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ABSTRACT

Carbon dioxide (CO-) reduction has emerged as a vital approach to address two pressing global
challenges: climate change and sustainable resource management. As a major greenhouse gas,
CO: has significantly contributed to global warming, primarily due to rapid industrialization
and urban expansion over the past century. To mitigate its environmental impact, CO- can be
treated not as waste but as a valuable raw material. Among the emerging technologies,
photocatalytic CO: reduction stands out for its ability to convert CO: into valuable products
such as fuels and chemicals by harnessing renewable, abundant, and inexpensive solar energy.
This strategy not only helps reduce greenhouse gas emissions but also supports the
development of a circular carbon economy, while simultaneously addressing the global energy
crisis by enabling the production of value-added fuels and chemicals from CO-. This scientific
approach embraces the concept of transforming waste into valuable resources, paving the way

toward a cleaner and more sustainable future.

To address these challenges, in this thesis, we focus on the design and development of
a series of porous polymers including covalent triazine-based frameworks (CTFs), metal-
organic frameworks (MOFs), and conjugated microporous polymers (CMPs) with diverse
backbone architectures. These porous materials have been further employed as solid supports
for the incorporation of redox-active metal centres and metal coordination complexes through
various post-synthetic modification strategies. This approach aims to develop robust and
efficient photocatalysts for sustainable CO: reduction into value-added chemicals under visible
light irradiation. The core findings and detailed discussions are presented across four main

chapters, namely Chapters 2, 3, 4, and 5.

In Chapter 2, we report the development of a series of Co?*-loaded covalent triazine-
based framework (CTF) photocatalysts, prepared via a simple deposition method. The
incorporation of isolated Co** sites significantly enhanced the photocatalytic reduction of CO-
to CO, achieving 1515 umol/gm of CO, approximately 37 times higher than the pristine CTF-
TPE (40 pmol/gm) over 2 hours. EXAFS and XPS analyses confirmed the presence of single-

site Co?* centers and their crucial role in catalytic efficiency.

In chapter 3, we report the solvothermal synthesis of Zn (1I)- and Co (Il)-based
imidazolate framework photocatalysts, including IFP-1(Zn), and IFP-5(Co), for CO: reduction.
Furthermore, we have also prepared a metal exchanged IFP-1(Zn/Co) through partial

substitution of Zn (1) with redox-active Co (Il) in IFP-1(Zn). with a marked enhancement in



CO evolution (637 umol g') compared to IFP-1(Zn) (29 umol g!). Among these, IFP-5(Co)
exhibited the highest activity (1174 umol g'), attributed to the presence of catalytically active
cobalt centers.

In Chapter 4, we report the first successful incorporation of a Ru (I1) bis-terpyridine
complex, [Ru(cptpy):], into a Zr-based MOF featuring a naphthalene diimide (NDI) linker via
solvent-assisted ligand exchange (SALE). The resulting hybrid, Zr-NDI@Ru-tpy, exhibited
excellent photocatalytic CO: reduction under visible light, achieving a CO production rate of
2449 pmol g' h™! with 97% selectivity and a turnover number (TON) of 123 over 6 hours.
Mechanistic insights were supported by photophysical, electrochemical, and in situ DRIFT
spectroscopic analyses.

In chapter 5, we report the design and synthesis of two metal-salen-based conjugated
microporous polymers, salen-CMP@Co and salen-CMP@Zn, as photocatalysts for visible-
light-driven CO2 reduction. Both materials efficiently generated syngas (CO + Hz), with salen-
CMP@Co showing superior activity, achieving CO and H: evolution rates of 3041 and
20,212 umol g', respectively. Importantly, the syngas composition could be precisely tuned
by adjusting the acetonitrile-to-water ratio in the reaction medium.
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1. Introduction and literature survey:

1.1 Excessive use of non-renewable fossil fuels and its effects on society,

economy, and the environment

The continuous growth of the global economy, rapid population expansion, and advancements
in technology have collectively led a significant surge in the worldwide primary energy
consumption.® In 2012, the global energy consumption rate was recorded at 16.3 TW, and it is
projected to rise substantially, reaching approximately 40 TW by 2050 and nearly 60 TW by
2100.2 To meet this escalating energy demand, fossil fuels such as oil, coal and natural gas still
serve as the primary energy sources, supplying around 80% of the global demand for energy.
Fossil fuels are expected to continue being the leading primary source of energy until 2050
(Figure 1.1).2 These energy sources, formed from the photosynthetic activity of ancient
organisms over millions of years, continue to supply the majority of the energy required for
modern technologies, residential heating, and the production of various chemicals and
materials essential for daily life. This continuous rise in fossil fuel consumption, particularly
in densely populated regions of the world, has significant social, economic, and environmental

implications, both positive and negative. On the positive side, they contribute the highest
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Figure 1.1: Global primary energy consumption by different energy sources. Copyright 2019
U.S. Energy Information Administration (EIA).*
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number of employment opportunities and generate substantial tax revenues. However, they
also present the greatest risks to public health and social well-being, posing significant
challenges for communities and societies. The growing demand for energy can lead to higher
energy unit prices, which contributes to energy-driven inflation and potentially hinders
economic growth. However, the availability of these reserves is finite, and their depletion is
inevitable. Even before reaching a state of scarcity, the continuous and growing reliance on

fossil fuels (gas, oil, and coal) is expected to have detrimental effects on the ecosystems.
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Figure 1.2: The daily averaged CO: concentrations are recorded from four Global Monitoring
Laboratory baseline observatories. This data is taken from the National Oceanic and
Atmospheric Administration (NOAA).®

The combustion of fossil fuels to fulfil the global energy needs results in the release of
significant greenhouse gases with carbon dioxide (CO2) being a primary by-product. Analysis
of daily observations collected by the Global Monitoring Laboratory across four international
observatories (Figure 1.2) demonstrates a sSubstantial upward trend in global CO-
concentrations. The Intergovernmental Panel on Climate Change (IPCC) projects that CO>
concentration may reach as high as 590 ppm by 2100, potentially leading to a global
temperature increase of approximately 1.9 °C.® This increasing level of atmospheric carbon
dioxide leads to the severe environmental consequences, contributing to global warming, ocean
acidification, and extreme weather patterns which threaten ecosystems and human settlements.

Changes in climate patterns also intensify droughts, storms, and wildfires, disrupting

3



Chapter 1

agriculture, water resources, and biodiversity. In addition to their harmful environmental
effects, fossil fuels are finite resources, and their prices fluctuate significantly. These price
variations affect industries that produce and consume oil, disrupting revenues and reducing
consumers' ability to afford goods and services.” Hence, energy shortages, along with rising
prices and limited supply, can lead to social instability and increased energy poverty.
Therefore, it is imperative to develop strategies for alternative fuels and the reduction of
anthropogenic CO: emissions to maintain a balanced atmospheric CO: level, thereby

promoting sustainable energy solutions and combating climate change.

1.2 Mitigating the increasing level of CO>

Reducing emissions and mitigating atmospheric CO: concentrations are pressing global
challenges that require urgent development of the sustainable and carbon-neutral energy
technologies. Given that Fossil fuels will likely to be remain a leading source of energy for the
near future, one of the most effective approaches to lowering anthropogenic CO- emissions is
capturing CO: directly from origins like as flue gases emitted by power plants that rely on fossil
fuels. This can be achieved through carbon capture and storage (CCS) technologies. However,
the widespread implementation of CCS faces several challenges, primarily due to the high
energy demands associated with CO- separation, purification, compression, transportation, and
storage.? In industrial applications, the most commonly used method for CO. capture is the
direct chemisorption of CO: using alcohol-amine solutions. While this approach offers high
capture efficiency, it presents significant challenges for large-scale implementation due to its
high regeneration energy requirements and its corrosive effects on equipment.® Additionally,
CCS technology faces economic and technical challenges, including high capture costs and
concerns regarding the long-term safety of CO: sequestration, posing significant obstacles to
the advancement of CCS technologies.’

Given these limitations, an emerging approach involves not only capturing CO: but also
catalytically transforming it into valuable chemicals including CO, CH4, CH3OH, C2Hs0H,
etc. This strategy builds upon CCS by transforming sequestered CO- into useful products,
offering a more sustainable and economically viable alternative which addresses contemporary
environmental concerns and the energy crisis. By transforming CO: into useful products, this
strategy provides a dual benefit: reducing greenhouse gas emissions while simultaneously

generating valuable resources, making it an exciting area for future research and development



Chapter 1

in carbon management. In context to conversion of CO; to value added chemicals, different
state-of-art catalytic strategies have been developed such as thermo-catalytic,©
electrocatalytic!* and enzymatic approaches.? However, these technologies face challenges
such as high operational costs, secondary dependence on fossil fuels, and the need for complex
reaction conditions, limiting their feasibility in meeting the demands of the modern,

competitive world.

On the contrary, visible-light-induced photocatalytic reduction of CO. is becoming
recognized as a promising approach over the past few years due to the abundance of solar
energy on the planet which is pollution-free, inexhaustible and cost-free. Solar energy is
generated by continuous nuclear fusion reactions within the sun, and only a fraction of this
energy reaches the Earth's atmosphere. Although only a tiny fraction of the sun's total radiant
energy, approximately 1 in 2.2 billion reaches Earth's atmosphere,*? it remains an immense
energy source capable of supporting industrial production and daily human activities. It is
worth mentioning that, the solar energy that reaches the Earth's surface, estimated at around
1.3 x 10° terawatts, is nearly 10,000 times greater than the world’s current energy demand,
highlighting its immense and untapped potential as a sustainable power source.}*
Consequently, transforming this plentiful solar radiation into chemical forms of energy through
photocatalytic CO> reduction into fuels (H2, CO, HCOOH, HCHO, CH3OH, CH3) has gained
widespread recognition from the global scientific community, promoting the advancement of
artificial photocatalytic systems that mimic natural photosynthesis. One of the key benefits of
photocatalysis is its ability to harness solar energy, providing a renewable and abundant energy
source for CO2 conversion without the need for external energy inputs, unlike thermo-catalysis,
which relies on high temperatures. Additionally, photocatalysis operates under mild
environments, typically at room temperature and normal pressure, making it more energy-
efficient and cost-effective compared to thermo-catalytic and electrocatalytic methods that

require elevated temperatures or electricity from potentially non-renewable sources.

1.3 Basics of photocatalytic CO> reduction

Over the course of billions of years, plants along with other photosynthetic organisms have
sustained aerobic life on Earth by producing oxygen and organic compounds through

photosynthesis. This process converts carbon dioxide (CO:) and water (H20) into oxygen (O2)
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and carbohydrates, such as glucose (CsHi20s), using energy from sunlight.’® Essentially,

sunlight is converted into chemical energy and stored in these organic molecules.

—>[CH,0] + H,0

- €O, +4e” + 4H*
X
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Figure 1.3: Diagrammatic illustration of the natural photosynthetic pathway within the
photosystems. The diagram was adapted with permission from reference 16.

Photosynthesis relies on the coordinated functions of photosystem Il (PS Il) and photosystem
I (PS 1).1"18 In PS II, water molecules are split under the influence of sunlight, generating
oxygen, along with four protons and an equal number of electrons. These protons and electrons
are subsequently transported by cytochrome b6f to PS I, where they participate in the reduction

of CO., ultimately leading to carbohydrate production (Figure 1.3).

The overall process of photosynthesis is highly complex, making it impossible to
precisely replicate their structures and compositions. Although, their fundamental functions
and associated chemical reactions can be mimicked to achieve artificial photosynthesis (AP).
This approach efficiently harnesses solar energy, converting it into chemical energy that can
be stored in the form of synthetic fuels for long-term use (Figure 1.3). Consequently, there is
significant scientific interest in developing efficient artificial photocatalytic systems that can
capture solar energy and convert CO: into valuable chemical fuels through photoreduction

processes.

It is known that COs: is a chemically stable molecule with a linear and symmetrical
structure featuring carbon atoms in its high oxidation state. The average bond dissociation
energy of the C=0 double bond is approximately 804.4 kJ mol! at 298 K, reflecting its
thermodynamic stability. This inherent stability makes CO: reduction thermodynamically
challenging and requires significant energy input to drive the reaction.'>?° Moreover, the use

of catalysts is essential due to the inherent inertness. Usually, semiconductors are employed as
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photocatalysts for the reduction of CO> under visible light irradiation, serves as an effective
approach to transform solar energy into chemical fuels and address environmental issues. For
instance, in 1978, Halmann# initially discovered that CO- could undergo photoelectrochemical
reduction to methanol (CHsOH) using a gallium phosphide (GaP) electrode exhibiting p-type
semiconducting behaviour. The year after, Inoue et al.??> demonstrated that methanol, formic
acid, and formaldehyde can be generated via the photocatalytic reduction of CO. in water-

based suspensions containing semiconductor materials such as ZnO, TiO., GaP, CdS, and SiC.

It is widely acknowledged that photocatalytic performance of these semiconductors
primarily arise from the creation of charge carriers (electrons and holes) when photons
possessing energy equal to or exceeding the band gap (Eg) are absorbed.?® Upon excitation,
photogenerated holes (h*) in the valence band (VB) migrate to the surface of the
semiconductor, where they react with H.O to generate H" and HO™.2* In photocatalytic CO:
reduction (PCR), water (H20) plays a crucial role as a proton (H*) donor. Although, because
of the significant oxidation potential of the O2/H.O pair (+0.81 V vs. normal hydrogen
electrode (NHE)), the valence band (VB) energy level of an effective photocatalyst should be
positioned at more positive potential than +0.82 V vs. NHE to facilitate proton generation.
These protons subsequently migrate to activated CO. molecules, enabling the production of
value-added products. Enhancing the water oxidation reaction is beneficial, as it helps consume
photogenerated holes, increases the availability of electrons for CO: reduction, and ultimately

improves PCR performance.

However, the hydrogen evolution reaction (HER) presents a challenge due to its
reduction potential (-0.41 V vs. NHE), which is similar to that of CO2 reduction and thus H-
generation become difficult to supress. As a result, the selectivity of PCR is often limited by
HER competition. To achieve efficient CO: photoreduction, the conduction band (CB) should
lie at a potential more negative than that required for CO: reduction, whereas the valence band
(VB) must be positioned at a more positive potential than the oxidation threshold for converting
H20 to O:. Furthermore, higher CO: reduction efficiency is observed when the CB potential

positioned at more negative relative to the redox potential of a given CO: reduction process.

A direct transfer of a single electron to CO., forming a CO:"~ radical, is generally
unfeasible due to its elevated reduction potential (-1.9 V vs. NHE), which exceeds the
conduction band energy of most semiconductor materials. In contrast, the reduction potentials
for producing CO (-0.53 V), HCOOH (-0.66 V), HCHO (-0.48 V), CHsOH (-0.39 V), and CH.
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(-0.246 V) are relatively lower and more positive than the CB edges of several semiconductors,
making their formation more favourable. Instead of single-electron transfer, the process
primarily follows a proton-coupled electron transfer (PCET) process, where transfer of electron
to CO: is accompanied by proton transfer, enhancing reaction feasibility. A summary of the

formal reduction potentials for key CO. and H-O photoreduction reactions at pH 7 is provided
in equation 1-9, 242526

COx+2e+2H — CO+H0 —0.53 V (vs NHE) (1
COz+ 2e” + 2H™ — HCOOH —0.61 V (vs NHE) (2)
COz +4e”+4H™ — HCHO + H20 —0 48V (vs NHE) (3)
COz + 6"+ 6H™ — CH30H + H20 —0.38 V (vs NHE) 4
COz + 8 + 8H™ — CH4 + 2H20 —0.24 V (vs NHE) (5)
2C0Or + 12" + 12H” — CoHy + 4H20 —0.34V (vs NHE) (&)
2002 + 14e” + 14H™ — C:Hg + 4H20 —027V (vs NHE) (7
2H +2e —H:z —041 V (vs NHE) (8)
JH:20+4h™ — 4H + Oz +0.81 V (vs NHE) ()]
{Water oxidation reaction)
co,
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a . - H*, CO, (ads)
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Figure 1.4: Schematic diagram illustrating the mechanism for CO: conversion, images adapted
with permission from Reference 27.
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In addition to suitable band gap (Eg) and band potential the performance of photocatalytic CO-
conversion is influenced by multiple factors, including the underlying photocatalytic reactions
and the dynamics of CO: reduction. This process involves several key steps, namely excitation,
charge transport, charge separation, oxidation and reduction. As illustrated in Figure 1.4,
photocatalytic CO. reduction on a semiconductor surface can be divided into eight distinct
stages: (1) Generation of electron—-hole pairs upon light absorption, (2) Separation and transport
of photogenerated charge carriers, (3) bulk charge recombination, (4) CO: reduction facilitated
by a co-catalyst, (5) water oxidation with a co-catalyst or oxidation of sacrificial electron
donors, (6) Recombination of charge carriers at the material’s surface, (7) hydrogen (H:)

evolution as a competing reaction, and (8) oxidation of CO: reduction products.

The process begins with photon absorption, which promotes electrons from the valence
band (VB) to the conduction band (CB), creating an equivalent number of holes in the VB.
This charge excitation (Step 1) is crucial for initiating the photocatalytic reaction. In the next
step (Step 2), these photogenerated charge carriers move towards the surface, where they take
part in oxidation-reduction processes. However, an undesirable process, bulk charge
recombination (Step 3), can occur, where electrons and holes recombine within the material,

leading to energy loss and reduced efficiency.

For effective CO2 reduction, the conduction band potential should lie at a more negative
value than the CO: reduction potential, whereas the valence band must be positioned more
positively than the potential for the water oxidation (0.817 V vs. SHE at pH 7). Additionally,
an adequate overpotential (Eoverpot) IS essential for facilitating the reaction efficiently. A
reduced band gap width (Eq < 3.0 eV or A > 415 nm) is preferable, as a larger band gap would
limit solar energy absorption. Once the photoexcited electrons and holes reach the surface of
the material, they take part in separate half-reactions: electrons facilitate CO: reduction at CO2
reduction active sites or co-catalysts, producing C1 or C2 fuels like as CO, HCOOH, CHa.,
CHsOH, or C:HsOH (Step 4), while holes participate in water oxidation at water oxidation co-

catalysts (WOC), generating molecular O: (Step 5).

However, In the absence of adequate active sites or co-catalysts, electrons and holes
may undergo surface charge recombination (Step 6), mirroring the bulk recombination process
in Step 3. Additionally, unwanted reactions such as hydrogen evolution (Step 7) and the
oxidation of CO: reduction products (Step 8) can occur, competing with the desired CO:

reduction pathway. These unfavourable processes, steps 3, 6, 7, and 8 should be minimized to
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maximize the efficiency of photocatalytic CO: reduction by ensuring effective charge

separation, surface reaction kinetics, and selective catalysis.
1.4 Various types of photocatalysts for CO> reduction reaction

The photocatalytic transformation of CO- into value-added compounds can be accomplished
using both homogeneous and heterogeneous photocatalysts. Homogeneous photocatalysts
primarily consist of molecular metal complexes, which offer well-defined active sites and
tunable electronic properties, enabling efficient light absorption and charge transfer. In
contrast, heterogeneous photocatalysts are typically solid semiconductor materials that provide
structural stability and facilitate long-term photocatalytic activity. Both approaches have been

extensively explored to enhance CO: reduction efficiency.

1.4.1 Homogeneous photocatalyst

Homogeneous photocatalysts serve as a key factor in driving efficient CO. photoreduction by
facilitating efficient charge transfer, light absorption, and catalytic activity in a uniform
reaction medium. These catalysts, typically composed of molecular complexes, offer well-
defined active sites, tunable electronic properties, and high selectivity for CO- conversion. In
homogenous photocatalytic CO- reduction, molecular complexes containing second- and third-
row transition metals, such as rhenium (Re), and ruthenium (Ru) are regarded as benchmark
catalysts due to their superior performance. These metal complexes demonstrate excellent
photocatalytic activity, efficient charge transfer, and high selectivity for CO: reduction.?® The
properties of these catalysts, such as stability, redox behaviour, inductive effects, and steric
factors, can be finely controlled by modifying their ligands, allowing precise control over their
reactivity. This tunability is particularly significant, as selectivity remains a key challenge in
CO: reduction because many of the possible products share comparable reduction potentials.
Tuning of the catalysts is key to boosting overall system performance. These molecular
catalysts also offer the benefit of having well-defined structural features, which facilitates
detailed mechanistic studies. Understanding the relationship between molecular structure and
catalytic efficiency provides valuable insights that can guide the development of highly
efficient and selective photocatalytic materials for the CO: conversion. Despite their
advantages, molecular photocatalysts also have certain limitations. The strong absorption of
light increases their vulnerability to photo-induced dissociation or photo-isomerization,

10
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reducing their stability and robustness. Additionally, as homogeneous -catalysts, their
recyclability is challenging, which limits their long-term applicability. Another major
drawback is their reliance on noble and rare metals, making them costly and less
environmentally sustainable. This issue is further compounded by the frequent need for
additional components, such as noble metal-based photosensitizers and sacrificial electron
donors, to enhance their photocatalytic efficiency. These factors collectively hinder the large-
scale implementation of homogeneous photocatalysts for CO: reduction, necessitating further

research to develop more stable, cost-effective, and sustainable alternatives.
1.4.2 Heterogeneous photocatalysts

1.4.2.1 Inorganic semiconductors as catalyst for CO> reduction

Fujishima, Honda, and their colleagues conducted ground-breaking research on the
photocatalytic reduction of CO: in water using heterogeneous semiconductor powders
suspended in an aqueous medium.?® Since their pioneering work, a large number of
semiconductors, including TiO2, BaLasTisO1s, SrTiOs, WOs nanosheets, NaNbQOa4, KNbOa,
Sr2Nb207, Zn2GeOs, Zn2GaOs, Zn.SnO., and various metal sulfides, have been identified as
efficient photocatalysts for CO. conversion with H.O. This research domain has seen
significant progress in recent times, leading to rapid advancements in photocatalytic CO-

conversion.%
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Figure 1.5: The alignment of energy band edges in different semiconductor photocatalysts with
respect to the redox potentials of the species involved in CO: reduction. Image used with

permission from the reference 31.
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TiO: is among the most extensively studied inorganic semiconductors due to its excellent
photocatalytic activity, affordability, and low toxicity.3? However, Due to its 3.2 eV band gap
(Fig. 1.5), TiO2 is limited to absorbing ultraviolet (UV) light with wavelengths below 400 nm,
which constitutes less than 5% of sunlight. To enhance its photocatalytic efficiency, several
modification strategies have been explored, including impurity doping,® metal deposition,*
alkali treatment,®® heterojunction formation,® and the incorporation of carbon-based
materials.3” For example, in 2014, Garcia and colleagues enhanced the performance of
commercial TiO2 (P25) through incorporating nanoparticles of Au-Cu alloy as a cocatalyst.3®
This modification resulted in a production rate of CHs exceeding 2000 pmol g' h™!, primarily
due to the surface plasmon resonance of Au. Nonethless, the enhanced photocatalytic

efficiency was sustained only under simulated sunlight.

However, a wide range of inorganic photocatalysts face limitations due to either
unfavourable conduction and valence band alignment or comparatively wide band gaps (Figure
1.5), which restrict their ability to absorb visible light. The durability over extended periods
remains a challenge for the majority of inorganic photocatalysts. Furthermore, the efficiency
of inorganic semiconductors remains inadequate for industrial applications due to several
limitations, including poor CO: adsorption capacity, low specific surface area, wide band gaps,
rapid electron-hole recombination in nonporous structures,®® and low selectivity for
photocatalytic CO2 reduction into high-value fuels. Another important aspect of heterogeneous
inorganic catalysts is the challenge of achieving precise molecular-level control over their
structure. Additionally, the most efficient catalytic systems often depend on the use of precious

metals, which can limit their practicality and sustainability.

Therefore, the advancement of photocatalysts that exhibit both high activity and
selectivity toward CO: reduction is key research prior. Such systems should possess broad
visible-light absorption, long-term stability, effective separation of photo-induced charge
carriers, strong CO. adsorption capacity, and abundant catalytic sites available for CO-
reduction. Achieving these attributes will significantly enhance the overall performance and

practicality of photocatalytic CO- conversion for sustainable energy applications.
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1.4.2.2 Porous materials as heterogenous catalyst for CO> reduction

Porous materials have gained considerable interest within the domain of photocatalytic CO-
reduction Because of their unique features. Polymeric porous photocatalysts offer the
advantages of both homogeneous and heterogeneous photocatalysis, making them a promising
class of materials with a highly tuneable molecular structure. They are primarily composed of
earth-abundant and lightweight elements, making them more cost-effective and less toxic than
inorganic semiconductors. Despite their molecular backbone, these photocatalysts exhibit
excellent stability, durability, scalability, and can easily recovered. These chemically and
thermally stable porous materials can act as solid supports to heterogenized the molecular
complex. Porous photocatalysts generally exhibit superior performance compared to their non-
porous counterparts in both environmental and energy-related photocatalytic applications. This
enhanced efficiency can be attributed to four key factors: (1) effective capture and diffusion of
reactants, such as CO., moisture, and organic molecules, because of their highly porous
structure and considerable surface area, which facilitates subsequent photocatalytic
reactions;*%*! (2) improved light absorption resulting from reflection and scattering within the
porous structure; (3) a higher density of active catalytic sites, leading to greater photocatalytic
activity; and (4) shorter distances for charge carrier movement to the surface, reducing
recombination losses and enhancing charge separation efficiency. The combined effect of
adsorption and photocatalysis in porous materials makes them highly attractive for developing
multifunctional photocatalytic systems. Furthermore, the ability of porous materials to capture
CO: enhances their effectiveness in photocatalytic CO: reduction by increasing the
concentration of CO2 molecules at active sites, thereby facilitating its conversion into value-
added fuels.*> Owing to these advantages, numerous types of porous catalysts have been
extensively developed and synthesized for solar-driven CO: conversion into value-added
chemicals. These include covalent organic frameworks (COFs),** metal-organic frameworks
(MOFs),* porous organic polymers (POPs),* covalent triazine-based frameworks (CTFs),*®

conjugated microporous polymers (CMPs),*”and other carbon-based photocatalytic systems.*®

1.5 Classifications of porous materials

According to the International Union of Pure and Applied Chemistry (IUPAC), porous
materials are categorized into three types based on their pore diameter. Materials possessing

pores with diameters smaller than 2 nm are referred as microporous, while those with pore
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diameters ranging between 2 to 50 nm are referred to as mesoporous. If the pore size exceeds
50 nm, the material is categorized as macroporous.*>°%°1:52 Beyond pore size, porous materials
may also be categorized according to the nature of their structural building units or framework
components, as depicted in Figure 1.6. The functionality of porous materials is largely
influenced by key factors such as pore shape, distribution, and density. These materials exist
in various physical forms, including particles, fibers, wires, membranes, and foams. The
selection of a specific form is determined by the intended application, ensuring optimal

performance in diverse fields.

Porous
Materials

Framework
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| I 1
Microporous Mesoporous
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| 1
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Macroporous
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Figure 1.6: Different types of porous materials.

One of the widely used methods to evaluate the permanent porosity of various porous
materials is the isothermal sorption of gases. Gas adsorption onto a surface occurs through two
main mechanisms: physisorption and chemisorption. In chemisorption, a chemical bond forms
between the adsorbate (gas molecule) and the adsorbent (solid surface).>® Conversely, in
physisorption, the adsorbate is held on the surface by weak physical forces, primarily van der
Waals interactions.> For gas adsorption in porous materials, physisorption is particularly
significant because the gas can be removed from the surface without undergoing any chemical
change. Adsorption isotherms describe the relationship between the porous structure and the
sorption behavior of gases. There are six primary types of adsorption isotherms, as depicted in
Figure 1.7.5° These isotherms are characteristic of different types of adsorbents: Type | is
associated with microporous materials, Types Il, Ill, and VI are typical of nonporous and
macroporous materials, and Types IV and V are characteristic of mesoporous materials. Types

IV and V share similarities with Types Il and 111, respectively, but specifically correspond to
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porous adsorbents. When gas-solid interactions are stronger than gas-gas interactions, the
adsorption isotherm follows Types Il and IV. Conversely, when gas-gas interactions dominate,
the adsorption isotherm corresponds to Types Ill and V. Type VI isotherms are observed for
macroporous or nonporous solids with uniform surfaces, where adsorption takes place in
distinct multilayer steps. These adsorption isotherms are crucial in determining specific
material characteristics including surface area, mean pore size, particle size distribution, and

the average size of deposited particles.

2

v \ Vi

Amount adsorbed

Relative pressure >

Figure 1.7: Different types of adsorption isotherm based on IUPAC. Image used with
permission from the reference 55.

Over the years, extensive research has resulted in the discovery of hundreds of porous
materials, offering diverse applications. Recently, a notable increase has been observed in
research interest in MOFs, CTFs, and CMPs due to their exceptional functional properties and
versatile applications. These materials exhibit remarkable characteristics, including high

porosity, tuneable chemical properties, and accessible coordination sites, making them highly
versatile.

In this section, we focus on CTFs, MOFs and CMPs. Specifically, we explore their role
as solid supports for immobilizing molecular catalysts and their potential in catalytic

applications, particularly for photocatalytic CO- reduction to carbon monoxide (CO).
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1.5.1 Covalent triazine-based frameworks (CTFs)

CTFs are the novel subclass of porous organic polymer (POP), characterized by the presence
of aromatic 1,3,5-triazine units and extended planar n-conjugation.®®°” The interaction between
the aromatic units and triazine rings enhances m-conjugation across the framework, resulting in
a reduction of the system’s overall electronic energy, thereby enhancing its chemical
stability.>®>® Among, the various classes of porous organic polymer (POPs), the triazine-based
POP family stands out due to its exceptionally high nitrogen content within the framework
possessing semiconductive properties. It exhibits outstanding physical characteristics,
remarkable chemical robustness, and high thermal stability, primarily attributed to the strong
planar m-conjugation present within its aromatic ring structure. Additionally, these materials
exhibit a well-developed porous structure, consisting of both micropores and mesopores. Their
synthesis is not only cost-effective but also utilizes readily available chemical precursors. 806!
These materials exhibit exceptional structural precision, allowing for meticulous control over
their pore architecture, surface area, semiconducting behaviour and chemical functionality.
This tunability makes them highly versatile and enabling their use in various fields, including
gas adsorption and separation, energy storage as well as in heterogenous photocatalytic

applications.

With continued progress in materials research, CTFs have emerged as promising
materials particularly in the field of photocatalysis. Several factors contribute to their growing
popularity: (1) Unlike inorganic materials, CTFs are organic porous frameworks with highly
tunable and designable structures, offering significant versatility for photocatalytic
applications;®2% (2) Their ordered m-conjugated networks impart exceptional chemical and
thermal stability, as well as ease of recyclability, making them highly suitable for
photocatalytic reactions; (3) Their high specific surface area and well-developed porous
morphology enhance the exposure of catalytic active sites, thereby improving overall reaction
efficiency; (4) The triazine units within the framework can coordinate effectively with
transition metal atoms. Additionally, the introduction of heteroatoms allows for the anchoring
of metal complexes via nitrogen-containing functional groups (triazine ring) helping to prevent
metal agglomeration. The structural diversity of CTFs also enables the formation of high-
affinity binding sites for various guest species, expanding their potential across a broad

spectrum of catalytic applications.*® Since the first CTF introduced by Thomas and his team
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in 2008 via ionothermal method,®® numerous triazine based materials have been developed
through different synthestic process. Covalent triazine framework (CTFs) can be strategically
designed to meet specific application requirements by utilizing a diverse range of commercially
available monomers and versatile synthetic approaches. Various ditopic, tritopic and tetratopic

nitrile containing monomers used for triazine ring are summarized in figure 1.8.
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Figure 1.8: Structures of different monomers for the synthesis of CTFs.

The structural and functional properties of covalent triazine frameworks (CTFs),
including their crystallinity, specific surface area, porosity, optical absorption, and chemical
robustness, are largely determined by the structural features of the monomeric units and the
type of covalent linkages formed between them. For instance, CTFs formed through
exceptionally strong covalent bonds tend to exhibit amorphous or semicrystalline structures.
This is because, during the highly dynamic polymerization process, stronger covalent bonding
makes it increasingly challenging to achieve an ordered framework.®’ So, by carefully selecting
and combining different building units, the band gaps of CTFs can also be precisely tuned,
allowing for the optimization of their electronic properties for various applications. The
integration of monomers containing heteroatoms, enables the introduction of various
coordination within their porous polymeric framework of CTFs. Consequently, CTFs have
been extensively explored as heteroatom-enriched porous carbon frameworks for applications
in heterogeneous catalytic processes and electrocatalysis.5¢%79™1 Additionally, their well-
defined porosity and chemical stability make them excellent supports for immobilizing metal

catalysts, further enhancing their potential as metal-loaded heterogeneous catalysts.’>">74
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1.5.1.1 Synthesis of CTFs

The synthesis of triazine-based materials generally follows two main approaches. The first
involves forming the triazine unit during the synthesis process, while the second incorporates
preformed triazine-containing monomers directly. Covalent triazine frameworks (CTFs) were
first synthesized by Kuhn, Antonietti, and Thomas et al. via the ionothermal trimerization of
aromatic nitriles,% inspiring further research into alternative synthetic strategies. The
construction-based approach includes ionothermal synthesis using ZnCl. and superacid-
catalyzed methods. Meanwhile, direct monomer incorporation techniques involve Friedel-
Crafts coupling, P-Os-catalyzed synthesis, and amidine-based polycondensation. A schematic

overview of these synthesis pathways is illustrated in Fig. 1.9.
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Figure 1.9: Different pathways for synthesizing CTFs.
(a) ZnClz-catalyzed ionothermal method

In early studies, most covalent triazine frameworks (CTFs) were synthesized using the
ionothermal method, where cyano-functionalized monomers underwent trimerization in
molten zinc chloride at temperatures exceeding 400 °C (Figure 1.10a).%67>7 Zinc chloride
acted as both a catalyst and a solvent, ensuring compatibility with the monomers and forming
a uniform liquid phase at the appropriate temperature. Thomas and co-workers pioneered the
synthesis of CTF-1 through ionothermal polymerization of p-benzenedicarbonitrile (pDCB) at

400 °C, utilizing molten ZnCl: as both the reaction medium and the catalysts (Figure 1.10b).
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Higher reaction temperatures facilitated reversible trimerization, which was essential for
achieving crystalline structures. However, reducing the reaction temperature or time often

resulted in incomplete polymerization, leading to the formation of oligomers.”

