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Thesis Abstract

The exponential increase of global population and the enduring dependence on fossil fuel resources
causes huge challenges towards mankind. In terms of energy density, H» is unparalleled, possessing the
highest energy density (approximately 142 kJ/mol) in comparison to all other fossil fuels and energy
sources. it is noteworthy that nearly 65% of hydrogen's overall production is allocated for synthesis of
NH; by Haber-Bosch process as well as polyester and resin production. The conventional sources from
which hydrogen is produced encompass a variety of materials, notably including natural gas, various
hydrocarbons, and water in its liquid form. At present, the production of hydrogen is predominantly
attributed to natural gas, heavy oils, naphtha and coal, which creates enormous pollution. The
substantial progress achieved in the field of photocatalytic H, production has effectively established
photocatalysis as a promising intermediary technology that facilitates the conversion of solar energy
into H> fuels, a development that has unfolded over the last forty years and highlights the increasing

importance of such technologies in addressing global energy challenges.

The work embodied in the thesis entitled “Optimizing Photocatalytic Hydrogen Evolution
Through Synergistic Charge Transfer in Donor Acceptor Based Hybrid Photocatalyst”
focusses broadly in the four areas (1) Probing on the role of degree of chemical reduction in RGOs for
improved photocatalytic activity of MAPbI;/RGO heterostructures through appropriate band
alignments. (2) Role of solvent assisted morphology dependent MAPI has been investigated for better
photocatalytic and photoelectrochemical activities. Altercation in reaction medium from HI to DMF not
only alter the surface morphology from cuboid to rod shape, it also influences various aspects of
photocatalytic and photoelectrochemical activities. MAPIpmr exhibited superior performances in terms
of HER activities by 28 times Compared to MAPIy;. Alongside role of polyfluorene polymer in the
encapsulation of MAPbI; microcrystal by through electrostatic interaction, which enhances both the
structural integrity in ambient moisture abundant atmosphere as well as the photocatalytic H, evolution
rates. (3) Rational design of heterostructures made of amorphous MoS; and environment friendly lead
free MABI, where boosted HER performance was achieved through smooth transition from type I to
type II heterojunction by atomic level alteration in chemical composition. (4) Formation of g-C3;Ny
based covalent heterostructure. Where carbon nitride was directly anchored with metal co-ordinated

ligand centers through covalent bonding enabling improved millimole scale H, evolution rates.

The dissertation begins with a brief general introduction, Chapter 1, which serves as a background for

this thesis and as a basis for the works that are presented in the following chapters.
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In chapter 2, role of oxygen content dependent RGOs in MAPI/RGO heterostructures has been
investigated for photochemical and photoelectrochemical activities. This chapter also summarizes the
fact that variation in extent of chemical reduction not only controls the atomic percentage of oxygen
content, but also governs the varied bandgaps as well as band edge positions for three variants of RGOs.
Among all these variations, S2 RGO with bandgap of 2.59 eV and oxygen content of 24% was
identified as the best performing co-catalyst with highest HER. On contrary MAPI/S3 RGO registered
lowest photoelectrochemical and HER activities where S _3/RGO is the most chemically reduced
variant of RGO with lowest oxygen content (18%) with a bandgap of 2.33 eV. For MAPI/S1_RGO
composites the performance were slightly lesser than MAPI/S2 RGO. To rationalize the occurrence of
disparities in photoelectrochemical and photocatalytic activities of all three MAPI/RGO composites,
we have proposed an electron transfer mechanism, where depending upon the relative CBM positions
of MAPI and respective RGO, dissimilar photogenerated electron transfer took place.

Chapter 3, summaries the role of solvent assisted morphology dependent MAPI has been
investigated for photocatalytic and photoelectrochemical activities. Altercation in reaction
medium from HI to DMF not only alter the surface morphology from cuboid to rod shape, it
also influences various aspects of photocatalytic and photoelectrochemical activities. MAPIpmr
exhibited superior performances in terms of HER activities by 28 times Compared to MAPI 1.
The superior HER performances of MAPIpbmr were supported by quenched photoluminescence
intensity, higher photocurrent, lower charge transfer resistance. The improved photocatalytic
and photoelectrochemical activities might be attributed to larger surface area possessed by rod
shape MAPIpmr. A greater surface area provides more reaction sites, enabling the absorption of
a higher number of photons resulting accelerated H» evolution. A stable MAPbIs/polyfluorene
composite was successfully prepared by an in-situ fabrication. The incorporation of
polyfluorene on MAPIpmr surfaces not only broadens the light absorption range but also
enhances charge segregation and transport at the MAPIpme/PF1o interface, leading to improved
photocatalytic and photoelectrochemical activities. Under optimized conditions, MAPIpmr/PF 1o
exhibited a maximum HER activity of 6200 umol h™' g!. The enhanced HER activity of
MAPIpmr/PF 1o may be attributed to the efficient interfacial charge transfer from MAPIpwmr to
the polyfluorene co-catalyst owing to proper alignment of CBM of MAPIpmr and the LUMO of
polyfluorene.

Chapter 4 summarizes the influence of phosphorus doping on band gap and energy levels. This study
elucidates that the band gap of MoS, declines from 1.39 eV for pristine MoS; to 1.28 eV for P5S0_MoS,,
and it further diminished to 1.07 eV for P100_MoS; upon doping with P. Concurrently, the VBM energy
level of all the MoS; variants experienced a downward shift. Consequently, P50_MoS,/MABI and
P100_MoS,/MABI composites have established a type II heterojunction, whereas MoS,/MABI results

in a type I heterojunction.

[v]
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It is noteworthy that type II heterojunctions are typically more favorable for the separation and
migration of photogenerated charges when compared to type I heterostructures,

P50 MoS,/MABI demonstrated superior photocatalytic and photoelectrochemical efficiencies
relative to the others. Even though P100_MoS,/MABI possessed type II heterojunction still it exhibited
the least reaction rates among three composites. The relative energy band positions of P100_MoS; and
MABI might be attributed to the diminished HER activity. The CBM of P100_MoS, was located at
significantly deeper energy level compared to E(H/H»), inhibiting its function as a photoelectron
carrier, thereby resulting in the compromised photocatalytic HER activities of P100_MoS,/MABI
composites.

Chapter 5 summarizes the chemical functionalization of g-C3;N4 via a covalent methodology
employing cyano porphyrin has been demonstrated to serve as a significant tactic for augmenting and
introducing novel properties to g-CsNa, thereby facilitating charge separation and enhancing visible
light absorption in the tail region. This advancement enables the attainment of improved HER activities
from ascorbic acid aqueous solutions. The covalent grafting of porphyrin moieties onto the g-CN sheet
has provided coordination sites for transition metals such as Ni** and Co*". The Metal co-ordinated
por_g-CN could further enhance the H, evolution rates. The presence of metalated porphyrin moieties
on g-CN has been shown to alter the kinetics of photogenerated charge migration, as evidenced by
photocurrent and impedance studies. Porphyrin-anchored g-CN has demonstrated hydrogen evolution
of 3200 pmol-g'h'. Notably, the maximum hydrogen evolution recorded was 4200 umol-g'h™,
achieved by Co_por_g-CN. This accelerated HER performance was attained through covalent linkage,
where the migration of photogenerated charge transfer was considerably more feasible in comparison
to conventional heterostructures. Between the Ni and Co metalated photocatalysts, Co por g-CN
exhibited a slight upper hand in terms of HER activities. In the case of transition metal-coordinated
photocatalysts, prior to the formation of molecular hydrogen, metal hydride bonds are established. The
cleavage of the metal hydride bond is regarded as the rate-determining step (RDS) that governs the rate
of hydrogen evolution. The displacement of the H™ ion, which initiates the formation of molecular Ha,

is considerably more facile for Co_por_g-CN.
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Thesis Abstract

The exponential increase of global population and the enduring dependence on fossil fuel resources
causes huge challenges towards mankind. In terms of energy density, H» is unparalleled, possessing the
highest energy density (approximately 142 kJ/mol) in comparison to all other fossil fuels and energy
sources. it is noteworthy that nearly 65% of hydrogen's overall production is allocated for synthesis of
NH; by Haber-Bosch process as well as polyester and resin production. The conventional sources from
which hydrogen is produced encompass a variety of materials, notably including natural gas, various
hydrocarbons, and water in its liquid form. At present, the production of hydrogen is predominantly
attributed to natural gas, heavy oils, naphtha and coal, which creates enormous pollution. The
substantial progress achieved in the field of photocatalytic H, production has effectively established
photocatalysis as a promising intermediary technology that facilitates the conversion of solar energy
into H> fuels, a development that has unfolded over the last forty years and highlights the increasing

importance of such technologies in addressing global energy challenges.

The work embodied in the thesis entitled “Optimizing Photocatalytic Hydrogen Evolution
Through Synergistic Charge Transfer in Donor Acceptor Based Hybrid Photocatalyst”
focusses broadly in the four areas (1) Probing on the role of degree of chemical reduction in RGOs for
improved photocatalytic activity of MAPbI;/RGO heterostructures through appropriate band
alignments. (2) Role of solvent assisted morphology dependent MAPI has been investigated for better
photocatalytic and photoelectrochemical activities. Altercation in reaction medium from HI to DMF not
only alter the surface morphology from cuboid to rod shape, it also influences various aspects of
photocatalytic and photoelectrochemical activities. MAPIpmr exhibited superior performances in terms
of HER activities by 28 times Compared to MAPIy;. Alongside role of polyfluorene polymer in the
encapsulation of MAPbI; microcrystal by through electrostatic interaction, which enhances both the
structural integrity in ambient moisture abundant atmosphere as well as the photocatalytic H, evolution
rates. (3) Rational design of heterostructures made of amorphous MoS; and environment friendly lead
free MABI, where boosted HER performance was achieved through smooth transition from type I to
type II heterojunction by atomic level alteration in chemical composition. (4) Formation of g-C3;Ny
based covalent heterostructure. Where carbon nitride was directly anchored with metal co-ordinated

ligand centers through covalent bonding enabling improved millimole scale H, evolution rates.

The dissertation begins with a brief general introduction, Chapter 1, which serves as a background for

this thesis and as a basis for the works that are presented in the following chapters.
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In chapter 2, role of oxygen content dependent RGOs in MAPI/RGO heterostructures has been
investigated for photochemical and photoelectrochemical activities. This chapter also summarizes the
fact that variation in extent of chemical reduction not only controls the atomic percentage of oxygen
content, but also governs the varied bandgaps as well as band edge positions for three variants of RGOs.
Among all these variations, S2 RGO with bandgap of 2.59 eV and oxygen content of 24% was
identified as the best performing co-catalyst with highest HER. On contrary MAPI/S3 RGO registered
lowest photoelectrochemical and HER activities where S _3/RGO is the most chemically reduced
variant of RGO with lowest oxygen content (18%) with a bandgap of 2.33 eV. For MAPI/S1_RGO
composites the performance were slightly lesser than MAPI/S2 RGO. To rationalize the occurrence of
disparities in photoelectrochemical and photocatalytic activities of all three MAPI/RGO composites,
we have proposed an electron transfer mechanism, where depending upon the relative CBM positions
of MAPI and respective RGO, dissimilar photogenerated electron transfer took place.

Chapter 3, summaries the role of solvent assisted morphology dependent MAPI has been
investigated for photocatalytic and photoelectrochemical activities. Altercation in reaction
medium from HI to DMF not only alter the surface morphology from cuboid to rod shape, it
also influences various aspects of photocatalytic and photoelectrochemical activities. MAPIpmr
exhibited superior performances in terms of HER activities by 28 times Compared to MAPI 1.
The superior HER performances of MAPIpbmr were supported by quenched photoluminescence
intensity, higher photocurrent, lower charge transfer resistance. The improved photocatalytic
and photoelectrochemical activities might be attributed to larger surface area possessed by rod
shape MAPIpmr. A greater surface area provides more reaction sites, enabling the absorption of
a higher number of photons resulting accelerated H» evolution. A stable MAPbIs/polyfluorene
composite was successfully prepared by an in-situ fabrication. The incorporation of
polyfluorene on MAPIpmr surfaces not only broadens the light absorption range but also
enhances charge segregation and transport at the MAPIpme/PF1o interface, leading to improved
photocatalytic and photoelectrochemical activities. Under optimized conditions, MAPIpmr/PF 1o
exhibited a maximum HER activity of 6200 umol h™' g!. The enhanced HER activity of
MAPIpmr/PF 1o may be attributed to the efficient interfacial charge transfer from MAPIpwmr to
the polyfluorene co-catalyst owing to proper alignment of CBM of MAPIpmr and the LUMO of
polyfluorene.

Chapter 4 summarizes the influence of phosphorus doping on band gap and energy levels. This study
elucidates that the band gap of MoS, declines from 1.39 eV for pristine MoS; to 1.28 eV for P5S0_MoS,,
and it further diminished to 1.07 eV for P100_MoS; upon doping with P. Concurrently, the VBM energy
level of all the MoS; variants experienced a downward shift. Consequently, P50_MoS,/MABI and
P100_MoS,/MABI composites have established a type II heterojunction, whereas MoS,/MABI results

in a type I heterojunction.

[v]
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It is noteworthy that type II heterojunctions are typically more favorable for the separation and
migration of photogenerated charges when compared to type I heterostructures,

P50 MoS,/MABI demonstrated superior photocatalytic and photoelectrochemical efficiencies
relative to the others. Even though P100_MoS,/MABI possessed type II heterojunction still it exhibited
the least reaction rates among three composites. The relative energy band positions of P100_MoS; and
MABI might be attributed to the diminished HER activity. The CBM of P100_MoS, was located at
significantly deeper energy level compared to E(H/H»), inhibiting its function as a photoelectron
carrier, thereby resulting in the compromised photocatalytic HER activities of P100_MoS,/MABI
composites.

Chapter 5 summarizes the chemical functionalization of g-C3;N4 via a covalent methodology
employing cyano porphyrin has been demonstrated to serve as a significant tactic for augmenting and
introducing novel properties to g-CsNa, thereby facilitating charge separation and enhancing visible
light absorption in the tail region. This advancement enables the attainment of improved HER activities
from ascorbic acid aqueous solutions. The covalent grafting of porphyrin moieties onto the g-CN sheet
has provided coordination sites for transition metals such as Ni** and Co*". The Metal co-ordinated
por_g-CN could further enhance the H, evolution rates. The presence of metalated porphyrin moieties
on g-CN has been shown to alter the kinetics of photogenerated charge migration, as evidenced by
photocurrent and impedance studies. Porphyrin-anchored g-CN has demonstrated hydrogen evolution
of 3200 pmol-g'h'. Notably, the maximum hydrogen evolution recorded was 4200 umol-g'h™,
achieved by Co_por_g-CN. This accelerated HER performance was attained through covalent linkage,
where the migration of photogenerated charge transfer was considerably more feasible in comparison
to conventional heterostructures. Between the Ni and Co metalated photocatalysts, Co por g-CN
exhibited a slight upper hand in terms of HER activities. In the case of transition metal-coordinated
photocatalysts, prior to the formation of molecular hydrogen, metal hydride bonds are established. The
cleavage of the metal hydride bond is regarded as the rate-determining step (RDS) that governs the rate
of hydrogen evolution. The displacement of the H™ ion, which initiates the formation of molecular Ha,

is considerably more facile for Co_por_g-CN.
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Chapter 1: Introduction _

1.1 Energy crisis & environment friendly alternatives:

Humanity currently finds itself grappling with a multifaceted crisis that encompasses both
energy shortages and environmental degradation, a predicament that can be largely attributed
to two critical factors that are interrelated: the exponential increase of global population and
the enduring dependence on fossil fuel resources. Forecasts suggest that the world population
is poised to increase dramatically, with estimates indicating a rise of approximately 40-50%
within the forthcoming five decades, culminating in a total exceeding 9 billion individuals by
the mid of 21st century, 2050.%>2 This rapid and significant demographic growth presents two
profound challenges that society must confront. Firstly, it will inevitably lead to a heightened
demand for energy resources, creating an unprecedented necessity for energy production and
consumption by the year 2050. Secondly, this burgeoning population will catalyse an
accelerated depletion of the planet's finite fossil fuel reserves, with particular emphasis on the
extraction and utilization of coal and natural gas reserves, which are already under substantial
stress from existing consumption patterns.

In light of this situation, it is important to recognize that the prevailing economic paradigm,
which governs societal interactions and resource management, exerts a profound influence on
the life-cycle assessments and benchmarks that are pertinent to our society. The life-cycle
paradigm, which encompasses the comprehensive and extensive consumption of modern
commodities and goods, can trace its roots back to the era of the industrial revolution, a period
characterized by the widespread embrace of an economy heavily reliant on fossil fuels. Within
this particular economic framework, the utilization of petroleum began to proliferate, finding
applications in both transportation systems and various industrial processes, thereby rapidly
solidifying its position as the predominant energy source of choice. Despite the considerable
advantages and conveniences provided by petroleum, as well as the remarkable innovations in
transportation and product development that accompanied its rise, certain segments of the
population remained sceptical and wary of its long-term viability and sustainability. It was only
after the insightful and prescient warnings issued by M. King Hubbert, who forecasted the
imminent depletion of the Earth's oil reserves,® that a broader societal concern began to
crystallize regarding this pressing issue, a concern that was rooted in the understanding of the
protracted geological processes required for the formation of these fossil fuels within the
Earth's crust.® 3 This alarmingly accurate prediction gained validation during the initial oil
crisis that transpired between the years 1973 and 1979, a pivotal moment that sparked

widespread awareness and discussion about energy resources and their limitations. Since that
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critical juncture, CO2 emissions have continued to ascend at an alarming rate,® contributing to
a concerning trend that correlates with a significant increase in global surface temperatures,

which has risen by approximately 0.9 °C by the year 2020,” 8 visually represented in Figure 1.
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Figure 1.1: Temperature anomaly and carbon emission around the globe within 1980-2020. (ref. 8)

The global emissions of CO, can be attributed to consumption and utilization of solid or liquid fossil
fuels, illustrated in Figure 2, that has emerged as the principal catalyst for the dramatic escalation
observed in recent decades, thereby playing a pivotal role in the broader phenomenon of climate
change.” Figure 3 displayed the energy supply distribution confirming use of conventional non-

renewable fuel such as coal (33%), natural gas (32.7%), nuclear (19.5 %), petroleum (0.7%).°
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Figure 1.2: Global emissions of CO; due to consumption and utilization of fossil fuels and solid or
liquid forms. (ref. 9)
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Figure 1.3: Different Energy sources used to generate electricity. (ref 10)
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1.2 Renewable energy: an alternate solution:

The implementation of renewable energy sources is increasingly recognized as a feasible and
sustainable solution for the gradual elimination and substitution of traditional fossil fuels,!
which have long been associated with detrimental environmental effects and resource
depletion. Among the established renewable energy forms available, which include tidal and
ocean currents, wind energy, hydroelectric power, biomass, geothermal energy, and solar
power, it is solar energy that stands out as the most promising and viable alternative, primarily
due to its ability to harness the sun, an energy source that is both abundant and powerful.!2 A
multitude of initiatives, research projects, and technological advancements have been actively
pursued and realized across a broad array of solar energy systems, reflecting the growing
interest and investment in this field. It can be convincingly asserted that photovoltaic
technology, alongside concentrated solar power (CSP) methodologies, has attained
unprecedented levels of sophistication and development to date, thereby achieving significant
acceptance and integration within the broader energy sector. Furthermore, the increasing
recognition of the potential of solar energy has mobilized ongoing research and innovation,
aimed at enhancing efficiency and reducing costs, which could further bolster its adoption in
various applications. Consequently, the journey toward a sustainable energy future appears to
be increasingly reliant on the continued advancement and deployment of solar energy
technologies, underscoring their essential role in a comprehensive strategy to transition away

from fossil fuel dependency.

1.2.1 Hydrogen

Hydrogen stands as the most diminutive among all the elements that have been identified to
date, and it simultaneously holds the distinction of being the most abundant chemical element
throughout the vast expanse of the universe. The reason for its absence in a natural state on the
surface of the Earth can be attributed to the fact that H», exhibits a density that is significantly
lower than that of the surrounding air, which leads to its tendency to disperse into the
atmosphere rather than remaining concentrated in one location. This element is not only noted
for being exceedingly light, but it also boasts environmentally friendly characteristics that make
it a desirable fuel option; however, it is important to recognize that hydrogen engages readily
in a variety of chemical reactions with numerous other substances, which underscores its
remarkable potential as an effective reactant in various chemical processes. 13 As a result of
these properties, hydrogen can serve as a source of fuel, whether through direct combustion in

traditional internal combustion engines or via utilization in hydrogen fuel cells, both of which
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yield water as the sole byproduct, thereby completely avoiding the emission of greenhouse
gases such as carbon dioxide (CO3), and firmly establishing hydrogen as a viable alternative
fuel that is both clean and sustainable.!#

In terms of energy density, H> is unparalleled, possessing the highest value in comparison to
all other energy sources. This is primarily due to its substantial energy content, which is
calculated to be approximately 142 kJ/mol; this value is notably two to three times greater than
the energy content of traditional fossil fuel, like methane at 55 kJ/mol, propane at 50.3 kJ/mol,
gasoline at 45.8 kJ/mol, and natural gas at 47.2 kJ/mol.13

The anticipated demand for hydrogen, along with its utilization, is expected to increase
significantly, driven by its intrinsic qualities of being non-polluting, inexhaustible, efficient,
and economically viable, characteristics that are pivotal in the context of the energetic transition
from reliance on fossil fuels to the establishment of a hydrogen economy, a paradigm that has
gained traction particularly after the political upheavals that occurred in the Middle East during
the 1980s. Given this backdrop, there has been a notable surge in societal motivation to adopt
hydrogen as a central component of an economic model.'® An ideal system for the production
of H» necessitates the adoption of the water electrolysis technique, which should be powered
by a clean and renewable electricity source, thereby ensuring the establishment of an
environmentally sustainable cycle that supports the broader goals of sustainable development

and energy transition.!”
1.2.2 Hydrogen production & consumption

The conventional sources from which hydrogen is produced encompass a variety of materials,
notably including natural gas, various hydrocarbons, and water in its liquid form. At present,
the production of hydrogen is predominantly attributed to natural gas, which accounts for
approximately 48% of the total output, while heavy oils and naphtha contributed around 30%,
and coal contributes about 18% to this energy sector.!® Due to its diverse and multifaceted
characteristics as a fuel, hydrogen finds extensive application across a range of industrial
processes; for example, it is noteworthy that nearly 65% of hydrogen's overall production is
allocated for synthesis of NH3; by Haber-Bosch process as well as polyester and resin
production as depicted in Figure 4. Furthermore, another significant domain of application for
hydrogen is within the oil refining industry, where it is employed for a multitude of purposes,
predominantly in the hydrocracking process, which facilitates the transformation of long-chain

hydrocarbons into lighter, more usable hydrocarbons, as well as in the hydrodesulphurization
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process that effectively eliminates sulfur compounds from petroleum products, and in the de-
aromatisation process that is aimed at the extraction of aromatic compounds from complex
mixtures, particularly as a component of the broader oil refining procedure.! In addition to the
aforementioned applications, hydrogen is also utilized in comparatively smaller quantities as a
propellant in aerospace technology, specifically in rocket propulsion systems, where its unique

properties are harnessed for efficient thrust generation in space exploration endeavours.
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Figure. 1.4: Global hydrogen demand and production from various sources.

1.2.3 Solar driven H; production

The initial documented instance of ultraviolet (UV) light-induced photocatalytic hydrogen
generation utilizing titanium dioxide (TiO2) was reported in the year 1972,2° a landmark event
that has motivated an extensive and multifaceted range of scientific inquiry and technological
advancement spanning several decades, ultimately culminating in a variety of applications that
hold significant relevance for human society; these applications range from essential processes
such as energy conversion, which includes techniques like water splitting and carbon dioxide
(CO») reduction, to transformative chemical reactions and the remediation of organic pollutants
that threaten environmental sustainability.2! The substantial progress achieved in this field has
effectively established photocatalysis as a promising intermediary technology that facilitates
the conversion of solar energy into chemical fuels designed for storage, a development that has
unfolded over the last forty years and highlights the increasing importance of such technologies
in addressing global energy challenges. Among the various non-fossil-based fuels, hydrogen
emerges as a particularly noteworthy candidate, widely acknowledged within the scientific
community as a highly promising energy carrier for the future. However, the principal obstacle
that hampers the widespread adoption of hydrogen gas as a viable fuel source resides in its

natural scarcity, coupled with the lack of economically viable, environmentally friendly, and
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non-nuclear methods for its production, in addition to the complexities associated with its
storage and transportation logistics, which further complicate its practical implementation in
energy systems. Consequently, the process of converting solar energy into hydrogen,
commonly referred to as the generation of solar fuels assumes critical significance in the
context of the evolving energy landscape anticipated in the forthcoming decades.??

