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ABSTRACT

The presented doctoral thesis, submitted in the form of a
commented, thematically ordered collection of original scientific
articles supported by theoretical background, is focused on the
preparation of multiscale hierarchical ZnO-based composite systems.
Several preparation techniques, including bottom-up as well as top-
down methods were employed throughout the work aiming the
synthesis of various nanocrystalline ZnO powders that demonstrated
the application potential in diverse fields.

In the first study, antibacterial ZnO filler was synthesized by
solvothermal microwave assisted process to obtain nanostructured
hierarchical raspberry-like sub-micro particles. Their application
potential was successfully confirmed with the preparation of an
antibacterial composite made by mixing the prepared ZnO particles
with medical-grage, softened poly(vinyl chloride) matrix, and with a
final evaluation of the surface antibacterial properties.

Methods leading to diverse ZnO morphologies were explored in a
preliminary screening study that showed extreme versatility of the
two-step synthesis (mechanochemical preparation of a precursor
followed by microwave solvothermal synthesis). A follow up study
was focused on desirable surface properties of ZnO nanostructured
powders as ZnO is often utilized in oil or fat dispersions; the overall
surface properties must be suitable for the intended application.
Thus, the third study addressed to the preparation of surface-
modified nanocrystalline ZnO particles with various lipophilicities
and specific surface areas that were produced by a combination of
mechanochemical preparation of precursor and subsequent solvo-
thermal microwave-enhanced synthesis and coating in-situ.

The last two investigations included in this thesis are associated
with the synthesis of nanostructured porous ZnO powders by thermal
annealing of zinc oxalate dihydrate and zinc peroxide precursor. The
structural and morphological parameters of prepared mesoporous
ZnO micro-beads and nanocrystalline assembled ZnO spheres were
investigated. In addition, the application potential of the prepared
ZnO powders was successfully demonstrated by testing the
photocatalytic performance by UV degradation of methyl violet 2B.
The formation mechanism of mesoporous ZnO micro-beads during
annealing of zinc oxalate was identified and basic parameters of the
sintering process and crystallite growth were described.

Key words: ZnO, nanocrystallites, surface modification, composite,
microwave-assisted synthesis, thermal decomposition



ABSTRAKT

Predkladana disertacni prace ve formé komentovaného tematicky
usporadaného souboru plvodnich ¢lankd s doprovodnym teoretickym
komentarem je zamérena na pripravu vicemeéritkovych hierar-
chickych kompozitnich systému na bazi ZnO. V praci je aplikovano
nékolik postupl pripravy zahrnujicich jak botom-up, tak i top-down,
metody vedouci k riznym formam nanokrystalického ZnO, jehoz
aplikacni potencial byl Gspésné demonstrovan v rdznych oblastech.

Prvni studie pojednava o pripravé antibakterialnich hierarchickych
nanostrukturovanych ZnO sub-mikronovych castic s morfologii
pripominajici maliny pomoci mikrovinami asistované solvotermalni
syntézy. Hodnoceni povrchové antibakterialni aktivity materialu,
ktery byl pripraven zamichanim malého mnozstvi tohoto ZnO plniva
do taveniny medicinského mékceného polyvinylchloridu, prokazalo
vynikajici antibakterialni Ucinnost pripraveného kompozitu.

Metody vedouci k rGznym morfologiim ZnO byly zkoumany v
predbézné orientacni studii, ktera prokazala mimoradnou vsestran-
nost dvoustupnové syntézy (mechanochemicka priprava prekurzoru
nasledovana mikrovlnnou solvotermalni syntézou). Nasledujici studie
proto jiz byla zamérena na ovlivnéni povrchovych vlastnosti nano-
strukturovanych ZnO castic, které jsou casto pouzivany ve formé
prisady do olejovych nebo tukovych disperzi. Treti studie je proto
zamérena na pripravu povrchové modifikovanych nanostrukturo-
vanych castic ZnO s rizné velkym specifickym mérnym povrchem a
ruznou lipofilicitou. Tyto materialy byly taktéz pripraveny kombinaci
mechanochemické pripravy prekurzoru nasledované mikrovlinnou
solvotermalni syntézou ZnO s in-situ povrchovou modifikaci.

Posledni dvé studie zahrnuté do disertacni prace pojednavaji o
pripravé nanostrukturovanych poréznich ZnO castic pomoci
termického rozkladu z prekurzoru stavelanu zine¢natého dihydratu a
peroxidu zinecnatého. Hlavni pozornost je zde vénovana popisu
zmén strukturnich a morfologickych parametrd pripravenych me-
zoporéznich nanostrukturovanych microcastic v zavislosti na rGzné
Zihaci teploté prekurzord. Dale byl identifikovan mechanismus rdstu
nanostrukturovanych mesoporéznich ZnO mikrocastic pripravenych
termickym rozkladem stavelanu zinecnatého dihydratu a byly
popsany zakladni parametry procesu slinovani a rustu krystald.
Pripravené castice byly nasledné Uspésné vyuzity pri testech
fotokatalytické UV degradace metylové violeti 2B.

Klicova slova: ZnO, nanokrystaly, povrchova modifikace, kompozit,
mikrovlnami asistovana syntéza, termicky rozklad.
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1 INTRODUCTION

Hierarchically ordered structures hold their own position within
nanotechnology as they represent special types of nanostructures,
which are built up from lower dimensional units such as rods, wires
or plates, by controlled crystallization and aggregation. These
3-dimensional materials can offer advantages arising from high
surface area, as the building blocks are often at the level of
nanoscale. On the other hand, primary nanocrystals can self-
assemble to complex structures such as hierarchical flowers or
spheres ranging from mesoscale up to microscale, driven by the
reduction of overall system energy. Therefore, multiscale
hierarchical nanostructured materials are interesting because of
both (i) the properties gained at the nanoscale and (ii) composite
processability gained at the meso to micro scale.

Zinc Oxide is a particularly interesting material that can be
obtained in various size scales and morphologies, and thus, has a
variety of final properties. Microwave-assisted solvothermal
chemistry became a popular method for the production of various
inorganic powders; time reduction as well as high yields are the
main benefits of the microwave synthesis process.



2 NANOMATERIALS

The simplest definition of nanomaterials is given by their size.
Indeed, any material can be categorized as a nanomaterial if the
sizes of its’ individual building blocks are smaller than 100 nm in at
least one dimension. Another more specific definition states, that
nanomaterials have properties which depend inherently on their
size, and such properties can be significantly different when
compared to the properties of micro or bulk materials. In principle,
there are two main approaches leading to production of
nanomaterials called “bottom-up” and “top-down” techniques. The
bottom-up approach is preferred in nanotechnology, whereas the
top-down approach is used just in minority cases and its dominant
application lies in conventional technologies [1].

From the point of dimensionality, one can distinguish among (i)
zero-dimensional (0D) structures such as quantum dots or
nanoparticles, (ii) one-dimensional (1D) structures including
nanowires, nanotubes and nanorods or (iii) two-dimensional (2D)
structures such as thin films [2]. Processes leading to three-
dimensional (3D) hierarchical ordered structures are still not
perfectly understood and therefore attract much attention from the
research community [3-5].

2.1 Bottom-Up versus Top-Down approach

As mentioned above, bottom-up and top-down techniques
represent different ways of preparation of nanostructures. The
typical example of a top-down method for making nanoparticles is
milling, in contrast to the synthesis of a colloidal dispersion by the
bottom-up method. Both of these approaches play important roles in
modern industry as well as nanotechnology. Obviously, there are
some advantages and disadvantages of both approaches. The biggest
issue related to with top-down methods such as lithography or
milling is the presence of structural defects and surface impurities.
This would have a significant influence on physical properties and
surface chemistry of nanomaterials, since the surface to volume
ratio in nanostructures and nanomaterials is very large and therefore
a crucial parameter [1,2].

The bottom-up process is related to building up materials from
atoms, molecules or clusters. An example of such a process can be
found in polymer chemistry, where it is well known that polymers
are synthesized by connecting smaller individual parts called
monomers by the polymerization process. Similarly, in the crystal



growth process, atoms, ions, and molecules assemble into the
crystal structure one after another, upon contacting the growth
surface. With nanomaterials there is very little opportunity for the
top down approach because almost all the tools we have are too
large to manipulate such small objects. Botom-up processes also
promise fabrication of nanostructures with fewer defects, and more
homogenous chemical composition as compared to the top-down
process and are therefore generally more favorable [2].

2.2 Properties of nanomaterials

Unique properties of nanostructured materials depend mostly on
their surface characteristics, because unlike bulk materials, the
number of surface atoms is not negligible. The surface to volume
ratio of atoms is the important parameter which is directly related
to the size of particles in the matter. For example, if considering a
cube of iron of 1cm?, the percentage of surface atoms would be only
10” %. If we divide this cube into smaller cubes with an edge of
10 nm, the percentage of surface atoms will increase to 10 %. In the
case of an iron cube of 1 nm? each atom will be a surface atom [2].
This huge increase of surface to volume atoms should demonstrate
why we expect great changes in physical and chemical properties of
nanostructured materials when compared to their bulk counter-
parts. Similarly, the specific surface area and surface energy are
also strongly size dependent parameters which are important when
considering nanometer range, often resulting in thermodynamic
instability or metastability. Therefore, such an unstable system
often tends to reduction of large surface energy by the
agglomeration, sintering or so called “Ostwald ripening” [2].

A good example where nanotechnology can significantly change
properties of materials is the UV absorption shift of TiO, particles by
the change of nanocrystals size. Generally for TiO,, UV absorption
maxima can be adjusted within the range of 200 to 550 nm by
varying particle size. When decreasing the size of TiO, particles,
significant blue shift is observed; red shift is observed with an
increase in size. The use of ultrafine UV absorbing TiO, particles
would lead to a nanocomposite which is perfectly transparent in the
visible region [1].



3 ZINC OXIDE STRUCTURE AND PROPERTIES

Zinc oxide has been in use since 2000 B.C. as a part of medicinal
ointments for boils and carbuncles treatment. More recently, well-
known applications of ZnO are in ceramics, paints and coatings,
cosmetics; the most important use of ZnO over the last century
remains associated with the rubber (polymer) industry [6]. As
a member of the II-VI binary compound semiconductors group, zinc
oxide crystallizes in a cubic zinc blende, cubic rock salt or hexagonal
wurtzite, whereas the only thermodynamically stable phase under
ambient conditions is that of wurtzite symmetry [7].

Zinc oxides’ leading characteristics are a wide band gap at
3.37 eV and a large exciton binding energy of 60 meV at room
temperature [8]. These properties make a ZnO a promising
semiconductor candidate with possible applications in light emitting
diodes [9], dye-sensitized solar cells [10] and transparent electrodes
[11]. Also, gas-sensing properties of nanostructured ZnO were
successfully discovered [12,13]. Another interesting property of ZnO
is the photocatalytic degradation of organic pollutants present in
wastewater [14,15]. Zinc oxide has become a serious point of
interest since Sawai et al. in 1995 first reported antibacterial
activity of a ZnO powder slurry [16]. In addition, ZnO exhibits good
biocompatibility and therefore seems to be a very promising
material for future applications in bioimaging and drug delivery [17].
If nano zinc oxide is utilized as filler in polymers, polymer
nanocomposites with enhanced properties can be obtained [18,19].
This matter will be discussed in more detail in the chapter dealing
with polymer nanocomposites.

In the past decade, many different strategies have been employed
to synthesize ZnO nanomaterials rich in morphologies. These has
been varied from (i) zero dimensional quantum dots QDs, (ii) one
dimensional nanowires/nanorods, (iii) two dimensional structures
such as thin films or (lIV) superstructures with complex 3D
hierarchical morphology [20-22]. Amongst three general processes
applicable for nanoparticle production, including solid-state, gas-
phase and liquid-phase, the latter seems to be of biggest importance
especially for metal oxide particles such as zinc oxide. Liquid
phase processes generally enable better control over structural,
compositional and morphological features of the final nanomaterials
by using lower cost equipment [23]. Solid-sate processes such as
milling involve structural defects, and are predominantly used for
the production of micro-sized powders. Gas-phase processes are
successfully employed for the low-cost production of large



quantities of nanopowders but utilize much more expensive
equipment [24].

So called “chimie douce” or wet chemical processes proceed
under relatively low temperatures and have become an important
group. They include several sub-processes which can be classified
into five major categories: (i) sol-gel processing, (ii) the
precipitation method, (iii) water-oil emulsion (reverse micelle), (iv)
the polyol method and (v) hydrothermal synthesis [24]. Several
proposals for the synthesis of ZnO nanomaterials have been
suggested, such as spray pyrolysis of a ZnO precursor on a polymer
substrate [21], mechanochemical synthesis of nanocrystaline ZnO
[25], hydrothermal synthesis of various morphologies of
nanostructured ZnO [4], a precipitation method [26], thermal
decomposition of a ZnO precursor [27], a sol-gel process [28], a
solvothermal method [5], polyol-mediated [29] and microwave-
assisted synthesis [30-32].

3.1 Fabrication of hierarchical nanostructures

Generally, one can choose between two main strategies for the
fabrication of hierarchical nanostructures. The first method
comprises of nanoparticle synthesis and its’ assembly into super-
particulate complex structure in one step [33] while the other
method of synthesis and arrangement into 1-, 2-, or 3- dimensional
structures proceeds in two successive steps [34]. Considering the
first method, in many instances nature is providing good examples of
hierarchical complex structures obtained at mild conditions via
controlled crystallization and aggregation [35].

Formation of mesocrystals (“mesoscopically structured crystals”)
as the special kind of colloidal crystals involves crystallization and
aggregation in a one step process. In contrast frequently used two-
step processes include nanocrystals synthesis and their subsequent
assembly with the help of physical methods, such as solvent
evaporation or application of magnetic or electric fields. Indeed, in
most cases the preparation of two or three dimensional super-
structures starts by drop coating of colloidal nanoparticles solution
onto solid substrate followed by evaporation of the solvent [23].

Crystal coarsening has been traditionally described by the Ostwald
ripening process, which is characterized by the growth of large
particles at the expense of smaller ones, leading to a more
thermodynamically stable system via the reduction of surface
energy. This process requires sufficiently high molecular solubility in
the continuous medium as well as high interface energy of the



crystal [36,37]. As an alternative, the oriented attachment process
may take place if the surface energy and solubility of the material is
lower [23]. Oriented attachment involves spontaneous self-
organization of adjacent particles in that way so they share common
crystallographic orientation, followed by connection of these
particles at the planar interface [36]. Oriented attachment belongs
to the group of nonclassical crystallization driven by the reduction
of the large surface energy of nanoparticles, through elimination of
high energy facets or possible interaction of dipoles carried by the
nanoparticles. But the detailed mechanisms are still not clear
[36,38,39].

Examples of quasi one, two, and three dimensional structures
obtained through the oriented attachment process in organic
solvents are not exceptional. On the contrary, presence of aqueous
media often results in formation of one-dimensional oxidic
structures which are difficult to obtain in organic solvents. Just a
few studies on 1D structures in organic solvents have been reported
[23]. Among previously mentioned methods for the fabrication of
ZnO nanomaterials, processes utilizing microwave energy has taken
a big portion of scientists’ effort in the last decade [40-42] and
therefore will be discussed in more detail in following chapter.

3.2 Microwave synthesis

Microwave energy has been successfully applied in various areas of
modern synthetic chemistry during the past decade. New techniques
for the production of organic as well as inorganic materials were
developed hand in hand with extensive progress in the availability
of broad range experimental apparatuses. On one hand, a simple
modified domestic microwave oven equipped with an infrared
temperature sensor and reflux cooling system can be utilized. On
the other hand, the use of a professional closed-vessel microwave
reactor designed for precise pressure and temperature control with
the possibility of stirring and cooling of the system would lead to
great improvement of the reproducibility. Practically all microwave-
assisted syntheses are performed in equipment operating at 2.45
GHz which corresponds to a wavelength of 12.25 cm and photon
energy of 0.0016 eV. Microwave energy is thus too small to induce
chemical reactions by direct absorption of electromagnetic energy,
in contrast to ultraviolet and visible radiation used in photo-
chemistry [43].

Generally, microwave dielectric heating is a matter of interaction
of microwaves with specific materials such as solvents or precursors.



The crucial material parameter here is the ability to absorb and
convert microwave energy into heat. Two main mechanisms of
microwave heating consist of dipolar polarization and ionic
conduction. Any non-ionizied substance able to generate heat when
exposed to microwaves must possess a dipole moment. When such
molecules are irradiated by MW, their dipoles try to realign
according to the high frequency oscillating electric field, resulting in
the loss of energy in the form of heat through molecular friction and
dielectric loss. The other heating mechanism called ionic conduction
is manifested when working with mobile charged particles, usually
ions. Charged ions oscillate back and forth under the agitation of
the microwave field, so that they collide with adjacent molecules or
atoms and create heat due to the kinetic motion. A good example of
such behavior can be observed when heating distilled or tap water:
at the same conditions the latter will be heated faster due to the
presence of ions [40,43]. lonic conduction is particularly important if
working with ionic liquids, which interact very efficiently with
microwaves and are rapidly heated at rates of around 10 °C/s
without a significant increase of pressure. When considering strongly
conducting or semiconducting materials such as metals (e.g. Au, Pt)
a related heating mechanism which can induce flow of electrons on
the surface can take a place. Surface electron flow can heat the
material by ohmic-resistance heating mechanisms [40,41]. In
general, heating of particular material under microwaves is
dependent on the dielectric properties of the material. The
capability of such a material to transform microwave energy into
heat at a specific frequency and temperature is defined by loss
tangent tan 0 according to equation 1.

tan & = % (Eq. 1)

Here €'’ is the dielectric loss describing the conversion of
electromagnetic radiation into heat, and €’ is the dielectric constant
representing the polarizability of molecules in the electric field.
Solvents can be categorized as low (tan 6 < 0.1), medium (tan 6 0.1-
0.5) and high (tan & > 0.5) microwave-absorbing. In more detail,
there are other parameters which can sometimes influence the
heating rate, other than that given by tangent loss, such as heat of
vaporization, specific heat capacity or the penetration depth of
microwave irradiation into the sample [41]. Microwave heating can
be classified as “volumetric” heating since there is a simultaneous
raise of temperature within the whole volume. This is in contrast to
conventional heating where the reaction mixture is heated first from



the wall of the vessel. In the literature, one can find a description
of so-called “microwave effects” which might be responsible for as
of yet incompletely understood microwave-matter interaction, and
could explain why the outcomes of the syntheses in microwaves are
different from those performed by conventional heating at the same
temperature. The category of specific microwave effects includes
the superheating effect at atmospheric pressure, selective heating
of strongly absorbing material in a medium with lower polarity, and
the presence of an inverse temperature gradient due to the
elimination of the wall effect. Presence of so-called “non-thermal”
microwave effects is still controversial topic within the scientific
community. Non thermal effects have been postulated for a
proposed direct interaction of an electric field with specific
molecules in the reaction mixture which is not connected to a
macroscopic temperature effect [40].

In past years, various microwave wet chemistry reactions have
been successfully utilized for the preparation of morphology-rich
Zn0O nanostructures as well as other metal and metal oxide particles
[42]. Among them, two main groups can be generalized as
hydrothermal and solvothermal processes. Hydrothermal synthesis
belongs to a so-called “green chemistry” approach employing water
as the solvent for reactants. Since water is a polar substance, it has
good potential to absorb microwave energy and transfer it into heat
by both dipolar polarization and ionic conduction mechanisms.
Typical dielectric characteristics of water compared to other
solvents can be found in Table 1. One can see that loss tangents
of polar organic solvents are much higher than that of non-polar
organic solvent or water which implies better microwaves
absorption, thus speeding-up of reaction.

Table 1 Dielectric properties of various microwave solvents [41]

Solvent Dielectric constant Dielectric loss Loss tangent
(€’) (€7) ()
Water 80.4 9.89 0.123
Ethanol 24.3 22.90 0.941
Ethylene glycol 37.7 50.90 1.350
Hexane 1.9 0.038 0.020




Water-mediated synthesis protocols often lead to the formation of
one-dimensional structures such as nanorods or nanowires [44,45].
Rarely, they lead to three-dimensional self-assembled hierarchical
flower-like structures which are interesting mainly due to their
promising technological potential for electronic devices, sensors, or
photocatalysis [30,46,47]. On the other hand, a main drawback of
hydrothermal process is the insolubility of most of the organic
precursors, resulting in heterogeneous reaction mixtures [40].
Moreover, energy demand for preparation of distilled water is not
negligible. Therefore, plenty of reactions are performed under
aqueous-free solvothermal conditions by using organic solvents
[29,48-50].

