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1. Introduction

As the development of human society is believed to be peaking at the start of the 21
century, it has also realized the consequences or rather the cost of becoming a technological
species. This development resulted in improved health, life longevity and technology to
utilize energy to produce goods and transform our living for the better. The industrial
activities enabling us for such growth also produced and continue to produce harmful effects
on the environment in the form of pollution. As such, there is no better time than now to
dedicate time, effort and ingenuity to the scope of developing green technologies.

Among the major problems stands out that our natural resources are limited and
surprisingly, that includes clean water, so water purification and wastewater treatment are of
utmost importance. There are existing water treatment methods, which eliminate a
significant portion of water pollutants efficiently. However, the mere presence of some
pollutants can be detrimental to life due to they are biologically and/or chemically resistant
and toxic. The spectrum of water pollutants is wide with an increasing variety. The
elimination of these pollutants requires a more general and non-selective solution. In
addition, water purification has no strong financial incentive, so more cost-effective
technologies are also required to substitute or function along the existing infrastructure.

Advanced oxidation processes (AOPs) offer a suitable and viable alternative in water
treatment applications. One discipline in this field is heterogeneous photocatalysis. This
method enables the utilization of sunlight for the excitation of a photocatalyst to generate
highly reactive radical species, which can eliminate a wide range of harmful chemicals,
organic or inorganic. The main goal of such treatment is the complete mineralization of the
pollutants into harmless end products. It is easy to see the potential of heterogenous
photocatalysis as an alternative green solution, as it can be solar-powered and non-selective.
Nonetheless, it is important to highlight that despite the research field has existed for
decades, the application for water treatment still falls behind the efficiency of ordinary water
treatment methods. Thus, it is imperative to enhance the photocatalytic activity of existing
photocatalysts.

In present Ph.D. dissertation, some possibilities and their limitations are investigated
in the case of zinc oxide (ZnO) based photocatalysts, also to identify some key factors, which

can indicate better performance.
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2. Literature review

2.1.  Advanced oxidation processes

Advanced oxidation processes are a class of methods, which involve the removal of
organic or inorganic compounds from various media (air, liquid or soil) using processes
based on the generation of oxidative radical species. Usually, the generated radicals are
hydroxyl radicals (-OH), superoxide (-O2), ozonide (-O3") and peroxides (H202, 02%). The
main practical incentive of the AOPs is the high reactivity of the generated radical species.
This high reactivity is attributed to their energy-dense and unstable chemical state. Once
these radicals are formed, they unselectively react with any other chemical species to self-
stabilize. This makes the AOPs particularly useful to eliminate biologically toxic or non-
degradable compounds, which otherwise would require an elaborate and selective procedure.
Through the formation of these oxidative species and their reaction with organic compounds,
the final products are less harmful CO, H20 and inorganic ions. The precursors to these
radicals are usually O. and H>O, which are activated with a sufficiently intensive energy
source and or a catalyst. The energy used to activate can be chemical, photochemical,
electrochemical or photoelectrochemical. It comes as no surprise why AOPs came to be one
of the most prominent candidates for green technology, as they can be integrated into solar
technology. There are various techniques in AOPs for the generation of reactive radicals as
follows:

e Radiolysis
e Photolysis
e Fenton reactions
e Heterogenous photocatalysis
The present work focuses on the application of heterogeneous photocatalysis in water

treatment.
2.2.  Heterogenous photocatalysis

As the name suggests, heterogenous photocatalysis is an advanced oxidation
technique based upon a multiphase system, where the energy source for activation is light
and the chemical reactions occur in the presence of a catalyst. This consists of the
transformation of the energy of light into chemical energy. Consequently, the aim of the field
is the efficient utilization of solar energy to induce or accelerate various chemical reactions,

in the present case water treatment.
12
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The key component of heterogenous photocatalysis is the photocatalyst. This
material makes possible the utilization of the energy of light for chemical reactions. To
understand the role of a photocatalyst, its internal structure and characteristics should be
discussed. The most common photocatalysts are semiconductor-based photocatalysts. The
conductivity of solid materials is determined by their electronic structure. The energy levels,
which an electron can occupy are well quantified. The bonds between atoms are formed by
sharing electrons and forming molecular orbitals, which changes the electronic structure of
the individual atoms. In solid materials the individual energy levels of atoms form common
energy bands. The band, where the outmost electrons are situated, is called the valence band
(VB). At ground state, the electrons populate the VB. Here, the electrons are bound to the
nuclei of the individual atom. In the conduction band (CB) the electrons are still bound to
atoms, but the energy level of the electrons is high enough to freely move around in the solid
from atom to atom. The energy difference between CB and VB is called the band gap, where
no electron states are allowed. If the VB overlap with CB, the material becomes a conductor.
These materials conduct electricity easily as the electrons have intrinsically enough mobility
to change the direction of movement according to an external electric field. In the case of a
band gap higher than zero, energy equal to or higher than the band gap energy must be
transferred to the electron, to jump to the CB. This state is called the excited state. Based on
the possibility of inducing and the stability of an excited state in such materials the solids
are classified as conductors, semiconductors and insulators. For semiconductors, the excited
state is relatively stable and it can be induced with relative ease, due to the lower band gap
compared to insulators. In a consequence of the law of conservation of charge, as the
negatively charged electron is transferred to the CB, the absence of the electron in the VB
leaves behind an uncompensated positive charge, a so-called electron-hole (h*). These
charges are interacting with each other, forming a quasi-particle, the exciton. Here on, the e’
-h™ pair can participate in different charge transfer reactions or recombine transferring the
excess energy to the host solid or emitting it as electromagnetic radiation. As suggested
before, the band gap energy can be transferred to the electron in various ways and in the case

of the photocatalyst, it is through the absorption of electromagnetic radiation (Figure 1).

13
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Figure 1 Excitation of the photocatalyst.

If there are electron acceptor (A) and donor (D) molecules on the surface of the
excited catalyst and the net activation energy of the reactions is equal to or smaller than the
band-gap energy, then initiation of a reaction can occur. This reaction can be summarized
as:

ZnO +hv > Zn0O (e + h") )

The h is the Planck constant and v is the frequency of the incident radiation.

The lifetime of an electron-hole pair is short (1 ns to a few hundred ns) [1], so the charge
transfer process must occur in a shorter period. The charge transfer reactions are strongly
dependent on the adsorbed molecule or atom at the surface. The following possible reaction
mechanisms are known for the reactions of the electron-hole pair:

¢ In the presence of dissolved oxygen, the result is superoxide anions:

e+02> 02 (2

¢ In presence of water molecules or hydroxide ions, resulting in hydroxyl rad-
icals:

h*+H,0O > -OH + H* 3)

h*+OH-> -OH 4)

14
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¢ In the presence of a substrate (e.g. organic molecules), the result depends on
the redox characteristics of the substrate:

e+S>-§ (5)

h*+S->.S* (6)

As mentioned before, the generated radical species can further react to form other

radicals or oxidative species [2]:

‘OH + -OH = H,0; @)
02"+ H > HO»: (8)
HO2- + HO2-=> H202 + O2 9)

Depending on the material characteristics, the electron can be transferred to a defect
state and become “trapped” as a temporary state. It is important to notify that, technically,
the utilization of the electron-hole pair for redox reactions is an external pathway of the
recombination. Consequently, from an applicative point of view, the actual efficiency of the
photocatalytic process is determined by the selectivity of the desired recombination route.
This already implies the main aims of research in this field, which are:

¢ Enhance the light utilization of photocatalysts for electron-hole generation.

e Effective initiation of the charge transfer, rather than recombination.

e Selectivity for the desired reactions.
The mechanism of heterogenous photocatalysis gave rise to a wide variety of applications,
which are in continuous expansion and development. They can be used as gas sensors [3—
6], for the elimination of NOx species from the air [7—9], for preparation of self-cleaning and
superhydrophilic surfaces [10-14], antimicrobial activity [15-18], for photocatalysis
assisted organic synthesis [19,20]. It is important to highlight that the most researched
photocatalysts are semiconductors. The expansion of the research field is in direct influence
on the other research field related to semiconductors, which represents one of the most basic
and important building blocks of modern technology. In consequence, various kinds of
research fields are directly influenced by the knowledge obtained through researching
photocatalysts such as varistors [21-24], field emission displays [25-28], transparent
conducting oxide films [29-31], lasers [32-34], LED [33,35-37], transistors [38-40] and
spintronics [41,42]. Heterogenous photocatalysis and the solar energy industry are closely
intertwined. One of the most promising applications is the dye-sensitized solar cells, but also
conventional solar cells. In these systems, the photogenerated electron migrates to a collector

electrode resulting in the generation of electric current [43].
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Heterogenous photocatalysis also plays an important role in the development of technologies
for the reduction of carbon dioxide, especially considering the 2050 carbon neutrality plan.
It is clear to see that the development of the field is necessary not just from environmental
protection, and remediation points of view, but for technological advancement itself. The

present work is narrowed down to the application of wastewater treatment.
2.3.  Zinc oxide and its photocatalytic applications

First of all, the requirements of a catalyst must be met by a photocatalyst too. Ideally,
a catalyst is cheap, easily accessible, chemically inert, selective and should regain its initial
physical and chemical state as the catalytic reaction is finalized. As mentioned before, the
selectivity in heterogenous photocatalysis can be defined as the selective utilization of the
separated charges for the desired chemical reaction, rather than internal recombination. In
addition, a photocatalyst should also be biologically inert or at least degradable, non-toxic
and photostable. Recently, toxicity and biological inertness are controversial topics in
heterogenous photocatalysis, as the method itself is based on the degradation of organic
molecules, which are also the main constituents of life. The research on the environmental
effects of photocatalysts is still in development [44], but considering the mentioned
antibacterial activity, it should be applied with reasonable caution.

In the field of heterogenous photocatalysis, the most researched catalyst so far is
TiOz2. In consequence, it is the most widely used reference. Unfortunately, after more than
half a century of research, it still falls below the requirements to be feasible in large-scale
applications. The recent slow development in the photocatalytic activity of TiO> has given
rise to interest in alternative oxide semiconductors, such as BiVO4, BiOX (X=Cl, Br, 1),
Cu20, SrTiOs, ZnS, ZnO, to mention a few. In the present work, ZnO and its photocatalytic
application for waste water treatment are investigated and will be discussed further in detail.

Zinc oxide is an n-type semiconductor. This means that the charges are transferred
via excess electrons. In ZnO, the Zn?* and O? are in tetrahedral coordination and the bonding
is mostly ionic. There is two known crystal structure, the hexagonal wurtzite and the cubic
zincblende, corresponding to space groups C6V4 and P63mc (Figure 2). The hexagonal
wurtzite structure is more stable under ambient conditions, and it is naturally occurring. A
third form also exists, as the hexagonal structure can transform into a rocksalt structure under
high-pressure conditions. From a catalytic point of view, the hexagonal wurtzite structure is
of interest due to its higher stability and observed activity. It has a relatively large direct

band gap of 3.3 eV (equivalent to 375 nm wavelength of radiation), with a relatively large
16
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exciton binding energy of 70 meV. This also makes it possible for long-lived (hundreds of
ps) electron-hole pairs to form. Usually, semiconductors’ type of conduction can be modified
from n to p by doping. In the case of ZnO, this is a controversial topic, as even with or
without doping, the material tends to stabilize toward n-type conduction [45]. This can be
attributed to oxygen vacancies or non-stoichiometry in the material, as Zn* is also can be
identified most of the time [46,47]. Due to the polar bonds between Zn and O atoms, the
various crystal planes could be electrically charged. Similar wurtzoid structures form
crystals with extremely flat surfaces, to minimize the electric inhomogeneity. Yet, in the

case of ZnO, it is not completely valid, as some parallel facets tend to have opposite charges.

This phenomenon gives rise to the piezoelectric properties of ZnO.
Rocksalt Zinc blende Waurtzite

Figure 2 Crystalline structures of ZnO: rocksalt (a), zincblende (b), wurtzite (c) [48].

From the photocatalytic point of view, the hexagonal ZnO attracted great interest as
it is highly stable because transformation to other crystal phases does not occur even at high
or low temperatures. Visible light activity is also of great interest in the field. Yet, the UV-
active photocatalysts have higher performance because of the more stable electron-hole
pairs. Although there are prominent results in degrading various harmful chemicals in air
and water purification experiments, the quantum efficiency is still low towards degradation.
The incident light energy is mostly wasted in the recombination process, so there is still
much to improve in effective light utilization.

As mentioned before, ZnO can be used in various applications, but probably its most
important field of application is photocatalytic water treatment. Numerous chemicals and
pollutants are present and will be present in water due to anthropogenic activity. Some of
these chemicals are persistent, bioaccumulative and harmful to the environment and its
inhabitants. The presence of these chemicals is the result of the lack of complete
understanding of emerging technologies. As industrial development is required for the

improvement of the human condition, such effects will most probably remerge. In
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consequence, methods like heterogenous photocatalysis are required to be prepared for
further deterioration of our environment or even to reform it. Some of these pollutants
produce harmful effects even at low concentrations (a few ppm) and can be resistant to
conventional municipal wastewater treatments, but by the application of photocatalysis, even
these problematic pollutants can be degraded [47,49-51]. The degradation of the various
pollutants depends on various factors, such as type, concentration and structure of the
photocatalyst, pH of the solution, type and intensity of the light source, structure and
concentration of the pollutants and the presence of impurities in the water. There are
extensive publications in which zinc oxide was applied for the degradation of various
chemicals and pollutants and showed remarkable results: phenols [50,52-55], organic dyes
[51,56-59], pesticides and herbicides [50,60,61] and pharmaceuticals [62—66].

Phenols are common chemicals in the aquatic environment, but their concentration
is increased in the last decades due to industrial activity [67,68]. It is a main precursor for
various plastics (e.g. epoxide resins) and adhesives in the dye industry. Some of them are
highly toxic and carcinogenic and received higher regulatory attention in the European
Union [69]. The separation of phenol from wastewater is a difficult task at low
concentrations, due to its poor adsorbing. The degradation of phenol with photocatalysis is
taking place by the attack of hydroxyl radicals formed during the photocatalytic process. Its
degradation pathway involves the formation of intermediaries (e.g. resorcinol, catechol,
hydroquinone), which could be more or less harmful, so total mineralization is necessary.

Organic dyes are of interest in waste-water treatment too as they are regular
pollutants emitted by the textile industry. Their complete long-term effects on the
environment are not completely understood, but they or their intermediates are inhibiting
microbial growth or even carcinogenic. Their monitoring is also convenient in photocatalytic
degradation treatment, due to their visible light absorption. The most commonly used dyes\
molecules as model pollutants are: methylene blue [70,71], methyl orange [72,73], and
Rhodamine B [74-76].

Another class of pollutants, which are of high interest is pharmaceuticals. Municipal
wastewaters contain these chemicals not just because of the pharmaceutical industry. These
chemicals are also persistent and are not biodegraded completely when applied in medicine
or on animal farms, such as antibiotics and anti-inflammatories (e.g. ciprofloxacin [77] and
ibuprofen [63]). In consequence, their lifetime is long enough to produce effects on the

environment. The same is also valid for herbicides and pesticides (e.g. monuron [63], diuron

18



Zoltan Kovacs — Ph.D.dissertation Literature review

[78] and carbaryl [79]). It is important to make sure that these chemicals, once applied and
fulfilled their purpose, do not prolong their effects undesired. Considering that, these
industries are in constant development, new pollutants will emerge, for which a more general
solution is required, like heterogenous photocatalysis.

In the present work, the photocatalytic degradation of various model pollutants was
investigated by applying ZnO as a photocatalyst: two more common, methyl orange and

phenol, but also two less frequently investigated, ibuprofen and diuron.
2.4.  Strategies for improving the photocatalytic activity

As mentioned before, despite the potential of ZnO and other semiconductors too,
there are a lot of shortcomings in terms of efficiency. There are some drawbacks to
application. The first is that the catalyst shows its highest activity when it is in suspension,
which requires separation, after treatment, to recover it. In a previous work [80] it was
demonstrated that the degradation efficiency is reduced in the case of immobilization of
ZnO, due to loss of contact surface, but this aspect is not the main focus of the present work.
Second, is the weak adsorption of the pollutants, so direct degradation rarely occurs on the
surface. The third is the recombination of the electron-hole pair externally by the reformation
of water from hydroxyl radicals or internally. It is not unexpected that the research field aims
to enhance photocatalytic activity, so the previous drawbacks would be less consequential
in the case of immaobilization of the catalyst. Most of the previously mentioned problems are
extrinsic properties of the catalytic system. The internal recombination of the electron-hole
pair is due to the intrinsic property of the semiconductor. Consequently, if this process is
improved towards the generation of reactive species, the initial activity of the catalyst will
improve, which makes the efficiency losses, due to the previously mentioned aspects, less
detrimental to the applications. In the present research, the structural and morphological
modification of ZnO and to a lesser extent the preparation of its composite with noble metals

are discussed to enhance the activity.
2.4.1. Structural modification

First of all, it has to be clarified that structural modification encompasses a large
variety of possible changes applied to a semiconductor. Some modification includes the
introduction of foreign atoms or molecules into the crystal structure or onto its surface, such
as self-doping, doping with various atoms (e.g. C, N, S [81]), ions (e.g. Cu?* [81], Mn?",

Co?* [82]), surface functionalization with other inorganic compounds [83] or different
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organic molecules [84] or preparation of composite materials. For the discussion of
composite materials, a separate section is dedicated. All of these modifications have in
common that they are not native to the original crystal structure. Because there is still no
complete understanding of the functioning of the hexagonal crystal structure of ZnO
concerning its photocatalytic activity, the present work discusses the modifications, which
are native to ZnO in the following paragraphs.

As mentioned before the main advantage in the case of ZnO is that the wurtzite
structure has high stability. Unfortunately, this is also limiting the possibility of only
exploiting the features of this structure. First, to understand the possibilities to modify ZnO,
the hexagonal crystal structure has to be discussed in detail. The main characteristic is that
it has inversion symmetry, meaning the reflection of a crystal relative to any given point
does not transform it into itself. This also has in consequence that the unit cell itself is
anisotropic or simply put the properties of the crystal can differ depending on the geometric
direction. As the crystal is built up from the unit cell, the Zn and O atoms self-organize in
three main crystallographic planes (100), (002) and (101) (Figure 3).
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Figure 3 The three main crystallographic planes of the hexagonal wurtzite structure
of ZnO.

