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Thesis Synopsis 

The thesis "Development of Heteroanionic Metal Oxide Nanostructure for Solar and 

Mechanical Energy Harvesting" presents a comprehensive investigation into the Sillen 

Aurivillius (SA) phase, a unique class of metal hetero-anionic oxides for utilization in solar 

and mechanical energy harvesting. The thesis is structured into four main parts.  Part 1 

elucidates the imperative for renewable energy harvesting, how it can be harnessed, and 

underscores the significance of Sillen Aurivillus phases as pivotal candidates in this pursuit. 

Additionally, it provides insights into the characterization techniques employed in this thesis 

Part 2 introduces the synthesis of the Sillen Aurivillius phase under ambient conditions and 

demonstrates its remarkable photocatalytic abilities by enabling the photocatalytic de-

ethylation of waste Rhodamine B into the valuable pro fluorophore Rhodamine 110 and 

production of green and high energy density fuel i.e., hydrogen peroxide. Additionally, the 

study uncovers the SA phase's self-activation property, driven by surface reconstruction 

observed during various reactions. Part 3 explores the piezocatalytic ability inherent in the 

Sillen Aurivillius phase, showcasing its exceptional bifunctional property in the simultaneous 

production of hydrogen peroxide and hydrogen evolution. Additionally, we unravel the 

structural and electronic transformations that transpire under the piezocatalytic conditions 

using a centrosymmetric BiOBr microsphere, shedding light on the underlying mechanisms 

driving this universal phenomenon and extending the piezoelectric property beyond non-

centrosymmetric substances. Part 4 proposes a novel wastewater treatment approach by 

integrating photocatalysis and piezocatalysis, demonstrating the SA phase's multifunctionality 

for sustainable solutions. This research underscores the SA phase's promise in catalysis, energy 

generation, and environmental remediation. 
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Part 1: General Introduction and Characterization 

Chapter 1.1. describes the fundamental concepts of photocatalysis, piezocatalysis, and the 

innovative synergy between them, known as piezo-photocatalysis, emphasizing their collective 

potential to efficiently harness and conserve both solar and mechanical energy, thereby 

presenting a promising solution to the persistent global energy crisis. This chapter provides 

insights into recent developments and materials explored in this field and identifies key 

research gaps that warrant further investigation. Furthermore, it highlights the significance of 

Sillen Aurivillius phases as prospective solutions due to their unique properties, including 

flexible crystal structure, visible light absorbing property, ferroelectric property, and robust 

stability which can potentially address the limitations of existing energy conversion systems 

and propel advancements in sustainable energy technology. 

Chapter 1.2. contains comprehensive details regarding the characterization techniques 

employed in this thesis and the experimental procedures adopted for performing photocatalytic, 

piezocatalytic, and piezo-photocatalytic processes. 

Part 2: Photocatalytic Investigations of sillen Aurivillus 

Chapter 2.1. elucidates the successful fabrication of composites comprising Bi3TaO7 and 

Bi4TaO8X (X= Cl and Br) through ambient air treatment of precursors, retaining over 60% of 

the halide phases and demonstrating significantly enhanced photocatalytic activity compared 

to pure Bi3TaO7 and Bi4TaO8X. Incorporating minute amounts of noble metals into these 

composites suppresses the recombination of photo-generated excitons, enhancing 

photocatalytic performance. The research explores the photodegradation of Rhodamine B, 

revealing the generation of reactive species and reaction intermediates. Remarkably, even 

under extreme conditions at pH 2, these catalysts exhibit outstanding stability against both                           
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light and acid, with only a 2% reduction in activity after ten repeated cycles, promising practical 

applications in environmental remediation. 

 Chapter 2.2. introduces Rh110 as the most widely used pro-fluorophore in biological studies, 

and has recently gained prominence in SARS-CoV-2 research. Current commercial Rh110 

production methods involve the high-temperature condensation of phthalic anhydride and m-

aminophenol, resulting in challenges for side product separations, reduced purity, and 

excessive costs. In contrast, other xanthate-based dyes like Rhodamine B (RhB), structurally 

similar to Rh110 but with protected amino groups, are highly stable and cost-effective for 

industrial applications. However, their stability hampers decomposition and makes them 

environmental pollutants, rendering them unsuitable as pro-fluorophores. Notably, Rh110 is 

upto 1000 times costlier than RhB. This research demonstrates a commercially viable method 

to convert RhB into Rh110 using Bi3TaO7-Bi4TaO8Br heterostructures as photocatalysts. These 

heterostructures efficiently deprotect the amino groups of RhB to yield pure Rh110. A 

remarkable finding is the substantial surface reconstruction of the catalyst heterostructures 

during the reaction, enhancing catalytic efficiency without the typical deactivation seen in 

photocatalysts over cycles. This study has practical implications and holds historical 

significance by reviving the commercial value of Rh110 as a degradation intermediate in a 

sustainable manner, bringing considerable worth to this long-established reaction. 

