
peratures (Fig. 6a) are resolved into two well-pronounced peaks centred
at binding energies (BE) of around 529.4 4+ 0.1 eV and 531.0 eV, and two
weak peaks centred at around 531.9 + 0.1 eV and 532.8 + 0.2 eV. The
peak observed at a BE of 529.4 + 0.1 eV corresponds to the

metal-oxygen bond in NiO [4,24,50]. The peak at a BE of 531.0 + 0.1 eV
can be assigned to several species, including Ni(OH), [51,52], NiO(OH)
[501, Ni2O3 [4,29,53] or V,, [51,54]. Beisinger et el. [51] suggested that
in the case of stoichiometric NiO with purity of 99.998%, the O 1s core-
level peak at 531 eV corresponds to defects in NiO crystals rather than to
hydroxide species. A similar assignment of the peak at 531 eV to defects
in stoichiometric NiO was supported by other researchers [27,51]. On
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Fig. 5. Tauc plots of the NiO film deposited from (a) aqueous solution and (b) alcoholic solution at 420 °C.
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Fig. 6. XPS core-level spectra of NiO films deposited from aqueous solution at Ts = 300-420 °C: (a) O 1s; (b) Ni 2p3/2; (c) C 1s.

the other hand, the same XPS peak at 531 eV was assigned to Ni(OH)3 in
the case of stoichiometric Ni(OH), powder [51]. It is known that oxygen
defects such as oxygen vacancies enhance the adsorption of hydroxyl
groups. Such interdependency between oxygen defects and hydroxyl
groups is very characteristic of materials, particularly oxides, grown by
wet chemical methods [54]. The 531 eV band is always present in the O
1s spectra of NiO layers prepared by wet chemical methods, including
spray pyrolysis, and is often assigned to Ni(OH); [27,50,55]. A peak at a
BE of 531.9 £ 0.1 eV is commonly assigned to surface hydroxyl groups
(OH") [54-56], and a weak peak at 532.8 + 0.2 eV is usually assigned to
C-0, C=0, or adsorbed H,0 [54].

In the Ni 2p3/2 core-level spectra (Fig. 6b), six peaks were clearly
detected, namely the main peaks at BEs of 853.8 + 0.1 eV, 855.4 + 0.2
eV, and 857.6 + 0.3 eV, and the others, satellite and shake up effect
peaks, at 860.8 +- 0.1 eV, 863.7 £ 0.1 eV, and 866.6 + 0.2 eV [27,50]. In
accordance with the National Institute of Standards and Technology
(NIST) Database and a study presented by Beisinger et al. [51], the Ni
2p3/2 core-level spectrum presents a multiple splitting structure, with
two major bands at BEs of 853.8 and 855.4 eV both belonging to the
stoichiometric NiO and an 855.4 eV/853.8 eV peak intensity ratio of 0.2.
At the same time, the band at a BE of 855.4 eV is the main band char-
acteristic of the stoichiometric Ni(OH), phase [27,50]. In addition, in
some studies, the 855.4 eV band is assigned to an Nit+ species (most
often to NiyO3) [29]. However, according to the XPS spectra of the
stoichiometric NipO3 compound, the main characteristic Ni 2p3/2 core-

level bands are centred at BEs of 852.5 and 867.5 eV [57]. Thus, in our
case, the weak peak at 857.6 eV probably corresponds to Ni(OH),, a
characteristic sub-band in the Ni 2p3/2 core-level spectra of stoichio-
metric Ni(OH)2 powder [51]. The shape and main band positions of the
Ni 2p3/2 core-level spectra of our NiO layers are very similar to those
reported for NiO films produced by wet chemical methods, including
spray pyrolysis, chemical bath deposition, hydrothermal growth, and
spin coating techniques [4,29,53,55,58].

In the C 1s spectra (Fig. 6¢), the peaks at BEs of 284.8 eV, 285.7 +
0.1 eV, 286.6 + 0.1 eV, and 288.2 + 0.1 eV are usually assigned to C-C,
C-0, C=0, and O-C=0, respectively [54].

The main peak positions and assignments of the O 1s, Ni 2p, and C 1s
core-level spectra are presented in Table 1.

The quantitative ratios of the main species on the NiO surface as
calculated from the integrated areas of the resolved O 1s, Ni 2p3/2, and
C 1s core-level spectra, are summarised in Table 2.

As can be seen from Table 2, there was a significant decrease in the
proportion of hydroxyl groups on the NiO surfaces with increasing film
growth temperature. For example, the Ni(OH)y/NiO ratio calculated
from the O 1s core-level spectra of NiO films deposited from aqueous
solution decreased by nearly 5.6-fold, from 3.31 to 0.59 for the films
grown at Ts = 300 and 420 °C, respectively. Again, the OH/NiO ratio
obtained from the O 1s core-level spectra decreased 10-fold as growth
temperature was increased from 300 to 420 °C. A slightly less-
pronounced but still perceptible decrease in the Ni(OH)5/NiO ratio
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Core level spectra peak positions and peak assignments of O 1s, Ni 2p, C 1s core level spectra.

Ts (°C) O1s Ni 2p3/2 Cls
BE (eV) BE (eV) BE (eV)
NiO Ni(OH),, Ni»03, V, OH™ C-0, OH,yqgs NiO Ni(OH), NiO3, V, Cc-C c-0 C=0 0-C=0
300 529.5 531.0 531.9 532.9 853.7 855.6 284.8 285.7 286.6 288.4
340 529.5 531.0 531.8 532.8 853.8 855.4 284.8 285.7 286.7 288.2
380 529.4 531.0 531.9 533.0 853.8 855.6 284.8 285.7 286.6 288.2
420 529.4 531.0 531.9 532.8 853.7 855.4 284.8 285.6 286.6 288.1
Table 2
Ols, Ni2p and C1s core level peak component ratios in NiO films obtained by spray of nickel acetate solutions at various deposition temperatures.
Solvent type Ts (°C) O1s Ni 2p3/2 Cls
Ni(OH),/NiO OH/NiO OHaq5/NiO Ni(OH),/NiO C-0/C-C C=0/C-C 0-C=0/C-C
at%/at% at%/at% at%/at%
aqueous 300 3.31 1.35 0.89 4.62 0.21 0.05 0.20
340 0.84 0.28 0.15 2.95 0.14 0.06 0.19
380 0.75 0.19 0.07 243 0.12 0.07 0.19
420 0.59 0.13 0.06 2.38 0.16 0.08 0.17
alcoholic 340 0.98 1.03 0.37 2.74 0.09 0.02 0.08

was observed between NiO films sprayed at Ts = 300 and 420 °C, with
the ratio decreasing from 4.62 to 2.38, respectively, as calculated from
the Ni 2p3/2 core-level spectra.

The CA measurements were in good agreement with the XPS anal-
ysis. The CA values presented in Table 3 increased with increasing
deposition temperature of the NiO films. For example, the NiO films
produced at Ts = 300 °C were of superhydrophilic nature, with CA
values of 8° and 10° for samples deposited from aqueous and alcoholic
solutions, respectively. The CA value of NiO film synthesised at Ts =
420 °C increased 4-fold from that of the films produced at Ts = 300 °C,
and were 35° and 45° for NiO grown using alcoholic and aqueous sol-
vents, respectively and were in good agreement with reduced amount of
hydroxyl groups on the surface of films grown at higher temperatures
(Table 2).

The presence of hydroxyl groups in the studied NiO films and the
gradual decrease in their presence with increasing Ts was also supported
by the FTIR study presented in Fig. 7.The FTIR spectra of NiO films
deposited from aqueous solution at temperatures of 300-420 °C (Fig. 7)
indicate that the films grown from nickel acetate in this temperature
range did not correspond to the pure NiO phase, and contained several
residuals. A wide band in the region of 3200-3600 cm ! is characteristic
of the O-H stretching vibration [59] and a band centred at 1630 cm ™!
represents a distinctive H-O-H bending vibration mode [1]. The films
also contained some carbon-related species, as evidenced by the bands
centred at 1000 cm ! and at 1390 ecm ™! corresponding to C-O vibration
and O-C=0 symmetric and non-symmetric stretching vibration modes,
respectively [60,61]. It should be noted that the peak positions in the
spectra were not affected by the film growth temperature but the in-
tensity of vibrations weakened with increasing film deposition temper-
ature, indicating a decrease in the amount of functional group in the film
bulk. Only a band in the region 400-850 cm?, characteristic of Ni-O
stretching vibrations [61], became narrower when deposited at higher

Table 3
Water contact angle values of NiO films deposited at various temperatures using
different solvents.

Ts (°C) Water contact angle (°)
NiO from aqueous solution NiO from alcoholic solution
300 8 10
340 13 18
380 25 26
420 35 45

420 °C
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Fig. 7. FTIR spectra of NiO films deposited from aqueous solution at 300, 340,
380, and 420 °C.

temperatures, indicating the strengthening of the Ni-O bond. From the C
1s core-level spectra, the ratios of C-O/C-C, C=0/C-C, and O-C=0 did
not vary greatly with increasing Ts (Table 2). This result indicates that
carbon-containing pieces on the film surface have a minor effect on the
wettability properties, although carbon-containing organics may
contaminate the surface and contribute to higher CA values Thus, ac-
cording to the XPS study, the surface of the NiO films was mainly
composed of NiO and Ni(OH), components, along with a relatively low
amount of carbon-containing species. The proportion of Ni(OH)3/NiO
decreased significantly with increasing deposition temperature in the
range of 300-420 °C which is in a good correlation with increase in
water contact angle values of samples grown at higher temperature.

3.3. Photocatalytic degradation of methyl orange

The degradation curves of methyl orange (MO) under UV irradiation
in the presence of NiO films deposited at different Ts from aqueous and
alcoholic solutions are presented in Fig. 8a and b, respectively. In
accordance with Fig. 8, lower deposition temperatures of the NiO films
led to higher photocatalytic activity. For example, the films deposited
from aqueous solution at Ts = 300 °C showed a degradation efficiency of
45% in 3 h, and efficiency decreased to 11% over 3 h when the NiO film
was sprayed at Ts = 420 °C. A similar dependence was observed for the
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Fig. 8. Photocatalytic MO degradation curves in the presence of NiO films deposited by spraying at different Ts from (a) aqueous solution (UVA irradiation) and (b)

alcohol-based solution (UVB irradiation).

films grown from alcoholic solutions. The degradation efficiency of the
NiO film grown from alcoholic solutions at Ts = 300 °C was 31%, and
only 5% when grown at Ts = 420 °C.

Surface hydroxyl groups are known to play a major role in photo-
catalysis [54], and hydrophilic surfaces abundant in hydroxyl groups
usually demonstrate much higher PA than hydrophobic surfaces
[54,62]. The wettability study clearly showed that the CA decreased
with decreasing Ts, indicating that the surfaces of the NiO films became
more hydrophilic, and the XPS study showed a clear increase in the
amount of hydroxyl groups present with decreasing deposition tem-
perature. Thus, the PA of the sprayed NiO samples in this study was
directly correlated with the amount of hydroxyl species on the surface of
the NiO driven by the deposition temperature of the films.

As can be seen from Fig. 8, the overall degradation efficiency values
of the NiO layers grown from the alcoholic solution were slightly lower
than those of the samples obtained from aqueous solution. A proposed
reason for this is the much lower thickness of the films obtained from
alcoholic solution (20 nm) in comparison to that grown from aqueous
solution (430 nm) at Ts = 420 °C (Fig. 3).

The photocatalytic degradation efficiency values in the degradation
of MO by the NiO films presented in this study are comparable to or even
higher than those of NiO particles or fibres published in the literature.
For example, Maryam et al. [34] and Tian et al. [63] reported MO
degradation efficiency of 22% over 1.5 h and 30% over 3 h, respectively,
in the presence of NiO particles. Li et al. [64] reported photocatalytically
active NiO nanofibers with a MO degradation efficiency of 40% over 2.5
h.

4. Conclusions

Herein, the structural, optical, properties, and surface chemical
compositions of NiO films grown by spray pyrolysis from a nickel acetate
precursor have been systematically studied in relation to the growth
temperature and solvent type. It was found that deposition temperature
was the main technological parameter controlling the surface chemical
composition and wettability of NiO films. According to the XPS spectra,
in addition to the main NiO phase, the surfaces of the sprayed films
contain Ni(OH)y and surface hydroxyl groups, which decreased in
quantity with increasing film deposition temperature. According to XPS
and wettability studies, NiO films grown at lower Ts (Ts = 300 °C) were
superhydrophilic (CA = 8°) and had hydroxyl group-rich surfaces with
subsequently high photocatalytic capability in the degradation of MO
(degradation efficiency ca. 45% in 3 h for NiO films grown from aqueous
solution). An increase in Ts led to a decrease in the amount of hydroxyl
groups, an increase in the CA (45°), and a decrease in photocatalytic
(degradation efficiency ca. 11% in 3 h for NiO films grown from aqueous
solution at Ts = 420 °C). A similar correlation between the surface
chemical composition and wetting properties was found for the films
grown from alcoholic solution.

The solvent type significantly influenced the crystallinity and Eg

values of the NiO films. The crystallite size increased from 4 nm to 10 nm
upon increasing the Ts from 340 to 420 °C for the NiO film produced
from aqueous solution. The NiO film produced from the alcoholic so-
lution exhibited an amorphous nature. The Eg of the films obtained from
alcoholic solution was 4.0 eV, in comparison to the 3.4 eV for NiO films
grown from aqueous solution, which was independent of the film growth
temperature.
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1. Introduction

The removal of organic pollutants from water resources is currently
of particular concern and photocatalysis is considered a prospective
technology for the decomposition of organic pollutants [1]. Among
various materials, ZnO is considered an excellent photocatalyst due to its
suitable bandgap (~3.37 eV), high photocatalytic activity (PA),
biocompatibility, and low cost [2]. It has been reported that ZnO is
capable of degrading various organic pollutants, such as methylene blue
(MB) [3], methyl orange [4], rhodamine B [5], and acridine orange [6].
However, one major drawback of ZnO as a photocatalyst is its complex
point-defect structure, which promotes rapid recombination of photo-
generated electron-hole pairs, inhibiting its PA [7-9] and retarding its
practical application. One way to overcome this drawback is to couple
ZnO with another semiconductor to form a heterojunction [10-14]. In a
p-n heterojunction, photogenerated electron-hole pairs are separated by
the gradients in their electrochemical potential and the asymmetric
conductivity types in the n and p layers [12]. Therefore, a properly
engineered heterojunction photocatalyst has the potential for higher PA
because of the spatial separation of photogenerated electron-hole pairs.
The most commonly used p-type metal oxide semiconductors to form a
heterostructure with ZnO are CuyO [10,15-17] and NiO [11-13,18,19].
NiO has also been studied as a photocatalyst [20,21] due to its tunable
bandgap (3.0-4.3 eV) [22], low material cost and high chemical sta-
bility. However, the PA of single NiO is much worse than that of ZnO.
The higher PA of ZnO/NiO heterostructures than of either NiO or ZnO
has been demonstrated in several studies [8,11-13,18,19,23-26].

In the majority of these studies, the ZnO/NiO photocatalyst was in
powder form. For example, Thampy et al. [18] found that ZnO/NiO
nanocomposites synthesized by the sonochemical route exhibited an MB
degradation efficiency of 90 % in 1 h under sunlight irradiation, in
contrast to efficiencies of 20 % and 40 % for degradation by NiO and
ZnO alone, respectively. Tian et al. [13] reported that ZnO/NiO nano-
particles grown by precipitation in solution showed a methyl orange
degradation efficiency of 100 % under UV illumination over 25 min, in
contrast to efficiencies of 10 % and 40 % for NiO and ZnO, respectively.
It was also reported that ZnO/NiO nanoparticles prepared by precipi-
tation in solution had a rhodamine B degradation efficiency of 90 % in
200 min under UV light irradiation, in contrast to values of 20 % for NiO
and 80 % for ZnO [19]. A photocatalytic degradation efficiency of ca. 80
% for binary mixture of rhodamine B and methylene blue was also re-
ported employing ZnO-NiO composite nanofibers [24].

Although nanopowders and nanofibers obtained such a high degra-
dation efficiency, these approaches have severe drawbacks, such as
particle agglomeration and the difficulty of separating photocatalyst
from wastewater, causing secondary pollution. The development of
heterogeneous photocatalysts immobilized on a substrate, such as a
bilayer or core-shell heterostructure, is a more promising approach that
allows easy separation and recovery of photocatalysts from polluted
environment [11,12]. ZnO nanorod (ZnOyg) layers have been used in
ZnOygr/CuO [10,27,28] and ZnOygr/NiO core-shell heterostructures [11,
12] and have the advantage of an increased active surface area
compared thin films. For example, ZnOng/CuO photocatalysts on a
substrate, fabricated by solution methods exhibited a 85 % [27] and a 93
% [28] degradation efficiency of MB in 180 min under UV irradiation,
being significantly higher than 50 % for ZnO. ZnOyr/CuO core shell
structure with CuO by sputtering showed a 80 % methyl orange
degradation efficiency in 240 min under UV light compared to ZnOyngr
[10].

Unlike ZnOyngr/CuO photocatalysts, photocatalytic performance of
ZnOng/NiO structures has been studied only in few reports [11,12],
although ZnO-NiO nanocomposite photocatalysts in powder and nano-
fiber form posed high capability to degrade different pollutants. In this
perspective, Periyannan et al. [11] reported that ZnOyg/NiO fabricated
by sputtering NiO on ZnOyg had a rhodamine B degradation efficiency
of 58 % in 180 min under UV light irradiation, in contrast to 54 % for
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ZnOng. Ding et al. [12] found that a ZnO/NiO hierarchical structure on
carbon fiber cloth prepared by electrodeposition of NiO on ZnO
exhibited a 95 % degradation efficiency of both rhodamine B and
methylene orange in 180 min under UV light irradiation, in contrast to
35 % for NiO and 38 % for ZnO.

Although such approaches showed potential for high PA, there is still
space for the development and optimization of ZnO/NiO heterojunction
photocatalysts, to explore the full potential of this heterostructure. In
particular, a specific focus should be set on the optimization of NiO shell
properties. The effect of NiO shell thickness on the PA of ZnOng/NiO
core-shell heterostructures was observed in one publication [12] but has
never been systematically studied. Moreover, only few methods such as
sputtering [11] and electrodeposition [12] were applied to deposit NiO
shell. However, the ultrasonic spray pyrolysis (USP) method, a simple
and easy for up-scaling method that allows fabrication of thin films with
good uniformity and controlled thickness [29-31], has not been used for
NiO film deposition to form ZnO/NiO heterostructure until now.

In this study, we investigated the deposition of NiO films by USP and
its application in ZnO/NiO core-shell heterostructure. Employment of
such heterostructure with optimized NiO shell thickness and ZnO/NiO
interface can enhance the photocatalytic performance by taking
advantage of efficient charge separation. For NiO film deposition, the
nickel acetylacetonate, that has been rarely used for NiO film deposition
by spray method [32], was employed as a nickel source. The effect of
NiO deposition temperature on the NiO film properties, ZnO/NiO
bilayer heterostructure formation and PA for MB degradation was
studied. Based on the results, the most suitable temperature for NiO shell
deposition onto ZnOyg was selected to optimize NiO shell thickness in
the ZnOngr/NiO core-shell heterostructure. Characterization techniques
of X-ray photoelectron spectroscopy (XPS), Kelvin probe (KP) analysis
and photoelectron yield spectroscopy (PYS) were applied experimen-
tally to prove the formation of n-p junction. As a proof of concept, we
developed an efficient ZnOyg/NiO core-shell photocatalytic system with
an optimized chemical and electronic structure, which allowed
achieving a record MB degradation efficiency of ~70 %.

2. Experimental
2.1. Sample preparation

Three types of samples were prepared on borosilicate glass with a
size of 25 x 9 x 1 mm®: (i) NiO thin films, (i)NiO films deposited onto
ZnO films (ZnO/NiO bilayer heterostructures) and (iii) NiO films
deposited on ZnO nanorods (ZnOngr/NiO core-shell heterostructures).
The glass substrates were thoroughly precleaned with detergent solu-
tion, double deionized water, and ethanol in an ultrasonic bath.

2.1.1. Deposition of NiO films

NiO films were grown by the USP method at substrate temperatures
(Ts) of 350, 400, 450, and 500 °C. Nickel acetylacetonate (Ni(CsH702)2,
96 %, Sigma-Aldrich Chemie GmbH, Germany) was used as the pre-
cursor to deposit NiO. The precursor was dissolved in ethanol to prepare
a 10 mM solution. The air flow transporting precursor droplets from the
nebulizer to the hot plate was set to 8 L/min. The spray rate was 4 mL/
min, and the number of spray cycles was fixed at 12.

2.1.2. Deposition of ZnO films and ZnO nanorod layers

Zinc acetate dihydrate (Zn(CH3COO)5-2H50, 99.9 %, Sigma-Aldrich
Chemie GmbH, Germany) was the precursor for the deposition of ZnO
films as a component of the ZnO/NiO bilayer heterostructure and as a
seed layer to grow ZnO nanorod layers (ZnOyg). The precursor was
dissolved in a mixture of water and isopropanol with a volume ratio of
2:3. The precursor concentration was 0.05 mol/L, and the volume of
solution was 20 mL. A few drops of acetic acid were added to the zinc
acetate solution to prevent hydrolysis of the precursor. The solution was
nebulized with the help of a pneumatic sprayer, which operates in
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pulsating mode (5 s spray, 20 s pause). The tin bath temperature was set
to 450 °C, and an air flow of 6 L/min was used [33].

ZnOyg was grown on a sprayed ZnO seed layer by a hydrothermal
method [33]. Briefly, a glass substrate with a ZnO seed layer was placed
into a reactor beaker that contained 40 mL of an aqueous solution of 0.1
mol/L zinc nitrate hexahydrate (Zn(NOs3)y-6H20, 99.9 %, Sigma-
—Aldrich Chemie GmbH, Germany) and 0.1 mol/L hexamethylenetet-
ramine ((CH2)¢N4). The reactor beaker was mounted in a steel
autoclave, and the reaction was carried out at 120 °C for 2 h.

2.1.3. Preparation of ZnO/NiO heterostructures

To prepare ZnO/NiO bilayer heterostructures, a ZnO film was
deposited first by pneumatic spraying, followed by deposition of a NiO
film by USP at 350, 400, 450 and 500 °C. The corresponding ZnO/NiO
bilayers were labeled ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450),
and ZnO/NiO(500). To keep the thickness of the NiO film similar when
growing at different temperatures, the number of spray cycles was
varied. We used 6, 4, 3, and 3 cycles for NiO grown at 350, 400, 450, and
500 °C, respectively.

To prepare ZnOngr/NiO core-shell heterostructures, NiO films were
deposited by USP onto hydrothermally grown ZnOyg using 5 mM nickel
acetylacetonate (Ni(acac)y) in ethanol solution. The substrate temper-
ature for NiO shell deposition was fixed to 500 °C. To vary the thickness
of the NiO shell on ZnOyg, 1, 2, and 4 cycles were used, and the cor-
responding ZnOnr/NiO core-shell samples were labeled ZnOnr/NiO(1),
ZnOngr/NiO(2), and ZnOng/NiO(4), respectively. A schematic illustra-
tion of the ZnO/NiO heterostructures is presented in Scheme 1.

A postdeposition annealing procedure was applied for all samples,
including NiO films, ZnOyg layers, ZnO/NiO bilayers and ZnOyng/NiO
core-shell heterostructures. Annealing was performed at temperature
(Tan) of 600 °C for 1 h in air, and the samples were labeled accordingly.
For example, ZnOngr, ZnOngr/NiO(2), and ZnOyng/NiO(4) annealed at
600 °C were named ZnOngr—600, ZnOng/NiO(2)—600, and ZnOnr/NiO
(4)—600, respectively.

2.2. Characterization methods
X-ray diffraction (XRD), scanning electron microscopy (SEM), and
UV-VIS-NIR spectrophotometry were used to measure the XRD pat-

terns, surface morphology and cross section, and total transmittance (T)
and reflectance (R) spectra of the samples, respectively. The details on

Zn(ac), solution

ZnO film by pneumatic spray  Air,

NiO by ultrasonic spray

~
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e
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the measurements and calculation of the optical parameters have been
reported elsewhere [20].

The current-voltage (I-V) curves of the ZnO/NiO bilayer (NiO: T
=500 °C, 12 cycles) heterostructures on indium tin oxide (ITO) glass
substrates were measured at room temperature in the dark by using a
two-point probe method with an AutoLab PGSTAT-30. The contact
material was graphite deposited from an aqueous graphite ink (Alfa
Aesar).

The hot probe method in 2-contact configuration was used to
determine the n-type or p-type conductivity of ZnO and NiO films.

The XPS spectra were measured with a standard XPS laboratory
system based on a nonmonochromatic X-ray source from SPECS with a
Mg anode providing an excitation energy of 1253.6 eV [34]. All XPS
spectra were measured at room temperature at a pressure of 5 x 10°
Pa. The energy analyzer was calibrated by fixing the C 1s binding energy
at 285.0 eV.

KP and PYS analysis were used to measure the work function (@) and
ionization energy (E;) of the prepared samples, respectively, using a KP
Technology SKP5050-APS02 instrument under ambient Ny in the dark.
The details of the measurements and calculation of the work function
and ionization energy have been described elsewhere [35].

The photodegradation of MB dye was measured under UV-B irradi-
ation (Philips, Hg, PL-L, 36 W, Amax = 315 nm) as described elsewhere
[20]. Prior to the test, the samples were subjected to a cleaning pro-
cedure under UV-A irradiation (15 W, Amax = 365 nm) for 30 min. The
initial concentration of MB aqueous solution (Cp) was set to 10 mg/L
while keeping the volume at 2 mL. A Jasco V-670 UV-VIS-NIR spec-
trophotometer was used to measure the MB concentration at a given
time (C) by recording the MB absorbance intensity at 660 nm. The
absorbance spectra were recorded every 30 min for 3 h. The photo-
degradation efficiency of MB (1) was calculated according to Eq. (1)
[20]:

n=(Co—C)/Cy x 100% I6))

The photodegradation kinetics of MB dye were estimated using the
Langmuir-Hinshelwood model, and the reaction rate constant (k) was
calculated from Eq. (2) [33]:

In(Cy/C) = kt (2)

All the In (Cp/C) vs. t curves follow a linear relationship with a
correlation coefficient (R?) above 0.95, indicating that the

ZnO

ZnO/NiO bilayer

-/

Ni(acac), solution

NiO shell

ZnO core

;7 - i B " ok
ZnOyg/NiO core-shell structure

Scheme 1. Schematic illustration of the synthesis of ZnO/NiO heterostructures.
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photodegradation of MB dye follows pseudo-first-order reaction ki-
netics. For each photodegradation measurement four samples, prepared
under the same deposition conditions, were used. The standard de-
viations of degradation efficiencies were calculated.

To understand the role of different reactive species such as *OH, *O3
and h', in the photocatalytic degradation process, the photodegradation
of MB in aqueous solution was measured by ZnOxg—600 and ZnOg/
NiO(2)—600 in the presence of tert-Butanol (t-BuOH) as *OH scavenger,
p-Benzoquinone (p-BQ) as *O3 scavenger, and ammonium oxalate (AO)
as h' scavenger, respectively. The concentration of scavengers in MB
solution was set to 1 mmol/L. This measurement has been described
elsewhere [36].

3. Results and discussion
3.1. NiO films prepared by USP: effect of growth temperature

First, we investigated the effects of USP deposition conditions on the
properties of NiO films. XRD patterns of NiO films deposited at T
= 350-500 °C are presented in Fig. la. The films showed a main
reflection at 20= 43.51°, corresponding to the (200) plane of cubic NiO
(PDF-2, 01-071-1179), while reflections corresponding to the (111) and
(220) planes were less intense. The films exhibited preferential orien-
tation of the crystallites along the (200) plane, as the intensity ratio of
I(200y/I(111) was in the range of 6-13, which is much higher than that of
the powder reference of NiO (I(200)/I(111) = 1.49, PDF-2, 01-071-1179).
The crystallite size of the NiO films deposited at Ts = 350-500 °C was
calculated from the full width at half maximum (FWHM) of the (200)
reflection using the Scherrer formula [20]. The values of crystallite size
are presented in Table 1.

The crystallite size of NiO increased from 17 to 30 nm when T
increased from 350 to 500 °C. It is widely accepted that films deposited
from acetylacetonate precursors may contain organic residuals, which
can hinder crystallite growth. A classical procedure to remove organic
residuals is postdeposition annealing in air at elevated temperatures in
the range of 500-600 °C [37]. Thus, we applied air annealing at
Tan= 600 °C for 1h as the next step. Air annealing at T,,= 600 °C

—_
Q
-

(b)
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Table 1

Film thickness (d), crystallite size (D) and bandgap (E) of NiO films deposited
onto glass substrates at Ty = 350-500 °C and after annealing at T,,= 600 °C for
1 h in air. All the samples were obtained from 10 mM Ni(acac), in ethanol so-
lution using 12 spray cycles.

Ts (°C) d (nm) D (nm) Eg (eV)
As-dep Tan= 600 °C As-dep Tan= 600 °C
350 30 17 24 3.8 3.7
400 45 22 25 3.7 3.7
450 60 25 30 3.7 3.7
500 70 30 30 3.7 3.7

resulted in a larger crystallite size of NiO films deposited at Tg
= 350-450 °C (Table 1), while the crystallite size of NiO deposited at Tj
= 500 °C remained the same at 30 nm after annealing.

The SEM images shown in Fig. 1c clearly demonstrate the uniformity
and fine-grained structure of the sprayed NiO films independent of the
deposition temperature. According to the SEM cross-sectional images,
the film thickness increased from ca. 30 nm to ca. 70 nm when
increasing Ts from 350 to 500 °C (Fig. 1c, Table 1). It is commonly
observed that increasing the deposition temperature increases the
thickness of metal oxide films (TiO,, ZrOy) produced from acetylaceto-
nate precursors by the spray method [29,31]. The total transmittance
spectra of NiO films presented in Fig. 1b indicate an overall optical
transmittance of 60-80 % in the visible spectral region. The trans-
mittance of the films grown at lower temperature (350 °C) was at least
10 % higher than the transmittance of the films deposited at 450 °C and
500 °C. The lower optical transparency of NiO films deposited at higher
temperatures is probably due to the larger film thickness (Table 1).
As-prepared films deposited at 350 °C had an Eg of 3.8 eV. Increasing the
deposition temperature from 400 to 500 °C led to similar Eg values of
3.7 eV. Independent of the growth temperature, all the films annealed at
600 °C showed a similar direct bandgap of 3.7 eV (Table 1). The higher
Eg value of the NiO film grown at 350 °C could be explained by the
presence of some residues in the film that are removed by annealing at
600 °C.

