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ABSTRACT
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Despite progress in the last few years in the study of photocatalytic MOFs, there are
questions in need of further investigation, such as the factors affecting the transfer of the
charge carriers in the photoactive material, the role of metal doping on the bandgap energy
levels, and modifications in the band edges of the photocatalyst. Indeed, a better
understanding of the charge transfer mechanism and the factors affecting it will enable the
research community to prepare more active photocatalysts that might make use of a greater

part of the solar spectrum in producing solar fuels in the future.

This thesis targets the investigation of photocatalytic reduction of CO as an example
of oxygenated C1 compounds. In particular, we have prepared photocatalytically-active
metal-organic frameworks (MOFs) to investigate their charge transfer mechanism, and
further to tune their properties through doping with metal atoms within the secondary
building units (SBUs). This allowed for the systematic study of the impact that doping has

on the photocatalytic activity of these MOFs.

XV



In this work, we investigated the prepared photocatalytic MOFs for structure and
morphology using characterization techniques such as X-ray diffraction and field emission
scanning electron microscopy. We studied the charge transfer in a model photoreaction
using the prepared MOFs and the effect of changing the metal ions in the SBUs on the
photocatalytic activity using different techniques such as femtosecond transient absorption
spectroscopy and electron paramagnetic resonance spectroscopy. A computational model
for the prepared samples was developed to calculate the band gap and study the effect of

the metal exchange on the photocatalytic activity using density functional theory.

For the UiO-66 system, we studied different incorporation methods of titanium metal
into UiO-66-NH> based frameworks via post-synthetic as well as in situ metal exchange.
Each method successfully produced crystalline material with enhancement in
photophysical and photocatalytic properties. The origin of the enhanced photophysical
activity was investigated with electron paramagnetic resonance and ultraviolet-visible
diffuse reflectance spectroscopy measurements. A detailed investigation of CO> reduction
was then carried out with the different UiO-66 catalysts. A remarkable enhancement of the
photocatalytic activity was observed by using the UiO-66-NH> based frameworks
compared to the pristine UiO-66. A nearly doubled photocatalytic activity was obtained by
the Ti-Zr mixed MOF materials regardless of the method or the ratio of incorporated

titanium metal loading.

For the MIL-125 system, We studied the incorporation of zirconium metal into MIL-
125-NH> based framework via in situ method. The photocatalytic activity investigation of

the MIL-125-NH> confirms the effect of the amine linker toward better electron transfer

XVI



from the organic linker to the central metal as verified by electron paramagnetic resonance
spectroscopy. The observed decrease in the electronic bandgap of the MIL-125-NH> and
its Zr-exchange is confirmed and attributed to the effect of NH-functionalization that
boosts the reactivity of different MOFs. On the other hand, a detailed study of CO;
reduction was carried out with the pristine and the modified MOF catalysts to investigate
the effect of NH, functionalization and Zr-exchange on the photocatalytic CO> reduction

performance of MIL-125.

DFT calculations were used to study the band structure of the UiO-66 systems, the
CO:z interaction with the MOF surface, and to prepare a computational model of the charge
transfer. The observed decrease in the electronic band gaps of the modified UiO-66-based
MOFs is supported by density functional theory (DFT)-electronic structure calculations.
The DFT-simulations also confirmed the synergistic effect between -NH> functionalization
and titanium metal incorporation that boosts the reactivity of the respective MOFs. A
computational model for the charge transfer was developed describing the light interaction
with the MOF. The light is absorbed by the organic linker producing electrons. The
produced electrons transfer to the metal cluster, reducing the metal centers. In the presence
of the TEOA, the electron transfers from the linker to the TEOA, where the CO> reduction
takes place. The adsorption of the CO> on the catalyst was studied. It was found that the
produced formate blocks the active catalyst sites and prevents the reaction from converting

CO:2 to higher products.
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CHAPTER 1
INTRODUCTION

In the modern world, dependence on energy increases day by day. The International

Energy Agency (IEA) estimates that, in 2013, total global energy consumption was 5.67 x

10%°J, equal to the average power consumption of 18.0 TW[1]. Fig. 1 shows the energy

World energy consumption
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Figure 1. The growth of different types of energy sources [2].

growth for the last few decades. In the 21% century, the dependence on coal as a source of

energy grew faster than that of oil and natural gas. Hydropower and renewable energy were

the least to grow[2]. One of the biggest problems with fossil fuel energy sources is the

emission of CO- as a secondary product, raising the issue of the greenhouse effect, which

is theorized as a leading contributor to global warming.

To help save the environment, we need to find a clean source of energy that can replace

fossil fuels. Also, we need to utilize the CO2 and convert it into useful compounds. One of

the useful techniques to do this is using solar energy (clean energy from the sun). Solar



energy can be converted and used in different ways, such as electrical energy using solar

cells[3], thermal energy using solar ovens[4], or chemical energy using photocatalysis[5].

Photocatalysis is a process by which a material catalyzes an oxidation/ reduction
reaction by the absorption of a photon. This material is called a photocatalyst. In
photoinduced catalysis, the photocatalytic activity (PCA) depends on the ability of the
catalyst to create an electron-hole pair that generates free radicals able to undergo

secondary reactions.

The photocatalytic reaction takes place in three main steps (Fig. 2):

1- Light absorption: the light is absorbed by the photocatalyst where the photon with

energy equal to, or greater than, the bandgap energy of the catalyst is used to excite an
electron from the valence band to the conduction band leaving a hole in the valence band;

this is called charge carrier production.

2- Migration of charge carrier: the produced charge carrier starts moving in the

material and possibly reaches the photocatalyst surface.

3- Oxidation and reduction: the charge carriers at the surface of the catalyst start the

reaction of the adsorbed reactants on the surface of the photocatalyst. The conduction band

electrons reduce reactants while the valence band holes oxidize reactants.



Using sunlight to photocatalytically reduce such compounds produces so-called solar

fuels[6, 7].
) Reduction
v/“\c Eg: 2H™+2e" >H,
> Q%
PT 4
Y 45
l Excita‘i‘)n

‘_Q h* Oxidation
Eg: 2H,0 + 4h* >0, + 4H*

Figure 2. Steps of the photocatalytic reaction, (1) light absorption and charge carrier
production, (2) migration of charge carriers, (3) oxidation and reduction
reactions

For example, the photoreduction of CO> takes place in two main steps:

1- The oxidation of a proton donor: this may be water (H20) or alcohol (-OH). By

oxidizing these materials, protons are produced and are used in the reduction step [8].

2- The reduction of COz is a complicated process and may lead to different types of

products such as CO, HCOOH, HCHO, CH3OH, or CHa [9].

CO2 was chosen in this study as an example of the C1 oxygenated compounds. The
C1 oxygenated compounds contain one carbon atom with at least one atom of oxygen and
hydrogen. Examples of the C1 oxygenated compounds include carbon monoxide (CO),

formic acid (HCOQC), formaldehyde (HCHO), and methanol (CH30H).

To choose a suitable photocatalyst for carrying out a C1 reduction reaction, the

photocatalyst must have an energy gap greater than the energy needed for the reduction



reaction. Moreover, the band edge of the conduction band should be higher in energy than
the reduction potential of the reduced reactant, while the valence band edge should be lower

in energy than the oxidation potential of the oxidized reactant.

Table 1. The steps of the reduction reaction of CO2 and the corresponding potential with respect to the normal
hydrogen electrode.

Reaction E®redox, V vS. NHE
2H* + 2¢ — " H -0.41
H.O —> %0+ 2H" + 2¢ 0.82
COx+e — CO, -1.90
CO2+H"+2¢0 — > HCO> -0.49
CO2 +2H*+2ec — CO + H20 -0.53
CO2 +4H" + 4¢¢ —— HCHO + H.0 -0.48
CO2 + 6H* + 660 — > CH30OH + H20 -0.38
CO2 +8H*+8e° —— > CH4 + 2H20 -0.24

The photocatalytic reduction of CO> often takes place using photocatalytic metal
oxides such as titanium oxide (TiO2), zinc oxide (ZnO), and copper oxide (CuO). Yet,
many practical challenges face metal oxide photocatalysts, including engineering bandgap

absorption, increasing charge carrier lifetime, and improving photostability.

To have a practical means for the photocatalytic reduction of C1 oxygenated
compounds, it is probably best to have the reaction take place in the gaseous phase as the
compounds are produced. However, most metal oxide (nano)photocatalysts usually have
surface areas around 100 m?/g[10]. To photoreduce C1 oxygenated compounds in the

gaseous phase, high specific area materials with high adsorption capabilities are required.



To improve the photocatalytic performance of the photocatalyst, we need to
understand the charge transfer mechanism during the reaction. In a photocatalytic reaction,
the charge transfer starts with the light interaction with the catalyst. After the catalyst
absorbs the light, the charge carriers are generated and transfer across the catalyst to reach
the active sites where the reaction takes place. The charge transfer in the catalyst is
controlled by many parameters such as the charge carrier lifetime, charge carrier mobility,
and charge carrier diffusion length. For better catalytic performance, we need to understand

the charge transfer mechanism to optimize these parameters.

In the 1990s, Yaghi et al. produced a type of porous materials coined metal-organic
frameworks (MOFs)[11]. MOFs are constructed from metal oxide units connected with
organic linkers to form three-dimensional porous systems. Specific surface areas reach up
to ~10,000 m?/g[12]. Among the many MOFs reported, Ti- and Zr- based MOFs are
advantageous for practical applications as they are stable in both water and alcohol[13].
Furthermore, these MOFs can be functionalized to improve their CO. adsorption
capabilities. These qualities have allowed MOFs, in general, to be used in different

applications such as gas storage, gas separation, catalysis, sensors, and drug delivery[14].

In photocatalytic applications, MOFs have the advantage of tuning light absorption by
modification of the organic linkers by adding functional groups to the linkers such as
amines (NHy), or by coordinating with complexes like Ru(bpy). or the metal ions; this
potentially allows for more efficient use of the solar spectrum[15]. Studies have shown the
use of the organic linkers as antennas to absorb light and activate the metal clusters by the

linker-to-metal cluster charge transfer process[16].



One interesting MOF is UiO-66-NH.. UiO-66 was first prepared using ZrCls and BDC
linker. By changing the linker to BDC-NH>, the UiO-66-NH. was obtained through an
isoreticular functionalization technique of the parent UiO-66[17]. The structure of the UiO-
66-NH: is shown in Fig. 3 where it is formed by cores of ZrsO4(OH)a4. These cores create
polyhedrons that are connected with (—CO2) from the dicarboxylic acids to form
Zrs04(0OH)4(—CO2)12 clusters. The clusters are linked with the organic linkers forming a
three-dimensional structure[18]. The UiO-66-NH2 is a highly porous material with

associated high thermal and chemical stabilities[17, 19].

Special doping with Ti(IV) into the SBUs of the UiO-66-NH: has been typically used

Figure 3.Crystal structure of UiO-66. The red ball represents the free
space in the framework.

for studying the increase in the porosity and the CO- uptake[20]. However, we believe that
this doping could be useful for changing the bandgap of the UiO-66-NH> by changing the

position of the conduction band edge.



Another interesting MOF is MIL-125. It is one of the promising photocatalytic
MOFs[21]. This highly porous titanium-based MOF has a basic unit of TigOg(OH)a(-CO2)s,
which forms cyclic octamers by sharing between corner or edge octahedral titanium units.
Each octamer is connected to 12 other octamers via the organic linkers (BDC), resulting in
the formation of a quasi-cubic tetragonal structure with two cage types: octahedral (12.55

A) and tetrahedral (6 A), accessible through narrow triangular windows of 6 A (Fig. 4)[21].

Figure 4. Crystal structure of MIL-125, The large sphere in the middle represent the pore
volume.

The structure of MIL-125-NH is the same as that of MIL-125 and is prepared by the
same method, but with replacing the organic linker (BDC) by (BDC-NH). The (-NH>)
group leads to a decrease in pore size of the MOF (from 12.55 A to 12.00 A), which in turn
leads to a decrease in its surface area. Moreover, it was found that MIL-125-NH: is highly
stable in water; also, it has higher hydrophilicity than MIL-125; for the CO> adsorption,
MIL-125-NH> has a moderate capacity (96 mg/g at 298 K) — for MIL-125 the capacity is

(132 mg/g at 298 K)- due to the decrease in the surface area, with a low heat of adsorption,



which means that the CO, desorption is relatively easy. It was studied for 550 min at 298
K over four consecutive cycles to prove the ability of adsorption-desorption of CO2[22].
Also, the amine has a positive impact on the photoabsorption properties of the MIL-125 as

it shifts the photoabsorption to the visible region (red-shift)[23].

Although previous studies on MIL-125-NH- indicates that Ti** is involved in CO;
photocatalytic reduction, the full photocatalytic process remains unclear[24-28]. To
synthetically enhance the photocatalytic activity of the MOFs, we need a better
understanding of the photocatalytic reduction of CO, with redox-active metal centers and

elucidate factors influencing photocatalytic performance.

In this thesis, we will study the effect of functionalizing MOFs, and doping the metal
atoms in the base units with different concentration and study the effect on the charge
transfer for photocatalytic reduction of CO,. In the next chapter, we will briefly discuss the
experimental techniques used in this research and how each technique can be used in our
study. In chapter 3, we will study the UiO-66 system. We will study different incorporation
methods of titanium metal into the UiO-66-NH. framework via post-synthetic as well as in
situ metal exchange. Also, we will study the wrapping of UiO-66-NH, around TiO>
nanoparticles to use the TiO> photocatalytic activity and the UiO-66-NH. ability to adsorb
CO. and allow easy access to the TiO2 nanoparticles. The origin of the enhanced
photophysical will be investigated with electron paramagnetic resonance and diffuse
reflectance spectroscopy measurements. A detailed investigation of CO; reduction is then
carried out with the different MOF catalysts. In chapter 4, we extend this study to the MIL-

125 system. We study the incorporation of zirconium metal into MIL-125-NH> based



framework via in situ method. The photocatalytic activity investigation by electron
paramagnetic resonance (EPR) spectroscopy. A detailed study of CO- reduction is carried
out with the pristine and the modified MIL-125 catalysts to investigate the effect of NH>
functionalization and Zr-exchange on the catalytic CO> reduction. Chapter 5 deals with the
computational model of the CO> interaction with the MOF and the possible mechanism of
the photocatalytic reduction of CO; to value-added products. In this chapter, we are going
to start with the electronic structure of the UiO-66 series and study the effect of the different
modifications on the bandgap. Then we will study the ground state and the first excited
state charge densities, by calculating the difference in the charge densities we can get an
insight on the light interaction with the catalyst and the charge transfer in the catalyst. At
the end, we will study the adsorption site and energies for the reactant and products for the
CO- reduction reaction, which will explain the CO, photoreduction reaction. Finally, in

chapter 6, we conclude our findings and suggest future work.



CHAPTER 2
EXPERIMENTAL TECHNIQUES

In this chapter, we are going to discuss the experimental techniques used in this work,
starting with the different synthesis procedures for each compound, then the experimental
techniques used for the structural characterization, photoactivity measurements, and

photocatalytic evaluation.
2.1 Synthesis

MOF synthesis is a chemical reaction that needs energy to take place. Usually, MOF
is synthesized using solvothermal reaction, where the synthesis takes place in a solvent,
and the energy required for the reaction is in the form of heat energy. The reaction takes
place at temperatures ranging from room temperature to approximately 250 C. The energy
form can vary between electric energy, electromagnetic energy, mechanical waves, or
mechanically [29]. The energy source is closely related to the duration, pressure, and
energy per molecule that is introduced into a system [30], and each of these parameters can
have a strong influence on the product formed and its morphology [31].

In the microwave-assisted synthesis, the energy is introduced by microwave
irradiation. This synthesis is a well-established method in synthetic chemistry [32] but has
been mainly used in organic chemistry. The microwave-assisted synthesis relies on the
interaction of electromagnetic waves with mobile electric charges. These can be polar
solvent molecules/ions in a solution or electrons/ions in a solid.

The electrochemical synthesis of MOFs was first reported in 2005 by researchers at

BASF[33]. Their main objective was the exclusion of anions, such as nitrate, perchlorate,

10



or chloride, during the syntheses, which are of concern to large-scale production processes.
Rather than using metal salts, the metal ions are continuously introduced through an anodic
dissolution to the reaction medium, which contains the dissolved linker molecules and a
conducting salt.

In mechanochemical synthesis, the mechanical breakage of intramolecular bonds
followed by a chemical transformation takes place. Mechanochemistry has a long history
in synthetic chemistry[34], and it has recently been employed in multicomponent (ternary
and higher) reactions to form pharmaceutically active cocrystals and in inorganic solid-
state chemistry, organic synthesis, and polymer science [35, 36]. Its use for the synthesis
of porous MOFs was first reported in 2006 [37].

Sonochemistry deals with the chemistry that takes place upon application of high-
energy ultrasound to a reaction mixture[30].

After the MOF is synthesized, the washing process takes place. The washing process
aims to get rid of the remaining solvent from the reaction and the unreacted organic linkers
or metals that may have been blocking the MOF pores or precipitated inside the pores. The
washing process usually takes place using the solvent used during the MOF preparation to
get rid of the unreacted materials, then another solvent (with a low boiling point ) is used
to get rid of the solvent traces from the preparation and the first washing step.

After washing the prepared MOF, it is heated to evaporate the solvent and the water
molecules that may be adsorbed in the MOF pores during the synthesis and the washing
processes. This step is known as the MOF activation process. The MOF is usually heated
up to 100 °C or higher (depending on the thermal stability of the MOF and the boiling point

of the solvent used in the washing step) for one or more days under vacuum.
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2.1.1 Materials.

All chemicals were used as received without further purification. Zirconium(IV)
chloride, (ZrCls, 99.99% purity), 2-aminoterephthalic acid (99% purity), terephthalic acid
(99% purity), methanol (99.9% purity), N,N’-dimethylformamide (99% purity), Ti(IV)
isopropoxide (97%), and glacial acetic acid (99%) were purchased from Sigma Aldrich Co.
Triethanolamine (98%) was purchased from Lobal Chemie. Acetonitrile (99.93%) was
purchased from Scharlau. Ethyl acetate (99%) was purchased from Eurostar. For gas
sorption measurements, ultrahigh purity grade nitrogen (99.999%), helium (99.999%), and
high purity CO- (99.9%) were obtained from Abdullah Hashem Industrial Co., Dammam,
Saudi Arabia.

2.1.2  Synthesis of the UiO-66 and UiO-66-NH2.

Ui0O-66 and UiO-66-NH> were synthesized according to the reported procedure [38].
For UiO-66, we placed 40 mL of DMF in a 150 mL high-pressure glass jar. The mixture
was sonicated for 30 min, terephthalic acid (109.6 mg, 0.602 mmol) and ZrCls (133.6 mg,
0.573 mmol)]. Then, 2.8 mL of acetic acid was added, and the mixture was sonicated for
an additional 30 min. The mixture was subsequently heated at 120 °C in an oven for 25 h.
The resulting white microcrystalline powder was then separated by centrifugation and
washed with DMF (3 x 10 mL per d for three days) and methanol (3 x 10 mL per d for
three days). After washing was completed, the sample was activated by heating under
vacuum (1072 Torr) for 1 d at 100 °C. The same procedure was used for the UiO-66-NH;

by replacing terephthalic acid with 2-aminoterephthalic acid.
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2.1.3 Synthesis of TiO2cUiO-66-NHa.

The (<) sign means the incorporation of the first material inside the second one.
Here we aim to incorporate the TiO2 nanoparticle inside the UiO-66-NHo.
Nanoparticles of TiO2 were first prepared following a modified solvothermal method
previously reported[39]. For this, TI{OCH(CHs)2].4 (0.5 mL, 1.69 mmol) was added to a
mixture of distilled water (10 mL) and acetic acid (100 pL). The mixture was sonicated for
one h, then heated at 180 °C in an isothermal oven for one day. The white precipitate was
then collected (73% yield). To synthesize TiO2cUiO-66-NH>, TiO2 nanoparticles (40 mg,
0.501 mmol) were dispersed in 40 mL of DMF in a 150 mL high-pressure glass jar. The
mixture was sonicated for 30 min, at which time the precursors to UiO-66-NH, [2-
aminoterephthalic acid (109.6 mg, 0.602 mmol) and ZrCls (133.6 mg, 0.573 mmol)] were
added to the TiO2 suspension. Then, 2.8 mL of acetic acid was added, and the mixture was
sonicated for an additional 30 min. The mixture was subsequently heated at 120 °C in an
oil bath for 25 h with continuous stirring at 500 rpm. The resulting yellow microcrystalline
powder was then separated by centrifugation and washed with DMF (3 x 10 mL per day
for three days) and methanol (3 x 10 mL per day for three days). After washing was
completed, the sample was activated by heating under vacuum (102 Torr) for one day at

100 °C.

2.1.4 Post synthetic metal exchange [(Zr1-x/Tix)UiO-66-NHz], where x = 0.07, 0.08,
0.1,0.12, 0.13]:
In the post-synthetic metal exchange, the exchange ratio depends on the exchange

time. In our work, the exchange was done for different times (1day to 8days). After five
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days of exchange, the crystal structure of the MOF was destroyed, so we just characterized
the post-synthetic exchange samples from 1 day to 5 days. The general procedure for the
post-synthetic exchange is as follows: UiO-66-NH> (274 mg) was added with TiCls2THF
(340 mg, 1.02 mmol) in DMF (7 mL) in a 20 mL scintillation vial. This mixture was then
heated at 120 °C in an isothermal oven for 1day (exchange time). The resulting yellow
microcrystalline powder was then separated by centrifugation and washed with DMF (3 x
10 mL per day for three days) and methanol (3 x 10 mL per day for three days). After
washing was completed, the samples were activated by heating under vacuum (102 Torr)
for 1 d at 100 °C. Modification of the post-synthetic exchange process was carried out by

following the same procedure, but with different exchange times (1 day to 8 days).

2.1.5 Insitu metal exchange [(Zri1x/Tix)UiO-66-NH2), where x = 0.27, 0.59]:

In the in situ metal exchange process, the exchange ratio depends on the ratio between
the metal salts added in the precursor. In this work, we have done two different weight
ratios between the Ti salt and Zr salt (1:1) and (1:2). The in situ exchange process was
carried out with slight modifications to a reported procedure[38]. ZrCls (334 mg, 1.43
mmol) and 2-aminoterephthalic acid (274 mg, 1.51 mmol) were dissolved in a 200 ml
scintillation vial containing a solvent mixture of 100 mL DMF and 7 mL acetic acid. Once
added, the solids were completely dissolved after sonication for 10 min. TiCls-2THF (334
mg, 1.00 mmol) was then added to the solution and sonicated for 30 min. The solution was
heated for five days at 120 °C in an isothermal oven. The resulting yellow microcrystalline
powder was then separated by centrifugation and washed with DMF (3 x 10 mL per day

for three days) and methanol (3 x 10 mL per day for three days). After washing was
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completed, the sample was activated by heating under vacuum (102 Torr) for one day at
100 °C. The in-situ exchange process was modified by changing the amount of TiCls-2THF
added, from 334 mg (1.00 mmol) to 167 mg (0.501 mmol).

2.1.6 Synthesis of the MIL-125

MIL-125 was synthesized according to the reported procedure with some
modifications[40]. 1.5 g of BDC was added to 27 mL of DMF and sonicated for 10 min.
0.78 mL of Ti isopropoxide was added to the mixture and sonicated for 20 min. The mixture
was then transferred to a 50 mL Teflon tube. Finally, 3 mL of methanol was added to the
mixture, and the Teflon tube was placed in an autoclave inside the oven at 150 °C for 25
hours. The resulted powder was separated with centrifuge and washed with DMF (3
times/day for three days) to remove the unreacted materials and then washed with methanol
(3 times/day for three days) to remove the excess of DMF. The sample was then activated
by heating at 120 °C under vacuum for one day. The resulted microcrystalline powder was
then collected and characterized.
2.1.7 Synthesis of the MIL-125-NH2

The same procedure was used to synthesize MIL-125-NH; by changing the BDC
with NH>-BDC (2.16 g), and the same procedure was used.
2.1.8 Synthesis of ZrO2cMIL-125-NHz2

Nanoparticles of ZrO> were first prepared following a modified solvothermal method.
For this, ZrCls (0.7 g) was added to distilled water (10 mL). The mixture was sonicated for
5 min, then heated at 180 °C in an isothermal oven for 1 d. The white precipitate was then

collected (82% yield). To synthesize ZrO,cMIL-125-NH2, ZrO> nanoparticles (5.5 mg)
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were dispersed in 13.5 mL of DMF in a 20 mL microwave vial. The mixture was sonicated
for 30 min, at which time, the 2-aminoterephthalic acid (1.08g) was added to the TiO>
suspension. The system was then closed, vacuumed, and kept under N2 atmosphere. After
that, Ti-isopropoxide (0.39 mL) was added, and the system was sonicated for 10 min.
Finally, methanol (10 mL) was introduced to the system, and the mixture was sonicated for
an additional 30 min. The mixture was subsequently heated at 150 °C in an oil bath for 48
h with continuous stirring at a rate of 500 rpm. After this time elapsed, the resulting yellow
microcrystalline powder was then separated by centrifugation and washed with DMF (3 x
10 mL per day for three days) and methanol (3 x 10 mL per day for three days). After
washing was completed, the sample was activated by heating under vacuum (10 mTorr)

for one day at 120 °C.

2.1.9 Insitu metal exchange [(Ti1-x/Zrx)Mil-125-NH2), where x = 0.08, 0.25].

The in situ exchange process was carried out following the same procedure as in
section 2.1.6 with slight modifications. Here a 2.16 g of NH2- BDC was added to 27 mL
of DMF and sonicated for 10 min. 0.78 mL of Ti isopropoxide was added to the mixture
and sonicated for 20 min. During the sonication, 123 mg of ZrCls was added to the mixture.
The mixture was then transferred to a 50 mL Teflon tube. Finally, 3 mL of methanol was
added to the mixture, and the Teflon tube was placed in an autoclave inside the oven at 150
°C for 25 hours. The resulted powder was separated with centrifuge and washed with DMF
(3 times/day for three days) to remove the unreacted materials and then washed with
methanol (3 times/day for three days) to remove the excess of DMF. The sample was then

activated by heating at 120 °C under vacuum for one day. The resulted microcrystalline
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powder was then collected and characterized. The in-situ exchange process was modified

by changing the amount of ZrCls added; this amount three from 123 mg to 61 mg.

2.2 Characterization Techniques

The proper characterization of materials helps in understanding the material properties
and behaviors. There are a wide variety of characterization techniques in the areas of
Microscopy, Spectroscopy, and thermal techniques. Each technique studies different
aspects of the material. In our work, we used the characterization techniques to ensure the
successful preparation, the morphology, the stability, and the composition of our prepared
catalysts.

2.2.1 Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction is an analytical technique used for phase identification of a
crystalline material and can provide information on unit cell dimensions[41, 42]. The
analyzed material is grounded, homogenized, and the average bulk composition is
determined. When an X-ray is shined on a crystal, it diffracts in a spectrum characteristic
of the structure. A diffraction pattern plots intensity against the angle between the source

and the detector (Fig. 5a).