Only a limited number crystal CTFs have been successfully produced,®® " as
achieving crystallinity requires monomers with a planar structure, while distorted monomers
tend to form semicrystalline or amorphous frameworks. Although these CTFs exhibit high
porosity and structural order, their dark coloration and unstable band structure make them less
suitable for photocatalytic applications.”® Additionally, the harsh reaction conditions and
extended synthesis times pose challenges for large-scale production. The presence of residual
metal within the polymer structure further adds uncertainty to their photocatalytic performance,

limiting their practical applicability.”
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Figure 1.10: (a) Schematic illustration of the cyclotrimerization of nitrile groups leading to the
formation of a triazine ring. (b) Molten ZnCl. mediates the trimerization of pDCB, leading to
the construction of the triazine-based framework CTF-1. Adapted with permission from

reference 66.
(b) Phosphorus pentoxide-catalyzed method

In 2018, Baek et al. developed an alternative approach for synthesizing CTFs to eliminate the
use of ZnClz, a catalyst that is challenging to remove completely. Instead, they employed
phosphorus pentoxide (P-0s) as both reaction medium and a catalyst to facilitate
cyclotrimerization of nitrile-functionalized aromatic amides (Fig. 1.11).8° In this process, the
amide functionality (C(=0)-NH2) of terephthalamide undergoes a dehydration reaction,
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converting into a nitrile group (C=N), which then undergoes condensation to form s-triazine
rings under the catalytic influence of P.Os. The resulting material, pCTF-1, exhibited
remarkable properties, including a large specific surface area of 2034.1 m? g, high
crystallinity and outstanding stability. In contrast to ionothermal or superacid polymerization,
this approach offers greater flexibility in monomer selection while preventing ZnClz
contamination associated with ionothermal synthesis. However, despite these advantages,

carbonization of the framework remains unavoidable due to harsh reaction condition.
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Figure 1.11: Schematic representation of pCTF-1 synthesis through aromatic amide

condensation. Reproduced with authorization from reference 80.

(c) Superacid-catalyzed method

The photocatalytic applications of dark-colored and carbonized CTF synthesis at high
temperature, were hindered by their mismatched band structures, necessitating the
development of milder synthesis methods. In 2012, Cooper and co-workers demonstrated that
CTFs can be synthesized from aromatic nitriles using strong Brgnsted acids, such as
CFsSO:H.8! This coloured CTFs maintain their semiconductive properties, optical properties
by preventing carbonization which is crucial for photocatalysis. The study emphasized that
TfOH played a crucial role in the process due to its strong acidity, which results from electron-
withdrawing nature of fluorine atoms. CTFs synthesized using this approach were later

demonstrated to be effective in photocatalytic water splitting.®? In addition, CTFs have also
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been constructed using terephthalonitrile as the monomer, with trifluoromethanes serving as
the catalyst, and either trichloromethane or dichloromethane employed as solvents. Figure 1.12
provides an overview of representative monomers utilized in superacid-catalyzed

polymerization processes.
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Figure 1.12: Representative monomers used in superacid-catalyzed polymerization.

Reproduced with permission from reference 81.

(d) Amidine—aldehyde condensation method

In 2017, Tan et al. introduced a scalable and efficient approach for synthesizing CTFs while
circumventing the need for elevated thermal conditions or highly corrosive acidic media
commonly employed in traditional methods. Their strategy involved a single-step
polycondensation reaction between amidines and aldehydes, carried out under mild conditions
(Fig. 1.13).%% This synthesis proceeded through a two-step mechanism: first, a Schiff base
reaction between amidine dihydrochloride and aldehyde, followed by a Michael addition,
leading to the formation of the desired CTFs. Dimethyl sulfoxide (DMSO) serves as the solvent
because of its low oxidizing potential and high boiling point, while Cs.CO:s is selected as the
base because of its optimal basicity. With a relatively low synthesis temperature of 120 °C and
a straightforward open-system approach, the one-pot amidine-aldehyde condensation method

offers a more efficient and sustainable strategy for large-scale CTF production.
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Figure 1.13: Formation of CTFs via the condensation reaction between aldehydes and
amidines. Reproduced with authorization from reference 83.

(e) Friedel-Crafts method

The Friedel-Crafts reaction between cyanuric chloride and aromatic precursors provides an
alternative approach for synthesizing triazine-based porous materials.488.80 |n this process,
cyanuric chloride, in the presence of AlCls, undergoes conversion into a cyanuric carbocation,
which subsequently reacts with three benzene molecules through a nucleophilic reaction to
form the desired triazine-based structures. Methane sulfonic acid and anhydrous aluminium
chloride, both strong protonic acids, were chosen as catalysts which play a pivotal function in
driving the polymerization process.®”# CTFs produced through the Friedel Crafts method are
typically amorphous and illustrated in Figure 1.14. This method stands out for being more cost-
effective, rapid, and safer compared to other techniques, as it operates under milder conditions
and lower reaction temperatures. The effective application of this approach expanded the
selection of available monomers, as aromatic compounds proved to be more practical than
nitrile monomers.3* Additionally, the use of heteroatom-containing aromatics enabled the
seamless incorporation of heteroatoms into the backbone of CTFs, further enhancing their
structural versatility.8% Furthermore, the resulting materials exhibit a high surface area and
possess diverse properties, including an amorphous structure, making this synthesis route

highly versatile and efficient.
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Figure 1.14: Triazine-based porous materials were synthesized via Friedel-Crafts reaction
method through reaction of different aromatic monomer with cyanuric chloride.

(f) Coupling reaction

Beyond cyclization approaches, CTFs can be synthesized by directly linking triazine units with
other monomers. As an alternative synthetic strategy, coupling reactions have also been
employed for the construction of CTFs. This method avoids harsh conditions and offers
modularity, enabling systematic evaluation of composition effects on photocatalytic
performance. For example, Copper and coworkers have reported three CTFs through Suzuki-
Miyaura type condensation reaction in N, N-dimethylformamide (DMF) solvent at 150°C,
using aqueous K>COs as a base (Figure 1.15).8% UV-vis analysis reveals that increasing the
length of the 1,4-phenylene linker between triazine units reduces the band gap of CTFs.
Notably, CTF-2 and CTF-3 Suzuki polymers exhibit photocatalytic activity for hydrogen

evolution under visible light (>420 nm).
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Reproduced with permission from reference 89.

1.5.1.2 CTF for photocatalytic CO> reduction

CTFs hold significant promise as photocatalysts for CO2 reduction, owing to their large specific
surface area and well-developed porosity, which enable efficient diffusion and transport of
reactant molecules during catalysis. Their exceptional thermal and chemical stability, even
under extreme conditions, ensures long-term cycle performance. Additionally, the nitrogen-
rich framework of CTFs plays a crucial role in anchoring single metal atoms through nitrogen
atom of the triazine ring to make robust single atom photocatalyst.®® Furthermore, the strong
affinity between the nitrogen atoms in the triazine cores and the polarized, distorted geometry
of CO: molecules makes the CTFs highly effective photocatalysts for CO- reduction.®® These
interactions, including dipole or quadrupole forces, significantly lower the energy barrier
associated with the CO: reduction by promoting electron transfer, thereby boosting the overall
efficiency of the photoreduction process.®? All these distinctive features have inspired the
development of various CTF-based photocatalysts that are highly effective for sustainable

photocatalytic CO: reduction.

Cao et al. were the first to report photochemical CO: reduction using metal-

incorporated CTFs as catalysts in a solid—gas system.*® They have synthesized a pyridine-based
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CTF (CTF-py) derived from 2,6-dicyanopyridine which was used as a porous platform to
anchor the Re carbonyl complex (Re-CTF-py) (Figure 1.16), achieving efficient photocatalytic
COz reduction to CO. It exhibited a turnover number (TON) of 4.8 and a CO evolution rate of
353.05 umol g ! h! under full light irradiation for 10 hours in a solid—gas system. The single-
site Re-CTF-py catalyst also prevented Re species dimerization and leaching, demonstrating

the potential of CTFs as stable platforms for heterogeneous catalysis.
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Figure 1.16: Schematic illustration for the preparation of CTF-py and Re-incorporated CTF-py
materials. Adapted with permission from reference 93.

CTFs can incorporate various transition metals (Re, Co, Fe, Ru) which can acts as active
catalytic sites.®* For instance, Ran and co-workers reported the development of a series of
triazine-based covalent organic frameworks (SAS/Tr-COFs), designed to act as versatile
supports for anchoring a range of single-atom metal sites, including Co, Fe, Ni, Cu, Zn, Mn,
and Ru, for enhanced photocatalytic CO. reduction (Figure 1.17a).%*¢ Among them, Fe SAS/Tr-
COF achieved a high CO generation rate of 980.3 umol g! h! with 96.4% selectivity. The
incorporation of Fe lowered the *COOH formation energy barrier, enhancing charge migration
and CO: reduction efficiency. Among these, the Fe-functionalized SAS/Tr-COF demonstrated
outstanding photocatalytic activity, achieving a CO production rate of 980.3 umol g* h™! with
a high selectivity of 96.4%. Notably, the energy barrier for *COOH intermediate formation on
Fe SAS/Tr-COF was calculated to be 0.34 eV, significantly lower than that of the metal-free
Tr-COF (0.41 eV). This reduction in activation energy indicates that the incorporation of
atomically dispersed Fe centers promotes more efficient charge transfer between the COF
matrix and the active metal sites. Consequently, the electron-rich Fe centers effectively

stabilize the *COOH intermediate, thereby enhancing the overall efficiency of the CO:
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photoreduction reaction (Figure 1.17b). Based on these findings, a plausible reaction

mechanism was also proposed (Figure 1.17c).
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Figure 1.17: (a) Schematic illustration of the synthesis process for Fe SAS/Tr-COFs.
(b) DFT-derived Gibbs free energy profiles and charge density maps for CO: reduction on Fe
SAS/Tr-COFs and Tr-COFs. Sky blue and yellow indicate electron accumulation and
depletion, respectively (c) Proposed reaction mechanism for CO generation via photocatalytic
COs2 reduction over Fe SAS/Tr-COFs. Reproduced with permission from reference 94d.
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Another effective strategy for enhancing the photocatalytic performance of CTFs is the
formation of metallized CTF composites by incorporating metal-based materials such as
nanoparticles, oxides, or hydroxides. These composites combine the high surface area and
tunable structure of CTFs with the catalytic activity of metal sites, resulting in synergistic
improvements. For instance, Tian et al. developed a Ni-CTAB-CTF composite using Ni
nanoparticles and CTAB with CTF-1 via simple impregnation.®® The optimized catalyst
achieved a CO selectivity of 98.9% and exhibited superior charge separation and electron
transfer. However, excessive metal loading can block pores and hinder light absorption,

highlighting the need for balanced composition.

Photocatalytic efficiency can be enhanced through the incorporation of
photosensitizers. Upon light excitation, these photosensitizers generate excited states capable
of initiating electron transfer. The transferred electrons are then accepted by the CTFs,
promoting the activation of the CO- reduction reaction.” As a representative example, Tan et
al. ¥ developed a bipyridine-functionalized covalent triazine framework (CTF-Bpy), which
served as a scaffold for anchoring isolated cobalt sites to construct an efficient photocatalyst
for CO.-t0-CO conversion. The photocatalytic performance of the resulting CTF-Bpy-Co
material was evaluated under visible light using [Ru(Bpy):]Cl> as a photosensitizer and
triethanolamine (TEOA) as the electron donor. Under 10 hours of irradiation, the system
generated 120 umol of CO with a selectivity of 83.8%. This study underscores the potential of
integrating atomically dispersed metal centers within CTF matrices to achieve high selectivity
and efficiency in CO: photoreduction. In a similar approach, Wu and co-workers® synthesized
covalent triazine-based frameworks (CTFs) embedded with atomically dispersed cobalt sites
(Co-SA/CTF) to serve as efficient photocatalysts for CO-: reduction and hydrogen evolution.
The photocatalytic system utilized [Ru(Bpy)s]Cl. as a visible-light photosensitizer and
triethanolamine (TEOA) as the electron donor. Under these conditions, the Co-SA/CTF
catalysts exhibited outstanding performance, achieving CO and H: production rates of 1665.74

umol g ' h™" and 1293.18 umol g h™, respectively.

Despite their potential, CTFs have been explored to a limited extent in photocatalytic
CO: reduction. Enhancing their crystallinity and structural design could further improve their
efficiency, facilitating better CO: capture, activation, and charge transfer for advanced

photocatalytic performance.
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1.5.2 Metal-organic framework (MOFs)

MOFs, also referred as porous coordination polymers (PCPSs), represent a prominent category
of crystalline porous materials, garnering widespread attention in recent decades. These
materials are composed of metal ions or clusters connected to organic ligands, resulting in one-
, two-, or three-dimensional network structures (Figure 1.18).%° Their exceptional structural
features such as high surface area, porosity, controllable morphology, tunable pore dimensions,
high stability, and multifunctionality, distinguishing them from other traditional porous

materials like zeolites and activated carbons.!00.101.102

The development of MOFs began in the early 1990s, when scientists first focused on
exploring their synthesis methods and structural architectures. The pioneering work of Omar
M. Yaghi and his team in the mid-to-late 1990s is often credited with the discovery of MOFs.
In 1995 and later in 1998, researchers successfully synthesized one of the earliest and most
well-known  MOFs, designated as MOF-5, with the chemical formula
Zn4sO(BDC);-(DMF)s(CsHsCl). This framework is composed of tetrahedral [Zn4O]* secondary
building units connected by 1,4-benzenedicarboxylate (BDC) linkers, forming a three-
dimensional cubic network. MOF-5 exhibited remarkable properties, including high porosity,
a surface area of approximately 6,500 m? g™!, well-defined single-crystal X-ray structure, and

gas sorption capabilities, 103104
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Figure 1.18: Schematic representation of crystalline and porous metal—organic framework

(MOF). Reproduced with the permission from reference 99.
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The success of MOF-5 served as a foundation for further progress in the field, ultimately
resulting in the emergence of isoreticular metal-organic frameworks (IRMOFs), including
IRMOF-1 to IRMOF-16, which maintained the fundamental topology of MOF-5.1% This
breakthrough initiated an era of rapid growth in MOF research, focusing on the fine-tuning of
their properties including pore size, particle dimensions, and surface area through careful
selection of linkers and metal precursors. This structural tunability of MOFs has established
them as multifunctional materials suitable for diverse applications, including gas storage and
separation, catalysis, drug delivery, sensing, and energy storage. Additionally, their catalytic
activity can be tailored by incorporating functional groups or active sites within the framework,

making them promising candidates for heterogeneous catalysis.

With their exceptional structural diversity and functional adaptability, MOFs continue
to be at the forefront of research in porous materials, offering innovative solutions for a wide

range of scientific and industrial applications.

1.5.2.1 Post synthetic modification of MOF

Post-synthetic modification (PSM) has become an effective approach for introducing new
functionalities into pre-synthesized MOF materials, % particularly when direct synthetic routes
are challenging or when functional groups are incompatible with MOF synthesis conditions.
PSM can be performed via coordination or covalent interactions on the metal centers or organic
linkers, enabling the incorporation of photoactive species without altering the framework
structure. Various PSM strategies, such as coordination at unsaturated metal centers, ligand
substitution or functionalization, metalation of accessible coordination sites, and metal ion
exchange, can be applied independently or in combination to improve the photocatalytic

properties of MOFs
(a) Metal exchange

Metal exchange is a significant post-synthetic modification (PSM) strategy in metal-organic
frameworks (MOFs), enabling the replacement of existing metal ions with alternative ones
without altering its overall structure (Figure 1.19). This approach is particularly advantageous
for tuning the electronic, catalytic, and optical properties of MOFs by introducing metals with
desired functionalities. This strategy has been widely utilized to enhance the photocatalytic

efficiency of MOFs by incorporating metal centres that facilitate charge separation, improve
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light absorption, or act as active catalytic sites. The ability to selectively exchange metals post-
synthetically expands the versatility of MOFs, making them highly adaptable for various
applications, including photocatalysis, gas storage, and sensing. For example, Langner et al.
successfully modified nano-ZIF-8 (Zn) and nano-ZIF-67 (Co) by replacing Zn and Co with
Fe?* through a metal exchange process.'%” This substitution occurred without disrupting the
structural framework of the MOF, leading to the formation of bimetallic frameworks. Such
modifications enhance the catalytic and electronic properties of the MOFs, demonstrating the
effectiveness of metal exchange as a post-synthetic modification strategy for tailoring MOF
functionality. Transmetalation also serves as an effective strategy for incorporating
catalytically active metal centers into MOF linkers, significantly enhancing their functional
properties. This approach has been particularly beneficial in the synthesis of catalytic MOFs
containing salen- or porphyrin-based linkers. For instance, Shultz et al. demonstrated the
versatility of metal ion exchange by systematically replacing Mn*" in the salen linker of a
pillared-paddlewheel MOF [Znz(tcpb)(salen)] with various metal ions, including Co*", Zn*",
Cr?, Cu*, Niz*, and Mn2*.1%® This stepwise metal substitution resulted in a series of structurally
stable MOFs with tailored catalytic properties, showcasing the potential of metal exchange for

tuning the reactivity and functionality of MOFs.
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Figure 1.19: Diagram showing metal ion exchange through post-synthetic modification.
(b) Solvent-assisted linker exchange

Solvent-assisted ligand exchange (SALE) is a well-established and widely recognized strategy
for designing robust and versatile functional metal-organic frameworks (MOFs). This method
enables the exchange of ligands in pre-synthesized MOFs with alternative functionalized
ligands, while retaining the crystallinity and architectural stability of the framework (Figure
1.20). Successful ligand exchange generally requires that the incoming ligands possess similar

size and bearing identical binding groups to those of the existing linkers in the MOF. Compared
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to direct synthesis, post-synthetic ligand exchange offers advantages such as mild reaction
conditions and reduced interference from functional groups during MOF formation. Typically,
this process is followed in Zr-based MOFs. In 2013, Cohen, Ott and coworkers have
successfully incorporated the molecular complex [FeFe]-(dcbdt)(CO)s (1, dcbdt = 1,4-
dicarboxylbenzene-2,3-dithiolate) into a structurally stable zirconium(lV)-based metal—-
organic framework (MOF) using a solvent-assisted ligand exchange (SALE) approach. This
was achieved by substituting the 1,4-benzenedicarboxylate (BDC) ligands in the parent
framework thereby introducing functionalized ligands without compromising the structural
integrity of the MOF.1® Fontecave et al. reported the synthesis of a mixed-ligand
Cp*Rh@Ui0-67 through post-synthetic ligand exchange. This process involved the exchange
of ligands biphenyl-4,4'-dicarboxylate (bpdc) in UiO-67(Zr) with Cp*Rh(bpydc)Cl. (Cp* =
pentamethylcyclopentadiene), resulting in the incorporation of the rhodium complex into the
framework.'® Compared to direct synthesis, post-synthetic ligand exchange offers advantages
such as mild reaction conditions and reduced interference from functional groups during MOF

formation.
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Figure 1.20: Illustration of ligand exchange through post-synthetic modification in

coordination polymers (CPs) or MOFs.
1.5.2.2 Synthesis of MOFs

In the previous two decades, various synthetic strategies have been employed to develop MOFs
featuring diverse crystal structures, large specific surface areas, controlled particle sizes,
tailored pore size distributions, and distinct morphologies. These synthetic approaches provide
researchers with a versatile platform to fine-tune the structural and functional properties of
MOFs, enabling their optimization for specific applications. Some of the well-known methods
are described below:
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(a) Solvothermal synthesis

Solvothermal synthesis is the most widely used method for MOF fabrication, involving
reactions conducted in sealed vessels under elevated temperature and pressure. In this process,
reaction mixtures are heated beyond the boiling point of the solvent, typically using organic
solvents with high boiling points, including dimethylformamide (DMF), dimethyl sulfoxide
(DMSO). When water is used as the reaction medium instead of organic solvents, the process

is specifically referred to as hydrothermal synthesis.
(b) Slow evaporation method

The slow evaporation method is a commonly used technique for synthesizing MOFs that does
not require an external energy source. A key advantage of this approach is that it operates under
ambient conditions, typically at room temperature (25-30°C). However, its primary limitation
is the extended time required for crystal formation compared to other conventional synthesis
methods. In this process, a solution containing the precursor materials undergoes gradual
solvent evaporation at a controlled temperature, leading to the slow and steady crystallization
of the MOF structure.

(c) Electrochemical synthesis

The electrochemical synthesis method offers a unique approach to MOF fabrication without
the need for metal salts. Instead, metal ions are introduced into the reaction mixture, which
contains organic linkers and electrolytes through anodic dissolution. This technique presents
several advantages, including significantly reduced synthesis time, precise control over film
thickness and morphology by adjusting the applied current or voltage, and the ability to operate

under mild reaction conditions.
(d) Microwave-assisted synthesis

Microwave-assisted synthesis is an efficient and rapid approach for MOF fabrication,
significantly reducing reaction times. This method involves exposing a reaction mixture to
microwave irradiation, typically for about an hour, to facilitate the formation of nanosized
crystals. The use of microwave heating enhances reaction Kinetics, accelerates crystal
nucleation and growth, and results in high product yields. Additionally, this technique
minimizes the formation of secondary products, allowing for the efficient isolation of the

desired MOF structures.
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(e) Mechanochemical synthesis

Mechanochemical synthesis is a solvent-free approach for MOF fabrication that offers both
economic and environmental advantages. This method typically involves liquid-assisted
grinding (LAG), where a minimal amount of solvent is introduced into a solid-state reaction
mixture to facilitate the process. Grinding is commonly performed using ball mills, mortar and
pestle, or similar mechanical techniques. While this method is cost-effective and sustainable,
its primary drawback is the potential formation of undesired or structurally amorphous

byproducts, which can affect the purity and crystallinity of the final MOF material.
() Sonochemical synthesis

In this technique, MOFs are synthesized through chemical transformations induced by high-
intensity ultrasonic radiation, typically in the frequency range of 20 kHz to 10 MHz. The
process is driven by acoustic cavitation, wherein bubbles form, expand, and rapidly collapse
within the liquid medium. This phenomenon generates localized hotspots with transiently high
temperatures and pressures, facilitating the formation of MOF structures through enhanced

reaction kinetics and improved precursor interactions.

1.5.2.3 MOF for photocatalytic CO- reduction

MOFs, a distinctive category of porous materials formed through the coordination of metal ion
clusters and organic linkers, have been widely investigated as photocatalysts for CO- reduction.
Their large surface area, tuneable pore structures for efficient reactant diffusion, high CO-
adsorption capacity, abundant catalytically active sites, and adaptable functional groups make
them highly promising for CO: photoreduction applications. MOFs serve as excellent hosts or
supports for homogeneous metal complexes. Unlike conventional solid supports with randomly
dispersed active sites, MOFs offer well-defined and spatially isolated anchoring sites for
catalytic species. This unique feature makes them highly attractive for designing supported
single-site catalysts with enhanced precision and efficiency.!'! Incorporating photoactive
organo- or metal-organo complexes as linkers in MOF construction enables the development
of photo catalytically active MOFs with well-isolated catalytic sites. These structures not only
retain or even enhance the performance of their homogeneous counterparts but also offer the

added benefit of a heterogeneous catalytic system, allowing for easy recovery and reuse. A

34



Chapter 1

diverse range of MOFs has been explored for photocatalytic CO- reduction, showcasing their

versatility and potential in sustainable energy applications.

Lin and co-workers were among the first to develop a catalytic system utilizing a MOF scaffold
by embedding molecular complexes into the UiO-67(Zr) framework for applications in both
water oxidation and visible-light-driven photocatalytic CO: reduction. They constructed a
MOF by integrating [Re'(CO)s(dcbpy)Cl] (where dcbpy stands for 2,2'-bipyridine-5,5'-
dicarboxylic acid) into the UiO-67 structure. This MOF catalyst demonstrated remarkable
efficiency in the photocatalytic reduction of CO- to CO, reaching a turnover number (TON) of
10.9, which was approximately threefold greater than that observed for the homogeneous
[Re!(CO)s (dcbpy)Cl] complex.t2113 While the homogeneous Re complex is capable of
reducing CO: to CO with a moderate turnover number (TON), its catalytic performance
declines rapidly, as the system becomes nearly inactive after the second photocatalytic cycle.
This observation highlights the stabilizing effect of the MOF framework on the homogeneous
Re complex. The improved stability of the Re-incorporated MOF is credited to the inhibition
of a bimolecular pathway, where a CO--bridged Re dimer formation typically leads to the
deactivation of the Re complex. When the Re complex is integrated into the MOF framework,

this pathway is suppressed, resulting in improved catalytic performance and longevity.

Fu et al. reported an amine-functionalized titanium-based metal-organic framework (MOF),
NH:-MIL-125(Ti), capable of reducing CO under visible light (Figure 1.21).}* This MOF,
having formula TisOs(OH)4(bdc-NHz)s (where bdc = benzene-1,4-dicarboxylate), features free-
standing NH: groups that remain uncoordinated. Adsorption isotherms reveal that amine
functionalization enhances CO: uptake compared to its parent MOF. When exposed to visible
light (420-800 nm) in acetonitrile with triethanolamine (TEOA) as a sacrificial electron donor,
NH:-MIL-125(Ti) facilitates CO: photoreduction, yielding formate— a product not observed
with the parent MOF under similar conditions. Under UV irradiation (365 nm), both the
functionalized and original MOFs transform CO: to formate, though the amine-functionalized

variant exhibits slightly higher catalytic activity.
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Figure 1.21: Photocatalytic CO2 reduction mechanism on NH.-MIL-125(Ti) under visible light

illumination. Adapted with permission from reference 114.

Wang et al. explored the performance of photocatalytic reduction of CO- over three Fe-based
MOFs (MIL-101(Fe), MIL-53(Fe), MIL-88B(Fe), along with their amine-functionalized
counterparts.!*® Among them, MIL-101(Fe) exhibited the most effective catalytic performance
for formate production. This superior catalytic activity was due to the presence of
coordinatively unsaturated iron sites, which facilitate CO. activation. Moreover, amine
functionalization further boosted catalytic efficiency across all three MOFs, highlighting the
role of surface modifications in enhancing CO: reduction. The presence of dual excitation
pathways in these amino-functionalized Fe-based MOFs (Figure 1.22), combined with their
improved CO- adsorption capacity, significantly contributes to their superior photocatalytic

efficiency in CO- reduction.
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Figure 1.22: Dual excitation Mechanisms in Amino-Functionalized Fe-Based MOFs. Adapted

with permission from reference 115.
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Partially replacing metal ions in MOFs has proven to be an effective strategy for constructing
oxygen-bridged bimetallic structures, significantly enhancing their photocatalytic properties.
The incorporation of metals such as Ti or Zr into MOF frameworks lowers photon absorption
energy and broadens light absorption, as supported by theoretical calculations.!*® This
improvement is primarily due to enhanced ligand-to-metal charge transfer, which boosts
overall photocatalytic efficiency. In addition to improving light absorption, the doped metal
ions also serve as electron mediators, facilitating charge transfer and promoting better charge
separation and migration. For instance, Ti-substituted NH.-UiO-66(Zr), synthesized via a
cation exchange approach, demonstrate superior photocatalytic CO. reduction activity in
comparison to the unmodified parent MOF.'’ This enhancement was ascribed to the
incorporation of Ti ions in the framework, which played a crucial role in accelerating charge
transfer. These findings highlight metal doping is an effective approach for tuning the electronic

structure of MOFs, thereby optimizing their photocatalytic efficiency for CO: reduction.

The exceptional CO: adsorption capability of MOF-based photocatalysts results in
elevated local concentrations of CO: near the catalytic sites, thus improving the overall
performance of photocatalytic processes. This effect is further supported by their excellent CO2
conversion performance, even under conditions of low CO: concentration. For instance,
Kitagawa and colleagues developed a Ru-based metal-organic framework (MOF), Zr-
bpdc/RuCO, through a ligand exchange strategy utilizing H>RuCO
(Ru"(Hzbpydc)(terpy)(CO)., where bpydc = 2,2'-bipyridine-5,5’-dicarboxylate and terpy =
2,2":6',2"-terpyridine) as the substitutive ligand (Figure 1.23a).1!8 This MOF exhibited superior
CO: adsorption compared to pristine Zr-bpdc, resulting in enhanced catalytic activity and
selectivity, particularly under low CO: concentrations. The incorporation of the photoactive
Ru"-CO complex, Ru''(5,5'-dcbpy)(tpy)(CO)s, into the UiO-67 framework (denoted as UiO-
67/RuCO) results in greater CO2 uptake compared to the unmodified UiO-67 (Figure 1.23b).
This enhancement is attributed to reduced pore size and the introduction of additional
adsorption sites.!'® Notably, while the photocatalytic activity of the homogeneous Ru'-CO
catalyst significantly declines under reduced CO: partial pressure, the UiO-67/RuCO
composite maintains stable performance even at low CO: concentrations (5%), as illustrated in
Figure 1.23c. This behavior indicates the MOEF’s ability to effectively concentrate CO:

molecules near the active sites, thereby sustaining efficient catalysis.
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Figure 1.23: (a) Schematic illustration of ligand exchange strategy on Zr-bpdc MOF. (b) CO2
adsorption isotherms for Zr-bpdc (black and gray) and compound 3 (red and orange) measured
at 273 K and 298 K, along with Ar adsorption isotherms for compound 3 (blue) at 298 K. Filled
symbols indicate adsorption, while open symbols indicate desorption. (¢) Photocatalytic CO-
reduction using Ru"-CO (1) and UiO-67/RuCO (3): catalytic activity is presented on the left
y-axis (bar chart), while product selectivity is shown on the right y-axis (line plot).

Adapted from Reference 118 with permission.

The unique microenvironment of MOFs plays a critical role in stabilizing metal
complexes, preventing their degradation in the reaction medium, and facilitating efficient
charge transport. This structural advantage significantly enhances the performance of MOFs in
photocatalytic CO: reduction. For example, Zr-MBA-Ru/Re-MOF was prepared by
incorporating a Ru-based photosensitizing unit and a Re catalytic complex into the MOF-808
framework.'*® This hybrid MOF exhibited remarkable photocatalytic activity, attaining a
maximum CQO:-t0-CO conversion rate of 440 pmol g! h™' with a selectivity exceeding 99%,
even without the use of a sacrificial electron donor. The confinement effect provided by the
MOF framework extended the lifetime of photoexcited electrons produced by the embedded

photosensitizer and simultaneously reduced the charge carrier transport distance between the
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light-harvesting units and catalytic sites. These synergistic effects contributed to the significant

improvements in both the efficiency and selectivity of the CO2 reduction process.

Lin et al. has reported a series of zirconium polyphenolate-decorated-(metallo)
porphyrin metal-organic frameworks (MOFs), ZrPP-n.*?® Among them, ZrPP-1-Co stands out
due to the with Co metalation within the electron-rich conjugated porphyrin linker, exhibited
exceptional CO: adsorption capacity (90 cm?® g! at 1 atm, 273 K), one of the highest among
Zr-based MOFs. This MOF also demonstrated high photocatalytic activity for CO. conversion
to CO, achieving a rate of 14 mmol g! h™! under visible-light irradiation without the need for
a cocatalyst (Figure 1.24). Electron spin resonance (ESR) analysis and theoretical calculations
provided insights into the electron trapping mechanisms and reaction kinetics, revealing that
the eclipsed metalloporphyrin array in ZrPP-1-Co plays a crucial role in CO2-specific capture
and CO.-adduct stabilization. This study presents a stable framework for light-driven CO-to-

CO creduction by effectively isolating active sites within the MOF structure, thereby enhancing

photocatalytic efficiency.
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Figure 1.24: structure of ZrPP-1-Co and time-dependent CO evolution profiles from CO-
photoreduction using ZrPP-1-M catalysts under visible light irradiation. Reproduced from
Reference 120 with permission.

In conclusion, MOFs have gained significant attention as highly effective
photocatalysts for CO- reduction due to their tunable structures, high surface areas, and ability
to stabilize active sites. The incorporation of various photosensitizers, transition metal

complexes, and electron-rich linkers within MOF architectures has demonstrated significant
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improvements in CO: adsorption, charge separation, and catalytic efficiency. Furthermore, the
ability to rationally design MOFs by incorporating functional ligands and metal centers enables
precise control over their catalytic performance. Despite these advancements, challenges such
as optimizing long-term stability, improving catalytic efficiency under ambient conditions, and
developing scalable synthesis methods remain. Future research should focus on further
enhancing MOF-based photocatalysts through advanced structural modifications, synergistic
co-catalyst integration, and mechanistic studies to unlock their full potential for sustainable

CO: conversion and utilization.

1.5.3 Conjugated microporous polymers (CMPs)

CMPs represent a unique class of advanced organic materials, characterized by an extended n-
conjugated network formed through the alternating arrangement of electron-rich and electron-
deficient building blocks. This m-conjugation enables efficient charge carrier delocalization,
significantly enhancing the electronic and optical properties of these materials. Additionally,
the intrinsic microporosity of CMPs arises from their well-defined nanostructured pores, which
contribute to their high surface area and adsorption capabilities.’?* Due to their exceptional
combination of electronic conductivity, light-harvesting ability, and tunable porosity, CMPs
have garnered considerable interest in various fields, including optoelectronics, chemical

sensing, energy storage, and heterogeneous photocatalysis.

Since the pioneering work of Cooper in developing the first CMP,?? the field has
witnessed remarkable growth, attracting significant interest from chemists and materials
scientists. The continuous expansion of the CMP family has been driven by the exploration of
diverse building blocks, ranging from simple phenyl units to extended arenes, heterocyclic
aromatics, and large macrocyclic structures. With minimal restrictions on size, geometry, and
functional groups, CMPs exhibit exceptional structural versatility. This inherent flexibility
allows for precise tuning of their m-conjugated porous architecture, enabling the optimization
of both the polymer backbone and its functional properties. In particular, by carefully selecting
different electron donor—acceptor combinations, CMPs can be designed with tailored band gaps
and band positions, making them highly suitable as photoactive materials for specific
applications.!? The ability to engineer their electronic properties, combined with their tunable
porosity and high stability, positions CMPs as strong contenders for next-generation
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technologies in optoelectronics, photocatalysis, energy storage, and environmental

remediation.

1.5.3.1 Synthesis of CMPs

CMPs involve the formation of a conjugated skeleton by covalently linking building blocks
through m-conjugated bonds, thereby creating a three-dimensional polymer network. The
conductivity and electrochemical properties of CMPs are highly dependent on several factors,
including the mode of conjugation, effective conjugation length, stereo- and regio-regularity,

and the nature of the substituents present in the polymer structure.