In crystallography, the ideal crystal is uniform in all directions and in the whole
volume. Yet, in reality, this is not possible as the volume of a particle is finite and at the
boundaries of the crystal, the atoms are not conjugated by the same number of atoms as in
the bulk. In consequence, the terminal atoms of a crystal, situated in the same family of
planes, form a crystal’s facet. In the case of the ZnO can be observed that depending on the
facet, the arrangement of the edge atoms is different. This has a crucial consequence on the

polarity of the various facets because the polar bond between O and Zn atoms can create a
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local electric field, which if it is coupled on the whole surface a slight but stable electric
momentum could form [85]. We can fairly presume that this surface charge could also
interact with the separated charges resulting from the activation of the catalyst. The surface
of (101) facets consists of relatively smoothly and evenly spaced Zn and O atoms, which
results in low polarity on this surface. The surface of (100) facets is formed of Zn-O bonds
in a slightly distorted honeycomb structure. In consequence, this plane is alternating in Zn-
O dips and ascents. Nonetheless, the unpaired orbitals of a Zn and an O atom between two
neighboring ascents are relatively close, which could decrease this electric homogeneity by
having lower polarity. Lastly, (002) surfaces are ending in either Zn or O atoms, which have
the highest polarity. Theoretically, to conserve the electric neutrality of the crystal, opposite
pairs of (002) facets should be Zn and O terminated. This also implies that a flat homogenous
(002) facet has strong electric interaction with the hole (if it is O terminated) or electron (if
it is Zn terminated). On the contrary, on (100) facets the preferential interaction is more
localized depending on the vicinity of the localized surface charge and on (101) the electron
and hole pair can move even less preferentially. As mentioned before the electronic structure
of a semiconductor determines how can interact with light. The differences in the electronic
structure of the facets also result in different light-harvesting capabilities.

So far, the crystal structure was presented in ideal conditions, but one main
characteristic of real crystals is defects. These crystal defects usually arise during the
formation of the crystal, but they can be introduced by thermal, chemical stress, or
photocorrosion by simply using the catalyst [86]. These defects are crucial in catalysis
because these atoms (or voids of atoms) are in a higher energy state, they can facilitate
reactions much easier. The most prominent example in heterogenous photocatalysis is Ti*
defects, which usually are the main sites where the hydroxyl radical generation is initiated
in the case of TiO2 [87]. The defects can be of the size of an atom or cluster of atoms called
point defects but can be larger as line, planar, or bulk defects. Types of point defects are
vacancies, adatoms on the surface and interstitials. Zn vacancies are usually scarce for the
previously mentioned non-stoichiometry of the material. On the other hand, there are two
types of oxygen vacancies, single valent and double valent. O and Zn interstitials are also
common defects to the crystal structure, but Zn interstitials are usually discussed as Zn
interstitial complexes because of the distortions caused by the excess positive charge from
complexes with other defects. Interestingly, the unpaired orbitals for two neighboring Zn

atoms at a Zn terminated (002) facet can be considered a double valent oxygen vacancy. As
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such, some of these defects can be more native to some facets. The importance of these
defects can be expected based on their charge, which can determine how will the electron-
hole pair or the generated hydroxyl radical could interact or react with it. [88]

The crystal formation starts with a crystal seed, where the individual component
atoms from a precursor agglomerate form cluster of atoms, known as a seed. This is followed
by further attachment of new atoms until the bulk atom and surface atom ratio reaches a
critical point and starts to self-organize into lower energetic states, corresponding to the
crystal structure, which could be followed by further growth. The formation of the hexagonal
crystal structure can be observed at a size of a few nanometers [89]. During the crystal
growth from the seed, the ratio of surface atoms and bulk is high, which also suggests that a
significant portion of the particle’s energy is concentrated on the surface. In this period, the
crystal is more prone to form defects, due to this unstable, energy dens state.

Based on the polarity of the various facets the growth of the crystal can be influenced
by simply facilitating or inhibiting based on the interaction of the polar surface with the
reaction media and Zn precursor. If amolecule has a high affinity for polar facets can saturate
the surfaces through adsorption, hindering the crystal growth on that surface and vice versa
for nonpolar facets. This gives the possibility to design the surface structure of the crystal.
Simulations based on density functional theory showed that hydroxyl radical formation is
highly favored on (101) facets [90], due to the native single valent oxygen vacancies.
Nonetheless, the other facets also could have an important role in the hydroxyl generation
process, because on higher polarity facets the water adsorption is more favored, but could
also result in the formation of surface zinc hydroxide bond.

The highest coherent volume of a crystal without larger defects is called the
crystallite (sometimes also referred to as a grain). This crystal unit can be reproduced by
simply translating the unit cell into the boundaries of the particle, without disruption.
Controlling the crystal growth also gives the possibility to control the exposed facet
composition of the crystal. Various methods are known to synthesize ZnO: sol-gel [53],
chemical vapor deposition [91], thermal decomposition [92], wet chemical methods [7], and
solvothermal [93], just to name a few. In the present work, solvothermal methods were used,
as this method offers efficient control of the parameters of crystallization (temperature and
duration of the treatment). Although using these methods various ranges of different facet
ratios have been achieved, no general value can be concluded as good for photocatalysis

without some controversy. The photocatalytic application also greatly influences whether a
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given facet ratio enhance the activity or quite the opposite, because, as mentioned before,
the interaction of the target molecule with the facets has to carefully considered. Another
explanation could be the randomness in the distribution of facets on the surface. As such,
local defects could form small portions of different facets. This is not necessarily means the
decreasing the photocatalytic efficiency, because the different properties of the facets could
be complementary during the photocatalytic process, perceived as a synergetic effect.

2.4.2. Morphological modification

Morphological modifications are encompassing methods to control the shape and
topology of the particles. Theoretically, morphological and structural modification should
be separable but are inherently intertwined. Usually, there could be a trade in the formation
of surface structure, when the formation of a crystal is controlled to a certain geometry.
Nonetheless, it is possible to form agglomerated particles into a certain morphology from
smaller crystals, but the contact between the crystallites induces local changes on their
surfaces. Morphological changes involve tailoring the size, specific area, porosity, shape, or
topological properties of the particles. There are three classes of morphologies such as zero-
dimensional (spherical), one-dimensional (wires, rods), two-dimensional (films, layers) and
three-dimensional (hollow structures, porous structures), which were extensively
investigated in the case of ZnO [94]. The most native morphology for ZnO is rods resembling
the unit cell.

As the reactions during photocatalysis are initiated at the boundary of the particle,
the surface area of the catalyst is a determining factor for enhancing the activity.
Consequently, a higher surface area should result in higher photocatalytic activity, if the
other properties of the semiconductor are not modified. Inherently, the size and specific
surface area are linked for a given morphology through the square-cube law. Unfortunately,
there is a lower limit of stability in size, because as mentioned before at a small crystal size,
the energy of the particle is more concentrated at the surface boundary. This leads to lower
crystallinity, a higher likelihood of recombination and a tendency to agglomerate to reduce
surface tension, so additional stabilization is required [95]. Porosity also increases surface
area and adsorption of the model pollutant to the particle. In addition, the light can penetrate
deeper into the particle, eventually less likely for the photon energy to escape through
reflection. One- and two-dimensional modifications are especially useful if they are coupled
with structural control, as vectorial charge transfer can be enhanced along the increased

dimension. Thin film ZnO structures are the main components in various electronic and
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optical devices, like UV lasers. Their characteristic dimension is thickness. Varying the
thickness could lead to different optical properties, like higher transparency and light
trapping [96]. This simple morphology also makes it easier to utilize the beneficial effects
of preferential orientation.

In the present work, the solid and hollow spherical morphologies of ZnO are
discussed more in detail. Solid spherical morphology has the lowest surface-per-volume
ratio for a given particle. This leads to a bad economy of the specific surface area at higher
diameters. The more concentrated geometry also leads to a more probable stabilization of
particles against agglomeration. Even in the case of agglomeration due to the unique
geometry gaps will always be present between spheres. Another advantage is that spheres
are isotropic, so preferential orientation should not occur [76] (Figure 4). Also, the
distribution of various facets could be more homogeneous in the case of ZnO spheres,
making light-harvesting properties uniform on the whole surface. This simple morphology
also makes it easier to compare various samples based on the only characteristic dimension
(diameter). On the other hand, the positively curved surface could lead to a higher loss of
light energy in the case of reflection. The preferential growth of ZnO into spheres is difficult
to achieve because as soon as the cluster of Zn and O grows sufficiently big to form a crystal
the polarities of various facets interact differently. In consequence, various chemicals, called
morphological agents, are used to influence the formation of spherical crystals (e.g.
surfactants, amines, ethanolamines). As mentioned before smaller spheres (order of a few
nms) require stabilization. Larger spheres (in a few micrometers or 100 nm size) are usually

formed by the controlled agglomeration of crystallites, which could lead to porous structures.
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Figure 4 ZnO atomic stacking model, including {0001}, {1011}, and {1010} facets (a).
Schematic illustrations of a ZnO prism (b), a polyhedron (c), and a sphere (d) [76].

Hollow structures resemble their solid counterparts with the interior cavity. This

aspect can be also considered as thin film folded into a specific form, which also allows

some characterization and phenomena to be implemented in this case too. Consequently, the

following advantages can be exploited in the case of hollow structures:

The hollow structures can have a better specific surface area. As such better
photocatalytic performance can be achieved because the actual chemical re-
actions occur at the solid-liquid interface [97,98].

In the case of application in suspension, the flotation of the particles can be
eased due to the decreased overall density of particles, because of the closed
cavity [99].

In the literature was highlighted that the mechanical properties (tensile
strength, stiffness, etc.) of hollow structures are comparable to their solid
counterparts [100].

Due to the increased photocatalytic efficiency to mass ratio, it is also eco-
nomically more appealing [101-103].

As the light waves are reflected inside the cavity, constructive interference

can enhance the light-harvesting capabilities of the catalyst [104].

Generally, a hollow morphology can be achieved by the application of a template,

which can later be removed through calcination [105]. In recent years, the carbonaceous

spheres have become popular templates, due to their facile preparation from simple materials
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like glucose or fructose [106]. These carbon spheres (CSs) are derived by the sequential
reduction of the carbohydrate, which can be achieved with a simple solvothermal treatment.
In a few publications, where carbon spheres were applied to prepare hollow structured ZnOs
[107-109], it was established that the formation of the ZnO layer is due to the polar-polar
interaction of the functional groups (-OH, =0, -COOH) and the Zn ions. These functional
groups are usually on the surface and originate from the incomplete reduction of the
carbohydrates, as CSs grow [107]. This simplicity and the mechanism of formation imply
that these templates could be prepared from other more complex carbohydrates too. Such an
example was made in previous research, where hollow TiO2 spheres were synthesized using
CS templates, which were prepared from ordinary table sugar (sucrose). This mad the
method even more low-cost and accessible and in addition also made it possible to improve
the catalytic efficiency [104] (Figure 5). To the best of our knowledge, such types of CSs
were not applied to prepare ZnO hollow spheres (ZnO-HSs). Hence, the present study aims
to evaluate the applicability of sucrose-derived CSs in the hope to achieve an increase in the

photocatalytic activity of hollow structures compared to solid counterparts.
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Figure 5 Schematic representation of the enhanced light harvesting of hollow

spherical structures [44].
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2.4.3. Noble metal deposition

Another way to extend the excitability range and photocatalytic efficiency of ZnO is
the preparation of composite materials with ZnO. To enhance the activity through composite
formation the individual characteristics of the component materials, respective their possible
interactions should be evaluated. A possibility is to prepare composites with other
semiconductors, with complementary excitability range in the visible (e.g. Bi;WOs [74],
bismuth oxyhalides [79]). In composite materials, because of the contact between the
materials, the electron and hole from one sample can interact with the electronic states in the
component material or even with the other electron-hole pair [110]. This addition of material
could also increase the specific surface area if the added has a higher value, which inherently
could improve the activity. A careful design is required to enhance the catalytic activity,
because in some cases the electronic interaction between the two phases can result in “short-
circuiting” the charge separation process, before its utilization for the degradation of model
pollutants [111].

Metals are conductors, which could be complementary property to semiconductors,
to stabilize and prolong the lifetime of electron-hole pairs. The deposition of noble metals
can greatly enhance the photocatalytic activity of ZnO [112,113]. The most common metals
used are noble metals such as Ag [114], Au [113], Pd [115], and Pt [116]. The
photogenerated electrons can be transferred to the metal phase, which can stabilize the
charge separation and hinder the recombination of the electron-hole pair [117]. To exploit
this beneficial effect of noble metal deposition, the preparation of noble
metal/semiconductor composite has become a common strategy to enhance the catalytic
activity of ZnO [117,118]. The magnitude of the enhancement is greatly dependent on the
characteristics of the metal (e.g. crystallite size, and morphology) [73]. The introduction of
noble metals can also introduce new energy levels in the material (if it is in the
semiconductor structure) or at or near contact boundaries. The fraction and distribution of
the metal phase in metal/semiconductors are also key aspects to consider. As mentioned, the
metal particles prolong the lifetime of the separated charges. On the other hand, the high
mobility of the electrons in the metal phase could also lead to a higher recombination rate,
because it could facilitate the electron transfer between defects states internally rather
externally. The available literature data suggest that improving the catalytic activity can be

achieved with 1 %wt or less metal concentration [81,111,112,119].
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To sum up, the noble metal deposition could have the following effects on

photocatalytic activity:

o hinder the recombination of charge carriers, through affinity towards electron
conduction
o increase the surface area (thus increasing the number of active sites capable

of initiating charge separation)

o reduce its band gap by introducing new states depending on the type of metal
doping
o modify its surface properties

However, the photocatalytic applications of hollow structures in these composites
are scarce. Thus, both aspects were studied in my dissertation (hollow spherical

morphology and the effect of noble metal deposition).
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3. Aims of the thesis

The present research was initiated in the Research Group of Environmental
Chemistry, with the supervision of Prof. Klara Hernadi and dr. Zsolt Pap. The main focus
aligned with the research fields’ aims, which are to enhance the photocatalytic activity and
applicability of semiconductors in heterogeneous photocatalysis. In the present case the
enhancement of the activity of ZnO photocatalysts.

The main trend in the research field is to search for better catalysts by trial and error.
Although, this is a straightforward, but inefficient method. Thus, one main goal of the
present work is to outline key structural features responsible for the catalytic activity of ZnO,
respectively to determine its role in the catalytic activity. Such tasks are laborious, so the
present work also proposed to test the applicability of a specific experimental design to
determine such relations. To get better control of the parameters solvothermal method was
chosen and the photocatalytic activity was investigated with synthesis parameters
(composition of the reaction mixture, solvothermal temperature and duration) and indirectly
its relation to the structure.

Another approach applied is to enhance catalytic activity through morphological
modifications, namely preparing ZnO in solid and hollow spherical morphology through the
modification of the previous method. Also, considering wider material requirements of
future research, tunability of the spherical morphology in terms of diameter was proposed.
In the case of solid spheres, an additional goal was to investigate whether the crystal structure
can still be designed, despite the isotropic morphology. The solid spheres could provide the
most consequential reference for hollow sphere morphology. In the case of hollow spheres,
the goal was to apply an existing method of preparing hollow ZnO spheres using carbon
sphere templates in the previously mentioned solvothermal method. By such modification,
the structural and morphological control can be investigated in the presence of a template
too.

The investigation of the effect of noble metal deposition on ZnO was also set as a
goal to further improve the catalytic efficiency of the hollow structures.

I also aim to conduct a thorough investigation to reveal the causal relationship
between the observed morpho-structural properties and photocatalytic activities resulting
from the application of the various synthesis methods to better understand those phenomena,

which are significant in this regard for the subsequent development of future photocatalysts.

29



Zoltan Kovacs — Ph.D.dissertation Experimental part

4. Experimental part

4.1. Reagents and materials

During the experiments, all materials were used without further purification. For the
synthesis of ZnO photocatalysts the following materials were used: zinc acetylacetonate
monohydrate (ZnAAz, Zn(CsH70)2 - H20, 99.99%, Alfa Aesar, Germany), zinc acetate
dihydrate (ZnAcz, Zn(C2H302). - 2H20, 99.98%, VWR International, Hungary), zinc
chloride (ZnCl,, >99%, Alfa Aesar, Germany), diethanolamine (DEA, CsH11NO2, 99.95%,
Alfa Aesar, Germany), absolute ethanol (EtOH, 99.99%, VWR International, Hungary) and
ultrafiltered bidistilled water Millipore Milli-Q (MQ, conductivity 65.9 - 77.0 uS/cm).

For the preparation of carbon sphere templates table sugar (sucrose, Magyar Cukor
Zrt., Koronas™) and MQ water were used. For the purification of the CS templates, acetone
(99.99%, Molar Chemicals, Hungary) was applied.

For the noble metal deposition, the applied precursors were tetrachloroauric acid
(HAUCls - 4H,0, Alfa Aesar, Germany) and hexachloroplatinic acid (H2PtCls, 99.99%,
Sigma Aldrich, Germany). For the stabilization and growth of the noble metal particles
trisodium citrate (NazCeHsO7 - 2H20, >99.0%, Sigma-Aldrich, Germany) was used, and
sodium borohydride (NaBH4, >96%, Sigma-Aldrich, Germany) was used for their reduction.

Compounds used as model pollutants for photodegradation tests were methyl orange
(MO, C14H1aN3NaOsS, 99.99%, VWR International, Hungary) ibuprofen sodium salt
(99.99%, Merck KGaA, Germany), diuron (99.99%, Merck KGaA, Germany) and phenol
(analytical grade, Spektrum 3D, Hungary).

4.2.  Synthesis of ZnO-based photocatalysts
4.2.1. Solvothermal synthesis of ZnO and experimental design [120]

In each experiment for the solvothermal synthesis of ZnO, a reaction mixture was
prepared by dissolving a certain amount of ZnAA: corresponding to a concentration of X
(0.068, 0.136 and 0.204 mM) in a solvent prepared by mixing MQ water and absolute ethanol
corresponding to a certain concentration of ethanol, X> (30, 60 and 90% v/v). First, the
precursor was added to pure ethanol and stirred continuously for 40 min using magnetic
stirrers at a speed of 500 rpm to ensure solution homogeneity. Then the corresponding
amount of MQ water was added to obtain the desired solvent composition and was stirred

for another 20 minutes. This was followed by the transfer of the reaction mixture into a
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PTFE-lined autoclave, with a 70% active volume. The mixture was subjected to
solvothermal treatment at a temperature of X3 (90, 140 and 190 °C) with a heating rate of
5°C-min! for a duration of X4 (4, 8 and 12 h). In all the cases we obtained a white precipitate,
which was washed several times with ethanol and dried for 12 hours at 80 °C. A proposed
mechanism for the formation of ZnO from the precursor and solvent mixture is represented

in Figure 6.
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Figure 6 Proposed mechanisms of ZnO formation from zinc acetylacetonate

monohydrate.

Box—Behnken design (BBD) with response surface methodology was applied to
investigate the influence of 4 major independent variables (molar concentration of the
precursor in the reaction mixture, ethanol content of the solvent, temperature, and duration
of the crystallization procedure) [72,121-123]. The Box—Behnken design is a second-order
technique based on a three-level factorial design (suited for three factors and more), with
selected points from a system arrangement [124]. The interaction effects between synthesis
variables and their influence on the response (dependent variable) were quantified.
Furthermore, the developed prediction model was used to optimize the synthesis conditions
for the higher photocatalytic degradation efficiency of the obtained ZnO.

The number of experimental runs required (NE) is calculated by equation (10).

NE=2xkx(k—-1)+C (10)

In equation (2) the number of factors is k and the central point is C. To improve the
stability and adequacy of the model, all factors have been adjusted to three levels: —1 (lower),
0 (medial) and 1 (higher) and the central point of the experimental design (with parameter
coordinates: precursor concentration 0.136 M, 60% v/v ethanol-water solvent, 140 °C, 8 h
solvothermal treatment) was carried out three times. The chosen factors and their three levels
are shown in Table 1 and based on these data, the 27 experimental conditions were specified
compared to 81 of a full factorial design. The notation of the synthesized ZnOs is chosen by
the value of the levels (-1, 0, 1) and according to the parameter order mentioned in Table 1
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(e.g. ZnO 1001 is ZnO synthesized at 190 °C, with a precursor concentration of 0.136 M in
60% ethanol-water mixture, 12 h solvothermal treatment).
Table 1 Variables, levels of variables and constraints used for Box—-Behnken
design [120].