Basic concepts for PXRD

Max von Laue, in 1912, discovered that crystalline substances act as three-dimensional
diffraction gratings for X-ray wavelengths similar to the spacing of planes in a crystal
lattice. Since most materials have unique diffraction patterns, crystals can be identified by

using a database of diffraction patterns. The purity of a sample can also be determined from
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its diffraction pattern, as well as the composition of any impurities present[43]. A
diffraction pattern can also be used to determine the lattice parameters of a crystal

structure[44].

X-ray diffraction is based on the constructive interference of monochromatic X-rays
and a crystalline sample. These X-rays are generated by a cathode ray tube, filtered to
produce monochromatic radiation, collimated to concentrate, and directed toward the
sample. X-rays are partially scattered by atoms when they strike the surface of the powder
sample. The part of the X-ray that is not scattered passes through to the next layer of atoms,
where again part of the X-ray is scattered, and part passes through to the next layer. The
multiple scattering causes an overall diffraction pattern, similar to how a grating diffracts
a beam of light. For X-ray to diffract, the sample must be crystalline, and the spacing
between atom layers must be close to the X-ray wavelength. If beams diffracted by two
different layers are in phase, constructive interference occurs, and the diffraction pattern

shows a peak. However, if they are out of phase,
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Figure 5. a) Shows a schematic diagram of the PXRD showing the components of the PXRD, the X-ray optical path, and the
angle measurement between the X-ray source and detector. b) A schematic diagram of the X-ray source showing the
X-ray gun and its components.
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destructive interference occurs. Diffraction peaks only happen when conditions

satisfy Braggs Law [45]

Where (n) is a positive integer, (d) is the lattice spacing, and (A) is the wavelength of
the X-ray source. This law relates the wavelength of X-ray to the diffraction angle and the
lattice spacing in a crystalline sample. The diffracted X-rays are detected by a detector,
processed and counted. By scanning the sample through a range of 20 angles, all possible
diffraction directions of the lattice should be attained due to the random orientation of the
powdered material. Conversion of the diffraction peaks to d-spacings allows identification
of the mineral because each mineral has a set of unique d-spacings. Typically, this is

achieved by comparison of d-spacings with standard reference patterns.

The particle size of the powder can also be determined by using the Scherrer formula

[46, 47],

kA

B2 — BZcos 6

t =

Where (k) is a constant depending on the material, (Bm) is the observed peak width,

(Bs) is the bulk material peak width, and (t) gives a measure of the particle size.

X-ray diffractometers consist of three essential elements (Fig. 5a): an X-ray source, a
sample holder, and an X-ray detector. X-rays source is a cathode ray tube (Fig. 5b).

Cathode ray tube generates X-rays by heating a filament to produce electrons, accelerating
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the electrons toward a target by applying a voltage, and bombarding the target material
with electrons. When electrons have sufficient energy to free inner shell electrons of the
target material, characteristic X-ray spectra are produced. These spectra consist of several
components, the most common being Kqand Kgs. The specific wavelengths are
characteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal
monochromators, is required to produce monochromatic X-rays needed for diffraction.
Copper is the most common target material for X-ray diffraction, with CuK, radiation =

1.5418A[48].

These X-rays are collimated and directed onto the sample. As the sample and detector
are rotated, the intensity of the reflected X-rays is recorded. When the geometry of the
incident X-rays impinging the sample satisfies the Bragg Equation, constructive
interference occurs, and a peak in intensity is observed. A detector records and processes
the X-ray signal. The signal is then converted to a count rate, which is then sent for data

storage and display.

In this work, Rigaku MiniFlex 11 X-ray diffractometer (XRD) with Cu K, radiation (A

=1.5418 A) was used for PXRD spectroscopy.

22,2 Scanning Electron Microscope (SEM)

The scanning electron microscope uses electrons for image formation instead of the
light that is used in ordinary optical microscopes (Fig. 6). The electron beam is generated
from an electron gun containing a tungsten filament. The beam is controlled using a
combination of electric and magnetic fields. These electric and magnetic fields can focus

the beam and control the path of the focused beam to scan the sample. These parts should
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be under a high vacuum to increase the resolution of the image. If air molecules were found

in the path of the beam, the beam electrons would be scattered[49].

How does the SEM work?

1- Electron beam generation: When the electric current
passes through the tungsten filament, thermal energy is
generated. When the thermal energy is more than the work
function (Exw>®) of the tungsten, electrons are produced. The
produced electrons are then accelerated under a potential

difference towards the anode forming an electron beam.

2- Electron beam control: like the optical microscope,
SEM needs lenses to focus the electron beam. As the electrons
cannot pass through the glass, electromagnetic lenses are
used. The charged electrons can be affected by the
electromagnetic field, so coils inside a metal pole are used as

the electromagnetic lens[50]. There are two types of
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Figure 6. Schematic diagram of the SEM showing
its components, the electron beam path
from the electron gun to the detector, and
different types of detectors.

electromagnetic lenses in the SEM, the condenser lens and the objective lens. The

condenser lens defines the beam size. It is placed near the electron gun; this lens converges

the electron beam before the electron beam cone opens again. The objective lens converges

the beam coming from the condenser lens and focus it on the sample. Scanning coils are

used to raster the beam onto the sample[48].
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3- Sample electron interaction: The
high energy electron beam that interacts
with the sample produces three types of
beams[48]; backscattered electron beam
(BSE), secondary electron beam (SE), and
characteristic X-ray (Fig. 7). Backscattered
electrons belong to the primary electron
beam and are reflected back after elastic
interactions between the beam and the

sample. The scattering occurs by atoms

below the surface of the sample and shows
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Figure 7. Types of electrons produced from the
interaction of the electron beam with the
sample.

high sensitivity to differences in the atomic number. On the other hand, secondary electrons

originate from the atoms of the sample. They are a result of inelastic interactions between

the electron beam and the surface of the sample. It gives detailed information about the

surface morphology of the sample. The produced X-ray from the electron-sample

interaction is used for the elemental analysis of the sample. Since each material produces

characteristic X-ray differs from the other samples, the detection of the energy of the

produced X-ray gives information about the composition of the sample.

In this work, a Tescan LYRAS dual-beam field emission scanning electron microscope

(FE-SEM) at an accelerating voltage of 10 kV was used to determine the particle size and

morphology.
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2.2.3 Gas adsorption isotherm

In 1985 IUPAC issued a manual on “Reporting Physisorption Data for Gas/Solid
Systems”. This manual discussed the use of gas sorption as a tool in determining sample
porosity and surface area[51]. Since then, gas adsorption is a well-established method for

surface area measurement and pore size determination of porous solids.

Over the past years, nonporous materials have been widely developed with different
types of pore sizes and structures such as mesoporous molecular sieves[52], carbon
nanotubes[53], and nanohorns[54] and materials with categorized pore structures[55]. The
characterization of these newly developed materials has led to the development of
experimental protocols for the adsorption of various subcritical fluids such as nitrogen (at
77 K) and argon at (87 K). The analysis of the data obtained from these measurements has
developed new techniques based on DFT calculations and the molecular simulations to

analyze the pore structure[56].
Measuring surface area with BET
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Figure 8. Gas adsorption system diagram showing the BET calculation steps for both tubes, the gas tube (empty tube)
and the reference tube (colored tube).

Definitions and terminologies

o Adsorption: the attachment of molecules or atoms (adsorbate) to a surface of other

material (adsorbent).
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o Absorption: the penetration of the adsorbate material through the surface layer of

the adsorbent.

o Physisorption: occurs when the attachment of the adsorbate material to the
adsorbent surface takes place by physical forces (attractive force, Van der Waals forces,
polarization, field-dipole, field gradient-quadrupole). It does not include the formation of

chemical bonds.

o Chemisorption: It takes place when there is a chemical bond formation between

the molecules of the adsorbent and the adsorbate.

o The energy of liquefication (EL): is the energy released from the conversion of
the gas to the liquid. In our work, it is defined as the energy released from the gas molecule

condensation in the multilayer adsorption.

o Single-layer formation energy (Es): is the energy released from the formation of

a single layer of the adsorbate on the adsorbent surface.

J Gibbs free energy (AG): the maximum amount of non-expansion work that can be

extracted from a thermodynamically closed system

o Helmholtz free energy (AH): athermodynamic potential that measures the
useful work obtainable from a closed thermodynamic system at a constant temperature

and volume.

o Internal energy (U): It is the energy necessary to create or prepare the system in

any given state, but does not include the kinetic energy of motion of the system as a whole,
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nor the potential energy of the system as a whole due to external force fields which include

the energy of displacement of the system's surroundings.

o Avogadro number (Na): is the number of molecules that are contained in one mole

of the material. In Sl units, it is equal to 6.02 x 10?3 mol ™.

o Pressure (P): the force applied perpendicular to the surface of an object per

unit area over which that force is distributed.

. Capillary condensation: is the adsorption of multilayer from the adsorbate into

the pores of the adsorbent until the adsorbent pore is filled by the condensed adsorbate

particles.

. Micropores: pores with a width of less than 2 nm.

o Mesopores: pores with a width between 2 nm to 50 nm.
. Macropores: pores with a width greater than 50 nm.

The isotherm is represented as the uptake amount of gas adsorbed (in mol/g) — mole
of gas and gram of catalyst — as a function of relative pressure of vapor pressure of liquid
nitrogen (P/Po) where (Po) is the pressure in the standard cell. According to the IUPAC
classification 1985, there are 6 types of isotherms (Fig. 9) depending on the sample

isotherm behavior in the gas adsorption and desorption processes[56]

Types of isotherm
Type-1 isotherm: Here, the adsorbent exhibits a significant increase in the uptake at

relatively low pressure and immediately saturates in the absorption as the pressure
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approaches the saturation pressure (Po). This behavior is shown when the energy of
liquefication of the adsorbate is negligible compared to the single-layer formation energy
(EL= 0), which allows the adsorbate to form a single layer on the adsorbent surface. Once
the layer is formed, no more adsorbate material will attach to the adsorbent, which causes

saturation in the isotherm.

Type-I1 isotherm: Here, the adsorbent shows a small increase in the uptake at low
pressure, then saturation is achieved, and as we approach the saturation pressure, the

absorption increases sharply. This behavior is shown when the energy of liquefication of
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Figure 9. Graphical representation of amount adsorbed and the
relative pressure for all types of isotherms.
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the adsorbate is smaller than the single-layer formation energy (Es>EL). At low pressure,
as the pressure increases, the uptake increase until the first layer of the adsorbate is formed
on the adsorbent surface. Then a small saturation takes place before the adsorbate
molecules start forming the multiple layers. This explains the sharp increase in the uptake

as the pressure approaches the saturation pressure.

Type-I11 isotherm: In this case, the uptake increases as the pressure increases, and there
IS no saturation. This isotherm is obtained when the energy of liquefication of the adsorbate
is greater than the single-layer formation energy (Es<EL). So, as the pressure increases, the

adsorbate molecules start condensation, and no single layer is formed.

Type-1V isotherm: This isotherm is obtained when there are some pores in the
adsorbent surface. In the low-pressure region, the isotherm shows a behavior like type-1I
behavior, but as the pressure increase, the uptake reaches another saturation region as the
pressure reaches the saturation pressure. This change in the isotherm is due to the capillary
condensation process. At the beginning of this isotherm, the first layer is formed, then the
adsorbate condensation takes place (Es>EL). After the formation of the single-layer the
adsorbate molecule starts filling the pores in the surface of the adsorbent, the small pores
are filled before the large pores. After the pores are filled, the saturation of the uptake is

achieved.

Type-V isotherm: Similar to type-1V, this isotherm is obtained when there are some
pores in the adsorbent surface. In the low-pressure region, the isotherm shows a type-I11i
behavior, but as the pressure approaches the saturation pressure, the uptake saturation is

achieved. This change in the isotherm is due to the capillary condensation process. Here
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no single layer is formed, and the adsorbate condensation takes place from the beginning

(E5<EL).

Type-VI isotherm: This isotherm represents the layer by layer adsorption on a
nonporous adsorbent. The step height represents the capacity of each layer, while the step

sharpness depends on the temperature of the system.

Origin of the hysteresis
Hysteresis takes place between the adsorption and the desorption curves in some

isotherm cases. The hysteresis in the multilayer physisorption isotherm is combined with
capillary condensation. The metastability of the multilayer adsorbed on the surface of the
adsorbent cause the delay of the condensation in the open geometry pore (cylindrical pore).
This delay results in the formation of an adsorption branch that is not in thermodynamic
equilibrium. Since the desorption doesn’t contain layer formation and it only depends on
the liquid-vapor transition, the desorption branch is in a thermodynamic quasi-equilibrium

state[56]

Surface area calculation

Many catalysts have been developed to calculate the surface area and porosity of the
samples from the gas isotherm. From these catalysts, the BET model is considered one of
the most reliable catalysts for the surface area calculation. BET is the initials of the three
scientists’ names who developed the mathematical model required for the measurement:

Brunauer, Emmett, and Teller[57].

This theory is based on Langmuir's theory [58] for the monolayer adsorption but with

some extensions. The model is based on the following assumption:
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1. The multilayer formation for the adsorbate on the adsorbent can go infinitely.

2. The adsorbate molecule interaction is in short-range, which means that the

molecules interact with adjacent layers only.
3. The Langmuir theory can be applied to each layer.
The BET equation is

P 1 +(C—1)P
ng(Py—P) nuC n,CP

Where (P) is the pressure, (Po) is the saturation pressure, (na) is the total uptake of the

gas, (nm) is the monolayer capacity, and (C) is the BET constant.

The data is presented as a relation between (#’;f/)) with (P/Po). The BET range of
allt™ Py

values should be linear. From the slope and the y-intercept, the values of (nm) and (C) can

be calculated. The selection of the linear range is based on the following

1. The BET constant (C) must be positive, as any negative y-intercept indicates that

the points are outside the BET range.
2. The relative pressure (P/Po) must be increasing.
The total surface area (St) can be calculated as follows:[59]

_ Ny Ngs
oy
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Where (Na) is Avogadro’s number, (s) is the cross-sectional area of the adsorbate, and

(V) is the molar volume of the adsorbate gas.
The BET specific surface area is calculated as follow

Sppr = 2

BET — m
Where (m) is the total mass of the adsorbent sample. Nitrogen is the most used
adsorbate, because it is inert, well-known size (0.162 nm?), and abundant gas. So, the N.-

isotherm is usually done with nitrogen gas at 77 K[56].

In our research, the samples’ porosity and absorptivity were investigated by low-
pressure N2 adsorption isotherms on a Quantachrome Quadrasorb Evo and CO; sorption
isotherms on a Quantachrome Autosorb iQ2 volumetric gas adsorption analyzer,
respectively. The measurement temperatures of CO- sorption isotherms were carried out at

273 and 298 K that was controlled with a water circulator.

2.2.4 Thermal Gravimetric Analysis (TGA)
Thermogravimetric Analysis is a technique by which the mass of a substance is
monitored as a function of temperature as the specimen is subjected to a controlled

temperature program in a controlled atmosphere[60].
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A TGA instrument diagram is shown in Fig. 10. It consists of a sample pan that is
supported by a precision balance. That pan resides in a furnace and is heated or cooled

during the experiment. The mass of the sample is monitored during the experiment. A
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Sample platform

Thermocouple

Sample pan
Fumace assembly

Purge gas outlet

Heater
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Purge gas inlet

%0 %0 %
Sample pan holder Temperature (C)

Figure 10. a) Schematic representation of TGA setup showing different components of the system. b) the TGA for
carbon black.

purge gas controls the sample environment. This gas may be inert or a reactive gas that

flows over the sample and exits through an exhaust[60].

This technique is used to study the thermal stability of the samples in different
atmospheres (air or inert gases). In some cases, it can be used to give a rough indication of
the metal content in samples[61]. The obtained data is plotted in a graph of mass with
temperature, as in Fig. 10. The decrease of the mass at each temperature is attributed to the
decomposition of some parts of the sample. When the sample is burned in air, the oxygen
reacts with all the organic compounds forming different types of gasses (CO2, H20, NO>),
leaving the metal oxides as a residue. By analyzing this residue, the metal content in the

sample can be estimated.
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In this work, thermal gravimetric analyses (TGA) were performed on a TA
Instruments TGA Q-500 instrument with the MOFs samples placed in a platinum pan under

airflow with a 10 °C per min heating rate in the range from 30 °C to 800 °C.

2.2.5 Inductively Coupled Plasma (ICP)

Inductively coupled plasma is a technique used to determine the metal traces in
samples. It was first used in the late 1950s [62] and has been continuously developed since
then[63]. The basic idea of this technique is to excite the metal atoms in the sample, collect
the emission light, and analyze it. The excitation is achieved using a high-temperature
plasma (6000 K- 10000 K). This temperature is sufficient to vaporize, excite, and ionize

the sample’s molecules[64].

Working principle
A schematic diagram for the ICP device is shown in Fig. 11. In ICP, argon gas is

mostly used as the plasma source. A time-varying magnetic field is used to ionize the argon
gas to form the plasma. This magnetic field is produced when a time-varying electric
current is allowed to pass through a coil. The generated magnetic flux can be calculated as

follow
¢ = mr’H = wr?H, cos (wt)

where (r) is the radius of solenoid, (H) is the magnetic field. This time-varying

magnetic field produces a time-varying electric field with strength

1
E= S wr H, sin(wt)
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This electric field is responsible for the plasma generation.

To initiate the ionization of the argon gas, a tesla coil is used. The produced electrons
and ions then interact with the fluctuating magnetic field producing enough energy to
ionize more argon by collision with the neutral atoms. The produced electrons accelerate
in the produced electric field toward the torch. The accelerated ions collide with the argon
gas atoms causing more ionization. The collision results in a significant increase in the

temperature. When a high electron density steady state is achieved, the plasma will be
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Figure 11. Schematic diagram for the ICP system shows different components of the system
and the sample path from the injection point to the detector

formed at the top of the torch. The sample is digested in a strong acid (nitric acid,
hydrofluoric acid, etc.,) then allowed to enter the torch from below. The torch temperature
is sufficient to vaporize the sample and excite it. When the sample leaves the torch to the
detector, it relaxes to the ground state emitting photons with wavelength characteristics for
each metal. The produced photons are separated and analyzed using spectroscopic

techniques to identify the metals[48].
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In our work, ICP-OES was used to identify the actual metal content of the synthesized
MOFs samples by using Analytik Jena PlasmaQuant PQ9000 ICP-OES having a
radiofrequency (RF) generator power of 1200 W, auxiliary gas flow rate of 0.5 L min™,
nebulizer gas flow rate of 0.5 L min™, cone gas (Ar) rate of 9 L min, and a cold gas flow

of 12 L min™,

2.2.6 Electron Paramagnetic Resonance (EPR)

Electron paramagnetic resonance spectroscopy (EPR), also called electron spin
resonance (ESR), is a technique used to study chemical species with unpaired electrons
based on the angular momentum of the electron.

The first evidence for electron angular momentum was observed in 1896 when
Dutch physicist Zeeman observed the line splitting in optical spectra in a static magnetic
field (Zeeman effect)[65]. After the availability of microwave instruments, the
development of the EPR technique enhanced[66]. Between 1960 and 1980, continuous
wave (CW) EPR developed while pulsed EPR was mainly studied at Bell laboratories. In
the 1980s, the first commercial pulsed EPR spectrometer appeared in the market and was
extensively used in the biological and medical fields. Nowadays, EPR has become a

versatile and standard research tool.

EPR Working principle
The electron in an atom is a negatively charged particle that orbit around the nucleus,

and also has a quantum spins. The rotation of the electron around the nucleus generates the
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orbital angular momentum (L). The spin of the electron generates the spin angular

momentum (S)[67].

The spin angular momentum projected on the z-axis is

Where (h) is Planck’s constant, and (ms) is the spin angular quantum number which
has the values (S, S-1, S-2......, -S); so, it has (2S+1) values. For the unpaired electron,

S=1/2. So, ms = +1/2 and -1/2.

The magnetic moment, i is directly proportional to the spin angular momentum, and

one may therefore write

He = — e U S

Where ge is the free electron g-factor (2.0023)[68], us is the Bohr magneton which can

be written as

_eh
B 4mm,

Up

Where (e) and (me) are the electron charge and mass, respectively. When the atom is
placed in a magnetic field, the field interacts with the electron’s magnetic moment. This

interaction energy can be written as
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When there is no external magnetic field (B=0), there will be only one energy state (E-
12 = E+12 = 0). When an external field is applied, the energy state will split into 2 states

with the energy difference

1
El:_EQHBB

+2

1
Ei=59uB

For a single unpaired electron, there will be two possible energy states with energy

difference
AE = gug B
This is known as the Zeeman splitting[65].

To excite an electron from the lower energy state to the higher energy state a photon

of energy (hv = AE) is needed, so
hv=gugB

The microwave frequency and the magnetic field can be controlled to achieve this
condition. The other factors are known constants, and g is a constant of proportionality
whose value is the property of the electron in a certain environment. So, the last equation

can be written as[69]
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EPR spectrometers typically vary the magnetic field and hold the microwave
frequency constant (Fig. 12)[48]. For a free electron, the value of g is constant (g=ge), but
when the electron is in a particular environment, for example in a transition metal ion
complex, the second magnetic field produced by the nuclei, AB, will also influence the

electron. So, the equation can be written as[70]

s O

From the relationship shown above, we know that there are infinite pairs of » and B
that fit this relationship. The magnetic field for resonance is not a unique “fingerprint” for
the identification of a compound because spectra can be acquired at different microwave
frequencies. On the other hand, the (4g) value contains the chemical information that lies

in the interaction between the electron and the electronic structure of the molecule; one can
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Figure 12. a) Schematic diagram of the EPR system shows the different components and the optical path of the microwave.

b) graphical representation of the absorption and its derivatives.

simply take the value of (g = ge+ 4g) as a fingerprint of the molecule. For organic radicals,
the g-value is very close to ge with values ranging from (1.99-2.01)[71]. For example, the

g-value for "CHs ( CHs radical) is 2.0026[71]. For transition metal complexes, the g-value
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varies a lot because of the spin-orbit coupling and zero-field splitting. Usually, it ranges
from 1.4-3.0 [72] depending on the geometry of the complex. For instance, the g-value of

low-spin ferric heme is 2.8 {Bohan, 1977 #275}.

When the intensity of the applied magnetic field increases, the difference between the
energy levels widens until it matches the microwave radiation, and results in the absorption
of photons. The EPR spectrometer measures the absorption of the photons. The absorption
signal then passes through a phase-sensitive detector, which converts the normal absorption
signal to its first derivative. To determine the g-value, we use the center of the absorption
signal. In the EPR spectrum, the point where the first derivative of the spectrum passes
through zero corresponds to the center of the signal of the absorption spectrum (Fig. 12)

[48].

To probe each material’s interaction with light, and to gain insight into the excited
state of the photocatalytic system, electron paramagnetic resonance (EPR) spectroscopy
was performed. The EPR spectroscopic data were collected on a SPINSCAN X-benchtop
EPR spectrometer from ADANI, Belarus, operated at the CW X-band, with an internal
frequency counter, and fully auto-tuned. The spectrometer runs at a modulation frequency
and amplitude of 100 kHz and 0.1 G, respectively. Its microwave frequencies were cross-
checked with a Hewlett-Packard 5342 A microwave frequency counter. In a typical
measurement, a sample was suspended in a solvent mixture that functions as a proton
donor, as follows: 25 mg of the sample was added to a 0.2 mL mixture of ethyl acetate,
acetonitrile, and water (5:1:0.1 v/v, respectively). The solution was then added to a capillary

glass tube, which was then sealed and placed in the EPR device at 173 K and at room
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temperature (300 K) in the dark and after irradiation with a white light source covering the

visible and near-UV spectrum. When needed, the UV light was filtered out by glass.

22,7 Diffuse Reflectance Spectroscopy (DRS)

When light interacts with a powder sample, it is reflected in all directions. Due to the
variety of powder shapes, it is reflected in many directions. The remainder of the light is
refracted as it enters the powder, where it is scattered due to internal reflection, reflection
from the surfaces of other powder grains, or repeated refraction entry into the powder.
Some of this scattered light is emitted back into the air. As the diffuse reflected light is
reflected or passes through the powder, it becomes weaker if absorption by the powder
occurs[74]. This results in a diffuse reflection spectrum (Fig. 13a). However, in regions
where the powder exhibits strong absorption, most of the diffuse reflected light in long
light paths is absorbed, such that only the diffuse reflected light from short light paths is
emitted back into the air[74]. On the other hand, in bands of weak absorption, some light
is not absorbed even in long light paths, and this diffuse reflected light is emitted to the air,
resulting in strong peaks.

In such a diffuse reflectance spectrum (Fig. 13b), the absorbed wavenumber positions
are the same as the transmission spectrum. However, the relative intensity between peaks
differs from the transmission spectrum because the weak peaks in the transmission
spectrum become comparatively stronger in the diffuse reflectance spectrum. The so-called
K-M function (F(R-)) derived by Kubelka-Munk is used for quantitative analysis[75].

1-R.)? K
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Where R. is the reflectance, K is the absorption coefficient, and S is the scattering

coefficient. F(R) is proportional to absorption under reasonable assumption[75]. The F(R)
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Figure 13. a) Schematic diagram for the DRS system showing different components of the system and the optical path
of the incident UV-Vis beam from the source to the detector. B) Reflectance spectrum obtained from the
DRS system. c) Processed Tauc plot for optical band gap calculation.

is then used to plot the Tauc plot. A Tauc plotis used to determine the optical bandgap[76,
77]. Jan Tauc showed that the optical absorption spectrum of amorphous germanium
resembles the spectrum of the indirect transitions in crystalline germanium (plus a tail due
to localized states at lower energies), and proposed an extrapolation to find the optical gap
of these crystalline-like states. Typically, a Tauc plot (Fig. 13c) shows the absorption
(ahv)Y" versus the quantity v (the energy of the light), where o is the absorption
coefficient of the material. The value of the exponent r denotes the nature of the
transition[78]:
r = 1/2 for direct allowed transitions

r = 3/2 for direct forbidden transitions.
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r = 2 for indirect allowed transitions

r = 3 for indirect forbidden transitions

The resulting plot has a distinct linear regime which denotes the onset of absorption.
Thus, extrapolating this linear region to the energy axis yields the energy of the optical
bandgap of the material.

The (DRS) measurements were performed by using a Shimadzu UV-1650PC
spectrophotometer. In a typical experiment, a sample of the appropriate material was
grinded and placed in the UV-DRS device equipped with a 50 W halogen lamp and a
deuterium lamp. The obtained spectrum represents the absorbance of the sample as a
function of the incident wavelength.

F(R) was then plotted against the photon energy (hv) to create the Tauc plot. The
bandgap was then obtained by fitting a straight line to the straight segment of the plot and

extrapolating this line to get bandgap from the x-intercept

2.2.8 Femtosecond Transient-Absorption Spectroscopy (FTA)

Transient-absorption spectroscopy is a type of non-linear spectroscopy. It is used for
the time-resolved study of excited-state molecular dynamics or molecular processes like
charge and energy transfer, conformational rearrangements as well as the detection of
short-living reactive intermediates in chemical reactions[79-81]. In this technique (Fig.
14), amolecular ensemble is excited to a state above the ground state at a defining moment

in time (pumping). The pump event triggers the population of the excited state in the sample
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Figure 14. Schematic diagram for the FTA system showing different parts of the system and the optical path of the
pump peak (red) and the probe beam (blue).

system. The excited-state dynamics are then monitored at different time intervals (probing).
The results are represented as the absorbance of the sample at a specific wavelength as a

function of time.