In summary, it is confirmed for the first time that crystalline,

Fig. 1. (a) XRD patterns of NiO films deposited
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continuous NiO films with Eg = 3.7 eV can be successfully fabricated by
the USP method using a nickel acetylacetonate precursor.

3.2. ZnO/NiO bilayer heterostructures: effect of NiO growth temperature

To study the effect of the NiO deposition temperature on the prop-
erties of ZnO/NiO bilayer heterostructures, NiO films were deposited
onto ZnO at Ty = 350-500 °C. To keep the NiO film thickness similar at
every deposition temperature, the number of spray cycles was varied;
namely, 6, 4, 3 and 3 spray cycles at Ts = 350, 400, 450, and 500 °C,
respectively, were applied.

XRD patterns of the NiO film and ZnO/NiO bilayer heterostructure
with NiO deposited at Ts = 500 °C are presented in Fig. 2a. The dif-
fractogram of the NiO film showed a reflection at 20 of 43.56° corre-
sponding to the (200) plane of NiO. For the ZnO/NiO bilayer
heterostructure, the XRD pattern showed several reflections at 26 of
31.79°, 34.48°, 36.36°, 47.67°, 63.04°, and 68.17°, corresponding to the
(100), (002), (101), (102), (103), and (112) planes of ZnO, and at 20 of
43.31°, corresponding to the (200) plane of NiO [18]. Thus, the XRD
data confirmed that the NiO film was grown on the ZnO layer.

As a first attempt to prove the formation of a heterojunction between
ZnO and NiO, the current-voltage characteristics were measured at room
temperature. The current-voltage characteristics of the ZnO/NiO
bilayer structure (Fig. 2b) showed pronounced rectifying behavior,
indicating the formation of an n-p heterojunction. The conductivity type
of each layer was measured by a hot probe, and the result indicated that
the ZnO film is an n-type semiconductor material and the NiO film is a p-
type semiconductor material.

To evaluate the photocatalytic performance of the as-deposited ZnO/
NiO bilayer heterostructures as well as their constituent components,
the NiO and ZnO films, MB dye degradation in aqueous solution under
UV-B irradiation was measured and compared. The MB degradation
curves of these samples are presented in Fig. 2c. The degradation effi-
ciencies and degradation rate constant (k) values are summarized in
Table 2.

As shown in Fig. 2¢, independent of the deposition temperature, the
NiO films possessed extremely low PA activity towards MB dye degra-
dation, ca. 1 %. In the case of ZnO/NiO bilayer photocatalysts, PA varied
greatly depending on the NiO deposition temperature. The higher the
deposition temperature of NiO was, the higher the PA value was
(Fig. 2¢). The highest degradation efficiency of 30 % was achieved by
the ZnO/NiO bilayer heterostructure with NiO grown at 500 °C (labeled
Zn0/NiO(500) in Fig. 2¢), in contrast to the value of 26 % for the ZnO
film. Annealing at 600 °C improved the degradation efficiency of ZnO/
NiO bilayer heterostructures when NiO was grown in the range of
350-450 °C, as presented in Table 2. However, no changes in degrada-
tion efficiency were observed for NiO grown at 500 °C.

—_
Q
~

(b)
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Table 2

Degradation efficiencies of MB and degradation rate constants (k) obtained with
as-deposited samples and samples annealed at T,,= 600 °C in air for 1 h: NiO
films (Ts =350-500 °C); ZnO film; and ZnO/NiO bilayer heterostructures with
NiO grown at T; = 350, 400, 450 and 500 °C. NiO was deposited from 10 mM Ni
(acac), in ethanol solution.

Sample Degradation efficiency (%) k x 103 (min )
As-dep Tan= 600 °C As-dep Tan= 600 °C

NiO film 1 2 - -

ZnO film 26 32 1.49 2.04
ZnO/NiO(350) 8 13 0.45 0.77
Zn0O/NiO(400) 15 20 0.75 1.12
ZnO/NiO(450) 21 26 1.17 1.45
ZnO/NiO(500) 30 30 1.65 1.83

According to the MB photodegradation results, the ZnO/NiO bilayer
heterostructure with NiO grown at Ty = 500 °C showed the highest
degradation efficiency and rate, which also exceeded the PA of the ZnO
as-grown film. Annealing of bilayer structures at 600 °C enhances the
degradation efficiency compared to their untreated counterparts; how-
ever, no improvement in the PA of ZnO/NiO(500) bilayer hetero-
structures was observed. One possible reason for this phenomenon could
be the unoptimized thickness of the NiO layer in the ZnO/NiO bilayer
heterostructures. Thus, we further aimed to study the effect of NiO shell
thickness on the PA of ZnO/NiO core-shell heterostructures, as will be
discussed in the next section.

3.3. ZnOngr/NiO core-shell heterostructures: effect of NiO shell thickness

To take advantage of the high surface active area of nanostructured
layers [38], ZnOng was used as the building block for ZnOyg/NiO
core-shell heterostructures. The thickness of the NiO shell on ZnOyg was
varied by changing the number of spray cycles (1, 2, or 4 cycles). The
deposition temperature of NiO was set at 500 °C according to the results
obtained in Section 3.2.

SEM images of the surface of ZnOnr and ZnOygr/NiO core-shell
heterostructures are presented in Fig. 3a. The ZnOyg layers are
composed of hexagonally shaped elongated ZnO crystals with an
average diameter of ca. 100 nm. The ZnOygr/NiO core-shell hetero-
structure produced from 10 mM Ni(acac), solution with 2 spray cycles
reveals coverage by ZnOyg crystals with dots of fine-grained NiO.
However, upon decreasing the concentration of Ni(acac), solution from
10 mM to 5 mM, more uniform, denser and smoother coverage, hardly
distinguishable on ZnOyg (Fig. 3a), was formed. It should be added that
no diffraction peaks characteristic of NiO were detected in the XRD
pattern of the ZnOngr/NiO core-shell heterostructure (Fig. S1). Thus,
5 mM Ni(acac), solution was used to deposit NiO onto ZnOyg to form a

—— NiO film (Ts=500 °C) -8 100
- ZnO/NiO(500) NIO films (Ts=350-500 °C)
€l 5 «Zno 9
_g S %ﬁ +NiO . 9 90 ZnOINIO(350)
S T S X ZnO/NIO(400)
E3 o -104 &
= S 80
2 11
£

124 701 . _ ZnONiO(500)
30 40 50 60 70 -1.0 -0.5 0.0 05 1.0 0 30 60 90 120 150 180

20, degree

V, voltage

Time, min

Fig. 2. (a) XRD patterns of NiO film deposited onto glass substrate at T = 500 °C and ZnO/NiO(500) bilayer heterostructure. (b) I-V curve of ZnO/NiO bilayer on
ITO/glass (NiO was deposited at Ts = 500 °C using 12 spray cycles, ZnO/NiO bilayer was annealed at T,,=600 °C for 1 h in air). (c) Degradation curves of MB by as-
deposited samples under UV-B illumination: NiO films (Ts =350-500 °C) on glass, ZnO film on glass, and ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), ZnO/NiO
(500) bilayer heterostructures (number in bracket shows the NiO layer deposition temperature). NiO was deposited from 10 mM Ni(acac), in ethanol solution.
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Fig. 3. (a) SEM images of ZnOyg, ZnOng/NiO
core-shell heterostructures with NiO from
10 mM and 5 mM Ni(acac), solution using 2

1

spray cycles. (b) Degradation curves of MB by
as-deposited samples under UV-B illumination:
NiO films (1, 2, and 4 spray cycles) on glass,
ZnOyr, and ZnOnp/NiO(1), ZnOnp/NiO(2),
ZnOnr/NiO(4) core-shell heterostructures; NiO
in ZnOygr/NiO(1), ZnOygr/NiO(2), and ZnOygr/
NiO(4) was deposited at Ty =500 °C from
5 mM Ni(acac), in ethanol solution using 1, 2,
and 4 spray cycles, respectively. (c) Reusability
test of photodegradation of MB by ZnOygr and
the ZnOynr/NiO(2) core-shell heterostructure.
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ZnOng/NiO core-shell structure.

The MB photocatalytic degradation curves for the as-deposited
ZnOng/NiO core-shell heterostructures and their components, NiO
films and ZnOyg, are shown in Fig. 3b, and the corresponding degra-
dation efficiencies and k values are summarized in Table 3.

Independent of the number of spray cycles, the NiO films showed a
negligible degradation efficiency of ca. 1 %. Compared to the ZnO film
(Table 2), ZnOngr showed nearly twice the MB degradation efficiency,
with a value of 48 % (Table 3), which can be explained by the higher
active surface area of the nanorod layer but may also imply contribu-
tions from different surface chemical components [39]. Moreover,
ZnOngr/NiO core-shell heterostructures with NiO thicknesses corre-
sponding to 1 or 2 spray cycles exhibited degradation efficiencies of 60
% and 64 %, respectively, which were higher than the degradation ef-
ficiency of 48 % obtained by bare ZnOyg. A thicker NiO layer (corre-
sponding to 4 spray cycles) in the ZnOyg/NiO core-shell heterostructure

Table 3

Degradation efficiencies of MB and degradation rate constants (k) by as-
deposited samples and samples annealed at T,,= 600 °C in air for 1 h: NiO
films; ZnO nanorods (ZnOyg); and ZnOygr/NiO core-shell heterostructures with
NiO from 1, 2 and 4 spray cycles. NiO was deposited at T = 500 °C from 5 mM
Ni(acac), in ethanol solution.

Sample Degradation efficiency (%) kx107% (min’l)

As-dep Tan= 600 °C As-dep Tan= 600 °C
NiO films 1 2 - -
ZnOng 48 53 3.42 4.13
ZnOyg/NiO(1) 60 65 5.01 5.66
ZnOnr/NiO(2) 64 70 5.51 7.21
ZnOng/NiO(4) 44 50 291 3.77

65 63 % 65 o, 65 64 65 1 65

zn0,,
[ 20, /NiO(2)

123 456 7 8 910
Times of measurements

significantly decreased the degradation efficiency from 64 % to 44 %,
showing that it is extremely important to optimize the shell layer
thickness.

Similar to the bilayers (Section 3.2), postdeposition annealing at
600 °C was applied to the ZnOnr/NiO core-shell heterostructures.
Annealing resulted in enhancement of MB degradation efficiency, as
summarized in Table 3. For instance, the MB degradation efficiency by
ZnOngr/NiO(2) increased from 64 % to 70 %. Thus, annealing is an
important procedure to improve the material properties and quality of
heterojunctions.

It is worth mentioning that several research groups have reported the
advantages of core-shell heterostructure photocatalysts. Periyannan
et al. [11] reported that a ZnOnr/NiO core-shell heterostructure ob-
tained by sputtering NiO on hydrothermally grown ZnOyg exhibited a
rhodamine-B degradation efficiency of 58 % under UV light in 3 h, in
contrast to 54 % for bare ZnOyg. For an alternative ZnOygr/CuxO
core-shell heterostructure, Montero et al. [10] showed a 65 % degra-
dation efficiency towards orange II dye under UV light in 3 h, in contrast
to 55 % for bare ZnOyg.

The k values before and after annealing at 600 °C are presented in
Table 3. For the best-performing ZnOyg/NiO(2) sample, the k value of
7.21 x 10~3 min~! was 1.7 times higher than that of bare ZnOyp.

For practical applications, photocatalysts must be reliable and stable.
Thus, a reusability test of MB photodegradation by ZnOygr and the
ZnOngr/NiO(2) core-shell heterostructure was performed, and the results
are presented in Fig. 3c. The measurements were repeated ten times, and
for each measurement point, three parallel samples were used. The re-
sults show high reproducibility and stability since both ZnOyg and the
ZnOngr/NiO(2) core-shell heterostructure still showed MB degradation
efficiencies of ca. 44-50 % and ca. 61-66 %, which are comparable to
the initial values.
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3.4. XPS analysis of ZnOngr/NiO core-shell heterostructures

XPS analysis was applied to prove the presence of NiO on the surface
of ZnOnr and to gain an understanding of the surface chemical
composition of ZnOnyg—600, ZnOynr/NiO(2)—600, and ZnOyg/NiO(4)—
600. The Zn 2p3,7, Ni 2p, and O 1s core-level spectra of these samples are
presented in Fig. 4(a), (b), and (c), respectively. The binding energy (BE)
of Zn 2ps3/2 of ZnOng-600 was centered at 1020.7 eV (Fig. 4a), corre-
sponding to the reported BE value of Zn 2ps3,» from ZnO [40,41].
Compared to the result for ZnOngr-600, the Zn 2p3/, peak intensity was
significantly decreased for the samples where NiO was deposited onto
ZnOng using two (ZnOygr/NiO(2)—600) or four spray cycles (ZnOngr/-
NiO(4)—600). The peaks at BEs of 852.5 + 0.3 eV and 870.9 + 0.3 eV in
the spectra of ZnOynr/NiO(2)—600 and ZnOnr/NiO(4)—600 are
commonly assigned to Ni 2p3,, and Ni 2p;» of NiO, respectively
(Fig. 4b) [20]. The XPS spectra also confirmed that NiO was present on
the surface of ZnOyp, although NiO was not detected by XRD due to the
low film thickness and can hardly be seen in the SEM image (Fig. 2a).

In the analysis of the Ols spectra of ZnOng—600, the best fit was
achieved involving three peaks positioned at BEs of 530.2 eV, 531.8 eV
and 532.9 eV, assigned to Zn-O bonds, surface hydroxyl groups (OH"),
and surface Hy0, respectively [33,39,42]. After covering the nanorods
with NiO, a new contribution in the O 1s spectra was revealed at a BE of
528.8 + 0.1 eV, characteristic of Ni-O bonds [20,43].

It is worth noting that for the ZnOnr/NiO(2)—600 and ZnOyg/NiO
(4)—600 heterostructures, the BE of Zn 2ps/y shifted by 0.9 eV and
1.1 eV, respectively, towards lower values compared to the BE of Zn 2p3,
2 of ZnOng—600, positioned at 1020.7 eV (Fig. 4a, Table 4). Different
reports can be found in the literature about the shift in the BE of Zn 2p
emission as a result of ZnO coating with NiO forming a heterostructure.
A similar shift in Zn 2p3,» to a lower BE was observed for the ZnOyr/NiO
core-shell heterostructure prepared by Periyannan et al. [11]. In that
study, a Zn 2ps/, peak shift of 1.1 eV to lower BE values compared to
that in pristine ZnOyg was detected. In contrast, Tian et al. [44] reported
that for a ZnO/NiO nanocomposite, the Zn 2ps/, BE shifted by 0.6 eV to
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Fig. 4. XPS core-level spectra from ZnOnr—600, ZnOnr/NiO(2)—600, and
ZnOnr/NiO(4)—600: (a) Zn 2p3,, (b) Ni 2p, (¢) O 1s. NiO in ZnOnr/NiO(2)—
600 and ZnOng/NiO(4)—600 was deposited at T, =500 °C from 5 mM Ni
(acac), in ethanol solution using 2 and 4 spray cycles, respectively. All the
samples were annealed at 600 °C for 1 h in air.
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a higher energy compared to that of ZnO. Zhang et al. [26] also observed
a Zn 2ps,2 BE shift of 0.9 eV to a higher energy for a ZnO/NiO nanofiber
structure compared to the corresponding value for ZnO nanofibers.
Although ZnO/NiO heterostructures were characterized in all these
studies, the obtained results are contradictory to some extent. Our re-
sults seem to support those reported by Periyannan et al. [11] rather
than those reported by Tian et al. [44] and Zhang et al. [26].

To gain more clarity, the Znpym Auger spectra of ZnOnr—600,
ZnOngr/NiO(2)—600 and ZnOynr/NiO(4)—600 were analyzed. The ki-
netic energy of Znpyy and Auger parameter results are presented in
Table 4.

The most striking result of this analysis is the observation of a
1.9-2.0 eV difference between the modified Auger parameter values of
pristine ZnOyg and ZnOng/NiO heterostructures. Although the afore-
mentioned BE shift observed by XPS has been related to the formation of
heterojunctions, the changes in the Auger parameter confirm the exis-
tence of a built-in electric field at the heterojunction interface.

3.5. Band diagram of the ZnOyng/NiO core-shell heterostructure and MB
degradation mechanism

To understand the mechanism of photocatalytic degradation by
ZnOngr/NiO core-shell heterojunctions, the energetic diagram was
evaluated by combining KP and PYS analysis data. The work functions of
ZnONgr—600 and ZnOyr/NiO(2)—600 were measured in the dark, and
the results are presented in Fig. 5a. The measured work functions of
ZnOnr—600 and ZnOngr/NiO(2)—600 showed constant mean values
within standard deviations of + 2 meV, indicating stable surface elec-
tronic properties related to the surface chemical stability [35]. The work
function was 4.42 eV for ZnOxr—600 and 4.70 eV for ZnOyngr/NiO(2)—
600. The higher work function value for ZnOyr/NiO(2)—600 than
ZnOng—600 proves the presence of the NiO thin film on the surface of
ZHONR.

The ionization energy (E;) of ZnOyg—600 and ZnOygr/NiO(2)—600
was measured by PYS. The PYS spectra are presented in Fig. 5b and c,
respectively, and the E; values are summarized in Table 5. The ionization
energy is 6.29 eV for ZnOnxg—600 and 5.40 eV for ZnOng/NiO(2)—600.
To draw the band diagram of the ZnOyg/NiO heterojunction, the
valence band maximum (Eypy) relative to the Fermi level (Ep) was
calculated as the difference between the work function (®) and ioniza-
tion energy (E;), Eygm = @ — Ej, since ® defines the Ey position relative to
the local vacuum level and E; is measured relative to the same local
vacuum level. [35]. The conduction band minimum (CBM) was calcu-
lated as Ecgv = Evam + Eg by using the bandgaps of the hydrothermally
grown ZnOyg (3.27 eV) [33] and USP-grown NiO (3.70 eV, Table 1).
With the known VBM and CBM positions, the energy band diagram of
the ZnOyngr/NiO heterostructure could be drawn as shown in Fig. 5d.
Thus, the energy band diagram shows n-type conductivity for ZnOyg and
p-type conductivity for the NiO film, which agrees with the results of the
hot probe measurements in Section 3.2. In addition, rectifying
current-voltage behavior is predicted.

It is worth mentioning that in most PA studies, the formation of ZnO/
NiO heterojunctions is proposed based on PA results rather than relying
on the real energetic parameters of the heterostructure [8,13,18,23,25].
For instance, Thampy et al. [18] claimed that the increased MB degra-
dation efficiency by ZnO/NiO nanoparticles is due to the formation of
ZnO/NiO heterojunctions. Additionally, Hameed et al. [8] compared
only the MB degradation efficiencies obtained with ZnO/NiO nano-
particles and their single components and concluded that ZnO/NiO
heterojunction formation was responsible for the difference. Tian et al.
[13] and Liu et al. [25] studied the degradation of methyl orange by
ZnO/NiO particles and similarly concluded that the formation of a
ZnO/NiO heterojunction was responsible, based only on the PA results.
The band diagram was drawn based on compiled parameters from the
literature [13,18,23,25]. However, none of the abovementioned studies
provided experimentally measured energetic parameters. Thus, the
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Table 4
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Binding energy (BE) of the O 1s, Ni 2p, Zn 2p3, core levels, kinetic energy of Znyyy, and the modified Auger parameter («’) for ZnOyg—600, ZnOng/NiO(2)—600, and
ZnOnr/NiO(4)—600. NiO in ZnOnr/NiO(2)—600 and ZnOxg/NiO(4)—600 was deposited at Ts = 500 °C from 5 mM Ni(acac), in ethanol solution using 2 and 4 spray
cycles, respectively. All the samples were annealed at 600 °C for 1 h in air.

Sample name BE (eV) KE (eV) o (eV)
O1ls Ni 2p3/ Ni 2py /2 Zn 2ps/n Znpvm
ZnO OH H,0 NiO
ZnOngr—600 530.2 531.8 532.9 - - - 1020.7 988.5 2009.2
ZnOyr/NiO(2)—600 530.3 531.8 - 528.9 852.5 870.9 1019.8 987.4 2007.2
ZnOng/NiO(4)—600 530.2 531.4 - 528.8 852.2 870.6 1019.6 987.9 2007.3
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Fig. 5. (a) Time-dependent work function of ZnOnyg—600 and ZnOygr/NiO(2)—600. (b) Photoelectron yield spectrum of ZnOngr—600. (c) Photoelectron yield
spectrum of ZnOyr/NiO(2)—600. (d) Energy band diagram of ZnOngr/NiO heterojunction. (e) Influence of *OH, *O; and h™ scavengers on the MB degradation
efficiency by ZnOng—600. (f) Influence of *OH, *O; and h™ scavengers on the MB degradation efficiency by ZnOyg/NiO(2)—600. NiO in ZnOyg/NiO(2) hetero-
structure was deposited at T; = 500 °C from 5 mM Ni(acac), in ethanol solution using 2 spray cycles. All the samples were annealed at T,,= 600 °C for 1 h in air.
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Table 5

Work function (®), ionization energy (E;) and the energy difference between the
Fermi level (Er) and valence band maximum (Eygy) of ZnOng—600 and ZnOnr/
NiO(2)—600. NiO was deposited at T = 500 °C from 5 mM Ni(acac), in ethanol
solution using 2 spray cycles. Both samples were annealed at 600 °C for 1 h in
air.

Sample ®(£0.04eV) E(£0.03eV) Ep— Eypy (£ 0.05eV)
ZnOnr—600 4.42 6.29 -1.87
ZnOnr/NiO(2)— 4.70 5.41 -0.71

600

band diagram of the ZnOygr/NiO heterojunction based on directly
measured experimental data (Fig. 5d) and the photocatalytic degrada-
tion mechanism was proposed here.

Following the classical concept of heterojunction formation [45],
electrons transfer from ZnO to NiO and holes transfer from NiO to ZnO
until the system reaches thermodynamic equilibrium and an inner
electric field forms at the heterointerface. When the ZnO/NiO hetero-
structure is irradiated by UV light, electron-hole pairs are generated in
both ZnO and NiO, and electrons from the valence band (VB) can be
excited to the conduction band (CB) in both materials with the simul-
taneous formation of the same number of holes in the VB. However, our
experimentally proven band alignment for the p-NiO/n-ZnO hetero-
junction (Fig. 5d) supports the transfer of photogenerated electrons from
the CB of NiO to the CB of ZnO and the transfer of photogenerated holes
from the VB of ZnO to the VB of NiO, indicating that the electrons and
holes are efficiently separated. The electrons from ZnO and holes from
NiO are injected into the reaction medium and participate in chemical
reactions to degrade different organic pollutants. The electrons interact
with dissolved O, molecules and produce superoxide radical (*03). The
photogenerated holes are trapped by OH™, forming hydroxyl radical
species ("OH).

To verify the role of *OH, *05 and h' in the photodegradation pro-
cess, MB photodegradation measurements were performed in the pres-
ence of different scavengers (such as tert-Butanol as *OH scavenger, p-
Benzoquinone as *O3 scavenger, and ammonium oxalate as h™ scav-
enger). The results of the test are presented in Fig. 5e and f. Both ZnOyg-
600 and ZnOngr/NiO(2)—600 exhibited lower degradation efficiency of
MB in the presence of *OH, "0z and h' scavengers compared to that
measured without adding a scavenger, indicating the active role *OH
and °O3 species, as well as the role of the photogenerated carriers
responsible for the generation of related radicals. The impact of the
latest one is well supported by the enhanced photocatalytic activity of
ZnOng/NiO heterojunction (compared to ZnOg alone, Fig. 5e) in which
the photogenerated carriers are efficiently separated towards the surface
and transferred to reactive surface sites. The reduced degradation effi-
ciency of MB by ZnOygr/NiO(2)—600 in the presence of the ammonium
oxalate as h' scavenger (Fig. 5f) suggests that the photogenerated holes
are efficiently transferred towards the surface of NiO shell contributing
to the degradation efficiency of MB through the formation of *OH
radicals.

This study clearly demonstrated that the efficient separation of
charge carriers at the ZnOng/NiO heterointerface boosts the photo-
catalytic performance.

4. Conclusions

In this study, we demonstrated for the first time that homogeneous
crystalline films of NiO with cubic structure can be successfully grown
on glass substrates by employing a robust ultrasonic spray technique and
nickel acetylacetonate as a source material. Increasing the deposition
temperature from 350 to 500 °C increased the NiO film thickness from
ca. 30 to ca. 70 nm, and the mean crystallite size increased from ca. 17 to
ca. 30 nm. Post-deposition annealing of as-grown films at 600 °C in air
slightly increased the mean crystallite size. The films exhibited a direct
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bandgap value of 3.7 eV after annealing.

NiO layers were applied to ZnO films and ZnO nanorods to fabricate
ZnO/NiO bilayer and ZnOygr/NiO core-shell heterostructures for which
optimal preparation temperature and thickness were found. The pho-
tocatalytic degradation of MB by the NiO film, ZnO film, ZnOyg, ZnO/
NiO bilayer, and ZnOyng/NiO core-shell heterostructure was analyzed
under ultraviolet irradiation for 180 min. While the ZnOyg showed a
reasonable degradation efficiency of 48 %, NiO alone exhibited a
negligible performance of 1-2 %. The record degradation efficiency of
70 % was achieved by ZnOngr/NiO core-shell heterostructure, with
optimized NiO shell thickness from two spray cycles, deposition tem-
perature of 500 °C, and post-deposition air treatment at 600 °C.

Current-voltage characteristics of ZnO/NiO bilayer indicate the for-
mation of rectifying behavior between n-type ZnO and p-type NiO film,
being an approval of p-n junction formation. XPS analysis confirmed the
formation of NiO shell on ZnO core and showed a 1.9-2.0 eV difference
in modified Auger parameter between ZnOyg and ZnOyg/NiO core-shell
heterostructure, validating the presence of built-in electric field at the
interface. A type-1I band diagram between NiO and ZnOyp is proposed
based on Kelvin probe and photoelectron yield spectroscopy measure-
ments. Based on these results, the degradation mechanism of MB is
discussed in which the built-in electric field at the heterointerface
stimulated the enhanced photocatalytic activity.

To our knowledge, the achieved photocatalytic activity is the highest
reported for the degradation of MB, employing ZnOyg/NiO core-shell
heterojunction concept. A similar ZnOyngr/NiO core-shell hetero-
junction photocatalyst was applied in one recent study [11], however,
the degradation efficiency of 58 % was reported for a Rhodamine B
pollutant. Our study provides an advanced and feasible proof of concept
design for cost-effective heterojunction photocatalysts. Further research
efforts on optimization of the related material and interfaces will allow
subsequent improvement of photocatalytic activity and deployment of
the device for wider range of pollutants.
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Appendix 2

Table 1.1. Photocatalytic activity of ZnO nanoparticles, ZnO films and ZnO nanorods on substrates.

Synthesis Annealing Catalyst

Catalyst Substrate Precursor Synthesis method temp. temp. amount Pollutant (pﬁ:n) (r:'llL) Light t(min) (;) Ref.
o, o o
(°c) (°C)  (mg/L)
Zn(ac)2 Sol-gel 80 400 800 MO 30 50 uv 100 99 [45]
Zn(ac)2 Thermal 600 ; 1250 MO 10 40 UV 120 98 [46]
decomposition
Rod-like brecioitation
Zn(NOs), recipitationin RT 200 300 MO 20 NA UV 80 99 [47]
solution
Zn(ac)z 120 - NA MO 12 NA UV 180 89 [48]
2n0° - wire- - Fydrothermal 200 000 h 6 60 00 88 [49
NP like Zn(ac)z - 1 RhB uv 5 [49]
Plate- .
) ZnCl, 60 80 1000 MB 16 5 Sunlight 14 90 [50]
like Precipitation in
. solution
F"l’i‘l’(":r ZnCl, 50 - 200 MO 15 100 UV 50 99 [51]
Sponge- Zn(NOs); Solution 400 NA 500 MG 5 100 UV 150 95 [52]
like combustion
SiO2 Zn(ac)2 Sol-gel RT 400 MO 6 5 Sunlight 150 18 [53]
Glass Zn DC sputtering RT - MO 10 100 Sunlight NA 53 [54]
Quartz  Zn(ac): Sol-gel 60 400 MO 5 10 UV-Vis 180 73 [55]
Zn0 film Atomic layer NA
Si Zn(CaHs): Y 80 - MB 5 2 UV 240 40 [56]
deposition
Glass  zZn(ac), U'trasonmicspray o, ) MB - - UV 240 88 [57]

pyrolysis




Synthesis Annealing Catalyst

Catalyst Substrate Precursor Synthesis method temp. temp. amount Pollutant (pgr]n) (n\mll) Light t(min) (;) Ref.
o, o °
(°c) (°C)  (mg/L)
Si Zn(NO3)2 90 300 MO 5 NA UV 60 87 [58]
Si02  Zn(NOs)2  Hydrothermal 100 - MO 6 500 UV 160 95 [59]
Glass  Zn(NOs)2 90 - RhB 5 NA UV-vis 120 70 [60]
26 . Pneumatic §pray 550 50
nnanorods |Tg/glass  ZnClz pyrolysis - Doxycycline 25 20 UV 240  [8]
Electrodeposition 80 85
Glass Zn(ac): Hydrothermal 90 - MB 10 20 uv 45 83 [61]
S znfagy Chemicalbath 95 ; RhB 10 5 UV 720 98 [62]
deposition

oct
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Table 1.2. Photocatalytic activity of ZnO/noble metal composites.

