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Abstract

My PhD project focused on the development of advanced materials for solar energy
conversion. Compared with their component materials, hybrid materials additionally
offer synergistic effects, such as efficient charge separation, and thus have attracted great
interest. In this thesis, I investigated two types of organic-inorganic hybrid materials, i.e.
metal-organic frameworks (MOFs) and hybrid organic inorganic perovskites (HOIP), for

photocatalytic hydrogen production and photovoltaic electricity generation.

The first part of my thesis investigated the influence of the organic ligand in MOFs on
the materials structure, functional properties and photocatalytic performance. In
particular, I designed mixed-ligand Ti-based MOFs, MIL(NH,-MIL),-125-T1 with
varying ligand composition. The MOFs were characterized with a wide range of state-of-
the-art techniques, including XRD, SEM, DRS, FT-IR, TGA, physisorption. The results
show that the different ligands were homogeneously distributed over the entire
framework, affected the pore width, but did not alter the crystal structure. Photocatalytic
studies demonstrate that the hydrogen evolution rate of the mixed-ligand MOFs
decreased with increasing amount of NH,-ligand. Photoluminescence and absorption
spectroscopies revealed that this can be attributed to a higher charge recombination
probability in presence of NH,-ligand. Furthermore, I observed that methanol
constitutes the better hole scavenger for Ti-MIL, while triethanolamine is preferable for
NH,-containing MOFs. Another highlight of this work was the discovery that the
reduced Ti-species (Ti**) in the Ti-MIL can be preserved in oxygen-free aqueous solution
for up to at least 45 minutes and utilized for water/alcohol reduction on demand upon
the addition of hexachloro-platinic acid. This unprecedented behavior of essentially a

“conceptual light battery” will stimulate great interest in the community.

In the second part I studied the thermal stability of MOFs and their conversion into
nanostructured metal oxides. This barely investigated calcination process has yielded
highly-porous, defect-rich TiO,, particles with large specific surface areas, which
demonstrated greatly enhanced photocatalytic properties when compared to the

benchmark P25-TiO,.



The third part of this thesis dealt with the photovoltaic performance of HOIP in
perovskite solar cells (PSCs). I modified the PSC fabrication process and investigated
different solar cells configurations and preparation routes of perovskite, in particular I
developed a two-step process to anneal the photoactive film (i.e. ‘curing’) that led to
fewer defects/grain boundaries and improved power conversion efficiencies. Moreover,
the work with the collaborators was among the first to prepare Bi-based PSCs that
manifest a superior air-stability and moisture stability, albeit with rather low power

conversion efficiencies.
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Zusammenfassung

Das Thema meiner Dissertation beschaftigte sich mit der Entwicklung neuartiger
Materialien fiir die solare Energieumwandlung. Von groflem Interesse sind dabei
Hybridmaterialien, die im Vergleich zu ihren Komponenten, zusitzliche synergistische
Effekte, wie z.B. eine effiziente Ladungstrennung, zeigen. In dieser Arbeit habe ich fiir
die photokatalytische Wasserstofferzeugung und die photovoltaische Stromerzeugung
zwel Arten von organisch-anorganischen Hybridmaterialien untersucht, und zwar
metallorganische Gertistverbindungen (MOFs) und hybride organische anorganische

Perovskite (HOIP).

Der erste Teil meiner Arbeit konzentriert sich auf den Einfluss des organischen
Liganden in MQOFs auf die Materialstruktur, die funktionellen Eigenschaften und die
photokatalytische Leistung. Insbesondere wurden Ti-basierte Mischliganden MOFs
(MIL,,(NH,-MIL),-125-T1) mit unterschiedlichen Liganden Zusammensetzungen
entwickelt. Die hergestellten MOFs wurden mit einer breiten Reithe an modernsten
Techniken charakterisiert, einschlieflich XRD, SEM, DRS, FT-IR, TGA und
Stickstoffadsorption. Die Ergebnisse zeigen, dass die verschiedenen Liganden homogen
iber das gesamte Gerlst verteilt sind und die Porengrofle beeinflussen, jedoch die
Kristallstruktur nicht verdndern. Die photokatalytischen Studien zeigen, dass die
Wasserstoffentwicklungsrate der Mischliganden-MOFs mit zunehmendem Gehalt an
NH,-Liganden abnahm. Photolumineszenz- und Absorptionsspektroskopien konnten
zeigen, dass dies auf eine hoéhere Wahrscheinlichkeit der Ladungsrekombination in
Gegenwart des NH,-Liganden zuriickzufiihren ist. Auflerdem konnte ich feststellen, dass
Methanol einen besseren ,Lochfinger” fiir Ti-MIL darstellt, wahrend Triethanolamin
fiir NH,-haltige MOFs vorzuziehen ist. Ein weiterer Hohepunkt dieser Arbeit ist die
Entdeckung der Stabilitit (bis zu mindestens 50 Minuten) der reduzierten Ti-Arten (Ti’")
in Ti-MIL 1n sauerstoftfreien wassrigen Losungen. Bei Bedarf konnen diese unter Zusatz
von Hexachlorplatinsdure zur Wasser-/ Alkoholreduktion eingesetzt werden. Dieses
beispiellose Verhalten einer im Wesentlichen "konzeptionellen Lichtbatterie" wird ein

grofies Interesse in der Community wecken.



Im zweiten Teil der Arbeit untersuchte ich die thermische Stabilitit von MOFs und
deren Umwandlung in nanostrukturierte Metalloxide. Dieser kaum untersuchte
Kalzinierungs-prozess fithrte zu hochpordsen, defektreichen TiO,,-Partikeln mit grofRer
spezifischer Oberflache, die im Vergleich zum Benchmark P25-TiO, deutlich verbesserte
photokatalytische Eigenschaften zeigen.

Der dritte Teil dieser Arbeit beschiftigte sich mit der photovoltaischen Leistung von
HOIP in Perovskitsolarzellen (PSCs). Ich habe dafiir den PSC-Herstellungsprozess
modifiziert und verschiedene Solarzellenkonfigurationen und Prdparationswege von
Perovskiten erforscht. Vor allem habe ich ein zweistufiges Verfahren zum Glihen der
photoaktiven Folie entwickelt (d.h. "Harten"), das zu weniger Defekten/Korngrenzen
und verbesserten Wirkungsgraden bei der Energieumwandlung fithrte. Zudem konnte
ich mit Hilfe von Kooperationspartnern Bi-basierte PSCs entwickeln, die eine
hervorragende Luft- und Feuchtigkeitsstabilitit aufwiesen, wenn auch mit geringeren

Wirkungsgraden.
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Chapter 1 Introduction

1 Introduction

This chapter provides an overview on the topic of this thesis as well as on the state-of-

the-art including the scientific background of the research field.

1.1 Energy Issue

As the basis for living, we human beings need energy in the form of food and heat.
Besides that, energy also plays an undebatable, important role in modern society, related
to economy, security and environments. The energy sources can be classified as
renewable energy and non-renewable energy. Non-renewable energy sources, also
known as conventional energy, refer to energy obtained from fuels (coal, natural gas,
diesel and oil) which are exhaustible sooner or later with time. Renewable energy refers
to the energy acquired from plentiful sources available in nature. There are five
commonly used renewable energy sources: biomass, tidal energy, geothermal, wind and

solar energy.

When rating the merit of energy source, not only the abundance needs to be considered,
but also its sustainability and environmental impact. Fossil fuel has become the main
energy source in civilized society. For the past couple of centuries, the energy supply has
come to rely more and more on fossil fuels. However, the fossil fuel as an energy source
1s neither renewable nor sustainable. As the demand for fossil fuels has increased, the
cost of using them has also increased and each year we find ourselves with larger and
larger energy bills. Another big issue of the fossil fuels is the energy consumption related
emissions. Burning coal, petroleum and other fossil fuels is the primary mean by which

we produce electricity, but it leads to high air, water pollution and global warming.

The concern about environment as well as the rapidly rising energy-demand have
motivated the exploitation of renewable, clean energy. Recent years have seen the
dramatic growth of renewable energy and the decreasing energy share of oil and coal

(Figure 1-1).
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Figure 1-1 Overview of energy supply and demand from 1970-2040*(BP Energy Outlook 2018) Non-fossils includes renewables,
nuclear and hydro.

The Sun provides Earth with a staggering amount of energy (Figure 1-2). For example,
in 2007, the amount of energy that humans consume annually is 4.6 x 1020 joules,’
which equals the energy that the sun delivers to the Earth within one hour. Since solar
energy system also has the minimal impact on the environment, the conversion of solar

energy has become a hot topic in recent years.
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Figure 1-2 Solar spectrum (Data from American Society for Testing and Materials (ASTM) G-173-03 reference spectra) ref

Actually, ever since Earth was born, solar energy has been providing energy for almost
all living organisms. Over time, with the development of technology, devices have been
applied to collect the solar energy more efficiently as well as to convert it into other
forms (Figure 1-3). For example, the solar thermal systems can turn sunlight into heat,

which help residents to reduce their carbon footprint efficiently; with photovoltaic
2
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devices, sunlight can be converted into electricity and the commercial crystalline silicon
solar cell has a relative stable efficiency at around 22%.°> Moreover, inspired by nature,
another attractive approach is to store solar energy in the form of chemical bonds as
plants do; therefore, photosynthesis and photocatalysis have raised great research

interest.
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Figure 1-3 Illustration of solar energy application®

1.2 Photocatalysis

Catalysis was defined by Berzelius in 1835° and refers to the phenomena that a reaction
can be accelerated through reduction of kinetic barriers in the reaction process. The

chemicals used to reduce the barriers are called catalyst.®

Photocatalysis is in the category of catalysis, in which, light in the form of photons is
consumed instead of thermal energy to activate the catalytic process. In 1972, Honda
and Fujishima’ demonstrated the first photo-assisted electrochemical splitting of water.
Ever since, the interest in photocatalysis has been boosted, also as a consequence of the
increasing social concern about energy supply and environmental issues. The
applications of photocatalysis are numerous, including environment purification, health
protection, energy conversion, chemicals refinery, photocatalytic organic synthesis etc.
In addition, the conversion and storage of the energy of photons into chemical bonds,
such as into hydrogen (e.g. via water splitting) or hydrocarbons (e.g. via CO, reduction)

have become prevalent.
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1.2.1 Photocatalytic Water Splitting based on Inorganic Semiconductors
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Figure 1-4 Major processes involved in a classic photocatalysis system based on semiconductor

Photocatalysis can be divided into homogeneous and heterogeneous catalysis. In heterogeneous
photocatalysis, the catalyst and the reactants exist in different phases. This thesis focuses on

heterogeneous photocatalysis based on semiconductor photocatalysts.

Inorganic semiconductors (such as TiO,,*'" Fe,0;'%'*) are the most widely used and
investigated photocatalysts. Figure 1-4(a) displays the major processes in a classic

photocatalysis system based on inorganic semiconductor.

1) Step 1: light absorption and charge generation — Photons with energy (hv) equal to or
higher than the band gap (E;) of the semiconductor can be absorbed and produce
excitons. In inorganic semiconductors, the energy required to dissociate the excitons into
free charge carriers is quite small. At room temperature exciton dissociation (charge
separation) can be achieved. As a result, the electron in the valence band (VB) jumps to

the unoccupied conduction band (CB), leaving the hole in the valence band.

2) Step 2: charge recombination — Accompanied by the charge generation process, there
is the charge recombination, in which the e and h" annihilate each other, non-radiatively
or radiatively, dissipating the excess energy as heat or photon, respectively. Figure 1-4
illustrates only the band-to-band recombination model. In reality, there are also trap-
assisted recombination, Auger recombination, surface recombination etc.'”” Charge
recombination is usually the efficiency-limiting factor in photocatalysis system; one
strategy to supress this process is the utilisation of cocatalysts, charge scavengers or an

electric field.

4
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3) Step 3: charge transport and transfer — Photogenerated charge carriers diffuse to the
surface of the catalysts and transfer to the adsorbates. The competition of charge transfer

and charge loss dictates the photocatalytic efficiency.

4) Step 4: redox reaction — charge carriers react with electron acceptors or donors
adsorbed on the surface of the photocatalyst to induce reduction or oxidation reactions,
repectively. In addition, one needs to consider the kinetics regarding the diffusion of the
reactants to catalytic sites, adsorption and surface diffusion of intermediates and product

desorption.

As discussed before, H, is another sustainable energy fuel. The advantage of using
hydrogen as an energy carrier is that when reacting with oxygen and producing
electricity, the only byproducts are water and heat, no greenhouse gas emissions. In
addition, the energy density of H, is about 61,100 BTUs per pound, three-times higher
than that of gasoline (i.e. 20,900 BTUs per pound).'® Moreover, hydrogen can be
produced from various sources, such as from methane, gasoline, biomass, coal or
water.!” Especially, if hydrogen is produced from water, then a sustainable production
cycle is formed. Therefore, photocatalytic hydrogen generation from water fulfills the
criteria of a sustainable and clean energy development and has become the research

focus of this thesis.
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Figure 1-5 Photocatalytic H, evolution based on semiconductor. Band potential based on NHE, pH=0."

In a typical photocatalytic water splitting system, the semiconductor usually acts as both
the light absorber and the catalyst. As illustrated in Figure 1-5, after light absorption, the
electrons in the CB reduce H' to H,, while the holes left in the VB participate in the O,

generation. The overall photocatalytic water splitting reaction is written as below:
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Overall Reaction 2H,0 + hv = 0, + 2H, I-1
Reduction (HER) 2H* + 2e = H,
Oxidation (OER) H,0 + 2h* = 2H* + 2:0H

2:0OH + 2h* = O, + 2H"

The prerequisite for the occurrence of a photocatalytic redox reaction is the band
structure alignment between the catalyst and the reactants; for instance, in water splitting,
the CB level of the semiconductor needs to be more negative than the H" reduction
potential and its VB level should be more positive than the H,O oxidation potential.
Importantly, the overall water splitting reaction is a thermodynamically uphill reaction
with a large positive change in Gibbs free energy'®, 237 kJ/mol. Therefore, a minimum
band gap of 1.23 eV is required. In practice, over-potentials are required to overcome
additional barriers induced by charge transfer and reactant adsorption, thus

semiconductors with band gaps above 1.8 eV are preferred.

(a) Test reaction for H, evolution ||(b) Test reaction for O, evolution

Conduction H,
Band c
. H,O Conduction Ag
| Band C
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1 2 ox (
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band Alcohol EE— 0,
§%, SO valence &)
(Reducing reagents) band H,0

Figure 1-6 H, or O, evolution in the presence of sacrificial reagents - half reactions of water splitting®

The overall reaction of water splitting can be divided into two half reactions: water
oxidation to oxygen and water reduction to hydrogen. Noticeable, oxygen evolution is
kinetically more challenging, because HER requires two electrons per molecule of
generated hydrogen, while OER needs four holes (electron-hole pairs) per molecule of
generated oxygen (Equ. 1-1). Another essential factor for the overall performance of the

water splitting reaction is the inhibition of back reaction, i.e. water formation.

6
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Because the overall water splitting is a very complicated process, therefore,
photocatalytic reactions, with the assistance of sacrificial agent, focusing either on
hydrogen evolution or on oxygen evolution have become popular. As water splitting
means to split water into H, and O, in a stoichiometric amount in the absence of
sacrificial reagents,® the reactions illustrated in Figure 1-6) should be referred to as
hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), respectively,

the so-called half reactions.

1.2.2 Strategies to Improve the Photocatalytic Efficiency

Below are examples of the developed strategies to improve the efficiency of

photocatalysts with respects to the working principles:

e Enhancement of light absorption process: the electronic band structure of the
photocatalyst determines the light absorption and subsequent the photocharge
generation process. Various methodologies have been investigated to optimize
the light absorption process, including band gap tuning (the introduction of
defects and dopants into inorganic semiconductor) as well as the tuning of
chromophores in organic semiconductors. For example, the hot topic of
‘black’/‘colorful’ TiO, is within this scheme.???

e Improvement of charge transfer/diffusion & inhibition of charge recombination:
from the materials point of view, the methods to improve charge
transfer/diffusion can be further divided by:

- morphology control: for instance, the anisotropic morphology, such as 2D
or 1D (nanorods or nanotublar) which can facilitate charge transfer or
diffusion along certain direction;

- defects control in the material, including the control of the grain
boundaries, dislocation, vacancies etc., as they can be the active sites for
recombination.

- nanosized materials, aiming at reducing the diffusion length from the bulk

to the surface, thus lowering the charge recombination probability.
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- shape/facet control: different crystal facets possess different reactive
activity, for example, the (101) of anatase TiO,was reported to be more
active than other facets.*

e to increase the number of available active sites:

- mono-dispersed nanoparticles or open meso/micro-porous materials,
which possess higher surface area and promote the ad/desorption of
reacting species as well. For example, gyroidal Ta,0s;* metal-organic

frameworks (MOFs)*

In this thesis, I focused on organic-inorganic hybrid materials, i.e. metal organic

frameworks (MOFs), as a novel type of catalyst for photocatalytic HER.

1.3 Metal Organic Framework

MOFs have unique properties that differentiate them from both conventional inorganic
and organic semiconductors; the investigation of MOFs in the photocatalysis field is
comparatively new. Therefore, a brief introduction to the material’s historical
development, unique structures and properties, synthesis strategies and the status as

photocatalysts is presented.

First, what is a MOF?

1.3.1 Historical Development of MOFs

The concept of MOFs was first proposed by Yaghi and Li in 1995%. Inspired by
microporous inorganic materials, such as zeolites, they designed the first 3D metal-
organic framework. This new type of material was composed of metal-carboxylate (MC)
layers and organic spacer unit (U) layers, as illustrated in Figure 1-7. For the first MOF,
cobalt carboxylate was selected as the ‘MC unit’ and pyridine as the ‘U unit’. In this
structure, the MC layer is based on the metal-carboxyl bonding between neighbouring
MC units forming a 2D structure. At the same time, the nitrogen of pyridine is bonding
two Co atoms of two different MC layers via Co-N dative bond. The anchored pyridine

ligands are positioned perpendicular to the MC layers, and the mutual n-stacking
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interaction between the pyridines further help to hold these layers tightly together. The
distance between pyridines is 4-6 A, which introduces voids/pores into this network,

contributing to the final porous structure.

=M
-
EE_CM‘*-. MC layer

N
u U layer
u
I
-
’%?'—CM::_—_ MC layer

Figure 1-7 Schematic illustration of building units in the first MOF. MC unit is cobalt carboxylate; U unit is pyridine; G represents
the guest molecules adsorbed into the pores of the framework. I’/

Beside those pyridine linkers that constitute the network, there are also guest pyridines,
which usually occupy the pores between MC layers. Upon heating or solvent exchange,
different molecules can be adsorbed inside these channels, but mainly aromatic

compounds due to favorable © interactions.

Another early example of the construction of cavity-containing frameworks was reported
by MacGillivray et al.?® The authors took advantage of hydrogen bonding and n—=
Interactions between the grids to obtain the ordered alignment of transition metal-ion
layers ([M(4,4‘-bipy)(pyca)(H,0),]*! (where M = Co(II) or Cd(II)). These interconnected
rectangular microchannels were able to accommodate both charged and neutral guest

molecules.

Due to the functional characteristics and the structure resembling a 3D network with
open channels, MOF's have become immediately popular after their invention. However,
many early MOFs were limited by low thermal and chemical stability. Without guest
solvents, the porosity often could not be retained, thus the pores collapsed. It was not
until 1999 that the problem of stability was solved when the strategy of metal
carboxylate cluster chemistry was applied.”’ Organic dicarboxylate linkers were
introduced to coordinate metal tetrahedron clusters, and the rigid and divergent
character of the added linker allowed the articulation of the clusters into a three-

dimensional framework structure.
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Figure 1-8 Schematic lllustration of Zn-based MOF: MOF-5. In the left ball and stick model, Zn: blue; O: green; C: grey. In the
bottom, the ZnO, tetrahedra was indicated in blue. One of the cavities in the Zn,(O)(BDC)s was indicated by a yellow sphere.”’

MOF-5, as an early and successful example of MOFs constructed with the coordination
chemistry, is discussed here to elaborate the assembly process of MOF in more detail
(Figure 1-8). The tetranuclear supertetrahedral cluster motif (i.e., the Zn?* and the
appropriate carboxylic acid), yields the oxide-centered cluster as a distinct and well-
defined unit. The core of the cluster is a single O atom bonded to 4 Zn atoms, forming a
O-centered Zn,O tetrahedron. Then each Zn forms its own tetrahedron, and the 4 Zn-
centered tetrahedrons are connected via Zn-O-C-O-Zn, as shown in the top of Figure 1-8.
The resulting cluster possesses a chemical composition of Zn,(O)(CO,)s and can be seen
as a secondary building unit (SBU). The organic linker is terephthalic acid, which
contains two terminal carboxylate units, each coordinating to one SBU. Consequently,
the SBUs sharing the same organic linker are connected to each other, further expanding
into a 3-D network. Therefore, SBU clusters may serve as the vertices of the framework,
and linkers as the edges/struts. Depending on the radii of the atoms, the volume
percentage of unoccupied space (yellow ball in Figure 1-8) can be as high as 80%, which
is the reason that MOFs can accommodate a large number of solvent molecules as well

as other guest molecules.

It is interesting to compare the similarity between the network of MOF-5 with inorganic
zinc phosphates, in which P atoms, instead of C atoms, form PO, tetrahedra. Thus, the
link between Zn-oxo clusters is O,-P-O, phosphate instead of O,-C-C4H;-C-O,. However,
the surface area of MOFs, which is in the range of thousands of m?/g, is much larger

than that of most purely inorganic materials®.
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Since then a lot of new MOF structures have been synthesized, with a large variation of

clusters and ligands.

1.3.2 Synthesis and Characterization of MOFs

The key to a successful MOF synthesis lies in the formation of well-ordered 3D network
built with metal-oxo clusters and organic ligands, via intra-molecular interactions. These
interactions may include coordinative bonding, n-stacking, hydrogen bonding etc.
Stronger interactions are favorable for the framework’s stability; therefore, most MOFs

are currently built with coordination bonding.

Figure 1-9 Oxo-bridged trinuclear metal carboxylates [Ms(13-O)(O.CR)s(H,0)s]"* (M= divalent or trivalent transition metal ions,
0,CR= organic carboxylate anions)"

The choices of both metal and organic linker are of vital importance to obtain a robust
inorganic-organic framework. Apart from the aforementioned tetranuclear clusters, one
popular SBU category i1s oxo-bridged trinuclear metal carboxylates (often known as
‘basic’ carboxylates) [M;(u;-O)(O,CR)s(H,O);]"" (M = divalent or trivalent transition
metal ions; O,CR = organic carboxylate anions) (Figure 1-9). They are commonly found
In transition metal coordination chemistry and readily assembled from metal ions and
carboxylates®. For example, Seo and co-workers®! used a rigid chiral organic molecule
with a carboxylic group at one end and a pyridyl group at the other to form trinuclear
units (SBUs) (Figure 1-10). These SBUs further generate 2D infinite layers with large 1D
chiral channels alongside the ¢ axis, endowing the materials with unique characteristics

such as enantioselective catalytic activity®'.

11
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Figure 1-10 a) and b): top and side view of the trinuclear SBUS; c): the hexagonal framework with large pores that is formed with
trinuclear SBUs. Zn atoms are shown in green, O in red, N in blue and C in white."*

Various preparation strategies have been implemented to synthesize MOFs, including
solvothermal synthesis, microwave synthesis, vapor diffusion, gel crystallization,
solventless synthesis, sonochemical and electrochemical synthesis. Each strategy has its
own advantages as well as disadvantages. For instance, hydrothermal synthesis is a
simple approach with high reproducibility and scalability that can yield large crystals®.
However, its limits include the extensive reaction time and the reliance on toxic solvents.
Correspondingly, solventless synthesis is a rapid, non-toxic strategy, but quite
demanding when it comes to the precursors. As the focus of this thesis does not lie on
the comparison between different synthesis strategies, all the MOF preparations in this

work has been accomplished by the most versatile solvothermal synthesis®.

One appealing characteristic of MOFs is their high structural tunability. Both the
inorganic nodes and the organic linkers can be modified easily. In addition to single-
metal-oxo cluster, multi-metal as well as tetra- and octamers clusters have been
investigated®. Yaghi et al have obtained 3-D open-framework solids with tetrahedral
cluster Ge,S,o* and rod-like ligand 4,4'-bipyridine. After copolymerization reactions with
metal (II) ions such as Mn, Fe, Co, Cu, and Zn, the final product M,Co,.
GesS102(CH;)N (x = 0.86, M = Mn; x = 1, M = Mn, Fe, Co, and Zn) still retained a

porous, crystalline structure.

The functionalization of the organic ligands has become another feasible and promising
strategy to tailor the structure and, hence, the properties of MOFs. For example,
replacing -SO;H group of the organic linker with -OH group has enabled a new MOF
with higher selectivity for adsorption towards CO, vs CH, as well as a higher NH;

uptake capacity®. Another example is the post-synthetic functionalization of the organic

12



Chapter 1 Introduction

ligand with —NH, group, which has shifted the light absorption edge of the parent MOF

from 450 nm to almost 700 nm?*.

Figure 1-11 Two MOF-14 frameworks (blue and red) interwoven about a P-minimal surface without intersecting the surface.”’

Beside the SBU and organic ligand tuning, single MOFs can build into more complex
structures. A self-hierarchical structure of MOF (Figure 1-11) has been prepared via an
interweaving procedure. Interweaving (i.e. catenation) allows mutual reinforcement of
the exceptionally large moieties fabricated with 4,4’ 4"-benzene-1,3,5-triyl-tribenzoic
acid, which alone is expected to be insufficiently rigid to sustain an open framework.*’
This reinforcement has enabled the structure to be more stable in both air and most

solvents.

Instead of a trial-and-error strategy, the rational development of new MOFs is
increasingly supported by theory, as the computational methodologies for MOFs have
greatly developed over the recent years and cover methodologies ranging from atomic-
partial charge calculation, force field simulation to density-functional theory (DFT).*®
For instance, Snurr et al. investigated the interaction between NH; and surface
functional groups in MOFs and predicted the ammonium adsorption behaviour in

different MOFs*, providing guidelines for MOF design for certain application purposes®.

In recent years, the characterization of MOFs has matured, now involving a range of
techniques, such as X-ray diffraction (XRD), physisorption, infrared spectra (IR), solid
state nuclear magnetic resonance (NMR), thermal gravimetric analysis (TGA) etc.
Notably, these techniques can probe not only the pristine MOFs, but also their sorption
properties regarding guest molecules. For instance, IR records the molecular vibrational
signals and is thus sensitive to the binding and coordination situation of both, the linker
and guest molecules.

13
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1.3.3 Application of MOFs

MOFs’ versatile applications stem from their highly porous structure and multi-

functionality of the metal-oxo cluster and organic component.

As mentioned before, the pore volume fraction in MOFs can reach as much as 80% and
the pore sizes are in the order of angstroms. As a result, the specific surface areas can
reach values as high as 7000 m?/g, such as reported for two Cu-based MOFs*. In
comparison, the surface areas of inorganic porous materials, e.g. zeolites, are
significantly lower, i.e. typically in the range of several hundred m?/g*. In addition,
zeolites possess a rigid pore structure, while the presence of organic ligand in MOF
allows for a flexible one that is of particular interest for applications such as in molecular
sieving. Moreover, zeolites behave more like an apolar adsorbent, while the polarity in
MOFs can be tuned via ligand chemistry and introduction of unsaturated coordination
sites*®. Therefore, the porosity-based properties of MOFs differ greatly from those of
conventional inorganic porous materials and have thus attracted enormous research

enthusiasm since.

In this respect, typical applications of MOFs benefit from guest molecule interactions
and thus include gas storage, liquid separation, sensing, drug delivery and chemical
purification. Due to the high pore volume, MOFs have been first exploited as gas storage
materials for H,, CO,, CH, etc., showing their excellent gas storage capacity. Later, their
application diversified as researchers discovered that the adsorption properties of MOFs
follow a commensurate adsorption type*. Consequently, MOFs show selective
adsorption capabilities, thus offering great potential for selective gas adsorption and

separation®*’,

Furthermore, the pores/channels in MOFs can be positively or negatively charged,
which lays the basis for 1on exchange as well as selective incorporation of charged metal
complexes and organic species (eg., xylene isomers, organic dyes***’) in liquid phase™.

Hence, MOFs extend their applications to waste purification®?53,

Recently, MOFs have also demonstrated potential in the medical field, i.e. for

controllable drug release®* and slow release of metal ions such as Ag* for anti-bacteria
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treatment®. Moreover, MOFs have been used as ‘reaction cages’ for the degradation of
toxicants, such as 2-chloroethyl ethyl sulfide and 2-chloroethylphenyl sulfide, nerve and

blister agents.*®

Another appealing application is the utilization of MOFs as catalysts, for example, in
the degradation of sulphur mustard®’. Due to their selective adsorption character, some
MOFs have shown selective catalytic properties in the oxidation of organic species -
selective oxidation of benzyl alcohol into benzaldehyde®, selective oxidation of amines
to imines®. Moreover, after removing guest species from the pores of the MOF, the
unsaturated metal sites me become accessible and thus can act as active catalytic sites
during a reaction®. Recently, MOFs have become popular in the field of photocatalysis,

especially for CO, reduction and photocatalytic water splitting®'.

1.3.4 Prospects of MOFs for Photocatalysis

1.3.4.1 Different Roles of MOFs in Photocatalysis

MOFs possess various advantages in photocatalytic applications; their potential roles in

a photoredox system are summarized in Figure 1-12.

a) MOFs as the photosensitizer: the MOF is responsible for efficient light absorption and
charge generation/separation, thus increasing both, the number and lifetime of charge
carriers. The absorption likely happens within the organic linker, while the redox
reaction takes place on the surface of an added catalytically active species (e.g. metal

oxide nanocluster,” polyoxometalates®**?).

b) MOFs as the catalyst: in this case, the charge generation is accomplished by an added
photosensitizer (e.g. quantum dot, organic dye®). The photogenerated charges then
transfer to the MOF, specifically, into the metal-oxo nodes, where the redox reaction

can proceed.
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Figure 1-12 Different roles of MOFss in photocatalysis system. a) as photosensitizer®;) as catalytic sites’; ¢) as both photosensitizer
and catalytic sites”; d) as charge transfer pathway%, e) as scaffold to support other materials®”’.

c¢) MOFs as the true photocatalyst: herein, the MOF combines both roles as
photosensitizer and catalyst. In a typical reaction system, the organic linker absorbs light
to produce photogenerated charge carriers, which then transfer to the meal-oxo clusters

and induce subsequent photoredox reactions.”

d) MOFs as the charge-transporting channel: the MOF works neither as photosensitizer
nor as catalytic site. Instead, the MOF offers an active component that facilitates the

charge separation and the charge transfer between the photosensitizer and the catalyst in

a heterogeneous system.®
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e) MOFs as a scaffold or host: the open porous structure in MOFs enables the
accommodation of photocatalytic species, while, at the same time, the reactants can
diffuse into the pores freely. Such systems typically show an enhanced photocatalytic
performance due to the spatial separation of the (typically molecular) active species (i.e.

by preventing their agglomeration).’

The above examples highlight the different roles of MOFs, however, the real
photocatalysis system often includes more than one scheme and the roles of MOFs vary

accordingly.
1.3.4.2 Charge Generation and Separation in MOFs

Similar to a conventional semiconductor, the major photocatalytic processes in a MOF
can be divided into light absorption, charge generation/separation, charge transfer and
redox reaction on the surface (Figure 1-4). However, owning to the unique organic-
inorganic hybrid structure, the mechanism of charge generation and separation in MOF's

is different from that of the inorganic semiconductors.

If we take a closer look at the configuration of the band structure of MOFs, we will see
that it resembles a molecular heterojunction, consisting of the organic component and
the metal-oxo cluster. The light absorption can thus occur either in the organic linker or

in the inorganic SBUs:

(1) within the organic linker, the electron promotion happens between the HOMO

(highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital);

(2) within the metal-oxo cluster, the electron advances from the 2p orbital of oxygen to

the unoccupied d or f orbital of the metal ions.

The alignment of different energy levels determines the subsequent charge separation
and energy transfer. Figure 1-13 illustrates the possible photon absorption as well as

charge transfer schemes within MOFs.

17



Chapter 1 Introduction

a) 9 unoccupied
LUMO
@@/\@ d/f orbital

\/\,\ h* h*lh' p*

HOMO
O, orbital
b) Lumo unoccupied
0 00 g dif orbital
h* h‘Th' h* l\/\/
O, orbital
HOMO

C) unoccupied
L7 d/f orbital
LUMO @&
e

HOMO

O, orbital

d) o

LUMO ® & unoccupied
/}& d/f orbital

E-'"Vlstble
L light e

Ny i e R s H)O

Cr(1l) <sib]
oW g
- d \ N,

_______________________________ T,

\( 1/2H,0,+ H*
N H,0

1/2H,0,+ H'

€ E
Cr(‘”)ﬁ :
Cr(Im) h*

oolee
HOMO .
0., orbital
e)
o excited state
LUMO oo '"{""\/\/
Y
ground state
S OMO Metal lon

) MOF-. 253-?!
= 42 EI
o / i -
N’ \N
Cl,,

-
I S
>
v oy SR :
s G 3R g
AT al ol
/ ¢ &
4 M
AT T
J';ﬂ'; n\N =
.JF'. ’(b
o 3
“ ‘\ 7
S MOF-253.p*
H* i

()
P

Figure 1-13 Major charge transfer mechanisms in MOFS: a) ligand to metal charge transfer; b) charge generation within metal
cluster; ¢) charge generation within ligand; d) charge generation within both ligand and metal cluster; e) metal to ligand charge
transfer. (the right column are reprinted from references 70,71,73,18,76)
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a) Ligand to Metal Charge Transfer (LMCT):

The organic ligand of the MOF can absorb light and yields electron-hole pairs. The
photogenerated electrons are then injected into the metal-oxo cluster, leaving a hole on

the organic moiety.