Generally, two different ways including surfactant-controlled or
solvent-directed solvothermal reactions can be followed. The main
drawbacks of surfactant directed methods lie in the higher amount
of organic impurities as well as lower accessibility of the
nanoparticles surface due to the adsorption of surfactants. This
has a subsequent negative influence on sensing and catalytic
applications. On the other hand, solvent directed procedures are
generally simpler, starting only from metal oxide precursors and
routine organic solvent, and leading to higher purity products.
Furthermore, organic solvent can play both roles involving reactant
and particle growth modifier [23,42]. Indeed, it acts on one hand as
a donor of oxygen for metal oxide creation and on the other hand as
a capping agent that binds to the surface of particles. Thus, it
modifies the particle growth and finally affects the morphology and
assembly. Formation of spherically shaped particles or complex
architectures is frequently observed within the solvothermal
reactions compared to one-dimensional structures commonly seen
under hydrothermal conditions. Presence of a certain amount of
water in solvent-directed reactions also plays an important role,
especially in polyol-mediated reactions starting from metal acetate
reactants. The small amount of water is usually added into the
system through the use of hydrated precursors or solvents which
generally modify hydration and condensation of metal precursors,
resulting in different crystal growth [23,29,48].



4 NANOCOMPOSITES

Nanocomposites are composite materials with at least one phase
exhibiting the special properties of nanomaterials. Supposedly, the
oldest type of nanocomposite is that with more or less spherical
nanoparticles present in gold-ruby-glass vase, consisting of a glass
matrix with gold nanoparticles produced by the Assyrians in the 17th
century BC. Generally, three most important types of nano-
composites differ in the dimensionality of the second phase, which
can be formed either by (0D) isolated nanoparticles, (1D) nanotubes,
nanorods and nanowires, or by (2D) stacks of layers [1]. Continuous
development and availability of nanomaterials promise new and
enhanced nanocomposites that can find use in a wide range of
application such as electronics, pharmaceutical, medicine and
material science. One area of particular interest is the development
of polymer nanocomposites. These are usually formed from a
combination of inorganic nanomaterials and organic polymer matrix,
hence exhibiting properties that are representative of both
components [51].

4.1 Polymer nanocomposites

Polymer nanocomposites are polymer matrix composites which
contain materials having at least one dimension below 100 nm. The
small size offers some level of controllable performance that is
different from the expectations developed in the macroworld.
Indeed, there must be some advantage in achieving the nanoscale
whether it is for mechanical reinforcement or the enhancement of
another desirable property. The polymer-nanomaterial interface is
the key determinant of nanocomposite properties. To imagine the
importance of polymer-nanocomposite interface some simple
calculations are helpful. If we consider 1Tum cube, the surface area
equals 6 pm?, which is 6 x 10® nm? if expressed in nanometers. If the
micron cube were to fracture up to 1 nm length cubes, then the
total surface area of one of these cubes generated will be 6 nm? and
the total number of cubes generated would be 10°. Therefore, the
total surface are of the generated cubes equals 6 x 10° mm?
representing an increase of the total surface area by a factor of 10°.
With such as huge increase of interfacial area it is reasonable to
expect some difficulties in mixing. For example, if polymers are
compounded with nanoclay precursors, the increase of interfacial
area (polymer-platelet) can result in a viscosity increase of an order
of magnitude [51].
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There are generally three ways of preparation for nano-
composites: (i) melt compounding (ii) film casting and (iii) in-situ
polymerization [52]. In melt compounding, the objective is to
achieve distributive mixing ideally leading to homogenous
distribution of an additive in a polymer matrix. The objective is to
surround each individual particle with the coating of polymer
matrix, which is not always possible due to the different surface
energies of the polymer matrix and particles, leading to their
aggregation or agglomeration [51,52]. To overcome this problem,
surface functionalization of particles prior to compounding usually
takes place [52]. Melt processing has been studied by many authors
regarding thermoplastic resin nanocomposites. The influence of ZnO
nanoparticles on composite photo-degradation [53,18], mechanical
[18,19,53,54], thermal [53,54], barrier [19] and antibacterial
properties [18,54] has been investigated. Dielectric properties of
polyvinyl alcohol-zinc oxide nanocomposite films prepared by
solvent casting [55], as well as mechanical and antibacterial
properties of polyurethane based coatings reinforced by ZnO
nanoparticles prepared by an in-situ copolymerization process [57]
have been also studied.

4.2 Applications of ZnO in nanocomposites

In past years, zinc oxide nanostructures have been successfully
applied in the form of various nanocomposites, reaching different
functions according to the intended application as specified in
following paragraphs.

4.2.1 Antibacterial or uv blocking polymer-ZnO
nanocomposites

The influence of ZnO nanoparticulate fillers on antibacterial
effects of various polymer nanocomposites against both gram-
positive and gram-negative bacteria, represented mostly by
Staphylococcus aureus and Escherichia coli, respectively, have been
proven by many authors. ZnO NPs were added to polymers such as
polyurethanes  [56,57], polypropylene [54], high density
polyethylene [18] or poly(vinyl chloride) [58], where all authors
observed reduction of bacterial species as compared to the initial
untreated polymer samples. To date, there exist several proposals
of the mechanism of antibacterial action of ZnO such as formation
of reactive oxygen species ROS [58], zinc ions Zn*" [54] or hydrogen
peroxide H,0, generated from the surface of ZnO [18,56,57]. As it
stands, to the best of my knowledge, the exact role of antibacterial
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action of ZnO nanoparticles is not clear. Moreover ZnO NPs UV
absorption has been advantageously used for the preparation of UV
resistant nano ZnO/glass fibre/epoxy composite in the whole UVA
and UVB range [59]. Another research group prepared ZnO NPs by
the wet chemical process, followed by their coating on bleached
cotton fabric. UV blocking properties of cotton fabric treated by
ZnO NPs showed 75 % absorption of UV light as compared to 20 %
absorption for untreated samples [60].

4.2.2 ZnO for photocatalysis and gas sensors

Good accessibility of the metal oxide nanoparticle surface
prepared by surfactant free methods seems to be profitable for both
photocatalytic and gas sensing properties, since several studies
confirmed that the presence of surfactants lowered photocatalytic
activity of metal oxide nano powders [23]. ZnO hollow spheroids
were successfully used for the complete photocatalytic degradation
of aqueous solution of rhodamine B (as the model organic dye used
for textiles colouring) under UV light within 300 minutes. Neither in
the presence of ZnO spheroids and absence of UV light nor with UV
illumination and without the ZnO, did any photocatalytic
degradation of rhodamine B took place [61]. Similarly, another
group of authors synthesized nanorods assembled flowers which
demonstrated 91 % and 80 % degradation of methylene blue and
rhodamine B dye, respectively, within 140 minutes [62]. In addition,
the effect of morphology of ZnO particles prepared by microwave
assisted solvothermal synthesis on photodegradation of methyl
orange was evaluated among six different samples. The best result
represented by 98 % degradation of methyl orange within 40 min was
manifested by hierarchically structured spheres; the authors’
explanation was related to the highest specific surface area [63].

Several groups have focused on the preparation of metal oxide
semiconductor gas sensors in the form of thin films. These operate
upon the change of the resistance of metal oxide nanoparticles due
to the adsorption of reducing gases [64]. In a similar way, ZnO based
sensors designed for nitrogen dioxide [12], ammonia [13] and
ethanol [65] were successfully fabricated.

4.2.3 ZnO for light emitting diodes and solar cells

Since ZnO semiconducting NPs possess a wide band gap of about
3.37 eV and a large exciton binding energy at of 60 eV at room
temperature, their electronic and luminescent properties have been
extensively studied in connection with the potential applications in
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light emitting devices (LEDs). Within this field, most of the attention
has been devoted to low dimensional structures such as ZnO
quantum dots, nanorods or nanowires [66]. Moreover, organic light
emitting diodes (OLEDs) utilize a nanocomposite layer composed of
a semiconductive polymer and luminescent ZnO nanoparticles [9].
Continuous improvement of dye sensitized solar cells (DSCs)
represents one option for harvesting energy from the light. For this
purpose, DSCs based on ZnO hierarchical nanostructures manifested
maximum conversion efficiency up to 5.4 % [10].
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5 AIMS OF WORK

The main aim of the present dissertation work arose from literature
review as preparation of ZnO nanostructured materials with
hierarchical structure and demonstration of its application
potential. It can be subdivided into following goals:

Preparation of the nanostructured material by chosen synthesis
methods with respect to desired structure and morphology of
the ZnO product.

Characterization of morphology, structure, optical, surface and
other properties of the prepared powdered materials.

Testing of a functional property selected with respect to the
possible application and demonstration of the potential useful-
ness of prepared materials.

Preparation of a composite system by mixing of selected ZnO
fillers with a chosen polymer matrix.

Evaluation of the obtained composite properties, in terms of
mechanical and antibacterial properties.
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6 METHODOLOGY

6.1 Materials

Oxalic acid dihydrate, C,;H,042H,0, zinc acetate dihydrate,
Zn(CH;COO0),-:2H,0, anhydrous sodium carbonate Na,COs;, 25-29 %
aqueous ammonia, hydrogen peroxide, ethylene glycol and
diethylene glycol were all supplied by Penta (Czech Republic).
Polyethylene glycol 400, poly(vinyl alcohol) Mowiol 8-88, and
medical grade poly(vinyl chloride) were supplied by Fluka
(Germany), Sigma Aldrich (Switzerland), and Modenplast (Italy),
respectively. Distilled and demineralised water as well as ethanol
were used as needed within individual experiments.

6.2 Zinc oxides syntheses

Paper |I: Powdered zinc oxide with hierarchical morphology on
mesoscale (hierarchical raspberry-like particles) was synthesized by
fast and simple microwave enhanced solvothermal reaction. The
microwave synthesis of hierarchical raspberry-like powdered ZnO
was done in the microwave open vessel system MWG1K-10 (Radan,
The Czech Republic, 800W, 2.45 GHz), which is based on
modification of a domestic microwave oven by drilling a hole in the
ceiling for external cooler and equipped by external source of
microwave energy that allows to control the duty cycle. The
reaction mixture was heated in a quasi-continuous mode at
maximum heating power.

Paper ll: ZnO micro and nanoparticulate materials were
synthesized in two step process, including mechanochemical
preparation of precursor (vibration mill) followed by microwave
assisted solvothermal synthesis. Microwave assisted synthesis of
surface modified ZnO particles was performed in modified domestic
microwave oven (CRW-TECH, frequency 2.45 GHz, maximum power
1150 W, (unknown land of origin) equipped with an external
condenser. All mixtures were heated at maximum heating power.

Paper Ill: ZnO nanoparticles surface modified by degradation of
polymer capping agents were synthesized in two step process,
including mechanochemical preparation of precursor (vibration mill)
followed by microwave assisted solvothermal synthesis with in-situ
coating. Microwave assisted synthesis of surface modified ZnO
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particles was performed in modified domestic microwave oven
(CRW-TECH, frequency 2.45 GHz, maximum power 1150 W,
(unknown land of origin) equipped with an external condenser. All
mixtures were heated at maximum heating power.

Paper IV: Preparation of porous ZnO microbeads and
nanocrystalline assembled ZnO spheres was accomplished by the use
of a muffle furnace (LMH 07/12, LAC, Czech Republic). The ZnO
porous polyhedral microbeads were synthesised by two-stage
process consisting of a precipitation of organic precursor and its
subsequent thermal decomposition by annealing at different
temperatures.

Paper V: The nanocrystalline assembled ZnO (raspberry) spheres
were obtained by two-stage procedure consisting of recrystallization
of dissolved commercial ZnO powder (used in rubber industry)
obtaining zinc peroxide precursor and its subsequent thermal
decomposition by annealing at different temperatures.

Detailed description of synthetic procedures for individual ZnO
based materials can be found in attached articles (Papers I-V).

6.3 Composite preparation

The melt mixing process was chosen for the preparation of
multiscale polymer composite system based on the hierarchical
raspberry-like ZnO filler and medical grade plasticized PVC matrix
loaded in the concentration range from 0.5 to 3wt. %. Compounding
of ZnO filler to polymer matrix was done by batch mixer machine
(Brabender Plasti-Corder, Germany) equipped by a 50 cm’® mixing
chamber (Brabender W50 EHT, Germany).

Compounds were hot pressed into sheets with 1 mm thickness
aiming the purpose for standardized testing of composite
mechanical properties and surface antibacterial activity.

Detailed description regarding compounding of ZnO to polymer
matrix can be found in corresponding article (Paper I).

6.4 Characterization

Nowadays, many methods are available for structural and
morphological examination of powdered inorganic materials as well
for specific characterization of polymer composites. The utilized
methods therefore include techniques regarding the aims of the
work and their list is presented below.
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Powder X-ray diffraction (XRD) analysis was utilized for phase
characterization of prepared precursors and synthesized ZnO based
particles by the X-ray diffractometer X Pert PRO (PANalytical, The
Netherlands) with Cu Ka radiation of A = 0.1540598 nm. The size of
Zn0O nanocrystallites was considered to be nearly identical with the
size of diffracting area dgif- Which is easily accessible via Scherrer’s
formula using A(260) which is full-width at half-maximum (FWHM) of
XRD patterns. The particle shape and other factors were neglected
to simplify the procedure and the calculation followed the well-
known formula [67]:

0.9 2
daifrr = % cos (Eq. 2)

Where the constant 0.9 is the shape factor, A is the wavelength of
the X-ray source, B is the FWMH in radians. The actual value of B
was obtained by deconvolution of instrumental broadening effects
using Warren correction method. The 6 is the Bragg angle, i.e. the
half of the 20 position of the selected diffraction line.

Thermogravimetric analysis (TGA) was performed on the
thermogravimeter TA Q 500 (TA Instruments, United States) in order
to elucidate the thermal decomposition behaviour of precursors as
well as to find out the information concerning the purity of prepared
powders.

Scanning electron microscopy (SEM) was carried out to observe
the morphology of prepared powdered materials and for the
characterization of fillers dispersion and distribution at the cross-
section of prepared polymer composites by the scanning electron
microscope Tescan Vega LMU (Tescan, Czech Republic).

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT) was utilized for structural characterization of powdered
materials with the aid of FTIR spectrometer Nicolet 6700 (Thermo
Scientific, United States)

The ultra violet visible absorption spectroscopy (UV-vis) was
used for optoelectronic characterization of prepares powdered
materials by UV-vis spectrometer AvaSpec 2048-2 (Avantes, The
Netherlands) with the light source type AvalLight-DHS-DUV.
Integrating sphere (BaSO, coated) and white tile BaSO, reflectance
standard were used for relative diffuse reflectance (DR-UV-vis)
spectrometry. Moreover, the UV-vis spectrometer (UV-Vis Varian
Cary 300, Varian Inc., United States) was used for transmission
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measurements of the MV solutions to evaluate the photocatalyst
efficiency within the wavelengths in the range from 300 to 800 nm.

The Brunauer-Emmet-Teller plot (BET) was used for characteri-
zation of specific surface area of prepared ZnO powders via the
analysis of nitrogen adsorption/desorption isotherms at 77 K
recorded by Belsorp-mini Il (BEL Japan, Inc., Japan). The grain size
is expressed as the mean diameter dg:r according to [68]:

6

pS'ABET

dggr = (Eq. 3)

Where the p; is a density of adsorbent material.

Mechanical properties (Young’s modulus, elongation at break and
tensile strength) of composites were evaluated by tensile tests
performed at the Testometric universal testing machine M350-5CP
(Labor machine, Ltd., Czech Republic) according to ISO 527-1,3
standard.

The photoluminescence (PL) spectra were measured at the room
temperature by using Fluorescence spectrometer FLS 920 (Edinburgh
Instruments, United Kingdom) with a monochromatized Xe lamp
(150 W) as the excitation source. Samples for PL measurements
were prepared by spin casting onto glass/ITO substrates using spin
coater Laurell WS-650-MZ-23NPP (Laurell Technologies
Corporation,United States) without futher treatment.

6.5 Testing of antibacterial activity

The evaluation of surface antibacterial activity of the composites
against bacteria adherence and growth was performed according to
the 1SO 22196: 2007 (formerly known as JIS Z-2801) standard. Gram-
positive bacteria were represented by Staphylococcus aureus ATCC
6538P and Gram-negative by Escherichia coli ATCC 8739 both
obtained from The Czech Collection of Microorganisms (The Czech
Republic). The size of test specimens was 50 mm x 50 mm x 1 mm.
The HERAcell 150i incubator (Thermo Scientific, USA) was used for
cultivation. The antibacterial activity R was calculated using
equation 4:

R=(Us-Up) - (At - Up) = Ug - A (Eq. 4)

Where R is the antibacterial activity; U, is the average of the
common logarithm of the number of viable bacteria, in cells/cm?,
recovered from the untreated test specimens immediately after
inoculation; U; is the average of the logarithm of the number of
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viable bacteria, in cells/cm?, recovered from the untreated test
specimens immediately after 48 hours; A; is the average of the
logarithm of the number of viable bacteria, in cells/cm?, recovered
from the treated test specimens immediately after 48 hours. The
number of colonies was counted after 24 hours and controlled after
48 hours for eventual presents of slowly growing colonies for both
untreated and treated test specimens which improves the original
standard protocol. All tests were repeated in triplicate.

6.6 Testing of photocatalytic activity

The photocatalytic activity of ZnO porous powders was evaluated
by measuring photocatalytic degradation of Methyl Violet 2B in
distilled water under the constant illumination of 100W focused UV-
lamp (Super-Light C 10 A-SH, Helling Gmbh., Germany) with the
strongest emission at 365 nm. The temperature of the reaction was
maintained at aprox. 25 °C by thermostatic circulation through the
double-wall glass baker.

In a typical experiment, 20 mg of the ZnO porous powdered
sample was added into the double-wall glass baker containing 50 ml
of methyl violet 2B solution having concentration of 3.5 mg/l.
Before the degradation starts, the suspension was stirred in the dark
for 30 minutes to assure an adsorption/desorption equilibrium of
used dye at the surface of ZnO particles. During the degradation, 12
solutions of about 1mL were withdrawn from the reaction suspension
within the time range from 0 to 120 minutes and filtered through a
syringe filter to completely remove the ZnO catalyst from the
solution. Time dependent degradation was monitored by
measurement of absorption of Methyl violet solutions at 580 nm by
UV-vis spectroscopy. The photocatalysts efficiency was estimated as
a ratio between actual and initial concentration of the dye plotted
against time of UV irradiation. The initial concentration of the dye
in the solution was set in that way so that the degradation test
proceeds within 120 min. All obtained curves obey first (or
pseudofirst) order reaction kinetics [69]. The rate constant was
obtained from fitting the first order model into the data.

6.7 Testing of lipophilic degree

The lipophilic degree (LD) of nanoparticles is usually
characterized by examination of dispersibility of defined amount of
nanoparticles in water with the addition of organic solvent
(methanol). Hence, the LD is expressed actually in vol % units. The
original method [70,71] is relatively material demanding as each
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test of single liquid concentration consumes 0.5¢g of sample.
Therefore, we adopted the LD concept but modified the procedure
in accordance with the framework of theoretical and practical
analysis of wetting and dewetting of powders [72]. A series of stock
water-methanol mixtures was prepared ranging from pure distilled
water up to pure methanol graded in 5 vol % steps. The lipophilic
degree was estimated as the concentration of the water-methanol
mixture which readily wetted the tested powder. In more detail, the
procedure was as follows: A small amount of powder (approx. 0.5 g)
was spread into a uniformly thick layer on a glass substrate and
tested by droplets of 5 pL of testing liquids. The measurement was
several times repeated for each sample in ascending as well as in
descending order of used concentrations to find precisely the
transition between wetting and dewetting behaviour.
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7 SUMMARY OF RESULTS

On the basis of literature research presented above, the possible
applications of ZnO nanostructured particles covers numerous areas
including antibacterial agents and photocatalyst. Therefore, the
synthesis strategies of ZnO were directed towards both of these
applications by the combination of top-down (microwave synthesis)
and bottom-up (milling, thermal annealing) methods.

In the first article (Paper 1), solvothermal microwave-assisted
synthesis was chosen with the aim of preparing an active ZnO filler
with a hierarchical structure from solution of zinc acetate dihydrate
as a common zinc source in diethylene glycol.

