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1. INTRODUCTION AND OBJECTIVES

While in the developed countries the wastewater treatment is mostly
solved, in the developing countries the major problem is even the production
of water suitable for human consumption. In most of these cases, conventional
water purification processes are irrelevant, so it is necessary to find another
alternative purification method to remove the pollutants that cause this
problem. Heterogeneous photocatalysis among advanced oxidation processes
(AOP’s) may be a good solution, which is one of the most dynamically
developing recent water purification method.

Heterogeneous photocatalysis is based on a semiconductor material, a
photocatalyst, which can be activated with light irradiation to initiate the
degradation of organic pollutants. If the electron- and band structure of the
semiconductor allows, the excitation can be induced by visible light, a lower
energy irradiation, which is more advantageous for the utilization of sunlight
than the higher energy UV light excitation. Consequently, the development of
visible light active photocatalysts such as bismuth tungstate and bismuth
vanadate are a major priority.

It is well-known that the photocatalytic efficiency highly depends on
the physical-chemical properties of the photocatalyst, such as particle size,
morphology, band-gap, etc. Among these properties, the photocatalyst
(micro)morphology and hierarchical organization levels have a prominent role,
making possible a fine-tuning of the properties by during their synthesis. This
IS the so-called controlled crystallization, i.e. shape-tailoring, which favors the
development of such morphological properties which are favorable to a specific
application.

During my research, | aimed to shape control bismuth tungstate and
bismuth vanadate semiconductor photocatalysts. In case of bismuth tungstate,

the effect of the synthesis time, the calcination, and the additives on the



physical-chemical properties of the microcrystals and as well the photocatalytic
activity were intensively investigated. Considering the results, a morphological
series was sought, which was obtained by changing the used additives
systematically during the synthesis, in order to explore a clear relationship
between the produced morphological series, the used additives and the
photocatalytic activities.

In the second part of my work, the synthesis of specific crystal facet
dominated bismuth vanadate microparticles were targeted by solvothermal
crystallization fine-tuned by the change of the pH of the synthesis mixture. The
relationship between the amount of photocatalytically active (040) crystal facet
and the photocatalytic degradation of two model pollutants, the rhodamine B
and the oxalic acid was targeted. However, the crucial role of (040) crystal facet

in other chemical reaction was also planned .
2.EXPERIMENTAL METHODS, PROCEDURES

During the bismuth tungstate crystallization process, | investigated the
effect of the hydrothermal crystallization time (5, 15, 20 and 40 hours) and
calcination (500 °C, 2 hours) on the physico-chemical properties and the
photocatalytic activity. | investigated the importance of thiourea, and that of
Triton X-100 (TRX) surfactant during the synthesis. Based on the results,
thiourea was replaced with other additives of similar structure, but different
molecular properties (Hickel polarity). The non-surfactant additives included
urea, acetamide, thioacetamide, acetone, glycine, alanine and phenylalanine.

Preparing bismuth vanadate, the morphology was influenced while the
crystal facet ratio of (040) was changed with the adjustment of the synthesis
pH. After the crystallization, a crystal facet selective copper nanoparticles
deposition was carried out.

The crystallographic properties of the as-prepared Bi,WOg and BiVO,

samples were analyzed by X-ray diffractometry (XRD) to verify the success of



the synthesis procedures. The primary particle size was calculated from the X-
ray diffractograms using the Scherrer equation, and information was also
obtained on the crystalline phase composition of the materials and the ratio of
the crystal facets. Micromorphological features were investigated by scanning
electron microscopy (SEM), while optical properties were measured using a
diffuse reflection spectroscope (DRS). From the diffuse reflection spectra, the
Kubelka-Munk correlation was used to calculate the band-gap of the
photocatalysts, and the first order derivation of the DRS spectra was applied in
order to get information concerning the excitability of the samples.

Infrared spectroscopy (IR) was used to check the surface purity. Some
samples were subjected to elemental analysis (XPS) to obtain more information
about the oxidation state of the surface atoms and residual compounds on the
surface. Nitrogen adsorption and Brunnauer-Emmet-Teller (BET) equation
were used to determine the specific surface area of the samples. Structural
changes were followed by Raman spectroscopy after the crystal facet selective
copper deposition was carried out on bismuth vanadate, while the amount of
deposited copper was monitored by X-ray fluorescence spectroscopy (XRF).
The particle size distributions of bismuth vanadate samples were followed by
dynamic light scattering spectroscopy (DLS). The photocatalytic activities of
the samples were investigated by photocatalytic degradation of two model
pollutants (rhodamine B and oxalic acid) in a double-walled Pyrex® glass
reactor with continuous stirring, air inlet and thermostated at 25 °C under UV
and visible light irradiation. UV light excitation was provided by 6x6 W
fluorescent lamps (Amax = 365 nm), while the visible light sources were 4x24
W conventional energy saving light bulbs (A>400 nm). The residual rhodamine
B dye was monitored by UV-Vis spectrophotometer (Ager. = 553 nm), while the
residual oxalic acid concentration was monitored by high performance liquid

chromatography (HPLC).



3.SUMMARY OF NEW SCIENTIFIC RESULTS

T. 1.

1.1.

1.2.

1.3.

The hydrothermal crystallization parameters (such as the
crystallization time, the presence of Triton X) influences the
morpho-structural properties of bismuth tungstate (crystal
geometry, surface purity), and by this their photocatalytic activity

Bismuth tungstate microparticles with different morphology were
produced by systematic change of the reaction conditions in order to
demonstrate that we can produce stable particles by controlled synthesis
with high photocatalytic activity under both UV and visible light

irradiation.