Working principle

After the development of femtosecond laser sources, pulsed laser techniques have been
used for the time-resolved experiments to study the ultrafast molecular processes. In the
liquid phase experiments, the absorbance of the excited sample is measured. The central
wavelength of the excitation pulse is chosen to fit the linear absorption of the molecular
sample under investigation.

The determination of the probe pulse spectrum is determined according to the studied
molecular event. To study the electronic transitions and absorptions of photoproducts,
probe spectra in the ultraviolet (UV) and visible (Vis) regime are used. In the case of
examining the molecular vibrations - which is especially useful when structurally different
reactive intermediates need to be distinguished- mid-infrared (MIR) probe pulses can be

used[82].
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After the sample excitation, a second laser pulse is used to probe the sample absorption
as a function of probe wavelength A and delay time t. The delay time represents the time
between the pumping signal and the probe signal. This time can be adjusted by adjusting
the optical length of the pulse, which can be done using an adjustable mechanical stage that
can delay time up to a few nanoseconds. In order to maintain the maximum spectral
distribution, the two pulses (pump and probe) are derived from the same source[83].

The absorbance of the probe pulse (A) is related to the intensity of the incident (1) and

the transmitted (lo) light by Beer-Lambert law [84]

I
A =log (70)

In this experiment, we are looking for the change in absorbance (AA) which can be

calculated as follow
AA = Al _— A2

Where (A1) is the absorbance of the pumped sample, and (A>) is the absorbance of the

unpumped sample. So, (AA) can be written as

Iy I'y Lyl
AA =1 (—)—1 o) o ( )
AV °g<12> AV

Where (lo) and (I’0) are the intensities of the incident pump and probe pulse

respectively, while (11) and (I.) is the intensity of the transmitted pulse for the pump and
the probe respectively. In the real experiment both the pulses are driven from the same

source, so (lo=I"o) and
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I
AA =log (1—)
1

The resulting (AA) can be plotted as a function of wavelength or time. Plotting of (AA)
as a function of wavelength, at different specific times, gives information about the
evolution or decay of various intermediate species involved in a chemical reaction at
different wavelengths[85]. Plotting of (AA) as a function of time, for different wavelengths,
provides information regarding the number of decay processes involved at a given
wavelength, and how fast or slow the decay processes are. It can provide evidence with
respect to intersystem crossing, intermediate unstable electronic states, trap states, surface

states, etc. [85].

2.3 Catalyst evaluation

The photocatalytic CO> reduction reactions were performed in a 10 mL gas-tight vial
equipped with a penetrable septum. For each reaction, 50 mg of the appropriate catalyst
was placed inside the vial then degassed for 5 min. Then, 5 mL of CH3CN, functioning as
the solvent, was added to the vial together with triethanolamine (0.1 mL), working as a
proton donor. The mixture was then sonicated for 30 min, degassed, and flushed by
bubbling CO- for 30 min inside the mixture at ambient pressure to ensure that no air was
present. The degassing was done by the following steps: first, the vial was vacuumed and
flushed by CO> gas for 3 times. Then the vial was connected to the CO- cylinder, and a
syringe needle was placed in the septum to remove the access pressure to maintain the
ambient pressure in the vial. Finally, the system was placed on a flat surface 30 cm below

a solar simulator, with power equivalent to 460 W, for 17 h (Fig 15a).
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Evolved gaseous products were monitored using a GC equipped with a methanizer and

FID detector. Liquid products were analyzed by GC-MS (Fig. 15b).
(A)
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Figure 15. A) Experimental setup used in the photocatalytic reaction, and B) following analysis for both gas
and liquid phases to determine the products.
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The photocatalytic activity for the catalyst is evaluated according to different terms:

e The turnover number (TON), which is the number of moles of the CO> that a mole
of catalyst can convert before becoming inactive. An ideal catalyst would have an
infinite turnover number in this sense because it wouldn't ever be consumed, but in
practice, one often sees turnover numbers, which go from 40 million down to 100
for the catalyst. The TON was calculated as follows:

TON — the amount of formate produced (umol)

the amount of metal active sites in the catalyst (umol)
The amount of active metal sites is calculated as follow
metal active site
= no.of metal atoms per mole * the no.of catalyst moles(umol)
e The term turnover frequency (TOF) is used to refer to the turnover per unit time.

The (TOF) was calculated as follows:

TON

TOF =
total time for the reaction (hr.)

e The product yield is the ratio between the reaction product amount and the amount
of the reactants. It was calculated as follows (considering that the formate is the
only product from the reaction and the amount of the other products is negligible)

the amount of format produced (umol)

Yeild = 100

*
the amount of CO, injected in the reaction (umol)

The amount of CO: injected in the reaction

the volume of injected CO, (L)
22.4 (L/mole)

amount of CO, =
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To measure the volume of the CO- in the reaction, first, 5ml of the liquid mixture and 50
mg of the catalyst were placed in the reaction vial. The vial was then vacuumed using a
rotary pump. Finally, the CO, was added to the system using a 10ml syringe without
adding any excess pressure. It was found that 8ml of the CO2 was sucked into the system.
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CHAPTER 3
UIO-66 AS APHOTOCATALYST

3.1 INTRODUCTION

In order to synthesis a photocatalyst suitable for CO> reduction into value-added
products, one must consider how to optimize the activity, selectivity, and efficiency of the
catalyst being studied[86, 87]. Metal-organic frameworks (MOFs) are ideal in this regard
as they are extended heterogeneous crystalline solids with geometrically defined organic
backbones that site isolate discrete metal oxide clusters in a periodic and ordered
fashion[88]. The inherent structural properties of MOFs directly address the activity
concerns that molecular catalysts face as MOFs’ high internal surface area, as well as their
high density of spatially isolated active sites, are ideal in this regard[89]. Similarly, because
of the crystalline nature of MOFs, each atom within any given framework can be modified
with atomic precision, which provides a chemical handle over-optimization of its
selectivity[87].

In the development of new photocatalytic MOF materials, attention has mainly
focused on understanding the light absorption properties of unmodified MOF
structures[90, 91]. This, in turn, has led to the targeting of MOFs that are composed of
specific metals (photoactive metals) in order to shift the light absorption from the
ultraviolet to the visible light region[92]. This systematic approach is akin to harnessing
the photo-absorption properties of site isolated metal oxide clusters[93]. Although

modifying the metal character of SBUs was successful in tuning the MOFs’ light
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absorption properties, photonic efficiency has remained poor[92]. To address this
challenge, the electronic character of organic linkers was targeted for modification[94].
Indeed, it has been demonstrated that the light absorption properties of MOF materials can
be further tuned by utilizing chromophoric linkers that extend the conjugation system, and
modify the coordinating groups that connect the SBUs together[95, 96]. By the very nature
of a MOF materials’ structural building blocks, one has considerable handle over the
resulting light absorption properties. Be that as it may, for a visible light harvesting MOF
to serve as a CO; reduction catalyst, the absorbed photons must generate excited electrons,
which, in turn, are effectively transported to MOF active sites on to which CO; is adsorbed
and can be reduced. Generated electrons are transferred by one of four possible
mechanisms: (i) linker-to-metal-cluster charge transfer (LCCT) (e.g. MOF-5, Ui0O-66, and
MIL-125)[96]; (ii) intra-cluster charge transfer (ICCT) (e.g. MIL-101, MIL-53, and MIL-
88B)[97]; (iii) simultaneous LCCT and ICCT (e.g. NH2-MIL-101, NH2-MIL-53, and NH»-
MIL-88B). This takes place in Fe-based MOFs whose linkers are functionalized with amine
moieties[98]; and (iv) linker-to-linker charge transfer (LLCT) (e.g. Bi-mna)[99].

To better understand how a MOF photocatalyst can be optimized for CO2 reduction,
we chose to study the UiO-66 platform[100]. This MOF is well-known to be thermally and
chemically stable with a high surface area and moderate CO, uptake capacity[20]. As a
matter of fact, UiO-66 has been shown to be a photoactive catalyst[101]. In addition, with
a simple functionalization of its organic linker, the photocatalytic properties can be
tuned[19]. Using the tools of reticular chemistry, we sought to design, synthesize, and
characterize a series of UiO-66-based MOFs in order to provide critical insights into what

structural features are the most important to consider for enhancing a given MOFs
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photocatalytic properties when applied to CO2 reduction reactions. The tools we used here
were comprehensive in that we carried out most of the possible structural modifications.
Specifically, we synthesized UiO-66 in the following ways (Fig. 16): (i) linker
functionalization (UiO-66-NH>). It is known that by functionalizing the linker with a -NH>
group, more visible light is absorbed as a result of a decreased bandgap;[19] (ii) core-shell
construction (TiO2cUiO-66-NH). By functionalizing the linker and then wrapping the
MOF crystals around the photoactive TiO2 nanoparticles, a photoactive composite is
created that allows both adsorption and concentration of CO2 near a well-known
photocatalytic material (i.e., TiO2). Indeed, it is hypothesized that the composite increases
the accessibility to the active surface of TiO2[38]; (iii) post-synthetic SBU metal exchange
[(Zri/Tix)UiO-66-NH]., where x = 0.07, 0.08, 0.10, 0.12, 0.13].. Through a metal
exchange process between Zr** and Ti**, the structure and pore size will change due to a

difference in the charge density (charge per unit volume) of Zr** and Ti*". This difference

(2, 1,/Ti ) UIO-66-NH,

" Titanium (IV) ' Zirconium (IV) @ carbon @ Oxygen @ Nitrogen

Figure 16. The series of the catalysts prepared to study the different modification on the UiO-66.
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is expected to improve the polarization of CO- as it adsorbs, resulting in a more efficient
reduction process; and (iv) in situ mixed-metal synthesis [(Zr1-x/Tix)UiO-66-NH2), where
x = 0.27, 0.59]. With these modified UiO-66 materials in hand, the photophysical and
photocatalytic properties were systematically examined in order to gain a deeper
fundamental understanding of the structure-property relationships in MOF-based CO;
reduction photocatalysts. The material synthesis was described in chapter 2, the
experimental study results are explained below, while the DFT computational results are

left for chapter 5.

3.2 RESULTS AND DISCUSSION

3.2.1 UiO-66 Material characterization

The structure and bulk phase purity of each member of the series was characterized by
powder X-ray diffraction analysis (PXRD). The diffraction patterns for each member were
in good agreement with the pattern simulated from the single crystal structure of UiO-66
(Figure 18a). It is noted that in the case of TiO2cUiO-66-NH>, the PXRD pattern included
reflections at 25.3°, 37.8°, and 38.6° 26 (Cu K,) that were conclusively attributable to the
(101), (004), and (112) anatase TiO2 Miller indices respectively[102].

As expected, for both the post-synthetic exchanged and in situ generated (Zri-
I Tix)UiO-66-NH> materials, there was a noticeable consistent shift in peak positions
toward higher 20 values (Figure 18b). This uniform peak shifting is attributed to the

shrinking of the MOF’s lattice due to the replacement of larger Zr** with smaller Ti**
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Figure 17. PXRD for the prepared samples. a) the diffraction pattern for all the samples and the
peak indexing for each peak. b) the small peak shifting for the metal exchange sample
((Tio.13/Zrog7)UiO-66-NH2)) and the mixed metal sample at (20 = 7.2°). c) the anatase
phase peaks (indexing in red) in the wrapped UiO-66-NH2

ions[103]. The lattice shrinking upon metal exchange is a frequently observed behavior

for inorganic semiconductor solid solutions[104].

To determine the amount of Ti*" loading for these samples, inductively coupled
plasma-optical emission spectroscopy measurements (ICP-OES) were performed (Table

2). It was found that for the post-synthetic exchanged analog, the percentage of Zr**

Table 2. The ICP data for the Ti modified UiO-66-NH2 showing the atomic percent of the Ti and the Zr in each

Wrapped Metal Exchange Mixed Metal
Metals
TiO2 1 day 2days | 4days 5 days 1:2 1:1
Ti 10.6% 7.0% 7.9% 12.3% 13.3% | 26.9% | 58.6%
Zr 89.4% 93.0% 92.1% 87.7% 86.7% | 73.1% | 41.5%
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replaced by Ti*" increased upon increasing the incubation time with the exchange,
ultimately reaching a maximum of 13% Ti*" incorporation. This led to the chemical
formula being determined as (Zro.s7/Tio.13)UiO-66-NH2. For our in-situ analog, a range of
Ti** incorporation was found, via ICP-OES, to be as low as 27% and as high as 59%
depending on the molar equivalents of TiCls-2THF added during the synthesis. From this,
the chemical formula could be calculated as (Zro.73/Tio27)UiO-66-NH2 and
(Zr0.41/Tio.50)UiO-66-NH.

From the field-emission scanning electron microscopy (FE-SEM) images (Fig. 18),
the crystal morphology and size of each of the members of this series were determined. For
the parent UiO-66, octahedral crystals, 100 nm in size, were observed as expected. UiO-
66-NH> and TiO,cUiO-66-NH2 were also found to have an octahedral shape, but with
different crystallite sizes of ~200 and ~40 nm, respectively. For both the post-synthetic and
in situ exchanged samples, the crystallites were found to have aggregates, and the
morphology was not abundantly clear. This observation may be due to deformation upon
heat treatment of the samples. Elemental mapping for TiO,cUiO-66-NH>, post-synthetic
(Zrog7/Tio13)UiO-66-NH2, and in situ exchanged (Zro.s1/Tiose)UiO-66-NH2 was then
carried out using energy-dispersive X-ray spectroscopy (SEM-EDX). The SEM-EDX
results were found to be in good agreement with the ICP data regarding the atomic
compositions of the samples (Table 3). Additionally, SEM-EDX mapping demonstrated
that Ti was highly distributed in all the samples (Fig. 18c,18d, and18e). The successful

encapsulation of TiO2 nanoparticles within the UiO-66-NH. structure was confirmed by
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Figure 18. SEM images showing the particle size and morphology, the elemental mapping, and the EDX data for
a) Ui0-66, b) UiO-66-NHz, c) TiO2cUiO-66-NHz, d) (Zro.s7/Tio.13)UiO-66-NHz, €) (Zro.41/Tiose)UiO-
66-NH2. The inset in c) is the TEM image of TiO2cUiO-66-NH2 showing the TiO2 nanoparticles inside
the UiO-66-NH..

transmission electron microscopy (TEM) (Fig. 18). In the TEM images, the size of the TiO>
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nanoparticle was found to be ~5 nm, and the structure of anatase-phase TiO. was further

confirmed by electron diffraction measurements (SAED).

Table 3. The metal content percentage obtained from ICP and EDX results

ICP result (%) EDX result (%)
Catalyst
Zr Ti Zr Ti
TiO,cUi0O-66-NH; 89 11 85 15
(Zros7/Tio.13)UiO-66-NH; 87 13 84 16
(Zro.41/Tio.59)UiO-66-NH; 41 59 45 55

The thermal stability and architectural robustness of each member of the series were
proven by thermal gravimetric analysis and N2 adsorption isotherms (Fig. 19 and Figure
20). In the TGA curves, all members exhibit a small decrease in weight percent up to the
framework decomposition temperatures.

After the framework decomposition, the calculated weight percent of the residues for
each system are shown in Table 4. The residue weight percent for UiO-66 and UiO-66-
NH: are in line with the theoretical values cafculated for the metal residue from the crystal
structure. For TiO,cUiO-66-NH2, post-synthetic (Zro.g7/Tio.13)UiO-66-NH> and in situ
exchanged (Zro.s1/Tios0)UiO-66-NH>, the residue weight percentages were higher than
those found for UiO-66 and UiO-66-NH;, due to the incorporation of Ti** within their
structures for TiO.cUiO-66-NHa. In the case of post-synthetic (Zro.s7/Tio.13)UiO-66-NH>

and in situ exchanged (Zro.41/Tios9)UiO-66-NH2, this increase in residual mass was
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unexpected, as the atomic mass of Ti is lower than that of Zr. The increase may be
attributed to some structural defects formed because of missing linker walls during the

post-synthetic and in situ exchange processes.
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Figure 19. TGA analysis of the prepared samples in air showing the thermal stability of each MOF
and the residue weight percent.

The porosity of all members of the series was proven by N2 adsorption isotherm at 77
K (Fig. 20), which indicates Type | profiles indicative of micropores within their
structures[56]. The surface areas, calculated by applying the Brunauer—-Emmett-Teller

(BET) model over the P/Po = 0.01- 0.3 range, are shown in Table 5.
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Table 4. The TGA residue calculated and experimental for the prepared UiO-66 catalysts

Metal .
Catalyst No. of metals oxide Calculated Experimental
Catalyst molecular . : TGA
. in the catalyst | molecular | TGA residue % .
weight i residue %
weight
UiO-66 1628.04 6 739.34 454 45
UiO-66-NH, 1718.16 6 739.34 43.0 41
TiO,cUiO-66-NH; 1810.01 7.15 831.19 459 47
(Zro,g7/Tio,13) 700.32
Ui0-66-NH 1679.15 6 417 52
(Z70.01/Tio.o) 1575.11 6 596.27 37.9 47
UiO-66-NH, ' ‘ '
600 T T T T
*
T=77K
500 .
2 400 - /A
O hxe
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Figure 20. N2-isotherm for the prepared samples measured at 77 K shows type 1 isotherm. The
filled marks represent the adsorption and the empty marks represent the gas
desorption.
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Table 5. The BET surface area for the prepared samples

Catalyst BET surface area (m?/g) Regz;e?m%g)r[ig;f]ace
UiO-66 1300 1400
UiO-66-NH; 860 1000
TiO,cUiO-66-NH- 800 N/A
(Zrog7/Tio.13)UiO-66-NH; 750 1100
(Zro.41/Tig59)UiO-66-NH; 650 N/A

The decrease in the BET surface area in the post-synthetic exchange is attributed to
the structural defects which agree with the TGA. These defects might have resulted in
removing some cluster walls (missing linkers due to post-synthetic heat treatment), which
increase the pore size, as shown in Fig. 21. The increase in the pore size increases the pore
volume and decreases the surface area. In addition, this decrease may be a result of the
precipitation of small amounts of extremely small TiO. clusters in the pores of the MOF
(this probably cannot be detected by PXRD). The increase in the uptake at (P/Po >0.8) is
attributed to the interparticle condensation, which means that the N> gas is adsorbed
between the MOF nanoparticles and not only on the pores.

Prior to examining the series’ photocatalytic properties, we measured CO> adsorption
isotherms at 293 K to gain insight into the materials’ uptake capacities and affinity to CO>

(Fig. 22, Table 6). UiO-66 exhibits reasonable uptake at 293 K and atmospheric pressure.
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Figure 21. DFT method pore size distribution for the prepared MOFs obtained from the BET
measurement

After functionalizing UiO-66 with NH groups, the uptake capacity decreased by 13%.
This is due to the decrease in the surface area after functionalization[105]. For TiO.cUiO-
66-NH., the uptake capacity was further decreased by 20% compared to the UiO-66-NHo,
due to the presence of the non-porous TiO2. In the case of post-synthetic exchange
(Zro.87/Tio.13)UiO-66-NH, there was no noticeable change in the uptake capacity; yet, in
the case of in situ mixed metal (Zro.41/Tio50)UiO-66-NH- the uptake decreased by 25%. At
low pressure, the amine-functionalized sample exhibits higher affinity to CO., due to the
presence of the (-NH>) group. So, at low pressure (P < 20 Torr), the CO> uptake for the

UiO-66 is lower than the other samples (Fig. 22 inset).
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Figure 22. The CO2 adsorption measurement for the prepared sample measured at room temperature
(298 K). The filled marks represent the adsorption and the empty marks represent the gas
desorption

Table 6. the CO2 uptake measured for the prepared catalysts

. . TiO,cUi0-66- | (Zrosr/Tioa3) (Zro.41/Tio.s0)
Catalyst UiO-66 UiO-66-NH; NH, UiO-66-NH, UiO-66-NH,
CO: uptake 46 40 32 40 30
(cm’/g)

3.2.2 UiO-66 Photo-absorption characterization.

Light absorption by metal oxides is mostly associated with an excitation of electrons
from the valance band to the conduction band, leaving holes behind. This transient
electron-hole pair can recombine during the period of irradiation or be trapped at the
surface of the solid. In some metal oxide systems, the holes are occupied by trapped oxygen

anions, while the electrons are used to reduce metal cations to alter their oxidation
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states[106]. If a metal-reduction induces the formation or disappearance of paramagnetic
species, electron paramagnetic resonance (EPR) spectroscopy can be employed to probe
such a process[107]. Accordingly, EPR spectra were obtained for all members of the series
at both ambient temperatures and at 173 K under dark (no irradiation), and visible light
irradiation. The EPR results are presented in Fig. 23. From these measurements, it is
noticed that no EPR absorption peaks were observed for UiO-66 in the dark, nor under
illumination. Thus, it is concluded that UiO-66 is not paramagnetic. In the case of UiO-66-
NHo>, (Zro.87/Tio.13)UiO-66-NH., and (Zro.41/Tio.50)UiO-66-NH>, the recorded EPR spectra
did not display any EPR peaks in the dark; however, upon irradiation with visible light, the
samples exhibited different responses based on the nature and type of metal oxide doping.
As shown in Fig. 23, and observed EPR peak with a g-value of 2.0026 appears in all the
modified samples. This peak is attributed to the formation of Zr®* (the only paramagnetic
species of zirconium ions). These findings are in agreement with the reported g-value for
Zr® in defected polycrystalline zirconia[108]. This observation indicates that the visible
light photons have enough energy to excite electrons from the valence band to the
conduction band of the modified MOFs samples. Thus, Zr** reduces to Zr®* by trapping
the excited electrons. For TiO.cUiO-66-NH., a remarkable shoulder at the sides of the
Zr¥* EPR peak was observed upon irradiation with visible light (Fig. 23), although TiO2
significantly absorbs light only in the UV region. This signal, at a g-value of 1.9910, must
be attributed to the presence of Ti* ions and closely overlaps with the Zr3* peak[109]. It is
noted that this peak is attributed to a distorted Ti octahedral due to a tetragonal distortion
of the crystal[110]. We conjecture that there is energy transfer taking place between the Zr

cluster and the TiO., where the cluster absorbs the visible light photon producing an excited
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electron that transfers its energy to the wrapped TiO., hence exciting an electron there and
producing Ti%".
The Ti** EPR peaks enhanced for the (Zrog7/Tio13)UiO-66-NH;, as shown in Fig. 23.

This enhancement is due to the replacement of the Zr** (larger size) in the SBU with a Ti*

| b I ' I
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Figure 23. EPR measurement in dark (black) and under visible light irradiation for the prepared
samples showing the absorption peaks for the Ti%* (orange dashed line) and the Zr3* (blue
dashed live). The Zr®* peak appears in all the samples except for the UiO-66. The Ti%*
peaks show different crystal fields distortions on the Ti-O bond.

(smaller size), which leads to a longer Ti-O bond, causing an overall tetragonal

elongation[110].
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The main characteristics of the (Zros7/Tio.13)UiO-66-NH, EPR response are the
presence of anisotropic peaks. These peaks are formed at g-values of 2.0560 and 1.9493,
which are ascribed to the trigonal distortion of the Ti** octahedral geometry. This distortion
is attributed to the change in the Ti-O bond lengths as a result of the metal exchange. More
anisotropic peaks appear, at g-values of 2.0397 and 1.9830, which are probably related to
a tetragonal distortion of the Ti%* octahedral arrangement[110]. This distortion is expected
to result from the oxygen vacancy during the metal-metal exchange preparation. These
distortion features increase as the incorporation of Ti** increases, as evidenced by the EPR
spectral lines in (Zro.41/Tios9)UiO-66-NH> (Fig. 23). They also show a decrease in the
intensity of the oxygen vacancy peaks and an increase in the intensity of the tetragonal
elongation peaks. From EPR measurements, we conclude that visible light photons are
responsible for the excitation of electrons that reduce the metal ions in the amine-
functionalized samples. Also, the presence of Ti in different forms (TiOz or in the SBU)
produces some distortion in the cluster. These distortions might introduce some defects in
the cluster (oxygen deficiency) that cause the absence of some cage walls, hence producing
macropores.

UV-Vis diffuse reflectance spectroscopy (UV-DRS) was used to compare the optical
activity of each member of the series (Fig. 24). In general, ZrO; only absorbs UV light (A
< 240 nm)[111]. By site isolating Zr** oxo-clusters in UiO-66, the absorption shifts to
higher wavelengths with a single absorption band being observed starting at ~350 nm. This
redshift is attributed to the presence of extended n-conjugated bonds in the aromatic ring

of the linker and a linker-to-linker charge transfer (LLCT) mechanism, whereby the linker
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absorbs light and then transfers the excitation energy to the cluster where an excitation
electron is generated[112].

After functionalization with -NH, an additional absorption band appears starting at
~450 nm, thereby shifting the photo-absorption activity toward the visible region. This
band also results mainly from the LLCT process in which light excites the non-bonding

electrons of the NH> group into the anti-bonding p-orbitals of the linker. This electron is

(F(R) * hv)°®

26 28 30 32 34
Energy / eV

Intensity / a.u.

250 350 450 550 650
Wavelength / nm

Figure 24. UV-DRS measurement for the prepared samples. for UiO-66 (red) the absorption peak starts at 350 nm.
after functionalization with NH2 (orange) another peak starts at 450 nm appears. The inset shows the
Tauc’s plot of the KM function for all the samples.

then transferred to the nearby metal, causing its reduction from Zr** to Zr3*[113]. There

was no change observed in the optical activity after wrapping UiO-66-NH around TiO..
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This is expected, as this composite has no effect on the energy levels of the valence or
conduction bands of the system (this will be discussed further in chapter 5). In the case of
in situ metal-exchange (Zro.s7/Tio.13)UiO-66-NH,, the absorption band, centered at 265 nm,
is broader than that of UiO-66-NH,, which may be caused by the Ti**-containing oxo-
clusters that are formed after the exchange. (Zro.41/Tio.59)UiO-66-NH2 exhibited a redshift
in the absorption band from around 356 nm to around 380 nm. This redshift can be
attributed to the bandgap reduction, which was observed after adding Ti**. In these systems,
light excites the non-bonding electrons into the vacant d-orbital of Ti** which populates
the conduction band. In the latter systems, the bands result mainly from a linker-metal-
charge-transfer (LMCT) process as will be discussed in chapter 5[114].

The fluorescence spectra were measured for the linker and for the prepared MOFs
upon excitation at 350 nm (Fig. 25). It was found that the (NH2-BDC) linker has an
emission peak at 485 nm[115]. This peak results from the relaxation of the electron that
was excited by the 350 nm light. In the case of the UiO-66-NH series, the 485 nm emission
peak decreased significantly. This decrease in the peak intensity means that the excited
electron didn’t relax and return back the linker. This decrease is attributed to the LMCT
between the linker and the metal cluster, which means that the excited electron has
transferred from the linker to the metal cluster.