The first-ever CMP was synthesized by Jiang and colleagues using the Sonogashira—
Hagihara cross-coupling reaction.'?* This reaction typically involves the coupling of aryl
halides with alkynyl monomers under alkaline conditions, facilitated by a metal catalyst.
However, it requires strict anaerobic and anhydrous conditions, which can present challenges
for large-scale synthesis. Another widely used method is the Suzuki—Miyaura cross-coupling
reaction, which enables the efficient formation of aryl-aryl linkages under relatively mild
conditions.*?® This reaction demonstrates compatibility with a broad range of functional
groups, making it a versatile choice for CMP synthesis. However, it may produce byproducts
that need to be carefully managed. The Yamamoto coupling reaction is another valuable
strategy, requiring only halogenated monomers for successful polymerization. While effective,
this method is highly sensitive to moisture, which limits its practicality for industrial
applications. Additionally, the Heck reaction (also known as the Mizoroki—Heck reaction)
allows for the coupling of unsaturated halides with alkene hydrocarbons under anaerobic and
alkaline conditions.!?® This method provides another route to synthesize conjugated CMPs.

The choice of synthetic strategy depends on the desired polymer properties and the
structural diversity of the building blocks, which can vary in terms of geometry, reactive
groups, and m-conjugation systems. This diversity enhances the flexibility in designing both
the polymer skeleton and the pore architecture of CMPs. Figure 1.25 illustrates various other

reactions used in CMP synthesis.?%
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Figure 1.25: Reaction schemes for the synthesis of CMPs.?%
1.5.3.2 CMP For photocatalytic CO2 reduction

In recent years, there has been a growing interest in CMPs due to their unique structural and
electronic properties. These materials exhibit highly tunable architectures along with extended
n-conjugation, making them particularly attractive for photocatalytic applications, including
CO: reduction. Their porous nature, combined with the ability to modify electronic structures
through molecular design, enables efficient light absorption and charge separation, essential

for enhancing photocatalytic performance.

The success of CMP-based photocatalysts in hydrogen production has driven their
exploration for CO: reduction. A key approach to enhancing performance involves integrating
extended planarized units into the polymer backbone. In 2017, Chen et al. synthesized pyrene-
based conjugated polymers with carbazole, dibenzo[b,d]furan, and dibenzo[b,d]thiophene
units, achieving band gaps of 2.17-2.86 eV. Using an ionic liquid for CO2 and H-2O capture,
CPS5 (containing dibenzo[b,d]thiophene) converted CO: to CO under visible light at 47.37 umol
g ! with 98.3% selectivity.*?’ Despite this promising outcome, the efficiency was lower than
that of inorganic photocatalysts and g-CsNa. Factors such as CP5’s limited surface area,
residual nickel, and the ionic liquid’s restricted CO: adsorption hindered performance,

highlighting the need for further material optimization.
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The incorporation of abundant heteroatoms into the structure of CMPs plays a crucial
role in enhancing their photocatalytic efficiency by improving physical adsorption properties.
Maji et al. designed a CMP, TPA-PQ, by integrating tris(4-ethynylphenyl) amine (TPA) as an
electron donor and phenanthrenequinone (PQ) as an electron acceptor.’?® The superior
photocatalytic performance of TPA-PQ arises from precisely controlled donor-acceptor
interactions and improved physisorption due to the presence of numerous heteroatoms. This
material exhibited remarkable efficiency in the photocatalytic conversion of CO: to CHa,
achieving a yield of 32.2 mmol g™! with an impressive rate of 2.15 mmol h™' g* and exceptional

selectivity exceeding 97%.

A key challenge in photocatalytic CO: reduction lies in achieving selective product
formation while maintaining high conversion efficiency. In this regard, Mjahi et al. reported
the development of a conjugated microporous polymer (CMP), TEB-BPY, synthesized through
C-C coupling between 1,3,5-triethynylbenzene and 5,5'-dibromo-2,2'-bipyridine (Figure
1.26a).1%° To enhance its catalytic properties, the polymer was covalently functionalized with
[Re(CO)sCl], forming the metalated Re@TEB-BPY catalyst. This hybrid photocatalyst
demonstrated significant efficiency in the visible-light-driven reduction of CO.. When
triethylamine (TEA) was used as the sole sacrificial electron donor, Re@TEB-BPY facilitated
the conversion of CO2 to CO, achieving a production of 1.1 mmol g* in 12 h (Figure 1.26b).
Interestingly, the reaction pathway shifted when 1-benzyl-1,4-dihydronicotinamide (BNAH)
was introduced as a sacrificial electron donor alongside TEA as a base, favoring the production
of CHas instead of CO. Under these conditions, Re@TEB-BPY catalyzed CH. formation at a
remarkable rate of 24.6 mmol g~* in 12 h (Figure 1.26¢), exhibiting a high selectivity of nearly
96% and an apparent quantum efficiency of 0.22%. These findings highlight the versatility of
CMP-based catalysts in tuning the selectivity of CO: reduction, offering promising avenues for

the development of efficient and targeted photocatalytic systems.
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Figure 1.26: (a) Schematic diagram for synthesis of Re@TEB-BPY. (b) Photocatalytic
performance of Re@TEB-BPY without the addition of BNAH (c) Photocatalytic performance

in presence of BNAH. Images Adapted with permission from reference 129.

The impact of monomer structural flexibility on polymer backbone properties has been
largely overlooked in research. However, a recent study by Yang et al. demonstrated that
incorporating flexible monomers can significantly enhance the specific surface area of
polymers. This increase in surface area facilitates greater CO: adsorption, leading to a higher
concentration of CO: around the catalytic sites and ultimately boosting the efficiency of the

photocatalytic reaction.%

Metal-salen complexes, widely recognized for their catalytic versatility, have been
successfully integrated into CMPs to enhance photocatalytic performance. Dai et al.
synthesized a series of CMPs incorporating N, N’-bis(salicylidene)ethylenediamine (salen)
units via a 3+2 Sonogashira—Hagihara coupling reaction (Figure 1.27).13! These polymers
exhibited a high BET surface area of up to 981 m? g and excellent CO2/Nz: selectivity (82 at
273K). Notably, Zn-coordinated CMPs outperformed their Ni-based counterparts by

improving CO: capture and charge transport efficiency under light irradiation. Under simulated
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solar conditions, TEPT-Zn achieved a CO production rate of 304.96 umol h™' g™! in the air
without any cocatalyst. Furthermore, under ambient sunlight, a CO yield of 152.52 umol g’
was obtained within 3 hours, highlighting the potential of CMP-based catalysts for sustainable

CO: reduction.
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Figure 1.27: Synthetic pathway of metal salen-incorporated conjugated microporous polymers.

Images Adapted with permission from reference 131.

In summary, recent advancements in the photocatalytic reduction of CO: using porous
organic polymers have primarily centered on improving the intrinsic optoelectronic properties
of catalysts. However, there has been relatively little emphasis on strategies to enhance CO-
concentration near active sites or facilitate the conversion of low-concentration CO2. To tackle
this challenge, chemical adsorption emerges as a promising strategy and is expected to drive
future advancements by providing an effective pathway for enhancing CO: capture and

conversion.
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Chapter 2

2.1 Introduction

The exponential growth in the world's population, industrialization, and urbanization leads to
the overconsumption of the world's energy. Unfortunately, the majority of the present energy
sources rely on non-renewable resources such as fossil fuels (e.g., coal, gas, oil, etc.). This
over-exploitation of fossil fuels not only causes the depletion of natural resources but
simultaneously leads to the excessive emission of CO: in the atmosphere, which is a primary
driver of unprecedented global warming and other subsequent climate changes on a global
scale over the past few decades.!® This increase in CO, concentration at an alarming rate in
the Earth's atmosphere will impact the natural carbon cycle, which will subsequently pose a
threat to the entire human civilization. Certainly, it is accurate to anticipate that the era of oil
will come to a close well before the Earth exhausts its oil reserves. This is due to the limitations
imposed by emission regulations on the use of fossil fuels. Thus, there is an urgent need for the
development of innovative, sustainable, and renewable technologies for mitigating climate
change and promoting a sustainable environment. One of the effective strategies is the
sequential adsorption and utilization of CO.. In particular, the visible light-induced
photocatalytic CO> reduction represents a promising and viable pathway as it has the capability
to transform COz into valuable chemicals such as CO, CHs, CH30H, C2HsOH, etc. It addresses
contemporary environmental concerns and the energy crisis. To date, numerous
semiconductors such as CdS,* TiO.,° and C3N4® have been utilized in the realm of
photocatalytic carbon dioxide reduction. However, these materials have yet to demonstrate
their efficiency as photocatalysts for CO reduction, attributed to their manifestation of
inadequate production yields and reaction product selectivity. This limited production and
selectivity of products is attributed to the high recombination rate of photogenerated electron—
hole pairs as well as the low adsorption capability of CO2 on the surface of these inorganic
photocatalysts.” Currently, various homogeneous'®*! and heterogeneous?* photocatalysts
are being utilized in the photocatalytic CO reduction reaction. Even though homogeneous
catalysts demonstrate high photocatalytic activity and selectivity in CO, reduction,>
heterogeneous catalysts are preferred for large-scale industrial applications. The preference for
heterogeneous catalysts arise from their diverse benefits such as preventing dimerization or
aggregation, addressing solubility issues, enabling reuse, easy product separation, maintaining
stability in extended operation and offering costeffectiveness. Therefore, the pursuit of
designing a novel photocatalyst for CO, photoreduction to conquer these challenges holds

paramount importance.
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In recent years, the development of single-atom catalysts (SACs), that feature single
metal atoms embedded into solid supports, has emerged as a promising strategy that has
garnered significant attention in the field of heterogeneous catalysis.'’*8 It combines the
advantages of both heterogeneous and homogeneous catalysts and has shown great potential in
the realm of CO- reduction owing to uniform active sites, excellent atom utilization efficiency,
and highly unsaturated coordination environment.®?? Specifically, the distribution of
individual atoms through coordination offers a sufficient number of unsaturated active sites.
This arrangement facilitates the acceleration of charge separation and energy transfer, as well
as the improved adsorption and activation of molecules. These characteristics prove
advantageous to enhance the efficiency and selectivity of photocatalytic CO> reduction.

The essential factor for the preparation of stable SACs is the interaction between the
solid support and single metal sites. Most importantly, the interaction between the metal and
support has a noteworthy influence on both the adsorption and activation of CO2 molecules,
thereby enhancing the subsequent CO, conversion.?>24 Therefore, it is crucial to design and
develop robust solid supports to accommodate single metal atoms within the solid matrix by
establishing strong interaction with the metal.? Recently, there has been growing significant
interest in covalent triazine-based framework (CTFs), a novel subclass of covalent organic
frameworks (COFs) consisting of triazine molecular units. These frameworks have emerged as
promising contenders for solar-driven photocatalysts due to their specific physicochemical
characteristics, which include a tunable porous structure with extreme surface area, high
nitrogen content, unique electronic properties, and superior chemical and thermal
stabilities.?1262728.29 The substantial surface area of CTFs along with their elevated N content
and Lewis basicity empowers them to capture a significant surplus of CO2 molecules activating
them for subsequent transformation.®®3! In recent years, CTFs have garnered much attention
as solid supports for anchoring single metal atoms through the N-atom of a triazine ring to
prepare robust single atom photocatalysts (SACs).*? This incorporation of metal sites stands as
a potent approach for enhancing photocatalytic activity by elevating active site numbers,
facilitating efficient electron transfer into CTFs, and improving the separation efficiency of
electron— hole pairs generated during photocatalysis.>

In our current investigation, a covalent triazine-based framework (CTF-TPE) has been
synthesized from monomer tetra(4-cyanophenyl) ethylene under solvothermal conditions in the
presence of CF3SO3H. The synthesized CTF has been used as a solid support for grafting the
Co?* atoms via coordination with the N-atom of the triazine moiety through a simple deposition

method for photocatalytic
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CO; reduction. The single Co?* incorporated photocatalyst, CTF-TPE@Co-3 (3.1 wt% of Co),
exhibits the highest photocatalytic efficiency and reaches CO evolution of 6616 mmol g*
under a photocatalytic run of 7 hours, which is much higher than that exhibited by many earlier
reported CTF-based photocatalysts (Table 2.2). Additionally, we have unveiled the presence
of single Co sites via spectroscopic evidence, elucidating their pivotal contribution to the
enhancement of photocatalytic CO2 reduction. Furthermore, a plausible mechanism was
explored for the enhancement of photocatalytic CO> reduction. Our study deepens insight into
the fabrication and mechanism of single atom embedded CTFs in the context of photocatalytic

CO2 reduction.

2.2: Experimental section

2.2.1: Materials

Tetraphenyl ethylene, Bromine, CF3SO3H, and TEOA were purchased from Sigma-Aldrich.
DCM, Acetone, Acetonitrile, THF, and Chloroform were purchased from Spectrochem. All

solvents and chemicals were used without any further purification.

2.2.2: Synthesis of tetra(4-cyanophenyl) ethylene (2)

3=t
O@ O@

2

Figure 2.1: Systematic illustration for the synthesis of the nitrile monomer.

Synthesis of Tetra(4-bromophenyl) ethylene (1)
We have followed the previously reported procedure for the synthesis of the linker.3* To a
cooled solution of tetraphenylethylene (7.2 g, 21.7 mmol) in 40 mL of glacial acetic acid,

bromine (8.8 mL, 170 mmol) was added dropwise over 10 minutes while maintaining an ice-
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water bath. Following the addition of dichloromethane (30 mL), the mixture was heated to
50 °C and stirred for approximately 30 minutes, with the reaction progress monitored by thin-
layer chromatography (TLC). Upon completion, the reaction mixture was poured into 200 mL
of ice water, resulting in the formation of a solid precipitate. The product was collected by
filtration and thoroughly washed with water and ethanol. The crude product was obtained in an
87% yield (12.2 g) and used in subsequent steps without further purification. '"H NMR (CDCls,
500 MHz): 6 =7.27 (d, J = 8.5 Hz, 8H), 6.85 (d, J = 8.5 Hz, 8H).

Synthesis of tetra(4-cyanophenyl) ethylene (2)

Then the tetra(4-bromophenyl) ethylene (6.5 g, 10.0 mmol), CuCN (5.0 g, 55.9 mmol), and
DMF (50 mL) were placed in a 150 mL Schlenk flask. The mixture was heated at reflux for 60
h under a nitrogen atmosphere and then suspended in 300 mL water. Ethylenediamine (10 mL)
was added, and the resulting mixture was stirred at 100 °C for 1 h and filtered. The precipitated
solid was extracted with dichloromethane (3 x 150 mL each). The combined organic phase was
dried with MgSOs, filtered, and evaporated in a vacuum. The residue was repeatedly purified
by chromatography on silica using a hexane/CH.Cl, (1:1) as eluent, giving tetra(4-
cyanophenyl) ethylene 3.2 g with a yield of 74%. 'H NMR (CDCI3, 500 MHz) § (ppm): 7.48
(t, J=5.0 Hz, 8H) and 7.08 (t, J = 5.0 Hz, 8H).

2.2.3: Synthesis of the covalent triazine based framework (CTF-TPE)

To prepared the CTF-TPE, tetra(4-cyanophenyl) ethylene (200 mg) was added directly into the
mixture of DCM (1.23 mL) and TFMS (0.47 mL) in a clean vial, followed by sonication for
10 minutes. Next, for the solvothermal synthesis of CTF, we placed the resulting solution in a
preheated oven at 50°C for 24 h. The dark purple-colored product was quenched and washed
with a mixed solvent of DCM and DMF (2:1 v/v). Finally, a yellow powder was obtained by
filtration and washed it with H>O (2 x 30mL), THF (2 x 30mL), DCM (2 x 30 mL), and acetone
(2 x 30 mL), and the material was subsequently purified by Soxhlet extraction with acetone for
24h. The resulting product was then dried under vacuum conditions. The yield of the final

product was 85%.
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Figure 2.2: Synthesis scheme for the CTF-TPE.

2.2.4: Synthesis of CTF-TPE@Co

To deposit Co?* on CTF-TPE, 25 mg of CTF-TPE was mixed with a specific amount of CoCl;,
in 2.5 mL acetonitrile. Then 65 pLL TEA was added to the mixture, which was subsequently
stirred for 1h. The mixture in a capped reaction vessel was placed in a CEM Discover single-
mode microwave reactor and was heated to 80 °C for 120 min. After the microwave reaction,
the resulting precipitate was recovered by centrifugation, and washed twice with chloroform,
methanol, and acetonitrile, respectively. Following a similar procedure, a series of CTF-
TPE@Co-n (n=1 to 4; where, 1= 0.150 umol of Co loading/mg, similarly, 2= 0.250 umol/mg,
3=0.400 umol/mg, 4= 0.700 umol/mg) with different cobalt loading have been prepared to

study the variation in photocatalytic CO- reduction.
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Figure 2.3: Synthesis scheme for CTF-TPE@Co-n

2.2.5: Characterization methods
Fourier transform—infrared (FT—IR) spectra of CTF-TPE and CTF-TPE@Co-n were collected

on a Nicolet Magna IR 750 series-11 FTIR spectrophotometer within the range of 400 cm™ to
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4000 cm ™t using KBr plates. The powder X-ray diffraction (PXRD) data of CTF-TPE and CTF-
TPE@Co-n were collected with Bruker D8 Advance X-ray diffractometer (XRD) at room
temperature using Cu Ka radiation (A = 1.548 A) in a 20 range of 3-55°. Thermogravimetric
analyses (TGA) were done at a ramp rate of 20 °C min ! under air with Perkin Elmer Pyris
Diamond TG-DTA instruments. UV absorption spectra were recorded using a Cary 60 UV—
vis (Agilent Technologies) with a 1 cm path-length quartz cell. Fluorescence emission spectra
were collected on a HORIBA Fluoromax-4 fluorometer. Nitrogen gas adsorption—desorption
of the samples was performed to obtain BET-specific surface area (SBET) using Quanta
chrome Autosorb iQ2 Instruments at liquid N2 temperature (77 K). The samples were degassed
under a high vacuum (10 torr) at 105 °C for 10 h. After degassing, the sample tube was then
transferred to the analysis port of the sorption analyzer. Pore size distribution was calculated
by quenched solid density functional theory (QSDFT) slit/cylindrical pore model. 1H and 13C
NMR spectra were measured on Bruker-DRX 400 MHz instruments at room temperature in
CDCI3. Field emission scanning electron microscope (FE-SEM) images with elemental
mapping were obtained using a Carl Zeiss SUPRA 55VP FE-SEM instrument. Energy
dispersive X-ray spectroscopy (EDS) was performed by Oxford Instruments X-Max with
INCA software coupled to the FE-SEM. The Hitachi, S-4800, EDS detector was introduced to
analyze the morphology and EDS of the samples. The Electron Paramagnetic Resonance (EPR)
experiments were conducted with a JEOL JESFA200 ESR Spectrometer instrument having an
X-band Microwave unit. The High-resolution transmission electron microscopy (HR-TEM)
images were collected from the JEM, JEM-2100F instrument, operating at an accelerating
voltage of 200 kV. Before the analysis, the 2-propanol solution of a small amount of sample
was dispersed homogeneously in an ultrasonic cleaner for 2 h to ensure maximum dispersion
of the sample, and then 2 pL of the solution was cast on a carbon-coated Cu-grid (300 mesh
size), put in an airtight desiccator, and dried at ambient temperature for two days. HAADF-
STEM and the corresponding EDS mapping were recorded using the same instrument. X-ray
photoelectron spectroscopy (XPS) measurement was conducted by the Thermo Fisher
ESCALAB Xi+ microProbe instrument with a monochromatic Al-Ko target, 1486.6 eV
energy, and a maximum power of 15.0 KW. CoK-edge EXAFS measurement was carried out
using the RIGAKU R-XAS laboratory spectrometer equipped with a 3 kW X-ray source and
Ge (220) monochromator. Data was recorded in the transmission mode using a gas-filled
ionization chamber before the sample and a scintillation detector after the sample. Inductively
coupled plasma optical emission spectrometry (ICP-OES) results were obtained from an Icap

7000 ICP-OES (Thermo Scientific). After the photocatalysis, gaseous and liquid products were
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analyzed. The gaseous product was analyzed and quantified using TCD and FID detector in
High-performance gas chromatography (Agilent 8860). GC was calibrated with known
standard for Hz, CO and CHa. Liquid products were analysed on a Metrohm Eco IC and 1H
NMR. For the isotope labeling experiment, we purged the reaction mixture with 3CO,. This

product was detected using gas chromatography by MS detector (Perkin EImer clarus 690).
Electrochemical characterization:

The Mott-Schottky analysis and impedance measurement were conducted using CHI760E
workstation (CHI Instruments, USA) through a conventional three-electrode system immersed

ina 0.2 M Na2SO4 aqueous solution.
Preparation of working electrode for Mott-Schottky measurement:

2.5 mg of respective CTF materials were dispersed in a solution of 250 uL. water, 250 uL
isopropyl alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently,
12 uL of slurry was coated on a glassy carbon electrode and then dried at room temperature.
The Ag/AgCI electrode was employed as the reference electrode, and the platinum plate was
used as the counter electrode, respectively. The measurements were carried out under

frequencies of 0.5, 1, and 1.5 kHz.
Preparation of working electrode for impedance measurement:

2.5 mg of respective CTF materials were dispersed in a solution of 250 uL water, 250 puL
isopropyl alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently,
12 uL of slurry was coated on a glassy carbon electrode and then dried at room temperature.
The Ag/AgCI electrode was employed as the reference electrode, and the platinum plate was
used as the counter electrode, respectively. A 0.2 M Na>SOs solution was used as an electrolyte.
The measurements were carried out with a bias potential of -0.4 V with a frequency range from
1072 to 10° Hz under a nitrogen atmosphere.

Preparation of working electrode for transient photocurrent:

2.5 mg of respective CTF materials was dispersed in a solution of 250 puL water, 250 uL
isopropyl alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently,
300 puL of slurry was coated on an FTO glass plate (1 cm X 1 cm) and then dried at room

temperature. The Ag/AgCl electrode was employed as the reference electrode, and the platinum
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plate was used as the counter electrode, respectively. The transient photocurrent responses were

carried out under visible-light irradiation conditions (300 W Xenon arc lamp).

Photocatalytic testing:

Figure 2.4: Experimental set up of photocatalytic CO2 reduction reaction.

The photocatalytic reactions were conducted with a 275 W Xe lamp with a 420 nm cut-off
filter was used as the light source. In a typical process, a specific amount (2 mg) of catalyst,
2,2’-bipyridine (9.3 mg) as a cocatalyst, and [Ru(bpy)z]Cl2-6H20 (10.4 mg) was dispersed into
the solution of 3.0 mL acetonitrile solution containing TEOA and H.O (acetonitrile: TEOA:
H>O= 3:1:1 v/v) in a quartz test tube. Before photocatalytic testing, the reaction solution was
degassed with N2 gas for 20 minutes followed by bubbling with CO2 (99.999%, Airgas) in the
dark for 30 min. The reaction solution was then irradiated at room temperature with stirring for
photocatalytic CO> reduction. The headspace above the reaction solution was taken using a
gas-tight syringe at different time intervals for product analysis using an Agilent 8860 equipped
with a TCD and FID detector and a 60/80 Carboxen-1000 packed column (Supelco). The
experimental component and amount of gas product were identified using the standard gas.
Control experiments were conducted in the absence of light irradiation, photosensitizer,
catalyst, sacrificial reagent, and CO,. Isotope-labeled experiments were conducted with **CO>
instead of *2CO> under the same condition, and the obtained gaseous products were analyzed
by gas chromatography—mass spectrometry (GC-MS). Liquid products were analysed using
ion chromatography and *H NMR.
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2.3 Result and discussions

2.3.1 Characterizations of CTF-TPE and CTF-TPE@Co-n

The polymerization of tetra(4-cyanophenyl) ethylene under solvothermal conditions in the
presence of CF3SOsH resulted in the formation of CTF-TPE with a high yield (Figure 2.5). The
FT-IR measurements provided valuable insights into the trimerization reaction. Upon
examining the infrared (IR) spectra depicted in Fig.1a, it becomes apparent that a distinct and
intense stretching band associated with —CN group is absent around 2226 cm™, which indicates
the successful trimerization reaction of the monomer tetra(4-cyanophenyl) ethylene. Moreover,
the characteristic absorption band at around 1504 cm™?, and 1356 cm™ is attributed to the C-N

stretching bands of the triazine units (Figure 2.6a).%
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Figure 2.5. Schematic representation for the Synthesis of CTF-TPE and CTF-TPE@Co-n.

Additionally, CTF-TPE exhibits a peak around 806 cm™2, which is associated with the
triazine moiety (Figure 2.6a).%® The synthesized CTF was additionally characterized using
solid-state 1*C CP/MAS NMR spectroscopy, providing valuable insights into its structural
composition (Figure 2.6b). The obtained spectra displayed three prominent resonances
appearing at approximately 170, 144, and 130 ppm, which can be assigned to the carbon atom
of the triazine ring (N=C-N), ethylene carbon atom (—C=C-), and aromatic carbon atoms,
respectively. Remarkably, the absence of any peak corresponding to residual cyano end groups
in the spectra confirms the complete trimerization reaction of all the monomers. The absence
of residual cyano end groups further highlights the high conversion efficiency achieved during

the trimerization process, indicating a successful transformation of the starting monomers
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Figure 2.6: (a) IR spectra of monomer and CTF-TPE. (b) Solid-state *C CP/MAS NMR
spectrum of CTF-TPE (* belongs to sidebands). (¢) N2 adsorption-desorption isotherm of CTF-
TPE and CTF-TPE@Co-3. (d) Pore size distribution of CTF-TPE and CTF-TPE@Co-3 were
evaluated using QSDFT method.

into the desired CTF structure. This finding aligns perfectly with the results obtained from the
IR spectroscopy. The porosity of the CTF-TPE was calculated by N2 adsorption study at 77 K.
The calculated Brunauer— Emmett-Teller (BET) surface area and pore volume of the pristine
CTF were found to be 434 m?g* and 0.27 cm3g?, respectively (Figure 2.6c, Table 2.1).
Moreover, the assessment of the pore size in CTF-TPE was also conducted using the quenched
solid density functional theory (QSDFT) slit/cylindrical pore model which exhibited a major
pore at 0.4 nm with an additional pore at 0.8 and in the range of 1.2-1.5 nm (Figure 2.6d).
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Figure 2.7: (a) Comparison of IR-spectra of different CTF-TPE@Co. (b) TGA for CTF-TPE
and CTF-TPE@Co-3 in temperature range of 30 to 800 °C at the heating rate of 5 °C/min
under N2 atmosphere. (c) PXRD pattern of CTF-TPE and CTF-TPE@Co-3.

A series of Co-modified CTF-TPE including CTF-TPE@Co-1, CTF-TPE@Co-2, CTF-
TPE@Co-3, and CTF-TPE@Co-4 have been synthesized using CoCl; in the presence of TEA
and CHsCN via a simple deposition method as reported previously (Figure 2.5).%” The amount
of cobalt (wt%) present in the synthesized CTF-TPE@Co-1 to-4 were, calculated by ICP-OES,
found to be 0.8%, 1.5%, 3.1%, and 5.9%, respectively. However, no change in IR spectra has
been observed for different cobalt-loaded CTF-TPE (Figure 2.7a) indicating the durability of
the material. The thermal stability of both the CTF-TPE and CTF-TPE@Co were assessed
through thermogravimetric analysis (TGA), which indicated that these materials remained
stable up to a temperature of 320°C (Figure 2.7b). The initial weight loss observed in both
cases can be attributed to the removal of water molecules and certain guest solvent molecules

from the pores of the materials. However, as the temperature exceeded 400°C, a subsequent
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weight loss was observed, indicating the decomposition of the residual polymeric scaffold.*’
However, among all these cobalt-loaded samples, CTF-TPE@Co-3 is interesting because of
its high catalytic activity under optimum conditions. Hence, a detailed structural analysis of
CTF-TPE@Co-3 has performed. As predicted, the BET surface area of the CTF-TPE@Co-3,
measured by N-sorption at 77 K after activation, decreased from 434 m?g— to 243 m?g™
(Figure 2.6¢). Also, pore volume was decreased from 0.27 cm3g™ to 0.17 cm3g™? (Table 2.1).
However, the isotherm of CTF-TPE and CTF-TPE@Co-3 can be classified as a combination
of isotherm type I(b) and type Il in the lower and higher relative pressure region, respectively.®
Typically, type I(b) isotherm indicates the characteristic for materials having microporous
nature. Type Il isotherm, observed for nonporous or macroporous materials, is for unrestricted
monolayer multilayer adsorption. Both CTF-TPE and CTF-TPE@Co-3 exhibited H4 type
hysteresis loop in the adsorption and

Table 2.1: BET, Langmuir surface area, pore size and pore volume measurements:

SL | Sample Name BET surface | Langmuir Pore size | Pore volume

No area (m?gt)? | surface area | (nm)° (cm3g™)
(m’gH)°

1. | CTF-TPE 434 597 0.43 0.27

2. | CTF-TPE@Co-3 | 243 273 0.39 0.17

4BET surface area derived from the N2 adsorption isotherm at 77 K over the relative pressure
range p/po = 0.01-0.05. PLangmuir surface area over the pressure range of 0-110 torr. *Pore
size distribution measured by QSDFT.

desorption isotherms. This behaviour is analogous to that seen in other microporous polymers
which is frequently attributed to framework swelling.383° 40 4142 |t demonstrates the softness
of the framework. The PXRD profile of CTF-TPE and CTF-TPE@Co-3 show two broad peaks
at 20° and 42°, indicating amorphous nature of the material (Figure 2.7c). These two peaks
may arise from the (002) and (001) planes of carbon.**** However, there is no noticeable
change in the PXRD pattern before and after the loading of the cobalt has been observed. The
PXRD analysis at a very high scan rate of cobalt-loaded CTF-TPE has been performed to
confirm the presence of any cobalt oxide or cobalt nanoparticles within the framework (Figure
2.8). However, the data clearly indicates the absence of diffraction peak associated with cobalt
nanoparticles or cobalt oxide, which further supports the existence of cobalt in the form of
coordination structure rather than in the form of salt of metallic cobalt nanoparticles in the CTF

matrix.*
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Figure 2.8: PXRD profile of CTF-TPE@Co-3 at a very high scan rate.

Further the solid-state electron paramagnetic resonance (EPR) spectra of CTF-
TPE@Co-3 at room temperature was performed to deduce the formation of any metal
nanoparticles or clusters (Figure 2.9). Generally, the ferromagnetic NPs or clusters give an
intense broad EPR peak at g values = 2.870.4¢ However, there are no such EPR peaks observed
at g values ~ 2.870 for CTF-TPE@Co-3, which further reveals the absence of NPs or metal
clusters within the CTF matrix. Additionally, the EPR spectroscopy shows the presence of a
single Lorentzian line at a g value of 1.9997 for both CTF-TPE and CTF-TPE@Co-3,
originated from the unpaired electrons on aromatic rings.*” However, the EPR intensity of CTF-
TPE has increased following the integration of Co?* metal centers suggesting enhanced
electron mobility in the n- conjugated CTF-TPE matrix and this observation aligns with the
findings from the EIS analysis. Moreover, the EPR data do not reveal any detectable peak
associated with ferromagnetic Co?* single atom. This absence may be attributed to the short

relaxation time, which is in close agreement with previous reports on Co—Nx—C SACs.*
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Figure 2.9: EPR spectra of CTF-TPE and CTF-TPE@Co-3.
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In addition, the chemical structure analysis of N-containing CTF-TPE and CTF-
TPE@Co-3 was conducted using photoelectron spectroscopy (XPS). High-resolution C 1s XPS
analysis revealed two distinctive peaks at a binding energy of 284.8 eV and 286.2 eV,
indicating the presence of distinct carbon atom types within the framework (Figure 2.10a). The
peak at approximately 284.8 eV is associated with one type of carbon atom (C=C/C-C) and the
broader peak at around 286.2 eV corresponds to the carbon atoms of triazine unit (N=C-N).*°
Similarly, the deconvolution of N 1s XPS spectra displayed a peak at a binding energy of 397.7
eV attributed to the N atom of the triazine unit (C=N-C) (Figure 2.10c).*

Experimental Data
Cumulative fit peak

(a)

Co™ Co2p

(b) ; Ipy,

Satellites

Intensity (a.u.)
Intensity (a. u.)

' y Y ' 5 3 7 5 5
202 290 288 286 284 282 77 780 78 90 79 800 80 810
Binding energy (eV) Binding Energy (eV)
Experimental data 397 7 Nls Experimental data Nis
Cumulative Fit Peak Cumulative Fit Peak 398.04
(c)
3 3
3 g
& 2
3 g
= E
_—-‘,
Y
— ¥ 71—+ . . . T * T * T .
406 404 402 400 398 396 394 392 390 404 402 400 398 396 394
Binding energy (eV) Binding energy (eV)

Figure 2.10: XPS spectra (C 1s) of CTF-TPE (a); Co 2p of CTF-TPE@Co-3 (b); N 1s of CTF-
TPE (c) and N 1s of CTF-TPE@Co-3 (d).

More interestingly, in the case of Co-loaded CTF-TPE the binding energy of N 1s peak has
been slightly shifted to 398.04 eV (Figure 2.10d). This shifting in binding energy is arising due
to the coordination of Co to the N atom of triazine moiety.>**? The XPS analysis of cobalt in
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CTF-TPE@Co-3 revealed major binding energy peaks at 780.8 eV (2pzr2) and 796.2 eV (2p1/2)
with a 15.4 eV spin-orbit separation (Figure 2.10b).>3%* These peaks provide a clear indication
of the +2-oxidation state of the cobalt ion. The minor peaks with 15.2 eV spin-orbit separation
observed at 779.9 eV and 795.1 eV, suggests the presence of a minimal amount of Co3*.>354
However, it is challenging to identify the Co?* and Co®* using the primary 2p peaks due to their
slight variation in peak positions ranging from 0.1 to 1.5 eV. The Co 2p core level spectra of
the CTF-TPE@Co-3 can be differentiated by their distinct satellite peaks. The prominent
satellite peaks of Co?* occur at 785.03 eV and 800.21 eV. Hence, the binding energy difference
of cobalt 2pz/2 peak and its corresponding satellite peaks come around 4-6 eV assigned to Co?*,
whereas the peak difference for Co®* falls in the range of 9-10 eV (Figure 2.10b). The relative
concentrations of Co?" is found to be 90% compare to Co** in the CTF-TPE@Co-3. The
presence of small amount of Co** may be ascribed to the surface oxidation or aerial oxidation
of the sample.>® Notably, Co 2p spectrum do not reveal any peaks corresponding to Co®
(typically at around 778.5 eV). This observation excludes the presence of any Co-Co metallic

bond.>® The XPS study does not reveal any other cobalt species corresponding to CoO or cobalt

metal.
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Figure 2.11: (a) XANES spectra recorded at Co-k edge for Co metal, CTF-TPE@Co-3, CoO,
and Co(py)2Clz, (b) EXAFS spectra of CTF-TPE@Co-3.

