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1. Introduction and objectives

The abundance of solar energy points to the potential applications of fuel
generation and environmental remediation by photocatalytic materials. For long,
this has been a hot topic for researchers across the globe. Among different
Advanced Oxidation Processes (AOPs), heterogeneous photocatalysis stands out
and is among the advanced technologies capable of degrading partially or totally
a wider section of contaminants without the need of strong oxidants or harsh
operating conditions. Heterogeneous photocatalysis is a process based on the
activation of a semiconductor material by the use of light which upon irradiation
leads to the generation of electron/hole pairs. These photogenerated charge
carriers further participate in the oxidation-reduction reaction with the adsorbed
pollutants and therefore, result in total mineralization of the compound. However,
substantial challenges are still on the way. Among those, the major one is to find
the practical use of such photocatalyst in industries, thus, cutting down the overall

cost in comparison to the existing technology.

For my PhD dissertation, the main goal was to synthesize bismuth
oxyhalides (BiOX) and its composites with carbon nanotubes. Carbon nanotubes
(CNT) have excellent electronic and adsorption properties, therefore, they are
reported to show enhanced photocatalytic activity when combined with a
photocatalyst. For a better understanding of their role in the field of wastewater
treatment, the composites were prepared with different amount of carbon
nanotubes and at different synthesis conditions. Next, | studied the impact of such
variables on the structural, morphological and optical properties of the prepared
composites. My other main concern was to study the photocatalytic activity of the
composites towards the removal of phenol as model pollutant and investigate the

parameters behind an enhanced photocatalytic activity. For this reason, | have



made several noteworthy correlations that reveals the dependence of
photocatalytic performance of the composites on parameters like synthesis time,

temperature conditions and amount of carbon nanotube (CNT).
2. Experimental method and characterization

For my study, | synthesized composites of BiOX with CNT (with different
compositions) via hydrothermal crystallization. For the comparison, their
appropriate reference samples (without CNT) were also prepared. | investigated
certain factors, namely, synthesis conditions and amount of CNT that influenced
the structural, morphological, optical properties and photocatalytic activity of the

composites.

A Rigaku Miniflex Il diffractometer was used for X-Ray Diffraction
measurements with the following measurement conditions: 26° = 10-80°, A (Cu
Ka) = 0.15406 nm, 40 kV and 30 mA, 10 — 80 (26°) region. The average primary

crystallite size was calculated using the Scherrer equation.

Morphological and elemental compositional analysis were carried out using
Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX)
spectrometer, Hitachi S-4700 Type 11 SEM.

N> adsorption-desorption measurements were carried at 77K using a
BELCAT-A device to measure the specific surface areas of the samples and
calculations were done via BET (Brunauer-Emmett-Teller) method.

A Jasco-V650 spectrophotometer with an integration sphere (ILV-724) was
used for measuring the diffuse reflectance spectra (DRS) of the samples (A =
220-800 nm). The indirect band-gap energy was calculated using the Kubelka-
Munk equation, that is [F(R).hv] p = A (hv — Eg), where h is Planck constant, Egq
Is the band gap energy, A is constant and p is dependent on the type of optical



transition and is obtained by plotting the graph between (ahv)? vs photon energy
(hv). In some cases the possible electron transitions were evaluated by plotting the

dR-d\? vs A, where R is the reflectance and A is the wavelength.

The photocatalytic test was done to study the photodegradation of phenol
under visible or UV light, or rhodamine B (RhB) under visible light. The test was
carried out in a double-walled Pyrex® glass reactor, surrounded by a thermostatic
jacket (T = 25°C) with either water (in case of UV) or sodium nitrate (in case of
visible light to eliminate UV light portion) as the thermostatic agent. The four
energy saving conventional fluorescence lamps (Diwi 25920/R7S, 24W) were
used for the visible light measurements and 6 fluorescent tubes (Vilber-Lourmat
T-6L UV-A, 6W) were used in case of UV light measurements. The changes in
phenol and RhB concentration were measured by a Hitachi high-performance
liquid chromatography (HPLC) system consisting a Merck Hitachi L-7100 low-
pressure pump and a Merck-Hitachi L-4250 UV-Vis detector, and UV-Vis

spectrophotometer, respectively.



3. Summary of scientific results

T1. The higher temperature and longer crystallization with increasing
amount of CNT imparted higher crystallinity to BiOX (X=ClI, I , Br).

| have successfully synthesized composites of BiOX with CNT via hydrothermal
synthesis method to study the impact of different CNT amounts (in wt.%: 0.5, 1
and 2%) on structural, morphological and optical properties of prepared BiOXs.
Using XRD, | have demonstrated that higher degree of crystallinity was seen in
the case of composites (BiIOX/CNT) as compared to the CNT-free catalyst
(BiOX). Therefore, | can ascertain that in this study CNT facilitated the formation
of ordered structure and played a significant role in enhancing crystallinity of the
composites. Besides CNT, the heating also facilitated the hydrothermal
crystallization process since highly crystalline structures were obtained with rise
in hydrothermal time and temperature conditions. Amorphous region, present in
the case of samples prepared at lower temperature (120°C) and shorter time (4.5
h), started to disappear when the temperature and time was raised to 150°C and

6.5 h, respectively.

T.2 It was ascertained that the amount of CNT and hydrothermal
crystallization influenced the structural and optical properties of BiOCIl and
hence, their photocatalytic activity.