In the realm of photocatalysis, a photocatalyst operates by absorbing ultraviolet (UV) light
and/or visible light irradiation emitted from either sun or an artificial illuminated light source,
thereby initiating a series of intricate photophysical processes. During this absorption phase,
electrons residing in the VB of the photocatalyst are elevated to the CB, resulting in the creation
of holes within the VB; this phenomenon effectively generates pairs of negatively charged
electrons (¢) and positively charged holes (h"). This particular phase is commonly referred to
as the “photo-excited” state of the semiconductor material, where the energy differential
separating the VB from the CB is termed the “band gap,” which plays an exceedingly vital role
in the absorption of sunlight and other forms of light. It is imperative that this energy gap
corresponds suitably to wavelength of incident light to ensure effective absorption by
photocatalyst material. Followed by the process of photoexcitation, the excited electrons and
holes undergo a separation process and got transferred to the photocatalyst surface, where, in
the context of the photocatalytic HER, they function as reductant and oxidant respectively, in
the production of H> and O; gases, thus facilitating the generation of these essential energy

carriers.
1.3 Basics and history of photocatalytic H> production

1.3.1 Genesis

The conceptual foundation of photo-assisted electrolytic water splitting is profoundly rooted in
the groundbreaking research conducted by the esteemed scientists Fujishima and Honda in the
year 1972, who ingeniously employed ultraviolet (UV) light to irradiate a titanium dioxide
(TiO2) anode that was systematically paired with a platinum cathode illustrated in Figure 1.5,
thereby laying the groundwork for the inception of contemporary heterogeneous photocatalysis
utilizing TiO: along with a variety of other compatible materials, ultimately igniting a plethora
of extensive endeavours aimed at the meticulous design of highly efficient heterogeneous
photocatalysts specifically for the purpose of water splitting.?’ Despite the monumental
significance of this scientific breakthrough, which unequivocally paved the way for novel

avenues in the production of solar fuels. The process of cleaving water into its molecular
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components of hydrogen and oxygen has remained an elusive goal that has yet to be fully
realized in practice. When the surface of the TiO electrode is subjected to irradiation by UV
light, oxygen evolution is instigated at the TiO; electrode as a direct consequence of a water
oxidation reaction. While concurrently, the reduction process facilitates the evolution of
hydrogen at the platinum black electrode. A prominent limitation associated with the
pioneering approach arises due to the intrinsic characteristics that are inherently linked to the
electronic structure of TiO», which is characterized by an optical band gap that exceeds 3 eV,
thereby necessitating the utilization of UV radiation, a form of light that constitutes a mere 5%
of the total solar radiation that reaches the earth surface.?? This innovative concept, which was
fundamentally derived from the operational principles underlying photoelectrochemical cells
that utilize semiconductor electrodes, was subsequently adapted and advanced by the
distinguished researchers across the globe. They applied this foundational knowledge to the
creation of a sophisticated system for photocatalysis that employs semiconductors in form of

particles or powders as effective photocatalysts.

4e_
| e
+ H,O hy
H 2 D 8
H, O,+H*

\__ Pt Tio,

Figure 1.5: Diagram of a photoelectrochemical cell (PEC).

1.3.2 Fundamentals & factors effecting Photocatalytic water splitting

Reactions that are instigated by photocatalytic materials typically adhere to a series of

sequential processes, which can be delineated as follows, also illustrated in Figure 1.6.24

(a) the initial step involves the absorption of photons, which subsequently leads to generation

of charges that are crucial for the photocatalytic activity.

(b) Following this photon absorption, there occurs a migration of the photogenerated charge
carriers, which are electrons and holes, towards the surface of the photocatalytic material,

where they can engage in further reactions.
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(c) It is important to note that a significant proportion of these charge carriers are often
neutralised either within the bulk structure or at the surface of photocatalyst, primarily through
interactions characterized by Coulomb forces, or they may be captured by traps such as

structural defects present in the material.

(d) Consequently, only a limited fraction of the photogenerated charge carriers is able to
ultimately engage in the redox reactions, which in turn leads to a suboptimal performance in
terms of photocatalytic chemical oxidation and reduction activities, as well as a

correspondingly low quantum yield, reflecting the inefficiencies inherent in the system.

® Light irradiation

@ Electron-hole generation

® Electron-hole separation

@ Electron-hole transport to the surface
® Oxidation reaction

©® Reduction reaction and H, generation
@ Bulk recombination

(©\ Surface recombination
OP

H,O/H* f.'_‘ e,
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4

H 00,0
© @

Figure 1.6: A Solar driven water splitting process containing the specific steps involved during
solar activation of the photocatalyst. (Black arrows show favourable steps, while red arrows

show unfavourable steps.)

1.3.3 Thermodynamic feasibility

In order to effectively facilitate the simultaneous processes of reduction and oxidation of H>O,
it is of paramount importance that the adherence to two specific thermodynamic prerequisites
is achieved without compromise. These two indispensable factors consist of the precise
matching of the band gap in conjunction with the impeccable alignment of the band position,
which are both critical to the overall efficiency of the process. To successfully generate
photoexcited electrons and holes, it is essential that the energy of incident photons is not only
equal to but indeed exceeds the threshold defined by its band gap. The process of water splitting
into Hz and O is inherently characterized as an uphill thermodynamic reaction, necessitating

additional energy input as shown in Figure 1.7.2% The standard Gibbs free energy change
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associated with this reaction, denoted as AG", is quantified as 237 kJ/mol, which equivalently
translates to approximately 1.23 eV, as illustrated in Equation 3. Consequently, it follows that
the band gap value (Eg) of the photocatalyst must have to be larger than 1.23 eV, corresponding
to wavelengths of less than 1000 nm, in order to satisfy the thermodynamic requirements
necessary for the achievement of effective water splitting depicted in Figure 8. Nevertheless,
for the utilization of visible light within the spectrum, it is crucial that the band gap energy is
maintained below 3.0 eV, which corresponds to wavelengths greater than 400 nm.26 In this
particular context, the electrons are observed to transition from the valence band to the
conduction band, while concurrently, the holes remain localized within the valence band,

thereby influencing the overall charge carrier dynamics.

2H+ + 26- — HZ, Eredox 3 0 V (Equation 1)
2H>0 + 4h™=4H" + Oz, Eredox= 1.23 V (Equation 2)
H>0 =H; + 1/202, AG = +237kJ/mol (Equation 3)

The charges by photo irradiation possess the capability of H" reduction and H>O oxidation,
respectively, contingent upon the stipulation that both oxidation and reduction potentials of
water must reside in the limit of photocatalyst band gap. Specifically, the lower energy level of
CB must exhibit a potential of more -ve than that of the reduction potential of H"/H> (0 V vs
NHE at pH=0), the upper energy level of the VB must demonstrate a potential more +ve than
that of the oxidation potential of O»/H>O (1.23 V vs NHE at pH=0), as depicted in Figure. 1.8.
In order to enhance the solar-to-hydrogen (STH) efficiency, the band gap of the semiconductor
should be minimized to facilitate the consumption of greater proportion of visible light from
the solar spectrum. Nevertheless, the process of narrowing the band gap may result in a
diminished driving force that offsets the threshold energy barrier connected with the redox
reaction. The phenomena of charge separation, charge carrier mobility, transfer of charge
carriers to active surface sites, devoid of recombination or trapping, are all critical processes
that govern the efficacy of solar driven water splitting. Nonetheless, numerous factors
including crystallinity, crystal structure, surface morphology, surface area and the presence of
cocatalysts will also influence these aforementioned processes.?” The band edges in the energy
levels of the semiconductor photocatalyst typically fluctuate with variations in pH.
Furthermore, the phase stability of photocatalyst across differing pH conditions also

contributes significantly to its performance.
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Downhill reaction

Uphill reaction H,O

v
A

Figure 1.7: Gibbs free energy change for (A) water splitting and (B) the reaction between H»
and O;.
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Figure 1.8: Fundamental principle of semiconductor-based photocatalytic water splitting for

hydrogen generation.

1.3.4 Kinetic factors

In addition to the thermodynamic obstacles, the kinetics associated with water splitting also
presents significant challenges. In the realm of photocatalysis, the processes involving the
generation, separation, and migration of photogenerated charge carriers typically occur over a
time scale ranging from femto- to nano-seconds. Conversely, the surface redox reactions
necessitate a considerably longer duration (micro- to seconds) for completion and are
frequently the rate-limiting factor.?® Notably, the most sluggish phases in the photocatalytic
water-splitting process were the surface reactions, which encompass the HER through proton
reduction and the OER via oxidation. The HER results in the formation of H, while the OER
perpetually supplies protons for the HER and depletes holes created by photo excitation.
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Nonetheless, it is observed that the OER generally proceeds at a significantly slower rate than

that of the HER.

1.3.5 Cocatalyst

photocatalysts devoid of co-catalysts frequently demonstrate notably diminished or even
entirely absent HER activity. Co-catalysts boost the efficacy of semiconductor photocatalysts
in photocatalytic hydrogen generation through various mechanisms.*’

Firstly, these substances have the capacity to enhance light absorption. Cu>O nanogranules that
were subsequently coated with Pt and Au nanolayers (Au/CuxO/Pt), discovering that
Au/Cu0/Pt  photoelectrodes = significantly improve light absorption by facilitating
photoinduced electron transport attributable to the surface plasmon resonance (SPR)

phenomenon and the resultant hot electrons generated from the electron collector layer (Pt).3°

Secondly, co-catalysts can significantly bolster charge transport at their interfaces with
semiconductors. The incorporation of co-catalysts onto semiconductors represents a promising
strategy to enhance the separation and transport of photoexcited electron-hole pairs, mitigate
charge recombination, and thereby elevate the photocatalytic efficacy of solar water splitting

processes.’ ! 32

Thirdly, co-catalysts can provide highly active sites for photocatalytic reactions involving H"
reduction and H>O oxidation by reducing the corresponding activation energy barriers.
Additionally, these materials can improve the stability of photocatalysts by inhibiting photo-
corrosion. For instance, the long-term productivity of CuxO photocatalysts is typically low due
to self-photodecomposition, which limits their overall performance. Consequently, the
incorporation of co-catalysts could substantially enhance carrier transfer efficiency, and
modifications in the charge transfer pathway contribute to the mitigation of self-

decomposition.*?

1.3.6 Sacrificial agents

The utilization of sacrificial agents (SA) represents one of the most efficacious strategies to
enhance HER activity. In a conventional solar driven hydrogen generation procedure, the
electrons generated by light exposure facilitate the reduction of protons (H") to Ha, whereas the
photogenerated holes are utilized in the oxidation (such as the oxygen evolution reaction,
OER). Specifically, the function of SA is to offer a straightforward pathway for interaction with
the holes, typically through a one-electron transfer mechanism, thereby substituting the more

complex four-electron OER.** The single-electron transfer pathway generally exhibits
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significantly lower overpotentials and accelerated reaction kinetics compared to OER.
Moreover, SA-facilitated HER can circumvent the formation of diatomic oxygen from OER,
maintaining an oxygen-free environment throughout the entirety of the photocatalytic
reaction.?® Ultimately, by capturing the excess holes, the incorporation of SA can substantially

mitigate photo-corrosion effects as shown in Figure 1.9.

.
S,

Figure 1.9: Photocatalytic sacrificial agent mediated HER and water splitting (A)
Photocatalytic sacrificial agent-assisted HER. (B) Photocatalytic water splitting.

Abbreviations: SA, sacrificial agent; OP, oxidation product.
1.4 Metal halide perovskite based Photocatalytic H: evolution

The pursuit of an advanced semiconductor photocatalyst characterized by superior
photoconversion efficiency has prompted researchers to explore a vast array of semiconducting
substances. An optimal photocatalyst embodies a multitude of essential attributes, including a
wide spectrum of light absorption, prolonged operational durability, effective charge
separation, and appropriate redox potential for targeted photocatalytic reactions. Nevertheless,
the photocatalysts identified to date fall significantly short of this ideal benchmark. Since its
discovery, TiO> has garnered considerable attention among various photocatalytic materials
due to its affordability, non-toxic nature, and enhanced photochemical resilience. However, its
substantial bandgap serves as a constraining factor which hinder the effective harnessing of
solar photons. Similar to TiO;, the ABO; and AB>O4 structural materials are also
semiconductors with large bandgap that operate exclusively in the UV range. Conversely, other
oxide materials, such as ABO4, ABO,, aurivillius oxides, and ternary chalcogenides, are
capable of absorbing visible light. Yet, their inappropriate band edge alignments render them

unsuitable for catalysing photocatalytic reactions, thereby inherently restricting their
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applicability.”® Consequently, the inadequate photoreduction potential of these substances,
attributable to their extensive bandgap and rapid recombination of charge carriers, intensifies
the motivation to engineer novel semiconductor-based photocatalyst systems with desirable

photoactive properties through innovative materials discovery.

Since Miyasaka and associates initiated the development of hybrid halide-perovskite-based
solar cell in 2009,¢ metal halide perovskite (MHP) semiconductors have captivated the
attention of scholars globally due to their efficacious utilization in high-performance
optoelectronic devices, which encompass efficient solar cells, light-emitting diodes (LEDs),
photodetector and lasers apparatuses. MHPs are classified as ionic crystals characterized by
ABX;. In this formula, ‘A’ denotes as cation of mono valency (MA™*, FA" and Cs"); ‘B’ signifies
a bivalent ion such as Pb**, Sn**, or Cu*"; while X represents ions like C1~, Br~, or I". 37 The
documented metal MHP photocatalysts can be categorized into several groups, including lead-
based hybrid perovskites, perovskites made of all-inorganic precursor, two-Dimensional Dion—
Jacobson hybrid perovskites, ruddlesden—Popper layered perovskites, as well as lead-free
perovskites. The lead-free perovskite derivatives, represented by the formulas A,B(IV)Xs (e.g.,
Cs2Snls), A2B(I)B(I1I)Xs (e.g., Cs2AgBiBrs), and A3B(111)2Xo (e.g., Cs3Bi2Br9), have recently
been synthesized as photocatalysts as an environment friendly alternative to the toxic lead

containing perovskites.*®

The structural integrity of materials is significantly influenced by the interactions between the
cations at A site and BX¢* octahedra. The general composition of ABX3 encompasses BX¢*"
octahedra that share vertices, thereby constructing a three-dimensional network, wherein the
A" cations reside within cavities, exhibiting a 12-fold coordination by halide to neutralize
charge and reinforce the structural network. The Goldschmidt tolerance factor (t) is frequently
employed as a parameter to anticipate the integrity of metal halide perovskites lattice. Typically,

a stable perovskite architecture is feasible within the range of 0.8 <t < 1. t can be defined as,

t= ratra/(V2(ra+rs)) (Equation 4)
where 74, 75, and rx are the ionic radii of A*, B**, and X" ions, respectively. Configuration of
Ideal symmetrical cubic (o phase) ABX3 having robust crystal integrity are found only in
specific instances, necessitating those approaches to value 1. When the ionic radii deviate
excessively, whether being too small or large, the BX¢s unit undergo distortion or tilting,
resulting tetragonal (3 phase) or orthorhombic (y phase) arrangements with in lower-symmetry.

If t < 0.8, the construction of a perovskite structure is not achievable. conversely, when t
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significantly exceeds 1, the three-dimensional framework of BX¢ octahedra linked by shared
vertices becomes unstable, prompting the development of 2D layered perovskite structures.
Furthermore, alongside, octahedral parameters p (defined as ra/rx) suggested as supplementary
structural stability indicators.*® When three-dimensional perovskite lattice are diminished to
low-dimensional configurations, the constraints on size are alleviated. For instance, in two-
dimensional layered perovskites, there exists no limitation on the dimensions of the A-site
cations due to the role of A" cations as interlayer spacers. Additionally, novel tolerance factors

were formulated to accommodate more intricate perovskite compositions.*!
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Figure 1.10: Band gap and band position of various photocatalytic semiconductors both

conventional and halide perovskite photocatalysts against vacuum and normal hydrogen

electrode (NHE).

1
1250 1500

Figure 1.11: Solar spectrum and absorption range of various halide perovskite photocatalysts

in comparison to those of TiO2 and g-C3Na.

In comparison to traditional semiconductors, metal halide perovskites demonstrate an
appropriate bandgap and exhibit exceptional light absorption efficiency across a broad

spectrum. Attributes such as reduced production costs and straightforward solution processing;
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adjustable and direct bandgap;** extended carrier diffusion lengths;* elevated carrier
mobility** and remarkable defect tolerance have captivated the interest of research
communities in perovskite materials.*> In contrast to more traditional photocatalysts, metal
halide perovskites (MHPs) have showcased comparatively smaller bandgap, as illustrated in
Figure 1.10, facilitating the absorption of sun spectrum of full visible range. Due to such
superior optoelectronic characteristics, halide perovskite semiconductors are regarded as

optimal candidates for high-performance photocatalysis shown in Figure 1.11.46

Nevertheless, the inaugural report on halide-perovskite-based photocatalysts, published in
2016,%” wherein Nam and colleagues delineated a methodology for photocatalytic-driven HI
splitting to generate H» utilizing MAPbI;, capitalizing on the dynamic equilibrium of
dissolution and precipitation in saturated aqueous solution of HI depicted in Figure 1.12. They
illustrated that when subjected to visible light irradiation (wavelength: A > 475 nm; intensity:
100 mW cm 2), the photocatalytic hydrogen generation efficacy of MAPbI; can be maintained
for 160 hours without any discernible decrement in performance, and no degradation of the
MAPDI; crystalline phase was noted following the prolonged photocatalytic activity. In the year
2020, Zhao and colleagues engineered a MAPbI; microcrystal/monolayer MoS: nanosheet
(MAPDbI;-MC/ML-MoS2) composite photocatalyst for photocatalytic hydrogen evolution
reaction (HER) via HI splitting.*® This photocatalyst demonstrated remarkable long-term
stability, exhibiting nearly invariant hydrogen generation activity throughout the entire 208-
hour evaluation period under simulated solar irradiation. This dynamic strategy for stabilizing
interfacial equilibrium has also been validated as effective for the hydrogen generation
catalyzed by lead-containing halide perovskites in various aqueous solutions containing haloid

acids.

Despite the efficacy demonstrated by this methodology, the ionic lattice of metal halide
perovskites (MHPs) exhibits considerable instability when subjected to conventional
photocatalytic reaction conditions. MHPs are prone to rapid decomposition into PbX, (where
X =1, Br, Cl) precipitates, Cs"/MA"/FA" cations, and halide ions upon contact with polar
molecules. The volatility associated with amine salts which are hygroscopic in nature,
particularly the MA™ and FA™ cations present in hybrid MHPs, exacerbates moisture-induced
disintegration. * Additionally, water interacts with lattice via hydrogen bonding, leading to
hydration of surfaces, which results in a polycrystalline non-perovskite coating and the
formation of grain boundaries.’® The absorbed water molecules readily permeate through the

MHP lattice and produce intermediate hydrate forms through reactions with the [PbXe]*
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octahedral units.3! The hydrogen bond established between the constituents of organic and
inorganic nature plays a pivotal role in maintaining the perovskite structure's stability, which
was compromised when water forms two distinct types of hydrogen bonds; first, the robust
interaction with the Ihalides and the another weaker interaction with the organic cations.>?> The
aforementioned instability challenges have catalyzed the formulation of diverse strategies
aimed at fostering stable photocatalytic conditions, which can be succinctly categorized as
follows: (i) Providing passivation on perovskite surface, >* (ii) reducing direct exposure by

4

employing solvents and solutions of low polarity, ** and (iii) encapsulating perovskite

nanocrystals to protect them from moisture abundant environment.>

'

-_—

(3) ]
[ |

E (V vs NHE)

-
()
1

Figure 1.12: Energy diagram of perovskite for photocatalytic HI splitting.

1.5 Heterojunctions

In conventional photocatalytic processes, the redox reaction on surface transpires on a
millisecond timescale, substantially slower than the generation of charge carriers
(picoseconds), their migration (pico-/nanoseconds), and even their recombination (nano-
/microseconds), consequently resulting in considerable amounts of undesirable
recombination.?® *® Hence, to extend the lifetime of photoexcited carriers and enhance surface
reactions, heterojunction photocatalysts are extensively engineered to attain superior

photocatalytic efficacy.

A conventional heterojunction is generally characterized as the interface between two distinct
semiconductors with differing band positions, potentially resulting into varied band

alignments. It represents one of the most prevalently employed methodologies, utilizing a
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consolidation of two semiconductors within a single intimate framework to form a robust

heterojunction.

Typically, heterojunctions in photocatalytic applications are categorized into three types based
on the band energy alignment between two semiconductors: Type I (“‘straddling”), Type II
(“staggered”), and Type III (“broken’), as depicted in Figures 1.12. Within the
heterostructures, light excitation induces the formation of electron-hole pairs and their

subsequent separation can occur in one or both parts of heterostructures.>’

Targeted excitation of a singular semiconductor component and utilizing a wavelength
sufficiently long to exclusively excite the component with the narrowest bandgap, can facilitate
the migration of charge carriers through the interface, provided that the band alignment permits

the system to progress downhill energetically.

1.5.1 Type I, Type 11, Type III heterojunctions and efficiencies

In a conventional type-I heterojunction, the energy levels of the CB and VB of one
semiconductor (P1) are positioned at elevated and reduced energy region, respectively, in
comparison to the analogous bands of another semiconductor (P2) (as depicted in Figure
1.13A). Upon exposure to light, the photogenerated charge carriers accumulate within one
semiconductor (P2). In this arrangement, effective segregation of electron-hole pairs is not
achieved, which signifies the principal limitation of a straddling type junction. Additionally,
the redox capability is considerably compromised as the reduction/oxidation reactions transpire
in the semiconductor component possessing a lower redox potential (P2), thus substantially

undermining the redox efficacy of the heterojunction photocatalyst.>®

Conversely, within type-II heterojunction photocatalyst, the photogenerated charge carriers are
capable of migrating to two discrete semiconductors, thereby facilitating efficient segregation
of hole and electron pairs. In this context, the conduction band (CB) and valence band (VB) of
one semiconductor (P1) are situated at higher energy levels than the corresponding bands of
the other semiconductor (P2) (Figure 1.13B). Among the traditional heterostructures it is
apparent that the type-II heterojunction represents the most efficient heterojunction for
augmenting photocatalytic performance due to the advantageous architecture for the effective

segregation of hole and electron pairs. >
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Likewise, redox potential of a staggered type heterojunction catalyst is also likely to be
attenuated, as the oxidation and reduction reactions were facilitated in distinct semiconductor
component, each exhibiting diminished redox potentials. In a type-III heterojunction, the
extreme staggered bandgap precludes any overlap of the bandgaps, as illustrated in Figure

1.13C.

In the context of type-II heterojunction photocatalysts (Figure 1.13B), the energy levels of
semiconductor P1 are noted to be elevated relative to those of semiconductor P2. Consequently,
the photoelectrons generated through photoexcitation will migrate towards semiconductor P2,
while the resultant holes will transfer to semiconductor P1 when subjected to light irradiation,
thereby promoting a spatial segregation of the hole and electron pairs.’*>? likewise to the type-
I heterojunction, the reductive and oxidative capabilities of the type-II heterojunction
photocatalyst are reduced, as the reduction and oxidation reactions transpire on semiconductors
characterized by lower reduction and oxidation potentials, respectively. As depicted in Figure
1.13C, the structural configuration of the type-III heterojunction photocatalyst resembles that
of the type-II heterojunction photocatalyst, with the notable distinction that the staggered gap

is sufficiently pronounced to prevent any overlap of the bandgaps.®°

Type I and type III band alignments are regarded as suboptimal for photocatalytic applications
due to the intrinsic recombination of charge carriers, exacerbated by a reduction in redox
capacity in type I configurations and the absence of synergistic interactions in type III
heterojunction. In type II heterojunctions, the CB and VB of P2 were positioned at lower than
the corresponding bands of semiconductor P1, resulting in partially overlapping band gaps
(Figure 1.13B). Metal halide perovskites typically function as semiconductor I in type II

heterojunctions.
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Oxidation

Figure 1.13: Band energy diagram of (A) type I, (B) type II and (C) type III heterostructures.