Chapter 2.3.  explores the challenges facing conventional methods of hydrogen peroxide 

(H2O2) production, highlighting its significance as an industrial oxidant and emerging solar and 

rocket fuel. This chapter introduces a novel approach to utilizing facet-controlled 

Sr2Bi3Ta2O11Cl nanoplates of the Sillen Aurivillius (SA) phase, to achieve an impressive H2O2 

production rate (~3 mmol/h/g) with an apparent quantum yield of ~17.5%. A noteworthy 

feature of this catalyst is its unique self-activation property, continuously enhancing 

performance over an unprecedented 15 days of continuous operation, surpassing typical 
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stability benchmarks. Comprehensive investigations employing various analytical techniques 

reveal that defect-induced enhancements, including oxygen adsorption, charge transfer, exciton 

separation, and a reduction in the band gap, collectively contribute to this self-activating 

behavior. This pioneering catalyst represents a significant advancement in sustainable and 

efficient H2O2 production, offering a promising alternative to traditional methods and catalytic 

technologies. 

Chapter 2.4. is dedicated to the in-depth exploration of double-layered Sillen Aurivillius phase 

Sr2Bi3Ta2O11Cl nanoplates, showcasing their capability in efficiently producing the pro-

fluorophore Rh110. This research is particularly noteworthy for an impressive 54% yield of 

Rh110 within a mere 180 minutes during the first catalytic cycle compound to 480 min 

observed in Bi4TaO8Br heterostructures in the 2nd cycle. Equally noteworthy is the observation 

of an unprecedented self-activation rate, yielding 100% efficiency by the 11th cycle, 

outperforming Bi3TaO7-Bi4TaO8Br heterostructures, thus highlighting the potential for 

significant Rh110 production. 

Chapter 2.5. summarizes the key observations and future prospects of the studies described in 

Part 2.    

Part 3: Piezocatalytic Investigation of Sillen Aurivillus 

Chapter 3.1. describes an emerging approach to hydrogen production, namely, Piezocatalytic 

water splitting, which has gained significant attention for its potential to overcome the 

limitations of traditional methods such as photo-, electro-, and photoelectrocatalysis. Unlike 

photocatalysis, this method doesn't require precise band alignment with the proton reduction 

potential since band-bending in the catalyst naturally occurs under pressure. Similarly, it 

doesn't necessitate high conductive material and external voltage as in electrocatalysis since 

surface potential develops due to atomic displacement, enabling even low-conducting materials 
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to split water. This study explores the potential of structurally diverse Sillen-Aurivillius phases 

for hydrogen generation, with Bi4TaO8Cl nanoplates as a representative. These nanoplates 

demonstrate high efficiency in water splitting, simultaneously producing hydrogen and H2O2 

without the need for Cocatalysts and scavengers. Impressively, these achieve a hydrogen 

generation rate of 1.5 mmol/g/h, which further improves with hole-trapping agents. Notably, 

this work marks the first-ever demonstration of seawater splitting through piezocatalysis, 

yielding a hydrogen production rate of 854 µmol/g/h, surpassing many oxide-based 

photocatalysts and piezocatalysts for pure water. These results open doors to flexible, efficient 

piezocatalysts, offering prospects for sustainable hydrogen production. 

Chapter 3.2. introduces the exploration of piezoelectricity in centrosymmetric BiOBr. 

Conventionally, piezoelectric materials have required non-centrosymmetric crystal structures, 

posing a century-old challenge. However, we overcame this limitation by inducing polarization 

in centrosymmetric BiOBr through the creation of oxygen vacancies, which was confirmed by 

multiple studies. The piezoelectric property of BiOBr was evaluated using piezoelectric force 

microscopy (PFM), unveiling unexpected piezoelectric behavior with a piezoelectric constant 

of 93 pm/V. Furthermore, BiOBr displayed remarkable bifunctional piezocatalytic activity for 

complete water splitting, concurrently producing H2 and H2O2 without requiring co-catalysts 

or scavengers. High-pressure synchrotron X-ray diffraction and theoretical investigations were 

conducted within a pressure range of 0.048 to 42.48 GPa, closely resembling piezocatalytic 

conditions, to assess their impact on the crystal and electronic structure. Remarkably, BiOBr 

underwent a distinctive isostructural phase transition under high pressure, accompanied by a 

reduction in carrier effective masses, thereby enhancing electron mobility, all while 

maintaining crystallographic symmetry. These findings provide opportunities to design 

piezoelectric materials beyond centrosymmetric ones. 
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Part 4: Piezo-photocatalytic Investigation of Sillen Aurivillus 

Chapter 4.1. describes the piezo-photocatalytic activity of SA phases for environmental 

remediation. Addressing the global concern of water pollution, particularly from organic 

pollutants and pharmaceuticals due to rapid industrialization and pandemic situations, has 

proven challenging. Photocatalytic decontamination using solar energy has shown promise but 

faces limitations in catalyst efficiency, specificity to certain pollutants, and effectiveness at 

realistic pollutant concentrations. The single-crystalline Bi4TaO8Cl nanoplates exhibit 

excellent piezoelectric behavior, generating pressure-induced band-bending and crystal 

deformation. By combining piezocatalysis and photocatalysis, the piezo-photocatalytic 

approach achieves exceptional efficiency because of its synergistic effect, surpassing most 

single-contaminant-specific catalysts, even at real-life pollutant concentrations. Synergy varies 

widely among different contaminants and concentrations, highlighting the complexity of 

contributing factors. The study proposes a synergy generator gear-interlock concept to aid the 

rational design of high-synergy piezo-photocatalysts, offering a promising solution for 

addressing water pollution on a global scale. 

Chapter 4.2. summarizes the key observations and future prospects of the studies described in 

Parts 3 and 4.    
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CHAPTER 1.1.  