The UV-DRS spectra were used in the Kubelka-Munk function to produce Tauc plots
that determine the bandgap for all members of the series (Fig. 24). The bandgap of the
parent UiO-66 was found to be 3.31 eV. After functionalization with -NH3, the bandgap
decreased to 2.79 eV. The bandgap was found to be 2.78 eV for TiO>cUiO-66-NH,. For

the (Zro.87/Ti0.13)UiO-66-NH>, the bandgap was 2.75 eV.
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Figure 25. The florescence spectra for the MOF and the linkers after excitation at 350 nm.

However, the bandgap for (Zro.41/Tio.50)UiO-66-NH> reduced to 2.61 eV. It is noted
that the bandgap provides a good representation of the optical activity of the sample. The
solar spectrum contains photons with different energies: roughly 2% in the UV region (E
> 3.2 eV), 47% in the visible region (3.2 > E > 1.6 eV), and the rest is in the IR region (E
< 1.6 eV). Photon energy is required to excite an electron from the valance band to the
conduction band, overcoming the energy gap.

Ui0-66 (Eq = 3.31 eV) can only be excited with UV photons, but for UiO-66-NH: (Eq
= 2.79 eV) excitation can also occur from visible photons. This allows UiO-66-NH> to be

active in the visible light region and have higher photoactivity than UiO-66. For
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(Zro.41/Tios9)UiO-66-NH2 (Eg = 2.61 eV), the bandgap is further decreased, which makes it

more active for solar light absorption.

3.2.3 Ui0O-66 Catalyst evaluation.

To evaluate the photocatalytic activity of our samples, we studied the photocatalytic
reduction of CO>. The reaction was done in a mixture of CH3CN and TEOA. The CH3CN
was chosen to increase the solubility of CO2 in the mixture. The TEOA was used as a
sacrificial donor, as it acts as a proton donor as well as an electron donor [116]. Also, it
was used in this mixture to provide an alkaline medium for the CO> reduction [117].

All UiO-66 variants showed photocatalytic activity for CO, under visible light except
UiO-66. After 17 hours of irradiation time, the produced amount of the gas product was
very small (0.03 - 0.06 umol of CO, and negligible amounts of CH4). The photocatalytic
reduction major product was formate (HCOO"), which agrees with the reported CO-

photoreduction in TEOA and acetonitrile mixture (Table 7)[118].

Table 7. The product of the CO2 photoreduction

CcoO 0 0 0 0 0.033 0.038 0.029 0.063
CHa4 0 0 0 0 0.003 0.008 0.007 0
HCOO- 0 0 0 0 98.655 216.047 145.251 151.236

No HCOO™ was produced in either the absence of light, catalyst, or CO2. Under

simulated solar radiation, the amount of the produced HCOO" differed from one sample to
another. For UiO-66-NH2, the produced formate was 98 pmol (27.7% yield). For
Ti0,cUiO-66-NH., the produced formate recorded the highest amount amongst the tested

samples with 216 umol (60.5% yield), 2.2 times over that produced from UiO-66-NHo.
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Although the addition of TiO2 to UiO-66-NH; didn’t affect the light absorption
significantly, and although the TiO, absorbs light only in the UV-region[119], the
photocatalytic activity of the wrapped sample increased significantly. This increase is
attributed to the energy transfer mechanism described in section 3.2.2. This phenomenon
is known in core-shell metal oxides systems, where the shell works as an antenna to absorb
light and transfers the excitation energy to the core[120]. For (Zro.s7/Tio.13)UiO-66-NH;,
the produced amount was 141 umol (40.6% yield), 1.5 times the produced amount from
UiO-66-NH2, which agrees with the activity reported elsewhere, for the metal exchanged
samples[103]. Similarly, for (Zro.41/Tio59) UiO-66-NH2, the produced amount was 151 umol
(42.3% vyield), 1.5 times the amount produced from UiO-66-NHa. This increase in the
product can be attributed to the effect of the Ti on the photoactivity.

In order to check the stability of the catalyst, PXRD analysis was performed on all
catalysts after the photocatalytic reduction. Catalysts were found to remain stable and intact
in all cases, as seen in Fig. 26.

After the photoreduction, it was observed that the color of (Zro.s7/Tio.13)UiO-66-NH-
and (Zro.41/Tio50)UiO-66-NH> had turned green. This color change is believed to be due to
the partial reduction of Ti** to Ti®* in the oxidation process of TEOA[121]. This green
color returned to yellow gradually after opening the vial because of exposure to oxygen,
which oxidizes it back to its initial state, indicating the total reversibility of the process.

From the variation in the amount of HCOO™ produced, it was calculated that the activity of
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the catalyst enhanced by adding Ti despite the decrease in the surface area and the CO>

uptake (Table 8).

(Zro 41/Tig 56)UiO-66-NH,
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Figure 26. The PXRD of the samples after the photocatalytic reduction showing the crystallinity
of the samples after the photocatalytic reduction.

Table 8. Estimated catalytic activities of the UiO-66 systems by using the possible active sites per MOF and the measured
amount of formate ions

The active
L ) .
Catalyst Molecular | Active 5|1te Mw sitein50mg | TON | TOF Yield
formula / mole (g/mol) (%)
(pmol)
) CagHaa
UiO-66 6 1628.04 184.3 0 0 0

Os0Zrg

! Number of metal atoms per mole

2 Molecular weight of the unit cell
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) CagH30Ns
UiO-66-NH:2 6 1718.16 174.6 0.57 0.03 27.7
O30Zrs
) CagH30Ns
TiO2c
] Os0Zrg 7.15 1810.01 197.5 1.09 0.06 60.5
UiO-66-NH: _
(TiO2)1.15
(ZI"O.87/T|0.13) CasH30Ns
. . 6 1679.15 178.7 0.81 0.05 40.6
UiO-66-NH: O30Zrs51Tlog
(Zro4/Tio.se) CusHz0Ns
. . 6 1575.11 190.4 0.79 0.05 42.3
UiO-66-NH: O30Zr27Tiz3

3.3 CONCLUSIONS

It is worth to emphasize the role of the different modifications of UiO-66; upon amine
functionalization, the photocatalytic activity increased due to the wider absorption band. A
comprehensive study was performed to tune the photophysical and photocatalytic activity
of the UiO-66 platform. Amine functionalization, wrapping around TiO2 nanoparticles,
and incorporation of different ratios of Ti in the UiO-66 SBU was performed and studied
using EPR and UV-Vis. The amine functionalization decreased the bandgap from 3.31 eV
to 2.79 eV, shifting the light absorption to the visible region. The replacement of 59% of
Zr with Ti further decreased the bandgap to 2.61 eV. The wrapping of UiO-66-NH> around
TiO2 nanoparticles enhanced the photocatalytic activity of UiO-66-NH. for CO2 reduction,
as the produced amount of formate increased by 2.2 times, although the band gap did not
change much. The photocatalytic activity enhanced due to energy transfer from UiO-66-

NH2 to TiO».
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CHAPTER 4
MIL-125 AS APHOTOCATALYST

4.1 Introduction

One of the most interesting MOF systems for photocatalytic applications is MIL-
125[40]. It is built up of cyclic octamers of corner-sharing titanium octahedral connected
to 12 other octamers through the benzene-1,4-dicarboxylate (BDC) linkers. The structure
has two types of cages, an octahedral cage (12.5 A) and a tetrahedral cage (6 A), accessible
through narrow triangular windows of 6 A width. MIL-125 was first prepared in 2009 and
used for the oxidation of alcohol using UV-light [40]. Functionalization with amine (MIL-
125-NH>) makes it a good candidate for visible light photocatalytic reactions[96]. MIL-
125 exhibits good photoactivity, inherent to the titanium-oxo component. In the presence
of oxygen, the titanium oxo clusters are oxidized back, emphasizing a possible
photocatalytic property of titanium-oxo based MOFs[94]. This material, which contains
cyclic octamers of TiO octahedra, is photochromic, which is related to the reduction of
Ti(1V) to Ti(l1l) under UV irradiation[93, 122, 123].

In this study, the prepared MIL-125, its amine-functionalized, and two metal exchange
derivatives were prepared and characterized by several physicochemical techniques. The
crystalline forms of the produced samples confirm little changes in the morphology of the
produced samples. The BET surface area, the UV-DRS data, and the CO2 photoreduction
reaction indicated the high stability of the parent MIL-125. The Zr-exchange MIL-125-
NH2 was successfully performed without any change in the framework structure. The

systematic increase of the Zr-atom lowers the photocatalytic activity of the modified
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materials than the pristine (amine-functionalized MOFs) that proves the role of Ti-cluster
in MOF in the COz reduction properties.

To unravel this role of MIL-125 as a catalyst in the CO2 photoreduction experiment,
we have synthesized four different modifications for the MIL-125 (Fig. 27); (i) linker
functionalization with amine (-NH>), as it is known that the amine group shifts the light

absorption of the MOF to a longer wavelength (redshift) increasing the solar activity of the
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Figure 27. The series of the compounds prepared to study the different modification on the MIL-125.
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MOF[96]. (ii) wrapping MOF around ZrO: nanoparticles, which are known to have
catalytic activity in converting CO> to CO[124]. This wrapping will make use of the CO;
adsorption ability of MOF to concentrate CO2 around ZrO- and the catalytic ability of ZrO>
for CO, conversion to CO. (iii) replacing the Ti with Zr in the SBU with a different
percentage which takes place by two different procedures, post-synthetic metal exchange
and in situ mixed metal. Exchanging the metal in the MOF SBUs is expected to affect the

electronic structure and the physical properties [125-127].

4.2 Results And Discussion

42.1 MIL-125 Material characterization

The structure and bulk phase purity of each member of the series was then
characterized by powder X-ray diffraction analysis (PXRD). The diffraction patterns for
each member were in good agreement with the pattern simulated from the single crystal
structure of MIL-125 (Fig. 28a). It is noted that in the case of ZrO,cMIL-125-NHz, the
PXRD pattern included reflections at 24.0°, 27.9°, and 31.3° 20 (Cu K,) that were
conclusively attributable to the (011), (11-1), and (020) Miller indices of ZrO, [128].

The successful encapsulation and presence of ZrO> nanoparticles within the MIL-125-
NH2 structure were also confirmed by transmission electron microscopy (TEM) (Fig.
29c.inset). In the TEM images, the ZrO> nanoparticle size was found to be ~5 nm, and the
structure of ZrO, was further confirmed by electron diffraction measurements.

For the post-synthetic metal exchange, the crystallinity of MIL-125-NH> was

destroyed, and no further characterization was performed on this sample. For the mixed
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Figure 28. PXRD for the prepared samples. a) shows the diffraction pattern for all the samples. b)
shows the small peak shifting for the mixed metal sample at (20 = 7° and 10°). ¢) Shows
the wraped ZrO2 peaks. d) shows the crystalinity of the sample compared with the
simulated structure from the CIF file and the plan indexing for each peak.

metal samples (Ti1x/Zr)MIL-125-NH> materials, there was a noticeable consistent shift in
peak positions toward lower 26 values (Fig. 28b). This uniform peak shifting is attributed
to the expansion of the MOF’s lattice due to the replacement of smaller Ti*" atoms with
larger Zr** atoms [103]. Lattice expansion upon metal exchange (sometimes referred to as

‘doping’) is a frequently observed behavior for inorganic semiconductor solid solutions

[104].

To determine the amount of Zr** loading for these samples, inductively coupled

plasma-optical emission spectroscopy measurements (ICP-OES) were performed (Table
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9). For the in-situ analog, a range of Zr** incorporation was found to be 8% and 25%,
depending on the molar equivalents of ZrCls added during the synthesis. From this, the
chemical formula could be calculated as (Zro.0s/ Tio.o2)MIL-125-NHzand (Zro.2s/Tio.7s)MIL-

125-NHo.

From field-emission scanning electron microscopy (FE-SEM) images, the crystal
morphology and size of each of the members of this series were determined (Fig. 29). For
the parent MIL-125 and MIL-125-NH>, rounded discs, 2.9 um in size, were observed.
ZrO,cMIL-125-NH> was observed to have an octahedral shape, with different crystallite
sizes of 1 um. For mixed metal samples, the crystallites were found to be less circular and
tend to be square-shaped with crystal size around 1 pm. Elemental mapping for
ZrO,cMIL-125-NH,, and mixed metal samples (Zroos/Tio92)MIL-125-NH, and
(Zro.2s/Tig.75)MIL-125-NH> was then carried out wusing energy-dispersive X-ray
spectroscopy (SEM-EDX). The SEM-EDX results were found to be in good agreement
with the ICP data regarding the atomic compositions of the samples (Table 9).

Additionally, SEM-EDX mapping demonstrated that Zr was distributed in all the samples.

Table 9. Metal content percentage obtained from ICP and EDX results for the MIL-125 samples

ICP result (%) EDX result (%)
catalyst
Zr Ti Zr Ti
ZrO,cMIL-125-NH; 4 96 5 95
(Zl'vos/TioAgz) MIL-125- 8 92 9 91
NH;
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(Zr0.25/Tio_75) MIL-125- o5 75 26
NH:
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Figure 29. SEM images showing the particle size and morphology, the elemental mapping, and
the EDX data for a) MIL-125, b)MIL-125-NHz, ¢) ZrO.cMIL-125-NH, d)
(Zro.0s/Tio.92)MIL-125-NHz, €) (Zro.2s/Tio7s)MIL-125-NHz. The inset in c) is the

TEM image of ZrO2cMIL-125-NH2 showing the ZrO2 nanoparticles inside the MIL-
125-NHo2.
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The thermal stability and architectural robustness of each member of the series were
proven by thermal gravimetric analysis (Fig. 30). In the TGA curves, all members exhibit
a small decrease in weight percent up to the framework decomposition temperatures.

After framework decomposition, the calculated weight percent of the residues for the
MIL-125 series are presented in Table 10. The residue weight percent for the MIL-125
series is in line with the theoretical values calculated from the crystal structure. The
theoretical residue values were calculated, assuming all the residue are metal oxides (TiO>
and Zr0O»). So, by comparing the metal oxide weight to the MOF total weight, we obtained

the theoretical residue. For ZrO,cMIL-125-NHa, (Zro.os/Tio.s2)MIL-125-NH2 and

100 T T T T T

20 | .
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(Zr, \Tig g2)MIL-125-NH,

I (Zr \Tig 75)MIL-125-NH, |
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Figure 30. TGA analysis of the prepared samples in air showing the thermal stability of each
MOF and the residue weight percent.

(Zro.25/Tio75)MIL-125-NH>, the residue weight percent were higher than that found for
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MIL-125-NH, due to the incorporation of Zr** within their structures. The Zr (91.2 u)

atomic weight is higher than the atomic weight of the Ti (47.9 u). So, the residue changes

from TiO2 only to TiO2 and ZrO2, which explains the increase in the residue weight percent.

Table 10. TGA metal oxide residue as calculated and measured for the MIL-125.

Experimental

No. of metals Metal Calculated
Catalyst Catalyst Mw in the catalyst | oxide Mw | TGA residue % T.GA
residue %

MIL-125 1563.7 8 638.94 40.9 41.3
MIL-125-NH, 1653.8 8 638.94 38.6 38.8
ZrO,c MIL-125-NH-» 1683.9 8.33 679.60 40.4 39.7
(Zro.8/ Tio.s2) 1681.6 8 666.68 39.6 40.4

MIL-125-NH; ' ' ' '

(Zro.25/Tio.75)

MIL-125-NH, 17405 8 725.65 41.7 43.5

The porosity of all members of the series was measured by N2 adsorption isotherm at

77 K (Fig. 31), which exhibit Type-1 behavior, indicative of micropores within their

structures. The surface areas calculated by applying the Brunauer—Emmett—Teller (BET)

model over the P/Po = 0.01- 0.3 range are presented in Table 11. These BET surface areas

are in a good agreement with the surface areas previously reported[40, 129].
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Table 11. The BET surface area for the MIL-125 series
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Figure 31. N2-isotherm for the prepared samples measured at 77 K shows type 1 isotherm.
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The decrease in the BET surface area in the post-synthetic exchange might be due to
the existence of some ZrO; clusters in the pores of the MOF. The DFT method for pore
size distribution shows that the MOF has micropores, and no mesopores were observed,
which indicates that the pore structure didn’t deform during the modifications (Fig. 32).

This data agrees with that of the TGA, which shows a reasonable increase in the metal

residue.
0.30 | — MIL-125 |
I —— MIL-125-NH, |
0.25 ZrO,c MIL-125-NH, |
. (Zr \Tig go)MIL-125-NH,]
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Figure 32. DFT method pore size distribution for the prepared MOFs showing the presence of
micropores after modification

Prior to examining the series’ photophysical properties, we measured CO. adsorption
isotherms to gain insight into the materials’ uptake capacities and affinity to COz, as in Fig.
33. Table 12 states that the MIL-125 shows a good uptake at 300 K at atmospheric pressure.

After functionalization with the -NH2 group, the uptake remains almost the same despite
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the decrease in the surface area. This is attributed to the enhanced interaction of the amine
(polar) group with CO2[130]. For ZrO,cMIL-125-NH>, the uptake slightly increased
compared with MIL-125-NHa. For (Zro.0s/Tio.o2)MIL-125-NH,, the uptake wasn't changed
much, but in the case of (Zro.2s/Tio.75), MIL-125-NH> the uptake decreased considerably.
At low pressure, the amine-functionalized sample exhibits higher affinity to CO,, due to
the presence of the (-NH2) group. So, at low pressure (P < 20 Torr), the CO> uptake for the

MIL-125 is lower than the other samples (Fig. 33 inset).
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Figure 33. The CO2 adsorption measurement for the prepared sample measured at room temperature
(293 K).

Table 12. CO2 uptake for the MIL-125 series

ZFOZC MIL- (ZI’o_os/Tio_gz) (ZI’o,zs/Tio]s)
Catalyst MIL-125 | MILA25NH2 | 495 NH, | MIL-125-NH, | MIL-125-NH,
CO2 usptake 75 73 78 72 45
(cm/g)
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4.2.2 MIL-125 Photo-absorption characterization.

Light absorption by metal oxides is mostly associated with an excitation of electrons
from the valance band to the conduction band, leaving holes behind. This transient
electron-hole pair can recombine during the period of irradiation or be trapped at the
surface of the solid. In some metal oxide systems, the holes are occupied by trapped oxygen
anions, while the electrons are used to reduce metal cations to alter their oxidation
states[131]. If a metal-reduction induces the formation or disappearance of paramagnetic
species, electron paramagnetic resonance (EPR) spectroscopy can be employed to probe

such a process[132].

In Fig. 34, the observed EPR spectra of MIL-125 and its amine series were obtained
for all samples at 173 K in dark and under visible light irradiation. The EPR results indicate
that Ti-O defects are the only reason for the formation or disappearance of paramagnetic

species, as probed in similar studies of metals-MOFs[132-140].

From these measurements, three EPR peaks with g-value 2.003, are assigned to the
oxygen defect in Ti-O clusters. Two other weak signals at g values of 2.150 and 2.023,
which are ascribed to absorbed Ti**-O? species [132, 134-138]. All the peaks exhibited
very weak absorptions in the dark that drastically increased by illumination with visible
light except for the parent MIL-125-MOF. The drastic increases at the characteristic EPR
peak with g-value 2.003 with visible illumination in the amine derivatives may be due to

electron transfer from the excited organic ligand to the metal center in the MOF
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materials[139, 140]. Moreover, the absence of EPR signals at a g value of 1.988 suggests

that metal reduction of Ti** to Ti** cannot form in these systems[141, 142].

1 1 I I I
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MIL-125

1 | | 1 1

3200 3250 3300 3350 3400 3450 3500
Magnetic field /mT

Figure 34. EPR measurement in the dark (black) and under visible light irradiation for the prepared samples (colored
lines) at 173 K of the parent MIL-125-MOF and its amine and metal-metal exchanged derivatives

UV-Vis diffuse reflectance spectroscopy (UV-DRS) was used to compare the optical
activity of each member of the series (Fig. 35). In general, TiO2 only absorbs UV light
[143]. By site isolating Ti** oxo-clusters in MIL-125, the absorption band is observed
starting at ~350 nm. This absorption is attributed to the presence of extended n-conjugated
bonds in the aromatic ring of the linker and a Linker-to-Metal charge transfer (LMCT)
mechanism, whereby the linker absorbs light and then transfers the excitation energy to the
metal cluster where an excitation electron is generated[144]. After functionalization with -

NH_, an additional absorption peak appears starting at ~550 nm and centered at ~370 nm,
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thereby shifting the photo-absorption activity toward the visible region. This band results
mainly from the LLCT process in which light excites the non-bonding electrons of the NH;
group into the anti-bonding p-orbital of the linker. This electron is then transferred into the
nearby metal, causing its reduction from Ti*" to Ti%*. There was a slight change observed
in the optical activity after wrapping MIL-125-NH around ZrO,. As the peak centered at
550 nm started at a lower wavelength (~500 nm). This results from the effect of the
interface between the ZrO, and MIL-125-NHz, which may have an effect on the band
structure of the system. In the case of mixed metal [(Zro.0s/Tio92)MIL-125-NH; and
(Zro.2s/Tio.75)MIL-125-NH>], the absorption band, centered at 370 nm, is broader than that

of MIL-125-NH>, which may be caused by the Zr** containing oxo-clusters that are formed
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Figure 35. UV-DRS measurement for the prepared samplesThe inset shows the Tauc’s plot of the
KM function for all the samples.
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during the exchange. In these systems, light excites the non-bonding electrons into the
vacant d-orbital of Ti** which populates the conduction band. In the latter systems, the

bands result mainly from a linker-to-metal charge transfer (LMCT) process [145].

The UV-DRS spectra were also used in the Kubelka-Munk function to produce Tauc
plots that determine the bandgap for all members of the series (inset of Fig. 35). The
bandgap of the parent MIL-125 was found to be 3.61 eV. After functionalization with -
NHa, the bandgap decreased to 2.39 eV. In the case of ZrO,cMIL-125-NH>, the bandgap
was increased to 2.61 eV, which is influenced by the effect of ZrO2 on the MIL-125-NHo.
This effect is known for the core-shell structures[146]. The bandgap of (Zro.0s/Tio.02)MIL-
125-NH; and (Zro.25/Tio.75)MIL-125-NH> is approximately the same as the MIL-125-NH:
(2.39 eV). The bandgap provides a good representation of the optical activity of the sample,
as the solar spectrum contains: 2% in the UV region (E > 3.20 eV), 47% in the visible
region (3.20 > E > 1.60 eV), and the rest is in the IR region (E < 1.60 eV). From the
obtained band gap values, MIL-125 (Eq = 3.61 eV) is active in the UV region, while MIL-
125-NH: (Eq = 2.39 eV) and its metal exchange MOFs are active also in the visible light
region. These results are in good agreement with the EPR observations. As when the MIL-
125 was shined by visible light, there was no excitation, and no peak was observed. While
in the case of MIL-125-NH, the same light source was used, but excitation took place
confirming the MIL-125-NH; activity in the visible region that turns Ti into a species

capable of inducing photoreduction.
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4.2.3 MIL-125 Catalyst evaluation

To evaluate the photocatalytic activity of our samples, we studied the photocatalytic
reduction of CO>. The reaction was done in a mixture of CH3CN and TEOA. The CH3CN
was chosen to increase the solubility of CO2 in the mixture. The TEOA was used as a
sacrificial donor, as it acts as a proton donor as well as an electron donor[116]. Also, it was

used in this mixture to provide an alkaline medium for the CO> reduction.

All samples showed photocatalytic activity for CO2 under visible light except MIL-
125. After 17 hours of irradiation time, the produced amount of the gas product was
negligible, and the photocatalytic reduction major product was formate (HCOQO"), which
agrees with the reported CO. photoreduction in TEOA and acetonitrile mixture[118]. No
HCOO" was produced in either the absence of light, catalyst, or CO». Under simulated solar
radiation, the amount of the produced HCOQO" differed from one sample to another. For
MIL-125-NH>, the produced formate was 234 umol. For ZrO>cMIL-125-NH>, the
produced formate amount was almost the same as produced from the MIL-125-NH; with
219 pmol. For (Zro.os/Tioe2)MIL-125-NH, the produced amount was decreased
significantly (55 pmol) 0.24 times the produced amount from MIL-125-NH.. Similarly, for
(Zro.2s/Tio.75)MIL-125-NH>, the produced amount was 53 pumol, 0.24 times the amount
produced from MIL-125-NH>. This decrease in the photoreduction product is attributed to

the decrease in the CO> uptake after adding Zr to the MIL-125-NH,. In order to check the
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stability of the catalyst, PXRD analysis was performed on all catalysts after the

photocatalytic reduction. Catalysts were found to remain stable and intact in all cases.

Table 13. The product of the CO2 photoreduction

broduct | NO No No MIL- | MIL-125- Zro,c (Zroos/Tios?) | (Zrozs/Tios)
CO: | light | catalyst | 125 NH. MIL-125-NH2 | MIL-125-NH2z | MIL-125-NH;
co 0 0 0 0 0.020 0.014 0.004 0.005
CHa 0 0 0 0 0.005 0.003 0.0 0.0
HCOO | © 0 0 0 234.0 219.7 53.8 59.7

During the photocatalytic reduction, it was observed that the color of all MIL-125-NH>

derivatives turned green. This color change is believed to be due to the partial reduction of

Ti** to Ti** in the oxidation process of TEOA [121]. This interesting photochromic

phenomenon was observed before in the MIL-125 photocatalytic application [96]. The

green color returned to yellow gradually after opening the vial because of exposure to

oxygen, which oxidizes it back to its initial state, indicating the total reversibility of the

process. From the variation in the amount of HCOO™ produced, it is concluded that the

activity of the catalyst diminishes by adding Zr, with the decrease in both the surface area

and the CO> uptake (Table 14).

Table 14. Estimated catalytic activities of the MOF systems by using the possible active sites per MOF and the measured
amount of formate ions

Active 4 The active .
Catalyst Molecular site / mole Mw sitein50mg | TON | TOF Yield
formula 3 (g/mol) (%)
(wmol)
MIL-125 Cachas 8 1563.6 256.0 0 0 0
OssTig

3 Number of metal atoms per mole

4 Molecular weight of the unit cell
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MIL-125-NH CasHaaNs 8 1653.7 241.6 0.97 | 0.057 | 655
OseTIg
ZrO.c CusH34Ns
OseZrs 8.7 1739.9 249.7 0.88 | 0.052 | 61.50
MIL-125-NH,
(T102)o7
(Zro.0s/Tio.g2) CasH3aNs
MILA25NH | Outin zres 8 1679.7 238.4 0.23 | 0.014 | 151
(Zro.2s/Tio.75) CagH34Ng
MILA25NH | OwTiczr, 8 1740.4 229.6 0.26 | 0.015 | 16.7

4.3 Conclusion

A comprehensive study was performed to investigate the photophysical and
photocatalytic activity of MIL-125 platform and its Zr-mixed-metal derivatives. The amine
functionalization decreased the bandgap from 3.61 eV to 2.39 eV, shifting the light
absorption to the visible region. The stability of the catalyst was confirmed by PXRD
analysis before and after the photocatalytic reduction. The EPR measurements and the UV-
DSR indicated that the visible light photons are responsible for the excitation of electrons
toward the Ti-O defects, and no reduction of metal ions is possible in this system. Also,

the presence of Zr did not enhance its catalytic activity.
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CHAPTER 5
DFT SIMULATIONS OF DIFFERENT MOLECULES
ADSORPTION AND THE CHARGE TRANSFER ON
MOF CRYSTALS

5.1 Introduction

In 1926, Erwin Schrodinger published the first accounts of his now-famous wave
equation[147]. He later shared the Nobel prize with Paul A. M. Dirac in 1933 for this
discovery. Schrodinger’s wave function seemed extremely promising, as it contains all of
the information available about a system. Unfortunately, most practical systems of interest
consist of many interacting electrons, and the effort required to find solutions to
Schrodinger’s equation increases exponentially with the number of electrons, limiting this
approach to systems with a small number of relevant electrons [148]. Thus, the wave
function method, which has been extremely successful in studying the properties of small
molecules, is unsuitable for studies of large, extended solids. Interestingly, this difficulty
was recognized by Dirac as early as 1929, when he wrote: "The underlying physical laws
necessary for the mathematical theory of a large part of physics and the whole of chemistry
are thus completely known, and the difficulty is only that the application of these laws
leads to equations much too complicated to be soluble."[149].