The phase structure of synthesized ZnO filler presented on the
diffractogram in Figure 1a) confirmed the hexagonal ZnO wurtzite
structure. Moreover, the evident broadness of diffraction lines
implied that synthesized particles are in nano-scale dimensions. This
observation was also supported by findings from optical
characterization by diffuse reflectance UV-vis spectroscopy
presented in Figure 1b). Here, the position of the absoprtion
maxima peak below 380 nm towards to nano-sized partilcles as well
because of its slight blue-shift from typical bulk ZnO [73].
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Figure 1 a) XRD diffractogram and b) UV-vis diffuse reflectance
spectrum of prepared ZnO filler

Moreover, the morphology of prepared ZnO manifested by the SEM
and TEM image in Figure 2 revealed that obtained filler consists of
globular raspberry-like particle aggregates with diameter ranging
from 200 nm up to 1 pm, while these aggregates are assembeled
from much smaller nanocrystalls as can be clearly seen from TEM
image.
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Figure 2 a) SEM image and b) TEM image of raspberry-like ZnO
hierarchical filler (note: TEM image belongs to unpublished data)

The as prepared filler was afterwards compounded with medical
grade PVC by the melt-mixing process aiming the preparatin of low-
content loaded antibacterial polymer composite. The filler
dispersion in prepared composites was achieved at the aggregate
level and its good distribution in PVC matrix is manifested by the
SEM images in Figure 3 representing the sample with 2 wt% ZnO
loading. There are no Vvisible agglomerates of the globular
aggregates within the polymer matrix. On the other hand, the
aggregates were not disaggregated by the mixing procedure.

Figure 3 a) low and b) high magnification SEM image of crossection
of the prepared composite material filled with 2 wt% of ZnO.
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The influence of ZnO filler on the mechanical properties of
prepared composites including Young’s modulus, elongation at break
and tensile strength was found to be negligible. The incorporation of
ZnO filler up to 3 wt% neither did not deteriorate nor improve the
properties of the neat medical grade plasticized PVC matrix, which
is designed by its producer to be an optimal flexible material for
medical devices such as urinary catheters or blood bags.

In order to evaluate the antibacterial activity of whole PVC/ZnO
composite, the standard testing method based on I1SO 22196: 2007
providing quantitative evaluation of the surface antibacterial
activity was utilized. The summary of antibacterial activity of
prepared composites is shown in Table 2.

Table 2 Summary of the surface antibacterial activity evaluation
results obtained for prepared PVC/ZnO composites

The treated The treated Antibacterial Antibacterial

Concentration specimens specimens activity activity
of ZnO filler after 48 h after 48 h (log CFU) (log CFU)
(wt %) E. coli S. aureus E. coli S. aureus
N (cfu cm™) N (cfu cm’) R = Us-As R = Us-As
0 4.0 x 10° 7.5 x 10* Uy = 6.6 Uy =4.9

0.5 1.5 x 10° 8.0 x 10* 1.4 0

1 1.7 x 10° 1.0 x 10° 1.4 4.9

2 <1 2.2 x 10° > 6.6 4.5

3 <1 1.3 x 10° > 6.6 4.8

Obtained R values representing antibacterial activity of
composites against both bacteria are high enough for composites
filled by 2 and 3 wt%. The R value should not be lower than 2 for
materials that can be classified as possessing an antibacterial
surface suitable for less demanding applications for plastics in
hygiene, household or public interiors. However, medical devices
are more demanding on the antibacterial performance of materials.
R-values of 5 or even 6 are expected for currently used high-end
commercial materials, especially those with organic additives
intended to be used for indwelling medical devices [74]. The surface
antibacterial activities of composites containing 2 or 3 wt% of the
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filler against E. coli meet these strongest requirements while the
activity against S. aureus is not so high. On the other hand, S.
aureus is a very resistant bacterium which is difficult to suppress.
From this point of view, the performance of our prepared
composites seems to be sufficiently high. Additionally, as the
bacteria gain antibiotic resistance, the organic molecular additives
in antimicrobial polymer systems may be found to be inefficient or
ineffective and the inorganic nanofillers will serve as the last line of
defense.

*kkkk

A two-step process was introduced in Paper Il. First, a precursor
was mechanochemically prepared from zinc acetate dihydrate and
sodium carbonate in presence of DEG. Then, the second step was
MW assisted solvothermal synthesis. The precursor was dispersed in
a solvent and exposed to microwaves. This study had a screening
character. Therefore, different solvents were used (water and EG)
and various synthesis times (20 or 40 min). Figure 4 (left graph
panel) shows XRD pattern of the precursor. Compared with the ICDD
cards (reference code: 00-003-0787), diffraction peaks fit well with
that of Zn,CO3(OH)s-H,0O (zinc carbonate hydroxide hydrate). Figure
4 (right graph panel) shows UV-vis DR spectrum of the precursor,
which confirms that no ZnO absorbing near 400 nm is present.
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Figure 4 (a) XRD pattern of the precursor and (b) UV-vis DR
spectrum of the precursor.

Figure 5 (a) shows the SEM image of the precursor that does not
reveal any specific shape, just irregular pointed particles of
submicrometric size. Figure 5 (b) shows the SEM image of the
product made with PEG addition and demineralised water used as
solvent irradiated by MW for 20 minutes. The product is needle-like
in shape. Needles are approximately from 4 to 6 pm length and less

24



than 1 ym width. Residuals of very fine nanofibres resembling snow
or dust in the image are most likely the constituents of the growing
needles. Figure 5 (c) presents SEM image of another product made
with PEG however EG was used as the solvent and MW exposure took
20 minutes. This product was obtained exclusively in form of thin
curtain-like platelets with very fine porous structure. With the aid of
the last picture Figure 5 (d), the influence of reaction time on final
structure of the particles can be demonstrated. The last product
was prepared under similar conditions as the previous one with the
only difference which is two times longer reaction time (i.e. 40
minutes). The prolongation of reaction time resulted to assembling
of platelets into urchin-like microstructures.

Figure 5 SEM image of the precursor (a) and SEM images of the final
products 1, 2, 3, (b), (c), (d) respectively.

According to XRD analysis, the phase composition of products was
assigned to hexagonal wurtzite form of ZnO which fitted well to
entries for ZnO in ICDD XRD spectra database although some
impurities in the form of reactant residuals were found as well.
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To summarise: needle, platelete- and urchin- shaped nanostructu-
red ZnO microparticles were successfully prepared by the simple
two stage method during this preliminary study. The size of prepa-
red particles ranged from hundreds of nanometers to micrometers.
A large variability of possible hierarchically organised structures was
discovered with many influencing factors on their origin. Therefore,
it was considered to limit the used solvents on the DEG due to its
highest boiling temperature among tested liquids and improve the
mechanochemical step of the reaction for further and more focused
work reported in following paper.

*kdkk

Paper Ill continues to fulfill the intention to synthesize ZnO based
nanoparticles possessing various degree of surface structure, as it
was mentioned in theoretical part, that the surface structure
determines significantly the overall properties of nanomaterials.
Thus ZnO based powdered materials with different specific surface
area and lipophilicity were prepared by two-stage process combining
both, (i) top-down (milling) and (ii) bottom-up (microwave-assisted
solvothermal synthesis) methods. The submicron precursor was
prepared mechanochemiclally from common chemicals in the
presence of polymer capping agents and subsequently irradiated by
microwaves for different time (51-1.5 min; $2-2 min; $3-2.5 min; S4-
3min; S$5-4 min; S6-5min). The preparation procedure can be
followed from simplified scheme in Figure 6.

Zn(CH,CO0),"2H,0, ZnO
Na,CO,,DEG, PVA
white
cream
beige
brown

Zn,CO,(OH),- H,0 dyr < 10 NM

vibration
milling DEG, FEG 35 m’g" < SSA < 86 m’g”

Figure 6 Simplified scheme of the two-stage proccess for
preparation of surface modified ZnO based nanoparticles

The phase conversion of submicron inorganic precursor (zinc
carbonate hydroxide hydrate) to the final ZnO nanoparticles
(hexagonal ZnO wurtzite structure) during the varying MW reaction
time was confirmed by the comparison of obtained XRD
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diffractograms with ICDD XRD spectra database. ZnO development at
the expense of zinc carbonate hydroxide hydrate is shown in
Figure 7 as the dependency of normalised intensities of selected
diffraction lines from obtained diffractograms on the time of MW
reaction.

As can be seen from Figure 7, the results testified for complete
conversion of precursor within 2.5 minutes, whereas at the same
time, the conversion of zinc oxide was at the half way only and
reached nearly maximum between 4 and 5 minutes of the MW
reaction. Therefore we focused on another diffraction line which
certainly does not belong to the ZnO diffraction pattern but can be
found in the precursor’s diffractogram. The residual intensity of this
line in the sample 56 testified for incomplete yet nearly full
conversion of the intermediate to the ZnO product.
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Figure 7 Normalised intensities of selected diffraction lines plotted
versus reaction time. Used symbols are associated with
diffractogram peaks at 20 angles as follows: full squares for
diffraction line of the precursor 28.07°, full triangles for
diffraction line of ZnO at 56.5° and stars for diffraction line of
the precursor intermediate product at 59.6°.

The progress of ZnO structure as well as organic film coating
manifested by DR-UV-vis spectrometry can be seen in Figure 8 a).
The spectra of precursor SO and sample S1 do not possess almost any
absorption between 350 and 400 nm which confirms absence of ZnO.
Development of ZnO structure is clearly observable for samples S3,
S4, S5 and Sé6 by the presence of strong absorption maxima below
380 nm. This value is blue-shifted from typical bulk ZnO maximum
[73] confirming thus the nano-dimensionality of prepared materials.
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Figure 8 a) DR-UV-vis spectra of the precursor SO and products S1-56
and b) the dependence of their LD on the synthesis.

Evolution of organic film coating can be observed by broad tails of
absorption curves ranging far to the red region. The main change
can be seen between samples S3, S4 and S5. The sample S4
represents evidently the transition step for the reaction. Observed
trends are in agreement with the naked eye observation of colour of
prepared powders that changed from white (S0, S1) via cream (52),
beige (53), light brown (S4), brown (55) to dark brown (S6),
respectively. The spectral and colour change can be associated with
the MW heating thermal degradation of used polymers present in the
reaction mixture. The observed changes correspond to development
of conjugated double bond structures, so called oligo or polyenes.

The surface properties, namely specific surface area and
lipopilicity, of prepared nano-particulate material were obtained to
vary with the synthesis time. The graph in Figure 8 b) shows
lipophilicity results. The precursor behaves hydrophilically while the
S1 sample has LD of 20 vol %. The material S2 is again hydrophilic
and then the LD increases nearly linearly with synthesis time
progress up to 25 vol % for sample Sé. It seems that the initial role
of added polymers is rather complicated and obtained results can be
attributed to both (i) structural changes and (ii) development of
polyene double bonds caused by polymer thermal degradation. Once
the progressive polymer degradation in DR-UV-vis spectra was
observed, it was possible to expect increase in lipophilicity of
prepared particles. Moreover, the formation of ZnO which is
normally (in dark) hydrophobic may contribute to the LD increase
too. Similar interpretation could be used for changes of specific
surface area of prepared powder materials, so that the key factors
responsible for SSA ranging from 35 to 86 m?/g are both (i) structural
changes and (ii) the progress of polymer coating degradation.
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The work summarised in the last two articles (Paper IV and V)
focuses on the preparation of nanocrystalline ZnO powders by simple
procedure based on the thermal decomposition of two different
precursors followed by testing of their photocatalytic performance.

In Paper IV, precursor of zinc oxalate dihydrate was prepared by
precipitation of solutions of zinc acetate and oxalic acid. SEM
images of the precursor and annealed porous nanocrystalline ZnO
micro-beads are shown in Figure 9.

Figure 9 SEM images of precursor (ZnC,0,.2H,0) and products prepa-
red by annealing of the precursor at different temperatures, A:
precursor; B: 400 °C; C,D: 500 °C; E: 700 °C; F: 900 °C.
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The results obtained from SEM observation are in good agreement
with structural and morphological parameters obtained from XRD
and BET analyses from which some of them are displayed in Table. It
is evident, that the diameter of nanocrystallites (dgi) estimated
according to equation 2 grows with increasing temperature of
annealing. By assumption, that the grains have spherical shape and
uniform size, the average particle size can be obtained according to
equation 3 as the Grain size (dgg). Obtained values confirm
reasonable coarsening of particles due to sintering with increasing
annealing temperature. In next, BET analysis was also used for
estimation of the mean pore diameter that decreased slowly by
increase of annealing temperature from 4.7 to 4.0 nm and prepared
materials can be therefore classified as mesoporous. In addition, the
specific Crystallite surface area (Agissr) can be easily calculated from
the size of crystallites and the material density of ZnO (5.6 g/cm?).

Table 3 Summary of XRD and BET analyses of annealed ZnC,0,.2H,0
samples and rate constant obtained for the photocatalysis test.

Annealing temperature 400 °C 500 °C 700 °C 900 °C
o Crystallite size, dgifsr [nm] 21.0 47 .1 67.8 79.3
< Crystallite surface area, Agifsr [m?g"] 51.0 22.7 15.8 13.5
BET surface area, Ager [m’g’'] 29.9 10.2 3.4 1.7
E BET mean pore diameter, d , ger [nM] 4.7 4.4 4.2 4.0
Grain size, dger [nm] 35.8 105.0 315.1  630.3
. 0.0438 0.066 0.0412 0.0391
2w Rate constant, k [s'] £ x x x
v 0.0018 0.002 0.0015 0.0019

Volume of crystallites (Vgifr) can be calculated with the same
easiness and obtained values are shown in Figure 10. The
dependence of Vg on temperature is perfectly linear. This result is
not that surprising as it looks if a simple fact taken into account that
the growth of one crystallite proceeds at the expense of other
crystallites and the total volume change is zero. The ball diagram
inserted into the graph shows, how many crystallites of each size
are needed to create one nearest bigger crystallite. The intercept of
the linear dependence with the abscissa is the minimum possible
temperature at which the crystallite size would be theoretically
zero. This initial minimum temperature is 663.7 K (390.5 °C) which
is identical with the temperature of the maximum decomposition
rate of the precursor.
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Figure 10 Calculated crystallite volume of ZnO samples annealed
from ZnC,0,.2H,0 at different temperature.

The results obtained from X-ray diffraction line broadening
analysis can be compared with the results obtained from gas
sorption BET analysis. The first and usually the most sought after
information from BET analysis is the Specific surface area (Age). On
the first sight, the Ager is smaller than the specific crystallite surface
area. The X-ray diffraction characteristics are correctly obtained for
coherently diffracting areas, i.e. to the size of nanocrystallites
(nanocrytalline domains) while gas sorption analysis examines the
actual surface of the porous body accessible to N, molecules, which
means, that it characterises the surface of grains.

According to simple geometrical assumptions, the ratio between
grain and crystallite volumes can be calculated which characterises
how many crystallites are agglomerated into one grain. Obtained
results are shown in Figure 11. The value increases from cca 5 for
400 °C up to cca 500 for 900 °C. The observed linear logarithmic
dependence on thermodynamic temperature can be extrapolated to
the initial temperature and compared with the crystallite volume
dependence. It seems that the first crystallites appear already in a
grain assembly with the mean number of crystallites about 4.5 per
grain. On the other hand, the hypothetical 1:1 ratio is expectable at
232 °C which is deep below the decomposition temperature of the
precursor and evidently cannot be correct, thus this extrapolation
supports the hypothesis of initial agglomeration.
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Figure 11 Plot of BET Grain / XRD Crystallite volume ratio vs
temperature for ZnO annealed from ZnC,0,.2H,0.

The analysis of obtained data can be much more refined and
various characteristics of the annealing process can be evaluated. A
basic crystal growth model can be used where linear relationship
between the rate of grain growth and the inverse grain size is
assumed, which in turn is proportional to the radius of curvature of
the grain [75,76]. The activation energy of the grain sintering
process 72 kJ/mol was calculated, while the nanocrystallite growth
was found to be governed by the crystalline boundary mobility and
linearly dependent on reciprocal thermodynamic temperature.
Hence, the value of 6.4 x 10™'® cm?s™" was obtained from the slope of
this dependence and it can be considered as the mean self-diffusion
coefficient (Ds) estimation for temperature range 670-1150 K which
is in excellent agreement with the values from the comprehensive
reference of Erhart and Albe [77]. Moreover, even the self-diffusion
coefficient obeys Arrhenius law with the activation energy
corresponding to the migration barrier. This energy was obtained as
31 kJ/mol which is equivalent to 0.32 eV. This value is much smaller
than values of migration barriers reported for oxygen or zinc
vacancy diffusion mechanisms thus the zinc interstitials are
considered to be responsible for the observed crystallite growth
[78]. Our estimated value is somewhat smaller than 0.55 eV that
was found by Thomas [79]. However, according to more elaborated
recent analysis and theoretical calculation of Erhart and Albe [77],
there are several different mechanisms of Zn interstitials diffusion
possible and among them the energetic barrier of 0.32 eV can be
associated with the interstitial in plane mechanism and with the
interstitialcy out of plane mechanism of Zn diffusion in the ZnO
lattice.
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The photodegradation of methyl violet 2B (MV) solution in the
presence of ZnO photocatalyst was monitored by UV-vis spectro-
scopy. Figure 12 a) exemplifies obtained UV-vis spectra for the
system containing ZnO annealed at 500 °C.

Here, the dye degradation is manifested by the decrease of the
absorption maxima at 580 nm. Figure 12 b) shows the photodegra-
dation curves of the dye for all ZnO samples prepared at various
annealing temperatures. The ratio between actual and initial
concentration is plotted against time of UV irradiation. As can be
seen, complete degradation of the dye is accomplished within the
120 minutes and all curves obey first (or pseudofirst) order reaction
kinetics. The rate constant was obtained from fitting the first order
model into the data. The highest degradation rate constant (consult
Table 3) was found for sample annealed at 500 °C.
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Figure 12 UV-vis spectra of of methyl violet in the presence of ZnO
annealed at 500 °C and b) photocatalytic degradation curves of
methyl violet as a function of time for ZnO mcicro-beads
annealed from ZnC,0,2H,0 at different temperatures, as
illustrated in the graph.

In the last article (Paper V) nanocrystalline assembled ZnO
spheres were obtained via thermal annealing of zinc peroxide
precursor at five different temperatures. Here, zinc peroxide was
prepared by recrystallization of dissolved commercial ZnO powder in
the presence of aqueous ammonia and hydroxide peroxide. The
morphology of prepared powders studied by SEM revealed
spherically shaped particles as depicted in Figure 13. The high
resolution SEM image of the precursor (image b) shows its relatively
rough surface that became finer for samples annealed at 200 °C
(image c) due to the release of the oxygen caused by thermal
annealing. Another significant change corresponding to growth of
crystallite size can be clearly observed for sample annealed at
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500 °C (image e). Moreover, the hierarchically structured
morphology of nanocrystalline assembled ZnO spheres is clearly
visible. Within the higher annealing temperatures the sintering
process take a place as can be seen from coalescence of individual
grains from low magnification image of sample annealed at 900 °C.
These results are in good agreement with structural parameters, i.e.
XRD and BET analyses that are summarised in the Table 4.

[—— . PPy ¥ 200nm anbaint 2 pm
Figure 13 SEM images of precursor (ZnO,) and products prepared by

annealing of the precursor at different temperatures, a,b:
precursor; c: 200 °C; d: 300 °C; e: 500 °C; f: 900 °C.

Zn0O photocatalytic performance against methyl violet 2B (MV) was
monitored by UV-vis spectroscopy. Figure 14 a) shows obtained UV-
vis spectra for the system containing ZnO annealed at 900 °C.
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Figure 14 a) UV-vis spectra of of methyl violet in the presence of
ZnO annealed at 900 °C and b) photocatalytic degradation
curves of methyl violet as a function of time for ZnO, annealed
at different temperatures, as illustrated in the graph.

Figure 14 b) shows the photodegradation curves of the dye for all
nanocrystalinne assembled ZnO spheres. The ratio between actual
and initial concentration is plotted against time of UV irradiation.
The complete degradation of the dye is accomplished within the 120
minutes and all curves obey first (or pseudofirst) order reaction
kinetics. The rate constants were obtained from fitting the first
order model into the data. The highest degradation rate constant
corresponds to sample annealed at 700 °C.