Introduction 

1.1.1. Energy Crises and Clean Water Scarcity 

Energy crises and clean water scarcity are interconnected issues that have significant 

implications for global sustainability and well-being. Despite water covering 70% of the Earth's 

surface, the availability of freshwater, essential for drinking, agriculture, and other activities, 

is limited. Only 3% of the world's water is freshwater, with much of it inaccessible due to being 

locked in frozen glaciers and contaminated by industrial pollutants.1,2 Lack of access to safe 

drinking water affects approximately 25% of the global population, while nearly half lack 

proper sanitation services. Tragically, approximately two million individuals, primarily 

children, die each year from waterborne diseases caused by consuming contaminated water.3 

Additionally, around two-thirds of the global population experiences severe water scarcity for 

at least one month annually, a problem worsened by climate change-induced water flow 

unpredictability.4 Clean water scarcity poses a significant challenge for the energy sector as 

well. Water plays a crucial role in electricity generation, fossil fuel extraction, and biofuel 

production. The global energy system heavily relies on freshwater resources, consuming 

approximately 370 billion cubic meters in 2021, or 10% of global freshwater withdrawals.5 The 

over-reliance on non-renewable fossil fuels like natural gas, oil, and coal (Figure 1.1.1.) has 

contributed to both energy crises and water scarcity. Projections indicate that global energy 

consumption will reach 778 Exajoules by 2035, highlighting the urgent need for sustainable 

and environment-friendly energy sources. The scarcity of energy and clean water has far-

reaching socio-economic consequences and geopolitical tensions. To address the challenges of 

energy crises and water scarcity, a comprehensive approach is required. The use of renewable 

energy resources, such as solar and mechanical energy from wind, ocean waves, and tides, 

plays a crucial role in diversifying the energy mix, reducing dependence on finite fossil fuels, 

and mitigating environmental impacts. Solar energy, with an average solar irradiance of 

approximately 342 Wm-2, is abundant on Earth's surface. However, only around 70% 

(approximately 239 Wm-2) of this energy is available for human consumption, as the rest is 

scattered or reflected back into space.6 The utilization of solar energy for human use presents 

challenges, but various technologies exist to overcome these obstacles. One popular approach 

is photocatalysis, which enables the capture and storage of solar energy in chemical bonds. 
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This process addresses the challenge of efficient energy storage, making solar energy a viable 

option for meeting energy demands.  

 

          Figure 1.1.1. Global primary energy supply 2019. Adapted with permission from [9] 

However, solar energy is intermittent and diurnal, necessitating the exploration of other 

renewable energy resources too. In this regard, an emerging process called piezocatalysis has 

gained attention. Piezocatalysis harnesses mechanical energy and converts it into chemical 

energy, offering a complementary approach to the utilization of solar energy. By combining 

these two processes, renewable energy can be harnessed from multiple sources simultaneously, 

ensuring a more consistent and reliable energy supply.7,8 Photocatalysis and piezocatalysis can 

be utilized for the treatment of wastewater, enabling the removal of contaminants and the 

production of clean water. These approaches not only address water scarcity but also contribute 

to the sustainable production of fuel.9,10  

 

1.1.2. Photocatalysis 

Photocatalysis is a highly promising and eco-friendly process that utilizes one of the most 

abundant and renewable energy sources available to us: sunlight. This process involves driving 

a chemical reaction in the presence of a photocatalyst, a substance that absorbs light energy 

and transfers it to other chemical species in the system, without being consumed in the reaction 

itself.11 The inspiration for photocatalysis comes from the natural process of photosynthesis, in 

which plants use sunlight as their sole energy source to convert atmospheric CO2 into chemical 

fuels, while also employing the H2O/O2 cycle.12 The concept of photocatalysis was first 
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introduced by Edmond Becquerel in 1839, but it did not gain mainstream attention until 1970 

when Honda and Fujishima discovered the UV light-induced photo-assisted decomposition of 

water into hydrogen and oxygen over a titanium dioxide photoanode in an electrochemical 

cell.13 Since then, modern researchers have dedicated significant time, energy, and intellect to 

further developing and fully utilizing this concept.  

Photocatalysis offers a perfect technique for the current global pursuit of a more sustainable 

world. It holds great promise for a wide range of applications, including environmental 

remediation, energy production, and chemical synthesis. With its potential to harness the vast 

energy of sunlight and drive chemical reactions cleanly and sustainably, photocatalysis is 

poised to play a critical role in shaping a brighter, more sustainable future. 

1.1.2.1. Basic Principle and Mechanism of Photocatalysis 

To achieve efficient photocatalysis, optimize catalyst design, and unlock its full potential, it is 

crucial to understand all the steps involved in photocatalysis and the associated time scale. 