1.5.2 p-n junction

A p-n junction may be characterized as a distinctive type II interface, which engenders a
pronounced internal electric field at its interface, facilitating acceleration of the spatial
segregation of hole and electrons in divergent directions. This mechanism ultimately results in
effective and expedited charge separation in comparison to a conventional type II junction.
Notwithstanding, while the type-II heterojunction possesses the theoretical capacity to spatially
segregate hole and electron pairs, the resultant acceleration in the hole and electrons
segregation across such a heterojunction interface is inadequate to counteract the ultrafast hole
and electron recombination phenomena occurring within the semiconductors. Consequently,
the concept of a p—n junction heterostructure has been proposed, which possesses the capability
to expedite the transportation of hole and electron pairs across the heterojunction, thereby
ameliorating the efficacy through the provision of an additional electric field.®' In particular,
an efficacious p—n heterojunction photocatalyst can be synthesized through the amalgamation
of p-type and n-type semiconductors. In the absence of light irradiation, electrons located in
the n-type semiconductor adjacent to the p—n interface exhibit a propensity to diffuse into the
p-type semiconductor, resulting in the formation of +ve charge species, as illustrated in Figure
1.14. Concurrently, holes generated by photo excitation situated in p-type component in
proximity to p—n junction, are inclined to dissipate into the n-type component, thereby
generating negative charges. This process of hole and electron diffusion persists until the
equilibrium in Fermi level was established in the system. Consequently, the vicinity
surrounding of p—n junction becomes charged, engendering a “charged” region called as

internal electric field. ® Upon exposure to incident solar irradiation having energy levels equal
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to or exceeding their bandgap values, both p-type and n-type semiconductors undergo
excitation, resulting in the generation of holes and electrons pairs. The photogenerated holes
and electrons within the p-type and n-type semiconductors will migrate under the influence of
the internal electric field towards the conduction band of the n-type semiconductor and the
valence band of the p-type semiconductor, respectively, culminating in the spatial segregation
of hole and electron pairs. It is imperative to note that this process of hole and electron
segregation is thermodynamically favourable, as the CB and VB of the p-type component are
typically positioned at upper energy levels than that of n-type component within a photocatalyst
of p—n heterojunction. Consequently, the efficiency of hole and electron segregation in p—n
heterojunction surpasses that observed in photocatalysts with type-II heterojunction,

attributable to the synergistic interaction of band alignment and internal electric field.

p-type n-type
semiconductor semiconductor

Neutral : negativespositive; Neutral

P2

Figure 1.14: Band energy diagram of p-n junction.

1.5.3 Direct Z scheme

Addition to p—n junction, an alternative mechanism within heterostructure of type-II
configuration, referred as Z scheme, involves migration of one singular charge. In this
configuration, the light irradiation on the two semiconductor components and the consequent
transfer of electrons lead to an efficient charge segregation, thereby retaining the holes and
electrons within the semiconductor components that possess the maximum reduction potential
and oxidation potentials, respectively. The charge transfer results in the allocation of CB

electrons and VB holes in two distinct semiconductor components, incurring an energy cost
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that is nevertheless lower than that associated with the p—n junction. In this scenario, the
resultant holes and electrons are positioned on the CB and VB of with most reducing and
oxidizing capabilities respective pair. Such charge transfer may occur with or without a
medium, which can include molecular species and metal ions in solution or a metallic contact
with proper work function. spatial segregation of holes and electrons across different
components at their junction considerably slows down recombination of charges, resulting in

prolonged transients characterized by elevated chemical energy.5

A traditional Z-scheme photocatalyst is made of 2 semiconductor components, photocatalyst 1
(P1) and photocatalyst 2 (P2), and a donor (D) /acceptor (A) pair (Figure 1.15). P1 and P2
were not in direct contact. During the reaction, photo-electrons were transferred from the CB

of P1 to the VB of the P2 mediated by A/D pair through the following redox reactions:

A+e—=D (Equation 5)

D+h+t=A (Equation 6)
Catagorically, the transition of species A to species D occurs through a reaction involving
photogenerated electrons derived from the conduction band of Photosystem 1 (PI).
Subsequently, species D undergoes oxidation back to species A via the action of photogenerated
holes originating from the valence band. Given that electrons tend to accumulate at
Photosystem 2 (P2), which possesses a higher reduction potential, while holes concentrate at
Photosystem 1 (P1), characterized by a higher oxidation potential, it is feasible to attain a
spatial segregation of hole and electron pairs, thereby optimizing redox capabilities.
Nonetheless, traditional Z-scheme photocatalysts are constrained to construction in the liquid

phase, which restricts their broader applicability in the domain of photocatalysis.

H+
D ( Reduction
| H;
1
3 i
e-
A

P2

Oxidation

P1

Figure 1.15: Band energy diagram of Z scheme heterostructure.
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1.6 Measurements & characterization

The typical experimental research on semiconductor photocatalysts consists of three parts,

namely, materials synthesis, characterization, and photocatalytic efficiency testing.
Characterization of these semiconductor include chemical composition, physical properties,
and determination of band structure as enlisted in Figurel.16. These properties are important
for assessment of photocatalytic activities of semiconductor photocatalysts for specific

applications.

Characterization of semiconductor
photocatalysts

Physical properties Band structure Chemical composition
Physical structure Band gap Eleq\enta! £ pdsiion
O Electron microscopy Q Tauc plot Q Energy dispersive X-ray spectroscopy
O Atomic force microscopy 0 Electron energy-loss spectroscopy
O Gas adsorption—desorption analysis Band edges and band edge offsets Bl daricfield imaging
Crystallographic properties QO Ultraviolet photoelectron spectroscopy ol atate and structure
Q X-ray d'.ﬁ rqctlon ] S _ Q X-ray photoelectron spectroscopy
O Transmission electron microscopy Fermi level (work function and B b=ormtion spectroscopy
Elidrge dynamics R potential) Q Fourier transform infrared spectroscopy
O Photoluminescence spectroscopy Q Kelvin probe force microscopy @ Raman spectroscopy.
Q Transient absorption spectroscopy O Secondary electron cutoff
0 Surface photovoltage and photocurrent Q Photoelectrochemical methods
spectroscopy
Q Electrochemical impedance spectroscopy
Defects
O Electron spin resonance
O Positron annihilation spectroscopy
Q XPS valence-band spectrum
Optical absorption
Q Diffuse reflectance spectroscopy
QO Finite-difference time-domain method
Stability
O Colloidal stability- zeta potential
Q Thermal stability - TGA

Figurel.16. Characterization techniques of photocatalytic semiconductor.

Utilizing these methodologies not only facilitates the correlation between characterization

outcomes of a photocatalyst and its catalytic efficacy. It may also unveil novel phenomena.

(1) Advancement of photocatalysts were achieved through alterations in chemical composition,
structural configuration, and crystallinity and other attributes. This can be confirmed using

XPS, XAS, FTIR, Raman spectroscopy, FESEM, FETEM and XRD techniques.

(2) Investigation of charge migration phenomena in heterojunctions, as previously indicated,
XPS and XAS possess the capability to elucidate charge transport between multiple
components in a heterojunction by analysing the oxidation states of a particular element across
individual constituents and the heterojunction itself. However, in situ XPS and TAS

methodologies enable real-time observation of charge transport by documenting the variation
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in oxidation states of a constituent element and transient absorption data following the

irradiation of the heterojunction with light.

(3) Examination of defects, which may arise from light irradiation or interaction with water,
oxygen, carbon dioxide, and various other prevalent molecules were observed through the

application of in situ XPS, XAS, FTIR, and Raman spectroscopy.
1.7 Factors effecting Photocatalytic Hz evolution

By analyzing the variances among the evaluation parameters, an initial assessment of catalytic
performance from diverse angles can be conducted. Nevertheless, the experimental conditions
are frequently inconsistent across different studies, presenting a significant obstacle in utilizing
these methodologies and achieving a coherent and standardized comparison among various
systems. Several critical indicators within the current evaluation techniques can be enhanced

for improved assessment.

1.7.1 Light Source

The efficacy of the photocatalyst is intrinsically linked to the characteristics of the light source
employed. Typically, xenon (Xe) lamps, mercury (Hg) lamps, AM1.5 G solar simulators, and
light-emitting diodes (LEDs) are the predominant light sources utilized in laboratory settings.
66 Nonetheless, substantial discrepancies exist among these artificial light sources,
complicating the establishment of standardized protocols across various research facilities. The
spectral range and light intensity can differ markedly among different light sources. Variations
in incident photon flux can yield disparate photocatalytic outcomes, even when utilizing the
same photocatalyst. For diverse illumination sources, both the spectral range and light intensity
display significant fluctuations. Varying incident photon fluxes can produce divergent
photocatalytic efficiencies, even when investigating the same photocatalyst. The precise light
intensity incident upon the reaction surface is heavily influenced by factors such as the reactor
material, the distance separating the light source and the reactor, and the area exposed to
irradiation. Even with an equivalent mass of photocatalyst, differing irradiation areas and

suspension conditions can result in varied photocatalytic performances.
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1.7.2 Reaction Temperature

The photoactivity of catalysis is significantly influenced by the reaction temperature. Elevated
temperatures can enhance photocatalytic efficiency due to a synergistic photothermal effect.
Extremely high temperatures may even surpass the kinetic constraints associated with visible-
light irradiation, as demonstrated by Hu et al. through their examination of black Pt/Ti0,.5
When temperatures exceed 200°C, the differential temperature can exert a more pronounced
effect on photocatalytic performance. Unlike LEDs, the other artificial light sources (Xe lamps,
Hg lamps, and AM1.5 G) exhibit substantial thermal effects. However, it is commonplace for
the reaction temperature to fluctuate by 10 or 20 °C across different locations and seasons.
Maintaining a rigorously consistent temperature before and after the photocatalytic reaction is
challenging. Consequently, variations in temperature complicate the comparison of

photocatalytic performances among different photocatalysts.

1.7.3 Photocatalyst Mass

The rate of photocatalytic hydrogen production is determined by the volume of gas evolved
per unit reaction time and per unit mass of photocatalyst. The mass of the photocatalyst directly
influences the calculation of the hydrogen production rate, AQY and the solar-to-hydrogen
efficiency (STH).®® Thus, it was closely associated with the quantity of photocatalyst
employed, and variations in mass can result in differing rates even for the same photocatalyst.
This phenomenon arises because the rate of hydrogen evolution is not often proportional to the
mass of photocatalyst utilized, due to constraints related to light absorption and diffusion
conditions.®” When large quantity of photocatalyst is employed, a significant portion may be
unable to effectively absorb sufficient light, resulting in diminished photocatalytic activity
when normalized to the unit mass of photocatalyst. Clearly, under such conditions the hydrogen

evolution rate fails to accurately interpret the intrinsic capabilities of the photocatalyst.

1.7.4 Catalyst photostability

The photostability of a photocatalyst is defined as its capability to preserve its catalytic
function and structural coherence when subjected to extended durations of light exposure,
specifically ultraviolet (UV) or visible light. In the realm of photocatalysis, substances such as
semiconductors are energized by light to promote chemical reactions, including the degradation
of contaminants or the splitting of water molecules. For photocatalysts to be viable and

effective over extended periods, they must exhibit photostability, which indicates that they do
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not deteriorate or diminish in efficacy as a result of the light exposure that initiates their
catalytic activities.”® Certain photocatalysts may experience reduction or oxidation upon light
exposure. For example, photocatalysts based on metals may undergo changes in their oxidation
states, subsequently affecting their catalytic characteristics. These alterations can significantly
influence their photostability. Over time, the surfaces of photocatalysts may develop
passivation layers (such as oxide films) that can either reinforce the material's stability or, on

the contrary, impede its catalytic efficiency.
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2.1 Abstract

Lead halide perovskite has emerged as an alternate material for photocatalytic H> evolution
owing to its excellent optoelectronic properties. However, designing an efficient and stable
perovskite photocatalyst system still remains a challenging task. Pristine MAPbI3 exhibited a
lesser H> evolution activity due to lack of reactive sites and its faster degradation. Herein,
reduced graphene oxides (RGOs) with varied chemical reduction were integrated with MAPbI;3
microcrystals by in-situ coupling to construct a robust and effective heterostructure resulting
into a strong interconnection between MAPDbI; and RGO. Careful selection of co-catalysts with
appropriate bandgaps and proper alignment of band positions are the key steps for successful
photocatalytic H, generation. This work highlights that facile and easy photogenerated charge
separation and migration can be achieved for MAPbI3/RGO heterostructures where chemically
modified RGOs having favourable bandgap and band positions were incorporated with
MAPDI; via unusual improved in-situ crystallization resulting into remarkable mmol scale
photocatalytic H> evolution in aqueous HI medium under white light LED illumination. Under

optimal reaction conditions, the H, evolution rate can reach up to 4493 umol g'! h™l.
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2.2 Introduction

Limited resources of conventional fossil fuel and its devastating negative impact on
environment and human health causes a great challenge for mankind. It is well accepted that
H; is one of the most promising energy resources because of its high energy density per unit
mass and pollution free combustion.!"* Effective solar driven Ha generation from splitting of
water or other substances like hydrohalic acids HX (X= Cl, Br, I) holds the key to attain H»
economy. Hy is not only useful as a fuel for transportation but also a valuable feedstock in
heavy industries like steel, fertilizers etc.*® At present, H> is mostly being produced by
reforming of natural gas which is expensive as well as a source of tremendous pollution.® On
the contrary, greener approaches like photocatalytic water splitting or hydrogen halide splitting
to produce green H» has emerged as an environmentally benign, carbon-neutral technique
compared to traditional natural gas cracking.”” In recent times, halide perovskites have
emerged as breakthrough materials in a series of optoelectronic devices such as solar cells,
LEDs, lasers, photo-detectors etc.'%!® Halide perovskite materials have excellent properties
like high absorption coefficient,'* suitable bandgap to capture a large fraction of the solar
photons, high carrier diffusion length!®> and low exciton binding energy'® which facilitates
easier separation of photogenerated charges. Because of all these fascinating properties, hybrid
organic-inorganic halide perovskites are promising candidates for photocatalytic H>
generation. In particular, the role of halide perovskite materials in photocatalytic H, generation
from halogen acids splitting have drawn the attention of the research groups worldwide. After
the first discovery of HI splitting using MAPbI; perovskite!” by Nam et. al. in 2016, several
reports have been published for the same.!®2® In spite of this progress, there are some tedious
hurdles like high moisture sensitivity, harsh acidic operational conditions, critical pH
sensitivity and poor gas evolution rates which make the journey of perovskite photocatalysts
little onerous as a catalyst for commercial use.

To enhance the rate of photocatalytic H> generation, a co-catalyst was tagged to the perovskite
photocatalyst. The function of co-catalyst was to act as a bridge between the perovskite
(photosensitizer) and the medium (e.g., H" for Hz evolution reaction). Basically, tagging the
co-catalyst to the photocatalyst creates a Schottky barrier that ensures the co-catalyst receives
maximum number of photogenerated charges while preventing bulk charge recombination.
Various materials like Pt, Ni3C, MoS,, Black Phosphorus, PEDOT: PSS, TiO; etc. have been
reported as co-catalysts for photocatalytic activities.!”!%1%2%31 In context of RGO as a co-

catalyst, gram scale synthesis of RGO (Reduced Graphene Oxide) is feasible in laboratory
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environment as well as economical. RGO is one of the few materials which is stable in strong
acidic media,*?> rendering it as an excellent choice as co-catalyst in MAPbIs/co-catalyst
composites system for solar driven HI splitting. RGO is one of the few semiconductor materials
where desired and improved outcome can be obtained by bandgap alteration which is possible
by facile chemical reduction. RGO acts as an excellent electron reservoir’® as well as a
transporter leading towards enhanced photocatalytic performance of the composites by
facilitating separation and migration of photogenerated electrons from MAPbI; to the H' ions
in the reaction medium.

In this study, three chemically reduced RGOs were synthesized, namely S1 RGO, S2 RGO,
and S3 RGO by altering the quantity of Na;SO; utilized, specifically 50 mg, 100 mg, and 200
mg. The least reduced variant SI RGO was prepared with 50 mg of Na>SOs. Conversely,
S3 RGO with the highest degree of reduction, obtained through the use of 200 mg of Na2SO3.
Herein, we have reported a facile and efficient method of developing methylammonium lead
iodide (MAPI) based catalyst/co-catalyst heterostructures with as-prepared RGOs via in-situ
crystallization.

MAPbBI3/RGO system for photocatalytic hydrogen evolution was reported earlier. However,
in this article we have investigated the role of degree of chemical reduction in RGOs for
photocatalytic activity of MAPbIz/RGO heterostructures. Varied reduction of GO not only
influence the bandgap of RGO but also affect the VBM positions of the specific RGO which
further create an impact on charge transfer characteristics in photocatalytic HER. Even though
all heterostructures exhibited improved H> evolution reaction (HER) activity as compared to
pristine  MAPI, the highest photocatalytic H> generation rates were delivered by
MAPI/S2 RGO composites. Pristine MAPI microcrystal showed HER activity of 30 umol g!
h™! under visible white light LED (Figure S2.1) whereas for MAPI/S2 RGO composites the
registered maximum HER activity was 4493 pmol g ! h™! which is 150 times higher than
pristine MAPI.

2.3 Results and discussion

The pristine MAPI is inherently crystalline in nature that was well described in X-ray
diffraction as shown in Figure 2.1. The signature peaks of MAPI were observed at 14.14°,
28.48°,31.92°,40.71° and 43.25° corresponding to planes (110), (220), (222), (400) and (402)
respectively; belonging to space group I4cm (108) (JCPDS no= 01-083-7582). As-prepared

pristine MAPI displayed identical XRD patterns with standard reference, confirms successful
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single-phase product formation. The RGO is amorphous in nature and displayed broad peaks
in the range between 18° to 32° that corresponds to (002) plane and a sharp peak around 42.6°
(Figure S2.2). Figure 2.1 depicts that MAPI/S2 RGO composites had retained all signature
peaks of the pristine MAPI. No characteristic broad peaks of the amorphous RGO co-catalyst
were observed in the diffractogram of MAPI/RGO composites due to the high crystalline nature
of MAPI. Similar kinds of patterns were observed for MAPI/SI RGO and MAPI/S3 RGO
(Figure S2.3). It is worth mentioning that no change in XRD pattern of MAPI/S2 RGO was
observed even after 100 hours of white light exposure in aqueous HI/H3PO> solution which
portrays that no structural degradation of perovskite crystal structures occurred even after 100
hours of H> evolution activity (Figure S2.4). The 3 variants of RGOs were further

characterized with Raman spectroscopy as displayed in Figure S2.5.

MAPI/S2_RGO ‘
L Al A h .
pristine MAPI
A. A MA TU o
20 30 40 5

10

0
2 Theta

Figure 2.1: XRD patterns of the synthesized pristine MAPI, and MAPI/S2 RGO.

The absorption characteristics of three RGO co-catalysts were examined using UV-visible
spectroscopy. The three RGO co-catalysts (S1 RGO, S2 RGO, S3_RGO) exhibited slightly
shifted UV-visible spectra due to variations in the degree of reduction. Figure 2.2 a illustrates
that these co-catalysts possessed different bandgaps (calculated from the Tauc’s plot), which
might be attributed to their distinct chemical compositions. The least reduced co-catalyst
(S1_RGO) had a bandgap of 2.83 eV, while S2 RGO (moderately reduced) and S3_ RGO
(maximum reduced) had bandgaps of 2.59 eV and 2.33 eV, respectively (Figure 2.2 b, ¢, d).
These findings established a direct correlation between the extent of chemical reduction and
the measured bandgaps. As the degree of chemical reduction progressed from S1 RGO to
S2 RGO to S3 RGO, there was a gradual decrease in the bandgap, with S1 RGO having the
highest value of 2.83 eV and S3 RGO having the lowest value of 2.33 eV.
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Figure 2.2: (a) comparative studies of bandgaps of RGOs. Bandgaps of (b) S3 RGO, (c)
S1 RGO, (d) S2_RGO calculated from Tauc’s plot

Solid state UV-visible spectroscopy was employed to examine the absorption properties of
MAPI/RGO composites. Upon incorporating the co-catalysts, MAPI/S] RGO and
MAPI/S2_ RGO composites exhibited a notable enhancement in their visible light absorption
capabilities in comparison to the pristine MAPI, when subjected to equivalent sample quantities
(Figure 2.3). In contrast, the pristine MAPI displayed the lowest absorption intensity within
400-800 nm region, with a bandgap of 1.55 eV determined from the Tauc’s plot (Figure. S2.6).
It is important to note that the absorption tail for the RGO loaded MAPI composites was
extended beyond 800 nm. It signifies that MAPI/RGO composites can absorb a wider range of
solar radiation than the pristine MAPI. This absorption phenomenon is commonly observed in

composites with strong heterojunctions.>!

1.4
S1.2-
8
o 1.0
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Figure 2.3: Solid state UV-visible spectra of pristine MAPI and its composites.
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To understand the morphology, interaction between MAPI, RGO and the distribution of the
elements in the photocatalyst composites, FESEM), FETEM and EDX analysis were
performed. Figure 2.4 a, b represents the FESEM images of MAPI/S2 RGO composites and
pristine MAPI respectively. The pristine MAPI microcrystals were highly crystalline in nature
with a morphology corresponding to smooth surface. Furthermore, upon loading of RGO to
MAPI, a microstructure was formed where tiny clusters of RGO were found to be firmly
embedded on the MAPI surface indicating an intimate integration of MAPI and RGO. EDX
was performed to understand the elemental distribution in the composites. Elemental mapping
ofthe MAPI/S2 RGO photocatalyst composite (Figure 2.4 d, e) depicts that the Pb and I atoms
(contributed by MAPI) were observed to be uniformly distributed throughout the crystal. As
shown in Figure 2.4 f, g TEM and HRTEM images of MAPI/S2 RGO composites depict that
MAPI and RGO have 2 distinct clear lattice fringes with d spacing of 0.231 nm and 0.356 nm
for RGO and MAPI respectively. The robust heterojunction might be attributed to growth of
MAPI microcrystal structures around the RGO clusters.

Figure 2.4: FESEM top view images of (a) pristine MAPI, (b) MAPI/S2 RGO composite.
EDX elemental mapping of (¢) all elements, (d) Pb, (e) . TEM (f) and HRTEM (g) images of
MAPI/S2_RGO. Inset of (g) showing the magnified images of MAPI and S2_RGO.

XPS, a surface-sensitive technique was performed for detailed elemental analysis of

S1 RGO, S2 RGO and S3_RGO. As shown in Figure 2.5 a, two prominent peaks at 284.7
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eV and 531.6 eV appeared in the survey scan of RGOs, corresponding to carbon and oxygen
respectively. The atomic percentages calculated from the survey scan spectra, reveals that
S1 RGO variant has carbon and oxygen contents of 70% and 30% respectively. For S2 RGO
and S3 RGO the carbon and oxygen contents are 76%, 24% and 82%, 18%. respectively. The
survey findings unequivocally demonstrate that the carbon-to -oxygen ratio for RGO exhibited
a gradual increase as the extent of chemical reduction progressed from S1 RGO to S2 RGO
to S3_RGO. On the other hand, as shown in Figure 5b, the deconvoluted C1s XPS spectra of
three RGO variants revealed presence of 2 segments. First segment assigned at 284.7 eV
originates from non-oxygenated carbons (C=C, C—C) of graphene structure. The 2nd segment
assigned around 287 eV signifies the presence of oxygenated carbon atoms.** From Figure 2.5
b, it was clearly evident that 2nd segment got gradually diminished from S1 RGO towards
S3 RGO as the extent of chemical reduction increases. These results strongly corelates with
the relative carbon and oxygen content in RGOs as discussed earlier.