Table 4 Summary of selected XRD and BET analyses of annealed ZnO,
samples. The last row contains rate constant obtained for the
photocatalysis reaction.

Annealing temperature 200 °C 300 °C 500 °C 700 °C 900 °C

g Crystallite size, dgifsr [nM] 6.5 10.0 371 55.9 66.7
_  BET surface area, Agr [m’¢'] 412  37.0 6.3 1.7 1.2
& Grain size, dger [nm] 26.0 29.0 170.1  630.3 892.9

. 0.005 0.0210 0.0335 0.0443 0.0400
=% Rate constant, k [s]

0.003 0.0017 0.0015 0.0011 0.0015
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8 CLOSING REMARKS

8.1 Conclusions and contribution to science and
technology

The dissertation thesis contributes to the general knowledge as
well as technology according to the goals as follows:

e Two extremely fast microwave-assisted solvothermal procedu-
res in open vessel system were introduced;

o Synthesis protocol described in Paper | yields product in
reasonable amount and desired function within a few
minutes;

o Mechanochemical synthesis of precursor followed by
microwave enhanced synthesis was introduced in Paper Il
and showed extreme versatility of achievable product
morphologies. It was further used in a more focused
Paper lll for preparation of in-situ surface modified ZnO
by degradation of capping polymers within one step with
relatively easily controllable lipophilicity degree;

e The possibility of preparation of larger (micrometric) objects
by thermal decomposition of crystalline precursors was revived
(Paper IV and V) and it was demonstrated that various
mesoporous nanostructured crystalline microbeads can be
obtained by manipulation with the annealing temperature;

e While the synthesis of zinc oxalate dihydrate (Paper V) is a
common technique, an original delicate synthesis protocol was
elaborated for preparation of zinc peroxide (in Paper V),
moreover, the process of zinc peroxide annealing to obtain
zinc oxide nanostructured particles was developed and
described (Paper V);

o All (Paper I, Il, IV and V) prepared ZnO based powder materials
have nanocrystalline building blocks and create higher
structure on mesoscale while the overall size of particles lies
from sub-micro to micro scale, however the morphology of the
surface modified particles was not directly revealed (Paper lIl)
due to low resolution of the available SEM;
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e The formation mechanism of nanostructured mesoporous ZnO
microbeads prepared by thermal annealing of zinc oxalate
dihydrate was identified; basic parameters of the sintering
process and crystallite growth were described including
activation energies and self-diffusion coefficient value. Some
of possible zinc interstitials diffusion mechanisms were
identified as responsible for the crystallite growth (Paper IV);

e Application potential of hierarchical and mesoporous ZnO
nanocrystalline powders was demonstrated by case studies
focused on (Paper 1) preparation of antibacterial polymer
system wusing medical grade PVC matrix with excellent
antibacterial activity against E. coli and S. aureus, (Paper Il)
lipophilicity evaluation which testifies for the applicability of
the surface modified materials in oil and fat dispersions, and
(Paper 1l and 1V) testing of the photocatalytic performance by
UV degradation of methyl violet 2B.

Adoption and further development of the microwave enhanced
solvothermal synthesis of hierarchical ZnO and coated ZnO in situ
during MW reaction will contribute to the environmental protection
thanks to the enormous decrease of the reaction times from hours to
minutes. Next, it will contribute to the development of high
performance functional materials as demonstrated by development
of antibacterial polymer system and photocatalysts.

8.2 Future prospective

Prepared hierarchical ZnO can be used in material design in the
field of medical plastics as well as for antibacterial polymer based
materials utilized in household or public interiors, cars and other
applications.

Mesoporous ZnO powders demonstrated ability to be used as
photocatalysts, e.g. in the field of water purification.

The surface modification of ZnO material which results into
controllable lipophilicity could be used for preparation of materials
suitable for cosmetics or additives in various polymer compounds.
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The microwave assisted solvothermal synthesis of inorganic ZnO nanoparticles is
a facile method yielding broad variety of active fillers with specific properties. The
synthesis of hierarchical nanostructured zinc oxide mesoscale particles was carried out
under continuous microwave irradiation from soluble zinc acetate as the precursor
in diethylene glycol solvent. Prepared ZnO particles were characterized
by X-ray diffractometry, scanning electron microscopy and UV-VIS spectrometry.
A composite was obtained by mixing of these particles with the softened medical grade
poly(vinyl chloride) as a model polymer matrix to develop an antibacterial polymer
system with possible application for plastic medical devices. Testing of antibacterial
activity of the composite confirmed excellent performance against Escherichia coli
(gram-negative) and sufficient activity against Staphylococcus aureus (gram-positive)
bacteria according to ISO 22196: 2007. In addition, no adverse effects of the filler on

mechanical properties of the composite were observed in comparison with the neat PVC
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resin. Therefore, prepared composites can be considered as suitable candidates for

application in plastic medical devices and other industries.

Keywords: antibacterial, PVC, composite, ZnO, nanoparticles

1 INTRODUCTION

Nosocomial infections have become serious problem of today’s hospital environment.
The prevalence of medical devices related infections (MDIs) rapidly grows among
hospital-acquired infections and high health risks are especially associated with the
devices which are in close contact with the inner parts of patient’s body.1 As the
polymers are the most frequently used material in medical devices, the prevention
against bacteria adhesion and growth on their surface is an absolute imperative.? There
are two principally different strategies how to resolve this problem. First approach uses
organic antimicrobial additives to plastics. They are very efficient however their
mechanism of action requires diffusion out of the plastic surface and they can be
classified as migratory additives. In contrast to that, the second approach uses inorganic
additives with very low solubility which ensures sufficient surface antibacterial activity
and minimum leakage of the active species into the patients body.? Therefore, utilization
of inorganic antibacterial nanopowders by compounding them with the commercial
polymer resins seems to be the simplest way leading to enhanced antibacterial activity
of polymer composite system.

In recent years, a great effort has been spent by the community of researchers for the
synthesis and utilization of nanomaterials in the field of medical materials.* Zinc oxide
is one of the promising candidates from the group of metal oxides (e.g. CaO, MgO,

TiO,, Cu,0) that can be obtained with various properties depending on nanoparticles
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size and shape as the crucial parameters.> ZnO is biocompatible material possessing
antimicrobial properties against the gram-negative as well as gram-positive bacteria.
The mechanisms of antibacterial action are still not perfectly understood but there are
several proposals for explanation of the microbial inhibition such as the generation of
reactive oxygen species (ROS) such as hydroxyl radicals and singlet oxygen or the
release of Zn?* cations.®’

Up to now, a large variety of physical and chemical methods were developed for ZnO
nanoparticles preparation such as thermal decomposition, hydrothermal, solvothermal
or microwave assisted synthesis. The lastly mentioned microwave energy exclusively
reduces the reaction time as well as the energetic demands of the process.®*?

Here we report on a fast and simple solvothermal microwave assisted synthesis of
hierarchical nanostructured mesoscale ZnO aggregates, their compounding into medical
grade plasticized PVC as a model polymer matrix suitable for utilization in medical
devices and evaluation of the surface antimicrobial and mechanical properties of final

composites.

2 EXPERIMENTAL

2.1. Materials

All chemical reagents used in the experiment were of analytical grade and used
as received without further purification. Zinc acetate dihydrate, p.a., (purity 99 %,
Penta, The Czech Republic), Diethylene glycol, p.a., (purity 99 %, Penta, The Czech
Republic). Azeotropic denatured ethanol (The Czech Republic) was used for washing
the product. Medical grade softened PVC resin RB-3 (Modenplast Medical, Italy) was

used as a polymer matrix.
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2.2 Synthesis of ZnO antibacterial filler

At first 2.195 g of Zn(CH3COO),-2H,O was completely dissolved in 100 ml
of diethylene glycol at the temperature about 100 °C within 30 minutes agitation on
magnetic stirrer. Obtained solution was transferred to the 250 ml boiling flask and
irradiated under reflux for 5 minutes by microwaves. The product was cooled down
naturally after turning off the microwave oven. Powder was collected by centrifugation,
washed with ethanol and air-dried up to the constant weight. The microwave reaction
was performed in a microwave open vessel system MWG1K-10 (Radan, The Czech
Republic, 800W, 2.45 GHz), which is based on modification of a domestic microwave
oven by drilling a hole in the ceiling for external cooler and equipped by external source
of microwave energy that allows to control the duty cycle. The reaction mixture was

heated in a quasi-continuous mode at maximum heating power.

2.3. Compounding the ZnO filler with PVC matrix

The PVC-filler compounds were prepared by the melt-mixing process with the use
of Brabender Plasti-Corder machine (Brabender, Germany) equipped by a 50 cm?®
mixing chamber and mixing elements working in contra-rotating mode. In this way,
four mixtures differing from each other by the load of the filler in the polymer matrix
were compounded with the composition as follows: 0.5; 1; 2; and 3 wt%. Compounding
process consisted of three continual phases. The first started by feeding the mixing
chamber by PVC pelletes and synthesized filler in the form of fine powder at 20 rpm for
two minutes. In the next step, when the feeding of the chamber was finished, the engine
speed was continuously increased from 20 up to 50 rpm within one minute. The last part
of mixing was done at 50 rpm for 5 minutes. The mixing process was monitored with

the aid of measuring the torque of the drive engine. Processing time of 8 minutes was
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enough to obtain a constant torque value for all samples. No resin discoloration or other
signs of the polymer deterioration connected with the use of ZnO filler were observed
under used mixing conditions. Prepared compounds were compress-molded to square-
shaped sheets with dimensions 50 mm x 50 mm x 1 mm at 180 °C for 2.5 minutes.

Blank samples without filler were prepared in the same way as the filled ones.

2.4 Characterization

Synthesized powder was characterized by X-ray powder diffraction (XRD) using the
X'Pert PRO (PANalytical, The Netherlands) with Cu Ka radiation source (A = 1.540598
A). Micrographs of prepared powder and cross-section surfaces of composites were
taken by the scanning electron microscope Vega Il (Tescan, The Czech Republic) and
UV-VIS absorption spectra were collected by the Avaspec UV-VIS spectrometer
(Avantes, The Netherlands) with the source type AvaLight-DHS-DUV and integrating
sphere (BaSO, coated) was used for diffuse reflectance measurement. Mechanical
properties of composites were evaluated by tensile tests performed
at Testometric universal testing machine M350-5CP (LABOR machine Ltd., The
Czech Republic) according to ISO 37: 2005 standard with testing specimen type 2. The
speed of the moving clamps was 250 mm/min. All sample measurements were 6 times

replicated.

2.5. Antibacterial testing

The evaluation of surface antibacterial activity of the composites against bacteria
adherence and growth was performed according to the I1ISO 22196: 2007 (formerly
known as JIS Z-2801) standard. Gram-positive bacteria were represented by

Staphylococcus aureus ATCC 6538P and Gram-negative by Escherichia coli ATCC
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8739 both obtained from The Czech Collection of Microorganisms (The Czech
Republic). The size of test specimens was 50 mm x 50 mm x 1 mm. The HERAcell 150i
incubator (Thermo Scientific, USA) was used for cultivation. The antibacterial activity
R was calculated using Equation (1)

R = (Ui—Up) — (At— Up) = U — A (1)

Where R is the antibacterial activity; Uy is the average of the common logarithm of the
number of viable bacteria, in cells/cm?, recovered from the untreated test specimens
immediately after inoculation; U is the average of the logarithm of the number of viable
bacteria, in cells/cm?, recovered from the untreated test specimens immediately after 48
hours; A is the average of the logarithm of the number of viable bacteria, in cells/cm?,
recovered from the treated test specimens immediately after 48 hours. The number of
colonies was counted after 24 hours and controlled after 48 hours for eventual presents
of slowly growing colonies for both untreated and treated test specimens which

improves the original standard protocol. All tests were repeated in triplicate.

3 RESULTS AND DISCUSSION

The crystalline phase structure of synthesized filler is manifested on the diffractogram
in Figure 1. By comparison with JCDD PDF-2 entry 01-079-0207, diffraction peaks
were labelled as (100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
(202) and (104) and assigned to the hexagonal ZnO wurtzite structure. Moreover, the
evident broadness of diffraction lines implies that synthesized particles are in nano-scale
dimensions.

Figure 2 shows diffuse reflectance UV-VIS (DR-UV-VIS) spectrum of prepared ZnO
nanocrystals which possess a strong absorption with the maximum below 380 nm. This

peak is slightly blue shifted from typical position of bulk ZnO' which points towards

62



the nano-sized particles similarly as the XRD analysis. Morphology of prepared filler is
presented in the SEM image in Fig. 3a). As can be seen the material consists of
globular-like particle aggregates with diameter ranging from 200 nm up to 1 um.
According to the XRD analysis and DR-UV-VIS measurement it can be concluded that
these aggregates are assembled from much smaller nanocrystals.

The filler dispersion in prepared composites was achieved at the aggregate level
and their good distribution in PVC matrix is manifested as shown in the SEM image in
Fig. 3b) on the sample with 2 wt% of the filler. There are no visible agglomerates of the
globular aggregates within the polymer matrix. On the other hand, the aggregates were
not disaggregated by the mixing procedure.

Mechanical properties of prepared composites were characterized by the use of tensile
tests and Young’s modulus, elongation at break and tensile strength were chosen as the
three representative quantities for evaluation of the filler content effects on the
composite performance. As summarized in Table 1, no significant changes of
mechanical properties were observed across all samples. Thus, it can be concluded that
(i) incorporation of inorganic ZnO filler up to 3 wt% did not change the properties of
the neat medical grade plasticized PVC matrix which is already designed by its
producer to be an optimal flexible material for medical devices such as urinal catheters
or blood bags and that (ii) the filler has no adverse influence on the application potential
of the prepared antibacterial composite.

The quantitative evaluation of the surface antibacterial activity of as prepared ZnO/PVC
composites is summarized in Table 2. The obtained R values representing antibacterial
activity of composites against both bacteria are high enough for composites filled by 2
and 3 wt%. The R value should not be lower than 2 for materials that can be classified

as possessing an antibacterial surface suitable for instance for hygienic applications or
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less demanding applications. However, medical devices are more demanding on the
antibacterial performance of used materials. R-values of 5 or even 6 are expected for
nowadays used high-end commercial materials especially those with organic additives
intended to be used in indwelling medical devices.™® The surface antibacterial activity of
composites containing 2 or 3 wt% of the filler against E. coli meet these strongest
requirements while the activity against S. aureus is not so high. Similar antibacterial
performance was obtained recently for antibacterial systems containing hybrid Ag/ZnO
filler employing nanosilver in addition to nanostructured ZnO.* On the other hand, S.
aureus is a very vital and resistant bacterium which is difficult to suppress and inhibit
the bacterial growth. Concurrent studies reported reductions from the control samples
about 70 up to 95 % for much higher nano ZnO loadings in PVC matrices which means
that R values less than 2 were claimed as success by their authors.! However, other
strains were used throughout these studies and the surface activity estimation methods
were similar but not identical with ISO 22196: 2007 as well. From this point of view,
and with the full awareness of the peculiar comparability among different published
results, the performance of our prepared composites seems to be sufficiently high. Next,
as the bacteria gain on antibiotic resistance, the organic molecular additives in
antimicrobial polymer systems may be found to be inefficient or ineffective and the

inorganic nanofillers will serve as the last line of defense.

4 CONCLUSIONS

The present study describes microwave assisted synthetic route leading to the
development of hierarchical nanostructured ZnO mesoscale filler. The synthesized
powder was clearly identified to have ZnO hexagonal wurtzite structure and globular

morphology of aggregated nanocrystals. The composite materials compounded
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by medical grade softened PVC with as-prepared filler showed excellent antibacterial
activity values against E. coli and satisfactory antibacterial activity values against
S. aureus. Moreover obtained composites kept the suitable mechanical properties of the
neat PVC resin which were deteriorated neither by the processing nor by the effects
of the nanofiller. These facts suggests that the prepared nanostructured mesoscale
ZnO/PVC composite has application potential in medicine as the material for medical
devices being in the direct contact with the human body besides many other possible

utilizations.
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Figure captions

Figure 1 X-Ray diffractogram of prepared ZnO filler

Figure 2 UV-VIS diffuse reflectance spectrum of prepared ZnO filler. Relative

reflectance is plotted versus wavelength.

Figure 3 SEM images of a) prepared ZnO filler and b) crossection of the prepared

composite material with 2 wt% of ZnO filler.
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Table 1 Summary of selected mechanical properties of prepared composites and their

standard deviations

Concentr:fltlon of Young’s Modulus | Elongation at Break Tensile Strength
ZnO filler (MPa) (%) (MPa)
(Wt%)
0 9.9+0.2 501 £ 17 19.1+0.9
0.5 9.8+0.2 494 + 30 19.0+1.1
1 10.3+0.3 500+ 20 19.4+0.8
2 10.1 £0.3 497+ 9 19.4£0.8
3 92+1.0 520 £ 20 184+04
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Table 2 Summary of the surface antibacterial activity evaluation results obtained for

prepared composites

Concentration

The treated specimens

The treated specimens

Antibacterial activity

Antibacterial activity

of ZnOfiller | after48h after 48 h (log CFU) (log CFU)
(Wt%) E. coli N (cfu cm?) S. aureus N (cfucm?®) | E. coli, R = U-A, S. aureus, R = Ui-A,
0 4.0x10° 7.5x10* U =6.6 U =49
0.5 1.5 x 10° 8.0 x 10* 1.4 0
1 1.7 x 10° 1.0 x 10° 1.4 49
2 <1 2.2x10° > 6.6 45
3 <1 1.3x10° > 6.6 48
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Abstract

In this paper we present a simple two stage preparation method of nanostructured zinc oxide microparticles
by using microwave-assisted solvothermal synthesis. Zinc acetate dihydrate and sodium carbonate were
used as starting materials, ethyleneglycol (EG), diethyleneglycol (DEG) and demineralised water were used
as solvents and polyethylene glycol (PEG) was used as a surface stabilising agent. Obtained powders show
various morphology which is influenced by the time duration of microwave assisted reaction and particularly
by selection of suitable solvent. According to their morphology, prepared particles are categorised as needle-
like structure, platelet structures and urchins-like structures and other shapes, which demonstrates a great
potential of this synthesis route. Prepared materials were characterized by Scanning Electron Microscopy
(SEM), X-ray diffraction (XRD) and Ultraviolet-visible diffusion reflectance spectroscopy (UV-VIS-DRS).

Keywords: microwave synthesis, ZnO, microparticles, nanoparticles

INTRODUCTION

Nanosized ZnO is very attractive II-VI semiconductor material because of its unique properties such as wide
band gap (3.37 eV) and large exciton binding energy (60 meV) at room temperature [1]. ZnO nanocrystals
have found many applications including solar cells, gas sensors, UV - protection, light emitting diodes etc [2-
5]. Up to now, numerous different methods have been developed to synthesize nanocrystaline ZnO powders,
e.g. mechanochemical [6], precipitation [7-9], hydrothermal [10-12], thermal decomposition [13,14], sol-gel
[15], solvothermal [16] and microwave assisted [17,18]. Microwave radiation is an efficient heating method,
which can significantly decrease reaction time and it has been already used for successful preparation of
different materials [4,16,17]. Here we adopted and further developed a fast and easy method for preparation
of ZnO nanoparticles in two stages. First step is mechanochemical preparation of a precursor in the form of a
nanopowder, from which are prepared particles by solvothermal reaction in microwave apparatus with open
vessel reflux system in the second preparation step. This method offers short reaction time and saving of
energy consumption.

EXPERIMENTAL

All of the chemical reagents used in the experiment were of analytical grade. Zinc acetate dihydrate, p.a,
(Purity 99 %, Penta, Czech Republic), Sodium carbonate anhydrous, p.a., (Purity 99 %, Penta, Czech
Republic), Ethylene glycol, p.a., (Purity 99 %, Penta, Czech Republic), Polyethylene glycol 400, p.a., (Fluka,
Germany). Microwave reaction was performed in a modified domestic microwave oven (CRW-TECH,
frequency 2.45 GHz, maximum power 1150 W). Products number 2 and 3 were heated at maximum heating
power (1150 W), product number 1 was heated at variable heating powers. Energy consumption was
measured during every synthesis. Preparation of precursor started by grinding of 8.8g Zn(CH;C0OOQ),-2H,0
for 5 min before it was mixed with 16 ml of PEG and then 4.24 g of Na,CO; was added. After 20 min of
grinding, the mixture was firstly washed by demineralised water and secondly by alcohol to remove possible
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by-product or rests of starting chemicals. After that, the mixture was left to dry on the air naturally. In the
second step a 0.5 g of a precursor was moved to the boiling flask together with 10 ml of PEG and 80 ml of
EG or demineralised water was added. The mixture was sonicated in ultrasound bath for 10 min (Elma S 80,
Ultrasonic) to achieve better dispersion of the precursor in the liquid medium. The mixture was then
irradiated for 20 or 40 minutes by microwaves. The product was collected by suction filtration, washed with
demineralised water followed by alcohol and finally dried in air. Detailed description of preparation of
individual products is summarized in a Table1.