Takanabe et.al. categorized photocatalysis into six different steps with different time scales 

(Figure 1.1.2).14  

1) Photon absorption: In the first step of photocatalysis, the photocatalyst absorbs photons 

from a light source, such as sunlight or artificial light. Photon absorption and exciton 

generation are crucial processes that occur within femtoseconds. The electronic structure 

of the photocatalyst primarily determines this step.15 For effective absorption, the energy 

carried by photons must match or exceed the bandgap energy of the photocatalyst 

material, allowing electrons to transition from the valence band (VB) to the conduction 

band (CB) and generate electron-hole pairs. Besides the bandgap, other factors 

influencing photon absorption include the catalyst's absorption coefficient, band gap 

type (direct or indirect), band positions, optical penetration depth, refractive index, and 

light scattering and reflection.16 To enhance photon absorption various strategies have 

been employed including doping the photocatalyst with different elements, altering the 

crystalline structure or particle size of the photocatalyst, or utilizing composite 

materials.17  

2) Exciton separation: Following successful photon absorption and the consequent 

generation of excitons, the excitons (electron-hole pairs) need to be separated to generate 

excited electrons and holes (free carriers) or else recombine readily. The separation of 

the excitons typically occurs when it suppresses the exciton binding energy determined 

by the electronic structure. The value of binding energy is determined by effective mass 
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and dielectric constant. The curvature of the electronic structure in the conduction and 

valence bands determines the effective masses of the electron and hole, respectively.18 

Additionally, the electronic dielectric constant is also influenced by the electronic 

structure of a material. Photocatalysts with high dielectric constant, such as perovskite 

structures, are often known for their excellent performance. 

 

 

Figure 1.1.2. Parameters associated with photocatalysis along with the time scale of 

reactions. Adapted with permission from [14] 

3+4) Carrier Diffusion and Transport: Carrier diffusion and transport are other crucial 

steps involved in photocatalysis. It takes place on a microsecond time scale. Carrier 

diffusion refers to the movement of charge carriers, within the photocatalyst material 

typically driven by concentration gradients or electric fields. The efficiency of carrier 

diffusion is influenced by various factors, including the material's crystal structure, 

defects, and doping.19 And carrier transfer involves the transfer of charge carriers 

between the photocatalyst and other species, such as reactants or co-catalysts. This 

transfer can occur through surface reactions or by electron hopping between different 

sites on the catalyst material. Efficient electron transfer is essential for facilitating the 

desired chemical reactions and avoiding undesirable charge recombination.20 
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5) Catalytic efficiency: Surface reactions involve the interaction of photogenerated 

charge carriers (electrons and holes) with adsorbed species or reactants at the surface of 

the photocatalyst. These reactions typically occur on a time scale longer than 

microseconds. Electrons at active sites function as reducing agents, transferring their 

excess energy to electron acceptors like oxygen molecules (O2) or organic compounds, 

thus reducing the acceptor species. Conversely, holes act as oxidizing agents, accepting 

electrons from electron donors such as water molecules (H2O) or organic molecules, 

resulting in the oxidation of the donor species. Surface reactions can follow various 

pathways depending on the specific reactants, properties of the photocatalyst, and 

reaction conditions. Factors like the nature of the adsorbed species and the accessibility 

of reactive sites on the photocatalyst surface can influence the selectivity of the 

photocatalytic process, including the preference for specific products or reaction 

pathways. The surface properties of the photocatalyst, such as composition, 

morphology, and surface functionalization, have a significant impact on surface 

reactions.21 Surface modifications such as doping the photocatalyst with different 

elements, introducing co-catalysts, or optimizing surface area and structure can enhance 

photocatalytic activity and selectivity by promoting specific surface reactions.22 

6) Mass Transfer: In photocatalysis, mass transfer refers to the movement of ions or 

molecules, including reactants, products, and intermediates, within the reaction medium 

or across the catalyst surface. Efficient mass transfer is crucial in photocatalysis to 

ensure an adequate supply of reactants to the catalyst surface and the effective removal 

of products to maintain reaction rates. Factors such as concentration gradients, species 

diffusivity, viscosity, and effective ion size influence mass transfer in photocatalysis. 

For instance, the presence of pore structures or surface coatings can hinder the diffusion 

of ions, impacting overall reaction efficiency.23 Optimizing mass transfer is essential to 

enhance the accessibility of reactants to the catalyst surface and improve the overall 

performance of the process.  

1.1.2.2. Type of Photocatalysis: There are two different types of photocatalysis. 

1.1.2.2.1. Homogenous Photocatalysis 

In homogeneous photocatalysis, the catalyst and reactants exist in the same phase, typically a 

liquid solution, offering advantages such as high reaction rates and selectivity due to efficient 

interactions and rapid energy transfer. Various compounds, including organic dyes like Eosin 
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Y, Methylene Blue, and Rose Bengal, as well as organometallic complexes such as ruthenium 

tris (2,2'-bipyridine) and fac-tris(2-phenylpyridine)iridium(III), along with polyoxometalates, 

are recognized and widely utilized as homogeneous photocatalysts.24–26 Homogeneous 

photocatalysis plays a significant role in the chemical industry, contributing to approximately 

20% of its processes. It finds applications in important reactions like alcohol oxidation, (where 

catalysts like ruthenium-based complexes efficiently convert alcohols into aldehydes or 

ketones.) water-splitting reactions for hydrogen and oxygen generation, as well as in C-C bond 

formation reactions like Negishi, Suzuki, or Heck reactions.27,28 However, homogeneous 

photocatalysis faces challenges such as catalyst separation and recovery, as well as limitations 

due to catalyst solubility in the reaction medium.  

1.1.2.2.2. Heterogeneous Photocatalysis 

Heterogeneous photocatalysis emerges as a promising alternative, extensively employed in 

industrial catalytic reactions. In contrast to homogeneous photocatalysis, heterogeneous 

catalysis involves a catalyst that exists in a different phase (typically a solid, such as metals, 

metal oxides, zeolites, etc.) from the reactants (usually gases or liquids). In this process, the 

reactants come into contact with the catalyst and adhere to its surface, forming reactive 

intermediates. These intermediates then undergo chemical reactions through an alternative 

pathway with lower activation energy, resulting in increased reaction rates and the formation 

of products. 

