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Abstract

The present thesis focuses on the design and synthesis of novel visible light
photocatalysts for CO; utilization. In recent years, Bi-based materials have shown
remarkable photocatalytic activity in the field of CO- reduction. Particularly,
BiNbO4 has many promising applications as a visible light harvesting material due to
its band gap position and orbital hybridization. In this study, an intensive effort has
been made to study the effect of different reaction parameters such as temperature and
pH of different synthetic methodology applied. The new photocatalytic materials have
been characterized using different characterization techniques including PXRD, BET,
SEM, EDX and UV-Vis DRS. Since the activity of BiNbOs is limited due to high
recombination rate of the photogenerated electron-hole pairs and the low surface area,
to minimize this effect, reduced graphene oxide modified BiNbO4 composite material
was fabricated using simple mechanical mixing. Moreover, Ti-based amine
functionalized metal organic frameworks (MOFs) modified BiNbO4 hybrid material
was also prepared. The activity of prepared BiNbO4/r-GO heterojunction
photocatalysts was examined for the cycloaddition of CO2 with propylene oxide as a
photocatalytic model reaction. Interestingly, no polymeric material was formed and
selective cyclic propylene carbonate in high yield was obtained, with the highest yield
obtained when using 5% r-GO by mass. Furthermore, the activity of BiNbO4/NH.-
MIL-125(Ti) was found increase upon the addition of 50% NH2-MIL-125(Ti) by

mass.

Keywords: BiNbOg4, photocatalysis, light harvesting, reduced graphene oxide (r-GO),

metal organic framework (MOF), carbon dioxide.
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Chapter 1: Introduction

1.1 Overview

The global energy supply is mainly provided by the combustion of fossil fuels
which resulted in a rapid increase of the atmospheric carbon dioxide level, in turn,
triggering a cascade of environmental and health problems.! According to the
Intergovernmental Panel on Climate Change (IPCC), the greenhouse gas emissions
should be reduced to half by 2030 in order to mitigate climate change.? Moreover, the
continuous depletion of fossil fuels reserves necessitates a demand for secure, clean,
and sustainable energy supply for the future.® Therefore, the conversion of CO; into
commercially valuable chemicals is an essential goal that would positively impact
global carbon neutrality by recycling CO: into usable products such as fuel, value-
added chemicals and starting materials for polymeric products. In this context, a
growing number of research facilities are already pursued this goal. George Olah
carbon dioxide to renewable methanol plant, Reykjanes, Iceland, is an example of a
chemical plant that converts CO; into methanol.* Asahi Kasei Chemicals in Tokyo,
Japan, has developed catalysts for using CO. as a feedstock to produce diphenyl
carbonate (DPC).°

Economically speaking, as a source of carbon, CO2 can be cheaply captured.’
However, the conversion of such stable molecule into bulk chemical compounds that
are more useful, requires a huge amount of energy. This is because of the high stability
of the carbon-oxygen double bonds in carbon dioxide. Figure 1 represents the length
of carbon-oxygen bond in some organic molecules compared to that of CO2. To

promote sustainability, the energy needed to overcome the stability of CO> should
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come from a renewable source and not from fossil fuel, because using fossil fuel will

cause more damage by producing more CO- to the atmosphere.

Chemical Energy Relative to Carbon Dioxide Represeted by the Oxygen Carbon Bond Length

ilj Lol o8

Figure 1: Chemical energy relative to CO2. Represented by the oxygen-carbon bond
length, going from left to right, the oxygen-carbon bond length elongated which means
the bond has been weakened. Atoms color: oxygen (red), carbon (black) and hydrogen
(weight).

AN© > y
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Based on the above, the development of renewable, sustainable and green
technologies is an urgent necessity. Such technologies include: solar, wind and
others.”8 Solar energy is free, most abundant among all renewable energy sources.
Energy from the sun reaches the earth surface at a rate of 1.2 X 10° TW by far,
exceeding the current world energy consumption of 17 TW (1TW = 10%2 J/s).° Thus,
the development of visible light driven photocatalysts is of considerable interest in the
area of clean and renewable energy. In recent years, the study of semiconductor
photocatalysts has attracted attention due to its potential in environmental application®®
that includes the generation of hydrogen from water splitting, fuel production from
carbon dioxide reduction, selective organic transformations, and many other

applications.t*2

1.2 COg2 utilization via the cyclic addition of CO:2 into epoxides

The synthesis of organic cyclic carbonates (CCs) via the insertion of CO2 into

epoxides has been known for over 50 years.'? It was first discovered in 1969 by Inoue
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etal.* Particularly, propylene carbonate (PC) is valuable as a dipolar aprotic solvent.'®
It has many industrial application where it can be found in glue, paint remover,
cosmetics and it can also be used as a dispersant that helps decrease the viscosity of
materials.’® PC is a biodegradable, and nontoxic material.}’CCs in general offer an
environmentally friendly and safe alternative to the hazardous propylene oxide,® and
the standard toxic organic solvents that includes tetrahydro furan (THF), chloroform
and the aromatic solvents. Moreover, due to their high dielectric constant, (e.g., the
dielectric constant of PC at 298 K is 65.5),*° CCs are used as an electrolyte in Li-ion

batteries.2°

The cyclic addition of CO> into epoxide is a thermodynamically demanding
reaction; the conversion requires very high temperature and pressure conditions. There
are many ways to overcome those energy barriers and facilitate the conversion process.
Those include the use of photocatalysis and the acid-base pair catalysis. The acid-base
pair catalysis promotes this reaction and allows it to proceed under mild conditions. In
essence, the activation of CO2 occurs at the base sites; then the nucleophilic
substitution causes the ring-opining of epoxide at the acidic cite of the catalyst (Figure
2). An example of the acid-base pair catalysis involves the design of an amine-

functionalized catalyst that will be further discussed in Chapter 4.
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Figure 2: Proposed mechanism the cyclic addition of CO: into epoxide to form cyclic
carbonate.

1.3 Background on semiconductor photocatalysis

Photocatalysis is a phenomenon where a semiconductor photocatalyst
accelerates a kinetically slow photoreaction; reaction that utilizes light.?*?2 Examples
of such semiconductor photocatalysts are: TiO2, ZnS, ZnO, CdS, WOs3, Fe.03 and
BiVOs. For a photocatalyst to be an ideal, it should possess the following criteria: 1)
stability in agueous/nonagqueous medium under light irradiations, 1) suitability for
visible and/or near UV light energy harnessing, Ill) excellent separation of
photogenerated charge carriers to prevent fast charge recombination, 1V) lack of
toxicity V) low production cost VI) adequate surface area and VI1I) the valance band
edge of the photocatalyst should be at potential that is greater than +1.23 V vs. the
reversible hydrogen electrode (RHE) for the reaction to be thermodynamically

favored, 2H,0 — 4H* + 4¢” + Oz, E° = 1.23 V vs. SHE.?3?* Number of photocatalysts
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of suitable valance band shows low or negligible activity due to the lack of some of
the above mentioned criteria.® Therefore, the fabrication an effective photocatalyst

remains of significant challenge.

Thus far, research has given priority for TiO2 photocatalyst owing to its
outstanding photocatalytic activity.?® However, TiO, suffers from drawbacks that
limits its activity under solar irradiation, particularly, utilizing visible light. TiOz has a
band gap of 3.2 eV that matches absorption in the UV light which composed only 3-
5% of the solar spectrum.?”?® Several techniques have been developed in order to
lower the band gap of the photocatalyst, shift the light absorption capability towards
visible region, and extend its spectral response to visible light.?*=! Those include
metal®? and non-metal®® doping, formation of composite heterojunction of two or more
semiconductors.® Or the fabrication of semiconductors materials that have more

suitable band gap. Particularly, Bi-based mixed transition metal oxides.
1.4 Mixed transition metal oxides

Much research devoted toward multicomponent metal oxides, in particular,
mixed transition metal oxides due to their outstanding catalytic,® electrochemical,
magnetic,®’ electrical,® optoelectronic and biomedical properties.®® Mixed transition
metal oxides of the formula ABO4 (ABOs; A and B are transition metals such as Bi,
V, Co, Ni, Zn, Mn, Fe, Nb, etc.) are the most widely used catalysts for various
applications in many fields.*° For example: selective reduction of CO,*! water demand
remediation,*? catalysts / co-catalyst in many selective organic transformations,*
photocatalytic water splitting** and SO, destruction.*® Various methods have been

investigated for the preparation of ABO4 mixed transition metal oxides including: sol-
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gel, %47 co-precipitation method,* hydrothermal method,*® mechanochemical

synthesis,> and using microwave irradiation.*!

1.5 Overview Bismuth-based mixed metal oxides

Bismuth-based multicomponent metal oxide, BiMOa, especially transition
metals have attracted increasing interest owing to their well-defined diverse
structures,®® intrinsic properties®? and their potential applications.>® In particular,
bismuth vanadate, (BiVOa), attracted increasing interest as ferroelastic material,>*-58
and has been regarded as one of the most promising photocatalyst due to its unique
photoelectrochemical properties, and outstanding features such as narrow band gap of
~2.4 eV*¥% glong with an appropriate valance and conduction band alignment that are
suitable for water oxidation.®* BiVO4 exhibits good stability in aqueous media and has
low fabrication cost. However, it suffers from some limitations. Theoretically, its
activity towards hydrogen conversion is restricted due to the conduction band
positioning that is lower than that needed to reduce H* to H..%2 Synthesis and
characterization of BiVO4 achieved a great progress since 1999.% BiVO, exists in
three different polymorphs, two of which are not highly photoactive.®® The three
different structure phases are; orthorhombic pucherite, tetragonal dreyerite, and
monoclinic clinobisvanite. Monoclinic clinobisvanite of 2.4 eV band gap is the most

photoactive.®

1.6 Bismuth niobate structure

Among transition metal niobates and with a fine tuned structure, bismuth
niobate (BiNbOa), has been reported as a promising microwave dielectric ceramic.®

The merit of enhanced photocatalytic activities associated with metal niobite is that
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the energy level of Nb-4d level along with the distorted octahedral (NbOg) units in the
metal niobite lower the band gap of such photocatalysts in such a way that they absorb
light in the visible region of the spectrum.® Bismuth niobite exists in two polymorphs:
orthorhombic (a-BiNbOs), the low-temperature phase, and a triclinic (B-BiNbQa), the
high-temperature phase.®” BiNbO4 was first synthesized by Aurivillius and Arkiv in
1951.%8 In 1962, Roth and Waring demonstrated the formation of the orthorhombic
phase at low temperature and claimed the irreversible transformation of the triclinic
phase to the orthorhombic phase upon heating at 1293 K, which eventually melts at
1518 K.®° Further investigations by Diehl and Carpentier in 1973 provided a structural
refinement of B-BiNbO4 and revealed similar discoveries that were detailed by Roth
and Waring with respect to the irreversibility of the phase transformation from p-
BiNbO4 to a-BiNbO4. Moreover, they reported the use of B-BiNbOs as an
antiferroelectric and ferro-elastic materials.”®" In 1993, full structural description of
BiNbO4 orthorhombic phase was provided by Subramanian and Calabrese.”? In their
report, they describe the growth of a-BiNbO4 particles from BiOF flux at temperature
below 1173 K. Furthermore, they attributed the irreversible nature of phase
transformation from B-BiNbO4 to a-BiNbO4to the lattice structure difference between

the high-temperature phase and the low-temperature phase.

The transformation of B-BiNbOs to a-BiNbO4 was first observed in 2007
upon heating the bulk of $-BiNbO4 to a temperature range of 973 K to 1303 K. The
transformation was hypothesized to be related to associated activation of stress and
heat energy in the heating course. This observation was not observed in powder
samples and the cooling course.”® Zhai et al. reported the co-existence of what is

denoted as low-f phase formed below 1023 K as the thermodynamically metastable
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state of BiNbO4 along with the preformed BisNbsO1s intermediate phase facilitated by
using citrate method in the preparation. The low-p completely transforms into the a-
BiNbO4 phase when thermally heated above 1313 K, the a-BiNbO4 transforms into -

BiNbO4 (High-B which formed above 1313 K) again.’*"™

The formation of both phases of BiNbO4 was investigated systematically over
a wide range of temperatures and pressures as a driving force for phase transition (573-
2073 K and 0-5 GPa).’® The solid-state method was adopted for the formation of both
B-BiNbO4 and a-BiNbO4 at 1423 K and 1173 K, respectively Figure 3. In their
findings, Xu et al. reported that heating the bulk B-BiNbOs at 1173 K prompts
transformation to the a-BiNbO4. Both phases convert to what is denoted as a high-
pressure (HP-BiNbOs) metastable phase which occurs at a pressure above 3 GPa and
1073 K. It was found that the temperature requirement to obtain such a phase
transformation decreases as the pressure increases.’”’® Moreover, heating HP-BiNbO4
phase at 101.325 kPa to 1423 K and 873 K converts it back to B-BiNbO4 and a-

BiNbOg, respectively.
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Figure 3: Phase transitions of BiNbO4 at high pressure and high temperature.