XPS was also employed to investigate the interplay between RGO and MAPI within
composites. The survey spectrum of MAPI/RGO composites suggested the presence of Pb, I,
C and O elements in composites depicted in Figure 2.5 ¢. whereas, Figure 2.5 d and Figure
2.5 e portray the electronic effect of S2 RGO on MAPI/S2 RGO composites. The 4f state of
Pb in pristine MAPI contains two peaks at 142.818 eV and 137.943 eV corresponding to 4fs,
and 4f7, states respectively. These peaks were shifted towards higher magnitude of binding
energy by 0.34 eV in MAPI/S2 RGO composites as compared to the pristine MAPI suggesting
facile transfer of photogenerated electrons towards the anchored RGO. Similar trends were
observed in I13d state where peaks responsible for 3ds» and 3ds); states were shifted 0.32 eV
towards higher binding energy after incorporation of RGO. The observed shifts in binding
energy towards higher values for Pb and I refer to an effective interfacial charge transfer
through the robust MAPI/RGO heterojunction which ultimately translated into improved

photocatalytic performance.*
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Figure 2.5: (a) XPS Survey scan (b) deconvoluted Cls XPS spectra of S1 RGO, S2 RGO,
S3 RGO. (c) XPS survey of MAPI/S2 RGO. High resolution XPS spectrum of (d) Pb4f (e)
13d.

To explore the role of three variants of RGOs for charge transfer mechanism in MAPI/RGO
composites, steady state photoluminescence (PL) study was carried out as illustrated in Figure
2.6 a. All MAPI/RGO composites registered photoluminescence emission at around 759 nm
with different intensities owing to their varied degree of radiative charge recombination. A
noteworthy decline in PL intensities were observed in all MAPI/RGO composites compared to
pristine MAPI, which displayed the most elevated intensity of photoluminescence. Conversely,
MAPI/ST_RGO and MAPI/S2 RGO exhibited the lowest PL intensities, that refers to most
enriched charge separation in heterostructures.*® In context of transient photocurrent (Figure
2.6 b), it was observed that MAPI/S2 RGO composites demonstrated the highest photocurrent,
while the photocurrent gradually depreciated for MAPI/SI RGO and MAPI/S3 RGO
composites respectively. As anticipated, pristine MAPI exhibited the lowest photocurrent when
subjected to identical electric bias. In terms of transient photocurrent, higher value indicates
occurrence of effective and efficient charge migration in MAPI/RGO composites.’’

These results were validated by electrochemical impedance spectroscopy (EIS) measurement
as well. As shown in Figure 2.6 ¢, the MAPI/S2 RGO with smallest semicircle arc dictates
the lowest interfacial charge transfer resistance resulting into expedite interfacial charge

transfer.® For MAPI/S1_RGO and MAPI/S3_ RGO composites, the interfacial charge transfer
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resistance gradually increases and is maximum for pristine MAPI. The aforementioned
photoelectrochemical and electrochemical investigations collectively provide compelling
evidence that S1 RGO and S2_RGO greatly facilitated the charge separation as well as rapid
interfacial charge transfer from MAPI to RGO in composites, while the performance of
MAPI/S1 RGO was slightly inferior. On the other hand, MAPI/S3 RGO demonstrated the

lowest performance among all composites.
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Figure 2.6: (a) Steady-state PL spectra, (b) transient photocurrent responses under visible light

(A > 420 nm) irradiation, (¢) EIS Nyquist plots of pristine MAPI and MAPI/RGO composites.

For the purpose of photocatalytic H> generation reactions, the MAPI/RGO composites were
fabricated by incorporating co-catalysts and precursors such as Pbl, and MAI in a mixed
solution of MAPI saturated aqueous HI/H3PO,, through the process of in-situ crystallization.
In this MAPI-saturated HI/H3PO; (5:1 v/v) solution, the photocatalytic H, evolution activity of
the as-prepared samples were assessed under visible white light LED irradiation. The three
most crucial components in this photocatalytic reaction are the photocatalyst, the light source
and the reaction media. To confirm this, a series of controlled photocatalytic experiments were
conducted, wherein each of these components was removed individually. Under these
experimental conditions, no H» gas was detected in the absence of visible light irradiation, and
the MAPI microcrystals were disintegrated in the absence of HI in the reaction medium.
Nonetheless, the photocatalytic activities were confirmed through the gas chromatography
under the influence of visible light on a photocatalyst, immersed in MAPI saturated HI/H3;PO»
solution. The Hz evolution rate for all the samples was compiled and presented as a function of
the duration of light exposure in Figure 2.7 a. The H» evolution activity of pristine MAPI was
found to be only 30 pmol g™' h!. This lacklustre performance could be due to a smaller number
of surface reaction sites on MAPI surfaces, leading to reduction in generation of

photogenerated electrons and delayed transfer to the reaction media.?
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Surprisingly, the H> evolution performance got noticeably improved with the introduction of
RGO on MAPI microcrystals. The MAPI/S3 RGO composites exhibited a rate of H evolution
of 1176 umol g'h’!, lowest among all composites while MAPI/S2 RGO delivered the highest
HER activity of 4493 umol g™ h™! recorded among all the variants of MAPI/RGO composites.
A performance comparison table (Table S1) has been added in the supplementary section which
comprises all recent studies.

The observed result exceeds the value of pristine MAPI microcrystals by almost 150 folds.
The declination in HER activities for MAPI/S3 RGO composites illustrated in Figure 2.7 a
might be attributed to the misalignment of band edge positions between MAPI and RGO. It is
worth noting that all composites, with a lower loading percentage (5 wt.%) of the co-catalyst
(RGO), were able to generate mmol scale H» evolution. This occurrence could be elucidated
by the process of in-situ crystallization (depicted in scheme 1), where the RGO clusters were
deeply embedded on the MAPI surface (Figure 2.4 a). Consequently, the likelihood of
segregation between MAPI and RGO decreases during the magnetic stirring for HER activity.
Moreover, this aids in the formation of a strong heterojunction, resulting in the aforementioned
improvement in HER activity. In terms of H> evolution activity, MAPI/RGO composites not
only outperformed pristine MAPI but also exhibited superior HER performance when
compared to Pt-deposited MAPL! In addition, it is also worth mentioning that the
MAPI/S2_RGO combination exhibited good stability in HER over prolonged duration (Figure
2.7 b). The photocatalytic H> evolution was carried out with MAPI/S2 RGO composites under
white light LED for 100 hours. There was no considerable loss in HER activity for 10
consecutive cycles and each cycle was of 7 hours long with 1 hour gap for evacuation and
purging inert N> gas. However, after a long irradiation of 80 hours, the HER activity
significantly decreased throughout the course of the last two cycles. The decline in the
measured activity might be attributed to the consumption of H3PO, during the cyclic reaction
processes, leading to the excessive generation of 3" ions that could impede the absorption of
light by the MAPI composites.** High resolution XPS and TEM studies of MAPI/S2 RGO
samples were done after 100 hours of HER activities. This indicate that no considerable

degradation had been observed after 100 hours long HER activities (Figure S2.7, S2.8).
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Figure 2.7: (a) Comparative study of H> evolution of all MAPI/RGO composites (5 wt.%) and
(b) Hz evolution activity of MAPI/S2_ RGO composites over 100 hours long white light LED

exposure.

A crucial technique, electrochemical Mott-Schottky analysis was employed to assess the
conduction band minima (CBM) of three variants of RGOs. This investigation unveiled a
positive slope in the RGOs, suggesting their classification as n-type semiconductors. The flat
band potentials (Erg) were estimated for three RGOs (Figure S2.9). In case of SI RGO, the
flat band potential (Erg) was determined to be -0.32 V vs Ag/AgCl reference electrode, which
is corresponds to -0.12 V relative to the Normal Hydrogen Electrode (NHE).*® The conduction
band minima (CBM) of the n-type semiconductor was assumed to be 0.1 V more negative than
the flat band potential (vs NHE).!® *! Consequently, the calculated CBM for SI_RGO was -
0.22 V with respect to NHE. With progression in degree of chemical reduction from S1_ RGO
to S3_RGO, the Ers (vs Ag/AgCl) became more negative gradually. The estimated flat band
potential (Erg) for S2. RGO was -0.55 V vs Ag/AgCl, resulting in CBM value of -0.45 V vs
NHE. The most extensively reduced variant, S3 RGO, exhibited an Ers value of -0.9 V vs
Ag/AgCl, corresponding to CBM value of -0.8 V vs NHE. The Erg values of the RGOs clearly
indicate a trend where, the flat band potential approaches more and more upward from
E(H'/H.) reference (0 V vs NHE) i.e. Erg become more negative as the degree of chemical
reduction of RGO increases.

The comprehension of the distinct photocatalytic and the photochemical properties can be
readily attained through the examination and juxtaposition of the energy profile diagram of
three composites, summarized in Figure 2.8. From the UPS data, the valence band maxima
(VBM) of MAPI was found to be -5.45 eV relative to vacuum.'® Following the incorporation
of band gap energy (1.55 eV) with VBM, the resultant conduction band minima (CBM) of
MAPI was calculated to be -3.9 eV against vacuum i.e., -0.6 V vs NHE. The H» electrode
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potential E(H'/Hz) was considered as -4.5 eV with respect to vacuum level.!® For
MAPI/S1 RGO and MAPI/S2 RGO, the conduction band minima (CBM) of RGO were
positioned lower than the CBM of MAPI but higher than the redox potential of the
hydrogen/hydrogen ion E(H/Hz) which is 0 V vs NHE, this particular arrangement of energy
bands presents an ideal scenario for efficient photogenerated charge transfer from MAPI to
RGO and ultimately resulting into successful proton reduction under sunlight. Conversely, in
the case of S3_ RGO, the CBM was situated above the energy levels of MAPI, rendering it
energetically unfeasible for photogenerated charge transfer between MAPI and S3 RGO co-
catalyst. This unfavorable energy band alignment leads to the lowest rate of hydrogen evolution
as well as negatively impacting other properties such as transient photocurrent and
photoluminescence intensity. Though the CBM of S1 RGO and S2 RGO were situated in
between the CBM of MAPI and E(H/H>), it was observed that the MAPI/S2 RGO composite
exhibited slightly superior photocatalytic and photochemical properties in comparison to
MAPI/S1 RGO, as dictated by the principles of thermodynamics. This could be explained by
the fact that CBM of S2 RGO is positioned higher than of S1 RGO.***#
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Figure 2.8: Schematic illustration of band alignment of MAPI/RGO composites and
mechanism of H» evolution in aqueous HI.

2.4 Experimental section

Materials: Graphite powder, Na>SOs, lead iodide (99%), hydrogen iodide (57 wt% in H>O)
were purchased from Sigma-Aldrich. KMnOs, NaNOs, 30% H20; were obtained from Merck
India. Methylammonium iodide was purchased from Great cell solar. Hypo phosphorus acid

was obtained from Loba chemie. All other chemicals were used as received.
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Preparation of MAPI powder and MAPI saturated solution: MAPI was synthesized by
dissolving MAI and Pbl> in molar ratio of 1:1 in HI/H3PO, aqueous solution. Specifically, 15
g Pbl> was dissolved in 50 ml of HI acid (57 wt% in water), then 5.15 g MAI was slowly added
into the solution with vigorous stirring under 80°C. The saturated solution used here was
prepared by adding 57 wt% of HI at 50 wt% H3PO; in 5:1(v/v) ratio. The reaction solution with
black precipitate was stirred and heated to 100°C for 1h for crystallization to attain the dynamic
equilibrium, followed by cooling down to room temperature to obtain the saturated solution
containing black MAPI precipitates at the bottom. The MAPI precipitates were separated out
from saturated solution by centrifuge, the obtained saturated solution was stored for next
photocatalytic measurements, while the precipitates were dried in a vacuum oven at 80°C to

get pristine MAPI powder.

Synthesis of RGO from graphene: The synthesis was performed based on the reported
modified Hummer’s method®® with slight modifications. Briefly 3g of graphite powder was
added to 81 ml of conc. H2SO4 followed by 3 g NaNOs addition to the solution. Thereafter, 9
g of KMnO4 was added in portions with continuous stirring. The solution was then subjected
to 24 hours stirring. Ice cubes were then added carefully in the solution followed by addition
of 30% H20, dropwise until the black colour turned yellow. For the reduction of GO into RGO,
50 mg, 100 mg and 200 mg of Na,SOs; were added for S1 RGO, S2 RGO and S3 RGO
respectively until the yellow colour turned black. The solution was stirred for few hours
followed by separation via centrifugation at 6000 rpm for 5 minutes. Several DI water washings
were carried out to get pH neutral confirmed by litmus paper test and clear BaCl, solution. The

obtained RGO was freeze dried to get a black coloured dry powder.

Fabrication of MAPI/RGO composites: MAPI/RGO composites were prepared by a novel
in-situ crystallization procedure. Instead of manually mixing MAPI and RGO in MAPI
saturated HI-H3PO» (5:1 v/v) solution, 20 mg of 3 variants of RGOs (= 5 wt.% with respect to
total MAPI formed) were added into the HI-H3PO> solution containing Pbl: (0.65 mmol/ml)
followed by constant stirring at 75°C until a homogeneous dispersion was obtained. Then solid
methylammonium Iodide (MAI) (0.65 mmol) was slowly added to the Pbl2/RGO solution. A
black precipitate started to appear immediately upon MAI addition. The reaction mixture was
then subjected to constant stirring and heating at 100°C for 3 hours followed by cooling down.
The composites were separated using a centrifuge and washed with dry ethyl acetate for three

times followed by vacuum drying at 85°C.
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Figure 2.9: Synthesis of MAPI/RGO composites via in-situ crystallization.

Characterization

Powder X-ray diffractogram was obtained from Rigaku Micromax-007HF diffractometer
equipped with Cu Kal irradiation (A = 1.54184 A) at scan rate of 5 /min. Morphology studies
were conducted using ZEISS, SIGMA FESEM and microscope (TEM) (JEOL-JEM 2010
operated at 200 kV). X-ray photoelectron spectroscopy (XPS) measurement was executed
using a PHI 5000 Versa Probe III automated photoelectron spectrometer (ULVAC-PHI, Japan)
with an Al Ko X-ray beam (1486.7eV) at 20kV, 84 W for the analysis of the chemical
compositions. Solid state UV-vis spectra were recorded on a PerkinElmer Lambda-750 UV-
vis-near-IR spectrometer equipped with an integrating sphere and BaSO4 powders were used
as a reflectance standard. Photoluminescence spectra were determined by a Horiba Scientific
FluoroMax-4 spectrofluorometer spectrometer. Energy-dispersive X-ray (EDX) spectroscopy
(Sigma 300, Zeiss) was used for surface elemental analysis. CH Instruments 760D were used

for Electrochemical measurements.
Photocatalytic measurement

The photocatalytic hydrogen evolution experiments were carried out in a glass vessel coupled
with gas chromatograph (Agilent 7820A GC System). A typical process consists: (a) 50 mg of
photocatalyst dispersed in 15 mL of MAPI saturated aqueous solution of HI/ H3PO» under
constant stirring at 25°C, (b) degassing the photocatalytic chamber for 30 min, (c) using online
gas chromatography to confirm no Hz was being generated in the reaction chamber in absence
of light irradiation and (d) turning on the light source to start the photocatalytic HI splitting

reaction with continuous monitoring of the hydrogen generation by gas chromatograph.
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Photoelectrochemical measurement

The electrochemical impedance spectroscopy (EIS), Mott-Schottky curves and transient
photocurrent response curves were performed on the electrochemical workstation (CH
Instruments Ins.) in a three-electrode configuration with the assembled photoelectrodes
(photocatalysts coated on 1 cm? of carbon paper) as the working electrode, the Ag/AgCl as the
reference electrode and the Pt wire as the counter electrode. The EIS experiments were
performed in MAPI saturated aqueous HI/H3PO> solution under scan rate of 10 mV s™. Mott-
Schottky curves were obtained using MAPI saturated aqueous HI/H3PO; solution as electrolyte
at 1000 Hz frequency.

Visible light source for photocatalytic measurements

The visible light source used here for the experiments is a 50 W with power density of 150
mW/cm? white LED bought from Ledvance Osram. The spectrum of this light source is 420 -
790 nm.

Table 2.1: A summary of the performance and experimental parameters of reported halide

perovskite photocatalysts for H> evolution.

MHP Catalyst | Co- Light Irradiation | Activity Referen
catalyst source area (cm?) ce cited
in main
Article
MAPDI;3 Pt (L> 475|0.25 cm? 57 umol g! h! 17
nm) 100
mW/cm?
MAPbBBr;~Ix | Pt 100 I cm? 651.2 umol g'h! | 28
W, A >420
nm) 100
mW/ ¢cm?
MAPbI; RGO 120 18.1 cm? 939 umol g'h’! 30
mW/cm?
A >420 nm
MAPbDI; TiO2/Pt 200 1.82 cm? 1784 umol g'h! | 31
mW/cm?
A >420 nm
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MAPbDI3 NisC L > 420 0.25 cm? 2362 umol g' h! | 18
nm, 100
mW/cm?

MAPbI; Black P L > 420 0.25 cm? 3742 pmol g h! | 29
nm, 100
mW/cm?

BA>MA;3Pbalis | Pt AM 1.5G, | II cm? 3948 umol g' h! | 26
100
mW/cm?

MAPbI;3 RGO with | A > 420 | 4.9 cm? 4493 pmol g' h'! | This
C=76% and | nm, 150 work
0= 24% mW/cm?

MAPDI; Multishell | A > 420 | 28.26cm? | 6856 umolh-' ¢! | 44
Ti0,/Pt nm, 150

mW/cm?

MAPbI3 Carbonized | A > 420 | 0.25 cm® 11497 umol g' h'! | 43
polymer nm, 100
dot mW/cm?

MAPbI3 MoS» 280 W, 2> | 0.14 cm? 30000 umolg 'h™! | 19

410 nm,
100
mW/cm?

2.5 Conclusion

Role of oxygen content dependent RGOs in MAPI/RGO heterostructures has been investigated
for photochemical and photoelectrochemical activities. This article also summarizes the fact
that variation in extent of chemical reduction not only controls the atomic percentage of oxygen
content, but also governs the varied bandgaps as well as band edge positions for three variants
of RGOs. Among all these variations, S2 RGO with bandgap of 2.59 eV and oxygen content
of 24% was identified as the best performing co-catalyst with highest HER. On contrary
MAPI/S3 RGO registered lowest photoelectrochemical and HER activities where S_3/RGO
is the most chemically reduced variant of RGO with lowest oxygen content (18%) with a
bandgap of 2.33 eV. For MAPI/S1 RGO composites the performance were slightly lesser than
MAPI/S2_RGO. To rationalize the occurrence of disparities in photoelectrochemical and
photocatalytic activities of all three MAPI/RGO composites, we have proposed an electron
transfer mechanism, where depending upon the relative CBM positions of MAPI and respective

RGO, dissimilar photogenerated electron transfer took place.
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As we move from S1 RGO towards S3 RGO, the position of the conduction band minima
of RGOs gradually shifted in a more negative direction with respect to reference in the NHE.
Ultimately for MAPI/S3 RGO, the CBM of S3 RGO was situated above the CBM of MAPI,
resulting into lowest rate of H> evolution and other properties such as transient photocurrent
and photoluminescence intensity. For MAPI/S1 RGO and MAPI/S2 RGO, the CBM of
S1 RGO and S2 RGO were positioned lower than the CBM of MAPI but higher than the redox
potential of the E(H/Hz) which is best possible scenario for photogenerated electron transfer,
still MAPI/S2 RGO performed slightly better due to thermodynamic reason. It is also
noteworthy to mention that significantly lesser co-catalyst loading percentage were (5 wt. %)
used for composites formation which could be possible due to robust heterostructures formed

by in-situ crystallization process.
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Figure S2.1: Electroluminescence of light source.
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Figure S2.2: XRD of 3 variants of RGOs.

I MAPIIS1 _RGO

MAPIIS3 RGO

I' . | |pristine MAPI

10 15 20 25 30 35 40 45 50
2 Theta

Figure S2.3: XRD study of MAPI/RGO composites.
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Figure S2.4: Stability study of MAPI/RGO.
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Figure S2.5: Raman spectra of 3 RGOs.
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Figure S2.6: Band gap of pristine MAPI calculated from Tauc plot.
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Figure S2.7: High resolution XPS of MAPI/S2 RGO after 100 hours of hydrogen evolution.

Figure S2.8: TEM image of MAPI/S2 RGO after 100 hours of hydrogen evolution.
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3.1 Abstract

Although lead based MAPDI; has been used as a material for photocatalytic hydrogen evolution
but conventionally synthesized MAPbI3 in HI solution suffers from very low HER activity with
hydrogen evolution rate of 30 umol h™! g~!. Several efforts have been made to boost the HER
performance by tagging a co-catalyst. But no such significant approach was made to improve
the HER activities of pristine MAPbI3. In this work the shape and morphology of MAPbI3 have
been modified by a simple solvent altercation route. This led towards substantial transformation
in shape and morphology affecting various facets of photocatalytic and photochemical
performance. DMF assisted pristine MAPbI; exhibited an HER activity of 830 pmol h™! g”!,
almost 28 folds better than typical HI based MAPbIs. This work highlights on how solvent
transition from HI to DMF can influence the shape and surface morphologies which impact the
photocatalytic and photoelectrochemical performances of pristine MAPbI3. To further enhance
the HER activities of DMF assisted MAPDI3, as-synthesized Polyfluorene co-catalyst was
integrated on MAPbI3 Surface. Under optimized condition the hydrogen evolution of
MAPbI3/polyfluorene composites can reach up to 6200 pmol h™! g !
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3.2 Introduction

The generation of solar driven green hydrogen (H») fuel has been put forward as a potential
solution to address the ever-increasing crisis of global energy demand and environmental

pollution concerns '3

. The utilization of diversified semiconductor photocatalysts for
photocatalytic H> evolution has garnered significant attention as a sustainable and
environmentally-friendly method for converting solar energy into H2.*® When considering the
utilization of solar energy, an efficient photocatalyst should have an appropriate bandgap and
conduction band minima in order to effectively capture a wide range of sunlight wavelengths
and transfer the photogenerated charges to form H» fuel. Hybrid organic-inorganic perovskites
(MAPDI3), possesses a remarkable) optical bandgap of 1.5 eV with absorption coefficient in
range of 10*-10° cm™!. These properties enable it to effectively absorb visible light within a
wavelength range of approximately 400 to 800 nm.”® Furthermore, MAPbI; (MAPI)
demonstrates exceptional characteristics, including charge transport and a lengthy charge
diffusion length of approximately 25 pm in MAPbI3. As a result, it has significantly enhanced
PCE of MAPbI; based solar cells, achieving over 20%.° 1> MAPbI; possesses these attractive
characteristics that allow it to emerge as a promising contender for photocatalytic HER.
However, it’s inherent instability in aqueous solutions presents a formidable obstacle when it
comes to its application in photocatalysis. Recently, researchers led by Park and co-workers
have successfully tackled this challenge by skilfully establishing a delicate equilibrium
between the solvation and crystallization of MAPDI; in a saturated aqueous HI solution. As a
result, they were able to achieve photocatalytic H> evolution through HI splitting. This
breakthrough opens up new avenues for harnessing the potential of MAPbI; in photocatalytic
processes.!> However, when compared to traditional semiconductors, the observed rate of
hydrogen evolution reaction (HER) of MAPbI; in an aqueous solution of HI is relatively low.
This is likely due to the significant recombination of photogenerated charges within the
microcrystals of MAPbIs. Recent studies have demonstrated that the incorporation of electron
transporters, such as Pt, TiO2, MoS,, CoP, carbonized polymer dot, black P, NiCoB combined
with the MAPDI; photocatalyst, can enhance the efficiency of charge transportation by quickly
extracting the photogenerated electrons from MAPDI;.!4?° These co-catalysts facilitate the
reduction of protons present in aqueous HI solution to generate H>. As a result, the rates of
HER in MAPbIz-based composites got significantly improved compared to MAPDI; alone.

These findings offer valuable insights into the modulation of charge transportation for
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enhancing the photocatalytic performance of hybrid perovskite nanocrystals in hydrogen
evolution reactions.