The applied additives play a prominent role during the synthesis on the
photocatalytically good morphology and the activity. It was proved that
thiourea is not only responsible for the formation of ordered
morphology, but also for the formation of more effective light
absorption, while the surfactant Triton X-100 is responsible for curling
the anisotropic sheets and increasing the interplanar space. At the same

time, both additives are necessary to form the appropriate morphology.

The effect of residual thiourea on photocatalytic activity was
investigated by infrared spectroscopy, and it was found that the thiourea
does not affect the efficiency of photocatalytic degradation,
furthermore the remaining thiourea can simultaneously decompose
photocatalytically together with the rhodamine B. The type of residual
thiourea on the surface was examined by X-ray photoelectron
spectroscopy, and it has been found, that the thiourea decomposition
product, dithioxyamide accumulated on the surface of the bismuth
tungstate by increasing the synthesis time, resulting in the formation of

C-C bonds, thus increasing the surface Bi** ratio compared to Bi®*.



T. 2.

2.1.

2.2.

2.3.

The non-surfactant additives’ structure defined by the Huckel-
polarity affects the properties of BiVOs such as the morphology
guantified by the rosality empiric approach which was observed
directly in the photocatalytic activity.

Two bismuth tungstate morphological series were produced by the
systematic change of non-surfactant additive molecules. The physico-
chemical properties of the crystallized photocatalysts were studied in
the frame of the used additive molecule. The grouping of the samples
was carried out in two series based on the Huckel polarity of the
additives, which was linked successfully with the light absorption
properrties of the photocatalysts, which were increasing with the value
of the Hickel polarity. | investigated the photocatalytic activity of the
materials under both visible and UV light, and it was shown that the
activity trends are closely related to the Hickel polarity values.
However, this trend was destroyed, when Triton X-100 was added to
the synthesis mixture, nevertheless the usage of TRX has given rise to
better defined morphology.

| have successfully developed an empirical procedure and a relationship
expressed in the form of an equation to quantify the morphological
peculiarities, i.e. the level of order in the rose-shape. The equation, if
the input conditions are met, can tell how the particle approaches the
perfect rose-like shape. The base of the Rspc (Rose Similarity Decay
Constant) equation is the periodicity, or surface roughness, which was
determined by the transformation of scanning electron microscopy
Images in case of many catalyst particles, averaged over four axis

profile.

A clear correlation between the periodicity values of TRX-free samples

and the Huckel polarity values of the used non-surfactant additives was



T. 3.

3.1.

3.2.

found, and it was proved, that a well-chosen additive can fine-tune the
morphological properties of the nascent particles. With the applied
Rspc equation to TRX-assisted bismuth tungstate, | proved and
quantified, that the rose-like shape, namely, the periodically repetitive
spherical particles which is built from individual anisotropic plates have
the highest photocatalytic activity.

Bismuth vanadate photocatalysts preparation can be linked
directly with the appearance of (040) crystal facet which defines the
degradation of specific model pollutants and other non-

photocatalytic reactions as well.

| have successfully crystallized different bismuth vanadate
photocatalysts with tunable (040) ratio by modifying the pH of the
synthesis mixture. | have found that the pH change of the synthesis
mixture has a drastic effect on the morphology of the formed particles,
which can be followed by the r changes in the XRD patterns of the
samples. | investigated the photocatalytic activity of the bismuth
vanadate under visible light irradiation by photocatalytic degradation of
two different model pollutants, rhodamine B and oxalic acid. A
relationship between the presence of the (040) crystal facet intensity
and the degradation and transformation amount of oxalic acid. The
decomposition of oxalic acid is (040) crystal facet dependent, which
confirms the direct reaction with the photogenerated holes. There was

no such relationship with the degradation trend of rhodamine B.

By the crystal facet dependence of copper deposition | proved that the
(040) crystal facet plays a key role not only in photocatalysis, but also
in other chemical reaction as well. Knowing that copper deposition is
(040) crystal facet dependent, the XRF measurements affirmed that the

amount of deposited copper also increases with the amount of (040)
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crystallographic plane Raman spectroscopy measurements and
photocatalytic decomposition results, directly confirmation was
received that the (040) crystal facet is the most important

crystallographic plane in case of bismuth vanadate.

3.3.  From the results of the DLS measurements, it was determined that the
samples with higher aggregation degrees have higher photocatalytic
activity for the degradation of rhodamine B than the samples with more
individual particles. However, as the hydrodynamic particle size
increases, the photocatalytic conversion of rhodamine B also increases.
I have found that the pollutants, which preferred to degrade by
photogenerated holes, the (040) crystalline plane plays a crucial role,
but it is not the only crucial particle property which influences the

photoactivity.
4. APPLICABILITY OF THE SCIENTIFIC RESULTS

During my doctoral research, |1 worked on the production of two types
bismuth oxide-based photocatalysts, and with the presented results, | hope that
| contributed to the development of visible light driven photocatalysts, thereby
identifying the way for future researchers and of course myself.

Based on my results, bismuth tungstate has a good chance to be used in
photocatalytic water treatment in case of more complex, multi-component
contaminated water, as two pollutants can degrade simultaneously. The
literature has so far failed to quantify the morphological features, which | have
tried to replace in my current research by creating a mathematical link which is
a good start to create a more complex equations for other morphologies as well.
| have highlighted, that the bismuth tungstate potentially can be used as an
optical sensor, too, which has good selectivity, but further investigations are

needed here.



We learned a lot about bismuth vanadate crystallographic features,
promoting the creation of new composites materials. These new materials most

likely can increase the bismuth vanadate photocatalytic stability.
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