Table 1: List or prepared products

Product number Composition Microwave synthesis time
0,5 g precursor
1 10 ml PEG 400 20 min

80 ml demineralised water
0,5 g precursor

2 10 ml PEG 400 20 min
80 ml EG
0,5 g precursor
3 10 ml PEG 400 40 min
80 ml EG

The powders were characterized by X-ray powder diffraction (XRD) using PANalytical X'Pert PRO X-ray
diffractometer with Cu Ka radiation (A = 1.540598 A). Scanning electron microscope Tescan Vega |l was
used for obtaining micrographs and UV-VIS spectrometer Avaspec Avantes with source type Avalight-DHS-
DUV and integrating sphere (BaSO, coated) was used for diffuse reflectance (DR) spectrometry in UV-VIS.

RESULTS AND DISCUSSION

Fig. 1 (a) shows XRD pattern of the precursor. Compared with the JCPDS cards (reference code: 00-003-
0787), diffraction peaks fits well with that of Zn,CO3(OH)-6H,0O (Zinc Carbonate Hydroxide Hydrate). Fig.
1(b) shows UV-VIS DR spectrum of the precursor, which confirms that no ZnO absorbing near 400 nm is
present.
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Fig. 1 (a) XRD pattern of the precursor and (b) UV-VIS DR spectrum of the precursor.
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Fig. 2 (a) shows the SEM image of the precursor that do not reveal any specific shape, just irregular pointed
particles of submicrometric size. Fig. 2(b) shows the SEM image of product 1 made with PEG and
demineralised water for 20 minutes. As can be seen, this product is needle-like in shape. Needles are
approximately from 4 to 6 pym length and less than 1 ym width. Residuals of very fine nanofibres resembling
snow or dust in the image are most likely the constituents of the growing needles Fig. 2(c) presents SEM
image of product 2 made with PEG and EG for 20 minutes. Product 2 was obtained exclusively in form of
thin curtain-like platelets with very fine nanoporous structure. With the aid of the last picture Fig. 2(d) can be
demonstrated the influence of reaction time on final structure of the particles. Product 3 is made as well as
product 2 from dispersion with PEG and EG, with the only difference that is longer reaction time i.e. 40
minutes. The assembling of platelets into urchin-like microstructures is supported by longer synthesis time.

Fig. 2 SEM image of the precursor (a) and SEM images of the final products 1, 2, 3, (b), (c), (d) respectively.

77



201
;’!"\IANOCDN 21.-23.9. 2011, Brno, Czech Republic, EU

Fig. 3 (a), (b) and (c) shows XRD patterns of final products 1, 2, 3 respectively. Compared with the JCPDS
cards, diffraction peaks labelled as (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), (202),
(104) and (203) fits well with hexagonal ZnO wurtzite structure (reference code: 01-079-0207) and diffraction
peaks labelled with symbol * with that of Zn(CH3;COO),-2H,0 (reference code: 00-001-0215), which stayed
in the final products as a certain impurity. Fig. 3(d) shows UV-VIS optical DR spectra of the final products
testifying the presence of ZnO by pronounced decrease of relative reflectance in spectral range below

400 nm.
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Fig. 3 (a), (b), (c) XRD patterns of final products 1, 2, 3 respectively and (d) UV-VIS optical DR spectra of final products

CONCLUSION

In summary, needle, urchin- and platelete-shaped nanostructured ZnO microparticles were successfully
prepared by simple two stage method, based on combination of mechanochemical preparation of the
precursor and solvothermal microwave-assisted reaction with open reflux system. The size of prepared
particles ranges from hundreds of nanometers to micrometers.
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Abstract: Surface modified zinc oxide nanoparticles with variable lipophilicity were prepared
by the help of microwave-assisted solvothermal synthesis from mechano-chemically prepared
precursor. Sodium carbonate and zinc acetate dihydrate were used as starting materials,
diethylene glycol was used as a solvent, poly(ethylene glycol) and polyvinyl alcohol were
used as surface capping agents. The zinc oxide was obtained during the first three minutes of
reaction and its surface was further modified with prolonged time of the reaction due to
degradation of polymers used as capping and stabilising agents. Scanning Electron
Microscopy was employed for powder morphology evaluation. Inorganic phase structure
development was characterized by means of X-Ray Diffraction. Nanostructured composite
materials with crystallite size below 10 nm were obtained with specific surface area varying
from 35 to 86 m°g” according to Brunauer-Emmet-Teller analysis. The progress of
degradation of adsorbed polymer moieties was manifested by the powder colour change.

Optical properties as well as the structure of materials were further analysed by Diffuse
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Reflectance Ultraviolet-visible Spectroscopy and Diffuse Reflectance Infrared Fourier
Transform Spectroscopy and correlated with Thermogravimetric observations and
Lipophilicity degree analysis.

Keywords:

zinc oxide; nanocomposite; microwave; lipophilicity; surface

Highlights:
e Mechanochemical preparation of precursor from simple chemicals
e Extremely fast microwave assisted solvothermal synthesis of ZnO nanoparticles
e Particles covered by organic shell from adsorbed degraded capping polymers

e Prepared nano-ZnO with variable surface lipophilicity and specific surface area

1. Introduction

Zinc oxide is a versatile semiconductive material with wide direct band gap (3.3 eV), and
large exciton binding energy (60 meV) [1], potentially applicable in electronics [2], solar

energy conversion [3], light emitting devices [4], gas-sensors [5], etc. Apart from its

application in sophisticated devices, ZnO powder is also a relatively cheap chemical available

in large amounts and various forms ready for applications as pigments [6], UV-protecting
additive [7], antimicrobial and antifungal fillers for polymers [8,9], sun-screens and medical

ointments [10,11]. The chemical properties of ZnO are utilised in chemical engineering and

material processing. The largest quantity is consumed in rubber industry because ZnO is still

unrivalled activator of sulphur vulcanisation [12]. On the other hand, much finer and

demanding application of ZnO can be found in photocatalysis [13] and biomedicine [14,15].

Zinc oxide has most likely the most abundant forms among metal oxide materials. The
properties of ZnO are strongly dependent on its structure, morphology, aspect ratio, particle

2
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size and orientation [16-18]. Moreover, a careful reading of all above mentioned literature
sources points towards the importance of surface structure and properties as the crucial factors

for almost all applications of ZnO powder materials.

Surface modification of microparticles or nanoparticles is one of the most effective ways of
controlling their properties for preparation of new types of smart materials with desired
structure [19]. In the past decade, many scientists were focused on improving surface
properties of different zinc oxide powder materials [20-22]. Some applications require bare
ZnO particles with specific surface defect microstructure [23]. The easiest way how to obtain
such particles usually employs calcination at optimum temperature and atmosphere [24]. On
the other hand, it is often required to cover the ZnO particle surface by a functional shell and
many methods have been proposed for such surface modifications of ZnO. So far, coated
ceramic fillers have been successfully prepared [25,26]. Thin SiO, coatings are used to avoid
photodegradation of polymer matrix when the ZnO powder is used as UV absorber in plastics
[27] or in sunscreens [28]. On contrary, organic coatings usually serve as stabilising and
dispersing agents that do not passivate the material function and the spectrum of surface

functionalization approaches is at least as wide as for inorganic ones [29].

According to our opinion, it is reasonable to couple synthesis of ZnO particles with the
coating operation into one reaction step, which can be beneficial in terms of time, material

and energy savings, especially if combined with the use of a rapid synthesis method.

Microwave (MW) radiation is an efficient heating method, which can significantly decrease
reaction time and its advantages were already demonstrated by preparation of different
materials in our previous works [30-33]. Here we adopted [34] and further developed a fast
and easy method for preparation of surface modified ZnO nanoparticles with an organic shell

layer in two stages. Mechanochemical preparation of a precursor from simple chemicals in the
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first step is followed by a MW assisted solvothermal reaction step in an open vessel reflux
system used with advantage under atmospheric pressure. The MW enhanced reaction takes a
few minutes only. The surface coating is developed at the expense of progressive degradation
of capping and stabilizing polymers in the high boiling temperature solvent reaction mixture.

The coating properties are simply dependent on the MW exposure time.

2. Materials and Methods
2.1 Synthesis methodology

Sodium carbonate anhydrous, p.a., (purity 99 %, Penta, Czech Republic), zinc acetate
dihydrate, p.a., (purity 99 %, Penta, Czech Republic), diethylene glycol, p.a., (purity 99 %,
Penta, Czech Republic), polyethylene glycol 400, p.a., (Fluka, Germany), poly(vinyl alcohol)
Mowiol 8-88, (Mw~67 000, Sigma Aldrich) were used as starting chemicals. Precursor
(sample denoted as SO) was prepared by grinding of 11 g Zn(CH3COO),-2H,0 with 20 ml of
10 wt % solution of poly(vinyl alcohol) (PVA) in diethylene glycol (DEG) for 5 min in a
vibration mill (VM 4, Czech Republic), followed by addition of 5.3 g of Na,CO3 and grinding
continued for about 20 minutes. Obtained pasty mixture was washed by demineralised water
and ethanol to remove possible by-product or rests of original soluble chemicals. The white
powder dispersion was collected by a suction filtration and obtained filtration cake was left to
dry freely. Synthesis of final products started by a mixing of 1.5 g of precursor with 80 ml of
DEG and 10 ml of polyethylene glycol (PEG) in a boiling flask. The mixture was stirred
vigorously with a magnetic stirrer and then sonicated in ultrasound bath (Elma S 80,
Ultrasonic) for 15 min to achieve better dispersion of the precursor in the liquid medium.
Possible metal chips originating from milling drum and bodies were removed by a magnet.

Six individual mixtures were prepared and then exposed to microwave (MW) irradiation in
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open vessel system for different reaction times from 1.5 to 5 minutes. Microwave reaction
was performed in a modified domestic microwave oven (CRW-TECH, frequency 2.45 GHz,
maximum power 1150 W, unknown land of origin) equipped with an external condenser. All
mixtures were heated at maximum heating power. The suspensions were left to cool to the
laboratory temperature after MW exposure. Precipitates were collected by suction filtration,
washed with demineralised water followed by ethanol and finally dried in air up to the
constant weight. In this way, six different final products were obtained numbered according to
their order from shortest to longest reaction time, i.e. from S1 to S6 (S1-1.5 min; S2-2 min;

S3-2.5 min; S4-3min; S5-4 min; S6-5min).
2.2 Measurements and analysis

Microscopic images of samples were taken by the use of scanning electron microscope

Tescan Vega LMU (Tescan, Czech Republic).

The phase structure of powders was characterized by powder X-ray diffraction (XRD) using
X'Pert PRO X-ray diffractometer (PANalytical, The Netherlands) with Cu Ka radiation of A =
0.1540598 nm. The size of ZnO crystallites was considered to be nearly identical with the size
of diffracting area d;; which is easily accessible via Scherrer’s formula using 4(26) which is
full-width at half-maximum (FWHM) of XRD patterns. The particle shape and other factors
were neglected to simplify the procedure and the calculation followed the well-known

formula [35]:

daiffr = BOL'_—Z; (Error! Reference source not found.)
Where the constant 0.9 is the shape factor, 4 is the wavelength of the X-ray source, /3 is the
FWMH in radians. The actual value of f was obtained by deconvolution of instrumental

broadening effects using Warren correction method. The € is the Bragg angle, i.e. the half of

the 26 position of the selected diffraction line.
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The TA Q 500 apparatus (TA Instruments, US) was used for thermogravimetric analysis
(TGA). This analysis was performed at the constant heating rate of 10 °C/min under stable air

flow. The amount of each sample was approximately 15 mg.

The study of UV-vis absorption of the powder samples was performed with the aid of the UV-
vis spectrometer AvaSpec 2048-2 (Avantes, The Netherlands) with the light source type
AvaLight-DHS-DUYV. Integrating sphere (BaSO4 coated) and white tile BaSOj4 reflectance
standard were used for relative diffuse reflectance (DRUV-vis) spectrometry. The relative
reflectance was recorded for wavelengths in the range 265-800 nm due to relatively small
sensitivity of the detector in NIR on one side and reflectance limit of the sphere coating

material in UV on other side of spectral range.

FTIR spectrometer Nicolet 6700 (Thermo Scientific, US) was used for collection of infrared
DRIFT spectra, utilizing 32 scans and resolution 4 cm™ setup. The spectra are presented in

Kubelka-Munk units.

The specific surface area was obtained via the multipoint Brunauer-Emmet-Teller analysis of
nitrogen adsorption/desorption isotherms at 77 K recorded by Belsorp-mini II (BEL Japan,

Inc.) apparatus. Samples were outgassed for 3 h at 115 °C prior to the measurements.

The lipophilic degree (LD) of nanoparticles is usually characterized by examination of
dispersibility of defined amount of nanoparticles in water with the addition of organic solvent
(methanol). Hence, the LD is expressed actually in vol % units. The original method [19,36]
is relatively material demanding as each test of single liquid concentration consumes 0.5 g of
sample. Therefore, we adopted the LD concept but modified the procedure in accordance with
the framework of theoretical and practical analysis of wetting and dewetting of powders [37].
A series of stock water-methanol mixtures was prepared ranging from pure distilled water up
to pure methanol graded in 5 vol % steps. The lipophilic degree was estimated as the

concentration of the water-methanol mixture which readily wetted the tested powder. In more

6
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detail, the procedure was as follows: A small amount of powder (approx. 0.5 g) was spread
into a uniformly thick layer on a glass substrate and tested by droplets of 5 uL of testing
liquids. The measurement was several times repeated for each sample in ascending as well as
in descending order of used concentrations to find precisely the transition between wetting

and dewetting behaviour.

3. Results and Discussion

The morphology of prepared precursor is shown in SEM images in Fig.1. From the higher
magnification image, it can be clearly seen that the mechano-chemically prepared particles
possess lenticular shape with submicron size. The lower magnification image is displayed for
comparison with SEM images of microwave-synthesized products at the same magnification.
The morphology of final products is strongly changing with increasing synthesis time. Sample
S1 still hold particulate-like character. On contrary to that, the morphology of sample S2 has
more condensed appearance possibly due to agglomeration of smaller particles. This trend
continues from S3 to S6. The agglomerated habit is affected by preparation method of the
sample for SEM. A simple drying of a drop of redispersed (e.g. sample S2) nanoparticle
suspension on the SEM substrate holder or just powder from crushed dried filter cake (e.g.
sample S6) was used. More sophisticated sample preparation methods were omitted due to

low resolution of used SEM apparatus.
HERE FIG. 1

The conversion of submicron inorganic precursor to the final zinc oxide nanoparticles can be
followed according to the results from XRD analysis in Fig. 2. Compared with the ICDD
PDF-2 entry 00-003-0787, diffraction peaks of precursor SO fit well with those of

Zn4CO3(OH)4'H,0 (Zinc Carbonate Hydroxide Hydrate) and diffraction peaks of sample S6
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fit well with those of hexagonal ZnO wurtzite structure given in the ICDD PDF-2 entry 01-

074-0534.

The steepest change is observed between samples S2 and S4 when the phase transformation
occurs as diffraction pattern changes from precursor to ZnO. Moreover, the width of
diffraction peaks implies the presence of nanocrystaline ZnO. The line broadening was
evaluated by the application of Sherrer’s equation for the calculation of crystallite size for
samples S3 to S6. The diffraction line from (101) planes in ZnO that can be found in the
diffractograms at 26 angle 36.25° was used for diffracting area size estimation. The results
displayed in Table 1 confirmed that nanocrystalline ZnO powders with average crystallite
sizes below 10 nm were obtained. As the Zinc Carbonate Hydroxide Hydrate is a layered
compound, a high aspect ratio between the diameter and thickness of the crystalline slabs can
be expected for samples SO, S1 and S2 and, thus, the information obtained from wide angle
diffraction lines would be of problematic interpretation value with respect to the geometry of
the whole particles. Also, a pronounced layered structure would compromise the assumptions

which were framed for applicability of Sherrer’s equation in the experimental section.
HERE FIG. 2
HERE TABLE 1

Normalised intensities of selected diffraction lines from the diffractograms are shown in the
Fig. 3. The intensity of the ZnO diffraction peak at 26 angle 56.5° is plotted with full
triangles. It can be clearly seen that ZnO phase appears in the material after 2.5 minutes of
MW heating. Than it increases and reaches nearly maximum in samples S5 and S6. The
conversion of the precursor can be followed by the evolution of diffraction line intensity at 20
angle 28.07° marked by full squares. The sample S1consist from the precursor only, however
a steep decrease of its content can be seen for samples S2,S3 and S4 when no intensity of

signal at that 20 angle is observable which means that the conversion of the precursor was

8
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finished. However, at the same time, the ZnO is only at a half way. Therefore, we focused on
other diffraction line at 26 angle 59.6°, which certainly does not belong to the ZnO diffraction
pattern but can be found in the precursor’s diffractogram. Due to significant line broadening,
it cannot be better separated from that precursors set of lines. The evolution of intensity of this
line is plotted in Fig. 3 (marked by stars). It is evident that this line belongs to an intermediate
product. The residual intensity of this line in the sample S6 testifies for incomplete yet nearly
full conversion of the intermediate to the ZnO product. We did not succeed in the separation
of the intermediate diffraction lines from the lines of the precursor due to nanosize effect line
broadening. Nevertheless, we were even not able to obtain identifiable diffraction pattern of
the intermediate by subtraction of known ZnO patterns from S4 or S5 patterns, although the

ZnO diffraction patterns are much simpler than those ones of the precursor.
HERE FIG. 3

The development of ZnO structure as well as organic film coating was studied by DR-UV-vis
spectrometry. Results are shown in Fig. 4. Generally, it can be noted that the spectra of
samples are ordered according to the position and intensity of their UV absorption maxima
which correlates perfectly with the order according to the time of MW reaction. It may be
easily followed in the graph starting in the left upper corner and continuing down and slightly

to higher wavelengths.
HERE FIG. 4

As can be seen in Fig. 4, the spectra of precursor SO and sample S1 do not possess almost any
absorption between 350 and 400 nm which confirms absence of ZnO. These results are in
correspondence with the observed brilliant white colour for samples SO as well as S1.
Although there is not manifested ZnO in XRD, there is observable a peak with the maximum
at wavelength about 340 nm tailing into the spectral region of UV-A and even to the visible

range up to 550 nm. Thus it is not ZnO which contributes to the cream-like colour of the

9
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sample S2 but it must be due to its organic coating component. Development of ZnO structure
is clearly observable for samples S3, S4, S5 and S6 by the presence of strong absorption
maxima below 380 nm. This value is blue-shifted from typical bulk ZnO maximum [38]
confirming thus the nano-dimensionality of prepared materials. Evolution of organic film
coating can be observed by broad tails of absorption curves ranging far to the red region. The
main change can be seen between samples S3, S4 and S5. The sample S4 represents evidently
the transition step for the reaction. Observed trends are in agreement with the naked eye
observation of colour of prepared powders that changed from white (SO, S1) via cream (S2),
beige (S3), light brown (S4), brown (S5) to dark brown (S6), respectively. The spectral and
colour change can be associated with the microwave heating assisted thermal degradation of
used polymers present in the reaction mixture. The observed changes correspond to
development of conjugated double bond structures, so called oligo or polyenes. The MW
assisted degradation of PVA was thoroughly investigated and interpreted in detail in our

previous work [39].