In recent years several efforts were made to enhance the HER activities of MAPbI; by tagging
a co-catalyst as previously discussed. However, there has been limited studies focusing on the
enhancement of the hydrogen evolution rates of pristine MAPbIs?!** For an efficient
photocatalyst their characteristics like surface area, morphology, and particle dimensions, are
crucial parameters that exert a notable impact on the efficiency of the hydrogen evolution
reaction (HER). 2>° %7 In a chemical reaction; parameters like reaction temperature, reaction
time, concentration of reactants, solvent polarity play a crucial role to determine the
morphology of resulting product.?® In this study we have investigated how variation in solvents
from polar protic to polar aprotic can alter the surface area and surface morphology. In this
study, keeping reactant concentration constant, we have fabricated MAPbI; (MAPI) using two
distinct methods, wherein the variation in the solvent medium results in two different
morphologies that lead to discrepancies in the efficiency of photocatalytic and
photoelectrochemical processes. The cuboid morphology of MAPI was assisted by the polar
protic solvent HI, contrasts with the rodlike shape of MAPI facilitated by the polar aprotic
solvent DMF. The rod-shaped MAPI produced with DMF (referred to as MAPIpwmr) exhibited
superior performances in both photocatalytic and photoelectrochemical activities compared to
the cuboid-shaped MAPI synthesized with HI (referred to as MAPIxy).
To improve the performance of MAPIpmr in a more effective way, a polyfluorene based
polymer has been incorporated with MAPIpmr as a co-catalyst via in-sifu fabrication.
(MAPIbmr/PF10) composites were prepared with polyfluorene of 10 weight percentages with
respect to MAPI. Conjugated polymeric materials can easily absorb visible light irradiation as
they possess extended and delocalized m-systems, leading to their application in organic
photonics and organic electronics and as well as photocatalytic hydrogen evolution. The =-
conjugated polyfluorene core functions as an antenna system that efficiently channels the
electrons produced by the absorbed solar radiation originating from the photo absorber (MAPI)
and subsequently transports them within the solution. MAPIpmr/PF1o exhibited maximum
hydrogen evolution of 6200 umol h™! g”!. The as-prepared composites were fully characterized
through UV-Visible spectroscopy, XRD, FESEM, Brunauer, Emmett, and Teller (BET)
surface area analysis, steady state photoluminescence, three electrodes electrochemical and
photoelectrochemical techniques. Among all three samples MAPIpmr/PF10 had performed the
best while MAPIy; exhibited the lowest values.
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3.3 Results and discussion

The as-prepared MAPIu and MAPIpmr powders were analyzed by XRD as shown in Figure
3.1a. The as-prepared MAPIu1, and MAPIbmr powders have indistinguishable XRD patterns
with the standard ones, confirming the successful formation of single-phase product.?’ This
indicates even after solvent altercation; the perovskite crystal structure remains intact. Even
after the incorporation of polyfluorene co-catalyst, for MAPIpme/PF190 no change in XRD
pattern were observed. Even after 80 hours of white light irradiation inside aqueous HI solution,

XRD of MAPIbmre/PF10 composites retained its crystal structure, evident from XRD patterns

(Figure S3.1).
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Figure 3.1: (a) XRD diffractogram, (b) UV-Visible spectra of pristine MAPI and composites.

The sunlight absorption properties within visible range were further studied by the UV-vis
spectroscopy for pristine MAPIui, MAPIpmr, and MAPIpme/PF10 composites. As shown in the
Figure 3.1b, MAPIpmr has higher molar absorbance as compared to MAPIn;. Additionally, the
absorption tail was extended beyond 800 nm for MAPIpmr as compared to MAPIu1. This
observation suggests that the transition from HI to DMF solvent has led to a noteworthy
enhancement in the light absorption properties and spectral range of MAPI. Upon the addition
of a polyfluorene co-catalyst, there was a noticeable enhancement in light absorption. The light
absorption range was further extended up to 1000 nm as well. It is worth noting that about half
of the solar irradiation received is in the infrared region. The elongated absorption tail plays a
crucial role in improving the efficiency of solar-to-hydrogen conversion.*

To understand the effect of solvent on morphology in great details, field emission SEM was
employed. Pristine MAPI is highly crystalline in nature. Figure 3.2a, b portrayed the fact that
drastic change in morphology were observed by altercation of reaction medium from HI to

DMF. HI assisted MAPI (MAPIu1) had a morphology corresponding to cuboid structure and
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smooth surface whereas MAPI prepared in DMF reaction medium had microrod shaped
morphology. This substantial transformation in shape and morphology affects various facets of

31,32 Moreover, the incorporation of

photocatalytic and photochemical performances.
polyfluorene as a co-catalyst with MAPIpwmr resulted in the formation of microstructures where
small clusters of polyfluorene moieties were uniformly dispersed and firmly embedded on the
surface of MAPI, indicating a strong integration between MAPI and polyfluorene (Figure
3.2¢). The robust heterojunction was a result of in-situ crystallization technique that was
utilized for the synthesis. Energy dispersive X-ray spectroscopy were conducted to observe the
distribution of elements on all over the MAPI surface. Elemental mapping of the
MAPIpmr/polyfluorene photocatalyst composite (Figure 3.2d-g) depict that the Pb, I and N
atoms (contributed by MAPI) were observed to be uniformly distributed throughout the

1.3% Transmission Electron Microscopy (TEM) was utilized to study the heterojunction of

crysta
polyfluorene with perovskite phase in detail. The MAPIpmr/PF 10 heterostructures exhibited the
typical rod like morphology of the perovskite phase (high density contrast due to presence of

Pb) and the granular morphology of the PF polymer (low density contrast globular shape)

anchored on the perovskite microrod, similar to the SEM observation (Figure S3.2).

7R

Figure 3.2: FESEM images of (a) MAPIw, (b) MAPIbwmr, (¢) MAPIpme/PF10. EDX elemental

mapping of (d) all elements, (e) Pb, (f) L, (g) N.

The rate of hydrogen evolution reaction is regulated by the specific surface area. The quantity
of photons striking the photocatalyst surface is positively correlated with the activity of HER,
indicating that the reaction occurs on the surface of the photocatalyst.**-* Figure 3.3a, depicts

adsorption—desorption isotherms of both MAPIn; and MAPIpmr. The adsorption desorption
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isotherms of both samples were of type I (BDDT classification) *® The isotherm pertaining to
MAPIpwmr shifted towards greater magnitude of absorbed quantity compare to the MAPIu1. The
hysteresis loop for MAPIpmr was spread all over the region of relative pressure whereas for
MAPIur the hysteresis loop shifted towards lower relative pressure. BET analysis of the
samples showed a surface area of 1.333 m?/g and 7.875 m?/g for MAPIy and MAPIpmr
microcrystals respectively.

The average pore size of MAPIn and MAPIpmr were evaluated as 7.115 nm and 3.421 nm
respectively depicted in Figure 3.3b, indicating both samples were mesoporous in nature. In
case of the MAPIu sample, there is also a notable expansion of the nanopores. The pore size
distribution curve of the MAPIpmr sample exhibits a considerable breadth with presence of an
additional peak ranging from 6 nm to 11 nm as evident from visual inspection. This
phenomenon suggests a higher pore abundance in the MAPIpwmr, leading to a larger pore
volume of 0.011 cm® g'! in comparison to the MAPI; (0.002 cm?® g-!). Table 3.1 summarizes
the physical characteristics of the photocatalysts. In essence, the BET specific surface areas
display a steady increase from 1.333 m?/g to 7.875 m?*/g upon changing the solvent from HI to
DMF, thereby directly influencing the photocatalytic and photochemical properties.
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Figure 3.3 (a) Surface area and (b) pore size distribution of MAPIpmr, and MAPIy1.
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Table 3.1. Surface area, pore size, pore volume and HER activities of MAPIyrand MAPIpwmr.

Sample Sget (M%/g) Pore size (nm) | Pore  volume | HER activity
(cm¥/g)

MAPIu 1.333 m%/g 7.115 nm 0.002 cm® /g 30 umol h™! g™

MAPIbme 7.875 m¥/g 3.421 nm 0.011 cm’/g 830 pmolh! g!

To explore the interplay between MAPI and polyfluorene co-catalyst, XPS technique was
employed for MAPIpmr/PF10 composites. Figure 3.4a depicts the survey scan of MAPIpmr
sample which revealed the existence of Pb, I, N, C elements. Specifically, for 4f Pb state in the
pristine MAPIpmr exhibited distinct peaks at 143.32 eV and 138.44 eV, corresponding to the
Pb 4152 and 417, states, respectively. Conversely, the I 3d state of pristine MAPIpmr displayed
two peaks at 630.31 eV and 618.81 eV, attributed to the 13ds3» and I3ds» states. Upon
introduction of polyfluorene co-catalyst on MAPIpmr surface, a notable shift towards higher
binding energy was observed for both Pb4f and 13d states, as illustrated in Figure 3.4b, c.
These findings consistently imply a synergy between MAPI and polyfluorene co-catalysts,

indicating an efficient electron transfer from MAPIpwmr to polyfluorene.?®
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Figure 3.4: (a) XPS survey scan of MAPIpwmr, high resolution XPS of (b) Pb and (c) L.

The photocatalytic activities of as-prepared pristine MAPIu1, MAPIpmr and MAPIbme/PF1o
composites were confirmed through the gas chromatography under visible light where

photocatalyst powders were immersed in a solution of HI and phosphorous acid (H3POz)
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saturated with methylammonium lead iodide (MAPI). Cube shaped HI assisted MAPI
(MAPIy) exhibited a minuscule amount of H» evolution (30 pmol h™!' g!) owing to lack of
active photoactive reaction sites and rapid photogenerated electrons recombination on pristine
MAPIy; surface.!® Surprisingly, DMF assisted MAPI (MAPIpwmr) registered HER of 830 umol
h™! ¢! The boosted HER activity of MAPIpmr upon altercation of solvent system from HI to
DMF might be attributed to larger surface area possessed by rod shaped MAPIpwmr. As all
photocatalytic reactions take place on catalyst (MAPI) surface, greater surface area leads to
greater number of reaction sites and greater number of photons will be absorbed on MAPIpmr
surfaces, owing to almost 28 times HER activity of MAPIpwmr.

To further enhance the performance of photocatalyst, polyfluorene co-catalyst (10 wt.%) was
integrated on MAPIpmr surface. MAPIpmr/polyfluorene composites were prepared by in-situ
fabrication which create an intimate heterojunction between MAPIpmr and polyfluorene co-
catalyst particles. The hydrogen evolution rate for all the samples were compiled and presented
as a function of the duration of light exposure in Figure 3.5a. The hydrogen evolution reaction
activity for HI splitting was significantly boosted upon incorporation of co-catalysts. While
MAPIpwmr exhibited HER of 830 pmol h™! g !, MAPIpme/PF 10 composites exhibited maximum
HER rate of 6200 pmol h™' g"!. After loading of 10 wt.% of polyfluorene on MAPIpme,
hydrogen evolution rates accelerated by 7 times from previous one. Further increments in co-
catalyst loading percentage did not affect the photocatalytic activity.

It is noteworthy to mention that, in-situ fabrication also facilitated the enhanced
photocatalytic activity of MAPIpmr/PF10 composites. In this process the co-catalysts were
deeply embedded on MAPI surfaces. Such kind of intimate integration form a strong
heterojunction which decreases the likelihood of MAPI and polyfluorene separation while
magnetic stirring during HER activity. The MAPIpmr/polyfluorene composites not only
exhibited superior performances than pristine MAPI, it also outperformed Pt deposited MAPI
in terms of HER activity."* In terms of photocatalytic stability, MAPIpme/polyfluorene
composites exhibited stability for prolonged time. Photocatalytic hydrogen evolution reactions
were performed for MAPIpme/PF1o for 80 hours under visible light irradiation depicted in
Figure 3.5b. No considerable change in hydrogen evolution rate were observed for 56 hours.
Polyfluorene, because of its long hydrophobic moiety it protects MAPI from structural
degradation in water environment. In last 3 cycles a significant decline in H> evolution rate
were observed might be due to depletion of H3PO» concentration. Such declination in H3PO>

concentration, hinder the I3” to I conversion resulting excess generation of I3™ ions that could
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inhibit the absorption of light by the MAPI composites also hindering efficient hole

extraction.>®
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Figure 3.5. (a) Comparative HER activities of all samples. (b) 80 hours long stability study of
MAPIpme/PF 0.

Intensity of photoluminescence strongly co-relates with electron-hole radiative
recombination. A higher photoluminescence intensity indicates a greater extent of radiative
recombination and consequently, a lower degree of charge separation and reduced
photocatalytic activity. As depicted in Figure 3.6a, all samples registered photoluminescence
emission at around 759 nm with different intensities owing to their varied degree of radiative
charge recombination. It is noteworthy to mention that MAPI synthesized in two different
solvents displayed distinct PL intensities of dissimilar manner. Notably, MAPIx; demonstrated
the highest photoluminescence intensity, whereas MAPIpmr showed significantly lower levels.
The enlargement of a photocatalyst's surface area can directly influence the rate of electron-
hole recombination within the material. As indicated by the BET surface area analysis, the
surface area of MAPIpwmr is 7 times greater than that of MAPIy;. This increased surface area of
MAPIpmr may result in a lower likelihood of radiative charge recombination, leading to
improved charge separation and enhanced photocatalytic performance.’” To further enhance
the efficiency of MAPIpwmr, heterostructures of MAPI/polyfluorene (MAPIpbmr/PF10) were
fabricated with 10 weight percent of polyfluorene on the surfaces of MAPIpmr. Among all the
photocatalysts, MAPIpmr/PF1o exhibited the lowest PL intensity indicating the most efficient
charge separation and alternate charge migration pathway different from radiative
recombination.

To explore role of polyfluorene co-catalysts embedded on MAPIpwmr surface, we performed a

series of Photoelectrochemical measurements. The photoelectrochemical study is commonly

TH-3813_186122041



Chapter 3: Solvent assisted shape dependent MAPbI;/polyfluorene heterostructures

utilized to provide compelling evidence for the charge extraction in the photocatalyst
composites.

Figure 3.6b, presents the cathodic polarization curves (I-V curves) of pristine MAPIy;,
MAPIpbmr and MAPIpme/PF10. These results indicate the occurrence of the hydrogen evolution
reaction for all the catalysts. Furthermore, the MAPIpmr/PF10 composites showed a smaller
overpotential compare to MAPIu and MAPIpmr, which suggested that polyfluorene could
reduce the overpotential resulting more favourable electrocatalytic HER kinetics of
MAPIbmr/PF10. This observation explains the accelerated rate of photocatalytic reductive
hydrogen evolution reaction. This may be due to polyfluorene, which provide better charge

separation and charge transport for photocatalysis.*®
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Figure 3.6. (a) Steady state PL, (b) Polarization curve, (¢) transient photocurrent, (d) EIS
Nyquist plot of MAPIu;, MAPIpmr and MAPIpme/PFio.

The photo-current responses for the pristine MAPIni, pristine MAPIbme, MAPIbmr/PF10
under several 10 sec on/off illumination cycles were performed and presented in Figure 3.6c¢.
Unambiguously, in the case of turned-on condition, the photocurrent intensity was observed to
remain almost unchanged and while promptly reducing to zero when the light turns off,
signifying a swift photocurrent response to light on—off condition. MAPIpmr exhibited the
higher photocurrent compared to MAPIn. While MAPIu; had the lowest value as expected.
MAPIpbmr/PF 10 heterostructures exhibited the highest photocurrent under same electric bias. In

terms of transient photocurrent, higher value indicates occurrence of efficient charge migration
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in MAPIpmr/PF19 composites.’® These results were well validated by electrochemical
impedance spectroscopy (EIS) measurement as shown in Figure 3.6d, MAPIpmr/PF10 with
smallest semicircle arc dictates the lowest interfacial charge transfer resistance resulting into
expedited interfacial charge transfer.** For pristine MAPI, the interfacial charge transfer
resistance gradually increases and it is maximum for pristine MAPI;.

To investigate the electron transfer pathway in the MAPIpme/PF10 composite, an initial
investigation was conducted on MAPI using Ultraviolet Photoelectron Spectroscopy (UPS)
analysis. The valance band maxima of MAPIpmr was determined to be -5.45 eV from UPS,
while the bandgap was calculated to be 1.55 eV using Tauc plot. The conduction band minima
was estimated as -3.9 eV (Figure S3.3, S3.4). In order to determine the LUMO of polyfluorene,
a cyclic voltammetry experiment was carried out, which revealed a reduction potential (E req,
onset) Of -0.46 V for the Polyfluorene co-catalyst as shown in Figure 3.7a. Subsequently, the
LUMO of polyfluorene was determined to be -3.98 eV. The optical bandgap was calculated as
2.48eV from absorption onset of polyfluorene (Figure S3.5). Regarding the band structure of
the overall composite, a type II heterojunction was proposed at the interface of polyfluorene
and MAPIpwmr, as illustrated in Figure 3.7b, showcasing an ideal scenario for photocatalytic
HER process. For Hz evolution according to “band matching” theory, the CBM energy level
of MAPIpmr was found to be more positive than that of polyfluorene, enabling the migration
of photo-generated electrons from MAPI to polyfluorene. This phenomenon accelerates
separation and transport of photogenerated electrons for the reduction of protons in reaction
medium to generate H,.*"**? Consequently, the electrons can be effectively extracted leading
to a significant enhancement in the photocatalytic HER activity of the MAPIpmr/PFio

heterostructures.
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Figure 3.7: (a) Energy profile diagram of MAPIpmr and PF. (b) CV diagram of PF. (c)

Molecular structure of Polyfluorene (PF) polymer.

3.4 Experimental Section

Materials:

Lead Iodide (Pbl2, 99%), Hydriodic Acid (57 wt% HI in H>O), Fluorene (99%), 1,6-
Dibromohexane (99%), 4-(Dimethylamino) pyridine (99%), were purchased from Sigma-
Aldrich. Ferric Chloride Anhydrous (99%) was obtained from Merck, India. Methylammonium
Iodide was purchased from Greatcell Solar, Australia. Hypophosphorus Acid (H3PO2, 50% in

H>0) was obtained from Loba Chemie, India. All chemicals were used as received.

Preparation of MAPIu1 powder and MAPI saturated solution:

MAPI was synthesized by dissolving MAI and Pbl> in molar ratio of 1:1 in HI/H3PO> aqueous
solution. Specifically, 15 g Pbl, was dissolved in 50 mL of HI acid (57 wt% in water), then
5.15 g MAI was slowly added into the solution with vigorous stirring under 80°C. The saturated
solution used here was prepared by adding 57 wt% of HI at 50 wt% H3PO:> in 5:1(v/v) ratio.
The reaction solution with black precipitate was stirred and heated to 100°C for 1h for
crystallization to attain the dynamic equilibrium, followed by cooling down to room
temperature to obtain the saturated solution containing black MAPI precipitates at the bottom.
The MAPI precipitates were separated out from saturated solution by centrifuge, the obtained
saturated solution was stored for next photocatalytic measurements, while the precipitates were

dried in a vacuum oven at 80°C to get pristine MAPI powder.
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Preparation of MAPIpmr: MAPIpmr was prepared by dissolving Pbl, and MAI in a weight
ratio of 3:1 in anhydrous DMF solvent followed by vigorous magnetic stirring at 70°C until a
clean bright yellow solution was prepared. Anhydrous toluene was added dropwise in the
solution. White precipitate will start to appear, toluene was added till complete precipitate
appeared with constant stirring at 90°C for 3 hours. The reaction mixture was centrifuged with
dry ethyl acetate and the precipitate was collected after 3 washes. The precipitate was dried in
vacuum oven at 80°C for 12 hours and stored inside the glove box for further use.

Fabrication of MAPIpmr/PF10: Pbl; and MAI were dissolved in a weight ratio of 3:1 in
anhydrous DMF solvent followed by vigorous magnetic stirring at 70°C until a clean bright
yellow solution was prepared. 10 weight % of polyfluorene was added in the solution and
stirred at 70°C for 15 minutes. Anhydrous toluene was added dropwise in the solution. White
precipitate will start to appear, toluene was added till complete precipitate appeared with
constant stirring at 90°C for 3 hours. The reaction mixture was centrifuged with dry ethyl
acetate and the precipitate was collected after 3 washes. The precipitate was dried in vacuum

oven at 80°C for 12 hours and stored inside the glove box for further use.

Synthesis of PF: In a 10 mL round bottom flask, the precursor polymer (70 mg), which we had
reported earlier (ACS Sens. 2018, 3, 8, 1451-1461), was solubilized in dimethylformamide (2
ml) and then added 4-Dimethylaminopyridine (DMAP) (0.3474 g). The reaction mixture was
stirred for 4 days at 80°C in an inert nitrogen gas atmosphere. Later it was cooled to room
temperature and poured into diethyl ether to get precipitates. The precipitates were collected
and washed multiple times with dichloromethane (DCM) followed by drying at room
temperature to get a brown-colored polymer (PF) (Yield = 90%). 1H NMR (600 MHz, 5,
DMSO0-d6): 8.24 (b), 7.95 (b), 7.87 (b), 7.82 (b), 7.46 (b), 7.36 (b), 6.97 (b), 4.05 (b), 3.15 (b),
(b), 2.11 (b), 1.53 (b), 1.01 (b), 0.61 (b).

Br. Br X UN N\l

® ®
S ©
Br Br

C )y e, »
O~ O~
Figure 3.8. Synthesis of PF. (a) 4-Dimethylaminopyridine (DMAP), DMF, 70°C, 24 h.
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Characterization
Same instrumentation used as chapter 2.

Photocatalytic measurement.
Same instrumentation used as chapter 2.

Photoelectrochemical measurement:

Same instrumentation used as chapter 2.

Table 3.2: Photophysical and electrochemical properties of polyfluorene.

Sample | Aaps (nm) Aabs (Nm) Aonset (nm) | Optical gap | Ereaonset (V) | LUMO/HOMO
=1240/honset V)
(eV)
PF 308 nm 439 nm 500 nm 248 eV -0.46 V -3.98 V/-6.46
\Y%

Visible light source for photocatalytic measurements: The visible light source used here for
the experiments is a 50 W with power density of 150 mW/cm? white LED bought from

Ledvance Osram. The spectrum of this light source is 420 nm -790 nm.

3.5 Conclusion

Role of solvent assisted morphology dependent MAPI has been investigated for photocatalytic
and photoelectrochemical activities. This article summaries the fact that altercation in reaction
medium from HI to DMF not only alter the surface morphology from cuboid to rod shape, it
also influences various aspects of photocatalytic and photoelectrochemical activities. MAPIpmr
exhibited superior performances in terms of HER activities by 28 times Compared to MAPIx.
The superior HER performances of MAPIpmr were supported by quenched photoluminescence
intensity, higher photocurrent, lower charge transfer resistance. The improved photocatalytic
and photoelectrochemical activities might be attributed to larger surface area possessed by rod
shape MAPIpmr. A greater surface area provides more reaction sites, enabling the absorption
of a higher number of photons resulting accelerated H> evolution. A stable
MAPDbIz/polyfluorene composite was successfully prepared by an in-situ fabrication. The
incorporation of polyfluorene on MAPIpmr surfaces not only broadens the light absorption

range but also enhances charge segregation and transport at the MAPIpmr/PFio interface,
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leading to improved photocatalytic and photoelectrochemical activities. Under optimized
conditions, MAPIpmr/PF1o exhibited a maximum HER activity of 6200 pmol h™' g!'. The
enhanced HER activity of MAPIpme/PF10 may be attributed to the efficient interfacial charge
transfer from MAPIpwmr to the polyfluorene co-catalyst owing to proper alignment of CBM of
MAPIpmr and the LUMO of polyfluorene. This present work shows the immense possibilities
of utilizing rationally designed metal free organic conjugated polymers for semiconductor
photocatalysis applications, provided the physicochemical stability and band alignment criteria

are well met.
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3.7 Supporting Information
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Figure S3.1: XRD study of MAPIpmr and MAPIpme/PF 10 after 80 hours of HER activities.

Figure S3.2: TEM image of MAPIpmr/PF 0.
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Figure S3.3: Band gap of pristine MAPIpwmr calculated from Tauc plot.
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Figure S3.4: UPS spectra of MAPIpwmr.
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Figure S3.5: UV-Visible spectra of polyfluorene taken in DMF.

Intensity (a.u.)