Furthermore, to investigate more about the coordination number and the electronic
environment of the cobalt single sites in the CTF-TPE, extended X-ray absorption near-edge
structure (XANES) spectra at the Co K-edge, referenced to the model compound Co(py)2Cly,
Co0O, Co-metal was thoroughly investigated. Also, the Co K-edge Fourier transformed

extended absorption fine structure (EXAFS) was extracted from the absorption spectrum of
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CTF-TPE@Co-3 in the k-range of (3 — 10) A and fitting was carried out roughly in the R-
range of (1 — 3) A. The Co K-edge XANES spectra CTF-TPE@Co-3 with the reference
compound Co(py)2Cl,, CoO, and Co-metal were shown in Figure 2.11b. The XANES curves
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Figure 2.13: (a, b) SEM images, (c) Elemental mapping and (d) EDX profile of CTF-TPE@Co-
4.
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Show that the absorption threshold peak position of CTF-TPE@Co-3 and reference compound
CoPy.Clz, CoO are look-alike indicating a 2+ valence state of the Co atoms in the CTF-
TPE@Co-3 compound, which is consistent with the XPS data. The Fourier-transformed
EXAFS spectrum (Figure 2.11a) of CTF-TPE@Co-3 demonstrates a prominent sharp peak
around 1.56 A, which can be attributed to the Co?" and nitrogen atom bond distance.?? No
Co-Co peaks at 2.17 A or larger bond distances were detected, confirming atomically dispersed
Co species in CTF-TPE@Co-3.5"4

The morphology and textural study of the sample was investigated using a scanning
electron microscope (SEM) and transmission electron microscope (TEM) for CTF-TPE@Co-
3. The SEM images indicate the disordered structure of the CTF-TPE@Co-n (n=3, 4) (Figure
2.12a-b and 2.13a-b). The SEM-EDX mapping confirms the presence of Co, N, C, and ClI
which are homogenously distributed within the CTF framework (Figure 2.12c and 2.13d).
Further, the elemental mapping acquired by the high-angle annular dark field scanning
transmission electron microscope (HAADF-STEM) indicates the uniform distribution of Co,

N, C within the CTF framework (Figure 2.14a). Notably, no images associated with CoO or

Figure 2.14: (a) EDX mapping images of C, N, Co elements in the CTF-TPE@Co-3. (b, ¢)
HR-TEM images of CTF-TPE@Co-3.
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i, e 20 NM s | s
Figure 2.15: Fig.4 (a and b) Low-magnification TEM images of CTF-TPE@Co-3, (¢c) TEM
image displaying both crystalline and amorphous nature of the sample (inset shows the its
HRTEM image), (d) particle size distribution (PSD) of the crystallite parts.

metal clusters were identified in the high-resolution transmission electron microscope (HR-
TEM) images (Figure 2.14b-c). This observation serves as additional confirmation of the
effective incorporation of single atomic Co sites embedded in the CTF scaffold. TEM images
shows that crystalline and amorphous components are well dispersed throughout the solid
matrix. Moreover, low and high magnification indicates that the smaller crystallites are
embedded in the amorphous matrix; particles size distribution curve indicates the particles have
around 2.5 nm (Figure 2.15a-d); these tiniest crystallites are craped in the stacked flexible
structure on C and N controlled by dopant Co?" ion, this fact supports the selective site
photocatalytic reductions. Figure 2.16a-b and Figure 2.16d-e characterize the different lattice
fringes of (001) plane and distorted lattice class of the (002) plane (also existing in the XRD
graph, Figure 2.7c), SAED pattern (Figure 2.16c¢), revealing that similar type of fringe
distortions are dispersed throughout the metal doped CTF-TPE which enhances the
photochemical performances.
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Figure 2.16: (a-b) High-magnification TEM images of CTF-TPE@Co-3 showing
different lattice fringes of (001) plane, (c) corresponding SAED pattern, (d)
HRTEM image of CTF-TPE@Co0-3 exhibiting distorted (002) plane, (e)

corresponding magnified view.

Photophysical and electrochemical study: In the last decade, it has been observed
that CTFs are well-known for high CO, adsorption. Motivated by the high CO> adsorption in
the CTF-TPE material, photochemical CO> reduction was studied. Indeed, the efficacy of the
catalyst's photoreduction activity relies on two additional factors: the optical absorption
properties and the efficiency of feasible transfer and separation of photoinduced charge. These

two factors play a pivotal role in shaping the catalyst’s ability to absorb light and effectively
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Figure 2.17: (a) UV-VIS absorption spectra of CTF and CTF-TPE@Co-n (n= 1 to 4);
(b)Fluorescence spectra of CTF-TPE and CTF-TPE@Co-n (n=1 to 4); (c)Tauc plot for CTF-
TPE@Co-3.

utilize it to induce and separate charges. The UV-VIS spectroscopy of the synthesized catalysts
has been investigated (Figure 2.17a). Both CTF-TPE and CTF-TPE@Co-n (n=1 to 4) exhibited
a wide absorption peak ranging from 350-450 nm with a maximum absorption (Amax) OCcurring
at 355 nm. Notably, the inclusion of Co in the CTF-TPE resulted in higher photo absorption in
the region (350-450 nm) compared to the pristine CTF-TPE (Figure 2.17a). This observation
suggests a strong interaction between metal and the framework, indicating promising host-
guest interaction.>®%° The band gap for the CTF-TPE@Co-3 has been calculated from UV-vis
absorption spectra using the Tauc formula and found to be 2.42 eV (Figure 2.17c). Further, the
photoluminescence experiments were performed for CTF-TPE and CTF-TPE@Co-n (n=1 to
4) by exciting the materials at a wavelength of 360 nm. The materials CTF-TPE and CTF-
TPE@Co-n (n=1 to 4) exhibited maximum fluorescence intensity at 520 nm. But, more
importantly, the fluorescence intensity of CTF-TPE@Co-n gets quenched dramatically by
many folds as compared to its counterpart, CTF-TPE (Figure 2.17b) as the metal loading
increases. This observation implies a probability of higher charge separation thereby promoting
a lower recombination rate of photoinduced electrons and holes within CTF-TPE@C0.%° In
addition, the transient photocurrent response shows a higher current density of cobalt-
incorporated CTF than the pristine CTF when illuminated with visible light. This finding
provides additional confirmation of the enhanced electrical conductifity and prolonged lifetime
of charge carriers (Figure 2.18a). Moreover, the electrochemical impedance spectroscopy (EIS)

was performed to assess the charge transfer proficiency. The EIS Nyquist plot of CTF-TPE and
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CTF-TPE@Co-n exhibited a semicircle with a much smaller radius for cobalt-loaded CTF-
TPE compared to bare CTF (Figure 2.18b). Smaller semicircles reveal the lower charge transfer
resistance in the CTF-TPE@Co-3 thereby accelerating the electron transfer process. This
phenomenon is likely a contributing factor to the enhanced photocatalytic activity observed in
CTF-TPE@Co0-3.%
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Figure 2.18: (a) EIS Nyquist plot and (e) Transient photocurrent response of CTF-TPE@Co-n

(n=1to 4).

2.3.2: Photocatalytic CO2 reduction

Taking into account the catalytic characteristics of the Co-ligand complex in CO. reduction
reaction®? combined with the strong affinity of CTF-TPE for CO2% as well as its excellent
chemical stability of CTF-TPE, we have examined the efficacy of the synthesized single-site
cobalt-embedded CTF-TPE towards photocatalytic CO2 reduction. The photocatalytic CO>
reduction reaction has been carried out in a mixture of CH3CN and H20 solvents under visible
light irradiation (A= 420 nm) using TEOA as sacrificial electron donor, [Ru(bpy)s]** as a
photosensitizer and 2,2’°-bipyridine as cocatalyst (Fig. S22, ESI). All the components involved
in this CO; reduction reaction, including sacrificial electron donor, photosensitizer, catalyst,
and cocatalyst, are essential for an efficient photocatalytic CO> reduction reaction. The
photocatalytic activity of CTF-TPE@Co materials towards CO> reduction has been optimized
by varying the quantity of introduced Co species in the CTF-TPE scaffold (Figure 2.19a). In
the absence of Co metal sites, CTF-TPE has shown poor catalytic activity, yielding a total CO

production of only 40 pmolg™ in 2h under optimal conditions. This poor performance of CTF-
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Figure 2.19: (a) CO evolution by different Co-loaded CTF-n (n=1, 2, 3, 4), negligible amount
of format not shown. (b) 7h long photocatalytic run using CTF-TPE@Co-3. (c) ion
chromatography and (d) *H NMR spectra of liquid product after CO2 reduction.

TPE towards CO evolution may be ascribed to the higher recombination rate of electron-hole
pairs during photocatalysis. However, the incorporation of single Co?* metal centers into the
CTF-TPE boosts its photocatalytic activity, which is consistent with the findings from the
photoelectrochemical analysis. The outcomes of the photocatalytic carbon dioxide reduction
experiments demonstrate that as the cobalt loading rises, the production of CO also increases
(Figure 2.19a). Notably, among all the prepared photocatalysts, the optimal catalytic efficiency
is achieved with a cobalt loading of 3.1 wt% (CTF-TPE@Co-3). The CTF-TPE@Co-3 shows
the highest photocatalytic efficiency with CO and Hz generation of 1515 pmolg™ and 938
umolgt within 2h, respectively. A negligible amount of formate also detected. Additionally,
CTF-TPE@Co-3 has been employed for long-run photocatalytic experiments demonstrating
CO evolution of 6616 pmolg™ over 7h (Figure 2.19b), which is higher than the many
previously reported CTF-based photocatalyst (Table 2.2).
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The turnover number of CO evolution by CTF-TP@Co-3 is 13.32 after 7h of irradiation.
However, a minute quantity of HCOO™ (0.016 umolg™) has been detected after analysing the
liquid phase through ion chromatography (Figure 2.19c). No other liquid hydrocarbon products
including CHsOH and C,HsOH have been found in the *H NMR spectroscopy (Figure 2.19d).
But at higher concentrations of cobalt (5.9 wt% Co loading), the catalytic efficiency of CTF-
TPE@Co-4 declined with CO and Hz production of 1172 pmolg™ and 1178 pmolg™,
respectively (Figure 2.19a). The reason behind this phenomenon may be attributed to the
possibility that a higher concentration of Co can result in the formation of cobalt aggregates or
clusters (Figure 2.20). This highlights the pivotal role of cobalt concentration in driving CO

generation and underscores the optimal conditions for catalytic efficiency.

(C) Average Size = 12.4 nm

/'\
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Figure 2.20: (a,b) HR-TEM image of CTF-TPE@Co-4. Highlighted parts are showing the
formation of cobalt clusters through agglomeration. (c) The average size of the particle is
found to be 12.4 nm.

Table 2.2. Comparison performance of photocatalytic CO evolution

Photocatalyst Illuminatio SA PS Produc Productio Referenc
n range t n rate? e

Ni-TpBpy- X >420 nm TEOA [Ru(bpy):]Cl2 Cco 966 63
COF

TTCOF-Zn 420 nm H>0 - Cco 2.06 64
ACOF-1 420 nm H,O - CH3OH 60 65
N3-COF 420 nm H,O - CH3OH 98.3 66
Co-FPy-CON 420 nm TEOA (Ir[dF(CF3)ppy Cco 1681 67

] 2(dtbpy))PFs

Co/CTF-1 A>420 nm TEOA [Ru(bpy)s]Cl: CcO 50 68
Re-CTF-py 200 nm TEOA - CcoO 353.05 69
CTF-TPN A >420 nm TEOCA - Co 330.3 70
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NCTF-1 A>420 nm TEA - CH,4 11.48 71
ZnFe,04/FeP- A>420 nm TEOA [Ru(bpy)s]Cl2 CH4 178 72
CTFs

Pt-SA/CTF-1 A>420 nm TEA - CH, 45 73
TiO,@CTF- A>320 nm H.O - Cco 43.34 74
Py

Ni(OH)./CTF A>420 nm TEOA [Ru(bpy)s]Cl. (6{0) 38.66 75
-1

CPB/CTF-1- A>420 nm EA - CO 86.5 76
Ni

Fe,Oz;@Por- A>420 nm TEOA [Ru(bpy)s]Cl. CO 400 78
CTF10

CTF- A>420 nm TEO [Ru(bpy)s]Cl2 CcoO 750 This
TPE@Co-3 A work

In addition, a set of controlled experiments were conducted to know the key role of all

the elements for this high CO production over CTF-TPE@Co-3(Figure 2.21a). The significant
reduction in photocatalytic Hz evolution to 254.03 pmolg™ without the presence of H,O
suggests that the H> production may originate either from TEOA or H>O sources. However,
the removal of TEOA from the reaction mixture resulted in photocatalytic inactivity of CTF-
TPE@Co-3 for CO; reduction. These findings suggest that the H>O acts as a proton source and

TEOA can serve as sacrificial electron donors for this CO2 conversion system. More
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Figure 2.21: (a) reaction conditions for CO> reduction. (b) Isotope labeling experiment in

presence of 3CO..

interestingly, we have achieved to generate a CO evolution of 1515 pmolg ™ only when 2,2’-
bipyridine have been added in the reaction mixture (Figure 2.21a). However, in its absence, the
CO evolution was lesser, measuring only 564 pmolg™. Hence, 2,2’-bipyridine, TEOA, and

H>0 are crucial for high-efficiency photocatalytic CO> reduction. Moreover, no CO has been
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detected in the absence of light or photocatalyst revealing the photocatalytic nature of the
reaction. No carbonaceous products have been noticed under the Ar atmosphere, which
confirms that the CO is coming from the CO> rather than the organic solvent used in the
reaction. Additionally, an isotope labeling experiment was conducted in the presence of 3CO;
to confirm the origin of CO generation. The gaseous product was analyzed using gas
chromatography-mass spectrometry (GC-MS), revealing a distinct peak at m/z = 29. This
supports the production of CO from CO: gas, rather than from any other organic compounds
(Figure 2.21b).”® Moreover, the catalytic performance of the CTF-TPE@Co-3 has been
investigated by direct sun light to mimic the natural photosynthesis and it gives 170 pmolg™
CO and 8.0 pmolg ! in 3h in a cloudy environment. Additionally, the heterogeneous nature of
the CO: reduction reaction was further established by performing the recyclability and
reusability tests (Figure 2.23a). The photocatalytic stability of CTF TPE@Co-3 was assessed
through a 2h illumination cycle. As illustrated in Figure 2.23a, the rates of CO and H:
production from CTF-TPE@Co-3 remained nearly constant even after five cycles run under
the same experimental conditions. This observation confirms the excellent long-term stability
of CTF-TPE@Co-3 for CO- reduction
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Figure 2.22: Leaching test over CTF-TPE@Co-3.

Furthermore, a leaching test was conducted to verify the heterogeneous nature of the
photocatalyst in the context of photocatalytic CO reduction reaction (Figure 2.22). In this

experimental procedure, the catalyst was isolated after 2 hours photocatalytic run, and
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subsequently, the CO reduction reaction was executed using the filtrate from the reaction
mixture. Significantly, no CO evolution was observed in the GC chromatogram after the
removal of the catalyst, affirming that no metal atoms had leached out from the CTF-TPE@Co-
3 moiety. Thus, it demonstrates the pronounced heterogeneity of the CTF-TPE@Co-3.Further,
no noticeable change has been observed in the FT-IR peaks and PXRD pattern of CTF-
TPE@Co-3 after photocatalysis, demonstrating its stability during the reaction (Figure 2.23b-
c). Also, the XPS analysis of recovered samples exhibited that the oxidation state of Co remains
unchanged from its precatalysis state which shows the stability of the photocatalyst (Figure
2.23d). These results highlight the significant advantages of employing CTF-TPE for

embedding single Co atoms, resulting in enhanced activity and outstanding durability.
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Figure 2.23: (a) recyclability test of CTF-TPE@Co-3. (b) FT-IR spectra and; (c) PXRD profile
of CTF-TPE@Co-3 before and after photocatalysis. (d) XPS spectra of CTF-TPE@Co-3 after

photocatalysis.

2.3.3 Photocatalytic CO2 reduction mechanism: Now, to understand the CO-

reduction mechanism, we have carried out photophysical and electrochemical studies. Firstly,

we have investigated whether the photoexcited Ru(bpy)s]*** underwent oxidative or reductive
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quenching for initiating CO2RR cycles. The emission intensity of Ru(bpy)s]** has been
gradually quenched with the incremental addition of TEOA (Figure 2.24a). In contrast, there
IS no decrease in emission intensity observed upon the addition of CTF-TPE@Co-3 (Figure
2.24b).
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Figure 2.24: (a) Fluorescence spectra of Ru(bpy)s]?* in presence of TEOA. (b) Fluorescence
spectra of Ru(bpy)s]?* in presence of CTF-TPE@Co-3.
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Figure 2.25: Mott-Schottky plots of CTF-TPE@Co-1 (a), CTF-TPE@Co-2 (b), CTF-
TPE@Co-3 (c), and CTF-TPE@Co-4 (d) at different frequency.

This suggests a reductive quenching mechanism for CO2RR, wherein electron transfer occurrs
from TEOA to photoexcited Ru(bpy)s]?>** to generate Ru(bpy)s]*. and then finally Ru(bpy)s]*
inject electrons into the cobalt center (Figure 2.26 (top)). The flat band potential of the
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photocatalyst CTF-TPE@Co-3 is found to be -1.12 V vs Ag/AgCl (-0.92 V vs NHE) using
Mott Schottky measurements at different frequencies in 2 M Na>SOj electrolyte (Figure 2.25c¢).
Hence, its valence band was calculated to be 1.5 V (Figure 2.26 (bottom)). The Mott-Schottky
plot of all the CTF-TPE@Co-n (1 to 4) shows a positive slope demonstrating the n-type nature
of the semiconductors (Figure 2.25).2° The reduction potential of LUMO of CTF-TPE@Co-n
(n=1,2,4) is found to be -0.851V, -0.881V, and -0.826V, respectively from the Mott-Schottky
plot (Figure 2.25).
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Figure 2.26: Reductive or oxidative quenching pathway of Ru(bpy)3]?* during photocatalytic
reaction (top); possible potential diagram for CO- reduction by CTF-TPE@Co-3 (bottom).

Now, it is evident that the reduction potential of CTF-TPE@Co-3 is less negative than the
Ru(bpy)s]** (E(Ru(bpy)s]*™*/Ru(bpy)s]?) = —1.25 V vs. NHE), but more negative than the
reduction potential of CO, to CO (E(CO, /CO) =—0.52 V vs. NHE)?* (Figure 2.26 (bottom)).

This suggests an electron transfer from photosensitizer to CTF-TPE@Co-3, facilitating
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electron injection from catalyst to CO> and driving the photocatalytic conversion of CO, to CO
(Figure 2.26 (bottom)). Based on the aforementioned results and discussions, we have proposed
a plausible mechanism for photocatalytic CO2 reduction reaction as depicted in Fig. 8. Under
light irradiation, the Ru(bpy)s]** and CTF-TPE@Co-3, creating excited electron-hole pairs and
promote the electrons to the excited state Ru(bpy)s]***. Subsequently, TEOA reductively
quenched Ru(bpy)s]?** to generate the reduced photosensitizer Ru(bpy)s]™*. The Ru(bpy)s]™*
transfer the photogenerated electrons to the Co active sites for the CO> reduction to CO. On
the other hand the valence band location of CTF-TPE@Co-3 readily overcomes the water
oxidation threshold potential.8* Thus, the photogenerated holes in the VB of the CTF-
TPE@Co-3 oxidize H20O to give H" and HO" which is a crucial step in photocatalytic CO>
reduction process.®? The holes selectively react with OH™ species to prevent electron-hole
recombination, and simultaneously, H* unite to generate Hz, which is detected in GC This also

supports the proposed mechanism.
2.4 Conclusions

In summary, we have showcased the successful preparation of an effective CTF-based
photocatalyst by anchoring single Co?" active sites within the triazine framework for CO:
reduction under visible light irradiation. The synthesized CTF-TPE material, featuring isolated
cobalt single sites, demonstrated remarkable efficiency in photocatalytic CO- reduction in the
presence of a dye and sacrificial electron donor. It achieved a CO generation of 6616 pumolg™
for a continuous 7h run. This photocatalytic activity is on par with the performance of other
state-of-the-art heterogeneous catalysts documented in the literature under analogous
conditions (Table 2.2). This superior photocatalytic activity of CTF-TPE@Co-3 may be
attributed to the coordination of Co?* sites within the CTF-TPE scaffold, which facilitates the
electron transfer from the photosensitizer to the catalyst and enhances the system’s CO:2
adsorption capacity, thereby increasing its overall photocatalytic activity. The results suggest
that the CTF-TPE is a potential support to stabilize the single Co atom through
strongcoordination of metals and nitrogen atoms of triazine rings. This study unveils a
promising strategy for the fabrication of an effective triazine-based photocatalyst based on
earth-abundant transition metals and we believe that our work will open a new avenue for

designing and constructing next-generation photocatalyst in the realm of solar fuels.
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3.1 Introduction

Solar-driven CO> reduction is an innovative approach for tackling climate change and
enhancing energy sustainability, drawing inspiration from the natural process of
photosynthesis. Just as plants convert CO, and sunlight into energy and biomass, solar-driven
technologies aim to mimic this process by transforming CO: into valuable fuels or chemicals
(i.e. CO, HCOOH, HCHO, CH30H, CHa).2® This method not only helps to mitigate
atmospheric CO> levels but also utilizes solar energy, which is a clean, abundant, and cost-
effective resource. In this context, this process is particularly appealing for large-scale
applications. However, CO>, being a linear molecule, possesses enhanced chemical stability
and high bond dissociation energy, which complicates its conversion into useful chemicals.
This can be overcome by using a photosensitizer, suitable catalyst, and sacrificial reducing
agent. In this context, since the landmark study on heterogeneous CO photoreduction using
TiO; as a catalyst, the focus has been increasingly shifted towards inorganic semiconductors.®
However, despite significant advancements, many inorganic photocatalysts still face critical
challenges such as limited tunability, potential heavy metal toxicity, and wide band gaps, which
hinder their practical application. This highlights the pressing need for alternative materials.
Currently most of the molecular photocatalysts are primarily based on second- and third-row
transition metals like ruthenium (Ru) and rhenium (Re), which have set performance
benchmarks in artificial CO2 reduction.®”# 2% Considering, the high production costs, toxicity,
and scarcity of these transition metal complexes, the use of such catalysts for large-scale solar
energy conversion systems may be less favourable or sustainable.’® In contrast, from both
economic and sustainability perspectives, catalysts based on earth-abundant, first-row
transition metals are more desirable. However, these artificial molecular photocatalytic systems
suffer from limited long-term stability.* Therefore, developing heterogeneous photocatalysts
made from earth-abundant transition metals that exhibit high stability remains a significant
challenge.

In this context, since the past two decades Metal-organic frameworks (MOFs), a class
of crystalline and porous materials made up of metal-containing clusters and organic linkers
have attracted much admiration due to their large-scale applicability such as in gas sorption,
gas separation and catalysis.*"** These reticular materials offer a high density of catalytically
active sites, and their porous structures facilitate efficient charge and mass transfer, making
them highly suitable for photocatalytic CO2 reduction. In recent years, a variety of MOFs have

been specifically developed for this purpose.’®%" Among these, zeolitic imidazolate
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frameworks (ZIFs), which are composed of imidazolate ligands and transition metal cations,
have become prominent as effective heterogeneous cocatalysts for CO2 reduction due to their
adjustable morphology, uniform pore size, and excellent chemical and thermal stability.18° In
addition to their high CO adsorption capacity, ZIFs are made from earth-abundant,
inexpensive, and non-toxic transition metals. They are also easy to synthesize and replicate,
making them promising candidates for large-scale solar energy conversion systems.

Herein, we chose the imidazolate framework Potsdam (IFP) as the platform because of
their extraordinary chemical stability and readily reachable sites for functionalization.?%212?
This work emphasised on the synthesis of transition metal based photocatalysts using the IFP
model which is a sub type of the ZIF, comprising of pentacoordinated Zn (IFP-1(Zn))? or Co
(IFP-5(C0))?* secondary binding units and 2-methylimidazolate-4-amide-5-imidate (MIAI)
linkers. Comparative study was performed between the synthesised IFP-1(Zn), IFP-5(Co) and
the bimetallic IFP-1(Zn/Co) system to examine their photocatalytic activity in the CO;
reduction. To elucidate the potential mechanism of the catalytic cycle involved in CO:
reduction, we conducted photophysical and electrochemical investigations, along with Density
Functional Theory (DFT) calculations.

3.2 Experimental section

3.2.1 Materials

Tetraethylammonium chloride, (>98.0%), triethanolamine (TEOA), and were purchased from
Sigma-Aldrich. triethyl orthoacetate, [Ru(bpy)s]Cl2-6H20 and 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH) were purchased from BLD pharm. Diaminomaleonitrile
(>96%) were purchased from TCI. Xylene was purchased from spectrochem, India. Na>SO4
(>98.0%), Cobalt (IT) nitrate hexahydrate (>98.0%), Methanol (MeOH), dimethyl formamide
(DMF), acetonitrile, glacial acetic acid was procured from Merck, India. All of the chemicals

were commercially available and used without further purification.

3.2.2 Synthesis of 4,5-dicyano-2-methylimidazole

The ligand 4,5-dicyano-2-methylimidazole has been synthesized by adapting a reported
procedure.?® Diaminomaleonitrile (4.38 g, 40.56 mmol) was dissolved in 20 mL of acetonitrile,
followed by the addition of triethyl orthoacetate (TOA, 8.10 mL, 7.17 g, 44.30 mmol). The
reaction mixture was then stirred under reflux for 24 hours. Once thin-layer chromatography
(TLC) confirmed the complete consumption of the starting material, the solvent was removed
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under reduced pressure. The resulting dark residue was diluted in xylene and heated at reflux
for an additional 24 hours, after which the solvent was again evaporated under reduced
pressure. The crude product was dissolved in ethanol, treated with 500 mg of activated
charcoal, and stirred at reflux for 24 hours. After filtering off the charcoal, the solvent was
removed under reduced pressure, yielding 4,5-dicyano-2-methyl-1H-imidazole as a white

powder.

NH, TOA, reflux NC H

X

NC” “NH, ACN NG

NC

3.2.3 lonic liquid synthesis

lonic liquid has been synthesized following a reported procedure.?® Anhydrous potassium
carbonate (1.33 g, 9.6 mmol) was added to a solution of 4,5-dicyano-2-methylimidazole (0.85
g, 6.4 mmol) in 50 mL of acetone at room temperature, and the mixture was stirred for 6-7
hours. Following this, a dichloromethane solution (50 mL) containing tetraethylammonium
chloride (1.06 g, 6.4 mmol) was added for the synthesis of the ionic liquid, and the reaction
mixture was stirred for an additional 3-4 hours. The mixture was then filtered and concentrated
under vacuum. The product was extracted with acetone, the extract was filtered, and the solvent

was evaporated to yield the ionic liquid.

NC

H ©
NCN,  (CaHslN(C) N
| 04 » I '>_
NG SN K,CO3, DCM  NC E'\LN@

3.2.4 Synthesis of IFP-1(Zn)

In a pyrex tube, Zn(NOs)2'4H20 (198 mg, 0.76 mmol) and 4,5-dicyano-2-methylimidazole
(100 mg, 0.76 mmol) were combined in 6 mL of DMF.?® The Pyrex tube was heated to 120°C
for 48 hours. After cooling to room temperature, the pale-yellow precipitate was collected by
centrifugation and washed three times with DMF and acetone. The synthesized MOF was
activated at 120 °C for 10 h.
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3.2.5 Synthesis of IFP-1(Zn/Co)

Co-exchanged IFP-1(Zn) was synthesized via ion exchange process. IFP-1 (100 mg) was
dispersed in 5 mL methanolic solution caontaining CoCl2.6H.O (100 mg). Then, the resulting
mixture was placed in oven at 60 °C temperature for 5 days. After the reaction the ion exchange
MOF was was obtained by filtration and washed with MeOH extensively until the supernatant
was colorless and then the resulting formed MOF was soaked in MeOH for 3 days. Exchange
with fresh MeOH three times each day was carried out. The synthezed ion-exchanged materials
designated as IFP-1(Zn/Co). The resulted MOF was activated at120 °C for 10 h.

3.2.6 Synthesis of IFP-5(Co)

The synthesis was adapted from a known procedure.?? In a pyrex tube , tetraethylammonium
4,5-dicyano-2-methylimidazolate ( 0.07 g, 0.26 mmol) and Co(NOs).:6H.O (0.08 g, 0.26
mmol) were dissolved in 3 mL of DMF. The tube was sealed, and the mixture was heated to
130°C for 48 hours. After cooling to room temperature, fine purple microcrystals were obtained
by filtration and air-dried. IFP-5(Co) was then activated at 120 °C for 10 h.

3.2.7 Characterization methods

The Fourier transform—infrared (FT—IR) spectra of IFP-1(Zn), IFP-1(Zn/Co), and IFP-5(Co)
were collected on a Bruker FTIR 4000 instrument equipped with a zinc selenide (ZnSe) ATR.
The powder X-ray diffraction (PXRD) data of IFP-1(Zn), IFP-1(Zn/Co), and IFP-5(Co) were
collected with Bruker D8 Advance X-ray diffractometer (XRD) at room temperature using Cu
Ka radiation (A = 1.548 A) in a 20 range of 3-55°. Thermogravimetric analyses (TGA) were
done at a ramp rate of 10 °C min™* under N, atmosphere and air atmosphere with Perkin Elmer
Pyris Diamond TG-DTA instruments. UV absorption spectra were recorded using a Cary 60
UV-vis (Agilent Technologies) with a 1 cm path-length quartz cell. Fluorescence emission
spectra were collected on a HORIBA Fluoromax-4 fluorometer. Nitrogen gas adsorption—
desorption of the samples was performed to obtain BET-specific surface area (Sger) using
Quanta chrome Autosorb iQ2 Instruments at liquid N2 temperature (77 K). The samples were
degassed under a high vacuum (107° torr) at 185 °C for 10 h. After degassing, the sample tube

was then transferred to the analysis port of the sorption analyzer. Pore size distribution was
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calculated by non-local density functional theory (NLDFT) using the ‘carbon slit pore’ model.
Field emission scanning electron microscope (FE-SEM) images were obtained using a Carl
Zeiss SUPRA 55VP FESEM instrument. Energy dispersive X-ray spectroscopy (EDS) was
performed by Oxford Instruments X-Max with INCA software coupled to the FE-SEM. The
Hitachi, S-4800, EDS detector was introduced to analyze the morphology and EDS of the
samples. X-ray photoelectron spectroscopy (XPS) measurement was conducted by the Thermo
Fisher ESCALAB Xi+ microProbe instrument with a monochromatic Al-Ka target, 1486.6 eV
energy, and a maximum power of 15.0 KW. Inductively coupled plasma optical emission
spectrometry (ICP-OES) results were obtained from an Icap 7000 ICP-OES (Thermo
Scientific). After the photocatalysis, gaseous and liquid products were analyzed. The gaseous
products were analyzed and quantified using TCD and FID detector in High-performance gas
chromatography (Agilent 8860). GC was calibrated with known standard for H», CO. Liquid
products were analysed through *H NMR. The gaseous products from isotope labeling

experiment were detected using gas chromatography by MS detector (Perkin EImer clarus 690).

Electrochemical characterization

The Mott-Schottky analysis and impedance measurement were conducted using CHI760E
workstation (CHI Instruments, USA) through a conventional three-electrode system immersed

in a 0.2 M Na2SO4 aqueous solution.
Preparation of working electrode for Mott-Schottky measurement

2.5 mg of respective materials were dispersed in a solution of 250 puL water, 250 pL isopropyl
alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently, 12 pL of
slurry was coated on a glassy carbon electrode and then dried at room temperature. The
Ag/AgCl electrode was employed as the reference electrode, and the platinum plate was used
as the counter electrode, respectively. The measurements were carried out under frequencies
of 0.5, 1, and 1.5 kHz.

Preparation of working electrode for impedance measurement

2.5 mg of respective materials were dispersed in a solution of 250 uL. water, 250 uL isopropyl
alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently, 12 pL of
slurry was coated on a glassy carbon electrode and then dried at room temperature. The
Ag/AgCl electrode was employed as the reference electrode, and the platinum plate was used
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as the counter electrode, respectively. A 0.2 M Na>SQOj4 solution was used as an electrolyte. The
measurements were carried out with a bias potential of -0.2 V with a frequency range from 10

2 t0 10° Hz under a nitrogen atmosphere.
Photocatalytic testing:

As reported previously?’?3% the photocatalytic reactions were conducted with a 300 W Xe
lamp with a 420 nm cut-off filter. In a typical process, activated catalyst (1 mg), BIH (20 mg)
and [Ru(bpy)z]Cl2-6H20 (12 mg) was dispersed into the solution of 3.0 mL acetonitrile solution
containing 1 mL TEOA and 1 mL H20 in a quartz tube. Before photocatalytic testing, the
reaction solution was degassed with N2 gas for 20 minutes followed by bubbling with CO>
(99.999%, Airgas) in the dark for 30 minutes. The reaction solution was then irradiated at room
temperature with stirring for photocatalytic CO. reduction (See photocatalytic set-up below).
The headspace above the reaction solution was taken using a gas-tight syringe at different time
intervals for product analysis using an Agilent 8860 equipped with a TCD and FID detector
and a 60/80 Carboxen-1000 packed column (Supelco). Liquid products were analysed using
ion chromatography and *H NMR. Control experiments were conducted in the absence of light

irradiation, photosensitizer, catalyst, sacrificial reagent, and CO..

Isotope-labelling experiments: 1 mg of catalyst, BIH (20 mg) and [Ru(bpy)s]Cl2-6H20

(12 mg) was dispersed into the solution of 3.0 mL acetonitrile and 1 mL H>.O mix solvent
solution containing 1 mL TEOA in a quartz tube. Before photocatalytic testing, the reaction
solution was degassed with N gas for 20 minutes followed by bubbling with 3CO; for a few
seconds, as it is expensive. The reaction solution was then illuminated with a 300 W Xe lamp.