The composition of both, inorganic and organic phases can be studied with advantage by the
suitable Infrared absorption technique. Fig.6 shows the DRIFT spectra of all samples. By
virtue of the simpler description of obtained spectra, main absorption bands are discussed in
separate regions denoted by capital letters from A to E. In the region A, the main broad band
centred at 3200 cm™ observed for samples SO to S2 can be attributed to the O-H stretching
vibration of hydrozincite, which corresponds to hydroxyl groups co-ordinated to the metal
ions referring to the absence of free bonded water molecules [40]. The structural formula
Zn4CO3(OH)s'H20 used in ICDD database of X-Ray diffraction data force a most-likely
improper notion that the compound is a hydrate. More probably, the water molecule is co-
ordinated to Zinc ion in positively charged hydroxide slabs and is strongly bonded than it

would be in the interlayer gallery space in hydrates (consult the TGA section too) and the

10
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interlayer space is occupied by carbonate counterions only. On the other hand, this hydroxyl
absorption band has no finer resolved structure and it can be concluded that the layered
mineral structure is not perfectly developed and the particles of precursor suffer from some
irregularity as one might expect due to used mechano-chemical preparation route. In next, the
slight blue shift to 3360 cm™ can be observed for samples S3 to S6 as well as the appearance
of additional shoulder band centred at 3590 cm™ that can be assigned to OH free hydroxyl
group. This structural feature may be associated with the intermediate product deduced from
XRD patterns. The increase in resolution of the hydroxyl absorption band may be ascribed to
the increased perfection of the crystal structure. No mechanical agitation that could interfere

the crystal growth is used during MW synthesis.
HERE FIG. 5

Fewer intense absorption bands in the region B match well with vibrations of asymmetrical
2940 cm'and symmetrical 2880 cm™ stretches of C-H bond [41]. It is clearly visible, that
intensities of C-H vibrations first gradually increased along with the synthesis time up to 2.5
minutes (sample S3) which can be explained by the continuous surface absorption of polymer
capping agents. Later on, the intensities of C-H vibrations decreased at the expense of thermal
degradation that was unambiguously visible by the change of powders colour from beige to
dark brown. The two strong bands at 1520 cm™ and 1390 cm™ located in region C can be
assigned to v; asymmetric stretching mode of carbonate. These two original bands splits into
more complicated structures with increasing reaction time. This can be explained as the
manifestation of partial changes of the coordination mode of carbonate anions. Theoretically,
they can be unidentate, bidentate or bridging ligands [41]. The change of shape of these bands
testifies for a transformation reaction consuming the precursor with relatively simple
coordination situation of carbonate ions. On the other hand, there are no carbonate associated

peaks in the bulk ZnO spectrum. Hence, it can be concluded that this material is either on the

11
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surface of ZnO nanoparticles or aside the ZnO nanoparticles in a separated phase. The
presence of various carbonate-like surface contaminations on ZnO nanoparticles surface is
reported frequently for similar reaction systems [19,28,42,43]. The weaker bands in region D
at 1050 cm'l, 949 cm! and 739 cm'l, 709 cm’! can be attributed to the v; symmetric stretching
and v, in-plane bending mode of carbonate respectively, while the middle intensity band at
833 cm™ corresponds to the v, out-of-plane bending motion of carbonate [44,45]. As can be
seen from the Fig. 6, all of afore mentioned carbonate vibration intensities decreased with the

extension of synthesis time.

The last region E is associated with the typical strong absorption band of ZnO [41]. Indeed,
the intensity increase of the band with maximum at 460 cm™ corresponding to the vibration of
Zn-0 bond is evidently in good agreement with results obtained by powder XRD as well as
DR-UV-vis spectroscopy. The ZnO absorption band starts to developed from the sample S3
and steeply increases up to sample S5 where it becomes the strongest band in the whole

measured spectral range.
HERE FIG. 6

To analyse the composition and contribute to structure clarification, the TGA was performed
in non-isothermal mode under air atmosphere. Obtained thermoanalytical curves are plotted in
Fig. 6. The total weight loss for the precursor was 28.6 % which is slightly more than the
theoretical mass loss (26.3%) calculated for ZnsCO3;(OH)s-H,O. The difference can be
ascribed to adsorbed polymers used as stabilising additives. In contrast to the literature [44],
the release of hydrate water was not observed in a separate step but as a slow gradual mass
decrease from the beginning of the thermogravimetric curve followed by a well-defined
decomposition step with the maximum rate at 216 °C. Hence we inclined to the observation of
Chen et al. [46] and their interpretation of the decomposition as a single step process. This
result is in agreement with FTIR analysis discussed above too. Two small steps above 250 °C

12

94



W J o U WN

OO UTUUTUTOTUTUTE S DS D DS D DEWWWWWWWWWWNRNRNONNNONNNONRE R R PR PP R
OB WNRPOWOVWOINTEWNRFROWOW®OJOAUEWNFRFOWVWOJANNBEWNROW®MJIANUB®WNREOW®DJOU S WN RO

with maximum mass loss rate at 300 °C and 380 °C, respectively are manifested on the curve
most likely due to the contribution of the capping polymer degradation. The
thermogravimetric curves of S1, S2 and S3 samples form a group of similar decomposition
profiles resembling the SO material but the main step is shifted by 40-50 °C towards higher
temperatures. It can be assumed that the precursor losses its layered structure and planar
aggregate forms quickly during the first 2.5 minutes of MW irradiation as can be seen in SEM
figures and most likely it is manifested by the afore mentioned shift of decomposition
temperature. The total weight loss varies about the value obtained for the precursor which also
points towards the phase structural changes in the material during this first stage of MW
reaction, rather than towards precursor transformation to ZnO product and the release of CO,
and H,O. The content of polymer seems to be comparable with its content the precursor in all
these samples. The thermogravimetric curve obtained for sample S4 shows evidently a
transient position between the first and the second group of curves recorded for S5 and S6.
The total mass loss observed for S4 is a moderate value of 24 %. The last group of curves (S5
and S6) has the total mass loss about 16 %. The trend observed for thermogravimetric curves
is in accordance with the trends observed by other techniques discussed in above sections.
However, the total mass loss is quite large even for the samplesS5 or S6. This suggests that
the material contains non-negligible amount of the organic component besides the residual

amount of the decomposable intermediate, while ZnO is virtually invisible in TG curves.

The Specific Surface Area (4, zer) of prepared powder materials was expected to be quite
high according to our other analyses. Therefore, it was characterised by the BET analysis.
Table 2 summarises the results. It can be seen, that the precursor and sample Sland S2 have
lower specific surface area. The sample S3 which has similar thermogravimetric characteristic

as previous samples has significantly different structure due to formation of reasonable
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amount of ZnO nanoparticles, while the organic component is only weakly manifested in DR-
UV-vis spectrum and still very similar to that of previous samples according to FTIR. The
sudden increase in 4 grrcan be ascribed to this nanostructure transformation. The sample S4
shows transitive behaviour with respect to the presence and structure of organic components
and moieties volatile under high temperature. It might be hypothesised that the reduction of
specific surface area is due to the polymeric content although the mechanism remains unclear.
The samples S5 and S6 have again large specific surface, which might be correlated with the
progress of organic component degradation that is well documented by DR-UV-vis spectra.

Another possible explanation might be searched in the intermediate phase occurrence.
HERE TABLE 2

As the final property, the lipopilicity of prepared nano-particulate material was tested. The
graph in Fig. 7 shows obtained results. The precursor behaves hydrophilically while the S1
sample has LD of 20 vol %. The material S2 is again hydrophilic and then the LD increases
nearly linearly with synthesis time progress up to 25 vol % for sample S6. It seems that the
initial role of added polymers is rather complicated. It might be expected that the out-lying
lipophilicity of S1 sample is due to adsorbed diethylene glycol or poly(ethylene glycol)
because the sample is otherwise similar to SO in all other investigated properties. The sample
S2 shows remarkable signs of structural changes and becomes hydrophilic with LD = 0 vol %.
The lipophilicity increase of following samples corresponds to the development of conjugated
double bond systems caused by the polymer thermal degradation [39]. Once the progressive
polymer degradation in DR-UV-vis spectra was observed it was possible to expect increase in
lipophilicity of prepared particles. This property is straightforwardly linked to to oligo- and
polyene structural units in polymers. There are well known natural analogues to the double
bond conjugated system on a linear carbon chain, namely lycopene and other carotenoids.

Members of this class of fat-soluble isoprenoid compounds have up to fifteen conjugated
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double-bonds in a line. This structural feature of polyene backbone chain imparts them not
only light-absorbing but also excellent lipophilicity [47]. The formation of ZnO which is

normally (in dark) of hydrophobic nature [48,49] may contribute to the LD increase too.

HERE FIG. 7

4. Conclusion

Zinc oxide based nanoparticulate materials with various surface degree of lipophilicity were
prepared successfully by a fast and simple two stage method. Firstly, the zinc carbonate
hydroxide hydrate was prepared mechanochemically and its structure was confirmed as
containing the water molecule coordinated into the hydroxide slabs of the layered material. In
next, although the precursor consists of submicron lenticular shaped particles, it gives rise to
nanoparticulate materials with nanocrystallite size bellow 10 nm in the second reaction step.
This second process is microwave enhanced synthesis and allows achieving nearly complete
conversion of the precursor to ZnO within 5 minutes. It was shown that an intermediate phase
is involved in this transformation, however its phase structure was not identified. The optical
properties of the material are governed first by ZnO nanoparticles development and then by
the development of conjugated oligo- to polyene coating. The specific surface area of
prepared powders varied between 35 and 86 m” g, Its value depends most likely on the
competition between the nanoparticle formation and coating development. The lipophilic
degree of the products varied from 0 to 25 vol % and its dependence on synthesis time is

simple enough to allow targeted synthesis.
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Table 1 ZnO nanocrystalite size calculated according to Scherer’s equation for prepared

materials. Samples S0, S1 and S2 do not contain ZnO phase.

Sample code SO S1 S2 S3 S4 S5 S6

d i [nm] - - - 8.0 9.1 7.4 7.0
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Table 2 SSA of precursor S0 and products S1 to S6 obtained by the application of BET

method.

Sample code SO S1 S2 S3 S4 S5 S6

Agper[m’g’] 586 345 446 863 427 769 745
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Figure Captions

Fig. 1 SEM images of the precursor S0 and products S1-S6.

Fig. 2 X-Ray diffractograms recorded for samples S0-S6. The diffraction lines assigned
to ZnO are marked by stars, the diffraction lines associated with the precursor are
marked by hollow circles. The symbols are placed for SO and S6 samples as they

represent the most pure phases.

Fig. 3 Normalised intensities of selected diffraction lines plotted versus reaction time.
The sample codes are indicated at the bottom of the graph window. Used symbols are
associated with diffractogram peaks at 20 angles as follows: full squares for 28.07°, full

triangles for 56.5° and stars for 59.6°.

Fig. 4 DR-UV-vis spectra of the precursor S0 and products S1-S6.

Fig. 5 DRIFT spectra of the precursor S0 and products S1-S6.

Fig. 6 TGA curves recorded for the precursor S0 and products S1-S6.

Fig. 7 The dependence of LD on the synthesis time for the precursor S0 and products

S1-Sé6.
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*Highlights (for review)

Highlights:
e Mechanochemical preparation of precursor from simple chemicals
e Extremely fast microwave assisted solvothermal synthesis of ZnO nanoparticles
e Particles covered by organic shell from adsorbed degraded capping polymers

e Prepared nano-ZnO with variable surface lipophilicity and specific surface area
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Figure 1
Click here to download high resolution image
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Figure 5
Click here to download high resolution image
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Highlights (for review)

Highlights:
e Mesoporous nanostructured ZnO microbeads prepared by thermal annealing
e Estimation of self-diffusion coefficient and its activation energy
e Identification of the nanocrystallite growth mechanism
e Estimation of the activation energy of sintering

e Correlation of the morphology and structure with photocatalytic activity
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ABSTRACT

Nano-crystalline mesoporous zinc oxide (ZnO) polyhedral microbeads were prepared by
annealing of zinc oxalate dihydrate (ZnC,04-2H,0) precursor at various temperatures. The
development of the mesoporous nanoarchitecture of the ZnO microbeads was studied by powder
X-ray diffraction analysis (XRD) corroborated with the analysis of their specific surface area by
means of nitrogen sorption via Brunauer-Emmet-Teller (BET) method. The morphology was
investigated by scanning electron microscopy (SEM). A description of the crystallite growth and
sintering process is given together with analysis of the activation energy of the grain and
crystallite growth. Self-diffusion coefficient, its activation energy and diffusion mechanisms
involved in the growth of crystallites were identified. An agreement between our experiment and
theory from literature was observed. Crystallite size and specific surface area can be simply
tuned by the variation of annealing temperature. The set of dependences of morphological and
structural parameters on the annealing temperature is correlated with photocatalytic activity of
prepared ZnO powders which was evaluated by the UV degradation of Methyl violet 2B. The

best photocatalytic performance was observed for the sample annealed at 500 °C.

KEYWORDS:

ZnO; mesoporous; self-diffusion coefficient; sintering; grain growth; photocatalysis
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1. Introduction

In recent years, zinc oxide (ZnO) has drawn serious attention of scientific community as a
versatile semiconductive material with direct wide band gap of about 3.4 eV and large exciton
binding energy of 60 meV at room temperature. Moreover, it can be easily doped by both p and n
type dopants and its band gap can be engineered to desired value by simple substitution of Zn by
other divalent ions [1,2]. These characteristics make ZnO promising material in the field of
electronics, solar cells, light emitting devices, gas sensors and photocatalysis [3-8].

Zinc oxide is one of the most variable inorganic material, which can be obtained by various
wet and dry chemical or physical methods in different shapes and therefore the plethora of
morphology dependent properties can be obtained. Up to now, thin films, quantum dots,
nanorods, nanowires, nanosheets, as well and complex shape structures assembled from low-
dimensional crystal components have been prepared [9-12].

Many useful properties of ZnO are related with high surface area to volume ratio. Among
them, catalysis, namely photocatalysis, critically depends on the specific surface area, besides
other factors. Preparation of nanoparticulate materials generally offers this important feature
therefore the use of nano-ZnO is the first choice for photocatalysis [13]. However, the issues of
safety and risk management open when dealing with nanos even if their microsized analogues
are considered as green and non-toxic. The eventual toxicity of nano-sized ZnO and the
inconvenience in removal of the catalyst from the reaction system hamper the wider use of such
materials [14]. Therefore, it seems to be reasonable to prepare materials with multiscale
hierarchical organization that combines the nano-scale imparted properties of nanostructured
building blocks packed safely into a micro-scale sized body. This concept of nanostructured

microparticulate materials was successfully introduced in medical plastics in our previous work
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[15]. Classical bottom-up strategies may be used; however, they are usually quite demanding on
chemicals and processing complexity. Their counterparts, i.e. top-to-bottom techniques like
milling etc. are extremely simple but they give very simple forms of product suffering for non-
uniformity and defects [16]. A very subtle method is combination of these two approaches taking
the advantages from both. From this point of view, a simple synthesis of inorganic or organic
crystalline ZnO precursor followed by its thermal decomposition seems to be a suitable method.
First, a microsized crystalline powder precursor with desired particle shape is prepared from
simple chemicals by conventional method and obtained without any complicated handling with
nanoparticles. In the second stage, the powder material is annealed over its decomposition
temperature which results ideally into a topotactic transformation of the precursor to porous
nanostructured material. The pores are developed at the expenses of decomposed percursors
component. Two-dimensional as well as three dimensional porous nanostructured materials have
been successfully demonstrated [17,18].

With the aim to prepare nanostructured high specific surface area microsized ZnO beads for
photocatalysis, the zinc oxalate dihydrate was chosen as the best possible candidate [19]. At
given precursors particle shape, the annealing temperature during the thermal decomposition of
precursor is the important parameter, which influences the structure and morphology of prepared
zinc oxide powders. The low annealing temperature limit is given by the thermal decomposition
temperature of the precursor. It can be reasonably expected that particles prepared at such
temperature will have the smallest grain size and the lowest resistance against mechanical
disintegration into its nano-building blocks. On the other side of the temperature scale, the
maximum annealing temperature is limited by the melting point of the material. During the

thermal treatment at sufficiently high temperatures, sintering takes place which can be observed
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by the increase of grains size as well as the decrease of specific surface area and influence the
average pore size [20].

Once obtained, the photocatalytic function of prepared ZnO nanostructured beads has to be
evaluated. However, the efficiency of the photocatalyst depends not only on the catalyst
morphology and structure itself, but also on the reactive system setup, solvent choice, reactant
concentration, as well as on impurities. The physical parameters, like reactor geometry,
temperature, pressure and radiation intensity are important too. To summarize, the performance
is a complex function of chemical, transport and physical processes with respect to given
morphological and structural properties of the tested form of photocatalyst [21]. Therefore,
within one experiment, only the photocatalyst morphology may be varied ceteris paribus.

Here we present a study, which describes the influence of annealing temperature on structural
and morphological properties of nanostructured ZnO microbeads and correlation with their
photocatalytic performance in a standard methyl violet UV fading test. The material was
prepared by thermal decomposition of zinc oxalate dihydrate as the precursor. The precursor was
previously synthesised by a fast and simple precipitation method from solutions of oxalic acid

and zinc acetate in our laboratory.

2. Experimental section

2.1 Preparation of the precursor

Zinc acetate dihydrate, p.a., (Penta, Czech Republic) and oxalic acid dihydrate, p.a., (Penta,

Czech Republic), were used as starting chemicals. Precursor was prepared by simple

precipitation of 400 ml 0.05 M solution of solution of zinc acetate by the addition of 200 ml of
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0.5 M solution of oxalic acid at room temperature under the strong agitation of magnetic stirrer
for 5 minutes. Resulting precipitates were separated by suction filtration, washed several times
by distilled water to remove possible by-product or rests of original soluble chemicals. Filtration

cake was left to dry at 42 °C for 24 hours.

2.2 Annealing of the precursor

Obtained white precursor powder was subjected to the thermal heating in the muffle furnace
(LMH 07/12, LAC, Czech Republic) up to different temperatures (400 °C; 500 °C; 700 °C and
900 °C). All these samples were annealed by constant heating rate of 10 °C/min and held at
maximum temperature for one hour. Then, the oven was left to cool naturally without controlling

the rate of cooling and annealed precursors were removed from the furnace at room temperature.

2.3 Testing of photocatalytic activity

The photocatalytic activity of ZnO porous powders was evaluated by measuring photocatalytic
degradation of Methyl Violet 2B (MV) in distilled water under the constant illumination of
100W focused UV-lamp (Super-Light C 10 A-SH, Helling Gmbh., Germany) with the strongest
emission at 365 nm. The temperature of the reaction was maintained at aprox. 25 °C by
thermostatic circulation through the double-wall glass baker. In a typical experiment, 50 mg of
the ZnO porous powder sample was added into the double-wall glass baker containing 50 ml of
MYV solution having concentration of 3.7 mg/l. Before the degradation starts, the suspension was
stirred in the dark for 10 minutes to assure an adsorption/desorption equilibrium of used dye at
the surface of ZnO particles. During the degradation, 12 solutions of about ImL were withdrawn

from the reaction suspension within the time range from 0 to 120 minutes and filtered through a
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syringe filter to completely remove the ZnO catalyst from the solution. Time dependent
degradation was monitored by measurement of absorption of MV solutions at 580 nm by UV-vis

spectroscopy [18].

2.4 Characterization techniques

The TA Q 500 apparatus (TA Instruments, US) was used for thermogravimetric analysis
(TGA). This analysis was performed at the constant heating rate of 10 °C/min under stable air
flow. The amount of each sample was approximately 15 mg.

Microscopic images of samples were taken by the use of scanning electron microscope Tescan
Vega LMU (Tescan, Czech Republic) at accelerating voltage of 10 kV. The detail SEM image
was taken by JEOL JSM6700 F (Jeol, Japan).

The crystalline phase structure of prepared powders was characterized by powder X-ray
diffraction (XRD) using X Pert PRO X-ray diffractometer (PANalytical, The Netherlands) with
Cu Ka radiation of A =0.1540598 nm. The size of ZnO nanocrystallites was considered to be
nearly identical with the size of diffracting area d ;- which is easily accessible via Scherrer’s
formula using 4(20) which is full-width at half-maximum (FWHM) of XRD patterns. The
particle shape and other factors were neglected to simplify the procedure and the calculation

followed the well-known formula [22]:

094
dgifrr = 7 o056 (D

Where the constant 0.9 is the shape factor, 4 is the wavelength of the X-ray source, S is the
FWMH in radians. The actual value of § was obtained by deconvolution of instrumental
broadening effects using Warren correction method. The 6 is the Bragg angle, i.e. the half of the

26 position of the selected diffraction line.
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The specific surface area Azpr was obtained via the multipoint Brunauer-Emmet-Teller
analysis of nitrogen adsorption/desorption isotherms at 77 K recorded by Belsorp-mini I (BEL

Japan, Inc.) apparatus. The grain size is expressed as the mean diameter dgzr according to [23]:

6

@)

d =
BET P - Aggr

Where the py is a density of adsorbent material.
The study of UV-vis absorption of solutions was performed with the aid of the UV-vis
spectrometer (UV-Vis Varian Cary 300, Varian Inc., United States). The absorbance was

recorded for wavelengths in the range 300-800 nm.