To understand the band structures of different phases of BiNbOa, Zou et al.
reported the substitution effect of Ta>" by Nb®" on photocatalytic, photophysical, and
structural properties of BiTai-xNbxO4(0 = x= 1.0). In their findings, the orthorhombic
exhibits much higher activity than that of triclinic photocatalyst, which is higher than
that of the well-known TiO..” The band structure of BiNbOx consists of 6s? energy
level of Bi** and the 2p energy level of O at the valance band. The d-level of Nb**
lies on the conduction band of BiNbO4. Figure 4 depicts the band structure of BiNbOa,
the 6s? level of Bi®" lies just above the 2p level of O% in the case of B-BiNbO.a.
Nonetheless, the situation is reversed in the case of a-BiNbOs, in this case the 2p level
of O lies just above the 6s? level of Bi®*. Distinctive band structures were attributed
to the crystal structure of these two phases. The band gap of metal oxides is defined
by the oxygen 2p-level and the metal d-level. Hence, the band gap of f-BiNbO4 (high-
temperature triclinic phase) is relatively wider than that of a-BiNbO4 (low-temperature

orthorhombic phase). Accordingly, o-BiNbOs is the more efficient visible-light-
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harvesting phase than the B-BiNbO4 counterpart.®’ This explanation is in agreement

with the 1995 article by Wiegel et al.®

a-BiNbO,

Figure 4: Band structures of both o and -BiNbOs. a-BiNbO4 has a smaller band gap
because the oxygen 2p-level lays above the Bi 6s level, which makes it closer to the
4d energy level of Nb. As for the B-BiNbOs, the oxygen 2p energy level is below the
Bi 6s energy level. That explains the difference in the band gap between the two
phases. Atom colors: blue: Bi, purple: Nb and red: O.

1.7 Crystal structure of BiNbO4

BiNbO4 has two polymorphous structures: triclinic and orthorhombic. The

crystal structures corresponding to the orthorhombic a-BiNbO, and the triclinic -
BiNbO, are represented in Figure 5. The difference between the two crystalline
structures is due to the arrangement of (NbOg) polyhedron with respect to the bismuth
atoms. In the orthorhombic system, (NbOg) polyhedron alternate with bismuth atoms

in a planar manner,® with a relatively large cell volume, (~330 A%). Whereas in the
triclinic phase, such alternating occurs in a distorted manner,’® and the cell volume is

smaller than that of the orthorhombic system (about 324 A3).8
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Figure 5: Crystal structure of BiNbO4 phases. Representing the arrangement of (NbOy)

polyhedron with respect to the bismuth atoms, (a) a-BiNbO4 (orthorhombic system,
space group Pnna), (NbOg) polyhedron alternate with bismuth atoms in a planar

manner, (b) B-BiNbOj (triclinic system, space group P1), (NbOg) polyhedron alternate
with bismuth atoms in a zig-zag manner. Atom colors: niobium (purple); bismuth
(blue) and oxygen (red).
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1.8 Band structure of BiNbOa4

In spite of the wide variety of mixed metal oxides, still, the fundamental basis
of every semiconductor photocatalyst is its property and energy structure. In essence,
it is the band position vs. the Standard Hydrogen Electrode (SHE) that underlines the
activity of the photocatalyst and the operation of the photochemical system.8485
Bismuth oxide Bi»Os has a band gap that is lower than 3.0 eV.% In the other hand,
nioubium oxide has a very large band gap that is even larger than that of Ti02.878 In
contrast, BiNbO4 has a band gap that is in between the two metal oxides; Bi»Oz and
Nb20Os. The valance band edge of BiNbOgs is higher than those of TiO2 and BiVO4
Figure 6. Thus, the photocatalytic oxidation capability of BiNbOs supposed to be
higher than that of BiVO4and TiO2 which they have almost the same valence band
edge potential of 2.9 eV Figure 6.5 Herein, based on the valence band position, the
ability of oxygen evolution should be higher when using BiNbO4 as photocatalyst
compared to TiO2 or BiVO4. However, the conduction band potential of both BiVO4
and BiNbO are higher than that needed to reduce H* to Ha. Therefore, the applications

are limited when it comes to hydrogen evolution.
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Figure 6: Valence and conduction band positions of BiNbO4, BiVO4 and TiO vs. the
standard hydrogen electrode (SHE).

1.9 BiNbOa4/r-GO nanocomposite

The fabrication of semiconductor material with a small band gap that harvest
visible light comes with a price. Due to the small energy difference between the
valance and the conduction band, the photo-induced polarity that is necessary for the
photoreaction to proceed tends to annihilate by a process called recombination of
electron hole pairs. The exited electrons fall back to the energy level that is associated
with the generated positive hole. Eventually, both charge carriers disappear in the
process and the redox reaction associated with the charge separation stops accordingly.
This serious drawback can be enhanced by using electron scavenger materials such as
reduced graphene oxide (r-GO) which suppress charge recombination.®® BiNbOg-r-

GO nanocomposite will be further discussed in (Chapter 3).
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1.10 Isoreticular functionalized (MOFs) for CO: utilization

It has been generally acknowledged that Metal Organic Frameworks, MOFs,
are porous highly crystalline materials with a remarkably high surface area. Those
materials are assembled by the coordination of metal ions by organic linkers.®* MOFs
exhibit their unique features, that include their defined crystal structures and net
system, high surface area, and tunable pore structures.??® These features make them
potential materials for various applications. Nonetheless, MOFs suffer from
considerable drawbacks, such as poor chemical, and thermal stability and electrical
conductivity, deter this materials from exhibiting full potential for real practical
applications.®** Therefore, it is of a great interest to further enhance the functionality
of MOFs. The challenge of designing an effective photocatalyst for carbon dioxide
utilization lies in the fact that the photocatalytic system should provide high activity,
selectivity and efficiency at the same time. Particularly, Ti'"V-MOFs combine the
efficient photocatalytic activity of titanium oxide and the light harvesting nature of
organic linkers. For instance, MIL-125 is a promising photocatalyst with a band edge
of 3.6 eV that makes it a UV active material.*® However, it would be more efficient to
use material that are active in the visible region of the spectrum to efficiently utilizes
more of the solar light. Accordingly, toward tuning the optical response of such active
material, an iso-reticular amine functionalized analogue, denoted as NH>-MIL-125
Figure 7, was synthesized. NH>-MIL-125 experience a band gap of 2.6 eV which
makes it a visible light active material.'®® It has been acknowledged that the amine
functionalized MOF achieved higher photocatalytic activity toward CO; utilization
under visible light irradiation.'®* Notably, activated NH2-MIL-125(Ti) has a large

surface area of 1492 m?g* with a pore volume of 0.66 cm? gX. CO; adsorption uptake
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capacity of NH2-MIL-125(Ti) can go up to176 mg g at 273 K, which is relatively
higher than that of MOF-5 and MOF-177 at 1 atm CO_ pressure conditions. The high
capacity was attributed to the smaller micropores of NH2-MIL-125(Ti) (ca. 6A)
compared to MOF-177 (ca. 11A) and MOF-5 (ca. 12A), which can promote stronger

van der Waals interaction with carbon dioxide molecules (ca. 3.3A4).1%?

Figure 7: A schematic structure of NH>-MIL-125. Atom colors: Ti (blue); C (gray); N
(green) and O (red). H atoms were omitted for clarity.

1.11 Aim of the thesis

This introduction mainly attempts to summarize the recent progress in
designing BiNbOQg, an alternative for TiO2 and BiVO4 photocatalysts. The work done
in this area is relatively limited and systematic study (of preparation) has not been done
yet. In this work, BiNbO4 was prepared using three different synthetic routes: co-
precipitation, hydrothermal and citrate, under various pH values: 2, 7 and 10 with the
objective to study the effect of pH and reaction conditions on phase polymorphism of
BiNbO4. Moreover, investigation the activity of BiNbO4/r-GO and BiNbO4/NH>-MIL-
125(Ti) nanocomposites upon the cycloaddition of CO2 with propylene carbonate to

form cyclic propylene carbonate under visible light irradiation.
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Chapter 2: BiNbO4 Prepared Using Different Routes

2.1 Introduction

Semiconductor photocatalyst has been prepared wusing different
methodologies including solid-state, coprecipitation, citrate sol-gel and hydrothermal
methods. The first attempts to prepare BiNbO4 was utilizing solid-state method. This
method involves mixing the starting materials and heating the mixture at elevated
temperature to obtain the desired solid product.!®® Operating at high temperature
results in an agglomerated product with relatively low surface area and poor catalytic
activity. However, it was not until recently when the solution-based techniques were
developed to open the possibility of having control over the porosity, particle size,

surface area and even the shape of the particles.

The most convenient method to prepare solid state catalyst is the
coprecipitation method. It is a typical solution-based technique as it is usually carried
out in an aqueous medium where the product precipitates out right after mixing the
solutions of the starting precursors. This method is convenient because it is quick, easy
and doesn’t require costly setup or harsh conditions.®* The method provides a better
control over stoichiometry and purity of prepared sample and it requires lower
calcination temperature.'® The conventional Co-precipitate method is cost-effective

and has different advantages regarding particle size and surface area.16:107

Hydrothermal synthesis utilizes solvents and applying high pressure and
temperature conditions that is above the critical point of the solvent. Where the
solubility of reactants tends to increase upon increasing the pressure and temperature

which results in speeding up the reaction.’®® Comparing to other synthetic methods,
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hydrothermal method allows product formation at relatively low temperature. 1%
Disadvantages of this technique includes the need for autoclaves and the inability to

have control over the size and the shape of products.*®

In 1967, Pechini developed a sol-gel method to prepare materials that have
an unfavorable hydrolysis equilibrium. Such materials includes alkaline-earth niobates
and titanates.*** This method was named after him as a Pechini method or liquid-mix
process. It was not until 1970s when Anderson popularized this approach to synthesis

perovskite powders.1*2

Calcination temperature has a considerable impact on the crystallinity and the
characteristic of the products to be obtained. Such characteristics include the particle
size, porosity, surface area, impurity content and the crystal growth which affect the
lattice phase and parameters.’>7"113-115 Crystallinity in particular has a significant
impact on charge separation efficiency of the photocatalyst.!®!1” Thus, calcination
temperature has to be controlled carefully. The pH has a considerable effect on surface
topography, morphology, grain size which all have a significant impact on the

photocatalytic performance.!®
2.2 Research design and methodology

BiNbO4 mixed phase was studied using three distinctive synthetic routes: co-
precipitation, hydrothermal, and citrate precursor methods Figure 8. Moreover, the
effect of pH, surfactant, and temperature on the phase polymorphism and band gaps

properties of prepared BiNbO4 nanoparticles was investigated.
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2.2.1 Materials

Bismuth (111) Nitrate pentahydrate (Bi(NOs)3-5H20), Bismuth (I11) Citrate
([O.CCH2C(OH)(CO2)CH.CO2]Bi, 99.99%), Ammonium Niobate (V) Oxalate
hydrate (CsH4sNNbOg-xH20O, 99.99%), Acetic Acid (CH3COOH, 99.7%),
Hydrochloric Acid (HCI, 37%), Ammonium Hydroxide (NH4OH, >99%), Ethylene
Glycol (HOCH>CH20H, >99.5%), Sodium Dodecyl Sulfate (CH3(CH2)1:0SO3Na,
>08.5%) and Polyethylene Glycol average My 400 (PEG-400) were purchased from
Sigma Aldrich and used as received without further purification. Aqueous solutions
were prepared using doubly distilled water passed through a Millipore Milli-
Q% integral 15 water purification system. All Samples calcined using carbolite ELF

type 201 furnace open to atmosphere.

2.2.2 Preparation of mixed-phase BiNbO4 photocatalyst

Co-precipitation method: A series of BiNbO4 nanoparticles were prepared by
co-precipitation method using bismuth nitrate pentahydrate, and ammonium niobate
(V) oxalate hydrate as starting materials, with a stoichiometric proportion of 1:1,
Bi(NO3)3-5H20:C4HsNNbOg-xH20. In a typical synthesis, 5 g of Bi(NO3)s-5H20 was
dissolved in 100 mL 4 M acetic acid under mild heating for complete dissolution
(bismuth solution). C4HsNNbOg-xH>0O was dissolved in 75 mL deionized water
(niobium solution). Bismuth solution was added to the niobium solution, the two
solutions were mixed and kept under constant stirring using Witeg MSH-20D speed
adjusted at 300 RPM. Then, acetic acid (CH3COOH) or ammonium hydroxide
(NHsOH) was used to adjust the pH values to 2, 7, and 10, respectively. The obtained
white colloidal solution was left under constant stirring for 24 h followed by

evaporating the excess solvent. Finally, the obtained powder was dried, calcined at
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1023 K and 1173 K respectively for 6 h. When surfactant was used, it was added to
the niobium solution before being added to the bismuth solution at the following Mol

% i.e. (3% SDS, 10% EG, 10% PEG).