Synthe

Substr sis Annealin  Catal. Pollu Co \'} ¢
Catalyst Precursor Synthesis method gtemp. Amount (ppm (mL Light . n (%) Ref.
tem o tant (min)
o (°C) (mg/L) ) )
(°C)
Zn(NOs):2 . ZnO NPs: 10
HAUCls Combustion 500 1500 MB 6 100 UV 160 Zn0/Au NPs: 25 [63]
Zn(NOs)2 Ultrasonic spray ZnO NPs: 33
HAUCl4 pyrolysis 1000 >0 Rhe 5 100 LV 180 ZnO/Au NPs: 80 [64]
ZnCl, ZnO NPs: 15
ZnO/Au NPs HAUC: Hydrothermal 240 - 700 MB 4 75 UV 140 Zn0/Au NPs: 96 [65]
Zn(ac)2 Precipitation in . Zn0O NPs: 15
HAUCls solution 0 ) 100 MO 20 50 Vis 200 ;0 Nps: 75 (O]
Zn(ac)s, Precipitationin  ZnO: 60 ZnO NPs: 76
HAuCls4 solution Au: 80 i 100 MO 10 100 WV 160 ZnO/Au NPs: 96 [67]
Zn(ac)2 Precipitation in . Zn0O NPs: 65
) AgNOs <olution 70 550 1000 MB 10 100 UV-Vis 15 Zn0/Ag NPs: 97 [68]
ZnO/Ag NPs Zn(a) 10 NPe: 81
n(ac): n s:
Solvoth I 160 60 333 MO 16 90 uv 40 69
Ag(ac): clvotherma Zn0/Ag NPs: 99 0%
C22H1404Zn ZnO NPs: 54
Zn0O/Pt NP FI
2:0// AL NPSS Pt(acac)z amrilszir:y NA ; 20 MB 10 200 UV 60 ZnO/PtNPs:55 [70]
AuCls pyroty ZnO/Au NPs:70
ZnO: hydrothermal ZnO:
Zn(NOs)2 e Phen ZnO NPs: 40
KoPACla Pd: st|rr'|ng in 150 300 1500 ol 50 50 UWv 60 Zn0/Pd NPs:98 [71]
solution Pd: RT
ZnO/Pd NPs
Znlack o1 othermal 120 - 200 RRB 5 50 Uv 15 _ZMONPsiA9 o,

PdCl,

ZnO/Pd NPs: 82
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Synthe

Substr s Annealin  Catal. ollu C V t
Catalyst Precursor Synthesis method gtemp. Amount (ppm (mL Light . n (%) Ref.
tem o tant (min)
o (°C) (mg/L) ) )
(°C)
ZnO NPs Zn(NOs)2 ZnO NPs: 70
ZnO: hydrothermal
ZnO/Ag NPs AgNO3 ZnO/Ag NPs: 92
Metal: 180 50 AOIll 20 100 UV 300 73
Zn0/Pd NPs PANO. di aosition Zn0/Pd NPs: 96 L)
ZnO/Pt NPs HPtCls P P ZnO/Pt NPs: 78
ZnO/Au thin . )
) Zn(ac): . . Sunlig ZnO film: 63
film _ Glass HAUCls Sol-gel spin coating RT 500 MO 10 ht 150 710 film/Au: 94 [74]
composite
ZnO/Ag thin )
. Zn(ac): . . . ZnO film: 18
film ' Glass Ag NPs Sol-gel spin coating RT 500 IC 6 NA UV-Vis 300 Zn0 film/Ag: 30 [75]
composite
Zn0: hydrothermal
. Zn(NO3)2 . . ZnOnr: 27
Si HAUCls Au: preC|p|'tat|on in 90 - RhB 10 - uv 90 ZnOns/Au: 91 [76]
solution
Zn0: hydrothermal
Zn(ac): ] ... ZIn0:60 . ZnOnr: 66
Glass HAUCls Au: preC|p|_tat|on in Au: 70 400 MO 5 20 UV-Vis 180 ZnOne/Au: 100 [77]
solution
Fe-Co- ZnO: hydrothermal
. Zn(NO3)2 ) . In0:70 ZnOng: 58
Ni HAUCl: Au: preC|p|'tat|on in AU: 50 MO 20 40 UV 210 ZnOns/Au: 95 [78]
ZnOnr/Au  alloy solution
Zn0:
TCO Zn(NOs): electrodeposition ZnO: 80 ZnOnr: 15
200 MO 2.5 8 uv 240 79
glass Au Au: magnetron  Au: NA ZnOnr/Au: 90 [79]
sputtering
Zn0: chemical
. Zn(acac)2  vapor deposition ZnOnr: 70
S HAUCl4 Au: 525 i MO 15 i uv 180 ZnOngr/Au: 90 [80]

photodeposition
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Synthe

Substr s Annealin  Catal. Pollu C V t
Catalyst Precursor Synthesis method gtemp. Amount (ppm (mL Light . n (%) Ref.
tem o tant (min)
o (°C) (mg/L) ) )
(°C)
ZnO: chemical bath
Zn(ac): deposition Zn0:80 ZnOnr: 36
Gl - MB 2 15 uv 100 81
355 AgNOs Ag: Ag: RT ZnOnw/Ag: 49 1)
ZnOnr/Ag photodeposition
Zn0: hydrothermal
Zn(NO3), - 7n0: 95 . ZnOnr: 60
Gl Ag: tat 400 MB 32 20 \Y 43 82
35 pgno,  (ETPrECpRationin .. gq 'S ZnOni/Ag: 65 02
solution
Zn0:
. Znfoil ZnOngr: 37
Zn foil H,PtCle Hydrothermal Ptl'ii()so - RhB 24 5 uv 12 ZnOne/Pt: 62 [83]
ZnOnr/Pt -
Zn0: Hydrothermal
Zn(NO3)2 ) ... .. . ZIn0:95 . ZnOnr: 26
Glass HoPtCle Pt: precipitation in Pt: 100 400 MB 3 20 \Vis 120 ZnOng/Pt 132 [84]

solution
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Table 1.3. Photocatalytic activity of ZnO heterostructures (p-n heterojunctions) by coupling with other p-type semiconductors.

Subst Precurso Synthesis Annealin Catal. Poll Co V t
Catalyst . Synthesis method temp. gtemp. amount uta (pp (mL Light (min n (%) Ref.
(°c) () (mg/L) nt m) ) )
ZnCl Cu;0: 80 . Cu0: 30
Zn0O/Cu20 NPs cuCl Hydrothermal 7n0: 140 500 MO 10 100 \Vis 120 7n0/Cu20: 99 [92]
ZnO: hydrothermal . Cu0: 20
ZnO/CuO NPs é:g:gz CuO: precipitation Zcr'u%.lgsg 500 *::)T 10 100 Vis 180 Zn0: 40 (93]
2 in solution ’ Zn0O/Cu0: 78
Ni(ac) Sunligh Ni0: 20
Zn(ac)z Sonochemical route 60 250 500 MB 16 100 ¢ & 60 Zn0: 50 [94]
2 ZnO/NiO: 90
. NiO: 20
er:((E?))Z RT 400 500 RhB 10 100 UV 200 ZnO: 80 [95]
ZnO/NiO NPs 32 ZnO/NiO: 90
Ni(NO3) Coprecipitation in NiO: 10
Znis 03)2 solution RT 400 500 MO 10 200 UV  NA Zn0: 40 [96]
42 ZnO/NiO: 100
Ni(NO)s ZnO: 54
Zn(NO), RT 60 1000 MB 10 50 WV 80 oo (97]
. NiO:58
Ni(ac)2
Zn(ad) RT 500 1000 MB 3 50 UV 180 Zn0:50 (98]
2 Zn0O/Ni0:80
. . NiO: 40
nil%ﬁfrs Q'n'((i?f Electrospinning 80 600 500 MB 10 100 Vis 180 Zno: 50 (99]
2 ZnO/NiO: 100
NiO: 40
Zn(ac)s RT 550 100 RhB 10 100 UV 50 7n0:g0 100
Ni(ac)2 ]

ZnO/NiO: 100
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Subst Precurso Synthesis Annealin Catal. Poll Co V t
Catalyst Synthesis method temp. gtemp. amount uta (pp (mL Light (min n (%) Ref.
rate . .
(°C) (°6)  (mg/L) nt m) ) )
Zn0: hydrothermal Cu20: 46
ITO/" Zn(NOs)2 Cu20: Cu20: 60 MO 5 10 Vis 300  znOwd 102
glass Cu(NOs)2 . Zn0: 148 ]
Z1Ong/Cu20 electrodeposition ZnOnr/Cu20: 90
NR 2
Glass ZN(NO3)2 Z”O'C}‘J‘gf’tzsrma' Zno: 95 Srz s 1 Uy 1o  ZnOwi56 (103
Cu 20:8 Cu20: NA g ZnOwe/Cu20: 64 |
deposition 1]
ZnO: precipitation in
ZnCl, solution Zn0: 95 . ZnOng: 20 [104
Glass -, (NOs)s Cuo: cuo:rT 400 MO 3 30 Vis 150 ;G /cu0i90 ]
ZnOngr/CuO . -
photodeposition
Quart Zn(NOs)2 ZnO: hydrothermal  ZnO: 95 . ZnOnr: 50 [105
z  Cu(NOs)2 CuO: hydrothermal CuO: 60 MB 3 3 UV-Vis 180 ZnOng/CuO: 78 1
z;c:zzﬁglclj Quart Zn(ac): chuc()):'hﬁrc?t:]ti;?;zl Zn0: 95 - MB 3 3 vis 1gp _ ZnOw:35 (106
2 Cu(NO3) - precip CuO: 60 ZnOne/Cu0: 72 |
structure in solution
ZnOnr/NiO
FTO/ Zn(NO)s ZnO: hydrothermal Zn0:92 ZnOnr: 65 [107
-shell 250 RhB 10 20 uv 180
COre-Snel olass  Ni NiO: sputtering  NiO: RT ZnOwe/NiO: 67 |

structure
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Table 1.4. Photocatalytic activity of NiO nanoparticles and thin films.

Synthesis Annealing Catalyst

thesi C
Catalysts  Substrates Precursor Sr\r/‘r;theos(;s temp. temp. amount Pollutant (pp(:'n) (mL) Light (min) (;) Ref.
o, o o
(°c) (°C) (mg/L)
. uv-
Sphere- NiCl.  Hydrothermal 130 - 1 MB 03 100 . 180 64 [162]
like
Ni(NOs)2 Sol-gel RT 500 1000 Phenol 100 100 UV 60 97 [167]
Rod-like Ni(NO3)2 Combustion RT 400 100 MO 3 100 Vis 50 80 [158]
Precipitation i
NIO Nicl R RO R 250 2000 MO 25 50 Vis 110 38 [159]
NPs i
Plate- Ni(ac): 185 400 400 MO 40 50 UV 120 53 [160]
like —_—
Ni(NOs)2 Hydrothermal 180 700 1000 RhB 10 100 Uuv 60 70 [164]
Ni(ac): 160 400 50 MB 15 20 Vis 20 99 [163]
Flower- . Precipitation in
. NiCl2 . RT 350 1000 MO 16 100 UV 120 49 [161]
like solution
) . Thermal
Al film NiClz e RT 400 MO 50 NA UV 120 90 [169]
decomposition
DC t
Glass Ni magnetron — na - MG 10 NA UV 120 70 [166]
sputtering
NiO film LaAlOs NiO Pulsed laser NA ; NA Re 10 1 2V 60 30 [165]
deposition Vis
ITO glass NiCl2 Electrodeposition RT 400 Phenol 100 100 UV 60 45 [168]
Glass Nicl, ~ Fneumaticspray o, ; MB NA NA UV 180 90 [170]

pyrolysis
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Table 2.4. Description of pollutants used in this thesis.

Type of pollutant

Molecular structure

Methyl orange (MO) is an anionic dye commonly used in textile and printing industries. MO is also
a pH indicator frequently used in titration. It can cause vomiting and diarrhea if swallowed and
respiratory tract irritation if inhaled. It may be carcinogenic as well.

(0]
Lo
N S
\ 7 \ .
N O~Na

N
/

Methylene blue (MB) is a cationic dye commonly used in textile and coloring industries. As a
medication, MB injection is used in the treatment of methemoglobinemia and urinary tract
infections. However, accumulation of MB in human body can cause kidney, brain, liver, and central
nervous system deterioration.

L’|:H3 cr cI:H3
N s. N
=
N



https://en.wikipedia.org/wiki/PH_indicator
https://en.wikipedia.org/wiki/Titration
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[bookmark: _Toc517344494][bookmark: _Toc118810843][bookmark: _Hlk106358091]Introduction

[bookmark: _Hlk98510195]Energy depletion and environmental pollution are the urgent issues that humanity is facing nowadays due to the economic growth and rapid increase of population. In particular, water pollution has caused severe impact on the quality of human’s life and ecosystem. Numerous physicochemical and biological methods such as adsorption, filtration, and precipitation have been employed for water and wastewater treatment. However, these techniques cannot sufficiently remove effluents from wastewater, still leaving behind the residues of contaminants in the water streams from ppb to ppm concentrations. For this reason, advanced oxidation processes (AOPs), based on the generations of strong oxidants such as hydroxyl radicals and superoxide radicals, have been proposed as an additional step to mineralize organic pollutants [1]. Photocatalysis, as one of the most promising AOPs, has been widely studied for water and wastewater treatment owning to its ability to degrade organic pollutants to CO2 and H2O under light irradiation [2]. 
To date, semiconductors such as TiO2, ZnO, NiO, CdS, and ZnS have been used as photocatalysts in photocatalysis process for water and wastewater treatment. Among these semiconductors, TiO2 is the mostly studied photocatalyst due to its excellent photocatalytic activity (PA), nontoxicity, and chemical stability. Another photocatalyst, ZnO is also considered as an efficient and alternative to TiO2. Nevertheless, the main drawbacks of TiO2 and ZnO photocatalysts are the fast recombination of photogenerated electron-hole pairs and weak absorption of visible light [3]. However, compared to TiO2, ZnO is easy to synthesize in various morphologies. To overcome the drawbacks of ZnO as photocatalyst, several modification methods have been employed to improve the PA of ZnO, such as metal/non-metal doping, and coupling with a metal or semiconductors [4]. NiO has also been used as a photocatalyst to degrade organic pollutants in water owning to its tunable bandgap, chemical stability and cost-effectiveness [5]. As a p-type semiconductor, NiO is a suitable candidate for coupling with ZnO to form p-n heterostructure and enhancing the PA by such approach.

To date, ZnO and NiO photocatalysts are mostly studied in their powder form due to their high surface area [6]. However, photocatalyst in its powder form has drawbacks such as particle agglomeration and difficulty of separation of the photocatalyst from polluted medium. Hence, immobilizing a photocatalyst on a substrate is a more proper approach due to its easy separation from polluted medium. The development of photocatalytically efficient ZnO nanorod and NiO film based photocatalysts on substrates by simple and low-cost fabrication methods is of vital importance for further large-scale applications.

The aim of this dissertation was development of strategies for the synthesis of ZnO and NiO based layers as photocatalytic coatings on glass substrates by low-cost chemical solution methods such as hydrothermal growth and chemical spray pyrolysis. ZnO in the form of nanorod layers (ZnONR) that possess much higher surface area compared to thin films, and NiO thin films with high chemical stability and p-type conductivity were chosen as materials to study. The methodology applied includes the experimental investigation of the relationship between the technological parameters of synthesis and physico-chemical properties of ZnO and NiO in order to find out the technological routes for preparation of materials with enhanced photocatalytic activity. 

The first objective of the thesis was the synthesis of photocatalytically efficient ZnONR/Au composites. The effect of ZnONR treatment with HAuCl4 on ZnONR/Au composite formation and its optical properties, surface chemical composition and photocatalytic performance was studied.

The second objective was focused on synthesis of photocatalytically active NiO films by cost-effective chemical spray method.  Herein, the effect of deposition temperature and solvent type on structural, optical, and surface properties, including photocatalytic activity of NiO films produced by pneumatic spray pyrolysis method using nickel acetate as source material was studied. 

The third objective was development of ZnONR/NiO n-p core-shell heterostructures with improved photocatalytic performance. To obtain this goal, the technology for deposition of uniform NiO thin films by ultrasonic spray method was elaborated using nickel acetylacetonate as a precursor material. Ultrasonically sprayed NiO films were applied to form ZnO/NiO heterostructures. The impact of NiO deposition temperature on NiO film properties, ZnO/NiO bilayer heterostructure formation and photocatalytic activity was studied. Based on those results, the most suitable process parameters were selected for ZnONR/NiO core-shell heterostructure fabrication. 

This dissertation is based on three published papers and consists of three chapters. The first chapter contains a literature overview on the photocatalysis mechanism, main semiconductor photocatalysts, and current status of investigations on ZnO and NiO photocatalysts. At the end of the first chapter, a summary of literature overview and the aim of the study are presented. Applied experimental procedures and characterization methods are summarized in the second chapter. 

The third chapter is composed of three sections presenting the main results of the thesis.  The first section of this chapter summarizes the results of paper I on synthesis and properties of ZnONR/Au composite. The second section summarizes the results of paper II on deposition and properties of NiO films grown by pneumatic spray. The third section summarizes the results of paper III on deposition of NiO thin films by ultrasonic spray, and formation and characterization of ZnO/NiO heterostructures with enhanced photocatalytic performance.

The novelty of this study lies within the new strategies for synthesis of photocatalytically active ZnO nanorod and NiO thin film based materials by simple and cost-effective chemical methods. Novelties of the study could be listed as follows:  In paper I, for the first time Au NPs were produced by spin-coating of HAuCl4 solution onto ZnONR layers followed by thermal treatment to form ZnONR/Au composite with enhanced PA.  In paper II, by systematic study the effect of deposition conditions on surface properties of pneumatically sprayed NiO films we showed that the deposition temperature is the main technological parameter controlling the content of surface hydroxyl groups on the film surface, and consequently, the film photocatalytic performance. In paper III, we demonstrated for the first time that homogeneous crystalline films of NiO with cubic structure can be successfully grown on different substrates by employing a robust ultrasonic spray technique and nickel acetylacetonate as a source material. For the first time ultrasonically sprayed NiO film has been applied to ZnONR layer to form ZnONR/NiO core-shell heterostructure demonstrating significantly enhanced photocatalytic performance compared to pristine ZnONR. 

Current research is a continuation of previous studies on the growth and properties of ZnO nanostructures [7-9] performed at the Laboratory of Thin Film Chemical Technologies, Tallinn University of Technology, Estonia. The thesis is directly related to the research topics on the development of semiconductor materials and devices by the Laboratory. The study has been financially supported by Estonian Research Council projects IUT 19-4 “Thin films and nanomaterials by wet-chemical methods for 
next-generation photovoltaics”, PRG627 “Antimony-chalcogenide thin films for the next generation of semi-transparent solar cells for use in power-producing windows”, 
the Estonian Centre of Excellence project TK141 (TAR16016EK) “Advanced materials and high-technology devices for energy recuperation systems”, the European Commission’s H2020 programme under the ERA Chair project 5GSOLAR grant agreement No 952509, and ASTRA “TUT Institutional Development Programme for 2016-2022” Graduate School of Functional Materials and Technologies (2014-2020.4.01.16-0032).
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[bookmark: _Toc118810844]Abbreviations, terms, symbols

		[bookmark: _Toc92807746][bookmark: _Toc93572572]AO II

		Acid orange II



		AOPs

		Advanced oxidation processes



		at%

		Atomic percent



		BE

		Binding energy



		C0

		Initial concentration



		CB

		Conduction band



		D

		Crystallite size



		d

		Thickness



		DC

		Direct current



		e–/h+

		Electron/hole pairs



		ECBM

		Energy level of conduction band minimum



		EF

		Fermi level



		Eg

		Bandgap



		Ei

		Ionization energy



		EVBM

		Energy level of valence band maximum



		FTIR

		Fourier transform infrared



		FTO

		Fluorine doped tin oxide



		FWHM

		Full width at half maximum



		HMT

		Hexamethylenetetramine



		HT

		Hydrothermal



		hv

		Photon energy



		IC

		Indigo carmine



		ITO

		Indium tin oxide



		I-V

		Current-voltage



		k

		Degradation rate constant



		KE

		Kinetic energy



		KP

		Kelvin probe



		MB

		Methylene blue



		MeO

		Metal oxide



		MG

		Methyl green



		MO

		Methyl orange



		NA

		Not available



		NPs

		Nanoparticles



		OHads

		Adsorbed hydroxyl groups



		PA

		Photocatalytic activity



		ppm

		Particle per million



		PSP

		Pneumatic spray pyrolysis



		PYS

		Photoelectron yield spectroscopy



		RhB

		Rhodamine B



		RT

		Room temperature



		SC

		Spin coating



		SCE

		Saturated calomel electrode



		SEM

		Scanning electron microscopy



		SPR

		Surface plasmon resonance



		t

		Irradiation time



		Tan

		Annealing temperature



		TCO

		Transparent conducting oxide



		Ts

		Substrate temperature



		USP

		Ultrasonic spray pyrolysis



		UV-Vis

		Ultraviolet-visible



		V

		Volume



		VB

		Valence band



		VO

		Oxygen vacancy



		XPS

		X-ray photoelectron spectroscopy



		XRD

		X-ray diffraction



		α’

		Auger parameter



		η

		Degradation efficiency



		

		Work function



		1D

		One-dimensional



		2D

		Two-dimensional



		3D

		Three-dimensional





[bookmark: _Toc118810845] Literature overview

[bookmark: _Toc92807749][bookmark: _Toc93572573][bookmark: _Toc118810846][bookmark: _Hlk106358058]Photocatalysis

Photocatalysis is a process of decomposition of organic pollutants based on the generation of hydroxyl radicals under light irradiation [4, 10-12]. Photocatalysis has the advantages over other water purification methods due to its cost-effectiveness, environmental benignity, and the ability to mineralize organic pollutants into CO2 and H2O [4, 10-12]. In particular, it is an effective way to remove persistent organic pollutants such as pharmaceuticals, pesticides, and endocrine-disrupting chemicals in a low concentration (such as ppm) [4, 10-12].

Photocatalysis processes are divided into homogeneous and heterogeneous classes [4]. In homogeneous photocatalysis pollutants and photocatalysts are in the same phase, whereas in heterogeneous photocatalysis pollutants and photocatalysts are in different phases [4]. Heterogeneous photocatalysis favoring its advantage of easy separation of photocatalysts from polluted medium is more widely accepted [4]. Semiconductors are usually used as photocatalysts in heterogenous photocatalysis [4]. Semiconductor photocatalysts have found numerous applications in environmental and energy fields such as water and wastewater treatment, air purification, photocatalytic hydrogen production, also in the development in self-cleaning, antifogging, antibacterial coatings, and even in cancer treatment [13].

In water and wastewater treatment, semiconductor photocatalysts are used to degrade various organic pollutants including textile dyes, antibiotics, analgesics, herbicides, and pesticides [14].

Thus, heterogeneous photocatalysis is a promising approach to be widely applied for environmental applications [15].

[bookmark: _Toc118810847][bookmark: _Toc92807751][bookmark: _Toc93572574]Mechanism of photocatalysis 

The photocatalytic process may happen when the photocatalytic material is irradiated by light. The photocatalytic process is illustrated in Figure 1.1.

[image: ]

[bookmark: _Ref97540413][bookmark: _Toc106801527]Figure 1.1. Basic mechanism of photocatalysis based on semiconductors [16].

When the semiconductor photocatalyst is photo-induced by light with the photon energy equal to or larger than its bandgap energy (Eg), electron/hole pairs are formed (Eq. (1)) [4]. The photogenerated e–/h+ pairs then move to the surface of photocatalysts to participate in redox reactions with adsorbed pollutants. In oxidation reactions, holes, h+(VB), react with H2O or hydroxide ion (OH–) to generate hydroxyl radicals (•OH) (Eq. (2), (3)). In reduction reaction, electrons, e–(CB), react with oxygen to generate superoxide radicals (•O2–) (Eq. (4)) [17]. In addition, •O2–, can react with H2O or H+ to form hydrogen peroxide (H2O2), which subsequently produces •OH (Eq. (5-10)) [4, 17-19]. The resulting •OH and •O2– species are powerful oxidizing and reducing agents, respectively, to decompose organic pollutants to CO2 and H2O (Eq. (11)) [18]. The basic principles behind the photocatalytic reactions can be summarized as follows [4, 17-19]:



		hv + MeO → MeO (h+(VB) + e–(CB))

		(1)



		h+(VB) + H2O → H+ + •OH

		(2)



		h+(VB) + OH– → •OH

		(3)



		e–(CB) + O2 → •O2–

		(4)



		•O2– + H+ → HO2•

		(5)



		HO2•+ HO2• → H2O2 +O2

		(6)



		•O2– + H2O + H+ → H2O2 + O2

		(7)



		H2O2 + e–(CB) → •OH + OH–

		(8)



		H2O2 + •O2– → •OH + OH– + O2

		(9)



		H2O2 + hv → 2•OH

		(10)



		Pollutant + •OH/ •O2– → intermediates → CO2 + H2O

		(11)







The separation of photogenerated e–/h+ pairs is the most important step in the photocatalytic reaction process since a large number of e–/h+ pairs recombine while migrating to the surface. The recombination of e–/h+ pairs will result in a decrease of PA. Thus, the key for enhancing PA is to generate long-lived photogenerated charge carriers.

[bookmark: _Toc118810848]Main semiconductor photocatalysts

Semiconductor photocatalysts have the ability to fully degrade organic pollutants to CO2 and H2O. In particular, the remarkable mineralization ability to low concentrations 
(in ppm) of non-biodegradable organic pollutants makes photocatalysts ideal materials for water and wastewater treatment.

In general, an ideal photocatalyst should be photoactive under UV, visible, or solar light; nontoxic; inexpensive; abundant in nature; stable during photocatalytic reactions; and must have high redox potential to produce sufficient amount of hydroxyl radicals [20]. All these features are key factors for efficient photocatalysts. To date, a large number of semiconductors have been used to study their PA  such as metal oxides (TiO2 [21],
 ZnO [4], SnO2 [22], WO3 [23], Fe2O3 [24], Cu2O [25], NiO [26]), metal sulfides (CdS [27], ZnS [28]), and nonmetal semiconductors  (g-C3N4 [29], SiC [30]).

Among the various semiconductor materials, metal-oxide based photocatalysts are commonly used. TiO2 is the mostly studied photocatalyst due to its excellent photocatalytic activity, low cost, chemical and photo stability, and nontoxicity [24]. It has been extensively investigated for numerous applications such as water and air purification, hydrogen evolution, self-cleaning, anti-bacterial surfaces and cancer therapy [31]. However, its large bandgap energy of 3.2 eV and fast recombination of the photogenerated electron-hole pairs are the main drawbacks limiting its PA [24].

[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The PA of TiO2 has also been investigated at the Department of Materials and Environmental Technology, Tallinn University of Technology. Namely, photocatalytic properties of TiO2 powders [32-35] and TiO2 coatings on a substrate prepared by sol-gel method [36] have been studied in Laboratory of Environmental Technology. Photocatalytic performance of TiO2 thin film deposited by spray method [37, 38] has been studied in Laboratory of Thin Film Chemical Technologies.

[bookmark: _Hlk7093472]ZnO (Eg=3.37 eV) is also widely studied photocatalytic material because ZnO shows excellent photocatalytic activity with advantages of good thermal stability at room temperature, nontoxicity [4]. Similar to TiO2, ZnO also suffer from fast recombination of electron-hole pairs [4].

SnO2 (Eg=3.5 eV) [22] photocatalyst is active under UV light irradiation, while WO3 (Eg=2.7-2.8 eV) [23], Cu2O (Eg=2.2 eV) [25], and Fe2O3 (Eg=2.0-2.2 eV) [27] photocatalysts are able to harness visible light. Although these photocatalysts have the advantages of low cost and low-toxicity, however, fast recombination of photogenerated electron-hole pairs is their drawback [22, 23, 25, 27].

NiO (Eg=3.0-4.3 eV) is also considered as a photocatalyst due to its low material cost, high stability, and ability to degrade organic pollutants [26]. Fast recombination rate of electron-hole pairs is also its main drawback [26]. Although NiO has lower PA than TiO2 and ZnO, NiO can be used as a cocatalyst to improve the PA of TiO2 and ZnO by forming TiO2/NiO [21] and ZnO/NiO heterojunctions [39].

CdS and ZnS are the most widely used metal sulfide photocatalysts. CdS photocatalyst has high photosensitivity owning to its narrow bandgap of 2.4 eV [27]. The drawback of CdS is insufficient stability and photocorrosion, especially in an aqueous medium [27]. ZnS has a large bandgap of 3.7 eV, and because of this  being an UV light active photocatalyst [28]. Compared to metal oxide-based photocatalysts, metal sulfides have poor stability in aqueous solutions that limits their employment as a photocatalyst.  

[bookmark: OLE_LINK13]To summarize, most semiconductor photocatalysts suffer from fast recombination rate of photogenerated electron-hole pairs, thus suppressing their PA. For this reason, numerous modification methods including metal/nonmetal doping and coupling with metal or semiconductors have been proposed and employed to suppress the recombination of photogenerated electron-hole pairs [6]. The details of modification on the semiconductor photocatalysts will be discussed on the example of ZnO photocatalyst in the next sections.

[bookmark: _Toc92807748][bookmark: _Toc93572577][bookmark: _Toc118810849]  Overview of ZnO photocatalysts

[bookmark: _Toc118810850]Main properties and applications of ZnO

[bookmark: _Hlk7093322]Zinc oxide is an inorganic compound with the chemical formula of ZnO. ZnO can crystalize in three different forms: hexagonal wurtzite, cubic zincblende and rocksalt (Figure 1.2). Hexagonal wurtzite is the most stable structure of ZnO under ambient conditions [4]. Cubic zincblende can be obtained by growing ZnO on cubic substrates [4]. Rock salt structure can only exist at relatively high pressures [4]. 

Stoichiometric ZnO naturally appears in the form of rare mineral zincite [40]. 
Non-stoichiometric ZnO is an n-type semiconductor due to oxygen vacancies or zinc interstitials [41]. It has a direct bandgap of 3.37 eV and a large exciton binding energy of 60 meV [4].