400 500 600 700 800
Wavelength (nm)

Figure S3.6: Electroluminescence of white LED light source.
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Figure S3.6 : 1H NMR spectra of PF.
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Transformation from type-l to type-l
MA:Bizlo based heterostructure
photocatalyst via energy band engineering

CHAPTER

Transition of type I to type II heterojunction enabling efficient H, evolution
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Chapter 4: Transformation of type-I to type-Il heterojunction for MA;Bi.ls based photocatalyst m

4.1 Abstract.

The photocatalytic dissociation of HI utilizing halide perovskites offers an environmentally
benign and economically viable approach for hydrogen production at ambient temperature
conditions. Lead-halide perovskites have shown encouraging efficacy in the domain of
photocatalytic hydrogen generation. A lead-free Bi based hybrid perovskite, specifically
MA;Bi2lo (MABI), has been successfully synthesized in a heterostructure configuration,
wherein MA3Bilo (MABI) perovskite was in-situ grown around MoS; co-catalyst. This
research underscores that for MoS2/MABI heterostructures, doping of phosphorus not only
modified the energy levels it also altered the band gap of MoS,. The shifted energy levels of
MoS; relative to MABI resulted into unique energy bands arrangements for 3 composites. A
transition of heterojunction from type I to type 1l was observed with phosphorus doped MoS>
containing composites. Among all 3 composites, PS0 MoS,/MABI possessed advantageous
band alignment, which facilitates efficient photogenerated charge separation and transport.
Under optimal reaction parameters, the hydrogen evolution rate can attain 1576 pmol g 'h™!

for P50_MoS2/MABI composites.

TH-3813_186122041



Chapter 4: Transformation of type-I to type-Il heterojunction for MA;Bi.ls based photocatalyst

4.2 Introduction

To meet the need for clean and renewable energy, H» stand as a potential candidate against
the fossil fuels as well as mitigating the environment deterioration. Amongst the various
strategies adopted for H> generation, photocatalysis stands as a most promising approach to
mitigate the problem of energy crisis.! The photocatalytic solar energy conversion process till
date is realized with various oxide-based materials like TiO2, CaTiOs etc.*® However, the last
few years have witnessed the tremendous utilization of lead halide-based perovskite for Ha
solar to electricity generation.”” The halide-based perovskite was widely explored for
photovoltaic and optoelectronic application due to their efficient light absorption property,
large extinction coefficient, high carrier mobility, larger carrier lifetime, tunable band gap and
low exciton binding energy.!®!? These properties also make them a suitable candidate for
photocatalysis for solar H, generation.!*!> The research growth of halide perovskite has
increased since Nam and coworkers used methyl ammonium lead iodide as a photocatalyst for
H, generation in 2016 by HI splitting.'® They observed that methyl ammonium lead iodide was
stable in a saturated HI solution and under visible light irradiation, splits HI producing H> by
maintaining a dynamic equilibrium by the MAPbI3 dissolution and reprecipitation in saturated
aqueous solution.!”- 18

Despite of good photocatalytic activity by the lead-based halide perovskite, the high toxicity
of lead and material instability limits its utility for large scale application.'® Therefore, there is
a need to explore stable and lead-free perovskite material.>” One alternative is the substitution
of Pb by Sn since it belongs to the same group, but the intrinsic instability of Sn>" against air
and moisture readily oxidizes Sn** to Sn*" state degrading the material. Recent study highlights
bismuth-based perovskite as a substitution to the lead-based perovskite as Bi*" is isoelectronic
with Pb*" with comparable electronegativity, similar ionic radii.’!** These are extremely stable
in ambient condition unlike Pb and Sn based perovskite materials. A class of Bismuth based
perovskite of general formula A3Bi»Xo where A is monovalent cation (Cs™ or MA™) and X is
halide anion (CI', Br’, I) is recent used as photoactive material both in photovoltaic application
and photocatalytic HER. ?*2° Of it, MA3Bi»lo (MABI) is the much less investigated material.
Its structure is consisting of a metal halide octahedra layers with void between the two layers
filled by MA" cations and the octahedral (Bizlo)* clusters in MA3Bixlo is surrounded by MA™*
cations. In 2019, Zhao et. al reported a heterojunction of MABI as a photocatalyst and Pt metal
as cocatalyst (MABI/Pt) for HI splitting.?® A heterojunction structure prevents the carriers

recombination and favours the efficient charge transfer by forming a Schottky barrier.?’

TH-3813_186122041



Chapter 4: Transformation of type-I to type-Il heterojunction for MA;Bi.ls based photocatalyst

However, the use of expensive Pt metal as cocatalyst is a big hindrance for practical
application. Exploring the inorganic cocatalyst is another means for efficient charge carrier
separation and transfer for enhanced H» generation.?® A non-noble material, Molybdenum
disulfide MoS,, a transition metal dichalcogenide is well explored cocatalyst to enhance the
photocatalytic activity of a photocatalyst and serve as the active sites to lower the overpotential
of the HER improving the H» evolution rate.?’ Its high activity, good resistivity as well as
stability against strong acid and economically inexpensive against noble Pt metal makes it
promising cocatalyst material for photocatalytic HER.

In this work, we have delineated a series of composites composed of MA3Biz2l9 and variants
of MoSz, which together establish heterostructures aimed at enhancing photocatalytic H»
evolution in HI solution upon exposure to visible light irradiation. Through UPS analysis it
was discerned that phosphorus doping instigates a downward trend in the VBM. As the
phosphorus doping concentration increases, the VBM is observed to shift into a considerably
deeper negative energy domain. This doping not only modifies the band alignment of MoS»
but also alters the band gaps of the three MoS: variants. The relative positions of the CBM and
VBM of both the MABI and MoS: constituents within the composites engender three distinct
scenarios. The doping has induced a transition from a type I heterostructure observed in
MoS2/MABI to a type II heterojunction noted in the other two doped variants of composites.
This heterojunction transition has significantly influenced the photocatalytic hydrogen
evolution reaction (HER) activities, resulting in varied HER performance across the three
composites.

The electronic band engineering attributed to change in elemental composition, could impact
on charge transfer characteristics in photocatalytic HER activities. Even though all
heterostructures exhibited improved HER activity as compared to pristine MABI, the highest
photocatalytic H> generation rates were delivered by P50 MoS2/MABI composites. Pristine
MABI showed HER activity of 15 pmol g ! h™' under visible white light LED, whereas for
P50 MoS»/MABI composites, the registered maximum HER activity was 1576 pmol g”' h™!,
which is 100 times higher than pristine MABI.

4.3 Result & discussion

The powder X-ray diffraction (PXRD) analysis of MA3Bi2lo (MABI) revealed diffraction
peaks at angles of 12.46°, 12.79°, 14.40°, 17.02°, 24.56°, 25.31°, 25.76°, 26.95°, 29.06°,
31.64°,32.31°, and 39.13°; these peaks can be attributed to the (100), (101), (103), (105), (006),
(202), (203), (216), and (208) crystallographic planes, respectively, as illustrated in Figure

4.1a. The XRD pattern obtained for MA3Bizly was found to be in remarkable concordance with
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previously reported data.?® The crystallinity, phase characteristics, and compositional analysis
of the synthesized MoS; nanostructures and all P doped MoS, variants (P50 MoS,,
P100_MoS>) were initially assessed through PXRD analysis. The comparative PXRD patterns
for the P doped MoS; and the pristine MoS; are displayed in Figure 4.1b. Three prominent
peaks at 15.52°, 32.12°, and 57°, corresponding to the (002), (100), and (110) planes of MoSo,
were identified, aligning with prior literature.® Due to the high crystallinity of MABI, no
discernible broad peaks characteristic of the amorphous MoS: cocatalyst were detected in the
diffractogram of the MoS2/MABI composites, as shown in Figure 4.1a. The stability of
perovskite-like materials is a significant concern; hence, the ambient stability of the
synthesized MABI was evaluated. MABI was subjected to aerobic conditions for a duration of
50 hours, after which the PXRD pattern was re-recorded. The PXRD pattern obtained from the
light-exposed MABI is presented in Figure S4.2. The results indicated negligible changes in
the PXRD pattern, suggesting that MABI possesses exceptional stability even after 55 hours
of photocatalytic hydrogen generation.
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=:’ : il . . : + + : + +
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Figure 4.1: XRD patterns of (a) three MoS2/MABI composites, (b) 3 variants of MoS»

The light absorption characteristics of the synthesized MABI and its various MoS>/MABI
composites were analyzed utilizing UV-vis absorption spectroscopy. The resulting MABI
powder demonstrated a significant absorbance within the visible light spectrum and a broad
absorption range spanning 500—600 nm, as depicted in Figure 4.2. The Tauc plot (shown in
Figure S4.3) indicated that MABI possesses a band gap of 1.98 eV, which aligns remarkably
well with findings from prior investigations.’! This favorable band gap of MABI motivates
further investigation into its potential as a photocatalyst for H» generation applications. In this
regard, MoS; and phosphorus doped MoS; were combined with MABI to achieve enhanced H»
evolution performance. The solid-state UV-visible spectra of all samples (MABI, MoS>/MABI,
P50 MoS>/MABI, P100_MoS,/MABI) demonstrated that the incorporation of MoS; onto the

MABI substrate significantly broadened the absorption spectrum of solar radiation. Moreover,
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P doped MoS> further extended the absorption range to 750 nm. Consequently, the P doped
MoS2/MABI heterostructures are anticipated to absorb a wide spectrum of sunlight.'> The band
gaps of MoSz, P50 MoS», and P100_MoS: were determined to be 1.39 eV, 1.28 eV, and 1.07

eV, respectively, as illustrated in Figure S4.4.
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Figure 4.2: Solid state UV-visible spectra of MABI and its three composites.

To elucidate the morphology and structural characteristics of MABI and its composites, as well
as the interactions between MABI and MoS» within the MoS2/MABI heterostructures, FESEM
and FETEM analyses were conducted. Figures 4.3a, b exhibited the FESEM images of pristine
MABI and MoS2/MABI composites, respectively. The pristine MABI microcrystals exhibited
a high degree of crystallinity, characterized by hexagonal shape and smooth surface
morphology.*? Furthermore, following the integration of MoS, with MABI, a microstructure
emerged where diminutive MoS> clusters were observed to be securely attached to the MABI
surface, indicating a close integration of MABI and MoS.. This robust heterojunction may be
attributed to the growth of MABI microcrystal structures around the MoS» clusters. Energy
Dispersive X-ray Spectroscopy (EDX) was employed to analyze the elemental distribution
within the composites. The elemental mapping of the MoS,/MABI photocatalyst composite
(Figure 4.3 d, e, f and g) reveals the presence of I, Bi atoms (contributed by MABI) and Mo,
S (contributed by MoS2). Which were uniformly dispersed throughout the crystal structure.
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Figure 4.3: FESEM top view images of (a) pristine MABI and (b) MoS2/MABI composite.
EDX elemental mapping of (¢) all elements, (d) L, (e) Bi, (f) Mo, (g) S for pristine MABL.

TEM and HRTEM analysis of MoS2/MABI heterostructures provides valuable insights into
their crystal structural characteristics, which were essential for understanding and optimizing
their performance in HER activities. TEM analysis of MoS2/MABI heterostructures typically
shows distinct regions of both MABI and MoS>.** Where MABI microcrystal exhibited
hexagonal crystal structure while MoS» generally have layered structures, depicted in Figure
4.4a.

High-resolution TEM image of composites (Figure 4.4b) revealed the crystal lattice of both
MABI and MoS; components. It also showed the mixing of two interfaces between these two
materials which is of particular interest, as it plays a crucial role in the heterostructure's
properties.>* The d-spacing of MABI and MoS; were calculated as 0.23 nm and 0.29 nm

respectively.
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Do

Figure 4.4: (a) TEM and (b) HRTEM images of P50 MoS2/MABI composites. Inset of (B)
shows the magnified images of MABI and P50 MoS..

The X-ray photoelectron spectroscopy (XPS) analysis was utilized for a more

comprehensive examination. The XPS survey spectrum of the synthesized
P50 MoS,/MABI illustrated in Figure 4.5a, reveals the existence of C, N, Bi, I, Mo, S,
P elements. The high-resolution XPS spectrum of 13d was depicted in Figure 4.5c,
which reveals two peaks at 630.36 eV and 618.732 eV for pristine MABI, corresponding
to the 13ds» and 13ds), states of I" ions, respectively. These peaks associated with the
3d3» and 3ds; states exhibited a shift of 0.23 eV towards higher binding energy
following the integration of P50 MoS: in P50 _MoS2/MABI composites.
The high-resolution XPS spectrum of Bi4f was shown in Figure 4.5d. This spectrum
presented two peaks at binding energy of 156.5 eV and 161.88 eV for pristine MABI,
attributed to two doublets of +3 oxidation states, assigned as Bi4f7, and Bidfsp
respectively. A shift towards higher binding energy by 0.31 eV was observed in the
P50 MoS2/MABI composites compared to the pristine MABI, indicating an efficient
transfer of photogenerated electrons to the anchored P50 MoS,.%

For P50 _MoS>/MABI composites, the Mo 3d peaks appeared at 229.32 and 232.28 eV, as
depicted in Figure 4.5e. Which were attributed to the doublet of Mo 3ds» and Mo 3ds,
respectively for Mo*". Also sulfur atoms-related 2s peak was observed at 226.38 eV. for S*". In
addition, a peak at 235.48 eV corresponds to the Mo®" of MoO;. For P50 MoS,/MABI
composites, Mo3d state demonstrated a red shift of approximately 0.65 eV when compared to
pristine P50 MoS;, as illustrated in Figure 4.5e. These findings consistently imply that

P50 MoS: present in composites was accepting photoelectrons, which leads to a decrease in
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the binding energy of the Mo3d state. The observed shifts in binding energy towards higher
values for Bi and I, and lower values for Mo, indicate an efficient interfacial charge transfer
from MABI to P50 MoS, through a robust heterojunction, ultimately enhancing the
photocatalytic performance of P50 MoS2/MABI.>® The high resolution XPS of phosphorus
present in P50 MoS>/MABI composites were also displayed in Figure S4.6, depicting

presence of P2p12 and P2ps/, doublets.

(a) . P50_MoS,/MABI (b) —P50_MoS,/MABI
—_ Biaf — 73 A
3 s2p E] P2p J 3
< N s !
= s " Mo3d oy
(7] O1s [7] P
s c1s f P2p S § —Fitted data
k=3 Nis ‘ Bi5 s P2p,,
= 1ad r o P2p,,
—— Baseline
—o— Raw data
800 600 400 200 0 140 136 132 128 124
Binding energy (eV) Binding Energy (eV)
(C) 13d,, ‘|3d$,2 (d) P50_MoS2/MABI Bidfy; Bidfy, (9) PS0_MoS JMABI
—_ A ; A 4" o
z A / b ; S ‘ :"\./‘“ / 3 P / 1 "‘/‘:
> P50_MoS,/MABI < Bid+ S Tossy )
%; é I 0.33eV ‘? Mo®*3d,,, s
@ 0.23eV @™ Bi -— [ Mo®3dy,
£ A ‘ 2 o 7\ £| BN mo*3dy, o~ ‘
= A%, F 3 = P - £ Mo“3ds, @t &
v Vi _ -~ -~ sfzs W A 4 . P50_Mos,
MABI e _ R
630 624 618 170 165 160 155 240 2:?6 . 232 228
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 4.5: XPS survey scan of (a) PS0_MoS2/MABI. High resolution deconvoluted XPS
spectra of (b) P2p, (¢) 13d, (d) Bidf and (¢) Mo3d for composites and the pristine components.

To investigate the role of MoS: as a co-catalyst within the charge transfer mechanism of
MoS2/MABI composites, time-resolved photoluminescence investigation was undertaken, as
illustrated in Figure 4.6a. The MABI compound and three distinct variants of MoS2/MABI
composites displayed decay phenomena at approximately 630 nm, characterized by diverse
patterns that reflect their unique rates of charge recombination. The aggregate recombination
rate is represented by the sum of both radiative and non-radiative recombination rates. The
lifetimes corresponding to these decay processes exhibited a significant correlation with the
recombination dynamics of electron-hole pairs. The pristine MABI demonstrated an average
lifetime of 8.2 ns. As depicted in Figure 4.6a, the photoluminescence decay of MABI markedly
accelerated in the presence of the three MoS; variants, necessitating the application of a two-
exponential function to fit the PL kinetics. The mean lifetimes for all three MoS>/MABI
composites were notably diminished, indicating an expedited charge transfer mechanism

within the heterostructures. Consequently, MoS> can efficiently facilitate the extraction of
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photogenerated electrons from MABI due to the favorable alignment of energy levels.*® Among
the three heterostructures analyzed, the PS50 MoS>/MABI and P100 MoS>/MABI composites
exhibited marginally higher lifetimes in comparison to the MoS2/MABI configuration.
Specifically, PS50 MoS>/MABI and P100_MoS2/MABI recorded lifetimes of 3.7 ns and 4.2 ns,
respectively. In contrast, the MoS>/MABI composite demonstrated the lowest recorded lifetime
0f2.91 ns. The TRPL decay parameters were included in tabular form (Table 4.1). To elucidate
the observed discrepancies in lifetime data among the three composites, the band alignments
between the MABI and MoS:» constituents were scrutinized. The P50 MoS>/MABI and
P100_MoS»/MABI composites were classified as type II heterostructures, whereas the
MoS2/MABI composite was categorized as a type I heterostructure. Type I heterostructures
facilitate the confinement of both electrons and holes within the same component, typically the
layer exhibiting a narrower bandgap. Although this configuration promotes radiative
recombination owing to the enhanced spatial overlap of charge carriers, it generally results in
reduced lifetimes as electrons and holes remain in close proximity. Such phenomena impose
constraints on photocatalytic processes, where effective charge separation is paramount.
Conversely, type II heterostructures enable the preferential accumulation of electrons and holes
in distinct components. This spatial segregation of charge carriers across the interface
substantially mitigates recombination, leading to extended time-resolved photoluminescence
lifetimes. An extended lifetime correlates with a reduction in the recombination of
photoelectrons and holes, thereby increasing the probability of successful charge separation

and migration, ultimately diminishing photocatalytic activity.?”
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Figure 4.6: (a) Time resolved photoluminescence decay at 630 nm (b) transient photocurrent
responses under visible light (A > 420 nm) irradiation, and (¢) EIS Nyquist plots of pristine
MABI and MoS2/MABI composites.

The photoelectrochemical (PEC) evaluation was employed to furnish substantial evidence
regarding charge separation and transfer within the composites. The photo-current responses
for the unmodified MABI and its various composites were recorded over multiple 10-second
illumination intervals and were depicted in Figure 4.6b. Clearly, under the illumination
condition, the photocurrent intensity was noted to remain relatively stable, while it rapidly
diminished to zero upon cessation of light, indicating a swift photocurrent response to the on-
off light conditions. It was noted that the P50 MoS2/MABI composites exhibited the highest
photocurrent, whereas the photocurrent progressively declined for the MoS>/MABI and
P100__MoS»/MABI composites, respectively. As expected, the pristine MABI displayed the
lowest photocurrent when subjected to the same electrical bias. In the realm of transient
photocurrent, a higher value signifies effective and efficient charge mobility within the
composites, which frequently correlates with the superior hydrogen evolution rate among all
tested samples.’® These findings were corroborated by electrochemical impedance
spectroscopy (EIS) measurements, as illustrated in Figure 4.6¢c. The P50 MoS,/MABI
composite, exhibiting the smallest semicircle arc, signifies the lowest interfacial charge transfer

resistance, thereby facilitating expedited charge transfer at the interface. In contrast, the
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interfacial charge transfer resistance for the other MABI composites progressively increased,

1.3° This indicates that charge migration was most arduous for the

peaking for the pristine MAB
pristine MABI, consequently resulting in the lowest photocurrent. This observation elucidates
that under certain scenario P doped MoS; based heterostructures displayed superior photo-
electrochemical properties which ultimately translated into accelerated photocatalytic
reductive hydrogen evolution reaction rates. Which might be attributed due to improved charge

separation and transport for photocatalytic processes.*’

In the context of photocatalytic hydrogen generation reactions, the MoS2/MABI composites
were synthesized through the incorporation of cocatalysts and precursors, notably Bil; and
MALI, within a mixed solution of MABI-saturated aqueous HI/H3PO,, utilizing the method of
in situ crystallization. The photocatalytic hydrogen evolution efficiency of the synthesized
samples was evaluated under visible white light LED irradiation in the MABI-saturated
HI/H3PO: (5:1 v/v) solution. The three fundamental elements in this photocatalytic process are
the photocatalyst, the illumination source, and the reaction medium. To validate this assertion,
a sequence of controlled photocatalytic experiments was performed, during which each
component was systematically omitted. Under these controlled conditions, no hydrogen gas
was observed in the absence of visible light irradiation, and the MABI microcrystals underwent
disintegration when HI was absent from the reaction medium. Nevertheless, the photocatalytic
activities were verified via gas chromatography, with the visible light acting upon a
photocatalyst immersed in the MABI-saturated HI/H3sPO; solution. The hydrogen evolution
rates for all samples were compiled and illustrated as a function of light exposure duration in
Figure 4.7a. Hydrogen evolution activity of pristine MABI was determined to be a mere 15
umol g ! h!. This subpar performance may be attributed to a limited number of surface reaction
sites present on MABI surfaces, resulting in a diminished generation of photogenerated

electrons and a delayed transfer to the reaction medium.*!

Unexpectedly, the hydrogen evolution reaction (HER) performance exhibited a significant
enhancement upon the incorporation of MoS, co-catalyst with MABI microcrystals. The
P100_MoS2/MABI composites demonstrated an H> evolution rate of 250 umol g'h,
representing the lowest performance among all composite materials, whereas the
P50 MoS2/MABI composites showcased the highest HER activity, achieving 1576 umol g 'h™
!, the most notable performance across the various composite formulations. A comparative

performance summary table (Table 4.2) has been included in the Supporting Information.
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This observed performance surpasses that of the pristine MABI microcrystals by nearly 100
times. This phenomenon can be elucidated through the in-situ crystallization process. wherein
MoS; clusters are effectively integrated on the MABI surface (Figure 4.3b and 4.4b) resulting
in probability of segregation between MABI and MoS; diminishes during magnetic stirring.
Furthermore, this interaction fosters the formation of a robust heterojunction, contributing to
the aforementioned enhancement of HER performance.

In terms of hydrogen evolution activity, the MoS2/MABI composites not only surpassed
pristine MABI but also displayed superior HER performance relative to MABI samples
decorated with Pt2® Additionally, it is pertinent to note that the best performing
P50 MoS2/MABI composites exhibited commendable stability in HER activities over an
extended duration (Figure 4.7b). The photocatalytic hydrogen evolution was conducted
utilizing P50_MoS2/MABI composites under white LED illumination for a period of 56 hours.
There was no significant decline in HER activity over 8 consecutive cycles, each spanning 5
hours with a 1-hour interval for the evacuation and purging of inert nitrogen gas. However,
following prolonged irradiation of 56 hours, a substantial decline in HER activity was observed
during the final cycle. This reduction in measured activity may be attributed to an excessive
accumulation of I>". However, XPS and TEM analysis of the P50_MoS>/MABI samples were
performed after 56 hours of HER activity, no significant degradation were observed following

this duration (Figure S4.7, S4.8).
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Figure 4.7. (a) Comparative study of H> evolution of all MoS2/MABI composites (10 wt. %)
and (b) Hz evolution activity of PS0_MoS2/MABI composites over 55 h long white light LED

exposure.

A crucial technique, UPS analysis, was employed to assess the VBM of three variants of
MoS: as well MABI. This investigation revealed MABI has its VBM position at -5.74 eV.
Whereas the VBM of pristine MoS> was positioned at -5.43 eV (Figure S4.9, S4.10). The
obtained band gap of MABI and pristine MoS: were 1.98 eV and 1.39 eV respectively. Hence
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the CBM of MABI and MoS; were calculated as -3.76 eV and -4.04 eV. Notably upon doping
of P, the VBM of doped MoS, got reduced significantly for both P50 MoS; and P100_MoS..
The VBM of P50 MoS,, obtained from UPS analysis was -5.76 eV (Figure S4.11). For
P100_MoS,, the VBM was calculated as -6.27 Ev (Figure S4.12). Hence it is clearly evident
that doping of phosphorus showed a downward trend for VBM. The band gap of both the
P50 MoS> and P100 MoS; obtained from tauc plot followed a declining trend compare to
MoS,. The calculated band gap of both P50 MoS> and P100_MoS; were 1.28 eV and 1.07 eV
respectively. Summing up both the data of VBM and band gap, the obtained CBM of
P50 MoS> and P100 MoS; were -4.48 eV and -5.2 eV respectively.
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Figure 4.8: Schematic Illustration of Band Alignment of three variants of MoS,/MABI

Composites and Mechanism of H> evolution in Aqueous HI.