Hydrothermal method: Same as above-mentioned procedure was
implemented for synthesis of BiNbOjs using hydrothermal method. However, the
colloidal solution was transferred into high-pressure Parr reactor model 4848 equipped
with turbine type impellers, speed adjusted at 300 RPM at 493 K for 24 h. The obtained

powder was dried by evaporating the excess solvent and calcined at 1023 K for 6 h.

Citrate precursor method: BiNbO4 nanoparticles was prepared by citrate
method using bismuth (IIl) citrate, and ammonium niobate (V) oxalate hydrate as
starting materials, with a stoichiometric proportion of 1:1, Bi**: Nb®*. In a typical
synthesis, 5 g of bismuth (11I) citrate was dissolved in 100 mL deionized water.
ammonium niobate (V) oxalate hydrate was dissolved in 75 mL deionized water. The
two solutions were mixed and kept stirring. Amount of concentrated nitric acid or
ammonium hydroxide was used to adjust the pH values to 2, 7, and 10, respectively.
The obtained white gel was aged for 24 h followed by evaporating the excess solvent.
Finally, the obtained powder was calcined at 1023 K for 6 h. Figure 8 represents

detailed synthetic steps for each method used in this study.
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Figure 8: Detailed synthetic steps for each method used in this study.
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2.3 Characterization of the photocatalysts

This section provides a detailed investigation of the analytical methods and
techniques used to characterize structure and properties of the obtained photocatalysts.
Such investigation considers structural, optical, morphological and elemental analysis
of the as synthesized photocatalysts with the aim of determining their ability to

undergo light driven photocatalytic transformations.

2.3.1 Powder X-ray diffraction (PXRD)

The crystalline phase of the prepared BiNbOs solid was investigated using
Shimadzu-6100 powder XRD diffractometer equipped with Cu-Ko radiation tube
operated at 40 kV and 30 mA over the 26 range of 10°-75° at a rate of 2 deg/min where
A =1.542 A. The PXRD pattern of BiNbO4 was analyzed and confirmed based on the
standard PXRD database card (ICDD, 2018). Figure 9 (1) illustrates the PXRD patterns
of BiNbOs synthesized using co-precipitation method at different pH values and
calcined at 1023 K for 6 hours. The diffraction peaks assigned by the letters O, T and
N correspond to a-BiNbO4, B-BiNbO4 and Nb2Os respectively. Based on the obtained
PXRD data, the lattice exhibits a to B phase transformation upon increasing the pH,
PXRD patterns were correlated to the crystallographic information data base (PDF-
00-016-0295) and (PDF 00-016-0486). Figure 9 (1) illustrates the PXRD pattern of the
photocatalyst prepared at pH 2 using co-precipitation method, as shown the majority
of the PXRD peaks including the main peak corresponding to (hkl) of (121) plane at
20 = 28.3 are readily indexed to a-BiNbO4 orthorhombic phase, space group: Pnna. In
contrast, peaks at 20 = 29.5, 34.2 and 46.9 could be assigned to B-BiNbOx4 triclinic

phase despite the fact it is rather weak. Calculated cell parameters from PXRD data of
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0-BiNbOy are as follows: a= 4.99 A, b=11.70 A, ¢=5.69 A, these results are in good
agreement that reported previously in the literature.!® PXRD pattern of photocatalyst
prepared at pH 7 using co-precipitation method, demonstrates the co-existence of both
orthorhombic and triclinic phases Figure 9 (1). Based on calculated Reference Intensity
Ratio (RIR),*?° 50.23% of the obtained powder present is mainly the p-BiNbOys i.e. the
triclinic phase. Moreover, the PXRD pattern shows a gradual 0.1° shift for the peak
towards a higher scattering angles which can be attributed to the tensile stress within
the crystal that causes the lattice elongation.*?* Figure 9 (1) shows the PXRD pattern
of the photocatalysts prepared at pH 10 using co-precipitation method. Based on the
pattern obtained, the diffraction peaks of the B-BiNbO4 phase are more pronounced,
based on the reference intensity ratio, 82% of the obtained powder is present as [-
BiNbOgs. At this point, it is tempting to say as the pH increase the 3-BiNbO4 becoming
more dominant. Figure 9 (I11) shows the PXRD patterns of photocatalyst prepared
using hydrothermal assisted solid-state approach at different pH values and calcined
at 1023 K for 6 hours. Figure 9 (111) indicates that photocatalyst prepared at pH 2 shows
dominantly a-BiNbOs phase. Nonetheless, as pH increases the dominant phase
becomes the triclinic f-BiNbO4 phase. Figure 9 (1V) shows the PXRD patterns of
prepared photocatalysts using citrate precursor method at different pH values and
calcined at 1023 K for 6 hours. The co-existence of both a-BiNbO4 and B-BiNbO4
form is obvious at pH 2 and pH 10 as shown in Figure 9 (IV). On the other hand, at
pH 7 a-BiNbO4 is more pronounced. Moreover, there is an individual niobium oxide
present along the obtained product Figure 9 (IV). Figure 9 (Il) shows the PXRD
patterns of the prepared photocatalysts using co-precipitation method at pH 2 and

calcined at 1023 K with different surfactant added. Both phases are co-exist however
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as indicated from DRS calculation, the o phase is the dominant when using EG and

SDS as surfactant, Figure 9 (I1) and Table 4.

Figures 9 (V, VI and VII) illustrate the PXRD patterns of photocatalysts
prepared using co-precipitation method at different pH values and calcined at 1023 K
and 1173 K for 6 hours. As shown, there is a gradual disappearance to the peaks
correspond to the a-BiNbO4 upon increasing calcination temperature (1023 K to 1173
K) of the prepared photocatalyst at pH 2 and pH 10. Moreover, ~ 0.1°- 0.2° shift of
peaks towards higher angle was observed upon increasing the calcination temperature,
which can be attributed to the tensile stress within the crystal lattice. On the other hand,
there is a 0.1° shift in the PXRD pattern towards lower scattering angels upon
increasing the temperature of the prepared photocatalysts at pH 7 as shown in Figure
9 (VI). This shift can be attributed to the compressive stress within the crystalline
lattice. Subsequently, when compared to the photocatalyst calcined at 1023 K, the
volume and the lattice parameters were increased upon increasing the temperature of
samples prepared at pH 7 and decreased upon increasing the temperature for samples
prepared at pH 2 and pH 10. The average particle size was calculated using Debye—
Scherrer equation considering the broadening of the main peak at each case, calculated

results are tabulated in Tables 1-5.
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Figure 9: PXRD patterns of BiNbOs. (I) Co-precipitation. (a) pH 2, (b) pH 7, (c) pH
10; (1) pH 2, calcined at 1023 K: (a) no surfactant, (b) polyethylene glycol (PEG), (c)
sodium dodecyl sulfate (SDS), (d) ethylene glycol (EG); (111) Hydrothermal: (a) pH 2,
(b) pH 7, (c) pH 10; (IV) Citrate precursor: (a) pH 2, (b) pH 7, (c) pH 10; (V) Co-
precipitation, calcined at 1023 K and 1173 K at pH 2; (VI) Co-precipitation, calcined
at 1023 Kand 1173 K at pH 7; (V1) Co-precipitation, calcined at 1023 K and 1173 K
at pH 10. The diffraction peaks assigned by the letters O, T and N are correspond to
a-BiNbOs, B-BiNbO4 and Nb2Os, respectively.
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Figure 9: PXRD patterns of BiNbOs: () Co-precipitation. (a) pH 2, (b) pH 7, (c) pH
10; (1) pH 2, calcined at 1023 K: (a) no surfactant, (b) polyethylene glycol (PEG), (c)
sodium dodecyl sulfate (SDS), (d) ethylene glycol (EG); (111) Hydrothermal: (a) pH 2,
(b) pH 7, (c) pH 10; (IV) Citrate precursor: (a) pH 2, (b) pH 7, (c) pH 10; (V) Co-
precipitation, calcined at 1023 K and 1173 K at pH 2; (VI) Co-precipitation, calcined
at 1023 Kand 1173 K at pH 7; (V1) Co-precipitation, calcined at 1023 K and 1173 K
at pH 10. The diffraction peaks assigned by the letters O, T and N are correspond to
a-BiNbOa4, B-BiNbO4 and Nb2Os, respectively (continued).
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Figure 9: PXRD patterns of BiNbO4: (I) Co-precipitation. (a) pH 2, (b) pH 7, (c) pH
10; (1) pH 2, calcined at 1023 K: (a) no surfactant, (b) polyethylene glycol (PEG), (c)
sodium dodecyl sulfate (SDS), (d) ethylene glycol (EG); (I11) Hydrothermal: (a) pH 2,
(b) pH 7, (c) pH 10; (IV) Citrate precursor: (a) pH 2, (b) pH 7, (c) pH 10; (V) Co-
precipitation, calcined at 1023 K and 1173 K at pH 2; (V1) Co-precipitation, calcined
at 1023 Kand 1173 K at pH 7; (V1) Co-precipitation, calcined at 1023 K and 1173 K

at pH 10. The diffraction peaks assigned by the letters O, T and N are correspond to
a-BiNbO4, B-BiNbO4 and Nb2Os, respectively (continued).
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Figure 9: PXRD patterns of BiNbOa: () Co-precipitation. (a) pH 2, (b) pH 7, (c) pH
10; (1) pH 2, calcined at 1023 K: (a) no surfactant, (b) polyethylene glycol (PEG), (c)
sodium dodecyl sulfate (SDS), (d) ethylene glycol (EG); (I11) Hydrothermal: (a) pH 2,
(b) pH 7, (c) pH 10; (1V) Citrate precursor: (a) pH 2, (b) pH 7, (¢) pH 10; (V) Co-
precipitation, calcined at 1023 K and 1173 K at pH 2; (V1) Co-precipitation, calcined
at 1023 K and 1173 K at pH 7; (VI1) Co-precipitation, calcined at 1023 K and 1173 K
at pH 10. The diffraction peaks assigned by the letters O, T and N are correspond to
a-BiNbO4, B-BiNbO4 and Nb.Os, respectively (continued).

2.3.2 UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS)

Diffused reflectance spectra were obtained using Shimadzu UV-3600 UV-
Vis spectrophotometer and recorded in the range from 200 nm to 800 nm. High purity
barium sulfate (BaSOa) used as a standard for baseline correction. The output spectrum
shows relation between the intensity of light reflected versus the wavelength. The band
gap energies were calculated using the results obtained from the DRS spectra using
Tauc plot method.!?? The band gap was calculated considering that these

photocatalysts were direct semiconductors and using equation (1).

(a hv)2=A(hv-Eg ) (1)
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Where a is the absorptivity coefficient, and Av is the energy of the applied incident
light in electron volt, n depends on the nature of transition, for direct allowed
transition, the value for n is %, A is a proportionality.!?® The value of Eq can be

estimated by extrapolating the linear fit of a plot of (ahv)*"vs. (hv), Figure 10.

Tauc plot of prepared photocatalyst using co-precipitation method at pH 2
and calcined at 1023 K Figure 10 (a), photocatalyst prepared at such condition was
found to have the narrowest band gap of 2.8 eV. Nevertheless, photocatalysts prepared
at higher pH used in this study were found to have relatively larger band gap (> 3.2
eV) i.e. capable of harvesting UV light. UV-Vis DRS measurements confirm the
dominance of a-BiNbO4 phase at pH 2 whereas 3-BiNbOs dominant at pH 7 and pH

10 respectively which is also in a good agreement with the PXRD results Figure 9.

With respect to the photocatalysts prepared using hydrothermal assisted solid-
state approach Figure 10 (b), the narrowest band gap of 3.26 eV is corresponding to
photocatalyst prepared at pH 2. Therefore, it’s tempting to assume that all samples
prepared by hydrothermal assisted solid-state approach can only harvest UV light.
Though, from PXRD argument it is concluded that a-BiNbOj4 is the dominant phase

at pH 2.