[image: ]

[bookmark: _Ref97299379][bookmark: _Toc95476110][bookmark: _Toc106801528]Figure 1.2. ZnO crystal structures: (a) cubic rocksalt, (b) cubic zincblende, and (c) hexagonal wurtzite [4].

ZnO can be easily synthesized in various morphologies. ZnO is mainly used in the form of powders, films, and different nanostructures. Numerous morphologies of ZnO nanostructures from one-dimensional (1D) to three-dimensional (3D) have been developed including nanorods, nanofibers, nanowires, nanotubes, nanoneedles (1D); nanosheets, nanoplates (2D); and nanoflowers (3D) [4].

ZnO has been widely used in many applications such as pharmaceutical, cosmetic, food, rubber, commodity chemical, painting, ceramic, and glass industries [42]. ZnO is an attractive material for electronic and optoelectronic devices such as light-emitting diodes, laser, photodetector, solar cells, transistors [42]. Besides, ZnO has been used in piezoelectric devices, sensors, and also as a photocatalyst [4, 42].

[bookmark: _Toc118810851]ZnO as a photocatalyst

ZnO with Eg of 3.37 eV is nontoxic, inexpensive material that exhibits excellent photocatalytic activity, which makes it an attractive photocatalyst in water and wastewater treatment. It has also been extensively investigated for water splitting and antibacterial treatment applications [43, 44]. In water and wastewater treatment, the PA of ZnO is mainly studied in the form of nanoparticles (NPs) [45-52], films on substrates [53-57], and nanorods on substrates [8, 58-62]. The results of the PA of ZnO in different forms are summarized in Table 1.1, Appendix 2.

It is well known that surface area of photocatalysts plays an important role in PA, 
as higher surface area leads to more active generation of hydroxyl radicals and higher adsorption rate of pollutants on the surface of photocatalysts, thereby accelerating the photodegradation efficiency of pollutants [45]. Thus, ZnO nanoparticles [45-52] have shown excellent PA owing to their high surface area. To date, ZnO NPs with different morphologies including rod-like [45-48], wire-like [49], plate-like [50], flower-like [51], and sponge-like [52] have been studied for their PA.

For instance, rod-like [45-47] and flower-like [51] ZnO NPs exhibited ca. 99%  MO degradation efficiency under UV light in 50-100 min irrespective of synthesis methods.

Although ZnO 	NPs showed excellent PA, their powder form makes it difficult to separate from the aqueous medium, causing secondary pollution of water. For this reason, immobilizing photocatalysts on substrates is a more suitable form due to its ease of separation from polluted water and ease of reuse. To date, the PA of ZnO immobilized on substrates has been studied mainly in the form of ZnO thin film [53-56], and ZnO nanorods [8, 58-62] (Table 1.1, Appendix 2).

ZnO in the form of film usually possesses lower degradation efficiency compared to ZnO NPs due to its lower surface area. For the degradation of MO by ZnO prepared by sol-gel method, 18% MO degradation efficiency was achieved by ZnO film under sunlight in 150 min [53], being more than five times lower than that from rod-like ZnO NPs (99%, 100 min) [45]. For the degradation of MB, ZnO film prepared by atomic layer deposition showed 40% degradation efficiency under UV light in 240 min [56], being more than twice lower than that from plate-like ZnO NPs (90%, 14 min) [50]. Sprayed ZnO film possessed 88% MB degradation efficiency under UV light in 240 min [57].

However, ZnONR on substrates demonstrated comparable or even higher degradation efficiency than ZnO NPs. For the degradation of MO by hydrothermally grown ZnO under UV light, ZnONR on a substrate degraded 87% in 60 min [58] and 95% in 160 min [59], comparable or even higher that from rod-like ZnO NPs (89%, 180 min) [48], respectively. For the degradation of RhB by hydrothermally grown ZnO under UV light, ZnONR on substrates owned 70% degradation efficiency in 120 min [60] in comparison to 80% from wire-like ZnO NPs in 500 min [49]. While 98% RhB degradation efficiency was achieved by ZnONR on a substrate prepared by chemical bath deposition [62], being even higher than that from ZnO NPs (88%, 500 min) [49].

In summary, the form of ZnO nanorods immobilized on the substrate showed a relatively high degradation efficiency, which was only slightly lower compared to nanopowders, but significantly higher than that of thin films. Considering high PA, ease of synthesis and separation from pollutant solution, ZnO nanorods on substrates have great potential for wastewater treatment applications.

[bookmark: _Toc118810852]ZnO/noble metal composite photocatalysts

ZnO photocatalysts suffer from fast recombination of photogenerated electron-hole pairs and poor absorption of visible light [45]. In order to overcome these drawbacks ZnO/noble metal composites approach has been developed [63-84].

To date, noble metals such as Au [63-67, 74, 76-80], Ag [68, 69, 73, 75, 81, 82],  Pt [70, 73, 83, 84], Pd [71-73], and Rh [73] have been used to form ZnO/noble metal composites. Since noble metals can form a Schottky barrier with ZnO and the Fermi levels of noble metals are lower than the conduction band minimum of ZnO, electrons from conduction band of ZnO will migrate to metal side under UV irradiation (Figure 1.3 a) [66, 85]. 
Thus, noble metals act as effective traps of photogenerated electrons to suppress the recombination of electron-hole pairs generated in ZnO due to the formation of Schottky barrier with ZnO [66, 85]. Besides, noble metal nanoparticles ( Au, Ag, and Pt) can strongly absorb visible light owing to their localized surface plasmon resonance (SPR) from the collective oscillation of the surface electrons and they exhibit a great potential to extend the light-absorption range of semiconductors [86]. Under visible light irradiation, electrons from noble metals can transfer to the conduction band of ZnO due to the surface plasmon resonance effect, increasing the number of reactive electrons in the conduction band of ZnO which participate in the generation of superoxide radical anions to decompose pollutants (Figure 1.3 b) [66]. Hence, ZnO coupling with noble metal is an effective strategy to increase PA of a photocatalyst.

















(a)                                               (b)
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[bookmark: _Ref104453473][bookmark: _Toc106801529]Figure 1.3. Band alignment of electron transfer mechanism of ZnO/Au composite under (a) UV light irradiation and (b) Visible light irradiation [66].

To date, the PA of ZnO/noble metal composites have been studied in the form of powder [63-73] and nanostructures fixed on a substrate [74-84]. The results on PA of ZnO coupling with different noble metals are shown in Table 1.2, Appendix 2.

The powdery form of ZnO/noble metal composites, which is a mixture of ZnO NPs and noble metal NPs, has been fabricated by either one-step [63-70, 72] or two-step [71, 73] solution-based deposition methods. In one-step approach, the precursors for preparing ZnO and noble metal are mixed in one solution for the deposition of ZnO/noble metal NPs by using chemical deposition methods such as spray pyrolysis [64, 70], hydrothermal [65], solvothermal [69, 72], combustion [63], and precipitation in solution [66-68]. 
In two-step approach, ZnO is firstly prepared by solution-based chemical deposition methods such as hydrothermal growth [71, 73], followed by a deposition of noble metals on their surfaces. Noble metal NPs onto ZnO NPs are mostly prepared by precipitation in solution [73] and photodeposition methods [71].

ZnO/noble metal composites in powder form including ZnO/Au, ZnO/Ag, ZnO/Pd, ZnO/Pt, and ZnO/Rh have been studied for their PA by degrading various pollutants such as MO, MB, RhB, phenol, IC, AO II [63-73]. All studies revealed that the incorporation of noble metal such as Au, Ag, Pd, and Pt enhances the PA of ZnO NPs [63-73].

For hydrothermally grown ZnO NPs with Ag, Pd and Pt, 96% AO II degradation efficiency was achieved by ZnO/Pd NPs under UV light in 300 min, compared to 92% from ZnO/Ag NPs, 78% from ZnO/Pt NPs, and 70% from pristine ZnO NPs [73]. For ZnO/Au NPs prepared by precipitation in solution, the MO degradation efficiency was 96% under UV light in 160 min [67] and 75% under visible light in 200 min [66], being 20% and 60% higher than pristine ZnO NPs, respectively. For the MB degradation under UV light, sprayed ZnO/Pt NPs degraded 55% in 60 min in comparison to 54% from ZnO NPs [70]; ZnO/Ag NPs prepared by precipitation in solution degraded 97% in 15 min compared to 65% from ZnO NPs [68]; hydrothermally grown ZnO/Au NPs degraded 96% in 140 min in comparison to 15% from ZnO NPs [65].

ZnO/noble metal NPs possessed higher PA than ZnO NPs. However, its severe drawbacks such as particle aggregation, difficulty of separation of photocatalyst from polluted medium, and poor reusability limit its development and wide range usage [87]. In particular, particle aggregation not only decreases its surface area but also reduces visible-light response, resulting in poor photocatalytic performance [87]. For this reason, photocatalysts immobilized on substrates is an alternative way to overcome those drawbacks.

To date, the ZnO/noble metal composites fixed on substrates have been mainly studied in two forms which are ZnO thin film composites with noble metals such as Ag [75] and Au [74], and ZnONR decorated by noble metal NPs such as Ag [81, 82], Pt [83, 84], and Au [76-80, 88]. 

For the deposition of ZnO/noble metal thin film composites, sol-gel spin coating was the mostly used method [74, 75]. For the deposition of ZnONR decorated by noble metal NPs, ZnO nanorods were firstly deposited by chemical deposition methods such as chemical bath deposition [81], hydrothermal growth [76-78, 82-84], electrodeposition [79], and chemical vapor deposition [80]. In the second step, the noble metal nanoparticles are deposited on the surface of ZnONR by chemical solution methods such as photodeposition [81], hydrothermal growth [83], precipitation in solution [76-78, 82, 84], and physical deposition method such as magnetron sputtering [79].

In the form of thin film composites, Ag and Au have mainly been used to improve the PA of ZnO (Table 1.2, Appendix 2). For example, ZnO/Ag thin film composites prepared by sol-gel spin coating possessed 30% IC degradation efficiency under UV-Vis irradiation in 300 min in comparison to 18% from ZnO film [75]. While ZnO/Au film exhibited 94% MO degradation efficiency under sunlight in 150 min compared to 61% from ZnO film [74].

Majority of the studies were mainly focused on the form of ZnONR decorated by noble metal NPs due to the higher surface area of ZnONR. Under UV light, ZnONR/Pt on Zn foil degraded 62% RhB in 12 min in comparison to 37% from bare ZnONR [83], ZnONR/Au on Si substrate degraded 91% RhB in 90 min compared to 27% from bare ZnONR [76]. For the degradation of MB by ZnONR/Ag on glass, 49% degradation efficiency was achieved under UV light in 100 min compared to 36% from bare ZnONR and 65% degradation efficiency was achieved under visible light in 43 min, being 5% higher than ZnONR [82]. However, ZnONR/Au possessed MO degradation efficiency of ca. 90-100% under UV light in 180-240 min, compared to ca. 15-70% from bare ZnONR [77-80].

Among noble metals, Ag [68, 69, 73, 75, 81, 82] and Au [63-67, 74, 76-80] are the mostly used for ZnO to improve its photocatalytic activity. Although Ag is cheaper, Au has a work function of 5.1 eV, which is higher than the work function of Ag (4.3 eV), resulting in a higher Schottky barrier height of ZnO/Au. A higher Schottky barrier is more beneficial for the separation of photogenerated electrons and holes. In addition, the surface plasmon effect of Au and Ag usually occurs in the spectral range of 500-600 nm and 400-500 nm, respectively [89, 90].  Therefore, Au is a more effective coupling metal for enhancing the PA of ZnO under visible light. To date, the reported techniques for the deposition of Au NPs on ZnONR are including precipitation in solution [76-78], magnetron sputtering [79], and  photodeposition [80]. HAuCl4 is the mostly used precursor for the synthesis of Au NPs on ZnONR [76-78, 80]. Spin coating method, being a simple and 
low-cost technique, has not been used to synthesize Au NPs from HAuCl4 solution upon heat treatment on the surface of ZnONR up to now.

[bookmark: _Toc118810853]ZnO heterostructures based photocatalysts

[bookmark: OLE_LINK6][bookmark: OLE_LINK26]In general, a heterojunction is defined as the interface between two different semiconductors with unequal bandgaps [91]. 

The formation of p-n heterojunction between p-type and n-type semiconductors is an effective way to separate photogenerated electron-hole pairs in order to increase the PA of photocatalysts [92-107]. In general, when the p- and n-type semiconductors are in contact, they form a p–n heterojunction with a space-charge region at the interfaces due to the diffusion of electrons and holes, and thus create a built-in electrical potential  (Figure 1.4) [108]. When the p–n heterojunction is irradiated by photons with energy higher or equal to the bandgaps of the photocatalysts, the photogenerated electron-hole pairs can be quickly separated by the built-in electric field within the space charge region [108]. Driven by the electric field, the electrons are transferred to the conduction band of the n-type semiconductors and the holes to the valence band of the p-type semiconductors [108]. Thus, the effective charge separation by p-n junction will enhance the photocatalytic performance of heterojunction photocatalyst.
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[bookmark: _Ref102406693][bookmark: _Toc106801530]Figure 1.4. Schematic illustration of electron-hole pairs separation in p-n heterojunction under light irradiation  [91].

The most widely used p-type metal oxide semiconductors coupling with ZnO are Cu2O [92, 102, 103], CuO [93, 104-106], and NiO [94-100, 107]. The results on the PA by ZnO heterostructures based photocatalysts are presented in Table 1.3, Appendix 2.

ZnO heterostructures are mainly studied in powder form [92-97]. For example, hydrothermally grown ZnO/Cu2O NPs degraded 99% MO under visible light in 120 min, compared to 30% from Cu2O NPs [92]. ZnO/CuO NPs possessed 78% phenol degradation efficiency under visible light in 180 min in comparison to 40% from ZnO NPs and 20% from CuO NPs [93]. For ZnO/NiO NPs prepared by precipitation in solution, 90% RhB was degraded under UV light in 200 min in comparison to 20% from NiO NPs and 80% from ZnO NPs [95], 100% MO was decomposed by ZnO/NiO NPs in comparison to 10% from NiO NPs and 40% from ZnO NPs [96], 72% MB was mineralized by ZnO/NiO NPs under UV light in 80 min compared to 54% for ZnO NPs [97].

In addition to ZnO/NiO nanoparticles, it has been reported that ZnO/NiO nanofibers prepared by electrospinning exhibited 100% degradation efficiency toward MB under visible light in 180 min [99] and 100% degradation efficiency towards RhB under UV light in 50 min [100], being 2.5 times higher than that from NiO nanofibers.

Although ZnO heterostructures in the form of nanoparticle and nanofiber showed high degradation efficiencies compared to their individual components, it is difficult to separate powders from water medium, as already discussed hereinabove. For this reason, fixing ZnO heterostructures on substrates would be a way for fabrication of an efficient photocatalyst. ZnO heterostructures immobilized on substrates such as ZnO/Cu2O, ZnO/CuO and ZnO/NiO heterostructures have been mainly studied in the form of nanorod layers [102-107]. It has been reported that 90% MO degradation efficiency was achieved by ZnONR/Cu2O [102] and ZnONR/CuO [104] heterostructures under visible light, being more than 70% higher than that from ZnONR. ZnONR/CuO heterostructure degraded 78% MB under UV light [105] and 72% under visible light [106] in 180 min, being ca. 30% higher than that from ZnONR.

The PA of ZnONR/NiO heterostructures on substrates has been investigated only in one article so far [107]. In this study, the NiO shell was sputtered onto hydrothermally grown ZnONR and the degradation efficiency towards RhB was 67% by ZnONR/NiO core-shell heterostructure in comparison to 65% by bare ZnONR under UV light in 180 min [107]. Nonetheless, studies on optimization of NiO shell properties to improve the PA of ZnONR/NiO core-shell heterostructure are missing in the literature. For instance, the effect of deposition temperature and thickness of NiO shell on the PA of ZnONR/NiO 
core-shell heterostructure has not been studied yet.

To summarize, ZnO coupling with other semiconductors to form a heterojunction is an effective way to suppress the recombination of photogenerated electron-hole pairs, thereby increasing its PA.

[bookmark: _Toc92807753][bookmark: _Toc93572584][bookmark: _Toc118810854][bookmark: _Toc92807747][bookmark: _Toc93572578]Methods for synthesis of ZnO nanorods

Chemical deposition methods 

Chemical bath deposition 

[bookmark: _Hlk108520429]The growth of ZnO nanorods by chemical bath deposition is usually conducted by immersing a substrate into an aqueous solution with zinc precursor and pH buffer at relatively low temperatures (≤ 100 °C) [62, 109, 110]. Prior to the nanorods growth, ZnO seed layer is usually prepared on the substrates to initiate the growth of well-aligned ZnO nanorods [111]. The most frequently used precursors to grow ZnO nanorods by CBD are Zn(NO3)2 and Zn(CH3COO)2 [111-116]. Precursor concentration [112], reaction time 
[111-116], and pH of the solution [115] have been reported to affect the growth and final properties of ZnO nanorods. The parameters listed above should be carefully optimized to obtain ZnO nanorods with possibly high aspect ratio for efficient degradation of pollutants. For example, decrease in ZnO aspect ratio from 13.0 to 8.3 decreases the MO degradation efficiency from 94 to 54% in 3h under UV irradiation [111]. The disadvantage of this method for the production of ZnO nanorods on substrates is a relatively long reaction time (≥ 4h) [111, 112].

Hydrothermal method

ZnO nanorods growth by hydrothermal method is usually carried out in a sealed vessel containing an aqueous solution of zinc salt and pH buffer, the process temperatures are varied in the range of 100-250 °C, vapor pressures are between 0.3 and 3 MPa [59-61, 117]. The need of autoclave is mentioned to be a  disadvantages of this method compared to CBD [118], although shorter process time is a clear advantage. The literature summary on hydrothermally grown ZnO nanorods will be introduced in subsection- “1.2.6 ZnO nanorods by hydrothermal method”.

Electrodeposition

Electrodeposition of ZnO nanorods is based on the generation of OH– ions at the surface of working electrode by electrochemical reduction of O2, NO3–, or H2O2 in aqueous solution with zinc salt, followed by precipitation of Zn(OH)2 and its dehydration to ZnO [119-122]. ZnCl2 and Zn(NO3)2 are the most frequently used precursors to grow ZnO nanorods by electrodeposition [119-122]. The O2 gas is usually bubbled in the precursor solution to provide oxygen [119-122].  Precise control of the deposition parameters such as voltage [121], current [123], bath temperature [121], precursor concentration [121], and deposition time [122] are critical to get ZnO nanorod structures. For instance, by 

changing the deposition voltage from 1.5 to 4V, the rods have a regular rod structure at 2.5V, then collapsed at 3V [121]. The disadvantage of this method is the need of using conducting substrates [119-122].

Chemical spray pyrolysis

Sprayed ZnO nanorods on substrates were firstly fabricated at Laboratory of Thin Films Chemical Technologies, TalTech, in 2006 [124]. ZnCl2 is the mostly used precursor to deposit sprayed ZnONR [8, 124-126]. To get elongated rod-like ZnO crystals, zinc precursor solution is usually sprayed at elevated temperature (above 500 °C) [8, 124-126]. Both  the deposition temperature and precursor concentration have been reported to influence the growth of ZnONR [124]. For instance, increasing the deposition temperature from 400 to 560 °C while fixing the ZnCl2 precursor concentration to 0.1 M, the morphology of deposited ZnO changed from plate-like to rod-like structure [124]. 
By increasing the ZnCl2 precursor concentration from 0.05 to 0.2 M while keeping the deposition temperature at 560 °C, the aspect ratio decreased from ca. 15 to ca. 5 [124]. It has been also reported that the sprayed ZnO nanorods prepared by using 0.05 M ZnCl2 aqueous solution at 550 °C degraded 50% doxycycline under UV light in 4h [8]. 
The disadvantage of this method for synthesis of ZnO nanorods is the relatively high deposition temperature above 500 °C [8, 124-126].

Physical deposition methods

Vapor-liquid-solid growth 

ZnO nanorods deposition by vapor-liquid-solid growth usually takes place via the vaporized mixture of ZnO powders and graphite on an Au-coated Si substrate at growth temperatures of 800-900 °C [127-129]. It has been reported that the ZnO nanorods can be very well vertically aligned if grown on ZnO seed layer along with Au catalyst layer [128]. However, no PA of ZnO nanorods prepared by vapor-liquid-solid growth has been reported yet. The reason behind this might be the high temperature for growing ZnO nanorods, which is not cost-effective and inappropriate surface properties for PA.

Magnetron sputtering 

The deposition of ZnO nanorods has been achieved by sputtering metallic zinc target under oxygen atmosphere at high temperature (300-700 °C) [130-132]. It has been reported that the growth temperature controls the morphology of deposited ZnO nanostructures [130]. The deposited ZnO nanostructures exhibited vertically aligned nanorods only when the growth temperature is above 700 °C, below this temperature a film forms [130]. It has also been reported that the sputtered ZnO nanorods degraded 60% MB under solar light in 60 min [133]. The disadvantage of this method for synthesis of ZnO nanorods is the high cost of apparatus and high deposition temperature.

Pulsed laser deposition

The deposition of ZnO nanorods has also been obtained by pulsed laser deposition method, in which a high-power pulsed laser beam bombards ZnO target to generate plasma plume to the heated substrate at high temperature and under vacuum pressure [134, 135]. ZnO nanorods with diameter of 500-700 nm and the length of ca. 1 μm have been fabricated at substrate temperature of 500 °C and background pressure of 10-6 Pa [135]. The disadvantage of this method for synthesis of ZnO nanorods is also the high cost due to the expensive vacuum equipment and relatively high deposition temperature.

To summarize, the photocatalytic materials should be produced by low-cost technologies, otherwise semiconductor photocatalysts are not competitive in this field. Compared to physical methods, wet chemical routes are more simple and lower cost, the morphology of ZnO could be easily controlled by manipulating the experimental parameters such as precursor, type of solvent, and reaction conditions [4]. Hence, ZnO nanorods on substrates for photocatalysis are usually fabricated by wet chemical routes such as hydrothermal growth [117], chemical bath deposition [109], electrodeposition [119], and chemical spray pyrolysis [124]. Among these methods, hydrothermal growth is the mostly used preparation technique to grow ZnO nanorods due to its a simple and low-cost which produces hydroxyl-group rich ZnO nanorods enable high degradation efficiencies [117]. 

[bookmark: _Toc92807754][bookmark: _Toc93572585][bookmark: _Toc118810855]ZnO nanorods by hydrothermal method

The general setup of hydrothermal processing is shown in Figure 1.5. It consists of an autoclave (1) and a regulator (2) for controlling the temperature. 
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[bookmark: _Ref102406812][bookmark: _Toc106801532]Figure 1.5 Sketch of hydrothermal deposition set-up.

ZnO with various morphologies such as nanoplates, nanoneedles, nanorods, and nanoflowers has been successfully fabricated by hydrothermal method [117]. 

Zinc nitrate is the most frequently used precursor for hydrothermally grown ZnO nanorods and hexamethylenetetramine (HMT, (CH2)6N4) is typically used as a pH buffer, also to release hydroxyl ions that react with Zn2+ ions to form Zn(OH)2, ZnO forms thereupon [117]. The formation of ZnO can be summarized by the following equations [117]:



		(CH2)6N4 + 6H2O → 6HCHO + 4NH3

		(12)



		NH3 +H2O → NH4+ + OH-

		(13)



		2OH- + Zn2+ → Zn(OH)2→ ZnO +H2O

		(14)







To align ZnO nanorods, ZnO seed layer with good uniformity and homogeneity is usually used prior to the deposition of ZnO nanorods in order to grow ZnO nanorods elongated, vertically standing on a substrate [136]. In addition, factors such as precursor concentration [137], deposition temperature [138], and deposition time [61, 139, 140] influence the growth of ZnO nanorods by hydrothermal method. Precise control of these factors are critical to prepare ZnO nanorods with desired properties [141, 142].

[bookmark: _Toc118810856]Overview of NiO photocatalysts

[bookmark: _Toc118810857]Main properties and applications of NiO 

Nickel (II) oxide with the formula of NiO is the principle oxide of nickel. It possesses cubic structure (Figure 1.6) and wide direct bandgap of 3.0-4.3 eV depending on the preparation techniques [143-146]. It also has a good thermal and chemical stability [146]. Non-stoichiometric NiO is an intrinsic p-type semiconductor due to Ni vacancies or oxygen interstitials [146]. Although stoichiometric NiO is an insulator with the resistivity in the order of 1013 Ω•cm, the resistivity of NiO can be lowered by increasing the concentration of Ni3+ ions or doping with monovalent atoms such as Li, Na, K [147, 148]. Stoichiometric NiO appears in a pale green color, while non-stoichiometric NiO can be gray or dark color determined by the ratio of Ni3+/Ni2+ [149].
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[bookmark: _Figure_1.3._Face-centered][bookmark: _Ref102406739][bookmark: _Toc106801531]Figure 1.6. Face-centered cubic structure of NiO [146].

NiO has a range of applications such as hole transporting layers in thin film solar cells [150], electrodes in optoelectronic devices [151], a component in nickel-iron battery [152], smart windows [153], sensors [154], UV-photodetector [155], supercapacitors [156], and photocatalysts [157].

[bookmark: _Table_1.1_Photocatalytic][bookmark: _Toc118810858]NiO as a photocatalyst

NiO has also been used as a photocatalyst for water and wastewater treatment due to its low cost, high chemical stability, and ability to degrade organic pollutants such as  methyl orange [158-161], methylene blue [162, 163], rhodamine B [164, 165], methyl green [166], and phenol [167, 168] under UV or visible light irradiation. The results on studies focused on PA of NiO are summarized in Table 1.4. NiO has been mainly studied in the form of nanoparticles [158-164, 167] and thin-film on substrates [165, 166, 168-170].

Hydrothermal method [162], combustion [158], precipitation in solution [159] are the main methods used to deposit NiO NPs, whereas  thermal decomposition [169], DC magnetron sputtering [166], pulsed laser deposition [165], electrodeposition [168] and pneumatic spray pyrolysis [170] are used for NiO films deposition.

In the form of nanoparticles, NiO possess high PA because of their high surface area. For the degradation of MO, rod-like NiO NPs prepared by combustion method degraded 80% under visible light in 50 min [158]; plate-like and flower-like NiO NPs prepared by precipitation in solution degraded 38% under visible light in 110 min [159] and 49% under UV light in 120 min [161], respectively; hydrothermally grown plate-like NiO NPs decomposed 53% under UV light in 120 min [160]. For the degradation of MB, hydrothermally grown sphere-like [162] and plate-like [163] NiO NPs degraded 64% under UV-Vis light in 180 min and 99% under visible light in 20 min, respectively.

NiO films usually possess lower PA than NPs. For instance, NiO film prepared by pulsed laser deposition exhibited 30% RhB degradation efficiency under UV light in 60 min [165], compared to 70% from plate-like NiO NPs [164]. Electrodeposited NiO film degraded 45% phenol under UV light in 60 min [168], compared to 97% from sphere-like NiO NPs [167]. Sprayed NiO film possessed 90% MB degradation efficiency under UV light in 90 min [170] in comparison to 99% from hydrothermally grown NiO NPs under visible light in 20 min [163].

Although the degradation efficiency of the NiO films on substrates is lower than that in powder form, the film is beneficial for separation of the catalyst from polluted water as already discussed in previous paragraphs. 

Besides, NiO could be used to form n-p heterostructure based photocatalysts such as ZnO/NiO [94-100, 107] and TiO2/NiO [171-174]. For instance, ZnO/NiO NPs degraded under sunlight 90% MB in 60 min, compared to 50% from bare ZnO NPs. TiO2/NiO hybrid exhibited nearly 100% MB degradation efficiency under visible light in 100 min, being 
4 times higher than bare TiO2 nanosheet [171].

To summarize, NiO as a photocatalyst has shown potential to mineralize various pollutants in water. Its low material cost, high chemical stability and photostability, as well as tunable bandgap make NiO an attractive material in photocatalytic applications.

[bookmark: _Toc97195495][bookmark: _Toc118810859]Methods for synthesis of NiO films 

Chemical deposition methods

Sol-gel spin coating

NiO film can be prepared by sol-gel spin coating method via dropping an inorganic colloidal suspension of nickel precursor [175] onto a substrate and spinning to obtain a thin layer, followed by annealing at elevated temperature (≥300 °C) [176-179]. Nickel acetate is the mostly used precursor to deposit NiO film [176-179]. The use of so-gel spin coated NiO film for photocatalytic applications is a single case [179]. In this study, NiO film degraded 100% KMnO4 in aqueous solution under UV irradiation in 1h [179].

Electrodeposition

[bookmark: _Hlk108799789]NiO film is usually electrodeposited on transparent conducting oxide (such as ITO, FTO)  coated glass substrates by the redox reaction taking place in nickel salt aqueous solution for the generation of Ni(OH)2 and followed by the formation of NiO [180-183]. Nickel nitrate [180], nickel sulfate [181, 182], nickel chloride [183] are the mostly used precursors for the deposition of NiO film. It has been reported that uniform NiO film with fine grained structure was electrodeposited on ITO/glass substrate by using nickel sulfate precursor and applied potential at -1.1 V/SCE [181]. However, the surface of NiO film are covered with big grains with diameter of 300-500 nm and may contain cracks when the film was electrodeposited on FTO/glass using NiCl2 precursor and applied potential at 
4.2 V/SCE [183]. Porous NiO films have also been deposited by pulsed electrodeposition using nickel sulfate precursor [181, 182]. No PA study of electrodeposited NiO films has been reported yet.

Chemical spray pyrolysis

NiO film on a substrate prepared by chemical spray pyrolysis has been deposited via spraying of an aqueous or alcoholic solution containing a nickel salt onto a preheated substrate (300-500 °C) [146]. It has been reported that sprayed NiO film possess 90% MB degradation efficiency under UV light in 180 min [170]. More detailed description of properties of sprayed NiO films is presented in subsection “1.3.4 NiO films by chemical spray pyrolysis”.