Let us take NH,-MIL-125-T1 as an example (Figure 1-13(a)): upon irradiation, the
organic ligand (NH,-BDC) gets excited — the electrons in the HOMO level absorb the
energy of photons and get promoted to the LUMO level — via a n-n* electron
transition.?® ®® Then, due to the overlap of d orbital of Ti** and the n* orbital, the electron
further transfers from the organic ligand to the unoccupied Ti d° orbital, completing a
ligand-metal charge transfer, therefore reducing Ti** to Ti**.® The hole (h*) is left on the
organic component. EPR has detected the presence of Ti** upon light irradiation,

confirming the LMCT mechanism.”

In the LMCT mechanism, photogenerated electrons and holes reside in different
components of a MOF, which facilitates the separation of the electron-hole pairs and
contributes to a longer lifetime of charge carriers®’. Therefore, LMCT is the most

common charge generation and separation process in active MOF photocatalysts.
b) Charge Generation within Metal Cluster:

Alternatively, when the energy of incident light is not high enough to excite the organic
linker, but sufficient for the metal-oxo cluster, the charge generation occurs within the

inorganic SBUs.

A typical example is the MIL-100 (Fe)” (Figure 1-13 (b)), in which charge carriers get
excited exclusively in the Fe-oxo cluster and are separated by the transfer of electrons
from O” to Fe** leading to Fe’* to Fe?* reduction. The subsequent redox reaction then

regenerates the photoexcited MOF to its original state.
¢) Ligand to Ligand Charge Transfer (LLCT):

Due to the band mismatch between the organic and inorganic component, the
photogenerated charge carriers in the organic linker may not be allowed to transfer to
the metal-oxo cluster. This can be seen in Figure 1-13(c), with the example of Zr-based

MOF UiO-66"%. AE,,, corresponds to the energy required to excite the linker; AEycr
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corresponds to the energy needed to transfer the excited electron to the node’s
unoccupied d orbitals. In the case of UiO-66(Zr), there is no overlap between the
unoccupied d orbitals (green shade) and the excited linker states (blue shade),
consequently, the charge transfer from the ligand to the metal cluster is restricted by the
existence of AE;ycr.” In other words, the photogenerated charges are constrained in the

organic ligand, which is unfavorable for the photocatalytic reaction of the sole MOF.
d) Dual Excitation Pathways:

In contrast to the aforementioned cases, the dual excitation mode describes systems,

where the light absorption occurs both in the organic linker and in the inorganic cluster.

NH,-MIL-88B(Fe) is an example to illustrate such a process (Figure 1-13(d)). Under
light irradiation, both the amine-functionalized organic linker and the Fe;-u;-oxo clusters
get excited. The electrons from the excited organic linker further transfer to the Fe;-us-
oxo clusters and, together with the photogenerated electrons from the Fe;-p;-oxo clusters,

conduct the redox reaction’”.

€) Metal to Ligand Charge Transfer MLCT):

There is another frequently mentioned charge transfer pathway related to photoactive
MOFs, metal-ligand-charge-transfer (MLCT) (Figure 1-13(e)), namely after charge
generation, the photogenerated electrons from metal-oxo cluster migrate to the organic
moieties. However, MLCT is not common in sole MOF, as in most cases, metal nodes
tend to ‘collect’ the photogenerated electrons and act as the photocatalytic sites. MLCT
has been reported more in heterogeneous system, for example, post-modification of

MOF structure with light- or catalysis active species.'®

Xu et al”® immobilized a platinum complex in the 2,2-bipyridine-based microporous
MOF-253 via a post-synthetic modification and the Pt complex was covalently bonded
to the organic linker of pristine MOF, bipyridine (Figure 1-13 e). A new visible
absorption band appears in the obtained Pt-MOF-253. The low-energy absorption in Pt-
MOF-253 is attributed to the metal-to-ligand (Pt" — bipyridine n*) charge transfer
(MLCT) transition.”
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It can be concluded from Figure 1-13 that the organic component generally plays an
important role in the charge generation and separation process, contributing to the final
electronic band structure of MOFs. The terms HOMO and LUMO are used to describe
the band structure of photoactive MOFs, instead of VB and CB. The final composition
of HOMO and LUMO depends on the relative potential level of different energy bands.
For example, in LMCT model, LUMO and HOMO is attributed from metal-oxo cluster

and organic linker, respectively.

1.3.4.3 Advantages and Disadvantages of MOFs over Inorganic Semiconductor

MOFs should be considered as an array of self-assembled molecular catalysts rather than
as classical semiconductors,”” as the hybrid nature of organic and inorganic components
endows MOFs as catalysts with distinct characteristics, which advantages over both
molecular catalyst and classical semiconductors. The potential of MOFs as a new
promising type of photocatalysts is demonstrated with respect to the fundamental

processes (discussed in 1.2.1) that occur in a photocatalysis system:
Advantages:

1) Light absorption: In most cases, both the organic linker and the inorganic cluster
participate in the light absorption process in MOF, as discussed in 1.3.4.2. This unique
photoexcitation process enables the light absorption of MOFs with great tunability, via
the tuning of chromophore units either in the organic linker, or in the inorganic SBUs, or

hybridizing with a light sensitizer.”

2) Efficient charge separation: in most cases, the organic linker and metal-oxo cluster
constitute the LUMO and HOMO, or the other way around, which means MOFs can be
considered as an intrinsic hetero-junction. This spatially separated electronic band
structure in MOFs favours the charge separation and simultaneously, hinders charge
recombination, as the electron needs to ‘travel back’ to recombine with the hole — in

brief, contributing to a longer carrier lifetime.

3) High surface area and alternating MC/linker sites: the high surface area indicates
more exposed catalytic sites as well as larger platform for reactants adsorption, thus

more reaction sites for surface reaction and hence a higher turnover rate. The alternating
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MC/linker sites facilitate the adsorption process as the reactants can interact with either

the organic linker or the neighboring MC.

4) Open microporous structure: the high porosity of MOFs may suppress the classical
bulk recombination of holes and electrons; it further shortens the mean pathway of

161

charge carriers to the ‘surface’®’. However, it may restrict reactant diffusion to the active

sites, even allowing only small molecules to enter and react within the pore network.

5) Incorporation of hetero species: the additional benefit of porosity is the ability to
accommodate small molecules that allows to integrate both light-harvesting and catalytic

components with a uniform spatial distribution.

6) Great flexibility of the structure and composition, a general attribute of MOFs: both
the metal nodes and the organic linker can be tuned and thus obtained new structure is
endowed with specific property that can benefit certain process, such as light absorption,
reactants adsorption, diffusion for redox reactions etc.. Therefore, compared with ‘rigid’

inorganic semiconductors, the properties of MOFs 1s more tailorable.

7) For fundamental research: MOFs can offer a platform to investigate both short and
long range energy transfer, as the distance and the orientation between chromophores
can be adjusted, e.g. via ligand tuning. Therefore, mechanistic insights for energy

transfer process in photocatalysis can be obtained.
Challenges:

Despite the many potential advantages offered by the MOFs structure with regard to
photocatalytic applications as compared to standard solid-state semiconductors, there

are several limitations and challenges yet to be addressed.

1) The stability when exposed to heat (thermal), chemicals (oxidation, pH, solvent), and
light. Over the last couple of years, the solvent stability of Zr-, Ti- based MOFs has been
improved to a certain extent, and many reported MOFs perform well in short
photocatalytic tests. However, the long-term stability is rarely attempted or reported and
needs more detailed investigation. In addition to the solvent stability, as a photocatalyst,
the light stability of MOFs also needs to be taken care of. The good news is that MOFs’

stability can be improved from the aspect of material design, either by the selection of
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robust components that can withstand the external stimuli or by the formation of
stronger coordination bonding between the organic linker and inorganic cluster — but this

has yet to be attempted.

2) The electrical conductivity of many MOFs is typically lower than that of inorganic
semiconductors, which can limit the charge transfer process along the 3D matrix.
However, this may be mitigated by the fact that a) the charge transfer paths are very
short, and b) the intrinsic ligand transfer/mobility can be tuned. Thus, dedicated studies

are needed to identify optimum diffusion length based on charge mobility, vice versa.

3) The extremely small pore size can restrict the diffusion of the reactants and products,
especially in liquid phase reactions. Moreover, the inner surface of the pores can act as
defects and recombination centers, which can be detrimental to the photocatalytic
properties. First attempts to selectively remove ligands have been investigated in this

thesis, aiming at the optimization of diffusion process limited by pore diameters.

4) Finally, from a synthetic point of view, the major challenges involve the scale-up and
environmentally friendly MOFs production with the required purity and uniformity.
Several newly developed synthesis strategies, such as microthermal synthesis and

solvent-free synthesis are promising to resolve this problem.

1.3.5 Project Motivation

Since the first work on MOF-based photocatalysis in 20097, a wealth of efforts has been
devoted to this field with an exponential growth of publications. To achieve a higher
photocatalytic activity, the typical strategies involve the synthesis of new MOF
structures and their chemical modification. As a result, the research has yielded a
considerably large amount of MOF structures (e.g. Zr-, Cu-, Fe-, Ti-, Co-, Mn-...based
MOFs) and tested a variety of applications (e.g. CO, reduction, H, production, organic

dyes degradation), yet often in a “trial-and-error” approach.

1.3.5.1 Choice of MOFs

Among the many studied MOFs, Ti-based MOFs have drawn attention in the field of

photocatalytsis attributing to the following merits: the small ionic radius of Ti** renders a
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strong Ti-O bond, contributing to a high chemical stability; the high coordination
number increases the structural diversity; the transition between Ti**/Ti** under
excitation enables the Ti-based MOFs redox active. Ti-based MOFs are UV or visible
light active and the photo-excited Ti-based MOFs are capable of conducting H"/H,
reaction owing to their appropriate LUMO level. In addition, as stated in 1.3.4.1, MOFs
can serve as templates to obtain porous metal oxides via calcination, Ti-based MOFs
hence gain more credits owning to their photocatalytically active calcination product,
TiO,. Therefore, I chose Ti-based MOFs for this thesis, specifically, MIL-125-Ti and
NH,-MIL-125-Ti.

Figure 1-14 Simulated crystal structure of MIL-125-Ti. Red: oxygen, Blue: titanium, Grey: Carbon. Hydrogen has been omitted.
Drawn with software-Vesta.

MIL-125-Ti (MIL is the acronym for Material from Institute Lavoiser) was reported in
2009 as the first crystalline and porous carboxylate-based Ti-MOF®, while its analogous
structure NH,-MIL-125-Ti was reported in 20113, The crystal structures of MIL-125-Ti
and NH,-MIL-125 are isostructural; the difference of these two MOFs lies in the
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composition of the organic ligands that constitute the framework structure: the former is
based on the terephthalic acid (H,BDC) and the latter on 2-amino terephathalic acid
(NH,-BDC). The theoretical formula of MIL- and NH,-MIL-125 are Ti:Os(OH).-(O.C-
CH.-COy)s  (1587.56 g/mol) and TisOs(OH):-(0.C-CHsN-CO.)s (1653.74 g/mol),
respectively. In both MOFs, the SBU is a cyclic octamer, constructed with 8 corner- or
edge-sharing octahedral titanium units”. One SBU then connects to 12 other SBUs

through organic linkers, leading to a three-dimensional porous network (Figure 1-14).

The crystal structures of MIL-125-Ti and NH,-MIL-125-Ti are both tetragonal and
belong to the space group of I14/mmm®. According to literature,*’ the lattice parameters
are: in MIL-125-Ti, a=b=18.6540 A, and ¢=18.1440 A; in NH,-MIL-125-Ti,
a=b=18.6730 A, and c=18.1380 A.

There are two types of pores in the framework, typical for the tetragonal crystal structure.
In MIL-125-Ti, the calculated size of the pores are 12.5 A and 6.1 A, respectively; while

in NH,-MIL-125-Ti, the presence of amino group leads to an expected reduction in pore
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size, 10.7 A and 4.7 A, respectively.

MIL125-Ti NH,-MIL-125-Ti
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1.5 4
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E vs. NHE/ eV

Figure 1-15 LUMO and HOMO level in MIL-125-Ti and NH,-MIL-125-Ti

Based on the reported values, the edge positions of HOMO and LUMO with respect to
the NHE energy level are depicted Figure 1-15. It can be concluded that the
photoexcitation in the MIL-125-T1 can only be triggered by the UV light, while NH,-
MIL-125-Ti can potentially absorb visible light as well.

1.3.5.2 State-of-the-Art
Table 1-1 Photocatalytic Applications of MIL-125-Ti and its derivatives ( modified from Reference %)
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Strategies details MOF Applications Light Source
Decoration of | -NH; MIL-125-Ti COg, Cry reduction Vis
Linker -NH, MIL-125-Ti Amines oxidation Vis
-NH, MIL-125-Ti Alcohols oxidation Vis
-NH, MIL-125-Ti N-hydroxy-carbamates | UV-Vis
-NH, MIL-125-Ti PCVG uv
-AM-Eu NH,-MIL-125-Ti | Alcohols oxidation UV-Vis
NHMe/Et/Pr | NH,-MIL-125-Ti | CO,reduction Vis
Combination g-C3Ny MIL-125-Ti RhB degradation Vis
with g-CsNy Ag/MIL-125-Ti | Nitrobenzene reduction Vis
alcohols oxidation
Semiconductors |\, NiPD/MIL-125- | H, production Vis
CFB NH,-MIL-125-Ti | H, production Vis
In,S; MIL-125-Ti Tetracycline degradation Vis
BiOBr NH,-MIL-125-Ti | RhB degradation Vis
PHIK NH,-MIL-125-Ti | RhB degradation Vis
TiO, MIL-125-Ti Solar Cell Solar Light
Cds MIL-125-Ti H, production uv
TiO, NH,-MIL-125-Ti | Photoelectrochemical Vis
sensor
MNPs Loading | Pt, Au MIL-125-Ti H,, formate production | Vis
Au, Pd, Pt MIL-125-Ti H, production, UV- Vis
alcohols oxidation
Ag MIL-125-Ti RhB degradation Vis
Ag RGO/MIL-125- RhB degradation Vis
Ni NH,-MIL-125-Ti | H; production uv
Ag MIL-125-Ti-AC MB degradation Vis
Pt NH,-MIL-125-Ti | Photocathode, H, Vis
production
Ni NH,-MIL-125-Ti | Alcohols oxidation Vis
Metal Complex | Co-complex NH,-MIL-125-Ti | H, production Vis
Loading Cr** complex | NH,-MIL-125-Ti | MB degradation Vis
MIL- Ni?* species NH,-MIL-125-Ti | H; production uv 1 2 S-Tl

and NH,-MIL-125-Ti have been investigated as photocatalysts for a range of

applications, including CO, reduction, alcohols oxidation, H, production as well as dye

26



Chapter 1 Introduction

degradation (Table 1-1)°* 3% Moreover, various strategies have been developed to
achieve a higher photocatalytic efficiency, including functionalization of the ligand,
combination with semiconductors, noble metal nanoparticles and metal complexes

(Table 1-1).

The majority of the community has focused on testing the performance of the MOFs
with little effort being dedicated to the fundamental aspects. As more MOFs being
developed as photocatalysts, the understanding of key processes, mechanisms and
limitations engaged in MOF photocatalysis requires a more systematic and targeted

research.

Next, although increasing the light absorption through ligand tuning has become a
feasible strategy to prepare visible-light active MOF photocatalysts, little attention has
been paid to the overall influence of the ligand tuning. For instance, NH,-MIL-125-Ti
has been as a successful representative of ligand tuning of MIL-125-Ti. NH,-MIL-125-T1i
has the advantage over MIL-125-Ti in light absorption, whether it is also superior in
other aspects, such as charge-separation and charge-transfer, unfortunately, I could not

1dentify a rigorous study that addresses this issue (Table 1-1).

1.3.5.3 Project Aims

The first aim of this work is to investigate the photocatalytic process of MOF, including
the role of hole sacrificial agent and cocatalyst, the key factor for the photocatalytic
activity, which is expected to provide guidelines for further materials modification and

design.

Another aim of this work is to evaluate the overall effect of ligand tuning on the
materials’ properties, including charge separation ability and catalytic performance,
which shall increase our knowledge about the photocatalysis process of MOFs and

further provide guidelines for designing advanced MOF-based photocatalysts.

Furthermore, MOFs can evolve into corresponding metal oxides upon calcination, and
the obtained oxides usually inherit a porous structure from the parent MOFs, which is

beneficial for the applications limited by diffusion process and surface area. In this work,
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the thermal decomposition process of MOFs into oxides will be investigated and the

photocatalytic potential of the obtained metal oxides will be evaluated.
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2 Characterization

2.1 Characterization Techniques

Various characterization methods have been applied in this thesis, in order to reveal the
nature of the materials, for instance, the crystal structure, the morphology, the thermal

stability, and the electrochemical properties.

2.1.1 Electron microscopy (EM)

EM refers to a diversity of characterization techniques, which use the electron beam as

the source of illumination.

According to the Abbe equation (2-1), the resolution of a diffraction-based technique in a

perfect optical system depends greatly on the wavelength of the irradiation particles:

d= 0.614 21
" nsina

Where d is the resolution; A is the wavelength of incident particle; n is the refractive

index relative to the free space; and a is the semi-angle in radians.

The wave-particle dualism, postulated by L. de Broglie, proposed that all moving matter
has wave properties and elaborated the relationship between the wavelength A and the
matter’s momentum p. This theory is of vital importance for electron microscopy, as it
indicates that the accelerated electrons can be treated as waves, and the wavelength is
related to the acceleration voltage U. Based on Equ. 2-1, Table 2-1 compares the
obtained magnifications when blue light and electrons (U=~20kV) are used as the
stimulation source. The resolution in the case of electrons reaches nanometer range;
moreover, it can reach the limit of atom with increased acceleration voltage. EM enables
researchers to gain insights into the structure, morphology and composition of the
material in the nanoscale, thus it has been very helpful and necessary for materials

characterization.
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Table 2-1 Relation of Irradiation Wavelength and Magnification

Microscopy | A (nm) | nsina | Magnification

Light 400 200 1000

Electron 0.003 | 0.015 500000

When a focused electron beam is directed onto a sample, it can be scattered, absorbed or
transmitted, generating a multitude of signals (Figure 2-1). There are corresponding
techniques based on the various interaction of the incident electrons with the specimen.
In the following section, the electron microscopy applied in this thesis will be discussed
in more detail.

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Backscattered Electrons (SE)

Characteristic X-ray (EDX) slomic number and phase differences

thickness atomic composition

Cathodoluminescence (CL)
electronic states information

Continuum X-ray

( (Bremsstrahlung)

SAMPLE

composition and band states (EELS) Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Inelastic Scattering l\

Transmitted Electrons
morphological information (TEM)

Figure 2-1 Electron Interaction with Matter’’

2.1.1.1 Scanning Electron Microscopy (SEM)

SEM can analyze and observe the surface structure of the material. The working process
of SEM, as a representative for electron microscopy, is depicted in Figure 2-2. First, a
beam of electron, either thermoionically emitted or filed emitted, is directed and
accelerated with the help of the anode. Then the beam is focused with condenser lenses
and coils. The attachments below the electron gun are lenses. There are different lenses
for the adjustment of the electron beam to produce a finely focused electron beam.
Finally, the beam reaches and interacts with the sample, whereby various detector

collect the corresponding signals.

30



Chapter 2 Characterization

Filament

Electron Source
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Condenser Lense

Scan Coils
Objective Lens

Secondary Electron

Detector /

Figure 2-2 SEM equipment

Sample

SEM utilizes the signal of secondary electrons (SE) and/or sometimes back-scattered
electrons (BSE). The generation of SE and BSE is illustrated in Figure 2-3. The sample
absorbs an incident electron, and then releases another electron; a new electron is ejected
from the material by the incident electron. Those released electrons are called SE, while
the incident electrons are called primary electrons. If the primary electrons are only
scattered and reflected back from the sample, then the electrons coming out of the
sample are called BSE. Usually there are different detectors in the SEM machine for the
SE and the BSE. SEs are the product of inelastic scattering, so its energy is quite low;
only those signals generated from the near-surface area can escape and be detected. After
signal processing, black-and-white SEM images are obtained. The number of SEs
escaped from the observed area determines the brightness and the contrast of the image.

With SEM, researchers can obtain a surface profile of materials.

To avoid the loss of signals caused by collision with air molecules, SEM was designed
with a high vacuum operating system. However, in recent years, environmental SEM
with low vacuum level for biological samples has been developed. In this thesis, SEM
measurements were conducted with FEGSEM Quanta 200 (USTEM, TUWien) and the
signals being collected were SE, under high vacuum level (10°torr). Both film and
powders SEM samples were prepared by first attaching to the conducting carbon tape
and then to the sample holder. To avoid surface charging and improve the resolution, for
some samples AuPd or Pt (~15nm) was sputtered onto less conductive materials;

nonetheless, the sputtering may hide surface features to a certain extent.

31



Chapter 2 Characterization

Incident Electrom Beam

.

Continuum X-ray
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X-ray (characteristic radiation)

Figure 2-3 Schematic illustration of various signals generated during SEM measurement

2.1.1.2 Energy-dispersive X-ray Spectroscopy (EDX)

EDX is an element analytic technique. During the SE generation process, it is also
possible to generate X-rays (Figure 2-3). As the escape of a SE leaves a hole behind, the
electron from the outer shell can jump into the inner shell. The energy difference
between the two shells can be released in the form of X-rays. Therefore, the energy of
these X-rays is determined by the atomic structure and characteristics of the emitting
element. In EDX measurements, there is an energy-dispersive spectrometer that collects
the X-rays emitted by the specimen and outputs an EDX spectrum. As the number of
emitted X-rays is related to the concentration of the certain element in the sample, EDX

is both qualitative and quantitative.

In this work, EDX was measured with FEGSEM Quanta 200. The sample preparation

was the same as for SEM.

2.1.1.3 Transmission Electron Microscopy (TEM)

When an electron beam passes through an ultrathin specimen (often less than 100 nm
thick), part of the incident electron beam can be transmitted through the sample and lose
a negligible amount of energy. These electrons can be divided into unscattered
transmitted electrons and elastically scattered electrons (Figure 2-1). TEM is an EM
technique, which exploits the signals of above electrons and reveals the contour as well

as the internal structure of a thin sample.

A typical set-up of a transmission electron microscope consists of the electron gun, the
condenser system, the objective lens, the diffraction/intermediate lens, the projective

lenses, the image observation and the vacuum system. There are usually two observation
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modes in TEM—imaging mode and diffraction mode. Figure 2-4 compares the working

principles of these two modes. In both cases, the incident electron beam is first shaped
with a series of condenser lenses and condenser apertures before the interaction with
specimen, same as in SEM. Then the position of the aperture (Figure 2-4, red) decides
which transmitted signal is selected and thus determines the final observation mode. In
imaging mode, an objective aperture is placed at the back focal plane. Further image
magnification is completed with the intermediate lens and the projector lens. The
electron beam in TEM has a very high acceleration voltage, typically 100 KeV to
300 KeV, which contributes to the extremely small de Broglie wavelength of the

electrons. As a result, the imaging resolution of TEM can reach a column of atoms.

The diffraction mode characterizes the electron diffraction (ED) behavior of incident
electrons. Considering the wave nature of electrons, the periodic structure of a crystalline
solid can be treated as a diffraction grating. When the incident beam interacts with the
specimen, the electrons are scattered in a predictable manner. Tracing back from the
observed diffraction pattern, researchers are able to deduce the crystal structure of the
specimen. For example, the ED pattern of a polycrystalline solid consists of a set of rings;
while in the case of single crystalline sample it is a set of separate dots and each dot
represents a crystal facet. In fact, diffraction pattern and image are present
simultaneously in the TEM (Figure 2-4). Different from the imaging mode, in the
diffraction mode a SAED aperture is inserted in the first intermediate image position.
Then the strength difference of intermediate lens decides that the diffraction pattern,
instead of the image, is focused in the plane of the second intermediate image. After
further magnification by the projective lens system, the diffraction pattern is obtained
with a fluorescent screen, recorded on photographic film, on imaging plates or using a
CCD (charge-coupled detector) camera. ED has become a very informative technique

and is frequently used to reveal the lattice details of crystals.
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Figure 2-4 TEM and ED principle illustration® http:/ /www.microscopy.ethz.ch/ TEMED. htm

In this work, TEM images and ED pattern were obtained with FEI Tecnai G20 and
FEI Technai F20 (Thermo Fischer Scientific, USTEM Center, TUWien). TEM samples
were prepared by the deposition of diluted sample (usually, ethanoic solution) onto

cupper grids (partially covered with carbon film).

2.1.2 Spectroscopy

Spectroscopy studies the interaction of electromagnetic radiation/light with the matter.
Spectroscopy can be further categorized based on the stimulation source (X-ray,
Ultraviolet, Infrared, etc.) as well as the type of interaction (absorption, scattering,

transmission, etc.).

2.1.2.1 X-ray photoelectron spectroscopy (XPS)

XPS is among the most powerful techniques to analyze the chemical composition and
the chemical state of solid surfaces, in which X-ray is used as the irradiation source. The
generation process of photoelectron in XPS is shown schematically in Figure 2-5. When
an electron is ejected from the K-shell into the vacuum after absorbing the energy of the
incident X-ray and becomes a 1s free electron,® the kinetic energy of the free electron
(KE) is highly dependent of the binding energy of the 1s electron (Equ. 2-2) and thus it

provides information about the chemical state of the electron. With higher X-ray energy,
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electrons from other shells (2s, 2p) can also be ejected and become free electrons. A

typical XPS spectrum is illustrated in Figure 2-6.
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Figure 2-5 Working Principle of XPS”
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Figure 2-6 XPS spectrum of NH,-MIL-125-Ti
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In this thesis, all measurements were carried out on a custom built SPECS XPS-

spectrometer equipped with a monochromatised Al-Ka X-ray source (uWFocus 350) and a

hemispherical WAL-150 analyzer (acceptance angle: 60°). Pass energies of 100 eV and

30 eV and energy resolutions of 1 eV and 100 meV were used for survey and detail

spectra respectively. In case of charge effect, the binding energy calibration was applied

by taking the adventitious carbon peak (C-C peak) as a reference signal, at binding

energy 284.8 eV.
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2.1.2.2  X-ray diffraction (XRD)

XRD is another technique that applies X-ray to detect material and it bases on the
diffraction behavior of X-rays to analyze the sample. In 1913, W. Bragg discovered the
relationship between the wavelength of incident X-ray beam (1), the scattering angle (8)
and the interplanar distance (d) (Equ. 2-3), which has become the working principle of

this technique.

nA = 2dsinf 2-3

Figure 2-7 depicts the working process of XRD measurement with a moving detector;
the detector detects diffracted X-ray at varying positions. Based on the Bragg’s Law,
when the values of A, n, d and 6 fulfill the Equ. 2-3, the diffracted X-rays can be detected.
The detector outputs the position information as 26. As A of the incident X-ray is fixed, d
and 0 is thus linked to each other. For a certain crystalline material, the d values of the
lattice planes are characteristic, so are the 26 values. Therefore, XRD measurement
reveals the information of the crystal structure and is commonly used for phase
identification.

o Detector
incident X-rays

d i d sing
Crystal Lattice Planes
Figure 2-7 Schematic Illustration of XRD Measurement

In addition to phase identification, XRD measurement is capable of defects detection,
texture orientation detection and quantitative analysis of phase compositions.
Furthermore, crystallite sizes, micro strain, unit cell lattice parameters and Bravais

lattice symmetry can also be derived from the measured data.
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The average crystallite size d can be determined by the Scherrer equation (Equ. 2-4) for a
given phase 6 and FWHM (full width at half maximum, f), after correcting the

instrumental broadening.

d = 0.891/(f3cos0) 24

X-ray diffraction (XRD) patterns in this work were collected with PANalytical X’Pert
Pro multi-purpose diffractometer (MPD) in XRC, TUWien. The incident X-ray consists
of Cu Ky and Kpg radiation (2:1 ratio). The generator voltage and tube current is 45 KV

and 40 mA. Solid samples were simply mounted on Si single crystal sample holder.
2.1.2.3 In-situ XRD

As implied by its name, is an in-situ technique based on X-ray diffraction, by which the
change of sample’s crystal structure with temperature can be detected. The in-situ XRD
can be conducted under different atmosphere (air, N,, Ar, He, NH;, etc.), and the
temperature ramping rate can be well controlled. In-situ XRD has been measured with —
in XRC, TUWien.

2.1.2.4 Diffuse Reflectance Ultraviolet-visible Spectroscopy (DR-UV-vis spectroscopy or DRS)

When an incident beam irradiates onto a matter, the atoms or the molecules can absorb
the light. In fact, this light absorption is an energy conversion process, in which the
molecules or the electrons of the material take up the energy from the photons and get
excited from the ground state. Figure 2-8 illustrates the various transition processes that
can be excited by light. Only when the photonic energy matches with the energy gap
between the ground states and the excited states, the light can be absorbed. Therefore,
the light absorption process is characteristic of the atomic and molecular composition of
the material. Thus, the light absorption spectroscopy, which measures the absorption of

radiation as a function of wavelength, has been widely used for materials’ analysis.
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Figure 2-8 Light induced transition process inside the materials

In the ultraviolet-visible (UV-Vis) spectroscopy, as the name implies, the incident light is
in the range of 200 nm - 800 nm. UV-Vis probes the electron transition between the
ground state and the excited states (Figure 2-8), thus providing information about the

electronic structure of materials.

a) b) Measurement
A light

Specular

o ) reflection
incident light

Reference light

2B

Sample

Standard white board
| |

absorption of light

Figure 2-9 a) Light interaction with matter; b) Working principle of DRS-UV-Vis, with integrating sphere collecting the diffusive
reflected light.

However, we cannot obtain the absorbance property directly. Regarding the interaction
process between light and the irradiated matter (Figure 2-9 (a)), two strategies have been
applied to extract the absorption information, transmittance spectroscopy and
reflectance spectroscopy. For the solid sample, diffusive reflectance spectra (DRS) has
been frequently used, which extracts the absorption information from the diffusive
reflected light. The working process for a diffuse reflectance measurement is illustrated
in Figure 2-9(b). After measurement, the absorption information can be derived from

the measured reflectance data via Equ.2-5.
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Abs. = log~ Ry = 2R _K ”
s.=log> or =—%r =3
R is the measured reflectance; Abs. is short for absorbance; F(R) is Kubelka-Munk (K-M)
function, K and S are the absorption and scattering coefficient of the sample,
respectively. K-M function takes the geometric peculiarities of the inhomogeneous

sample into consideration and has been widely employed in the diffusive reflectance

spectroscopy.

In addition to the characterization of the absorption property, UV-Vis spectroscopy has
been used to acquire the optical band gap of sample based on the Tauc-plot (Equ. 2-6).

(hva)Y/™ = A(hv — Eg) 26

Where h is the Planck’s constant, v is the light frequency, a is the absorption coefficient,
E, is the band gap, A is the proportional constant. The value of exponent n depends on
the sample transition mode: 1/2 for direct allowed transition; 2 for indirect allowed

transition; 3/2 for direct forbidden transition; 3 for indirect forbidden transition.

In this work, Jasco V-670 UV-Vis photo spectrometer has been used to measure diffusive

reflectance spectra.

2.1.2.5 Infrared spectroscopy (IR)

As depicted in Figure 2-8, IR is inherently another absorption spectroscopy and it is
associated with the transitions between vibrational energy levels. There are different
vibration modes in molecules, such as stretching, bending, twisting, etc. To gain a better
understanding of the vibration motion in a molecule, we can consider the stretching of a
chemical bond as the stretching of a spring in single harmonic motion. Following the

Hook’s Law, the stretching frequency v of the spring is

T k 2-7
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where £ is the spring constant and m is the mass. In the case of the molecular vibration,
v is the vibrational frequency, £ is related to the strength of the chemical bond and m is
decided by the mass of two atoms (m; and m,) at the ends of the molecular bond.
Therefore, ‘reduced mass’ M, M=m;* m,/(m;+m;), was introduced. Based on 2-7, the
vibrational frequencies of different molecular bonds can be compared. For example,
comparing C-C single bond with C=C double bond, M is the same and double bond is
thought to have roughly two times % of single bond. Hence, the stretching frequency of
C=C is higher. However, for C-H bond and C-C bond, both are carbon single bonds, M
is 0.923 and 6 (unit: AMU, atomic mass unit), respectively. Consequently, C-H bond
has higher bond stretching frequency. In addition to the vibration modes and the atomic
mass, the vibration frequencies depend also on the orientation of the bonds and atoms,

bond order and the hydrogen bonding.