Figure 10 (c) represents band gaps of photocatalysts prepared by citrate
precursor method. The narrowest band gap of 2.69 eV is related to the a-BiNbO4
prepared at pH 7, this was further confirmed by the PXRD shown in Figure 9 (I1V).
Whereas, photocatalysts prepared at pH 2 and pH 10 show absorbance at lower
wavelength i.e. in the UV region of the spectrum. When ethylene glycol is used as a
surfactant, significant shift of absorption band towards the visible region for the

photocatalyst prepared at pH 2 occurred i.e. a red shift of 34.06 nm. On the other hand,
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when polyethylene glycol (PEG-400) is used as a surfactant, a blue shift of 67 nm in
the ban gap energy was observed indicating a dominant B-BiNbO4 phase is present.
Moreover, when using SDS as a surfactant, a red shift of 4.8 nm was observed. Tauc

plots Figure 10 (d).

Figure 10 (e, f and g) shows Tauc plots for the direct allowed transition of
BiNbOj4 calcined at 1023 K and 1173 K synthesized using coprecipitation method at
different pH values. Increasing the calcination temperature from 1023 K to 1173 K
caused a significant shift of absorption band towards UV region that reveals the role
of temperature on phase transition of orthorhombic of BiNbO4 to the triclinic.

Moreover, this observation is further supported using PXRD data shown in Figure 9.

The band position of crystalline materials is affected by the crystalline
structure, more specifically, the lattice volume. Decreasing lattice constant will
decrease the interatomic distance, which in turn, increase the binding energy of the
valence electrons to the parent atom. Therefore, more energy is needed to excite the
electrons to the conduction band. The crystal structures corresponding to the
orthorhombic a-BiNbO4 and the triclinic B-BiNbO4 are represented in Figure 5,
(Chapter 1). The difference between the two crystalline structures is due to the
arrangement of (NbOe) polyhedron with respect to the bismuth atoms. In the
orthorhombic system, (NbOs) polyhedron alternate with bismuth atoms in a planar
manner,®? with a relatively large cell volume, (~330 A%). Whereas in the triclinic phase,
such alternating occur in a distorted manner,’® and the cell volume is smaller than that

of the orthorhombic system (about 324 A3).%3

Based on the findings, there is a direct correlation between band gap of

prepared photocatalysts and lattice volume; as the lattice volume increases the band
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gap decreases. As an example, in Table 1; photocatalyst prepared under coprecipitation
method at pH 2 shows coexistence of both phases with a major rhombic phase of ~70%
in the mixture with lattice volume of 332.1 A3 which led to a smaller band gap of 2.8
eV. On the other hand, as Table 2 shows when comparing photocatalysts prepared
under hydrothermal method at pH 7 and 10, band gap increased to 3.43 eV with
majority of triclinic phase present. The wider band gap can be attributed to the lower
crystal volume of 265.64 A% and 274.79 A3 respectively. All discussion above can be
applied systematically to all prepared photocatalyst with consisting trend across the

board.
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Figure 10: Tauc plots of directly allowed transition of BiNbOa. (a) Co-precipitation;
(b) Hydrothermal; (c) Citrate method; (d) Co-precipitation at pH 2; (e, f, and g) Co-
precipitation calcined at 1023 K and 1173 K at pH 2, pH 7, and pH 10, respectively.
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Figure 10: Tauc plots of directly allowed transition of BiNbOa. (a) Co-precipitation;
(b) Hydrothermal; (c) Citrate method; (d) Co-precipitation at pH 2; (e, f, and g) Co-
precipitation calcined at 1023 K and 1173 K at pH 2, pH 7, and pH 10, respectively

(continued).
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Figure 10: Tauc plots of directly allowed transition of BiNbOa. (a) Co-precipitation;
(b) Hydrothermal; (c) Citrate method; (d) Co-precipitation at pH 2; (e, f, and g) Co-
precipitation calcined at 1023 K and 1173 K at pH 2, pH 7, and pH 10, respectively
(continued).

2.3.3 Scanning electron microscopy (SEM)

Scanning electron microscope (SEM) images were obtained from samples
applied to carbon tape using FEI SEM Quanta Inspect S50 Scanning electron
microscope operated at an accelerating voltage of 15-30 kV equipped with EDX-
Oxford INCA PENTA system for determining the elemental distribution on the surface
of the sample. SEM images of prepared photocatalysts are shown in Figure 11. The

morphologies of BiNbO4 photocatalysts prepared under co-precipitation method
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Figure 11 (a-c) show the formation of agglomerated particles. However, BiNbO4
photocatalysts prepared under co-precipitation with surfactants Figure 11 (d-f),
irregular grains were obtained. Moreover, under hydrothermal conditions,
photocatalyst prepared at pH 2, Figure 11 (g), shows a stretched agglomeration with
rough surface and low porosity, nevertheless as the pH increases particles turns into
condensed compact structure of agglomeration fine powders. Furthermore, applying
citrate precursor method, agglomeration across all pH values under study is observed.
Particles prepared using citrate precursor method (Figure 11 (j-1)) and hydrothermal
condition Figure 11 (g-i) appeared to be larger than the other preparation conditions
under the same magnification. This can be attributed to the presence of severe particle

agglomeration.
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Figure 11: SEM images of BiNbO4 calcined at 1023 K. (a) co-precipitation; pH 2, (b)
co-precipitation, pH 7; (c) co-precipitation, pH 10; (d) co-precipitation, EG; (e) co-
precipitation, PEG; (f) co-precipitation, SDS; (g) hydrothermal, pH 2; (h)
hydrothermal, pH 7. (h) hydrothermal, pH 7; (i) hydrothermal, pH 10; (j) citrate
precursor, pH 2; (k) citrate precursor, pH 7; () citrate precursor, pH 10.
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2.3.4 Specific surface area and porosity

Surface area and porosity were characterized using N2 adsorption at 77 K
using a Quantachrome Autosorb-1 volumetric gas sorption instrument. Before
measurements, samples were degassed at 473 K for two hours. Brunauer-Emmett-
Teller (BET) theory was used to calculate surface area, pore size distributions were
determined by Barett-Joyner-Halenda (BJH) model based on the desorption branch of
the N2 isotherms. Specific surface area and porosity data are presented in Tables 1-5.
Surface area and pore size for all prepared catalysts were investigated using nitrogen
adsorption/desorption isotherm. As presented in Tables 1-4, surface area for
hydrothermally prepared photocatalysts is the highest when compared to other
photocatalysts prepared under co-precipitation or citrate precursor conditions.
Moreover, prepared photocatalysts at pH 2 and pH 7 using citrate method exhibited
lager surface area than those prepared by co-precipitation method. The adsorption-
desorption isotherm for the samples is of a type Il isotherm with observed hysteresis
loop range of 0.8-1.0 P/P°. According to the obtained data, pore size ranges from 5.6
nm-7.8 nm, indicating that all photocatalysts possess mesoporous structures.
Furthermore, hydrothermally prepared samples showed quite higher pore volume,

especially sample prepared ata pH 7 and 1.



Table 1: Physical structure parameters of BiNbO4 prepared using co-precipitation method at 1023 K.

Band Pore Vpores Crystalline Lattice constants
pH dit gap SE‘ETl size  (PP7=0.95) size a Vol
condition energy m-a_ (103 cm a A A ° ° °
oy meD @m0 (nm) U VLTS G YA ZA R T
T 7.66 5.54 791 90.09 7811 86.65 327.88
2 2.86 1.0 7.6 1.9 23.1
O 499 11.701 5.687 90 90 90 332.10
T 751 5.51 790 90.14 77.09 9193 318.53
7 33 3.1 6.1 4.7 35.7
O 49 11.65 5.66 90 90 90 309.25
T 7.26 5.50 8.03 9194 7404 8261 305.58
10 33 2.9 5.7 4.1 343
O 497 11.68 5.68 90 90 90 330.04

? sys refers to the crystalline system of BiNbQOy; T, triclinic and O, orthorhombic.

9¢



Table 2: Physical structure parameters of BiNbO4 prepared using hydrothermal method at 1023 K

oH Band gap S Pore (Yf_"(:e:s) Crystalline Lattice constants
" energy > . size o), size a b c Vol
condition 1073 cm a ° ° o
@) ™) @m0 (m Ay @ R YRy
T 7.12 519 747 8988 7634 87.53 267.62
2 3.26 6.2 5.9 9.2 13.5
O 494 11.63 5.65 90 90 90 324.60
T - - - - - - -
7 343 12.9 7.5 243 23.1
') - - - - - - -
T 728 519 748 86.03 77.63 87.13 274.79
10 343 20.5 7.6 39.1 21.1
O 491 1181 5.73 90 90 90 332.27

sys refers to the crystalline system of BiNbOy; T, triclinic and O, orthorhombic.

LE



Table 3: Physical structure parameters of BiNbO4 prepared using citrate method at 1023 K

oH Band gap Sger Pore ( Xp_oo'egs) Crystalline Lattice constants
. energy 5. size P05, size b Vol
condition 103 cm a ¢ ° ° °
v M) @m U0 (m w4 @ R YR
T 739 520 735 90.86 78.39 &6.01 275.13
2 3.25 4.6 7.4 8.8 11.8
@) 484 11.84 5.74 90 90 90 328.93
T - - - - - - -
7 2.69 4.5 7.0 8.0 -
@) 5.03 11.70 5.64 90 90 90 331.92
T 726 517 7.44 89.59 77.14 86.65 271.62
10 3.16 4.6 7.4 8.8 21.8
O 479 11.75 5.73 90 90 90 322.50

* sys refers to the crystalline system of BiNbOy; T, triclinic and O, orthorhombic.

8¢



Table 4: Physical structure parameters of BiNbO4 prepared using co-precipitation method at 1023 K, pH 2 with Surfactant.

Band gap Sy =~ FPore ( Ypogegs) Crystalline Lattice constants
- p/p°=0. -
Surfactant energy (g ) size (10 em? size s a b c ar BrF yr Vol
(eV) (nm) gl (nm) ¥ A A A (A%
No T 7.66 554 791 90.09 78.11 86.65 327.88
] 2.80 1.0 7.6 1.9 23.1
surfactant O 499 1170 569 90 90 90  332.10
T 733 516 743 89.79 7854 854 27445
SDS 2.77 1.6 6.3 25 41.1
O 495 1172 571 90 90 90  331.26
T - - - - - - -
PEG 3.30 1.2 57 1.7 32.9
O 492 1167 567 90 90 90  325.19
T 7.63 551 792 9056 102.0 8634 32529
EG 2.6 0.6 7.8 1.2 18.6
O 497 1175 567 90 90 90  331.49

2sys refers to the crystalline system of BiNbOg; T, triclinic and O, orthorhombic.

6€



Table 5: Physical structure parameters of BiNbO4 prepared using co-precipitation method at 1173 K

pH Band @)  Crystalline size (nm) Lattice constants
. and gap energy (e rystalline size (nm
condition s W sys' a(A) b(A) c(A) arr Bl yl° Vol (A%
T - - - - - - -
2 3.13 43.5
O 497 1169 567 90 90 90 329.4
T 757 552 791 9012 7733 87.60 322.73
7 3.3 34.3
O 494 1169 567 90 90 90 327.43
T - - - - - - -
10 3.3 47.7
0 - - - - - - -

?sys refers to the crystalline system of BiNbOy; T, triclinic and O, orthorhombic.

oy
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2.4 Conclusion

In the present study, a combination of orthorhombic a-BiNbO4 and triclinic
B-BiNbO4 was always obtained when calcined at a temperature range from 1023 K to
1173 K. PXRD patterns suggest the co-existence of both phases where preferred phase
formation is pH and temperature dependent. When co-precipitation method is used, it
was observed that pH plays an important role towards the formation of B-BiNbO4
phase, where high pH promotes B- B-BiNbO; structure, while low pH results in a-
BiNbO4 phase. In such a case, BiNbO4 prepared at pH 2 shows the narrowest band gap
of 2.86 eV with dominant a-BiNbO4 phase present. Using citrate precursor method,
BiNbO4 prepared at pH 7 shows the narrowest band gap of 2.69 ¢V with dominant a-
BiNbO4 phase present, whereas, at acidic or basic conditions wider band gaps >3.0 eV
were obtained with dominant B-BiNbO4 phase present. Using hydrothermal approach,
BiNbO. prepared at all pH range of present study show band gap >3.2 eV indicating
their absorbance in the UV region. Finally, as temperature increases to 1173 K, a
gradual transformation of a- to B is observed. Finally, it can be noticed that as the

lattice volume increases, the band gap decreases.
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Chapter 3: BiNbO4/r-GO Nanocomposite