In 1964, Hohenberg and Kohn showed that the ground state total energy of a system
of interacting electrons is a unique function of the electron density[150]. Hohenberg and
Kohn further identified a variational principle that appeared to reduce the problem of

finding the ground state energy of an electron gas in an external potential (i.e., in the
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presence of ion cores) to that of the minimization of a functional of the three-dimensional
density function. Unfortunately, the definition of the function involves a set of 3N-
dimensional trial wave functions.
In 1965, Kohn and Sham made a significant breakthrough when they showed that the
problem of many interacting electrons in an external potential could be mapped exactly to
a set of noninteracting electrons in an effective external potential[151]. This led to a set

of self-consistent, single-particle equations known as the Kohn-Sham (KS) equations:
1g2 —
With ¢j(r) corresponds to the jth KS orbital of energy €j, and
Vet (1) = V() + [ 252 dr 4 vie (1) (2)
where v(r) is the external potential, and vx(r) is the exchange-correlation potential, which
depends on the entire density function. Thus, the density needs to be known in order to

define the effective potential so that Eq. (1) can be solved.

The ground state density is given by:

n(r) = T4 |o; )| (3)

To solve Eq. (1), an initial guess is used for ¢j(r), which is used to generate Eq. (3),
which is subsequently used in Eq. (2). This equation is then solved for ¢j(r) iteratively until
the ¢j(r) that results from the solution of equation 1 is the same as the ¢j(r) that are used
to define equation 2. That is, the solutions are self-consistent. Finally, the ground state
energy is given by:

E = 36 + E[n] = [ v @) n@)dr — 2 [ "2 apr - (a)

[r—r]|

90



where Exc[n(r)] is the exchange-correlation energy functional. Walter Kohn shared the
Nobel prize in Chemistry in 1998 for this work [148]. Provided the exchange-correlation
energy functional Exc is known, Eq. (4) is exact. However, the exact form of the exchange-
correlation energy functional is not known; thus, approximations for this functional must

be used.

5.1.1 Exchange correlation functionals

The two main types of exchange-correlation functionals used in DFT are the local
density approximation (LDA) and the generalized gradient approximation (GGA). In LDA,
the exchange-correlation functional is defined for an electron in a uniform electron gas of
density n[151]. It is exact for a uniform electron gas and is anticipated to be a reasonable
approximation for slowly varying densities. In molecules and solids, however, the density
tends to vary substantially in space. Despite this, the LDA has been very successfully used
in many systems [152-154]. It tends to predict overbending in both molecular and solid
systems[155], and it tends to make semiconductor systems too metallic (the bandgap
problem)[156]. The generalized gradient approximation includes corrections for gradients
in the electron density and is often implemented as a corrective function of the LDA. The
form of this corrective function, or "exchange enhancement™ function determines which
functional it is (e.g., PBE, RPBE, revPBE, etc)[157].

There are increasingly new types of functionals in the literature. The so-called hybrid

functionals, such as B3LYP, are more popular with Gaussian basis sets.

5.1.2 Basis sets
Briefly, the basis set is used to expand the Kohn-Sham orbitals. In a periodic lattice,

one can use Bloch’s theorem to show that the wave function for an electron can be
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expressed as the product of a plane-wave and a function with the periodicity of the
lattice[158]:
Y () = ey, (1) )

where r is a position vector, and k is a so-called wave vector that will only have certain
allowed values defined by the size of the unit cell. Bloch’s theorem sets the stage for using
plane-waves as a basis set because it suggests a plane-wave character of the wave function.
If the periodic function unk(r) is also expanded in terms of plane-waves determined by
wave vectors of the reciprocal lattice vectors, G, then the wave function can be expressed
completely in terms of a sum of planewaves[159]:

(1) = Y Cipee + GeE+OD (6)
where ci,k+G are now coefficients that can be varied to determine the lowest energy
solution. This also converts Eq. (1) from an integral equation to a set of algebraic equations
that can readily be solved using matrix algebra.

In a periodic system, such as systems with even one defect, or randomly ordered alloys,
there is no periodic unit cell. Instead, one must represent the portion of the system of
interest in a supercell, which is then subjected to the periodic boundary conditions so that
a plane-wave basis set can be used. It then becomes necessary to ensure the supercell is
large enough to avoid interactions between the periodic impurities. The case of the
randomly ordered alloy is virtually hopeless as the energy of different configurations
fluctuates statistically about an average value. These systems are discussed elsewhere
[160]. Once a supercell is chosen, however, Bloch’s theorem can be applied to the new
artificially periodic system. To get a perfect expansion, one needs an infinite number of

plane-waves. Luckily, the coefficients of the plane-waves must go to zero for high energy
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plane-waves; otherwise, the energy of the wave function would go to infinity. This provides
justification for truncating the plane-wave basis set above cutoff energy. Careful testing of
the effect of the cutoff energy on the total energy can be done to determine suitable cutoff
energy. The cutoff energy required to obtain a particular convergence precision is also
element dependent. It can also vary with the "softness” of the pseudopotential. Thus,
careful testing should be done to ensure the desired level of convergence of properties in
different systems. These energies are rarely considered directly; it is usually differences in
energy that are important. These tend to converge with the plane-wave cutoff energy much
more quickly than total energies, due to cancellations of convergence errors. In this work,
520 eV was found to be suitable for the band structure calculations, but cutoff energy of
450 eV was required for CO; adsorption calculations.

Bloch’s theorem eliminates the need to calculate an infinite number of wave functions
because there are only a finite number of electrons in the supercell. However, there is still
an infinite number of discrete k points that must be considered, and the energy of the unit
cell is calculated as an integral over these points. It turns out that wave functions at k-points
that are close together are similar; thus, an interpolation scheme can be used with a finite
number of k points. This also converts the integral used to determine the energy into a sum
over the k points, which are suitably weighted to account for the finite number of them.
There will be errors in the total energy associated with the finite number of k, but these can
be reduced and tested for convergence by using higher k-point densities[160]. The most
common schemes for generating k-points are the Chadi-Cohen scheme[161], and the
MonkhorstPack scheme[162]. The use of these k-point setups amounts to an expansion of

the periodic function in reciprocal space, which allows a straight-forward interpolation of
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the function between the points that is more accurate than with other k point generation

schemes[162].

5.1.3 Pseudopotentials

The core electrons of an atom are computationally expensive with plane-wave basis
sets because they are highly localized. This means that a very large number of plane-waves
are required to expand their wave functions. Furthermore, the contributions of the core
electrons to bonding compared to those of the valence electrons are usually negligible. In
fact, the primary role of the core electron wave functions is to ensure proper orthogonality
between the valence and core electrons. Consequently, it is desirable to replace the atomic
potential due to the core electrons with a pseudopotential that has the same effect on the
valence electrons[163]. There are essentially two kinds of pseudopotentials, norm-
conserving pseudopotentials[163] and Vanderbilt ultrasoft pseudopotentials[164]. In either
case, the pseudopotential function is generated from an all-electron calculation of an atom
in some reference state. In norm-conserving pseudopotentials, the charge enclosed in the
pseudopotential region is the same as that enclosed by the same space in an all-electron
calculation. In ultrasoft pseudopotentials, this requirement is relaxed, and charge
augmentation functions are used to make up the difference. As its name implies, this allows
a "softer" pseudopotential to be generated, which means fewer plane-waves are required to
expand it.

The pseudopotentials are not unique, and calculated properties depend on them.
However, there are standard methods for ensuring the quality and transferability (to

different chemical environments) of the pseudopotentials[165].
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5.1.4 Fermi Temperature and band occupation numbers

At absolute zero, the occupancies of the bands of a system are well-defined step
functions; all bands up to the Fermi level are occupied, and all bands above the Fermi level
are unoccupied. There is a particular difficulty in the calculation of the electronic structures
of metals compared to semiconductors and molecules. In molecules and semiconductors,
there is a clear energy gap between the occupied states and unoccupied states. Thus, the
occupancies are insensitive to changes in the energy that occurs during the self-consistency
cycles. In metals, however, the density of states is continuous at the Fermi level, and there
are typically a substantial number of states that are close in energy to the Fermi level.

Consequently, small changes in the energy can dramatically change the occupation
numbers, resulting in instabilities that make it difficult to converge to the occupation step
function. The related problem is that the Brillouin zone integral (which in practice is
performed as a sum over a finite number of k points) that defines the band energy converges
very slowly with the number of k points due to the discontinuity in occupancies in a
continuous distribution of states for metals[166, 167]. The difficulty arises because the
temperature in most DFT calculations is at absolute zero. At higher temperatures, the DOS
is smeared across the Fermi level, resulting in a continuous occupation function over the
distribution of states. A finite-temperature version of DFT was developed[168], which is
the foundation on which one solution to this problem is based. In this solution, the step
function is replaced by a smoothly varying function, such as the Fermi-Dirac function at a
small but non-zero temperature[166]. The total energy is then extrapolated back to absolute

ZEero.
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5.1.5 Spin polarization and magnetism

There are two final points that need to be discussed about these calculations, spin
polarization and dipole corrections. Spin polarization is important for systems that contain
net spin. For example, iron, cobalt, and nickel are magnetic because they have more
electrons with spin "up” than spin "down™ (or vice versa). Spin polarization must also be
considered in atoms and molecules with unpaired electrons, such as hydrogen and oxygen
atoms, oxygen molecules, and radicals. A classically known problem involving spin
polarization is the dissociation of a hydrogen molecule. In this case, the molecule starts
with no net spin, but it dissociates into two atoms, each of which has an unpaired electron.

The spin-polarized solution is sensitive to the initial guess and typically converges to
the closest solution. Thus, an initial magnetic guess usually must be provided to get a
magnetic solution. Finally, unless an adsorbate is on a magnetic metal surface, spin
polarization typically does not need to be considered, although the gas-phase reference
state calculation may need to be done with spin-polarization. The downside of including

spin polarization is that it essentially doubles the calculation time.

5.2 Computational Details

5.2.1 QuantumEspresso

The structure of UiO-66 and its modifications (functionalization with NH2 and metal
exchange) were optimized using the Density Functional Theory method as implemented in
Quantum Espresso (QS) code[169]. We employed DFT with the generalized gradient
approximation (GGA) functional in the parametrization of Perdew, Burke, and Ernzerhof

(PBE) to account for exchange and correlation[170]. The projector-augmented wave
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method (PAW) was used for a basis set with a cutoff energy of 520 eV[171, 172]. The
valence electronic configurations as given in the atomic potential files were 5s?4d? for Zr,
3p%4s23d? for Ti, 2s22p* for O, 2s22p® for N, 2s22p? for C, and 1s* for H. Brillouin zone
integration was performed using Blochl’s tetrahedron method, with a k-mesh generated by
the Monkhorst—Pack scheme. As we are using a very large supercell, optimizations were
carried out at gamma point. UiO-66 and its derivative structures were considered using a
cubic supercell of 456 and 504 atoms for the pristine and functionalized amine materials,
respectively. Ti**/Zr** exchange simulation was performed for 50 % atomic ratios.
Geometries optimized at the experimental cell volume of the pristine UiO-66, followed by
a relaxation of the cell volume and shape for all systems, was considered here.
Optimizations stopped when the maximum residual force of 0.01 eV per atom was reached.
The electronic wave function criterion of convergence was 107 eV. While modelling the
CO2 molecule, we have also used the implementation of the DFT-D2 approach described
by Grimme to account for long-range dispersion forces. The isolated molecule was
modelled in the center of the pores and near the metal sites.

The adsorption energy per molecule was calculated from the relation

Eaas = Ecompiex — (Emor + Emot) (7)
where (Ecomplex) iS the total energy of the adsorbate-substrate system, Emor is the
energy of the naked MOF cluster, and Emo is the energy of the isolated adsorbate
molecules. Within this definition, negative adsorption energy indicates an exothermic

process.
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522 VASP

The excited state and the charge transfer in the photocatalytic reduction of CO> for
each system were studied using the Density Functional Theory method, as implemented in
the VASP code[166, 173]. The PAW pseudopotential was used as implemented in the
VASP code with a cutoff energy of 450 eV. We employed DFT with the generalized
gradient approximation (GGA) functional in the parametrization of Perdew, Burke, and
Ernzerhof (PBE) to account for exchange and correlation[170]. The relaxed structure was
obtained from the QuantumEspresso code. Brillouin zone integration was performed using

Blochl’s tetrahedron method, with a k-mesh generated by the Monkhorst—Pack scheme.

5.3 Results And Discussion

5.3.1 Band structure

Density functional theory simulations. DFT plane-wave calculations were carried
out in order to investigate the impact of different functionalization of UiO-66 material on
its electronic structures. Further, we wanted to link the electronic structures of the
functionalized materials with their photocatalytic activity. Geometries were optimized in
two steps, as mentioned in the Methodology section.

Upon volume and shape optimization of the pristine UiO-66 and UiO-66-NH, cell
parameters decreased by less than 0.5% of the experimental cell parameters. In the case of
the metal exchange, the cell parameters did not exceed 1.5% change of the experimental
cell parameters (0.7% of UiO-NH2-Ti-25% and 1.4% of UiO-NH2-Ti-50%). Such
shrinkage of the cell volume is manifested in PXRD (Fig. 17) and is due to the ionic size

difference between Ti** and Zr**.
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Table 15. The change in the atomic distance after the local distortion resulted from different modifications.

) _ (Tio.25/Zro.75) (Tios/Zros)
UiO-66 UiO-66-NH2 . .
UiO-66-NH:2 UiO-66-NH2
Zr-Zr (axial) 5.03 5.02 5.00 4.98
Zr-Zr
. 3.56 3.56 3.55 3.54
(adjacent)
Zr-0 2.24 2.22 2.21 2.23
Zr-OH 2.28 2.27 2.27 2.26
Zr-Ti N/A N/A 3.44 3.43
Ti-O N/A N/A 1.92 2.21
Ti-OH N/A N/A 2.19 2.19
Ti-Ti (axial) N/A N/A 4.74 4.72
Ti-Ti
] N/A N/A N/A 3.35
(adjacent)

In order to get an idea about the effect of the functionalization on the pore volume,
we have calculated the free volume and the solvent accessible surface area of the optimized
supercells. Results in Table-3 show the effect of functionalization on the pore volume. As
we go from the pristine to UiO-NH2-Ti-50%, we have a monotonic decrease in the volume
and surface area. These results correlate well with the BET surface area and the CO2-uptake
data discussed in chapter 2. Such volume shrinkage can be explained by the NH2 groups,

which occupy some of the pore space, as well as the smaller ionic size of Ti** compared to

that of Zr**.

99




Table 16. The calculated and experimental band gaps of UiO-66 and its derivatives

MOF Bandgap (eV) Free volume (A3) Surface area (A?)

UiO-66 2.88 (3.3) 1368 1800
UiO-66-NH> 1.90 (2.8) 1100 1600
ggzggﬁﬁz 1.72 (N/A) 1019 1500
LSIT('J"“ngz 161 (2.6) 960 1500

Figure 36. UiO-66 core structures ZreO40H4 (CCOO-)12 shown in
sticks with the six Zr in blue spheres.

The optimized structures were used as inputs for the band structures and DOS calculations.
It is well known that PBE functional underestimates band gaps, but here we are interested
in the general trend of the bandgap upon functionalization rather than the absolute values.
We did not notice any significant local structural changes at the cluster geometries level.
However, there were some local distortions around the metal cores (Table 17). All modified

UiO-66s have a similar structure to that of the pristine UiO-66 (see Fig. 36).
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Figure 37. Charge density difference between UiO-66 and UiO-66-NHz (), (Zro.75/Tio.25)UiO-66-NH2(b), (Zros/Tio.s)UiO-66-
NH:z (c). Yellow and blue represents the electron density rich and depletion, respectively. Isosurfaces drawn at
resolution of 0.08 electron/bhor?. Color code is as following; brown (C) light blue (N), white (H), green (Zr), red (O),

and purple (Ti).

The band structures of UiO-66 and its derivatives are shown in Fig. 38. The band
structures show a monotonic decrease in the direct bandgap from the pristine to
(Zros/Tios)UiO-66-NH2 material.

This indicates that there is a synergetic effect of the amine functionalization of UiO-
66 linker, which affects the top of the valence band, and the metal exchange, which affects
the bottom of the conduction band (see Fig. 38). The Projected Density of States (PDOS)
shown in (Fig. 39) highlights the origin of the redshift observed in the bandgap. Upon
amine functionalization, electronic states generate at the top of the valence band, which are
the non-bonding p-states of N and C atoms (see Fig. 39).

Ti**/Zr** exchange generates new states at the bottom of the conduction band localized
on the d-orbitals of Ti** (see Fig. 38). Further increase of Ti*" loading leads to a smaller
bandgap. On the contrary, in the pristine material, both the valence and conduction bands

are localized on the linker.
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Figure 38. The computed band structure of different modification for UiO-66.

These states are located on the aromatic linker carbon atoms and the oxygen of the
carboxylate groups. It is evident that the N atoms’ lone pair, which is located at the top of
the valence bands, has an impact on the electronic structures of the UiO-66-NH. series. In
our study, we have modified the electronic structures of UiO-66 material using the NH:
group and the metal exchange strategy. In the pristine UiO-66, and UiO-NH: the
photoexcitation leads to linker-to-linker (LL) transitions while in the functionalized UiO-

66-Ti**/Zr*" it leads to linker-to-metal (LM) transition.
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Figure 39. PDOS of the four systems investigated in our study and the total DOS are shown. The
fermi level of all the systems was reset to zero.

5.3.2 COzadsorption

5.3.2.1 UiO-66
We considered the supercell of the UiO-66 for CO> adsorption and investigated a

number of initial configurations with different orientations of the CO, molecule. We found
that the CO2 molecule moved away from the UiO-66 surface for all configurations, except
where we placed it near the Zr metal site and the OH group attached to the Zr.

metal site. In this configuration, one of the oxygen atoms, O1, of the CO2 molecule,
binds with this Zr atom, as shown in Fig. 40. The CO2. molecule remains linear with an
angle of 180°. The distance between the oxygen atom O1 of the CO2 molecule and Zr is
found to be 2.76 A, and the C-O bond between C and this O1 atom is 1.26 A, which is the
same as the C—O2 bond length. Zr-O bond lengths in the UiO-66 don’t change with the
adsorption of CO. where the bond length between Zr and O bonding to Zr atom is 2.08

A, and the bond length between Zr and O bonding to C atom is 2.24 A, while the bond
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length between Zr and O bonding to H atom is 2.28 A. The adsorption energy in this
configuration is -16 kJ/mol (Table 17).

A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO>
molecule (bonded to the coordinatively unsaturated Zr metal cluster) has 0.03e", resulting
from a small charge transfer from the Zr metal cluster, which becomes more oxidized after
CO; adsorption. This very small charge transfer between the metal cluster and the CO;
molecule, indicates weak activation of the CO2 molecule.

By the study of the charge transfer upon light excitation of the UiO-66, it was found
that the electron was transferred from the organic linkers (0.08 e) to the metal clusters (-
0.08 e) leaving a partial positive charge on the linker. This finding agrees with the EPR
data in our previous work; here, it shows a change in the oxidation number of the metal
from zr** to zr3*,

OH site. In the CO2 adsorbed near the OH group configuration, one of the oxygen
atoms, O1, of the CO2 molecule, makes a hydrogen bond with the OH group, as shown in
Fig. 40. The CO2molecule remains linear with an angle of 180°. The distance between the
oxygen atom O1 of the CO, molecule and H is found to be 1.81 A, and the C-O bond
between C and this O1 atom was 1.26 A, similar to the other CO, bond C-O>. Zr-O bond
lengths in the UiO-66 don’t change with the adsorption of CO., where the bond length
between Zr and O bonding to Zr atom is 2.08 A, and the bond length between Zr and O
bonding to H atom is 2.27 A. While the bond length between Zr and O bonding to C atom
is 2.23 A, which was slightly decreased to 2.21 A after adding CO.. The adsorption energy

in this configuration is -29 kJ/mol (table 17).
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A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO>
molecule (forming a hydrogen bond with the OH group in the metal cluster) has 0.02e",
resulting from a small charge transfer from the OH group, which becomes more oxidized
after CO, adsorption. This very small charge transfer between the metal cluster and the
CO2 molecule, indicates weak activation of the CO2 molecule.

In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation
by adding one more CO2 molecule to the same UiO-66 with the CO; adsorbed to it. We
found that the adsorption energy doesn’t change for the second CO2 molecule.

A Bader charge analysis of the supercell in the ground state (Table 18) shows that the
negative charges are localized on the linkers (-2.6 €), and the positive charge is localized
at the metal clusters (1.9 e), while CO2 molecule has a very small positive charge (0.6 €).
After the excitation, the negative charge was transferred to the linker (-0.08 €), leaving a
positive charge on the metal cluster (0.08 e).

Our calculated geometrical parameters of the adsorbed CO2 molecule and the binding
energies are in reasonable agreement with the recent work of Tyler G. Grissom et al., where
they used MO6-L functional utilizing an ultrafine integration grid as implemented in
Gaussian09. They reported that the CO> has two main binding processes. CO2 hydrogen
bonds with the OH group from the metal cluster, and through dispersive interactions with

the metal cluster[174]. The adsorption energy of the CO2 was -32.5 kJ/mol.

5.3.2.2 UiO-66-NH>
We considered the supercell of the UiO-66-NH. for CO, adsorption and investigated a

number of initial configurations with different orientations of the CO> molecule. We found
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that the CO2 molecule moved away from the UiO-66-NH> surface for all configurations,
except where we placed it near the Zr metal site and the NH: site.

metal site. In the CO2 adsorbed near the metal configuration, one of the oxygen atoms,
01, of the CO2 molecule binds with this Zr atom, as shown in Fig. 40. The CO2 molecule
remains linear, with an angle of 179.96°. The presence of the NH2 group enhances the CO>
adsorption with the metal. The distance between the oxygen atom O1 of the CO2 molecule
and Zr is found to be 2.34 A, and the C-O bond between C and this O1 atom was 1.19 A,
similar to the other CO2 bond C-0.. Zr—O bond lengths in the UiO-66-NH> don’t change
with the adsorption of CO2, where the bond length between Zr and O bonding to C atom is
2.21 A, and the bond length between Zr and O bonding to H atom is 2.27 A. While the
bond length between Zr and O bonding to Zr atoms is 2.08 A, which was slightly decreased
after adding CO2to 2.07 A. The adsorption energy in this configuration is -15 ki/mol
(tablel7).

A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO>
molecule (bonded to the coordinatively unsaturated Zr metal cluster) has 0.2 e positive
charge, resulting from a small charge transfer from the NH2 function in the linker, which
becomes more oxidized after CO, adsorption.

By the study of the charge transfer upon light excitation of the UiO-66-NH> it was
found that the electron was localized on the organic linkers (-0.01 e).while the positive
charge was located on the metal clusters (0.01 e), and a very small charge transferred to
the CO2 molecule (0.001 e).

OH site. In the CO. adsorbed near the OH group configuration, one of the oxygen

atoms, O1, of the CO2 molecule forms a weak hydrogen bond with the hydrogen from the
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OH group, as shown in Fig. 40. The CO2 molecule remains linear, with an angle of 179.6".
The distance between the oxygen atom O1 of the CO2 molecule and H is found to be 2.20
A, and the C—O bond between C and this O1 atom was slightly decreased to 1.19 A, similar
to the other CO2 bond C-O2. Zr-0 bond lengths in the UiO-66-NH2 don’t change with the
adsorption of CO2, where the bond length between Zr and O bonding to Zr atom is 2.08 A,
and the bond length between Zr and O bonding to H atom is 2.27 A. While the bond length
between Zr and O bonding to C atom is 2.23 A, the adsorption energy in this configuration
is -30 kJ/mol (tablel7).

From the experimental, we have measured the CO uptake for UiO-66-NH> at different
temperatures (273 K and 293 K), and we calculated the Qs value for the adsorption. The
experimental Qst was 28.2 kJ/mol, which is a good agreement with the calculated binding
energy for the CO; at the OH site.

A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO;
molecule (forming a hydrogen bond with the OH group in the metal cluster) has 0.07e-,
resulting from a small charge transfer from the OH group, which becomes more oxidized
after CO, adsorption. This very small charge transfer between the metal cluster and the
CO2 molecule, Indicates weak activation of the CO2, molecule.

In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation
by adding one CO2 molecule to the same UiO-66-NH2 with the CO; adsorbed to it. We
found that the adsorption energy doesn’t change for the second CO2 molecule.

A Bader charge analysis of the supercell in the ground state (Table 18) shows that the
negative charges are localized on the linkers (-51.6 €), and the positive charge is localized

at the metal clusters (49.8 e), while CO2 molecule has a very small positive charge (1.8 e).
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After the excitation, the negative charge was transferred to the linker (-0.1 e), leaving a

positive charge on the metal cluster (0.01 e).

5.3.2.3 (Ti/Zr)UiO-66-NH;
We considered the supercell of the (Ti/Zr)UiO-66-NH. for CO adsorption and

investigated a number of initial configurations with different orientations of the CO>
molecule. We found that the CO, molecule moved away from the (Ti/Zr)UiO-66-NH:
surface for all configurations, except where we placed it near the Zr metal site and the NH>
site.

Metal site. In the CO2 adsorbed near the metal configuration, one of the oxygen atoms,
01, of the CO2 molecule binds weakly with this Zr atom, as shown in Fig. 40. The CO;
molecule remains linear, with an angle of 179.9°. The distance between the oxygen atom
01 of the CO2 molecule and Zr is found to be 2.12 A, and the C-O bond between C and
this O1 atom was slightly decreased to 1.19 A, and the other CO2 bond C-O,was 1.19 A,
Zr—O bond lengths in the (Ti/Zr)UiO-66-NH> don’t change with the adsorption of CO2
where the bond length between Zr and O bonding to Zr atom is 2.09 A, while the bond
length between Zr and O bonding to H atom is 2.24 A. While the bond length between Zr
and O bonding to C atom is 2.21 A, which was slightly decreased after adding CO2t0 2.17
A. The adsorption energy in this configuration is -22 kJ/mol (table 18).

A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO>
molecule (bonded to the coordinatively unsaturated Zr metal cluster) has 0.2 e positive
charge, resulting from a small charge transfer from the NH> function in the linker, which

becomes more oxidized after CO> adsorption.