T.2.1. | verified that among different compositions of CNT with BiOCI, the one
with the highest CNT amount (2%) showed superior photocatalytic activity for
the photodegradation of phenol and RhB under UV and visible light irradiation,
respectively. | further confirmed the dependence of this composition (2% CNT)
on the optical properties of BIOCI/CNT composites through the red-shift

observed. The increase in degree of crystallization and red-shift in the case of 2%



CNT-containing BiOCI composites are the possible reasons for the enhancement

in the photocatalytic activity of BiOCI samples.

T.2.2. Since no specific correlations were found with the optical property at lower
amount of CNT (0, 0.5, 1 wt.%), therefore, later | correlated the composites with
the structural property of BiOCI. Through XRD some relations with respect to the
crystallinity was seen at lower CNT amount. | verified further that these CNT-
compositions were linked to the crystallite size and hydrothermal crystallization
conditions (time and temperature). When higher energy and longer time was
given, larger crystallites were formed but with higher crystallinity and this is why
higher photocatalytic activity was seen for these samples even though low or no
CNT was present. The effect of CNTs was dictated by the hydrothermal
crystallization conditions. In this way, | concluded that the CNT amount was one
of the key factors in deciding the role of structural or optical properties in the
photocatalytic activity of BiOCI.

T3. It was proven that the iodine-deficiency or defect sites affected the

photocatalytic activity of BiOl and BiOI/CNT composites.

T.3.1. At first, in the BiOIl and BiOI/CNT composites, the appearance of iodine-
deficient BiOls was confirmed by XRD. The diffraction peaks showed a slight
shift to the lower diffraction angle which indicated changes in BiOl crystal lattice.
It was ascertained that these shifted signals were the characteristic fingerprints for
other iodine-deficient BiOl, namely Bi4Osl,, Bi;Ogl3 and BisO-I. Further, with the
help of EDX analysis, | confirmed the iodine-deficiency in the samples. The
atomic ratio obtained for Bi:l:O showed lower amount of iodine. With DRS
results, it was also pointed out towards the iodine defects as caused by the loss of
iodide ions from the BiOl crystal lattice due to the blue shift in the light absorption
band edge.



T.3.2. Unlike our results for BiOCI, in the case of BiOl, it was verified that
BiOI/CNT composites showed higher photodegradation efficiency than pure
BiOl. Different correlations including the band gap energy, iodine deficiency and
photocatalytic activity were made to study the prime factor that played a key role
for this opposite trend and its dependence on other factors. It was shown that the
most important one was the one with band gap and iodine deficiency in regard to
the photocatalytic activity. The samples with higher band gap energy showed a
decrease in photocatalytic activity and vice versa. This was again related to iodine-
deficiency in the samples. It was shown that the samples with lower band gap

exhibited higher iodine-deficiency and higher photocatalytic performance.

T.4 1t was shown that morphological transformations from 2D to 3D
hierarchical structures were seen with rise in temperature (from 120°C to
150°C) and these 3D structures resulted in higher photocatalytic activity of
BiOI/CNT composites.

Through SEM investigation, morphological changes were confirmed in the
samples. The transition from 2D-structure to hierarchical structure took place. At
higher temperature (150°C) microflower-type morphology was obtained while at
120°C nanoplates were seen. It was proved that the samples with hierarchical
morphology showed higher photocatalytic activity than the ones with nanoplate
morphology. It is ascertained that the self-assembly of sheets occurred at higher
temperature conditions and the 3D-morphology is also a reason for enhanced

photocatalytic response of BiOI/CNT composites.

T5. It was demonstrated that the appearance of a crystallization side product
(BisOs(OH)3(NO3)3:1.5H20) enhanced the photocatalytic properties of
BiOBr/CNT composites and is also considered as a “photocatalytic” material

in the literature.



T5.1. During the synthesis, | proved the appearance of unexpected by-product
(formed during the hydrolysis step of synthesis) which was confirmed through
XRD where its characteristic diffraction peak was observed in all the sample
series. The amount of this product was, however, dependent on several parameters

like CNT content or presence of a specific crystallographic plane.

T5.2. Through DRS results, | further confirmed its presence by analyzing its first-
derivative spectra in which two transition bands were seen, out of which, one of
them belongs to this newly-present compound. The disappearance of this product
was detected in case of samples with higher crystallinity and thus confirming that

that CNT promoted higher crystallinity in the samples.

T5.3. | have demonstrated that the band gap values can be linked with the amount
of by-product. I confirmed that the presence of by-product has altered the band
gap values of the samples and decreased from 8.23% to 1.52% with the increase
in CNT level. Correlating the band gap with activity revealed that samples with
higher band gap (low or no CNT) showed superior photocatalytic activity than the
ones with lower band gap and vice-versa. It was highlighted that this new by-
product has contributed to an enhanced photoactivity and it can be regarded as a

photocatalyst.

T5.4. It was proven that the photocatalytic activity can be linked with the presence
of certain crystallographic planes. It was proven that the photocatalytic
performance of the samples showed dependence on the presence of (003)
crystallographic plane. Lower photocatalytic activity was observed for the
samples with this crystallographic plane ratio value until 0.075 beyond this a
constant increase of photocatalytic activity was noticed.



4. Applicability of scientific results

In my doctoral research, | have synthesized composites of BiOX with CNTs
via hydrothermal synthesis to enhance their photocatalytic activity. | studied the
dependency of photocatalytic efficiency of the as-prepared composites on several
factors that could be considered significant when determining their performance
in pollutant removal. My results form a fundamental understanding on the subject
concerning the issues related to the incorporation of carbon-based nanostructures
to a photocatalyst-composites system and its influence on several aspects
(physico-chemical). These results might also help in future for designing
photocatalysts. Different factors dominate and dictate the effect on photocatalytic

activity and therefore, it becomes paramount to study such factors.
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