Heterogeneous photocatalysis offers several advantages over homogeneous photocatalysis. 

One of the primary advantages is the ease of catalyst separation from the reaction mixture, 

which simplifies the process and reduces costs. Unlike homogeneous catalysis, where catalyst 

separation can be complex and expensive, heterogeneous photocatalysis allows for 

straightforward physical separation techniques such as filtration, sedimentation, centrifugation, 

or magnetic separation. The solid nature of heterogeneous catalysts also enables their use in 

fixed-bed reactors or supported catalyst systems, where the catalyst is immobilized or 

supported on a solid material. This immobilization facilitates easy handling and separation, as 

the reaction mixture passes through the catalyst bed and the products can be collected 

separately from the catalyst.29–31 

Another advantage of heterogeneous photocatalysis is the ability to recycle and reuse the 

catalyst. After the reaction, the recovered catalyst can be regenerated and employed for 

subsequent cycles, reducing the need for frequent catalyst replacement and minimizing waste 

generation. This recyclability adds to the cost-effectiveness of heterogeneous photocatalysis 
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and makes it a sustainable option for industrial-scale processes. The solid nature of 

heterogeneous catalysts also allows for easy scalability of the reaction system. Industrial-scale 

processes can be readily implemented since the catalyst can be easily scaled up without 

significant challenges. This scalability, combined with the other advantages of heterogeneous 

photocatalysis, makes it an attractive option for various industrial applications. The benefits of 

heterogeneous photocatalysis make it a valuable technology with numerous applications. 

 

1.1.3. Piezocatalysis 

Piezocatalysis is a rapidly advancing and emerging field of research that shows great potential 

for applications in clean energy conversion, organic synthesis, and wastewater treatment. This 

technology harnesses mechanical energy from various sources such as ocean waves, vibrations, 

friction, wind, and tidal energy, using the distinctive properties of piezoelectric materials. 

Piezoelectric materials, which possess non-centrosymmetric crystal structures, were 

discovered by French physicists Jacques and Pierre Curie in 1880.32–34 they observed the 

accumulation of electric charges in these materials when exposed to mechanical stress and 

coined the term "piezoelectric materials" to describe them. Piezoelectric materials have 

traditionally been employed in electronic devices, such as transducers, actuators, and sensors, 

to introduce mechanical displacement and bias.35 The concept of piezocatalysis, however, is 

relatively recent. It emerged in the early 2000s when researchers began exploring the potential 

synergy between piezoelectric materials and catalytic processes. An influential study by 

Wang's group in 2006 demonstrated the idea of piezocatalysis by utilizing aligned zinc oxide 

(ZnO) nanowires to harvest electricity from mechanical energy.36 

Despite being a relatively new field, piezocatalysis has attracted significant interest due to its 

potential for sustainable and efficient catalytic processes. By combining the principles of 

piezoelectricity and catalysis, piezocatalysis offers exciting opportunities for both scientific 

exploration and practical applications.  

 

 

1.1.3.1. Fundamentals and Mechanism of Piezocatalysis 

Piezocatalysis is analogous to conventional electrocatalysis, where electron transfer reactions 

are facilitated by applying electrical potential from an external power source. However, in 

piezocatalysis, the need for an external power source is eliminated as the driving force is 

provided by the piezoelectric potential resulting from piezoelectric polarization.37 This 
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potential arises when a piezoelectric material undergoes mechanical deformation. The open-

circuit voltage (Vp) generated across the piezoelectric material during mechanical deformation 

can be quantified using the following equation 1:38,39 

                                                       𝑉𝑝 = 
𝑊3𝑇3𝑑33

𝑒0𝑒
                                     eq1 

Where, W3 represents the thickness of the piezoelectric material, T3 corresponds to the applied 

stress exerted on the piezoelectric material in the c direction. The term d33 refers to the 

piezoelectric coefficient, which characterizes the material's response to mechanical strain. 

Additionally, e0 denotes the permittivity of free space, and er represents the relative permittivity 

specific to the c dimension. 

 

Figure 1.1.3. Schematic diagram of ultrasonic cavitation bubble formation, growth, and the 

fluctuation of pressure because of the implosive collapse of a cavitation bubble. Adapted with 

permission from [40] 

 

          There are various methods of applying mechanical stress to piezoelectric materials. 