108



Similar to the UiO-66-NH>, the charge transfer upon light excitation of the UiO-66-
NH: was studied. It was found that the electron was localized on the organic linkers (-0.01
e).while the positive charge was located on the metal clusters (0.01 e), and a very small
charge transferred to the CO2 molecule (0.002 e).

OH site. In the CO2 adsorbed near the OH group configuration, one of the oxygen
atoms, O1, of the CO2 molecule forms a weak hydrogen bond with the hydrogen from the
OH group, as shown in Fig. 40. The CO2 molecule remains linear, with an angle of 179.9".
The distance between the oxygen atom O1 of the CO2 molecule and H is found to be 2.13
A, and the C-O bond between C and this O1 atom was slightly decreased to 1.19 A, and
the other CO, bond C-Ozwas 1.19 A. Zr—0O bond lengths in the (Ti/Zr)UiO-66-NH, don’t
change with the adsorption of CO. where the bond length between Zr and O bonding to Zr
atom is 2.11 A, and the bond length between Zr and O bonding to H atom is 2.23 A. The
bond length between Zr and O bonding to C atom is 2.22 A. The adsorption energy in this
configuration is -32 kJ/mol (table18).

From the experimental, we have measured the CO> uptake for (Zro.41/Tio.50)UiO-66-
NH: at different temperatures (273 K and 293 K), and we calculated the Qs value for the
adsorption. The experimental Qs was 30.7 kJ/mol, which is a good agreement with the
calculated binding energy for the CO; at the OH site.

A Bader charge analysis of the supercell shows that the oxygen atom O1 of the CO;
molecule (forming a hydrogen bond with the OH group in the metal cluster) has 0.1e-,
resulting from a small charge transfer from the OH group, which becomes more oxidized
after CO> adsorption. This very small charge transfer between the metal cluster and the

CO, molecule, Indicates weak activation of the CO2 molecule.
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In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation
by adding one CO2 molecule to the same (Ti/Zr)UiO-66-NH. with the CO2 adsorbed to it.
We found that the adsorption energy doesn’t change for the second CO2 molecule.

A Bader charge analysis of the supercell in the ground state (Table 18) shows that the
negative charges are localized on the linkers (-44 e), and the positive charge is localized at
the metal clusters (42.50 e), while CO2 molecule has a very small positive charge (1.5 e).
After the excitation, the negative charge was transferred to the linker (-0.11 e), leaving a
positive charge on the metal cluster (0.105 e).

From the above-mentioned data, we can say that the functionalization of the UiO-66
with an amine group enhances the adsorption of CO. on the MOF (decrease the distance
between the Zr and the O) while replacing Zr with Ti further enhance the adsorption of

CO:2 (increase the binding energy).

Table 17. The adsorption energy and the distances for the CO2 on the MOF

Site UiO-66 UiO-66-NH2 (Ti/Zr)UiO-66-NH:

2.76 A 234 A 212 A

Metal site (a)

-16 kJ/mol -15 kJ/mol -22 kJ/mol
1.81 A 2.20 A 2.13 A
OH site (b)
-30 kJ/mol -30 kJ/mol -32 kJ/mol
QSt measurement 28.2 kd/mol 30.7 kd/mol
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Table 18. The charge analysis (in €) of the MOF+CQO2 system

UiO-66 UiO-66-NH2 (Ti/Zr)UiO-66-NH:
Ground G-S G-T Ground G-S G-T Ground G-S G-T
CO: 0.631 | -0.001 | -0.002 | 1.776 | 0.002 | 0.001 | 1.455 | 0.002 | 0.002
Linker | -2.593 | 0.076 0.075 -51.6 -0.01 -0.01 -44 -0.11 -0.14
Metal 1.962 | -0.075 | -0.073 | 49.79 | 0.013 | 0.013 42.5 0.105 | 0.141

Figure 40. The adsorption site of CO: at different sites in the MOF crystal, sowing two possible adsorption
sites at the metal site (a) and at the OH group (b).

5.3.3 TEOA adsorption

5.3.3.1

UiO-66

We considered the supercell of the UiO-66 for TEOA adsorption and investigated a

number of initial configurations with different orientations of the TEOA molecules (Fig.

41). We found that the TEOA molecule adsorbed in the pore of UiO-66 by bonding with

two linkers in the pore. The distance between the oxygen in the TEOA and the hydrogen
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from the UiO-66 is 2.03 A and 1.33 A. The adsorption energy of the TEOA in the UiO-66
pore is -107 kJ/mol (Table 19).

A Bader charge analysis of the supercell in the ground state (Table 20) shows that the
TEOA molecule has a negative charge (-0.07 e). While the linkers have a negative charge
of (-3.2 e), and the metal cluster has a positive charge of (3.2 €). After the excitation, the
negative charge was transferred to the TEOA (-0.54 €) leaving a positive charge on both
the linker and the metal cluster (0.52 e and 0.02 e respectively). This shows that the light

excites electrons from the linkers. The excited electrons were then transferred to the TEOA.

5.3.3.2 UiO-66-NH>
We considered the supercell of the UiO-66-NH> for TEOA adsorption and investigated

a number of initial configurations with different orientations of the TEOA molecules (Fig.
41). We found that the TEOA molecule adsorbed in the pore of UiO-66-NH> by forming
hydrogen bonds with linker and amine grope in the pore. The distances between the oxygen
in the TEOA and the hydrogen from the linker and the hydrogen from the amine are 1.38
A and 1.81 A, respectively. The adsorption energy of the TEOA in the UiO-66-NH: pore
is -160 kJ/ mol (Table 19).

A Bader charge analysis of the supercell in the ground state (Table 20) shows that the
negative charges are localized on the linkers (-42.35 e), and the positive charge is localized
at the metal clusters (42.87 e), while TEOA molecule has a very small negative charge (-
0.52 e). After the excitation, the negative charge was transferred from the TEOA to the
linker (-0.015 e) leaving a positive charge on both the TEOA and the metal cluster (0.002
e and 0.013 e respectively). This shows that the light excites electrons from the linkers and

TEOA. The excited electrons were then transferred to the linker.
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5.3.3.3 (Ti/Zr)UiO-66-NH:
We considered the supercell of the (Ti/Zr)UiO-66-NH, for TEOA adsorption and

investigated a number of initial configurations with different orientations of the TEOA
molecules Fig. 41. We found that the TEOA molecule adsorbed in the pore of (Ti/Zr)UiO-
66-NH> by forming hydrogen bonds with linker and amine grope in the pore. The distances
between the oxygen in the TEOA and the hydrogen from the linker and the hydrogen from
the amine are 1.26 A and 1.73 A, respectively. The adsorption energy of the TEOA in the
(Ti/Zr)UiO-66-NH: pore is -190 kJ/ mol (Table 19).

A Bader charge analysis of the supercell in the ground state (Table 20) shows that the
negative charges are localized on the linkers (-41.94 ¢), and the positive charge is localized
at the metal clusters (42.50 e), while TEOA molecule has a very small negative charge (-
0.56 e). After the excitation, the negative charge was transferred to the TEOA and the linker
(-0.08 e and -0.02 e respectively), leaving a positive charge on the metal cluster (0.10 e).

From the above-mentioned data, we can say that the functionalization of the UiO-66
with an amine group enhances the adsorption of TEOA on the MOF while replacing Zr

with Ti further enhances the adsorption of TEOA (increase the binding energy).

Table 19. The adsorption energy and the distances for the TEOA in the MOF pores

Site UiO-66 UiO-66-NH2 (Ti/Zr)UiO-66-NH2
Linker site (a) 1.33A 1.38 A 1.26 A
Linker site (b) 2.03A 1.81A 1.73A

-107 kJ/mol -160 kJ/mol -190 kJ/mol
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Table 20. The charge analysis (in €) of the MOF+TEOA system

UiO-66

UiO-66-NH: (Ti/Zr)UiO-66-NH2

Ground G-S G-T Ground G-S G-T Ground G-S G-T
Linker | -3.13 | 0.516 | 0.501 | -42.35 | -0.016 | -0.016 | -41.9 -0.02 -0.07
Metal 3.2 0.02 0.019 42.87 0.013 | 0.013 42.5 0.101 0.144
TEOA | -0.07 -0.54 | -0.52 -0.52 | 0.002 | 0.003 | -0.56 -0.08 -0.08

Figure 41. The adsorption site of TEOA in the

5.3.4 TEOA+CO:2 adsorption

MOF pores

We evaluate the effect of TEOA on the adsorption of the CO> in the UiO-66 series. so,

we studied the adsorption of CO2 on a complex of MOF and TEOA.
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5.3.4.1 UiO-66
We considered a complex of the supercell of the UiO-66 and TEOA for CO2adsorption

and investigated a number of initial configurations with different orientations of the CO-
molecule. We found that the CO2 molecule moved away from the complex surface for all
configurations, except where we placed it near the Zr metal site and the TEOA.

TEOA site. In the CO. adsorbed near the TEOA, one of the oxygen atoms, O1, of the
CO2molecule forms week hydrogen bonding with the hydrogen from the TEOA, as shown
in Fig. 42. The CO2 molecule remains almost linear, with an angle of 177.2°. The distance
between the oxygen atom O1 of the CO2 molecule and H in TEOA is found to be 2.57 A,
and the C—O bond between C and this O1 atom was 1.19 A, similar to the other CO2 bond
C-02. The adsorption energy in this configuration is -35 kJ/ mol (Table 21).

OH site. In the CO2 adsorbed near the OH group configuration, one of the oxygen
atoms, O1, of the CO2 molecule forms a weak hydrogen bond with the hydrogen from the
OH group, as shown in Fig. 42. The CO2 molecule remains linear, with an angle of 179.4".
The distance between the oxygen atom O1 of the CO2 molecule and H is found to be 2.44
A, and the C—O bond between C and this O1 atom was slightly decreased to 1.19 A, similar
to the other CO2 bond C-0,. Zr—O bond lengths in the UiO-66 don’t change with the
adsorption of CO2, where the bond length between Zr and O bonding to Zr atom is 2.07 A,
and the bond length between Zr and O bonding to H atom is 2.28 A. While the bond length
between Zr and O bonding to C atom is 2.23 A, the adsorption energy in this configuration
is -30 kJ/ mol (Table 21).

A Bader charge analysis of the supercell in the ground state (Table 22) shows that the

negative charges are localized on the linkers (-30.18 e), and the positive charge is localized
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at the metal clusters (29.29 e), while TEOA and CO2 molecules have a very small positive
charge (0.04 e and 0.86 e respectively). After the excitation, the negative charge was
transferred to the TEOA, CO, and the metal cluster (-0.30 e, -0.02 e, and -0.05 e
respectively), leaving a positive charge on the linker (0.37 e). This shows that the light
excites electrons from the linkers and TEOA. The excited electrons were then transferred
to the TEOA and the metal.

In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation
by adding one CO2 molecule to the same complex with the CO2 adsorbed to it. We found

that the adsorption energy doesn’t change for the second CO2 molecule.

5.3.4.2 UiO-66-NH>
We considered a complex of the supercell of the UiO-66-NH> and TEOA for CO-

adsorption and investigated a number of initial configurations with different orientations
of the CO2 molecule. We found that the CO2 molecule moved away from the complex
surface for all configurations, except where we placed it near the Zr metal site and the
TEOA.

TEOA site. In the CO2 adsorbed near the TEOA, one of the oxygen atoms, O1, of the
CO2molecule forms week hydrogen bonding with the hydrogen from the TEOA, as shown
in Fig. 42. The CO2molecule remains linear, with an angle of 179.1°. The distance between
the oxygen atom O1 of the CO2 molecule and H in TEOA is found to be 2.77 A, and the
C—-O bond between C and this O1 atom was 1.19 A, similar to the other CO, bond C-O..
The adsorption energy in this configuration is -39 kJ/ mol (Table 21).

OH site. In the CO- adsorbed near the OH group configuration, one of the oxygen

atoms, O1, of the CO, molecule forms a weak hydrogen bond with the hydrogen from the
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OH group, as shown in Fig. 42. The CO2 molecule remains linear, with an angle of 179.6".
The distance between the oxygen atom O1 of the CO, molecule and H is found to be 2.41
A, and the C—O bond between C and this O1 atom was slightly decreased to 1.19 A, similar
to the other CO2 bond C-O2. Zr-0 bond lengths in the UiO-66-NH2 don’t change with the
adsorption of CO2, where the bond length between Zr and O bonding to Zr atom is 2.07 A,
and the bond length between Zr and O bonding to H atom is 2.28 A. While the bond length
between Zr and O bonding to C atom is 2.22 A, the adsorption energy in this configuration
is -34 kJ/ mol (Table 21).

A Bader charge analysis of the supercell in the ground state (Table 22) shows that the
negative charges are localized on the linkers (-43.30 €), and the positive charge is localized
at the metal clusters (43.47 e), while TEOA and CO> molecules have a very small charges
(-0.64 e and 0.47 e respectively). After the excitation, the negative charge was transferred
to the linker (-0.02 €) leaving a positive charge on the TEOA, CO2, and metal cluster (0.003
e, 0.0003 e, and 0.018 e respectively).

In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation
by adding one CO2 molecule to the same complex with the CO2 adsorbed to it. We found

that the adsorption energy doesn’t change for the second CO2 molecule.

5.3.4.3 (Ti/Zr)UiO-66-NH;
We considered a complex of the supercell of the (Ti/Zr)UiO-66-NH> and TEOA for

CO> adsorption and investigated a number of initial configurations with different
orientations of the CO2 molecule. We found that the CO, molecule moved away from the
complex surface for all configurations, except where we placed it near the Zr metal site and

the TEOA.
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TEOA site. In the CO. adsorbed near the TEOA, one of the oxygen atoms, O1, of the
CO2molecule forms week hydrogen bonding with the hydrogen from the TEOA, as shown
in Fig. 42. The CO2 molecule remains almost linear, with an angle of 177.5°. The distance
between the oxygen atom O1 of the CO2 molecule and H in TEOA is found to be 2.58 A,
and the C—O bond between C and this O1 atom was 1.19 A, similar to the other CO2 bond
C-0Oz. The adsorption energy in this configuration is -33 kJ/ mol (Table 21).

OH site. In the COz adsorbed near the OH group configuration, one of the oxygen
atoms, O1, of the CO2 molecule forms a weak hydrogen bond with the hydrogen from the
OH group, as shown in Fig. 42. The CO2 molecule remains linear, with an angle of 179.6°.
The distance between the oxygen atom O1 of the CO2 molecule and H is found to be 2.24
A, and the C-O bond between C and this O1 atom was slightly decreased to 1.19 A, similar
to the other CO2 bond C-Oz. Zr-0 bond lengths in the (Ti/Zr)UiO-66-NH; don’t change
with the adsorption of CO> where the bond length between Zr and O bonding to Zr atom
is 2.08 A, and the bond length between Zr and O bonding to H atom is 2.24 A. While the
bond length between Zr and O bonding to C atom is 2.17 A, the adsorption energy in this
configuration is -35 kJ/ mol (Table 21).

A Bader charge analysis of the supercell in the ground state (Table 22) shows that the
negative charges are localized on the linkers (-40.41 ¢), and the positive charge is localized
at the metal clusters (41.06 €), while TEOA and CO> molecules have a very small charges
(-1.34 e and 0.69 e respectively). After the excitation, the negative charge was transferred
to the linker (-0.07 e) leaving a positive charge on the TEOA, CO», and metal cluster (0.002

e, 0.0003 e, and 0.070 e respectively).
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In order to assess the effect of multiple CO2 adsorptions, we repeated our calculation

by adding one CO2 molecule to the same complex with the CO; adsorbed to it. We found

that the adsorption energy doesn’t change for the second CO2 molecule.

From the above-mentioned data, we can say that the presence of TEOA in the MOF

pores enhance the CO> adsorption at the OH site of the framework. But it decreases the

adsorption at the metal site and introduces another adsorption site at the TEOA molecule.

Table 21. The adsorption energy and the distances for the CO2 on MOF in the presence of TEOA.

Site UiO-66 UiO-66-NH; (Ti/Zr)UiO-66-NH:
2.75 A 277 A 258 A

TEOA site (a)
-35 kJ/mol -39 kJ/mol -33 kJ/mol
244 A 241 A 2.24 A

OHisite (b) 30 ky/mol 34 KJ/mol 35 KJ/mol

Figure 42. The adsorption sites of CO20n MOF in the presence of TEOA
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Table 22. The charge analysis (in e) of the MOF+TEOA+CO2 system

UiO-66 UiO-66-NH; (Ti/Zr)UiO-66-NH:
Ground G-S G-T | Ground G-S G-T | Ground G-S G-T
CO: | 0.86 -0.02 |-0.02 | 0.474 | 3E-04 | 0.001 | 0.694 | 3E-04 | 2E-04
Linker | -30.2 0.37 0.36 | -43.3 0_621 0.(;21 -40.4 | -0.07 -0.11
Metal | 29.3 -0.05 | -0.06 | 43.47 | 0.018 | 0.018 | 41.06 | 0.07 0.109
TEOA | 0.04 03 |-0.29 | -0.64 | 0.003 | 0.002 | -1.34 | 0.002 0.002

5.3.5 Formate adsorption

From the experimental data from the photocatalytic reduction of the CO2, we observed
that the produced formate reacts with the sacrificial agent (TEOA), forming an ester of the
form ((HOCH2CH2).N(CH2CH>OO0CH)). So, we studied the adsorption of the produced

formate in the MOF pore.

5.3.5.1 UiO-66
We considered the supercell of the UiO-66 for formate adsorption and investigated a

number of initial configurations with different orientations of the formate molecules (Fig.
43). We found that the formate molecule adsorbed in the pore of UiO-66 by forming
hydrogen bonds with two linkers in the pore. The distance between the oxygen in the
formate and the hydrogen from the UiO-66 is 1.6 A. The adsorption energy of the formate

in the UiO-66 pore is -103 kJ/ mol (Table 23).
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5.3.5.2 Ui0O-66-NH:

We considered the supercell of the UiO-66-NH; for formate adsorption and
investigated a number of initial configurations with different orientations of the formate
molecules (Fig. 43). We found that the formate molecule adsorbed in the pore of UiO-66-
NH: by forming hydrogen bonds with linker and amine grope in the pore. The distances
between the oxygen in the TEOA and the hydrogen from the linker and the hydrogen from
the amine are 1.61 A and 1.93 A, respectively. The adsorption energy of the TEOA in the

UiO-66-NH: pore is -160 kJ/ mol (Table 23).

5.3.5.3 (Ti/Zr)UiO-66-NH:
We considered the supercell of the (Ti/Zr)UiO-66-NH, for TEOA adsorption and

investigated a number of initial configurations with different orientations of the TEOA
molecules Fig. 43. We found that the TEOA molecule adsorbed in the pore of (Ti/Zr)UiO-
66-NH> by forming hydrogen bonds with linker and amine grope in the pore. The distances
between the oxygen in the TEOA and the hydrogen from the linker and the hydrogen from
the amine are 1.68 A and 1.78 A, respectively. The adsorption energy of the TEOA in the
(Ti/Zr)UiO-66-NH2 pore is -141 kJ/ mol (Table 23).

From the above-mentioned data, we can say that the adsorption of the produced
formate increase after the functionalization with the amine group. While after replacing Zr
with Ti in the SBU of the UiO-66-NH>, the binding energy of the formate with the MOF
decreased. This can explain the higher product yield from the CO2 photocatalytic reduction

when using (Ti/Zr)UiO-66-NHo..
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Table 23. The adsorption energy and the distances for the produced formate in the MOF pores

Site UiO-66 UiO-66-NH2 Ui(()-l:gGZ—T\)IHz
OH site (a) 1.06 A 1.61A 1.68 A
OH site (b) 2.03A 1.93A 1.78 A
Binding energy -103 kJ/mol -160 kJ/mol -141 kJ/mol

Figure 43. The adsorption of the produced formate in the
MOF pores

5.4 Conclusion

DFT simulations for the band structure shed light on the origin of the experimentally
observed decrease in the bandgap. The bandgap was decreased after modification. For the
UiO-66-NHa, the decrease from 2.9 eV to 1.9 eV is due to the increase in the valence band
edge resulted from the amine energy levels introduced at the top of the valence band. In
the case of a metal exchange, the decrease from 1.9 eV to 1.5 eV is attributed to the lower

energy of the conduction band edge resulted from the Ti energy levels introduced at the
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bottom of the conduction band. The change in the lattice parameters was measured, and we
found that the crystal structure remains the same after modification and the change in the
lattice parameter was small and consistent with the XRD data reported in Chapter 3.

DFT simulation for the CO- reduction reaction studied the adsorption of the chemicals
on the UiO-66 systems and the charge transfer during the catalytic reaction. We found that
during the reaction, when TEOA is used as a sacrificial donor, the CO3 is adsorbed on the
TEOA surface, and the reaction takes place at the TEOA site. The excited electrons transfer
from the MOF linker to the TEOA, where the reaction takes place. The CO; photoreduction
reaction is formate, which binds with the TEOA forming an ester that blocks the pores and

stops the reaction.
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CHAPTER 6
CONCLUSION AND PERSPECTIVES

6.1 Conclusion

A comprehensive study was performed to investigate the photophysical and
photocatalytic activity of the UiO-66 platform, MIL-125 platform, and their mixed-metal
derivatives. For the UiO-66 systems, the EPR measurements and the UV-DRS indicated
that the visible light photons are responsible for the excitation of electrons that reduce the
metal ions. Also, the presence of Ti in different forms produces some distortion in the
cluster. We conjecture that this distortion introduces some defects in the cluster (oxygen
deficiency) that tear down some cage’s walls, hence producing macro-pores, as evidenced
by a decrease in the BET surface area. Moreover, the amine functionalization decreased
the bandgap from 3.31 eV to 2.79 eV, shifting the light absorption to the visible region,
and the replacement of 59% of Zr with Ti further decreased the bandgap to 2.61 eV. The
study also emphasizes the role of different functionalization of UiO-66, upon the
photocatalytic activity. The photocatalytic activity increased remarkably due to the wider
absorption band, almost doubling the photocatalytic activities using mixed-metals MOFs.
However, upon Zr/Ti metal-exchange, the electronic transitions switched from ligand-
ligand-charge transfer into a ligand-metal-charge transfer mechanism. Functionalization
by UiO-66 wrapping around TiO2 nanoparticles leads to further enhancement of the
photocatalytic activity, due to core-shell like energy transfer mechanisms.

For the MIL-125 systems, the amine functionalization decreased the bandgap from

3.61 eV to 2.39 eV, shifting the light absorption to the visible region. The stability of the
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catalyst was confirmed by PXRD analysis before and after the photocatalytic reduction.
The EPR measurements and the UV-DRS indicated that the visible light photons are
responsible for the excitation of electrons toward the Ti-O defects, and no reduction of
metal ions is possible in this system. Also, the presence of Zr did not produce any distortion
in the MIL-cluster, which in turn did not enhance its catalytic activities.

The use of DFT simulations shed light on the origin of the experimentally observed
decrease in the bandgap, and the obtained DOS results proved that in UiO-66 and UiO-66-
NHo., the photoexcitation is due to linker-to-linker (LL) transitions, while in the mixed-
metal catalysts the photoexcitation is due to linker-to-metal (LM) transition. Thus, upon
Zr/Ti metal-exchange, the electronic transitions switch from ligand-ligand charge transfer
(LLCT) into the ligand-metal charge transfer (LMCT) mechanism.

The computational calculation for the adsorption sites of the reactants and products in
the MOF pores shows that the CO; is most probable adsorbed at the OH group in the metal
cluster (which was demonstrated experimentally and computationally), while the TEOA is
adsorbed at the linkers inside the MOF pore. In the CO> photoreduction, the CO: is added
after adding the TEOA. The TEOA blocks the pores and adsorb CO; on the TEOA surface.
The product of the reaction under the previously reported condition (see chapter 2) is
formate. The produced formate reacts with the TEOA forming an ester. The produced ester
is adsorbed at the linkers forming the pore of the MOF and blocks these pores preventing
the more CO; from reaching the active sites and stopping the conversion of more CO2 (no
more yield). The reaction stops at the format stage and doesn’t proceed to higher-value
products as we need enough energy to break the bond between the TEOA, and the produced

formate. In order to reach higher-value products for the CO> reduction, another source of
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energy is needed (heat energy or electrical energy) to supply the reaction with the energy
needed to liberate the formate and proceed with the reaction.

The charge transfer mechanism was studied by calculating the difference in the charge
distribution between the ground state and the excited state of the UiO-66 system. Fig. 44
shows a charge analysis for the UiO-66 systems describing the charge transfer. The charge
transfer analysis shows that when a photon with energy greater than the MOF energy gap
reaches the MOF surface, it is absorbed by the amine group in the linker. The absorbed
photon excites an electron from the amine group. The excited electron transfers to the linker
through an LLCT process. Then the electron reaches the metal cluster (in the absence of
TEOA) through the LMCT process. Finally, the electron transfers to the CO2 adsorbed on

the metal cluster, inducing a reduction reaction. In the presence of TEOA as a sacrificial
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Figure 44. The charge transfer in the photoreduction process using UiO-66 a) in absence of TEOA and b) in presence of
TEOA. The yellow clouds are electron rich and the blue clouds are electron deficient.

donor, the excited electron transfers from the linker to the TEOA surface. The electron then
transferred to the CO- is adsorbed on the TEOA surface, and the reduction process takes

place.
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Finally, the CO> photocatalytic reduction using UiO-66 produce formate and don’t
convert the formate to a more valuable product as the produced formate block the active
sites of the MOF and prevent more CO> from reaching the pores where the reactions take
place. For this reaction to move forward, energy is needed to break the bond formed
between the formate and the TEOA used as a sacrificial donor in the reaction. Regarding
the light interaction with the MOF, it was found that the light was absorbed by organic
linkers and produce conduction electrons there. The electrons then transferred to the metal
cluster, causing the metal to be reduced. In the presence of TEOA, the electron transfer in
the MOF is different. In the presence of the TEOA as a sacrificial donor, the CO> is
adsorbed at its surface, leaving the metal site. When the light excites the electron form the
organic linker in the MOF, the electron is transferred to the TEOA instead of the metal
cluster. So, the photocatalytic reduction of the CO> takes place at the surface of the TEOA

producing the formate.
6.2 Prospective:

We have studied the charge transfer in the photocatalytic reduction of CO> starting
from the light absorption until the electron reaches the CO2 molecule. To complete the
study, the charge transfer during the reduction of CO> needs to be studied, so the selectivity
of the reaction to a certain product can be improved. Also, our study needs to be extended
to the electrocatalytic reduction of CO> for a better understanding of the role of each part
of the MOF in the catalytic reaction. To achieve this, our prospective work can be listed as

follow:
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In-situ EPR needs to be done during the photocatalytic reaction to have a better
understanding of the CO> photoreduction reaction. We need to figure out how the
reaction happens, what intermediates are formed, and the stability of each
intermediate. From these data, we might be able to control the selectivity of the
reaction by forcing the intermediate products to direct the reaction toward a certain
product.