Levels
Factors Symbol
-1 0 1
Temperature [°C] X1 90 140 190
Concentration of the pre- X, 0.068 | 0.136 | 0.204
cursor [M]
Ethanol content of the
solvent [% V/V] X3 30 60 %0
Duration of the solvother-
mal treatment [h] X4 4 8 12

The results were statistically analyzed using Minitab v.17 software. The relationship
between the set of independent variables and the response (conversion, crystallinity) was
evaluated based on the Box—Behnken design with a full quadratic model expressed as
equation (11).

Y = by + Ny biX; + Tis biXPy + T3 XITE by XiX; + error (12)

Where Y is the response (conversion, crystallinity), X; are the independent variables
and b; (i =0 to 14), are regression coefficients and the error is the error.

ANOVA was applied to evaluate the quality of the model equation. The significance
of the model equation was statistically assessed by calculating the p-value (probability
value—the probability of obtaining test results at least as extreme as the results observed
during the test) with a significance level of 95% (p < 0.05). The model goodness of fit was
evaluated by the coefficient of determination (R?) and the reproducibility of experimental
data was determined just by errors. The validation of the model was tested by the generation
of new input variables based on the model. To have a better overview of the model, response

surfaces and contour plots were also generated.
4.2.2. Solvothermal synthesis of ZnO spheres [125]

Considering the research published by A. Sarié et al. [126] and A. Gémez-Nufiez et
al. [127], two synthesis strategies were applied: first, to optimize solvent composition to
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prepare ZnO photocatalysts with spherical morphology; second, to control various aspects
of the morphology (mean diameter, primary particle size).

In each of the experiments, a solution of Zn precursor or precursors and DEA was
prepared in an ethanol-water mixture according to 68 mM total Zn precursor and 204 mM
DEA concentration as follows: The Zn precursor was dissolved in a corresponding amount
of absolute ethanol under continuous stirring for 40 min, then DEA was added in 1:3 molar
ratio of Zn to DEA and further stirred for 20 min. The water content was adjusted with MQ
water to obtain a certain ethanol-water mixture (ethanol concentration of 80, 90, 95, 99 and
100% v/v), after which the solution was stirred continuously for another 30 min. This was
followed by the transfer of the reaction mixture into a PTFE-lined autoclave (Vsin/Viot =
70%), which was subjected to a solvothermal treatment at a temperature of 150 °C for 10 h,
with a heating rate of 2 °C-min*. The as-prepared ZnOs were washed 3 times with absolute
ethanol and once with a 66-33% ethanol/water solution to purify them from the remaining
DEA, then dried at 100 °C for 12 h.

Based on the synthesis procedure mentioned above, the optimal solvent composition
was selected that resulted in the best photocatalytic activity and spherical morphology. Then,
the effect of various Zn precursor compositions was investigated (ZnAc2:ZnAA; = 0:100,
5:95, 10:90, 15:85, 20:80, 25:75, 50: 50, 75:25, 100:0 % n/n) together with the temperature
of the solvothermal treatment (120, 150 and 180 °C). The 68 mM cumulative concentration
of the Zn precursors was constant throughout all experiments. Sample notation was the
following: samples synthesized with pure precursors, ZnAcz and ZnAA;, were named NS
(nanospheres) and MS (microspheres), respectively in cases of the precursor mixtures
M”percentage of ZnAc2”’NS followed by three digits corresponding to the applied
solvothermal temperature (example: ZnO synthesized from ZnAA; at 150 °C is NS150, from
a mixture 5% ZnAc; and 95% ZnAA; at 180°C is M5NS180). A full schematic

representation of the preparation of ZnO solid spheres is presented in Figure 7.
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Figure 7 Schematic representation of the synthesis of solid spherical ZnO [93].

4.2.3. Synthesis strategies for the preparation of ZnO HSs [128]

First, the carbon sphere templates were prepared according to Gyulavari T. et al [104]
as follows. In a PTFE-lined autoclave, a 0.15 M water-based solution of sucrose was
prepared (Vsin/Viota = 29%) and the pH was set to 12 using a 2 M NaOH solution. The as-
prepared solution was subjected to hydrothermal treatment at 180 °C for 12 h. The obtained
black precipitate was separated by centrifugation and washed with 100% acetone several
times to remove residual organic contaminants formed during synthesis. This was followed
by a drying step in air at 40 °C for 24 h. Then, the dark brown product was collected and
ground to obtain the CS powder. Further, the CSs were coated with a ZnO shell.

Two synthesis methods were applied to prepare a ZnO coating on the CS templates:
chemical impregnation and solvothermal method.

During chemical impregnation, 200 mg of CSs was suspended in 60 mL of 99.3%
v/v ethanol under vigorous magnetic stirring, in which 50 mmol of Zn precursor (ZnAc,
ZnCl, ZnAA>) was dissolved. The mixture was ultrasonicated continuously for 24 h. The
aged solution was centrifuged to separate the impregnated CSs, followed by a drying step at
40 °C for 24 h. The as-prepared samples were calcined at 500 °C under continuous airflow
to eliminate the CS templates through oxidation, resulting in crystalline ZnO. For this
purpose, a Thermolyne 21,100 tube furnace was used applying a 5 °C-min! heating rate with
a constant air supply (30 L-h™).

Solvothermal synthesis is based on the ZnO nanorod synthesis method with the
modifications as follows. 15.5 mmol of Zn precursor and 300 mg of CSs were dissolved in

196 mL of 99.3% v/v ethanol and stirred for 1 h. These values were calculated according to
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the theoretical ZnO:CS mass ratio of 12:1. The temperature of the solvothermal treatment is
180 °C and the duration is 12 h. The resulting solid samples were washed three times with
65%, 45%, and 20% v/v ethanol-water mixtures. The materials were then dried, calcined and
ground in the same way as described in the previous paragraph. The weight ratio of ZnO to
CSs was fine-tuned to obtain regular hollow spheres and the samples with the following
ratios were further synthesized 10:1, 9:1, 7.5:1, 6:1, 5:1. A schematic representation of the

two synthesis methods is shown in Figure 8.

Uz

. %
Z]]JV %
\

)/ ZnO
hollow

Figure 8 Schematic image of the synthesis strategy applied in this work to prepare

ZnO hollow spheres.

A reference material consisting of solid ZnO spheres was also fabricated with
average diameters equal to those of the hollow spheres described in the previous paragraphs
as follows: a precursor mixture of 20% ZnAc, and 80% n/n ZnAA2 was dissolved in 99%
v/v ethanol-water mixture in 68 mmolar concentration and stirred for 40 min.
Diethanolamine was added to the mixture in a 3 to 1 molar ratio of diethanolamine to total
zinc precursor and stirred for another 40 min. Later the mixture was transferred to a PTFE-
lined autoclave and subjected to solvothermal treatment at 180 °C for 12 h. The purification
process was identical to that of the hollow spheres’ and it was also calcined in the same

conditions.
4.2.4. Noble metal deposition on ZnO HSs

Following the investigation of various ZnO synthesis methods, the one resulting in

regular spherical morphology was selected for noble metal deposition. The following
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synthesis procedure was applied to deposit 1% wt gold or platinum nanoparticles onto the
surfaces of ZnO HSs based on the work of Kovacs G. et al [73]: 198 mg of ZnO HSs was
suspended in 22 mL of MQ water, to which 1.563 mL of trisodium citrate (0.063 mM) was
added under vigorous stirring for 30 min. Then, 0.4 mL of HAuCls+4H20 (25.4 mM) or
0.1625 mL of H2PtCle (31.3 mM) was added to the system. The chemical reduction of noble
metal precursors was carried out using 0.5 mL of precooled (T ~ 0 °C) NaBH4 (0.15 M)
solution, which was stirred for another 30 min. The as-prepared Au and Pt ZnO HS
composites were separated by centrifugation from their suspension, then washed with MQ

water three times, dried at 40 °C for 24 h and ground in an agate mortar.
4.3.  Methods and instrumentation

A Rigaku Miniflex Il diffractometer was used for X-ray diffraction measurements
(XRD). The instrument was operated with Cu-K, radiation (A =1.5406 A) between 20 and
80 26°, applying 0.02° steps and 1°-min~! scan speed. Mean primary crystallite sizes were
estimated by 3 different methods, that is, the Scherrer equation, the Williamson-Hall analysis
(W-H) and the size strain plot (SSP) [129]. Each diffraction peak was fitted with a pseudo-
Voigt function type 1 in OriginPro 2018. Other equations were also used as follows:

I.) Correction for instrumental broadening:

1
.Bhkl = [(.Bhkl)lz\/leasured - (:Bhkl)Iznstrumental]2 (12)
ii.) Scherrer equation:

D= _K Ay
Bhkl cos6

(13)
iii.) W—H equation:
Brri cosO = I%x + 4¢ sinf (14)

Iv.) Size—strain equation:

(dnit Prx c0s0)* = %(dhklz B cos6) + (2)2 (15)

where S is the full width at half maximum corrected from the instrumental error, 6

is the Bragg angle, d is the distance between adjacent planes in the Miller indices (hkl)

(calculated from the Bragg equation, i.e., A = 2d sin6), D is the mean primary crystallite size,
K is the shape factor (0.9) and ¢ is the crystal strain.

For some samples, the texture coefficient (TC) was also calculated using the three

main reflections of ZnO corresponding to crystallographic planes (100), (002), (101) and
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reference diffraction data available at [130]. The equation used for the calculation of the
texture coefficient was the following [131]:

I(hkD)

TChkl = ﬂ& (16)

I(hkD)
N =Ny o(hkl)

Where TChu is the texture coefficient of the (hkl) plane, I is the measured intensity,
lo is the standard intensity of the corresponding plane and N is the number of reflections
considered. TC values are equal to 1 if the structure is close to that of bulk ZnO.

The diffuse reflectance spectra (DRS) of the samples were obtained using a Jasco-
V650 UV-Vis spectrophotometer with an integration sphere (ILV-724). The measurements
were taken in the wavelength range of 250-800 nm using BaSO; as the reference. Band-gap
energies were calculated by the Kubelka Munk equation and Tauc plot representation.
Possible electron transitions were estimated by the first derivative of the DRS. In some cases,
the band gap tail energy, also called Urbach energy, was determined according to the
publication of P. Norouzzadeh et al [43]. The room-temperature photoluminescence (PL)
emission spectra of the samples were recorded at 350 nm excitation wavelength using a
Horiba Jobin Yvon Fluoromax-4 type spectrofluorometer and a 350 nm cut-off filter with a
spectral window of 1 nm.

The surface of the ZnO samples was studied using Fourier transform infrared
spectroscopy (FT-IR) with a Jasco 6000 spectrophotometer in the 400-4000 cm™ range
applying 4 cm™! spectral resolution.

Specific surface areas of the catalysts were determined by N adsorption at 77 K,
using a BELCAT-A device. The specific surface area was calculated via the BET method.

The morphology of the samples was analyzed by a Hitachi S-4700 Type Il scanning
electron microscope (SEM) and a FEI TECNAI G2 20 X-Twin type transmission electron
microscope (TEM). During SEM measurements the electron beam was produced using a
cold field emission gun applying 10 kV acceleration voltage, while in the case of TEM 100
kV was set. The micrographs were further evaluated to determine the diameters and

distribution of diameters in the ImageJ software.
4.4.  Assessment of photocatalytic activity

The photocatalytic efficiency of the ZnO samples was evaluated by the
decomposition of various model pollutants: methyl orange, Na-ibuprofen, diuron and

phenol. For a typical photocatalytic experiment, 100 mL of a solution containing the
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pollutant and the catalyst (Ceatalyst =1 g-L™t) was prepared. The mixture was sonicated in the
dark for 10 min to ensure adsorption-desorption equilibrium. The suspension was transferred
to Pyrex® glass tube reactor with a thermostatic jacket and 2.5 cm inner diameter. The four-
hour measurements were carried out under UV irradiation (6 x 6 W fluorescent lamps,
Vilber-Lourmat T-6L UV-A, Amax = 365 nm, emission spectra of the lamps used are in
Appendix Figure S1) with a distance between the reactor and lamps 5 cm. During the
experiments, constant temperature (25 °C, by circulating water in the thermostatic jacket
using an ultrathermostat), magnetic stirring (400 rpm) and the dissolved oxygen
concentration (by bubbling with air at 30 L-h™*) were maintained.

The used model pollutants and their concentration, in specific cases, were the
following: the samples prepared in section 4.2.1 (ZnO rods) were tested for MO (Como= 0.1
mM), in case of solid spheres (section 4.2.2) all samples were measured for phenol (Co phenol=
0.3 mM), in case of ZnO HSs respective their noble metal composites were measured for the
degradation of Na-ibuprofen (Co,ibuprofen= 0.1 mM), diuron (Co,diuron= 0.1 mM) and phenol
(Co,phenoi= 0.1 mM). Sampling from the reaction solutions was taken every 10 min in the first
hour for ZnO rods and ZnO SSs, respectively 20 min for ZnO HSs, and in the case of all the
samples every 30 min in the next 3 hours.

Quantitative analyses of the MO present in the reaction solution during irradiation
were carried out by UV-Vis spectroscopy at absorption maximum of 464 nm (using JASCO-
V650 spectrophotometer, using the calibration curve presented in Appendix Figure S2). The
concentrations of the other model pollutants were measured with high-performance liquid
chromatography (HPLC). The device consisted of a Merck Hitachi L-7100 low-pressure
gradient pump equipped with a Merck-Hitachi L-4250 UV—-Vis detector (Adetection = 210 nm
for phenol, 214 nm for ibuprofen and 254 nm for diuron). A 50% v/v ethanol-water mixture
was used as eluent for phenol and ibuprofen, respectively 70% v/v for diuron. The total
organic carbon content was measured at the end of the photocatalytic tests after 4 hours of
irradiation. The equipment used was an Analytik Jena N/C® 3100 apparatus with an NDIR
detector. The furnace temperature was 800°C and 1.0 mL samples were injected. The
measurements were made in triplicate.

In some cases, to investigate the reusability of ZnO samples, the degradation
experiments were repeated two or four additional times as follows: the catalyst was separated
through centrifugation and washed two times with MQ water, followed by its addition into

a freshly prepared model pollutant solution.
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5. Results and discussion

5.1.  Solvothermal synthesis of ZnO nanorods and structural tailoring

As mentioned in a previous section (section 3), one of the main goals of the research
was to identify key structural features, which could be indicators of the photocatalytic
activity of ZnO. Reviewing the literature demonstrates the complexity of how a given
catalyst exhibit a photocatalytic activity. Attempts to quantify a relationship between
photocatalytic activity with one parameter of ZnO are scarce in the literature because such
research would demand a high number of experiments and analysis efforts. In addition,
applying a certain model doesn’t guarantee success, because of the complexity of the
photocatalytic process. The main idea of the present study is that the photocatalytic activity
of a semiconductor is mainly determined by its physical, structural, and optical properties.
These are the results of the synthesis of the photocatalyst. Consequently, a quantifiable
relationship between the synthesis parameters and observed photocatalytic activity should
exist, also in the case of other material parameters too. If we optimize these models
separately, we could identify possible material properties which mainly determine the
activity, by simply observing whether the structural parameters tend to find maximum or
minimum in the same way as the photocatalytic activity. Reevaluating the work of X. Liu et
al [132], the data available in the X-ray diffractograms are usually overlooked and are simply
used to identify crystal phases and calculate the mean primary crystallite size using the
Scherrer equation. Yet, several times there is a change in the ratio between the intensities
(002) and (100) of ZnO, which are not used for calculating the crystallite size but indicates

a change in the structure of the crystal.
5.1.1. Characterization

XRD measurements were carried out to identify the crystal phases of the as-prepared
Zn0-s. Some of the diffractograms of the synthesized ZnO samples can be seen in Figure
10. The sample notation is the following: “ZnO” and the coordinates of the parameter levels

according to BBD (an example is presented in Figure 9).

39



Zoltan Kovacs — Ph.D.dissertation Results and discussion

Sample code

C %
T [°C] CZnAAZ |M] EtO/I:][ . -

L el Level Level Level

90 1
60 0%. ZnO 1-100
30

1 4 -

Figure 9 An example of how the samples are coded.

The three main diffraction peaks of ZnO were identified (JCPDS card no.0-3-0888)
at scattering angles of 20: 31.40, 34.4, 36.3 corresponding to (100), (002), (101)
crystallographic planes. Only the hexagonal wurtzite crystal phase (P63mc) was identified,
and no impurity phases were observable. Additional X-ray diffractograms can be found in
Appendix Figure S3. On the diffractograms, it could be observed that the ratio of the
intensities of these peaks differs from sample to sample (a few examples could be found in
Figure 10). To investigate a possible relation between the PDE and the ratio of intensities of
(002)/(100), ANOVA was applied for the ratio of intensities of (002)/(100) in the function
of the input parameters. Mean primary crystallite size was calculated and varies between 30—
46 nm for the samples.
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Figure 10 XRD patterns of some representative ZnO samples [120].

The light absorption properties of the ZnO samples were determined by diffuse
reflectance spectroscopy and the band-gap values were calculated using Kubelka—Munk
transformation and the first-order derivative of the DRS (Figure 11). Due to the slight
difference in the band gap values (3.08-3.15 eV using Kubelka—Munk transformation and
3.15-3.24 eV using the first derivative of the spectra) no conclusive trend was observable.
These values indicate excitability in the UV-A region of the samples. The DRS, respective

of the first-order derivative of DRS is presented in Appendix as Figure S4.
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Figure 11 Tauc plot of the DRS of three representative ZnO samples and the first

order derivative (inset).

5.1.2. Photocatalytic activity

Following the structural and optical characterization, the photocatalytic activities of
the samples were investigated for the photocatalytic degradation of methyl orange. As
expected, during photolysis experiments MO decolorization was not significant <1 uM, due
to the lamp emission being in the range of 345-409 nm and the photolysis of MO occurs at
higher photon energy in aqueous media [133]. During the adsorption period, the change in
the concentration of MO did not exceed 2 puM, so the decolorization during the irradiation
period is due to the photocatalytic activity of the ZnO phase.

The methyl orange decay curves are presented in Figure 12. The variation of the MO
concentration shows strong linearity, as expected [70,134,135]. It is easy to observe that by
changing experimental values a change in the photocatalytic activity is observable. To better
quantify the photocatalytic activity numerically, which can be used for the mathematical
model, photocatalytic degradation efficiency (PDE) was calculated using the following

equation:
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Co—

¢ % 100 (17)
Co

PDE (%) =

In equation (17) Co and C represent the starting, respective final concentration of the

model pollutant.
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Figure 12 The MO degradation curves of some representative ZnO samples [120].