The obtained gaseous products were analyzed by gas chromatography—mass spectrometry
(GC-MS).

|
L

EEESEEEE

Figure 3.1: Photocatalytic set up.
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3.3 Result and discussions

3.3.1 Characterization of the synthesized MOFs

The crystalline imidazolate based MOFs, IFP-1(Zn) and IFP-5(Co), were synthesized under
solvothermal condition by previously reported methods.?*2* IFP-1(Zn) is a three-dimensional
porous material with the empirical formula {[Zn(L1)]-3H20}, where L1 = 2-
methylimidazolate-4-amide-5-imidate. It is isostructural to IFP-5(Co), which has the empirical
formula [Co(L1)]-0.5 DMF. During the synthesis of these IFPs, partial hydrolysis of the ligands
resulted in the formation of 2-methylimidazolate-4-amide-5-imidate, which serves as the actual
linker in the IFP (Figure 3.2). In the IFP-1 structure, a distorted trigonal-bipyramidal
environment is formed around the zinc ion.?® In contrast, the Co?* is penta-coordinated by the
linkers to form a similar distorted trigonal—bipyramidal geometry (Figure 3.3a).?* Such five-
fold and unsaturated coordination environment around the Co?* centre, which might increase

the affinity of the guest molecules. The structure has 1D hexagonal channels running along
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Figure 3.2: Schematic representation of synthesis route for preparation of IFP-1(Zn), IFP-
5(Co), and IFP-1(Zn/Co).
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Figure 3.3: a) Section of the crystal structure of IFP-5, showing the coordination environment
of Co?* the bridging mode of imidazolate-4-amide-5-imidate linkers linker (L1). (b) Hexagonal

channels in IFP-5 and the methyl groups at the linker are presented in a space filling mode.

c axis. The accessible diameter of the channels in IFP-5 was estimated to be 3.8 A (considering
the van der Waals radii). The walls of the hexagonal channel are principally built by the rigid
and planar imidazolate-4-amide-5-imidate linkers. The Co?* ions are situated at the edges of
the hexagonal channels. The methyl groups project into the open channels (Figure 3.3b).

In addition, we have demonstrated for the first time the incorporation of Co?* metal
centre into IFP-1(Zn) MOF through metal ion exchange to prepare a bimetallic imidazolate
based MOF, IFP-1(Zn/Co) (Figure 3.2). For the metal ion exchange of IFP-1(Zn) with Co?*,
we immersed IFP-1(Zn) in a methanolic solution of CoClz-6H20 for 5 days at 60 °C. Upon
completion of the reaction, the exchanged IFP-1(Zn) was extensively washed with methanol
and then re-immersed in fresh methanol for 3 days to remove any excess Co** ions. The IFP
MOFs were activated by thermal treatment at 120 °C under vacuum for 10 h. All the prepared
materials were characterized using FTIR, PXRD, N: adsorption-desorption isotherm,
inductively coupled plasma-optical emission spectroscopy (ICP-OES). In addition, the
incorporation of CO?* was validated through scanning electron microscopy—energy-dispersive
X-ray spectroscopy (SEM—EDX) and X-ray photoelectron spectroscopy (XPS).

The PXRD data of the activated IFP-1(Zn), IFP-5(Co), and IFP-1(Zn/Co) exhibited
patterns consistent with the simulated data, confirming the successful formation of crystalline
MOFs (Figure 3.4a). Furthermore, the comparable PXRD patterns of pristine IFP-1(Zn) and its

cobalt-exchanged counterpart, IFP-1(Zn/Co), demonstrate the retention of structural integrity
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in IFP-1(Zn/Co) throughout the metal exchange process with Co*" (Figure 3.4a). The FTIR
spectra of IFP-1(Zn) and IFP-5(Co) showed characteristic bands at around 1560 cm ™ and 1660

cm™1, indicating the presence of amide and imidate groups (Figure 3.4b).%
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Figure 3.4: (a) PXRD profile of synthesized materials along with their simulated PXRD data.
(b) FT-IR spectra of IFP-1(Zn), IFP-5(Co), IFP-1(Zn/Co).

Furthermore, absorption band was noticed at around 3128 cm™* and 3340 cm™* which appeared
for a typical amide—imidate N—H band. Notably, in the FTIR spectrum there was no noticeable
peak at around 2226 cm™, indicating the absence of CN groups in the reactants (i.e., 4,5-
dicyano-2-methylimidazole) after the reaction demonstrating the complete conversion of the
reactants.®*®* The FTIR spectrum of the Co-exchanged MOF, IFP-1(Zn/Co), displayed
characteristic bands similar to that of the pristine IFP-1(Zn), suggesting no additional bond
formation occurred during the metal exchange process.

We have conducted the TGA experiments for IFP-1(Zn) and IFP-1(Zn/Co) MOFs
under a nitrogen (N2) atmosphere after activating the samples at 120 °C (Figure 3.5a). The
thermal profiles reveal that both IFP-1(Zn) and IFP-1(Zn/Co) exhibit no significant weight loss
up to 430 °C, indicating exceptional thermal stability under the given conditions. On the other
hand, the TGA experiment for IFP-5(Co) has been performed under air atmosphere. The IFP-
5(Co) demonstrates thermal stability up to 330 °C (Figure 3.5b). The TGA profile of IFP-5(Co)
shows a weight loss of 13.7 % (calculated 13.97 %) before decomposition, which can be

attributed to the removal of guest DMF solvent molecules from the pore.
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Figure 3.5: (a) Thermogravimetric analysis of (a) IFP-1(Zn) and IFP-1(Zn/Co) under N

atmosphere, and (b) IFP-5(Co) under air atmosphere.

The BET surface area of IFP-1(Zn) and IFP-(Zn/Co) was found to be 701 m?g* and 675 m?
g%, respectively (Figure 3.6a, Table 3.1). The BET surface area of exchanged IFP-1(Zn/Co)
was similar to pristine IFP-1(Zn). Further the pore volume and half pore width of both the
materials were almost similar i.e., 0.292 cc g~ and ~7 A, respectively ( Figure 3.6b). The BET
surface area for IFP-5(Co) was 773 m? g and the pore size distribution indicated the half pore

width of ~7 A.
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Figure 3.6: (a) N2 sorption of all prepared MOFs. (b) pore size distribution of all prepared

materials.
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Table 3.1: BET surface area, C constant and correlation coefficient (r) of IFPs

Synthesized MOFs | BET surface area | C Constant | Correlation coefficient, r
(m?/g)*

IFP-1(Zn) 701 719.605 0.999984

IFP-1(Zn/Co) 675 537.545 0.999996

IFP-5(Co) 773 1409.221 0.999996

* For BET, the uncertainty is + 50.

ICP-OES analysis of IFP-1(Zn) and IFP-5(Co) demonstrated the presence of 27.32 wt % of Zn
and 21.60 wt % of Co, respectively. The ICP-OES analysis of IFP-1(Zn/Co) confirmed the
presence of Co metal with 2.77 wt % and 24.43 wt % of Zn indicating the successful metal ion
exchange process (Table 3.2).

Table 3.2: Amount of Co and Zn present in the prepared materials

Catalyst Zn (wt%) Co (wt%)

Calculated Found Calculated Found
IFP-1(Zn) 28.24 27.32 - -
IFP-1(Zn/Co) - 24.43 - 2.77
IFP-5(Co) - - 22.53 21.06

Further, the SEM image of Co?*-exchanged MOF and pristine IFP-1(Zn) revealed no
change in particle size and morphology of the MOF confirming its retention of the structural
integrity before and after the metal ion exchange reaction (Figure 3.7a-b). Further, the SEM-
EDX data shows the presence of Co in the exchanged MOF which further validates the
successful preparation of bimetallic MOF, IFP-1(Zn/Co) (Figure 3.7c). The chemical structure
and oxidation state of the metals in the synthesized metal-exchanged MOF, IFP-1(Zn/Co) was

further assessed using XPS measurements.
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Figure 3.7: (a) SEM image of IFP-1(Zn). (b) SEM image of IFP-1(Zn/Co). (c) SEM-EDX data

of IFP-1(Zn/Co).

The Co-exchanged MOF, exhibited a Zn 2ps;. photoelectron peak at a binding energy of

approximately 1021.5 eV, and 1044.5 eV for Zn 2p1,> with a spin-orbit splitting of around 23.0

eV between the Zn 2pz, and Zn 2p12 (Figure 3.8b). These binding energies are consistent with

those reported for Zn2* in previous studies.>1*?% No peaks other than these two were observed,

ruling out the presence of Zn in any other oxidation state. The XPS analysis of IFP-1(Zn/Co)
also showed major binding peaks at 781.2 eV (2ps2) and 797 eV (2p12) with a spin orbit
separation of 15.8 eV. Prominent satellite peaks were observed at 786.7 eV and 802.3 eV,

corresponding to the 2p core level spectra for Co (Figure 3.8a). The difference in the binding
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Figure 3.8: (@) Co 2p XPS spectrum of IFP-1(Zn/Co). (b) Zn 2p XPS spectrum of IFP-
1(Zn/Co).

energies of the Co 2ps2 peak and Co 2p12 with their corresponding satellite peaks was falls
between 4-6 eV.24%3 This XPS study confirmed the presence of cobalt in the +2 oxidation
state within the IFP-1(Zn) matrix, with no cobalt species associated with CoO or metallic cobalt

was detected.®®

3.3.2 Photocatalytic CO2 reduction

Considering their high chemical and thermal stability, large surface area and high CO:
adsorption, we have employed the synthesized materials as photocatalysts to study their
photocatalytic CO2 reduction performance under visible light irradiation. Following the
previously reported procedure®’3:3 the photocatalytic experiments were carried out for each
activate photocatalyst in a mixed solvent of acetonitrile and H>O (3:1) containing
[Ru(bpy)3]Cl2-6H20, BIH (20 mg), and TEOA (1 mL) as sacrificial agents under visible light
irradiation (A= 420 nm) . In this photocatalytic system, BIH acting as potent sacrificial electron
donor, capable to quench the excited state of photosensitizer, [Ru(bpy)s]Cl2-6H20. Meanwhile,
TEOA primarily serves as proton acceptor for BIH*" intermediate.*® The successful execution
of the photocatalytic COz reduction reaction relies on the integration of all the key components,
including the sacrificial electron donor, photosensitizer, H,O and catalyst. Each component
play a vital role and collectively contributing to the overall efficiency of the photocatalytic CO-
reduction process. Based on the photocatalytic tests, it was found that the reduction of CO>

resulted in the formation of two
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Figure 3.9: (a) Photocatalytic activities of IFP-based photocatalysts (1 h run). (b) 5 h long
photocatalytic run over IFP-5(Co).

electron reduction products, CO and Ho, as illustrated in Figure 3.9a. The photocatalytic CO>
reduction efficiency of the prepared photocatalysts followed the trend: IFP-1(Zn) < IFP-
1(Zn/Co) < IFP-5(Co). IFP-1(Zn) exhibited poor photocatalytic efficiency, producing only 29
umol g 1 of CO and 24 umol g * of H, (Figure 3.9a). The low photocatalytic efficiency indicates
that IFP-1(Zn) is unfavourable for photocatalytic CO> reduction. The low CO evolution
observed for IFP-1(Zn) can likely be attributed to the higher recombination rate of electron-
hole pairs during the photocatalytic process. However, the introduction of Co?* metal centre
into this IFP-1(Zn) through partial metal ion exchange method, has improved the overall
catalytic performance of the photocatalyst, IFP-1(Zn/Co), which showed CO evolution of 636
pumol gt and Hz evolution of 1036 pmol g* in 1 hour. Notably, IFP-5(Co) exhibited a
significant enhancement in photocatalytic activity, achieving CO and H. evolution rates of
1174 pmol g ' and 1673 umol g*, respectively, within just 1 hour of the photocatalytic process.
These values far surpass the performance of both IFP-1(Zn) and IFP-1(Zn/Co) catalysts which
may be attributed to the high concentration of Co active sites as determined by the ICP-OES
analysis. These findings highlighted that the Co sites function as the primary catalytic centres,
driving the superior photocatalytic performance. In addition, we also examined the
photocatalytic activity of IFP-5(Co) for 5 h long photocatalytic run revealing CO generation of
10301 pmol g * and Hz generation of 6868 umol g * with a production rate of 2060 pmol g*
h™ and 1373 pmol g1 h ! (Figure 3.9b) which is highly comparable to various other MOF-
based photocatalysts reported to date (Table 3.3). The 5 h long run photocatalytic experiment
initially
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Table 3.3: Photocatalytic activity of different heterogenous photocatalyst towards CO>
reduction

Photocatalyst | lllumination | SA PS Prod | Produc- Selectivity | Referen

range uct tion rate? ce
MOF-Ni 420-800 nm | TIPA | [Ru(bpy)s]Cl; CoO 371.6 97.7% 41
Cd-PMOFs >420 nm TEOA | [Ru(bpy)s]Cl2 CoO 139 N.R 42
Cd(I)PMOF >420 nm TEA [Ru(bpy)s]Cl2 CoO 56 N.R 43
Co-Ui0-67 400-800nm | N.R [Ru(bpy)s]Cl. CoO 32925 NR 44
Zr-DMBD-Co | 450 nm TEOA | [Ru(phen)s](PFs). | CO 33.3 98% 45
MOF
MOF-525-Co | A >400 TEOA CoO 210 84 % 46
Zr-MBA-TET- | >420 H.0 CO 80.5 99.9 47
Re-MOF
Ni-MOL-100 | >420 nm TEOA | Ru(phen)s(PFg)2 CO 2972 96 % 48
66-1S-Ni >420 nm TEOA | [Ru(bpy)s]Cl2 CO 1352 87% 49
Zr-MBA- >400 nm (60) 440 99% 50
Ru/Re-MOF
PCN-250- >420 nm TIPA | [Ru(bpy)s]Cl2 co 21.51 82.5% 51
Fe2Mn
IFP-5(Co) >420 nm TEOA | [Ru(bpy)s]Cl> CO | 2060 N.R THIS

+ BIH WORK

AUnit: pmol g L h?

demonstrated the higher production of Hz, however as the irradiation time progressed the
selectivity towards CO production increases (Figure 3.9b). Subsequently, we have also
investigated the catalytic performance of the IFP-5(Co) under irradiation by direct sun light
from 10:00 am to 3:00 am on 09/10/2024 (Cloudy sky) to mimic the natural photosynthesis
and we found 2615 umol g* CO and 1161 pmol g* Hz. No other liquid products such as
CH3OH, HCHO, C2;HsOH, HCOOH were detected in the *H-NMR analysis of the reaction
mixture (Figure 3.10).
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Figure 3.10: 'H-NMR spectroscopy of the reaction mixture after photocatalytic CO> reduction.
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Figure 3.11: (a) Photocatalytic activities of IFP-5(Co) under different conditions (1 h run). (b)
Photocatalytic CO evolution over IFP-5(Co) with different loading of BIH for 1 h run.

Furthermore, a set of control experiments were conducted over IFP-5(Co) to investigate the
key factors influencing the photocatalytic CO. reduction and H2 evolution processes (Figure
3.11a). The photocatalytic experiment without using H20 resulted in a slight decrease in H>
production. These results indicated the protons for H. production may originate either from
TEOA or H>0. However, when TEOA was removed, the overall photocatalytic performance
was drastically reduced (Figure 3.11a). This observation suggests that TEOA can act as proton
source as well as sacrificial electron donor, indicating its decisive role in facilitating the overall
performance of the photocatalyst.>? In this photocatalytic reaction system, the addition of BIH
significantly enhanced the catalytic activity for CO2 reduction due to its high reductive
capability, rapid deprotonation of the oxidized BIH species (BIH™), and ability to donate two
electrons during the reaction.®® Thus, we have studied the photocatalytic activity by varying
different amount of BIH and observed highest CO generation at a loading of 20 mg BIH (Figure
3.11b). Moreover, the removal of BIH from reaction reduced the CO production to 164 pmol
gt and Hz evolution to 417 pmol gt (Figure 3.11a). No photocatalytic activity was observed
in the absence of the photosensitizer and light, revealing that the electrons taking part in the
CO2 conversion were transferred from the photosensitizer under visible light irradiation (Figure
3.11a). However, a trace amount of CO (0.096 umol) and H> (0.105 pumol) was detected in
absence of the catalyst IFP-5(Co). These results collectively underscored the indispensability
of all the components within this system. The photocatalytic CO> reduction experiment using
N2 gas instead of CO> did not show any CO evolution. This result suggested that the CO>
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reduction is the sole source for the CO formation rather than the degradation of the catalyst or
the organic solvents TEOA, CH3sCN.* Additionally, an isotope labelling experiment with
BCO: was performed to verify the source of CO production. The gaseous products were
analysed via gas chromatography-mass spectrometry (GC-MS), which showed a characteristic
peak at m/z = 29. This confirms that the CO originated from COs- rather than from any other
organic compounds (Figure 3.12a). Further, the catalytic stability of IFP-5(Co) for CO>

reduction was evaluated over four 1 h illumination cycles (Figure 3.12b).
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Figure 3.12: (a) 3C isotope labelling experiment for CO generation by using *3CO; as carbon
source. (b) Recyclability test of IFP-5(Co).

Recycle test for IFP-5(Co) in photocatalytic CO2 reduction:

Recycle tests on IFP-5(Co) for photocatalytic CO2 reduction were conducted to demonstrate
the heterogenous nature of the photocatalyst as reported previously.®® The CO, reduction
reaction was performed using 5 mg of IFP-5(Co), 20 mg of BIH, 12 mg of [Ru(bpy):]Cl.-6H-0,
in a 4 mL acetonitrile and water mixture (3:1) containing 1 mL of TEOA. The solution was
purged with CO, for 30 minutes. The reaction was irradiated using a 300 W Xenon lamp
equipped with a 420 nm cut-off filter. After each 1-hour recycling run, we have filtered the
photocatalyst and washed with acetonitrile. Then again, the recovered catalysts employed for
the next photocatalytic cycle under the same condition as mentioned above. The photocatalytic
performance of IFP-5(Co) over all the four cycles exhibited no significant loss in production
of CO and Hz confirming its excellent long-term stability and cycling durability for CO2
reduction. After 4 recycle tests, we have characterized the reused and fresh IFP-5(Co) samples

through PXRD and FT-IR spectroscopy, where no such change had been observed
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demonstrating the stability of the catalyst IFP-5(Co) in the photocatalytic reaction medium
(Figure 3.13a-b).
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Figure 3.13: (a) PXRD profile, and (b) FT-IR spectra of IFP-5(Co) after and before

photocatalysis.

Leaching Test: To further confirm the heterogeneous nature of the photocatalyst, a leaching
test was performed (Figure 3.14). A photocatalytic CO- reduction experiment was conducted
for 1 hour under the same conditions as described previously. Following this, the reaction
mixture was filtered to separate the catalyst, IFP-5(Co). The filtrate, containing only the
reaction solution, was then used for an additional 2-hour photocatalytic CO2 reduction

experiment (the gaseous product was collected in 1 h interval).

3
—a— With catalyst
—o— After filtering the catalyst
= (Reaction solution)
c
L
-~
©
=
°
2
o 14
Q
(&)
0 T

Figure 3.14: Photocatalytic test after separating the catalyst (2 h run).
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The photocatalytic activity of the filtrate showed CO generation comparable to that observed
in the blank test (using [Ru(bpy)s]Cl2-6H20, BIH, and TEOA). The experiment indicated that
there was no Co leaching from the IFP-5(Co) catalyst into the solution occurred during the

reaction.

3.3.3 Plausible photocatalytic CO> reduction mechanism

Photophysical and electrochemical studies were conducted to elucidate the potential
photocatalytic CO> reduction mechanism of IFP-5(Co) within this system. First, UV-Vis
spectroscopy was performed to analyse the optical properties of the synthesized catalysts
(Figure 3.15a). Both IFP-1(Zn) and IFP-1(Zn/Co) exhibited a maximum absorption peak at 300
nm. In contrast, IFP-5(Co) showed a slight red shift, with the maximum absorption peak
observed at 328 nm. These absorption peaks can be attributed to the presence of the electron-

rich imidazole group, which facilitates the m—n* transition.>*

SA" W -

(a) —— IFP-5(Co) (b) [Ru(bpy)s] &
— IFP-1(Zn/Co)

—IFP- ‘](Zn) SA

Oxidative | Reductive
Quenching| Quenching

3+ Cycle Cycle .
[Ru(bpy)a]’ [Ru(bpy)s]

V/g‘

[Ru(bpy)s]*

Absorbance (a.u)
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Wavelength (nm)

(d) IFP-5(Co)
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Figure 3.15: (a) UV-Vis spectra of IFP-1(Zn), IFP-1(Zn/Co) and IFP-5(Co) (b) Schematic
oxidative and reductive pathways of Ru-PS (PS= photosensitizer). (c) Emission intensity of
[Ru(bpy)s]?* after incremental addition of BIH and (d) IFP-5(Co).
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Then, to know, whether the photoexcited Ru'' PS underwent reductive quenching by BIH or
oxidative quenching by the IFP-5(Co), initiating the catalytic cycle (Figure 3.15b), we
conducted photoluminescence spectra of [Ru(bpy)s]** with varying amount of BIH and IFP-
5(Co). As depicted in Figure 3.15¢, the emission intensity of [Ru(bpy)s]** was effectively
quenched by BIH, while no significant quenching was observed with IFP-5(Co) (Figure 3.15d).
This outcome underscored that the photoexcited [Ru(bpy)s]*** underwent reductive quenching
by BIH, leading to the generation of the [Ru(bpy)s]** which injects electrons to the Co catalytic
sites for CO> reduction. Further, the electronic properties and band structures of the catalysts
has been studied through Tauc plot, Mott-Schottky plot and electrochemical impedance
spectroscopy. Electrochemical impedance spectroscopy (EIS) was utilized to assess the charge
transfer resistance within the materials. As illustrated in Figure 3.16a, IFP-5(Co) displayed a
smaller arc radius compared to the other materials, signifying reduced electronic resistance and
more efficient electron transport. This lower charge transfer resistance contributed to the

superior photocatalytic activity of IFP-5(Co) relative to the other catalysts.

20
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Figure 3.16: (a) EIS spectra of the prepared photocatalysts. (b) Mott-Schottky plot for IFP-
5(Co).

The electronic structure of IFP-5(Co) was studied using Mott-Schottky and Tauc plots (Figure
3.16b, Figure 3.17a). The Mott-Schottky curve for IFP-5(Co) showed positive slope indicating
IFP-5(Co) is a n-type semiconductor.>® From the plot, the lowest unoccupied molecular orbital
(LUMO) of IFP-5(Co) was determined to be -0.98 eV versus the Ag/AgCl electrode, equivalent
to -0.78 eV versus NHE. The band gap of IFP-5(Co), derived from the Tauc plot using UV-
Vis absorption spectra, was found to be 2.20 eV. Consequently, the highest occupied molecular
orbital (HOMO) of IFP-5(Co) was calculated to be 1.42 eV. The band gap values and band
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Figure 3.17: (a) Tauc plot of IFP-5(Co). (b) Potential diagram of [Ru(bpy)s]** and IFP-5(Co)
showing feasible electron transfer.

positions indicated that the reduction potential of IFP-5(Co) was less negative than that of
[Ru(bpy)s]** (E([Ru(bpy)s]**/[Ru(bpy):]*) = —1.25 V vs. NHE) but more negative than the
reduction potential for CO2 to CO conversion (E(CO2/CO) =—0.52 V vs. NHE) (Figure 3.17Db).
This suggested that electron transfer occurred from the photosensitizer to IFP-5(Co), which
subsequently facilitated electron injection from the catalyst to CO,, thereby promoting the
photocatalytic reduction of CO; to CO.

Furthermore, the mechanism of CO: reduction catalysed by IFP-5(Co) and IFP-1(Zn) was
thoroughly examined using Density Functional Theory (DFT) calculations. The molecular
structure of IFP-5(Co) was constructed and optimized at the B3LYP/LANL2DZ%°"°8 |evel of
theory, as implemented in Gaussian 16.5°

The widely accepted reaction pathway proposes that CO> adsorbs onto the catalyst surface and
undergoes an initial hydrogenation step, leading to the formation of *\COOH intermediate. This
intermediate is then transformed into *CO. *COOH and *CO serving as the key intermediates
in the photocatalytic conversion of CO, to CO.%%6! The resulting energy profile, depicted in
Figure 3.18, provides valuable insights into the reaction pathway. The process initiates with
the formation of the IFP-5(Co?'...CO2*") complex. As depicted in Figure 3.18, CO. adsorbs
onto the Co site, where it undergoes activation and subsequent hydrogenation, forming a -
COOH intermediate through the first transition state (TS1) i.e., *COOH formation with an
energy barrier of 10.72 eV. Further hydrogenation propels the reaction forward, leading to
dehydration via a second transition state (TS2) i.e., formation of *CO and culminating in the

production of CO and H20. Hence the results showed that the step of forming *CO from
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*COOH requires the maximum free energy of 16.59 eV indicating the formation of *CO is the

rate-determining step of the overall CO2 to CO reaction.

1FP-5(Co" IFP-5(Co0*2...C0O,?)
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Figure 3.18: The relative energy profile of CO2 reduction catalyzed by IFP-5(Co).

The energy profile revealed that IFP-5(Co) demonstrating that the Co sites are

thermodynamically more favourable for CO2 to CO formation under visible light irradiation.

Therefore, IFP-5(Co) has superior catalytic activity for CO evolution, which can be ascribed

to the low energy barrier in the reaction process.

In addition to investigating CO: reduction catalysed by IFP-5(Co), a similar study was

conducted using Zn as the metal centre.

Figure 3.19: Optimized geometry of IFP-1(Zn) with CO- linkage.
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However, in this case, no bonding interaction with CO. was observed. The optimized geometry,
shown in Figure 3.19, reveals that CO- does not adsorb onto the Zn site; instead, it moves away,
as indicated by the significant Zn-CO: distance (Figure 3.19). The calculated DFT results
aligning well with the aforementioned experimental observations, where [FP-1(Zn)
demonstrated very poor photocatalytic efficiency, yielding only 29 pmol g * of CO and 24
umol g* of Hy (Figure 3.11a). In contrast, IFP-5(Co) exhibited the highest photocatalytic
reduction efficiency among all the prepared catalysts, likely due to the higher concentration of
Co?* centres, as verified by ICP-OES analysis. The DFT calculations support this, showing that
the Co active site plays a critical role in the CO. reduction mechanism, facilitating key
hydrogenation and dehydration steps with a moderate energy barrier of 16.59 eV for the rate-
determining step. Together, these findings underscore the essential role of the Co?" metal centre
in the catalytic performance of IFP-5(Co), both experimentally and computationally,
highlighting its superiority over Zn-based catalysts for CO2 reduction.

Now, based on the above mentioned experimental and theoretical results we have
proposed a plausible mechanism for the photocatalytic CO> reduction as depicted in Figure
3.20.
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Figure 3.20: Mechanism for photocatalytic cycle for CO reduction over IFP-5(Co).
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The reaction begins with the photoexcitation of the photosensitizer [Ru(bpy)s]Clz, forming the
triplet MLCT excited state 3[Ru(bpy)s]>"* upon visible light irradiation. This excited state is
then reductively quenched by one-electron transfer from BIH, as demonstrated in the
photoluminescence experiment (Figure 3.15c), generating the reduced photosensitizer
[Ru(bpy)s]*. The resulting oxidized BIH (BIH*) is readily deprotonated by TEOA, producing
the strongly reducing BI- species, which further reduces another molecule of *[Ru(bpy)s]**,
yielding two equivalents of [Ru(bpy)s]" in the overall photoinduced process. Subsequently, the
two reduced photosensitizers, [Ru(bpy)s]*, facilitate the reduction of the Co'' center in IFP-
5(Co) to Ca° by transferring two electrons. The reduced photosensitizer subsequently returns
to its original [Ru(bpy)s]** state, thereby completing the catalytic cycle. CO2. molecules then
coordinate to the reduced, unsaturated Ca° sites through the carbon atom, forming a Co'-C0O»>
adduct. This adduct undergoes protonation, yielding a Co'"-COOH™ intermediate. Further
protonation of this intermediate results in the elimination of an H.O molecule, generating the
Co''-CO species. Following the desorption of CO, the catalyst IFP-5(Co) is regenerated,
initiating a new catalytic cycle. Simultaneously, During the photocatalytic CO. reduction
process, water splitting occurs simultaneously, producing protons (H*), which play a crucial
role in facilitating the reaction.5?

Additionally, the protons are also supplied by TEOA which can act as sacrificial
electron donor as well as proton donor. The CO: molecules bound to the catalyst surface are
subsequently hydrogenated with two equivalents of protons (H*), resulting in the formation of
CO (Figure 3.20). On the other hand, the available excess protons coming from H.O, TEOA
and BIH in the reaction system can readily reduce to generate Hz by induced photoexcited
electrons.%3% Hence, these two competitive reactions lead to the formation of syngas (CO and
H2). We can summarise the two competitive reactions as follows:

CO, + 2H" + 2¢- —> CO + H,0

2H" + 2¢—> H,

However, it is crucial to note that the absence of TEOA significantly reduces the overall
photocatalytic activity of IFP-5(Co). TEOA functions as a base for BIH*, preventing back
electron transfer from IFP-5(Co) to BIH-*, thereby sustaining the photocatalytic cycle.®*
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3.4 Conclusion

In conclusion, we successfully introduced imidazolate-based metal-organic frameworks (IFP-
1(Zn) and IFP-5(Co)) as effective photocatalysts for CO: reduction. Post-synthetic
modification of IFP-1(Zn) via partial metal ion exchange with Co(ll) produced a bimetallic
framework, IFP-1(Zn/Co), which significantly enhanced photocatalytic performance compared
to its pristine counterpart, IFP-1(Zn). Photocatalytic experiments revealed that the metal-
exchanged IFP-1(Zn/Co) demonstrated improved CO:> reduction efficiency. However, IFP-
5(Co) exhibited the highest catalytic activity, highlighting the pivotal role of cobalt in driving
superior photocatalytic performance. Notably, IFP-5(Co) achieved exceptional CO and H:
evolution of 10,160 umol g* and 6,908 pumol g!, respectively, over a 5-hour photocatalytic
run. In addition, through a combination of photophysical, electrochemical, and DFT studies, a
plausible mechanism for CO reduction was proposed. This work underscores the potential of
IFP-based MOFs and metal ion substitution strategies in developing advanced photocatalysts
for sustainable CO> conversion.
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4.1 Introduction

Utilizing clean and sustainable energy sources, especially the abundant solar energy, for the
photocatalytic reduction of CO; to efficiently generate value-added chemicals and fuels such
as CO, CH4, HCOOH, CH3OH, and C2HsOH holds promise in addressing environmental
concerns and energy shortages.3456 The activity of a photocatalyst is controlled by the
kinetics and thermodynamics of the catalyst such as light absorption, charge separation, charge
migration and surface redox reaction. Therefore, significant efforts have been devoted towards
the design and development of new potential photocatalysts for the efficient conversion of CO>
through photocatalysis. Till now, various inorganic semiconductors catalysts have been
investigated for their applicability in the photochemical transformation of CO. into carbon-
based products.”®° However, these catalysts have some limitations, including deficient
surface-active site densities, limited tailorability, wide band gap, low CO: adsorption
capability, and unavoidable e/h* recombination phenomenon.’®!! These shortcomings
collectively contribute to the restricted photocatalytic efficiencies. On the other hand, since
Lehn and his team first reported the photochemical reduction of CO; utilizing Re' complexes
as both photosensitizers and catalysts.*? The utilization of molecular metal-based complexes in
homogeneous photocatalytic CO reduction has garnered significant attention due to their
remarkable efficiency and selectivity in converting CO> to C1 feedstocks, specifically CO and
formic acid.?®*15 However, despite their promising performance, these catalysts suffer from
some drawbacks including difficulty in separating the catalyst from the reaction system and
their lack of recyclability, as well as potential issues related to catalyst deactivation, hindering
their large-scale industrial application.'® Hence, it is highly desirable to design and synthesize
a novel photocatalyst that is efficient, stable, and recyclable for CO> reduction.

A novel approach to overcome the drawbacks associated with both homogeneous and
heterogeneous catalytic systems is by integrating their respective advantages to develop an
efficient and versatile catalytic platform. This can be achieved by installation of homogeneous
catalysts onto a solid support i.e., heterogeneous matrix to develop a hybrid heterogeneous
catalytic system. In context to this, MOF has emerged as suitable solid support to heterogenized
catalytically active centres for many important reactions.'”8:19.20

MOFs are gaining much attention as a promising catalytic material due to their
exceptional attributes such as remarkable chemical stability, higher surface area, tunable pore
structure, uniformity of active sites, diverse functionalities, easy modification, etc.?1:222324 Al

these characteristics collectively establish MOF materials as an ideal class of host matrices for
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immobilizing molecular catalysts. The integration of the desired molecular catalyst into pre-
synthesized MOFs can be effectively accomplished through a technique known as PSE,
alternatively referred to as SALE.?*2%2" This method has demonstrated significant efficacy in
fabricating single-site MOF catalysts, particularly notable for their restricted accessibility when
employing direct solvothermal approaches. Among various MOFs, Zr-MOFs family have
regularly been applied in SALE due to its special chemical and thermal stability.?82%%
Therefore, we selected a Zr-based MOF (Zr-NDI-MOF) as heterogenous matrices, made up of
naphthalene diimide (NDI) redox-active organic linker.3! This framework offers the potential
for facilitating charge transport to catalytic sites, enhancing efficiency in photocatalytic
processes.

Metal complexes based on 2,2":6',2"-terpyridine (tpy) and its derivatives have emerged
as effective molecular homogeneous catalysts for various energy-related applications.®?3® Sato
et al. demonstrated the efficacy of an Irlll complex, [Ir(tpy)(R-ppy)Cl], for photocatalytic CO2
reduction, indicating the potential of metal complexes in this process. Similarly, ruthenium-
polypyridyl complexes are known for their visible light absorption, high excited state lifetime,
and potent oxidizing and reducing capabilities, making them ideal candidates for water
splitting® and CO2 reduction.%3” Another bis-terpyridine based Ru(ll) complex, [Ru(ttpy)2]**
(ttpy = 4'-p tolyl-2,2":6":2"-terpyridine) reported by Chao et al. in 2022 which exhibited a trace
amount of CO in presence of [Ru(bpy)s]>*.3® However, this complex with proper functionality
can be heterogenized into a suitable porous support.®® In this study, we have employed
[Ru(cptpy)2] complex (cptpy= 4'-(4 carboxylphenyl)- 2.2":6',2"terpyridine)) to be
heterogenized into the Zr-NDI MOF via SALE. As per the previous studies, the size of the
linkers plays a crucial role in ensuring the successful SALE process. The size of [Ru(cptpy)2]
(22.2 A) is nearly matched in length with the NDI linker. This similarity in size, combined with
the synthetic accessibility of NDI, further supports the choice of the Zr-NDI MOF.