It should be noted that only vibrations that produce a change in the dipole moment can
be observed as signals on an IR spectrum. The bigger the change in dipole moment is,
the higher intensity of the peak in the IR spectrum. In this work, the PerkinElmer
Fourier Transform infrared spectrometer (FT-IR) Spectral UATR-TWO with a spectrum
Two Universal ATR (Single Reflection Diamond) accessory was used to characterize the

molecular structure of solid metal organic framework.
2.1.2.6 Raman

The working principle of Raman spectroscopy has been illustrated in Figure 2-8: Raman
is based upon the interaction of light with the chemical bonds, therefore, a vibrational
spectroscopic technique. Different from UV-Vis and IR, Raman spectroscopy detects the
inelastic scattering of light instead of the absorption of light. Moreover, in IR
spectroscopy (also a vibrational spectroscopy), the change in the dipole moment is
required for signal detection; whereas in Raman, the change of polarizability generates
the signal. Raman can probe the chemical structure, crystal phase, intrinsic stress/strain
as well as impurity of the sample and thus is a distinct fingerprint for a particular
molecule or material.”’ Moreover, Raman is capable for both qualitative and

quantitative analysis purposes.
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Figure 2-10 Example of Raman Spectra of TiO; (anatase phase).
In this work, Raman measurement was conducted with LabRAM HR800 (HORIBA
Co.Ltd). Ne:YAG diode was used as 532 nm laser source and the characteristic Raman
peak of Si at 520.8 cm’ was used as the calibration peak. Figure 2-10 displays an
example of measured Raman spectra. It can be seen that the spectra feature a number
of peaks corresponding to certain molecular bond vibrational modes. During
measurement, the lab light is suggested to be turned off as indicated in Figure 2-10, TiO,
has been affected by room light with an additional peak at 475cm™ even with the cover

of a black cloth.

2.1.2.7 Photoluminescence Spectroscopy (PL)
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Figure 2-11 Photoluminescence principle as well as Fluorescence
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As illustrated in Figure 2-11, a molecule can absorb a photon in the visible region and
get excited to higher electronic states (S1, S2, S3..). The electron in a high vibrational
level of the excited state first relaxes to the lowest level of the excited state and release
the excessive energy non-radiatively. The electron further relaxes from the lowest
vibrational level of the excited state to the ground states, which is again accompanied by
the release of energy, in the form of either heat or radiation. The radiative transition can
occur only when the emission of the donor coincide with the absorption of the acceptor.
Moreover, it depends on the intersystem crossing, there are two types of transition
radiation, fluorescence and phosphorescence. The PL detects this radiation process and
reveals information about the surface structure, material’s defect level as well as the
interfacial charge transfer. Moreover, time-resolved emission spectrum provides
information about carrier relaxation and recombination mechanisms and the lifetime of
the excited states can be obtained. Therefore, PL has been widely used in the filed of

photocatalysis.

In this work, PL. Emission spectra has been measured with Picoquant Fluo Time 300.
The spectrometer is equipped with two light source: Xe lamp with wavelength from
250 nm to 800 nm, and laser source with wavelength at 378 nm. The spectrometer is

capable for both steady and time-resolved measurement.

2.1.3 Physisorption

The MOF is featured with high surface area and thus the physisorption has been used to
analyze its surface area as well as the pore distribution. Compared with the
chemisorption, physisorption is based on the non-covalent interaction (e.g. polarization,
van der Waals interactions, or field-dipoles) between the probing gas (adsorbate) and the

sample (adsorbent).

Physisorption involves the physical adsorption of an inert gas over the entire surface of
the sample (including filling pores and cavities), and during this process the amount of
adsorbed gas molecules and the adsorptive pressure are measured and illustrated in
adsorption isotherms. The converse process of decreasing the amount of adsorbed gas, is

called desorption. When the mechanism of mesopore filling varies from mesopore
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emptying, the discrepancy observed between adsorption and desorption isotherm is

called the hysteresis loop.

Adsorption isotherms are displayed in Figure 2-12 with the amount of adsorbate
(preferably in mol-g™) plotted against the equilibrium relative pressure (p/p°), where p° is
the saturation pressure of the pure adsorptive at the operating temperature. In 2015,

IUPAC updated the classification of physisorption to 6 types.

I(a) I(b) IV(a) IV(b)
- -— J’

- r - / /)t

? 3 Vi
v
'g Il 1l g
w w
e o) Fd
E e = = t
e |/& ~ g
© i ©
relative pressure — 8 —— relative pressureg —————

Figure 2-12 Classification of physisorption isotherms®

Reversible Type I isotherms are typical for microporous materials with relatively small
external surfaces (e.g. activated carbon, zeolites). The adsorption is limited by the
accessible micropore volume. This type of isotherms are featured with the steep uptake
at very low p/p° which is due to the enhanced adsorbent-adsorptive interactions in
narrow micropores (micropores of molecular dimensions). Type I(a) isotherms are
usually given for materials with narrow micropores (width < ~1 nm) while Type I(b) are

given by materials with broader pore size distribution (< ~2.5 nm).

Reversible Type II isotherms are found with non-porous or macroporous materials. This
shape is given by the unrestricted monolayer-multilayer adsorption till high p/p°. Point

B in the isotherm indicates the completion of the monolayer coverage.

Type III isotherms compared with Type II, there is no distinctive point B, which means
there is no identifiable monolayer formation during the gas adsorption. This is duo to

the relatively weak interactions between adsorbate and adsorbent, and the adsorbed
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molecules tend to form clusters around the most favorable sites on the surface of a

nonporous or a macroporous solid.

Type IV isotherms are characteristic for mesoporous adsorbents (e.g. metal oxides,
mesoporous molecular sieves). The low-pressure part resembles that of the Type II
isotherm, corresponding to the monolayer-multilayer adsorption on the walls of the
mesopores. The subsequent part is the pore condensation, which describes the
phenomena of gas condensing in the pore to a liquid-like phase in a pore at a pressure p
less than the saturation pressure p° of the bulk liquid.”” Then at high p/p°, there is a final
saturation plateau, of variable length (sometimes reduced to a mere inflexion point). In
the case of a Type IV(a) isotherm, hysteresis is observed, which is related to the pore
width, the adsorption system and temperature. For example, for N, and Ar adsorption in
cylindrical pores at 77 K and 87 K, respectively, hysteresis starts to occur for pores wider

than ~ 4 nm)

Type V isotherms, in the low p/p° range, display a similar shape to that of Type III, due
to the relatively weak adsorbent—adsorbate interactions; while in the high p/p° range, the

shape is attributed to the molecule clustering upon pore filling.

Type VI isotherms are featured with unique stepwise reversible shape, which represents
the layer-by-layer adsorption on non-porous surface. A typical example of type VI is the

ad/desorption of Ar and Kr at low temperature on graphitized carbon blacks.”

The hysteresis loop between the adsorption isotherm and desorption isotherm is
generally associated with the capillary condensation. Due to the particular features of
the pore structure and the underlying adsorption mechanism, there are different shapes

of hysteresis loops (Figure 2-13).
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Figure 2-13 Classification of hysteresis loops”

Type H1 is characteristic for materials with a narrow range of uniform mesopores, for
example, the templated silicas and mesoporous carbons. But H1 has also been found in
materials with ink-bottle pores. Type H2 belongs to more complex pore structure with
the unique steep desorption branch, especially in H2(a). Generally, H2 is associated with
the pore blocking. The hysteresis loop of H2(a) can be attributed either to the pore-
blocking/percolation in a narrow range of pore necks or to the cavitation-induced
evaporation (H2(a)), while the pore-blocking, with a larger size distribution of neck
widths, contributes to H2(b) loop. The adsorption branch of Type H3 is similar to the
Type II isotherm while its lower limit of the desorption branch is normally located at the
cavitation-induced p/p°. H3 loop is usually given by the non-rigid aggregates of plate-like
particles (e.g. certain clays). Aggregated crystals of zeolite, some mesoporous zeolites
and micro-mesoporous carbons often have Type H4 hysteresis loops, and due to the
filling of micropores, the uptake at low p/p° is more pronounced. Type H5 is an unusual

loop characteristic for pore structures with open and partially blocked mesopores.

After the acquirement of the isotherms and hysteresis loop, there are several concepts

which provide mathematical models in order to extract the required information.
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Langmuir theory assumes that only a single layer of gas molecules being adsorbed on the
surface of solids. According to the Langmuir equation (Equ. 2-8), the fractional
coverage of the surface 6 (0<6<1) is defined by the gas pressure p and the gas constant

Ko. The Type I isotherms (Figure 2-12) fits the Langmuir model very well.

_ KqP 2-8
- 1+K,P

6
However, the physisorption isotherms of Type II to type VI cannot be explained by the
Langmuir theory, as they tend to be multilayer adsorption, which fits better with the
Brunauer, Emmett and Teller (BET) theory.

The BET model is actually an extension of monolayer molecular adsorption concept to
multilayer adsorption, in which it is assumed that the Langmuir theory is applicable to
each single layer and there are no more other interactions than the van-der-Waals-force
between the single monolayers. The relationship between the total number of molecules
adsorbed N with respect to number of surface sites available for adsorption A can be

elaborated with Equ. 2-9.

N C+*P/P, 2:9
A (1=P/P)(1+ (C—1)*P/Py)

where P and Po are adsorbate gas pressure at equilibrium and saturation, respectively and C

is the BET constant.

The physisorption measurements in this thesis were carried out on a Micromeritics
ASAP 2010 and an ASAP 2020 instrument by Micromeritics GmbH (Aachen,
Germany). Before measurements, the samples were heated to 150 - 200 °C in vacuum
overnight to remove moisture and potential adsorbed gases. The physisorption

measurements were carried out at 77 K with nitrogen gas as adsorbate.

It 1s common to use N, adsorption and desorption isotherm to acquire the pore
information in MOF field, but there are concerns: the size of pore is often at Angstrom

scale, which challenges the reliability of N, adsorption and desorption. In addition, the
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reproducibility of ad/desorption isotherms of MOF is another issue, which needs to be
addressed.

2.1.4 Thermogravimetric Analysis (TGA)

TGA detects the weight loss of the sample as a function of elevated temperature. This
process can occur in air, in inert gas, or in vacuum. The weight loss can occur due to
various reasons, such as the loss of adsorbed species, phase transformation,
decomposition of the organic components, etc. Therefore, TGA records the thermal
behavior of the sample and consequently provides information about the temperature-
dependent chemical and physical transitions. In this thesis, metal organic framework has
been the research focus and TGA has been applied to define its thermally stable

temperature, as well as the temperature to obtain corresponding metal oxides.

TGA measurements were conducted with TGA 8000 from PerkinElmer. Experimentally,
with MOFs, it was found that parameters such as ramp rate, gas supply and initial
material amount can affect the weight loss behavior. Moreover, the adsorbed species
also influence the comparison between different samples. Therefore, for the TGA
measurement of MOF, it 1s suggested to pre-treat the sample at certain temperature (eg.
150 °C or 200 °C) to get rid of the adsorbed species and to set the same measurement

parameters for materials comparison.

2.1.5 lonic inductively coupled plasma mass spectroscopy (ICP-MS)

ICP-MS is a type of mass spectroscopy which is capable of detecting metal elements and
several non-metal elements at an extreme low concentration (10'°, ppq). This is achieved
by ionizing the target element with inductively coupled plasma and then using a mass

spectrometer to separate and quantify those ions.

ICP-MS was conducted with an iCAP 7000 Series (Thermo Fisher Scientific,
Braunschweig) with iTEVA Control Center (version 2.4.071) and an iCAP 6000 Series
(Thermo Fisher Scientific, Braunschweig) with the Thermo Scientific Qtegra intelligent
Scientific Data Solution (ISDS) software in combination with a Cetac ASX520

autosampler. In this work, I measured the Pt loading onto Ti-based MOFs. First, the
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solid sample was digested in concentrated H,SO4 at 70 °C overnight. Then the
transparent solution was diluted in 1% HNO; aqueous solution (common solvent) to the
concentration level of ppm. For the stability of titanium during the measurement, 0.1%
HF was added. Calibration samples were prepared with the commercial standard
solution. In the end, Indium was added to all the samples as internal standard. It is
worth pointing out that the sensitivity of ICP-MS is extremely high, therefore, the water
used during ICP-MS must be high performance liquid chromatography grade, to avoid
impurities. In addition, the digestion of solid sample should aim for atomic/ionic level
dispersion of element in the solution, as the cluster of atoms may be taken as another

element by the software.
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2.2 Characterization of  Photocatalytic  Hydrogen

Evolution from Water

2.2.1 Reactor

l/_ Ar & other Carrier gas
gases out Arin
o ~2, cooling
cooling H20 out

H20in =0 U
stirring plate

Figure 2-14 Reactor for HER and gas detector — X-stream

The hydrogen evolution reaction (HER) were carried out in a closed custom-made flow
reactor (Figure 2-14). The light source was directed via cable and it irradiates from the
top of the reactor. The top cap of the reactor was made of quartz. The total volume of
the reactor is about 100 mL, usually 40 mL reactant solution was placed inside. During
reaction, the suspension was kept under stirring at 250 rpm. There are constant Ar flow
controlled by a mass flow controller (Q-flow 140 series, MCC-Instruments) carrying all
the gases from the reactor to the gas detector. Before entering the detector, there was a
CaCl, trap to remove the water impurities. The temperature of the reaction system
was kept constant with the water cooling system. During HER reaction, the reactor was
placed inside a black box to protect the environment from the dangerous light irradiation

as well as to avoid the external contributions to the reaction.

2.2.2 Light Source —Hg lamp

Top irradiation was used to excite the catalysis system as shown in Figure 2-14, and the

light source was a 200 W Hg lamp (Superlite I 05, Lumatec), which can provide both
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UV light (A= 220 - 400 nm) and visible light (A= 400 - 700 nm). Figure 2-15 shows the
light spectrum of the Hg lamp. Table 2-2 lists the optical output and calculation energy

parameters of the lamp, both from optical output results and calculation.
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Figure 2-15 Light spectrum of light Source-Hg lamp from Lumatec

Table 2-2 Calculation of number of electrons emitted by the Lumatec Deep UV light source for both UV and white light regimes

Regime Range | Range/nm Output Average Number of Total

power*/nW photon photons/h | number of

energy/eV photons/h

uv uvcC 240-280 100 4.75 4.9%10% 2.725%10%
UVB 280-320 800 4.1 4.36%10%
UVA 320-400 130 3.44 8.5%10!
Blue 400-500 1700 2.74 1.39%10%

White Light | Visible 400-700 4000 2.25 4.0%10% 4.0%10%

2.2.3 Detection System — Emerson

The gas detector used in this work was X-stream gas analyzer (Emerson Inc.),
connecting to the ‘gas outlet’ in Figure 2-14. The remarkable advantage of X-stream is
that it realizes a continuous gas analysis and can measure up to four components
simultaneously. Different detectors are equipped for different gases. In this work, the

amounts of H,, CO, and sometimes, CO in the reactant gases have been monitored: H,
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is detected with the thermal conductivity detector (TCD), CO, and CO are detected with
the photometric non-dispersive IR gas sensor. The data collected by X-stream is the
concentration of target gas in Ar, in ppm, and a further conversion to an absolute value

of the hydrogen evolution rate in umolh™ is needed.

2.2.4 Atypical HER system

hole sacrificial agent

As 1 focus on the hydrogen generation process, a hole scavenger was used, to consume
the holes generated alongside the photogenerated electrons and contribute to a higher
photocatalytic efficiency. Methanol (MeOH) has been reported as an efficient hole
scavenger for most metal oxide semiconductor, while triethanolamine (TEOA) is used
more widely for metal supported NP C;N,.” In this study, I have selected MeOH as the

sacrificial agent.

When used as hole sacrificial agent in an inorganic semiconductor system, it has been
reported that the MeOH does not directly react with the holes.”**® Prior to the MeOH
degradation, the initial step is the reaction between photogenerated holes and H,O,
forming the hydroxyl ("OH) and superoxide radical anions (O,”) as the primary
oxidizing species™ (Equ. 4-1 & 2-11).

H,0 + h* > 'OH + h* 2-10

CH3;0H + 'OH -» 'CH,0H + H,0 2-11

cocatalyst

Typical cocatalysts are nobel metals, which form the Schottky barrier on the interface
between them and the catalyst. Therefore, the photoelectrons can easily transfer from
catalysts with low work function to cocatalysts with high work function, significantly
enhancing the separation and lifetime of photogenerated carriers.”” Furthermore, the
addition of cocatalyst can effectively reduce the overpotential of the oxygen and

hydrogen evolution reactions. For example, Y. An and coworkers reported that the
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oxygen evolution potential shifts from 1.38 to 1.25 V after CoPi deposition, whereas the

onset potential for H, evolution shift positively from -0.45 V to -0.15 V after Pt loading.*®

Pt has been the cocatalyst in our HER system via a photo-deposition process, in which
H,PtCls1s provided to the catalyst suspension and subject to UV irradiation, get reduced
to metallic Pt and deposit onto the catalyst. The amount of added H,PtClsis determined
by the desired wt% of Pt cocatalyst to catalyst.

In my HER protocol, the respective MOF was suspended in an aqueous solution that
contained a corresponding amount of H,PtCls as a precursor, and the subsequent UV
illumination reduced the precursor within the first few minutes to yield very small Pt

clusters.
Typical HER process

In a typical photocatalytic HER experiment, 10 mg of photocatalyst was first dispersed
into 40 mL DI H,0 and HPLC MeOH mixture (1:1 v:v), then subjected to 3 min
sonication. After sonication, the reaction mixture was transferred to the reactor
described in Figure 2-14 under constant stirring at 300 rpm. The suspension was purged
with Ar flow (100 mLmin") for 5 min to eliminate the dissolved oxygen. A certain
amount of H,PtCly solution (corresponding to the wt% of Pt:catalyst being 0.5) was then
added, after which the reactor was closed and the X-stream was started. The Ar flow
was changed to 30 mLmin" and was held the same for the rest of the reaction. Before
light irradiation, the reaction system was kept in darkness for at least 30 min to reach an

equilibrium.
— Gas Evolution Activity

The unit of the evolved gas detected by Emerson is ppm; to convert the value into the

absolute value of i.e. hydrogen evolution rate in umol/h, calculation is as follows.

2-12

l rate (——
*
fowae(i)

mL ] activity [ppm]
min

t. 't =
activi y[ 1000000 [ppm]

According to the ideal gas law PV=nRT, the evolution rate can be further written as:
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P [Pa] 2-13

m3Pa]

, . l .. L
aCthlty [w] = aCthlty [m_] *

Subsequently, the equation can be converted into:

2-14

wmoly  activity [ppm]  flow rate(m—.L)
activity[ ] = min
h 407.5
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3 Materials Synthesis

3.1 Hydrothermal Synthesis of Ti-based MOF

The reactant precursors were prepared under Ar atmosphere. Experimental details are as

follows:

3.1.1 Synthesis of Single-ligand MOF: MIL1x(NH2-MIL)x-125-Ti

1). For MIL-125-Ti, 1 g (6 mmol) of terephthalic acid (H,BDC) was first dissolved into a
mixture of 2 mL. HPLC methanol (MeOH) and 18 mL anhydrous dimethylformamide
(DMF). Afterwards, 0.568 mL titanium isopropoixde (TTIP) (2 mmol) was added to the
solution under stirring. The mixture was then sonicated for 20 min and transferred into

an autoclave (volume: 45 mL), reacting at 150 °C for 18 h.

2) For NH,-MIL-125-T1, 40 mL of anhydrous DMF and 10 mL of HPLC MeOH were
mixed as solvents, then 568.1 mg of 2-amino terephthalic acid (NH,-BDC) was added to
the mixture, stirred at room temperature till the yellow organic linker got fully dissolved.
0.568 mL TTIP was added at the end, followed by stirring for another 3 min. The

resultant solution was solvo-thermally reacted in a 100 mL autoclave at 150 °C for 24 h.

3.1.2 Synthesis of Mixed-ligand MOF: MIL1x(NH2-MIL)x-125-Ti

For the mixed-ligand sample MIL,,(NH,-MIL),-125-Ti, the general procedure and the
solvent composition (v/v % MeOH : DMF = 1:9) are the same as the single-ligand MOF;

the preparation details regarding the amount of precursors are listed in Table 3-1.
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Table 3-1 Preparation Details of the mixed-ligand Ti-MOF as well as the single-ligand MOF

Sample MIL1.(NH2-MIL)x-125-Ti
X 0 2% 5% 10% 20% 50% 80% 100%
H,BDC lg 1g lg 1g 398.7 mg 249 mg 99.8 mg
NH2-BDC - 22.2mg 57.2 mg 120.8 mg 108.8 mg 271.7 mg 434.7mg  568.1 mg
TTIP 0.568 mL 0.568 mL 0.568 mL 0.568 mL 0.568 mL 0.568 mL 0.568 mL  0.568 mL
Solvent
20 mL 20 mL 20 mL 20 mL 40 mL 40 mL 40 mL 40 mL
Volume
@ 150 °C
18 h 18 h 18 h 18 h 24h 24h 24h 24h
Time
Measured
NH:BDC 0 4% 6.5% 11.5% 18.5% 45.2% 81% 101.2%
ratio (x)

Based on the synthesis protocols of MIL-125-T1 and NH,-MIL-125-Ti, there are two
possibilities to prepare mixed-ligand MOFs: adding H,BC to the NH,-MIL-125-Ti
precursor solution (route 1) or adding ligand NH,BDC to the MIL-125-T1 precursor
solution (route 2). In this work, I started with route 1 and succeeded to obtain samples
with x = 20%, x = 50 % and x = 80%. After the photocatalytic characterization, mixed-
ligand samples with x < 20% raised our interests. However, based on the route 1, I failed
to obtain crystalline materials. Therefore, the procedure was modified according to the
route 2, yielding desired crystalline products with x < 20%. Synthetic protocols of MIL;.
{(INH,-MIL),-125-T1i for x < 20% and x > 20 are presented in Table 3-1 in blue and black,
respectively. In short, the major difference between the routes stems from the used

organic ligand to Ti-precursor ratio: it is higher for the route 2.

The resultant powders were collected via centrifugation and washed with DMF and
MeOH 3 times each. The products were then dried overnight in a vacuum oven at
150 °C. The final dry powders were characterized via XRD, SEM, BET etc. as well as
tested with regard to their photocatalytic activity.
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3.1.3 Quantitative Analysis of the Actual Fraction of NH2BDC in MIL1x(NH»-
MIL)x-125-Ti

The determination of the actual ratio of NH,BDC in mixed-ligand MOFs using
digestion method modified from the procedure described by Chavan et al®”. First, the
UV-Vis absorption calibration spectra was measured with different concentrations
(between 0 and 0.128 mg/mL) of NH,-BDC ligand in 0.1 M NaOH. Then, 4 mg of
MOF powders was dispersed in 3.85 mL 0.1 M NaOH aqueous solution and stirred at
room temperature for 1 day. After that, the suspension was left still for another 2 days.
Absorbance spectra of the liquid samples were recorded after filtering out the white
precipitate (corresponding to titanium hydroxide). The NH,BDC concentration in the
MOF powder could thus be determined by referring to the calibration spectra of the
NH,BDC ligand.

The obtained values for the ratios of NH,BDC in the mixed-ligand MOFs are listed in
Table 3-1.

3.2 TiO, derived from Thermal Calcination of MOFs

In this work, TiO, derived from MIL-125-T1 will be referred to as TO-x; from NH,-MIL-
125 will be referred to as TO-N-x (x is the calcination temperature). Based on the TGA
data (Figure 4-13), to obtain pure TiO, based materials, MIL-125-T1 and NH,-MIL-125-
Ti were calcined in muffle oven in air at 550 °C and 600 °C, respectively. The ramp rate
and dwell time were chosen the same for both: 5 °C/min and 1 h, respectively. The
resultant powders are labeled as TO-550 and TO-N-600. Information about other TiO,

obtained from Ti-based MOF with various calcination parameters is listed in Table 4-9.
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3.3 In-situ Investigation of the Thermal Evolution

Process of NH,-MIL-125-Ti

Temperature-programmed in-situ XRD experiments have been conducted in air, either
with controllable airflow of 0.5 mL/min, or in open cell. Based on the temperature

ramping rate, different measurement programs were carried out.

The slow ramping program is demonstrated in Figure 3-1(a). From 25 °C to 200 °C, the
ramp rate is 20 °C/min and the crystal structure of the sample is monitored every 25 °C.
The isothermal steps indicate the measuring process; each takes about 45 min. Between
200 °C and 350 °C, the heating rate is 1 °C/min and the measurement interval is every

5 °C. Above 350 °C, the ramp rate is 20 °C/min again.

In a fast ramping program (Figure 3-1(b)), the ramp rate and the measurement
temeperature interval are fixed for the entire measurement (from 25°C to 700°C),

20 °C/min and every 25 °C.
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Figure 3-1 In-situ XRD temperature-time program. a) 1 °C/min ramping rate in the range of 200 °C to 350 °C; b). 20 °C/min
ramping rate
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4 Metal Organic Frameworks for Photocatalytic

Application

4.1 Influence of Ligand Tuning on Ti-based MOFs

As stated in Chapter 1.3, one focus of my project is to investigate the impact of ligand
tuning on the MOFs’ structures and properties based on two common Ti-MOFs: MIL-
125-T1 and NH,-MIL-125-Ti. In addition to the two single-ligand MOFs, a series of
mixed-ligand MOFs, MIL, ,(NH,-MIL),-125-T1 (2 % < x < 80 %), have been synthesized.

The preparation of MIL-125-Ti and NH,-MIL-125-Ti followed the work by Liao et al'®
and Nasalevich et al** '"') respectively. The mixed-ligand MOFs, MIL, (NH,-MIL),-
125-T1i, have been prepared based on the synthesis protocol of single-ligand MOFs, x
corresponds to the molar percentage of NH,BDC in the precursor. The actual NH,BDC
ratio in the synthesized MOF has been confirmed using digestion method followed by
UV-Vis DRS detection, which does not vary much from the mol % in the precursor.
Therefore, in this work, I have referred to the MOF samples with the x value in the
precursor, for example, MILg(NH,-MIL),,-125-T1, as the fraction of NH,BDC in the

precursor is 20 %. For experimental details, see Chapter 3.1.

With regard to the mixed-ligand MOFs, however, another question needs to be
discussed first regarding the apportionment of different ligands in MIL, (NH,-MIL),-
125-Ti: whether the ligands are homogeneously distributed within the MOF matrix or
form segregated nanodomains. So far, the research about mixed-ligand Ti-MOFs are
scarce. Hendon ez al.*® have synthesized three aminated MIL-125 analogues, with the
molar fraction of NH,-ligand being 10 %, 50 % and 100 %. However, they focused on
the overall narrowing of the band gap and did not pay attention to the distribution of
ligand in the structure. Another work is by Chambers and co-workers'®>. They have
synthesized MIL,(NH,-MIL),-Ti MOFs with x = 20 %, 46 % and 70 %. With TEM-
EDX mapping, they stated a homogenous distribution of NH,-ligand over the

framework.
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However, the apportionment of the ligands depends on the synthetic procedure;'®
therefore, conclusions by Chambers et al. do not necessarily apply to my mixed-ligand
system. In the following section, properties of MOF samples as well as the
apportionment of NHy-ligand in the prepared MOF samples will be presented and

discussed.

4.1.1 Results and Discussion

4.1.1.1 The Crystalline Structure of both Single- and Mixed-ligand MOFs
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Figure 4-1 XRD patterns of as-prepared MIL-125-125, NH,-MIL-125-Ti and mixed-ligand MOFs: MIL, (NH,-MIL),-125-Ti. %’
values for plots a, b, ¢, d, e, fare 2%, 5%, 10%, 20%, 50%, 80%, respectively.

The PXRD results of prepared MOFs are summarized in Figure 4-1, which reveals that
all the synthesized MOFs exhibit high crystallinity with sharp distinguishable peaks.
Noteworthy, the XRD patterns of the MOFs contain more diffraction peaks than that of
typical metal oxides, especially at lower diffraction angels (mainly 20 = 6° — 40°). This
can be attributed to the presence of organic ligands, which leads to a larger inter planar
distance as well as a higher number of diffraction peaks. The diffraction patterns of MIL-
125-T1 and NH,-MIL-125-T1 resemble each other, due to their identical crystal structure,
in accordance with other reports 1942615 MIL, (NH,-MIL),-125-Ti series exhibit similar
diffraction pattern as MIL-125-T1 and NH,-Ti-MOF, suggesting that the ligand mixing
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does not change the coordination manner between the Ti-oxo cluster and the organic

ligand, thus resulting in no noticeable change of the final crystal structure.

Though no drastic change has been observed, there is a non-negligible peak intensity
decrease at 20 = 13.6° (ascribed to facet (202)) with the increase of NH,-ligand
percentage in the material. This peak has not drawn researchers’ attention, which may
be ascribed to its low intensity though its presence does not show consistency in all the
reported XRD patterns of MIL-125-Ti and NH,-MIL-125-Ti.” %1% For example, a
change of peak intensity has also been presented in the work of Stavroula Kampouri'” as

well as the work of M. W. Anjum'®, however, no attention has been paid to the change.
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Figure 4-2 a) and b) simulated unit cell of MIL-125-Ti, before and after the removal of the adsorbed species inside the pore,
respectively; ¢) calculated XRD patterns of MIL-125-Ti with and without adsorbed species; d) in-situ XRD patterns of NH,-MIL-
125-Ti from 25 °C to 250 °C.

In order to elucidate the origin of this diffraction peak, I have simulated XRD pattern of

the original and modified MOF crystalline lattice using Vesta visualization software.
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Figure 4-2(a) and (b) are the schematic illustrations of the unit cell before and after the
removal of adsorbed species inside the framework; the resultant diffraction patterns are
displayed in Figure 4-2(c). It can be observed that the peak intensities vary with the
removal of the adsorbed species, for example, peaks at 26 = 9.48°, 13.6°, 15.02 and
15.40°. In particular, the intensity of the peak at 20 = 13.6° is extremely low in the
structure with adsorbed species, while in the guest-free MOF, its intensity is 13.7 times
higher. Therefore, I attribute the change of the peak intensity observed in mixed-ligand
samples (Figure 4-1) to the adsorbed guest species inside the framework. Later, the in-
situ ' XRD investigations (for details, see Chapter 4.4) further confirmed this
argumentation. Here, Figure 4-2(d) gives an example based on NH,-MIL-125 and it can
be observed that the peak at 20 = 13.6° gets intensified at elevated temperature (between
150 °C and 250° C) before thermal decomposition of the MOF takes place. In addition,
the intensity variations observed for other peaks, such as 20 = 9.48° and 15.4°, are also
in good agreement with the simulated data, further confirming the impact of the
adsorbed species. Another relevant set of data comes from the work of Nasalevich®.
They have synthesized Co@MOF composite where the Co species reside in the pores of
the MOF. Though they did not link the peak intensity of (200) diffraction to the presence
of Co inside the pore, the peak in Co@MOF did show an intensity decrease compared

to that in pristine MOF, which coincidently supports my conclusion.
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Figure 4-3 The relationship between the peak intensity of (220) and the NH>BDC concentration in MIL;(NH>-MIL),-125-T

62



Chapter 4 Metal Organic Framework for Photocatalytic Application

I have further analyzed the trend of the 13.6° peak intensity against the NH,BDC
concentration (Figure 4-3) to investigate the influence of the ligand on materials’
adsorption properties. The peak intensity has been normalized with regard to the most
intense diffraction peak at 20 = 6.9° (corresponding to facet (101)). A general trend can
be concluded from the inset of Figure 4-3 that, with the increase of the NH,BDC
concentration, the intensity of peak (202) decreases. Therefore, a higher x value in MIL,.
«(NH,-MIL),-125-Ti leads to more adsorbed species present inside the pores of as-
prepared materials at room temperature (Figure 4-2). This can be ascribed to the
presence of the amino-group on the NH,BDC ligand that enables NH,BDC to have
higher affinity to guest molecules than H,BDC due to the presence of a strong H-bond
donating group. It is noteworthy that the influence of NH,BDC is more profound at its
lower concentration: when x < 20 %, the increase of the NH,-ligand percentage in the
material 1s accompanied with a steep decrease of the 13.6° peak intensity and, when x >
50 %, the peak intensity reaches a stable level. This, however, can be related to the large

solvent amount used to prepare sample with x > 20 % as described in Chapter 3.1.
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Figure 4-4 Comparison of the position gap between peak (002) and peak (004) in MIL,.(NH>-MIL),-125-Ti
In addition to peak intensity, slight peak shifts have also been observed owing to the
ligand difference. The diffraction peaks centered at around 20 = 9.8° and 19.7°
correspond to facets (002) and (004), respectively, and the difference in the position of

these peaks can be directly related to the unit cell constant in ‘¢’ axis. The difference in
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peaks in MIL,,(NH,-MIL),-125-Ti versus NH,-ligand concentration (x value) is
summarized in Figure 4-4, calculated from the XRD patterns. On average, the A20
values were about 10.03° and 9.79° for samples with x < 20 % and x > 20 %, respectively.
Therefore, 1 observe a change of roughly 0.24°. As the XRD measurement step in this
work was 0.02°, the observed changes in A20 displayed in Figure 4-4 are significant and
cannot be related to an instrumental artefact. According to the Bragg’s law (2-3), the
smaller A28 indicates a larger lattice spacing. The lattice spacing of facet (001) is further
related to the crystal constant ‘c’, therefore, the increase in NH,BDC mol% (x > 20 %) in
the MOF structure induces an increase in the lattice constant ‘c’, which is in contrary to
the reported unit constants (Section 1.3.5), 18.1440 A for MIL-125-Ti and 18.1380 A for
NH,-MIL-125.* This discrepancy may be caused by the adsorbed species in the
framework, which can lead to an expansion of the crystal structure. This supports my
aforementioned hypothesis that the higher the NH,BDC content in the materials, the
larger the amount of adsorbed species is, resulting in an increased anisotropic lattice

constant.