5.1.3. Model fitting and ANOVA analysis

As mentioned, a fractional factorial design is more convenient because of the lower
number of experiments. In the present case, applying BBD resulted in a 66% reduction in
experimental runs. The structure of the design results in experiments differing in two
parameters, which makes it difficult to elucidate the cause of the difference in activity. As
such, the behavior of the fitted model should be used to describe the relationship between
the parameters and activity. In general, fractional experimental designs are sensitive to the
mathematical behavior of the output. A full quadratic equation was fitted separately for the
PDE and ratio of intensities (002)/(100) using ANOVA analysis. The determined
correlations are equations (18) and (19) were further used to optimize the synthesis method

to maximize the photocatalytic activity of ZnO.
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PDE (%) = —168.8 + 1.629X; + 906.6X, + 0.999X, + 4.98X, — 0.007X? —
—1232X% — 0.006X% — 0.5951X% — 1.007X, X, + 0.004X, X5 +
+0.014X,X, — 6.581X,X5 — 12.59X,X, + 0.060X5X, (18)
T(002)/(100) = 0.854 — 0.004X; — 1.280X, — 0.009X; + 0.0107X, + 0.000005X7 +
+8.94X2 + 0.0001X2 — 0.002X2 — 0.0147X,X, + 0.000035X, X5 +
+0.0003X, X, + 0.0014X,X5; — 0.008X,X, — 0.00039X5X, (19)
In equations (18) and (19), X1, X2, X3, and X4 are the factors of the following
parameters: temperature (°C), the concentration of the precursor (M), ethanol content of the
solvent (% v/v) of EtOH and the duration of the solvothermal treatment (h), the output
variables are PDE (%, photocatalytic degradation efficiency of MO) and ro2)/100) (ratio of
intensities of diffraction peaks corresponding to (002) and (100) crystallographic planes). A
good agreement exists between the predicted and experimental values for both responses, as
it is shown in Figure 13.

44



Zoltan Kovacs — Ph.D.dissertation Results and discussion

- Experimental
I Predicted

ZnO experimental coordinates

1.0
b) 0.9 - Experimental
. Predicted
0.8 o
~ 0.7 - ) -
= b o =
EE, 0.6 1 -

N I s e > 09 N SN SN SN SSS S S
SV VI TS IRNSIISSS
N S S S S N S S S SN ST NN SIS SS S S
NN DY N ~ ~ 36360\'\'}\'\%\'\5’\"3\"""

ZnO experimental coordinates

Figure 13 Experimental runs of Box—Behnken design with predicted and
experimental values: in case of PDE (a); in case ratio of intensities (002)/(100) (b)
[120].

From Figure 13, it becomes obvious that the parameters do show great variance upon
the activity and the structural parameter ro2)100). Comparing the two output values the
variance is also very similar, which indicates a relation between the ro2)00) and the
photocatalytic activity. The ANOVA results of the ZnO photocatalysts synthesis are shown
in Table S1 and Table S2. A full quadratic equation was successfully fitted for both outputs
with the low standard deviation values (c) of 2.15 for PDE and 0.039 for the r(o2)/(100). In
addition, the validity of the predicted values is well indicated with high R? values (0.9913
for PDE and 0.9743 for ro2)(100)) [122]. The ANOVAs resulted in a highly significant p-
value (p < 0.05) for PDE for all the studied factors, but the significance threshold was
exceeded in the case of half of the parameters for the intensity ratio. The variance inflation
factor (VIF) is an indicator of whether the predictors are correlated or not. In the present
case, VIF values are 1.00 or 1.25, which suggests there is no multicollinearity in the models.
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Subsequently, the predictors are stable. Although, the lack of the fits” significance is close
to the threshold p-value (0.054 for PDE and 0.059 for r(oo2)/(100)), the difference between the
predicted and experimental values suggests that the fit is acceptable. Generally, a thermal
process follows an exponential behavior. An exponential function can be approximated by
polynomials, but there might be ranges where a simple quadratic equation may not
approximate sufficiently. Consequently, the lack of fit can be the result of the exponential
behavior of the process [121,136].

In the case of the ratio of intensities (002) and (100) half of the terms show
significance (Table S2). For this output the parameters describing the composition of the
reaction mixture show significance for almost all related terms. Temperature-related
interaction terms also show significance.

The quadratic model fitting was also attempted for the mean primary crystallite size
and band gap energy of the samples, but the results showed no conclusive correlation. The
relatively narrow range of values for these outputs is probably the source of the high error
in the model.

Figure 14 shows residuals in the function of fitted values and Pareto charts of
diagnostic plots of the regression with both PDE rpo2yo0) (the normal probability
distribution plot is presented in Appendix Figure S5).
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Figure 14 Diagnostic plots of ZnO synthesis results: residual vs. fitted values: for PDE
(a); for ro2)00) (b); standardized effects of the equation terms for PDE (c); for
Io2)/00y (d) [120].

Generally, the distribution of residuals signifies whether the error in a model is
preferentially caused or it is just random noise. In the present case, analysis of residuals
shows a random distribution, is independent, without skew. The significance of 3 terms is
well revealed in the standardized effects of the equation terms plot (Figure 14), showing the
effect on the output in the following order: for PDE X3 > X12 > X2X3 and for roz)(100) X3 >
X3? > Xo. In both equations, the highest impact was produced by the composition of the

solvent and the duration of the solvothermal treatment induce only a slight change.
5.1.4. Effect of synthesis factors as surface plots

3-D response surfaces and contour plots were prepared to better visualize the
behavior of the two outputs as a function of two parameters. This method enables a graphic
evaluation of the effect of two parameters, respective their interaction, while the remaining
two are held constant. The hold values were chosen according to the parameter set of the
central point (precursor concentration 0.136 M, 60% v/v ethanol-water solvent, 140 °C, 8 h
solvothermal treatment). The 3-D and 2-D graphs of the two separate outputs are presented

side by side in Figure 15 and Figure 16, to evaluate whether the crystallographic parameter

47



Zoltan Kovacs — Ph.D.dissertation

Results and discussion

and the photocatalytic activity could show similar trends or not. Previously, the standardized

effects of the various terms in the equations signified that the composition of the reaction

mixture (ethanol and precursor concentration) determines predominantly the direction of

change both in the PDE and in the rpoz)(100). As can be seen in Figure 15, both outputs

increase with ethanol concentration and decrease with the precursor concentration. In

addition, it can be observed that the maximum point on the surface plots is achieved at 90 %

v/v ethanol and 0.068 M precursor concentration in both cases. Nonetheless, the solvent

composition influences greater the outputs.
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Figure 15 Effect of interaction between precursor concentration (Xz) and ethanol
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Figure 16 Effect of interaction between temperature (X1) and duration (X4) of the

solvothermal treatment (a) on the PDE and (b) rozyo0) of ZnO as a 3D response
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Technically, the roo2)(100) is relative intensity, which also indicates a different ratio

of crystallographic facets corresponding to those X-ray diffraction peaks. The photocatalytic

activity also shows a similar trend as the relative intensity, which signifies that by controlling
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the solvent composition in the synthesis, it could also control the distribution of these facets
of the crystal and in parallel, the photocatalytic activity. In the literature, it was already
pointed out that a higher photocatalytic activity can be achieved using organic solvents in
some specific solvothermal [76] and sol-gel methods [113].

The used precursor (zinc acetylacetonate hydrate) has higher solubility in organic
solvents. Also, its reaction with water molecules results in Zn(OH)2, which would hinder
photocatalytic activity [137,138]. The higher ethanol concentration prevents the fast reaction
of the precursor to form amorphous Zn(OH)2 and can promote the formation of ZnO. On the
other half, the precursor concentration is also an influential parameter, due to the same
reasons, as the more abundant the precursor in the solution the more increased could be the
reaction rate to the products. Consequently, it could be expected that their interaction effect
is observable on the response surface, as the change in activity and relative intensity is
doubled when the ethanol concentration is changed from 30% to 90%.

The similarity between the trends between the two models breaks when temperature
and duration are represented in the function of the outputs (Figure 16). The standardized
effects suggested that temperature only produces a significant change in the outputs, in
interaction terms and the duration in almost one of the cases, which is well reflected on the
3-D surface plot. This difference can appear because of the small range of change in the
output. Nonetheless, this signifies that to achieve the higher photocatalytic activity, the

duration of the solvothermal treatment is a less crucial aspect.
5.1.5. Optimization and model validation

As two the validity of the two correlations has been discussed, it is consequential to
test, whether these correlations can be applied to new experimental data. Another objective
is to achieve higher photocatalytic efficiency. As such, optimization of the model can
provide instances for both objectives. In addition, the same optimization was carried out for
the relative intensity to further test the correlation between PDE and r(o2)/(100).

The optimization was carried out using the Minitab software for both r(o2)/100) and
PDE independently, which resulted in new parameter sets, presented in Table 2. The values
obtained for a few synthesis parameters already coincide with certain experimental sets used
to fit the model. To thoroughly test the stability of the model an additional randomized
parameter set has been chosen to avoid reconfirmation of already used data. As could be

expected based on the response surface plots, to maximize the outputs, the optimum values
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of the ethanol concentration are the highest examined value (90%) and the precursor

concentration is at the lowest (0.068 M).

Table 2 The optimization of the ZnO synthesis for optimum photocatalytic

degradation efficiency [120].

Precursorl EtOH _ Predicted Experimental
Temp. conc. Conc. Duration
Sample PDE |r©o2yo0)| PDE |r©o2)(100)
[°C] [M] [% viv] [h] [%] | [au] | [%] | [aul]
Optimized
r(002)/(100) 190 0.068 90 7.56 7490 | 0.873 | 77.30 | 0.834
(ZnO-r opt)
Optimized
PDE 155 | 0068 | 90 9075 | 88.03 | 0.766 | 89.10 | 0.799
(ZnO-PDE ' ) ' ' ' '
opt)
Random-
ized 107 0.102 69 9.00 67.18 | 0.516 | 69.30 | 0.534
(Zn0O-rand)

Interestingly, the optimization resulted in experimental coordinates at the boundary

of the examined intervals, which signifies that an even higher value can be achieved outside

of the system boundaries. 3-D response surface plots were again used to visualize the region

where the optimum was determined, with the hold values of 0.068 M precursor and 90%

ethanol (Figure 17), which showed again that duration does not induce a significant change

in the outputs. Even though, a different optimum temperature was determined for PDE and

roo2)/100), the observed catalytic activity and relative intensity does not change significantly.

The photocatalytic performance of the samples is comparable to a commercial photocatalyst

Degussa p25 titanium dioxide (P25), and the activity of the optimized ZnO sample is almost

identical to it, as can be seen in Figure 18.
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Figure 17 Surface plots of time and temperature of the solvothermal treatment in the
optimization region of parameter intervals for the PDE (a) and ro2)/(100) (b). Fixed
parameter values: precursor concentration 0.068 M, 90% v/v ethanol-water solvent.
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Figure 18 The MO degradation curves of the validation experiments of ZnO [120].

Often, one of the key issues of catalysts is their reusability, which could be especially
problematic in the case of ZnO, as it is more prone to photocorrosion and deterioration during
use than TiO2 [139]. The PDE-optimized ZnO (ZnO-PDE opt) was the best-performing
catalyst, so it was selected for the reusability test in the degradation experiment. After each
experimental cycle, the conversion of methyl orange decreased by 1%. The conversion
values of MO are 88% in the first, 87% in the second and 86% in the third cycle), which

could be attributed to the loss of material during the collection of the catalyst.
5.1.6. The relation of (002) peak to the photocatalytic activity of ZnO

The influencing of the intensity ratios of various X-ray diffraction peaks in
photocatalyst synthesis is a hot topic in the literature. Some publications have already
observed a trend in the change of the X-ray diffraction peak, corresponding to (002) planes
also showing a similar trend in the catalytic activity. Comparing these publications could

lead to some controversy in contrast with the present study, as they observed a trend
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opposite, which is discussed before, but these researches aim at a higher ratio of (002)/(100)
(>1.2, up to 5 or <0.2) [140]. This structural feature can be explained by an oriented growth
along the (002) planes, which is represented in Figure 19. As can be observed, this would
lead to a long hexagonal bar-like morphology, if the (002)/(100) ratio is high and hexagonal
plates if it is low. The SEM micrographs (Figure 19b and c) of two ZnO samples with
different rpo2yo0) and both present the mentioned morphology with no observable
difference, but the PDEs have a noticeable difference (~10%). It is also worth mentioning
that the preferential orientation, based on the XRD measurements, is at the scale of the

primary crystallites and the SEM micrographs show particles with a much bigger size.
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Figure 19 Schematic representation of oriented growth of ZnO along different
crystallographic planes (a); Scanning electron micrographs of samples ZnO 1010 (b);
Zn0O 0-1-10 (c) [120].

Several existing publications had the opportunity to examine the interval discussed
in the present study (0.2-0.9), but unfortunately, it is not examined in detail or this feature

was omitted completely. A few of these types of examples are presented in Table 3.
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Table 3 Comparison of literature data of different ZnO photocatalysts based
upon the observed ratio of (002)/(100) and activity [120].

. Observed Trend of
Photocatalytic .
Synthesis method activity Range of pho'_[ocatglytlc Reference
experiment (002)/(100) activity with the
P ratio of (002)/(100)

Solvothermal  |Photoreduction CO- 0.91-1.27 Increased [140]

Chem!cal bath dep- Photodegra_datlon of 19819 Decreased [74]
osition process rhodamine B

High-temperature .

chemical precipita- Photodegra_datlon of 0.63-0.92 Increased [141]
tion rhodamine B

Chemical precipita- |Photodegradation of,  0.54-0.93 (1), I-Increased, [142]

tion phenol 0.93-1.13 (1) I1-Decreased

Electrospl_nnlng Photodegra_datlon of 0.81-1.06 Increased [143]

deposition rhodamine B
Photodegradation of

Combustion methylene Blue, 0.4-0.55 Increased [144]
crystal Violet

Solvothermal Methylene Blue 1-5 Decreased [145]

Hydrothermal Photodeglg\lrgdatlon of 0.9-7 Increased [146]

X-ray diffraction is a powerful tool to characterize the structure of crystalline

materials. To understand what signifies this change in the ratio of various diffraction peaks,
their actual appearance on the diffractogram must be discussed. The signal in the
diffractograms arises when the conditions regarding Bragg’s law of reflection are fulfilled.
This states that only at specific incident angles on an atom belonging to a specific crystal
plane can occur a reflection, which can be seen as a signal in the detector. In an ideal crystal
(perfectly ordered and spanning to infinity), this would result in diffractograms containing
only lines at the specific Bragg angles in well-definable ratios. On the contrary, this is not
possible, because at the particle boundary the constituent atoms will not have the same
number of neighboring atoms. In consequence, the surface atoms always are in a different
chemical environment than the bulk and implicitly have different energetical states [147].
To decrease this higher energetical state the surface structure is always distorted compared
to the bulk, which causes the atoms to be in a slightly different position. This in turn will
cause a shift in the Bragg angle, resulting in peaks, with lower maximum intensity. If the

ratio of surface and bulk atoms increases, the peak breadth grows and the intensity decrease,
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which is the basis of the Scherrer equation. Overall, this also imposes that the ratio of the
areas of the peak should be maintained, which was also observed in the present case. The
average ratio of areas for diffraction peaks (002) and (100) is 0.36+0.06. During the
preparation of the powder samples for X-ray diffractometry, it can be assumed that the
particles are randomly oriented. Thus, preferential orientation should not constitute an error
in the measurement. Nonetheless, certain geometries of the particles (e.g. bars, plates) can
self-organize preferentially, during placement on a flat plane, like the usual X-ray sample
holder, if they have an increased size along a flat facet [148], but based on the size and the
random ordering observed on SEM micrographs, this could be eliminated. Along the
intensity of the peaks, the FWHM varies too for the ZnO samples. The Scherrer equation
correlates the primary crystallite size to the FWHM, but it determines the average size of the
particle. The Scherrer equation assumes that the crystallites are close to spherical and in
consequence isotropic in all directions. In addition, the size is determined across the direction
perpendicular to the corresponding plane of the peak. As such, the calculations were repeated
for the other two main diffraction peaks, (100) and (101) (Table S3). This showed that size
anisotropy is observable, but no conclusive relationship can be determined. This can be the
consequence of the inherent problem of the BBD that the synergetic effects of parameters
are intensified in the data. Nonetheless, size anisotropy is always observable, when intensity
ratio of (002)/(100) changed.

The size anisotropy of the samples signifies that the synthesis parameters influence
the crystal growth along facets corresponding to the mentioned crystal planes. This means
the various facets could differ in the interactions which facilitate the chemical reactions of
the formation of ZnO. The three main characteristic planes of ZnO differ in polarity in order
of (100)<(101)<(002) [90]. On (100) facets, the charges are relatively evenly distributed and
cancel each other out on the surface, which is slightly distorted on the (101) due to the higher
distance between the terminating atoms with small local polarities[132,141]. On (002) facets
are especially highly polar, due to these facets being Zn?* or O% terminated and it is
perpendicular to (100) [74,134,145]. As the nucleation of the ZnO might occur and there is
a sufficient number of atoms present in the seed the crystal planes and facets will form. From
this point in the crystallization, the polarity of the facets determines how they interact with
the solvent and the unreacted precursor. As the solvent is composed of two liquids with very
different polarities their interactions vary according to the polarity of the crystal facets. In

the precursor molecule, the Zn?* is coordinated by the two chelate molecules acetylacetonate,
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but most likely these two planes of the zinc-enolate rings are perpendicular. The apolar
nature of two methyl groups on acetylacetonate makes it less likely that the precursor could
approach the polar facets and more readily can adsorb on apolar facets. The (002), more
precisely the Zn?* terminated [0001] facets can react more readily with water molecules,
binding hydroxide on the surface. The oxygen terminated (002) is not likely for the
mentioned reasons with the precursor. On the other hand, as the ZnAA: is reacted the
liberated acetylacetone has sufficient polarity to adsorb and coordinate with surface Zn ions
on polar facets, which could inhibit the growth at highly polar (002) facets. At the edges and
peaks of (101) and (002), there is enough space and sufficiently low polarity along the (101)
plane for the precursor or partially hydrolyzed precursor to coordinate with the edge oxygen
facilitating growth along (101). This can be observed as the conical tips of the ZnO particles.

The beforementioned is enough to propose an explanation for the observed behavior
of the ratio of (002)/(100) with the synthesis parameters. The most influential parameter was
the solvent composition. At lower ethanol concentrations the water more readily can adsorb
on (002) facets, which could inhibit the growth of the particle in the perpendicular direction,
due to the low polar interaction of the precursor. This surface adsorption of water also leads
to a local higher water concentration near the polar facet. The precursor is more soluble in
ethanol and will hydrolyze rapidly forming a new seed or creating a (101) facet [76]. The
temperature is also a predominant effect. All the reactions involved are temperature-driven,
so by increasing the temperature the activation energy could be lowered. The higher thermal
kinetic motion of the molecules can disrupt local inhomogeneities and the dielectric constant
of the solvent is also greatly increased by temperature. This could explain why by raising
the temperature the growth of the (002) facets is not inhibited.