3. Results and Discussions

The composition of prepared zinc oxalate dihydrate was analysed by thermogravimetric
analysis (TGA) in air atmosphere. The thermogravimetric curve as well the mass loss rate
obtained as its derivative is shown in the Figure 1. The decomposition occurs in two steps. First
mass loss of about 18 % corresponds to the loss of crystal water. The second step connected with
the loss of 39 % of the sample mass is attributed to oxidative decomposition of anhydrous zinc
oxalate into the ZnO, carbon dioxide and water. The mass loss rate reaches its maximum at

390 °C as evident from the —dTG curve. The decomposition reactions can be summarised as

follows:
ZHC204 . 2H20 — ZHC204 + 2H20 (3)
ZnC,04 + 1/20; — ZnO + 2CO, 4)

These results are in good agreement with previous studies and composition derived from

structural formula. [24,25] The second step finishes approximately at 400 °C if the heating rate is
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10 °C/min. Therefore, the first temperature for the series of annealing experiment was set to

400 °C.
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Figure 1. The TGA analysis of precursor under air atmosphere.

The precursor and samples obtained by annealing at selected temperatures were analysed by
electron microscopy. The morphology of samples is exemplified in SEM images in Figure 2. The
precursor was obtained in form of polyhedral crystals in size ranging mainly from 1 to 3 pm with
only a small portion of less developed particles. No particles smaller than several hundreds of
nanometres were observed. The product of annealing keeps evidently the size and the envelope
polyhedral shape of the precursor on the micrometric scale. It is evident, that its surface is
dissected into a very dense network of cracks and the whole particle became porous yet
undisrupted assembly of nanoparticles by the annealing procedure. With increasing temperature,
coarsening of the particle structure can be observed. The samples obtained at 400 and 500 °C
have very fine structure. The image D magnifies the nanostructured material obtained at 500 °C.
The size of grains is in order of several ten of nanometres. Sintering and further coalescence of

grains can be followed from the images E and F for higher temperatures.
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Figure 2. SEM images of precursor and products prepared by annealing of the precursor at

different temperatures, A: precursor; B: 400 °C; C,D: 500 °C; E: 700 °C; F: 900 °C.

The conversion of microsized organic precursor to the final zinc oxide nanostructured beads
can be followed according to the results of XRD analysis in Figure 3. Compared with the ICDD
PDF-2 entry 25-1029, diffraction peaks of the precursor fit well with those of monoclinic
ZnC,04-2H,0 (Zinc oxalate dihydrate) and diffraction peaks of all annealed products fit well
with those of hexagonal ZnO wurtzite structure given in the ICDD PDF-2 entry 01-074-0534.
The shape of the diffractogram background testifies for well-developed crystalline phase and no

or negligible presence of amorphous phase.
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Table 1. Summary of XRD and BET analyses of annealed samples. The last row contains rate
constant obtained for the photocatalysis reaction.

Annealing temperature 400°C  500°C 700°C 900 °C
s Crystallite size, dgy [nm] 21.0 47.1 67.8 79.3
(4]
g
g Crystallite surface area, A [m’g"'] 51.0 22.7 15.8 13.5
BET surface area, Aggr [m’g’] 29.9 10.2 3.4 1.7
E BET total pore volume, ¥, gz [10%cm’g']  3.55 1.12 0.36 0.17
g
E BET mean pore diameter, d ,, g7 [nm] 4.7 4.4 4.2 4.0
m
Grain size, dggr [nm] 35.8 105.0 315.1 630.3
= . 0.0438  0.066  0.0412  0.0391
; Rate constant, & [s™ ] N N 1 N
= 0.0018  0.002  0.0015  0.0019

The diffraction line from (101) planes in ZnO that can be found in diffractograms at 20 angle
36.2° was used for diffracting area size calculation. The results are listed in Table 1 alongside
with the results of other analyses. It is evident, that the diameter of nanocrystallites (du) grows
with increasing temperature of annealing. The specific Crystallite surface area (A44y;) can be
easily calculated from the size of crystallites and the material density of ZnO (5.6 g/cm’).
Volume of crystallites (V) can be calculated with the same easiness and obtained values are
shown in Figure 4. The dependence of V- on temperature is perfectly linear. This result is not
that surprising as it looks if a simple fact taken into account that the growth of one crystallite
proceeds at the expense of other crystallites and the total volume change is zero. The ball

diagram insert into the graph shows, how many crystallites of each size are needed to create one
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nearest bigger crystallite. The intercept of the linear dependence with the abscissa is the
minimum possible temperature at which the crystallite size would be theoretically zero. This
initial minimum temperature is 663.7 K (390.5 °C) which is identical with the temperature of the

maximum decomposition rate of the precursor.

— 300 ———
£

=

o 2501 |
£ 200} |

>‘E

05 [ -
g 150 ‘

2 100t 0@ |
Q

% o o slope (516 + 8) nm’/K ]

% 50r @@

P o |

© op AT =6637K=3905°C 8

1 1
600 700 800 900 1000 1100 1200
Temperature, T [K’1]

Figure 4. Calculated crystallite volume of ZnO samples annealed at different temperature.

The results obtained from X-ray diffraction line broadening analysis can be compared with the
results obtained from gas sorption BET analysis. The first and usually the most sought after
information from BET is the Specific surface area (4zgr). Obtained values are relatively high
and in agreement with other literature values available for similar systems. The values ranging
from 30 m*/g for nanodisperse system up to only several m?/g for submicrometric systems
(consult the commercial ZnO materials for rubber vulcanisation) can be considered as typically
achievable for ZnO nanostructured systems [26,27]. On the first sight, the 4Apzr is smaller than
the specific crystallite surface area. The X-ray diffraction characteristics are correctly obtained
for coherently diffracting areas, i.e. to the size of nanocrystallites (nanocrytalline domains) while
gas sorption analysis examines the actual surface of the porous body accessible to N, molecules,

which means, that it characterises the surface of grains. Thus, the Azgr is related to the surface of
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grains which consist from one or more crystallites and from amorphous phase if the amorphous
phase is present at all. The ratio between these two specific areas is called packing factor (1/F)
which gives information about particle agglomeration and availability of the nanocrystallite
surface to adsorption of molecules [28]. Figure 5 shows the dependence of 1/F on the annealing
temperature for prepared materials. The packing factor decreases with increasing temperature

significantly.
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Figure 5. Plot of the Packing factor (1/F) versus thermodynamic temperature for annealed ZnO

samples.

The total pore volume estimated by BET analysis V,per decreases with the annealing
temperature approximately with the same slope as the Azpr while the BET mean pore
(diameter) d,per decreases very slowly from 4.7 to 4.0 nm which classifies these materials as
mesoporous. Assuming that the grains have spherical shape and uniform size, the average
particle size can be estimated according to equation 2 as the Grain size (dpgr). Obtained values
confirm reasonable coarsening of particles due to sintering with increasing annealing
temperature and are evidently in agreement with SEM observations even without image analysis.

Under the same assumptions concerning mean values obtained from XRD and BET, the ratio
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between grain and crystallite volumes can be calculated which characterises how many
crystallites are agglomerated into one grain. The value increases from cca 5 for 400 °C up to cca
500 for 900 °C. The observed linear logarithmic dependence on thermodynamic temperature can
be extrapolated to the initial temperature and compared with the crystallite volume dependence.
It seems that the first crystallites appear already in a grain assembly with the mean number of
crystallites about 4.5 per grain. On the other hand, the hypothetical 1:1 ratio is expectable at
232 °C which is deep below the decomposition temperature of the precursor and evidently

cannot be correct and thus support the hypothesis of initial agglomeration.
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Figure 6. A semi-log plot of BET Grain / XRD Crystallite volume ratio versus thermodynamic

temperature for annealed ZnO samples.

The annealing of precursor results evidently in sintering of the ZnO particles. As shown in
Figure 6, the number of crystallites sintered into one grain doubles every 73.3 K with the
increase of temperature. This process can be characterised by activation energy. Although
various approaches can be used, the simplicity favours the basic models. A linear relationship
between the rate of grain growth and the inverse grain size is assumed, which in turn is

proportional to the radius of curvature of the grain [29,30]
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&%

: )
where X is the length scale, i.e. the diameter of the grain, ¢ is time and £ is the rate constant
depending on temperature (7). This equation can be integrated with X being the integration
constant as the grain size at 1 = 0.
X2— XZ=k-t (©)
Although this equation describes ideal state and many corrections and improved models have
been introduced, it still works well in many cases and as a very good first choice.

The constant k£ depends exponentially on temperature.

“Eq
k(T) < erRT @)
Where R is the gas constant (8.314 J mol™ K™) and the activation energy (E,) for the sintering

process can be estimated easily from the Arrhenius plot for values obtained at the same

annealing time. The heating rate 10 °C/min in our case is considered as high enough with respect
to the isothermal annealing holding time of 1 hour. The integration constant is often relatively
small and does not influence the result much in case of steep dependences. Actually it is a grain
diameter at the time zero. Nevertheless, the zero time estimation is an “old pain” in thermal
analysis — see our initial assumptions concerning the heating rate in comparison with the holding
time. Hence it may be neglected for practical reasons and the equation (6) transforms for dggr
into:

Indipr = — % . % + const (3)

Under the real experimental conditions, it is difficult to estimate properly the X, constant.
Another approach how to handle this issue is to use the value of grain diameter obtained for the

lowest annealing temperature as the initial guess.
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In(d2gr — digr o) = In(d3sr — d34r(400°C)) = =22 4 const ©)

It can be expected that the correct value lies in the interval between these two values. The data
for both approaches are plotted in graphs in Figure 7 and 8. Indeed, the activation energy for

corrected data is slightly lower and the actual value can be found between 74 and 70 kJ/mol.

13+ .

E, = (74 +4) ki/mol

7k LA
1 L

} ] i 3 ]
08 09 10 11 12 13 14 15

-1

Reciprocal temperature, 1000/7 K]

Figure 7. Activation energy of sintering of annealed ZnO obtained from linear plot of data

according to the equation (8).

E, = (70.0 + 1.6) kJ/mol
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Figure 8. Activation energy of sintering of annealed ZnO obtained from linear plot of data

according to the equation (9).
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Similar approach can be adopted for data obtained from XRD analysis, however, a linear

dependence of (d;)° on reciprocal value of thermodynamic temperature was found.
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Figure 9. Rate constant estimation for crystallite growth according to equation (15)

Such dependence points towards the crystallite growth rate («) derived as a product of Gibbs

energy change (A4G) and crystallite boundary mobility (M).

u=AG-M

(10)

In accordance with our notation, the change of Gibbs energy is proportional to the specific

surface energy (7 and molar volume (V). The term in brackets represent change in size of the

crystallites between integration limits [31].

1 1
AG = ~4y Vol <ddiffr1 B daiffr 2)

The crystallite boundary mobility (M) is dependent on the self-diffusion coefficient D;:

_ _Ds
T kgTA
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Where k5 is the Boltzman constant, 7 is thermodynamic temperature and A is the thickness of
the boundary, usually in order of the size of atoms. In general form i.e. without A, the equation
(12) is known as the Einstein relation.

Thus, we can obtain the rate constant £’ from the equations (10, 11 ,12) and substitute kp by R

due to the use V0

1 _4‘VDSVmol
k= RT2 (13)

And adopt the equation (6):

diipr — Agisrro = —k' - t (14)

However, we obtained Vg = 0 mm’ => dai- = 0 nm for the lower integration limit (see
Figure 4, the minimum temperature 390.3 °C), thus the equation may be formulated as:

diippr = —k' - t (15)

It must be noted, that this approach considers the surface energy as a constant together with the
assumption of temperature independence of the molar volume. Therefore, the slope of the linear
plot in Figure 9 according to the equation (15) contains contributions from at least two other yet
minor terms and did not meet perfectly the minimum temperature. The value 380.2 °C is
predicted instead of 390.3 °C as for the Vg dependence on 7. With respect to the whole
experimental setup, we consider this difference as acceptably small keeping in mind the perfect
linearity of the data. Moreover, the slope can be refined more, as the time integral can be roughly
estimated as the annealing temperature holding time of 1 hour (#s=3600s), the specific
surface energy can be estimated about 2 J/m” [32], molar volume can be estimated from the
molar mass and density, 4 can be estimated as 0.35 according to the unit cell parameters from the

ICCD card, hence the self-diffusivity may be estimated:
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-k'R2 1

=6.4 x 107 cm?2s71 (16)

s = :
4YVmot thold

The value of 6.4 x 107® cm?s™! can be considered as the mean D, estimation for temperature
range 670-1150 K and is in excellent agreement with the values from the comprehensive
reference of Erhart and Albe [33].

Since the diffusivity (D) depends exponentially on temperature, it obeys Arrhenius law with
the activation energy Q contributing thus to the deviation of the strict linearity and simplicity of

the equation (13):
-Q
Ds(T) o eRrT (17)
Hence, the first 1/T dependence may be removed by multiplying with 7 together with the

problem of the initial crystallite size similarly as in the grain case:

(dhifsr — daifpro) T = —TK't (18)
Obtaining:

-Q
|TK'| o< err (19)

Hence, Arrhenius plot for the additional 1/7 dependence may be drawn:
° — 9.1
In ((dﬁim — d3y,(400°C)) T) = —2.2 4 const (20)

And the activation energy Q for the D; in equation (16) of the crystallite growth in Figure 10
was obtained as 31 kJ/mol which is equivalent to 0.32 eV. This value is much smaller than
values of migration barriers reported for oxygen or zinc vacancy diffusion mechanisms thus the
zinc interstitials are considered to be responsible for the observed crystallite growth [34]. Our
estimated value is somewhat smaller than 0.55 eV that was found by Thomas [35]. However,
according to more elaborated analysis and theoretical calculation of Erhart and Albe [33], there

are several different mechanisms of Zn interstitials diffusion possible and among them this
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energetic barrier of 0.32 eV can be associated with the interstitial in plane mechanism and with

the interstitialcy out of plane mechanism of Zn diffusion in the ZnO lattice.

T T T T T T T

E, = (30.6 + 2.4) kJ/mol

0.8 059 1.0 11 1.2 13 1.4

i

Reciprocal temperature, 1000/T [K"]

Figure 10. Activation energy of the self-diffusion coefficient of ZnO nanocrystallite growth

obtained from linear plot of data according to the equation (20).

The photodegradation of methyl violet 2B (MV) in the presence of ZnO photocatalyst was
monitored by UV-vis spectroscopy. [18, 21] Figure 11 exemplifies obtained UV-vis spectra for
the system containing ZnO annealed at 500 °C. Here, the dye degradation is manifested by the
decrease of the absorption maxima at 580 nm. Figure 12 shows the photodegradation curves of
the dye for all ZnO samples prepared at various annealing temperatures. The ratio between actual
and initial concentration is plotted against time of UV irradiation. As can be seen, complete
degradation of the dye is accomplished within the 120 minutes and all curves obey first (or
pseudofirst) order reaction kinetics. [25] The rate constant was obtained from fitting the first
order model into the data. The highest degradation rate constant (consult Table 1) was found for
sample annealed at 500 °C. Hence, the photocatalytic performance of our prepared materials has

an optimum which can be correlated with the trends of morphological and structural parameters.
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The correlation with analysis of chemical states of ZnO on its surface is beyond the scope of our

article.
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Figure 11. UV-vis spectra of of methyl violet in the presence of ZnO annealed at 500 °C.
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Figure 12. Photocatalytic degradation curves of methyl violet as a function of time for ZnO

powders annealed at different temperatures, as illustrated in the graph.

The photocatalysis is a complex process with at least several parameters influencing the final
performance of the system. In our case, mesoporous nanostructured beads floated due to

mechanical agitation in the solution of substrate dye (MV) molecules. The system was irradiated
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from the top. The only variable in the experiment was the annealing temperature used for the
preparation of the photocatalyst. All other conditions were kept constant.

It is generally known, that the catalytic activity of a heterogenous catalyst depends on its
specific surface area. However, the catalytic activity may not be simply correlated with the size
of surface area of the catalysts in our case at least from three reasons: (i) only that portion of
surface is active which is attainable to the MV molecules by the mechanism of diffusion into the
beads followed by the diffusion of degradation products out of the beads, (ii) only that portion of
surface can contribute to the dye degradation which is so closer to the bead surface than the
diffusion length of active species born on that surface like superoxide, hydroxyl radicals etc., if
this is the mechanism and (iii) the availability of the ZnO material to be irradiated by the UV
which has most likely only a limited penetration depth into the beads. According to our
observations, the specific surface area of grains as well that of crystallites and other parameters
depend monotonously on the annealing temperature which does not directly correspond to the
observed dependence of the rate constant on the sample annealing temperature. However, in
accordance with the considerations (i-iii) above, some of the observed parameters contribute
positively and some of them negatively to the efficiency of the photocatalysis. All parameters are
derived from the structure and morphology thus they are mutually strongly linked and therefore,
they are even effective ambiguously with respect to the catalyst performance.

The specific surface area is expected to contribute positively; nevertheless, most likely the
substantial part of the surface area is not accessible for the dye molecules. It must be noted, that
the mean pore diameter is only cca three or four times bigger than is the size of a MV molecule
and thus the total pore volume represents an impeding factor. In next, the dye molecule exists in

the solution as the MV ion and the pores can have surface charge strongly influenced by pH and
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ionic strength of the liquid medium. The porosity of the material (¢ ) can be estimated as quite
small, however, the bigger it is the less it impedes diffusion in whichever direction. The length of
pores is extremely increasing with the increase of the specific surface area while the pore
diameter almost does not vary with the specific area. See Figure 13, the porosity was calculated
from the total pore volume V' , pzr and the volume of 1 g of the material obtained from the
material density. The BET mean pore size d , gzr entered the calculation of the BET total length
of pores L , prr. These two parameters are shown together as a general pore flow geometric

factor (d , per)” /L , ser. The bigger the value of this factor is, the less the flow through pores is

impeded.
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Figure 13. Dependence of general pore flow geometric factor (full squares) and porosity of the

ZnO samples (hollow circles) on annealing temperature of the material.

There are neither sufficient morphological data in our results to evaluate tortuosity and
constrictivity nor even reliable models in the literature for such low porosity regions of
mesoporous systems available, however both criteria would work against the overall catalyst’s
performance. The packing factor (1/F) limits the efficiency of the electron/hole pair
photogeneration process, as only those excitons that have not been captured on internal

nanocrystallite boundaries during their travelling can be involved in the reaction. To summarize,
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observed morphological and structural parameters act both as promoting and impeding the
photocatalytic activity of the prepared materials and the optimum was found for the material

annealed at 500 °C.

Conclusion

A relatively small series of ZnO micro-beads with mesoporous architecture was prepared by
annealing from zinc oxalate dihydrate precursor at four different temperatures on the air
atmosphere. X-Ray diffraction data and BET analysis provided a set of structural and
morphological parameters that were confirmed by SEM. Exemplary dependences of the specific
surface area, grain and crystallite volume, their ratio, second power of their diameter and many
other were obtained. The interpretation allowed to find initial (minimum) temperature about
390 °C at which the nano-crystallite volume is theoretically zero and the process starts. TGA
showed that the maximum precursor decomposition rate is at the same temperature. Similarly, it
was estimated that at the beginning of annealing at this temperature, grains start grow each from
4.5 crystallites in average. The data were further analysed with the help of the basic grain growth
model. Agreement between theory and experiment was observed. Activation energy was
estimated for the sintering process as well as for the ZnO nano-crystallite growth. The crystallite
growth was found to be linearly dependent on the reciprocal value of the thermodynamic
temperature which means that the growth was limited by the crystallite boundary mobility. The
rate constant was analysed and the value of ZnO self-diffusion coefficient D; = 6.4 x 10'% ¢cm?s™!
was estimated which is in agreement with the literature reported values. According to the refined
analysis of the data, the activation energy of the self-diffusion coefficient Q = 0.32 eV was found

which allowed to identify the mechanism of crystallite growth in corroboration with the literature
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as interstitial in plane mechanism and the interstitialcy out of plane mechanism of Zn diffusion
in the ZnO lattice.