In summary, XRD patterns verify the crystallinity and the crystal structures of the two
single-ligand MOFs as well as the mixed-ligand samples. The crystal structure built with
Ti-oxo cluster and dicarboxylic benzoic acid is highly robust, as the change of the
functional group from -H to -NH, in the ligand did not affect the crystal structure. There
are no additional peaks belonging to other phases in any of the diffraction patterns,
which confirms the purity of the as-prepared materials. Furthermore, the ligand change
has a marked impact on both, peak intensity and peak position of some diffractions,
which I attribute to adsorbed solvents that enter the pores of the network, attracted by
the NH,-groups, and anisotropically enlarge the crystal lattice in c-direction. To further
understand the effect of adsorbed molecules on the diffraction pattern, the assistance of
computational simulations will be needed. Lastly, the molar ratio of NH,BDC at 20 %
seems to be a turning point for the impact for the lattice variation, with foreseeable

impact on the materials’ properties.
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4.1.1.2 Morphology Characterization of both Single- and Mixed-ligand MOFs
a) SEM observation of MIL-125-Ti and NH-MIL-125-Ti

The morphology and size of the synthesized MOF particles have been characterized
with SEM. Figure 4-5 reveals that both single-ligand MOFs are composed of particles
with circular plate-like morphology. Their average dimensions are 570 nm * 260 nm and
480 nm * 200 nm for MIL- and NH,-MIL, respectively. Therefore, MIL-125-Ti has a
larger average particle size than NH,-MIL-125-Ti within shorter solvothermal reaction

time (18 h vs. 24 h).

Figure 4-5 SEM images of (a) and (b) MIL-125-Ti; (c) and (d) NH,-MIL-125-Ti
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b) SEM Observation of Mixed-ligand MOFs: MIL1«(NH2-MIL)x-125-Ti

NH, mol% increase >

 J

NH, mol% increase
20% o3 i

Figure 4-6 SEM images of MIL, (NH,-MIL)-125-Ti. x’ values for a), b), ¢), d), e), f) are 2 %, 5 %, 10 %, 20 %, 50 %, 80 %,
respectively. With increasing NH,BDC molar fraction, the particles size decreases

The morphology of MIL,(NH,-MIL),-125-T1 with x varying from 2 % to 80 % are
displayed in Figure 4-6 and it can be seen that all the samples are of similar circulate
plate shape. The impact of NH,BDC ligand on the particle size can be clearly observed:
the increase of the NH,BDC ratio in the precursor leads to a decrease of the particle size,
as can be observed from Figure 4-6, when x increases from 2 % to 10 %, and from 20 %
to 80 %. Table 4-1and Figure 4-7 summarize the change in the particle size, confirming
it to be an isotropic decrease, as both diameter and thickness of the particle decrease
following the same trend. The apparent inconsistent trend in particle size for the samples
ranging from MIL,o(NH,-MIL),,-125-T1 to MIL,g(NH,-MIL),,-125-T1 can be attributed
to the different synthesis routes used for the samples x < 10% and x > 10%, respectively
(Chapter 0). However, in both sample groups, we observed a clear trend of decreasing

particle size with increasing NH, content (Figure 4-7).
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Table 4-1 Particle Dimensions of MIL; (NH,MIL)-125-
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Figure 4-7 Particle Size of MIL;(NH>-MIL),-125-Ti

Based on the above SEM observation and my experimental efforts, I conclude that the
two ligands, H,BDC and NH,BDC, affect the MOF crystallization processes, namely
nucleation and crystal growth, differently. It seems that formation of crystalline H,BDC-
dominant MOFs requires higher ratio of the ligand to Ti-precursor (Table 3-1,
MILs(NH,-MIL)o,-125-T1 vs. MILy,(NH,-MIL)os-125-Ti) to reach the required
saturation and initiate nucleation. As to the crystal growth process, higher H,BDC
percentage results in a larger average particle size with the same solvothermal reaction
time (Figure 4-6 (d) vs. (e) vs. (f) and Table 4-1). In contrast, the -NH, group in the
organic ligand is an electron-donating group as well as a Lewis basic site, which can
influence the esterification between the carboxylate acids and alcohols. The alcohols are
either from reacted Ti-alkoxides or from solvents. Therefore, the NH,-group can affect
both the hydrolysis and the polycondensation process of the Ti precursors. Hence, I
suggest that the hydrothermal system with higher H,BDC percentage is a
thermodynamically limited process, while NH,BDC-dominated system 1is kinetically

limited in its growth.
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4.1.1.3 N3 Physisorption
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Figure 4-8 BET surface area and pore width distribution of MIL-125-Ti and NH»-MIL-125-Ti

Table 4-2 Comparison of Physisorption Characteristics of MIL-125-Ti and NH,-MIL-125-Ti

BET T-plot T-plot T-plot
BET surface Correlation Micropore Micropore Correlation
Area Coefficient Area Volume Coefficient

MIL-125-Ti 1412.5 m*/g 0.9988733 1320.9 m*/g 0.603 cm®/g 0.975973

NH,-MIL-
125-Ti 1242.5 m*/g 0.9988999 11549 m*/g 0.531 ecm’/g 0.974461

N, adsorption-desorption isotherms and pore volume distribution curves have been
measured with single-ligand MOFs and the results are summarized in Figure 4-8 and
Table 4-2. In both cases, the nearly vertically raised isotherms at the low-pressure range
(P/P, ~0) are indicative of micropores'®. At higher pressure regime, the isotherms
display a typical type-I adsorption, characteristic for microporous materials, indicating a
large specific surface area. BET surface areas of MIL and NH,-MIL are calculated to be
1412 m*/g and 1242 m?/g according to the adsorption/desorption isotherm, respectively.
Figure 4-8(b) holds the information of the incremental pore volume against pore width,
in which the two peaks correlate to the larger micropores of the MOF crystal structures
(12.5 A and 10.7 A in MIL- and NH,-MIL, respectively”®’). Compared with MIL-125-
Ti, the NH,-MIL-125 has a smaller pore width and a lower micropore portion (Figure
4-8(b)). The t-plot micropore volume of MIL-Ti is higher than that of NH,-MIL-125-T1.
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The decrease in pore volume as well as the surface area in NH,-MIL-125-Ti are mainly
attributed to the amino group in the organic ligand that stretches itself towards the pore

interior” 1%,

The experimental data on surface area and pore volume are slightly lower than the
simulated values for the two MOFs.*” This is not exceptional, when referring to the
rather wide range of values reported in literature so far.® 8 106 H0HL This may be
explained by residual guest species that may remain trapped inside the pores after
degassing. The XRD data show the presence of solvents even after heat treatments at
200 °C, 1i.e. the temperature used to ‘degas’ the samples for BET analysis. Thus, it is
likely that some DMF molecules remained within the micropores, even though
degassing temperature is considerably higher than the boiling point of DMF (153 °C),
which suggests that the removal of DMF is kinetically restricted by diffusion through the

small pores.

Though N, ad/desorption results fulfill our expectations regarding surface area and pore
dimensions, and N, physisorption has become the norm for the analysis of MOFs’
porous structure, still, the reliability/applicability of N, as the probing gas needs to be
addressed. The diameter of N, is about 3.7 A. Considering that the diameter of the pores
in the MOF structure is as small as ~4.7 A, the question arises, whether N, 1s suitable for
probing such small pores. Furthermore, the analysis of the data is typically performed
following the BET theory, which assumes that all adsorption sites are equal in energy
and that no gas interactions are present, both of which cases are not true in MOFs.
Therefore, 1 advise to carry out further investigations using other adsorbates and with

the DFT theory to better characterize the samples.

4.1.1.4 UV-Vis Absorption Property

The light response of as-prepared MOFs has been investigated with diffusive reflectance
spectroscopy (DRS) and the results are summarized in Figure 4-9 and Figure 4-10. As a
reference, the light absorption of the corresponding organic ligands have also been

measured.
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a) DRS Analysis of Single-ligand MOFs: MIL-125-Ti and NH2-MIL-125-Ti
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Figure 4-9 (a) Kubelka-Munk function vs. wavelength and (b) Tauc Plot of the as-prepared single-ligand MOFs: MIL-125-Ti in grey,
NH>-MIL-125-Ti in blue. P25 as reference in dotted line. The inset in (a) is the Kubelka-Munk function of the ligands, H,BDC
(grey) and NH,BDC (blue). The white powder is MIL-125-Ti and the yellow one is the NH,-MIL-125-Ti.

Figure 4-9(a) compares the Kubelka-Munk function of MIL-125-Ti, NH,-MIL-125-T1
and their corresponding ligands. Terephthalic acid (H,BDC) absorbs only in the UV
region, with an absorption edge at 341 nm, while the absorption of amino-terephthalic
acid (NH,-BDC) starts from 461 nm. This is because the presence of amino group
enables partial delocalization of electrons and introduces a potential n-n* transition,
leading to a red-shift.” As to the MOFs, MIL-125-Ti starts to absorb from 337 nm while
its NH,-containing counterpart absorbs already below 474 nm, in agreement with their
color as well as their band gap structure (Figure 1-15). It has been reported that the light
absorption in Ti-based MOFs is realized via a ligand-to-metal charge transfer (LMCT)
mechanism, in which the excited electrons transfer from the organic ligands (that
constitute HOMO level) to the metal-oxo cluster, namely, TiOs(OH) clusters (that
constitute LUMO levels)'®. In NH,-MIL-125-Ti, the absorption peak centered at 380 nm
is thus likely attributed to the charge transfer from the -NH, group to the Ti-oxo cluster.
Another absorption edging at around 350 nm is attributable to O to Ti charge transfer
(LMCT) in TiOs(OH) clusters®, explaining the appearance of the same absorption peak
in MIL-125-T1i. As an additional reference, the DRS of P25 TiO, has also been measured,
revealing the absorption edge at roughly 370 nm.

70



Chapter 4 Metal Organic Framework for Photocatalytic Application

Figure 4-9(b) displays the Tauc plots of the two single-ligand MOFs, assuming a direct
transition (Equation 2-6)*® >3, The intersects of the tangents with the energy axis mark
the optical band gap values of MIL- and NH,-MIL-125-Ti to be 3.77 eV and 2.78 eV,
respectively, in good agreement with the reported data (Table 4-3). It appears that the
HOMO of MIL-125-Ti is mainly defined by the m-bonding interactions between the
aromatic C atoms in the benzene ring of the BDC linker, with small contributions from
the O 2p orbitals®. On the other hand, the LUMO is composed of the 3d orbitals of the
Ti atoms with almost no contribution from the organic component. Thus, compared
with MIL-125-T1, the HOMO in NH,-MIL-125-T1 is shifted to higher energies owing to
new bands introduced by the electron-donating -NH, group, which are located above the
C 2p orbitals. For the LUMO, as it originates from Ti 3d orbitals, the presence of -NH,
group does not have any strong effect.* % In conclusion, the narrower band gap in NH,-

MIL-125-Ti is due to the upshift of the HOMO level.

Table 4-3 Band structure of MIL-125-Ti and NH,-MIL-125-Ti

Material LUMO HOMO Eg Comment
(vs. NHE) | (vs. NHE)
MIL-125-Ti -1.40 2.40 3.80 Theoretical Calculation®®
-0.43 3.28 3.71 Exp.*
-0.6 3.2 3.8 Theoretical Calculation'!*
3.6, 3.67, 3.68 Exp.3% 113
3.77eV This work
NH,-MIL-125-Ti -0.72 2.02 2.74 Exp.%
-0.6 2.0 2.6 Theoretical Calculation®® !4
-0.74 2.01 2.75 Theo.+Exp.”
-0.40 2.10 2.50 Exp.!P
2.65,2.72,2.45 Exp.33 8113
2.78 eV This work

* the value of NHE is taken at 25°C, equals to absolute electrode potential: 4.44 eV

Table 4-3 lists the absorption band levels and band gaps of MIL- and NH,-MIL reported
by other researchers, including both experimental and theoretical data. It can be seen
that the HOMO of NH,-MIL-125-Ti compared to that of MIL-125-Ti is about 1 eV less
positive, while their LUMO levels are of similar potential, in line with the previous

discussion.
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The direct transition model has been widely used for the E, calculation of Ti-MOFs,>#

1% however, recent studies have reported that the electron transition process in MOFs is
more complicated®. In addition, the LMCT mechanism makes an indirect transition
possible. Therefore, band gaps calculated based on different transition assumptions are
listed in Table 4-4.

Table 4-4 Optical band gap based on different transition model assumption

Transition Type MIL-125-Ti NH2-MIL-125-Ti (I)
Direct Allowed
(n=1/2) 3.77 eV 2.78 eV
Direct Forbidden
(n=3/2) 3.76 eV 2.76 eV
Indirect Allowed (n=2) 3.70 eV 2.62 eV
Indirect Forbidden
(n=3) 3.70eV 2.61 eV

In all the four cases, there are distinct straight tangent lines, which suggest the possibility
of the corresponding transition type''®. It can be seen that the optical E, of MIL-125-Ti
varies less than that of NH,-MIL-125, while all the values are still in agreement with the
reported data (Table 4-3). Therefore, the model for Tauc plot in MOFs requires more

attention and further development.

b) DRS Analysis of Mixed-ligand MOFs: MIL1-x(NH2-MIL)x-125-Ti
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Figure 4-10 a) Kubelka-Munk function and b) Tauc plot of MIL,(NH,-MIL)-125-Ti

The light absorption properties of mixed-ligand MOFs, MIL, (NH,-MIL),-125-T1 have
been characterized via DRS as well and the results are displayed in Figure 4-10. It can be

seen in Figure 4-10(a) that the presence of NHy-ligand in the MOF structure has an
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instant increase of absorption in the visible light range. The characteristic absorption
peak of the n-n* transition introduced by the amino group at around 390 nm can be
clearly seen even in MILgog(NH,-MIL)g-125-T1 (Figure 4-10(a)) and the absorption
intensity of this peak increases consistently with the NH,-BDC percentage except for the
sample of x = 20 %. In addition to this absorption peak at around 380 nm, there is
another absorption feature, edging at lower wavelength (~ 340 nm), which is attributed
to the absorption within TiOs(OH) clusters™ as discussed before. For now, I attribute the
inconsistent behavior of x = 20 % sample to the change of synthesis route. As observed
from the SEM results, particles of the 20 % sample is almost twice as large in diameter

compared to other samples, which may induce different reflection/scattering behavior.

The Tauc plots based on direct transition model (Figure 4-10(b)) have been used to
calculate the band gaps of the mixed-ligand samples. The band gaps decrease
dramatically upon the presence of NH,-ligand as expected. The E, of MIL, (NH,-MIL),-
125-T1i is close to that of NH,-MIL-125-T1, around 2.8 eV (vs. MIL-125-T1i, 3.8 eV), in
accordance with the work of C. H. Hendon et al.**. Again according to the onset at
higher energy, samples can be divided into two groups, x < 10% and x > 20%. As
discussed before, the optical band gap of MOF derived from DRS is debatable,
especially for the sample with x = 2 % and 5 %. Thus, clarification requires in-depth
characterization of E, as well as the positions of HOMO and LUMO of MOFs using
other techniques, such as ultraviolet photoelectron spectroscopy (UPS) and impedance

spectroscopy/Mott-Schottky measurements.

In summary, the UV-Vis absorption confirms that the ligand modification had a marked

effect on light absorption and thus the electronic structure (e.g. band gap).

First, the amino groups induce an absorption band in the visible range, which increase in
intensity with increasing NH, content. Furthermore, the samples with x > 20 %
demonstrate the same light absorption properties as single-ligand NH,-MIL-125-Ti, as
can be concluded from the change of both the center of amino chromophore dominated
absorption peak (from 389 nm to 379 nm) and the Ti-oxo cluster dominated absorption

edge (Figure 4-10).
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Thus, the question remains as to why the absorption behaviors are different with x below
and above 20 %. I have two assumptions here. One possibility (a) is that when x < 20 %,
the NH,- ligand failed to coordinate with the metal cluster during the synthesis, ending
up as adsorbed species inside the framework. However, when x > 20 %, likely driven by
the higher concentration, NH,BDC started to coordinate forming to main MOF

framework.

Another possibility (b) is that, even if in the case of x < 20 % samples, the NH,-ligand
was successfully incorporated in the main MOF framework forming coordination bonds
with the metal cluster, the small fraction of the NH,-ligand (there are 12 positions for
ligand per unit cell) was not able to dominate the electron properties of the entire
framework. If that is the case, the ligand became more influential only in samples with
higher NH,BDC content (x > 20 %), and consequently rendered the mixed-ligand MOF
with similar absorption properties as those of the NH,-MIL-125.

Both scenarios are possible; however, the scenario (a) would imply that the MOF
network should contain uncoordinated NH,BDC ligand after the synthesis. To confirm

or discard this possibility, IR of the as-prepared MOFs has been performed.
4.1.1.5 Infrared Spectroscopy (IR)

a) IR Analysis of Single-ligand MOFs: MIL-125-Ti and NH,-MIL-125
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Figure 4-11 IR spectra of MIL-125-Ti and NH,-MIL-125-Ti
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Figure 4-11 displays the IR spectra of NH,-MIL-125-T1 and MIL-125-Ti. First, the two
additional bands at 3449 cm” and 3348 cm™ in NH,-MIL-125, correspond to the

symmetric and asymmetric vibrational bands of -NH, groups'’"'!!

, confirming that the
amine groups are indeed present in the structure and are free of binding partners. The
broad band at around 3430 cm™ for both samples can be attributed to solvent molecules
trapped within the pores; for example, the stretching vibrations of the O-H groups of the
adsorbed water emerge in this wavelength range. A magnified spectral range below
2000 cm™ is relevant to further compare these two MOFs. There are common features in
these two spectra: the characteristic peaks at 400-700 cm’ can be assigned to the
stretching vibrations of O-Ti-O'"'"!"7; vibrational bands in the region of 1400-1700 cm ™’
are typical for the carboxylic acid-coordinated MOF structure. To be more specific, two
absorption bands at around 1590 and 1500 cm™ are due to the asymmetric stretching
vibrations, whereas bands at about 1430 and 1380 cm™ can be assigned to symmetric
stretching vibrations of O-C-O in the framework. Compared with the free carboxylic
acid, in which the carbonyl stretch (vc-o0) and C-OH vibrations (vc.on) locate at around

N8I in MOFs, the veo shifts to lower energy

1690 cm™ and 1280 cm™, respectively
while the vc.oy shifts to higher energy due to the coordination with the metal-oxo cluster,
forming O-C-O bonding. The band at 1258 cm™ belongs to the C-H symmetric
stretching vibrations of the benzene ring''"'*. The asymmetric stretching mode of O-C-O
located at ~1590 cm™ is characteristic of the coordination between the metal cluster and
organic ligand. A frequency shift has been observed between these two MOFs, 1579 cm'
in NH,-MIL-125-Ti compared with 1595 cm™ in MIL-125-Ti. This red shift is caused by
the -NH, group in the NH,BDC - its electron donating property leads to a resonance
effect' and consequently lowers the frequency of the O-C-O signal. For both MOF
samples, I have not detected any of the characteristic peaks of free-carboxylic acid.

Given the high sensitivity of IR spectroscopy, this result preclude the existence of

unreacted ligands residing in the framework, thus disregarding our scenario (a).

Despite the common features, the presence of -NH, group brings new peaks in the IR
spectrum of the NH,-containing-MIL. For example, the new peak at 1335 cm ™' is the
characteristic absorption of C-N stretching vibration between the carbon atom connected

122 Another new peak at
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1625 cm™ is attributed to the N-H bending vibration''!. Furthermore, the change in
intensity of certain absorption bands has been observed. The peaks at around 1258 and
770 cm™ (which can be attributed to the C-H in-plane and out-of-plane bending
vibrations'?’) show an increase of intensity in NH,-MIL-125-Ti. On the other hand, bands
at 1020 and 747 cm™ can be assigned to the vibrations of benzene rings: their relative
intensity decreased in NH,-MIL-125-Ti. In addition, the band at 1658 cm™ can be
attributed to the carbonyl group in DMF®, indicating a higher amount of residual

solvent (presumably in the MOF pores), correlating well to the previous XRD

observation.

b) IR Analysis of Mixed-ligand MOFs: MIL1x(NH2-MIL)x-125-Ti
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Figure 4-12 IR spectra of mixed-ligand MIL; . (NH>-MIL),-125-Ti. (a) Enlarged spectra focused on the characteristic peaks
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percentage.

76



Chapter 4 Metal Organic Framework for Photocatalytic Application

Figure 4-12(a) shows that all the samples exhibit similar IR spectra: neither new peaks,
nor characteristic absorption of carboxylic acid (1280 cm™) are present in the mixed-
ligand samples, confirming the phase purity and the absence of free (uncoordinated)
organic ligand. All samples have been investigated with respect to intensity and position
of the most characteristic peaks. Figure 4-12(b) and Figure 4-12(c) plot the intensity
change of peaks representative for MIL-125-Ti and NH,-MIL-125-Ti, respectively. It can
be concluded that with the increase of x, the intensity of peaks dominating in MIL-125-
Ti decreases gradually and is accompanied by a continuous intensity increase of those
peaks that dominate NH,-MIL-125-Ti spectrum, such as the stretching of C-N vibration.
This change can be attributed to the fact that the peak intensity between different
samples is related to the amount of corresponding component in the material, and thus

varies with the value x.

In addition to peak intensity change, peak shifts have been observed between MIL;.
(NH,-MIL),-125-Ti samples with different x as indicated with patterned area in Figure
4-12(a). Detailed analysis of this peak position charge is summarized in Figure 4-12(d).
This peak at around 1590 cm™ — ascribed to the asymmetric stretching of O-C-O — and its
red shift between MIL-125-T1 and NH,-MIL-125-T1 has been discussed before and is
attributed to the resonance effect induced by the —NH, group. My data further
demonstrates that this peak shows a continuous shift with the increasing NH,BDC
amount in the structure, which indicates a continuous change of the coordination
strength in the framework. It has been discussed by Fend and Zhou'”, that in MOFs
composed of two linkers, the non-dominant linker can disperse in the matrix of the
dominant linker either in random/ordered form with no domain structure or by forming
domains. Based on the observed continuous peak shift, I assume that in mixed-ligand
MIL,(NH,-MIL),-125-T1, different ligands are random distribution among the
framework rather than forming domains; as in domains, there are supposed to exhibit

two peaks with competing intensity.

In summary, IR spectroscopy is sensitive to analyze the mixed-ligand MOFs and
provides valuable information enabling to confirm the phase purity as well as to

characterize the molecular structure. Furthermore, IR spectra indicate that the MIL,.
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{(NH,-MIL),-125-Ti samples do not contain free uncoordinated ligand molecules, thus
discrediting the first assumption proposed from DRS data. Based on the peak shift, the
apportionment of the ligands has hitherto been supposed to be a homogeneous
distribution over the framework, however, other characterization, such as solid-state

NMR, is required to further confirm this.

4.1.1.6 Thermalgravimetric Analysis (TGA)

The thermal stability of the MOFs has been investigated by TGA. Being composed of
organic ligands, MOFs undergo an oxidative degradation process when calcined at
elevated temperatures (usually above 300 °C), leading to the ‘break-down’ of MOF

structure.

a) TGA of Single-ligand MOFs: MIL-125-Ti and NH2-MIL-125-Ti

Figure 4-13 displays the TGA results of MIL-125-Ti and NH,-MIL-125-T1 as well as the
ligands, H,BDC and NH,BDC. Figure 4-13(a) compares the TGA curves of MIL-125-Ti
and NH,-MIL-125-T1. Based on the thermal derivatives of the weight loss with respect to

the temperature, both curves can be divided into four weight loss stages.

78



Chapter 4 Metal Organic Framework for Photocatalytic Application

Sample Temperature (°C)

100 200 300 400 500 600 700 800
1 OO L 1 1 L 1 1 L 0‘0

L
-

90 4

163°C ;
80+ 929%  290°C
87.2%

—— MIL-125-Ti

o
o

70

60 4

P
Derivative
O

100+ 7= p290°C) H,BDC
213°C H,BDC
304 NH,BDC

50 1

Weight Residue (%)

N
o

40

stage |

304 stage Il stage Il 604

401 ;\
N

i 20 4 \

—— NH,-MIL-125-Ti e S
£ \,‘
100 200 300 400 500 600 700 800
Sample Temperature (°C)

stage IV

100 T
80 +

o 0.0

Weight Residue (%)

S
(8]

70

60 4

I

I

i i
281°C | |
70.3% | :
i i

I

L
.-C> .
Derivative

593°C
24.8%
f

I— i
20 Jstage | | stagell | stage Il !
10

40

Weight Residue (%)

L
[

=y

(8]

|
I
I
|
50 }
I
|
I
30 ;

stage IV

T T T T T T T -2.0
100 200 300 400 500 600 700 800

Sample Temperature (°C)

Figure 4-13 TGA results of a) MIL-125-Ti and NH,-MIL-125-Ti; b) H,BDC and NH,BDC: two H,BDC results are from two
measurements to illustrate the reproducibility of the fluctuation of the data. All TGA measurements were conducted with the same
parameter, 5 °C/min ramp rate, 20 mL/min air flow.

Stage | in Figure 4-13(a) occurs at lower temperature and can be ascribed to the release
of the adsorbed guest molecules, such as water and solvent molecules. It needs to be
noted here that the surface-adsorbed water molecules evaporate below 100 °C; however,
when water molecules get adsorbed inside the pores of MOFs, they interact more
strongly with the matrix and a much higher temperature is required for H,O to escape,
which can be as high as 190 °C depending on the strength of the interaction.'® Thus, the
entire weight loss (~ 10 %) until 160 °C can be attributed to the evaporation of water.
The slow weight loss during the Stage Il can be caused by the removal of chemisorbed

solvent molecules and unreacted organic chemicals trapped within the MOF pores.'>*

The Stage I, starting at around 290 °C for MIL-125-T1 and at 280 °C for NH,-MIL-125,
1s due to the degradation of the framework, which correlates to the decomposition of

H,BDC and NH,-BDC linkers, respectively, starting with a decarboxylation process.'**
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105125 Rigure 4-13(b) provides the TGA data of the organic ligands and both ligands are
stable till 213 °C; due to the fluctuation of weight residue at high temperature (above
350 °C), the derivative of weight loss is not shown in the graphs. But the difference
between the thermal degradation process of the two ligands can still be clearly seen.
Compared with H,BDC, NH,BDC displays step-wise weight loss occurring in several
stages, as indicated with temperature marks: 337 °C, 394 °C and 568 °C. The processes
occurring at the different stages are yet unknown, however, this complex kinetics
coincides well with the behavior observed in NH,-MIL-125-T1 during the Stage Ill. The
resemblance of the thermal behaviours between the MOFs and their corresponding
organic ligands confirms that the decarboxylation process takes place before the ligand
decomposition. The strong weight loss is then attributed to the loss of the organic ligands.
It is known that the structural reorganization of Ti3Og(OH), units and the corresponding
formation of 3D Ti-O-Ti networks happens simultaneously with the ligand removal
during this stage.'** Therefore, the residue in the Stage IV is TiO,, which co-exist in both
anatase and rutile phase depending on the temperature (phase transformation of anatase
to rutile happens at around 600 °C'*). The phases of oxide materials at different stages

have been further confirmed with in-situ XRD investigation (Chapter 4.4).

According to the chemical formula of MIL-125-T1 (Ti305(OH)4(CsH4C,04)s) and NH,-
MIL-125-T1 (TisOs(OH)4(CsH5C,0,NH,)s), when the product of MOF calcination is
Ti0,, the maximal theoretical mass loss for these two MOFs should account for 59.1 %
and 61.3 %, respectively. However, the weight loss between RT and 700 °C derived from
our TGA data amounts to 62.9 % and 75.2 %, respectively. These values are higher than
the theoretically calculated, which can be caused by the presence of the adsorbed species
inside the MOFs. Instead, the weight loss of the single Stage Il (56.7 % for MIL- and
64.7 % for NH,-MIL-) matches better with the calculated weight loss, which in turn
confirms that the decomposition of organic component including carbon oxidation

indeed takes place in this temperature window.

The influence of the amino group on the thermal stability can be elucidated from Figure
4-13(a): 1) compared with MIL-125-Ti, NH,-MIL-125-Ti adsorbs more guest molecules
(larger weight loss below 280 °C); 2) though the decarboxylation process happens at
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lower temperature (280 °C vs 290 °C), NH,-MIL-125-Ti requires higher temperature to

complete the organic removal process (593 °C vs 550 °C).

b) TGA of Mixed-ligand MOFs: MIL1x(NH2-MIL)x-125-Ti

To further prove the influence of NH,-containing ligand, TGA curves of mixed-ligand
samples have been measured (Figure 4-14). To minimize the adsorption capacity
difference between samples, I applied a new measurement protocol with an additional
isothermal treatment in the TGA chamber during the heating ramp. According to Figure
4-13(a), main framework of both MIL-125-Ti and NH,-MIL-125-T1i are stable till 281 °C.
Therefore, the temperature of the isothermal treatment was set to 200 °C and the
subsequent ramping started automatically when the software detected a weight change
of less than 0.01 %/min. In Figure 4-14, the stable sample weight at 200 °C is set as the
starting value (100 %). It also needs to be noted that the ramp rate was set to 10 °C/min,

different from the previous measurement, which was 5 °C/min.

a - ° o
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Figure 4-14 a). TGA of MIL (NH>-MIL),-125-Ti; b) Derivatives of weight loss against temperature of MIL.(NHy-MIL),-125-T:i.
Figure 4-14(a) shows the weight residue vs. temperature and Figure 4-14(b) shows the
first derivative of the weight residue with respect to the temperature, from which the
Initiation temperature of different process can be derived. It is noteworthy that the
Initiation temperature of the decomposition process (Stage lll) increases with the
increasing NH,BDC proportion. With the value of x varying from 2 % to 100 %, the
initiation temperature rises from 304 °C to 323 °C. As to the completion of the thermal

decomposition of MIL, ,(NH,-MIL),-125-Ti, samples with a higher x value requires a
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higher temperature, in line with the previous observation from Figure 4-13. However,
due to the higher ramp rate (10 °C/min vs. 5 °C/min), a lower temperature is observed
for the completion of ligand removal and TiO, crystallization in both MIL- and NH,-
MIL dominant samples, compared with that of lower ramp rate, 486 °C vs. 550 °C and
546 °C vs. 593 °C. The impact of ramp rate on the MOFs’ thermal evolution process has
been investigated in more detail in Chapter 4.4 with various in-situ techniques. The
overall weight loss of the powders increases with the NH,BDC percentage in the MOFs,
in agreement with the theoretical calculation. However, the weight loss for all the
samples are larger than that suggested by theoretical calculations, which further
strengthens my doubt regarding physisorption measurement that 200 °C may not be

enough to get rid of the chemisorbed species.

The derivative curves of weight loss against temperature of MIL, (NH,-MIL),-125-T1
(Figure 4-14) can be classified into two groups. One group is samples with x < 20 %,
with 2 peaks observed in the derivative curve, similar to that of the MIL-125-Ti (Figure
4-13). Second group is samples with x > 20 %, with at least 3 peaks in the derivative
curve, similar to that of the NH,-MIL-125-T1 MOF. The data again indicates that the
property of the series of these mixed-ligand MOFs changes at x = 20 %, as has been
observed with DRS. Could this be caused by a higher amount of adsorbed species inside
the framework when x > 20 %? Have the gaseous products of the calcination process
varied with different x? Due to equipment accessibility, I did not investigate this issue in
detail, though it would be interesting to conduct in-situ IR or thermogravimetric

analysis/mass spectrometry (TGA-MS) to learn about the process.

4.1.1.7 Photocatalytic Hydrogen Evolution Activity

As discussed in the introduction of this chapter, ligand tuning has the potential to
optimize the light absorption properties of MOFs. NH,-MIL-125-T1, in contrast to MIL-
125-T1, has been widely used as photocatalysts due to its visible light absorption property.
However, the impact of ligand tuning on the materials’ electronic and catalytic
properties has been rarely investigated. Thus, the synthesized MIL, (NH,-MIL),-125-Ti
samples offer a great chance for the exploration of ligand influence. To my knowledge,

102

only the group of Draznieks'™ has briefly investigated the photocatalytic activity of MIL-
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and NH,-MIL mixed Ti-MOFs, but only for x > 20 % and only for the oxidation of
benzyl alcohol. In this work, the catalytic properties of MIL; ,(NH,-MIL),-125-T1, with a

broader range of x, were investigated towards photocatalytic hydrogen generation from

water.
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Figure 4-15 Photocatalytic results for MIL; (NH>-MIL),-125-Ti, x=0, 2 %, 5 %, 10 %, 20 %, 50 % and 100 % (10 mg MOF
powders; 20 mL H,O + 20 mL MeOH; Pt:MOF wt% = 0.5, light irradiation wavelength range: 280 nm — 400 nm; patterned area
indicates illumination time.) Transient changes in a) H> evolution rate & b) CO, evolution rate upon 1 h irradiation, c) H; and CO;

evolution rates reached after 30 min of irradiation; d) normalized H, evolution rate and H,/ CO; rate ratio with respect to the
NH,BDC content in MOF.

The photocatalytic experiments have been conducted using our unique continuous-flow
set-up described in Chapter 0. As the band gap of MIL-125-Ti is 3.8 eV, UV irradiation
was applied to enable activation, for which I used a Hg-lamp (Chapter 2.2, the output
spectrum of the light source is displayed in Figure 2-15). All experimental parameters

were set identical for all MOF samples.
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Figure 4-15(a) shows the time course of the photocatalytic H, evolution rates of MIL,.
(NH,-MIL),-125-Ti. Owing to the unique H, detection system, continuous H,
generation behavior under illumination can be recorded. The signal of produced H,
starts to be detected 3 min after the light is switched on, due to the gas diffusion from the
reactor to the detector. No O, has been detected in present setup; therefore, the process is
referred to as hydrogen evolution reaction (HER), rather than water splitting. Both
single-ligand MOFs and mixed-ligand MOFs are active for hydrogen evolution.
However, the HER rate decreases with increasing of NH,BDC concentration in the
structure, with a maximum rate of 58.4 umol/h (5840 pmolh'g?') observed in MIL-125-
Ti that gradually decreases to 1.5 pmol/h (150 pmolh'g™) in NH,-MIL-125-Ti.