3.1 Introduction

Since the first report on electrochemical Photocatalytic water splitting using
TiO> electrode, many oxide semiconductor photocatalysts have been subject to an
intensive research studies.?® The wide band gap of titanium dioxide (~3.2 eV) limits
its photocatalytic activities excluding the UV light irradiation, hence, limits their use
in practical applications under visible or IR irradiation, as the solar light is made of
only 4% UV light. On the other hand, visible light makes up to 46% of the total solar
radiation, representing a more useful region in the solar spectrum. Therefore, the
design and synthesis of photocatalysts that utilize most of the energy in the visible
light is of particular interest. Thus, for an effective utilization of visible light,
semiconductor photocatalysts band gap should be ~ 2 eV.1?41% Metal oxides and
mixed metal oxides continue to be promising candidates for achieving such task

because of their stability, low-cost and suitable band gap engineering.1%°

Metal oxides semiconductor visible light photocatalysts have drawn great
interest in the past owing to their significant performance in removal of organic
pollutants, hydrogen production from water splitting and energy conversion via CO>
reduction.*?128 Many metal oxides photocatalysts with visible light activities have
been utilized for such aforementioned application.*?*32 Among them, metal oxide and
mixed metal oxides containing bismuth photocatalysts were extensively studied due to
their unique band structures, such photocatalysts includes: BiVOs, BiWOs, and

BizM00s.1331% Since the valence band (VB) is hybridized Bi 6s and O 2p orbitals, it
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would greatly contribute to the band gap narrowing resulting in visible-light absorption

of Bi-based oxides.13¢

Recently, bismuth niobate, BiNbO4, has received much attention due to their
excellent microwave dielectric properties, low sintering temperatures, >3’ potential
application in ferroelectrics,*® optoelectronics,*® luminescence,'*® micro-electro-
mechanical system (MEMS)*! and enhanced photocatalytic activities,®? Moreover,
BiNbO4 have been studied and found to be photoactive for hydrogen evolution and
organic pollutant removal.”>!2  Nevertheless, its quantum efficiency and
photocatalytic performance is restricted due to the high recombination rate of
photogenerated electron-hole pairs. To overcome this drawbacks, researchers
attempted to prepare hybrid photocatalysts since the formation of a heterojunction with
a conductive materials can suppress the recombination, leading to much efficient

photocatalyst.}43-14°

Recently, research was devoted towards the preparation of nanocomposites
that combines carbon materials and mixed metal oxides as a new scheme in
photochemical catalysis.'*®!4"  Among various composites, bismuth niobate
(BisNbsOz1s) / graphene nanocomposite, which has been reported as a photocatalytic
system that combines the photocatalytic properties of the mixed metal oxide and the
high-performance support of graphene-based materials. Moreover, the strong
interaction between the matrix of graphene and the metal oxides nanoparticles is of
great interest due to the effective visible light harvesting properties of the oxide that is
coupled with the short electron diffuse length provided by the graphene sheet. The
catalytic performance of the composite was found to be higher compared to those of

individual pure compounds.*4®
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Here in, BiNbO4/r-GO nanocomposite have been synthesized through
mechanical mixing, their photocatalytic activity was evaluated using photocatalytic
cycloaddition of carbon dioxide into propylene oxide, producing selectively cyclic
propylene carbonate without any polymeric material observed. This photoreaction has

never been attempt using mixed metal oxide r-GO composite.

3.2 Experimental

Materials: Graphite powder (+100 mesh), NH4OH, hydrazine hydrate,
sulfuric acid, NaNOs, KMnOas, NaBHa, 37% HCI ACS reagent and 30% H20- solution

were purchased from Sigma Aldrich, all purchased chemicals were used as received.

Synthesis of r-GO: Reduced graphene oxide (r-GO) was synthesized via the
exfoliation of graphite as follow: 2 g of graphite powder and 0.12 g of NaNO3s were
mixed in 60 mL sulfuric acid and kept under constant stirring for 1 h in an ice bath.
After that, 6 g of KMnO4 was added gradually to the mixture while stirring in an ice
bath and left under constant stirring for another 1 h. later, 60 mL deionized water
(DIW) was gradually added to the mixture. The mixture was kept stirring at 363 K for
30 min. An additional 200 mL of DIW was added, followed by addition of 30 mL
H20- solution. The obtained graphene oxide (GO) powder was filtered and washed
several times with 2 M HCI and DIW, dried for 1 day at 373 K. Subsequently, GO was
chemically reduced using 15 mL hydrazine hydrate and kept stirring for 5 h. The
reduced product was then washed with DIW, filtered and dried in oven at 373 K for a

day.
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Synthesis of BiNbO4/r-GO Nanocomposites: BiNbO4 was prepared at pH 2

using coprecipitation method and calcined at 1023 K as previously discussed in
(Chapter 2). Three different photocatalyst composites have been prepared using simple
mechanical mixing followed by heat and high-pressure treatment in a hydrothermal
reactor. The composite denoted as BiNbO4/5% r-GO was prepared as follows: in a
Porcelain Pestle, 0.05 g of r-GO was added to 0.95 g of BiNbO4and mixed in 5 mL
acetone as a reaction medium. The suspension was grinded until the acetone was
evaporated completely. The previous step was repeated several times. Afterwards, the
dried powder was transferred into a high-pressure reactor and 10 mL deionized water
was added. The reactor was sealed and heated at 423 K for 24 hours. Sample was
collected and dried at 373 K. Same procedure was implemented for the preparation of
the remaining photocatalysts which were denoted as BiNbO4/1%r-GO and

BiNbO4/10% r-GO.

3.3 Characterization of Nanocomposite

This section provides a detailed investigation of the analytical methods and
techniques used to characterize structure and properties of the obtained photocatalysts.
Such investigation considers structural, optical, morphological and elemental analysis
of the as synthesized photocatalysts with the aim of determining their ability to
undergo light driven photocatalytic transformations. The effect of r-GO on structural
surface morphology and optical properties of the prepared photocatalysts was
characterized using diffuse reflectance spectroscopy (DRS), powder X-ray diffraction
(PXRD), scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy
(EDX), Brunauer-Emmett-Teller for determination of the specific surface area and

porosity (BET).
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3.3.1 Powder x-ray diffraction (PXRD)

The crystalline structure and the purity of BiNbO4/r-GO composites were
analyzed and confirmed using Shimadzu-6100 powder XRD diffractometer equipped
with (Cu Ka) radiation tube with a working voltage of 40 Kv and current of 30 mA,
where A = 1.542 A over 20 range of 10°—80° at a rate of 2°/min. Figure 12 represents
the PXRD patterns of the associated photocatalysts composites. Lattice parameters of
the prepared composites were calculated using Bragg’s law and the crystalline sizes

were calculated using Scherrer equation as discussed previously in (Chapter 2).

The PXRD patterns on Figure 12 (b) is perfectly indexed to that of pure
BiNbOa. According to the standard PXRD database for BiNbOjs, there are no extra
peaks correspond to any impurities present in the sample. As for the prepared reduced
graphene oxide particles Figure 12 (a), the characteristic peak correspond to r-GO
appears at 20 = 26.3°. The PXRD patterns of BiNbO4/r-GO composites photocatalysts
exhibited a combination of similar diffraction peaks correspond to both; pure BiNbO4
and r-GO. It can be observed that the peaks correspond to BiNbO4/r-GO coincide with
those of pure BiNbO4 in which all patterns indicate the presence of exact phase as pure
BiNbOs4, with no extra peaks correspond to impurities or newly formed lattice
structure. It’s evident that, the intensity of r-GO peak increases upon increasing the
amount of r-GO added, which reflects the percent amount of r-GO that exist in the
samples. The r-GO peaks are marked in Figure 12; red arrow. Interestingly, the change
in the lattice parameters associated with the shift of the peaks positions is due to the
variation of the chemical composition upon increasing the amount of r-GO added.

Such variation shall not contribute to the actual cell parameters since the physical
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mixing of substances does not cause any kind of chemical bond breaking or formation.

Calculated cell parameters are listed in Table 6.
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Figure 12: PXRD diffraction patterns of BiNbO4/r-GO composites. (a) r-GO, (b)
BiNbOs4, (c) BiNbO4/1% r-GO, (d) BiNbO4/5% r-GO, (e) BiNbO4/10% r-GO. The

intensity of r-GO peak increases upon increasing the amount of r-GO added. The r-
GO peaks present in the composites are marked by a red arrow.

3.3.2 UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS)

Diffuse reflectance spectra (DRS) was obtained using Shimadzu UV-3600
UV-Vis spectrophotometer. Spectra recorded over the range from 200 nm to 800 nm.
Baseline correction was done using barium sulfate (BaSO4) as a standard. As
previously discussed in Chapter 2, the band gap energies were calculated applying
Tauc plot considering that the electrons transitions in BiNbO4 and BiNbO4/r-GO
composites are direct allowed transition. As demonstrated in Figure 13, all spectra
show a strong light absorbance in the visible light region. Pure BiNbO4 sample exhibit
a band gap of 2.74 eV. Compared to pure BiNbOs, the absorption wavelength of

BiNbO4/r-GO composites photocatalysts demonstrated a red shift towards lower
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energy upon increasing the amount of r-GO added. Table 6 lists the calculated band

gap energies associated with each of the prepared photocatalysts.
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Figure 13: UV-Vis DRS spectrum of BiNbO4/r-GO composites.



Table 6: Physical structure parameters of BiNbO4 and BiNbO4/r-GO composites photocatalysts.

Photoctalysts

BiNbO4
BiNbO4/1% r-GO
BiNbO4/5% r-GO
BiNbO4/10% r-GO

Lattice Constants

Band Gap Energy ~ Sger  Pore Size  Vpores (plp?=0.95) Crystalline Size 3 b c
(eV) (mgy)  (m) (102 em’g?) (nm) A R (R “Pr Vol (A)®
2.74 041 129 0.88/0.97 21.11 487 1182 5.73 90 329.9
2.71 1.4 128 2.59/2.66 30.60 488 11.86 5.75 90 332.8
2.68 201 110 3.34/3.35 31.89 485 1184 5.74 90 329.9
2.65 2.3 96 3.39/3.44 29.10 483 11.79 5.72 90 325.6

6v
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3.3.3 Scanning electron microscopy (SEM) analysis

Scanning electron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDX) analyses of all prepared photocatalysts were obtained using
Quattro ESEM operated at high vacuum with an accelerating voltage of 15-30 kV.
The SEM analytical system equipped with EDX detector used to determine the
elemental composition of the samples. Conductive carbon adhesive tape was used to
mounting the sample during the analysis. Figure 14 shows the SEM images of BiNbO4
and BiNbO4/r-GO composites. Based on the data, images demonstrate a rough rock
like morphology correspond to BiNbOs. However, r-GO exhibits a smooth sheet like
surface. Combinations of both BiNbO4 and r-GO are clearly shown in the images of
the composite samples. Figure 15 shows the elemental mapping of the atoms present
in the samples. Based on the data, the elemental mapping indicates that r-GO is well
mixed with BiNbOs particles. Thus, this should facilitate the electron transfer
processes needed for reducing the charge recombination rate when catalyzing
photoreactions. r-GO is marked in Figure 15 with red arrows. The atomic percent are

listed in Table 7.



Figure 14: SEM images of BiNbO4/r-GO composite. (a) BiNbOa, (b) BiNbO4/1% r-
GO, (c) BiNbO4/5% r-GO, (d) BiNbO4/10% r-GO and (e) r-GO.
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Figure 15: Elemental mapping of the atoms present in BiNbO4/r-GO composites. (a)
BiNbOg, (b) BiNbO4/1% r-GO, (c) BiNbO4/5% r-GO, (d) BiNbO4/10% r-GO.
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Figure 15: Elemental mapping of the atoms present in BiNbO4/r-GO composite. (a)
BiNbOs4, (b) BiNbO4/1% r-GO, (c) BiNbO4/5% r-GO, (d) BiNbO4/10% r-GO
(continued).
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Table 7: Elemental analysis of the as prepared samples shows the atomic percent of
the atoms present in BiNbO4/r-GO samples.

Elemental Analysis (EDX), atom%

Photocatalyst

Bi Nb o? c?
BiNbO4 15.20 12.42 72.38 -
BiNbO4/1% r-GO 11.94 6.58 43.60 37.88
BiNbO4/5% r-GO 2.01 1.22 22.68 74.10
BiNbO4/10% r-GO 5.80 3.32 28.41 62.46

dConductive carbon adhesive tape was used to mounting the sample during the
analysis. Therefore, C and O% are not representative of the actual elemental
composition in the sample.