In-situ FTA measurement for the photocatalytic reaction needs to be done. This
measurement will allow us to have a better understanding of the photocatalytic
reduction process. By monitoring the catalyst, the excited states, and the lifetime
of each state, we can try to improve the lifetime of the produced charge carriers
(electrons and holes). Increasing the lifetime of the charge carrier will increase the
yield of the CO. photoreduction product and enhance the selectivity of the catalyst
to a certain product.

Electrocatalytic reduction of CO using the prepared catalysts. This will allow
study of the effect of different modification on the electroactivity of MOF. By
preparing thin films and measure the conductivity, resistivity, and the selectivity
we can improve the charge density in the conduction band of the MOF. This will
increase the electrocatalytic activity of the MOF.

Photo-electrocatalytic reduction of CO2 needs to be performed. The light assisted
electrocatalytic reduction of CO> will make use of the band gap decreasing and the
increase in the charge density of the prepared MOFs. Performing this experiment
will allow the optimization of the CO> reduction by engineering the band gap and

enhancing the conductivity of the MOF.

128



[1]

[2]
[3]

[4]

[5]

[6]

[7]

8]

REFERENCES

A. International Energy, Key World Energy Statistics from the IEA: International
Energy Agency, 2001.

BP Statistical Review of World Energy 2018, 2018.

M. S. Jamal, M. S. Bashar, A. K. M. Hasan, Z. A. Almutairi, H. F. Alharbi, N. H.
Alharthi, M. R. Karim, H. Misran, N. Amin, K. B. Sopian, and M. Akhtaruzzaman,
“Fabrication Techniques And Morphological Analysis Of Perovskite Absorber
Layer For High-Efficiency Perovskite Solar Cell: A Review,” Renewable and
Sustainable Energy Reviews, vol. 98, pp. 469-488, 2018/12/01/, 2018.

E. Cuce, and P. M. Cuce, “A Comprehensive Review On Solar Cookers,” Applied
Energy, vol. 102, pp. 1399-1421, 2013/02/01/, 2013.

W. Hou, and S. B. Cronin, “A Review of Surface Plasmon Resonance-Enhanced
Photocatalysis,” Advanced Functional Materials, vol. 23, no. 13, pp. 1612-1619,
2013/04/05, 2013.

N. Kornienko, Y. Zhao, C. S. Kley, C. Zhu, D. Kim, S. Lin, C. J. Chang, O. M.
Yaghi, and P. Yang, “Metal-Organic Frameworks for Electrocatalytic Reduction
of Carbon Dioxide,” Journal of the American Chemical Society, vol. 137, no. 44,
pp. 14129-14135, 2015/11/11, 2015.

S. C. Roy, O. K. Varghese, M. Paulose, and C. A. Grimes, “Toward Solar Fuels:
Photocatalytic Conversion of Carbon Dioxide to Hydrocarbons,” ACS Nano, vol.
4, no. 3, pp. 1259-1278, 2010/03/23, 2010.

V. P. Indrakanti, J. D. Kubicki, and H. H. Schobert, “Photoinduced Activation Of

CO2 On Ti-Based Heterogeneous Catalysts: Current State, Chemical Physics-

129



[9]

[10]

[11]

[12]

[13]

[14]

Based Insights And Outlook,” Energy & Environmental Science, vol. 2, no. 7, pp.
745-758, 2009.

V. P. Indrakanti, J.D. Kubickib, H.H. Schobert, “Photoinduced Activation Of CO;
On Ti-Based Heterogeneous Catalysts: Current State, Chemical Physics-Based
Insights, And Outlook,” Energy Environ. Sci, vol. 2, pp. 14, 2009.

D.J. Tang, and D. R. Klug, , “Mechanism of Photocatalytic Water Splitting in TiO2.
Reaction of Water with Photoholes, Importance of Charge Carrier Dynamics, and
Evidence for Four-Hole Chemistry,” J. Am. Chem. Soc. , vol. 130, pp. 7, 2008.

K. E. C. Hiroyasu Furukawa, Michael O’Keeffe, Omar M. Yaghi, “The Chemistry
and Applications of Metal-Organic Frameworks,” Science, vol. 341, no. 6149,
2013.

N. K. H. Furukawa, Y. B. Go, N. Aratani, S. B. Choi, E. Choi, A. O. Yazaydin, R.
Q. Snurr, M. O’Keeffe, J. Kim, O. M. Yaghi, “Ultrahigh Porosity in Metal-Organic
Frameworks,” Science, vol. 329, pp. 5, 2010.

R. J. Kuppler, D. J. Timmons, Q.-R. Fang, J.-R. Li, T. A. Makal, M. D. Young, D.
Yuan, D. Zhao, W. Zhuang, and H.-C. Zhou, “Potential Applications Of Metal-
Organic Frameworks,” Coordination Chemistry Reviews, vol. 253, no. 23, pp.
3042-3066, 2009/12/01/, 20009.

R. J. Kuppler, D. J. Timmons, Q. Fang, J. Li, T. A. Makal, M. D. Young, D. Yuan,
D. Zhao, W. Zhuang, H.C. Zhou, “Potential Applications Of Metal-Organic

Frameworks,” Coord. Chem. Rev. , vol. 253, pp. 25, 2009.

130



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Z. X. C. Wang, K. E. deKrafft, W. B. Lin, “Doping Metal-Organic Frameworks
for Water Oxidation, Carbon Dioxide Reduction, and Organic Photocatalysis,” J.
Am. Chem. Soc. , vol. 133, pp. 10, 2011.

X. Wang, S. Wang, “Multifunctional Metal-Organic Frameworks for
Photocatalysis,” Small vol. 11, pp. 16, 2015.

S. Usseglio, M. Kandiah, S. Svelle, U. Olsbye, K. P. Lillerud and M. Tilset, “Post-
Synthetic Modification Of The Metal-Organic Framework Compound UiO-66,” J.
Mater. Chem. , vol. 20, pp. 4, 2010.

S. Chavan, G. C. Shearer, S. Bordiga, S. Svelle, U. Olsbye, K. P. Lillerud, “Defect
Engineering: Tuning the Porosity and Composition of the Metal-Organic
Framework UiO-66 via Modulated Synthesis,” Chem. Mater, vol. 28, no. 11, pp.
13, 2016.

S. W. Jinlin Long, Zhengxin Ding, Shuchao Wang, Yangen Zhou Ling Huang and
Xuxu Wang, “Amine-Functionalized Zirconium Metal-Organic Framework As
Efficient Visible-Light Photocatalyst For Aerobic Organic Transformations,”
Chem. Commun., , vol. 48, pp. 3, 2012.

C.H. Lau, R. Babarao, M.R. Hill, M.R. Hill, “A Route To Drastic Increase Of CO-
Uptake In Zr Metal Organic Framework UiO-66,” Chem. Commun, vol. 49, 2013.
C. S. M. Dan-Hardi, T. Frot, L. Rozes, G. Maurin, C. Sanchez, G. Ferey, “A New
Photoactive Crystalline Highly Porous Titanium(IV) Dicarboxylate,” J. Am. Chem.
Soc. , vol. 131, pp. 3, 2009.

J. Kim, S. Kim, H. Kim, H. Cho, W. Ahn, “Adsorption/Catalytic Properties Of

MIL-125 And NH>-MIL-125,” Catal. Today vol. 204, pp. 9, 2013.

131



[23]

[24]

[25]

[26]

[27]

R. Becker, M. Nasalevich, E. V. Ramos-Fernandez, S. Castellanos, S. L. Veber, M.
V. Fedin, F. Kapteijn, J. N. H. Reek, J. 1. van, “Co@NH2-MIL-125(Ti):
Cobaloxime-derived Metal-Organic Framework-based Composite for Light-driven
H> Production,” Energy Environ. Sci. , vol. 8, pp. 12, 2015.

C. H. H. Maxim A. Nasalevich, Jara G. Santaclara, Katrine Svane, Bart van der
Linden, Sergey L. Veber, Matvey V. Fedin, Arjan J. Houtepen, Monique A. van
der Veen, Freek Kapteijn, Aron Walsh & Jorge Gascon, “Electronic Origins Of
Photocatalytic Activity In d° Metal Organic Frameworks,” Scientific RepoRts vol.
6, no. 23676, pp. 9, 2016.

S. Yin, Y. Chen, C. Gao, Q. Hu, M. Li, Y. Ding, J. Di, J. Xia, and H. Li, “In-Situ
Preparation Of MIL-125(Ti)/Bi,WOQOs Photocatalyst With Accelerating Charge
Carriers For The Photodegradation Of Tetracycline Hydrochloride,” Journal of
Photochemistry and Photobiology A: Chemistry, vol. 387, pp. 112149,
2020/01/15/, 2020.

I. 1. Alkhatib, C. Garlisi, M. Pagliaro, K. Al-Ali, and G. Palmisano, “Metal-Organic
Frameworks For Photocatalytic CO2 Reduction Under Visible Radiation: A Review
Of Strategies And Applications,” Catalysis Today, vol. 340, pp. 209-224,
2020/01/15/, 2020.

J. Ding, M. Chen, X. Du, R. Shang, M. Xia, J. Hu, and Q. Zhong, “Visible-Light-
Driven Photoreduction of CO2 to CH4 with H2O Over Amine-Functionalized MIL-

125(Ti),” Catalysis Letters, vol. 149, no. 12, pp. 3287-3295, 2019/12/01, 2019.

132



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

J. Hu, J. Ding, and Q. Zhong, “In Situ Fabrication Of Amorphous TiO2/NH2-MIL-
125(Ti) For Enhanced Photocatalytic CO2 Into CH4 With H.O Under Visible-Light
Irradiation,” Journal of Colloid and Interface Science, 2019/11/04/, 2019.

T. Shono, D. Mingos, M. P., D. R. Baghurst, and P. D. Lickiss, "Novel Energy
Sources for Reactions.,” The New Chemistry, N. Hall, ed., The Press Syndicate of
the University of Cambridge: Cambridge University Press, 2000.

J. H. Bang, and K. S. Suslick, “Applications Of Ultrasound To The Synthesis Of
Nanostructured Materials,” Adv Mater, vol. 22, no. 10, pp. 1039-59, Mar 12, 2010.
N. Stock, and S. Biswas, “Synthesis of Metal-Organic Frameworks (MOFs):
Routes to Various MOF Topologies, Morphologies, and Composites,” Chemical
Reviews, vol. 112, no. 2, pp. 933-969, 2012/02/08, 2012.

D. M. P. Mingos, and D. R. Baghurst, “ Tilden lecture. Applications Of Microwave
Dielectric Heating Effects To Synthetic Problems In Chemistry,” Chemical Society
Reviews, vol. 20, no. 1, pp. 1-47, 1991.

U. Mueller, M. Schubert, F. Teich, H. Puetter, K. Schierle-Arndt, and J. Pastré,
“Metal-Organic Frameworks—Prospective Industrial Applications,” Journal of
Materials Chemistry, vol. 16, no. 7, pp. 626-636, 2006.

V. V. Boldyrev, and K. Tkacova, “Mechanochemistry of Solids: Past, Present, and
Prospects,” Journal of Materials Synthesis and Processing, vol. 8, no. 3, pp. 121-
132, 2000/07/01, 2000.

G. Kaupp, “Mechanochemistry: The Varied Applications Of Mechanical Bond-

Breaking,” CrystEngComm, vol. 11, no. 3, pp. 388-403, 2009.

133



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

M. K. Beyer, and H. Clausen-Schaumann, “Mechanochemistry: The Mechanical
Activation of Covalent Bonds,” Chemical Reviews, vol. 105, no. 8, pp. 2921-2948,
2005/08/01, 2005.

A. Pichon, A. Lazuen-Garay, and S. L. James, “Solvent-Free Synthesis Of A
Microporous Metal-Organic Framework,” CrystEngComm, vol. 8, no. 3, pp. 211-
214, 2006.

K. M. C. Kyungsu Na, Omar M. Yaghi, and Gabor A. Somorjai, “Metal
Nanocrystals Embedded in Single Nanocrystals of MOFs Give Unusual Selectivity
as Heterogeneous Catalysts,” Nano Lett, vol. 14, pp. 5, 2014.

X. G. Xiaoguang Zhang, and Cheng Wang, “Synthesis of Titania in Ethanol/Acetic
Acid Mixture Solvents: Phase and Morphology Variations,” Crystal Growth &
Design, vol. 9, no. 10, pp. 7, 2009.

M. Dan-Hardi, C. Serre, T. Frot, L. Rozes, G. Maurin, C. Sanchez, and G. Férey,
“A New Photoactive Crystalline Highly Porous Titanium(IV) Dicarboxylate,”
Journal of the American Chemical Society, vol. 131, no. 31, pp. 10857-10859,
2009/08/12, 20009.

S. E. Dann, "Characterization Of Solids," Reactions and Characterization of Solids,
E. W. Abel, ed., pp. 48-80: Royal Society of Chemistry, 2000.

A. A. Bunaciu, E. g. Udristioiu, and H. Y. Aboul-Enein, “X-Ray Diffraction:
Instrumentation and Applications,” Critical Reviews in Analytical Chemistry, vol.
45, no. 4, pp. 289-299, 2015/10/02, 2015.

L. E. A. Harold P. Klug, X-Ray Diffraction Procedures: For Polycrystalline and

Amorphous Materials, 2nd ed., pp. 992: Wiely, 1974.

134



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

E. David L. Bish and Jeffrey E. Post, Modern Powder Diffraction, USA:
Mineralogical Society of America, 1989.

W. H. Bragg, W. L. Bragg, “The Reflection Of X-Rays By Crystals,” Proceedings
of the Royal Society A, vol. 88, no. 605, 1913.

A. L. Patterson, “The Scherrer Formula for X-Ray Particle Size Determination,”
Physical review, vol. 56, no. 10, 1939.

P. Scherrer, “Bestimmung der Grof3e und der inneren Struktur von Kolloidteilchen
mittels Rontgenstrahlen.,” Nachrichten Gesellschaft Wissenschaft Gottingen, vol.
2, pp. 98-100, 1918.

F. J. H. Douglas A. Skoog, Stanley R. Crouch, Principles of Instrumental Analysis,
6, illustrated ed.: Thomson Brooks/Cole,, 2007.

D. A. Skoog, F. J. Holler, and S. R. Crouch, Principles of Instrumental Analysis:
Thomson Brooks/Cole, 2007.

Rodenburg, Electron Microscopy and Analysis 1997, Proceedings of the Institute
of Physics Electron Microscopy and Analysis Group Conference, University of
Cambridge, , 1st ed., pp. 708: CRC Press 1997.

K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J.
Rouquérol, T. Siemieniewska, “Reporting Physisorption Data for Gas/Solid
Systems With Special Reference to the Determination of Surface Area and
Porosity,” Pure Appl. Chem., vol. 57, 1985.

J. S. Beck, and J. C. Vartuli, “Recent Advances In The Synthesis, Characterization
And Applications Of Mesoporous Molecular Sieves,” Current Opinion in Solid

State and Materials Science, vol. 1, no. 1, pp. 76-87, 1996/02/01/, 1996.

135



[53]

[54]

[55]

[56]

[57]

[58]

[59]

D. Vairavapandian, P. Vichchulada, and M. D. Lay, “Preparation And Modification
Of Carbon Nanotubes: Review Of Recent Advances And Applications In Catalysis
And Sensing,” Analytica Chimica Acta, vol. 626, no. 2, pp. 119-129, 2008/09/26/,
2008.

K. Ajima, M. Yudasaka, T. Murakami, A. Maigné, K. Shiba, and S. Iijima, “Carbon
Nanohorns as Anticancer Drug Carriers,” Molecular Pharmaceutics, vol. 2, no. 6,
pp. 475-480, 2005/12/01, 2005.

H. Janik, and M. Marzec, “A Review: Fabrication Of Porous Polyurethane
Scaffolds,” Materials Science and Engineering: C, vol. 48, pp. 586-591,
2015/03/01/, 2015.

K. K. Matthias Thommes, Alexander V. Neimark, James P. Olivier, Francisco
Rodriguez-Reinoso, Jean Rouquerol and Kenneth S. W. Sing, “Physisorption Of
Gases, With Special Reference To The Evaluation Of Surface Area And Pore Size
Distribution (IUPAC Technical Report),” Pure Appl. Chem., vol. 87, no. 9-10, pp.
1051-1069, 2015.

P. H. Emmett, S. Brunauer, and E. Teller, “Adsorption Of Gases In Multimolecular
Layers,” J. Am. Chem. Soc. , vol. 60, pp. 11, 1938.

I. Langmuir, “The Adsorption Of Gases On Plane Surfaces Of Glass, Mica And
Platinum.,” J. Am. Chem. Soc., vol. 40, no. 9, pp. 1361-1403, 1918.

M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J.
Rouquerol, and K. S. W. Sing, “Physisorption Of Gases, With Special Reference
To The Evaluation Of Surface Area And Pore Size Distribution (IUPAC Technical

Report),” Pure and Applied Chemistry, vol. 87, no. 9-10, 2015-10, 2015.

136



[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

A. W. C. a. J. P. Redfern, “Thermogravimetric Analysis. A Review,” Analyst, vol.
88, no. 1053, pp. 906-924, 1963.

V. B. Voitovich, V. A. Lavrenko, R. F. Voitovich, E. I. Golovko, “The Effect Of
Purity On High-Temperature Oxidation Of Zirconium,” Oxidation of Metals, vol.
42, no. 3-4, pp. 223-237, 1994.

E. G. Badarau, M.; Giurgea, Gh.; Trutia, A. T. H., “Hochfrequente Fackelentladung
als Spektralquelle,” Spectrochimica Acta, vol. 11, pp. 441-447, 1956.

K. Ohls, B. Bogdain, “History Of Inductively Coupled Plasma Atomic Emission
Spectral Analysis: From The Beginning Up To Its Coupling With Mass
Spectrometry,” J. Anal. At. Spectrom, vol. 31, no. 22, 2016.

F. Dunnivant, J. Ginsbach, “Flame Atomic Absorbance and Emission Spectrometry
and Inductively Coupled Plasma — Mass Spectrometry,” Whitman College, 2018.
T. Preston, “Radiation Phenomena In A Strong Magnetic Field,” The Scientific
Transactions of the Royal Dublin Society., vol. 2nd series, no. 6, pp. 385-342, 1898.
C. P. Poole, Electron Spin Resonance: Interscience Publishers 1967.

R. E. R. Resnick, Quantum Physics of Atoms, Molecules, Solids, Nuclei, and
Particles, 2nd ed.: John Wiley & Sons,, 1985.

D. Hanneke, B. Odom, B. D’Urso, and G. Gabrielse, “New Measurement of the
Electron Magnetic Moment Using a One-Electron Quantum Cyclotron,” Phys. Rev.
Lett., vol. 97, no. 3, 2006.

J. A. Weil, and J. R. Bolton, "Basic Principles of Paramagnetic Resonance,"

Electron Paramagnetic Resonance, pp. 1-35, 2006.

137



[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

J. A. Weil, J. R. Bolton, "The Interpretation of EPR Parameters,” Electron
Paramagnetic Resonance, pp. 253-300.

W. R. Hagen, Biomolecular EPR Spectroscopy: CRC Press, 2008.

A. C. Michelle, M. Dicus, Rachel Nechushtai, Patricia A. Jennings, Mark L.
Paddock, R. David Britt, and Stefan Stoll, “Binding of Histidine in the
(Cys)3(His)1-Coordinated [2Fe—2S] Cluster of Human mitoNEET,” J. Am. Chem.
Soc., vol. 132, no. 6, pp. 2037-2049, 2010.

W. R. Hagen, “EPR Spectroscopy As A Probe Of Metal Centres In Biological
Systems,” Dalton Transactions, no. 37, pp. 4415-4434 2006.

M. Fox, Optical Properties of Solids, 2nd ed.: Oxford, 2010.

P. a. M. Kubelka, F., “Ein Beitrag Zur Optik Der Farbanstriche,” Zeitschrift fir
Technische Physik,, vol. 12, pp. 593-601, 1931.

"Solid State Optics," The Physics of Thin Film Optical Spectra: An Introduction,
O. Stenzel, ed., pp. 199-228, Berlin, Heidelberg: Springer Berlin Heidelberg, 2005.
J. Tauc, “Optical Properties And Electronic Structure Of Amorphous Ge And Si,”
Materials Research Bulletin, vol. 3, no. 1, pp. 37-46, 1968/01/01/, 1968.

E. A. Davis, and N. F. Mott, “Conduction in Non-crystalline Systems V.
Conductivity, Optical Absorption and Photoconductivity in Amorphous
Semiconductors,” The Philosophical Magazine: A Journal of Theoretical
Experimental and Applied Physics, vol. 22, no. 179, pp. 0903-0922, 1970/11/01,
1970.

P. C. A. Mokhtari, J. L. Herek, and A. H. Zewalil,, “Direct Femtosecond Mapping

Of Trajectories In A Chemical Reaction,” Nature, vol. 348, pp. 225-227, 1990.

138



[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

A. H. Zewail, “Femtochemistry: Recent Progess In Studies Of Dynamics And
Control Of Reactions And Their Transition States,” J. Phys. Chem., vol. 100, pp.
12701-12724, 1996.

A. H. Zewail, “Femtochemistry: Atomic-Scale Dynamics Of The Chemical Bond,”
J. Phys. Chem. A, vol. 104, pp. 5660-5694 2000.

F. Kanal, “Femtosecond Transient Absorption Spectroscopy — Technical
Improvements and Applications to Ultrafast Molecular Phenomena,” Chemistery,
Julius-Maximilians-Universitat Wirzburg, 2015.

P. Klan and J. Wirz, Photochemistry of Organic Compounds: from Concepts to
Practice: Wiley, Chichester,, 2009.

P. Bouguer, “Optics Essay On The Attenuation Of Light,” Paris, France: Claude
Jombert., pp. 16-22., 1729.

A. E. B. Albert Stolow, and Daniel M. Neumark, “Femtosecond Time-Resolved
Photoelectron Spectroscopy,” Chem. Rev., vol. 104, no. 4, pp. 1719-1758, 2004.
C. S. Diercks, Y. Liu, K. E. Cordova, and O. M. Yaghi, “The Role Of Reticular
Chemistry In The Design Of CO. Reduction Catalysts,” Nature Materials, vol. 17,
no. 4, pp. 301-307, 2018/04/01, 2018.

C. A. Trickett, A. Helal, B. A. Al-Maythalony, Z. H. Yamani, K. E. Cordova, and
O. M. Yaghi, “The Chemistry Of Metal-Organic Frameworks For CO, Capture,
Regeneration And Conversion,” Nature Reviews Materials, vol. 2, pp. 17045,

07/25/online, 2017.

139



[88]

[89]

[90]

[91]

[92]

[93]

[94]

H. Furukawa, K. E. Cordova, M. O’Keeffe, and O. M. Yaghi, “The Chemistry and
Applications of Metal-Organic Frameworks,” Science, vol. 341, no. 6149, pp.
1230444, 2013.

Y. Li, H. Xu, S. Ouyang, and J. Ye, “Metal-Organic Frameworks For
Photocatalysis,” Physical Chemistry Chemical Physics, vol. 18, no. 11, pp. 7563-
7572, 2016.

T. Zhang, and W. Lin, “Metal-Organic Frameworks For Artificial Photosynthesis
And Photocatalysis,” Chemical Society Reviews, vol. 43, no. 16, pp. 5982-5993,
2014.

K. Meyer, M. Ranocchiari, and J. A. van Bokhoven, “Metal Organic Frameworks
For Photo-Catalytic Water Splitting,” Energy & Environmental Science, vol. 8, no.
7, pp. 1923-1937, 2015.

A. Dhakshinamoorthy, A. M. Asiri, and H. Garcia, “Metal-Organic Framework
(MOF) Compounds: Photocatalysts for Redox Reactions and Solar Fuel
Production,” Angewandte Chemie International Edition, vol. 55, no. 18, pp. 5414-
5445, 2016/04/25, 2016.

C. Aprile, A. Corma, and H. Garcia, “Enhancement Of The Photocatalytic Activity
Of TiO2 Through Spatial Structuring And Particle Size Control: From
Subnanometric To Submillimetric Length Scale,” Physical Chemistry Chemical
Physics, vol. 10, no. 6, pp. 769-783, 2008.

S.-N. Kim, J. Kim, H.-Y. Kim, H.-Y. Cho, and W.-S. Ahn, “Adsorption/Catalytic
Properties Of MIL-125 and NH>-MIL-125,” Catalysis Today, vol. 204, pp. 85-93,

2013/04/15/, 2013.

140



[95]

[96]

[97]

[98]

[99]

[100]

J. Long, S. Wang, Z. Ding, S. Wang, Y. Zhou, L. Huang, and X. Wang, “Amine-
Functionalized Zirconium Metal-Organic Framework As Efficient Visible-Light
Photocatalyst For Aerobic Organic Transformations,” Chemical Communications,
vol. 48, no. 95, pp. 11656-11658, 2012.

Y. Fu, D. Sun, Y. Chen, R. Huang, Z. Ding, X. Fu, and Z. Li, “An Amine-
Functionalized Titanium Metal-Organic Framework Photocatalyst with Visible-
Light-Induced Activity for CO2 Reduction,” Angewandte Chemie International
Edition, vol. 51, no. 14, pp. 3364-3367, 2012/04/02, 2012.

K. G. M. Laurier, F. Vermoortele, R. Ameloot, D. E. De Vos, J. Hofkens, and M.
B. J. Roeffaers, “Iron(III)-Based Metal-Organic Frameworks As Visible Light
Photocatalysts,” Journal of the American Chemical Society, vol. 135, no. 39, pp.
14488-14491, 2013/10/02, 2013.

D. Wang, R. Huang, W. Liu, D. Sun, and Z. Li, “Fe-Based MOFs for Photocatalytic
CO2 Reduction: Role of Coordination Unsaturated Sites and Dual Excitation
Pathways,” ACS Catalysis, vol. 4, no. 12, pp. 4254-4260, 2014/12/05, 2014.

G. Wang, Q. Sun, Y. Liu, B. Huang, Y. Dai, X. Zhang, and X. Qin, “A Bismuth-
Based Metal-Organic Framework as an Efficient Visible-Light-Driven
Photocatalyst,” Chemistry — A European Journal, vol. 21, no. 6, pp. 2364-2367,
2015/02/02, 2015.

M. Zeama, M. Morsy, S. Abdel-Azeim, M. Abdelnaby, A. Alloush, and Z. Yamani,
“Photophysical and Photocatalytic Properties of Structurally Modified UiO-66,”

Inorganica Chimica Acta, pp. 119287, 2019/11/17/, 2019.

141



[101]

[102]

[103]

[104]

[105]

[106]

D. Sun, Y. Fu, W. Liu, L. Ye, D. Wang, L. Yang, X. Fu, and Z. Li, “Studies on
Photocatalytic CO2 Reduction over NH2-UiO-66(Zr) and Its Derivatives: Towards
a Better Understanding of Photocatalysis on Metal-Organic Frameworks,”
Chemistry — A European Journal, vol. 19, no. 42, pp. 14279-14285, 2013/10/11,
2013.

M. M. K. Rezaee, Seyyed Mohammad; Liu, Kun Hua, “The Role Of Brookite In
Mechanical Activation Of Anatase-To-Rutile Transformation Of Nanocrystalline
TiO2: An XRD And Raman Spectroscopy Investigation,” CrystEngComm, vol. 13,
no. 16, pp. 5055, 2011.