Physical deposition methods

Magnetron sputtering

NiO film can be deposited by DC or RF magnetron sputtering via sputtering Ni or NiO target under vacuum atmosphere [166, 184, 185]. The sputtered NiO film is usually dense and uniform [166, 184, 185]. Wang et al. [185] reported that the crystallite size of sputtered NiO film increased from 7 to 89 nm by increasing the deposition temperature from 30 to 450 °C. Al-Ghamdi et al. [166] sputtered NiO film with 30-80 nm thickness by increasing deposition time and the 30 nm-thick film exhibited 70% MG degradation efficiency under UV-B irradiation in 2h.

Pulsed laser deposition

NiO film on a substrate has been fabricated by pulsed  laser deposition technique via irritating a nickel target by using pulsed laser beam? in a vacuum chamber at elevated temperature (100-400 °C) [186]. It has been reported that the crystallite size along (200) orientation of NiO film prepared by pulsed laser deposition is in a range of 19-32 nm when increasing the deposition temperature from RT to 400 °C. It has also been reported that NiO film prepared by pulsed laser deposition exhibited 30% RhB degradation efficiency under UV-Vis light in 60 min [165].

It is generally accepted that photocatalysts produced by wet chemical deposition methods have higher PA compared to those fabricated by physical deposition methods due to the fact that photocatalysts synthesized by wet chemical deposition methods contain more hydroxyl groups on the film surface [165, 170]. 

[bookmark: _Toc118810860]NiO films by chemical spray pyrolysis

Spray pyrolysis is a process in which a thin film is deposited by spraying a precursor solution on a heated surface, where the precursor thermally decomposes to form thermally more stable compound [187]. Depending on the atomization type, spray pyrolysis techniques have been mainly divided into pneumatic, ultrasonic, and electrostatic spray pyrolysis [188].

NiO films by pneumatic spray pyrolysis

[bookmark: OLE_LINK28]A typical pneumatic spray pyrolysis (PSP) set-up is shown in Figure 1.7 and consists of a precursor solution container (1), pneumatic nebulizer (2) that generates fine droplets, substrate heater (3), temperature controller (4), air compressor (5) to deliver carrier gas to the system and  rotameter (6) [188].

[bookmark: _sds][image: ]

[bookmark: _Figure_1.6_set-up][bookmark: _Ref102406906][bookmark: _Toc106801533]Figure 1.7. Set-up of pneumatic spray pyrolysis [188].



Pneumatic nebulizers produce droplets by expanding a pressurized liquid, these nebulizers have a high droplet output of large sizes around 50 µm, and the droplet sizes and size distribution are difficult to control [189].

The properties of the NiO films synthesized by pneumatic spray pyrolysis methods are highly influenced by the precursor and deposition parameters such as substrate temperature, solution concentration, solvent, also substrate type, solution spray rate, carrier gas flow rate, and distance between the nozzle and substrate [188, 190].

Most commonly used precursors for NiO films by pneumatic spray  are nickel chloride [191, 192], nickel nitrate [192, 193], nickel acetate [147, 192, 194] and nickel acetylacetonate [145, 195]. The precursor type largely affects the crystallinity and homogeneity of the films. NiO in films deposited at substrate temperature (Ts) of 450 °C from chloride precursor possessed larger crystallite size (D(111)=57 nm) than in case of using acetate (D(111)=10 nm) and nitrate precursors (D(111)=45 nm) [192]. Meanwhile, the RMS roughness of the film produced from chloride precursor was 90 nm compared to 
31 nm and 16 nm for the film produced from acetate and nitrate precursors, respectively. 
It has been reported that NiO films deposited at Ts=450 °C from nickel acetylacetonate in alcoholic solution (ethanol:water=9:1, vol. ratio) possessed NiO crystallite size of 
19 nm (D(111)) and film RMS roughness of 7 nm [145]. It has also been reported that NiO films deposited from chloride precursor were porous and contained chlorine residues [191].

The deposition temperature is one of the most important parameters controlling the film structural, optical and electrical properties [146]. To date, only few studies have focused on the effect of deposition temperature on  NiO film properties [147, 191-193]. NiO films by spray pyrolysis are usually deposited at Ts=300-500 °C [147, 191-193]. 
In general, the crystallite size of NiO increases with increasing the deposition temperature independent of used precursor. For instance, the crystallite size of NiO in films deposited from chloride precursor increased from 30 nm to 35 nm by increasing the Ts from 300 °C to 375 °C [191]. While the NiO crystallite size in film produced from acetate precursor increased from 6 nm to 10 nm with increasing the Ts from 400 °C to 500 °C [147]. 

Deposition temperature also influences the bandgap of NiO films. For the films produced from aqueous solution, the bandgap of NiO film produced from nitrate precursor increased from 3.1 eV to 4.0 eV with increasing the Ts from 350 °C to 390 °C [193]. The bandgap of NiO films prepared from chloride precursor was found to be in the range of 3.04 - 3.28 eV when the film deposited in the temperature range of  Ts=425-500 °C [196]. However, 
the bandgap of NiO films prepared from acetate precursor decreased from 3.46 eV to 3.17 eV with increasing the Ts from 275 °C to 350 °C [194]. 

The solvent type also influences the properties of NiO films. The films prepared by spraying alcoholic solutions are usually thinner and smoother compared to those obtained by spraying aqueous solutions [147]. Up to now, only one study has shortly compared NiO films properties obtained from aqueous and alcoholic solution [147].

Little effort has been devoted to study the surface chemical composition of sprayed NiO films. To date, the surface chemical composition has been studied for sprayed NiO films deposited at one fixed temperature of 350 [195] and 450 °C [192, 197] . Gomaa et al. [192] compared the surface chemical composition of sprayed NiO films prepared from different precursors while fixing the deposition temperature at 450 °C.  It was found that NiO film prepared from acetate precursor has higher amount of surface carbon species and lower ratio of Ni/O compared to the films deposited from nitrate and chloride precursors. Chan et al. [197] sprayed NiO film at Ts=450 °C from acetylacetonate precursor and discovered that the surface of NiO film contains not only NiO as a main phase,  but also Ni2O3 phases. Reguig et al. [195] sprayed NiO film by using chloride precursor at Ts=350 °C and showed that in addition to NiO and Ni2O3 phases the surface of NiO film also contains Ni(OH)2 phase. There are no studies published on the effect of deposition temperature on the surface chemical composition or photocatalytic activity of NiO films fabricated by spray pyrolysis.

NiO films by ultrasonic spray pyrolysis

Ultrasonic spray pyrolysis (USP) is a more powerful spray technique for deposition of thin films with controlled thickness and lower surface roughness compared to PSP. A typical USP set-up is shown in Figure 1.8 and consists of an air compressor (1) to deliver carrier gas, ultrasonic nebulizer (2) to generate the droplets, temperature controller (3), pipe (4) to transport the droplets to the hot plate, substrate heater (5) to transport droplets to hot place. USP employs an ultrasonic nebulizer that generates ultrasound to break the liquid into droplets. The sizes of the droplets depend on the ultrasound frequency [198]. It has been reported that droplets in a size distribution from 1 to 15 µm are created with a high-frequency ultrasound (0.5-3 MHz) [199]. Hence, ultrasonic nebulizer is able to generate smaller, more stable and uniform in size droplets compared to pneumatic nebulizer. USP can be used for deposition of thinner coatings with better homogeneity, uniformity, and film purity compared to PSP.
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[bookmark: _Ref104822262][bookmark: _Toc106801534]Figure 1.8. Set-up of ultrasonic spray pyrolysis.

[bookmark: _Hlk102036877]There are very few studies related to NiO films deposition by USP up to now [197, 
200-203]. Ultrasonically sprayed NiO films have been used as a hole transporting layer in solar cell [201], electrochromic devices [202, 203], and as p-type photocathode [197]. For the deposition of NiO films, the deposition temperature  was varied from 300 °C to 450 °C [197, 200-203],  and nickel nitrate [200-203] and nickel acetylacetonate [197] were used as precursor materials. It has been reported that crystalline NiO film was deposited at 360 °C on Si substrate by using nitrate precursor in solution (water: ethanol= 1:1) [200]. Scheideler et al. [201] deposited NiOx film at 300 °C on ITO/glass substrate by spraying nitrate precursor in aqueous solution and used it as hole transporting layer for perovskite solar cell to improve its power conversion efficiency [201]. Tenent et al. [202] and Denayer et al. [203] prepared Li doped NiO film by spraying nickel nitrate with 5 wt% lithium nitrate in aqueous solution at 330 °C and 350 °C, respectively,  for electrochromic applications. 

However, ultrasonically sprayed NiO film produced from nickel acetylacetonate precursor has been rarely reported [197]. Chan et al. [197] deposited homogeneous and uniform NiO films by spraying nickel acetylacetonate in acetonitrile at 450 °C, films were used for CdS-sensitized photocathodes. Nonetheless, no study has been found on the investigation of deposition temperature on properties of ultrasonically sprayed NiO films using nickel acetylacetonate as a precursor material. Furthermore, no study has reported the PA of ultrasonically sprayed NiO nor on its application in heterostructured photocatalyst. 

[bookmark: _Figure_1.7._Setup][bookmark: _xcvvv][bookmark: _Figure_1.7._The][bookmark: _Toc92807757][bookmark: _Toc93572588][bookmark: _Toc118810861]Summary of literature overview and aim of study

Photocatalysts are promising materials to deal with environmental pollution. Ideal photocatalytic materials must be photoactive, abundant, cheap, nontoxic, and easy to synthesize. So far, semiconductors such as TiO2, ZnO, NiO, CdS, and ZnS have been used as photocatalysts for water and wastewater treatment. Among these semiconductors, TiO2 is the mostly studied photocatalyst due to its excellent PA, nontoxicity, and chemical stability. 

In addition to TiO2, ZnO is also considered as a promising photocatalyst due to its high PA, nontoxicity, and various morphologies. So far, ZnO nanoparticles are the mostly studied photocatalysts due to its high surface area. However, photocatalysts in powder form have drawbacks such as particle agglomeration and difficulty of photocatalyst separation from polluted medium, which in turn, may cause secondary pollution. For this reason, a more suitable approach is to immobilize photocatalysts on substrates enabling easy separation from polluted medium. ZnO nanorod layers grown on a substrate may be one possible solution and therefore are intensely studied. ZnO nanorods could be grown by variety of physical and chemical methods, but wet chemical technique of hydrothermal growth that is a simple and low-cost method, carried out at relatively low temperatures within acceptable time frame, is proper and widely used technique to fabricate ZnO nanorod photocatalyst [58-60, 117]. ZnO based photocatalysts suffer from poor absorption of visible light and fast recombination of photoinduced electron-hole pairs, limiting their PA. To overcome these drawbacks, ZnO has been coupled with noble metals (Au, Ag, Pt) or p-type semiconductors (NiO, CuOx) to enhance its PA. 

Among noble metals coupling with ZnO, Au is the most frequently used because it is the most effective one which could potentially form the Schottky barrier with ZnO to reduce the recombination of photoinduced carriers and enhance the absorption of visible light due to the surface plasmon resonance effect [89, 90]. To date, the methods for the deposition of Au nanoparticles on the surface of ZnONR consist of precipitation in solution, magnetron sputtering, and photodeposition. HAuCl4 is the mostly used precursor for the generation of Au nanoparticles. Spin-coating is a simple and low-cost method and has not been used to synthesize Au nanoparticles from HAuCl4 solution upon heat treatment on the surface of ZnONR up to now.

NiO is another promising photocatalyst due to its tunable bandgap, cost-effectiveness, and high chemical stability. The PA of NiO is mostly studied in its powder form. However, the PA of NiO films immobilized on substrate has been rarely studied. To date, the methods used for the deposition of NiO films as photocatalytic coatings include thermal decomposition, DC magnetron sputtering, pulsed laser deposition, electrodeposition, and PSP. Among these methods, PSP is a simple, low-cost method with the potential for mass production. In particular, only one study has been focused on the PA of NiO thin film deposited by PSP up to now [170]. Deposition temperature is one of the mostly important parameters in PSP. Nevertheless, no study has been focused on the influence of deposition temperature on the PA of NiO film deposited by PSP up to now. In addition to the deposition temperature, the influence of solvent type on the properties of NiO film has been roughly reported in one publication only [147]. The correlation of surface chemical composition and PA of NiO films grown by PSP has not been reported yet.

NiO as a p-type semiconductor is also an appropriate candidate for coupling with ZnO to form a p-n heterojunction to suppress the recombination of electron-hole pairs. 
To date, the PA of ZnO/NiO heterostructure has been mainly studied in the form of nanopowders and nanofibers. ZnO/NiO heterostructures immobilized on a substrate are rarely studied. Deposition of NiO on ZnO nanorods to form the ZnONR/NiO core-shell heterostructure could potentially enhance the PA of ZnONR/NiO core-shell heterostructure and protect the corrosive ZnONR. However, the PA of ZnONR/NiO core-shell heterostructure has been investigated only in one study [107]. Sputtering is the only method used to deposit NiO shell on ZnONR [107]. Ultrasonic spray pyrolysis is a simple and reliable method to deposit thin coatings with controlled thickness and uniformity. To date, USP has not been used for the deposition of NiO shell onto ZnONR to form ZnONR/NiO core-shell heterostructure. Although metal acetylacetonates have been found the most suitable precursors for the deposition of smooth and conformal coatings of different metal oxides by USP then nickel acetylacetonate has been used  as a precursor for NiO film deposition only in one study [197]. It could be assumed that NiO film deposition temperature and thickness in ZnONR/NiO core-shell heterostructure are of great significance in development of photocatalytically highly active ZnONR/NiO core-shell heterostructures. According to literature survey, there are no investigations published on this topic yet.  

The formation of n-p junction of ZnO/NiO heterostructures is reported only relying on the PA measurement results rather than actual energy parameters measured by physical characterization methods [94, 96, 204-206]. Therefore, the ZnO/NiO n-p heterojunction formation is required to be confirmed directly applying necessary physical characterization methods.

The aim of this dissertation is to develop the strategies for the synthesis of ZnO nanorod and NiO film based materials as efficient photocatalytic coatings on glass substrates by low-cost chemical solution methods such as hydrothermal growth and chemical spray pyrolysis. To reach the aim of the thesis, the following tasks are outlined:

1. To synthesize ZnONR/Au composite via spin coating of HAuCl4 solutions on the surface of hydrothermally grown ZnONR to form Au nanoparticles upon heat treatment and to study the surface treatment effect on the structural, optical properties, surface chemical composition of ZnONR, and to study the photocatalytic activity to degrade MO by both ZnONR and ZnONR/Au composite under UV and visible light irradiation.

2. To synthesize NiO films by PSP method using nickel acetate as precursor material and to study the effect of film growth temperature and solution type (aqueous or alcohol based) on the structural, optical, morphological properties and surface chemical composition of NiO film. To define the correlation between the surface chemical composition, wettability, and PA towards photocatalytic degradation of MO by sprayed NiO films.

[bookmark: _Toc92807758]3. To develop the strategy for synthesis of ZnONR/NiO n-p core-shell heterostructures with improved photocatalytic activity. Firstly, to synthesize NiO films by USP method using nickel acetylacetonate as precursor material and to study the effect of the deposition temperature on the structural, optical, and morphological properties of NiO films.  Secondly, to determine the optimal NiO layer deposition temperature on example of ZnO/NiO n-p bilayer structure. Thirdly, to determine the optimal NiO shell thickness in ZnONR/NiO n-p heterostructure to enhance MB degradation efficiency. To characterize the n-p junction formation and the band structure with the help of advanced physical characterization techniques.

[bookmark: _Toc102562349][bookmark: _Toc118810862][bookmark: _Toc93572589]Experimental

[bookmark: _Toc102562350][bookmark: _Toc118810863]Deposition of ZnONR layers, ZnONR/Au composites, NiO films, ZnO/NiO heterostructures

All the substrates were thoroughly cleaned by detergent, ethanol, and deionized water in ultrasonic bath before deposition [I-III].

[bookmark: _Toc102562351][bookmark: _Toc118810864]Deposition of ZnONR layers by hydrothermal method

ZnONR layers were grown by hydrothermal method [I, III]. Soda-lime glasses covered with ZnO film as a seed layer were used as substrates for ZnONR layer growth in paper [I], whereas borosilicate glasses covered with ZnO film were used for this purpose in paper [III] (Table 2.1). ZnO films were grown by pneumatic spray pyrolysis method using 0.05 mol/L zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 99.9%, Sigma-Aldrich) solution, and tin bath temperature of 500 °C. To grow ZnONR layer, zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99.9%, Sigma-Aldrich) and hexamethylenetetramine ((CH2)6N4, 99%, Sigma-Aldrich) with a molar ratio of 1:1 were dissolved in deionized water to prepare 0.1 mol/L solution. Glass/ZnO substrate was placed into a reactor beaker that contains 40 mL of the ZnONR precursor solution. The reactor beaker was mounted into a steel autoclave and the reaction was carried out at 120 °C for 2 h (Table 2.1).

[bookmark: _Ref106616336][bookmark: _Toc106801555]Table 2.1. Technological parameters for ZnO and NiO nanostructures deposition.

		Sample

		Substrate

		Precursor

		Method

		Ts (°C) /

time (h)

		Tan (°C) /

time (h)

		Ref.



		ZnO film 

		SLG

		Zn(CH3COO)2·2H2O, 

		PSP

		500

		-

-

		[I] 



		

		BSG

		

		

		

		

		[III]



		ZnONR layer

		SLG/ZnO

		Zn(NO3)2·6H2O

		HT

		120/2 

		-

		[I] 



		

		BSG/ZnO

		

		

		

		600/1

		[III]



		ZnONR/Au composite

		SLG/ZnO/ ZnONR

		HAuCl4

		SC

		RT

		100/0.5, 

400/1 

		[I]



		NiO film

		SLG

		Ni(CH3COO)2·4H2O

		PSP

		300-420

		-

		[II]



		NiO film

		BSG

		Ni(C5H7O2)2 

		USP

		350-500

		600/1

		[III]



		ZnO/NiO

bilayer 

		BSG/ZnO

		Ni(C5H7O2)2

		USP

		350-500

		600/1

		[III]



		ZnONR/NiO

core-shell

		BSG/ZnO/ZnONR

		Ni(C5H7O2)2

		USP

		500

		600/1

		[III]





The detail of the technological procedures can be found in paper [I-III].

[bookmark: _Toc102562352][bookmark: _Toc118810865]Deposition of Au nanoparticles on ZnONR layers

Au nanoparticles (NPs) were fabricated on ZnONR layer by spin-coating chloroauric acid (HAuCl4, 99.9%, Sigma-Aldrich) solution in ethanol followed by drying at 100 °C for 
30 min and heat treatment at 400 °C for 1h [I]. The concentrations of precursor solution were set as 0.005 mol/L, 0.01 mol/L, and 0.03 mol/L and the prepared samples were named as ZnONR/Au: 0.005, ZnONR/Au: 0.01, and ZnONR/Au: 0.03, respectively. For comparison, one additional ZnONR layer [I] was surface treated with 0.01 mol/L HCl solution. This sample was named as ZnONR/HCl: 0.01 [I].

[bookmark: _Toc102562353][bookmark: _Toc118810866]Deposition of NiO and ZnO films by pneumatic spray method

NiO film was deposited on soda-lime glass by pneumatic spray method. Nickel acetate tetrahydrate (Ni(CH3COO)2·4H2O, 99%, Sigma-Aldrich) was dissolved in deionized water and in a mixture of water and isopropanol (H2O:isopropanol=2:3, vol%) to prepare 
0.5 mol/L aqueous solution and alcoholic solution, respectively [II]. The pH of the prepared nickel acetate (Ni(ac)2) solutions was adjusted to 5 to prevent hydrolysis of precursor. The volume of spray solution was fixed to 50 mL for aqueous solution and 
150 mL for alcoholic solution. The substrate temperatures were set in the range of 
300 °C to 420 °C with an interval of 40 °C for both aqueous and alcoholic solutions. 
The distance between the nozzle and the substrate was 25 cm. The carrier gas flow rate was 8 L/min and solution spray rate was 2 mL/min.

The deposition of ZnO film for ZnO/NiO bilayer heterostructure [III] is similar to that described for ZnO film [I] on borosilicate glass in section 2.1.1.

[bookmark: _Toc102562354][bookmark: _Toc118810867]Deposition of NiO film by ultrasonic spray method and preparation of ZnO/NiO bilayers and ZnONR/NiO core-shell heterostructures

Nickel acetylacetonate (Ni(C5H7O2)2, 96%, Sigma-Aldrich) in ethanol was used as the precursor solution for the deposition of NiO films by ultrasonic spray pyrolysis (USP) method [III] (Table 2.1). The air flow to transport precursor droplets from nebulizer to hot plate was set to 8 L/min. The frequency of nebulizer was 1.7 MHz and the spray rate was 4 mL/min.

To prepare NiO film [III] on borosilicate glass, the concentration of nickel acetylacetonate (Ni(acac)2) solution was set to 10 mM and number of spray cycles was fixed at 12 cycles. The substrate temperatures were set as 350 °C, 400 °C, 450 °C, and 500 °C.

To make ZnO/NiO bilayer heterostructure [III], NiO film was deposited onto ZnO layer at temperatures of 350 °C, 400 °C, 450 °C, and 500 °C using 10 mM Ni(acac)2 solution. The number of spray cycles were 6, 4, 3, and 3 for NiO grown at 350 °C, 400 °C, 450 °C, and 500 °C, respectively, to obtain NiO film with closely similar thickness (ca. 15 nm) at each temperature. The deposited ZnO/NiO bilayer heterostructures were labeled as ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), and ZnO/NiO(500), accordingly.

[bookmark: _Hlk106621812]To fabricate ZnONR/NiO core-shell heterostructure, NiO film was deposited onto hydrothermally grown ZnONR at 500 °C using 5 mM Ni(acac)2 solution [III]. The thickness of NiO film was varied by using 1, 2 and 4 spray cycles and the deposited ZnONR/NiO 
core-shell heterostructures [III] were labeled as ZnONR/NiO(1), ZnONR/NiO(2), and ZnONR/NiO(4), respectively.

The fabricated NiO films, ZnONR layers, ZnO/NiO bilayer and ZnONR/NiO core-shell heterostructures were annealed at 600 °C in air for 1h. The annealed samples of ZnONR, ZnONR/NiO(2), and ZnONR/NiO(4) were named as ZnONR-600, ZnONR/NiO(2)-600, and ZnONR/NiO(4)-600, respectively [III].







[bookmark: _Toc102562355][bookmark: _Toc118810868]Characterization of ZnONR layers, ZnONR/Au composites, NiO films, ZnO/NiO heterostructures

The characterization methods for ZnONR, ZnONR/Au composites, NiO films, ZnO/NiO heterostructures are summarized in Table 2.2. Detailed descriptions of different characterization methods are given in papers [I-III].

[bookmark: _Ref102472116][bookmark: _Toc102562393][bookmark: _Toc106801556]Table 2.2. Methods used for characterization of ZnONR layers, ZnONR/Au composites, NiO films, and ZnO/NiO heterostructures.

		Properties

		Characterization method

		Apparatus

		Ref.



		Crystal structure, crystallite size

		XRD

		Rigaku Ultima IV

		[I-III]



		Phase composition

		Raman

		Horiba's LabRam HR800

		[II]



		Phase composition

		FTIR

		Perkin Elmer GX 2000

		[II]



		Optical transmittance, reflectance, absorbance

		UV-Vis

		Jasco V-670

		[I-III]



		Morphology, film thickness

		SEM

		Zeiss EVO-MA15, Zeiss

HR FESEM Ultra 55

		[I-III]



		Wettability

		Water contact angle measurement

		DSA 25 (KRÜSS

Instrument)

		[I, II]



		Surface chemical composition

		XPS

		Kratos Analytical AXIS

Ultra DLD

		[I, II]



		

		

		XPS laboratory system with nonmonochromatic X-ray source from SPECS

		[III]



		I-V curve

		I-V measurement

		AutoLab PGSTAT-30

		[III]



		Work function (ɸ)

		KP

		Ambient-pressure KP Technology SKP5050-APS02 instrument

		[III]



		Ionization energy (Ei)

		PYS

		

		





[bookmark: _Toc102562356][bookmark: _Toc118810869]Characterization for the photocatalytic properties of ZnONR layers, ZnONR/Au composites, NiO films, ZnO/NiO heterostructures

The PA of ZnONR layers [I], ZnONR/Au composites [I], NiO films [II], NiO films [III], ZnO films [III], ZnONR layers [III], ZnO/NiO bilayer heterostructures [III], ZnONR/NiO core-shell heterostructures [III] was estimated by photodegradation of MO and MB in aqueous solution under UV and/or visible light irradiation. The detail of the parameters for photodegradation tests is listed in Table 2.3. The description and molecule structures of methyl orange and methylene blue are presented in Table 2.4 in Appendix 2.











[bookmark: _Ref105081612][bookmark: _Toc102562394][bookmark: _Toc106801557]Table 2.3. Parameters of photodegradation tests of samples.

		Samples

		Pollutant type

		C0 (ppm)

		Pollutant volume (mL)

		Light source

		Reaction time (min)

		Ref



		ZnONR layer and ZnONR/Au composite 

		MO

		15

		3

		UV-A, Vis

		180

		[I]



		NiO film

		

		10

		

		UV-A 

		

		[II]



		

		

		

		

		UV-B

		

		



		NiO film, ZnO film, ZnONR layer, ZnO/NiO bilayer heterostructure, and ZnONR/NiO core-shell heterostructure 

		MB

		10

		2

		UV-B

		

		[III]







Philips mercury lamp (15 W, TL-D model, λmax=365 nm) with light intensity of 60 W/m2 (270-380 nm) was used as UV-A light source, Philips Master TL-D Super 80 (15 W, λmax=550 nm) with light intensity of 160 W/m2 (400-650 nm) was used as visible light source and Philips mercury lamp (36W, PL-L, λmax=315 nm) with 150 W/m2 (270-380 nm) was used as UV-B light source. The concentrations of MO and MB aqueous solution were determined every 30 min in 180 min by measuring the highest absorbance intensity of MO and MB aqueous solutions at 464 nm and 660 nm, respectively, from Jasco V-670 UV-VIS-NIR spectrophotometer to compare with the recorded calibration curve of absorbance intensity vs. known dye concentrations.

The photodegradation efficiency of MO or MB was calculated from Eq. (16):

		

		(16)





where η is the photodegradation efficiency (%), C0 (ppm) is the initial concentration of the MO or MB solution before light irradiation, and C (ppm) is the concentration of the MO or MB solution after the irradiation time.

The photodegradation kinetics of MO and MB dye were estimated using Langmuir-Hinshelwood model, the first order reaction rate constant (k) was calculated from Eq. (17) [207]:

		

		(17)










[bookmark: _Toc102562357][bookmark: _Toc118810870][bookmark: _Toc93572613]Results and discussion

[bookmark: _Toc102562358][bookmark: _Toc118810871]Effect of surface treatment by HAuCl4 on photocatalytic activity of ZnONR layers

In this section, the structural, morphological, optical properties, surface chemical composition and PA of ZnONR layer and ZnONR/Au composites have been investigated. The results have been published in paper [I].

[bookmark: _Toc102562359][bookmark: _Toc118810872]Structural, morphological, and optical properties of bare ZnONR layers and ZnONR/Au composites

XRD was used to study the crystal structure of deposited samples and to confirm the formation of Au nanoparticles (NP) on the surface of ZnONR layer. XRD patterns of ZnONR and ZnONR/Au: 0.03 layers are shown in Figure 3.1. The reflections at 2Ѳ of 31.77°, 34.42°, 36.25°, 47.54°, 56.6° correspond to the (100), (002), (101), (102) and (110) planes of hexagonal wurtzite ZnO (PDF-2, 01-084-6784). The sharp and strong reflection from the (002) plane indicates the formation of highly crystalline c-axis oriented ZnO crystals on a substrate. The reflection at 2Ѳ of 38.10° from ZnONR/Au: 0.03 layer belongs to the (111) plane of metallic Au with cubic structure (PDF-2, 00-066-0091), confirming the formation of Au on ZnONR. However, no reflections belonging to Au were detected by XRD from ZnONR/Au: 0.005 and ZnONR/Au: 0.01 composites.





[bookmark: _Ref105076145][bookmark: _Toc102480411][bookmark: _Toc106801535]Figure 3.1. XRD patterns of ZnONR layer and ZnONR/Au: 0.03 composite.

Surface and cross-sectional SEM images of the ZnONR layer and ZnONR/Au composite, presented in Figure 3.2, clearly showed a uniform and dense coverage of ZnO nanorods on the glass substrate. The average length of ZnO nanorods is ca. 1 m and diameter of the nanorods varies from 50 nm to 150 nm. Au NPs on the surface of ZnONR could be clearly seen from back-scattered electron SEM images (Figure 3.2 d left) after surface treatment with 0.01 mol/L HAuCl4 solution. The diameter of Au NPs increases from 
20 nm to 60 nm when increasing the concentration of HAuCl4 solution from 0.005 mol/L to 0.03 mol/L (Fig. 1 in [I]).

[bookmark: _Toc102480412][image: ][image: ][image: ] [image: C:\Users\tatjana.dedova\PrivatData\Tatjana\2018\Kirill Balmassov\2018-05-23 roods rist\2 K1D 100000x a.tif]

[image: ][image: ][image: ] [image: C:\Users\tatjana.dedova\PrivatData\Tatjana\2018\Kirill Balmassov\2018-05-23 roods rist\6 K4Ddouble0.12h_au0.01_400C 100000x cr c.tif][image: C:\Users\tatjana.dedova\PrivatData\Tatjana\2018\Kirill Balmassov\2018-05-23 roods rist\6 K4Ddouble0.12h_au0.01_400C 100000x cr a.tif]

 

[bookmark: _Ref105076164][bookmark: _Toc106801536]Figure 3.2. SEM images of ZnONR layer and ZnONR/Au composite: (a) surface of ZnONR, (b) cross-section of ZnONR; (c) surface of ZnONR/Au: 0.01, (d) cross-section of ZnONR/Au: 0.01.