These include: i) vortex-induced shearing force: It involves the generation of a shearing force 

on the material through the creation of vortices or rotational fluid motions. ii) Physical bending: 

in this method, the piezoelectric material is physically bent or deformed, causing strain and 

stress within the material. iii) ultrasonic cavitations: ultrasonic cavitation refers to the 
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formation, growth, and collapse of small gas-filled cavities, known as cavitation bubble, in a 

liquid medium when high-frequency ultrasound waves are applied. This phenomenon occurs 

due to rapid pressure fluctuations, resulting in the creation of low-pressure regions where 

dissolved gases come out of solution and form bubbles. The rapid collapse of the bubbles 

creates intense localized energy in the form of high temperatures (~10000) and pressures 

(~10^8 pa). This energy acts as a "hammer" on the catalyst present in the solution, potentially 

enhancing catalytic reactions (Figure 1.1.3)7,40–42  

        In the field of electrocatalysis, the application of potential gives rise to two distinct 

possibilities: Firstly, the potential can induce oxidation of a species. This occurs when the 

applied potential reduces the energy levels of unoccupied states within the electrode, causing 

them to become lower than the highest occupied molecular orbital (HOMO) of a species in the 

solution. As a consequence, electrons transition from the HOMOs in the reactive species to the 

unoccupied states within the electrode, leading to its oxidation (center panel of Figure 1.1.4. 

a). Secondly, the potential can trigger the reduction of the solution. If the applied potential 

raises the energy levels of occupied states within the electrode above the lowest unoccupied 

molecular orbital (LUMO) of the species, it facilitates the transfer of electrons from the 

occupied states in the electrode to the LUMOs in the active species, resulting in its reduction 

(right panel of Figure 1.1.4. a). 

                Similarly, in piezocatalysis, the piezoelectric potential brings about changes in the 

energy landscape of the valence band (VB) and conduction band (CB) across the piezoelectric 

material (band bending). This alteration can significantly impact the material's interaction with 

its surrounding environment. When the energy levels of the VB approach those of the LUMO, 

it becomes energetically favorable for electrons to exit the VB and enter the LUMO (center 

panel of Figure 1.1.4 b). Likewise, if the energy levels of the CB approach those of the HOMO, 

it becomes energetically favorable for electrons to leave the HOMO and transition into the CB 

(right panel of Figure. 1.1.4 b).43 
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Figure 1.1.4. Energy diagrams describing the electrochemistry and piezocatalysis process. (a) 

The effect of applying a sufficient positive or negative bias to an electrode is to increase anodic 

and cathodic currents, respectively. (b) In the case of a piezoelectric, conduction and valence 

bands act as the reservoirs for electrons donated or accepted from molecules in solution. The 

piezoelectric polarization (PPZ) applies a variable bias across the material, lifting and lowering 

valence band and conduction band energies. Adapted with permission from [43]. 

 

Piezoelectric materials possess the remarkable ability to generate exceptionally high potentials 

when subjected to varying degrees of strain. When the electrode potentials surpass a threshold 

potential numerous chemical reaction can become thermodynamically feasible. 

 

1.1.4. Piezo-photocatalysis 

Piezo-photocatalysis, which integrates the principles of both piezocatalysis and photocatalysis, 

presents a promising solution to overcome the limitations encountered in solitary 

photocatalysis and piezocatalysis. Both photocatalysis and piezocatalysis face specific 

challenges that impact their efficiency. Photocatalysis suffers from rapid charge recombination, 

leading to a decrease in quantum efficiency. On the other hand, piezocatalysis requires a high 

built-in electric field, resulting in low efficiency. 

The integration of piezocatalysis and photocatalysis in piezo-photocatalysis offers several 

strategies to address the issue of low quantum efficiency. The application of mechanical stress 

generates a piezopotential on the surface of the catalyst, effectively separating the charges 
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generated during the photocatalytic process. Moreover, the catalyst, which may be inactive in 

piezocatalysis due to a low built-in electric field, becomes active in a photocatalytic manner. 

The combination of mechanical stress and light energy also exhibits a synergistic effect, 

leading to an improvement in the overall catalytic efficiency. This approach allows for the 

efficient utilization of multiple energy sources, enabling improved quantum efficiency and 

expanding the range of potential applications.44–47 

Ongoing research and development in the field of piezo-photocatalysis aim to further optimize 

the system design, explore novel piezo-photocatalyst materials, and deepen the understanding 

of the underlying mechanisms. These efforts contribute to the advancement of efficient and 

sustainable catalytic processes across various fields.  

 

1.1.5. Application of Photo, Piezo, and Piezo-photocatalysis 

1.1.5.1. Environmental Remediation 

Photocatalysis, piezocatalysis, and piezo-photocatalysis provide an effective, sustainable, and 

environmentally friendly approach to the removal of pollutants. Industries such as textiles, 

dyeing, printing, and pharmaceuticals generate wastewater containing complex and persistent 

dyes and drugs that pose a threat to aquatic ecosystems and human health. Conventional 

removal methods like physical adsorption and chemical oxidation often fall short of achieving 

complete and efficient degradation.48,4950,51 Photocatalysis and piezocatalysis offer a 

sustainable solution by utilizing light energy and mechanical energy to generate electron-hole 

pairs and piezopotential on the catalyst surface respectively, which react with molecular 

oxygen and hydroxyl groups on the catalyst surface, producing various reactive oxygen species 

such as hydroxyl radicals (•OH), superoxide radicals (•O2-), and protonated reactive species 

according to the following equations. (O2) ads. represents adsorbed molecular oxygen.40,51–55  

          Catalyst + hν → e-+h+                                                              eq2  

         (O2) ads. + e- → •O2-                                                                                                       eq3 

         h+ + H2O → H+ + •OH                                                              eq4 

         h+ + -OH ↔ •OH                                                                       eq5 

        •O2
- + H+ → •OOH                                                                    eq6 

        •OOH + •O2
- + H+ → O2 + H2O2                                                     eq7 