Carbon dioxide is one of the possible oxidation products of the hole sacrificial agent,
MeOH,” 27122 and can thus be considered as an additional indicator of the
photocatalytic activity (refer to Section 0). Figure 4-15(b) shows that the CO, generation
rates of MIL,(NH,-MIL),-125-T1 declined with increasing NH,BDC mol %, in
accordance with the trend of hydrogen generation rates. Figure 4-15(d) provides a
qualitative analysis of the impact of ligand choice and concentration. First, the H,
evolution rate did not decrease linearly with increasing NH, content; instead, it shows a

steep drop when x < 10 %, then from x = 20 %, the decrease starts to slow down.

Another interesting observation is that the ratio of evolution rates for H, versus CO,
changed non-linearly with the ligand content, showing a maximum at values between x
=5 % and 10 %. A recurring question in the community is whether the hydrogen formed
in photocatalytic hydrogen generation systems containing MeOH stems solely from the
alcohol, i.e. via the steam reforming process of the MeOH.***® This has been observed in
the work of D. Bahnemann,® in which the amount of evolved H,/CO, was around 3:1.
In this work, the amount of evolved H, is far more than 3 times higher than that of
evolved CO,: in fact, the mole ratio of H, to CO,1s in the range of 26 to 132. Therefore,
either a large part of MeOH was oxidized into other products rather than CO,, e.g.
HCOOH, or there is hydrogen generated from water. Future studies with isotope
labelling (e.g. D,0) shall uncover the extent to which the water is involved, while in-situ

IR-ATR will help unravelling the reaction mechanism.

84



Chapter 4 Metal Organic Framework for Photocatalytic Application

Based on Figure 4-15, the observations can be summarized as follows: 1) both H, and
CO, generation are hindered by the presence of NH,BDC in the material; 2) the trends
of gas evolution against NH,BDC concentration in the case of H, and CO, show strong

differences.

In MIL, (NH,-MIL),-125-T1, I assume there are different secondary-building units
(SBUs) distinguished by the dominant ligand, i.e. BDC-SBU and NH,BDC-SBU, as a
function of x. The H, evolution rates of pure MIL-125-T1 and NH,-MIL-125-T1 (Figure
4-15) suggest that the BDC-SBU is more active than the NH,BDC-SBU. The reason for
the inferior activity of NH,BDC-SBU is yet unclear, which may be caused by an intense
charge recombination, thus, less electrons have been transferred to Ti-cluster to conduct

the reduction reaction; this will be addressed in detail in the next Chapter.

The deterioration of H, generation rate with the increase of the NH,BDC percentage in
MIL, (NH,-MIL),-125-Ti can be attributed to the decrease of the relative amount of the
active BDC-based SBU. However, if that would be the only mechanism of activity
decrease, one would expect a linear correlation of photocatalytic activity with the
NH,BDC percentage — which is not the case. The data suggest that the presence of
NH,BDC-SBUs not only reduces the amount of active species in the system, but also has

a synergistic effect further affecting the activity of BDC-SBUs.
How comes this negative impact of NH,BDC-SBU to BDC-SBU?

One possibility to explain this trend is related with the presence of adsorbed guest species
inside the micropores, which can block the diffusion of reactants into the framework, as
well as hinder the exposure of the reactive sites in MOF. According to the XRD
observation (Figure 4-3), the adsorption behavior of guest species demonstrates a quasi-
exponential increase when the low amount of NH,BDC linker is present in the mixed-
ligand MOF. This trend coincides well with the decline of the H, evolution rate seen in
Figure 4-15(d).
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Figure 4-16 Illustration of possible charge transfer in mixed-ligand MIL,.(NH,-MIL),-125-Ti with relative energy levels of different
components. The horizontal lines in green represent the LUMO and HOMO levels in H,BDC:; the horizontal lines in blue are the
HOMO and LUMO levels in NH,BDC:; the yellow line on the Ti-oxo cluster mainly consists of the d orbitals of the Ti**. Cocatalyst
is not included, as the state of Pt in the HER system is yet unknown.

Another possibility to explain this synergistic effect is illustrated in Figure 4-16. I
propose that in mixed-ligand MIL,(NH,-MIL),-125-T1, the lower HOMO level of
NH,BDC-SBU can become the charge recombination center for the electrons originally
excited in the BDC site. This model is based on the previously discussed mechanism of
electron photo-generation and transfer that occurs via LMCT mechanism in both single-
ligand MOFs.” 19412 According to LMCT, the organic linker first gets excited and then
transfers the photoexcited electrons to the metal-oxo cluster, as discussed earlier in
Section 1.3.4.2. The LMCT process with BDC-SBU and NH,BDC-SBU are illustrated
in Figure 4-16 (blue and green areas). After the charge transfer, the Ti** in the metal-oxo
cluster is reduced to Ti**; while subsequent H* reduction (H, evolution) on the Ti**
species and MeOH oxidation by the holes residing on the organic linkers regenerate the
system. However, in the case of the mixed-ligand MOF, where both organic linkers co-
exist and are likely connected to the same Ti-oxo custers, the process of charge transfer
and recombination pathways are likely to be affected as illustrated by the Figure 4-16.
The electrons generated by BDC-SBU are transferred to the Ti-cluster with the LMCT
mechanism; however, they can undergo another transfer to the HOMO level of the
NH,BDC-SBU due to the position of the energy levels and thermalize there. This would
explain that the presence of NH,BDC-SBU in the material deteriorates the activity in the
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observed non-linear way, contributing to a strong H, generation drop upon NH,BDC

Incorporation.

As to the case of CO,evolution (Figure 4-15), the appearance of NH,BDC in the MOF
structure leads to an instant drop in its generation, which may be due to a superior
adsorption property of the NH,-group that tends to trap the produced CO, inside the
framework. Another possibility can be that the mechanism for MeOH oxidation follows
a different pathway in NH,BDC-containing MOFs. This may involve the formation of
formaldehyde, methyl formate and other intermediates instead of CO,. The issue needs
to be investigated in the future with a dedicated detection system (e.g. GC) and

simultaneous analysis of both gas and liquid phases of the reaction.

In the next chapter, a detailed investigation based on MIL-125-T1 and NH,-MIL-125-Ti
will be made to elaborate the reason for the strong differences in their photocatalytic

performance.

4.1.2 Conclusion

In this chapter, a series of MIL, (NH,-MIL),-125-T1i (x =0 %, 2 %, 5 %, 10 %, 20 %,
50 %, 100 %) has been synthesized; various characterizations including XRD, SEM,
DRS, IR, TGA and photocatalytic hydrogen evolution experiments have been
conducted to reveal the materials’ structure and properties, in order to elaborate the

influence of ligand. The key points are summarized as follows:

1) The synthesis of MIL,,(NH,-MIL),-125-T1 is dependent on the value of x. When x >
20 %, route 1 worked better, with H,BDC being added to NH,-MIL-125-T1 precursor
solution; while for samples with x < 20 %, synthesis succeeded with NH,BDC being
added to MIL-125-Ti precursor.

2) The crystallinity of MIL, ,(NH,-MIL),-125-T1 remained unchanged with different
NH,BDC content in the structure as confirmed by XRD, while the primary particle size

varied with the ligand composition.

3) The NH,-ligand present in the structure facilitates adsorption of guest species inside
the microspores of the resulting MOF, as confirmed by XRD and TGA observation.
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This can be ascribed to the formation of stronger hydrogen bonds induced by the -NH,
group. The presence of adsorbed species inside the network induce a lattice constant
change, as indicated by XRD patterns. Impact of the adsorbed species on the structural
and functional properties of the MOF's — such as the pore size and volume as well as the

photocatalytic performance — has also been discussed, but needs further confirmation.

4) The IR studies revealed the influence of ligand composition on the molecular
structure, with both peak intensity and peak position displaying a consistent trend with
respect to ligand concentration. As to the apportionment of different ligands in the
structure, for now, I deduct that instead of forming domains, the minor ligand tends to

distribute randomly over the framework.

5) The light absorption properties are improved with the NH,BDC in the structure, even
at low NH, contents such as x = 2 % (as indicated by the apparent shift into the visible
light range). The intensity of the absorption peak introduced by the NH,-ligand (centered
at around 380 nm) increases consistently with the concentration of NH,BDC in the

material.

6) With the present HER setup, under UV light, MIL-125-T1 is the most efficient catalyst
for hydrogen evolution among all MIL,,(NH,-MIL),-125-Ti samples. Though the
mixing of NHy-ligand improves light absorption, it seems to be detrimental to the
materials’ photocatalytic activity: a decrease of H, generation rate has been observed
with the increase of NH,BDC ratio in the material. I further proposed two assumptions
to explain the disproportionate decrease of H, evolution rate with the increase of x,
related to the presence of adsorbed species and related to the charge recombination
between SBUs. Moreover, based on the change of H,/CO, evolution rate ratio with
respect to ligand composition, a different MeOH oxidation process can be expected for

different SBUs. These assumptions, however, necessitate further in-depth investigations.
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4.2 Investigation of the photocatalytic behavior of

single-ligand MIL-125-Ti and NH,-MIL-125-Ti

Last section has witnessed differences in photocatalytic performance of various MIL;.
«(NH,-MIL),-125-T1 MOFs towards HER, which has been ascribed to the ligand
difference. Especially, MIL-125-Ti greatly outperformed NH,-MIL-125-T1 in HER

activity — contrary to what one would expect based on the light absorption properties of

the two compounds, where NH,-based MOF shows an extended absorption profile

(Figure 4-9). Therefore, this section aims to figure out the reason for this observation by

examining material’s stability, choice of hole sacrificial agent, cocatalyst loading amount

and possible charge recombination processes.

Table 4-5 Literature references on the photocatalytic performance of Ti-based MOF's

T;\-/}) gslfjd Cocatalyst Light source Solvent & hole sacrificial agent H, evolution rate | References
NH,- CO(Tf A)dqz Visible light
MIL-125- | ¢ncapsulated into (385 nm cut-off 82% CH;CN, 16% TEOA, 2% H,0 49.3 ymolh''g! ref”
T the cage of NH»- filter)
MIL-125-Ti
NH,- ZnIn,Ss@NH,-MIL- A 300 W Xenon aqueous solution containing 0.25 M
MIL-125- 125(Ti) lamp with cut-off | Na,SOzand 0.35 M Na,S as sacrificial 2204.2 pmolh'g?! ref
Ti nanocomposites filter (420 nm) reagents
Mil_{fés_ Ni@NH,-MIL- A 100 W acetonitrile (17 mL), triethylamine (4 | 1o o
Ti 125(Ti) ultraviolet lamp mL) and water (400 pL) mixture pm & T
NH,- . 300 W Xe lamp, o, o
MIL-125- Nlpz/lé\;}%?MIL' Visible, 19195 v/v/v% 1230 pmolh'g’ reflo?
Ti -Ti A>420 nm acetonitrile/triethylamine/water
NH.- Nis.sP21/ NH- 300 W Xe lamp, 0 : :
MIL-125- | MIL-125-Ti/0.75g- o Lv/ VA’ST{EaStﬁeagﬁg‘t)::e;‘;li‘tli::f’ Eosin | 6700 umolhg! refl®
Ti C3Ny Visible light
300 W Xe 24mL 6 mL CH;0H 4015 ymol hg™
MIL-125- | MIL-125-Ti/CoPi- € lamp, mL water, 6 m sUH. in H, evolution, ref%®
Ti Pt UV-Vis Overall water splitting 63 pmol h-lg-l_ m
overall evolution
ML Mosmiee | 3 ?;)28‘_’7)8(8 Ilinm)p 10 v/v% TEOA aqueous solution 154.72 pmolh-'g" ref”
MILI25 | MIL-125-Ti/Pt | 300 W Hg lamp 5800 pmolh’'g”’ | This work
NH,- (300-400 nm) 20 mL water, 20 mL CH;0H
2 NH-MIL-125- o .
MIL-125- Ti/Pt 150 pmolh'g This work
Ti

89




Chapter 4 Metal Organic Framework for Photocatalytic Application

* Unit for the hydrogen evolution rate: pmol-h-1-geatalyst

Table 4-5 lists the photocatalytic performances of MIL- and NH,-MIL-125-T1 for
hydrogen evolution based on literature data. First, it can be seen that no direct
comparison of the photocatalytic performance between these two MOFs has been
reported so far, as most research focused solely on the visible light performance of NH,-
MIL-125-Ti. Second, under UV irradiation, the HER rate of MIL-125-T1 obtained in this
work surpasses all of the reports (Table 4-5). The HER is more than 30 times higher than
the work by Wu et al”’, which used a similar light source as well Pt as cocatalyst, but a
different sacrificial agent (TEOA). This suggests that MeOH, used in this work, is a
superior sacrificial agent for MIL-125-Ti, which is a surprising result. As to the NH,-
MIL-125, the hydrogen evolution rate of NH,-MIL in this work is not among the best.
However, considering the cocatalyst and solvent used in Table 4-5, it is nevertheless hard
to obtain a solid comparison. Therefore, in this thesis, I have focused on the comparison
of the photocatalytic performances between MIL-125-Ti and NH,-MIL-125-T1 under the

same conditions.

4.2.1 Influence of Hole Sacrificial Agent

It has been reported that the photocatalytic performance of photocatalysts is highly
dependent on the sacrificial agent®; therefore, to exclude the possibility that the
difference of the photocatalytic performance between the two MOFs is merely
contributed by the choice of hole sacrificial agent, I have experimented with different
hole sacrificial agents before exploring contributions related to the materials property.
Triethanolamine (TEOA) is a commonly used hole sacrificial agent for NH,-MIL-125-T1i
under visible light irradiation (Table 4-5), the HER activities of MIL- and NH,-MIL thus
have also been measured with TEOA. The comparison of MOFs’ photocatalytic
performance with TEOA and MeOH are summarized in Figure 4-17 and Table 4-6, in

which the H, and CO, generation rates have been recorded.
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Figure 4-17 H, and CO; evolution rate of MIL-125-Ti and NH>-MIL-125-Ti in different hole sacrificial agents: a) in 0.005M
TEOA aqueous solution and b) in 50 % v/v MeOH aqueous solution.

Table 4-6 H, and CO; evolution rate of MIL-125-Ti and NH,-MIL-125-Ti in different hole sacrificial agents

H; Evolution Rate CO; Evolution Rate
(umol/h) (umol/h)
Sample with MeOH with TEOA with MeOH with TEOA
MIL-125-Ti 58 43.3 1.06 0.05
NH,-MIL-125-Ti 1.3 3.25 0.05 0.03

The H, evolution rate for MIL-125-Ti fluctuates with time, whereaus it is rather stable
for NH,-MIL-125-Ti. Later MIL-125-T1 was measured in 0.01 M TEOA aqueous
solution, with no fluctuation and similar H, evolution rate. Therefore, the H, evolution
rate here can still be valid for comparison. The average H, generation rates for MIL-125-
Ti and NH,-MIL-125-T1i are 43.3 umol/h and 3.25 umol/h, respectively. For the CO,
evolution, both MOFs exhibit almost no CO, formation in TEOA solution, different
from the HER system with MeOH where the CO, has been clearly detected, suggesting

that complete mineralization of TEOA is not a dominant process.
1. H, evolution rate of NH,- MIL: 3.25 umolh™! with TEOA vs. 1.3 umolh! with MeOH

The main differences between TEOA and MeOH lie in their oxidation potential,
polarity and molecular sizes, which may influence the HER activity of the two
MOFs. Kampouri et al have used cyclic voltammetry (CV) to determine their
redox behaviors in a non-aqueous solution'”’. They found oxidation peaks at
0.797V and 0.963V and current densities of 2 mAcm? and 1.61 mAcm? for
TEOA and MeOH, respectively. Therefore, it 1is kinetically and
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thermodynamically easier to oxidize TEOA than MeOH, which may make
TEOA, a more efficient hole scavenger. Therefore, NH,-MIL in TEOA has an

increased H, evolution rate compared to that in MeOH.

2. H, evolution rate of MIL: 43.3 umolh™ with TEOA vs. 58 umolh™ with MeOH:

The explanation of the observed reduced activity of MIL-125-Ti in TEOA
compared to MeOH is more complex. It appears that the differences in hole
scavenging capability is negligible and thus doesn’t play a decisive role in MIL-
125-Ti, in contrast to the NH,-sample. Another explanation addresses the higher
polarity and bigger molecular size of TEOA as compared to MeOH, which
possibly hinders the diffusion of TEOA into the pores of MOF, leading to

decrease in the H, evolution rate.

Another difference brought by TEOA is the evolution behaviour of CO, (see inset in
Figure 4-17). Different from the case of MeOH, the most common oxidation products of
TEOA are various organic species such as aminyl radical, iminium species rather than
CO,"! therefore, CO, does not follow a similar evolution trend as H, evolution. The
observed rise of CO,; in the system under light irradiation corresponds to a background
signal that may originate from the minor amounts of CO, previously dissolved in the

solvent.

In conclusion, the choice of hole sacrificial agent does affect the photocatalytic
performance, however, it is not convincing enough to be the dominant reason for the
large efficiency difference between MIL- and NH,-MIL-, as with TEOA, MIL-MOF still
greatly outperforms NH,-MIL with 13 times higher H, evolution rate. Therefore, the
reasons for the superior performance of MIL-125-T1 to NH,-MIL-125-T1 demand further

investigation.

In the following section, the properties of these two MOFs are compared in the HER

system with MeOH as hole sacrificial agent, if not stated otherwise.
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4.2.2 Material’s Stability during photocatalytic process

First, I investigated the stability/degradation of both catalysts with respect to the applied
photocatalytic conditions as a possible reason for the different photocatalytic
performance. It is well-known that MOFs, being organic-inorganic hybrid materials, can
suffer from instability towards various solvents."**!** This may apply to the current
scenario, where the solvent changed when transferred from the synthesis solution (i.e.
DMF/MeOH) to the photocatalytic reaction solution (i.e. H,O/MeOH). In addition,
the degradation of the framework can also be triggered by UV irradiation or by hydrogen
evolution upon the photocatalytic process itself. Therefore, after HER experiment, the
suspensions were filtered, and the collected powders were dried for XRD, SEM and

TEM measurements to reveal the state of the material.

Figure 4-18 SEM images of a) MIL-125-Ti and b) NH,-MIL-125-Ti after HER

Figure 4-18 shows SEM images of the two MOFs after water splitting and reveals that
the surface of both MOFs become coarsened after the photocatalytic reaction as
compared to original SEM in Figure 4-5, while the shape of circulate plates were
generally retained. There are shallow holes or voids visible on the surface, as indicated
by the red arrows in Figure 4-18. Moreover, some of the particles seem ‘corroded’, as
documented by the loss in the plate-shape morphology (blue-dotted circles). In addition
to surface morphology, the particle size also changed, especially for the MIL-125-Ti. The
average diameter of the circular plates decreases from around 570 nm to 500 nm,

indicating a moderate shrinkage or ablation of crystal layers. In NH,-MIL-125-Ti, the
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average diameter of the circular plates decreases from 480 nm to 420 nm. The
appearance of such surface ‘imperfection’ along with size shrinkage indicate a possible

damage or degradation of the overall materials’ crystal structure.

It has been reported that the photo-deposition process of H,PtCly in MeOH aqueous
solution typically results in the formation of uniform platinum nanoparticles with
average sizes of 2-6 nm'*'¥%, Unfortunately, SEM cannot provide sufficient information
on the size and distribution of the photo-deposited platinum cocatalyst due to the
resolution limitation. TEM offers the required resolution, but is also of limited use, as it

does not allow to investigate Pt species that reside within the micropores.

a — b
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Figure 4-19 Comparisons of XRD patterns before and after HER: @) MIL-125-Ti and b) NHy>-MIL-125-Ti
Figure 4-19 compares XRD patterns before and after hydrogen evolution reaction. The
two Ti-MOFs preserve their original crystal structure after the photocatalytic reaction
and no additional peaks are visible suggesting that no new phase appeared. The main
difference observed between the XRD patterns of the two MOFs after reaction compared
with the original MOF patterns is a minor change of relative peak intensities.
Specifically, for both used MOFs, the diffraction peaks at 260 > 14° are weakened
compared with the two peaks located at 260 = 9.8° and 11.8°, representing (002) and (211)
reflections, respectively, which can be related to the partial particle corrosion observed
with SEM. In addition to this trend observed for both MIL- and NH,-MIL, there is an
incongruous rise of peak intensity at 20 = 13.8° noticeable only in MIL-125-T1 (Figure
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4-19(a), red box). This peak has already been discussed before in Chapter 4.1.1.1 and is
related to the adsorbed species inside the framework. Therefore, a higher amount of
adsorbed species is expected to reside inside the framework of MIL-125-Ti after HER,
which implies higher accessibility of the pores in the structure. This increased
accessibility can lead to facilitated reactant diffusion to and from the active sites inside
the microporous structure thus potentially contributing to different HER rates in the
MIL-MOF. Yet, judging from the strong difference in HER performance, this

contribution is likely not the decisive factor.

XRD patterns do not provide any hint attributable to Pt (Figure 4-19), whether before or
after photocatalytic reaction. It is likely that either the low loading amount of Pt in my
HER system (0.5 wt % of Pt to MOF) or the size of Pt species limit XRD analysis.
Moreover, Lee et al”’” has only observed the characteristic peak of Pt (111) (26 = 39.8°)
in her 1 wt % Pt loaded TiO, as a small broad hump in the XRD pattern. Therefore, the
presence of multiple peaks of the MOFs in the same region (~ 39.8°, see Figure 4-19)

renders it challenging to unambiguously identify the presence of Pt.

Based on SEM observations, it appears that the breakdown of MOF particles (particles
inside blue circle, Figure 4-18) occurs anisotropically, with preference to certain crystal
facets. Yet, the following questions remain unanswered: a) How does the structure
disintegrate (e.g. proportional or disproportionate loss of ligands and oxo-clusters)? b)
Does the loss of crystallinity originate from UV irradiation, the presence of solvents, an
interaction with Pt catalysts, or a combination of these effects? No systematic study on

MOFs’ stability has been reported in literature.

For whatever the reasons, this structural breakdown is likely to have a considerable
effect on the photocatalytic performance. Indeed, it can be seen from Figure 4-15 that at
the end of 1 h light irradiation, the hydrogen generation activity of MIL-125-Ti declined.
This slight decrease of photocatalytic activity may be ascribed to the change of crystal
structure during water splitting process. Therefore, from both fundamental and
application point of view, a more detailed investigation of the mechanism of structural
change under photocatalytic conditions as well as the optimization of the photocatalytic

stability are required to fully harness the MOFs’ potential as photocatalyst.
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Based on the above discussions, the stability difference — although it contributes to the
observed HER profiles — can also be excluded as the dominant factor that defines

different photocatalytic activity of these two MOFs.

4.2.3 Investigation of Cocatalyst: loading amount, distribution, role

As described in Chapter 0, the loading with Pt cocatalyst proceeds via in-situ
photodeposition. In short, the respective MOF powder is suspended in an aqueous
solution that contains a corresponding amount of H,PtCls as a precursor and
subsequently illuminated with UV light, which reduces the precursor within the first few
minutes to yield very small Pt nanoparticles'*'*. Pt further acts as a cocatalyst to
facilitate the HER reaction. Another contribution to the different HER performance of
the two MOFs could stem from a difference in dispersion/location of photo-deposited Pt,

which may also change during the photocatalytic reaction.

HRTEM investigation reveals the morphology and distribution of the cocatalyst in MOF.
Figure 4-20 and Figure 4-21 are HRTEM observations of MIL-125-T1 and NH,-MIL
with cocatalysts after photocatalytic experiment, respectively, in comparison with
pristine MOFs observed before HER.

Both pristine MOFs (Figure 4-20 and Figure 4-21: (d) & (e)) exhibit smooth surface
morphology. In contrast, the particles collected after HER experiment consist of
particulates, demonstrating a rough surface, which is also in accordance with the SEM
observation. In addition, dark spots distributed homogeneously over the MOF particles
can be observed in both cases (Figure 4-20(c) and Figure 4-21(c), red arrows). With
higher magnification, clear lattice fringes can be observed (Figure 4-20 and Figure
4-21(b)), corresponding to the (111) of metallic Pt (0.226 nm)®’, confirming that the dark
spots are the expected Pt nanoparticles. With an average size of 3 nm, metallic Pt

particles share an intimate interface with the MOF substrate.
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d

Figure 4-20 (a)-(c) TEM images of MIL-125-Ti after HER experiment; (e) & (d) TEM images of pristine MIL-125-Ti
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Figure 4-21 (a)-(c) TEM images of NH,-MIL-125-Ti after HER experiment; (¢) & (d) TEM images of pristine NH,-MIL-125-Ti

Considering that the maximum pore width of both MOFs is less than 1.5 nm, these
observed Pt nanoparticles are assumed to be located only on the surface of the MOF
particles; however, the possibility, that some of the PtCls> ions from the Pt precursor

diffused into the pores of MOF and consequently formed Pt species inside the pores,
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cannot be excluded. Analytical TEM techniques, like depth profile EDX may be able to
testify the existence of Pt inside MOFs, which will be especially interesting to elaborate

more on the affinity of the Pt precursor species to the different ligands.

The amount of Pt loaded onto MOF particles was determined by ICP-MS for samples

after photocatalytic reaction.

Table 4-7 Measured and calculated Pt/ Ti at % values after HER with different photocatalysts

MIL-125-Ti 0.0041 0.0051 80.4%

NH-MIL-125-Ti 0.0052 0.0053 98.1%

Table 4-7 lists the measured Pt/Ti at % obtained from ICP-MS data and the calculated
values based on the amount of Pt precursor added into the HER suspension. The
Pt/Tiat % in the case of MIL-125-Ti and NH,-MIL-125-Ti are 0.0041 and 0.0052,
respectively (compared to expected 0.0051 and 0.0053). The latter small mismatch can
be attributed to the standard deviation (STD) of the ICP-MS measurement, associated

with the small detection volume of just 62.6 uL.

However, the discrepancy between the measured data and the calculated data for MIL-

Ti is around 20 % and requires further explanation. I see three possibilities:

1) The measured Pt content is lower than the theoretical value due to miscalculation and
addition of insufficient amounts of Pt precursor. However, the reproducibility of the

ICP-MS results renders this possibility rather unlikely.

2) The deposited Pt nanoparticles detach from the MOF matrix during the
photocatalytic experiment. Considering that the Pt content is about 20 % lower than the
theoretical value (ratio ~ 80 %), a decrease in activity upon leaching during the reaction
of the same extent is expected. However, Figure 4-15 shows a minor decrease of HER

performance that does not agree with this scenario.

3) The third scenario is based on the instability of MOF, as suggested by the
aforementioned partial degradation/ablation of the MOF particles observed by SEM
(Figure 4-18) and XRD (Figure 4-19). In this scenario, small chunks of MOF, along with
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surface-attached Pt, detach from the MOF matrix (rather than individual Pt particles
described in scenario 2). After HER, the detached MOF pieces are presumably too small
to be collected by filtration, thus leading to a loss of both Ti and Pt. Now, I propose two
possibilities: a) if Pt was well dispersed throughout the MOF, such as, e.g. in NH,-MIL-
125-T1, the detachment would result in a proportionate loss of Pt and Ti during HER. 1
would observe no changes in HER upon reaction and also no difference in Pt content
upon ICP-MS analysis. b) If Pt was deposited mostly on the external surface, however,
the detached pieces would contain a larger portion of Pt. This would not affect the H,
evolution rate during the reaction either, but it would lead to a disproportionate loss of
Ti and Pt and thus lower Pt:Ti ratio in ICP-MS than calculated. This would be the case
for MIL-125-Ti.

This scenario has a considerable consequence to the photocatalytic activities of MOFs,
as it postulates that Pt deposition (i.e. dispersion, size etc) is different in the two MOFs

and greatly relies on the chemistry of the organic ligand.

It certainly warrants more detailed experiments and characterizations, such as using ex-
situ deposition of Pt nanoparticles, changing the particle loading and size, as well as

altering the porosity of the MOFs.

In general, the combined ICP-MS and TEM results indicate that the Pt has been
successfully loaded in both Ti-MOFs, in the form of metallic nanoparticles. The amount
of Pt in the system after HER was higher in NH,-MIL-125-Ti than in MIL-125-T1, which
1s supposed to benefit the photocatalytic activity of the system. Based on ICP-MS studies,
I further suggest that the deposition of Pt happens differently in NH,-MIL-125-Ti and
MIL-125-T1 MOFs, namely, Pt precursor resides inside the micropores of the former
sample to more extent. Another important criteria of Pt loading would be the interface
between the Pt and the MOF (e.g. with the Ti-oxo cluster or the linker) — but this is out

of scope of this thesis.
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4.2.4 Liquid-Phase Photoluminescence Investigation of MIL- and NH>-MIL-125-
Ti

Photoluminescence spectroscopy (PL), has been widely used to probe the recombination
of photogenerated electrons and holes as well as the charge separation properties of
photocatalysts.®> !> 13142 For example, Fu et al'’® synthesized Cobalt-doped NH,-MIL-
125-T1 and observed a decreased PL emission intensity compared to the pristine NH,-
MIL-125-Ti. As the emission spectra originates from the radiative recombination of
photogenerated charge carriers®, the introduction of Cobalt prohibited charge
recombination and improved the photogenerated charge separation efficiency.
Consequently, an increased photocatalytic efficiency towards CO, reduction has been
achieved with the Cobalt-doped NH,-MIL-125-Ti.

In this work, I utilized PL emission spectra to compare the charge recombination
behavior of MIL-125-T1 and NH,-MIL-125-Ti. To mimic the environment of HER, I
measured PL in liquid phase, while the mechanistic role of the sacrificial agent and
cocatalyst have also been probed. Samples for PL. measurements were prepared by
dispersing MOF powders into H,O (denoted as H) as well as MeOH aqueous solution
(50 % v/v, denoted as M). For the samples with cocatalyst, Pt was added via the photo-
deposition process in same way as during the HER process. Both the sample preparation
and the measurement parameters were set the same for a solid comparison between

MIL-125-Ti and NH,-MIL-125-Ti.

Figure 4-22 displays the emission spectra recorded at 280 nm excitation. MIL-125-T1
(Figure 4-22(a)) shows a very weak (or no) emission peak in the detection range of 350 -
530 nm, while its NH,-counerpart displays a broad emission peak centered at 441 nm.
Moreover, the intensity of the emission peak detected for NH,-MIL-125-Ti (Figure
4-22(b)) is dependent on the solvent as well as on the addition of Pt.
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Figure 4-22 PL emission spectra of (a) MIL-125-Ti and (b) NH>-MIL-125-Ti in different solvents under excitation wavelength of
280 nm. Solvent M. mixture of MeOH+H,0 (50 % v/v); Solvent H: distilled H,O. MOF’s powders were dispersed in different
solvents assisted with sonication (1 mg/50 mL); thus obtained spectra are shown in dashed lines. The spectra displayed in solid lines
are from the MOF suspensions after Pt photo-deposition.

Little work has been devoted to study the luminescent properties of MIL-125-Ti. To my
knowledge, only Yuan et al. have reported that the emission peak of MIL-125-T1 occurs
at around 531 nm when excited at 265 nm'* and An et al have excited MIL-125-Ti at
300 nm ascribing the maximum emission peak at 468 nm to the n—n* transition of the
benzene ring”®. However, both reports did not specify whether the spectra have been
measured in solid or liquid phase. No strong emission peak has been observed as shown
in Figure 4-22(a), suggesting a negligible radiative recombination process in MIL-125-T1
under the present measurement conditions.

In the case of NH,-MIL-125-Ti, it has been consistently shown that the radiative charge
recombination takes place on the ligand and results in emission at 435 nm.?% 6% 115139, 142
Therefore, the main peak in Figure 4-22(b), centered at 441 nm, can be ascribed to the

charge recombination in the organic ligand, NH,-BDC.

4.2.4.1 Impact of Sacrificial Agent

MeOH is used as hole sacrificial agent (electron donor) for HER experiments in this
work and the role of MeOH is clearly indicated in Figure 4-22(b). NH,-MIL-125-Ti has
three orders of magnitude lower emission intensity in MeOH+H,O (spectra with (M), in
blue) than in H,O (spectra with (H), in grey), which suggests a strongly reduced
recombination process with the presence of MeOH. Considering the stronger electron

donating property of MeOH (compared to H,0), it can be assumed that MeOH
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effectively consumes the photogenerated holes, and thus reduces the recombination
process in NH,-MIL-125-Ti, fulfilling the task of hole sacrificial agent. However, the
impact of MeOH can hardly be concluded with MIL-125-Ti, due to the ambiguous

emission peak.

4.2.4.2 Impact of Cocatalyst

The addition of Pt into the MIL-125-Ti samples did not show any pronounced influence
on the emission spectra. The observed hump at 441 nm, that appeared in MIL- sample
in H,O after Pt photodeposition (Figure 4-22(a), solid black line), cannot be attributed to
the characteristic emission of MIL-125-T1 and, based on its intensity, is likely related to

the Raman scattering of water'®.

In contrast, the effect of cocatalyst is more pronounced in the NH,-MIL-125 (H) sample
(Figure 4-22(b), solid line and dashed line in grey) where the addition of Pt quenched 35 %
of the characteristic emission peak. The decrease in intensity can as well be ascribed to
the capability of Pt to withdraw the photo-excited electrons and thus to prevent the
radiative electron-hole recombination. However, for NH,-MIL-125 (M), the addition of
Pt shows no such quenching effect (Figure 4-22(b), solid line and dashed line in blue), in

contrast to what one would expect.