As delineated in Figure 4.8 for MoS2/MABI, the VBM of pristine MoS: was situated
considerably above that of MABI, while the CBM resides below than that of MABI.
This alignment of band positions exemplifies a classical type I heterostructure, wherein
both the CBM and VBM of the pristine MoS> component were encompassed within the
respective CBM and VBM of the MABI component. Consequently, both
photogenerated electrons and holes were confined within the individual MoS:2
component of the composites. Such an arrangement enhances the probability of
radiative recombination in MABI composites, potentially resulting in lower average
TRPL lifetime and lower photocurrent leading towards reduced HER activities. In

contrast, for the P-doped variant of MoS», a downward shift towards deeper negative
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energy region were observed as depicted in Figure 4.8. This downward shift created a
favorable scenario for a type II heterojunction, where the CBM and VBM of MoS> were
positioned below or in close proximity to those of MABI, yielding spatial separation of
electrons and holes in P50 MoS,/ MABI and P100 MoS>/MABI composites.
Photogenerated electrons were predominantly localized in the conduction band of the
MoS; component, while holes were situated in the valence band of MABI. This spatial
separation facilitates extended TRPL lifetimes and was beneficial for the transfer of
photogenerated charges. The TRPL lifetime, photocurrent, and charge transfer
resistance data further corroborate this observation.*?

For two of the composites (MoS2/MABI, P50 MoS2/MABI) the CBM of MoS;
components were situated above and in close proximity to the redox potential E(H"/H>),
which is -4.55 eV relative to vacuum or 0 V relative to NHE.'® This specific
configuration of energy bands were extremely crucial for co-catalyst mediated efficient
proton reduction where MoS2 and P50 MoS: could efficiently transferred the
photoelectrons towards protons present in reaction medium. Conversely, the CBM of
P100_MoS: was found to be positioned much deeper relative to E(H'/H>). Though the
relative energy bands alignment between MABI and P100_MoS: created a type II
heterojunction which might be favourable for effective charge extraction from MABI
towards P100_MoS», but this particular aforementioned band position of P100_MoS,,
was very detrimental for HER activities. The role of co-catalyst was to extract the
photoelectron form MABI and transfer it towards the protons present in reaction
medium hence P100_MoS; fails to serve as a co-catalyst. Despite of efficient charge
separation and transfer, P100_MoS; could not facilitates the proton reduction, as its
CBM was situated significantly below to E(H"/H2).

The understanding of the distinct photocatalytic and photoelectrochemical
characteristics can be elucidated through the analysis and comparison of the energy
profile diagrams corresponding to the three composites, as depicted in Figure 4.8. As
previously noted, among the three composites MoS>/MABI, P50 MoS>/MABI, and
P100_MoS2/MABI; the P-doped composites exhibited a type II heterostructure. For
initial two composites, the MoS> component was instrumental in facilitating proton
reduction. This observation clearly indicates that P50 MoS2/MABI fulfils two of the
most critical criteria for being an effective photocatalyst. In contrast, the other two
composites fall short in one of these essential characteristics, adversely impacting their

photocatalytic performance. Consequently, both MoS2/MABI and P100_ MoS>/MABI
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exhibited HER activities within a comparable range. While P50 MoS,/MABI have
demonstrated the best HER performance as depicted in Figure 7a. Among the
remaining two composites, although P100 MoS>/MABI composites showcased
superior TRPL lifetime and photocurrent but MoS2/MABI with type I heterostructure

have exhibited marginally superior HER performance.

4.4 Experimental section

Materials:

Ammonium molybdate tetrahydrate, Sodium hypophosphite monohydrate, Bismuth iodide,
hydrogen iodide (57 wt% in H>O), thiourea, anhydrous DMSO, anhydrous toluene were
purchased from Sigma-Aldrich. Methylammonium iodide was purchased from Great cell solar.
All chemicals were used as received.

Preparation of amorphous MoS: and P doped MoS:

In a conventional synthesis procedure, 20 mL of ethylene diamine was solubilized in 10 mL of
distilled water. Subsequently, 1 mmol of (NH4)sM07024-4H>O was incorporated while stirring.
Following complete dissolution, 4 mmol of thiourea was introduced and the mixture was
agitated for a duration of 30 minutes. As a phosphorus precursor, varying amounts of
NaH>PO;-H»0 (specifically, 50 mg and 100 mg) were incorporated into the precursor solution.
The resultant solution was then transferred into a 50 mL Teflon-lined stainless-steel autoclave
and subjected to heating at 200 °C for a period of 12 hours, after which it was allowed to cool
to ambient temperature spontaneously. The resultant black precipitate was isolated via
centrifugation and subjected to multiple washings with deionized water and ethanol to
eliminate any residual ions, followed by drying at 50 °C for 6 hours in preparation for
subsequent characterization. Three distinct variants of MoS; were synthesized, denoted as

MoS2, 50 _MoS;, and 100_MoSo.

Preparation of MoS2/MABI composites powder:

MABI was synthesized by dissolving MAI and Bil3 in molar ratio of 3:2. Specifically, 1176.38
mg Bil; was dissolved in 5 ml of anhydrous DMSO at 80°C, then 476.88 mg MAI was slowly
added into the solution with vigorous stirring. A saturated bright orange solution was formed
used for further preparation. 165 mg of 3 variants of MoS; (= 10 wt.% with respect to total

MABI formed) were added separately into three different solutions. Under stirring condition,
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anhydrous toluene was added dropwise in the solution. Black precipitate would start to appear.
Addition of anhydrous toluene was continued till the complete precipitation appeared with
constant stirring at 90°C for 3 hours. The reaction mixture was centrifuged with dry ethyl
acetate and the precipitate was collected after 3 washes. The precipitate was dried in vacuum

oven at 80°C for 12 hours and stored inside the glove box for further use.

Visible light source for photocatalytic measurements

The visible light source used here for the experiments is a 50 W with power density of 150
mW/cm? white LED bought from Ledvance Osram. The spectrum of this light source is 420 -
790 nm.

Table 4.1: Table for parameters of TRPL decays.

A1 t1 (ns) A2 t2 (ns) Average
lifetime
(Tav)
MABI 0.49569 0.86823 0.40312 9.05049 8.187 ns
P50_MoS2/MABI 0.5647 0.8355 0.432 4.45275 3.740 ns
P100_MoS2/MABI | 0.5647 0.83559 0.432 4.45275 4.2 ns
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Table 4.2: performance and experimental parameters of reported halide perovskite

photocatalysts for H evolution.

Material Light source | H2 production | References
[wmol g'h']
MA;Bi2lo 300 W Xe-lamp | 12.9 1
with a 400 nm
cutoff filter
MA;Bi2lo/Pt 300 W Xe-lamp | 169.21 1
with a 400 nm
cutoff filter
P50 MoS2/MA3Bi2lo | 50 W white 1176 This work
LED with power
density of 150
mW/cm?

4.5 Conclusion

The influence of phosphorus doping on the band gap and energy levels have been
meticulously analyzed. This study elucidates that the band gap of MoS: declines from 1.39 eV
for pristine MoS, to 1.28 eV for P50 MoS,, and it further diminished to 1.07 eV for
P100_MoS: upon doping with P. Concurrently, the VBM energy level of all the MoS» variants
experienced a downward shift. Consequently, P50 MoS2/MABI and P100_MoS,/MABI
composites have established a type II heterojunction, whereas MoS2/MABI results in a type |
heterojunction. It is noteworthy that type II heterojunctions are typically more favorable for the
separation and migration of photogenerated charges when compared to type I heterostructures,
P50 MoS2/MABI demonstrated superior photocatalytic and photoelectrochemical efficiencies
relative to the others.

Even though P100_MoS>/MABI possessed type II heterojunction still it exhibited the least
reaction rates among three composites. The relative energy band positions of P100_ MoS; and
MABI might be attributed to the diminished HER activity. The CBM of P100_MoS, was
located at significantly deeper energy level compared to E(H'/H>), inhibiting its function as a
photoelectron carrier, thereby resulting in the compromised photocatalytic HER activities of

P100__MoS2/MABI composites.
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Figure S4.7: XPS of P50 MoS2/MABI, post hydrogen evolution reaction.

Figure S4.8: TEM image of P50 MoS>/MABI, post hydrogen evolution reaction.
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Chapter 5: Molecularly Doped Porphyrin Covalent Heterojunction Carbon Nitride for Water Splitting

5.1 Abstract:

Graphitic carbon nitride (g-CsNa4) is a promising metal-free semiconductor for photocatalytic
solar energy conversion, yet its practical application is hindered by high charge recombination
rates, limited visible light absorption, and lack of catalytic centers. Molecular doping offers an
effective strategy to address these limitations by incorporating functional molecular fragments
within the carbon nitride framework, enhancing charge separation and electronic properties
without the interfacial losses typical of heterojunctions. In this work, we report the rational
design of a integrated porphyrin-carbon nitride covalent heterojunction catalyst via a molecular
doping approach. A meso-Tetrakis(4-cyanophenyl)porphyrin derivative is functionalized to
form polymerizable 2,4-diamino-1,3,5-triazine (DAT) domains, enabling copolymerization
with melamine. The resulting porphyrin-doped carbon nitride exhibits extended light
absorption, suppressed radiative recombination, and intrinsic catalytic centers. Post-synthetic
metalation with Ni or Co yields active, cocatalyst-free photocatalysts for efficient solar-driven
water splitting. This strategy demonstrates a versatile platform for constructing
multifunctional, molecular heterojunction carbon nitride materials tailored for solar energy
applications. Under photocatalytic conditions using visible light, the Ni and Co based
porphyrin modified CNs show HER rate 0of 4100 pmol-g'h™" & 4560 pmol-g'h™' respectively.
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5.2 Introduction

Recently graphitic carbon nitride (g-C3N4 or g-CN) has garnered praiseworthy reputation as a
low cost, metal free, environmentally benign semiconductor material, suitable for several
applications including solar energy harvesting using artificial photosynthesis or solar cells.!”
Artificial photosynthesis requires semiconductor materials that can absorb sunlight
preferentially in the visible region and create charge pairs which can in turn be utilized to
perform specific chemical reactions.*> Despite of several advantages compared to some all-
inorganic semiconductors like TiO2, ZnO, CdS etc., pristine carbon nitride suffers from mainly
efficiency issues attributed to several facts like, pristine heptazine based CN has a notoriously
high extent of optical recombination in the form of fluorescence and poor carrier dynamics
overall. By far the high propensity of radiative recombination directly affects the catalytic
efficiency the most. Some other factors like lack of reaction centers in the framework and poor
optical absorption of pristine CN at wavelengths above 450 nm further impedes real life
implementation of carbon nitride for photocatalytic applications.!:> However, luckily, as carbon
nitride is an organic derived polymeric material, it is far easier to modulate its structural
fragments as compared to inorganic materials, where limited possibilities are available.’
Elemental doping is a method that has been extensively employed to improve carrier dynamics
of carbon nitrides.® But molecular doping has proven its effectivity in this aspect more
prominently, utilizing and strategically tweaking the very polymeric property of CN. Molecular
doping is a method where whole molecules or molecular fragments can be attached in the CN
framework, providing a universal and effective platform for precisely modulating electronic
effects in the material.” It also enables introducing donor-acceptor type electronic push-pull
effects, leading towards efficient charge separation or utilizing conducting n-bridge fragments
within the framework to increase overall carrier dynamics.® In contrast to the more commonly
utilized methods of heterojunction formation, molecular doping gives rise to homojunction or
covalent molecular heterojunction materials, which greatly eliminates the interfacial charge
transfer losses, without compromising the positive synergistic effects arising from the tuning
of local electronic structures.” 8 In order to attach molecular fragments into the carbon nitride
framework, strategically designed monomers need to be synthesized which contain
polymerizable domains compatible to be copolymerized with melamine or dicyandiamide.’
The attached fragments can be of bridging type, dangling/pendant type or fused ring type
depending on the nature of fragment used.'® Typical polymerizable domains are 2,4-diamino-

1,3,5-triazine (DAT); 2,4-diaminopyrimidine (DAP) and pyrimidine nucleobases and their
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derivatives (substituted uracils etc.) but not limited to. ''"'* Polymerizing molecular materials
containing those abovementioned domains leads to copolymerization of the moiety with
melamine or dicyandiamide to form substituted heptazines (fused/ carbon rich/ non-

stoichiometric) causing molecular doping in the framework.

Porphyrins are highly sought after molecular fragments in various subdomains of catalysis
including photocatalysis for solar energy harvesting. They are robust macrocyclic structures
bearing a metal center bound to the ligand core which is often highly catalytically active and
selective towards electron transfer reactions.'* Also, their inherent intense light harvesting
capability, photoactivity and high thermal stability is extremely beneficial when utilizing them
with a material like carbon nitride, which demands for high temperature processibility. The
strategy of incorporating a whole porphyrin core into the carbon nitride framework entails a
rational designing of a polymerizable porphyrin monomer. Incorporation of a porphyrin inside
the carbon nitride framework not only improves its light absorption due to chromophoric
effects, but also provides a catalytic center for interfacial reactions like proton reduction to
occur. Concisely, this strategy single handedly serves multiple purposes of (a) increasing the
light absorption range, (b) suppressing the radiative recombination significantly and (c)
providing a self-catalytic site to circumvent the need of an externally attached hydrogen
evolution co-catalysts, which are often platinum group metals. Attachment of porphyrins to
various classes of semiconductor materials has already been widely researched, however, the
strategies quite often result in a porphyrin-semiconductor heterojunction.!>!® For fabricating
carbon nitride-porphyrin molecular heterojunctions, strategies like Schiff-condensation'® and
amide-condensation®® between the -NH> group of carbon nitride and >C=0 or -COOH side
groups of porphyrins have been explored, respectively. Despite the anchoring of porphyrins
onto the carbon nitride moiety, these types of covalent bonding often fail to provide a strong
planar delocalization electronically, due to the flexible nature of the linkage. Fusing the
porphyrin moiety in the carbon nitride framework via m-conjugation strategy can effectively
circumvent the abovementioned issue.?!?* Nevertheless, fabricating porphyrin based covalent
molecular heterojunction catalysts having a m-conjugated connectivity requires very specific

designing strategies which narrow down the choice of molecular attachment domains.

As discussed earlier, DATs can be considered as key intermediate monomers for the synthesis
of molecularly doped carbon nitrides via a copolymerization route.” Thus, strategically
designing DATs with desired molecular fragments can truly open up a facile pathway towards

molecular doping of CN frameworks. To begin with the designing of the polymerizable
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porphyrin, a classic reaction of alkyl/aryl nitriles was revisited, which undergo cyclization
reaction with dicyandiamide under basic conditions to form substituted DATs.!! The present
work employs meso-Tetrakis(4-cyanophenyl)porphyrin as a simple porphyrin fragment to
build up a covalently bound carbon nitride-porphyrin molecular heterojunction catalyst.
Porphyrins are thermally stable molecules inherently, and formation of DAT substitutions
further increase it to an even higher degree, reducing the chances of their thermal degradation
during polymerization and conserving material homogeneity. The cyanophenyl porphyrin
undergoes DAT formation when reacted with excess dicyandiamide in NMP using a KOH
catalyst. Then the DAT substituted porphyrin can form a supramolecular assembly with
melamine, which upon high temperature copolymerization, forms the covalent heterojunction
carbon nitride. Post metalation of this material with N1 or Co 1ons produces a metalloporphyrin-
CN derivative as the active water splitting semiconductor. It is noteworthy to mention that the
DAT substituted porphyrin has been utilized itself as a photoactive H-bonded organic

24, 25

framework (HOF) for photocatalytic removal of U(VI) from water, and as a molecular

dopant in carbon nitride for photocatalytic H> evolution?! and CO; reduction applications.?? 23
However, the works utilize precious co-catalysts like Pt,”! and the synthesis of the porphyrin

fused carbon nitride employs urea as the precursor,>'%?

which often leads to very porous,
slightly amorphous carbon nitrides compared to melamine derived ones. Our work employs
melamine as the main precursor to increase the overall crystallinity of the CN photocatalyst
and also exploits the DAT porphyrin’s capability to form an H-bonded supramolecular
assembly with melamine, as a key step in synthesis, for better homogeneity.?® 27 Moreover, we
also observe that, upon post-metalation, the metalated porphyrin sites not only act as
chromophoric centres, augmenting the photo-properties of the material, but also, act as self-
catalytic sites for HER to occur, avoiding the use of precious co-catalysts. Under photocatalytic

conditions using visible light, the N1 and Co based porphyrin modified CNs show HER rate of
4150 pmol-g'h™ & 4600 umol-g'h! respectively.

5.3 Results & Discussions

The detailed synthetic procedure of the photocatalysts have been described thoroughly in the
experimental section (5.4). The DAT substituted porphyrin undergoes a supramolecular
assembly formation with melamine in Water-DMF at elevated temperature. The assembly when

polymerized at 550 °C results in a porphyrin grafted carbon nitride with molecular
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homojunction bonding mode. The porphyrin inclusion on the carbon nitride framework
resulted in a darker colored (greyish) carbon nitride as compared to the pale-yellow pristine g-
C3Ny as observed in (Figure S5.1). The schematic representation of the formation of both
pristine (g-CN) and porphyrin doped (g-CN_Por) carbon nitrides is depicted in Figure 5.1. The
metalation of the porphyrin core was carried out via post-metalation strategy, to ensure the
metalation of only those porphyrin centers which survived during the high temperature
polymerization. The post metalation of g-CN_Por with Co*" and Ni** yielded g-CN_Por Co
and g-CN_Por_Ni respectively.
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Figure 5.1: Design strategy and synthesis

To start with, both SEM and TEM imaging was performed to understand whether the inclusion
of the porphyrin moiety had any effect on the overall the morphology of the basic carbon nitride
structure. (Figure 5.2a-d) & (Figure S5.2a-h) represent the scanning electron micrographs of
all the carbon nitride materials. The surface morphology study via SEM unveils that, all the
carbon nitride materials show a very similar, irregular and agglomerated assembly of crumpled
graphenic sheets, a very common trait of 2D carbon materials.?® The low loading of the

porphyrin precursor as a dopant did not show any significant change in the surface morphology
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of g-CN_Por vs. g-CN, as the DAT porphyrin probably has the same polymerization pathway
and kinetics like its matrix melamine and the deliberate use of a preformed supramolecular
assembly further ensured homogeneity in the polymerization environment. As post-metalation
is a simple metal ion-ligand interaction only, it also didn’t alter the overall morphology further.
(Figure 5.2e-h) & (Figure S5.3a-h) represent the high-resolution transmission electron
micrographs and transmission electron micrographs of all the carbon nitride materials
respectively. The fine microstructure determination via TEM and HRTEM unveils that, all the
CN materials maintained the basic morphology of layered sheetlike structures common to that
of 2D graphemic carbon materials.?? g-CN and g-CN_Por didn’t show any significant structural
differences whatsoever, further supporting the claim of negligible effect on polymerization
dynamics of low loading of the porphyrin dopant. However, to visualize the dispersed metallic
sites for the metalated samples g-CN_Por Co and g-CN_Por Ni, very high-resolution images
both in bright field and HAADF conditions could not be recorded due to the material’s fast

degrading response under high influx of electron beam.

Figure 5.2: (a) SEM, (¢) HRTEM of g-CN; (b) SEM, (f) HRTEM of g-CN_Por; (c) SEM, (g)
HRTEM of g-CN_Por Co & (d) SEM, (h) HRTEM of g-CN_Por Ni.

Elemental mapping was also performed along with the SEM study to visualize the presence of
different elements in the samples. (Figure S5.4 b-¢) and (Figure 5.3b-c and 5.3f-g) shows the
presence of both C and N channels in g-CN Por, g-CN Por Co and g-CN_Por Ni
respectively. While (Figure 5.3d & 5.3h) represent the presence of Co and Ni channels, further
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confirming the metalation performed. (Figures S5.4a and Figure 5.3a & 5.3e) represent

mapping overlay on the field of view.

Figure 5.3: EDX mapping of (a-d) g-CN_Por Co & (e-h) g-CN_Por Ni. (a) Overlay, (b) C
K channel, (c) N K channel & (d) Co K channel of g-CN_Por_Co. (e) Overlay, (f) C K
channel, (g) N K channel & (h) Ni K channel of g-CN_Por Ni.

UV-Vis Diffused Reflectance Spectroscopy was performed to understand the optical properties
of the different CN materials. As seen in (Figure 5.4a) the optical absorbance cutoft for g-CN
could be observed at 450 nm with distinct absorbance features at about 400 nm and 300 nm
regions corresponding to the n—n* and n—n* transitions respectively which is quite usual for
pristine forms of g-C3N4.>° On the other hand, g-CN_Por, g-CN_Por_Co and g-CN_Por_Ni

showed a collectively similar spectral absorbance behaviour but contrasting g-CN.

The spectral features corresponding to n—n* and n—n* transitions were preserved, but
apparently the absorption edge could be observed to be blue shifted. However, upon closer
inspection through bandgap calculations using Tauc plot via Kubelka-Munk transformations,
actually a very slight reduction in bandgap was observed for all the porphyrin doped CN
materials as compared to pristine CN. g-CN_Por, g-CN_Por Co & g-CN_Por Ni showed
bandgap values of 2.73 eV, 2.72 eV & 2.72 eV respectively, while g-CN showed 2.75 eV
(Figure S5.5 a-e). Getting back to the absorbance plot in (Figure 5.3a) with this insight shows
that, the apparent blue shift feature is a relative spectral absorbance redistribution across the
varying wavelengths in the 400-450 nm region, whereas, the band edge actually tilted slightly

towards the higher wavelength region resulting into an effective reduction in bandgap. The
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reduction in bandgap could be attributed to a more effective delocalization in the newly formed
porphyrin modified heptazine framework.?! Also, it is noteworthy that, a tail absorption region
with low optical density could be observed in all porphyrin modified CN materials, which could
be arising due to the formation of new surface/sub-band/defect states, as inclusion of the
porphyrin moiety distorts the electronic energy levels of the heptazine conjugated structure
(Cite). It is also worth mentioning that, the porphyrin Q bands could not be resolved in the

spectra, due to a very low amount of loading of the porphyrin.

Powder X-Ray Diffraction study was performed to identify, whether the inclusion of the
porphyrin led to any crystallographic changes in the parent CN framework (Figure 5.4b). The
presence of two typical peaks at 13.2° and 27.6° corresponding to the (1 0 0) and (0 0 2) planes
of the carbon nitride materials were observed across all the samples, which implies that, the
slight molecular doping of the porphyrin moiety into the heptazine framework did not alter the

crystallographic identity of the overall carbon nitride framework.*?
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Figure 5.4. (a) UV-Vis DRS, (b) PXRD, (c) FT-IR, (d-e) Steady State Photoluminescence, (f)

Time Resolved Photoluminescence Spectra of all CN materials.

FT-IR spectroscopy was performed to unveil the bonding and chemical structure aspects of the
formed CN materials. As seen in (Figure 5.4¢) all the materials exhibited the presence of
vibrational signatures corresponding to CN heterocycles between 1200-1700 cm™ and the
breathing mode of the tri-s-triazine/heptazine moiety at ~806 cm™'. The combined uncondensed

-NH: & adsorbed -OH vibrations can also be observed at 3200-3400 cm™! region.* This implies
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that despite of molecular doping, the new framework still holds all the vibrational signatures
of the parent carbon nitride and does not produce any new form of CN structure. However, it
is to be noted that, due to very mild dopant loading and also the commonly merging regions of
vibrations of the porphyrin with the melem structure, the vibrational signatures of the porphyrin
moiety could not be separately resolved, including the typical -CH stretching vibrations at

nearly 3100 cm™

region for g-CN Por. For the metalated samples g-CN Por Co and g-
CN_Por Ni the presence of Metal-N bonds also could not be resolved due to similar dilution

reasons.