Various kinds of research demonstrated that crystal facets contribute to or hinder the
light-harvesting capabilities or photocatalytic reactions (Table 3). One plausible explanation
could be that the different polarities of the crystal facets can have a preference towards
different photocatalytic reactions. Considering the general reaction model for heterogeneous
photocatalysis and the mentioned adsorptive properties of the samples based on their
polarity, it can be assumed that the hydroxyl radical formation could occur at the (002)
facets. This would also imply that higher photocatalytic activity should be observed with a
particle with the (002) facets. Aside from the adsorptive properties of the facets the other
properties should be evaluated. Due to the lower polarity and surface energy of (100) and

(101) facets can host electron-hole pairs and consequently can move more freely. In addition,
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size anisotropy could also affect the mobility of the electron-hole pair in the direction of the
smaller cross-section, because of the quantum confinement effect [149]. This implies a
possibility that the (002) facets contribute to the photocatalytic activity with the adsorption
of water molecules as a source for hydroxyl and (100) or (101) utilization of the electron-
hole pair. It seems that the synergetic effects of the crystal facets could be better exploited
for photocatalysis.

On a few occasions, it was argued the [0001] crystal facet (a facet in (002) planes) is
central to the photocatalytic reactions of ZnO [74,76], and to our best knowledge, the
literature focused more on much higher ratios (roz2)oo) > 1). In much higher values of
(002)/(100), the photocatalytic degradation of methylene blue [150] followed a similar, but
opposite trend, as well as in the case of rhodamine B [140,151] and photoreduction of CO;
[132]. Considering that the previously mentioned literature does not discuss the present
interval of the ratio of these crystallographic facets (0.2—0.9) proves that this interval could
induce an opposite trend upon the photocatalytic activity.

Considering the results and the above-discussed arguments, the following
conclusions can be made:

e The Box-Behnken experimental design with reduced experimental runs was
successfully used to investigate possible correlations between the structural
characteristics of ZnO semiconductors and their photocatalytic activity.

e The synthesis parameters (precursor concentration, solvent composition,
temperature and duration of the solvothermal treatment) were correlated with
the photocatalytic activity and a structural parameter the ratio of the intensity
of X-ray diffraction peaks (002) and (100) in the range of (0.20-0.88).

e The correlations were further optimized to maximize photocatalytic activity
and the model was validated with new experiments and photocatalytic meas-
urements.

e A plausible cause of the change in roo2)/(100) IS the size anisotropy of the crys-
tallites, more precisely the decreased diameter across perpendicular to (002).

e The polar-polar interactions of the solvent molecules and crystal facets are
the main cause of the structural change and oriented growth of crystallites.

e The resulting model indicates that the photocatalytic activity can be en-
hanced by increasing the r(o2)/(100).
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5.2. Morphological modification: ZnO solid spheres

In the previous section, the relation between a structural parameter of ZnO (r(002)/(100))
and photocatalytic activity was discussed. It was mentioned that due to the fractional
experimental design two parameter values were changed compared to a central point
experiment. This made it difficult two deduce single-parameter relationships. Further the
original synthesis method was modified by fixing the precursor concentration and the
duration of the solvothermal treatment to the previously determined optimum values (0.068
M and 10 h). For the morphological modification spherical morphology was chosen as it is
simple and isotropic geometry. The research published by A. Sari¢ et al. [126] and A.
Gomez-Nuiez et al. [127] proved that monoethanolamine and triethanolamine can facilitate
the formation of spherical morphology of ZnO. Although two different precursors (zinc
acetylacetonate and zinc acetate) were used with two slightly different morphological agents,
the similarity in the mechanism of formation suggests that the two methods can be combined.
Unfortunately, the photocatalytic activity was not investigated as a basis for comparison. In
the literature, the synthesis methods of TiO: usually include the application of single Ti
precursor or an in-situ preparation/modification of the precursor. The work of A. Tiwari et
al. [152] a two-precursor-approach was applied and obtained different anatase/rutile crystal
phase ratios with two different precursors. The application of a mixture of precursors
resulted in tunable ratio crystal phases between the values, compared to those obtained
during the single precursor approach. The application of the two different precursors resulted
in ZnO spheres with different average diameters. Considering the similar structure and
bonding between zinc and the two anions (acetylacetonate and acetate), a mixed precursor
approach could result in a tunable spherical morphology. In addition, the r(eo2)/00) Structural

parameter was investigated, and how it changes with the morphological modification.
5.2.1. Preliminary investigation of synthesis parameters

The first objective was to investigate the synthesis conditions that facilitate the
formation of ZnO with spherical morphology and photoactivity. The micrographs (Figure
20) showed that spherical morphology can be achieved at high ethanol concentrations (99%
and 100%). Unfortunately, the photocatalytic activity was notable, when 99% ethanol was
applied during synthesis. A. Sari¢ et al. [126] and A. Gomez-Nuiiez [127] argued, based on
theoretical calculations, that monoethanolamine and triethanolamine can form relatively

stable zinc-based complexes with both precursors. The N and O atoms of the amine and
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hydroxyl groups can coordinate with the Zn?* ion. Based on the similarities between this
alkanolamine family, it can be fairly assumed that diethanolamine can also form stable
complexes. X. Wang et al. demonstrated that the number of spherical particles can be
increased by controlling the concentration of monoethanolamine in water-based solutions
[153]. Moreover, the publication of A. Sari¢ et al. [93] showed that organic solvents offer
better control over the formation of spherical ZnO particles. Based on these two publications,
a synthesis method can be developed to investigate and control the relationship between
spherical morphology and photocatalytic activity. In the previous section, we discussed that
the formation of ZnO from these precursors involves at least a hydrolysis step forming
hydroxylated oligomers, which can form ZnO through dehydration processes [154,155]. In
case of insufficient water concentration, unreacted DEA complexes could remain at the

particle boundaries, which hinders photocatalytic activity.
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Figure 20 SEM micrographs (a, b) and phenol degradation curves of the ZnO
samples from the preoptimization experiments (c) [93].

In the previous section was demonstrated that solvent composition can have a great
influence on the structure, so X-ray diffractometry was used to study the as-synthesized
Zn0Os. On the diffractograms of the samples, the crystallographic planes of the hexagonal
wurtzite structure (100), (002), (101), (102), (110), (103), (200), (112) and (201) (Figure 21)
were present (JCPDS 36-1451). In every case when ethanol concentration was below
99% v/v, the small additional peaks Zn(OH). appeared (JCPDS 38-0356) [129,156]. The
previously mentioned hydroxylation reaction of the precursor probably takes place at a much
faster rate, due to the high water content, and dehydration is inhibited. In consequence, the

photocatalytic activity is decreased due to the presence of the impurity phase, Zn(OH).. The
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poor crystallinity of the sample synthesized at 100% ethanol, can be observed from the broad
diffraction peaks. In this case, the zinc precursor-DEA complexes lack the water to complete
the hydrolyzation reaction. To ensure the spherical morphology of the particles and an
acceptable photocatalytic activity, in further experiments, 99-1% ethanol-water was chosen

for the solvent composition.
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Figure 21 X-ray diffractograms of ZnO samples synthesized using different ethanol-
water solvent compositions with the identified peaks corresponding to the hexagonal
ZnO crystal structure (a) and the magnified diffractogram of NS-80% with small

peaks corresponding to Zn(OH)2 crystal structure (b) [93].

5.2.2. Characterization of ZnO spheres

As the required solvent composition for spherical morphology was established, the
influence of the synthesis temperature (at 120, 150, and 180 °C), anion in precursor molecule
(acetylacetonate, acetate), and respective precursor composition were investigated. The
various ZnO samples were examined using XRD, FT-IR, DRS, SEM, and TEM.

On the X-ray diffractograms, the corresponding peaks of the usual hexagonal
wurtzite structure were identified with no impurity phase observed (Figure 22). The
crystallinity and well-defined peaks were good indicators to further evaluate the
diffractograms using the three calculation methods for the primary crystallite size. Compared
to the Scherrer equation, the W-H and SSP methods involve additional terms describing the
broadening of the diffraction peaks, due to the crystal strain. These equations can still be
improved using various correction terms for the anisotropic strain, but on various occasions
proved to be inconsequential to the result [157]. The main advantage of these two methods
is that if there is no broadening due to strain (in the case of an ideal crystal), the equations
used in these two methods will be reduced to the conventional Scherrer equation. On the

other hand, in the case of notable crystal strain, the calculated primary crystallite size will
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be greater compared to the ones calculated by the Scherrer equation, which happened to be
in the present case [158,159].
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Figure 22 X-ray diffractograms of ZnO samples synthesized using ZnAA: precursor
at different temperatures (a) and a corresponding TEM micrograph showing

crystallites with a mean diameter of 16 nm that build up the sphere (b) [93].

TEM measurements can also offer to verify the results obtained by the various
methods used for primary crystallite size calculation. Two samples were selected randomly
for TEM investigations. In Figure 22b can be observed that the spheres are composed of
smaller crystals and their size was measured using ImagelJ software. In Table 4 presented the
various mean primary crystallites size values, based on the four different methods. The
values obtained using XRD data give information about the average coherent diffraction
length. In other words, the average distance where the unit cell is repeated without structural
defects. Imperfections (e.g. dislocations, vacancies, etc.) can lower this value, so the actual
mean primary crystallite size could be slightly bigger [129]. Another thing to consider is that
XRD gives information about a large volume of the sample, while TEM only offers
information about a minuscule amount of the sample, but it can be improved by increasing
the data volume. In the present case, the mean diameter of the crystallites determined by

TEM was based on at least 300 diameters.
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Table 4 Mean crystallite size of NS150, and M10NS120 determined by
different XRD data evaluation methods [125].

Mean primary crystallite size (nm)
Sample
Scherrer |  W-H SSP TEM
NS150 14.8 16.5 15.0 16
M5NS120 9.6 9.7 7.7 11

Based on Table 4, one can be observed that W-H values are closer to the actual
crystallite size determined by TEM and the values, based on the Scherrer equation is smaller.
This could be expected because the fraction of the surface atoms is significant at such a low
scale and those atoms occupy a slightly distorted position, which in turn generates strain. All
in all, crystal strain is an important factor to consider at the nanoscale, so W-H or SSP

In Figure 23 is strikingly observable that the application of precursor mixtures always
resulted in a primary smaller crystallite size compared to the samples prepared from one
precursor. In addition, the actual composition of the mixture induces only a mild change in
the crystallite size. Considering that the byproducts of the ZnO formation could be acetic
acid or acetate anion, it is probable that these molecules could facilitate the hydrolyzation of
the ZnAA>-DEA complex. This could promote the fast process of crystal seed formation.
Also, this trend of smaller crystallite size was unaffected by the change in synthesis
temperature. Another observable trend that indifferent of the composition with increased

temperature the crystallite size also increased as well.
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Figure 23 Crystallite mean size of the synthesized ZnO spheres estimated by the W-H
method [93].

The abovementioned structural and morphological features (Figure 23) imply that
the applied method provided valuable information regarding the mean primary crystallite
size and average diameter of the spheres. The tuning of the mean primary crystallite size
seems possible, by simply adjusting the temperature of the solvothermal treatment and the
ratio of precursors. Examining the diffractograms further (Figure 24), the intensity ratio of
the two peaks corresponding to the (002) and (100) crystallographic planes was increased
for the samples with the increase of the synthesis temperature as in the case of ZnO nanorods.
In powder diffraction is assumed that the crystallites are randomly oriented. Considering that
ZnO crystallites are arranged in spherical aggregates the possibility of preferential
orientation can be eliminated. Besides the change in intensity of the (002) peak, an increase
in the FWHM is also observable, as previously. The FWHM is directly correlated to the
mean primary crystallite size of the particle by the Scherrer equation [42]. Considering that
in the present case every sample was synthesized at the three mentioned temperatures, the
problem observed with the BBD is less prevalent. As such the calculations were repeated for
the other two main diffraction peaks, (100) and (101) (Table S2). In this case, the results
clearly show that the primary crystallite size is always smaller for the (002) peak. Also, the
same trend was observed with the ratio of the sizes calculated for (100) and (002) peaks as
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with the intensity ratios. Consequently, size anisotropy is the cause of the variation in the
intensity ratio of (002)/(100), more specifically the decreased primary crystallite size in the

direction normal to the (002) plane.
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Figure 24 Ratio of intensities of two peaks corresponding to the (002) and (100) as a
function of the ZnAc: content in the precursor mixture (b) [93].

Irrespective of the temperature or precursor type, the as-prepared ZnO samples
always showed spherical morphology. Based on the experiments performed by using the
two precursors purely (i.e., without mixing them), the size of the spheres was of two
different orders of magnitudes: the size of spheres was 305 nm for ZnA A2 (NS180) and
2.81 um for ZnAc, (MS180) (Figure 25). It was inferred that the ZnAc2-DEAx complexes
were less stable and promptly interact with water molecules due to the polarity difference
between the acetate ion and acetylacetonate. The formation of hydroxide taking place at a
much faster pace could explain the almost tenfold increase in the average diameter of
NS180 compared to that of MS180. The diameter distribution histogram for sample NS180
is presented in Figure S6. The other main difference between the two samples was that the
microspheres (MS180) were highly polydisperse, while the nanospheres (NS180) were
monodisperse. This arises from the interaction between the byproducts that form due to the

hydrolysis of precursors. Acetylacetone is miscible with the solvent, while acetate could be
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released in an ionic form before becoming protonated, increasing the number of

inhomogeneous regions in the sol.

MI10NS180 ‘<5 Q.52 jm

Figure 25 SEM micrographs of the samples synthesized by applying different
precursor mixtures at 180 °C (the ratio of precursors is indicated in the sample code
as NS and MS samples with pure ZnAAz, respectively ZnAcz; MxNS180 — the “x”

number refers to the molar percentage of ZnAc: in the ZnAA2-ZnAcz mixture [93].

The SEM micrographs in Figure 25 reveal that the average diameter of spheres is
changing according to the composition of the precursor mixture. The size range of the
spheres is situated between the samples prepared from the pure precursors (NS180 and
MS180). Moreover, the observed average diameter is proportional to the zinc acetate:zinc
acetylacetonate molar ratio. This suggests that the crystallization from the two precursors
can occur in synergy, which also implies that anions participate with a similar mechanism in
the reactions. It is worth mentioning, that there is one exception, M5NS180, which has the
smallest average diameter of 155 nm, smaller than NS180 (305 nm), but considering that it
is only one sample out of 27, it is an acceptable error.

A linear equation fitting was carried out for the samples synthesized at 180 °C with
an R? >98%, showing that a well-quantifiable empirical relationship exists between the
composition of the precursor mixture and the observed diameter of the ZnO spheres (Figure
26). For all the precursor mixtures, the synthesis was carried out at 120 and 150 °C. The

average diameter showed opposite trends for the two precursors, in the case of MS samples
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increased, while in the case of NS samples decreased with temperature. It has been already
been shown that the crystallite size is temperature dependent and interestingly, Figure 26
shows that in the same samples synthesized at different temperatures the trend of size
increase with composition persists only the slope of the line is increasing with the
temperature. In addition, these opposite trends of the precursors with temperature were
balancing each other in the mixtures with an equilibrium at ~25% ZnAc.. Considering that,
the crystallite size increased with the temperature consistently in the case of the whole series
of samples, the formation of spheres should be determined by an agglomeration process

separately after the crystallites have already formed.
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Figure 26 Mean diameters determined from the SEM micrographs as a function of
ZnAc: content of the precursor mixture for the three synthesis temperatures (a) and a

linear equation fit for the 180 °C sample series (b) [93].

Intuitively, the equilibrium point where the trend lines should change their tilt would
be expected at 50%, but it is at 25% ZnAcz. This suggests that the agglomeration of the
crystallites to spheres is more influenced by the proprieties of the anions and in the case of
acetate is more intense. Both chemicals can function as chelating agents, but acetic acid can
donate the hydrogen ions more readily than acetylacetonate, otherwise said, it is more acidic.
DEA, due to the amine group, can act as a base, so a mild acid-base reaction system can
form with the free acetic acid and acetylacetonate, but based on the polarity of the functional
group this reaction system can be overtaken by the stronger DEA-acetic acid polar
interaction.

For the samples synthesized at 150 °C and from pure precursors at all three
temperatures, the specific surface area was measured using nitrogen adsorption. To test
whether the average diameter of the spheres correlates with the specific surface area (Sa),

it was estimated using the following equation [160]:
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Sp = DGTp x 1076 (20)

In (20) D is the diameter of the spherical particles (cm) and p is the density of ZnO
(5.606 g-cm™). Based on equation (20), the specific surface area is inverse proportional to
the diameter and the same trend is revealed in the measured values (Figure 27). As could be
expected, there is a magnitude difference between the estimated Sa and the measured values.
If the specific surface area is estimated based on the primary crystallite size (Sa-wh), the
results are closer to the measured ones. Even though the same trend can be observed for Sa
and Sa-wn, this variation in Sa.wn reflects only 2 nm of change in crystallite size, so should
be applied cautiously.
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Figure 27 Specific surface area calculations (Sa-ww is the estimated specific surface
area for the W-H crystallite size) [93].

Based on the previously made observation about the morphology, primary crystallite
size and their relation to the precursor composition and synthesis temperature the following
can be deduced:

i) BET and TEM measurements revealed that the primary crystallites are not

closely packed in the spheres.

i) The formation of the crystallites and the actual spheres are separate processes
and the spheres are likely agglomerated from the separately formed
crystallites;

iii) The various parameters (temperature, precursor composition) are influencing
the structure and morphology, which can be easily controlled by these
parameters.

Sufficient data has been acquired to conceptualize the mechanism of the formation

of the ZnO spheres (Figure 28). This mechanism is proposed from the moment when the

homogenous reaction mixture is prepared and the thermal treatment has been initiated. First,
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the hydrolysis of the precursor-DEA complexes takes place, due to the increased ambient
thermal energy in the reactor, and the crystal seeds form. During the initial growth, the by-
products of the hydrolysis (acetate and acetylacetonate anions, respective DEA, and water)
can saturate the surface of the crystallite because of the noncovalent interactions, which
could hinder the crystal growth and cause the small size of the crystals. The released DEA
can be adsorbed on the surface of the particles through hydrogen bonding, leading to
aggregation. The high surface energy due to the small size of the particles could also
contribute to the tendency to form spherical aggregates. Next, the crystal growth is continued
in the spherical agglomeration causing the crystallites to link at contact surfaces. As the
growth progresses the surface area at the contact points is lost. This could explain, why the
specific surface area is situated between the estimated values corresponding to the diameter

of spheres and the primary crystallite size.

ZnAA, \ ZnAA,DEA \
ZnAc, + Complexation ZnAA,DEA, ZnO T
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Figure 28 Proposed mechanism of the formation of ZnO spheres [93].

Figure 29 are presented the results of the FT-IR measurements. The stretching Zn-O
and bending Zn-O-Zn was identified in the range of 390-540 cm™. The broad band at 3434
cm? corresponds to stretching vibrations of O—H of adsorbed water. The bands with low
intensity are associated with organic impurities, but fortunately, their ratio with the Zn-O
stretching vibrations is not as significant as observed previously in the literature [93]. The
high purity of the samples can be caused by the addition of water during synthesis, because
the stronger hydrogen bonding of water, could prevent the chemisorption of the byproducts
The identified by-products with their corresponding wavenumbers were the following: N-H
(3250 and 910 cm™), C—H (2973, 2925 and 2856 cm™), C=0 (1616 and 1396 cm™), C-N
(1270 cm) and C-O (1065 cm™).
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Figure 29 FT-IR spectra of the investigated photocatalysts: some representative

sample (a) and the magnified region of a for sample NS180 (b) [93].