The absorption spectra of the ZnONR layer and ZnONR/Au composites, presented in Figure 3.3, clearly showed a difference in absorption in the spectral region of 500-600 nm. The stronger absorbance in the region of 500-600 nm from ZnONR/Au composites compared to ZnONR layer is attributed to plasmonic effect caused by Au NPs [77, 78, 85]. In addition, ZnONR/Au: 0.03 composites demonstrated a higher absorbance in the visible light range in comparison to ZnONR/Au: 0.01 and ZnONR/Au: 0.005 composites probably due to the larger size of Au NPs produced from a solution with higher HAuCl4 concentration. 







[bookmark: _Ref105076272][bookmark: _Toc102480413][bookmark: _Toc106801537]Figure 3.3. Absorption spectra of ZnONR layer and ZnONR/Au composites.

To conclude, XRD, SEM, and optical study confirmed the formation of Au NPs on ZnONR. The increased absorbance in the visible light range (500-600 nm) from ZnONR/Au composites is due to the plasmonic effect caused by Au NPs. 

[bookmark: _Toc102562361][bookmark: _Toc118810873]Photocatalytic activity of ZnONR layer and ZnONR/Au composites

The photocatalytic activity of ZnONR layer and ZnONR/Au composites was estimated by photodegradation of MO in an aqueous solution. The degradation curves of MO by ZnONR layer and ZnONR/Au composites under UV-A and visible light irradiation are presented in Figure 3.4 (a) and (b). The degradation efficiency values and rate constants of ZnONR layer and ZnONR/Au composites are summarized in Table 3.1.





 

[bookmark: _Ref105076340][bookmark: _Toc102480415][bookmark: _Toc106801538]Figure 3.4. Degradation curves of MO by ZnONR layer and ZnONR/Au composites under (a) UV-A light and (b) visible light illumination.

As can be seen from Table 3.1, ZnONR and ZnONR/Au layers exhibited higher MO degradation efficiency under UV-A light compared to visible light irradiation because the energy from visible light cannot excite ZnONR due to its large bandgap (3.25-3.27 eV). Moreover, all the ZnONR/Au composites possessed higher MO degradation efficiency than ZnONR layer independent of irradiation sources. For instance, ZnONR/Au: 0.01 composite possessed 94% MO degradation efficiency under UV irradiation in 180 min, being 37% higher than bare ZnONR layer. Under visible light, ZnONR/Au: 0.01 composite demonstrated 39% MO degradation efficiency in comparison to 21% from ZnONR layer.

The degradation rate constant (k) of ZnONR/Au: 0.01 composite is 0.016 min-1 under UV light and 0.0028 min-1 under visible light, compared to 0.006 and 0.0014 min-1 by bare ZnONR layer under UV and Vis light, respectively.

[bookmark: _Ref102983200][bookmark: _Toc102480436][bookmark: _Toc106801559]Table 3.1. Degradation efficiency (η) and rate constant (k) of ZnONR layer and ZnONR/Au composites under UV light and visible light irradiation.

		Sample name

		

		UV light illumination

		

		Visible light illumination



		

		

		η (%)

		k (min-1)

		

		η (%)

		k (min-1)



		ZnONR

		

		57

		0.006

		

		21

		0.0014



		ZnONR/Au: 0.005

		

		90

		0.013

		

		40

		0.0028



		ZnONR/Au: 0.01

		

		94

		0.016

		

		39

		0.0028



		ZnONR/Au: 0.03

		

		88

		0.010

		

		37

		0.0027







This observation indicates that the Au NPs formed on the surface of ZnONR layer upon thermal degradation of HAuCl4 [208] largely enhances the photocatalytic activity of ZnONR layer. In particular, the nearly twice higher MO degradation efficiency under visible light by ZnONR/Au composites compared to ZnONR could be assigned to the surface plasmonic effect that increases the light absorption in the visible light spectral region (Figure 3.3) [66]. Notably, the PA of the ZnONR/Au composite almost doubled under UV light irradiation (Figure 3.4, Table 3.1). To obtain better understanding of causes responsible for the increased PA of ZnONR/Au under UV light irradiation, XPS analysis was performed to investigate the surface chemical composition of ZnONR layer and ZnONR/Au composites.

[bookmark: _Toc102562360][bookmark: _Toc118810874][bookmark: _Toc102562362]Surface chemical composition and wettability of ZnONR layer and ZnONR/Au composites

O 1s core-level spectra of ZnONR layer and ZnONR/Au composites are presented in Figure 3.5. Three main peaks were deconvoluted at binding energies (BE) of 530.20.2 eV, 531.10.3 eV, and 532 eV0.2 eV, assigned to Zn-O bond, oxygen vacancies (Vo), and surface hydroxyl groups (OH-), respectively [8]. The peak at BE of 533.1 eV from ZnONR/Au: 0.01 could be assigned to C-O, C=O and H2O species [8].

       (a)			         (b)				(c)









[bookmark: _Ref105076341][bookmark: _Toc102480414][bookmark: _Toc106801539]Figure 3.5. O 1s core-level spectra of (a) ZnONR layer, (b) ZnONR/Au: 0.005 composite, (c) ZnONR/Au: 0.01 composite.

The atomic ratios of the components, OH-/Zn-O and Vo/Zn-O, are summarized in Table 3.2. The atomic ratio of Vo/Zn-O and OH-/Zn-O is higher for ZnONR/Au composites compared to ZnONR layer (Table 3.2). For instance, the atomic ratio of OH-/Zn-O and Vo/Zn-O for ZnONR/Au: 0.01 composite is 0.7 and 0.5, respectively, being more than twice higher than that of bare ZnONR layer. The higher amount of OH- and Vo from ZnONR/Au layers leads to more effective generation of hydroxyl radicals [8]. Thus, the increased PA of ZnONR/Au composites under UV light compared to that of ZnONR layer is achieved due to the increased amount of OH- groups and Vo defects on the surface of ZnONR after its treatment with HAuCl4 solution.   

[bookmark: _Ref105076367][bookmark: _Toc102480435][bookmark: _Toc106801560]Table 3.2. The atomic ratios of Vo/Zn-O and OH-/Zn-O obtained from the O 1s core-level peaks and water contact angle (CA) values.

		Sample

		Vo/Zn-O

		OH-/Zn-O

		Water contact angle (°)



		ZnONR

		0.2

		0.3

		17-20



		ZnONR/Au: 0.005

		0.3

		0.3

		11-15



		ZnONR/Au: 0.01

		0.5

		0.7

		1-8







Water contact angles characterize the hydrophilicity or hydrophobicity of the measured surface [8]. In general, the lower water contact angle value is the more hydrophilic the surface is, which means there are more hydroxyl groups on the surface [8]. From this perspective, the results of water contact angle measurements are in good agreement with the XPS results. For instance, the surface of ZnONR/Au: 0.01 composite showed a lower water contact angle of 1-8° and higher amount of hydroxyl groups compared to bare ZnONR layer.

To summarize, the increased PA of ZnONR/Au composites under UV light is mainly due to the increased amount of surface hydroxyl groups on ZnONR. In addition, the effect of ZnONR/Au Schottky barrier for more efficient separation of photoinduced charge carriers should be considered as well. Nearly twice higher MO degradation efficiency under visible light irradiation by ZnONR/Au composites compared to that of ZnONR could be assigned to the Au nanoparticles induced surface plasmon resonance effect that increases the light absorption in the visible light spectral region.

[bookmark: _Toc118810875]NiO films deposited by pneumatic spray pyrolysis method

In this section, the structural, morphological, and optical properties, surface chemical composition, and photocatalytic activity of NiO films deposited by PSP method have been studied. The results have been published in paper [II].

[bookmark: _Toc102562363][bookmark: _Toc118810876]Structural, morphological, and optical properties of NiO films

NiO films were deposited at Ts=340-420 °C from Ni(ac)2 aqueous solution. The XRD patterns of deposited films are presented in Figure 3.6. Three reflections were found at 2θ=37.47°, 43.26°, and 62.67°, corresponding to the (111), (200), and (220) planes of cubic NiO (bunsenite), respectively (PDF-2, 01-071-1179). The NiO crystallites in deposited films do not show preferential orientation because the intensity ratio of I(111)/I(200) is 0.5-0.7, similar to that in NiO powder (I(111)/I(200)=0.669, PDF-2, 01-071-1179). The full width at half maximum (FWHM) of the (200) reflection was used to calculate the NiO crystallite size in sprayed films by Scherrer formula. It was found that the crystallite size increased with increasing the deposition temperature, being 4 nm, 6 nm, 8 nm, and 10 nm at Ts=300 °C, 340 °C, 380 °C and 420 °C, respectively. The crystallite size values are in agreement with that reported for sprayed NiO films produced from Ni(ac)2 aqueous solution [147, 192]. For instance, the crystallite size of NiO in sprayed films increased from 6 nm to 10 nm by increasing the deposition temperature from 400 °C to 500 °C [147].

However, the films produced from alcoholic solution were amorphous according to XRD as no reflections were detected on diffraction patterns of the samples deposited at different temperatures. For this reason, Raman spectroscopy was applied to further investigate the phase composition of deposited films.



[image: ]

[bookmark: _Ref102992251][bookmark: _Toc106801540][bookmark: _Toc102480416]Figure 3.6. XRD patterns of NiO films deposited from Ni(ac)2 aqueous solution at Ts=300-420 °C. 



Raman spectra of NiO films deposited at Ts=300-420 °C from aqueous and alcoholic solutions are presented in Figure 3.7. Irrespective of the solvent used, the Raman spectra of the sprayed films are quite similar and consist of two broad Raman bands centered at around 500 cm-1 and 1095 cm-1, that could be assigned to one  phonon transverse optical mode (1P TO) and two-phonon longitudinal optical mode (2P LO) of NiO [209-212], respectively. The 2P LO band was detectable only when films deposited at Ts≥380 °C.

The appearance of 1P TO band in Raman spectra is characteristic of defective, nonstoichiometric NiO produced by wet-chemical methods including spray pyrolysis [212, 213], hydrothermal growth [214], chemical bath deposition [215] and electrodeposition [216]. The 1P TO band in Raman spectra is absent or negligible from stoichiometric NiO single crystal [217] and high-purity NiO samples produced by electron beam evaporation [213] or epitaxial growth [218]. Therefore, Raman spectroscopy studies confirmed the formation of defective NiO phase from both aqueous and alcohol-based solutions.

[bookmark: _Toc102480417][image: ]

[bookmark: _Ref103068889][bookmark: _Toc106801541]Figure 3.7. Raman spectra of NiO films deposited at Ts=300-420 °C from (a) Ni(ac)2 aqueous solution, (b) Ni(ac)2 alcoholic solution.

Cross-sectional SEM images of NiO films produced from aqueous and alcoholic solution clearly indicates the film thickness reduced with increasing the deposition temperature (Figure 3.8). By increasing the Ts from 340 °C to 420 °C, the thickness of NiO films produced from aqueous solution decreased from ca. 830 nm to ca. 430 nm, whereas the thickness of the films deposited from alcoholic solution reduced from ca. 180 nm to ca. 20 nm. The reduction in film thickness with higher deposition temperature is a feature of spray pyrolysis techniques as precursor solution droplets are repelled from the reaction area at higher temperatures [147, 191, 194].



[bookmark: _Toc102480418][image: ]

[bookmark: _Ref105076463][bookmark: _Toc106801542]Figure 3.8. SEM cross-sectional images of NiO films from Ni(ac)2 aqueous solution: (a) Ts=340 °C, (b) Ts=420 °C, and Ni(ac)2 alcoholic solution (c) Ts=340 °C, (d) Ts=420 °C.



[bookmark: _Toc102480419]The total transmittance spectra of the NiO films (Fig.4 in [II]) showed that optical transmittance of the films increases with increasing the deposition temperature irrespective of the solvent used. Furthermore, the total transmittance in the visible light range (300–800 nm) of NiO films produced from alcoholic solutions was higher than that of films produced from aqueous solutions. One of the reasons could be the lower thickness of NiO film grown from alcoholic solution.

[bookmark: _Toc102480420]The bandgap of NiO films were determined from absorption data using Tauc plots (Fig.5 in [II]). Independent of the deposition temperature, the sprayed NiO films showed direct bandgaps of 3.4 eV and 4.0 eV when produced from aqueous solution and alcoholic solution, respectively. The larger bandgap of NiO film produced from alcoholic solution compared to aqueous solution is probably due the fact that the films were amorphous according to XRD.

The obtained bandgap values correspond to the reported ones in the literature [143, 145, 146, 192, 219]. For example, the Eg values of sprayed NiO films produced from acetate precursor in aqueous solution were 3.5 eV [146] at Ts=330 °C and 3.43 eV [192] at Ts=450 °C. NiO films produced from chloride precursor in aqueous solution possessed similar bandgap values of 3.4 eV [143, 219]. The Eg value of NiO film prepared from alcoholic solution (ethanol:water =9:1, vol. ratio) was 3.87 eV when grown at Ts=450 °C [145].

In summary, XRD confirmed that films produced by spray from Ni(ac)2 aqueous solution at Ts=340-420 °C were of crystalline cubic NiO phase, whereas films produced from Ni(ac)2 alcoholic solution were amorphous. Raman spectroscopy study revealed that films were of defective NiO irrespective of solvent used for the synthesis. SEM study showed that film thickness decreased with increasing the deposition temperature independent of solvent type and films from alcohol-based solutions were thinner than those obtained by spray of aqueous solutions. UV-Vis spectroscopy study demonstrated that the bandgap of NiO films produced from Ni(ac)2 aqueous solution and alcoholic solution were 3.4 eV and 4.0 eV, respectively, independent of deposition temperature.

[bookmark: _Toc102562365][bookmark: _Toc118810877][bookmark: _Toc102562364]Photocatalytic activity of NiO films

The degradation curves of MO in aqueous solution under UV irradiation by NiO films deposited at different Ts using aqueous and alcoholic solutions are presented in Figure 3.9 (a) and (b), respectively. Irrespective of the solvent type, the degradation efficiency of MO by NiO films decreased with increasing the film deposition temperature. For NiO films produced from aqueous solutions, MO degradation efficiency reached 45% within 3 h under UV-A irradiation by the films grown at Ts=300 °C, dropped to 11% for the NiO films grown at Ts=420 °C. Similar tendency was observed for the films grown from alcoholic solution. The MO degradation efficiency was 31% within 3 h under UV-B for the films grown at Ts=300 °C, and decreased to 5% for the film grown at 420 °C.





[bookmark: _Toc102480422][image: ]

[bookmark: _Ref114741871][bookmark: _Toc106801544]Figure 3.9. MO degradation curves in presence of NiO films deposited by spray at different Ts from (a) Ni(ac)2 aqueous solution under UV-A irradiation; and from (b) Ni(ac)2 alcohol-based solution under UV-B irradiation.

It should be marked out that NiO films produced from alcoholic solution exhibited lower MO degradation efficiencies compared to those grown from aqueous solution (25% vs 30%, Ts=340 °C). The possible reason could be the much lower thickness of the films produced from alcoholic solution (180 nm) compared to the NiO films grown from aqueous solution (830 nm) according to SEM study. It has been reported that the higher PA was observed for TiO2 film with increased thickness [220].

The NiO films obtained in this study demonstrated 45% MO degradation efficiency, which is comparable or even higher than shown by NiO particles or fibers [221-223]. 
It has been reported that hydrothermal grown NiO nanoparticles possessed 22% MO degradation efficiency under UV-C light in 90 min [221]. NiO nanoparticles prepared by precipitation in solution showed 30% MO degradation efficiency under UV-A light in 180 min [222]. It has been also reported that NiO nanofibers prepared by electrospinning were capable to degrade 40% MO under UV-A light in 160 min [223].

To investigate the reason behind the lower MO degradation efficiency of NiO films grown at higher temperatures, XPS measurements were performed to study NiO film surface chemical composition (see section 3.2.3).

[bookmark: _Toc118810878]Surface chemical composition and wettability of NiO films

In this section, surface chemical composition and surface wettability of NiO films were analyzed. Based on the analyzed data, the effect of deposition temperature on the PA of NiO films was explained.

The O 1s and Ni 2p3/2 core-level spectra of NiO films grown from aqueous solutions in the temperature range of 300-420 °C are presented in Figure 3.10 a and b, respectively. The O 1s, Ni 2p3/2, and C 1s core-level spectra of NiO films are presented Fig. 6 in [II] and the peak positions and assignments are summarized in table 1 in [II]).

In the O 1s core-level spectra (Figure 3.10 a), four peaks were resolved at BE of 
529.4 ± 0.1 eV, 531.0 eV, 531.9 ± 0.1 eV, and 532.8 ± 0.2 eV. The peak at BE of 
529.4 ± 0.1 eV belongs to the Ni-O bond [145, 192, 224]. The peak at BE of 531.0 ± 0.1 eV can be assigned to different species, either Ni(OH)2 [225, 226], NiO(OH) [224], Ni2O3 
[145, 197, 227] or Vo  [8, 225]. The peak at BE of 531.9 ± 0.1 eV is usually assigned to the surface hydroxyl groups (OH–) [8, 228, 229].  The weak peak at 532.8 ± 0.2 eV could be assigned to C-O, C=O or adsorbed H2O [8]. 

In the Ni 2p3/2 core-level spectra (Figure 3.10 b), six peaks were detected including three satellite peaks at 860.8 ± 0.1 eV, 863.7 ± 0.1 eV and 866.6 ± 0.2 eV due to shake up effect, and three main peaks at BE of 853.8 ± 0.1 eV, 855.4 ± 0.2 eV, and 857.6 ± 0.3 eV [195, 224]. The peaks at BE of 853.8 ± 0.1 eV and 855.4 ± 0.2 eV are assigned to Ni-O bond in NiO [225].

[bookmark: _Toc102480421][image: ]

[bookmark: _Ref105078170][bookmark: _Toc106801545]Figure 3.10. Core-level spectra of NiO films deposited at Ts=300-420 °C from Ni(ac)2 aqueous solution: (a) O 1s. (b) Ni 2p3/2.

At the same time the peak at BE of 855.4 eV has also been assigned to Ni(OH)2 [195, 224] as well as to Ni2O3 [197]. However, in case of stoichiometric Ni2O3, the peaks are centered at BE of 852.5 and 867.5 eV [230], that are missing in spectra of our samples, and thus, the 855,4 eV peak most probably could be assigned to Ni(OH)2. The weak peak at 857.6 eV probably belongs to Ni(OH)2, a characteristic subband in the Ni 2p3/2 
core-level spectrum of stoichiometric Ni(OH)2 [225]. 

The peak positions and shape of Ni 2p3/2 core-level spectra of our samples are in agreement with those reported for NiO films produced by wet chemical methods such as spray pyrolysis, chemical bath deposition, hydrothermal growth and spin coating techniques [145, 197, 227, 228, 231].

[bookmark: _Ref105078581][bookmark: _Toc102480438]To get further understanding of the effect of deposition temperature on the surface chemical composition of NiO films, the ratios of peak components were calculated, results are summarized in Table 3.3.  It can be seen that the ratios of Ni(OH)2/NiO and OH-/NiO, calculated from O 1s core-level spectra, decreased nearly 5.6 and 10 folds, respectively, with increasing the deposition temperature from 300 to 420 °C. Similarly, the ratio of Ni(OH)2/NiO from Ni 2p3/2 core-level spectra  drops nearly two times, from 4.62 to 2.38,  by increasing the deposition temperature from 300 to 420 °C.  It should be noticed that NiO films produced from alcoholic solutions showed a similar tendency as the films produced from aqueous solution.

[bookmark: _Ref108429198][bookmark: _Toc106801561]Table 3.3. O 1s and Ni 2p3/2 core-level peak component ratios in NiO films obtained by spray of Ni(ac)2 solutions at various deposition temperatures.

		

		

		O 1s

		

		Ni 2p3/2

		



		

		

		at%/at%

		

		at%/at%

		



		Solvent

type

		

		Ts

(°C)

		

		Ni(OH)2/NiO

		OH–/NiO

		OHads/NiO

		

		Ni(OH)2/NiO

		



		aqueous

		

		300

		

		3.31

		1.35

		0.89

		

		4.62

		



		

		

		340

		

		0.84

		0.28

		0.15

		

		2.95

		



		

		

		380

		

		0.75

		0.19

		0.07

		

		2.43

		



		

		

		420

		

		0.59

		0.13

		0.06

		

		2.38

		



		alcoholic

		

		340

		

		0.98

		1.03

		0.37

		

		2.74

		







To summarize, the increase in the NiO film deposition temperature significantly reduces the amount of hydroxyl group containing species on the film surface. It is commonly known that hydroxides or hydroxyl groups on the surface are critical species to generate hydroxyl radicals that participate in the decomposition of pollutants [8]. Higher amount of hydroxides or hydroxyl groups on the surface leads to higher degradation efficiency [8]. Hence, the decreased MO degradation efficiency by NiO films grown at elevated deposition temperatures is due to the decreased amount of hydroxyl-containing species on the film surface.

Additional evident to prove the lower amount of hydroxyl groups on the surface of NiO films at higher temperature can be found from water contact angle values, presented in Table 3.4. It appears that the water contact angle values increase with increasing the deposition temperature of NiO films. For the NiO films produced from aqueous solution, the water contact angle increased from 8 to 35° and for the films produced from alcoholic solutions, the water contact angle increased from 10 to 45°   when increasing the Ts from 300 to 420 °C. The higher the water contact angle value, the more hydrophobic the surface, indicating less hydroxyl groups on the surface. Therefore, the obtained results from water contact angle measurements are in good agreement with the results of XPS analysis. 

[bookmark: _Ref105078507][bookmark: _Toc102480439][bookmark: _Toc106801562]Table 3.4.  Water contact angle values of NiO films deposited at various temperatures from Ni(ac)2 aqueous and alcoholic solutions.

		Ts (°C)

		

		Water contact angle (°)



		

		

		NiO from aqueous solution

		NiO from alcoholic solution



		300

		

		8

		10



		340

		

		13

		18



		380

		

		25

		26



		420

		

		35

		45







[bookmark: _Toc102562366]In this study, we showed that NiO films produced by simple and cost-efficient PSP method demonstrated the ability to photocatalytically degrade MO pollutant under UV irradiation. It was shown that NiO film deposition temperature is the technology key parameter controlling the film surface chemical composition that, in turn, determines the film photocatalytic activity. Notably, the decreased amount of surface hydroxyl groups in the films grown at higher temperatures is responsible for the reduced MO degradation efficiency. At the same time, it should be recognized that PSP technique does not allow fabrication of NiO uniformly thin conformal coatings with controlled thicknesses as required for core-shell heterostructures. For that reason, study on USP deposition of NiO thin films was carried through.

[bookmark: _Toc118810879]ZnO/NiO heterostructures by ultrasonic spray of NiO films on ZnO films and ZnONR

This section summarizes the results of the studies on deposition of NiO thin films by USP and its application in ZnO/NiO bilayer and ZnO/NiO core-shell heterostructures as potentially efficient photocatalysts. The results of the study have been published in the paper [III].

[bookmark: _Toc102562367][bookmark: _Toc118810880]Effect of deposition temperature on structural, morphological, and optical properties of NiO films

NiO films were deposited by USP method using Ni(acac)2 as Ni source material dissolved in ethanol. Ni(acac)2 solution with 10 mM concentration was sprayed onto glass substrates at Ts=350-500 °C using 12 spray cycles. The XRD patterns of NiO films deposited at Ts= 350-500 °C are presented in Figure 3.11. As can be seen the main reflection is centered at 2Ѳ=43.51° corresponding to the (200) plane of cubic NiO 
(PDF-2, 01-071-1179), while the reflections corresponding to (111) and (220) planes are weak. The preferential orientation of the NiO crystallites in films is along the (200) plane as the intensity ratio of I(200)/I(111) is in the range of 6 to 13, being much higher than that of the powder reference of NiO (I(200)/I(111) =1.49, PDF-2, 01-071-1179). The NiO crystallite sizes , calculated from the FWHM of the (200) reflection using the Scherrer formula [26], are presented in Table 3.5. Increasing the Ts from 350 to 500 °C increases the NiO crystallite size from 17 to 30 nm. Annealing NiO films in air at Tan=600 °C resulted in larger crystallite size in case the films were deposited at Ts=350-450 °C, while the crystallite size remained the same of ca 30 nm after annealing when the film was grown at Ts=500 °C (Table 3.5).

[bookmark: _Toc102480423][image: ]

[bookmark: _Ref105078807][bookmark: _Toc106200590][bookmark: _Toc106801546]Figure 3.11. XRD patterns of NiO films deposited onto glass substrates at Ts=350-500 °C from Ni(acac)2 alcoholic solution and the NiO film deposited at Ts= 350 °C followed by annealing at Tan=600 °C for 1h in air.





[bookmark: _Ref106723338][bookmark: _Toc106801563][bookmark: _Ref105752696][bookmark: _Toc102480440]Table 3.5. The film thickness (d), crystallite size (D) and bandgap (Eg) of NiO films deposited onto glass substrate at Ts=350-500 °C from Ni(acac)2 alcoholic solution and after annealing at Tan=600 °C for 1h in air.

		Ts (°C)

		

		d (nm)

		

		D (nm)

		

		Eg (eV)



		

		

		

		

		As-dep

		Tan=600 °C

		

		As-dep

		Tan=600 °C



		350

		

		30

		

		17

		24

		

		3.8

		3.7



		400

		

		45

		

		22

		25

		

		3.7

		3.7



		450

		

		60

		

		25

		30

		

		3.7

		3.7



		500

		

		70

		

		30

		30

		

		3.7

		3.7







The SEM images of NiO films are shown in Fig.1c in [III]. Independent of the Ts, the films possessed a uniform surface with fine-grained structure. According to the 
cross-sectional images, the thickness of NiO films increased from ca. 30 to 70 nm when increasing the Ts from 350 to 500 °C (Table 3.5). The increased thickness at higher Ts is commonly observed for metal oxide films (TiO2, ZrOx) produced from acetylacetonate precursor by spray method [229, 232].

The direct bandgap values of NiO films are summarized in Table 3.5. The Eg of 
as-deposited NiO films grown at Ts=350 °C is 3.8 eV at and decreased to 3.7 eV when Ts≥350 °C. Annealing at Tan=600 °C did not affect the Eg value of the films grown at Ts=400-500 °C, all the films have a similar Eg value of 3.7 eV. The slightly higher Eg value of 3.8 eV of the film grown at 350 °C is probably due to the presence of some residues which are removed by annealing.

In summary, crystalline and uniform NiO films with Eg=3.7 eV were successfully fabricated from a nickel acetylacetonate precursor by USP method for the first time.

[bookmark: _Toc102562368][bookmark: _Toc118810881]ZnO/NiO bilayer heterostructures: effect of NiO growth temperature

In this subsection, NiO films were deposited at different temperatures by USP onto ZnO films to find out the optimal NiO growth temperature to prepare photocatalytically active ZnO/NiO bilayer heterostructure. Ni(acac)2 solution with concentration of 10 mM was sprayed on ZnO film at Ts=350-500 °C using 12 spray cycles.

XRD patterns of NiO film and ZnO/NiO(500) bilayer heterostructure which are presented in Figure 3.12 (a).   The XRD pattern of NiO film showed a reflection at 2Ѳ of 43.56° corresponding to the (200) plane of NiO, whereas the XRD pattern of ZnO/NiO(500) bilayer heterostructure exhibited several reflections at 2Ѳ of 31.79°, 34.48°, 36.36°, 47.67°, 63.04°, 68.17° corresponding to the (100), (002), (101), (102), (103), (112) planes of ZnO and at 2Ѳ of 43.31° belonging to the (200) plane of NiO [94]. Hence, XRD data confirmed that NiO film was grown on ZnO film.

The conductivity type of ZnO and NiO layers were measured by two-point hot probe method.  Hot-probe measurements confirmed that ZnO film is a n-type and NiO film 
is a p-type semiconductor material. Current-voltage (I-V) characterization of the ZnO/NiO(500) bilayer heterostructure after post-annealing at Tan=600 °C demonstrated a pronounced rectifying characteristic (Figure 3.12 (b)), indicating the formation of the n-p heterojunction. 
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[bookmark: _Ref105766118][bookmark: _Toc102480424][bookmark: _Toc106801547]Figure 3.12. (a) XRD patterns of NiO film deposited onto glass substrate at Ts=500 °C from Ni(acac)2 alcoholic solution and ZnO/NiO(500) bilayer heterostructure. (b) I-V curve of ZnO/NiO bilayer on ITO glass (NiO was deposited at Ts= 500 °C using 12 spray cycles, ZnO/NiO bilayer was annealed at Tan=600 °C for 1h in air). (c) Degradation curves of MB by as-deposited samples under UV-B illumination: NiO films (Ts=350-500 °C) onto glass, ZnO film onto glass, and ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), ZnO/NiO(500) bilayer heterostructures.

The PA of ZnO/NiO bilayer heterostructures was measured by photodegradation of MB under UV-B light. The MB degradation curves of as-deposited ZnO/NiO bilayer heterostructures as well as their singular components are presented in Figure 3.12 (c). The degradation efficiencies and degradation rate constants (k) are summarized in Table 3.6. Negligible degradation efficiency of ca. 1% was achieved by NiO films regardless of the deposition temperature in the range of 350-500 °C, whereas the MB degradation efficiencies by as-deposited ZnO/NiO bilayer heterostructures increased from 8 to 30% with increasing the deposition temperature of NiO from 350 to 500 °C. The 30% MB degradation efficiency by the ZnO/NiO bilayer heterostructure with NiO grown at 500 °C (ZnO/NiO(500)) was already higher than bare ZnO film (26%). Post-deposition annealing at 600 °C increased the degradation efficiencies of ZnO/NiO bilayer heterostructures when NiO was grown at Ts=350-450 °C (Table 3.6). However, no changes in degradation efficiency were observed from ZnO/NiO(500) bilayer heterostructure after annealing at 600 °C.

[bookmark: _Ref105769030][bookmark: _Toc102480441][bookmark: _Toc106801564]Table 3.6. Degradation efficiencies (η) of MB and degradation rate constants (k) by as-deposited samples from Ni(acac)2 alcoholic solution and samples annealed at Tan=600 °C in air for 1h: NiO films (Ts=350-500 °C); ZnO film; and ZnO/NiO(350), ZnO/NiO(400), ZnO/NiO(450), and ZnO/NiO(500) bilayer heterostructures.