To explore the function of porphyrin within the charge transfer mechanism of g-CN_Por
covalent heterojunction, a Steady State Photoluminescence (SSPL) analysis was performed, as
illustrated in (Figure 5.4d & e). Both g-CN and three variants of covalent heterojunctions had
exhibited photoluminescent emissions broadly at 440-460 nm from 360 nm excitation, with
varying intensities that indicate their distinct levels of radiative charge recombination. The
intensity of photoluminescence demonstrates a significant relationship with the radiative
recombination of electron-hole pairs. A heightened emission intensity is indicative of an
increased radiative recombination of photoelectrons and holes, thereby reducing the probability
of successful charge separation, migration, and consequently diminishing photocatalytic
efficiency. Remarkably, the pristine g-CN exhibited the highest photoluminescence intensity,
while the covalent attachment of porphyrin moieties resulted in a notable decrease in
photoluminescence intensity relative to pristine g-CN (Figure 5.4d).>* Additional reductions
in photoluminescence intensity were observed upon metalation (Ni** & Co?") at the porphyrin
core. Among the three covalent heterojunctions, g-CN_por Co displayed the lowest intensity,
signifying the most effective charge separation (Figure 5.4e). However, it is to be remembered
that, due to scattering and several other factors, final conclusions cannot be drawn from the
gradual decrement of SSPL intensity within that short range from (Figure S5.4e). To draw the
final conclusions on the series of PL behaviour, the help of Time Resolved Photoluminescence

has to be taken.

The Time Resolved Photoluminescence spectra were also obtained using a 375 nm laser to
elucidate the dynamic charge behaviors (Figure 5.4f), which can be suitably represented by a
three-exponential decay model. The lifetimes associated with the TRPL decay processes
exhibited a profound correlation with the recombination dynamics of electron-hole pairs. The
pristine g-CN revealed an average lifetime of 7.6 ns. As illustrated in Figure 5.4f, the

photoluminescence decay of g-CN was markedly augmented in the presence of porphyrin
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moieties, with g-CN_Por demonstrating a reduced average lifetime of 6.99 ns. The mean
lifetimes for all three g-CN Por covalent heterojunctions were significantly diminished,
thereby illustrating an expedited charge transfer mechanism within the covalent
heterostructures facilitated by the covalent linkage. The observed decrease in average lifetime
(Table 5.1) indicates that the singlet exciton dissociation was enhanced in g-CN_Por,
attributable to the improved charge transfer kinetics.>* The incorporation of transition metal
ions (Ni**, Co*") further diminished the average lifetime, potentially due to more efficient
charge separation and migration. For g-CN_Por Co and g-CN_Por Ni, the calculated average
lifetimes were 4.16 ns and 5.10 ns, respectively. Among the three covalent heterojunctions
examined, g-CN_por Co demonstrated the lowest recorded lifetime. The parameters pertaining
to the TRPL decay were summarized in tabular form (Table 5.1). It is to be remembered that
the lifetimes 71, T2, & 13 don’t mean anything physically, however their collective behavior
reflected through t.y signifies a direct physical attribute related to effectual charge transfer.
Lesser average lifetime is a director of the presence of an alternative charge transfer pathway,

thus implying more effective charge separation, extraction and migration.

Table 5.1. TRPL lifetimes of CN materials.

Sample Ay 71 (ns) Az T2 (ns) A3 73 (NS) | Tav(ns)
g-CN 0.47158 | 1.55133 | 0.5083 | 4.8647 | 0.05521 | 18.53956 7.6
g-CN_Por 0.68726 | 0.92831 | 0.34644 | 3.66001 | 0.01802 | 24.97175 | 6.99
g-CN_Por Co 0.6376 | 0.81143 | 0.36289 | 3.18215 | 0.0339 | 11.49824 | 4.16
g-CN Por Ni | 0.67432 | 0.85935 | 0.36394 | 3.35762 | 0.02308 | 16.88216 | 5.10

To investigate the surface chemical composition of the synthesized catalysts in deeper detail,
X-Ray Photoelectron Spectroscopy (XPS) was utilized. The global survey XPS spectra of g-
CN and g-CN _Por exhibited C and N as main elements with slight presence of O as
chemisorbed water as surface hydroxyl (Figure S5.6a-b). High resolution XPS spectra of Cls
and N1s channels were recorded and deconvoluted to have three main components. For g-CN
Cls spectra the peak at 284.87 eV corresponded to adventitious C, whereas, peaks at 286.38
eV & 288.28 eV corresponded to C-(N)3 & N=C-N linkages. N1s spectra for g-CN also reveals
three components at 398.78 eV, 399.78 eV and 401.18 eV C=N-C, N-(C); and C-NH;
functionalities.’> On the other hand, Cls spectra of g-CN_Por also showed three similar
components at 284.68 eV, 286.18 eV & 287.93 eV corresponding to adventitious C and C=C
backbone of the porphyrin, C-(N)3;, and N=C-N linkages respectively. The N1s spectrum of g-
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CN_Por was deconvoluted to three similar regions located at 398.43 eV, 399.98 eV & 401.08
eV corresponding to C=N-C, N-(C); & C-NH; linkages (Figure S5.6¢-f). The Cls spectrum of
g-CN_Por Co showed synthetic components located at 284.78 eV, 286.31 eV & 288.18 eV
respectively corresponding to adventitious C and C=C backbone of the porphyrin, C-(N)3, and
N=C-N linkages, whereas for g-CN_Por Ni the same peaks were located at 284.68 eV, 286.28
eV & 288.13 eV. Nls spectra of g-CN Por Co was synthetically deconvoluted with three
components located at 398.68 eV, 400.23 eV & 401.28 eV corresponding to C=N-C, N-(C)3 &
C-NH; linkages, whereas for g-CN_Por Ni the same peaks were located at 398.62 eV, 400.18
eV & 401.29 eV (Figure 5.5a-b & d-e).
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Figure 5.5: (a) Cls (b) N1s, (¢) Co2p high resolution XPS of g-CN_Por Co. (d) Cls, (e)
N1s, (f) Ni2p high resolution XPS of g-CN_Por Ni.

The global Survey XPS spectra for g-CN _Por Co and g-CN_Por Ni showed four main
elements each, in which C, N and O were common as discussed before, along with the metal
peaks of Co and Ni respectively (Figure S5.7a-b). g-CN_Por Co and g-CN_Por Ni showed
four synthetic peaks in Co2p and Ni 2p channels respectively corresponding to the 2ps and
2p12 regions of their respective metals associated with their corresponding satellite peaks. The
main peaks corresponding to 2p3» & 2p12 regions were best fitted with only one component
each, which indicated the presence of singularly valent metal centre, in this present case the

bivalent metal centre (Co*" & Ni?"). The peaks at 781.07 eV & 796.63 eV for g-CN_Por Co
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corresponded to Co 2p3/2 and 2pi2 regions in Co?’-N4 coordination, typical of a metal porphyrin
coordination atmosphere (Figure 5.5¢). For g-CN_Por Ni, the peaks at 855.88 eV & 873.48eV
corresponded to Ni 2ps;2 & 2pi1/2 regions in a similar Ni>*-N4 coordination atmosphere, which

is again indicative of a typical metal porphyrin centre (Figure 5.5f).

The photoelectrochemical (PEC) assessment was conducted to provide compelling
evidence concerning the mechanisms of charge separation and transfer within the g-CN_Por
covalent heterojunctions. The photo-current responses for the unmodified g-CN alongside all
three covalent heterojunctions were systematically recorded over several 10-second
illumination intervals and are presented in Figure 5.6a. Notably, under illuminated conditions,
the photocurrent intensity was observed to maintain a relatively stable photocurrent, while it
swiftly declined upon the cessation of light, thereby indicating a rapid photocurrent response
to the alternating light conditions. It was observed that the g-CN_Por Co had presented the
highest photocurrent, whereas the photocurrent value exhibited a progressive reduction in the
g-CN_Por Ni and g-CN_Por heterostructures, respectively. As anticipated, the pristine g-CN
displayed the lowest photocurrent when subjected to the identical electrical bias. In the context
of transient photocurrent, an elevated value is indicative of effective and efficient charge
mobility within the heterostructure, which frequently correlates with a superior hydrogen
evolution rate among all samples tested. These findings were substantiated by electrochemical
impedance spectroscopy (EIS) measurements, as depicted in Figure 5.6b. The g-CN Por Co
composite, characterized by the smallest semicircle arc, signifies the lowest interfacial charge
transfer resistance, thereby facilitating expedited charge transfer at the interface. Conversely,
the interfacial charge transfer resistance for the other heterostructures progressively escalated,
culminating in peak for the pristine g-CN. This observation suggests that charge migration was

most challenging for the pristine g-CN, consequently resulting in the lowest photocurrent.*®

These PEC experiments further reinforced the conclusions drawn from SSPL and TRPL
investigations. This observation elucidates that the covalent integration of porphyrin moieties
onto g-CN significantly accelerated both charge separation and charge transfer, which were
further enhanced with the incorporation of transition metal ions (Ni**, Co*"), ultimately

translating into accelerated rates of photocatalytic reductive hydrogen evolution reactions.
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Figure 5.6: (a) Photocurrent and (b) EIS spectra of all CN samples.

Porphyrin-grafted g-CN_Por, has come to the forefront as an exceptionally promising
class of photocatalytic materials specifically tailored for facilitating the hydrogen evolution
reaction, which is of paramount importance in the realm of sustainable energy. The ideal
conditions under which this reaction is optimized can be articulated as follows: specifically, a
precise amount of 25 mg of the photocatalysts is meticulously dispersed in a total volume of
50 mL of deionized water through the application of ultrasonic agitation, ensuring that the
particles are evenly distributed within the aqueous medium. Furthermore, triethanolamine
serves the crucial role of a sacrificial agent within this experimental setup, thereby contributing
to the overall efficiency of the photocatalytic process. The resultant suspension, after
preparation, is subjected to irradiation with a 300 W xenon lamp, which is notably equipped
with a 420 nm cutoff filter to ensure that only the desired wavelengths of light are utilized in
the reaction. These meticulously defined optimal conditions will then serve as the foundational
parameters for subsequent discussions and analyses regarding the performance assessment of
the various photocatalysts involved in this study. In a systematic investigation of the
photocatalytic hydrogen evolution reaction (HER) activities of different materials, namely g-
CN, g-CN _Por, g-CN Por Co & g-CN Por Ni, assessments were conducted under visible
light irradiation, with the hydrogen production rates for all samples being compiled and
represented graphically as a function of the duration of exposure to light, as illustrated in
Figure 5.7 The hydrogen production rates achieved by the g-CN were found to be relatively
modest, measuring at only 1.35 pmol-h™! when utilizing 25 mg of catalysts, respectively,
indicative of rather low photocatalytic efficiency. This underwhelming performance can
plausibly be ascribed to a variety of factors, including but not limited to the limited availability

of surface reaction sites that facilitate the necessary interactions for hydrogen evolution, as well
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as the pronounced tendency for radiative recombination of charge carriers, which leads to a
significant reduction in the number of photogenerated electrons and consequently results in a

sluggish transfer process to the surrounding reaction medium.

However, when g-CN is synergistically covalently anchored with modified porphyrin,
there is a remakable enhancement in the photocatalytic hydrogen production activity of the
resulting material, known as g-CN_Por, which strongly suggests the critical importance of such
covalent integration in enhancing photocatalytic performance. The hydrogen production rate
of this hybrid material is observed to be approximately 3383 pmol-g'h™ which is an
astounding 3300 times higher than that of g-CN, underscoring the effective augmentation of
photocatalytic activity through this innovative hybridization approach.®’ This synergistic effect
is primarily attributed to the superior visible-light absorption capabilities exhibited by the
porphyrin component, in conjunction with the robust semiconducting characteristics inherent
to g-CN, which collectively contribute to significant enhancements in the overall photocatalytic
activity observed in the experimental results. Metalated organic molecules onto g-CN
represents a highly effective and sophisticated approach that can significantly enhance the
photocatalytic activities associated with hydrogen evolution reactions. By introducing metal
ions it activated the catalytic centre which helped in optimizing charge dynamics, as well as
expanding the range of light absorption capabilities. The strategic incorporation of non-novel
metals such as Ni and Co at the catalytic center has demonstrably amplified the efficiency of
photocatalytic hydrogen evolution processes, showcasing their essential role in advancing this
field of study. Furthermore, the addition of these metal ions has resulted in a pronounced
enhancement of the electronic properties, specifically through the establishment of a robust n
electron cloud that exerts a substantial pulling force from the g-CN substrate towards the
catalytic center, thereby facilitating improved charge transfer mechanisms. For instance, the g-
CN_Por_Ni has exhibited remarkable hydrogen evolution activities quantified at an impressive
rate of 4150 umol-g'h™!, thereby highlighting its potent photocatalytic efficiency. In a similar
vein, the g-CN_Por Co has achieved the highest hydrogen evolution rate, recorded at an

extraordinary 4600 umol-g'h™', thereby underscoring the significant impact of metalation.
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Figure 5.7: H evolution activities of 4 CN samples.

In order to gain a more profound comprehension of the photocatalytic activities
exhibited by the catalysts, additional experiments were conducted to evaluate the band
potentials of the two catalysts. The Mott—Schottky plots corresponding to the two catalysts (g-
CN, g-CN_Por) were illustrated in Figures 5.8 a, b. Each catalyst demonstrated positive slopes,
indicating the characteristics of n-type semiconductors.*® The flat band potential was estimated
to be -1.11 eV and -1.14 eV for g-CN and g-CN_Por, respectively, with reference to the
(Ag/AgCl, KCl saturated) electrode. These values were subsequently recalculated to determine
the flat band potential relative to the NHE using the equation (Exug = Eag/agci kcl saturated)
0.199 V).* The resultant values were -0.911 eV and -0.941 eV relative to NHE for g-CN and
g-CN_Por. The VB XPS (the initial component of XPS) provided data regarding the energy
difference between the valence band maximum (VBM) and the Fermi level energy (Er) for the
two catalysts,** which were found to be 2.28 eV and 2.2 eV for g-CN and g-CN_Por
respectively (Figure S5.8). For n-type semiconductors, the flat band potential (Er) is regarded
as equivalent to the Fermi energy level (Ey). **> Therefore, the VBM for g-CN and g-CN_Por
were calculated to be 1.37 eV and 1.26 eV, respectively against NHE. Considering the bandgap
for 2 materials which were 2.75 eV and 2.73 eV, the calculated CBM would be -1.38 eV and-
1.47 eV for g-CN and g-CN_Por respectively.
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Figure 5.7: The Mott—Schottky plots of (a) g-CN Por and (b) g-CN samples.

5.4 Experimental Section
Materials

Melamine A.R., Diacyandiamide A.R. were purchased from Research lab Fine Chem Industries,
Mumbai, India. Acetic acid glacial A.R. was purchased from Rankem (Avantor), Mumbai, India. 4-
Formyl benzonitrile (4-Cyanobenzaldehyde) was purchased from BLDPharm, India. Pyrrole was
purchased from Tokyo Chemical Industries (TCI), India. Methanol, DMF and NMP were purchased
from Merck, India. 2-Methoxyethanol A.R. & Potassium Hydroxide (KOH) A.R. was purchased from
Avra Chemicals, Hyderabad, India. NiCl,.6H>O and CoCl,.6H,O of ultrapure grade were purchased
from Alfa Aesar (Thermo Scientific). All chemicals were used as received except pyrrole, which was

distilled freshly prior synthesis due to poor storage properties.

Synthesis of Tetrakis(4-Cyanophenyl)porphyrin:

This compound was synthesized using the classical Addler-Longo method with slight modifications. In
a 1 L 3 neck round bottom flask, 600 mL of glacial acetic acid was taken. To the flask, 13.113 g of 4-
Cyanobenzaldehyde (4-Formyl benzonitrile) was added along with a magnetic stir bar of appropriate
size. The solution of the aldehyde in the acetic acid was then heated to 100 °C in an oil bath with stirring.
6.709 g of freshly distilled pyrrole was weighed out in a beaker and was diluted in 20 mL of glacial
acetic acid. The pyrrole in acetic acid solution was rapidly added in the hot aldehyde solution in the
flask and a slow stream of pure O, gas was purged for 10 minutes alongside rapid stirring. The solution
started to rapidly darken starting from a cherry red color through deep purple which appeared black due
to high concentrations. The purging was stopped and the reaction mixture was heated at reflux for 4
hours with a condenser attached. Upon completion of 4 hours the solution was cooled to room
temperature and the precipitated impure porphyrin was filtered in a Biichner funnel. The impure
porphyrin was purified using Soxhlet extraction using anhydrous methanol as a solvent until the
methanol extract was virtually colorless (4-cyanophenyl porphyrin is very less soluble in methanol but

impurities are). Finally, the extracted clean porphyrin was collected and passed through a short plug of
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neutralized silica gel (neutralized with triethylamine) and eluted with hot chloroform. The whole
extraction can easily take 8-10 L of chloroform based on this scale. The purple solution was evaporated
under a rotavapor and the shiny purple solid was collected. The collected solid is practically pure for

most of the purposes. Yield: ~7g (39%). Both "H NMR and FTIR spectra matched literature.*

Synthesis of Tetrakis(4-DATphenyl)porphyrin:

The DAT substituted porphyrin, also known as Tetrakis[4-(3,5-diaminotriazino)phenyl]porphyrin, was
synthesized using a reported procedure with slight modifications. N-Methylpyrrolidone (NMP) was
used as a solvent for this reaction owing to the limited solubility of the cyanoporphyrin in classical
reaction solvent 2-Methoxyethanol (Methyl cellosolve). Original work by Dahal and Goldberg used
DMSO as a solvent® however, we found NMP equally good maybe arguably better, in terms of final
separation and purification. 714 mg (1 mmol) of previously synthesized 4-cyanophenyl porphyrin was
dissolved in 80 mL of hot (150 °C) NMP with rapid magnetic stirring. To this solution 841 mg (10
mmol) of dicyandiamide was added. The solution was stirred while hot and to it, 112 mg (2 mmol)
KOH dissolved in 5 mL 2-Methoxyethanol was added dropwise in a span of 10 minutes. The solution
slowly attained a dark green color followed by restoration of the purple color once again. The solution
was kept at 200 °C for next 48 hours and then cooled to room temperature. The cold solution was then
added into 500 mL of ice-cold water, the DAT porphyrin crashed out as a purple amorphous precipitate.
The precipitate was collected using filtration in a Biichner funnel and dried in a vacuum oven for 24

hours at 150 °C. Yield: nearly quantitative. Both UV and NMR spectra matches with literature.**

Synthesis of g-CN:

20 g Melamine was loaded in a 100 ml corundum crucible with lid in a muffle furnace and was heated
to 550 °C for 4 hours at a ramp of 4 °C/min. The cooling was naturally done inside the furnace and the
crucible was only taken off when it reached room temperature. The atmosphere of the furnace was
natural air, however, the lid on the crucible ensured that the polymerization took place under self-
generated pyrolytic atmosphere of melamine. The g-CN was obtained as a pale-yellow clump weighing
9.6 g (48%). The clumps were ground in an agate mortar pestle and washed with boiling hot Milli-Q®
water to remove unreacted melamine and oligomers. The powder was dried in a hot air oven at 120 °C

before use.

Synthesis of g-CN_Por:

6 g Melamine was taken in an agate mortar pestle and to that 120 mg (2 wt%) of Tetrakis(4-
DATphenyl)porphyrin was added. The mixture was mixed and ground thoroughly for 20 minutes and
was taken in a 100 ml round bottom flask. 57 ml Milli-Q® water added to it along with a stir bar. Then
3 ml DMF was added to it, totaling the volume to 60 ml (95:5 for H,O:DMF). The DMF serves to
increase the wettability of both melamine and the porphyrin in water, decreasing the chances of

clumping. The mixture was then stirred vigorously and heated in an oil bath at reflux (with condenser)
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for 12 hours. After the reflux, the condenser was removed and the solvent was allowed to be evaporated
till dryness. The oil temperature was increased to 165 °C to allow DMF to evaporate. After the drying
was complete the powder and chunks were removed from the flask and again ground in an agate mortar
pestle. The light purple white powder obtained this way is the H-bonded supramolecular assembly of
melamine with the DAT porphyrin. This precursor powder was then loaded in a 30 ml corundum
crucible with lid, and heated in a muffle furnace in a similar setup used for g-CN. The heating protocol
used was as follows. The ramp was always set to 4 °C/min. The initial heating was done at 300 °C for
1 hour, followed by at 500 °C for 3 hours and lastly at 550 °C for 1 hour. Cooling was natural. Rest of
the cleaning protocol was same as g-CN. The choice of sequential heating was to ensure homogenous
polymerization. The initial heating at 300 °C ensures the start of polymerization of the melamine and
DAT groups thus locking the porphyrin in the melamine matrix. This allows oligomerization which
increases thermal stability of the dopant lessening the chances of charring. The 500 °C step is the main
polymerization temperature and the 550 °C step ensures the graphitic phase formation. While
performing the same protocol at direct heating mode to 550 °C we obtained an inhomogeneous colored
material, with poorer performance, thus sequential heating was chosen to ensure homogeneity. A greyish

powder was obtained weighing 3 g (~49%).

Metalation of g-CN_Por (Synthesis of g-CN_Por Co and g-CN_Por_Ni):

500 mg g-CN_Por powder was taken in two glass vials each (15 ml borosilicate glass). To that 50 mg
each (large excess) CoCl,.6H,O or NiCl,.6H,O were added followed by 10 ml each DMF. Stir bars
were added in the vials. After capping, the vials were heated on a hotplate stirrer for 24 hours with
stirring at 100 °C. After the heating was over, the mixtures were taken in two 15 ml conical centrifuge
tubes with the aid of a little bit of methanol. Centrifugation cleaning was repeated for 12 times with 6
times of Milli-Q® water and methanol each. After that drying was performed in a hot air oven at 120

°C.

5.5 Conclusion

In conclusion, the chemical functionalization of g-C3N4 via a covalent methodology employing
cyano porphyrin has been demonstrated to serve as a significant tactic for augmenting and
introducing novel properties to g-C3Na, thereby facilitating charge separation and enhancing
visible light absorption in the tail region. This advancement enables the attainment of improved
HER activities from ascorbic acid aqueous solutions. The covalent grafting of porphyrin
moieties onto the g-CN sheet has provided coordination sites for transition metals such as Ni**
and Co?**. The Metal co-ordinated por g-CN could further enhance the H; evolution rates. The
presence of metalated porphyrin moieties on g-CN has been shown to alter the kinetics of

photogenerated charge migration, as evidenced by photocurrent and impedance studies.
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Porphyrin-anchored g-CN has demonstrated hydrogen evolution of 383 pumol-g'h™', which
represents 284 times that of pristine g-CN. Notably, the maximum hydrogen evolution recorded
was 4200 umol-g'h™!, achieved by Co por g-CN. This accelerated HER performance was
attained through covalent linkage, where the migration of photogenerated charge transfer was
considerably more feasible in comparison to conventional heterostructures. In instances
involving g-CN with two-component heterostructures, the components were affixed through
either electrostatic interactions or weak van der Waals forces. During hydrogen production
under stirring conditions, there existed a substantial likelihood of segregation of these loosely
bound components, thereby compromising the integrity of the g-CN heterostructures, which is
highly detrimental to HER activities. Between the Ni and Co metalated photocatalysts,
Co_por_ g-CN exhibited a slight upper hand in terms of HER activities. This superiority can be
elucidated through the mechanism of hydrogen generation. In the case of transition metal-
coordinated photocatalysts, prior to the formation of molecular hydrogen, metal hydride bonds
are established. The rupture of these metal hydride bonds generates hydride ions (H™), which
subsequently capture protons from the reaction medium, leading to the generation of H.. The
cleavage of the metal hydride bond is regarded as the rate-determining step (RDS) that governs
the rate of hydrogen evolution. The displacement of the H™ ion, which initiates the formation

of molecular Hs, is considerably more facile for Co_por g-CN.
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5.7 Supporting Information

Figure S5.1: Digital photographs of pristine (L) and porphyrin doped (R) carbon nitrides as

synthesized.
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Figure S5.2: SEM micrographs of (a), (b) g-CN; (c), (d) g-CN_Por; (e), (f) g-CN_Por Co &
(g), (h) g-CN_Por Ni.
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Figure S5.3: TEM micrographs of (a), (b) g-CN; (c), (d) g-CN_Por; (e), (f) g-CN_Por_Co &
(g), (h) g-CN_Por Ni.
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Figure S5.4: EDX mapping of g-CN_Por, (a) Overlay, (b) C K channel, (c¢) N K channel.
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Figure S5.7: (a) Survey XPS of g-CN _Por Co & (b) Survey XPS of g-CN_Por Ni.
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Figure S5.8: VB XPS of (a) g-CN and (b) g-CN_Por.
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