         H2O2 + •O2
- → •OH + -OH + O2                                              eq8 
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These reactive species then attack the chromophoric groups and chemical bonds within the dye 

or drug molecules, resulting in their degradation and eventual mineralization. The degradation 

efficiency can be significantly increased by simultaneously applying light and mechanical 

energy to a piezo-photocatalyst, such as ZnO, BiOBr, etc., through piezo-photocatalysis. Li et. 

al. synthesizes a composite of BiOCl/ NaNbO3 for RhB degradation through photo, piezo, and 

piezo-photocatalysis and the proposed mechanism is shown in Figure 1.1.5.56 

 

 

Figure 1.1.5 Schematic showing photo, piezo, and piezo-photocatalytic organic pollutant 

degradation over BiOCl/NaNbO3 Composite. Adapted with permission from [56] 

 

1.1.5.2. Sustainable energy production 

The quest for sustainable and clean energy sources has spurred significant interest in 

developing innovative approaches for fuel generation. Among the emerging technologies, 

photo, piezo, and piezo-photocatalytic processes have shown immense promise in harnessing 

renewable energy and driving efficient fuel production. These cutting-edge methodologies 

leverage the synergistic effects of light, mechanical energy, and catalysts to initiate and 

enhance chemical reactions, opening up new avenues for sustainable fuel generation. The two 

important reactions studied in this field are i) water splitting and ii) hydrogen peroxide 

production. 

a) Water Splitting: Photo, piezo, and piezo-photocatalytic water splitting represent 

groundbreaking approaches in the pursuit of sustainable fuel generation. Water splitting is a 

highly desirable reaction as it produces hydrogen, a clean and high-energy-density (120–142 

MJ kg-1) fuel while yielding oxygen as a valuable byproduct. Notably, hydrogen stands out as 
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a zero-emission fuel, as its utilization in fuel cells or combustion solely yields water vapor as 

a byproduct, devoid of any greenhouse gas emissions or harmful air pollutants. The overall 

process of water splitting can be summarized in two half-reactions:55–57 

Reduction: 

4𝐻+ + 4𝑒− → 2𝐻2,      𝐸0 = 0 𝑉 𝑣𝑠. 𝑁𝐻𝐸                                                         eq9 

Oxidation: 

𝐻2𝑂 + 2ℎ+ → 𝑂2 + 2𝐻+ + 4𝑒−,      𝐸0 = 1.23 𝑉 𝑣𝑠. 𝑁𝐻𝐸                              eq10 

To initiate the water-splitting process, in the case of photocatalysis, it is necessary for the band 

positions of the catalyst to be appropriately aligned. Specifically, the bottom of the CBs should 

have a more negative potential than the reduction potential of hydrogen ions (H+) to hydrogen 

gas (H2), which is 0 V vs. Normal Hydrogen Electrode (NHE) at pH = 0 (eq. 9) Additionally, 

the top of the VB should have a more positive potential than the oxidation potential of water to 

oxygen (O2), which is 1.23 V vs. the NHE at pH = 0 (eq.10). This proper alignment of band 

positions is crucial for facilitating the efficient splitting of water into its constituent elements. 

On the other hand, in the case of piezocatalysis, no proper band alignment is needed. When 

mechanical stress is exerted on the catalyst, it induces strain or lattice defects, resulting in the 

generation of piezopotential at the catalyst's surface, resulting in sufficient band bendings that 

facilitate the dissociation of water molecules into hydrogen and oxygen. The precise 

mechanism of piezocatalytic water splitting is still an active area of research, and different 

catalyst materials may exhibit unique pathways. For instance, a study by Hong et al. 

demonstrated that ZnO nanofibers, when subjected to ultrasonic waves, develop sufficient 

electric potential on their surface. This electric potential triggers the redox reaction of water, 

as depicted in Figure 1.1.6.58–62  

Figure 1.1.6. Schematic diagrams showing the charges developed on the ZnO fiber surface 

through bending with ultrasonic vibration and its participation in water splitting. Adapted with 

permission from [58]. 
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Moreover, the coupling of photo and piezocatalysis i.e., piezo-photocatalysis can enhance the 

reaction rate and kinetics even further by promoting the movement of charge carriers, 

suppressing their recombination, and increasing their availability for water-splitting reactions. 

These combined effects make piezo-photocatalysis a powerful approach for improving the 

efficiency and performance of water splitting.63–65 

b) Hydrogen peroxide Production: Hydrogen peroxide (H2O2) is a chemically significant 

compound with wide-ranging applications in various industries. It also has the potential to 

serve as a clean and advantageous fuel source due to its low transportation costs. However, the 

current predominant method of H2O2 production, the anthraquinone process, has negative 

environmental implications along with many other limitations.66–69 Therefore, the utilization of 

renewable energy sources through photo, piezo, and piezo-photocatalysis is a meaningful 

contribution to sustainable objectives. H2O2 production can occur through three main 

pathways: oxygen reduction, water oxidation, or both (Two channels), each involving distinct 

reactions. In the oxygen reduction pathway, electrons generated by an external energy source 

(such as light, ultrasound, or both in the case of the photo, piezo, and piezo-photocatalysis, 

respectively) can reduce molecular oxygen (O2) to superoxide radicals (•O2-). These superoxide 

radicals can then react with protons (H+) to produce H2O2 according to the following 

equations:70–72 

O2 + 2e- → •O2-                                                      eq11 

2H+ + 2e- → H2O2                                                                          eq12 

In the water oxidation pathway, water molecules undergo oxidation, resulting in the generation 

of hydroxyl radicals (•OH), which subsequently combine to form hydrogen peroxide. The 

reactions can be described as: 

2H2O → 2•OH                                                        eq13 

2•OH → H2O2                                                         eq14 

As shown in Figure 1.1.7., the study conducted by. Bai et al. showcased the "two-channel" 

photocatalytic hydrogen peroxide production utilizing a g-C3N4 coated CuO nanorod 

heterojunction, which incorporates both the water oxidation and oxygen reduction pathways. 