The observed trends in morphological and structural parameters were compared with the score
of the prepared ZnO mesoporous microbeads in a standard test of photocatalytic performance. It
was found that they act both as promoting and impeding the photocatalytic activity and the

optimum activity was found for the material annealed at 500 °C.
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High-resolution Figure 2
Click here to download high resolution image
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High-resolution Figure 3
Click here to download high resolution image
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Abstract:

Nanocrystalline assembled zinc oxide (ZnO) spheres on mesoscale were prepared by thermal
decomposition of zinc peroxide (ZnO,) in air atmosphere. The phase transformation from
Zn0; to ZnO was studied by thermogravimetric analysis, X-ray diffraction analysis (XRD),
scanning electron microscopy (SEM), BET adsorption analysis and photoluminescence (PL).
The photocatalytic activities of ZnO powders obtained by annealing at various temperatures
were evaluated by the photodegradation of Methyl violet 2B. Moderate photocatalytic
activity was observed for powders annealed to 200 °C and 300 °C, although possess high
specific surface area. This can be attributed to the presence of intermediate amorphous like
ZnO phase in the early stage of transformation from ZnO, cubic to ZnO hexagonal lattice and
improperly developed crystalline phase. Excellent photocatalytic activity was achieved for
samples annealed at 500 °C and more. The results suggest that photocatalytic activity is
influenced by size of well developed crystalline array rather than by specific surface area.
Photoluminescene study revealed green luminescence for sample annealed at the 700 °C and

900 °C, supporting data from XRD, TG, SEM analysis and photocatalytic activity testing.

Keywords: ZnO, photocatalysis, specific surface area, crystallite size, photoluminescence
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1. Introduction

Zinc Oxide (ZnO) is a direct semiconducting material with numerous attractive characteristics
for application in optoelectronics, blue/UV light emitting diodes, transparent electronics,
spintronic devices and sensors [1-4]. Moreover, ZnO is a subject of scientific interest due to
its significant antibacterial and photocatalytic activity [5-7]. In the field of photocatalysis,
Titanium dioxide (TiO,) is undoubtedly the material most extensively studied [8, 9] However,
ZnO has been reported to exhibit photocatalytic activity comparable or sometimes even better
to TiO; and is considered as a very promising alternative. Moreover, ZnO is cheap, low-toxic
material that can be prepared by a large variety of methods [10, 11]. Due to intrinsic features
of ZnO crystal structure, all possible morphologies of nano- and microstructures that one can
imagine has been successfully prepared, making ZnO one of the richest family of structures
among the entire family of inorganics. As the photocatalytic activity of semiconductors
generally depends on crystal size, surface area, morphology and native defects, the abundancy
in morphologies makes ZnO representative material in the research field of photocatalysis
[12, 13]. It has been reported that photocatalytic activity of ZnO increases with increasing
crystalline size up to the certain critical value, above which remains relatively constant and
further increase resulted in its decrease [14]. Surface area is considered to be another
important factor. It is reasonable to think, that higher surface area inevitably lead to an
increase of photocatalytic activity due to greater maximum available active sites and surface
for the adsorption of molecule to be degraded. However, many researchers reported on
descending trend, ascribing this peculiarity to the reduced recombination losses with
increased crystalline size. This suggests optimum balance between size of crystalline array
and the surface area, (while) keeping other material parameters same. However, such relations
are not predictable easily as the morphology has been shown to play also important role [15].
Significantly different photocatalytic rates for various crystal facets have been documentented
in the literature [16, 17]. Although all these parameters greatly influence photocatalytic
activity, can be optimized to reach highest performance for a given material.

Further enhancement of photocatalytic activity of the ZnO and other semiconductors remains
an important issue for many research groups worldwide. Methods which may eventually
result in improvement are principally based on either lowering of the semiconductor band
gap, or in lowering recombination rate of separated charges. These include metal or non-metal
doping, dye sensitization, or cocatalyst loading. [18-22] A lot of papers to each topic can be

found in the literature, reflecting enormous effort devoted to improving semiconductors

2
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photocatalytic activity. The state of the art is well documented in many comprehensive
reviews. [23-25]

Recently, oxygen vacancies as a kind of native defect have received much attention. It is well
known that native defects in semiconductors strongly influenced the electrical and optical
properties [3]. Therefore, the number of oxygen vacancies is rationally considered to affect
photocatalytic performance as well. Indeed, lately published works refer on enhanced
photocatalytic activity for ZnO samples containing higher concentration of oxygen vacancies
compared to those with stoichiometric ratio, attributing this enhancement to the either oxygen
vacancies induced band gap, or high separation efficiency of photogenerated electron—hole
pairs [26-29]. Several methods have been proposed for preparation of oxygen vacancies rich
ZnO [30, 31]. Among them, thermal decomposition of ZnO, precursor represents an easy and
effective way of producing ZnO containing oxygen vacancy. The phase transition from cubic
phase ZnO; and hexagonal wurtzite ZnO phase proceeds at relatively low temperature of
about 200 °C, with the number of oxygen vacancies decreases with increasing annealing
temperatures up to the thermodynamically stable stoichiometric state. [32] Moreover,
Zn0/Zn0, composite as intermediate transformation product has been shown to possess
excellent photocatalytic activity compared to its pure constituents [33].

In this paper, we propose large- scale method for producing nanocrystalline assembled ZnO
sphere with dimension on mesoscale by thermal decomposition of ZnO,. The precursor was
obtained by simple recrystallization of commercial ZnO from ammonia solution in the
presence of hydrogen peroxide. The phase transformation from ZnO,; to ZnO was investigated
by complementary instrumental techniques, including SEM, XRD, PL and specific surface
area measurements. Preparation of such spherical nanocrystallites assemblies of ZnO are of
great interest as a promising material for advanced applications due to its large surface area
and ability of scattering incident light in sunlight spectrum [34]. Herein, we focus on the
photocatalytic activity of ZnO powders obtained by annealing at various temperatures. The
results of photocatalytic activity testing are discussed in context with specific surface area,

crystalline grain size, and photoluminescence.
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2. Experimental

2.2 Preparation of ZnO; precursor and ZnO

ZnO, powder was prepared by recrystallization of dissolved commercial ZnO powder. The
synthesis process was optimized as follows; 4.2 g of ZnO powder was putted into beaker of
volume 600 mL and 350 mL of 25-29 % aqueous solution of ammonia (Penta, Czech
Republic) was added and stirred with revolution set up to 250 rpm. The solubility of ZnO in
concentrated ammonia was enhanced by addition of 14 mL of hydrogen peroxide after 5
minutes and stirred for another 15 minutes until complete dissolution of ZnO take place. The
obtained solution was filtered and after casted onto Petri dishes left dry at the hood. Ammonia
evaporated completely in 8 hours under our experimental conditions and dried ZnO, powder
was collected. ZnO was obtained by thermal decomposition of the ZnO; precursor by
annealing at various temperatures ranging from 200 to 900 °C in a furnace with a static air
atmosphere. The desired temperature was reached at the heating rate of 10 °C/min and held

constant for 2 hours prior left to cool down slowly in a closed oven.

2.3 Characterization methods

Crystalline phases of prepared powders were characterized by the X-ray diffractometer X Pert
PRO X-ray (PANalytical, The Netherlands) with a Cu-Ko, X-ray source (A = 1.5418 A) and
the operation voltage and current maintained at 30 kV and 20 mA, respectively, in the
diffraction angle range 5-85° 26. The morphology was investigated by scanning electron
microscope Vega [I/LMU (Tescan, Czech Republic) operated at accelerating voltage 10 k'V.
Thermogravimetric analysis (TGA) was carried out by the thermogravimeter Q500 (TA
instruments, United States) in the temperature range from 25 to 800°C at a heating rate 10°C
min-1 in flowing air (30 sccm). The specific surface area was calculated based upon the
multipoint Brunauer-Emmet-Teller analysis of nitrogen adsorption/desorption isotherms at
77 K recorded by Belsorp-mini II (BEL Japan, Inc.). Samples were outgassed for 2 h at 70 °C
prior to the measurements. The photoluminescence (PL) spectra were measured at the room
temperature by using Fluorescence spectrometer FLS 920 (Edinburgh Instruments) with a
monochromatized Xe lamp (150 W) as the excitation source. Samples for PL measurements
were prepared by spin casting onto glass/ITO substrates using spin coater Laurell WS-650-
MZ-23NPP without further treatment.
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2.3 Photocatalytic activity testing

Photocatalytic activities of samples were assessed by monitoring degradation rate of Methyl
Violet 2B (Sigma Aldrich) under the UV illumination. The dye solution was prepared by
dissolving 3.5 mg of the dye in 1 L of deionized water. Prior to the experiment, suspension
containing 20 mg of powder in 50 mL of dye solution was magnetically stirred under darkness
for 1 hour to reach adsorption equilibrium. The solution was then illuminated by 100W
focused UV-lamp (Super-Light C 10 A-SH, Helling Gmbh., Germany) with the strongest
emission at 365 nm while further stirred. The temperature of suspension was regulated to be
20 °C by thermostat. A volume of 1 mL was sampled into disposable PS cuvette by using
micropipette (Ependorf) at the beginning of photocatalytic reaction and than at fixed time
intervals. Samples were diluted three times prior to the measurements of UV-VIS absorption

(UV VIS spectrophotometer Cary 300, Varian Inc.).

3. Results and discussion

The powder XRD patterns of the ZnO; and ZnO obtained by its calcining at various
temperatures are shown in Fig. 1. The diffractogram of powder obtained by recrystallization
of the commercial ZnO powder dissolved in ammonia-peroxide solution at the room
temperature is dominated by four broad diffraction peaks at 26 = 31.8°, 36.9°, 53.2°, and
63.3° that can be correspondingly indexed as (111), (200), (220), and (311) of cubic ZnO,
phase (JCDD PDF-2 entry 01-077-2414). The negligible peak at right shoulder of the last one
can be identified at 20 = 66.5°C and can be assigned to the (222) of the same phase. TG
analysis was done prior to annealing of the precursor to get insight the kinetics of thermal
decomposition of ZnO, powder and set-up annealing temperature reasonably. TG curve and
its derivative recorded at the constant heating rate 10 °C/min in the air atmosphere are shown
in Fig. 2. It can be clearly seen from derivative curve that the thermal decomposition involves
two steps. The weight loss of nearly 5 % in the temperature up to cca 150 °C with the
maximum mass change rate nearby 70 °C can be assumed as a moisture contribution. Above
150 °C, the decomposition reaction following Eq. 1 took place with a steepest mass change of
about 13 % observed in the temperature region 200-250 °C with the maximum mass change
rate at 221 °C. Then the decomposition reaction proceeds slowly reaching plateau at

approximately 500 °C with simultaneous loss of 3 % total mass.

2Zn0, — 2Zn0 + O, (Eq. 1)
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Based on the TG analysis, annealing temperatures were chosen as can be seen from labelling
of diffractograms if Fig. 1. Although peaks that appeared for sample annealed at the 200 °C
can be assigned to the hexagonal wurtzite ZnO (JCDD PDF-2 entry 01-079-0207), the
crystalline phase is scarcely well developed. This temperature intercept the beginning of
decomposition reaction and the phase transformation from cubic ZnO, phase to hexagonal

ZnO phase can not be completed fully; the conversion is rather frozen in an intermediate like

phase.
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Figure 1 Diffractograms with indexed diffraction lines of the precursor and ZnO samples

obtained by annealing at temperatures indicated in the graph.

With increasing of anneling temperature up to the 300 °C, the crystalline phase becomes more
developed and the triad of peaks at higher angles can be resolved yet. Moreover, the

crystalline size estimated according to the well known Debye-Scherrer formula [35, 36]
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increased to 10 nm from 6.5 nm calculated for sample annealed at 200 °C. Calculated values
are included in Table. 1. along with the specific surface area and rate constants of dye
degradation. On the other hand, fully developed crystalline ZnO hexagonal wurtzite phase
was identified for sample annealed at 500 °C, which is in agreement with TG analysis. As
indicated by diffraction peaks narrowing, the crystalline size increased abruptly up to

37.1 nm. Moreover, all planes characteristic for wurtzite hexagonal ZnO phase in a measured
diffraction angle range can be identified unambiguously, suggesting well developed crystals
(note on different scale of signal intensity). Further increase of annealing temperature to

700 °C and 900 °C resulted in next increase of crystalline size to 55.9 nm and 66.7 nm,

respectively.
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Figure 2 The TGA analysis of precursor under air atmosphere.

The increase of crystalline size with increasing annealing temperature is well documented in a
series of scanning electron micrographs in the Fig. 3. Low resolution image of ZnO; in Fig. 2a
shows that precursor powder consists of spherical particles with diameters ranging from
several tens to several hundreds nananometers. High resolution image in Fig. 2b revealed that
Zn0O; spheres are covered by small randomly scattered crystals, resembled coconut balls. The
morphology of particles has changed significantly by annealing of precursor at 200 °C as can
be seen in Fig. 3c. The release of Oxygen resulted in development of nanocrystalline
assembled ZnO while keeping the spherical shape of precursor. The size of crystals observed

is in agreement with crystalline size values calculated according Debye-Scherrer equation.

7
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Further increase of annealing temperature to 300 °C lead to slight increase in crystalline size,
however, such small change is hardly detected by eye (Fig. 3d). While the morphologies of
samples treated at 200 °C and 300 °C remained almost the same, dramatic change can be

observed when annealing temperature increased to 500 °C as shown in Fig. 3e.

Figure 3. SEM images of precursor and products prepared by annealing of the precursor at different
temperatures, A,B: precursor; C: 200 °C; D: 300 °C; E: 500 °C; F: 900 °C.

The size of crystals has increased abruptly due to the sintering of smaller crystals and the
overall particles morphology resembled raspberries. Although particles still possess their
spherical shape, there is also evidence of sintering of whole spheres. The observed crystals
size is consistent with crystalline size values estimated to be 37.1 nm according to the Debye-

Scherrer equation. Moreover, the phase transformation from ZnO2 to ZnO is expected to be
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completed definitely as indicated by corresponding XRD pattern in which all planes
characteristic for wurtzite ZnO hexagonal structure can be identified in contrast to the sample
annealed at 200 °C and 300 °C. TG analysis supports this assumption as there is no mass loss
above 500 °C observed. Samples annealed at 700 °C and 900 °C resembled raspberry like
morphology similar to those observed for sample annealed at 500 °C. While the crystalline
size further increased up to 66.7 nm for sample treated at 900 °C, sintering of individual
spheres becomes has more pronounced effect on overall particles morphology as can be seen
from Fig. 3f. The specific surface area calculated based upon the multipoint Brunauer-
Emmet-Teller (BET) analysis was measured in order to gain information about maximum
available surface area which may contribute to the process of photocatalytic degradation. The
results of BET specific surface area measurements are summarized in Table. 1. It can be seen
that specific surface area decreases with increasing annealing temperature from 41.2 m*g™* for
powder annealed at 200 °C to 1.2 m’g”" for powder annealed at 900 °C. The decrease in
specific surface area with increasing temperature is expected as the sintering of small crystals
into large ones inevitably lead to decrease in specific surface area. On the other hand, closer
inspection of data listed in Table 1. reveal that results of BET measurements match
surprisingly well to the crystalline size calculated from XRD patterns and SEM observation.
Similarly, there is steep decrease in specific surface area from 37 m’ g't06.3 ng'1 for
samples annealed at 300 °C and 500 °C, respectively, followed by gradual decrease when

annealed at higher temperatures.

Table 1. BETsurface area, crystallites size, rate constant of dye degradation for ZnO, precursor
and ZnO obtained by annealing at various temperatures

Zn0, Zn0,200C  ZnO,300C  ZnO, 500C  ZnO, 700C  ZnO, 900C

BET surface area

S 462 412 37.0 63 17 12

[m°g]

Crystallites size 467 6.5 10.0 37.1 55.9 66.7

[nm]

rate constant [s”] 0,005 0,0210 0,0335 0,0443 0,040
+0.003 +0,0017 +0,0015 +0,0011 +0,0015

The photocatalytic activities of as prepared ZnO powders were evaluated by photodegradation
of methyl violet 2B under UV illumination. The progress in degradation reaction was
monitored by UV-VIS spectroscopy. The typical time dependent UV-VIS absorption spectra

for sample annealed at 900 °C is shown in Fig. 4. The characteristic absorption peak maxima
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of methyl violet localized at 580 nm decreased gradually with the extension of illumination

time and disappeared after 120 min.
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Figure 4 UV-vis spectra of of methyl violet in the presence of ZnO annealed at 700 °C.

The photodegradation curves of the dye for all ZnO samples prepared at various annealing
temperatures are shown in Fig. 6. The ratio between actual and initial concentration is plotted
against time of UV irradiation. As can be seen, sample annealed at 200 °C and 300 °C exhibit
only moderate photocatalytic activity and entire photodegradation of the methyl violet is not
achieved even after 2 hours of illumination. On the other hand, samples annealed at 500 °C
and more show excellent photocatalytic activities with about 90 % of methyl violet degraded
within first 80 minutes of photocatalytic driven reaction. Obviously, photodegradation curves
obey first or pseudofirst order reaction kinetics. The rate constants obtained from fitting the
first order model into the data are summarized in Table 1. The results of photocatalytic
activity testing correlate with TG, XRD, and SEM analysis. All of these instrumental

techniques registered steep change in properties when reached annealing temperature 500 °C.
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Figure 5 Photocatalytic degradation curves of methyl violet as a function of time for ZnO
powders annealed at different temperatures, as illustrated in the graph.

Analysis of photoluminescence (PL) spectra should provide important information about
crystals defects whose may directly affected photocatalytic activity. [38] The room
temperature PL spectra of ZnO, precursors and ZnO obtained by its annealing at various
temperatures are shown in Fig. 6. In materials annealed up to the 500 °C the PL was not
observed. On the other hand, in materials heat-treated over the temperature 500 °C the PL was
appeared. In case of 500 °C and 700 °C annealing temperatures, the blue emission was
achieved. The origin of this emission can be explained as free excitons recombination bound
to acceptors and donors and their two-electron satellites in the structural lattice, and donor-
acceptor pairs. The luminescent centres are energetically positioned at about 3,2 eV, but small
shifts can occur depending on the perfection of crystal structure and content of various defects
in the crystal. Moreover, the green emission, located between 2,3 and 2,4 eV, is detected and
rapidly increases if the material is heat treated at 900 °C. Any authors explain the green
emission as a morphological variation of the particles [39]. But the major factor determining
the PL properties for our nanostructured microparticles may be the number of oxygen
vacancies. The idea of high number of oxygen vacancies seems to be suitable explanation

because if oxygen vacancies predominate, they serve as luminescent centres of long-
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wavelength band [40, 41]. Nevertheless, the explanation of green emission by developing of
microstructure during heat treatment at 900 °C can play important role as well. Because we
can observe sintering of individual crystals (Fig. 3f), and thus the energy lowering of

luminescent recombination centres occurs.
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Figure 6 Photoluminiscence spectra of precursor and products prepared by annealing of the
precursor at different temperatures as indicatd in the graph.

4. Conclusion

Simple and original method for preparation of nanocrystalline assembled ZnO spheres on
mesoscale was proposed. It consists of thermal decomposition ZnO, precursor that can be
obtained in large scale by recrystallization of commercial ZnO from ammonia solution in the
presence of hydrogen peroxide. The phase transformation from ZnO, to ZnO was studied by
complementary instrumental techniques including thermogravimetric analysis, X-ray
diffraction analysis, scanning electron microscopy, BET adsorption analysis and
photoluminescence spectroscopy. ZnO powders obtained by annealing at various

temperatures in air atmosphere were tested on the photocatalytic activity by means of
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photodegradation of methyl violet. Although precursor decomposes at relatively low
temperature of about 220 °C, only moderate photocatalytic activity was observed for powders
annealed to the temperatures below 500 °C in spite of high specific surface area. This is
attributed to the poorly developed crystalline phase in the early stage of transformation from
Zn0; cubic to ZnO hexagonal lattice. Excellent photocatalytic activity was achieved for
samples annealed at 500 °C and more. The results suggest that photocatalytic activity is for
ZnO obtained from ZnO, precursor is influenced by size of well developed crystalline array
rather than by specific surface area. Photoluminescene study revealed green luminescence for

sample annealed at the 700 °C and 900 °C.
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