Based on these considerations, for the first time we have incorporated the [Ru(cptpy)2]
complex into Zr-NDI MOF by substituting NDI linker through SALE process or mixed ligands
solvothermal synthesis strategy to develop a robust mix ligand MOF, Zr-NDI@Ru-tpy or Zr-
NDI@Ru-tpy-m respectively. The Zr NDI@Ru-tpy showed an enhanced photocatalytic
activity towards CO- reduction, giving a CO production of 14698 pmol g* of CO and 606
umol g of Hz in a 6 h reaction period in the presence of BIH and TEOA as the sacrificial
electron donor and [Ru(bpy)s]** as photosensitizer in the DMF solvent system. The catalyst
also exhibited high selectivity of ~97% towards CO production. On the other hand, the parent
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MOF (Zr-NDI MOF) as a photocatalyst is totally inactive towards CO reduction. In situ
DRIFT spectroscopic studies indicate that Zr-NDI@Ru-tpy could adsorb and activate the COg,
generating the key intermediate COOH* species during the photocatalysis. In addition to this,
a comprehensive study on photophysical and electrochemical studies supported the proposed

mechanism.

4.2 Experimental section

4.2.1 Materials

ZrCls (99.99%), RuCls'xH2O (>99.98), naphthalene-1,4,5,8-tetracarboxylic dianhydride
(>98.0%), 2-acetylpyridine, tetrabutylammonium hexafluorophosphate (n-BusNPFg, for
electrochemical analysis, >99.0%), potassium hexafluorophosphate (KPFg, >99.0%), 4-amino-
3-hydroxybenzoic acid (97%), triethanolamine (TEOA), and fluorine-doped tin oxide (FTO)
substrates (7 Q/sq) were purchased from Sigma-Aldrich. [Ru(bpy)s]Cl2-6H20 and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) were purchased from BLD
pharma. 4-methoxycarbonylbenzaldehyde (>98%) was purchased from TCI. Methanol
(MeOH), dimethyl formamide (DMF), acetonitrile, glacial acetic acid was procured from
Merck, India. All of the chemicals were commercially available and used without further

purification.

4.2.2 Synthesis of 3-Hydroxy-2-[7-(4-carboxy-2-hydroxyphenyl)-1,3,6,8-
tetraoxo-3,6,7,8-tetrahydro-1H-benzo[Imn][3,8] phenanthrolin-2-yl]benzoic
acid (NDI)

NDI ligand has been synthesized following a reported procedure.*° 4-amino-3-hydroxybenzoic
acid (1.01 g, 6.6 mmol) and naphthalene-1,4,5,8-tetracarboxylic dianhydride (0.804g, 3 mmol)
were charged in a round bottom flask in 20 mL DMF and the resulting dark red solution reflux
overnight under argon atmosphere. The reaction mixture was cooled down to room temperature
and 5 mL of 1M HCI solution was added to it and then the resulting solution was added to 250
mL of ice-cold water to get the desired product as a precipitate. The pale-yellow precipitate
was collected by centrifugation, washed with 25 mL ethanol, 25 mL water, and 25 mL ether,
and dried under a vacuum. *H NMR (400 MHz, DMSO-dg) & ppm: 7.5-7.60 (m, 6 H),
8.59—8.88 (s, 4 H), 10.17 (s, 2 H).
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Figure 4.1: *H NMR spectrum of NDI linker.

4.2.3 Synthesis of ptpy-COOH (cptpy)

The ligand ptpy-OMe has been synthesized according to a reported procedure.** KOH (2.5g,
44 mmol), 4-methoxycarbonylbenzaldehyde (6.82 g, 42 mmol), and 2-acetylpyridine (9.2 mL,
82 mmol) were ground together for 15 minutes in a pestle and mortar to give a sticky yellow
solid, which was left standing for 30 minutes, ground again and dispersed in water. The solid
was collected by filtration, washed with water, and dried in air for 1 h. The off-white precipitate
was dispersed in a suspension of ammonium acetate (16.0 g, 208 mmol) in ethanol (125 mL)

and the mixture was stirred for 8 days at room temperature in a flask open to air and the
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resulting precipitate was isolated by filtration and recrystallized twice from hot ethanol to give
ptpy-OMe as very pale-yellow fibers. *H NMR (400 MHz, CDCls3) § ppm: 8.79 (2H, s), 8.75
(2H, d), 8.70 (2H, d), 8.20 (2H, d), 8.00 (2 H, d), 7.93 (2H, dt), 7.41 (2H, 1), 3.98 (3H, s).

The ptpy-OMe ligand was mixed with 50% HCI solution under stirring. The resulting solution
was refluxed overnight. The slightly brown precipitate was filtered off and washed with water
and cold ethanol to get a pure product, ptpy-COOH (cptpy). *H NMR (400 MHz, DMSO-dg) &
ppm: 8.94-8.96 (2H, d), 8.88-8.89 (4H, s), 8.34-8.37 (2H, 1), 8.15 (4H, s), 7.79-7.82 (2H, t).
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Figure 4.2: 'H NMR spectrum of ptpy-OMe.
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Figure 4.3: *H NMR spectrum of ptpy-COOH.
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4.2.4 Synthesis of Preparation of [Ru(cptpy):]

This complex has been synthesized following a modified reported procedure.*? The cptpy (0.8
mmol, 0.285 gm) and RuClz.xH20 (0.4 mmol, 0.0829) were added to 15 mL of ethylene glycol
and heated the resulting solution overnight at 180°C in an argon atmosphere. Then the mixture
was cooled down to room temperature and poured into 30 mL H»O. After that 15 mL of
saturated KPFe in methanol was added dropwise into the solution under stirring then let the
solution to stir for 30 minutes. Then the orange precipitate was filtered off and washed with
water and dried in vacuum. The resulted dark red solid was dissolved in 15 mL EtOH, 15 mL
THF and 15 mL 3M NaOH. This solution was refluxed overnight and then the reaction mixture
was allowed to stand to cool down to room temperature. Then this reaction mixture was
adjusted to pH=1. The formed red precipitate was filtered off and washed with water. 'H NMR
(400 MHz, CDClIs) 6 ppm: 9.57 (2H, s), 9.14-9.16 (2H, d), 8.57-8.59 (2H, d), 8.30-8.32 (2H,
d), 8.07-8.11 (2H, t), 7.57-7.58 (2H, d), 7.28-7.32 (2H, 1).
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Figure 4.4: *H NMR spectrum of [Ru(cptpy)a].

4.2.5 Synthesis of [Ru(tpy):]

The preparation of [Ru(tpy)2] was carried out by modifying a previouly reported procedure.*®
The tpy (0.4 mmol, 0.0933g), RuCls-xH20 (0.2 mmol, 0.041 g) along with AgNO3z (0.6 mmol,
0.102 g) was refluxed for 24 h using 100 mL of ethanol solvent. The solution was then filtered

over celite to remove the AgCI precipitate. The filtrate was collected and dried. Then the
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resulting product was dissolved in 15 mL of acetonitrile. A small amount of KPFs (4 - 5 mg)
was added and the solution was filtered again and dried off. Finally, the product was dissolved
in 20 mL of DCM, filtered, and dried. It was then eluted using a DCM/MeOH mixture
containing a pinch of KPFs. 'H NMR (300 MHz, DMSO-ds) & ppm: 9.10 (d, 4H), 8.84 (d, 4H),
8.55 (t, 2H), 8.03 (td, 4H), 7.48 — 7.39 (m, 4H), 7.27 (ddd, 4H).
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4.2.6 Synthesis of Zr-NDI MOF

Zr-NDI MOF has been synthesized by using ZrCls (82 mg, 0.35 mmol), NDI ligand (177.3 mg,
0.35 mmol), and 0.602 mL (10.5 mmol) of glacial acetic acid in 4 mL of DMF.*° After 10
minutes of sonication, the reaction mixture in autoclave was placed in a preheated 120 °C oven
for 72 h. After cooling down the reaction mixture to room temperature, the yellow precipitate
product was centrifuged off and washed three times with DMF and then the precipitate was
incubated in MeOH for solvent exchange. At last, the Zr-NDI MOF was activated at 85°C for
12 h.

4.2.7 Synthesis of Zr-NDI@Ru-tpy via SALE

[Ru(cptpy)2] complex was incorporated in Zr-NDI-MOF via solvent assisted ligand exchange
(SALE). [Ru(cptpy)2] (30 mg) was immersed in 4 mL DMF solvent. The red solution was
added to solid Zr-NDI MOF (15 mg). Then, the resulting mixture was placed in oven at 100 °C
temperature for 5 days. The ligand exchange MOF was centrifuged and washed with DMF
extensively until the supernatant was colorless and then the resulting formed MOF was soaked
in DMF for 3 days. Then the MOF was exchanged with fresh MeOH three times daily for three
consecutive days. Then the MOF was activated at 85 °C for 12 h.
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4.2.8 Synthesis of Zr-NDI@Ru-tpy-m via mixed ligand solvothermal method
The mixed linker MOF, Zr-NDI@Ru-tpy-m was prepared through direct solvothermal method
by following the same experimental procedure as that for Zr-NDI MOF.*° For this mixed linker
MOF synthesis, ZrCls (21 mg), NDI ligand (44 mg), Ru(cptpy)2 (24 mg), glacial acetic acid
(0.150 mL) and 1 mL DMF were added to autoclave. The autoclave was placed in the preheated
oven at 120 °C for 72 h. The red precipitate was collected by centrifugation and washed with
DMF and MeOH. The final product was activated under vacuum at 85 °C for 12 h.

4.2.9 Digestion, *H NMR and ligand exchange (%) for Zr-NDI@Ru-tpy
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Figure 4.5: *H NMR spectra of digested Zr-NDI@Ru-tpy.

The percentage of linker incorporation into the Zr-NDI MOF was determined through *H NMR
analysis of the digested MOF in a solution of 590 pL DMSO-ds and 10 pL of 40% HF. The
analysis revealed that approximately 15% of Ru(cptpy). was incorporated into the MOF. This
percentage was calculated using the integrals of specific signals corresponding to the two
linkers. For the NDI linker, the protons on the naphthalene core (signal B) at around 8.75 ppm

were chosen. For the [Ru(cptpy)-] linker, the terpyridine group protons (signal C) at 9.5 ppm

127



Chapter 4

were selected, as these signals do not overlap, are easily identifiable, and distinguishable
(Figure S6). The integrals of these signals were normalized by dividing by their respective
number of protons, consistent with those in the free linker, as shown in equation 1 of the acetic
acid modulated MOF. This normalization process provided the percentage of each linker
present within the MOF.

Integral (4) _ 1
Corresponding protons (4)

Integral (26.97) _
Corresponding protons (4) 6.74

—2_x100 =14.83%

6.74

4.2.10 Digestion, *H NMR and ligand exchange (%0) for Zr-NDI@Ru-tpy-m

(prepared via mixed ligands solvothermal method)
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Figure 4.6: *H NMR spectra of digested Zr-NDI@Ru-tpy-m (prepared by mixed ligand

solvothermal method).

128



Chapter 4

Similarly, we have also calculated the percentage of [Ru(cptpy)z] incorporated in the Zr-
NDI@Ru-tpy-m, obtained by mixed ligand solvothermal method. We have found
approximately 50% of [Ru(cptpy)2] in the mixed linker MOF.

Integral (4) -1
Corresponding protons (4) -

Integral (8.10) — 2 025

Corresponding protons (4)

—1_x100 =49.38%

2.0254

4.2.11 Apparent Quantum Efficiency Calculation:

Apparent quantum efficiency (AQE) is defined as the following equation

_ Number of reacted electrons

%100

AQE

" Number of incident photons

Two electrons are required to convert COz to CO. So, AQE for CO can be calculated using the

following equation

2 Xthe number of evolved CO molecules

AQE =

x 100 .......... equation 1

the number of incident photons

Below, we described the AQE determination at 420 nm for Zr-NDI@Ru-tpy.

1) The amounts of CO produced were measured by applying a 420 nm band-pass filter for
6 hours. The amounts of CO evolved in 6 hours were 14.69 umol.

2) The average intensity of irradiation after the 420 nm band pass filter was determined to
be 34.13 Mw cm'! at room temperature.

3) The irradiation area was determined to be 3.14 cm?.

4) The number of incident photons (N) is 4.89 x 10%! as calculated below:

_AEA _ 3.14X34.13 X 1073 x3600 X 6 X420 X 10~°

hc 6.626 X 10734 x 3 x 108

=4.89 x 10%

5) The AQE for CO was calculated based on equation 1

2 Xthe number of evolved CO molecules

AQE = x 100

the number of incident photons

_ 2XNax[CO] | 100
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_ 2X14.69% 107°% x 6.02 x 1023
4.89 x 1021

x100=0.362 %

Therefore, the total AQE of Zr-NDI@Ru-tpy at 420 nm was 0.362 %.
Where:

N is the number of incident photons

E is the total incident energy on the photocatalyst (J)

A is the irradiation area

A is the light wavelength (m)

h is Planck’s constant (J s)

c is the speed of light (m s™)

Na is Avogadro’s number (mol™?)

[CO] the amounts of CO (mol), after 6 hours.

4.2.12 Characterization methods

The Fourier transform-infrared (FT—IR) spectra of Zr-NDI and Zr-NDI@Ru-tpy were
collected on a Bruker FTIR 4000 instrument equipped with a zinc selenide (ZnSe) ATR. The
powder X-ray diffraction (PXRD) data of Zr-NDI, Zr-NDI@Ru-tpy and Zr-NDI@Ru-tpy-m
were collected with Bruker D8 Advance X-ray diffractometer (XRD) at room temperature
using Cu K, radiation (A = 1.548 A) in a 2 0 range of 3-55°. Thermogravimetric analyses
(TGA) were done at a ramp rate of 10 °C min* under nitrogen with Perkin Elmer Pyris
Diamond TG-DTA instruments. UV absorption spectra for [Ru(cptpy)2] dissolved in DMF
solvent, were recorded using a Cary 60 UV-vis (Agilent Technologies) with a 1 cm path-length
quartz cell. The solid-state UV/Vis spectra of Zr-NDI MOF and Zr-NDI@Ru-tpy were
measured using Lamda 750, Make perkin elmer. Fluorescence emission spectra were collected
on a HORIBA Fluoromax-4 fluorometer. Nitrogen gas adsorption—desorption of the samples
was performed to obtain BET-specific surface area (Sget) using Quanta chrome Autosorb iQ2
Instruments at liquid N2 temperature (77 K). The samples were degassed under a high vacuum
(107° torr) at 85 °C for 10 h. After degassing, the sample tube was then transferred to the

analysis port of the sorption analyzer. Pore size distribution was calculated by non-local density
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functional theory (NLDFT) using the ‘carbon slit pore’ model. *H NMR spectra were measured
on Bruker Ascend 400 instruments at room temperature in CDCl3 and DMSO-de. Field
emission scanning electron microscope (FE-SEM) images were obtained using a Carl Zeiss
SUPRA 55VP FE-SEM instrument. Energy dispersive X-ray spectroscopy (EDS) was
performed by Oxford Instruments X-Max with INCA software coupled to the FE-SEM. The
Hitachi, S-4800, EDS detector was introduced to analyze the morphology and EDS of the
samples. X-ray photoelectron spectroscopy (XPS) measurement was conducted by the Thermo
Fisher ESCALAB Xi+ microProbe instrument with a monochromatic Al-Ka target, 1486.6 eV
energy, and a maximum power of 15.0 kW. Inductively coupled plasma optical emission
spectrometry (ICP-OES) results were obtained by the Perkin ElImer Optima 8000. After the
photocatalysis, gaseous and liquid products were analyzed. The gaseous products were
analyzed and quantified using TCD and FID detector in High-performance gas chromatography
(Agilent 8860). GC was calibrated with known standard for Hz, CO and CHa. Liquid products
were analysed on a Metrohm Eco IC and *H NMR. Concentration of formate ion was quantified
using ion chromatography technique (Eco IC Metrohm). The gaseous products from isotope
labelling experiment were detected using gas chromatography by MS detector (Perkin Elmer
clarus 690).

General procedure of photocatalytic CO2 reduction

As reported previously**#° the photocatalytic reactions were conducted with a 300 W Xe lamp
with a 420 nm cut-off filter. In a typical photocatalytic process, 1 mg of catalysts, BIH (12 mg)
and [Ru(bpy)z]Cl2-6H20 (12 mg) was dispersed into the solution of 3.0 mL DMF solution
containing 1 mL TEOA in a quartz vial. Before photocatalytic testing, the reaction solution
was degassed with N2 gas for 20 minutes followed by bubbling with CO2 (99.999%, Airgas)
in the dark for 30 minutes. The reaction solution was then irradiated with 300 W Xe light source
equipped with A>420 nm at room temperature with stirring for photocatalytic CO> reduction.
The headspace above the reaction solution was taken using a gas-tight syringe at different time
intervals for product analysis using an Agilent 8860 equipped with a TCD and FID detector
and a 60/80 Carboxen-1000 packed column (Supelco). Liquid products were analysed using
ion chromatography and *H NMR. Control experiments were conducted in the absence of light

irradiation, photosensitizer, catalyst, sacrificial reagent, and CO..
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Isotope-labelled experiments

1 mg of catalyst, BIH (12 mg) and [Ru(bpy)z]Cl2-6H20 (12 mg) was dispersed into the solution
of 3.0 mL DMF solution containing 1 mL TEOA in a quartz vial. Before photocatalytic testing,
the reaction solution was degassed with Ar gas for 20 minutes followed by bubbling with **CO.
for a very short time of 120 seconds only because of its high cost. The reaction solution was
then illuminated with a 300 W Xe lamp. The obtained gaseous products were analysed by gas

chromatography—mass spectrometry (GC-MS).

Figure 4.7: Setup for photocatalysis under laboratory condition in presence of Zr-NDI@Ru-

tpy.
In Situ DRIFT Studies:

In situ diffuse reflectance Fourier Transform Infrared (FTIR) spectroscopy was employed to
investigate the photocatalytic reactions of Zr-NDI@Ru-tpy catalysts. The experiments were
conducted using a BRUKER Vertex 70V IR spectrometer equipped with a mercury cadmium
telluride (MCT) detector for enhanced sensitivity. A slurry consisting of 3 mg of Zr-NDI@Ru-
tpy catalyst and 5 mg of BIH in DMF solvent was uniformly coated onto a glass slide, followed
by the addition of a few drops of TEOA. The prepared sample was then placed at the center of
the reaction cell. A high-vacuum pump was used to evacuate all gasses from the reaction cell,

after which pure CO:2 (99.99%) was introduced into the reactor for 15 minutes. Finally, the
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catalyst was exposed to visible light, and in-situ FTIR spectra were collected at regular intervals

using the MCT detector to monitor the photocatalytic process.

Electrochemical characterization

The Mott-Schottky analysis and impedance measurement were conducted using CHI760E
workstation (CHI Instruments, USA) through a conventional three-electrode system immersed
ina 0.1 M TBAF DMF solution.

Mott-Schottky measurement*®

2.5 mg of respective MOF materials were dispersed in a solution of 250 pL water, 250 pL.
isopropyl alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently,
the final slurry was coated on a glassy carbon electrode and then dried at room temperature.
The Ag/AgCI electrode was employed as the reference electrode, and the platinum plate was
used as the counter electrode. The measurements were carried out under frequencies of 0.5, 1,
and 1.5 kHz (from -1.5 V to +1.5 V). The curve was plotted using Eq. 1.

1/C? = (2/ & g0 A2 & Np) (V-Vip - KgT/g) ==nmemmmemmmemmen Eq.1

Where, C and A are the interfacial capacitance and area, respectively. The ¢, €o, ks, T, €, Np
and V are the dielectric constant of the semiconductor, permittivity of free space, Boltzmann
constant, absolute temperature, electronic charge, number of donors and applied voltage,
respectively. A plot of 1/C? against V should yield a straight line from which Vs, can be

determined from the intercept on the V axis.

Calculation of Conduction Band (Ecs) and Valance Band (Evg) w.r.t. NHE:
The conduction band (Ecg) potentials for Zr-NDI@Ru-tpy is calculated by equation 2.

R (| Y — Eq. 2

The valance band (Evs) position was calculated by using equation 3.

Eve = Ecs + Band Gap-------------------------- Eq. 3
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Preparation of working electrode for impedance measurement

2.5 mg of respective MOF materials were dispersed in a solution of 250 pL water, 250 uL.
isopropyl alcohol (IPA), and 10 uL of Nafion to prepare a homogenous slurry. Subsequently,
the final slurry was coated on a glassy carbon electrode and then dried at room temperature.
The Ag/AgCI electrode was employed as the reference electrode, and the platinum plate was
used as the counter electrode. A 0.1 M TBAF DMF solution was used as an electrolyte. The
measurements were carried out with a bias potential of 0.4 V with a frequency range (1072 to

10° Hz) under a nitrogen atmosphere.
Preparation of working electrode for transient photocurrent

2.5 mg of respective MOF material was dispersed in a solution of 250 pL water, 250 pL
isopropyl alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently,
the final slurry was coated on an FTO glass plate (1 cm x 1 cm) and then dried at room
temperature. The Ag/AgCl electrode was employed as the reference electrode, and the platinum
plate was used as the counter electrode, respectively. The transient photocurrent responses were

carried out under visible-light irradiation conditions (300 W Xenon arc lamp).

4.3 Result and Discussion

4.3.1 Characterization of the synthesized MOFs

In 2018, Ott and co-workers reported the preparation of the NDI linker (length ~19.5 A)
containing UiO-type framework [Zr(dcphOH-NDI)] which has similar structural topology to
Zr-L6 (where, Le (length 20.5 A) = 4,4'-[1,4-naphthalenebis(ethyne 2,1-diyl)]dibenzoate))
MOF.314" As observed previously, Zr(dcphOH-NDI), termed as Zr-NDI, adopts a 12-¢ fcu net
with 2 fold interpenetration. It consists of [Zre(p3-O)4(ps-OH)a] secondary building unit (SBU)
and NDI linker.3! The donor acceptor hydrogen bonding and rigidity of the NDI linker
facilitates the high chemical stability and high porosity of the MOF material, which is essential
in catalysis.*® To use this MOF in catalysis, we have installed the [Ru(cptpy)2] moiety into the
Zr-NDI MOF. However, we first attempted to synthesize the [Ru(cptpy)2] complex (length
~22.2 A; cptpy=4'-(4 carboxylphenyl)- 2.2":6' 2"terpyridine)) based UiO —family MOFs with

porous interpenetrated Zr—organic frameworks (PIZOFs) topology. Since, we were unable to
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make P1ZOFs MOFs, therefore, we were motivated to explore ligand exchange strategy of

Zr(dcphOH-NDI) and mixed ligand in-situ solvothermal synthesis. The photocatalyst Zr-
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Figure 4.8: Schematic representation for synthesis of Zr-NDI@Ru-tpy or Zr-NDI@Ru-tpy-m

using SALE or mixed ligand solvothermal strategy, respectively.

NDI@Ru-tpy was prepared via well-known PSLE between UiO-type MOF, [Zr(dcphOH-
NDI)] (Zr-NDI) and [Ru(cptpy)2].1® The [Ru(cptpy)z] complex was incorporated into the Zr-
NDI framework using SALE method, as shown in Figure 4.8 (see more details of both the
linkers (NDI, Ru(cptpy). and Ru(tpy)2), *H NMR data in Figure 4.1- 4.4). The best exchange
results were observed using DMF as solvent at 100 °C for 5 days.

The final product of the linker exchange process, Zr-NDI@Ru tpy, was isolated as
reddish microcrystalline powder after washing extensively with fresh DMF followed by
activation under vacuum. This visually reddish appearance from pale yellow colour further
indicated the incorporation of [Ru(cptpy)] into the the Zr-NDI MOF (Figure 4.8). We have
also assisted the successful incorporation of [Ru(cptpy)2] via SALE process by performing
control experiments with [Ru(tpy)2] (tpy= 2,2":6',2"-terpyridine) having no coordinating
carboxylate groups on the terpyridine ligand. We have immersed the Zr-NDI MOF into the
[Ru(tpy)2] solution applying
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identical reaction condition, showing no substantial incorporation of [Ru(tpy)2] after extensive
washing with DMF and MeOH (Figure 4.9). The absence of NMR peaks corresponding to the
[Ru(tpy)2] in the 1H NMR spectrum of the digested Zr-NDI MOF signified that the
[Ru(cptpy)2] complex was coordinated into the Zr-NDI MOF through SALE method rather
than getting trapped within the MOF pores (Figure 4.9).

Zr-NDI after treated with [Ru(tpy):]

Ru(tpy).

9.0 8.9 8.8 8.7 8.6 8.5 8

4 83 82 81 80 79 78 7.7 76 75 74 73 7.2 7.1
f1 (ppm)

Figure 4.9: 'H NMR of [Ru(tpy)2] and digested Zr-NDI MOF (after treating with [Ru(tpy)z]).

The powder X-ray diffraction (PXRD) characterizations were performed to analyze the
crystalline phase of the synthesized Zr-NDI and Zr-NDI@Ru-tpy (Figure 4.10a). The PXRD
patterns before and after SALE confirmed the preservation of crystallinity as well as gross
structure of the framework. The successful SALE in the MOF has further confirmed by 'H
NMR characterization. For this analysis, Zr-NDI@Ru-tpy was digested in DMSO-de/HF
solution. The *H NMR spectroscopic analysis provided detailed insights into the structure of
the digested Zr-NDI@Ru-tpy MOF. It exhibited all the corresponding protons of NDI linker
and the [Ru(cptpy)2] complex (Fig. 4.10b). The protons of the naphthalene core and the phenyl
ring of the NDI linker exhibited peaks at 8.75 ppm and 7.58-7.45 ppm, respectively.
Additionally, a peak corresponding to the phenolic protons of the NDI linker was observed at
10.22 ppm. The protons of the terpyridine core in the [Ru(cptpy).] complex showed chemical
shifts at 9.51 ppm, 9.10-9.08 ppm, 8.52-8.54 ppm, 8.04-8.08 ppm and 7.26-7.29 ppm.
Furthermore, the protons of the phenyl ring of the [Ru(cptpy)2] complex appeared at 8.26-8.28
ppm (Figure 4.5). These results confirmed the successful incorporation of the [Ru(cptpy)]

complex into the Zr-NDI framework.
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Figure 4.10: (a) PXRD pattern of Simulated Zr-NDI MOF,*8 Zr-NDI and Zr-NDI@Ru-tpy. (b)
'H NMR spectra of NDI linker, [Ru(cptpy)2] complex and digested Zr-NDI@Ru-tpy.

The percentage of ligand incorporation was calculated through the proton resonance integrals
of the NDI linker and the [Ru(cptpy)2] complex in the digested Zr-NDI@Ru-tpy, indicating
that approximately ~15% of the [Ru(cptpy)2] complex was incorporated into the MOF
framework (see details in section 4.2.9). The FTIR spectroscopy of the Zr-NDI MOF and Zr-
NDI@Ru-tpy showed substantial agreement, with no significant changes in band positions.
This indicated that the bonding environment and molecular structure of the Zr-NDI MOF were
retained after post-synthetic modification. Notably, we observed peaks around 1630 cm™! and
1710 cm™* corresponding to C=O stretching, and a broad peak centered at 3325 cm—* indicative
of the presence of -OH groups (Figure 4.11a). Further, we have studied the thermogravimetric
analysis (TGA) of Zr-NDI and Zr-NDI@Ru tpy which showed thermal stability upto 450 °C
for both the materials (Figure 4.11b). However, an initial weight loss of approximately 8% was
observed in the TGA profile up to 100 °C, which can be ascribed to the removal of the solvent

molecule trapped in the pore of the framework.
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Figure 4.11: (a) FT-IR spectra of Zr-NDI and Zr-NDI@Ru-tpy. (b) TGA analysis of Zr-NDI
and Zr-NDI@Ru-tpy.
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The N2 adsorption-desorption isotherm analysis of activated Zr-NDI@Ru-tpy revealed a BET
surface area of 1016 m? g, which closely aligned with the BET surface area of pristine Zr
NDI (1340 m? g1) (Figure 4.12b). Additionally, the pore size distribution for both the pristine
MOF and the [Ru(cptpy)2] incorporated MOF revealed identical pore diameters (Fig. 4.12c).
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Figure 4.12: (a) SEM image of Zr-NDI (top) and Zr-NDI@Ru-tpy (bottom). (b) N2 adsorption-
desorption isotherm of Zr-NDI and Zr-NDI@Ru-tpy measured at 77 K. (c) Pore size
distribution of Zr-NDI and Zr-NDI@Ru-tpy.

138



Chapter 4

Figure 4.13: (a) TEM image of Zr-NDI@Ru-tpy (b) SEM-EDX profile and (c) elemental
mapping of Zr-NDI@Ru-tpy.

The field emission scanning microscopy (FE-SEM) images depicted that Zr-NDI@Ru-tpy
maintained an identical morphology to pristine Zr-NDI (Figure 12a (top, Zr-NDI; bottom, Zr
NDI@Ru-tpy)).

Additionally, the morphology of Zr-NDI@Ru-tpy was investigated using transmission
electron microscopy (TEM), which revealed well-defined octahedral shapes with a size of ~2—
3 um (Figure 4.13a). Moreover, energy-dispersive X-ray spectroscopy (EDX) analysis
revealed the presence of intact [Ru(cptpy)2] within the framework. The EDX data showed the
presence of Zr and Ru elements in the ligand-exchanged MOF (Figure 4.13b). The SEM
elemental mapping demonstrated the uniform distribution of C, N, O, Zr and Ru (Figure 4.13c).

These findings strongly support the successful realization of the PSLE approach.
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Figure 4.14: (a) Long range XPS survey of Zr-NDI@Ru-tpy. (b) Zr 3d of Zr-NDI@Ru-tpy.
(c) XPS spectra of Ru 3d and C 1s. (d) CV of Zr-NDI, Zr-NDI@Ru-tpy, and [Ru(cptpy).] at a
scan rate of 100 mVs? in DMF with 0.1 M tetrabutylammonium hexafluorophosphate as
supporting electrolyte.

Further, X-ray photoelectron spectroscopy (XPS) analysis has been performed to
confirm the oxidation state of ruthenium atom and their successful installation within the MOF
framework. The XPS survey revealed the presence of peaks associated with O, N, C and Ru
elements (Fig. 4.14a). Two new peaks at binding energy 181.5 eV and 183.4 eV assigned to
the Zr 3d of the Zr-NDI@Ru-tpy framework (Figure 4.14b). Figure 4.14c illustrated the
presence of Ru 3d and C 1s spectra where Ru 3d3/2 and C 1s overlapped. The deconvolution
of Ru 3d spectra gives two peaks at around 285.4 and 281.2 eV corresponds to Ru 3d3/2 and
Ru 3d5/2 states, respectively. The values mentioned are consistent with the findings of previous
reports on the hexacoordinated [Rull-N6] system.***® The analysis of high-resolution C 1s
spectra revealed three distinct peaks at approximately 284.4 eV, 286.4 eV, and 288.6 eV,
corresponding to the C 1s core signals of C—C, C-N, and C=0 bonds, respectively (Figure
4.14¢).°! Additionally, UV-Vis spectroscopy of both the Zr NDI@Ru-tpy MOF and the

molecular complex,
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[Ru(cptpy)2] shows an absorbance band at 500 nm, attributed to the metal to-ligand charge
transfer of the ruthenium complex (Figure 4.15a and Fig. 4.15b). The UV-Vis spectra further
affirmed the successful incorporation of [Ru(cptpy)2] into the MOF structure. The integrity of
the molecular complex [Ru(cptpy):] incorporated into the Zr-NDI MOF was further confirmed
through cyclic voltammetry analysis (CV) (Figure 4.14d). The inductively coupled plasma
optical emission spectrometry (ICP-OES) of digested Zr NDI@Ru-tpy showed that the wt %
of Ruis 1.2 %.

(a) (b)

Zr-NDI MOF
Zr-NDI@Ru-tpy ( 1.2 wt%)
— Zr-NDI@Ru-tpy-m (5.1 wt%)

Absorbance (a.u.)
Absarbance (a.u)

300 400 500 600 700 800 350 400 450 500 550 600
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Figure 4.15: (a) UV-Vis spectrum of [Ru(cptpy).] dissolved in DMF solvent. (b) UV-Vis
spectra of Zr-NDI MOF, Zr-NDI@Ru-tpy and Zr-NDI@Ru-tpy-m (experiment carried out by
dispersing 1 mg catalyst in 3 ml DMF).

Moreover, we have also able to incorporate [Ru(cptpy)2] in the Zr-NDI MOF, by
applying the mixed ligands solvothermal synthesis protocol®? as follows: Zr-NDI@Ru-tpy-m
has been prepared by employing [Ru(cptpy):] and NDI linker with ZrCls and acetic acid in a
DMF solution at 120°C for 72 h (Figure 4.8). The crystallinity of the synthesized Zr-NDI@Ru
tpy-m was retained, as the PXRD pattern remained consistent with the simulated Zr-NDI MOF
(Figure 4.16a). The 'H NMR spectroscopy of digested Zr-NDI@Ru-tpy-m showed that
approximately 50% incorporation of [Ru(cptpy)] was achieved (for details see section 4.2.10).
ICP-OES analysis confirmed the material contained 5.1 wt % Ru. Additionally, Zr-NDI@Ru-
tpy-m exhibited a BET surface area of 720 m2/g and a pore diameter of ~12 A (Figure 4.16b-
¢). The comparison of the optical absorption properties of Zr-MOFs, Zr NDI@Ru-tpy and Zr-
NDI@Ru-tpy-m, was assessed before being utilized in photocatalytic CO: reduction. The UV-
Vis spectroscopy of Zr-NDI@Ru-tpy and Zr-NDI@Ru-tpy-m exhibited enhanced absorption
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in the visible light region (400-700 nm), which was absent in the pristine Zr-NDI MOF (Figure
4.15b). Notably, the absorption intensity increases with higher Ru-loading, signifying an
improved light-harvesting capability. This extended visible light absorption is attributed to

efficient charge transfer from donor Ru-terpyridine moieties to acceptor NDI moieties.
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Figure 4.16: (a) PXRD profile of simulated Zr-NDI MOF, synthesized Zr-NDI, and Zr-NDI
@Ru-tpy-m (prepared by mixed ligands solvothermal method). (b) N2 adsorption-desorption
isotherm of Zr-NDI@Ru-tpy-m measured at 77 K. (c) Pore size distribution of Zr-NDI@Ru-

tpy-m.
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To investigate this, we performed also CV (Figure 4.17a-b) and estimated the free
energy change (AGe) for the photoinduced electron transfer using the Rehm Weller equation:
AGet = E{% (RUP) - EJ7 (NDIY*) — Eexe (NDI)=-0.73 eV (where E7}; is the half —wave
oxidation potential of [Ru(cptpy)2] (1.11 V), ET 7; is the half-wave reduction potential of NDI
(-0.62 V), and Eexc is the singlet excited state energy of NDI (2.46 eV, (Figure 4.17¢))).> The
negative AGet value confirms a thermodynamically favourable electron transfer process from
[Ru(cptpy)-] to the NDI moiety. Further, the band gaps of the photocatalysts were measured
from their corresponding UV-Vis spectroscopy using Tauc plots and observed a reduced band
gap of Zr-NDI@Ru-tpy (2.18 eV) than the pristine Zr-ND MOF (2.73 eV) (Figure 4.18a-b).
This reduction may be attributed to the facile electron delocalization facilitated by the D-A
charge transfer within the Zr-NDI@Ru-tpy framework.>*
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Figure 4.17: (a) CV of NDI linker and (b) [Ru(cptpy).] complex at a scan rate of 100 mVs? in
DMF with 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte. (c)

Fluorescence emission spectrum of NDI linker ((Aexc= 380 nm) in DMF solvent.
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Figure 4.18: a) Tauc plot of Zr-NDI MOF and (b) Zr-NDI@Ru-tpy.