Diffuse reflectance spectroscopy was used to investigate the optical properties of the
samples. The derivative method and Kubelka-Munk transformation were applied to calculate
the band-gap energy. Based on these calculations, no significant change can be observed in
the band-gap energies, as all values are in the range of 3.12-3.19 ¢V. However, the band-
gap values slightly decreased according to the acetate concentration for samples synthesized
at 180 °C. In addition, the lower synthesis temperature also increased the band-gap energy.
Considering that the lower synthesis temperature causes the anisotropic growth of particles,
this slight change could be attributed to the defect states in (002) facets [161].
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Figure 30 Diffuse reflectance spectra (a) and their respective first-order derivative
spectra (b) of some of the ZnO semiconductors with inset of magnified range (350-425

nm) for two samples synthesized at different temperatures [93].

Photoluminescence (PL) is an effective way to study the optoelectronic transitions in
semiconductor materials. The main bands, where emissions can be expected are the near
band edge emission (NBE) in the UV and near-UV region, which is specific to the exciton
recombination. Usually, in the range of 450-750 nm, is a broad emission, which has been

established to be caused by the defective states of the ZnO: blue-green in 480-550 nm,
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originating from the singly charged oxygen vacancies, yellow in 580—-610 nm from doubly
charged oxygen vacancies or zinc interstitials, the orange-red in 620—750 nm is proposed to
be the defect complexes involving zinc vacancies or zinc interstitial complexes due to
oxygen vacancies [160,181,182]. The PL spectra of the samples M15NS prepared at the
three different temperatures are shown in Figure 31. The specific NBE and oxygen vacancy
emissions can be easily identified. In addition, the effect of synthesis temperature is observed
as a change in the intensities of both regions of emissions. The increase in the synthesis
temperature leads to the decrease of the NBE emissions and increases the defect emissions,
which indicates that the recombination path of the electron-hole is favored through the
oxygen defects. Other PL spectra of samples synthesized at different temperatures (Figure
S7) are showing the same trend. The temperature is also related to the size anisotropy of the
crystallites, it indicates that orientation along (002) planes lead to more oxygen defect-
related emissions. As stated before, the oxygen defects are more native to facets
corresponding to (002) planes. Once the electron-hole pair forms, it could travel in the crystal
structure freely and randomly. Considering that the primary crystallites have a lower size in
[002] direction, than in the case of pure randomness the exciton requires a shorter path to
end up on a facet corresponding to (002), than to (100) or (101). This increases the likelihood
of the electron trapping at oxygen defects, which could increase the recombination.
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Figure 31 PL spectra of M15NS ZnO samples synthesized at different temperatures
using 350 nm excitation wavelength (a) and schematic representation of how the

average mean path of the electron-hole pair (5) is related to the specific emissions (b).
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5.2.3. Photocatalytic activity

Figure 32 shows the results of the photocatalytic degradation experiments of phenol
under UV-A irradiation for the as-prepared spherical ZnOs.
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Figure 32 Photocatalytic activity of the investigated photocatalysts for phenol
degradation under UV light irradiation (a) and conversion of phenol as a function of
the precursor ratio used during the synthesis (b) [93].

The adsorption of phenol was less than 1% in the case of samples. During the
degradation of phenol, various intermediates could form before reaching the final
degradations products (CO2 and H20), which were also detected in the present case
(hydroquinone, resorcinol, hydroxyquinol, catechol, etc.) [162]. Besides the fact that at low
concentrations the reaction rate also slows down, the curvature in the decay curve can also
be attributed to the competitive reaction environment of phenol with its intermediates
(Figure S8). The photocatalytic performance of the samples shows a wide range of
variation (5-99%), which indicate that the structural and morphological differences
influence this aspect.

Like all semiconductor-based photocatalysts, ZnO is also prone to photocorrosion
[67]. NS180 was the best-performing catalyst, so it was selected for stability tests by apply-
ing the catalyst in 5 consecutive phenol degradation experiments. At the end of each cycle,
the catalyst was separated from the suspension through centrifugation and reintroduced into
a new solution. The results of the reusability tests are presented in Figure 33. The decline of
the photocatalytic performance is higher after the second cycle, after which is only ~1% per
cycle. Structural modification is also important a key aspect to verify stability. Considering
that the primary crystallite size is relatively small and ZnO is prone to form Zn(OH)2 on the
surface, the agglomeration of the crystallites, respectively the appearance of impurity phases

could be expected. Yet, surprisingly the X-ray diffractograms (Figure S9) showed no
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significant difference or impurity, only a slight increase in crystallite size (~3%). In addition,
the SEM measurements were also executed, to examine the effect of the degradation exper-
iments on the morphology. Figure 33b reveals that aggregation of the spheres has taken
place, which could be explained that the hydrated surface of ZnO, the spheres could adhere
more efficiently to each other due to a stronger hydrogen bonding. Nonetheless, the catalyst
can be considered stable.
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Figure 33 Catalyst reusability for NS180: a) phenol conversion measured for 5 cycles
of reuse of the catalyst and b) a SEM micrograph of the dried ZnO sample after the
second cycle [93].

5.2.4. Further characterization of the photocatalysts

Previously, in the case of ZnO synthesized using BBD, it was observed that a large
number of parameters can influence photocatalytic activity. None of the observed trends
can fully explain the variation in the photocatalytic activity and why it changes from
sample to sample. The following observations were considered from the previous sections:

e DRS and FT-IR measurements do not show conclusive differences between the
samples.

e The primary crystallite size better correlates with the specific surface area of the
samples, than the diameter of the spheres.

e Among the structural features, the (002) and (100) crystallographic planes’ diffrac-

tion intensity ratio (roo2)/(100)) is the only one that changes according to the observed
photocatalytic activity.

e The (002) orientation increases the likelihood of electrons being trapped in oxygen
defect states.

The turnover frequency for the photocatalytic tests was calculated according to

equation (21) [163] for NS, MS samples synthesized at 120, 150, and 180 °C and MNS
samples at 150 °C.
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AC
SaXCeat

TOF =

(21)

In equation (21), TOF is the turnover frequency in nmol-m2-h', AC is the change in
concentration of phenol in an hour, Sa is the specific surface area of the sample, Ccat is
catalyst concentration (1 g-L!). The data presented in Figure 34, demonstrates that by
applying 150 or 180 °C during synthesis, a better photocatalytic activity can be achieved
because of the increased r(oo2)/(100). In the previous section has already been argued that these
parameters are related. Both the primary crystallite size and ro2)/(100) Show similar patterns
with the activity. Yet, PL measurements showed the crystallographic orientation and defect
emissions are related. These defects states probably contribute to the utilization of the

electron-hole pair for catalytic reactions, but a larger crystallite could also better stabilize
them as well.
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Figure 34 Material properties in relation to the photocatalytic activity: conversion in
the function of mean diameter (a), ro2)/00) (b), the primary crystallite size (c), and
TOF in the function of the precursor composition (d) [93].

Considering that the ZnO spheres form from the aggregation of the smaller
crystallites, we can fairly assume that their structural features (ro2)(100), primary crystallite
size) impact predominantly the photocatalytic activity. These possible relations of

photocatalytic activity have already been hinted at in previous sections related to ZnO
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nanorods and in the literature [164—166]. TOF combines the observed activity of the catalyst
with its specific surface area. In Figure 34d the pattern formed by the TOF shows a
decreasing trend with precursor composition in Figure 34c, as well as increasing
photocatalytic activity with increasing crystallite size within the same temperature series. |
propose that the activity is more likely influenced by the increased orientation along (002),
based on the previous sections and arguments [167]. These facets can have more oxygen
defect states, which adsorb more efficiently the reactants required for degradation (OH", O2),
then we can assume that a low proportion of this facet does not supply enough reactants to
fuel the photocatalytic process. Likewise, the high ratio could supersede the regions
responsible for the generation of electron-hole pairs.

Comparing the present results to the results in section 5.1 several changes are
observed. Even though the crystallite size calculations used for the SSs are more accurate,
the values are much smaller than those calculated for the nanorods. The solvent composition
is modified outside of the previously examined intervals and a morphological agent (DEA)
was applied, but the structural parameter, r(oz)/(100), can still be tuned. In addition, the same
trend with the photocatalytic activity and roz)(00) Was preserved, despite morphological
modification. Also, the catalytic activity is greatly improved. This enhancement can be
attributed to the smaller primary crystallite size or simply that the crystallites are not so
closely packed as in the case of nanorods.

Considering the results and the above-discussed arguments, the following
conclusions can be made:

e Modifying the synthesis method of ZnO nanorods to synthesize ZnO solid
spheres has been successful.

e Using a mixed precursor approach ZnO spheres can be accurately controlled
in the continuous range of 120-2800 nm with similar high specific surface
area.

e The W-H method for calculating primary crystallite size was found to be the
most accurate among the methods applied.

e The structural parameter rooz)/(100) can still be tuned regardless of the modi-
fication of the synthesis

e The mechanism proposed for the formation of spheres is a 3 step process: it

starts with the formation of crystal seeds, then spheres were formed via
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agglomeration according to the precursor composition, followed by crystal
growth and sintering.

e The photocatalytic activity trend with ro2)/(100) is changed, despite the mod-
ifications to the original synthesis.

e The r(o2)/100) is also related to the ratio of NBE and oxygen defect emissions.
5.3.  Morphological modification: ZnO hollow spheres and noble metal composites

The morphological modification of ZnO to ZnO SSs greatly improved the
photocatalytic activity compared to the ZnO nanorods. In addition, the structural tunability,
respective to its relation to the activity, is both maintained. This suggests that the original
synthesis has flexibility for modification without sacrificing other beneficial properties of
the resultant semiconductor. This flexibility provides the opportunity to further investigate
other morphological modifications, which might improve photocatalytic efficiency. Further,
the work of B. Réti et al. [169,170] and T. Gyulavari et al. [80,104,171] was taken as the
basic strategy for further improvement of photocatalytic activity. In the mentioned
publications TiO2 hollow structures were prepared using carbon sphere templates and hollow
TiO2-noble metal composites. Modifying the method with the addition of a template can
thoroughly test this flexibility of synthesis, especially if the structural control is still
maintained. The ZnO SSs provide a consequential basis of comparison to investigate how
the hollow spherical morphology influences the photocatalytic activity as tunable reference
material. Even though there are some existing publications describing the synthesis of ZnO
hollow spheres using spherical carbon templates [172-175], their number is scarce and to
the best of our knowledge, ZnAA; was not used as a ZnO precursor for the synthesis of
hollow spheres using carbon sphere templates. As the previous results demonstrated superior
photocatalytic activity can be achieved for ZnO using the ZnAA: precursor, but the other
possible precursors were also considered in the preparation of hollow structures. Also, the
preparation of CSs developed by B. Réti et al. [169,170] is unique, because the carbon source
used is ordinary table sugar, which has a different chemical structure than the most
commonly used glucose. Based on the previous results during the solvothermal method, the
ethanol concentration was raised to 99.3%, because the lower water content slowed the
crystal seed formation and is the highest value on which ZnO was still obtained.

74



Zoltan Kovacs — Ph.D.dissertation Results and discussion

5.3.1. Preliminary investigation of synthesis parameters

It has shown that the preparation of semiconductor oxides with hollow spherical mor-
phology is founded upon the ability of metal ions to coordinate with the residual hydroxyl,
carbonyl, and carboxyl groups on the surface of the CSs via chemical impregnation and
subsequent removal of the template through calcination [71,75]. A difficulty in this proce-
dure can arise if the binding of zinc ions is energetically less favored than solvation into the
liquid phase.

Unfortunately, the chemical impregnation method was not successful and only a mi-
nute amount of solid material was produced and the application of ZnCl> as the precursor
did not yield any solid material. On the other hand, the solvothermal method was successful
and the yields were acceptable at >95%. The SEM measurements revealed that the samples
are composed of large irregular agglomerates of small crystals (Figure 35). However, in the
case of the ZnAA; precursor, some spherical particles are also formed. This implies that the
zinc ions do not bind sufficiently to the surface of CSs and the crystallization occurs in the
liquid phase or the ZnO crystals do not adhere to the surface sufficiently(Figure S10). A
probable explanation could be that there are less amount of functional groups available since
the applied purification method is thoroughly optimized to remove the by-products of the

carbonization process [104].

75


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carboxyl-group
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbonization

Zoltan Kovacs — Ph.D.dissertation Results and discussion

Chemical impregnation

Precursor Solvothermal method

method

W YT
ZnAc,
1 uni
ZnCl, No solid product
ZnAA,

Figure 35 SEM micrographs of samples synthesized by chemical impregnation and
solvothermal method [128].

The application of ZnAA> was the only precursor showing promising prospects to
achieve hollow spherical morphology and also only in solvothermal methods. This method
also requires parameter optimization, because the average diameter of particles was 10 times
higher than that of the CS templates. The mass ratio of ZnO to CSs was selected as a variable
synthesis parameter to optimize the thickness of the ZnO layer on the CSs with the following
values: 10:1, 9:1, 7,5:1, 6:1, 5:1. Throughout these experiments the concentration of ZnAA;
was kept constant. These are named “ZnO-HSs-” with a number at the end indicating the
applied mass ratio of ZnAA2:CSs. In Figure 36, it can be seen, that spherical morphology
was achieved regardless of the applied ZnAA2:CS mass ratio. Some additional irregularly
shaped particles were always observable. A probable explanation can be that as the ZnO
layer grows some loosely adhered crystallites could break off. At a lower concentration (e.g.,
at a 6:1 ratio), some spherical cavities could be observed at the surface of agglomerated

particles, with sizes corresponding to those of CSs (~500 nm).
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Figure 36 SEM micrographs of samples synthesized with different ZnAA2:CS mass
ratios and reference samples (ZnO solid spheres (SS) and ZnO samples synthesized
without CSs (noCS)) [128].

The presence of smaller irregular particles could also indicate that the nucleation of
ZnO occurs not just at the surface of the CSs, but also in the liquid phase. Using the SEM
micrographs of ZnO-HS-10:1 and ImageJ software, the average diameter of spheres was
determined as in the case of solid spheres in the previous sections, which was calculated to
be ~800+ 80 nm. In addition, the broken spheres confirm the presence of cavities in the
spheres. Considering the average diameter of CSs (500 nm), the average thickness of the
ZnO can be estimated to be ~150 nm, but TEM micrographs (Figure 37) revealed that the
actual value is between110-170 nm and the diameter of the cavities are between 350 and
450 nm. This difference can be caused by the sintering crystallites. The ZnO-HS-10:1 sample
was selected for noble metal deposition in further experiments, and it will be referred to as
”ZnO-HS”. For reference materials, solid ZnO spheres were an evident choice (denoted as
?Zn0O-SS”) using the synthesis method described in section 4.2.2, which had the same

average diameter
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ZNO-HS

Figure 37 TEM micrograph of ZnO-HS synthesized with tuned ZnO:CS weight ratio
[128].

5.3.2. Characterization of ZnO-HSs

The ZnO-HS and the noble metal/ZnO-HS composites were examined by XRD, FT-
IR, and DRS measurements. The ZnO-coated CSs (ZnO-CS), solid spheres with an equal
mean diameter (ZnO-SS), and a ZnO sample synthesized with the same procedure without
the application of CSs (ZnO-noCS) were also characterized and used as reference materials
to investigate the effect of the hollow morphology. The reference materials, ZnO-noCS and
Zn0-SS were also calcined with identical calcination parameters.

On the X-ray diffractograms of the as-synthesized samples (Figure 38), the usual
diffraction peaks corresponding to the hexagonal wurtzite crystal structure of ZnO have been
identified (JCPDS 36-1451) at 20°: 31.74, 34.39, 36.21, 47.54, 56.59, 62.89, 66.38, 67.98,
69.11 [43]. The rest of the diffraction peaks correspond to the crystal structure of the noble
metals: Au at 38.14 and 44.32 26° (JCPDS 04-0784) [176] and Pt at 39.70 26° (JCPDS 04—
0802) [177]. Similarly to the previous sections, the peaks were analyzed using Pseudo Voigt
function 1 of Origin Pro software. The as-determined numerical data was used to calculate
the mean primary crystallite size of the ZnO crystal phase with the three previously
mentioned methods (Scherrer equation, W-H, and SSP) and the results are presented in Table

5. Unfortunately, in the case of noble metals, W-H and SSP methods can not be used in the
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present case, because of the small number of peaks, so the Scherrer equation was used to
calculate the mean crystallite size. Considering that the synthesis method used to prepare the
ZnO samples is based on the method presented in section 4.2.1 preferential orientation could
be expected. Previously roo2)(100) Was used to express numerically the crystal orientation.
The application of templates can influence crystal growth and preferential orientation, so to
better examine this possible effect the texture coefficients were calculated for the three main
diffraction peaks corresponding to the (100), (002), and (101) crystallographic planes
Similarly to the previous case of ZnO solid spheres the calculated mean crystallite
size by the W-H and SSP methods are greater than those calculated by the Scherrer equation
(Table 5). As described in previous sections the peak broadening is caused by the crystal

strain, due to the small primary crystallite size.
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Figure 38 XRD patterns of a) ZnO samples and b) ZnO/noble metal composite [128].

Table 5 Primary crystallite size calculated by Scherrer equation, W-H and
SSP methods, and TC values of the ZnO samples [128].

Primary crystallite size TC
(hm)
Sample I'(002)/(100)
dscherrer| dw-H dssp (100) (002) (101)
Zn0O-noCS 16.68 | 17.75 | 17.18 | 097 | 1.12 | 093 | 0.73
(reference)
Zn0-5S 17.14 | 2345 | 2045 | 105 | 1.06 | 089 | 068
(reference)
Zn0O-CS 14.48 | 2050 | 17.25 | 0.84 1.41 0.75 1.25
Zn0O-HS 15.59 | 26.24 | 20.54 | 0.95 1.22 0.83 0.91

It is important to emphasize that the reference materials have been calcined to

eliminate errors when comparing the various samples to the reference materials. This is well
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exemplified by the increase in primary crystallite size between calcined and non-calcined
are increased (ZnO-CS, 20.50 nm, ZnO-HS, 26.24 nm). Even though the calcination
temperature is relatively low, sintering can occur and particles can fuse at contact boundaries
[178-180]. Considering that ZnO-noCS was synthesized based on the previously described
method, it is no surprise that TC and r(o2)/100) Show a strong preferential orientation for the
(002) crystallographic plane. Surprisingly, the addition of CSs intensified the preferential
orientation in this direction, despite the morphological modification. Due to the sintering of
the crystallites, the preferential orientation can be affected. High preferential orientation of
crystal growth can result in a higher proportion of certain facets belonging to a crystal plane
family. This leads to a higher probability of contact between crystals at these facets during
sintering. This can be observed in TC values of ZnO-CS (1.41) decreasing after the removal
of the template (ZnO-HS, TC=1.22), technically the preferential orientation is half of the
original value.