3.3.4 Nz adsorption—desorption analysis

The surface area and the pore size of the prepared BiNbO4/r-GO composite
was carried out using Brunauer, Emmett and Teller (BET) method. N, adsorption
desorption isotherms were recorded at 77 K, showing the amount of gas adsorbed (cm?®
g 1) as a function of the relative pressure (p/p°), where p is the equilibrium pressure of
N2 and p° is the saturated vapor pressure at 77 K. Prior to the BET measurements, the
powder samples were placed in a glass tube and heated at 420 K under vacuum for 2
hours. Figure 16 shows the N> adsorption-desorption isotherm. The obtained isotherms
belong to type IV isotherm and it shows a very small hysteresis loop compare to
BiNbO4/r-GO composite samples. As indicated, the lower branch of the isotherm plot
represents the gradual cumulative addition of N2 gas into the surface of the adsorbent,

and the upper branch represents the gradual gas withdrawal. In mesoporous materials,
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the hysteresis loop that forms in between the two branches is usually associated with
the capillary condensation within the pores**®. With an approximate pore size of 19
nm, BiNbO4 was considered a mesopores material. Moreover, the size of the hysteresis
loop increases upon increasing the amount of r-GO added, yet, the average pore size
decreased. The surface area yielded the following values; 0.41(m?g™) for BiNbO4, 1.4
(m?g?) for BiNbO4/1% r-GO, 2.01 (m?g?) for BiNbO4/5% r-GO, 2.3 (m?g?) for
BiNbO4/10% r-GO. Consequently, the average surface area increases upon increasing

the amount of r-GO added. Results are listed in Table 6.

- BiNbO,

. BiNbO,/1%r-GO
BiNbO,/5%r-GO ,
BiNbO,/10%r-GO

Relative Pressure (p/p°)

Quantity Adsorbed (mmol/g)
Figure 16: N2 adsorption isotherm of BiNbO4/r-GO composites.

3.4 Photocatalytic activity

The photocatalytic performance of the prepared samples were evaluated using
the photocatalytic cycloaddition of carbon dioxide into the propylene oxide. In a
typical reaction: 9 mg of tetra butyl ammonium bromide ("BusNBr) co-catalyst was
dissolved in a mixture of acetonitrile and methanol (5:1). 50 mg of the prepared

photocatalyst and 100 pl of propylene oxide was added to the mixture. The reaction
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mixture was then transferred in to a 75 mL sealed tube and 0.045 mmol of CO> was
added to the mixture in a Pyrex sealed tube. The reaction was placed 10 cm away from
a 300 W halogen lamp (OSRAM HALOLINE) source and kept stirring for 6 hours
under visible light irradiation. The desired organic product was then filtered, extracted
using dichloromethane (DCM) and analyzed using nuclear magnetic resonance NMR
(Varian 400 MHz) and infrared spectroscopy (IRPrestige-21, Shimadzu) between a
scanned from 500 to 4000 cm™ frequency range. The reactions yielded the desired
product selectively in a high yield. Obtained results are listed in Table 8. The highest
conversion yield was obtained when using BiNbO4/5% r-GO as a photocatalyst, where
65% conversion was obtained. Three control experiments were carried out: in the
absence of light at room temperature, in the absence of the prepared semiconductor
and in the absence of light at 353 K to confirm the role of the prepared photocatalysts.
Results showed that only 9% cyclic propylene carbonate was obtained when using
only "BusNBr in the absence of the prepared photocatalyst, and 14% conversion was
obtained at 353 K in the absence of light. However, in the absence of light and heat,
the reaction yielded no conversion. Using Acetonitrile and methanol as a solvent
mixture in such ratio is because acetonitrile enhances the solubility of CO in the
reaction mixture. Methanol, in the other hand, acts as a hole scavenger in the
photoreaction. The role of the "BusNBr as a co-catalyst was to facilitate the ring
opining process at the oxygen radical position formed at the semiconductor valance
band. Electrons at the conduction band facilitate the CO radical formation. As a
conductor medium reduced graphene oxide sheet provides the support needed to
prevent the charge recombination at conduction band by accepting electrons and
maintain the charge separation needed for the reaction to continuously produce

radicals. A proposed mechanism pathway is shown in Figure 17. The enhanced
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photocatalytic activity of BiNbO4/5% r-GO was attributed to the high visible light
absorption capability of BiNbO4 particles. Moreover, using only 5 % r-GO was found
to be optimal in the photocatalytic system, because this amount is enough to provide
the support needed for the charge separation. Increasing the amount of r-GO up to 10%
suppress the photocatalytic activity which can be attributed to hindering the maximum

visible light absorption by r-GO Figure 18.

Table 8: Cycloaddition of CO; into PO? catalyzed by BiNbO4/r-GO.

O Photocatalyst, "Bu,NBr, hv O_(O
)> Co, >/k/0
Entry Photocatalyst Yield® % TON¢ TOFx10%¢
1 BiNbO4 37 0.9 3.7
2 BiNbO4/1% r-GO 59 0.4 1.6
3 BiNbO4/5% r-GO 65 0.32 1.3
4 BiNbO4/10% r-GO 11 0.05 0.19

“Reaction conditions: epoxide (100 uL), photocatalyst (50 mg), "BusNBr (9 mg)
and carbon dioxide (1.48 MPa) at 353 K and 24 h.

bYield of isolated product was determined by 'H NMR spectroscopy,'*C NMR
and IR spectroscopy.

“TON= (mols of product)/(Sger of the catalyst).

4TOF= (mols of product)/(Sger of the catalyst)(reaction time, hour).
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Figure 17: Proposed mechanism pathway of the photocatalytic cycloaddition of CO>
into propylene oxide.
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Figure 18: Bar chart represents yield of the obtained cyclic-propylene carbonate.
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3.5 Conclusion

In short, the synthesis of reduced graphene oxide based BiNbO4
nanocomposites was reported. Different ratios were prepared, their structures were
analyzed and confirmed using PXRD. The obtained results showed no extra peaks
correspond to newly formed impurities. The prepared composites exhibit an
exaptational photocatalytic activity toward the cycloaddition of CO; into propylene
oxide under visible light irradiation. The highest conversion yield achieved when using
5% r-GO. Apparently, high reduced graphene oxide ratio hinders the light harvesting
process. However, it suppresses charge recombination and at 5% loading under the
condition of this study, maintains the photoinduced electron-hole pairs. Hence,
enhances the proses of radical formation that are necessary for the photocatalytic

reaction to proceed.
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Chapter 4: MOFs Modified BiNbO4

4.1 Introduction

Recently, there has been an ongoing effort to combine MOFs with various
materials to produce more efficient performing materials.**>2 MOFs hybrid
materials can incorporate an excellent properties and mitigate the shortcomings of the
individual counterparts.®®*!** Many MOFs composites have been synthesized by
incorporating various active materials such as: metal/metal oxides nanoparticles,
carbon materials, polymers, polyoxometalates (POMs), quantum dots, ionic liquids,
and others.™ 1% Synthesized MOFs composites have been utilized in many

applications such as: gas storage, separation, sensing, catalysis and much more. %816

As a heterogeneous catalysts, MOFs composites show improved
characteristics due to possessing high porosity with ordered crystalline structures and
high surface areas contribute to the uniform dispersion and the high availability of
catalytic sites, which in turn increase their catalytic efficiency.'®%” Surely, the
confined pore sizes can inhibit the growth and agglomeration of the active species, and

selectively transport substrate for size-selective catalysis. 6816

In this chapter, the design and syntheses of a new mixed metal oxide/MOFs
photocatalysts has been presented. Namely, BiNbO4/NH2-MIL-125(Ti) composites,
their photocatalytic activity toward CO: cycloaddition to propylene oxide. The
photocatalytic incretion of CO: into epoxide via the incorporation of semiconductor

photocatalyst and amine factionalized MOFs has not been reported yet.
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4.2 Experimental

Synthesis of MIL-125-NHx(Ti): All chemicals were purchased from Sigma-
Aldrich and used without further purifications. In a typical reaction, (2-Amino-1,4-
benzenedicarboxylic acid, NH>-BDC) (1.1 mg, 6 mmol) was dissolved in a mixture of
DMF and methanol (50 mL, 1:1 v/v) and kept stirring for 30 min. Titanium (IV)
isopropoxide (888 mL, 3 mmol) was then added to the mixture and kept stirring for an
hour. The mixture was transferred into a Pyrex sealed tube and heated at 423 K for 24
hours. After time has elapsed, the reaction was cooled to room temperature. The yellow
product was recovered by filtration then washed three times with DMF to remove the
unreacted materials, then the powder was washed several times with methanol. After
that, the powder was soaked in DCM for 3 hours to exchange the trapped solvents with
DCM. Last step was repeated several times. Finally, the solid yellow powder was dried

at 373 K for 24 hours to afford the pure product as confirmed by PXRD.

Synthesis of BINbO4/NH2-MIL-125(Ti) composites: BiNbO4 was prepared at
pH 2 using coprecipitation method and calcined at 1023 K as previously discussed in
(Chapter 2). Three different photocatalyst composites were prepared using simple
mechanical mixing. The composite denoted as BiNbO4/NH2-MIL-125(Ti)s0:50) Was
prepared as follows: in a Porcelain Pestle, 0.5g of NH2-MIL-125(Ti) was added to 0.59
of BiNbO4 and mixed in 5 mL acetone as a reaction medium. The suspension was
grinded until acetone was evaporated completely. Previous step was repeated five
times. After that, the powder was collected and dried at 373 K for 5 hours. Same
procedure was implemented for the preparation of the remaining photocatalysts which

were termed as BiNbO4/NH2-MIL-125(Ti)2s:75) and BiNbO4/NH2-MIL-125(Ti)(75:25).
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4.3 Characterization of nanoparticles

Detailed investigations of structural, optical, morphological, elemental
analyses of NH>-MIL-125(Ti) and BiNbO4/NH2-MIL-125(Ti) nanocomposites and list
of analytical techniques used for characterization are described in the following

section.

4.3.1 Powder x-ray diffraction (PXRD)

The crystalline structure and the purity of BiNbO4/NH2-MIL-125(Ti)
composites were analyzed using Shimadzu-6100 powder XRD diffractometer
equipped with (Cu Ka) radiation tube with a working voltage of 40 Kv and current of
30 mA, where A = 1.542 A over 20 range of 5°— 60° at a rate of 2°/min. Figure 19
represents the PXRD pattern of the prepared BiNBOa4, NH2-MIL-125(Ti) and the
composites. The XRD pattern of NH>-MIL-125(Ti), Figure 19 (e) was perfectly
indexed to the pure phase with no extra peaks correspond to impurities present in the
samples.)® The PXRD pattern of BiNbO4/NHx-MIL-125(Ti) composites
photocatalysts exhibited a combination of similar diffraction peaks correspond to both
of BiNbOs and NH2-MIL-125(Ti). It can be observed that the peaks correspond to
composite samples coincide with those of pure substances in which all patterns
displayed indicating the presence of same phase as of pure starting material with no
extra peaks correspond to impurities or newly formed lattice structure. The intensity
of peaks corresponds to BiNbO4 tend to decrease upon increasing the amount of NH»-
MIL-125(Ti) added, which reflects the percent amount of NH>-MIL-125(Ti) present
in the samples. Important to point out, the change in the lattice parameters associated

with the shift of the peaks positions is due to the variation of the % composition upon
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increasing the amount of NH2-MIL-125(Ti) added. Such variation shall not contribute
to the actual cell parameters since the physical mixing of substances does not cause
any kind of chemical bond breaking or formation. Calculated cell parameters are listed

in Table 9.

(e) NH,-MIL-125(Ti)
}\ : \ (d) BINDO, /NH,-MIL-125(Ti) 55,75,
(c) BiNbO, /NH,-MIL-125(Ti) 50,50,

|

Intensity (a. u.)

(b) BiINbO, /NH,-MIL-125(Ti) 7555
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Figure 19: PXRD diffraction patterns of BiNbO4+/NH2-MIL-125(Ti). (a) BiNbOs, (b)
BiNbO4/NH2-MIL-125(Ti)(75:25), (c) BiNbO4/NH2-MIL-125(Ti)(s0:50), (d)
BiNbO4/NH2-MIL-125(Ti)(25:75, (€) NH2-MIL-125(Ti). The intensity of BiNbO4
peaks decreases upon increasing the amount of NH2-MIL-125(Ti) added.

4.3.2 UV-Vis diffuse reflectance spectra (DRS)

Diffuse reflectance spectra (DRS) were obtained using Shimadzu UV-3600
UV-Vis spectrophotometer. Spectra recorded over the range from 200 nm to 800 nm.
Baseline correction was done using barium sulfate (BaSO4) as a standard. As
previously discussed in (Chapter 2), the band gap energies were calculated applying
Tauc plot considering that the electrons transitions in BiNbO4 and BiNbO4/NH2-MIL-

125(Ti) composites are direct allowed transition. All spectra show a strong light
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absorption in the visible light region. NH2-MIL-125(Ti) has a band edge of 2.69 eV
correspond to ligand to metal charge transfer (LMCT), moreover, it is lower than the
band gap of BiNbOs, Figure 20. The band edges of both BiNbO and NH2-MIL-125(Ti)
vs. the standard hydrogen electrode are shown in Figure 21. The valance band edge of
BiNbOg is larger than that of NH>-MIL-125(Ti), therefor the oxidation capacity of
BiNbO is far more powerful than that of NH,-MIL-125(Ti).}* However, when it
comes to hydrogen evolution, the conduction bend of NH2-MIL-125(Ti) is more

suitable for such reaction.