		Samples

		

		

		

		η (%)

		

		

		

		k (min-1)



		

		

		

		

		As-dep

		Tan=600°C

		

		

		

		As-dep

		Tan=600°C



		NiO film

		

		

		

		1

		2

		

		

		

		-

		-



		ZnO film

		

		

		

		26

		32

		

		

		

		0.0015

		0.0021



		ZnO/NiO(350)

		

		

		

		8

		13

		

		

		

		0.0005

		0.0007



		ZnO/NiO(400)

		

		

		

		15

		20

		

		

		

		0.0008

		0.0011



		ZnO/NiO(450)

		

		

		

		21

		26

		

		

		

		0.0012

		0.0015



		ZnO/NiO(500)

		

		

		

		30

		30

		

		

		

		0.0017

		0.0018







Performed experiment clearly showed that NiO deposition at higher temperatures and post-deposition annealing at 600 °C are crucial to fabricate ZnO/NiO bilayer heterostructures with enhanced photocatalytic activity. 

[bookmark: _Toc102562369][bookmark: _Toc118810882][bookmark: _Hlk114739887]ZnONR/NiO core-shell heterostructures: effect of NiO shell thickness

[bookmark: _Toc102562370]In this subsection, the results on the formation and characterization of ZnONR/NiO 
core-shell heterostructure are presented and discussed. The deposition temperature of NiO was fixed at 500 °C according to the results obtained from ZnO/NiO bilayer studies.  Here we focus on impact of NiO shell thickness on ZnONR on ZnONR/NiO core-shell properties. NiO shell thickness was varied by changing the number of spray cycles (1, 2, or 4 cycles).

To find out the optimal concentration of Ni(acac)2 solution to deposit a uniform NiO shell on ZnONR, NiO shell was sprayed on ZnONR from 10 mM and 5 mM Ni(acac)2 solutions by using 2 spray cycles. The SEM images of the fabricated ZnONR/NiO core-shell heterostructures and bare ZnONR are presented in Figure 3.13 (a). As can be seen from Figure 3.13 (a), the bare ZnONR layers consist of elongated rods with hexagonal shape on the top of rods and the diameter of the rods is ca. 100 nm. ZnONR layers are composed of hexagonally shaped elongated ZnO crystals with average diameter of ca. 100 nm. ZnONR/NiO core-shell heterostructure produced from 10 mM Ni(acac)2 solution with 
2 spray cycles demonstrated a coverage of nanosized grains on the surface of ZnONR. However, by decreasing the concentration of Ni(acac)2 solution from 10 mM to 5 mM, 
a more uniform, denser and smoother coverage was formed on the surface of ZnONR (Figure 3.13 (a)). Thus, 5 mM Ni(acac)2 solution was selected to deposit NiO onto ZnONR to fabricate ZnONR/NiO core-shell structures to study their PA.



[bookmark: _Toc102480426] [image: ]

[bookmark: _Ref106008803][bookmark: _Toc106801548]Figure 3.13. (a) SEM images of ZnONR, ZnONR/NiO core-shell heterostructures with NiO from 10 mM and 5 mM Ni(acac)2 alcoholic solution using 2 spray cycles. (b) Degradation curves of MB by as-deposited samples under UV-B illumination: NiO films (1,2,4 spray cycles) onto glass, ZnONR, and ZnONR/NiO(1), ZnONR/NiO(2), ZnONR/NiO(4) core-shell heterostructures. (c) Reusability test of photodegradation of MB by ZnONR and ZnONR/NiO(2) core-shell heterostructures.

The MB degradation curves by as-deposited ZnONR/NiO core-shell heterostructures as well as their components, NiO films and ZnONR, are shown in Figure 3.13 (b), and the corresponding degradation efficiencies and degradation rate constants (k) are summarized in Table 3.7. NiO films showed negligible degradation efficiency, being ca. 1%, irrespective of the number of spray cycles. Meanwhile, ZnONR/NiO core-shell heterostructures with NiO thickness related to 1 or 2 spray cycles exhibited degradation efficiencies of 60% and 64%, respectively, being higher than 48% obtained from bare ZnONR. However, a thicker NiO layer deposited from 4 spray cycles in ZnONR/NiO core-shell heterostructure decreases the degradation efficiency dramatically, from 64 % to 44 %, indicating that the optimization of NiO shell thickness is critical to enhance the PA of ZnONR/NiO core-shell heterostructure. 

The PA results of ZnONR/NiO core-shell heterostructures annealed at 600 °C are summarized in Table 3.7. In general, annealing leads to a higher PA of all the ZnONR/NiO core-shell heterostructure. For instance, the MB degradation efficiency by ZnONR/NiO(2) increased from 64% to 70%. Therefore, annealing is an important procedure to increase the PA of ZnONR/NiO core-shell heterostructure probably due to the improvement of the material properties and the quality of heterojunction.

Notably, higher PA of core-shell heterostructure photocatalysts compared to their single components has been observed by other researchers. For instance, Periyannan 
et al. [107] reported that ZnONR/NiO core-shell heterostructure obtained by sputtering NiO on hydrothermally grown ZnONR possessed 58% RhB degradation efficiency under UV light in 3 hours compared to 54% from bare ZnONR. Montero et al. [103] reported that ZnONR/CuxO core-shell heterostructure showed 65% degradation efficiency towards orange II dye under UV light in 3 hours compared to 55% of bare ZnONR.

The degradation rate constant (k) values before and after annealing at 600 °C are shown in Table 3. As the most photocatalytically active sample, ZnONR/NiO(2)-600 demonstrated a degradation rate constant (k) value of 0.0072 min-1, being 1.7 times higher than that of bare ZnONR.

[bookmark: _Ref106009182][bookmark: _Toc102480443][bookmark: _Toc106801565]Table 3.7. Degradation efficiencies (η) of MB and degradation rate constants (k) by as-deposited samples from Ni(acac)2 alcoholic solution and samples annealed at Tan=600 °C in air for 1h: NiO films onto glass substrate; ZnONR; and ZnONR/NiO(1), ZnONR/NiO(2), ZnONR/NiO(4) core-shell heterostructures.

		Samples

		

		η (%)

		

		

		k (min-1)



		

		

		As-dep

		Tan=600 °C

		

		

		As-dep

		Tan=600 °C



		NiO films (1,2,4 spray cycles)

		

		1

		2

		

		

		-

		-



		ZnONR

		

		48

		53

		

		

		0.0034

		0.0041



		ZnONR/NiO(1)

		

		60

		65

		

		

		0.0051

		0.0057



		ZnONR/NiO(2)

		

		64

		70

		

		

		0.0055

		0.0072



		ZnONR/NiO(4)

		

		44

		50

		

		

		0.0029

		0.0038







The reliability and stability of the photocatalyst are essential for practical application. For this purpose, three parallel samples of ZnONR prepared under similar deposition conditions and three parallel samples of ZnONR/NiO(2) core-shell heterostructures prepared under similar deposition conditions were used to repeat the MB photodegradation test for 10 times. The results of photodegradation tests were presented in Figure 3.13 (c), numbers on the graph indicate the averaged degradation efficiency. The obtained results indicated that both ZnONR and ZnONR/NiO(2) core-shell heterostructure are stable and reusable for at least 10 times measurements.





Surface chemical composition of ZnONR/NiO core-shell heterostructures

XPS was used to confirm the presence of NiO on the surface of ZnONR since NiO was not detected by XRD due to the low film thickness and can be hardly seen from the SEM image (Figure 3.13 (a)). The Zn 2p3/2, Ni 2p, and O 1s core-level spectra of ZnONR-600, ZnONR/NiO(2)-600, and ZnONR/NiO(4)-600 are presented in Figure 3.14 (a), (b), and (c), respectively. The BE of Zn 2p3/2 of ZnONR-600 is centered at 1020.7 eV (Figure 3.14 (a)), corresponding to the reported BE value of Zn 2p3/2 from ZnO [233-235]. The Zn 2p3/2 peak intensity decreases significantly for ZnONR/NiO(2)-600 and ZnONR/NiO(4)-600 compared to ZnONR-600. The peaks at BE of 852.5±0.3 eV and 870.9±0.3 eV are usually assigned to Ni 2p3/2 and Ni 2p1/2 of NiO in spectra of ZnONR/NiO(2)-600 and ZnONR/NiO(4)-600, respectively (Figure 3.14 (b)) [26, 175].

In O 1s spectra of ZnONR-600 (Figure 3.14 (c)), three peaks centered at BE of 530.2 eV, 531.8 eV and 532.9 eV are assigned to Zn-O bond, surface hydroxyl groups (OH–), and surface H2O, respectively [8, 236, 237]. After the coverage of NiO on the surface of ZnONR, An additional peak at BE of 528.8±0.1 eV in the O 1s spectra was observed, belonging to characteristic of Ni-O bond [26, 238].

It should be noted that the BE of Zn 2p3/2 of ZnONR/NiO(2)-600 and ZnONR/NiO(4)-600 heterostructures is shifted by 0.9 eV and 1.1 eV, respectively, towards lower values compared to the BE of Zn 2p3/2 of ZnONR-600 (Figure 3.14 (a), Table 3.8). The shifts in the BE of Zn2p spectra of ZnO/NiO heterostructures have been observed in several reports [107, 239, 240]. For instance, Periyannan et al. [107] observed a similar shift of 1.1 eV to lower BE, while Tian et al. [239] and Zhang et al. [240] observed a 0.6 eV and 0.9 eV shift toward higher BE, respectively, in BE of Zn 2p3/2 from different ZnO/NiO heterostructures compared to bare ZnO. It seems like these obtained shifts in BE are in contradictory to some extent [107, 239, 240]. Our results appear to support the ones reported by Periyannan et al. [107] instead of those reported by Tian et al. [239] and Zhang et al. [240].

[bookmark: _Toc102480425][image: ]

[bookmark: _Ref106011248][bookmark: _Toc106801549]Figure 3.14. XPS core-level spectra from ZnONR-600, ZnONR/NiO(2)-600, and ZnONR/NiO(4)-600: (a) Zn 2p3/2, (b) Ni 2p, (c) O 1s.



To elucidate the cause of the shift of BE of Zn 2p3/2 from ZnONR/NiO core-shell heterostructure, the ZnLMM Auger spectra of ZnONR-600, ZnONR/NiO(2)-600 and ZnONR/NiO(4)-600 were analyzed. The kinetic energy of ZnLMM and Auger parameter are presented in Table 3.8.

[bookmark: _Ref106011137][bookmark: _Toc102480442][bookmark: _Toc106801566]Table 3.8. Binding energy (BE) of O 1s, Ni 2p, Zn 2p3/2 core levels, and kinetic energy (KE) of ZnLMM, and the modified Auger parameter (α’) for ZnONR-600, ZnONR/NiO(2)-600, and ZnONR/NiO(4)-600.

		Sample name

		

		BE (eV)

		

		KE (eV) 

		

		α’ (eV)



		

		

		O 1s

		

		Ni 2p3/2

		Ni 2p1/2

		Zn 2p3/2 

		

		ZnLMM

		

		



		

		

		ZnO

		OH

		H2O

		NiO

		

		

		

		

		

		



		ZnONR-600

		

		530.2

		531.8

		532.9

		-

		

		-

		-

		1020.7

		

		988.5

		

		2009.2



		ZnONR/NiO(2)-600

		

		530.3

		531.8

		-

		528.9

		

		852.5

		870.9

		1019.8

		

		987.4

		

		2007.2



		ZnONR/NiO(4)-600

		

		530.2

		531.4

		-

		528.8

		

		852.2

		870.6

		1019.6

		

		987.9

		

		2007.3





As can be seen from Table 3.8, there is a significant difference of 1.9-2.0 eV between the modified Auger parameter values (α’) of pristine ZnONR and ZnONR/NiO heterostructures. This difference confirms the existence of built-in electric field at the heterojunction interface.

[bookmark: _Toc102562372]Band diagram of ZnONR/NiO core-shell heterostructures and MB degradation mechanism

The MB degradation mechanism by the ZnONR/NiO core-shell heterostructure is discussed on base of the energetic diagram of the heterostructure composed using experimental results of KP and PYS analysis. The work functions of ZnONR-600 and ZnONR/NiO(2)-600 are measured by KP and the results are presented in Fig. 5 (a) in [III]. The work function values of ZnONR-600 and ZnONR/NiO(2)-600 are 4.42 eV and 4.70 eV, respectively (Table 3.9). Compared with ZnONR-600, the higher work function value of ZnONR/NiO(2)-600 proves the existence of NiO thin films on the surface of ZnONR.

[bookmark: _Ref106010869][bookmark: _Toc102480444][bookmark: _Toc106801567]Table 3.9. Work function (), ionization energy (Ei) and the energy difference between Fermi level (EF) and valence band maximum (EVBM) of ZnONR-600 and ZnONR/NiO(2)-600.

		Sample

		 ( 0.04 eV)

		Ei ( 0.03 eV)

		EF ─ EVBM ( 0.05 eV)



		ZnONR-600

		4.42

		6.29

		-1.87



		ZnONR/NiO(2)-600

		4.70

		5.41

		-0.71





The ionization energy (Ei) of the ZnONR-600 and ZnONR/NiO(2)-600 was measured by PYS and the corresponding spectra are presented in Fig. 5 (b) and (c) in [III], respectively. The Ei values of ZnONR-600 and ZnONR/NiO(2)-600 are 6.29 eV and 5.40 eV, respectively (Table 3.9). To draw the band diagram of ZnONR/NiO heterojunction, the difference between valence band maximum (EVBM) and Fermi level (EF) is calculated as the difference between the work function () and Ei, EF - EVBM =  - Ei. The conduction band minimum (CBM) is calculated as ECBM = EVBM + Eg by using the bandgap of the hydrothermally grown ZnONR of 3.27 eV [236] and of the USP grown NiO of 3.70 eV (Table 3.5).  With the known VBM and CBM positions, the energy band diagram of the ZnONR/NiO heterostructure can be presented as shown in Figure 3.15. As can be seen from the energy band diagram, 
it shows a n-type conductivity for the ZnONR and a p-type conductivity for the NiO films corresponding to the results of the hot point probe measurements in chapter 3.2. 
In addition, a rectifying current-voltage characteristic is predicted.
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[bookmark: _Ref106010632][bookmark: _Toc106801550]Figure 3.15. Energy band diagram of ZnONR/NiO(2)-600 heterostructure. 

It is worth noting that in most of the PA studies the formation of ZnO/NiO heterojunction is proposed based on the PA results rather than relying on actual energetic parameters of the heterostructure [94, 96, 204-206]. For instance, Hameed 
et al. [204] claimed the formation of ZnO/NiO heterojunction only by comparing the MB degradation efficiencies from ZnO/NiO NPs and its singular components. Similarly, Tian et al. [96] and Liu et al. [206] concluded the formation of ZnO/NiO heterojunction based on the difference in MB degradation efficiency by ZnO/NiO particles and bare ZnO. However, none of aforementioned studies confirmed the formation of ZnO/NiO heterojunction via experimentally measured energetic parameters.

For this reason, the band diagram of the ZnONR/NiO heterojunction based on directly measured experimental data (Figure 3.15) and the MB photocatalytic degradation mechanism are proposed.

Following the classical concept of heterojunction formation [241], the electrons transfer from ZnO to NiO and holes transfer from NiO to ZnO until the system reaches thermodynamic equilibrium and an inner electric field forms at the heterointerface. When ZnO/NiO heterostructure is irradiated by UV light, the electron hole pairs are generated in both ZnO and NiO, and electrons from valence band (VB) could be excited to the conduction band (CB) in both materials with simultaneous formation of the same amount of holes in valence band. However, our experimentally proven band alignment for the p-NiO/n-ZnO heterojunction (Figure 3.15) supports transfer of the photogenerated electrons from CB of NiO to the CB of ZnO, and transfer of photogenerated holes from VB of ZnO to VB of NiO, indicating that the electrons and holes are efficiently separated.  The electrons from the ZnO and holes from the NiO will be injected into the reaction medium and participate in chemical reactions to degrade different organic pollutants. The electrons interact with dissolved O2 molecules and produce the superoxide radical anion (•O2–). The photogenerated holes are trapped by OH– forming hydroxyl radical species (•OH). Formed radicals are the main species that degrade the organic dye molecule to carbon dioxide and water. Thus, this study clearly demonstrated that efficient separation of charge carriers at ZnONR/NiO heterointerface determines the boost of the photocatalytic performance.

[bookmark: _Toc118810883]Conclusions

[bookmark: _Toc517344503]This thesis was focused on the development of strategies for the synthesis of photocatalytically efficient ZnO nanorods and NiO films based materials by low cost chemical solution methods such as hydrothermal growth and chemical spray pyrolysis. The novelty of this study is summarized as follows. Firstly, Au nanoparticles were synthesized by spin-coating of HAuCl4 solution onto ZnONR layers followed by thermal treatment to form ZnONR/Au composite with enhanced PA. The mechanism behind the increased PA activity upon HAuCl4 treatment was described and proved. Secondly, we showed that the NiO film deposition temperature is the main technological parameter that controls the content of hydroxyl groups on the surface, mainly responsible for the photocatalytic performance of pneumatically sprayed films from nickel acetate solution. Thirdly, we demonstrated that homogeneous crystalline films of NiO with cubic structure could be fabricated on different substrates via employing a robust ultrasonic spray technique and nickel acetylacetonate as a source material. Moreover, for the first time ultrasonically sprayed NiO film was applied onto ZnONR layer to form ZnONR/NiO core-shell heterostructure with significantly enhanced photocatalytic performance compared to pristine ZnONR. The formation of ZnONR/NiO n-p core shell heterostructure was confirmed applying advanced physical characterization techniques.

The main conclusions from this dissertation are summarized as follows:

1. ZnONR/Au composites were fabricated by spin-coating of HAuCl4 solution onto ZnONR layers followed by thermal treatment at 400 °C, the formation of Au nanoparticles was confirmed by XRD and SEM. The dimensions of Au nanoparticles were in a direct correlation with HAuCl4 solution concentration. According to XPS study, ZnONR/Au composites contain higher amount of hydroxyl groups on the surface and therefore possess higher MO degradation efficiency under UV light compared to bare ZnONR. Employment of HAuCl4 solution with concentration of 0.01 mol/L resulted in ZnONR/Au composite showing the highest MO degradation efficiency of 94 % in 3 h compared to 65% by bare ZnONR under UV light irradiation. Nearly twice higher MO degradation efficiency under visible light by ZnONR/Au composites (ca 40% in 3 h) compared to that by pristine ZnONR (21% in 3 h) is explained by occurrence the absorption band in the visible spectral region, at 500-600 nm due to the surface plasmon resonance effect. 

2. NiO thin films were fabricated by pneumatic spray technique at deposition temperatures of 300-420 °C using nickel acetate as precursor material in different solvents (aqueous and alcohol based). The formation of NiO was confirmed by XRD and Raman spectroscopy methods. Deposition temperature and solvent type affect the structural, optical properties, and surface chemical composition of pneumatically sprayed NiO films. Films prepared from aqueous solution are of polycrystalline NiO with crystallite size of 4-10 nm, but films from alcoholic solution are amorphous according to XRD study. Bandgap of NiO films produced from aqueous and alcoholic solutions is 
3.4 eV and 4.0 eV, respectively, irrespective of the deposition temperature. Deposition temperature is the main technological parameter that controls the content of hydroxyl groups on the surface, and therefore the photocatalytic performance of NiO films. 
The MO degradation efficiency under UV light by NiO films produced at 300 °C from aqueous solution was 45% in 3 h and 11% in 3h for the film grown at 420 °C. The decrease in PA of NiO films with increasing the deposition temperature correlates to the decrease in the amount of hydroxyl groups on the surface of NiO film.



3. The strategy for synthesis of ZnONR/NiO n-p core-shell heterostructures with improved photocatalytic activity was developed. 

Firstly, homogenous, transparent polycrystalline NiO films with Eg of 3.7 eV were fabricated by ultrasonic spray pyrolysis technique using nickel acetylacetonate as precursor material. 

Secondly, the NiO layer deposition temperature of 500 °C was found to be optimal for ZnO/NiO bilayer heterostructure fabrication as the MB degradation efficiency by ZnO/NiO bilayer increased from 8 to 30% with increasing the NiO deposition temperature from 350 to 500 °C. Rectifying I-V characteristic of ZnO/NiO contact confirms the formation of ZnO/NiO n-p heterostructure. 

Thirdly, the optimum preparation conditions of photocatalytically efficient ZnONR/NiO core-shell heterostructures were determined: NiO film deposition from two USP cycles at 500 °C followed by annealing heterostructure at 600 °C in air. The formation of ZnONR/NiO n-p core shell heterostructure was confirmed applying advanced physical characterization techniques. XPS analysis confirmed the formation of NiO shell on ZnO core and showed a 1.9–2.0 eV difference in modified Auger parameter between ZnONR and ZnONR/NiO core-shell heterostructure, validating the presence of built-in electric field at the interface. A type-II band diagram between NiO and ZnONR is proposed based on Kelvin probe and photoelectron yield spectroscopy measurements. 

ZnONR/NiO core-shell heterostructure showed MB degradation efficiency of 70% compared to 53% by ZnONR as measured under UV irradiation for 3 h. The increased photocatalytic performance of ZnONR/NiO heterostructures is due to the improved separation of photogenerated electron-hole pairs.
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Development of ZnO Nanorod and NiO Thin Film based Materials for Photocatalyttic Applications

[bookmark: _Hlk98510321]Photocatalysis as one of the advanced oxidation processes emerged as promising technology for wastewater treatment. Photocatalysis employs semiconductors (TiO2, ZnO, NiO, CdS, etc) as photocatalysts that under light irradiation are able to degrade various organic pollutants. Among these semiconductors, TiO2 is the mostly studied photocatalyst due to its excellent photocatalytic activity, nontoxicity, and chemical stability. In addition, ZnO is also considered as a promising photocatalytic material due to its abundance, low cost, and ease of synthesis in various morphologies. Nonetheless, ZnO photocatalyst suffers from rapid recombination of photogenerated electron-hole pairs, thereby decreasing photocatalytic activity. To suppress the recombination of photogenerated carriers and improve photocatalytic performance, ZnO has been coupled with noble metals or semiconductors. NiO is another promising metal oxide based photocatalyst that attracted great interest by scientists worldwide. NiO has been used for photocatalytic studies due to its tunable bandgap, low cost, chemical stability and ability to mineralize organic pollutants. As a p-type semiconductor, NiO is also a suitable candidate for coupling with ZnO to form a p-n heterojunction to suppress the recombination of photogenerated electron-hole pairs and improve photocatalytic activity of ZnO. 

To date, ZnO and NiO based photocatalysts have been mainly studied in their powder form. However, photocatalyst in powder form has the severe disadvantages such as particle agglomeration and difficulty of separation from wastewater, causing secondary pollution. From this perspective, developing photocatalysts immobilized on substrates is a more suitable approach that allows ease of separation and recovery of photocatalyst from wastewater. Therefore, the forms of ZnO nanorods (ZnONR) and NiO films grown on substrates have been chosen for this study. 

 The overall aim of this thesis was to develop the strategies for the synthesis of ZnO nanorods and NiO film based materials as efficient photocatalytic coatings on glass substrates by low-cost chemical solution methods such as hydrothermal growth and chemical spray pyrolysis. To reach the aim, three main tasks were set:  1) to synthesize ZnONR/Au composite through the surface treatment of ZnONR by HAuCl4 solution and to study the physico-chemical properties  of the composite;  2) to synthesize  NiO films by pneumatic spray pyrolysis technique using nickel acetate as precursor material and to study the effect of deposition temperature and solvent type on the physico-chemical properties and PA of NiO films;  3) to synthesize thin continuous layers of NiO by ultrasonic spray method using nickel acetylacetone as precursor material, to characterize the physico-chemical properties in NiO films, apply NiO film to form ZnO/NiO bilayer and ZnONR/NiO core-shell heterostructures and to study photocatalytic performance of heterostructures.

ZnONR/Au composites were fabricated by spin-coating HAuCl4 solutions with different concentrations, 0.005, 0.01, and 0.03 mol/L onto hydrothermally grown ZnONR surfaces followed by thermal annealing at 400 °C. XRD and SEM studies confirmed the formation of Au nanoparticles (NPs) on ZnONR. The size of Au NPs is ca. 20-70 nm depending on the concentration of HAuCl4 solution. The absorbance spectra of ZnONR/Au composites indicated the increase of optical absorbance in the visible light range. XPS study revealed the 2.5 fold increase in the amount of surface hydroxyl groups from ZnONR/Au composite with Au NPs from 0.01 mol/L HAuCl4 solution, compared to bare ZnONR. Employment of HAuCl4 solution with concentration of 0.01 mol/L resulted in ZnONR/Au composite showing the highest MO degradation efficiency of 94 % in 3 h compared to 65% by bare ZnONR under UV light irradiation. Nearly twice higher MO degradation efficiency under visible light by ZnONR/Au composites (ca 40 % in 3 h) compared to that by pristine ZnONR (21 % in 3 h) is explained by occurrence the absorption band in visible spectral region, at 500-600 nm due to the surface plasmon resonance effect. 

NiO films were synthesized at 300-420 °C from nickel acetate aqueous and alcoholic solutions by pneumatic spray pyrolysis method. Films prepared from aqueous solution are of polycrystalline NiO with crystallite size of 4-10 nm, but films from alcoholic solution are amorphous according to XRD study. Bandgap of NiO films produced from aqueous and alcoholic solutions is 3.4 eV and 4.0 eV, respectively, irrespective of the deposition temperature. It was found that the temperature is a key factor that influences the photocatalytic activity of the films. The photocatalytically more active NiO films were grown at 300 °C. The surfaces of those films were highly hydrophilic (water contact angle = 8°) and contain relatively high amount of hydroxide groups (atomic ratio of Ni(OH)2/NiO= 3.31). The amount of surface hydroxyl groups gradually decreases with an increase in deposition temperature, with subsequent decrease in the PA of MO. The MO degradation efficiency under UV light by NiO films produced at 300 °C from aqueous solution was 45% in 3 h and decreased to 11% in 3h for the film grown at 420 °C. The decrease in PA of NiO films with increasing the deposition temperature correlates to the decrease in the amount of hydroxyl groups on the surface of NiO film.

It was shown that homogenous transparent polycrystalline NiO films with Eg of 3.7 eV are obtained by ultrasonic spray pyrolysis technique at temperatures 350-500 °C using nickel acetylacetonate as precursor material. The NiO layer deposition temperature of 500 °C was found to be optimal for ZnO/NiO heterostructure fabrication as the MB degradation efficiency by ZnO/NiO bilayer increased from 8 to 30% with increasing the NiO deposition temperature from 350 to 500 °C. Results of the study showed that photocatalytically efficient ZnONR/NiO core-shell heterostructures could be obtained using for NiO shell deposition two USP cycles at 500 °C followed by annealing the heterostructure at 600 °C in air. ZnONR/NiO core-shell heterostructure with the shell thickness from two spray cycles show MB degradation efficiency of 70% compared to 53% by ZnONR as measured under UV irradiation for 3 h. 

The formation of ZnONR/NiO n-p core shell heterostructure was confirmed applying advanced physical characterization techniques. XPS analysis confirmed the formation of NiO shell on ZnO core and showed a 1.9–2.0 eV difference in modified Auger parameter between ZnONR and ZnONR/NiO core-shell heterostructure, validating the presence of built-in electric field at the interface. A type-II band diagram between NiO and ZnONR is proposed based on Kelvin probe and photoelectron yield spectroscopy measurements. In this study we proved that enhanced photocatalytic performance of ZnONR/NiO heterostructures is due to improved separation of photogenerated in ZnO electron–hole pairs at n-p heterointerface.

The novelty of the thesis lies in the following:  1) Au NPs were produced by spin-coating of HAuCl4 solution onto ZnONR layers followed by heat treatment to form ZnONR/Au composite with enhanced PA  2) by systematic study the effect of deposition conditions on surface properties of pneumatically sprayed NiO films we showed that the deposition temperature is the main technological parameter controlling the content of surface hydroxyl groups on the film surface, and consequently, the film photocatalytic performance  3) homogeneous crystalline films of NiO with cubic structure can be successfully grown on different substrates by employing a robust ultrasonic spray technique and nickel acetylacetonate as a source material. For the first time ultrasonically sprayed NiO film was applied to ZnONR layer to form ZnONR/NiO core-shell heterostructure demonstrating significantly enhanced photocatalytic performance compared to pristine ZnONR. 

In this thesis study feasible, cost-effective and scientifically evidenced strategies for the synthesis of ZnO nanorod and NiO film based materials as efficient photocatalysts on glass substrates by chemical solution methods such as hydrothermal growth and chemical spray pyrolysis are presented.




[bookmark: _Toc118810887]Lühikokkuvõte

ZnO nanovarrastel ja NiO õhukestel kiledel baseeruvate fotokatalüütiliste materjalide arendus

[bookmark: _Hlk116859296]Fotokatalüüs on üks eesrindlikest süvaoksüdatsiooni protsessidest orgaaniliste jääkainete lagundamiseks reovees. Fotokatalüüsi protsessis kasutatakse fotokatalüsaatoritena pooljuhtmaterjale nagu TiO2, ZnO, NiO, CdS,  jt. Pooljuhi valgustamisel valgusega, mille kvandi energia on suurem kui pooljuhi keelutsooni laius,  tekitatakse elektron-auk paare, mis pooljuhi pinnal omakorda  tekitavad vabu radikaale, mille toimel orgaanilised saasteained lagundatakse. TiO2 on kõige laialdasemalt uuritud materjal tänu oma väga heale fotokatalüütilisele võimekusele, mittetoksisusele ja keemilisele stabiilsusele. ZnO-d peetakse samuti üheks paljulubavaks fotokatalüütiliseks materjaliks tänu oma keelutsoonile, laialdasele levikule, odavusele, mittetoksisusele, ning erinevate morfoloogiate sünteesi lihtsusele. ZnO kui fotokatalüsaatori peamiseks puuduseks on fotogenereeritud elektron-aukpaaride kiire rekombinatsioon, mis oluliselt vähendab materjali fotokatalüütilist aktiivsust. Fotogenereeritud laengukandjate paremaks eraldamiseks ja seekaudu fotokatalüütilise võimekuse parendamise üheks strateegiaks on ZnO/metall (Au, Ag) või ZnO/pooljuht struktuuride loomine.  NiO on samuti üks perspektiivne fotokatalüütiline materjal, mis on viimasel ajal pälvinud paljude uurijate tähelepanu tänu tema muudetavale keelutsooni laiusele, odavusele, keemilisele stabiilsusele ja võimekusele lagundada orgaanilisi saasteaineid. NiO kui p-tüüpi juhtivusega pooljuhtmaterjal on sobilik ZnO/NiO n-p heterostruktuuri valmistamiseks, millel on suurem fotokatalüüsi võimekus kui struktuuri komponentidel eraldi.