W. L. Dengrong Sun, Mei Qiu, Yongfan Zhang and Zhaohui Li, “Introduction Of
A Mediator For Enhancing Photocatalytic Performance Via Post-Synthetic Metal
Exchange In Metal-Organic Frameworks (MOFs),” Chem. Commun., , vol. 51, pp.
4, 2015.

D. X.Y.-F.Li, J. I. Oh, W. Shen, X. Liand Y. Yu, “Mechanistic Study of Codoped
Titania with Nonmetal and Metal lons: A Case of C* Mo Codoped TiO2,” ACS
Catal., vol. 2, no. 3, pp. 8, 2012.

D. S. Y. Fu, Y. Chen, R. Huang, Z. Ding, X. Fu and Z. Li, “An Amine-
Functionalized Titanium Metal-Organic Framework Photocatalyst With Visible-
Light-Induced Activity For Coz Reduction.,” Angew Chem Int Ed, vol. 14, pp. 7,
2012.

M. M. J. Schneider, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo, D.W.
Bahnemann, “Understanding TiO2 Photocatalysis: Mechanisms And Materials,”

Chem. Rev. , vol. 114, pp. 70, 2014.

142



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

M. G. R. Howe, “EPR Observation Of Trapped Electrons In Colloidal Titanium
Dioxide,” J. Phys. Chem., vol. 89, no. 5, pp. 4495, 1985.

M. C. P. Chiara Gionco, Elio Giamello, Robertson Burgess, Cristiana Di Valentin,
and Gianfranco Pacchioni, “Paramagnetic Defects in Polycrystalline Zirconia: An
EPR and DFT Study,” Chem. Mater., vol. 25, pp. 11, 2013.

S. L. A.M. Czoska, M. Chiesa, E. Giamello, S. Agnoli, G. Granozzi, E. Finazzi, C.
Di Valentin, G. Pacchioni, , “The Nature Of Defects In Fluorine-Doped TiO2,” J.
Phys. Chem. C, vol. 112, pp. 5, 2008.

E. G. Elena Morra, Mario Chiesa, “EPR Approaches To Heterogeneous Catalysis.
The Chemistry Of Titanium In Heterogeneous Catalysts And Photocatalysts,”
Journal of Magnetic Resonance, vol. 280, pp. 14, 2017.

Y.-S. L. Jane P. Chang, and Karen Chu, “Rapid Thermal Chemical Vapor
Deposition Of Zirconium Oxide For Metal-Oxidesemiconductor Field Effect
Transistor Application,” Journal of Vacuum Science & Technology B vol. 19, 2001.
A. M. B. a. S. M. H. Nolan W. Waggoner, "Metal-Organic Frameworks as
Chemical Sensors," Functional Metallosupramolecular Material, J. G. H. a. F. H.
Schacher, ed., pp. 192-245 Royal Society of Chemistry, 2015.

Y. Y. Yuanjing Cui, Guodong Qian, and Banglin Chen, “Luminescent Functional
Metal-Organic Frameworks,” Chem. Rev., vol. 112, no. 2, pp. 36, 2012.

L. BIAN, SONG, Mianxin, ZHOU, Tianliang, ZHAO, Xiaoyong, DAI, Qingging,
“Band Gap Calculation And Photo Catalytic Activity Of Rare Earths Doped Rutile

TiO,,” Journal of Rare Earths, vol. 27, no. 3, pp. 8, 2009.

143



[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

X.-Y. Dao, J.-H. Guo, Y.-P. Wei, F. Guo, Y. Liu, and W.-Y. Sun, “Solvent-Free
Photoreduction of CO> to CO Catalyzed by Fe-MOFs with Superior Selectivity,”
Inorganic Chemistry, vol. 58, no. 13, pp. 8517-8524, 2019/07/01, 2019.

F. O. Yann Pellegrin, “Sacrificial Electron Donor Reagents For Solar Fuel
Production,” Comptes Rendus Chimie, vol. 20, no. 3, pp. 283-295, 2017.

Y. Pellegrin, and F. Odobel, “Sacrificial Electron Donor Reagents For Solar Fuel
Production,” Comptes Rendus Chimie, vol. 20, no. 3, pp. 283-295, 2017/03/01/,
2017.

H. X. Dashu Chen, Chungang Wang and Zhongmin Su, “Highly Efficient Visible-
Light-Driven CO2 Reduction To Formate By A New Anthracene-Based Zirconium
MOF Via Dual Catalytic Routes,” J. Mater. Chem. A, vol. 4, 2016.

S. V. KMadhusudan Reddy, ARamachandra Reddy, “Bandgap Studies On Anatase
Titanium Dioxide Nanoparticles,” Materials Chemistry and Physics, vol. 78, no. 1,
pp. 239-245, 2003.

S. p. R. Ce’dric Louis, Gilles Ledoux, Christophe Dujardin, Olivier Tillement, Bo
Lin Cheng, Pascal Perriat, “Luminescence Enhancement By Energy Transfer In
Core-Shell Structures,” Chemical Physics Letters, vol. 429, pp. 157-160, 2006.

G. M. Hala Assi, Nathalie Steunou, Thomas Devic and Christian Serre, “Titanium
Coordination Compounds: From Discrete Metal Complexes To Metal-Organic
Frameworks,” Chem. Soc. Rev.,, vol. 46, 2017.

K. Madhusudan Reddy, S. V. Manorama, and A. Ramachandra Reddy, “Bandgap
Studies On Anatase Titanium Dioxide Nanoparticles,” Materials Chemistry and

Physics, vol. 78, no. 1, pp. 239-245, 2003/02/03/, 2003.

144



[123]

[124]

[125]

[126]

[127]

[128]

[129]

J. Tang, J. R. Durrant, and D. R. Klug, “Mechanism of Photocatalytic Water
Splitting in TiO.. Reaction of Water with Photoholes, Importance of Charge Carrier
Dynamics, and Evidence for Four-Hole Chemistry,” Journal of the American
Chemical Society, vol. 130, no. 42, pp. 13885-13891, 2008/10/22, 2008.

Y. Kohno, T. Tanaka, T. Funabiki, and S. Yoshida, “Photoreduction Of Carbon
Dioxide With Hydrogen Over ZrO,,” Chemical Communications, no. 9, pp. 841-
842, 1997.

C. Wang, Z. Xie, K. E. deKrafft, and W. Lin, “Doping Metal-Organic Frameworks
for Water Oxidation, Carbon Dioxide Reduction, and Organic Photocatalysis,”
Journal of the American Chemical Society, vol. 133, no. 34, pp. 13445-13454,
2011/08/31, 2011.

O. M. Yaghi, M. J. Kalmutzki, and C. S. Diercks, "Complexity and Heterogeneity
in MOFs," Introduction to Reticular Chemistry, pp. 121-144, 2019.

D. Sun, W. Liu, M. Qiu, Y. Zhang, and Z. Li, “Introduction Of A Mediator For
Enhancing Photocatalytic Performance Via Post-Synthetic Metal Exchange In
Metal-Organic Frameworks (MOFs),” Chemical Communications, vol. 51, no. 11,
pp. 2056-2059, 2015,

Y. Kudoh, H. Takeda, and H. Arashi, “In Situ Determination Of Crystal Structure
For High Pressure Phase Of ZrO, Using A Diamond Anvil And Single Crystal X-
Ray Diffraction Method,” Physics and Chemistry of Minerals, vol. 13, no. 4, pp.
233-237, 1986/07/01, 1986.

C. Zlotea, D. Phanon, M. Mazaj, D. Heurtaux, V. Guillerm, C. Serre, P. Horcajada,

T. Devic, E. Magnier, F. Cuevas, G. Férey, P. L. Llewellyn, and M. Latroche,

145



[130]

[131]

[132]

[133]

[134]

[135]

“Effect Of NH2 And CF3 Functionalization On The Hydrogen Sorption Properties
Of MOFs,” Dalton Transactions, vol. 40, no. 18, pp. 4879-4881, 2011.

A. Torrisi, R. G. Bell, and C. Mellot-Draznieks, “Functionalized MOFs for
Enhanced CO; Capture,” Crystal Growth & Design, vol. 10, no. 7, pp. 2839-2841,
2010/07/07, 2010.

J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo, and D.
W. Bahnemann, “Understanding TiO, Photocatalysis: Mechanisms and Materials,”
Chemical Reviews, vol. 114, no. 19, pp. 9919-9986, 2014/10/08, 2014.

R. F. Howe, and M. Gratzel, “EPR Observation Of Trapped Electrons In Colloidal
Titanium Dioxide,” The Journal of Physical Chemistry, vol. 89, no. 21, pp. 4495-
4499, 1985/10/01, 1985.

D. Sun, W. Liu, Y. Fu, Z. Fang, F. Sun, X. Fu, Y. Zhang, and Z. Li, “Noble Metals
Can Have Different Effects On Photocatalysis Over Metal-Organic Frameworks
(MOFs): A Case Study On M/NH2-MIL-125(Ti) (M=Pt and Au),” Chemistry, vol.
20, no. 16, pp. 4780-8, Apr 14, 2014.

R. F. Howe, and M. Gratzel, “EPR Study Of Hydrated Anatase Under UV
Irradiation,” The Journal of Physical Chemistry, vol. 91, no. 14, pp. 3906-3909,
1987/07/01, 1987.

K. Komaguchi, T. Maruoka, H. Nakano, I. Imae, Y. Ooyama, and Y. Harima, “ESR
Study on the Reversible Electron Transfer from O2> to Ti** on TiO, Nanoparticles
Induced by Visible-Light Illumination,” The Journal of Physical Chemistry C, vol.

113, no. 4, pp. 1160-1163, 2009/01/29, 20009.

146



[136]

[137]

[138]

[139]

[140]

[141]

O. I. Micic, Y. Zhang, K. R. Cromack, A. D. Trifunac, and M. C. Thurnauer,
“Trapped Holes On Titania Colloids Studied By Electron Paramagnetic
Resonance,” The Journal of Physical Chemistry, vol. 97, no. 28, pp. 7277-7283,
1993/07/01, 1993.

Y. Nakaoka, and Y. Nosaka, “ESR Investigation Into The Effects Of Heat
Treatment And Crystal Structure On Radicals Produced Over Irradiated TiO>
Powder,” Journal of Photochemistry and Photobiology A: Chemistry, vol. 110, no.
3, pp. 299-305, 1997/11/15/, 1997.

M. Nishikawa, H. Sakamoto, and Y. Nosaka, “Reinvestigation Of The
Photocatalytic Reaction Mechanism For Pt-Complex-Modified TiO2 Under Visible
Light Irradiation By Means Of Esr Spectroscopy And Chemiluminescence
Photometry,” The Journal of Physical Chemistry A, vol. 116, no. 39, pp. 9674-
9679, 2012/10/04, 2012.

E. Carter, A. F. Carley, and D. M. Murphy, “Evidence for O? Radical Stabilization
at Surface Oxygen Vacancies on Polycrystalline TiO2,” The Journal of Physical
Chemistry C, vol. 111, no. 28, pp. 10630-10638, 2007/07/01, 2007.

D. C. Hurum, A. G. Agrios, K. A. Gray, T. Rajh, and M. C. Thurnauer, “Explaining
the Enhanced Photocatalytic Activity of Degussa P25 Mixed-Phase TiO2 Using
EPR,” The Journal of Physical Chemistry B, vol. 107, no. 19, pp. 4545-4549,
2003/05/01, 2003.

S. Furukawa, T. Shishido, K. Teramura, and T. Tanaka, “Photocatalytic Oxidation
of Alcohols over TiO2 Covered with Nb2Os,” ACS Catalysis, vol. 2, no. 1, pp. 175-

179, 2012/01/06, 2012,

147



[142]

[143]

[144]

[145]

[146]

[147]

[148]

M. Nishikawa, Y. Mitani, and Y. Nosaka, “Photocatalytic Reaction Mechanism of
Fe(lll)-Grafted TiO> Studied by Means of ESR Spectroscopy and
Chemiluminescence Photometry,” The Journal of Physical Chemistry C, vol. 116,
no. 28, pp. 14900-14907, 2012/07/19, 2012.

H. Ceylan, C. Ozgit-Akgun, T. S. Erkal, I. Donmez, R. Garifullin, A. B. Tekinay,
H. Usta, N. Biyikli, and M. O. Guler, “Size-Controlled Conformal Nanofabrication
Of Biotemplated Three-Dimensional TiO2 and ZnO Nanonetworks,” Scientific
Reports, vol. 3, pp. 2306, 07/29/online, 2013.

N. W. Waggoner, A. M. Bohnsack, and S. M. Humphrey, “CHAPTER 7 Metal-
Organic Frameworks as Chemical Sensors,” Functional Metallosupramolecular
Materials, pp. 192-245, 2015.

L. Bian, M. Song, T. Zhou, X. Zhao, and Q. Dai, “Band Gap Calculation And Photo
Catalytic Activity Of Rare Earths Doped Rutile TiO,” Journal of Rare Earths, vol.
27, no. 3, pp. 461-468, 2009/06/01/, 20009.

C. Louis, S. Roux, G. Ledoux, C. Dujardin, O. Tillement, B. L. Cheng, and P.
Perriat, “Luminescence Enhancement By Energy Transfer In Core-Shell
Structures,” Chemical Physics Letters, vol. 429, no. 1, pp. 157-160, 2006/09/29/,
2006.

W. G. Pauling, “Introduction To Quantum Mechanics: With Applications To
Chemistry,” Nature, vol. 136, no. 3451, pp. 972-972, 1935/12/01, 1935.

W. Kohn, “Nobel Lecture: Electronic Structure Of Matter---Wave Functions And
Density Functionals,” Reviews of Modern Physics, vol. 71, no. 5, pp. 1253-1266,

10/01/, 1999.

148



[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

P. A. M. Dirac, “Quantum Mechanics of Many-Electron Systems,” Proceedings of
the Royal Society of London. Series A, Containing Papers of a Mathematical and
Physical Character, vol. 123, no. 792, pp. 714-733, 1929.

P. Hohenberg, and W. Kohn, “Inhomogeneous Electron Gas,” Physical Review,
vol. 136, no. 3B, pp. B864-B871, 11/09/, 1964.

W. Kohn, and L. J. Sham, “Self-Consistent Equations Including Exchange and
Correlation Effects,” Physical Review, vol. 140, no. 4A, pp. A1133-A1138, 11/15/,
1965.

K. Jackson, and M. R. Pederson, “Accurate Forces In A Local-Orbital Approach
To The Local-Density Approximation,” Physical Review B, vol. 42, no. 6, pp. 3276-
3281, 08/15/, 1990.

J. W. Negele, “Structure of Finite Nuclei in the Local-Density Approximation,”
Physical Review C, vol. 1, no. 4, pp. 1260-1321, 04/01/, 1970.

X. Campi, and D. W. Sprung, “Spherical nuclei in the local density approximation,”
Nuclear Physics A, vol. 194, no. 2, pp. 401-442, 1972/10/23/, 1972.

M. Fuchs, M. Bockstedte, E. Pehlke, and M. Scheffler, “Pseudopotential Study Of
Binding Properties Of Solids Within Generalized Gradient Approximations: The
Role Of Core-Valence Exchange Correlation,” Physical Review B, vol. 57, no. 4,
pp. 2134-2145, 01/15/, 1998.

J. P. Perdew, R. G. Parr, M. Levy, and J. L. Balduz, “Density-Functional Theory
for Fractional Particle Number: Derivative Discontinuities of the Energy,” Physical

Review Letters, vol. 49, no. 23, pp. 1691-1694, 12/06/, 1982.

149



[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

B. Hammer, L. B. Hansen, and J. K. Nerskov, “Improved Adsorption Energetics
Within Density-Functional Theory Using Revised Perdew-Burke-Ernzerhof
Functionals,” Physical Review B, vol. 59, no. 11, pp. 7413-7421, 03/15/, 1999.

N. W. Ashcroft, and N. D. Mermin, Solid State Physics: Cengage Learning, 2011.
M. C. Payne, M. P. Teter, D. C. Allan, T. A. Arias, and J. D. Joannopoulos,
“Iterative Minimization Techniques For Ab Initio Total-Energy Calculations:
Molecular Dynamics And Conjugate Gradients,” Reviews of Modern Physics, vol.
64, no. 4, pp. 1045-1097, 10/01/, 1992.

G. Makov, and M. C. Payne, “Periodic Boundary Conditions In Ab Initio
Calculations,” Physical Review B, vol. 51, no. 7, pp. 4014-4022, 02/15/, 1995.

D. J. Chadi, and M. L. Cohen, “Special Points in the Brillouin Zone,” Physical
Review B, vol. 8, no. 12, pp. 5747-5753, 12/15/, 1973.

H. J. Monkhorst, and J. D. Pack, “Special Points For Brillouin-Zone Integrations,”
Physical Review B, vol. 13, no. 12, pp. 5188-5192, 06/15/, 1976.

N. Troullier, and J. L. Martins, “Efficient Pseudopotentials For Plane-Wave
Calculations,” Physical Review B, vol. 43, no. 3, pp. 1993-2006, 01/15/, 1991.

D. Vanderbilt, “Soft Self-Consistent Pseudopotentials In A Generalized Eigenvalue
Formalism,” Physical Review B, vol. 41, no. 11, pp. 7892-7895, 04/15/, 1990.

E. G. Moroni, G. Kresse, J. Hafner, and J. Furthmiiller, “Ultrasoft Pseudopotentials
Applied To Magnetic Fe, Co, And Ni: From Atoms To Solids,” Physical Review B,

vol. 56, no. 24, pp. 15629-15646, 12/15/, 1997.

150



[166]

[167]

[168]

[169]

[170]

[171]

[172]

G. Kresse, and J. Furthmiiller, “Efficiency Of Ab-Initio Total Energy Calculations
For Metals And Semiconductors Using A Plane-Wave Basis Set,” Computational
Materials Science, vol. 6, no. 1, pp. 15-50, 1996/07/01/, 1996.

M. J. Gillan, “Calculation Of The Vacancy Formation Energy In Aluminium,”
Journal of Physics: Condensed Matter, vol. 1, no. 4, pp. 689-711, 1989/01/30,
1989.

N. D. Mermin, “Thermal Properties Of The Inhomogeneous Electron Gas,”
Physical Review, vol. 137, no. 5A, pp. A1441-A1443, 03/01/, 1965.

S. B. Paolo Giannozzi, Nicola Bonini, Matteo Calandra, Roberto Car, Carlo
Cavazzoni, Davide Ceresoli, Guido L Chiarotti, Matteo Cococcioni, Ismaila Dabo,
Andrea Dal Corso, Stefano de Gironcoli, Stefano Fabris, Guido Fratesi, Ralph
Gebauer, Uwe Gerstmann, Christos Gougoussis, Anton Kokalj, Michele Lazzeri,
Layla Martin-Samos, Nicola Marzari, Francesco Mauri, Riccardo Mazzarello,
Stefano Paolini, Alfredo Pasquarello, Lorenzo Paulatto, Carlo Sbraccia, Sandro
Scandolo, Gabriele Sclauzero, Ari P Seitsonen, Alexander Smogunov, Paolo Umari
and Renata M Wentzcovitch, “QUANTUM ESPRESSO: A Modular And Open-
Source Software Project For Quantum Simulations Of Materials,” Journal of
Physics: Condensed Matter, vol. 21, no. 39, 2009.

K. B. John P. Perdew, and Matthias Ernzerhof, “Generalized Gradient
Approximation Made Simple,” Phys. Rev. Lett. , vol. 77, pp. 3865—-3868, 1996.
P.E. Blochl, “Projector Augmented-Wave Method,” Phys. Rev. B, vol. 50, 1994.
G. Kresse, “From Ultrasoft Pseudopotentials To The Projector Augmented Wave

Method,” Phys. Rev. B, vol. 59, 1999.

151



[173] G. Kresse, and J. Hafner, “Ab Initio Molecular-Dynamics Simulation Of The
Liquid-Metal--Amorphous-Semiconductor Transition In Germanium,” Physical
Review B, vol. 49, no. 20, pp. 14251-14269, 05/15/, 1994.

[174] T.G. Grissom, D. M. Driscoll, D. Troya, N. S. Sapienza, P. M. Usov, A. J. Morris,
and J. R. Morris, “Molecular-Level Insight into CO2 Adsorption on the Zirconium-
Based Metal-Organic Framework, UiO-66: A Combined Spectroscopic and
Computational Approach,” The Journal of Physical Chemistry C, vol. 123, no. 22,

pp. 13731-13738, 2019/06/06, 2019.

152



CURRICULUM VITAE

Address: Department of Physics, King Fahd University of
Petroleum & Minerals, Dhahran 31261, KSA
Mobile: +966 54 245 5904

E-mail: mzeama@kfupm.edu.sa

m.zeama@aucegypt.edu

m.zeama@amail.com

Mostafa Galal EI-Dine Mansour Zeama

Personal Data

Date of Birth: 22/3/1987.

Place of Birth: Cairo.

Nationality: Egyptian.

Permanent Address: 30 Kabul st., Nasser City, Cairo,11765, Egypt

Current address: Department of Physics, King Fahd University of Petroleum &
Minerals, Dhahran 31261, KSA

Marital Status: Married.

153


mailto:mzeama@kfupm.edu.sa
file:///D:/Important/Mostafa%20paper%20work/Personal%20paper/PhD%20papers%20.......%20final/C.V/m.zeama@aucegypt.edu

HIGH LIGHTS OF QUALIFICATIONS AND SKILLS

o 2014-2019: Ph.D. (physics), Physics Department, King Fahd University
for Petroleum and Minerals, Dhahran, Saudi Arabia. (GPA 3.41/4)

o Thesis title

“Study of Charge Transfer in Photocatalytic Reduction of
C1 Oxygenated Compounds”

Prof. Zain Hassan Yamani (King Fahd University for Petroleum and
Minerals, Saudi Arabia)

« 2008-2011: MSc (physics), Physics Department, American University in
Cairo, Cairo, Egypt. (GPA 3.8/4)

o Thesis title:

“Effect of pressure on the electrical transport and structural
properties of YbNiO3.”

Prof. Dr. Mohsen Abd-Elmeguid (University of Cologne, Germany)
Prof. Dr. Salah EI Sheikh (American University in Cairo, Egypt)

e 2003-2007: BSc (Physics), Physics Department, Ain Shams University,
Cairo, Egypt. (82.85%)

. 2000-2003: National Diploma (science section), Manaret el Qahira
language school, Cairo, Egypt (92%)

-Very Good command of reading, writing, and spoken English.

154




-Good reading and writing French

1- Computer Courses:

e Programming language (C™)
e Programming language (Python)
e Mathematica

2- TOEFL COURSE

e BT score (96) reading (23) listening (26) speaking (22) writing (25)

3- GRE COURSE
e GRE general test score (1040) quantitative (770) verbal (270)

e Lecturer B in King Fahd University for Petroleum and Minerals in Dhahran,
Kingdom of Saudi Arabia. (2014- till now)

e Teaching assistant at Misr international university in Cairo, Egypt (2013-2014)

e Teaching assistant in the Canadian international college in Cairo, Egypt (2013-
2014)

e Teaching assistant at the American University in Cairo, Egypt (2008-2013)

1. Research Assistant at King Fahd University for Petroleum and Minerals in

Dhahran, Kingdom of Saudi Arabia. (2014- till now)

155




2. Research Assistant in the National Research Center in Cairo, Egypt (2012-
2014)

3. Research Assistant at American University in Cairo, Egypt (2008- 2014)

X-ray diffraction

Positron annihilation

Doppler broadening

Diamond anvil cell high-pressure technique
X-ray florescence

Liquid phase epitaxial growth

Doping by diffusion

Electron paramagnetic resonance

UV-vis spectroscopy

Density function theory

March 2010: Training program in the high-pressure technique at the
University of Cologne

Mostafa Zeama, Safwat Abdel-Azeim, and Zain H. Yamani, "Computational Study
on the adsorption of CO2 in UiO-66 modified structures”, ACS Catalysis,
submitted manuscript.

Mostafa Zeama; Ibraheem Nasser; Afaf Abdel-Hady, “Rényi, Fisher, Shannon, and
their electron correlation tools for 2-electron series”, J. Physica A, Just accepted
manuscript.

Mostafa Zeama, Mohamed A. Morsy, and Zain H. Yamani, “Study of the
photoactivity and photocatalytic properties of modified MIL-125”, Molecular
Catalysis, submitted manuscript.

Mostafa Zeama, Mohamed A. Morsy, Safwat Abdel-Azeim, Mahmoud M.
Abdelnaby, Ahmed M. Alloush, and Zain H. Yamani, “Photophysical and
Photocatalytic Properties of Structurally Modified UiO-66”, Inorganica Chimica
Acta, 2019, 119287.

156




5- Mostafa Zeama, and Zain Yamani, “Band gap engineering of UiO-66 MOF
platform as efficient method for the enhancement of CO, conversion”, The 11"
International Conference and Exhibition on Chemistry in Industry, The Gulf
Convention Center Manama, Kingdom of Bahrain (29-31 Oct 2019).

6- Mostafa Zeama and lbraheem Nasser, “Tsallis entropy calculation for non-
Coulombic helium”, J. Physica A 528 (2019) 121468.

7- Mostafa Zeama, |. Nasser, and Afaf Abdel-Hady, “The nonadditive entropy for
ground state of helium-like ions using Hellmann potential”, J. Molecular physics,
2019, 1-8.

8- | Nasser, M Zeama, A Abdel-Hady, “ The Rényi entropy, a comparative study for
He-like atoms using the exponential-cosine screened Coulomb potential”, J.
Results in Physics Volume 7, 2017, Pages 3892-3900.

9- S Bukola, B Merzougui, A Akinpelu, M. Zeama, “Cobalt and nitrogen co-doped
tungsten carbide catalyst for oxygen reduction and hydrogen evolution reactions”,
J. Electrochimica Acta 190 (2016), 1113-1123.

10- I. Nasser, M. S. Abdelmonem, Mostafa Zeama, and Afaf Abdel-Hady, “The
oscillators strength and the radiative transition probabilities for highly charged
impurities ions 7, 6™ Environmental Physics Conference, Hurghada, Egypt (20-24
September 2014).

11-A. Ashery, A.A.Farag, and Mostafa Zeama, “Structural, electrical and
phototransient characteristics of liquid phase epitaxial GaP based heterojunction
for photodiode application”, J. Superlattices and Microstructures 66, (2014) 136.

12-E.M. El-Menyawy, A. Ashery, A.A. Azab, and M.G. Zeama, “Current-voltage
characteristics and magnetic response of Co/CuO/p-Si/Al heterojunction diode”, J.
of Materials Science: Materials in Electronics 71 (2014) 275.

e Dr. Zain Hassan Yamani (zhyamani@kfupm.edu.sa)
King Fahd University of Petroleum & Minerals

e Prof. Dr. Ibraheem Mahmoud Nasser (imnasser@kfupm.edu.sa)
King Fahd University of Petroleum & Minerals

e Prof. Dr. Mohsen Abd-Elmeguid (meguid@ph2.uni-koeln.de)
University of Cologne

e Prof. Dr. Salah El Sheikh (Isheikh@aucegypt.edu)
American University in Cairo

157



http://www.sciencedirect.com/science/journal/22113797
http://www.sciencedirect.com/science/journal/22113797/7/supp/C