4.3.2 Photocatalytic CO2 reduction

Following the successful integration of [Ru(cptpy)z], we have investigated its photocatalytic
efficacy as a photocatalyst for CO> reduction in different reactions conditions under visible
light irradiation. The photocatalytic CO> reduction of Zr NDI@Ru-tpy under visible light
(A>420 nm) in the presence of [Ru(bpy)s]** as a photosensitizer was conducted in oxygen free
DMF solvent saturated with CO, utilizing triethanolamine (TEOA), and 1,3-dimethyl-2-
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Figure 4.19: (a) Control experiments over Zr-NDI@Ru-tpy for 1 h. (b) CO and H> production
using Zr-NDI@Ru-tpy as catalyst over 6 h photocatalytic run. (c) TONs of CO production by
Zr-NDI@Ru-tpy and [Ru(cptpy)2] under visible light irradiation.

phenyl-2,3-dihydro-1H benzo[d]imidazole (BIH) as sacrificial electron donors. The gas
chromatography analysis of the headspace gas showed the evolution of CO and H2 gas by Zr-
NDI@Ru-tpy in photocatalytic reaction.

It was observed that Zr-NDI@Ru-tpy produced 631 umol g of CO and 18 pmol g of H;
within 1 h with high selectivity of 97 % (Figure 4.19a). However, the parent Zr-NDI MOFs
was totally inactive towards CO evolution. During the 6 h long photocatalytic experiment, Zr-
NDI@Ru-tpy produced 14,698 umol g of CO (Figure 4.19b). This corresponds to an
impressive production rate of 2,449 pmol g™! h™', which is highly comparable to various other
MOF-based photocatalysts reported to date (Table 4.1). A minimal amount of H2 has also been
noticed after 6 h long photocatalytic run demonstrating that Zr-NDI@Ru-tpy is highly selective
towards CO production. Zr-NDI@Ru-tpy catalyzed CO production achieved a turnover
number (TON) of 123 over 6 h run (Figure 4.19c). On the other hand, we have carried out
photocatalytic CO- reduction reaction using homogenous counterpart [Ru(cptpy):] keeping all
the other condition unaltered and found a TON of only 48.2 after 6 h visible light irradiation
(Figure 4.19c). The lower activity of the homogeneous counterpart was likely attributed to
complex deactivation. This suggested that the Zr-NDI-MOF matrix stabilizes the [Ru(cptpy):]
complex, thereby enhancing its performance. The high catalytic efficiency is also due to facile
electron transfer from the donor [Ru(cptpy):] chromophore to the NDI acceptor. Furthermore,
the apparent quantum yield (AQY) for CO production was determined to be 0.362% under
irradiation at 420 nm which is comparable to the other reported photocatalysts (Table 4.1, for

details calculation see section 4.2.11).
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Table 4.1: Photocatalytic activity of different photocatalyst towards CO- reduction

Photocatalyst lHluminatio | SA PS Product | Produc- Selectivity | QY (%) | Referen

n range tion? ce
MOF-Ni 420-800 nm | TIPA [Ru(bpy)s]Cl2 Cco 371.6 97.7% 0.0053 55
Cd-PMOFs >420 nm TEOA [Ru(bpy)s]Cl: Cco 139 N.R N.R 56
Cd(l)PMOF >420 nm TEA [Ru(bpy):]Cl. Co 56 N.R N.R 57
Co-UiO-67 400-800nm | N.R [Ru(bpy):]Cl2 CO 32925 N.R N.R 58
Zr-DMBD-Co 450 nm TEOA [Ru(phen)s](PFs)2 | CO 33.3¢ 98% 0.06 59
MOF

197+
PMOF/Re >500 nm BIH CoO 1893 NR 0.07 x 60
102

Ni-MOL-100 >420 nm TEOA Ru(phen)s(PFe)2 CO 2972 96 % NR 61
66-1S-Ni >420 nm TEOA Ru(bpy)sCl. CO 1352 87% 0.14 62
Zr-MBA-Ru/Re- | >400 nm Cco 440 99% 0.11 63
MOF
PCN-250-Fe;Mn | >450 nm TIPA [Ru(bpy)s]Cl2 Co 21.51° >80 % 2.60 64
PCN-250- Fe;Ni | >450 nm TIPA [Ru(bpy)3]Cl. Co 15.86° >80 % 0.85 64
MOF-525-Co 400-800 nm | TEOA Cco 200.6 N.R N.R 65
Zn-MOF >420 nm TEOA Cco 89.5 % 0.69 66
nanosheets / ZIF-
67
Zr-MBA-Ru/Mn- | 450 H20 Co 1027 99 0.24 67
MOF
Re@TEB-BPY 400 TEA Cco 91.7 ~68% 0.22 68
Zr-NDI@Ru- >420 nm TEOA + | [Ru(bpy)s]Cl2 CO 2249 97 % 0.362 THIS
TPY BIH WORK

AUnit: umol gt hL; PUnit:

mmol g* h'%; © Unit: umol
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We have also investigated the photocatalyst Zr-NDI@Ru tpy-m, with a higher Ru
loading of 5.1 wt% for CO: reduction under identical reaction conditions. It exhibited a
enhanced CO production of 6750 pmol g™! whereas Zr-NDI@Ru-tpy, with a lower Ru loading
of 1.2 wt%, produced 2183 pmol g of CO within 2 h. Interestingly, when the rate of CO
formation was normalized to the total catalyst content, the low loading Zr-NDI@Ru-tpy
demonstrated a higher rate of CO evolution compared to that of high loading Zr-NDI@Ru-tpy-
m. This indicated that the photocatalytic activity of the catalyst is influenced by the
photosensitizer to catalyst ratio, as previously reported.®® The superior CO generation observed
for the low Ru-loading Zr-NDI@Ru-tpy than the high loading material can be attributed to the
use of higher photosensitizer-to-catalyst ratio ([Ru(bpy)s]: [Ru in MOFs] = 80:1) in Zr-
NDI@Ru-tpy experiment compared to those in Zr-NDI@Ru-tpy-m ([Ru(bpy)s]: [Ru in MOFs]
= 32:1).

We also conducted an ion chromatography analysis of the reaction solvent to
investigate the formation of liquid products, such as formic acid (HCOOH). The ion
chromatography results showed the production of formate (24 umol) for 1 h (Figure 4.20a).
However, it is noteworthy that photocatalysis experiments conducted without Zr-NDI@Ru-tpy
(using only the photosensitizer, BIH and TEOA) still facilitated the production of formate,
achieving a formate generation of 34 pmol within 1 h (Figure 4.20a). Hence, the result clearly
demonstrated that the [Ru(bpy)s]** acts as a catalyst for CO, reduction to formate, not Zr-
NDI@Ru-tpy. The observed formate production without Zr-NDI@Ru-tpy are expected, as
Hawecker et al. demonstrated in 1985 that [Ru(bpy)s]** acts as a homogeneous catalyst for the
photochemical reduction of CO2 to formate.” *H NMR spectroscopy has been utilized to check
the other liquid hydrocarbon products derived from CO> such as CH3OH and C2HsOH. This
experiment showed that there was no production of CH3OH and C2HsOH (Figure 4.20b).

D20
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(a) (b)
HCOO™ DMF
— Zr-NDI@Ru-tpy
—— Without Zr-NDI@Ru-tpy
‘TE Standard formate
[%]
5]
4
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Figure 4.20: (a) lon chromatography curve for formate detection. (b) *H NMR spectroscopy
of the reaction mixture after photocatalytic CO> reduction.
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Subsequently, a set of control experiments were conducted to understand the primary factors
influencing the photoreduction of CO (Figure 4.19a). There is an optimum concentration for
BIH at which photocatalyst showed the highest catalytic activity (Figure 4.21a). Moreover, the
removal of BIH from reaction reduced the CO production to 63 umol g (Figure 4.19a).
Absence of TEOA also resulted in photocatalytic inactivity towards CO evolution (Figure
4.19a). In the absence of the Zr-NDI@Ru-tpy as the catalyst (using only the photosensitizer,
BIH and TEOA), a negligible amount of CO and Hz was detected which is 2.8 pmol gt and
3.1 umol g* respectively. Additionally, the absence of light or photosensitizer yielded no CO
evolution, affirming the photocatalytic nature of the reaction. These results collectively
underscored the indispensability of all the components within this system. Subsequently, we
have also investigated the catalytic performance of the Zr-NDI@Ru-tpy under irradiation by
direct sun light from 11:00 am to 3:00 pm on 17/05/2024 to mimic the natural photosynthesis
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Figure 4.21: (a) Control experiments over Zr-NDI@Ru-tpy for 1 h. (b) Photocatalytic CO
evolution over Zr-NDI@Ru-tpy with different BIH concentration for 1 h. (c) 3C isotope

labelling experiment for CO generation by using *3CO2 as carbon source.

and we found 1430 pmol g* CO and 88 pmol g™t Hz. Now, in order to understand the source
of CO, we have performed the photocatalytic reaction in presence of N> instead of CO,. After
1 h, there was no detectable CO gas. This indicated that CO was not coming from catalyst's
decomposition or solvent decomposition. Further, to verify the source of the produced CO
through the photoreduction of dissolved CO., we conducted isotope labelling experiment
utilizing 3CO; (Figure 4.21b). The presence of peaks at m/z = 29 provided indications that the

evolved *CO originated from the photoreduction of **CO.. This finding also served to confirm
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that the CO originated from the dissolved CO; rather than from the decomposition of any
organic compound within the photocatalytic medium. To further assess the stability of the
Zr-NDI@Ru-tpy catalyst, recyclability studies were conducted (Figure 4.22a). The catalyst
was analyzed through five 1h recycling experiment. A slight decrease in production of CO was
observed after each cycle (Figure 4.22a). The yield decreased in the 4th and 5th runs, which
was attributed to the loss of the Ru metal as the ICP-OES analysis of Zr-NDI@Ru-tpy after 5
cycles run shows the presence of 0.8 wt% Ru, compared to 1.2 wt% initially. The PXRD pattern
(Figure 4.22b) and FT-IR spectra (Figure 4.22c) of Zr-NDI@Ru-tpy remains unaltered
suggesting its stability during the course of the photocatalytic run. In addition, we have also
investigated the SEM image of Zr-NDI@Ru-tpy after photocatalysis which demonstrated the
retainment of crystallinity (Figure 4.22d).
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Figure 4.22: (a) Recyclability test of Zr-NDI@Ru-tpy. (b) PXRD profile of as prepared Zr-
NDI@Ru-tpy and after photocatalysis. (c) FT-IR spectra of Zr-NDI@Ru-tpy after and before
photocatalysis. (d) SEM image of Zr-NDI@Ru-tpy after photocatalytic reaction.
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4.3.3 Photocatalytic CO. reduction mechanism

To understand the potential photocatalytic mechanism of Zr NDI@Ru-tpy within the system,
we conducted transient photocurrent responses and photoluminescence spectra analysis at
room temperature, aiming to elucidate the charge transfer behaviour and photoinduced charge
separation efficiency. In Figure 4.23a, Zr-NDI@Ru-tpy demonstrated higher photocurrent
density than the pristine Zr-NDI upon exposure to light indicating enhanced photoinduced
electron mobility in Zr NDI@Ru-tpy and thereby exhibiting high photocatalytic activity.
Further, the effectiveness of charge transfer was elucidated through electrochemical impedance
spectroscopy (EIS) (Figure 4.23b). An electric circuit (or equivalent circuit) was extracted from
the Nyquist plot to understand the electrochemical processes. As depicted in Figure 4.23b
(inset), the equivalent circuit consists of the resistance of solution (Rs), bulk resistance (Rgui),
a bulk capacitance (Cguik), charge transfer resistance (Rct), space charge capacitance (Csc),
Warburg element (W). The Rcr values of Zr-NDI and Zr-NDI@Ru-tpy were 2.2 KQ and 1.6
KQ, respectively, which were calculated from the diameter of the semicircle. The low Rcr
value of Zr-NDI@Ru-tpy indicates that ions could rapidly transfer at the interface between the
electrode and electrolyte solution, which results in a better catalytic performance.” Apart from
possessing a suitable conduction band (CB) potential with reduction capacity, the
photocatalytic activity of Zr NDI@Ru-tpy is attributed to the enhanced electron mobility and
separation efficiency of photoinduced charges compared to the pristine Zr-NDI MOF.
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Figure 4.23: (a) Transient photocurrent response, and (b) electrochemical impedance spectra
of Zr-NDI and Zr-NDI@Ru-tpy.
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(b) Zr-NDI@Ru-tpy
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Figure 4.24: (a) Emission intensity of [Ru(bpy)s]** after incremental addition of BIH, and (b)
Zr-NDI@Ru-tpy.

Now, to know, whether the photoexcited Ru'' PS undergoes reductive quenching by
BIH or oxidative quenching by the Zr-NDI@Ru-tpy, initiating the catalytic cycle, we
conducted luminescence spectra of [Ru(bpy)s]*" with varying amount of BIH and Zr-
NDI@Ru-tpy. As depicted in Figure 4.24a, the emission intensity of [Ru(bpy)s]>* was
effectively quenched by BIH, while no significant quenching was observed with Zr-NDI@Ru-
tpy (Figure 4.24b). This outcome underscored that the photoexcited [Ru(bpy)s]*>** undergoes
reductive quenching by BIH, leading to the generation of the [Ru(bpy)s]**. In addition, Mott-
Schottky analysis was conducted to evaluate the flat-band potential and assess the feasibility
of effective CO2 reduction for Zr-NDI@Ru-tpy (Figure 4.25a). The analysis revealed a positive
slope in the plot of C™2 versus the applied potential, confirming the n type semiconductor
characteristics.>!

The flat-band potential of Zr-NDI@Ru-tpy was determined from the intersection point
of the Mott-Schottky plot, found to be -0.91 V versus the Ag/AgClI reference electrode (i.e., -
0.71 V vs normal hydrogen electrode (NHE).** Generally, in n-type semiconductors, the
bottom of the conduction band is usually approximated to be nearly equal to the flat-band
potential.”>"® According to this, the conduction band level was estimated to be positioned at -
0.71 V vs NHE. Now, using the relationship Eve=Ecs+Eg, the valence band potential of Zr-
NDI@Ru-tpy was calculated to be 1.47 V vs NHE. The results showed the more positive
potential of the conduction band in Zr-NDI@Ru-tpy, relative to -1.25 V vs. NHE
(E[Ru(bpy)s)***/[Ru(bpy)s]*),” demonstrated the thermodynamic feasibility of photoexcited
electron transfer from the photosensitizer to the catalyst. Furthermore, the more negative

conduction band potential of Zr-NDI@Ru-tpy compared to the reduction potential for the
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conversion of CO2 to CO (-0.52 V vs. NHE)” indicated the theoretical viability of using Zr-
NDI@Ru-tpy as a catalyst for photocatalytic CO> reduction to CO (Figure 4.25b).
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Figure 4.25: (a) Mott-Schottky plot for Zr-NDI@Ru-tpy. (b) Potential diagram of [Ru(bpy)s]**
and Zr-NDI@Ru-tpy showing feasible electron transfer.

Furthermore, we have employed in situ DRIFT to analyse the reaction intermediates
generated during the photocatalytic CO reduction and hence aid in elucidating the mechanism
behind the photocatalytic CO- reduction process associated with Zr NDI@Ru-tpy.”® Figure
4.26 depicted the absence of peaks prior to photo-irradiation. However, as the irradiation time
increased, a gradual emergence of several peaks was observed between 1200-2200 cm in the
in situ FTIR spectra. The emergence of new peaks at 1273 and 1316 cm™ may be attributed to
the presence of the monodentate carbonate group (m-COs%), while the peak around 1348 cm~
! suggested the formation of the bidentate carbonate group (b-COs%") which probably formed
due to the dissolved CO; in the CO, conversion system.®’”879 Notably, two new infrared
peaks were observed at 1532 and 1631 cm™ for Zr-NDI@Ru-tpy which gradually increased
with prolonged visible light irradiation. They are likely to indicate the symmetric and
asymmetric stretching of the carboxylate group (COOH*) attached to Ru', which is an
important intermediate species in the photocatalytic reduction of CO, to CO.8 The formed
COOH* intermediates could further protonate to generate CO* which is revealed by the
appearance of IR peak at around 2020 cm™.8! This confirmed the production of CO during
photocatalytic CO reduction. However, peaks in the 1800-2000 cm™ range were also
observed, which may result from the formation of different CO species coordinated to Ru sites
as reported previouly.8283848 The peak appeared at 1957 cm™ and 1834 cm* may be ascribed

to the linear and bridged CO adsorption on Ru-sites 82838485
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Figure 4.26: In situ DRIFT spectra of Zr-NDI@Ru-tpy under visible light irradiation (1 h).

Taking into account the findings and discussions outlined above, we presented a
plausible photocatalytic CO> reduction mechanism over Zr-NDI@Ru-tpy, as depicted in Fig.
4.27. Upon illumination, the photosensitizer [Ru(bpy)s]?* absorbs photons, leading to the
excitation of electrons and their subsequent transition to the excited state [Ru(bpy)s]?**. As the
CO2 reduction reaction is occurring through reductive quenching mechanism, hence the excited
[Ru(bpy)s]>* will be reduced by accepting electron from BIH affording [Ru(bpy)s]** and
oxidized BIH (BIH™). Nevertheless, BIH™ readily undergoes deprotonation, yielding
deprotonated Bl that can provide an additional electron to reduce another [Ru(bpy)s]?™*
species, thereby generating 2 equivalents of reduced [Ru(bpy)s]™ during the photoinduced
process. Subsequently, two reduced [Ru(bpy)s]™* species transfer two electrons consecutively
to the catalytic centre [Ru''(cptpy).] and generates [Ru'(cptpy-)(cptpy)]. Next, CO2 get attached
with the reduced metal center through carbon atom with the substitution of one pyridine
nitrogen atom in tpy moiety,®®8 forming the intermediate species [Ru'(cptpy)(n?
cptpy)(COO?)] which further undergoes protonation to form [Ru''(cptpy)(n?-cptpy)(COOH"

)"
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Figure 4.27: Plausible mechanism pathway for photocatalytic CO> reduction by Zr-NDI@Ru-
tpy.

Then, further protonation of intermediate species [Ru'(cptpy)(n?-cptpy)(COOH)]* and
subsequent elimination of H,O result in the formation of [Ru' (cptpy)((n? cptpy)(CO)]** which
undergo reduction and removal of CO, regenerating [Ru'(cptpy-")(cptpy)]* and thus complete
the photocatalytic cycle. It is worth mentioning that without TEOA, the photocatalytic system
is totally inactive to generate CO this is because in absence of TEOA, BIH* may readily reduce
by ruthenium complex in the MOF and inhibits the photocatalytic cycle. When TEOA added
in the reaction medium, TEOA acts as a base for BIH-". This led to the suppression of the back

electron transfer from ruthenium in the MOF (Figure 4.28).
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Figure 4.28: Possible mechanism of photocatalytic CO- reduction in absence of TEOA.

4.4 Conclusion

We have presented a successful design strategy to develop redox-active mixed linker MOF
through SALE and mixed ligands solvothermal strategy for photocatalytic CO» reduction. We
have accommodated a redox metal complex, [Ru(cptpy):] as a catalytic centre into the robust
ZrlV-MOF by replacing the existing linker through SALE and mixed ligands solvothermal
strategy. The findings have confirmed the successful incorporation of [Ru(cptpy)2] into the
MOF and making it a highly suitable candidate for CO> reduction. The resulting MOF exhibited
efficient photocatalytic performance with the enhanced stability of the solid-state MOF host.
This Zr-NDI@Ru tpy MOF shows an efficient conversion of CO2 to CO under visible light
irradiation. It reveals a CO production of 14698 pmol g with a TON of 123 in 6 h
photocatalytic run, which stands on par with numerous previously reported photocatalysts. The
Zr NDI@Ru-tpy catalyst is not only highly efficient in generating CO, but also exhibits a high
selectivity for producing CO (97%) over H.. Additionally, we have proposed a plausible
mechanism for the photocatalytic reduction of CO2 over Zr-NDI@Ru-tpy through in situ
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DRIFTS analysis, along with photophysical and electrochemical studies. However, a detail
mechanistic study through DFT calculation is underway for mixed linker MOF, which contains
tpy based first row transition metal complex. Hence, our work focused on the innovative
integration of homogeneous and heterogeneous catalytic systems to overcome existing
limitations. Thus, we anticipate that it will provide a new avenue for developing efficient,

sustainable, stable, and recyclable photocatalysts.
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Metallosalen-Integrated Conjugated Microporous Polymers for scalable Syngas
Production from Visible-Light-Driven CO2 Reduction
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5.1 Introduction

The incessant use of fossil fuels and its catastrophic effect on the environment has arisen the
need for the development of sustainable technologies which can administer these problems.?
Since carbon dioxide emissions have only escalated lately, thus implementation of green
chemistry concepts has gained considerable popularity. Therefore, using visible light to
catalytically convert CO; into useful C1 chemical feedstocks (CO, HCOOH, CH3OH, and CHa)
has emerged as a crucial strategy for diminishing carbon emissions to alleviate the impacts of
global temperature rise..>*Among the various technological approaches to CO- conversion, the
visible-light-driven two-electron reduction of CO, to CO stands out due to its favourable
kinetics and lower energy barrier compared to single-electron or multi-electron pathways.*®
CO, a key component of syngas (a mixture of H> and CO) plays a central role in the industrial
synthesis of valuable hydrocarbons. Syngas serves as a crucial intermediate for the production
of synthetic fuels and chemicals, with its effectiveness largely dependent on the tunability of
the H>/CO ratio to suit specific industrial processes.®’ At present, most syngas is produced
through coal gasification or steam reforming of natural gas, both of which rely heavily on non-
renewable fossil fuels and involve energy-intensive, harsh processing conditions. In contrast,
photocatalytic CO- reduction under visible light offers a sustainable and mild alternative,
particularly in agueous systems where H> evolution naturally accompanies CO formation. This
simultaneous generation of H: and CO offers a promising route for continuous syngas
production.®® Moreover, tailoring the Ho/CO ratio is essential for downstream applications—
for instance, a 2:1 ratio is optimal for methanol synthesis and Fischer—Tropsch processes.”
However, directly generating syngas with a tunable H2/CO ratio from CO2 reduction using solar
energy represents a highly promising, yet underexplored strategy, largely due to the complex
scientific and technical hurdles involved. In recent decades, a diverse array of photocatalytic
materials such as graphitic carbon nitride (CsNa),'*'? Ti02,3 Ce0.,’® CulnS,,'® and CdS*’
have been extensively studied for their ability to drive CO: photoreduction (CO2PR) toward
syngas production. While these materials have shown considerable potential in promoting CO
generation from CO, their overall efficiency remains limited. This is primarily due to their
inadequate absorption of visible light and suboptimal charge separation and transfer properties,
low surface area, low CO. adsorption capability which hinder their practical applicability in
large-scale processes.'® Consequently, the development of cost-effective photocatalysts with
improved charge transport, and robust stability under reaction conditions remains a critical

challenge for advancing CO--to-syngas conversion technologies. In recent years, microporous
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materials such as metal-organic frameworks (MOFs),**% covalent organic frameworks
(COFs),2122 and their derived heterostructures have been actively investigated as promising
photo- and electrocatalysts for CO2 reduction into various value-added products. In contrast,
conjugated microporous polymers (CMPs), a distinct class of porous organic materials with
extended m-conjugation have received comparatively little attention in this field.??* Given
their unique structural features, CMPs hold significant potential for heterogeneous
photocatalytic CO: reduction. Their high surface area and intrinsic porosity facilitate efficient
diffusion of reactants, while the extended m-conjugated networks enable effective charge
transport to active sites.?> Furthermore, the exceptional thermal and chemical stability of CMPs
arises from their rigid backbones composed of robust C—-C covalent bonds, allowing them to
maintain structural integrity under harsh conditions and in diverse solvents. By carefully
selecting photoactive building blocks with strong visible light absorption, CMPs can be
rationally designed for enhanced photocatalytic performance, making them attractive
candidates for next-generation CO: conversion systems.

In this study, we present the design and synthesis of a new class of metal-functionalized
conjugated microporous polymers (CMPs), constructed from Salen-Co/Zn complexes and
1,3,5-triethynylbenzene as key building units. The resulting materials, termed salen-CMP@Co
and salen-CMP@Zn, exhibit excellent photocatalytic performance for the visible-light-driven
reduction of CO: to syngas. Benefiting from their extended m-conjugated frameworks and
permanent porosity, these CMPs provide an ideal platform for efficient CO- capture, activation,
and subsequent conversion. Importantly, the incorporation of Earth-abundant, low-toxicity
transition metals such as cobalt and zinc enhances photocatalytic activity while also promoting
environmental sustainability. Among the synthesized catalysts, salen-CMP@Co demonstrated
superior performance, achieving CO and H: evolution rates of 1628 umolg' and
5922 umol g!, respectively. Moreover, we achieved tunable syngas production by adjusting
the water content in the reaction system, enabling control over the CO/H: ratio from 1:6.6 to
1:1.7. Furthermore, Comprehensive photophysical and electrochemical characterizations
provided valuable insights into the charge separation dynamics and reaction mechanism,
further supporting the potential of these CMPs as efficient and versatile platforms for solar

driven CO: conversion.
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5.2: Experimental section

5.2.1: Materials

Tetrakis(triphenylphosphine)palladium (0), 3-tert-butyl-2-hydroxybenzaldehyde, copper(l)
iodide, (R, R)-1,2-diaminocyclohexane, and various solvents were obtained from Aldrich and
used without further purification. 1,3,5-Triethynylbenzene was purchased from Alfa Aesar and
used as received. Cobalt (1) acetate, Zinc acetate tetrahydrate and triethanolamine (TEOA)
were sourced from  Sigma-Aldrich. The compound  5-bromo-3-tert-butyl-2

hydroxybenzaldehyde was synthesized following a modified literature procedure.

5.2.2 Synthesis of 5-bromo-3-tert-butyl-2-hydroxybenzaldehyde?®

A solution of Brz2 (0.44 mL, 8.45 mmol) in acetic acid (2 mL) was added dropwise over 30
minutes at room temperature to a stirred solution of 3-tert-butyl-2-hydroxybenzaldehyde (1.50
g, 8.41 mmol) in acetic acid (5 mL). After stirring for an additional 2 hours, the reaction mixture
was diluted with dichloromethane (50 mL) and sequentially washed with water (20 mL),
saturated aqueous sodium metabisulfite (20 mL), saturated sodium bicarbonate solution (10
mL), and brine (20 mL). The organic layer was dried over anhydrous sodium sulfate, and the
solvent was removed under reduced pressure to yield a yellow solid. The crude product was
purified by recrystallization from methanol (10 mL), affording the analytically pure compound
as a yellow powder (m.p. 64—65 °C). The product was characterized by 'H NMR spectroscopy
(500 MHz, CDCI3). 1H NMR (500 MHz, CDCI3): & 11.73 (s, 1H), 9.82 (s, 1H), 7.58 (d, J =
2.5 Hz, 1H), 7.51 (d, J = 2.5 Hz, 1H), 1.41 (s, 9H); 13C NMR (125 MHz, CDCI3): & 196.0,
160.2, 141.6, 137.3, 133.6, 124.5, 122.0, 35.6, 29.4.

O OH O OH
Br,

CH;COOH
Br

5.2.3 Synthesis of Salen?®

[Salen = (R, R)-N, N’-bis(5-bromo-3-tert-butyl-salicylidene)-1,2-cyclohexanediamine]

A solution of (R, R)-1,2-diaminocyclohexane (0.48 mL, 4 mmol) in ethanol (60 mL) was
introduced into a 250 mL three-neck flask and subjected to vacuum. The mixture was stirred
for 30 minutes under an argon atmosphere at room temperature. The temperature was then

raised to 80 °C, and a separate solution of 5-bromo-3-tert-butylsalicylidene (2.056 g, 8 mmol)
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in tetrahydrofuran (10 mL) was added dropwise over 30 minutes. The reaction mixture was
maintained at 80 °C with continuous stirring for 4-5 hours, then allowed to cool to room
temperature. Subsequently, water (60 mL) was added, and the mixture was stirred further at
ambient temperature. The resulting precipitate was collected by filtration and dissolved in
diethyl ether. The ether layer was washed several times with saturated sodium chloride solution
and water to remove residual impurities. After solvent removal, a yellow powder was obtained,
which was dried under vacuum at 50 °C for 24 hours, yielding 1.91 g of product (80.2%). The
resulting Salen ligand (yellow powder) was characterized by *H NMR spectroscopy (500 MHz,
CDCL) as follows: & 13.75 (s, 2H), 8.20 (s, 2H), 7.32 (d, 4 J = 2.0 Hz, 2H), 7.10 (d, 4 T = 2.0
Hz, 2H), 3.32 (br, 2H), 2.03 (br, 2H), 1.88 (br, 2H), 1.76 (m, 2H), 1.48 (m, 2H), 1.38 (s, 18H).

S
<‘ S
\

O OH & —N N=

H;N NH, Br OH HO Br

Br

5.2.4 Synthesis of Salen-Co (11)%

A solution of cobalt (11) acetate Co(OAc)."4H20 (239 mg, 0.96 mmol) in methanol (10 mL)
was added dropwise via syringe to a stirred solution of Salen ligand (400 mg, 0.675 mmol) in
toluene (10 mL) under an argon atmosphere, leading to the immediate formation of a dark red
precipitate. The mixture was then heated to 80-85 °C and stirred for 5-6 hours. After cooling
to room temperature, the reaction mixture was concentrated under reduced pressure. The
resulting residue was dissolved in dichloromethane (80 mL) and filtered through a Celite pad
to remove unreacted cobalt salt. Evaporation of the solvent afforded a dark red solid (79.9 %
yield).

Synthesis of Salen-Zn (11)

The compound Salen-Zn (1l) was prepared following a procedure analogous to that used for
Salen-Co (I1), with the substitution of Co(OAc):'4H20 by Zn(OAc).-2H-O (0.027 g, 0.125
mmol). The reaction yielded a yellow solid with a yield of 62%.
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z
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5.2.5 Synthesis of salen-CMP@Co%

To synthesize the salen-CMP@Co polymer, 1,3,5-triethynylbenzene (180 mg, 1.2 mmol) and
Salen-Co(Il) (400 mg, 0.6 mmol) were combined with Cul (50 mg) and
tetrakis(triphenylphosphine)palladium(0) (100 mg) in a solvent mixture of toluene (15 mL) and
triethylamine (6 mL). The resulting solution was first stirred at 40 °C for 1 hour under an argon
atmosphere to minimize oxygen interference and suppress homocoupling of the alkyne units.
Subsequently, the reaction mixture was heated to 80 °C and maintained under continuous
stirring for 72 hours. Upon completion, the mixture was cooled to room temperature, and the
resulting insoluble polymer was collected by filtration. The crude product was thoroughly
washed with dichloromethane, methanol, water, and acetone to remove residual monomers and
catalyst byproducts. Further purification was achieved via Soxhlet extraction using a 1:1 (v/v)
mixture of methanol and dichloromethane over 48 hours. The final polymer was dried under

vacuum at 70 °C for 24 hours, affording a brown powder with an isolated yield of 79.3%.

5.2.6 Synthesis of salen-CMP@2Zn?®

Salen-CMP@Zn was prepared using the same synthetic protocol as employed for salen
CMP@Co, with the only modification being the substitution of the Salen-Co (1) complex with
its zinc analogue, Salen-Zn(l1). The reaction yielding a brown solid product with an isolated
yield of 75.2%.

5.2.7 Characterization methods

The Fourier transform—infrared (FT—IR) spectra of salen-CMP@Co and salen-CMP@Zn were
collected on a Bruker FTIR 4000 instrument equipped with a zinc selenide (ZnSe) ATR. The
powder X-ray diffraction (PXRD) data of salen-CMP@Co and salen-CMP@Zn were collected

with Bruker D8 Advance X-ray diffractometer (XRD) at room temperature using Cu Ka
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radiation (A = 1.548 A) in a 20 range of 3-55°. Thermogravimetric analyses (TGA) were done
at a ramp rate of 10 °C min—1 under N2 atmosphere with Perkin Elmer Pyris Diamond TG—
DTA instruments. The solid-state UV/Vis spectra of Zr-NDI MOF and Zr-NDI@Ru-tpy were
measured using Lamda 750, Make perkin elmer. Fluorescence emission spectra were collected
on a HORIBA Fluoromax-4 fluorometer. Nitrogen gas adsorption—desorption of the samples
was performed to obtain BET-specific surface area (Sget) using Quanta chrome Autosorb iQ2
Instruments at liquid N2 temperature (77 K). The samples were degassed under a high vacuum
(10°° torr) at 185 °C for 10 h. After degassing, the sample tube was then transferred to the
analysis port of the sorption analyzer. Pore size distribution was calculated by non-local density
functional theory (NLDFT) using the ‘carbon slit pore’ model. Field emission scanning
electron microscope (FE-SEM) images were obtained using a Carl Zeiss SUPRA 55VP
FESEM instrument. Energy dispersive X-ray spectroscopy (EDS) was performed by Oxford
Instruments X-Max with INCA software coupled to the FE-SEM. The Hitachi, S-4800, EDS
detector was introduced to analyze the morphology and EDS of the samples. X-ray
photoelectron spectroscopy (XPS) measurement was conducted by the Thermo Fisher
ESCALAB Xi+ microProbe instrument with a monochromatic Al-Ko target, 1486.6 ¢V
energy, and a maximum power of 15.0 KW. After the photocatalysis, gaseous and liquid
products were analyzed. The gaseous products were analyzed and quantified using TCD and
FID detector in High-performance gas chromatography (Agilent 8860). GC was calibrated with
known standard for H2, CO. Liquid products were analysed through *H NMR.