To explain this, it is important to note another related observation from Figure 4-22 that
the use of MeOH as a solvent results in lower PL emission recorded for the NH,-MIL
sample compared to that in H,O. This can be related to the stronger hole accepting
property of MeOH and is another factor to be considered when comparing the NH,-
MIL-125 (M) and (H) samples. I suggest that due to the low loading amount of Pt, the
reduced amount of electrons did not contribute to prevent recombination in the sample
NH,-MIL (M), thus the emission intensity showed no decrease. This hypothesis needs
further investigation, by tuning the addition amount of Pt in NH,-MIL-125 (M).
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Figure 4-23 PL emission spectrum of NH,-MIL-125-Ti samples excited at 380 nm. The materials preparation as well as the data
instructions can refer to Figure 4-26.

To further elaborate on the origin of the emission peak at 441 nm in NH,-MIL-125-T1i,
PL emission spectra have been recorded after excitation at 380 nm (Figure 4-23).
According to the light absorption properties of NH,-MIL, the amino-functional group in
the ligand is responsible for the visible light response of this MOF and the wavelength of
380 nm should be sufficient to excite the electron transition within the ligand. Indeed,
the resulting PL spectra contain a strong emission peak centred at 443 nm, same as for

excitation spectrum recorded at 280 nm (Figure 4-22).

Though the intensities of all the emission peaks excited at 380 nm are much higher than
when excited at 280 nm, due to different intensity of the excitation pulse, it is impossible
to assign this difference to any of the material’s properties. However, by comparing
relative changes between spectra in Figure 4-23 and in Figure 4-22, one can see smaller
peak differences observed between NH,-MIL-125-T1 (H) and NH,-MIL-125-T1 with Pt
(H) as well as between NH,-MIL-125-T1 (H) and NH,-MIL-125-Ti (M). Based on this, it
can be concluded that the quenching effects of Pt and MeOH are less significant when

excited at 380 nm.

Why would different excitation wavelength make a difference? It seems that at 380 nm,
the excitation occurs in the ligand, then electrons go to the metal cluster and then into Pt,
while at 280 nm, the excitation could as well happen in the metal cluster, followed by a
direct electron transfer to Pt (Section 1.3.4.2, Dual Excitation Pathway). Therefore, the
excitation and transfer at 280 nm is more efficient than that at 380 nm, with a possible

implication to the photocatalytic activity/quantum efficiency. However, for the moment,
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wavelength-selective HER experiments are beyond the scope of this project, but will be

interesting for further studies.

In summary, the above PL spectra provide a preliminary study on the ligand influence,
the role of hole sacrificial agent as well as the role of cocatalyst. First, the emission
intensity in NH,-MIL-125-T1 is undeniably higher than that in MIL-125-Ti, which
indicates a higher radiative recombination in NH,-MIL-125-T1i than that in MIL-125-Ti.
Therefore, though the presence of -NH, in the organic ligand of NH,-MIL-125-T1
extends the light absorption range into the visible spectrum compared to the MIL-125-Ti
counterpart, the newly created excited states are prone to strong recombination.
Referring back to the photocatalytic activity of the two MOFs towards HER, the inferior
hydrogen revolution rate in NH,-MIL-MOF can be now attributed to this recombination.
In addition, both the hole sacrificial agent and the cocatalyst have demonstrated their
capability of facilitating charge transfer and reducing charge recombination with NH,-
MIL-125-Ti.

4.2.5 Hydrogen Evolution in Darkness

To further elaborate the role of cocatalyst in our HER system, photocatalytic
experiments without Pt have been conducted. The entire experimental flow along with

the hydrogen and CO, generation are shown in Figure 4-24.
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a) MIL-125-Ti optical photos of MIL-125-Ti suspension
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Figure 4-24 Role of Pt cocatalyst for hydrogen evolution reaction: HER experiments were conducted with both MIL- and NH,-MIL-
125-Ti; the suspension was irradiated for 2 times, first without the addition of Pt, then with the addition of Pt.

Taking MIL-125-Ti as an example, the reaction suspension was first subjected to UV
irradiation, starting at t = 20 min until t = 56 min, without the addition of the cocatalyst
solution, as shown in Figure 4-22(a). After UV irradiation, the suspension was kept in
darkness for about 40 min and then the Pt precursor (H,PtCls aqueous solution) was
added at t = 96 min. Immediately before addition of the precursor, sharp peaks appeared
at around t = 98 min in both H, and CO, profiles. These were caused by the opening of
the reactor, which was necessary to inject the solution. After the addition of Pt precursor
and closing the reactor, the system needed about 3 - 4 min to recover back to the original

baseline profile.

The reactor was kept in the dark for another 30 min to ensure a stable baseline. However,

something completely unexpected happened; a strong HER peak appeared, while the

106



Chapter 4 Metal Organic Framework for Photocatalytic Application

CO, was at its baseline level. After the HER rate dropped again, the MIL-125-Ti system
was subjected to a second UV irradiation between t = 127 min and t = 187 min (Figure
4-22(a)), upon which both, H, and CO, increased as expected. It is important to note
that this ‘unusual’ H, revolution peak in the dark (Figure 4-25, t = 102 - 127 min) has

been reproduced in several experiments.

For comparison, the NH,-MIL-125-T1 was tested in a similar experimental setup: first
irradiated without Pt precursor and then the Pt precursor was present in the solution
additionally as shown in Figure 4-27(b). The sample performed in a way expected for
the NH,-MIL as can be seen from the H, and CO, evolution profiles. However, no HER

peak in the dark was observed.

First, it 1s clear from Figure 4-24 that the presence of Pt is indispensable for the H,
production, since no H, has been detected during the first UV irradiation period, while
the HER was strong in the second UV period after the addition of Pt, reaching rates as
high as 45 umol/h. Second, it also clear that the H, and CO, evolution rates were

considerably weaker in the case of NH,-MIL-125-Ti (Figure 4-24(b)).

The ‘unusual’ H, evolution in the dark upon addition of Pt, which has only been seen in
the MIL-125-Ti samples, is truly unique and I could not find anything similar to that in
the literature for any photocatalyst reported. Since this peak is not accompanied by a
CO; evolution, there is one important question: Where does the H, come from,

especially since no photons have been provided to trigger a photocatalytic process?

To understand this phenomenon, let us look at Figure 4-24(a), which presents the digital
photographs of the reaction cell at different crucial time points. The MIL-125-Ti
suspension had a dark purple color after the first UV irradiation and before the addition
of Pt precursor. After the second cycle of UV irradiation, the photocatalyst turned white.
It has been reported that, when alcohols (such as MeOH) are adsorbed inside the MOF
pores under inert atmosphere, UV irradiation can initiate a photochromic effect in MIL-
125-Ti.*® This photochromic behavior is related to the presence of intervalence electron
transfer bands introduced by the optically induced hopping of electrons from Ti** to Ti*
sites in the titanium-oxo clusters of MIL-125-Ti.*° Therefore, I ascribe the dark color of

the reaction solution to the presence of Ti**. Hereby, I propose that Ti** species are
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generated during the first light irradiation period; however, without Pt cocatalyst, the
Ti** (which hold the reactive electrons) cannot be effectively utilized for the reduction of
water and remain reduced. Our experiments revealed that these Ti** color centers can be
preserved in the MOF matrix for at least 40 min. Such unusually long lifetimes have not
been reported before at all. This explains the dark color of the suspension before the
H,PtCly addition. After the precursor injection, the photogenerated electrons - stored in
Ti** - transfer to [PtCls]* and reduce Pt** to Pt°, completing the conventional photo-
deposition process without additional light supply. Consequently, with the assistance of
newly cleated Pt cocatalyst sites, electrons from Ti** can further reduce H' into H,,
contributing to the H, generation event under darkness in Figure 4-24(a), from

t=102 min to t =127 min.

In contrast, in the case of NH,-MIL-125-T1i, there is no immediate hydrogen generation
after the addition of Pt, which, based on our previous assumption, can now be ascribed
to the absence of long-lived Ti** active species. To verify the above assumption I have
also taken digital photographs of the NH,-MIL suspension after the first light

illumination cycle. In fact, there was no color change observed for this MOF suspension.

Based on above discussion, our data shows that the Ti** species in MIL-125-Ti have
much longer lifetime than those in NH,-MIL-125-T1 and this key difference between the
two material is expected to contribute to the prominent difference in their photocatalytic

HER activity .

In order to further confirm my assumption about hydrogen generation process in
darkness with the presence of Ti’* and Pt, and to exclude the influence of the H* and CI*
present in the H,PtClys precursor, a set of experiments was conducted where the same

amount of H" was provided via the addition of HCI.
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Figure 4-25 The comparison of the addition of HCI and H,PtCls after light irradiation. When irradiation started, no cocatlyst was
added. When t = 60 min, the reactor was opened and HCI was added; when t = 135 min, the reactor was opened again and H,CIPts
was added.

Figure 4-26 The color change of the suspension after Pt addition, roughly from t = 137 min in Figure 4-26.

The plot in Figure 4-25 demonstrates how the addition of HCI and subsequent addition
of H,PtCly affects H, and CO, generation rates. After HCI addition, no H, evolution was
detected; while later, after the addition of Pt precursor, the H, peak appeared, which was
in accordance with my assumption. Therefore, the presence of Pt is indispensable for the
H, evolution in present HER system, under both ‘dark’ and ‘irradiation’ conditions.
Figure 4-26 shows the change of the suspension color after the addition of Pt precursor.
As previously discussed, the dark purple color indicates the presence of Ti**. Therefore,

the fading of the suspension after the addition of Pt manifests the ‘quenching effect’ of Pt
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on Ti**. The fading process lasted for more than 20 min, corresponding to the H,

generation in Figure 4-25 around t = 148 min.
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Figure 4-27 Investigation on the role of MeOH in HER: The HER system of MIL-125-Ti was irradiated twice, first without MeOH,
then with MeOH.

To elucidate the role of MeOH in the generation of stable Ti** species, another
experiment has been conducted. The suspension with MIL-125-Ti in pure DI water was
first irradiated, then Pt precursor together with MeOH was added at t = 101 nm (Figure
4-27). After 30 min in darkness, the final suspension as subjected to the second UV
irradiation cycle. No apparent H, generation was observed after the H,PtCl-MeOH
addition, which was complemented by the observation that the colour of the suspension
after the first irradiation period remained white, unlike previously observed dark purple
colour. No stable long-lived Ti’** species existed at this stage, corresponding to no H,
generation, which corroborates that Ti** is indeed responsible for the H, evolution. In
addition, the data confirms that the presence of an alcohol (MeOH in our case) is
necessary to obtain the stable Ti** species, which is in agreement with the observation by
Dan-Hardi et al®® who suggested that the photoassisted reduction of Ti** into Ti** is

coupled with the oxidation of the alcohols.
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Figure 4-28 Calculation of Hydrogen Evolution Volume

Although a possible formation of Ti’* states in Ti-based MOF has been reported, this
storage of photo-excited electrons is a truly novel finding. Moreover, the utilization of
the photogenerated electrons stored in such way may have potential practical
applications. In fact, I have for the first time successfully accumulated the energy of light
photons, stored it in the form of partially reduced Ti states for indefinite time and,
importantly, released this potential energy on demand in darkness, thus fueling a
photocatalytic system for hydrogen evolution. This process can be described with the

following scheme: photon < Ti** - Pt** (P°) > H" (H,)

Next, I would like to estimate the Ti** percentage in MIL-125-Ti from the evolved H,,
which can further clarify whether or not the H, evolution stems solely from the Pt

precursor.

The volume of H, generated in darkness after the addition of Pt can be obtained by
calculating the area under the H, profile (Figure 4-28, between t = 102 min to t =
127 min) which amounts to 4.26 umol of H,. Based on the structural formula of MIL-
125-T1 Ti305(OH),-(BDC)s (1587.56 g/mol) and the mass of MOF used in the HER
system - 10 mg - the amount of titanium centres can be calculated to 50.4 umol of Ti*".
To take the electrons consumed by the deposition of Pt** into account, the addition of
0.256 umol H,PtClg requires 1.024 umol of electrons. In total, to generate 4.26 umol H,,

the system will consume 9.544 pumol of electrons. Given that all the electrons are

111



Chapter 4 Metal Organic Framework for Photocatalytic Application

provided by the Ti**, there are at least 9.544/50.4 = 18.93 % of the Ti centres in the Ti-

oxo clusters present as Ti** before the addition of Pt precursor takes place.

Considering the loss of Ti** during the opening of the reactor (partial reoxidation due to
O, diffusion from air) and the possible decay during the waiting time in darkness, the

Ti** proportion is likely higher than 18.93 %.

The situation was entirely different in the case of NH,-MIL-125-Ti. The experiments did
not show this H, evolution in the dark, which can have several reasons. First, the
photogenerated holes in these two MOFs are of different state. The HOMO level of
MIL-125-T1 is more positive than that of NH,-MIL-125, which is preferable for the holes

transfer MeOH and will consequently lower the probability of charge recombination.

Second, as indicated by the PL data, the recombination probability in NH,-MIL-125-Ti

is higher, suggesting less efficient charge utilization.

The third possible reason is also related to the photogenerated holes. Walsh et al'® used
DFT simulations to predict that, in addition to being transferred to a sacrificial agent,
the photogenerated holes in MIL-125-Ti can also facilitate the oxidation of the Ti-oxo
species, leading to the formation of an oxygen vacancy in the cluster and stabilizing the
Ti**. For NH,-MIL-125-Ti, such predictions have not been reported. Therefore, it
appears that the MIL-125-Ti has more possibilities to consume holes, which lowers the

charge recombination probability and preserves the photo-reduced Ti**.

4.2.6 Working Mechanism of MIL- and NH,-MIL for photocatalytic hydrogen
evolution

The ligand-metal charge transfer (LMCT) mechanism has been proposed to describe the
working principles of Ti-MOFs as photocatalysts,”  '?° as detailed in Chapter 1.3.4.2.
ESR studies have further revealed the presence of Ti** under light irradiation in both
MIL-125-Ti and NH,-MIL-125-Ti.2%% 7 10 These works confirmed the formation of Ti**
in MIL-125-T1 under photocatalytic conditions as well as UV irradiation and uncovered

a surprising stability in aqueous solutions.
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A possible working principle of MIL-125-Ti is illustrated in Figure 4-29, based on
previous observations and discussions. According to the LMCT mechanism,
photoexcited electrons transfer from the ligand to the Ti-oxo clusters and reduce Ti*" to
Ti**. The potential of Ti*" is more negative than the water reduction level,* therefore, the
photogenerated Ti** further reduces H* to H, with the help of a cocatalyst (Pt). At the
same time, the Ti’* gets regenerated back to Ti**, while the holes - left in the organic
linker - get consumed by the sacrificial agent, which is MeOH in this case. One
oxidation product of MeOH, CO,, has been clearly detected, however, for now, the
existence of CH,O, HCOCHj; etc cannot be excluded.

Cco, |
CH,0, MeCH
HCOCH;...

Figure 4-29 HER process of MIL-125-Ti in MeOH aqueous solution with Pt as cocatalyst

Compared with MIL-125-Ti, the working mechanism of NH,-MIL-125-Ti is less clear.
With regard to the oxidation process of MeOH: while the quenching effect of MeOH
over the emission spectra of NH,-MIL-125-T1 demonstrated the charge transfer between
MeOH and MOF, the behavior of CO, generation observed during HER (Chapter
4.1.1.7) indicated that the MeOH oxidation with NH,-MIL-125-T1 happens in a different
way from that with MIL-125-T1. Besides, the role of Pt is still ambiguous. As observed
from the PL emission spectra in Figure 4-23, the addition of Pt did not significantly
diminish the emission upon charge recombination in NH,-MOF. Although this may be
attributed to the low amount of Pt, it still raises doubts about the role of Pt in the NH,-
MIL system, which needs to be addressed to further improve the photocatalytic
efficiency of NH,-MIL-125-Ti.
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4.2.7 Conclusion and outlook

a) Conclusion

NH,-MIL-125-Ti, an aminated analogue of MIL-125-Ti, is a successful example of
improving MOFs’ light absorption property via ligand tuning. Consequently, research
on the photocatalytic activity of Ti-based MOFs has concentrated predominantly on
NH,-MIL-125-Ti as a visible-light active photocatalyst. Therefore, there has been very
few direct comparisons of the photocatalytic activity between MIL-125-T1 and NH,-
MIL-125-Ti.

Based on the obtained data, especially the PL emission spectra and the HER experiment
where active Ti** species have been stabilized, I can ascribe the inferior photocatalytic

efficiency of NH,-MIL-125-T1i mainly to its intense charge recombination.

In summary, the ligand tuning in MOF can bring more effects in addition to light
absorption modification, which needs to be carefully addressed. Other strategies to
improve the light absorption, such as the incorporation of organic dyes, etc. can
therefore be considered as an alternative. Moreover, I think, efforts should be devoted
more to the improvement of the photocatalytic efficiency under solar simulated

spectrum, rather than the sole visible spectrum or UV spectrum.

Lastly, it is remarkable that the excited state (Ti**) in MIL-125-Ti can be preserved after
light irradiation for at least 45 min. This offers a new type of a photocatalyst material
with the potential to initiate a desired reaction in the dark at a desired time. More

experiments are required to fully exploit this phenomenon.

b) Outlook
Due to the time constrains and the equipment accessibility, the following issues have not

been addressed in this thesis, but require further investigation in the future:

1) In-situ FTIR-ATR and EPR experiments shall unravel details regarding the
photocatalytic reaction mechanism, charge transfer pathways as well as the
formation and stability of the Ti** species.

2) HRTEM-EDX mapping, STEM and possibly tomography shall reveal size

variations and distributions of Pt within the micropores of MOFs.
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3)

4)

5)

Long-term experiments shall uncover the stability of the MOFs for HER
performance.

The incorporation of MIL-125-Ti with dye-based sensitizers shall be explored as
another potential method to improve its photocatalytic activity under visible light
irradiation.

Further variation of process parameters, such as sacrificial agent, co-catalyst, light
source etc., shall shed more light on the novel ‘switch-on’ hydrogen evolution
process, to improve its performance and to find alternatives to trigger the H,

generation.
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4.3 Metal oxides derived from Ti-based MOFs

When MOFs are subjected to high temperature treatment in ambient atmosphere, the
organic ligand undergoes a thermal decomposition and when given proper temperature
and time, metal oxides can be obtained; for example, TiO, can be derived from Ti-based
MOFs. Metal oxides derived via calcination of MOFs may feature a considerably large
surface area, pore volume, and comparatively ordered porous structure — ‘hierarchical’
pores that can be partially preserved from parent MOFs — have attracted attention of

144-146

researchers for various applications, e.g., as anode material in Li-ion battery, as

147-149 147, 150-153

compactors and as catalysts

The following section focuses on the metal oxides derived from Ti-based MOF and their
applications in photocatalytic hydrogen evolution (HER). Moreover, last section has
witnessed the impact of ligands on MOFs’ photocatalytic activity; whether different
functional group in the organic ligand can further influence the properties of obtained
metal oxides is still an open question. Therefore, titania materials derived from both

MIL-125-Ti and NH,-MIL-125-Ti have been investigated in this section.

4.3.1 Results and Discussion

4.3.1.1 SEM

1um

o I —

Figure 4-30 SEM images of a) TO-550, calcined from MIL-125-Ti at 550 °C; cake-like plates, c.a. 443 nm*235 nm; b) TO-N-600,
calcined from NH,-MIL-125-Ti at 600 °C; cake-like plates, c.a. 231 nm™*120 nm.
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As described in Chapter 3.2, TO-x and TO-N-x are oxides obtained from MIL-125-Ti

and NH,-MIL-125-Ti, respectively; x indicates the calcination temperature.

SEM images of TO-550 and TO-N-600 are displayed in Figure 4-30. The primary
particles of both powders are of similar morphology, both cake-like plates, inherited
from the parent MOFs. No obvious particle collapse has been observed upon calcination,
as both samples are composed of intact particles with clean and smooth surfaces. The
average size of TO-550, around 443 nm * 235 nm, is bigger than that of TO-N-600,
231 nm * 120 nm. Compare with the pristine MOF sizes (Figure 4-5), both oxides suffer
a volume shrinkage (ca. 50 % and 85 %, respectively), which can be ascribed to the loss
of organic matter during calcination as well as the pore collapse. In fact, if Ti-oxo
clusters in the parent MOFs transform into a densely packed TiO, crystal structure,
based on the unit-cell volume of MIL-125-T1 and anatase, the volume shrinkage of both
parent MOFs can be as high as 95 %. Therefore, the volume shrinkage observed in TO-
550 and TO-N-600 is less than expected for complete collapse, hence the resulting
materials still contain some porosity inherited from their parent MOFs. The reason for

the higher volume loss of NH,-MIL-125-Ti during calcination is not yet clear.

4.3.1.2 XRD
A P25
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Figure 4-31 XRD patterns of P25, and TO-550 (a) calcined from MIL-125-Ti at 550 °C and TO-N-600 (b) calcined from NH,-
MIL-125-Ti at 600 °C. Commercial P25 is composed of anatase and rutile; TO-550 is composed of anatase and brookite; TO-N-600
is composed of anatase, rutile and brookite.
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XRD patterns in Figure 4-31 reveal the crystal phase of the calcined samples. P25 as a
benchmark for TiO, has also been measured and provided as a reference. For both
calcined samples, diffraction peaks assigned to anatase can be clearly detected. In TO-N-
600, the diffraction peaks at 20 = 27.4° and 26 = 41.3° confirm the existence of rutile,
but no obvious rutile peaks present in TO-550, which can be ascribed to the fact that
higher temperature is required for anatase to rutile transformation (ART). Compared
with P25, there is a minor hump at 26 = 30.7° in the diffraction patterns of both calcined
samples, but especially in TO-550. This hump can be assigned to another TiO, phase,
(211) of brookite (JCPDS 65-2448)"*. So far, there is no report about the presence of
brookite in the calcination products derived from Ti-based MOFs, as brookite itself is a
metastable TiO, phase, referring to the preparation conditions of brookite from
amorphous TiO, or sol-gel route. The sizes of crystallites were calculated according to
the Scherrer equation (Equ. 2-4), with the information of peak (101) (26 = 25.3°) for
anatase. The crystallite size of anatase in TO-550 and TO-N-600 are 9.5 nm and 13 nm,

respectively.

XRD patterns have confirmed the phase composition of the calcined products; however,
whether the calcination process is enough to remove/oxidize all the organic components,
or there are trace impurities remaining from organic ligand, is hard to tell from XRD. In
fact, Wu et al has filed a patent about the preparation of N-doped TiO, via the
calcination treatment of NH,-MIL-125-Ti.'> Therefore, EDX and Raman spectroscopy

were applied to identify residual nitrogen and carbon in the calcined products.
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4.3.1.3 EDX
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Figure 4-32 SEM-EDX point analysis of a) TO-550; b) TO-N-600; ¢) EDX spectra of TO-N-600.
SEM-EDX has been used to characterize the elemental composition, as shown in Figure
4-32 by means of point analysis. TO-550 has been measured as a reference giving the
mean average N/Ti at % ratio of 0.061 %, while EDX of the TO-N-600 powder showed
a higher ratio of 0.105 %. The presence of N in TO-550 is most likely an analysis artifact
of the software, caused by the peak overlap between Ngq (0.40 V) and Tira (0.45 V), as
llustrated in Figure 4-32. In case that the nitrogen of the -NH, group is fully preserved
in the calcination product, the N/Ti at % ratio in TO-N-600 would be expected to
amount to 0.75 %. Therefore, the measured N content in TO-N-600 is much less than
one would expect in this case, which can be attributed to several reasons: a) not all the
nitrogen remains in the sample during calcination; b) the intrinsic low sensitivity of the
EDX for light elements does not provide accurate values. For more reliable and accurate
determination of carbon and nitrogen concentration in the samples, combustion-gas
chromatography 1is recommended for further characterization. Nevertheless, by
comparing the N/Ti at % ratios in these two samples, I can still suggest that the TO-N-
600 derived from NH,-containing MOF has a significant nitrogen residue in the resulting

Ti0,.
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4.3.1.4 Raman
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Figure 4-33 Raman Spectra of TO-550 (plot a) and TO-N-600 (plot b). a), b) and c) are the same spectra with different Raman shift
range. Wavelength of laser: 532 nmy; laser powder: 5 mW.

Raman measurements have been conducted to verify the existence of residual carbon

(Figure 4-33).

Raman shifts of both samples have been recorded in the range of 100 - 3000 cm™ (Figure
4-33(a)). No first order characteristic carbon bands (D and G bands), located at 1347 and
1586 cm™,"*® respectively, have been detected for any of the calcined samples, also no
second order bands, which suggests that TO-550 and TO-N-600 are free of carbon
species. However, it needs to be noted that this observation does not exclude the
possibility of carbon existing as dopant in the TiO, matrix, for which we have to take a

closer look at the peaks.

Figure 4-33(b) is a magnified spectrum of TO-550 and TO-N-600 showing the range of
100 - 1000 cm™. The two samples exhibit similar Raman characteristics, with peaks
present at around 145, 198, 396, 516 and 640 cm™ assigned to the E,, E,, B;, A;;+B;, and
E, modes of anatase phase, respectively.””’” The inset further compares the main
characteristic peak of anatase and a noticeable peak shift can be observed between TO-
550 and TO-N-600, 146.5 cm™ vs. 143.6 cm™. In addition to the peak shift, the FWHMs
are also different, 16.14 cm™” for TO-550 compared to 11.33 cm™ for TO-N-600. Since
the absolute E, peak positions reported for anatase are not highly consistent (from 144 to
147 cm™)P*71% in this work the observed peak shifts, i.e. 146.5 cm™ vs. 143.6 cm™, will be

focused. It is known that the peak shift in Raman can be caused by different reasons,

1 8 2

including the crystallite size,'®! crystal strain,'*® non-stoichiometry/doping,'®* surface

adsorbed species,'® etc.. The crystallite size of TO-N-600 is bigger than that of TO-550
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according to the XRD data, which is supposed to induce a red shift'®*!¢41therefore, the
crystallite size difference can be ruled out from the contributions to the observed blue
shift. Moreover, due to the low percentage of rutile phase in TO-N-600, the interference
from the B, mode (144 cm™) of rutile in the peak shift can also be excluded. Another
difference between the two oxides, which can induce the shift, is nitrogen doping in TO-
N-600. Cheng et al.'> have observed a 5 cm™ red shift in their 3 mol % N-doped TiO,
compared with the un-doped sample.'®® Similar Raman red-shift has also been reported
by Yang and co-workers though they attributed the shift to the crystallite size only.'*® In
fact, Raman shift has only been observed with substitutionally N-doped TiO,; whereas
with interstitial doping, peak broadening instead of peak shift has been observed.'¢’-16816?
Thus, considering the above discussion and based on the EDX elemental analysis, it
may be suggested that the anatase E, peak shift recorded between the samples
corresponds to the substitutional doping of nitrogen in TO-N-600.

In addition to the peak shift, it is well established that the FWHM of the anatase E,
mode (~ 146 cm™) reflects the stoichiometric ratio of O/Ti."" ' In the oxidation
annealing experiment of TiO,., performed by Parker and Siegel,'"” the authors have
discovered that the FWHM above 13 cm™ indicates that the oxide is oxygen deficient (x >
0); and the higher the FWHM value is, the higher does the oxygen deficiency (x) get.
The FWHM of our two samples are, 16.14 cm™ for TO-550 and 11.33 cm™ for TO-N-
600, suggesting an oxygen deficiency for TO-550. Moreover, as confirmed by XRD, TO-
550 contains brookite, which is more likely to have defects, specifically V,, among the
three TiO, phases,'” further strengthening the argumentation that TO-550 contains
oxygen defects. For TO-N-600, the stoichiometry ratio of O/Ti is approximately 2,
indicating much less oxygen deficiency; one possibility can be that the substitutional

nitrogen sits on the oxygen vacancies coincidently, thus ‘healing’ the oxygen defects.

Figure 4-33(c) provides another magnified view on the spectra, now focusing on the E,
mode of rutile phase: the peak at 448 cm™ indeed confirms the presence of rutile in TO-
N-600. However, Raman peaks of brookite, such as 153 cm™ and 247 cm™, cannot be

distinctly detected, which can be ascribed to the low percentage of brookite, the peak
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overlap between brookite (153 cm™') and anatase (144 cm™), or the lack of brookite

presence on the surface.

In summary, Raman spectra confirms a) the absence of carbon species in the calcined
samples; b) the main TiO, crystal phases observed in XRD. Importantly, c) the peak
shifts and peak broadening suggest the presence of defects: oxygen deficiency in TO-550
and substitutional N-doping in TO-N-600.

4.3.1.5 UV-Vis spectroscopy
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Figure 4-34 UV-Vis DRS of P25, TO-550 (plot a) and TO-N-600 (plot b): a) Absorbance; b) Kubelka-Munk function and Tauc plot

UV-Vis light absorption of the two calcined samples including P25 have been measured
with DRS (Figure 4-34). Judging from the strong differences in the visible range, the
light absorption ability is descending in the sequence TO-550 > TO-N-600 > P25.
Compared with P25, the absorption onsets of TO-550 and TO-N-600 show a red shift,
especially distinguishable for TO-550 that has an absorption tail extending into NIR
region. As the particles of both TO-550 and TO-N-600 are comparable in size to the
wavelength of the light, a contribution by light scattering cannot be excluded.'”
Therefore, to restrain the influence of particle size difference between TO-550 and TO-
N-600 on the absorbance spectra, the acquired diffusive reflectance has been converted
to Kubelka-Munk function in Figure 4-34(b). Consistent with Figure 4-34(a), the
calcination products demonstrate increased light absorption property compared to P25.

However, the TO-550 absorbed almost in the whole visible range, while TO-N-600 did
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not, indicating a different absorption-enhancement mechanism in these two samples, in
accordance with the Raman observation about different defect types. The optical band
gap is calculated with the indirect-allowed transition model (Equ. 2-6) (Figure 4-34(b)),
as the main crystal phase for all the three oxides, anatase, is indirect-allowed band
transition material'’>'”*, MOF derived oxides have a narrower band gap of 3.0 eV than

the 3.15 eV of P25.

Based on Raman observation, TO-550 is oxygen deficient. Zhou et al.'™ have prepared
oxygen defective TiO, via one-step molten salt method and obtained a largely identical
light absorbance spectra to what was obtained in Figure 4-34. TO-N-600, based on the
previous conclusion drawn from EDX and Raman observation, is a substitutionally N-
doped TiO,. It is agreed that the substitutional nitrogen shifts the VB of TiO, upward
while the interstitial nitrogen introduces new electronic states inside the forbidden
band.!”>177 17817 In Figure 4-34, the band gap narrowing of TO-N-600 compared with
P25 is only as much as 0.1 eV and there is no profound absorbance shoulder in the

absorbance, the measured DRS data thus features a substitutionally N-doped TiO,'3182,

In summary, due to defects, TO-550 and TO-N-600 show enhanced light absorption
with narrower band gaps compared to standard anatase TiO, (3.0 eV vs 3.2 eV). Notably,
the defect type is different for the two: oxygen vacancies for TO-550 and substitutional
N-doping for TO-N-600.

4.3.1.6 Photocatalytic Hydrogen Evolution Activity

As has been clarified in the introduction of this section, we are interested in the
photocatalytic performance of TiO, derived from Ti-based MOFs. Above
characterizations have revealed the materials’ nature and even confirmed the presence of
defects. How do the defects affect the photocatalytic performance? Do they act as charge
recombination or light absorption centers? HER has been conducted to investigate this
issue as well as to illustrate the potential of MOF-derived oxides for photocatalytic

application.
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Figure 4-35 Hydrogen evolution rate of P25 (plot in orange), TO-550 (plot a, in grey) and TO-N-600 (plot b, in blue).

The photocatalytic activities were tested under UV irradiation (Figure 4-35) as the
samples are not effectively visible-light active. P25 behaves differently from TO-550 and
TO-N-600 featuring a drastic deactivation: the H, evolution rate first rises to 230 umolh™
after about 7 min irradiation, then suddenly drops to ~ 170 umolh™ within 10 min,
followed by a slower decrease. The H, evolution rate of P25 is 95.5 umolh™ after 1 h
irradiation, which may not be a stable level yet. In contrast to P25, TO-550 and TO-N-
600 exhibit no deactivation within 1 h irradiation reaching hydrogen evolution rates of
151.9 and 70.7 umolh”, respectively. The sudden drop of P25 HER rate (catalyst
deactivation) has also been observed by other researchers. With the same HER setup,
Haselmann and Eder have investigated the deactivation and attributed the deactivation
to the ratio of cocatalyst (i.e. Pt) to oxygen vacancies as well as the encapsulation of the
Pt by the TiO, matrix.'*®

To elucidate the different photocatalytic behaviors of these three oxides, Table 4-8
compares the possible contributing factors including crystal phase composition,

crystallite size, the defects type, etc..
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Table 4-8 Comparisons between P25 and TiO, derived from MIL and NH,-MIL-125

Crystallites
Sample H: evolution Crystal size of
Information = rate (umol-h1) Phase anatase (nm) DRS Defects
P25 95.50 A+R 20 Eg=3.15eV Vo
TO-550 151.9 A+B 9.5 Eg=3.00 eV Vo
TO-N-600 70.70 A+ R 17 Eg=3.00 eV N;

* Hydrogen evolution rate was collected after 60 min irradiation.
* Crystal Phase: A is short for anatase; R is short for rutile and B is short for brookite.