The primary crystallite sizes of the noble metals, determined by the Scherrer
equation, are 9.57 nm for Au and 9.53 nm for Pt nanoparticles, which is in good agreement
with literature data [73]. These values were also confirmed by TEM measurements (Figure
39), which revealed that the particles are randomly distributed on the surface of the HSs. In
addition, the morphology of ZnO remained intact and no change was observable in the

structure of the ZnO phase.
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Figure 39 Diffuse reflectance (a), the first derivative of the diffuse reflectance spectra
of ZnO samples (b) and their composites and TEM micrographs of ZnO-HS-Pt (c)
and ZnO-HS-Au (d) [128].

DRS measurements were used to investigate the optical properties of the samples
(Figure 39). Au and Pt nanoparticles absorb light in the visible spectrum and this could also
be observed on the spectra of the composite samples, as the reflectance values are much
smaller compared to pure ZnO-HS sample, despite the 1% metal doping. The previously
described Kubelka-Munk and derivative method was used to calculate the band gap energies,
but for composite materials, the derivative method is more advised, because for composite
materials the spectra of the different components superimpose, so the derivative method was
considered more adequate in the present case for ZnO. The band gap energies of the ZnO
samples (ZnO-noCS and ZnO-HS) were calculated to be 3.19 respectively 3,22 eV. In the
case of composites, a slight red shift in the band gap energies is observable (3.17¢eV). In
addition, an inflection curve (at 542 nm) specific for gold nanoparticles is observed and
identified as the localized surface plasmon resonance of gold.

To further examine the spectra, the band gap tails, or Urbach energy (Eu), were
calculated to investigate the defect state energy levels in the ZnO phase. Defect states play
a key role in the stabilization of electron-hole pairs [181]. The Urbach energy was calculated

according to the publication of P. Norouzzadeh et al. [43] and is presented in Table 6. The
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influence of the noble metal nanoparticles can be observed in Urbach energies, as no
significant difference exists in the values determined for the pure ZnO samples (ZnO-noCS,
-SS, -HS) and surprisingly in the case of ZnO-CS as well. The Ey increased above 200 meV
of the presence of noble metals.
Table 6 Calculated band gap (Eg) and Urbach energy (Eu) values of the ZnO
samples [128].

Sample Eg (eV) | Eu (meV)
Zn0O-noCS (reference) 3.22 52
Zn0-SS (reference) 3.19 56
Zn0O-HS 3.19 58
ZnO-HS-Au 3.17 232
Zn0O-HS-Pt 3.17 240

In the photoluminescence (PL) spectra of the samples (Figure 40), the previously
discussed NBE specific of the exciton recombination was identified at 391 nm. In addition,
the defect emissions at 624 nm (yellow emission) and 646 nm (orange-red emission).
[161,182,183]. The defect emissions are more intense compared to the ZnO samples

described in previous sections. This region is further presented in Appendix Figure S11.
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Figure 40 PL emission spectra of the as-prepared samples recorded at 350 nm
excitation wavelength for ZnO-CS and ZnO-HS (a) and comparison between ZnO-
HS and its respective noble metal composites (b) [128].
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On the FT-IR spectra of the samples (Figure 41), the following bands were identified:
Zn-O stretching vibrations centered at 460 cm™ [184], adsorbed water at 3435cm™
(stretching vibrations of O—H bonds). In the case of ZnO-HSs, three additional narrow bands
were observed at 1627 cm™, 1579 cm™* and 1610 cm™. These bands can be identified as the
bending and stretching vibrations of the chemically adsorbed water molecules or citrate
residuals from the noble metal deposition [185]. Bands, which could indicate residuals

originating from the incomplete removal of the template were not observed.
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Figure 41 FT-IR spectra of the investigated ZnO photocatalysts: blue — basic hollow
spheres, red — gold decorated hollow spheres, green — platinum decorated hollow
spheres [128].

5.3.3. Photocatalytic activity

In Figure 42 is presented the photocatalytic activity of ZnO-HS, ZnO-noble metal
composites, and the reference materials (ZnO-noCS and ZnO-SS). All samples were
measured in the photocatalytic degradation experiments of phenol, ibuprofen and diuron
under UV light irradiation. No significant change in concentration (<0.5%) was measured
during the adsorption period (10min) for none of the model compounds. In the
photocatalytic degradation of phenol, ZnO-HS had an 83% and a 132% increased
performance compared to the reference materials (ZnO-SSs and ZnO-noCS). This can be

explained by the increased preferential orientation, as the reference materials had smaller
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TC values, which have been reduced during calcination, but in the case of ZnO-CS this value
was especially high, so did not diminish completely.

a b - ~
)1.0 4 ., ., Phemol )1.0 | Phenol | -* Photolysis
Zn0-noCS
0.8 1 0.8 1
L\)O 0.6 1 QQ 0.6 1
© - Photolysis o ZnO-HS-Au
0.4 Zn0O-noCS non-calcined 0.4 ~ ZnO-HS-Pt
] -¥- ZnO-SS non-calcined - ZnO-HS
0.2 - - ZnO-noCS 0.2 -
-~ ZnO-SS
0.0 —T 1T -~ T T 1 11T 7T 0.0 —T T "~ T "~ I T T T
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Irradiation time (min) Irradiation time (min)
c - - — d — .
)1.0 4, ., Diuron -+ Photolysis )1.0 4., ., ,louprofen - Photolysis
-4~ Zn0O-noCS -4 Zn0O-noCS
0.8 1 0.8 1
061 J 064
] ]
0.4 0.4 - \
ZnO-HS 4 N % ZnO-HS
0.2 4 ZnO-HS-Au 0.2 4 ZnO-HS-Au
¥ ZnO-HS-Pt ] S wt
0.0 —71 1 1111~ 1 1 0.0 SNLIL A I B I B EL B |
0 30 60 90 120 150 180 210 240 0 30 60 90 120 150 180 210 240
Irradiation time (min) Irradiation time (min)

Figure 42 Degradation curves of model pollutants using the as-synthesized ZnO and
composite samples under UV irradiation: comparison of the reference materials
before and after calcination (a), phenol (b), diuron (c) and ibuprofen (d) (Co,phenol =

Co,diuron = CO,ibuprofen =0.1 mM) [128].

To investigate the influence of the noble metals, the photocatalytic performance of
Zn0O-HS-Au and ZnO-HS-Pt composites can be compared to the base material. To better
quantify the differences between samples, the apparent rate constants (kons) were calculated

(based on Figure 43) and are presented in Table 7.
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Figure 43 Phenol conversion and TOC removal values after 4 h (a), Kinetic plots for
phenol (b), diuron (c), ibuprofen of ZnO-HS, ZnO-HS-Pt and ZnO-HS-Au samples

(d) [L128].

Table 7 The calculated apparent rate constants determined for the as-prepared

samples for the degradation of three model pollutants [128].

Kobsx103 (min‘l)
Sample
Phenol Diuron |lbuprofen
ZnO-HS 9.81 3.79 2.93
ZnO-HS-Pt 26.57 18.27 12.68
ZnO-HS-Au 33.05 14.32 12.07

The kobs sShow a 270% and 336% increase in the case of the degradation of phenol

for the Au and Pt composites. The increase in the case of diuron and ibuprofen is even

greater. Noble metals improve the photocatalytic activity of semiconductors, due to their

ability to accept electrons into the crystal structure and subsequently stabilize the charge

separation process. There is a slight difference in the effect of the two noble metals on the
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photocatalytic activity. An argument can be made based on the plasmon resonance of the
metal nanoparticles, which is in the visible region in the case of Au, but in the case of Pt is
in the UV. Thus, the used irradiation conditions facilitate light utilization more for Pt.
Another aspect could be the higher affinity of gold nanoparticles toward electrons.

The photocatalytic performance of the base material and reference materials was
considerably less in degradation experiments of diuron and ibuprofen compared to that of
phenol. It should be considered that these organic molecules are more stable, and complex
and form more degradation intermediaries [110,186,187], but the noble metal-modified
samples degraded the model pollutants after 4 hours. ZnO-HSs-Pt had better photocatalytic
performance than ZnO-HSs-Au, unlike in the phenol degradation experiments. The better
activity specific to the case of diuron can probably be attributed to the chlorine substituents
of the model compound. These chlorine atoms could be released to the suspension during
degradation as chloride ions, which can interact readily with the (002)-oriented surface of
the crystals [110]. Based on the PL measurements was proposed that Pt could utilize more
efficiently at the near-band edge electrons.

A key aspect to consider in monitoring the degradation of these model pollutants is
that the various intermediates could be more harmful than the original compound before
reaching complete oxidation. In the case of the degradation of phenol, some of these
intermediates were detected, which were identical to those observed in the case of ZnO SSs
(Figure S8). Ideally, the completion of the photocatalytic reactions results in CO2 and H20O,
so the change in total organic content (TOC) better reflects the efficiency of the
photocatalytic degradation process. As could be expected, because of the intermediaries, the
TOC values are much smaller than the phenol conversion values (Figure 43a) until 90%
phenol conversion has been reached. The results also strengthen that the noble metal
deposition improves the photocatalytic activity in general, as the TOC removal is
significantly higher than the bare ZnO-HS. The time required for total mineralization is
double for ZnO-HS (12 h) compared to the ZnO-noble metal composites (~6 h).

The ZnO-HS was selected for reusability and stability tests, in which the catalyst was
used repeatedly in three consecutive phenol degradation experiments. The XRD and SEM
measurements of the reused samples revealed that the performance and morphology of the
photocatalysts are remarkably stable (Figure S12). Additionally, the best-performing
catalyst, ZnO-HS-Pt, was selected for further degradation experiments in simulated

wastewater conditions. Real wastewater could contain various organic and inorganic
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materials. Usually, inorganic components are dissolved inorganic salts in the form of ions,
of which the most abundant are Na*, K*, Ca**, Mg?*, CI', F", SO+* and HCOj3". Considering,
that organic components could mineralize completely to H>O and CO; and inorganic
components cannot be further degraded, they are the main focus of the present study.
Inorganic ions could interfere with the hydroxy radicals or closely interact with the charged
defects states on the surface of the catalyst, hindering the photocatalytic degradation process.
For this purpose common mineral water was chosen, Theodora® from Kékkuti Asvanyviz
Ltd., with the ion matrix detailed in Table S4, which was used to prepare simulated
wastewater solutions with the same concentration (0.1 mM) of model pollutants used in the
main study. These solutions were used for the photocatalytic test with the same conditions
as described before.

The results of the degradation of the model pollutants in the simulated wastewater in
comparison with the original experiments using MQ water are presented in Figure 44,
Although, the concentration of the constituents of the inorganic matrix is more than 100

times higher than that of the model pollutants the degradation is only slightly slower.
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Figure 44 The simulated wastewater photodegradation test results for ZnO-HS-Pt for

phenol (a), diuron (b), ibuprofen (c), and all of the decay curves together (d) [128].
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5.3.4. Further characterization of the photocatalysts

Results and discussion

Although publications studying the photocatalytic activity of ZnO hollow spheres

are scarce, the results of a few studies are presented in Table 8 for comparison.

Table 8 The photocatalytic activity of several ZnO HSs in the literature [128].

Conditions of the photocatalytic experiment
Concen-
Catalyst Catalyst | , odel pol- tration of | Degrada- Conver- Reference
concentra- lutant model pol-| tion time sion (%)
tion (g-L™?) lutant (h)
(mM)
Reduced graphene- Methylene
oxide/ZnO 0.2 blue 0.01 15 % [92]
ZnO 0.5 Congo Red| 0.02 1.5 85 [75]
AU/ZnO 17 Megl‘z’ée”e 0053 | 033 737 | [109]
Au/Graphene/zno|Catalyst on Methylene | ) 1 56 [188]
substrate blue
Zno 1 Rhc’dgm'”e 0.042 0.83 99 [108]

Generally, calcination is an essential step in the synthesis of photocatalysts to
improve crystallinity and remove moieties, originating from the synthesis. This is especially
important in the case of ZnO because the formation of Zn(OH): is difficult to avoid when
water is present in the reaction mixture [92,188]. In the present case, this is also valid as
minuscule amounts of acetylacetone could be adsorbed on the surface of the particles. The
oxidation of these organic impurities and the CSs could also react with the loosely bound
oxygen of ZnO. As a result of the preferential orientation toward (002) planes, which usually
either end with an oxygen or Zn layer of atoms, this oxygen removal could be intensified.
Subsequently, the calcination generates oxygen vacancy defect states at the oxygen-rich
crystal facet, which could be detrimental to the photocatalytic activity.

Although it has been demonstrated that internal reflection can be exploited to
improve the light-harvesting capabilities of TiO>, optical properties of the material should
be considered, such as absorptivity, and the thickness of the optical medium (shell).
Considering the shell of the hollow spheres as curved thin films allows some fairly simple
evaluation based on afferent literature data [91,189]. In the UV range, the transmittance of
ZnO films is very low (<10%) even at film thickness values of 100 nm) [190], but high for
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the visible range. Consequently, light harvesting through internal reflection in the present
case is not probable.

To sum up, based on the photocatalytic experiments, the hollow spheres were more
efficient than the solid spheres and the template-free reference regardless of the model
pollutant applied. The noble metal deposition successfully increased the photocatalytic
activity of hollow structures at least twofold.

6. Conclusion

In course of the research work, various methods were successfully applied to increase
the photocatalytic activity of ZnO-based photocatalysts. During the investigation of the
structural, optical, and morphological properties and the evaluation of the photocatalytic
activities, significant relations were found and discussed in detail, and the following
conclusions were drawn.

A three-level fractional factorial design, Box—Behnken design, was successfully
applied for the optimization of the solvothermal synthesis of ZnO. The following synthesis
parameters have been implemented into the model: temperature (90, 140 190 (°C)), the
concentration of the precursor in the reaction mixture (0.068, 0.136, 0.204 (M)), ethanol
content of the solvent (30, 60, 90 (%) v/v) and the duration of the solvothermal synthesis (4,
8, 12 (h)). The samples were characterized using XRD and DRS measurements. The
photocatalytic performance of the samples was measured in the case of degradation of MO
under UV irradiation. Significant changes were observed in the photocatalytic activity (PDE)
and the ratio of intensities of two X-ray reflections corresponding to (002) and (100)
(ro2yi00)). Two characteristics of the catalysts were observed to change while changing the
synthesis parameters, PDE and r(oo2)(100). Using ANOVA and these two responses, a full
quadratic model was fitted and the model adequacy was evaluated and validated. The
determined correlations were found to be adequate based on the R? values of 0.9913 for
PDE. and 0.9743 for ro2)(100) and analysis of residuals.

The correlations were used to maximize the activity and the structural parameter in
optimization experiments, which resulted in new experimental parameter sets. The new
parameter sets were verified by new experimental data, which resulted in a new ZnO sample
with improved photocatalytic conversion values of MO (88%). The optimal parameter set
for the solvothermal synthesis of ZnO were: temperature of 154 °C, the concentration of the
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precursor ZnAA: in the reaction mixture of 0.068 M, ethanol content of the solvent of 90%
v/v ethanol, and duration of the solvothermal treatment of 9.74 h. The optimization for the
roozy(oo) resulted in similar experimental conditions. This demonstrated that this
crystallographic feature and photocatalytic degradation are related. The data demonstrated
that with reduced experimental design, the photocatalytic activity and the orientation along
(002) are related and can be tailored accordingly. The model is validated in the range of 0.2—
0.88 for the ratio of intensities peaks corresponding to crystallographic planes (002) and
(100). Therefore, this study showed that reduced experimental designs can be used for both
the photocatalytic and crystallographic design of ZnO.

The previous solvothermal synthesis method was successfully modified to prepare
ZnO photocatalysts with spherical morphology with two zinc oxide precursors (zinc acetate
and acetylacetonate) with mean diameters of 305 nm and 2.813 pum, respectively. The used
shape-tailoring agent was DEA. Based on the data obtained from the ZnO BBD model, the
composition of the solvent (water-ethanol) was optimized in the 80-100% concentration
range and it was established that 99-1% ethanol is necessary to achieve spherical
morphology. It was also determined that this solvent composition is essential to prepare ZnO
with noticeable photocatalytic activity.

Two other parameters of the synthesis method were examined to influence the
activity and the size of the particles: the temperature of the solvothermal treatment (120,
150, 180 °C) and the ratio of the two precursors (5:95, 10:90, 15:85, 20:80, 25:75, 50:50,
75:25). Using SEM measurements, a linear correlation was determined between the average
diameter of the spheres and the composition of the precursor mixture. In addition, it was
demonstrated that the temperature also affects the change in the mean diameter, but not the
linearity. Three different approaches (Scherrer equation, W-H, and SSP) were used to
determine the primary crystallite size of the samples. The W-H method was demonstrated to
be the most accurate among them, which values were verified by TEM measurements.
Applying precursor mixtures has resulted in a smaller primary crystallite size of ~30%
compared to the samples prepared from pure precursors. The precursor composition changes
the crystallite size according to the ZnAc: ratio. The increase of the temperature of the
solvothermal treatment increases the crystallite size, while the spherical morphology is
unmodified. The specific surface areas were between 16 and 38 m%g?, which more
correlated to the crystallite size based on the activity measurements. The FT-IR

measurements confirmed the high purity of the samples.
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In summary of spherical morphology modification, with the designed synthesis
method the following aspects of the spherical morphology can be accurately tuned: mean
diameter in the continuous range of 120-2800 nm. The mechanism of formation of the
spheres was deduced to consist of two phases: first, the crystallization of ZnO particles in
the range of 9-24 nm, followed by their agglomeration and growth according to the precursor
composition.

The photocatalytic activity of the ZnO spheres was evaluated in the degradation
experiments of phenol under UV radiation and it was demonstrated that the activity can be
tailored with different precursor ratios. Despite the modifications applied, it was found that
the increased ratio of the (200) and (100) crystallographic planes greatly influence the
photocatalytic activity with a similar trend observed as before. The cause of the change in
intensity ratio was established to be the size-anisotropy of the primary crystallites. This was
determined by applying non-conventionally the Scherrer equation for the X-ray diffraction
data. Using the XRD, PL and photocatalytic degradation measurements a causal relationship
was determined to the previously found correlation between the r(oo2)/100) and photocatalytic
activity. This cause was the various recombination routes of the electron-hole pairs specific
for the crystallographic facets corresponding to (002) and (100) planes. The high abundance
of oxygen vacancies acts as electron traps and facilitates the internal recombination of the
electron-hole pair, rather than utilization in the catalytic degradation process.

The described basic solvothermal synthesis method was modified to achieve hollow
spherical morphology by applying sucrose-derived carbon sphere templates. In addition, the
chemical impregnation method was evaluated for such morphological modification but was
not successful. The coating of sucrose-derived CSs was successful during solvothermal
synthesis. The ZnO:CS mass ratio was further optimized to tune the hollow spherical
morphology and 10:1 was found to be adequate. Using SEM and TEM measurements the
removal of templates by calcination was confirmed. Using XRD and the previously best-
performing materials revealed that the calcination process reduces the preferential
orientation towards the (002) crystallographic plane. In the case of ZnO-coated CSs, the
preferential orientation was even greater than in the previous cases, even after calcination.

Zn0O-HS-noble metal composites were prepared by deposition of Au and Pt
nanoparticles using the chemical reduction method. The presence of 9 nm metal particles
was confirmed by XRD and TEM. No structural or morphological change was caused to the

Zn0O-HSs by noble metal deposition. Based on the PL and DRS measurements, it was
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deduced that the two noble metals participate with different mechanisms in the light-
harvesting process of ZnO: Pt in the UV range and Au through the defect states.