Compared to BiNbO4 and NH>-MIL-125(Ti), the absorption wavelength of
BiNbO4/NH>-MIL-125(Ti) composites photocatalysts exhibited a red shift towards
lower energy values upon increasing the amount of NH2-MIL-125(Ti) added. Table 9
lists the calculated band gap energies associated with each of the prepared

photocatalysts.

0.023 NH,-MIL-125(Ti)
BiNbO#/NH,-MIL-125(Ti)s-15)
%21 —BiNbOWNH2-MIL-125(Ti)s0-50)
—BiNbO#/NHa-MIL-125(Ti)s 25
L YR _BiNbO,
S
=
E 0.01
0.005
0
1.6 1.8 2 2.2 2.4 2.6 2.8 3 32 34 3.6

hv (eV)

Figure 20: UV-Vis diffuse reflectance spectra of BiNbO4/NH2-MIL-125(Ti). BiNbO4
(red), NH>-MIL-125(Ti) (green), BiNbO4/NH2-MIL-125(Ti)@2s:75)  (yellow),
BiNbO4/NH2-MIL-125(Ti)(s0:50) (orange) and BiNbO4/NH2-MIL-125(Ti) (75:55) (blue).
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Figure 21: Valence and conduction band positions of BiNbOas, and NH2-MIL-125(Ti)
vs. the standard hydrogen electrode (SHE).



Table 9: Physical structure parameters of NH>-MIL-125(Ti), BiNbO4 and BiNbO4/NH2-MIL-125(Ti) composites photocatalysts.

Band Gap Pore Crystalline Lattice Constanats®

Photocatalysts Energy (rﬁf ETl) Size Vp‘zré?r(]%’ pﬁ; %) Size Vol

(V) o0 (om) g m) a2 bR cA)  apy (g
BiNbO4 2.76 0.41 1.4 0.8/0.9 (10 375 49 1177 571 90 329
BiNDO./NH;-MIL- 255 504 21 0.268/0.269 31.9 49 1183 573 90 332
125(TI)(75;25)
BiNDO./NH;-MIL- 258 777 47 0.407/0.408 29.2 49 1184 574 90 333
125(Ti)(s0:50)
BiNbO4/NH2-MIL-
1250 i 2.68 9503 54 0.522/0.524 11.7
NH-MIL-125(Ti) 2.69 1054 2.1 0.562/0.563 4.95 ; ; ] ] ]

4L attice constant was calculated for BiNbO4 orthorhombic phase.

99
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4.3.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images and energy-dispersive X-ray
spectroscopy (EDX) analyses of all prepared photocatalysts were obtained using
Quattro ESEM operated at high vacuum with an accelerating voltage of 15-30 kV.
The SEM analytical system equipped with EDX detector used to determine the
elemental composition of the samples. Figure 22 displays the SEM images of the
synthesized BiNbO4/NH2-MIL-125(Ti) composites. NH2-MIL-125(Ti) is a crystalline
nanoparticle as shown in Figure 22 (a). It can be noticed that the size of the obtained
powder seems to be very small relative to the BiNbO4 shown in Figure 22 (b).
Therefore, each of the two material can possibly be distinguished in the images of the
mixture samples. The small NH2-MIL-125(Ti) particles lays at the surface of the rock-

like structure of BiNbO4. The atomic percent are listed in Table 10.

Figure 22: SEM images of BiNDOJ/NH2-MIL-125(Ti). (2) NH2-MIL-125(Ti), (b)
BiNDbOg, (c) BiNbO4/NH2-MIL-125(Ti)25:75), (d) BiNDO4/NH2-MIL-125(Ti)s0:50), (€)
BiNbO4/NH2-MIL-125(Ti)(75:25).
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Table 10: Elemental analysis of the as prepared samples shows the atomic percent of
the atoms present in BiNbO4/NHz-MIL-125(Ti) samples.

Elemental Analysis (EDX), atom %
Photocatalyst . ]
Bi Nb Ti O N C
BiNDO, 1520 1242 - 7238 - i
BiNbO4#/NH2-MIL-125(Ti)7s25y  1.72 258 851 3534 794 4391
BiNbO4#/NH2-MIL-125(Ti)s0os0p  0.72 234 871 3442 7.13 46.68
BiNbO4#/NH>-MIL-125(Ti)@s7sy  0.14 1.03  4.02 3359 6.70 54.51

NH2-MIL-125(Ti) - - 19.68 33.19 8.13 39.00

4.3.4 N2 adsorption—desorption analysis

To examine the surface area and porosity of the prepared BiNbO4/NH>-MIL-
125(Ti) composites, N2 adsorption isotherm was performed at 77 K. Prior to the
measurements, the powder samples were placed in a glass tube and heated at 420 K
under vacuum for 4 hours. Figure 23 shows the corresponding isotherms prepared
composites. As shown, all prepared photocatalysts exhibit mesoporous type IV
isotherms. High surface area was determined by calculated Brunauer—Emmett—Teller
(BET) and recorded as follow; 0.41, 504, 777, 950 and 1054 m2g? for BiNbOs,
BiNbO4/NH2-MIL-125(Ti)z5:25), BINDO#/NH-MIL-125(Ti)(50:50), BINbO4/NH2-MIL-
125(Ti)(25:75) and NH2-MIL-125(Ti) respectivly, Table 9. The calculated pore volume
at the satuation uptake (p/p°=0.95) was found to be 0.0008/0.0009, 0.268/0.269,
0.407/0.408, 0.522/0.524 and 0.562/0.563 cm® g~* for BiNbOs, BiNbOs/NHx-MIL-
125(Ti)5:25, BiINDO4/NH2-MIL-125(Ti)s0:50), BiNDO4/NH2-MIL-125(Ti) 2575 and
NH2-MIL-125(Ti) respectively Table 9. Remarkably, the surface area increased

dramatically upon increasing the amount of NH2>-MIL-125(Ti) added.
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Figure 23: N2 adsorption isotherm at 77 K. NH2-MIL-125(Ti), BiNbO4/NH2-MIL-
125(Ti)25:75), BINDO4/NH2-MIL-125(Ti)50:50) and BiNbO4/NH2-MIL-125(Ti)75:25).

4.4 Photocatalytic cycloaddition of COz to propylene oxide

Experimental: The photocatalytic activities of the prepared samples were
evaluated using the photocatalytic cycloaddition of carbon dioxide to the propylene
oxide. Photocatalytic reactions were carried out in a 75 mL Pyrex sealed tube. In a
typical reaction: propylene oxide (100 pl), photocatalyst (50 mg), tetra butyl
ammonium bromide ("BusNBr, 9 mg) which serves as binary co-catalyst, a mixture of
acetonitrile and methanol (6 mL, 5:1 v/v) and carbon dioxide (CO2, 0.045 mmol) were
added to a Pyrex sealed tube. The reaction tube was placed 10 mm away from a 300
W halogen lamp source and kept stirring for 24 hours under constant pressure (1.5
MPa). After 24 hours have elapsed, the excess CO2 gas was vented, the photocatalyst
was filtered out and the excess solvent was evaporated. The desired organic product

was then extracted using dichloromethane (DCM) to afford the pure product as
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confirmed by *H NMR and *C NMR (Varian, 400 MHz) and infrared spectroscopy

(IR Prestige-21, Shimadzu) between a 500-4000 cm™* frequency range.

Discussion: NH2-MIL-125(Ti) has many attractive features that makes it a
promising candidate as a heterogeneous catalyst. These features include; the accessible
titanium metal centers that provides an active Lewis acid site, Brgnsted acid sites
derived from the amine functionalized terephthalic organic linkers Figure 24, the large
surface area and porosity that enhances the substrate diffusion within the large
hierarchical pores of the extended reticular structure of NH2-MIL-125(Ti) and the high

CO- uptake capacity at the ambient reaction conditions.

Lewis
acidic site

NH,
Brensted
basic site

Figure 24: Lewis acidic site at the secondary building unit (SBU) and Brgnsted basic
site at the amine functionalized NH2-BDC organic linker of NH2-MIL-125(Ti).

With these outstanding features, it is of great interest to evaluate the
photocatalytic activity of NH2-MIL-125(Ti) combined with that of BiNbO4 as a
heterogeneous visible light photocatalyst for the cycloaddition of CO2 to propylene
oxide. Based on the obtained results, the photoreaction catalyzed by BiNbOjs yielded
40% conversion of cyclic propylene carbonate, this low percent conversion can be
attributed to the charge recombination phenomena that was previously discussed in

(Chapter 3), and to the conduction band potential that is higher than that needed for
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CO. radical formation.'”? However, NH2-MIL-125(Ti) displayed even lower
conversion percent, 12% cyclic propylene carbonate. Presumably, this low yield of
NH2-MIL-125(Ti) was partially attributed to the electronic effect of amino group of
the functionalized linker. In fact, the amine substitution at the organic linker tend to
reduce the Lewis acidity of the metal site, hence, limits the activity of the
photocatalyst.1”® Moreover, band gap of NH.-MIL-125(Ti) is relatively smaller than
that of BiNbO4. Therefore, charge recombination is more severe in NH2-MIL-125(Ti)
than it is in BINbO4. Thus, the formation of an interphase heterojunction is capable of
optimizing the band gap potential and suppressing the recombination phenomenon.

In fact, in hybrid composites, enhanced photocatalytic activity was observed
upon introducing mixed metal oxide to NH2-MIL-125(Ti). According to the results,
proposed photocatalytic pathway starts with the photoexcitation of electrons to the
conduction band at the hybrid system, leaving positive holes at the valance band. The
photoexcited electrons at the conduction band of BiNbO4 can transfer to the lowest
unoccupied molecular orbital (LUMO) of NH2-MIL-125(Ti) (reductive sites). In a
same manner, the generated positive holes can also transfer to the highest occupied
molecular orbital (HOMO) of NH,-MIL-125(Ti) (oxidative site). Accordingly, Ti** at
the secondary building unit (SBU) of NH,-MIL-125(Ti) gain electron to form Ti3* 174
The reduction of metal ion is responsible for the formation of the CO>~ radicals,
resulting in efficient cyclic addition of COz into propylene oxide Figure 25. Methanol
acts as a hole scavenger, whereas "BusNBr is a nucleophile used to open the propylene
oxide ring. Acetonitrile helps solubilizing CO> in the reaction mixture. Apparently,
BiNbOs and NH>-MIL-125(Ti) heterojunctions provides more efficient electron-hole
pairs separation than pure BiINbOs or NH>-MIL-125(Ti), hence, enhanced

photocatalytic performance. The highest conversion yield of 74% was observed when



72
using BiNbO4/NH2-MIL-125(Ti) s0:50) composite as photocatalyst. This was attributed
to the balance in the system. Since NH2-MIL-125(Ti) has the more negative potential
vs. the standard hydrogen electrode at the LUMO state, it is responsible for the
production of CO; radicals in excess. However, the activation of the limiting reagent
mostly occurs at the valance band of BiNbO4 since it has more positive potential vs.
the standard hydrogen electrode. In essence, for this specific reaction, sufficient
amount BiNbOs is needed to activate propylene oxide (the limiting reagent). Notably,
using only 25-gram percent of BiNbO4 resulted in a low conversion present comparing
to other prepared composites. Amine functionalized NH2-MIL-125(Ti), on the other
hand, provides CO: radicals in a sufficient amount and well-balanced manner. Thus,
using 50-gram percent of each of the two materials resulted in a high yield. Increasing
the amount of NH2-MIL-125(Ti) added results in a low reaction yield. To ensure the
conversion was performed photocatalytically, control experiments was carried out in
the dark at the room temperature and only 6% conversion was observed. 10%
conversion was obtained at 353 K in the absence of light, and 15% conversion was
observed in the absence of the photocatalyst Figure 26, Table 11. Accordingly, it can
be concluded that the hybrid materials have better performance than the individual

BiNbO, or NH2-MIL-125(Ti).
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Table 11: Cycloaddition of CO> into PO? using BiNbO,/NH,-MIL-125(Ti).