* Crystallite size were calculated with Scherrer Equation, with the peak (101) of anatase at 26=25.3°

The HER rate of TO-550 doubles that of TO-N-600 and Table 4-8 shows that the
samples differ in phase composition, crystallite size as well as the defect type. It is hard
to identify the main factors attributing to the different photocatalytic activities. Taking
P25 into comparison, P25 and TO-550 exhibit oxygen vacancies (V,),"*® '8 maybe the
defects are not comparable; yet, both of them demonstrate a higher HER rate than the
TO-N-600, which contains N as dopants. Therefore, it can be speculated that the defect
type is likely to account for the different HER rates between TO-550 and TO-N-600.

Researchers have revealed that the surface V, can help water adsorption and dissociation
on the surface of defective TiO,.!8+18>186.187188 \When water dissociates at the V, site, it can
form either surface-terminated —OH groups, O-bridging groups or *OH radicals.'®
Hydroxyl groups can create a hydrophilic surface, which is beneficial for the adsorption
of reactant species onto the catalyst. The formation of radicals can act in a different way:
Guzman et al.”® performed D,O studies and proposed that during HER process, the
MeOH reacts with *OH rather than directly with photo-excited holes h*. Therefore, an
increased concentration of *OH radicals, possibly induced by the V,, can facilitate the
MeOH oxidation process, contributing to the H, evolution efficiency of TO-550. In
contrast to oxygen vacancy, nitrogen defects are rather known as recombination

177

centers'’’. Therefore, despite of the increased light absorption, the photocatalytic activity

of TO-N-600 decreased.

So far, I have discussed about the characterization related to oxygen defects, as well as
the possible contribution of oxygen defects to the photocatalytic activity. In all scenarios,
the defect concentration plays an integral role. There is not much known about oxygen

defects in MOFs-derived oxides. Likely, they are formed upon oxidation of the rather
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high percentage of organic components in MOFs. Due to restricted access to oxygen
from the atmosphere, the organic component consumes additional O from the
neighboring Ti-oxo clusters, resulting in an O, deficient environment for the

crystallization of titania.

To verify the hypothesis as well as to gain control over the V,, MOFs calcined with
different parameters have been investigated. Moreover, the obtained samples possibly
could have different crystal phase composition, which will help to clarify the influence of

crystal phase on the photocatalytic performance that has not been discussed here.

4.3.1.7 Primary Attempts to Control V, Concentration via Calcination

Table 4-9 lists the information of metal oxides derived from MIL-125-Ti and NH,-MIL-
125-T1 with different calcination parameters. The TO-550(a) and TO-N-600(b) are listed
as reference; calcination temperature, calcination rate as well as the amount of MOF

powders used for one batch calcination have varied in comparison to them.

Table 4-9 Sample Information of Metal Oxides derived from Ti-MOFs

MOF Metal Oxides Calcination T Ramp rate Comments label in graph
TO-550 550 °C 5 °C/min as 'reference’ a
MIL-125-Ti TO-550 550 °C 5 °C/min higher mass al
TO-550" 550 °C 1°C/min lower ramp rate a3
TO-600 600 °C 5 °C/min higher cal. T a2
TO-N-550 550 °C 5 °C/min lower cal. T b1
NHz-MIL-125-Ti TO-N-600 600 °C 5 °C/min as 'reference’ b
TO-N-600' 600 °C 5 °C/min higher mass b2

Since the muffle oven provides kind of semi-sealed environment, I studied the impact of
amount of starting material as well as of the calcination ramp rate on the oxygen supply
during calcination. Furthermore, the influence of calcination temperature on phase

composition and crystallite size was investigated.
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Figure 4-36 SEM characterizations of titania derived from MOFs: a;) TO-550°; a;) TO-600; as) TO-550"; b;) TO-N-550; b;) TO-N-
600",

The morphologies of the newly obtained titania have been characterized in Figure 4-36.
The following conclusions can be drawn from the SEM images: 1) a lower calcination
temperature (550 °C) resulted in a smoother surface, while a higher calcination
temperature (600 °C) led to small particle ‘cracks’ or ‘voids’ (compare a; vs. a,, b; vs. by);
2) the influence of calcination ramp rate on morphology is not very obvious as both
samples have the same circulate shape and similar surface smoothness (compare a; vs.

a3).
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Figure 4-37 a) XRD patterns of titania derived from MOFs: a;) TO-550°; a;) TO-600; a3) TO-550"; b;) TO-N-550; b;) TO-N-600".
b) Enlarged XRD pattern of sample as.

Figure 4-37 shows the XRD patterns of the obtained titania and Table 4-10 summarizes
the phase composition as well as crystallite size derived from XRD patterns. The average
size of the crystallites was calculated according to the Scherrer equation (2-4), using the
peaks at 20=25.3° and 20=27.3° for anatase and rutile phase, respectively. The weight

ratio of rutile were calculated according to Spurr & Meyers equation (Equ.4-1)'*.

1
Rutile % = —I 41
1+ 0.79 = IA
R

* L4 is peak intensity of anatase (101); Ix is the peak intensity of rutile (110).

Table 4-10 Crystal Phase Analysis of Different TiO,

. .. Crystal Crystallite label in
MOF Metal Oxides Calcination T Comments Phase R/A ratio Sizes (nm) graph
as
TO-550 550 °C 'reference’ A+B - 9.5 a
U 0, 3 0,
MIL-125-Ti TO-550 550 °C higher mass A+R 25.8% 13 /63 a
lower ramp
TO-550" 550 °C rate A+R+B 18.6% 12 /42 as
TO-600 600 °C higher cal. T A+R 34.7% 19 /83 a
TO-N-550 550 °C lower cal. T A+R+B 17.3% 13 /25 b
NH;-MIL-125- as
Ti TO-N-600 600 °C 'reference’ A+R 13.7% 17 /38 b
TO-N-600' 600 °C higher mass A+R 23.7% 21/84 b,

Based on the information in Figure 4-37 and Table 4-10, we can conclude:
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1) Anatase is the main crystal phase for all of the samples, if the calcination temperature
1s not higher than 550 °C. Comparing the rutile ratios in TO-550 (34.7 %) with TO-N-
600 (13.7 %), the TO-x tends to experience anatase to rutile transformation earlier than
TO-N-x, which can be ascribed to the fact that the transformation of MIL into metal
oxides is completed at lower temperatures than NH,-MIL, demonstrated by TGA
(Figure 4-13).

2) The starting mass of MOFs has a marked influence. It needs to be noted that the
crucible used to hold MOFs powders is of fixed size, therefore, a higher mass means a
thicker powder layer. On the one hand, a thick layer may restrict the diffusion and
acquisition of oxygen for the bottom powders, leading to an oxygen insufficiency; on the
other hand, a thicker layer is prone to an inhomogeneous temperature distribution over
the samples, which means partial over/under-heating. It has been reported that oxygen
defects favor the phase transformation of rutile,'®'# therefore, comparing a vs. a, and b
vs. by, the higher rutile percentage induced by higher initial MOF masses (a; and b;) can
be ascribed to the limited oxygen supply as well as the over-heating. This phase
composition change induced by initial powder mass can lead to the reproducibility

problem; a thin layer is thus suggested for the MOF calcination.

3) A slower ramp rate did influence not only the oxygen supply, but also a longer
heating process. Compared with TO-550(a), TO-550"(a;) has rutile phase (Figure
4-37(b)).

4) The presence of brookite phase is related to the calcination temperature. Brookite has
been observed in sample obtained at 550 °C rather than samples obtained at
600 °C. Moreover, comparing a, a; and as, a higher rutile ratio is accompanied by the
disappearance of brookite. The transformation between brookite and rutile has been
reported, which can occur either via an indirect route, brookite - anatase -» rutile, or
via a direct route, brookite - rutile. Both routes have been reported in the crystallization
of amorphous TiO,, in wet-chemical synthesis.'” However, the appearance of brookite
in the calcination of Ti-based MOF has not yet been revealed, neither the transformation
process. An in-depth investigation into the calcination process of MIL-125-T1 and NH,-

MIL-125-T1 based on a series of in-situ techniques is presented in Chapter 4.4.
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Table 4-11 Raman Analysis of TiO,
144 cm™’
|
Sample Position FWHM
a 146.5 16.14
a1 144.96 13.35
2
® az 144.27 11.14
c
2 as 145.11 14.44
£
b 143.6 11.33
b1 144.83 14.53
b2 144.11 11.11
100 150 200

Raman Shift (cm™)

Figure 4-38 Raman observation of metal oxides with focus on the E, mode
of anatase

Figure 4-38 and Table 4-11 provide detailed information about the characteristic Raman

peak of anatase.

The wavenumber of the Raman peak is b < b,< a,< b; < a;< a;< a. Based on our
previous argumentation, this can be concluded as 1) the peak for NH,-MIL-125-Ti
derived ‘b-series’ is at a smaller wavenumber, which is attributed to the substitutional N;
2) the peak in TiO, (b, b, and a,) obtained at high calcination temperature shifts to

smaller wavenumbers due to higher crystal strain.

The FWHM values follow b, < a,< b < a; < a;< b; < a; as has been discussed before, this
can be related to the stoichiometric ratio of O/Ti, while the higher FWHMs indicate a
larger oxygen deficiency. Referring to the calcination parameters, a general trend can be
concluded that the lower calcination temperature and the higher mass of raw materials
favors oxygen deficiency in the oxides. Moreover, take the XRD patterns (Figure 4-37)
into account, it can be seen that the FWHM sequence is highly related with the
percentage of rutile and brookite in the material: the less rutile and the more brookite,
the larger the value of FWHM. This can be explained by 1) brookite is likely to have a
higher density of V, than other TiO, phases; 2) the Raman shift of the E, mode in
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brookite (153 cm™) can overlap with the E, mode in anatase (144 cm™), thus broadening

the observed peak at around 144 cm™ and increasing the FWHM value.

In summary, Raman studies revealed that the calcination parameters strongly affected
both the crystal strain and the defect concentration in the calcined oxides. One
consequence is that the calcination parameters directly influence the stoichiometric ratio
of O/Ti in the materials. The other impact is that the calcination parameters influence
the phase composition of the oxides, for example, favoring the formation of defect-rich

phase — brookite, which can also result in a high oxygen defects concentration in the

materials.
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Figure 4-39 Absorbance and optical band gap of TO-x and TO-N-x: a;) TO-550", a;) TO-600, as) TO-550", b;) TO-N-550, b;) TO-
N-600’

Figure 4-39 displays the DRS absorbance spectra as well as the optical band gaps of the
obtained metal oxides. The absorption edge for all the oxides are similar, starting at
around 400 nm. The Tauc plots in Figure 4-39(b) were calculated with the indirect-
allowed transition model. It can be seen that the tangents of the main slope of the plots
intersect with the x-axis in the range of 3.0 eV and 3.14 eV, which are smaller than the
E, of anatase (3.2 eV), suggesting the existence of defects. Notably, TO-N-550 (b,)
display a shoulder, typical for the N-doped TiO,, suggesting a higher nitrogen doping
concentration when calcined at lower temperature. A detailed discussion about the

influence of defects on the light absorption property can refer to Chapter 4.3.1.5.
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Photocatalytic Studies:

HER experiments were conducted with all the oxides under same conditions to
investigate the influence of calcination-process-induced materials’ differences, including
phase composition, crystallites size, light absorbance, as well as defects type and
concentration, on their photocatalytic activity. H, and CO, evolution rates are plotted in
Figure 4-40.
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Figure 4-40 HER performances of TiO; obtained from MIL-125-Ti and NH,-MIL-125-Ti. HER parameters were: 10 mg TiO
powders; 20 mL H,O + 20 mL MeOH; Pt:TiO, wt% = 0.5; light source: Lumateic, Hg lamp, irradiation time: 40 min.

The HER rates of two MIL-125-Ti derived oxides, TO-550’(a;) and TO-600(a,),
deteriorate with increasing reaction time, albeit with different trends. The HER rate of a,
starts with a drastic drop, identical to the deactivation behavior of P25, as observed in
Figure 4-35, while the HER rate of a; suffers a gradual drop during the whole irradiation
time. The other oxides, TO-500’(a;), TO-N-550(b;) and TO-N-600’(b,) demonstrate no
deactivation behavior within 1 h irradiation, instead, the H, evolution rate of b, seems to
increase over time. The parent MOF makes a difference in the photocatalytic
performance of the oxides, as NH,-MOF derived TiO, are less efficient than MIL-MOF
derived TiO,, confirmed by the performance of b, b, and b,. As to the calcination
temperature, higher calcination temperature is not favorable for hydrogen evolution
reaction, observation from both TO-x and TO-N-x. Regarding the mass used for
calcination, it affects the materials’ activity as well, but the influence is different for TO-x

and TO-N-x. Specifically, TO-550" (higher mass) has a higher H, generation rate than
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that of TO-550 (lower mass), however, with a deactivation; while TO-N-600" (higher

mass), it demonstrates a lower photocatalytic efficiency than TO-N-600 (lower mass).

Table 4-12 Summarization of TiO, obtained from Ti-based MOFs under different calcination parameters

Crystallite H>
Metal Crystal R/A sizes of Surface  evolution
MOF oxides Comments phase ratio anatase area rate Defects label
as
TO-550 'reference’ A+B - 9.5 151 Vo a
TO-550' higher mass A+R 25.8% 13 45.5 168/325 Vo a;
lower ramp
MIL- TO-550" rate A+R+B  18.6% 12 92.0 Vo as
125-Ti TO-600 higher cal. T A+R 34.7% 19 109/243 Vo a
TO-N-550 lowercal T A+R+B 17.3% 13 67.4 Ns b
as
NHz-  TOQ.N-600 ‘reference’  A+R  13.7% 17; 38 70.7 Ns b
MIL-
125-Ti TO-N-600' higher mass A+R 23.7% 21 22.0 48.4 Ns b,
P25 P25 A+R 17.3% 20 54 105/230 Vo

* H, evolution rate is the value obtained after 40 min irradiation; for the samples with deactivation behaviour,
another value is their highest H: evolution rate.

To clarify the reasons for the different photocatalytic activities, as well as to demonstrate
the influence of calcination parameters, Table 4-12 summarizes the various properties of

different oxides.

It can be concluded that the surface area seems to contribute greatly to the photocatalytic
performance, as TO-550"" with 92 m?/g shows the highest H, evolution rate, 264 umol/h.
Meanwhile, the surface area is closely related to the calcination ramp rate, as with

higher ramp rate, the surface area of obtained TO-550" decreases to 45.5 m?/g.

Despite their similar surface areas, the photocatalytic performance of TO-550, TO-550
and P25 differs greatly from each other, indicating that other factors such as phase
composition and oxygen defects in the materials are contributing to the photocatalytic
activity. The measured FWHM of Raman peak for P25 is only 9.9 cm™, while that for
TO-x is above 11 cm™. Therefore, I attribute the superior photocatalytic performance of
MOF-derived oxides, TO-x, to their higher defect level, as well as to the smaller

crystallite sizes.
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Another observation concluded from Table 4-12 is related to the deactivation. All the
three samples (marked in red in Table 4-12), which demonstrate a decreasing H,
generation rate, are composed of anatase and rutile, while the other two oxides derived
from MIL-125-Ti containing brookite phase do not show a deactivation. Why are the
deactivation behaviors of TO-550’ and TO-600 different? Does the brookite phase
prohibit the deactivation? These questions cannot be answered in this thesis and needs

further investigation.

4.3.2 Conclusion and Outlook

In this chapter, I calcined MIL-125-T1 and NH,-MIL-125-Ti into TiO, and investigated
their photocatalytic activity. The present results demonstrate that MOF-derived metal
oxides hold great potential for photocatalytic hydrogen generation. The highest H,
evolution rate 26400 umolh'g! has been obtained by the oxide (TO-550") calcined from
MIL-125-Ti at 550 °C, with 1°C/min ramp rate and 1 h dwell time, while the H,
evolution rate of P25, the benchmark material for TiO,, is 10500 pumolh'g"' under the

same conditions.

Another key information of this chapter is that the parameters of MOF calcination
process are of vital importance to the properties of obtained oxides. The parameters,
including the calcination temperature, the calcination ramp rate, as well as the mass of
starting MOF powders, strongly influence the surface area, phase composition,
crystallite sizes and defects of the obtained oxides. Consequently, the resultant hydrogen

evolution rates vary considerably between 10900 and 32500 umolh'g™.

Though the microporous structure of the MOFs collapses during the calcination process,
with careful control of the calcination process, such as a lower ramp rate, the obtained
oxides can still be highly porous and obtain a surface area close to 100 m?/g. In general,
for a higher photocatalytic efficiency as well as for a better reproducibility, a low ramp

rate and small amount of raw materials are suggested for the calcination.

Compared with TiO, obtained via other preparation methodology, the calcined products

have shown the appearance of brookite, especially the co-existence of anatase, rutile and
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brookite. No deactivation in the oxides with brookite was observed, however, a

conclusive explanation of the role of brookite needs further investigation.

Moreover, I have investigated the defects introduced to the metal oxides during the
calcination process. The functional group in the organic ligand of MOF enables
elemental doping of the calcined products. In this work, the amino group in NH,-MIL-

125-Ti1 has

successfully introduced N dopants to the oxides. However, as the oxides derived from
NH,-MIL-125 have always performed worse than those derived from MIL-125-Ti, it can
be concluded that the N-dopants are detrimental to hydrogen evolution with the current
HER system. In addition to the nitrogen defects, the results suggest the presence of
oxygen defects in the MOF-derived oxides. Due to the high content of organic
component in MOFs, their calcination and conversion into TiO, occur under an oxygen
deficient environment, thus it is likely that the resulting material is a substoichiometric
TiO,,. This has been supported by Raman characterization, however, further
characterizations, for example, the determination of the Ti** in the oxides with EPR,

remain to be done to elucidate this issue.
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4.4 Investigation of the Thermal Decomposition Process
of NH,-MIL-125-Ti into TiOy

As an organic-inorganic hybrid framework, the stability of MOFs has raised concern,
especially the thermal stability. The presence of organic linker limits the thermal stability
of most MOFs to below 300 °C, as at higher temperature, the crystal structure

experiences irreversible changes.

The low thermal stability of MOFs on one hand limits its application to low temperature;
on the other hand, this instability has enabled MOFs to become a new type of template
for porous materials. The last chapter has witnessed the potential of MOFs derived
metal oxides; moreover, it has demonstrated that the calcination process is of vital
importance to the properties of the obtained materials, such as the calcination
temperature, ramp rate, as well as the oxygen supply. To obtain oxides with desired
phase, size and morphology, the transformation process from MOFs to metal oxides
thus needs a better understanding and control. However, the phase transformation

during this calcination process is yet unclear.

In-situ techniques have been widely used to characterize the crystallization and phase
transformation process; however, in-situ investigations on the thermal decomposition
process of MOFs is rare. In-situ variable-temperature XRD was employed to study phase
transition of one Co-based MOF, but only in the temperature range of 100-300 K'*>. For
the broader temperature range investigation, Zhang et al.'*> has investigated the thermal

decomposition of Zn-based MOF with in-situ DRIFTS IR.

In this work, with the assistance of in-situ XRD and in-situ Raman spectroscopy, the
thermal decomposition process of MOFs has been revealed and the impact of different

calcination parameters has been elucidated.

136



Chapter 4 Metal Organic Framework for Photocatalytic Application

4.4.1 Results and Discussions

4.4.1.1 In-situ XRD with different ramp rate with controlled air flow

NH,-MIL-125-T1 has been selected as the candidate for in-situ investigation and its TGA
data can be seen in Figure 4-41. Based on the TGA discussions in Section 4.1.1.6, the
stage III corresponds to the decomposition of MOF and the crystallization of TiO,, the

objective stage of my investigation.
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Figure 4-41 TGA results of NH>-MIL-125-Ti, airflow: 20 mL/min, ramp rate: 5 °C/min.

For the in-situ XRD measurements, the powders were placed in a semi-sealed chamber,
with a fixed air flow passing through it. Concluded from Chapter 4.3, the calcination
ramp rate influences the properties of the obtained metal oxides, such as the surface area
and defects concentration. However, whether the ramp rate affects the intermediate
products as well as the transformation process, is yet unknown. Therefore, in this work,
in-situ XRD with different ramp rates, 1 °C/min, 10 °C/min and 20 °C/min were
employed to investigate the impact of the ramp rate on the thermal evolution process of
NH,-MIL-125-T1 under controlled air flow. The detailed measurement programs are

already described in Chapter 3.3.

Figure 4-42 summarizes the results and the overall decomposition process have been
divided into 3 stages, below 250 °C, 250 °C to 500 °C and above 500 °C, as indicated by

X;’‘x,’‘x3’, for all the ramp rates.
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Within the first temperature region (Figure 4-42: a;, b; & c;), the main crystalline
structure of MOF was intact with the increasing temperature, regardless of the ramp rate.
Minor changes in the diffraction patterns were detected; for example, the intensity of the
peak at 20 = 13.8° increased with the temperature. This change is ascribed to the
removal of adsorbed guest species in the framework, which has been discussed before in
Chapter 4.1, with Figure 4-2. The in-situ XRD results agree with the TGA observation,
that during stage I and stage II, the weight loss is attributed to the loss of adsorbed

species.
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Figure 4-42 In-situ XRD patterns of NH,-MIL-125-Ti from room temperature to 750 °C with different ramp rates under fixed
airflow, 0.5 mL/min. a,), by) and c,) refer to ramp rates of 1 °C/min, 10 °C/min and 20 °C/min, respectively.
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MOFs decomposition and TiO, crystallization occur within the intermediate
temperature region (Figure 4-42: a,, b, & ¢,). It can be seen that the structure of NH,-
MIL-125-Ti was preserved until 250 °C, then with different ramp rates, different thermal

evolution processes occurred:

1) When the ramp rate was 1 °C/min, with elevated temperature, NH,-MIL-125-T1 was
first decomposed into an amorphous state and this state lasted until 425 °C. At 425 °C,
the broadening of an amorphous hump at 22.5° can be clearly seen. A distinguishable
peak of crystalline anatase (26 = 25.4°) showed up at 450 °C and the peak intensity

increased with the increasing temperature, indicating the enhancement of crystallinity.

Recent research has broadened the field of MOF with increasing focus on amorphous
MOFs (a-MOFs)'*. It has been reported that the a-MOFs retain the basic building
blocks and connectivity of their crystalline counterparts, though they lack any long-range
periodic order. A periodic arrangement of atoms result in their X-ray diffraction patterns
being dominated by broad ‘humps’. As to the amorphous state observed in this work,
whether it is amorphous MOF or amorphous TiO,, needs further confirmation. But due
to the center of the hump is close to that of anatase (101) peak, it is likely to be
amorphous TiO,.

2) When the ramp rate was set to 10 °C/min, the MOF structure was preserved to a
higher temperature, until 300 °C. Then the material also experienced an amorphous
stage, which was shorter compared to that in the case of 1 °C/min ramping; however,
the emergence temperature of anatase phase in these two measurements were roughly
the same, at 450 °C.

3) With 20 °C/min ramp rate (Figure 4-42(c,)), the thermal transformation behavior of
MOF differed greatly from that with a lower ramp rate. At 250 °C, the diffraction
pattern corresponding to the MOF structure was recorded to be the same structure as in
the other measurement cases. Then the diffraction pattern of the MOF powder changed
dramatically and only two mall peaks at 260 = 9.6° and 11.6° remained from the original
MOF structure at 275 °C, while the characteristic peaks of anatase and rutile appeared

simultaneously. From 300 °C onwards, no MOF peaks were presented anymore.
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During the last temperature region investigated by in-situ XRD (Figure 4-42: a;, b; & c3),
in addition to crystal growth, the main process happening was the anatase to rutile
transformation. For the measurements operated with 1 °C/min and 10 °C/min ramp
rates, rutile appeared at 650°C. For the 20 °C/min ramping process, anatase and rutile
appeared together at 275 °C; during this stage, the ART was demonstrated by the

decrease of the anatase intensity accompanied by the increase of the rutile intensity.

The summarization of the thermal decomposition processes of NH,-MIL-125-T1 with

different ramp rates is as follows:

— 1°C/min ramping: MOF (250 °C) - amorphous (275 °C - 425 °C) -> anatase
(450 °C - 600 °C) - anatase + rutile (650 °C -);

— 10°C/min ramping: MOF(300 °C) - amorphous (325 °C - 425 °C) - anatase
(450 °C - 600 °C) = anatase+rutile (650 °C -);

—20°C/min ramping: MOF (250 °C) - anatase + rutile (275 °C -).

A dependence of the decomposition process on the ramp rate can be firmly concluded.
With 20 °C/min heating rate, there is no ‘amorphous stage’ after the damage of MOF
crystal structure, instead, an instant crystallization into rutile and anatase has been

observed.

Comparing the measurement program with low and high ramp rates, the points below

may contribute to explain the different transformation processes:

1) A slower ramping means a longer heating time, and thus the sample receives more
thermal energy input. According to Figure 4-42, it seems that a higher energy input

favors the amorphization process of MOFs.

2) Whether the sample can reach an equilibrium at a certain temperature when the X-ray
started to scan, especially in the case of fast ramping. In the case of a 20 °C/min heating
rate, the ramp time required from 250 °C to 275°C 1is only 1.25 min, which was
immediately followed by the XRD scan. Can the sample reach the temperature

equilibrium within 1.25 min?
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3) The 25 °C temperature gap vs. 20 °C/min ramp rate makes the ‘over-heating’ of the
heating component possible. However, the temperature log recorded by the
thermocouple which was attached to the sample stage showed that the temperature

deviation was about 2-4 °C.

Therefore, I speculate the different decomposition process is mainly ascribed to the first

two considerations.
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Figure 4-43 Crystallite size analysis of anatase and rutile phase during in-situ XRD measurement. Calculated with data in Figure 4-
42 ‘Cx’ series, 20 °C/min ramp rate,

To investigate the state of the anatase and rutile evolved with 20 °C/min, the Scherrer
equation (Equ. 2-4) with the FWHM of the anatase (101) peak and rutile (110) peak
(from Figure 4-42) was calculated to estimate the mean crystallite size of obtained
anatase and rutile and the results are displayed in Figure 4-43. It can be seen that below
500 °C, there is no obvious size change for both phases. The average size of anatase
crystallites is 9 — 10 nm, smaller than that of rutile, which is around 18 nm. Above
500 °C, the crystallites of anatase start to grow bigger, while the rutile crystallites show a
slight increase above 600 °C, and then above 700 °C they start to grow dramatically.

Referring to Figure 4-42, the trends of the crystallite size, for both phases, coincide with
the XRD results of lower ramp rate measurements. The crystallite size of rutile started to
increase above 600 °C, in accordance with the emergence temperature of rutile in the
XRD patterns observed with 1 °C/min and 10 °C/min, which can be ascribed to the

anatase to rutile transformation. These results imply that though the rutile phase
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crystallized at 275 °C, it might have been a metastable phase, therefore, no rutile crystal
growth was observed below 600 °C. As to the constant crystallite size of anatase below
500 °C, I speculate that this is due to the residue of organic ligand in the material. One
possibility is that the TiO, crystallites were isolated from each other by the organic
species, i.e. the organic species wrapped the TiO, crystallite. Therefore, it is at around
500 °C when most of the organic component were oxidized, that anatase had the chance
to grow. To certain extent, the TGA data supports this assumption, as the temperature

for the complete removal of organic ligand is as high as 593 °C (Figure 4-41).

Moreover, the appearance of rutile at 275 °C can also be associated with the organic
ligands. It has been reported by Ocafia'®®> that depending on the amount, organic

impurities can be responsible for the nucleation of rutile.

Therefore, the preliminary conclusion for the moment is that the higher ramp rate
induces a metastable state of the sample, contributing to a higher amount of organic

residue in the material, and further leading to a different thermal decomposition process.
4.4.1.2 Isotherm TGA

To demonstrate the time required to complete the corresponding process at certain
temperature, I have monitored the weight loss at two transition temperatures with the
iso-therm TGA program. Specifically, NH,-MIL-125-Ti was heated up from room
temperature to 400 °C with ramp rate of 20 °C/min and dwelled at 400 °C for 2h, 4 h
and 6 h, respectively. Then the sample was cooled down to room temperature. The
weight loss of the whole process was recorded and the results are displayed in Figure
4-44, labelled as ‘xx (dwell time) at 400 °C’. Another series of measurements have been
conducted with another dwelling temperature, 275 °C. The dwell time varied from 2 h to

26 h, as can be seen in Figure 4-44(c) and (d).

Based on TGA, at 400 °C, the weight loss can be attributed to the decomposition of
organic ligand. The iso-TGA results in Figure 4-44(a) & (b) reveal that 2 h is required for
the completion of weight loss at 400 °C. The weight residue at the end of the
measurement is 30.15 %, less than the theoretical TiO, residue percentage (38.7 %),

slightly higher than the data obtained with a conventional TGA, which is 24.8 % at
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600 °C (Figure 4-41). However, due to the adsorbed guest species inside the framework,

it is hard to conclude at the end of 400 °C dwelling, whether there is organic residue in

the sample or not. For the measurements conducted at 275 °C, the weight of the sample

kept decreasing even after 26 h (Figure 4-44), suffering a weight loss of 51.4 %. Due to

the high percentage value, it is likely in addition to the adsorbed guest species, the

organic ligand of the framework contributed to the weight loss as well. Therefore, at

275 °C, with enough time, the organic ligand in NH,-MIL-125-T1 can experience a

decomposition. However, in both the conventional TGA and in-situ XRD, the dwell

time is not long enough to complete the decomposition process. Whether the duration of

weight loss is dependent on the ramp rate, needs further investigation. Also, this needs

to be noted that different from the in-situ XRD measurement, the air flow for TGA is

20 mL/min.
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4.4.1.3 Raman Measurement

a) Temperature - Programmed Raman Experiment

Temperature-programmed in-situ Raman spectroscopy has been performed to

investigate the thermal evolution process of organic species in the sample. NH,-MIL-

125-Ti was first heated from room temperature to 450 °C with the ramp rate 20 °C/min,

and then the powder was dwelled at 450 °C for about 80 min. The sample holder was

connected to open air. The results are summarized in Figure 4-45.
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Figure 4-45 Raman spectra of temperature-programmed Raman measurements: (a) spectra recorded from room temperature to
250 °C; (b) spectra recorded from 274 °C to 415 °C; (c) spectra recorded at 450 °C, dwell time varies from 3 min to 56 min; (d)
spectra recorded at 450 °C, dwell time varies from 3 min to 76 min

Figure 4-45(a) records the change of Raman spectra from room temperature untill

250 °C. There are mainly four shifts observed in NH,-MIL-125-Ti. The peaks at

1260 cm™ and 1425 cm™ are related to the bending and symmetric stretching of the
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framework Ti-O-Ti-O octamic ring species.?” ' The peaks at 1586 cm™ and 1630 cm'
corresponds to the C-C and N-H bond bending vibrations of the organic linker.?* '*® The
presence of these peaks are indicative of the —-COOH group from the organic ligand
being connected to the Ti-oxo cluster. It can be seen that the characteristic Raman peaks
of NH,-MIL-125-T1 were preserved till 250 °C, in good agreement with the in-situ XRD
results. Then with temperature further increasing, the MOF structure was damaged as
the Raman peaks, 1260 cm™ and 1425 cm™, which represents the coordination between
the Ti-oxo cluster and the organic ligand started to diminish from 275 °C. On the other
hand, the characteristic peaks of the organic ligands (1596 cm™ and 1630 cm™) were still
distinguishable till 310 °C. Therefore, it can be assumed that that the decomposition of
MOF structure started with the ‘break-down’ of the coordination bond between the
metal cluster and the organic ligands. When the temperature reached 415 °C (Figure
4-45), the characteristic peaks of NH,-MIL could be barely seen, implying an amorphous

state of sample.

Two peaks at 1373 cm™ and 1586 cm™ (Figure 4-45(c)) were observed at 450 °C, which
can be ascribed to the D band and G band of graphitic carbon'”’, suggesting the
evolution of organic ligand into carbon species. In general, the Raman spectrum of
graphite exhibits a ‘G band’ at 1580 cm and a ‘D band’ at 1350 cm.'*® Therefore,
compared with the standard band position, both D and G observed in Figure 4-45
demonstrated a blue shift as well as peak broadening, which can be attributed to the

1'%, With the increasing of

oxidation of graphite, investigated in the work of Nanda ez a
dwell time at 450 °C, the intensities of the D and G bands decreased, as illustrated in
Figure 4-45(c), which can be explained by the oxidation of the carbon species. The
characteristic peak of anatase at 154 cm™ appeared after 52 min dwelling at 450 °C.
Further prolonging the dwell time (Figure 4-45(d)), the intensity of anatase peak got
intensified as the other anatase bands at 403 cm?, 511 cm™! and 626 cm™ can also be
distinguished; while the peaks representative for graphitic carbon disappeared (t =

76 min).

Based on the Raman spectra, the thermal decomposition of NH,-MIL-125-Ti can be

summarized as MOF - amorphous state - anatase; meanwhile the organic species
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experienced graphitization and oxidation. The time required to obtain organic
component-free TiO, is > 76 min, which fits the results of isotherm-TGA. Though, with
a 20 °C/min ramp rate, the MOF decomposition process exhibited in Raman resembles
to that observed in in-situ XRD with lower ramp rate (1°C/min or 10 °C/min). For now,
I attribute this difference to the different air supply.