Electrochemical characterization
The Mott-Schottky analysis and impedance measurement were conducted using CHI760E
workstation (CHI Instruments, USA) through a conventional three-electrode system immersed

ina 0.2 M Na2SO4 aqueous solution.

Preparation of working electrode for Mott-Schottky measurement

2.5 mg of respective materials were dispersed in a solution of 250 uL water, 250 puL isopropyl
alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently, 12 pL of
slurry was coated on a glassy carbon electrode and then dried at room temperature. The
Ag/AgCl electrode was employed as the reference electrode, and the platinum plate was used
as the counter electrode, respectively. The measurements were carried out under frequencies
of 0.5, 1, and 1.5 kHz.
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Preparation of working electrode for impedance measurement

2.5 mg of respective materials were dispersed in a solution of 250 uLL water, 250 pL isopropyl
alcohol (IPA), and 10 pL of Nafion to prepare a homogenous slurry. Subsequently, 12 pL of
slurry was coated on a glassy carbon electrode and then dried at room temperature. The
Ag/AgCI electrode was employed as the reference electrode, and the platinum plate was used
as the counter electrode, respectively. A 0.2 M Na2SO4 solution was used as an electrolyte. The
measurements were carried out with a bias potential of 0.6 V with a frequency range from 10

2to 105 Hz under a nitrogen atmosphere.

Photocatalytic testing

Photocatalytic CO: reduction experiments were carried out using a 300 W xenon lamp
equipped with a 420 nm cut-off filter. In a typical reaction, 1 mg of the activated catalyst, 12
mg of [Ru(bpy)s]Cl2-6H-20 and 10 mg of 2,2’-bipyridine were dispersed in a solvent mixture
consisting of 1.0 mL triethanolamine (TEOA), and 3.8 mL acetonitrile 0.2 mL deionized water
in a quartz reaction tube. Further we also varied the acetonitrile (3.5 ml) and H20 (0.5 ml) ratio.
Prior to irradiation, the solution was purged with nitrogen gas for 20 minutes to eliminate
dissolved oxygen, followed by CO: bubbling (99.999%, Airgas) in the dark for an additional
30 minutes to saturate the system.

The reaction mixture was then exposed to visible light under continuous stirring at room
temperature. Gaseous products generated in the headspace were periodically sampled using a
gas-tight syringe and analyzed using an Agilent 8860 gas chromatograph equipped with both
thermal conductivity (TCD) and flame ionization detectors (FID), along with a 60/80
Carboxen-1000 packed column (Supelco). Liquid-phase products were identified and
quantified using ion chromatography and proton nuclear magnetic resonance (*H NMR)
spectroscopy. Control experiments were systematically conducted under identical conditions
by omitting one component at a time—Iight, catalyst, photosensitizer, sacrificial donor, or

CO:—to confirm the necessity of each component in the photocatalytic process.

5.3 Results and Discussions

5.3.1 Characterization of the synthesized polymers

The metal-salen complex monomers were first synthesized via a conventional Schiff-base

condensation reaction, followed by metalation with the corresponding metal salts (see section
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4.2.3 and 4.2.4 for more details). These preformed metal-salen complexes were then used as
building blocks, along with 1,3,5-triethynylbenzene, to construct two conjugated microporous
polymers (CMPs), referred to as Salen-CMP@Co and Salen-CMP@Zn (Figure 5.1) The
polymerization was carried out using a Pd-catalyzed Sonogashira—Hagihara C—C coupling
reaction. Both CMPs were obtained as insoluble brown solids, a result of their rigid and highly

cross-linked polymeric frameworks.

=
] Z N N=
Ly Pd(PPhy)y, Cul
+Br o ©° Br 4>-
il Toulene, Et;N

M = CofLn

Salen-CMP@Co/Salen-CMP@7Zn

Figure 5.1: Schematic illustration for the synthesis of salen-CMP@Co and salen-CMP@Zn.

Comprehensive characterization using various spectroscopic and microscopic techniques
confirmed the successful synthesis and structural integrity of the target polymers. The Fourier-
transform infrared (FT-IR) spectra of both synthesized conjugated microporous polymers
(CMPs) exhibited a distinct absorption band at approximately 2202 cm ™!, corresponding to the
C=C stretching vibration of the acetylene moiety (Figure 5.2).%” This observation confirms the

successful

Salen-CMP@Co

2202 cm’!

Salen-CMP@2Zn (c=0)

Transmittance (a.u)

L) T L) L) T L)
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Figure 5.2: FT-IR spectra of salen-CMP@Co and salen-CMP@Zn.
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incorporation of acetylene linkages, indicating effective coupling copolymerization between

the metal-salen monomers and the acetylene cores.
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Figure 5.3: Solid state 13C NMR spectra of (a) salen-CMP@Zn and (b) salen-CMP@Co.

Furthermore, the chemical structure of both the CMPs were analyzed using solid-state
13C cross-polarization magic angle spinning (CP-MAS) NMR spectroscopy (Figure 5.3). The
'H NMR spectra revealed a broad signal in the range of 114.5-148.2 ppm, attributed to the
carbon atoms of the benzene rings in the synthesized salen-based CMPs. 22 A peak at
approximately 26 ppm was assigned to the CHs carbon atoms, while the signal at 32.8 ppm
corresponded to sp3-hybridized carbon atoms of the -C(CHz) moiety. Additionally, chemical
shifts around 80 ppm and 90 ppm were observed, which were ascribed to the sp-hybridized
carbon atoms (C=C) present in the polymer structure.* The FT-IR and (CP-MAS) NMR
spectroscopy spectra confirm the successful incorporation of salen units into the CMP
frameworks. The PXRD patterns of both the polymers exhibit only broad and weak diffraction
peaks at around 20 = 19.2°, confirming their lack of crystallinity and indicating that the
materials are amorphous in nature (Figure 5.4a).3? The thermal stability of the two polymers

was evaluated using

(a) 1004 (b)
Salen-CMP@Co
—— Salen-CMP@2Zn
E} & 901
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Figure 5.4: (a) PXRD pattern of salen-CMP@Co and salen-CMP@Zn; (b) TGA profile of
salen-CMP@Co and salen-CMP@Zn.
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thermogravimetric analysis (TGA). Both materials exhibited stability up to approximately
300 °C, followed by a gradual weight loss extending to 800 °C (Figure 5.4b). An initial weight
loss of around 7% observed in both cases is likely due to the release of adsorbed water and
residual solvent molecules from the porous structure. Further, to gain insight into the surface
morphology of salen-CMP@Co and salen-CMP@2Zn, their microstructures were examined
using scanning electron microscopy (SEM), as shown in Figure 5.5a,b,d,f. The SEM images
show the absence of any well-defined or ordered morphology, indicating amorphous
morphology of the salen-CMPs characterized by large agglomerated spherical particles.
Furthermore, energy-dispersive X-ray (EDX) mapping analysis of the salen-CMPs confirmed
the uniform distribution of cobalt, zinc, oxygen, nitrogen, and carbon elements throughout the

catalyst matrix (Figure 5.5c, f).
-4 .Q&\;

iRty o'y o

Figure 5.5: SEM images of salen-CMP@Co (a,b) and salen-CMP@Zn (d,e); elemental

mapping study of salen-CMP@Co (c) and salen-CMP@Zn (f).

The porosity of both polymers was evaluated through nitrogen adsorption measurements at
77K, following sample activation under vacuum at 120 °C for 8 hours. Both polymers

exhibited type | nitrogen adsorption isotherms, as classified by IUPAC®, indicating the
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presence of predominantly microporous structures (Figure 5.6a). The pore size distribution
profiles of salen-CMP@Co and salen-CMP@2Zn showed no significant differences. Based on
NLDFT calculations, the dominant half pore width in both polymers was approximately 10 A
(Figure 5.6b), demonstrating the polymer's intrinsic microporous characteristics. The pore
volume of salen-CMP@Co and salen-CMP@Zn was determined to be 0.54 cc/gm and 0.61
cc/gm respectively. The Brunauer Emmett—Teller (BET) surface areas of salen-CMP@Co and

salen-CMP@Zn were determined to be 645 m?/g and 717 m?/g, respectively.

500
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Figure 5.6: (a) N2 adsorption and desorption isotherm of salen-CMP@Co and salen-CMP@2Zn.
(b) Pore size distribution curves of salen-CMP@Co and salen-CMP@Zn.

Among the two salen-CMPs, salen-CMP@Co was particularly noteworthy due to its superior
catalytic performance under optimized conditions. Therefore, salen-CMP@Co was selected for
further investigation through X-ray photoelectron spectroscopy (XPS) to investigate the
chemical composition and to determine the oxidation state of cobalt within the framework. X
ray photoelectron spectroscopy (XPS) analysis indicated the presence of all the expected
elements, including C 1s, N 1s, O 1s, and Co 2p, in the salen-CMP@Co material (Figure 5.7).
The deconvoluted C 1s XPS spectrum exhibited distinct binding energy peaks at 284.71 eV,
286.18 eV, and 288.69 eV, and 292.54 eV which can be attributed to C—C/C=C bonds, C=N
imine functionalities, C—O and C=C bonds respectively (Figure 5.7a).3**® The deconvoluted O
1s XPS spectrum revealed two distinct binding energy peaks at 531.76 eV and 533.37 eV,
corresponding to C-O bonds and Co?*—0 interactions, respectively, indicating their presence
within the polymeric framework (Figure 5.7b).%® Similarly, the deconvoluted N 1s XPS
spectrum of salen-CMP@Co displayed two binding energy peaks at approximately 400.2 eV
and 399.32 eV, which can be attributed to metal-coordinated nitrogen (M?*—~N) and C—N bonds
within the salen framework, respectively (Figure 5.7¢).%” Furthermore, the successful

incorporation of Co?" into the salen-CMP@Co framework was confirmed by the Co 2p XPS
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spectrum, which exhibited two characteristic peaks at 781.24 eV and 797.25 eV, corresponding
to Co 2ps2 and Co 2p12 of Co(ll), respectively (Figure 5.7d).%8 Furthermore, the satellite peaks
observed at 803.6 eV (Co 2p:/2) and 786.65 eV (Co 2ps/2) are indicative of +2 oxidation state
of Co.%

(b) C1s
Cc-0
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Figure 5.7: High-resolution XPS spectra corresponding to (a) C 1s, (b) O 1s, (c) N 1s, and (d)

Co 2p core levels.

5.3.2 Photocatalytic CO> reduction
Upon successful synthesis of the photocatalysts salen-CMP@Co and salen-CMP@Zn, their

efficiency towards photocatalytic CO: reduction was systematically investigated under visible
light irradiation (A > 400 nm). Photocatalytic CO- reduction was conducted in 5 mL of a mixed
solvent system comprising H.O, CHsCN, and triethanolamine (TEOA), using 1 mg of the
respective catalyst. The reaction system included [Ru(bpy)s]Cl2-6H-0 as the photosensitizer,
TEOA as the sacrificial electron donor, and 2,2'-bipyridine as the cocatalyst. The efficient
photocatalytic reduction of CO: depends on the presence of all the essential components,
including the sacrificial electron donor, photosensitizer, water, and catalyst. Each of these
elements plays a crucial role and together they determine the overall performance of the
photocatalytic system. The photocatalytic reduction of CO- using salen-CMP@Co and salen
CMP@Zn led to the production of syngas (a mixture of CO and H: that serves as a key

intermediate for the synthesis of various fuels). This CO2 conversion to syngas approach has
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gained considerable interest in recent years due to its eco-friendly nature, high safety, and the

ability to operate under mild reaction conditions.*°
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Figure 5.8: Photocatalytic activity of salen-CMP@Co and salen-CMP@Zn towards CO>
reduction in varying amount of H20O within 1 h photocatalytic run.

Based on the photocatalytic experiments, the Zn-containing catalyst, salen-CMP@Zn,
demonstrated lower overall photocatalytic activity. It exhibited a Hz evolution of 2188 umol g~
L and CO evolution of 64 umol g* under conditions using 0.2 mL of water within 1 h (Figure
5.8). Furthermore, increasing the water content to 0.5 mL in the CO- reduction reaction led to
a decrease in overall photocatalytic activity, yielding 1115 umol g! of Hz and 40 pmol g* of
CO (Figure 5.8). Notably, substituting Zn with Co as the catalytic center significantly enhanced
the photocatalytic activity toward CO: reduction, showing a substantial increase in
performance (Figure 5.8). Specifically, salen-CMP@Co with Co as the metal center produced
1628 umol g* of CO and 5922 umol g* of H> using 0.2 mL of water within 1 hour. However,
when the water content was increased to 0.5 mL, the CO and H: yields decreased to 1499 pmol
g' and 1796 pmol g, respectively. These results clearly indicate that among the two
photocatalysts, salen-CMP@Co exhibits superior photocatalytic activity for syngas generation.
Therefore, extended photocatalytic CO: reduction experiments were performed using salen-
CMP@Co, with varying H2O content, to further explore the tunability of syngas composition.
After 6 hours of continuous photo-irradiation, salen-CMP@Co generated 3041 umol g*! of CO
and 20,212 pmol g of Ha, corresponding to an H2:CO ratio of approximately 6.6:1.0, using
0.2 mL of water in the solvent mixture (Figure 5.9a). While increasing the volume of H>O (0.5
ml) in the solvent mixture, yields CO and H2 evolution of 4073 pmol g and 7029 pumol g
respectively with H2:CO ratio of approximately 1.7:1.0 (Figure 5.9b). Hence, by varying the
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ratio of MeCN to H:0 in the solvent mixture we can significantly tune the amount of syngas
production (Table 5.1). The syngas production values achieved using the salen-CMP@Co

photocatalyst are comparable to those reported in previous studies (Table 5.2).
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Figure 5.9: Time dependent photocatalytic CO2 reduction over salen-CMP@Co using (a)
MeCN (3.8 ml) + H20 (0.2 ml) and (b) MeCN (3.5 ml) + H20 (0.5 ml).

Table 5.1: Tunable syngas (CO + H:) generation using salen-CMP@Co in varying acetonitrile—
water (MeCN-H:0) mixtures.

Solvent mixture Photocatalytic Hz2 (umol g™) CO (umol g™) H2:CO
(MeCN+H20) run time (h)
MeCN (3.8 ml) + H20 (0.2ml) | 1 5922 1628 3.6:1
MeCN (3.5ml) + H:0 (0.5ml) | 1 1796 1499 1.2:1
MeCN (3.8 ml) + H:0 (0.2ml) | 6 20212 3041 6.6:1
MeCN (3.5 ml) + H20 (0.5ml) | 6 7029 4073 1.7:1
CH,CN
D,0
TEOA TEOA

85 80 75 70 65 60 55 50 45 40 35 30 25 20
f1 (ppm)
Figure 5.10: 'H NMR spectrum of the reaction mixture obtained after photocatalytic CO:

reduction.
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Apart from CO and H:, no additional liquid products such as CH3OH, HCHO, C,;Hs0H,
HCOOH were detected under the applied reaction conditions as revealed by the *H NMR
spectroscopy of the reaction mixture (Figure 5.10). To elucidate the role of individual
components in the enhanced syngas production over salen-CMP@Co, a series of controlled
experiments were performed (Figure 5.11a). A marked decrease in H> and CO evolution to
2129 umol g ! and 779 umol g! in the absence of H.O indicates that H> generation likely
originates from either H-O or TEOA. Notably, the exclusion of TEOA from the reaction system
resulted in an almost complete loss of photocatalytic activity, highlighting its essential role as
a sacrificial electron donor. These observations imply that TEOA and H.O function as the
electron donor and proton source, respectively, in this photocatalytic CO: reduction system.
Interestingly, the addition of 2,2’-bipyridine significantly enhanced CO and H: evolution,
yielding 1628 pmol g™! of CO and 5922 pumol g' of H, compared to just 395 pmol g™! of CO
and 1276 pmol g! of Hzin its absence (Figure 5.11a), underscoring its role as a key co-catalyst.
These findings confirm that TEOA, H20, and 2,2’-bipyridine are all critical for achieving high
photocatalytic efficiency. The system exhibited no detectable photocatalytic performance in
the absence of either the photosensitizer, indicating that electron transfer necessary for CO2
conversion is driven by the photosensitizer under visible light irradiation (Figure 5.11a). In
contrast, when the catalyst salen-CMP@Co was omitted, only trace amounts of CO (0.048
umol) and Hz (0.055 pmol) were detected. These observations highlight the essential role of
each component in the photocatalytic system. Furthermore, when N2 was used in place of COx,
no CO formation was observed, confirming that the source of CO is indeed the reduction of

CO: and not the degradation of the catalyst or the organic solvents such as TEOA and CHsCN.

10000 5000
(a) N 20 (b) B co
8000 2 4000 Ha
- 1. Normal reaction _
o 2. Without H,O =
g 60004 3. Without 2,2"Bipyridine 3 %0001
2 4. Without TEOA E
° 5. Without catalyst B 2000
§ 4000 6. Without [Ru(bpy).CI,16H,0| 3
o
o 7. Without CO, &
2000 1000 -
l - e d. nd. nd. 04
0- y ! - ; nd h h

1 2 3 4 5 & 7 1tun 2w 3¥%un 4Pun 5P un

Figure 5.11: (a) Photocatalytic activity over salen-CMP@Co uder different conditions. (b)
Recyclability test of salen-CMP@Co in MeCN (3.5 ml) and H20 (0.5 ml) solvent mixture.
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The catalyst’s heterogeneous behavior was further validated through recyclability and
reusability experiments (Figure 5.11b). The photocatalytic activity of salen-CMP@Co
remained consistent over five consecutive 1-hour illumination cycles, indicating excellent
long-term stability. Additionally, post-reaction analysis via PXRD and FT-IR revealed no
significant changes, further supporting the structural stability of under photocatalytic

conditions (Figure 5.12a, b).
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Figure 5.12: (a) PXRD pattern and (b) FT-IR spectra of salen-CMP@Co after and before

photocatalysis

5.3.3 Plausible mechanisms

To provide the detailed understanding of the underlying mechanism of photocatalytic CO-
reduction by the salen CMP@Co system, comprehensive photophysical and electrochemical
characterizations were conducted. The photocatalytic performance is largely governed by two
key parameters: the material’s efficiency in absorbing visible light and its efficiency in
generating and transporting photoinduced charge carriers. To assess the light-harvesting
capabilities, solid state UV-Vis absorption spectra were recorded for both salen-CMP@Co and
salen-CMP@Zn (Figure 5.13a). Both materials displayed a maximum absorption (Amax) at
325 nm. Using Tauc plots derived from the UV-Vis spectra, the optical band gaps were
estimated to be 2.54 eV for salen-CMP@Co and 2.61 eV for salen-CMP@Zn (Figure 5.13c,d).
To further investigate charge recombination behavior, photoluminescence (PL) spectroscopy
was performed with excitation at 330 nm. Both catalysts showed emission peaks centered
around 451 nm (Figure 5.13b). However, the PL intensity of salen-CMP@Co was significantly
guenched in comparison to salen-CMP@Zn, indicating more efficient charge separation and a

reduced recombination rate of photoinduced electron—hole pairs in the Co-based system.
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Figure 5.13: (a) Solid state UV-VIS spectra of salen-CMP@Co and salen-CMP@Zn. (b)
Photoluminescence spectra of salen-CMP@Co and salen-CMP@Zn. (c) Tauc plot for salen-
CMP@Co and (d) salen-CMP@2Zn.

Electrochemical impedance spectroscopy was performed to study charge transfer
characteristics of the materials. As shown in Figure 5.14, the Nyquist plot of salen CMP@Co
exhibited a smaller semicircular diameter compared to that of salen-CMP@2Zn, indicating a
lower charge transfer resistance and enhanced electron mobility in the cobalt-based system.
This improved charge transport efficiency is consistent with the higher photocatalytic
performance observed for salen-CMP@Co. This observation is consistent with the

photoluminescence study.
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Figure 5.14: Electrochemical impedance spectroscopy of salen-CMP@Co and salen-

CMP@Z2n.
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Figure 5.15: Mott-Schottky plot of (a) salen-CMP@Co and (b) salen-CMP@2Zn showing flat
band.

To assess the suitability of the material for photocatalytic CO: reduction, Mott—
Schottky (M-S) measurements were conducted at three distinct frequencies (500, 1000, and
1500 Hz) in a 0.2 M Na.SOa electrolyte solution at pH 7 (Figure 5.15). The positive slope in
the Mott-Schottky plot confirmed the n-type semiconductor behavior of salen-CMP@Co and
salen-CMP@Zn. The flat-band potential (V1) was determined to be —1.21 V and —1.06 V vs.
Ag/AgCI (i.e.,—1.01V and —0.86 V vs. NHE) at pH 7 for salen-CMP@Co and salen-CMP@Zn
respectively. In n-type semiconductors, the conduction band minimum is typically considered
to be closely aligned with the flat-band potential.1° Based on this approximation, the conduction
band (CB) edge was estimated to lie at approximately —1.01 V and —0.86 V versus the normal
hydrogen electrode (NHE) for salen-CMP@Co and Salen-CMP@2Zn respectively, which is
more negative than the standard reduction potentials for both CO2 to CO (—0.53 V) and H2O to
H2 (—0.41 V), as shown in Figure 5.16(a). Using the Vcg value and the optical band gap derived
from the Tauc plot, the valence band (VB) edge for salen-CMP@Co and salen-CMP@Zn was
estimated to be 1.53 V and 1.75 V vs. NHE respectively. These band structure parameters
suggest that the reduction potential of CMPs lies between that of the excited-state [Ru(bpy)s]**
complex (—1.25 V vs. NHE) and the thermodynamic potential for CO:-to-CO conversion
(-0.53 V vs. NHE) (Figure 5.16a).1°® This positioning implies that photoinduced electrons
from [Ru(bpy)s]** can be effectively transferred to salen-CMPs, which in turn facilitates the
reduction of CO:2 to CO through subsequent electron transfer steps.

Based on the preceding experimental findings and analysis, a plausible photocatalytic
mechanism for CO: reduction is proposed, as illustrated in Figure 5.16. Upon visible light

irradiation, [Ru(bpy):;]** become photoexcited, generating electron—hole pairs. The excited
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Figure 5.16: (a) Energy level diagram of [Ru(bpy)s]**, salen-CMP@Co, and salen-CMP@Zn,
illustrating the favourable electron transfer pathways for photocatalytic CO. reduction. (b)

Possible CO2 Photoreduction cycle.

state [Ru(bpy)s]** is subsequently quenched by triethanolamine (TEOA) through a reductive
pathway, yielding the reduced species [Ru(bpy)s]*. This reduced photosensitizer then acts as
an electron donor, transferring the photogenerated electrons to the cobalt catalytic sites
embedded within the framework, thereby facilitating the reduction of CO2, H2O to CO and H>
leading to the formation of syngas. Notably, in the control experiments we have observed a
significant hydrogen production in the absence of H.O which indicate that the protons also
coming from the TEOA as it can also act as proton donor. The surplus protons provided by
TEOA in the reaction environment can be readily reduced to produce H: by photoexcited

electrons.

5.4 Conclusion

In summary, we have successfully developed two novel metal-salen-based CMPs named as

salen-CMP@Co and salen-CMP@Zn, exhibited excellent stability and efficiency for visible
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light-driven CO: photoreduction. These materials demonstrate remarkable capability in
converting CO: into syngas (a mixture of CO and H:), offering tunable product ratios and strong
potential for sustainable solar-to-fuel applications. Among the synthesized catalysts, salen
CMP@Co exhibited the highest photocatalytic performance, significantly outperforming its
zinc-based counterpart, salen-CMP@2Zn. Salen-CMP@Co exhibited enhanced CO and H2
evolution of 779 umol g! and 2129 umol g! respectively within 1 hr. We have controlled the
syngas production by varying the acetonitrile:water ratio. The ratio of H>:CO can be tuned from
6.6:1 to 1.7:1 by using different acetonitrile and water ratio. Overall, this study presents an
innovative approach for the photocatalytic production of syngas with a tunable H./CO ratio,

offering valuable flexibility for meeting diverse industrial and energy-related demands.
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Harnessing solar energy for CO: reduction presents a sustainable and environmentally friendly
approach to address both energy and climate challenges. Converting carbon dioxide into solar
fuels through artificial photosynthesis is a vital strategy in achieving a closed carbon cycle and
advancing renewable energy technologies. In this context, the development of efficient
materials for CO- transformation into value-added chemical fuels represents a key research
focus in contemporary materials chemistry. While inorganic semiconductors like metal oxides
have been extensively explored for this purpose, their limited tunability in electronic band
structures often restricts their effectiveness. Similarly, homogeneous molecular catalysts,
although synthetically flexible, generally suffer from poor stability during extended use.

In contrast, porous materials such as metal-organic frameworks (MOFs), covalent
organic frameworks (COFs), conjugated microporous polymers (CMPs), and covalent triazine
frameworks (CTFs) have emerged as promising candidates for photocatalytic CO- conversion.
These materials offer exceptional surface areas, chemical and thermal robustness, adjustable
pore structures, and functional tunability, making them well-suited for photocatalytic
applications.

In this thesis, we focused on the rational design and synthesis of MOFs, CTFs and
CMPs as porous scaffolds to introduce redox-active metal centers and metal coordination
complexes, through various post-synthetic modification strategies with the aim of developing
efficient photocatalysts for CO: reduction. These engineered materials were systematically
studied for their photocatalytic performance in CO: reduction. The main outcomes and insights
derived from this work are summarized below:

In chapter 2, we report the successful synthesis of a chemically and thermally robust
covalent triazine framework (CTF-TPE) constructed from tetra(4-cyanophenyl) ethylene
(TPE) under solvothermal conditions using trifluoromethanesulfonic acid (CFsSOsH) as a
catalyst. The structural and physicochemical properties of the CTF-TPE were comprehensively
characterized by X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (PXRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), infrared (IR)
spectroscopy, and solid-state 3C CP-MAS NMR spectroscopy. The resulting material
exhibited a high surface area of 434 m#/g.

We have used this framework as solid supports for anchoring Co?* single metal sites
within the framework through N atom of the triazine ring to develop robust single atom
photocatalyst. The presence of atomically dispersed cobalt was confirmed using extended X-

ray absorption
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fine structure (EXAFS) spectroscopy,extended X-ray absorption near-edge structure (XANES)
spectra, XPS, and high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM). The resulting single-atom catalyst, Co@CTF-TPE system demonstrated
outstanding performance in photocatalytic CO: reduction, achieving a CO evolution rate of
6616 umol/g over 7 hours under visible light irradiation, surpassing many previously reported
CTF-based catalysts.

Moreover, the catalyst exhibited excellent stability and reusability, maintaining
consistent CO production over five consecutive cycles. Photophysical and electrochemical
analyses indicated that the incorporation of isolated Co?* sites significantly enhanced charge
separation and transfer while suppressing electron-hole recombination. We have also give
forward a plausible plausible mechanism for the photocatalytic CO. reduction. These results
highlight the potential of single-atom cobalt-modified CTFs as a promising platform for

efficient and durable photocatalytic CO: reduction.

In Chapter 3, the imidazolate framework Potsdam (IFP) was selected as a platform due
to its exceptional chemical stability and accessible sites for post-synthetic functionalization.
This study focuses on the development of transition metal-based photocatalysts using the IFP
structure, a subclass of zeolitic imidazolate frameworks (ZIFs), which features
pentacoordinated secondary building units of Zn(ll) in IFP-1(Zn) and Co(ll) in IFP-5(Co),
bridged by 2-methylimidazolate-4-amide-5-imidate (MIAI) linkers. Furthermore, a bimetallic
photocatalyst, IFP-1(Zn/Co), was synthesized by partially replacing the redox-inactive Zn(ll)
with redox-active Co(ll) in IFP-1(Zn), enabling the study of cooperative effects in
photocatalysis. A comparative evaluation of the photocatalytic activity of IFP-1(Zn), IFP-
5(Co), and the bimetallic IFP-1(Zn/Co) was conducted to assess their performance in CO-
reduction. The efficiency of photocatalytic CO. conversion of the synthesized catalysts
demonstrated a clear trend in activity: IFP-1(Zn) < IFP-1(Zn/Co) < IFP-5(Co). IFP-1(Zn)
showed limited photocatalytic efficiency, yielding only 29 umol g ! of CO and 24 pmol g! of
H: within 1 hour, indicating its inadequacy for effective CO: photoreduction. Incorporation of
Co?" ions into IFP-1(Zn) via metal ion exchange significantly enhanced its catalytic behavior,
with the resulting IFP-1(Zn/Co) achieving 636 umol g! of CO and 1036 umol g! of Hz in the
same duration. Extended photocatalytic evaluation of IFP-5(Co) over 5 hours further confirmed
its robustness, with cumulative CO and H: production reaching 10,301 pumol g'! and 6868
umol g', respectively corresponding to the production rates of 2060 umol g' h™" and 1373
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umol g' h™'. These results underscore the critical role of Co centers in enhancing photocatalytic
activity and establish IFP-5(Co) as a highly promising candidate among MOF-based
photocatalysts for efficient CO. reduction. To understand the mechanisms behind the CO:
reduction process, a thorough study combining photophysical characterization, electrochemical
analysis, and Density Functional Theory (DFT) calculations was conducted. This study
highlights the promise of IFP-based MOFs and strategic metal ion substitution as effective

approaches for designing advanced photocatalysts aimed at sustainable CO:2 conversion.

In Chapter 4, we synthesized a redox-active ruthenium (II) complex, [Ru(cptpy):]
(where cptpy = 4'-(4-carboxyphenyl)-2,2".6',2"-terpyridine), designed for photocatalytic CO-
reduction. This metallo-ligand was successfully integrated into a robust Zr-NDI metal-organic
framework (MOF) using two synthetic approaches: solvent-assisted ligand exchange (SALE)
and mixed-ligand solvothermal synthesis. The resulting hybrid materials, denoted as Zr-
NDI@Ru-tpy and Zr-NDI@Ru-tpy-m. Comprehensive characterization including *H NMR,
FT-IR, PXRD, UV-Vis spectroscopy, X-ray photoelectron spectroscopy (XPS), and cyclic
voltammetry verified the successful incorporation of the [Ru(cptpy)2] complex into the MOF
scaffold. Under visible-light irradiation in the presence of BIH and TEOA as sacrificial electron
donors, and [Ru(bpy)s:]** as a photosensitizer in DMF, Zr-NDI@Ru-tpy exhibited exceptional
photocatalytic activity, achieving CO and H: evolution of 14,698 umol g and 606 pmol g,
respectively, over 6 hours. Notably, the CO selectivity reached ~97%, and the turnover number
(TON) was calculated to be 123, significantly higher than the homogeneous [Ru(cptpy):]
complex, which showed a TON of only 48 under identical conditions. This enhancement in
photocatalytic activity can be ascribed to the presence of NDI units in the MOF, which likely
serve as electron mediators or reservoirs, promoting more efficient charge separation and
transfer. In situ diffuse reflectance infrared Fourier transform (DRIFT) spectroscopy provided
evidence for CO: adsorption and activation on the catalyst surface, revealing the formation of
the COOH* intermediate as a key step in the reaction pathway. Based on photophysical,
electrochemical, and in situ spectroscopic analyses, a plausible reaction mechanism has been
proposed.

Overall, this study demonstrates that anchoring redox-active molecular catalysts within
MOF matrices can significantly improve their photocatalytic efficiency, stability, and
recyclability, offering a promising strategy for the development of advanced materials for CO-

reduction.
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In Chapter 5, we successfully designed and synthesized two novel metal-salen-based
conjugated microporous polymers, denoted as salen-CMP@Co and salen-CMP@Zn. These
frameworks were constructed via a Sonogashira—Hagihara C—C coupling reaction, employing
Salen-Co/Zn complexes and 1,3,5-triethynylbenzene as the core building blocks. The polymers
obtained were systematically analyzed through a range of characterization methods, including
FT-IR spectroscopy, solid-state 13C NMR, nitrogen adsorption—desorption isotherms, powder
X-ray diffraction (PXRD), thermogravimetric analysis (TGA), field-emission scanning
electron microscopy (FE-SEM), and X-ray photoelectron spectroscopy (XPS), to
comprehensively assess their structural, thermal, morphological, and surface chemical
properties. These materials were applied as photocatalysts for visible-light-driven CO-
reduction and proved to be potential candidate to generate syngas (a valuable mixture of CO
and H-) in significant quantities. Among the two catalysts, salen-CMP@Co exhibited superior
photocatalytic performance compared to its zinc-based counterpart, salen-CMP@Zn,
achieving CO and H: evolution rates of 3041 pmol g! and 20,212 pmol g™!, respectively.
Notably, the syngas composition could be effectively tuned by varying the acetonitrile-to-water
ratio in the reaction medium. Given the limited number of studies exploring conjugated
microporous polymers (CMPs) as photocatalysts for CO: reduction, this work offers a
promising foundation for creating enhanced CMP-based materials with improved stability and
efficiency for solar fuel applications.

Taken together, the findings presented in this thesis clearly demonstrate that covalent
triazine frameworks (CTFs), metal-organic frameworks (MOFs) and conjugated microporous
materials (CMPs) serve as highly effective porous scaffolds for anchoring molecular catalysts
or redox-active metal centers. These hybrid materials enable the construction of robust
heterogeneous photocatalysts capable of facilitating CO- reduction under various experimental
conditions. The synthesized catalysts exhibit notable activity under visible-light irradiation,
efficiently driving the photocatalytic CO> reduction to CO and Ha, thereby highlighting their
potential for solar-to-chemical energy conversion applications.

Photocatalytic CO: reduction remains a significant challenge, particularly when aiming
to generate valuable products such as methane or methanol. These products, while more
difficult to obtain, are also more desirable due to their practical applications. Achieving this
without relying on sacrificial electron donors remains a key hurdle. Ideally, future systems will
use only water as the electron source, paired with earth-abundant cocatalysts and low-cost

porous semiconductors. This thesis highlights the potential of MOFs, CTFs and CMPs as
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promising platforms for photocatalytic CO: reduction, primarily due to their high surface area,
tunable porosity, and the capacity to precisely engineer functional sites at the molecular level.
However, their practical viability depends on ensuring sufficient structural and chemical
stability under reaction conditions. Strategies such as incorporation of single metal sites, metal
ion exchange, and solvent-assisted ligand exchange have been employed here to enhance
photocatalytic efficiency. It is anticipated that the findings presented will inspire continued
development of porous organic and organic-inorganic hybrid materials for photocatalytic CO-
reduction, moving closer to the ultimate goal of producing useful carbon-based fuels without

the need for sacrificial agents.
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