Praeguseks on ZnO ja NiO fotokatalüsaatoritena uuritud peamiselt pulbri kujul. Pulbrilisel fotokatalüsaatoril on aga tõsised puudused nagu osakeste aglomeratsioon ja raskused reoveest eraldamisel, mis omakorda võib põhjustada sekundaarset reostust. Sellest vaatenurgast on aluspindadele immobiliseeritud fotokatalüsaatorite arendamine palju sobivam lahendus, mis võimaldab fotokatalüsaatori hõlpsat eraldamist reoveest ning materjali taaskasutamist. Just seetõttu on uurimistöö objektideks valitud klaasalustele kasvatatud ZnO nanovarrastest koosnevad kihid (ZnONR) ja NiO kiled. Käesoleva doktoritöö põhieesmärk oli ZnO nanovarrastel ja NiO kiledel baseeruvate tõhusate fotokatalüütiliste katete sünteesi strateegiate väljatöötamine.  Materjalide sünteesiks kasutati odavaid keemilisi meetodeid nagu hüdrotermaalne kasvatamine ja keemiline pihustuspürolüüs. 

[bookmark: _Hlk116860659]Doktoritöö eesmärgi saavutamiseks seati kolm peamist ülesannet: 1) sünteesida ZnONR/Au komposiit kasutades ZnONR pinnatöötluseks HAuCl4 lahust ja uurida komposiidi füüsikalis-keemilisi omadusi; 2) kasvatada NiO-kiled pneumaatilise pihustuspürolüüsi meetodil kasutades lähtematerjalina nikkelatsetaati, ning uurida sadestustemperatuuri ja lahusti tüübi mõju NiO kilede füüsikalis-keemilistele omadustele ja fotokatalüütilisele aktiivsusele; 3) sünteesida NiO õhukesed kiled ultraheli pihustuse meetodil kasutades lähtematerjalina nikkelatsetüülatsetooni, iseloomustada NiO kilede füüsikalis-keemilisi omadusi, kasutada NiO kilesid ZnO/NiO õhukesekilelise ning ZnONR/NiO heterostruktuuride valmistamiseks.  Uurida struktuuride fotokatalüütilist võimekust. 

ZnONR/Au komposiidid valmistati HAuCl4 lahuse (0,005; 0,01; 0,03 mol/L) kandmisel ZnONR kihtidele, millele järgnes termiline töötlemine 400 °C juures. Au nanoosakeste moodustumist kinnitasid XRD ja SEM analüüsid. Au nanoosakeste mõõdud vahemikus 20-70 nm olid otseses korrelatsioonis HAuCl4 lahuse kontsentratsiooniga. ZnONR/Au komposiitide optilised spektrid näitasid neeldumise kasvu spektri nähtavas osas. XPS uuringu kohaselt on ZnONR/Au komposiidi, mis valmistati HAuCl4 0,01 mol/L lahusest, pinnal 2,5 korda rohkem hüdroksüülrühmi kui ZnONR pinnal ja seetõttu on neil ka suurem MO lagundamise võimekus. HAuCl4 0,01 mol/L lahuse kasutamine andis tulemuseks ZnONR/Au komposiidi, mis UV kiirguse all lagundas 94 % MO-st 3 tunni jooksul, samas kui Au-ga katmata ZnONR vaid 65%. ZnONR/Au komposiit näitas peaaegu kaks korda suuremat MO lagundamise võimekust nähtava valguse all (ca 40% 3 tunni jooksul) võrreldes ZnONR-ga (21% 3 tunni jooksul). ZnONR/Au komposiitide suurem fotokatalüütiline võimekus nähtava valguse all on seletatav Au nanoosakeste plasmonresonants efektiga, mis tekitas neeldumise spektri nähtavas osas 500–600 nm juures. 

NiO õhukesed kiled valmistati pneumaatilise pihustuspürolüüsi meetodiga sadestustemperatuuridel 300–420 °C kasutades lähteainena nikkelatsetaati ning erinevaid lahusteid (vesi, alkohol). NiO moodustumist kinnitasid XRD ja Raman spektroskoopia meetodid. Leiti, et sadestustemperatuur ja lahusti tüüp mõjutavad pneumaatiliselt pihustatud NiO kilede struktuurseid ja optilisi omadusi ning kilede pinna keemilist koostist. Vesilahusest valmistatud NiO kiled on polükristalsed, kristalliidi suurusega 4-10 nm, samas kui alkoholilahusest sadestatud kiled on XRD uuringu kohaselt amorfsed. Vesi- ja alkoholilahustest valmistatud NiO kilede keelutsooni laius on vastavalt 3,4 eV ja 4,0 eV sõltumata sadestustemperatuurist. XPS analüüsi järgi on sadestustemperatuur peamine tehnoloogiline parameeter, mis kontrollib hüdroksüülrühmade kogust kile pinnal ja seetõttu ka NiO kilede fotokatalüütilist võimekust. Vesilahusest 300 °C juures valmistatud NiO kiled on võimelised lagundama UV kiirguse all 3 tunni jooksul 45% analüüsitavast MO-st samal ajal kui 420 °C juures kasvatatud kiled vaid 11 %. NiO kilede fotokatalüütilise aktiivsuse vähenemine sadestustemperatuuri tõstmisel korreleerub hüdroksüülrühmade koguse vähenemisega NiO kilede pinnal.

Doktoritöös töötati välja kõrge fotokatalüütilise võimekusega ZnONR/NiO n-p tuum-koorik heterostruktuuride sünteesi strateegia, kasutades esmakordselt NiO kooriku valmistamiseks ultrahelipihustuspürolüüsi meetodit. Esiteks, kasutades lähteainena nikkelatsetüülatsetonaati valmistati ultraheli pihustuspürolüüsi meetodil NiO homogeensed, optiliselt läbipaistvad, polükristallilised NiO kiled, mille Eg on 3,7 eV. Teiseks leiti, et ZnO/NiO heterostruktuuri valmistamiseks on NiO kihi optimaalne sadestustemperatuur ca. 500 °C. MB lagunemise efektiivsus kilelise ZnO/NiO struktuuri poolt suurenes 8%-lt 30%-le kui NiO sadestustemperatuuri tõsteti 350-lt 500 °C-le.  ZnO/NiO kontakti volt-amper karakteristikute mõõtmine kinnitas n-p heterostruktuuri moodustumist. Kolmandaks, määrati fotokatalüütiliselt tõhusate ZnO nanovarrastel baseeruvate ZnONR/NiO heterostruktuuride optimaalsed valmistamise tingimused: NiO kile sadestamine kahest ultraheli pihustustsüklist 500 °C juures, millele järgnes heterostruktuuri lõõmutamine õhus 600 °C juures. ZnONR/NiO n-p heterostruktuuri moodustumist kinnitas XPS-analüüs, mis näitas NiO kooriku moodustumist ZnO nanovarraste pinnal ning 1,9–2,0 eV erinevust modifitseeritud Augeri parameetrites ZnONR ja ZnONR/NiO heterostruktuuri puhul, mis omakorda valideeris sisemise elektrivälja tekke. Kelvini sondi, fotoelektronide saagise spektroskoopia ja keelutsooni laiuse mõõtmiste tulemuste põhjal koostati ZnONR/NiO heterostruktuuri tsoonidiagramm. ZnONR/NiO heterostruktuur näitas UV kiirguse all MB lagunemise efektiivsust 70% 3 tunni jooksul samas kui ZnONR lagundas samades tingimustes 53% MB-st. ZnONR/NiO heterostruktuuride suurenenud fotokatalüütiline võimekus on tingitud fotogenereeritud elektron-auk paaride efektiivsemast eraldamisest p-n siirde poolt.

[bookmark: _Hlk116866322]Töö uudsus seisneb järgmises: 1) Esmakordselt valmistati Au nanoosakesed ZnONR peale kasutades selleks HAuCl4 lahuse pindvurritamist millele järgnes kuumutamine õhu keskkonnas. Tulemusena saadi ZnONR/Au struktuurid, mis olid fotokatalüütiliselt tunduvalt efektiivsemad lagundama MO-d kui ZnONR kihid nii UV kiirguse kui nähtava valguse all. 2) Uurimistöö tulemusena tõestati, et pneumaatilise pihustamise meetodil on võimalik valmistada hea fotokatalüütilise võimekusega NiO kilesid, kusjuures sadestustemperatuur on peamine tehnoloogiline parameeter, mis määrab hüdroksüülrühmade kontsentratsiooni kilede pinnal ja see omakorda kilede fotokatalüütilise võimekuse lagundada MO-d kui saasteainet. 3) Töös näidati esmakordselt, et ultrahelipihustuse meetodil on võimalik valmistada õhukesi, ühtlase pinnaga, kristallilisi NiO kilesid kasutades lähteainena nikkelatsetüülatsetonaati. Esmakordselt kasutati ultrahelipihustuse meetodit NiO kooriku sadestamiseks ZnONR tuumale, määrati optimaalsed tehnoloogilised tingimused ZnONR/NiO tuum-koorik n-p heterostruktuuride valmistamiseks, n-p heterostruktuuri moodustumine tõestati struktuuri füüsikaliste parameetrite mõõtmiste kaudu.

Kokkuvõttes, doktoritöös töötati välja tehnoloogiliselt lihtsalt teostatavad, kuluefektiivsed ja teaduslikult põhjendatud strateegiad ZnO nanovarrastel ja NiO õhukestel kiledel baseeruvate efektiivsete fotokatalüütiliste materjalide valmistamiseks keemilistel vedeliksadestuse meetoditel. 

81

[bookmark: _Toc460831058][bookmark: _Toc93572618][bookmark: _Toc517344506][bookmark: _Toc92366211][bookmark: _Toc93572622]









[bookmark: _Toc118810888]Appendix 1





































[bookmark: _Publication_I][bookmark: _Toc93572619]Publication I 

[bookmark: _Toc517344507][bookmark: _Toc92366212]T. Dedova, I.Oja Acik, Z. Chen, A. Katerski, K. Balmassov, I. Gromyko, T. Nagyné-Kovács, I.M. Szilágyi, and M. Krunks. Enhanced photocatalytic activity of ZnO nanorods by surface treatment with HAuCl4: Synergic effects through an electron scavenging, plasmon resonance and surface hydroxylation. Materials Chemistry and Physics, 245, 122767, 2020, https://doi.org/10.1016/j.matchemphys.2020.122767.

83



[bookmark: _Publication_II][bookmark: _Toc93572620]





































Publication II

Z. Chen, T. Dedova, I.O. Acik, M. Danilson, and M. Krunks. Nickel oxide films by chemical spray: Effect of deposition temperature and solvent type on structural, optical, and surface properties. Applied Surface Science, 548, 149118, 2021, https://doi.org/10.1016/
j.apsusc.2021.149118.





95





[bookmark: _Publication_III][bookmark: _Toc93572621]Publication III

Z. Chen, T. Dedova, N. Spalatu, N. Maticiuc, M. Rusu, A. Katerski, I. O. Acik, T. Unold, M. Krunks. ZnO/NiO heterostructure with enhanced photocatalytic activity obtained by ultrasonic spray of NiO shell onto ZnO nanorods. Colloids and Surfaces A: Physicochemical and Engineering Aspects, 648, 129366, 2022, https://doi.org/1
0.1016/j.colsurfa.2022.129366. 



107









[bookmark: _Appendix_2][bookmark: _Toc118810889]Appendix 2 

[bookmark: _Ref97906041][bookmark: _Toc106801551]Table 1.1. Photocatalytic activity of ZnO nanoparticles, ZnO films and ZnO nanorods on substrates.

		[bookmark: _Hlk102384993]Catalyst

		Substrate

		Precursor

		Synthesis method

		Synthesis temp.

(°C)

		Annealing temp. 

(°C)

		Catalyst amount

(mg/L)

		Pollutant

		C0 (ppm)

		V

(mL)

		Light

		t (min)

		η (%)

		Ref.



		ZnO NPs

		Rod-like

		-

		Zn(ac)2

		Sol-gel

		80 

		400

		800 

		MO

		30 

		50

		UV

		100

		99

		[45]



		

		

		

		Zn(ac)2

		Thermal decomposition

		600

		-

		1250 

		MO

		10

		40

		UV

		120

		98

		[46]



		

		

		

		Zn(NO3)2

		Precipitation in solution

		RT

		200 

		300

		MO

		20

		NA

		UV

		80

		99

		[47]



		

		

		

		Zn(ac)2

		Hydrothermal

		120

		-

		NA

		MO

		12

		NA

		UV

		180

		89

		[48]



		

		Wire-like

		

		Zn(ac)2

		

		200

		-

		1000 

		RhB

		6

		60

		UV

		500 

		88

		[49]



		

		Plate-like

		

		ZnCl2

		Precipitation in solution

		60

		80

		1000 

		MB

		16

		5

		Sunlight

		14

		90

		[50]



		

		Flower-like

		

		ZnCl2

		

		50

		-

		200 

		MO

		15

		100

		UV

		50

		99

		[51]



		

		Sponge-like

		

		Zn(NO3)2

		Solution combustion

		400

		NA

		500

		MG

		5

		100

		UV

		150

		95

		[52]



		ZnO film

		SiO2

		Zn(ac)2

		Sol-gel

		RT

		400

		NA

		MO

		6

		5

		Sunlight

		150

		18

		[53]



		

		Glass

		Zn

		DC sputtering

		RT

		-

		

		MO

		10

		100

		Sunlight

		NA

		53

		[54]



		

		Quartz

		Zn(ac)2

		Sol-gel

		60

		400

		

		MO

		5

		10

		UV-Vis

		180

		73

		[55]



		

		Si 

		Zn(C2H5)2

		Atomic layer deposition

		80

		- 

		

		MB

		5

		2

		UV

		240

		40

		[56]



		

		Glass

		Zn(ac)2

		Ultrasonic spray pyrolysis

		450

		-







		

		MB

		-

		-

		UV

		240

		88

		[57]



		ZnO nanorods

		Si

		Zn(NO3)2

		Hydrothermal

		90

		300

		

		MO

		5

		NA

		UV

		60

		87

		[58]



		

		SiO2

		Zn(NO3)2

		

		100

		-

		

		MO

		6

		500

		UV

		160

		95

		[59]



		

		Glass

		Zn(NO3)2

		

		90

		-

		

		RhB

		5

		NA

		UV-Vis

		120

		70

		[60]



		[bookmark: _Hlk108693891]

		ITO/glass

		ZnCl2

		Pneumatic spray pyrolysis

		550

		-

		

		Doxycycline 

		25

		20

		UV

		240

		50

		[8]



		

		

		

		Electrodeposition

		80

		

		

		

		

		

		

		

		85

		



		

		Glass

		Zn(ac)2

		Hydrothermal

		90

		-

		

		MB

		10

		20

		UV

		45

		83

		[61]



		

		Si

		Zn(ac)2

		Chemical bath deposition

		95

		-

		

		RhB

		10

		5

		UV

		720

		98

		[62]








[bookmark: _Ref102407210][bookmark: _Toc106801552]Table 1.2. Photocatalytic activity of ZnO/noble metal composites.

		Catalyst

		Substrate

		Precursor

		Synthesis method

		Synthesis temp.

(°C)

		Annealing temp. 

(°C)

		Catal. Amount (mg/L)

		Pollutant

		C0 (ppm)

		V

(mL)

		Light

		t 

(min)

		η (%)

		Ref.



		ZnO/Au NPs

		-

		Zn(NO3)2

HAuCl4

		Combustion

		500

		-

		1500

		MB

		6

		100

		UV

		160

		ZnO NPs: 10

ZnO/Au NPs: 25

		[63]



		

		

		Zn(NO3)2

HAuCl4

		Ultrasonic spray pyrolysis

		1000

		-

		50

		RhB

		5

		100

		UV

		180

		ZnO NPs: 33

ZnO/Au NPs: 80

		[64]



		

		

		ZnCl2

HAuCl4

		Hydrothermal

		240

		-

		700

		MB

		4

		75

		UV

		140

		ZnO NPs: 15

ZnO/Au NPs: 96

		[65]



		

		

		Zn(ac)2

HAuCl4

		Precipitation in solution

		90

		-

		100

		[bookmark: OLE_LINK3][bookmark: OLE_LINK4]MO

		20

		50

		Vis

		200

		ZnO NPs: 15

ZnO/Au NPs: 75

		[66]



		

		

		Zn(ac)2,

HAuCl4

		Precipitation in solution

		ZnO: 60

Au: 80

		-

		100 

		MO

		10

		100

		UV

		160 

		ZnO NPs: 76

ZnO/Au NPs: 96

		[67]



		ZnO/Ag NPs

		

		Zn(ac)2

AgNO3

		Precipitation in solution

		70

		550

		1000

		MB

		10

		100

		UV-Vis

		15

		ZnO NPs: 65

ZnO/Ag NPs: 97

		[68]



		

		

		Zn(ac)2

Ag(ac)2

		Solvothermal

		160

		60

		333

		MO

		16

		90

		UV

		40

		ZnO NPs: 81

ZnO/Ag NPs: 99

		[69]



		ZnO/Pt NPs

ZnO/Au NPs

		

		C22H14O4Zn

Pt(acac)2

AuCl3

		Flame spray pyrolysis

		NA

		-

		20

		MB

		10

		200

		UV

		60

		ZnO NPs: 54

ZnO/Pt NPs:55

ZnO/Au NPs:70

		[70]



		ZnO/Pd NPs

		

		Zn(NO3)2

K2PdCl4

		ZnO: hydrothermal

Pd: stirring in solution

		ZnO: 150

Pd: RT

		300

		1500

		Phenol

		50

		50

		UV

		60

		ZnO NPs: 40

ZnO/Pd NPs:98

		[71]



		

		

		Zn(ac)2

PdCl2

		Solvothermal

		120

		-

		200

		RhB

		5

		50

		UV

		15

		ZnO NPs: 49

ZnO/Pd NPs: 82

		[72]



		ZnO NPs

ZnO/Ag NPs

ZnO/Pd NPs

ZnO/Pt NPs

		

		Zn(NO3)2

AgNO3

Pd(NO3)2 

H2PtCl6

		ZnO: hydrothermal

Metal: photodeposition

		180

		

		50

		[bookmark: OLE_LINK16][bookmark: OLE_LINK17]AO II

		20

		100

		UV

		300

		ZnO NPs: 70

ZnO/Ag NPs: 92

ZnO/Pd NPs: 96

ZnO/Pt NPs: 78

		[73]



		ZnO/Au thin film composite

		Glass

		Zn(ac)2

HAuCl4

		Sol-gel spin coating

		RT

		500

		

		MO

		10 

		5

		Sunlight

		150

		ZnO film: 63

ZnO film/Au: 94

		[74]



		ZnO/Ag thin film composite

		Glass

		Zn(ac)2

Ag NPs

		Sol-gel spin coating

		RT

		500

		

		IC

		6

		NA

		UV-Vis

		300

		ZnO film: 18

ZnO film/Ag: 30

		[75]



		ZnONR/Au 

		Si

		Zn(NO3)2

HAuCl4

		ZnO: hydrothermal

Au: precipitation in solution

		90

		-

		

		RhB

		10

		-

		UV

		90

		ZnONR: 27

ZnONR/Au: 91

		[76]



		

		Glass

		Zn(ac)2

HAuCl4

		ZnO:  hydrothermal

Au: precipitation in solution

		ZnO: 60 Au: 70

		400

		

		MO

		5

		20 

		UV-Vis

		180

		ZnONR: 66

ZnONR/Au: 100

		[77]



		

		Fe-Co-Ni alloy 

		Zn(NO3)2

HAuCl4

		ZnO: hydrothermal

Au: precipitation in solution

		ZnO: 70

Au: 50

		-

		

		MO

		20

		40

		UV

		210 

		ZnONR: 58

ZnONR/Au: 95

		[78]



		

		TCO glass

		Zn(NO3)2

Au

		ZnO: electrodeposition

Au: magnetron sputtering

		ZnO: 80

Au: NA

		200

		

		MO

		2.5

		8

		UV

		240

		ZnONR: 15

ZnONR/Au: 90

		[79]



		

		Si

		Zn(acac)2

HAuCl4

		ZnO: chemical vapor deposition

Au: photodeposition

		525

		-

		

		MO

		15

		-

		UV

		180 

		ZnONR: 70

ZnONR/Au: 90

		[80]



		ZnONR/Ag

		Glass

		Zn(ac)2

AgNO3

		ZnO: chemical bath deposition

Ag: photodeposition

		ZnO:80

Ag: RT

		-

		

		MB

		2

		15

		UV

		100

		ZnONR: 36

ZnONR/Ag: 49

		[81]



		

		Glass

		Zn(NO3)2

AgNO3

		ZnO: hydrothermal

Ag: precipitation in solution

		ZnO: 95

Ag: 80

		400

		

		MB

		32

		20

		Vis

		43

		ZnONR: 60

ZnONR/Ag: 65

		[82]



		ZnONR/Pt 

		Zn foil

		Zn foil

H2PtCl6

		Hydrothermal

		ZnO: 180

Pt: 180

		-

		

		RhB

		24

		5

		UV

		12

		ZnONR: 37

ZnONR/Pt: 62

		[83]



		

		Glass

		Zn(NO3)2

H2PtCl6

		ZnO: Hydrothermal

Pt: precipitation in solution

		ZnO: 95

Pt: 100

		400

		

		MB

		3

		20

		Vis

		120

		ZnONR: 26

ZnONR/Pt :32

		[84]





[bookmark: _Ref102408015][bookmark: _Toc106801553][bookmark: _Ref97195547]


[bookmark: _Ref115873781]Table 1.3. Photocatalytic activity of ZnO heterostructures (p-n heterojunctions) by coupling with other p-type semiconductors.

		[bookmark: _Hlk107320501]Catalyst

		Substrate

		Precursor

		Synthesis method

		Synthesis temp. 

(°C)

		Annealing temp.

(°C)

		Catal. amount

(mg/L)

		Pollutant

		C0 (ppm)

		V

(mL)

		Light 

		t (min)

		η (%)

		Ref.



		ZnO/Cu2O NPs

		-

		ZnCl2

CuCl2

		Hydrothermal

		Cu2O: 80

ZnO: 140

		-

		500

		MO

		10

		100

		Vis

		120

		[bookmark: OLE_LINK22][bookmark: OLE_LINK23]Cu2O: 30

ZnO/Cu2O: 99

		[92]



		ZnO/CuO NPs

		

		Zn(ac)2

Cu(ac)2

		ZnO: hydrothermal

CuO: precipitation in solution

		ZnO: 150

CuO: 90

		-

		500

		Phenol

		10

		100

		Vis

		180

		CuO: 20

ZnO: 40

ZnO/CuO: 78

		[93]



		ZnO/NiO NPs

		

		Ni(ac)2

Zn(ac)2

		Sonochemical route

		60

		250

		500

		MB

		16

		100

		Sunlight

		60

		NiO: 20

ZnO: 50

ZnO/NiO: 90

		[94]



		

		

		Ni(NO3)2

Zn(NO3)2

		Coprecipitation in solution

		RT

		400

		500

		RhB

		10

		100

		UV

		200

		NiO: 20

ZnO: 80

ZnO/NiO: 90

		[95]



		

		

		Ni(NO3)2

Zn(SO4)2

		

		RT

		400

		500

		MO

		10

		200

		UV

		NA

		NiO: 10

ZnO: 40

ZnO/NiO: 100

		[96]



		

		

		Ni(NO)3

Zn(NO)3

		

		RT

		60

		1000

		MB

		10

		50

		UV

		80

		ZnO: 54

ZnO/NiO: 72

		[97]



		ZnO/NiO nanofibers

		

		Ni(ac)2

Zn(ac)2

		Electrospinning

		RT

		500

		1000

		MB

		3

		50

		UV

		180

		NiO:58

ZnO:50

ZnO/NiO:80

		[98]



		

		

		Ni(ac)2

Zn(ac)2

		

		80

		600

		500

		MB

		10

		100

		Vis

		180

		NiO: 40

ZnO: 50

ZnO/NiO: 100

		[99]



		

		

		Zn(ac)2

Ni(ac)2

		

		RT

		550

		100

		RhB

		10

		100

		UV

		50

		NiO: 40

ZnO: 80

ZnO/NiO: 100

		[100]



		ZnONR/Cu2O

		ITO/

glass

		Zn(NO3)2

Cu(NO3)2

		ZnO: hydrothermal

Cu2O: electrodeposition

		Cu2O: 60

ZnO: 148

		-

		-

		MO

		5

		10

		Vis

		300

		Cu2O: 46

ZnONR: 4

ZnONR/Cu2O: 90

		[102]



		

		Glass

		Zn(NO3)2

Cu

		ZnO: hydrothermal

Cu2O: gas deposition

		ZnO: 95

Cu2O: NA

		-

		

		Orange II

		18

		1

		UV

		180

		ZnONR: 56

ZnONR/Cu2O: 64

		[103]



		ZnONR/CuO

		Glass

		ZnCl2

Cu(NO3)2

		ZnO: precipitation in solution

CuO: photodeposition

		ZnO: 95

CuO: RT

		400

		

		MO

		3

		30

		Vis

		150

		ZnONR: 20

ZnONR/CuO: 90

		[104]



		

		Quartz

		Zn(NO3)2

Cu(NO3)2

		ZnO: hydrothermal

CuO: hydrothermal

		ZnO: 95

CuO: 60

		-

		

		MB

		3

		3

		UV-Vis

		180

		ZnONR: 50

ZnONR/CuO: 78

		[105]



		ZnONR/CuO core-shell structure

		Quartz

		Zn(ac)2

Cu(NO3)2

		ZnO: hydrothermal

CuO: precipitation in solution

		ZnO: 95

CuO: 60

		-

		

		MB

		3

		3

		Vis

		180

		ZnONR: 35

ZnONR/CuO: 72

		[106]



		ZnONR/NiO core-shell structure

		FTO/

glass

		Zn(NO)3

Ni

		ZnO: hydrothermal

NiO: sputtering

		ZnO: 92

NiO: RT

		250

		

		RhB

		10

		20

		UV

		180

		ZnONR: 65

ZnONR/NiO: 67

		[107]








[bookmark: _Ref102406220][bookmark: _Toc106801554]Table 1.4. Photocatalytic activity of NiO nanoparticles and thin films.

		Catalysts

		Substrates

		Precursor

		Synthesis method

		Synthesis temp. 

(°C)

		Annealing temp.

(°C)

		Catalyst amount

 (mg/L)

		Pollutant 

		C0 (ppm)

		V (mL)

		Light

		t (min)

		η (%)

		Ref.



		NiO NPs

		Sphere-like

		-

		NiCl2

		Hydrothermal

		130

		-

		1

		MB

		0.3

		100

		UV-Vis

		180

		64

		[162]



		

		

		

		Ni(NO3)2

		Sol-gel

		RT

		500

		1000

		Phenol

		100

		100

		UV

		60

		97

		[167]



		

		Rod-like

		

		Ni(NO3)2

		Combustion

		RT

		400

		100

		MO

		3

		100

		Vis 

		50

		80

		[158]



		

		Plate-like

		

		NiCl2

		Precipitation in solution

		RT

		250

		200

		MO

		25

		50

		Vis 

		110

		38

		[159]



		

		

		

		Ni(ac)2

		Hydrothermal

		185

		400

		400

		MO

		40

		50

		UV

		120

		53

		[160]



		

		

		

		Ni(NO3)2

		

		180

		700

		1000

		RhB

		10

		100

		UV

		60

		70

		[164]



		

		

		

		Ni(ac)2

		

		160

		400

		50

		MB

		15

		20

		Vis 

		20

		99

		[163]



		

		Flower-like

		

		NiCl2

		Precipitation in solution

		RT

		350

		1000

		MO

		16

		100

		UV

		120

		49

		[161]



		NiO film

		Al film

		NiCl2

		Thermal decomposition

		RT

		400

		NA

		MO

		50

		NA

		UV

		120

		90

		[169]



		

		Glass

		Ni

		DC magnetron sputtering

		NA

		-

		

		MG

		10

		NA

		UV

		120

		70

		[166]



		

		LaAlO3

		NiO

		Pulsed laser deposition

		NA

		-

		

		RhB

		10 

		1

		UV-Vis

		60

		30

		[165]



		

		ITO glass

		NiCl2

		Electrodeposition

		RT

		400

		

		Phenol

		100

		100

		UV

		60

		45

		[168]



		

		Glass

		NiCl2

		Pneumatic spray pyrolysis

		460

		-

		

		MB

		NA

		NA

		UV

		180

		90

		[170]





[bookmark: _Ref102491486][bookmark: _Toc102480410][bookmark: _Ref102491447][bookmark: _Toc102562395][bookmark: _Toc106801558]Table 2.4. Description of pollutants used in this thesis.

		Type of pollutant

		Molecular structure



		Methyl orange (MO) is an anionic dye commonly used in textile and printing industries. MO is also a pH indicator frequently used in titration. It can cause vomiting and diarrhea if swallowed and respiratory tract irritation if inhaled. It may be carcinogenic as well.

		[image: Methyl-orange-2D-skeletal.png]



		Methylene blue (MB) is a cationic dye commonly used in textile and coloring industries. As a medication, MB injection is used in the treatment of methemoglobinemia and urinary tract infections. However, accumulation of MB in human body can cause kidney, brain, liver, and central nervous system deterioration.

		[image: Molecular structure of methylene blue | Download Scientific Diagram]
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