Moreover, the Raman results confirmed the presence of carbon species, which supports
the previous assumption that the TiO, crystallites are likely to be surrounded by the

organic residue during the decomposition process.

b) Raman Laser —induced Thermal Decomposition of MOFs
In fact, NH,-MIL-125-T1i is vulnerable to laser beam during Raman measurement, as can

be seen in Figure 4-46(a).

a NH,-MIL-125-Ti | laser irridiation | intensity influence b

|

Intensity

T

1000 1200 1400 1600 1801
611 Raman Shift cm )
440 ¢

NH,-MIL-126.T}

150

Intensity
Intensity

higher laser intensity, d

longer laser irridiation time

b
s B W N N
e |/ f

5(IJO 10I00 15I00 20I00 25I00 3000 260 460 660 S(I)O 1 OlOO
Raman Shift (cm™) Raman Shift (cm™)

Figure 4-46 a) A summary and b) Enlarged view of the spectra obtained from the same spot of the sample under laser irradiation.
Spectra a - b: laser power was fixed, 0.5 mW, the irradiation time was 10 min and 30 min, respectively. Spectra c - f laser power
was increased.: spectrum ¢ was collected after b, with laser power of 5 mW spectra d, e, fwere collected in sequence, with laser power
being 12.5 mW, 25 mW and 50 mW, respectively. Plot in black, the original spectra of NH>-MIL-125-Ti;

The MOF spectra (Figure 4-46(a), black) were measured with 0.5 mW green laser
(532 nm), correlating to 1 % power output of the laser source. The characteristic peaks of
NH,-MIL-125-T1 were observed, confirming the MOF structure. The laser was
irradiated onto the same spot of the MOF sample, and with increasing time (Figure 4-46,
plot a - c¢), MOF became amorphous, with no bands being detected. Plot ‘c’ is the
Raman spectra collected after 30 min of laser irradiation. This MOF -> amorphous state

transformation is nothing special, as it has been observed both with in-situ XRD and
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temperature-programmed Raman, which can be ascribed to the energy provided by the
incident laser beam to the MOF powders, namely, simulating a thermal

treatment/calcination process”.

However, when the laser intensity was increased (plot c=>f), the phase transformation

demonstrated different features from the typical calcination process.

First, the phase of the obtained TiO, varied from the obtained anatase in Figure 4-45(b).
The Raman shifts at 150, 250, 440, and 611 cm™ can be ascribed to the rutile phase'”,

while with temperature-programmed Raman, anatase was obtained.

Second, the inset in Figure 4-45(b) showed that the D and G bands did not appear when
rutile crystallized (Figure 4-45(b), plot c), instead, it showed up with the increasing laser
as well as the increasing crystallinity of rutile (Figure 4-45(b), plot f). Therefore, in this
case, the crystallization of rutile occurred before the graphitization of organic species,

which is in contrary to the previous conclusion with Figure 4-45(c).

However, with these two sets Raman spectra, the consistency between Raman results

and the in-situ XRD results has been obtained.

4.4.2 Conclusion and Outlook

a) Conclusion

With various in-situ techniques, I have investigated the thermal decomposition of NH,-
MIL-125-Ti. Albeit the different equipment conditions, the thermal decomposition starts
with the ‘break-down’ of the coordination bond between the metal cluster and the

organic ligand.

The metal cluster then crystallized to metal oxide, while the decomposition of organic
ligand is accompanied by the graphitization. These two processes are influenced by

various parameters, such as ramp rate and the oxygen supply.

It can be further proposed that with high power input to the thermal decomposition
system (such as high ramp rate, high laser intensity), the Ti-oxo cluster tends to

crystallize into rutile, and the graphitization of organic ligand is likely to lag behind this
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process. Therefore, within certain time/temperature regime, the TiO, crystallites are

surrounded by carbon species, which hinder the crystal growth process.

On the other hand, with steady/low power input, the graphitization of organic species
will be initiated earlier, then accompanied by the crystallization of Ti-oxo cluster to the
anatase, as in the case of low ramp rate in-situ XRD and temperature-programmed

Raman.

Another factor that may influence the thermal decomposition process is the oxygen
supply. For the moment, I speculate that it is related to the discretion of ‘uneven’ energy

input, which needs further confirmation.

b) Outlook

First, the hypothesis that titanium crystallites under certain conditions are surrounded by
carbon species needs to be confirmed, which can be realized by TEM-EDX, assisted

with materials etching.

A fixed air supply for the convenience of comparison between different in-situ technique

is recommended.
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5 Perovskite Solar Cells

5.1 Theoretical Background of Perovskite Solar Cells

(PSCs)

Just a few years ago, in 2009,” saw the introduction of a new generation of photovoltaic
devices, perovskite solar cells (PSCs),” which are based on hybrid organic-inorganic
perovskites; later referred to as perovskite. Recently, the certified power conversion
efficiency (PCE) has reached 22.1 % in 0.028 cm’ single PSC and the conversion
efficiency of 1 cm? perovskite-silicon tandem solar cell has reached 27.3 %, which made
it a world record in June 2018?*? and demonstrates great potential for commercialization.
Perovskites are the main component of this new type of photovoltaics (PV), wherein

they work as both, light absorber and charge generator.

Perovskites refer to a class of materials that resemble the crystal structure of calcium
titanate, with a general formula of ABX; (with A = Ca, B = Ti, X = O). The first HOIP
has been reported in 1978 by Weber.?”® However, it was untill 1991 that HOIP was
introduced to the photovoltaic field by Miyasaka.”” The crystal structure of HOIP is
illustrated in Figure 5-1. For the inorganic-organic perovskite used in PSCs, the ‘A’ sites
are occupied by organic cations, such as methylammonium ions (MA®) or
formamidinium ions (FA*), while the ‘B’ sites are usually divalent cations, such as Pb**,

Sn**, and Bi**. ‘X’ sites can be different halogenides, e.g. CI', Br or I.

Figure 5-1 ABX; perovskite structure showing (left) BX;s octahedral and (right) AX, cuboctahedral geometry. In organic-inorganic
hybrid perovskite, alkali atoms occupying the A sites, Pb atoms occupying the B sites, and halogen atoms occupying the X sites.***
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The structure and properties of HOIP bare certain tunability, realized by the choice of
different ions for the lattice sites. For instance, the electronic band gap, as well as the
light absorption property, can be easily tuned by the size of the ionic radius. MAPbI; has
a smaller band gap than MAPDbBr; (1.55 eV vs 2.3 eV)*® due to a change in the volume
of the crystal unit as well as the electronegativity. This tunability in composition and
structure is favorable for the materials design. Recently, a variety of new HOIP has been
developed, with bi- or tri-cations, such as FAMAPbI;, CsSFAMAPbIBr.?"!

Figure 5-2 illustrates the band structure of a typical PSC composed of electrodes, an
electron transporting layer (ETL), perovskite layer and hole transporting layer (HTL).
The band gap of perovskites used in PSC is usually in the range of 1.5 eV- 2.5 eV. Under
light irradiation, the electrons in the valence band absorb light with a photonic energy
higher than the E, and form excitons. The binding energy of excitons is very low, around
0.03 eV 26 which means that the excitons can dissociate into free carriers at room
temperature. Therefore, the photogenerated electrons jump into the conduction band of
perovskite, leaving a hole behind. The separated electrons and holes then transfer to the

ETL and HTL, respectively, due to the band alignment.

eV <
-4 -
HTL
Electrode Perovskite
. Electrode
- ETL
-6— h

Figure 5-2 Schematic Illustration of PSCs

As an ambipolar material, the perovskite can transport both electrons and holes, thus it
can serve not only as a light absorbing layer but also an electron and hole transporting

layer. Therefore, the ETL and HTL are optional in the solar cell configuration.
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5.2 Handbook for the Fabrication of PSCs

As PSC constituted an entirely new research field, both for me and for our research
group, I first started my PSC project with the basic solar cell fabrication. I have
fabricated PSCs from the very beginning, with the preparation of substrates, till the
doctor-balding of the counter electrode, and have varied a range of parameters to
identify the best PSC under current lab conditions. In this section, I will present only the

optimized procedure for cell fabrication under current lab conditions.

5.2.1 Typical Perovskite Solar Cell Configurations

Top Electrode

@ Top Electrode @

Perovskite .
Perovskite

Mesoporous layer Bottom Electrode

Blocking layer

Bottom) Electrode Blocking layer

Glass

Light

Light

Figure 5-3 Two Typical Configuration of PSCs (left) mesoscopic perovskite solar cell; (right) planar-type perovskite solar cell).
A working PSC can be generally classified into two categories, mesoscopic type®”?% and

planar type
fluorine-doped tin oxide (FTO) glass with a hole blocking layer (bl-layer), usually TiO,.

209210 3 illustrated in Figure 5-3. Both PSCs are built on the transparent

In the mesoscopic type, a mesoscopic layer (meso-layer) consisting of a metal oxide is
deposited on-top of the hole-blocking layer and acts as a scaffold for the subsequent
perovskite deposition. Ideally, the perovskite penetrates the meso-layer and additionally
forms an overlayer, as illustrated in Figure 5-3(a). In most cases, the metal oxide of the
mesoscopic layer acts also as the electron transporting material (ETM) and contributes
to the electron extraction and transportation process in the PSCs. In contrast, in the
planar type, the perovskite layer is deposited onto the hole-blocking layer directly. Thus,
compared with the planar type, the mesoscopic type has a smaller hysteresis in cells’

voltai 211 However, W 1
hotovoltaic performances®®® ?!!, However, there are also drawbacks of the mesoscopic
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type PSCs. For example, the currently most popular ETM, TiO,, has a rather low
conductivity and electron mobility, which is unfavorable for electron transportation and

limits the pursuit of higher power conversion efficiency?"2.

As perovskites can transport both electron and holes, and the carrier mobility for the
hole is much higher than that for the electron, 12.5 ~ 66 cm?V'!s! vs. 7.5 cm*V-'s? *% the
hole transporting layer (HTL) in PSCs is not really required anymore. Moreover, the
deposition of most HTL materials (such as spiro-OMeTAD) needs to be conducted
within N, glovebox, therefore, most PSCs have been fabricated without HTL in this
thesis. Finally, a top electrode (either Ag or Conductive carbon) is deposited to complete

the working circuit.

5.2.2 Substrate Preparation

In this work, all PSCs have been prepared on FTO glass sheets (15 mm * 20 mm), which
act as a transparent substrate and electron collector. The washing procedure of FTO is
crucial, as impurities can undermine the subsequent deposition process, as well as the
electron collection process. Hence, I developed a washing procedure that starts with
brushing the glass sheet with a washing reagent. After rinsing with water, the glass sheets
were subjected to sonication in a mixture of ethanol (EtOH), acetone and distilled water
(v:v:iv=1:1:1) for 30 min. After that, the glass sheets were sonicated for another 30 min in
isopropanol (IPA). In the end, they were rinsed with fresh IPA and purged with

compressed air/N,.

5.2.2.1 Blocking layer Preparation

With a suitable band structure and electron mobility, TiO, has been widely used as both
bl-layer (blocking layer) and mp-layer (mesoporous layer) in PSC. I have also utilized
TiO, as bl and mp material in my PSCs. Titanium alkoxides were used as metal
precursor and first spin-coated onto FTO sheets and then crystallized into TiO, through

hydrolysis and subsequent calcination. The precursor solution was prepared as below:

Solution 4 was prepared by adding 254 uL. Titanium diisopropoxide bis(acetylacetonate)
(75 wt % in isopropanol) (Sigma Aldrich, CAS:17927-72-9) into 1690 uL absolute EtOH
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and stirred for 2 min. Solution B was prepared by mixing 34 uL. 2M HCl with another
1690 pL absolute EtOH and stirred also for 2 min.

After both solutions were ready, solution B was added dropwise to solution 4 under
stirring. The mixture was stirred for another 5 to 10 min, then occasionally formed large
agglomerates were separated by filtration, using a 0.45 um PTFE filter, resulting in a
transparent solution that is used as the precursor. To further avoid precipitates, solution
A can be placed in an ice bath. When not in use, the stock solution should be kept in the

fridge.

The spin-coating process determines the thickness of bl-layer. In the optimal spin-coating
procedure that I have defined, 35 pL. precursor was used for one FTO piece, and the bl-
layer was deposited via a dynamic dispense, in which the FTO first started spinning and
reached 2000 rpm, then the bl-precursor was dispensed into the center of the substrates.
The FTO rotated at 2000 rpm for 40 s. After the deposition, the film was annealed in
muffle oven. To obtain a homogeneous thin layer, a multi-step heating program was
utilized (Figure 5-4). After 500 °C calcination, a device with ~ 50 nm TiO, (anatase) bl-

layer was obtained.
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Figure 5-4 Temperature Program for the calcination of blocing layer

After calcination, the FTO piece with ~ 50 nm TiO, (anatase) bl-layer was obtained.
5.2.2.2 Mesoporous layer Preparation

The next step was the deposition of the mesoporous layer, which was prepared by spin-

coating a nanoparticular metal oxide paste onto the bl-substrate prepared in Section
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5.2.2.1. The typical material for meso-layer is also TiO,, and the TiO, paste can be either

purchased or home-made according to the procedure reported elsewhere?'*.

In short, an ethyl cellulose (EC) powder was dissolved in EtOH to yield a 10 wt%
solution. Then 20 g of this solution were added to a round-bottomed flask containing a
mixture of 4 g TiO, and 16.2 g a-terpineol. The resulting suspension was diluted with
ethanol to a total volume of 70 mL. The mixture was then sonicated with a sonication
horn for 3 times each 3 min. Most of ethanol was later removed by rotary-evaporator to
yield a paste that is composed of 18 wt % Ti0,, 9 wt % EC and 73 wt % a-terpineol. The
paste was then diluted with EtOH (viv = 1:5) and stirred overnight to achieve a

homogeneous and stable dispersion.

A static dispense was applied for the meso-layer spin-coating, in which the paste was
first spread over the bl substrate. After spin-coating, the substrates were calcined in
muffle oven to remove EC and o-terpineol, as well to form the network of TiO,
nanoparticles. The calcination program is illustrated in Figure 5-5; it is a step-by-step

heating program, which aims to hinder the formation of cracks in the film.

500 Sooe

400 4
300°C,

300

200 +

Temperature (°C)

100 4

T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
time (min)

Figure 5-5 Temperature Program for the calcination of Mesoporous layer
In this work, I tested three precursors as a starting material for the TiO, paste, i.e. pure
anatase and rutile nanoparticles as well as the commercial mixture P25. Anatase and

rutile were both less efficient than P25, hence I focused on P25 in the following

experiments.

154



Chapter 5 Perovskite Solar Cells

Figure 5-6 demonstrates the porous morphology of the prepared mesoporous layers. The
thickness of the film can be tuned with different spin-coating parameters. For example,
the film in Figure 5-6(a) was spin-coated at 2000 rpm and had a thickness of 1.2 um,
while Figure 5-6(b) was the spin-coated at 5000 rpm, which reduced the thickness by 75%

down to 0.3 um.

1" mesoporous layer

0.29 pm

Figure 5-6 SEM observation of mesoporous layer spin-coated on FTO
5.2.3 PVK Liquid-phase preparation: Spin-coating

After substrates preparation, the next step is PVK layer deposition. If the substrates are
not freshly prepared, a pre-treatment at 150 °C for 10-15 min before PVK preparation is

recommended to remove the moisture.

There are different strategies for PVK preparation, including vapor, liquid, and vapor-
liquid combined route. I have opted for liquid-phase preparation in this work and
compared two general PVK deposition routes: one-step spin coating and two-step spin

coating.

F
a Mixed reactants perovskite
I
= ->
Substrate Spin coating Hot Plate
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Figure 5-7 PVK spin-coating procedure

As has been mentioned before, the organic-inorganic perovskite used for PSCs can be
tuned through the organic cations (e.g. MA, FA, or their mixtures), the metal cations
(e.g. Pb**, Sn** and Bi*"), and the halide ions (e.g. I', Br,, Cl). In this work I focused on
methylammonium lead 1odide, MAPDI;.

a) One-step PVK spin coating

To prepare MAPDI; film with one-step spin coating, the precursor was first prepared in
DMF. Methylammonium iodide (MAI) and Pbl, with stoichiometric ratio were
dissolved into DMF, reaching a final concentration of 40 wt%. Then the precursor was
spin-coated onto the substrates. The optimal spinning coating parameter is: for each
FTO sheet (1.0cm * 1.5 cm), 38 u. PVK precursor was used for spin coating. A
dynamic dispense process was applied, the spinning speed was 2000 rpm, for 40 s. After
deposition, the film was first dried at 40 °C for 10 min, then at 100 °C for another 5 min.

b) Two-step PVK spin coating

For the two-step PVK spin coating, Pbl, and MAI solution were prepared separately. As
can be seen in the illustration, Pbl, layer was first spin-coated onto the substrates, and
then the organic part was ‘provided’ by spin-coating or immersion. With an annealing

process, the solvent evaporated away and black perovskite crystallized.

The PV tests showed that the best spin coating procedure with the highest PCE output
was: 1.0 M Pbl, in DMF solution was first prepared, then for 1.0 cm * 1.5 cm FTO sheet,
38 uL Pbl, was spin-coated with a dynamic dispense at 7000 rpm. The rotating time was
20 s. After spin coating, DMF was evaporated by heating the FTO sheets at 100 °C hot
plate for 5 min. After drying, yellow Pbl, was obtained. The Pbl, film was cooled down
to room temperature and then subjected to the 2™ step spin coating. 300 uL. MAI in IPA
solution (8 mgemL™") was spin-coated onto each Pbl, layer. Note that I waited for 40s
before adding the MAI solution onto the Pbl, layer upon starting the rotation process at
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2000 rpm for 45 s. After that, FTO sheets were again heat-treated at 100 °C, for another
5 min. During the heat treatment process, the color of the film from red-brown turned

into black PVK film.

5.2.4 PSC fabrication

Table 5-1 Perovskite Solar Cells based on Different Preparation Procedure

bl- substrate bl + meso- substrate
One-step PVK spin-coating B1 M1
Two-step PVK spin-coating B2 M2

Based on the combination of different substrates and PVK spin-coating procedure, four
PSC configurations have been prepared in this work and summarized in Table 5-1. For
instance, PSC type - ‘B1' means the PVK layer is spin-coated with the one-step
procedure on blocking layer substrate, while in ‘M2' type, PVK layer is prepared with
two-step spin-coating and the substrate is ‘M’ type.

In the end, the counter electrode of carbon (JELCON CH-8 carbon ink, sheet resistance
10 Qscm™, JUJO Printing Supplies & Technology (Pinghu) Co., Ltd., China) was
fabricated by a blade-coating method on top of the PVK film. Then the carbon electrode
was dried in a vacuum oven at 45 °C for 3 h. After that, the HTL-free PSC was obtained.
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5.3 Incorporation of NH,-MIL-125-Ti into PSC as

Electron Transporting Material

In previous section, the difference between the PSC configurations, planar type and
mesoscopic type have been discussed. One problem about the mesoscopic type PSC is
the choice of the material. For instance, the widely used TiO,, there are many defects
such as oxygen vacancies and metal interstitials at the surface and grain boundaries of
TiO,, which can act as charge traps and hinder the cell’s performance?>?'¢. Various work
has been done with electron transporting material (ETM) to obtain high-efficiency

217

perovskite solar cells, such as incorporating graphene with TiO,”"’, using [6,6]-phenyl-
Cgi-butyric acid methyl ester to passivate the TiO, surface?’® and using SnO, to substitute
TiO,*". Another big issue about typical mesoscopic type PSCs is the high calcination
temperature (around 500 °C) needed to prepare the mesoscopic layer, which not only
hinders the processibility of the devices but also limits the application of organic
electrodes in PSCs. Therefore, searching for new ETM with lower fabrication

temperature has always been a hot topic.

The working mechanism of ETM in a PSC is based on the match of the conduction
bands between perovskite and ETM. Based on Figure 5-2, to ensure the photo-generated
electrons transportation from perovskite to ETM, the conduction band of perovskite
must be higher than ETM. However, the larger band difference between the two will
lead to the decrease of the cells’ open circuit voltage (V,..). Thus to obtain a higher V,,
the conduction band of ETM should lie right below that of perovskite. As discussed in
Chapter 1.3, the conduction band of NH,-MIL-125-Ti lies around 4.0 eV, which

220221 thys makes it a

matches the conduction band of most photovoltaic perovskites,
theoretically applicable ETM in PSC. In addition, the microporous structure of MOF
particles may favour the diffusion of the PVK into the particle, resulting a decreased

charge diffusion pathway. Therefore, I applied NH,-MIL-125-T1 as a new ETM for PSC.

To solve the issue of the high fabrication temperature for typical mesoscopic electron
transporting layer, in this work, I introduced a new strategy to incorporate the NH,-
MIL-125-Ti into the perovskite layer. With this new strategy, I have prepared the ETM
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layer with less than 150 °C, which could be further extended to other organic flexible

substrates and multi-junction devices.

a b

Intensity(a.u.)

U

10 s 20
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Figure 5-8 SEM, XRD and TEM results of NH,-MIL-125-Ti
Figure 5-8 shows the morphology and crystallinity of the NH,-MIL-125-Ti used as ETM
in this work; the preparation details and more characterizations can refer to Chapter

4.1.1.

Methylamine lead iodide (MAPbDI;) was prepared via a two-step spin-coating. Lead
iodide (Pbl,) was first spin-coated onto the substrates, and then the methylamine iodide
(MAI) was spin-coated above the Pbl, layer. After evaporation of the solvent, MAPbDI;
perovskite (PVK) film was obtained.

To prepare Ti-MOF PVK film, Ti-MOF powders were mixed with Pbl, solution in the
first spin-coating step. Instead of the typical mesoporous layer preparation which
requires high temperature calcination (450 — 500 °C), Ti-MOF was incorporated into
perovskite film with a simple mixing process. To demonstrate the effect of the Ti-MOF
on the photovoltaic performance of the perovskite solar cell, different concentrations of
MOF powders have been investigated. The mass ratio of Ti-MOF to perovskite was
varied from 0 wt% to 10 wt%. The corresponding films were named as 10% MOF PVK,
for instance.
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e ——

Figure 5-9 FTO sheets after spin coating of different layers. a) Substrate: FTO+ bl-layer; b) After Pbl, deposition, c) After spin
coating of MAI black PVK layer forms.

Figure 5-10 SEM images of PbI; layers with a) and b) 0% MOF addition; ¢) and d) 2% MOF addition; e) and f) 5% MOF addition; g) and h)
10% MOF addition at various magnifications.

The morphology of the prepared Pbl, and PVK films are summarized in Figure 5-10 and
Figure 5-11.
Pristine Pbl, layer is composed of layered particles and covers the substrate uniformly.

The incorporation of MOF powders can be clearly detected in SEM (Figure 5-10, inside
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the red circle). At lower incorporation concentration, 2 % and 5 %, it seems that the Pbl,
layer is not influenced by the guest species — MOF powders, as the morphology of the
film resembles that of 0% MOF Pbl,, composing of layered-like particles. However, with
10 % MOF incorporation, the impact of MOF on the crystallization of Pbl, is not
negligible anymore, as the Pbl, film has a more integrated morphology rather than

distinctive layered-like particles.

Figure 5-11 SEM images of PVK layers with a) and b) 0% MOF addition, c¢) and d) 2% MOF addition, e) and f) 5% MOF addition;
g) and h) 10% MOF addition at various magnifications.

Figure 5-11 displays the morphology of the PVK film, after the 2™ time spin-coating. It
can be seen that the pristine 0 % MOF film is composed of cubic perovskite particles in
the range of 200 — 300 nm. For 2 %, 5 % and 10 % MOF PVK films (Figure 5-11, (c) -
(h)), with the increase of MOF addition concentration, the perovskite particles size
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decreases slightly. The Ti-MOF particles can still be observed in the top view,
surrounded by perovskite particles (Figure 5-16, red circle).

To elaborate the influence of the MOF powders on the perovskite film, DRS and XRD
measurements of the films have been conducted. Figure 5-12(a) and (b) display the light
absorption properties of the FTO substrate, the Pbl, layer and the PVK layer. Compared
the absorption properties of 0 % MOF PVK, the addition of MOF shifts the absorption
edge to a longer wavelength and increase the absorbance as well, which is expected to

contribute to a more efficient charge generation process.
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Figure 5-12 a) and b) UV-Vis absorbance; ¢) and d) XRD patterns of of PbI, and PVK films with different Ti-MOF incorporation

Figure 5-12(c) confirms the existence of perovskite in both 0 % MOF PVK and 5% MOF
PVK. Moreover, the XRD patterns indicate that Pbl, did not converted into PVK

completely, as the diffraction peaks corresponding to Pbl, can be clearly seen in both
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PVK films. Figure 5-12(d) further compares the XRD patterns to trace the incorporated

MOF powders. However, there is no additional peaks appeared in sample 5 % MOF
PVK which can be attributed to NH,-MIL-125-T1 (Figure 5-8(b)). As the MOF powders
have been clearly detected with SEM, the absence of MOF in XRD can be attributed to

the low incorporation of MOF powders in the film, as well as to the MOF character that

the diffraction peak intensities are pretty low at 26 > 10°.

After the formation of the perovskite film, carbon paste was used as the counter

electrode. The photovoltaic performance of the fabricated solar cells was measured

under 100 mW/cm? simulated solar light with working area of 0.01 cm?. The short

circuit density (J,) and open circuit voltage (V,.) of prepared PSCs are summarized in

Figure 5-13.
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Figure 5-13 a) Short circuit density and b) open circuit voltage of prepared PSCs, with respect to different MOF incorporation

[fraction, measured right after fabrication; c¢) short circuit density and d) open circuit voltage of MOF incorporated PSCs, after 3 days

in air.
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It can be concluded from Figure 5-13 that after the incorporation of Ti-MOF into
perovskite layer, the V,. of MOF-PVK cells increased slightly, with 5% MOF film
having the highest V,.. However, the J,. changed more dramatically. The J, values of
different films are 5 % MOF PVK>10 % MOF PVK >2 % MOF PVK >0 % MOF PVK,
which is in agreement with the power conversion efficiency (PCE) output. All the MOF-

incorporated samples show better performance than reference perovskite film

As to the higher V.. of the Ti-MOF solar cells, this can be explained with the closer
bandgap position between the MAPbDI; and Ti-MOF. The working flow inside a
perovskite solar cell highly depends on the alignment of band structure between different
opponents. Thus, compared with 0 % MOF sample, in 2 % MOF, 5 % MOF and 10 %
MOF addition samples, the existence of Ti-MOF modified the interface between the
perovskite and the substrate. V,. in the perovskite solar cell is related with the band
difference between different opponents. Thus the better band match between the
conduction band of perovskite and the conduction band of Ti-MOF decreased the V.
loss and output a higher Voc. Moreover, with the bandgap matching, the photo-
generated charge carriers in perovskite, here means electrons can easily jumps to the
conduction band of Ti-MOF, which favours the electron abstraction and transportation

process, preventing the charge recombination.

Moreover, the stability of the perovskite solar cells with the incorporation of MOFs was

investigated (Figure 5-13).

In summary, with the simple mixing strategy, Ti-MOF (NH,-MIL-125-T1) was for the
first time incorporated into PSCs with less than 100 °C. Current-Voltage measurements
show that the incorporation of NH,-MIL-125-Ti into the perovskite solar cell leads to an
improved photovoltaic performance, with a 15% increase in short circuit current and a
10% increase in open circuit voltage. This can be attributed to the conduction band
match between perovskite and NH,-MIL-125-Ti. While the conduction band of NH,-
MIL-125-Ti is lower than that of perovskite, NH,-MIL-125-Ti acts as the electron
transporting material and facilitates the electron transportation process compared with
no incorporation cells, which can be confirmed by the EIS results. On the other hand,

the conduction band gap between the two is smaller than in the case of typical electron
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transportation material TiO,, therefore, the output voltage of a solar cell with NH,-MIL-
125-T1 1s higher than conventional mesoscopic TiO, PSCs. In addition to the
photovoltaic improvements, the highest fabrication temperature for NH2-MIL-125-Ti
incorporated PSC was only 100 °C, which compared with typical mesoscopic PSCs
provides more possibility for different electrode substrates. Therefore, our work
successfully incorporated NH,-MIL-125-Ti into a PSC as a new electron transporting
material with a feasible, low temperature process. NH,-MIL-125-T1 with organic

substrates PSCs is under investigation.
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5.4 Work with collaborator

Lead-based perovskites are toxic and suffer from an instability that leads to degradation
over time upon illumination in air. In contrast, organic-inorganic bismuth perovskite
have drawn considerable inter ests due to their non-toxicity and high air stability.
However, the power conversion efficiency (PCE) of MBI-based PSC is pretty low due to
various factors, including the rough film surface, inherent mismatch large band gap, and

poor charge transport.???

In this work, I have also investigated the non-toxic perovskite, (CH;NH;);Bi,I (MBI), in
collaboration with researchers from Hubei University, China. To improve the PCE of

Bi-based PSCs, we have conducted two projects with different strategies:

1) Nontoxic (CH;NH;);Bizly perovskite solar cells free of hole conductors with an
alternative architectural design and a solution-processable approach’” (DOIL.:

10.1039/C7RA04924B)

The focus of this project was to prepare high-quality, homogeneous, and compact MBI
thin for photovoltaic purposes. The typical MBI preparation is a one-step liquid phase
spin coating process (1-S), which typically results in loosely packed 2-D MBI plates. In
this project, we developed a new two-step process based on a soaking-assisted sequential
drop-cast method (2-S) that I adopted from my aforementioned studies with MAPDI;.
The morphology of the films prepared with different methods is summarized in Figure
5-14. It can be seen that the MBI films prepared with the 2-S route are composed of
considerably smaller MBI plates than the 1-S route, and the plates are closely stacked. In
contrast, the larger 2-D MBI plates in the 1-S route contained large unfilled voids have.
The MBI films have been prepared both on the bl-substrate and the meso-substrate, the

trends in particle size and packing are the same with both substrates.
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Figure 5-14 Top-view FE-SEM images of the MBI perovskite layer: (a) I-mpMBI, (b) 1-cp-MBI, (c) 2-mp-MBI and (d) 2-cp-MBI.
The insets are the the high resolution images, and the scale bars on the images and the insets are 2 mm and 500 nm, respectively.

Subsequent characterizations including AFM, DRS, EIS, and J-V curve have been
performed to reveal the influence of morphologies of MBI films on the devices’
performance. Generally, the mesoporous structured devices possess higher PCE than the
planar structured devices. However, surprisingly, despite the better contact between the
nanoplates, the 2-S prepared MBI films did not demonstrate superior performance over
1-S prepared MBI films, as can be seen from the IV performance of the film in Figure
5-15. This suggests that either the limiting process is the size rather than the particle
packing, or there are hitherto unnoticed differences in the crystal structure or defect
concentration that need to be further investigated. However, all devices demonstrated
excellent thermal and long-term stabilities, even after storage in ambient air for 32 days,

which confirms the potential of Bi-based perovskite for air-stable PSCs.
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Figure 5-15 The IV performances of obtained Bi-based cells

2) Influence of Rutile-TiO; nanorod arrays on Pb-free (CH3:NH3);Bi2lo-based
hybrid perovskite solar cells fabricated through two-step sequential solution
process®** (10.1016/j.jallcom.2017.12.188)

The second strategy for improving the PCE of Bi-based PSC was to facilitate the charge
collection as well as the charge transfer property via the optimization of the electron-

transporting layer.

Herein, we used Rutile-Ti0O, nanorod arrays (r-TNRA) as our ETL candidates. Due to
improved transfer channels introduced by the one-dimensional nanostructure, we expect
a higher electron mobility of rutile compared to the other TiO, materials, as well as a
higher conduction band potential. R-TNRA were successfully deposited onto FTO via
direct frequency reactive magnetron sputtering. MABIil; was subsequently deposited
onto the r-TNRA. The configuration and working principle of thus obtained PSC can be

seen in Figure 5-16(a) and (b). All the devices were fabricated in ambient air.
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Figure 5-16 a) Schematic illustration of the device structure; b) Energy level diagram of the MBI PSCs; ¢) J-V curves of MBI PSCs
based on different thickness of rutile TiO> NRA films; d) SEM cross-sectional structure of the MBI PSCs based 564 nm- TiO; NRA,

scale bar, 100 nm

The impact of rutile-TiO, ETL thicknesses (473 nm-1073 nm) on the photogenerated

carrier behavior and the photovoltaic performance of the fabricated solar cells have been

investigated with time-resolved photoluminescence decay and J-V measurement. The

highest PCE is obtained with a thickness at 564 nm (Figure 5-16). Further, SEM

characterization shows that the MABIil; penetrated into the rutile array and formed a

close contact with the electron transporting layer which is beneficial for the charge

separation and transportation.
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Figure 5-17 J-V curves of MBI PSC based on 564 nmn-TiO, NRA films under simulated AM 1.5G (100 mW cm™? irradiance),
which measured immediately and exposed to humid dark environment without any sealing (> 50 % relative humidity) for 67 days,
the inset shows an digital image of MBI PSCs after 67 days.

The most appealing characteristic of r-TNRA prepared PSCs is their ultra-high stability.
Figure 5-17 compares the J-V curve of freshly prepared PSC and the PSC exposed to the
humid dark environment without any sealing (> 50 % relative humidity) for 67 days,
and it can be observed that the PCE of the cell in the humid environment has increased
This remarkable stability enables MBI-based PSC great
advantage over the typical Pb-based PSCs. Moreover, this is attributed by the r-TNRA,

by approximately 7 %.

as the photovoltaic analysis of MBI PSCs prepared on the anatase TiO,-particle
mesoporous layer decreases approximately 25 % for 10 weeks in ambient condition.
However, the highest efficiency achieved with r-TNRA is only 0.15 %; to fulfill the
potential of Bi-based PSC, the photovoltaic efficiency needs to be improved.
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