The photocatalytic performance of the ZnO-HSs and its composites was evaluated in
the degradation experiments of three model pollutants under UV irradiation: phenol,
ibuprofen, and diuron. Because of the loss of preferential orientation caused by the
calcination, the photocatalytic degradation efficiency of ZnO-HSs was greater by at least
70% compared to the reference materials. A remarkable increase was caused by noble metal
doping (270% increase) in the apparent rate constants, but slight differences were observed
in the case of various model pollutants. The catalysts were also reusable and stable during
the reusability tests.

The increased activity of hollow ZnO samples was deduced to be rooted in the
preserved preferential orientation towards the (002) plane. The application of CS templates
improved the photocatalytic activity because further intensified the preferential orientation.

Overall, it can be stated, that the preferential orientation along (002) crystallographic
planes are a key structural factor, which indicates a good performance in photocatalytic
degradation of organic pollutants, which is also observable in the literature, despite the lack

of emphasis on this aspect on various types of research regarding ZnO-based photocatalysts.
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7. Osszefoglalas

A kutatomunka soran kiilonb6z6 moddszereket sikeresen alkalmaztam a ZnO-alapu
fotokatalizatorok fotokatalitikus aktivitdsanak novelésére. A szerkezeti, optikai és
morfologiai tulajdonsdgok vizsgalata, valamint a fotokatalitikus aktivitasok felmérése soran
jelentds Osszefliggéseket talaltam, amelyeket részletesen Kifejtettem, és az alabbi
kovetkeztetéseket vonhatok le.

A ZnO szolvotermalis szintézisének optimalizalasara sikeresen alkalmaztam egy
frakcionalis faktorialis tervezetet (Box-Behnken). A ZnO szolvotermalis szintézis 4 6
meghatarozo6 paraméterét harom kiilonbozo értékein vizsgaltam: a prekurzor koncentracioja
a reakcioelegyben (0,068, 0,136 és 0,204 M), az oldoszer etanol tartalma (30, 60 és 90 %
v/v) és a szolvotermalis kezelés hémérséklete (90, 140 és 190 °C), idétartama (4, 8 és 12 h).
Az eléallitott mintak fotokatalitikus aktivitasat megvizsgaltam metilnarancs bontasa esetén
UV besugarzas soran, és XRD és DRS mérésekkel jellemeztiik. Jelentds valtozasokat
figyeltiink meg a fotokatalitikus aktivitdsban (PDE) és a (002)-nek és (100)-nak megfeleld
két rontgenreflexié intenzitasainak aranyaban (r(oo2)(100)). A vizsgalt paraméterek és a két
vizsgalt tulajdonsag (PDE ¢€s r(o2)(100) kozott egy kvadratikus modellt illesztettiink. A
modell megfeleldségét ANOVA-elemzéssel mértiik fel, és kivalo korrelacios dsszefliggést
hataroztam meg, amit a PDE esetében a 0,9913-as R? érték és az r(oz)/(100) esetében a 0,9743-
as érték bizonyit, ami a modellek altal meghatarozott értékek érvényességét jelzi.

A kapott modelleket sikeresen hasznaltam a szintézis paramétereinek
optimalizalasara, és a kapott optimalis paramétereket 0jabb kisérleti eredményekkel
megerdsitettiik. A kiszamitott optimalis paraméterek 88%-o0s MO konverziot eredményeztek
a ZnO esetében, a szolvotermalis szintézis optimalis paramétereihez kapott értékek: 154 °C
homérséklet, a prekurzor (ZnAA2) koncentracidja a reakcidelegyben 0,068 M, az olddszer
etanol tartalma 90% v/v etanol €s a szintézis ideje 9,74 h. Az r(o2)/(100) optimalizalas hasonlo
kisérleti feltételeket eredményezett. Ez azt mutatta, hogy ez a kristdly ezen strukturalis
jellemzdje és a fotokatalitikus bontas soran tapasztal hatékonysag 6sszefligg. Mindazonaltal
a kapott modellekkel és a validacios kisérletekkel sikeriilt kimutatni, hogy ezzel a
szintézissel és modellel az eléallitandd ZnO aktivitasa mellett, a szerkezete, a (002) és (100)
intenzitasainak aranya, is a 0,2-0,88 tartomanyban célnak megfelden valtoztathatd. Ezért ez
a tanulmany megmutatta, hogy a redukalt kisérleti tervezetek mind a ZnO fotokatalitikus,

mind a szerkezeti befolyasolasara alkalmazhatok.
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A korabbi szolvotermalis eldallitasi moddszert sikeresen modositottam gomb
morfologiaja ZnO fotokatalizatorok eléallitasahoz. A gomb morfologiat DEA-t alkalmazva
értiik el, amely alakformalé szerként viselkedett. Két kiilonb6z6 cink prekurzor (cink-acetat
és -acetilacetonat) alkalmazasaval két kiilonb6z6 mérettartomanyt gomboket eredményezett
(305 nm és 2,813 um). El6szor az olddszer viztartalmat vizsgaltam, hogy meghatarozzam a
gdmb morfologidhoz sziikséges optimalis szintézis paramétereket, megérizve a
fotokatalitikusan aktivitast. A 99-1%-os etanol/viz aranyt figyeltiik meg mint optimalis
Osszetétel, mivel a magas etanol tartalom sziikséges a gdmb morfologia eléréséhez, az 1%
viz pedig elengedhetetlen a ZnO mintdk magas kristalyossagdhoz ¢és fotokatalitikus
aktivitasahoz.

A szintézismodszer két tovabbi paraméterét vizsgaltam, amelyek befolyasoljak az
aktivitast és az elsddleges kristaly méretét: a szolvotermalis kezelés hémérséklete (120, 150,
180 °C) ¢és a két prekurzor aranya (5:95, 10:90, 15:85, 20:80, 25:75, 50:50, 75:25). A SEM
mérések alapjan a gombok atlagos atmérdje linedrisan valtozott az prekurzor keverékben
mintak kristalyméretét harom kiilonb6z6 megkozelitéssel hataroztam meg. Ezek koziil a W-
H modszer bizonyult a legpontosabbnak, amit a TEM mérések is megerdsitettek. A kevert
mintak kristalymérete mindig kisebb volt ~30%-kal, mint a tiszta prekurzorok hasznalata
esetén, valamint a prekurzor kevrék Osszetételétdl fiiggden valtozott. A szolvotermalis
hémérséklettel a kristalyméret novelhetd, a morfologia megérzése mellett. A fajlagos
feliiletek 16 és 38 m?g? kozott voltak, ami nincs dsszhangban az 4tlagos gdmb atmérdk
alapjan becsiilt értekekkel. Ebbdl kidertilt, hogy a fajlagos feliilet a kristalyméret fliggvénye,
¢s fligg a prekurzor Osszetételétdl. Az FTIR-mérések megerdsitették a mintdk nagy
tisztasagat.

Osszefoglalva a  gdmbmorfolégiai  megfigyeléseket, a  bemutatott
szintézismddszerrel a ZnO-gombok mérete pontosan szabalyozhaté a 120-2800 nm-es
folyamatos tartomanyban, hasonléan nagy fajlagos feliilettel. A gombok kialakulasa
kétlépcsds folyamatnak bizonyult: a 9-24 nm-es tartomanyban a ZnO részecskék
kristalyosodasaval kezdddik, majd a prekurzor osszetételének megfeleléen agglomeracio és
novekedés utjan gdmbok alakultak ki.

A fenol fotokatalitikus bontasa sordn megallapithato, hogy a kiilonb6zo
prekurzorarany haszndlataval késziilt ZnO-mintdk a tiszta prekurzorokbol szintetizalt

mintakkal aranyos aktivitast mértem. Az alkalmazott médositasok ellenére, a (200) és (100)
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racssikok megnovekedett egymashoz viszonyitott aranya nagymértékben befolyasolja a
fotokatalitikus aktivitast, és hasonlo tendencia figyelhetd meg, mint korabbi fejezetben
targyalt esetekben. Az intenzitdsarany valtozasanak okaként az elsddleges kristallitok méret-
valé nem konveciondlis alkalmazasaval hataroztam meg. A XRD, a PL és a fotokatalitikus
bontasi mérések felhasznalasaval ok-okozati Osszefiiggést hataroztam meg a roz)/(1o0) €s a
fotokatalitikus aktivitas kozott korabban talalt korrelacioval. Ez az ok, az elektron-lyuk
parok kiilonb6z6 rekombinacios Gtvonalai voltak, amelyek a (002) és (100) racssikoknak
megfeleld  kristalyoldalakra  jellemzéek. A  nagyszamu  oxigén  vakancidk
.elektroncsapdaként viselkedik, és inkabb az elektron-lyuk par belsé rekombinacidjat segiti
eld, mint a katalitikus bontasi folyamatban val6 hasznositasat.

Tovabbi morfologiai moddositast értiink el szachardzbol eldallitott széngdmb-
templatok alkalmazasaval, a ZnO ireges gombok eldallitasahoz két szintézismodszer
esetében. A szachar6zbol szarmazdé CS-ek alkalmazdsa nem eredményezett iireges
szerkezetek kialakulasat, amikor szintézismodszerként kémiai impregnalast alkalmaztam. A
szachar6zbol szarmazo CS-eket azonban sikeresen alkalmaztam szolvotermalis szintézis
soran, iireges ZnO-gombok eldallitdsara. Meghataroztam az optimalis feltételeket (10:1
ZnO:CS tomegarany) a szabalyos iireges gombok eldallitasdhoz. A templatok kalcinalassal
torténd eltavolitasat SEM és TEM mérésekkel voltak igazolva. A referenciaanyagok
esetében a kalcinalas soran alkalmazott hémérséklet a (002) racssik irdnydba valo
preferencialis orientacio elvesztését eredményezte. Az iireges szerkezetek esetében a
preferencialis orientacid a templatok jelenléte miatt jelentésen megmaradt.

Az Au és Pt nanorészecskéket kémiai redukcios modszerrel sikeresen levalasztottam
a HS-ok feliiletére, amit XRD, TEM, PL és DRS mérésekkel igazoltam. A ZnO morfologidja
¢és szerkezete a nemesfémek jelenléte ellenére valtozatlan maradt. A kompozitok emisszids
spektrumai azt mutattdk, hogy a Pt fokozza a t6ltésszétvalasztast az UV -tartoméanyban, az
Au pedig csokkenti a hibapotokon keresztiili rekombinaciot.

A mintak fotokatalitikus aktivitasat fenol, ibuprofen és diuron UV-sugarzas soran
torténd lebontasaval vizsgaltam. A ZnO iireges gdmbdk legalabb 70%-kal feliilmultak az
elozetesen eldallitott referenciakat. A nemesfémek jelenléte a fotokatalitikus lebontas
latszolagos sebességi allandoinak figyelemre méltd, 270%-os vagy anndl nagyobb
novekedését eredményezte, a hasznalt modellszennyezd anyagtol fiiggéen. Hasonlo

hatasfoknovekedést figyeltek meg mind az Au, mind a Pt nanorészecskék esetében. A
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katalizatorok az ujrafelhasznalhatosagi vizsgalatok soran is ujrafelhasznalhatéak ¢és
stabilnak bizonyultak.

Az iireges ZnO-mintdk magasabb hatasfokat annak tulajdonithato, hogy megorizték
preferencialis orientacidjukat a (002) racssik iranyaban. Kovetkezésképpen a szachardzbol
szarmazo6 széngdmbok alkalmazasa javitotta a szolvotermalis modszerrel szintetizalt ZnO
fotokatalitikus aktivitasat.

Osszességében megallapithatd, hogy a (002) racssik mentén vald preferencialis
orientaci6 kulcsfontossagu szerkezeti tényezO, amely el6zetesen jo fotokatalitikus
teljesitményt jelezhet a szerves szennyezdanyagok fotokatalitikus bontasaban, ami az
irodalomban is megfigyelhetd, annak ellenére, hogy a ZnO-alapu fotokatalizatorokkal

kapcsolatos kiilonb6zd kutatasok nem hangstlyozzék ezt a szempontot.
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Figure S1 Emission spectra of the used UV lamps with the inset of the wavelength

region 350-425 nm.
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Figure S2 The calibration curve of methyl orange (MO) absorbance at 464 nm at

different concentrations (1-200 pM) [120].
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Figure S3 The X-ray diffractograms of all the synthesized samples according to the

Box—Behnken This figure was taken from ref. [120].
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Figure S4 Tauc plot of the Kubelka-Munk transformations (a), respective the first

derivative of diffuse reflectance spectra (b) of the ZnO samples prepared using BBD
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Figure S5 Normal probability plot of residuals: for PDE (a); for ro2)/o0) (b) [120].
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Figure S6 Diameter size distributions of the NS180 [125].
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Figure S7 PL emission spectra of the samples prepared using pure ZnAA:, respective
ZnAc: at different synthesis temperatures, at 350 nm excitation wavelength. The
near-bend edge and oxygen defect state emissions change according to the

temperature [125].
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Figure S8 The chromatograms of the NS180 sample, during the degradation process
of the phenol (a) and the identified intermediates at 40 min of the photodegradation
tests (b) — 0 mark the eluent front, (1) hydroquinone, (2) resorcinol, (3)
hydroxyquinol, (4) catechol and (5) phenol [125].
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Figure S9 X-ray diffractograms of NS180 before and after 5 cycles of
photodegradation test [125].
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Figure S10 SEM micrograph of the sample synthesized with a solvothermal method
using ZnAcz precursor. The small rod-like crystals are ZnO attached to carbon
spheres [128].
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Figure S11 PL emission spectra of the as-prepared samples recorded at 350 nm
excitation wavelength. ZnO-CS composite before calcination shows the specific
intense near band edge emission at 391 nm, which is reduced in intensity after
calcination and redshifted by noble metal deposition [128].
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Figure S12 The XRD (a), SEM micrographs of before (b) and after phenol

degradation experiments (d), respective the degradation curves of the three cycles (c)
[128].
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Table S1 ANOVA results for a quadratic model of ZnO using Box-Behnken
design for photocatalytic measurements [120].

Analysis of Variance
Source DF Adj SS | Adj MS | F-Value | p-Value VIF
Model 14 6326.51 | 451.89 97.32 <103*
Linear 4 3443.08 | 860.77 | 18537 | <103*
X1 1 55.04 55.04 11.85 <103 1
X2 1 23497 | 234.97 50.6 <103%* 1
X3 1 3043.27 | 3043.27 | 655.37 | <10°* 1
X4 1 109.81 | 109.81 23.65 <103 1
Square 4 1657.47 | 414.37 89.23 <103
X2 1 1549.66 | 1549.66 | 333.72 | <103 1.25
X2? 1 173.03 | 173.03 37.26 <103 1.25
X3? 1 134.45 | 134.45 28.95 <103 1.25
X4? 1 483.45 | 48345 | 104.11 | <103 1.25
2-Way Interaction 6 122596 | 204.33 44 <103
X1*X 1 46.92 46.92 10.1 <103%* 1
X1*Xs3 1 175.56 | 175.56 37.81 <103%* 1
X1*X4 1 29.7 29.7 6.4 <103%* 1
X2* X3 1 72092 | 72092 | 15525 | <10°* 1
X2* X4 1 46.92 46.92 10.1 <103%* 1
X3*X4 1 205.92 | 205.92 44.35 <103%* 1
Error 12 55.72 4.64 <107%*
Lack-of-Fit 10 55.08 5.51 17.03 | 0.057**
Pure Error 2 0.65 0.32
Total 26 6382.23

*significant (p < 0.05); **not significant; c = 1.83, R? = 0.9913,
R?(adj) = 0.9811, R?(pred) = 0.9501.
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Table S2 ANOVA results for a quadratic model of ZnO using Box-Behnken
design for the ratio of intensities of X-ray diffraction peaks [120].

Analysis of Variance
Source DF Adj SS | Adj MS | F-Value | p-Value VIF
Model 14 0.693 0.050 325 <103
Linear 4 0.557 0.139 91.31 <103
X1 1 0.001 0.001 0.38 0.551** 1
X2 1 0.044 0.044 28.98 <1073 1
X3 1 0.506 0.506 331.72 <1073 1
X4 1 0.006 0.006 4.17 0.064** 1
Square 4 0.092 0.023 15.16 <1073
X4 1 0.001 0.001 0.52 | 0.484** | 1.25
X2? 1 0.009 0.009 5.98 <10°3* 1.25
X3? 1 0.059 0.059 38.92 <10°3* 1.25
X4? 1 0.006 0.006 4.09 0.066** 1.25
2-Way Interaction 6 0.044 0.007 4.85 <103
X1*X2 1 0.010 0.010 6.56 <1073* 1
X1*X3 1 0.011 0.011 7.44 <103 1
X1*Xy 1 0.014 0.014 9.45 <1073* 1
X2*X3 1 0.000 0.000 0.02 0.89** 1
X2*Xaq 1 0.000 0.000 0.01 0.91** 1
X3*Xy 1 0.009 0.009 5.61 <1073* 1
Error 12 0.018 0.002 <103
Lack-of-Fit 10 0.018 0.002 16.37 0.059**
Pure Error 2 0.000 0.000
Total 26 0.712

*significant (p < 0.05); **not significant; c = 0.039, R? = 0.9743,
R?(adj) = 0.9443, R?(pred) = 0.8531..
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Table S3 Primary crystallite sizes calculated for the XRD peaks (100) and
(002) of ZnOs by the Scherrer equation.

Primary crystallite The ratio of crystallite
BBD sample ) ]
code size (nm) sizes for (002) and (100)
(100) (002)

Zn0O 0000 30.24 30.09 1.00
Zn0O 0-1-10 30.35 25.78 0.85
Zn0O 0-10-1 29.63 28.21 0.95
Zn0O 00-1-1 33.43 27.96 0.84
Zn0O 00-11 40.50 39.46 0.97
Zn0O 0-101 25.84 34.44 1.33
Zn0O 0-110 29.12 31.86 1.09
Zn0O 001-1 30.31 33.36 1.10
Zn0O 01-10 38.15 34.62 0.91
Zn0 1-100 33.41 32.28 0.97
Zn0O 010-1 35.00 32.41 0.93
Zn0O 10-10 33.65 29.15 0.87

Zn0O 0011 28.83 31.47 1.09
Zn0O 100-1 28.29 31.87 1.13

Zn0O 0101 34.16 30.24 0.89

Zn0O 0110 31.60 33.94 1.07

Zn0O 1001 29.97 27.56 0.92

Zn0O 1010 33.71 34.67 1.03

Zn0O 1100 35.94 30.27 0.84
Zn0O -1-100 27.24 23.58 0.87
Zn0 -10-10 31.66 32.97 1.04
Zn0O -100-1 31.13 29.41 0.94
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Table S4 The dissolved inorganic content of the Theodora® mineral water

[128].

Concentration

lon
mg-L*! mM
Na* 32.0 14
K* 10.0 0.3
Ca? 144.0 3.6
Mg?* 34.4 1.4
F 1.4 0.1
SO4* 144.0 15
HCOs 487.0 8.0

Other inorganic ions 51.2 -
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