0 Photocatalyst, "Bu,NBr, hv 04(0
)> Co, >/K/O
Entry Photocatalyst Yield® %
1 BiNbO4 40
2 BiNbO4/NH2-MIL-125(Ti)(75:25) 53
3 BiNbO#/NH2-MIL-125(Ti)s0:50) 74
4 BiNbO4/NH2-MIL-125(Ti)25:75) 40
5 NH,-MIL-125(Ti) 12
6 No Light 6
7 "BusNBr 15
8 Heat 10

#Reaction conditions: epoxide (100 pL), photocatalyst (50 mg), "BusNBr (9 mg)
and carbon dioxide (1.48 MPa) at 353 K and 24 h

®Yield of isolated product was determined by 1H NMR spectroscopy,13C NMR
and FT-IR spectroscopy.

hy

2.76 eV
o
o
<
o

NH,-MIL-125ht ht
VB

Binbo, ht h* o
Xo\ .’(;
"Bu,NBr /&—//(

N +CO,

Figure 25: Proposed photocatalytic mechanism. The incident light excites the electrons
at the valance band. The exited electrons transfer to the conduction band leaving a
positive hole at the valance band. The excited electrons reduce Ti** to Ti®*. CO; radical
generate accordingly.
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Figure 26: Bar chart represents yield of the obtained cyclic-propylene carbonate.

4.5 Conclusion

BiNbO4/NH2-MIL-125(Ti) hybrid material was prepared in different ratios.
The crystalline structure of the prepared materials was analyzed using PXRD. The
heterojunction was established, and the intensity of materials tend to correlate with
increasing the amount add. Surface area was calculated using N2 adsorption isotherm.
The surface area and porosity were increased dramatically upon increasing the amount
of NH>-MIL-125(Ti) added. Band gap calculations showed a red shift towards lower
energy values upon increasing the amount of NH>-MIL-125(Ti). The photocatalytic
performance of the hybrid materials was found to superior when compared to pure
BiNbOs or NH>-Mil-125(Ti), with 74% conversion, of an optimum mass ratio of

BiNbO4:NH2-MIL-125, 50:50.
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Chapter 5: Conclusion

Towards the aim of preparing active visible light semiconductor photocatalyst
BiNbO4 was prepared using different synthetic approaches; co-precipitation,
hydrothermal and citrate methods under different calcined temperature values and pH
conditions. A mixture of orthorhombic a-BiNbOs and triclinic B-BiNbO4 was always
obtained when calcined the powder at a temperature range from 1023 K to 1173 K
respectively. PXRD patterns suggest the co-existence of both phases where preferred
phase formation is pH and temperature dependent. When co-precipitation method is
used, it was observed that pH plays an important role towards the formation of -
BiNbO4 phase, where high pH promotes a mixture of a- B-BiNbOs structure, while
low pH results in a-BiNbO4 phase. In such a case, BiNbO4 prepared at pH 2 shows the
narrowest band gap of 2.86 ¢V with dominant a-BiNbO4 phase present. Using citrate
precursor method, BiNbO4 prepared at pH 7 shows the narrowest band gap of 2.69 eV
with dominant a-BiNbO4 phase present, whereas, at acidic or basic conditions wider
band gaps >3.0 ¢V was obtained with dominant B-BiNbO4 phase present. Using
hydrothermal approach, BiNbO4 prepared at all pH range of present study show band
gap >3.2 eV indicating their absorbance in the UV region. As the calcination
temperature increases to 1173 K, a gradual transformation of a- to B was observed.
Notably, there is a direct correlation between band gap of prepared photocatalysts and

lattice volume; as the lattice volume increases the band gap decreases.

As photocatalyst, BiNbO4 suffers from a charge recombination problem that
limits its activity under visible light irradiation. In this regard, to enhance the activity
of the BiNbOQa, different ratios composites of reduced graphene oxide and BiNbO4 was

prepared. As a conductor medium, r-GO’s role is to facilitate the transformation of
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charge carriers, suppress charge recombination and maintain the photoinduced
electron-hole pairs. Hence, enhances the proses of radical formation that are necessary
for the photoreaction to proceed. The photo catalytic activity of the prepared materials
demonstrated an outstanding photocatalytic activity towards the cycloaddition of CO>
into propylene oxide under visible light irradiation. The highest conversion percent

achieved when using 5% r-GO.

To a certain extent, the activity of mixed metal oxides in general is limited due
to their low surface area. Introducing metal organic framework to BiNbO4 enhances
the surface uptake capacity of the photocatalytic system. Moreover, it creates a
heterojunction that facilitate the light harvesting process. BiNbO4/NH2-MIL-125(Ti)
hybrid materials were prepared in different ratios. The surface area and porosity were
increased dramatically upon increasing the amount of NH.-MIL-125(Ti) added. Red
shift towards lower energy values was observed when increasing the amount of NH»-
MIL-125(Ti). The photocatalytic performance of BiNbO4/NH2-MIL-125(Ti)

composites were higher than either BiNbO4 or NH2-MIL-125(Ti).
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Appendices

Appendix A: Equations used in calculation.

In the BiNbO4 orthorhombic structure, the plane spacing d is related to the lattice

constants a, b, ¢ and the Miller indices by the following relations

abc
daw)y = ()
J (h*b2c2+ka2c2+1%b%a?)
And the unit cell volume V, can be calculated from the following equation:
V=abc 2)

However, in the BiNbOa triclinic structure, the plane spacing d is related to the lattice

constants a, b, ¢ and the Miller indices by the following relations:

1 _ 1.2 %) 21.%2 12 %) * % * x % * P %
——=h"a “+k"b “+l°c “+2klb ¢ cosa +2lhc'a cosf +2khb a cosy (3)
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. absiny
= 6
c=— (©)
. cosPcosy-cosa
cosa = peosy (7)
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. cosacosP-cosy
cosy =

©)

sin a sin B

V=2bc\/ sin s. sin(s-a) sin(s-B). sin(s-y) (10)

Where s=% (a+p+y)
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Appendix B: %Triclinic content.

Table Al: %Triclinic in samples prepared using co-precipitation method at 1023 K.

CPT pH 2 CPT pH 7 CPT pH 10
Mean 45.5625 86.4075 75.9500
Std. Deviation 4.18040 6.02874 9.54446
Std. Error of Mean 2.09020 3.01437 4.77223

Table A2: %Triclinic in samples prepared using hydrothermal method at 1023 K.
Hydrothermal =~ Hydrothermal

Hydrothermal pH 2 pH 7 pH 10
Mean 60.1350 73.9228 92.2475
Std. Deviation 6.39166 8.06165 0.90644
Std. Error of Mean 3.19583 4.03083 0.45322

Table A3: %Triclinic in samples prepared using citrate method at 1023 K.
Citrate pH 2 Citrate pH 7 Citrate pH 10

Mean 43.3525 40.4950 75.7125
Std. Deviation 12.10862 9.46539 3.45900
Std. Error of Mean 6.05431 4.73270 1.72950

Table A4: %Triclinic in samples prepared using co-precipitation method at 1023 K
with different surfactants added.

CPTpH?2 CPTpH2/SDS CPTpH2/EG CPTpH2/PEG

Mean 455625  34.2063 53.5500 48.2450
Std. Deviation 418040  10.63029 2.05115 6.66931
Std. Error of Mean 2.09020  5.31514 1.02557 3.33465

Table A5: %Triclinic in samples prepared using co-precipitation method at 1023 K
and 1173 K.
CPT pH
CPT pH 2 CPT pH 710 at CPTpH2 CPTpH7 CPTpH 10
at 1023 K at 1023 K 1023 K at1173K at1173 K at1173 K
Mean 455625 86.4075 75.9500 83.5580 85.4325 70.2675
Std. Deviation  4.18040 6.02874 9.54446 6.04369 7.12445 12.57059
Std. Error of 2.09020 3.01437 4.77223 3.02184 3.56223 6.28529
Mean
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AG6: Crystalline particle size vs. pH value of samples prepared using co-precipitation
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A8: Crystalline particle size vs. pH value of samples prepared using citrate method

and calcined at 1023 K.
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Table A10: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 2

Element Weight % Atomic %
O K 16.79 65.66
Nb L 25.22 16.98
Bi M 57.98 17.35

Totals 100.00

Table A11: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 7

Element Weight % Atomic %
O K 15.47 63.33
Nb L 25.99 18.32
Bi M 58.55 18.35

Totals 100.00

Table A12: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 10

Element Weight % Atomic %
O K 16.60 66.24
Nb L 21.68 14.90
Bi M 61.73 18.86

Totals 100.00

Table A13: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 2 with EG.

Element Weight % Atomic %
O K 18.99 70.94
Nb L 16.52 10.63
Bi M 64.48 18.44

Totals 100.00

Table Al14: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 2 with SDS.

Element Weight % Atomic %
OK 18.64 70.74
Nb L 15.49 10.12
Bi M 65.87 19.14

Totals 100.00
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Table A15: Weight and atomic percentage of BiNbO4 prepared using co-

precipitation method at pH 2 with PEG.

Element Weight % Atomic %
O K 14.92 64.13
Nb L 19.11 14.15
Bi M 65.97 21.72

Totals 100.00

Table A16: Weight and atomic percentage of BiNbO4 prepared using citrate method

at pH 2
Element Weight % Atomic %
O K 21.70 72.76
Nb L 22.23 12.84
Bi M 56.07 14.40
Totals 100.00

Table A17: Weight and atomic percentage of BiNbO4 prepared using citrate method

atpH 7.

Element Weight % Atomic %
OK 30.10 74.96
Nb L 49.18 21.09
Bi M 20.72 3.95

Totals 100.00

Table A18: Weight and atomic percentage of BiNbO4 prepared using citrate method

at pH 10.

Element Weight % Atomic %
OK 19.54 70.36
Nb L 21.64 13.42
Bi M 58.82 16.22

Totals 100.00

Table A19: Weight and atomic percentage of BiNbO4 prepared using hydrothermal

method at pH 2.

Element Weight % Atomic %
OK 25.36 76.67
Nb L 20.96 10.91
Bi M 53.68 12.42

Totals 100.00
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Table A20: Weight and atomic percentage of BiNbO4 prepared using hydrothermal

method at pH 7.

Element Weight % Atomic %
OK 22.74 74.16
Nb L 21.03 11.81
Bi M 56.23 14.04

Totals 100.00

Table A21: Weight and atomic percentage of BiNbO4 prepared using hydrothermal

method at pH 10.

Element Weight % Atomic %
OK 23.05 74.11
Nb L 22.60 12.51
Bi M 54.35 13.38

Totals 100.00
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A22: BET analyses of BiNbOj calcined at 1023 K and synthesized using different
synthetic approaches at different pH values; (a) co-precipitation, (b) hydrothermal,
(c) citrate precursor method, (d) different surfactant added.
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A23: EDX mapping images of: (a) NH2-MIL-125(Ti), (b) BiNbOs4, (c) BiNbO4/NH,-
MIL-125(Ti) @5:75), (d) BiNbO#/NH2-MIL-125(Ti)(s0:50), (€) BINDO4/NH-MIL-
125(Ti)(75:25).
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A23: EDX mapping images of: (a) NH2-MIL-125(Ti), (b) BiNbOs4, (c) BiNbO4/NH,-
MIL-125(Ti) @5:75), (d) BiNbO#/NH2-MIL-125(Ti)(s0:50), (€) BINDO4/NH-MIL-
125(Ti)(75:25), (continued)
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A23: EDX mapping images of: (a) NH2-MIL-125(Ti), (b) BiNbOs, (c) BiNbO4/NH,-
MIL-125(Ti) (25:75), (d) BiNbO4/NH2-MIL-125(Ti)(s0:50), (€) BiINbO4/NH2-MIL-
125(T1)(z5:25), (continued)
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A23: EDX mapping images of: (a) NH2-MIL-125(Ti), (b) BiNbOs, (c) BiNbO4/NH,-
MIL-125(Ti) (25:75), (d) BiNbO4/NH2-MIL-125(Ti)s0:50), (€) BINDO4/NH2-MIL-
125(Ti)(7s:25), (continued)
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A23: EDX mapping images of: (a) NH2-MIL-125(Ti), (b) BiNbOs4, (c) BiNbO4/NH,-
MIL-125(Ti) (25:75), (d) BiNbO4/NH2-MIL-125(Ti)s0:50), (€) BINDO4/NH2-MIL-
125(Ti)(7s:25), (continued)



Appendix D: Analysis of cyclic propylene carbonate.
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A24: FT-IR spectrum of cyclic propylene carbonate.
Propylene Carbonate
©
CH
H o
D
(o]
H
@) H
@
!
I
oS © o
O © o
Ooh O o
—— ; :
ppm(fL) 10.0 5.0 0.0

A25: 'H NMR of cyclic propylene carbonate.
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A26: 3C NMR of cyclic propylene carbonate.
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