73 However, it is crucial to note that the specific pathway and relative contribution of each 

pathway to H2O2 production can vary based on the experimental conditions and catalysts 

utilized. The production of hydrogen peroxide through photo, piezo, and piezo-photocatalysis 

has gained significant attention due to its versatility and its potential to advance hydrogen 

peroxide synthesis while minimizing environmental impacts. 
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Figure 1.1.7. Schematic showing two-channel photocatalytic H2O2 production over C3N4 

coated CuO nanorod heterojunction. Adapted with permission from [73]. 

 

1.1.6.  Photo, Piezo, and Piezo-photocatalyst and its development 

Photocatalyst: The groundbreaking discovery made by Fujishima and Honda, which involved 

the splitting of water using a TiO2 electrode under light, is widely recognized as a pivotal 

moment that sparked the exploration of different semiconductor-based photocatalysts. 

Extensive research has been dedicated to understanding the fundamental principles of TiO2 

photocatalyst, improving its efficiency, and expanding its range of applications. However, TiO2 

exhibits limited performance in solar photocatalysis due to its wide bandgap (3-3.2 eV), which 

restricts its ability to effectively utilize a significant portion of the solar energy available on 

Earth's surface. As a result, substantial efforts have been devoted to discovering alternative 

photocatalysts.74–76 

Numerous metal oxides containing d0 and d10 transition metals such as WO3, ZnO, Cu2O, and 

SrTiO3, have been explored as a possible alternative to TiO2. Despite progress, the efficiencies 

of these photocatalysts remain unsatisfactory because of insufficient light harvesting. Over the 

past decade, significant efforts have been devoted to exploring complex metal oxides as novel 

photocatalytic materials. This includes the investigations on metal hetero-anionic 

photocatalysts such as metal oxynitrides, oxysulfides, and oxyhalides. The availability of 

multiple anions in these materials provides an opportunity for the development of visible light-

absorbing efficient photocatalysts through electronic and crystal structure engineering. In 
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contrast to metal oxides, metal hetero-anionic photocatalysts exhibit narrower bandgaps (<3 

eV) due to the inclusion of non-oxide anions with lower electronegativity, enabling absorption 

of visible light. In most metal hetero-anionic materials like MOxNy (metal oxynitrides), MxOySz 

(metal oxysulfides), and MOX (metal oxyhalides), the valence band maximum (VBM) is 

primarily composed of non-oxide p orbitals such as nitrogen 2p, sulfur  3p, or halogen np. 

These electronic structures present a challenge because when photogenerated holes (h+) are 

produced, they can potentially react with non-oxide anions at the valence band maximum 

(VBM) leading to the photo corrosion of the material. This problem can be overcome by a new 

class of hetero-anionic materials i.e., Sillen Aurivillius phases which possess a distinctive 

electronic structure in which the p orbitals of the anions are embedded within the O 2p orbitals. 

This unique arrangement contributes to their enhanced photo durability compared to the above 

metal hetero-anionic photocatalysts (discussed vide infra). The electronic structure of these 

materials is shown in Figure 1.1.8.,77,78 illustrating the origin of high stability. 

              In addition to the synthesis of new materials, various other strategies such as 

heterostructure formation, Co-catalyst loading, defect creation, and doping have also been 

made to control the key steps of photocatalysis and improve the efficiency of these materials. 

 

 

Figure 1.1.8. Schematic representation of the electronic structure of (a) metal oxide (MOx) (b) 

metal hetero-ionic (MOxNy, MxOySz, and MOX), and (c) Sillen Aurivillius (Bi4MO8X). 

Adapted with permission from [77]. 
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Heterostructure Formation: Heterostructure formation involves creating interfaces or 

junctions between different semiconductor materials within a photocatalyst. These 

heterojunctions are formed by carefully matching the band structures and energy levels of the 

materials involved. There are three primary types of heterojunction structures based on their 

band alignment.79–81 

a) Type-I heterojunction (Figure 1.1.9 a): In Type-I heterojunction, material A has a smaller 

band gap compared to material B. This configuration enables the transfer of electrons and holes 

from material B to material A, facilitating efficient charge separation and enhancing 

photocatalytic activity. 

b) Type-II heterojunction (Figure 1.1.9 b): Type-II heterojunction exhibits an asymmetric band 

alignment. Material B has a more negative conduction band position, while material A has a 

more positive valence band position. This arrangement allows for the transfer of electrons from 

material B to material A and holes from material A to material B, establishing effective charge 

separation. Type-II heterojunction can also establish a Z-scheme configuration, where 

electrons from material A's conduction band combine with holes from material B's valence 

band, further enhancing catalytic reactions. 

c) Type-III heterojunction (Figure 1.1.9 c): Type-III heterojunction shares similarities with 

Type-II heterojunction but has a larger energy disparity between the valence band and 

conduction band of the materials involved. This difference creates a stronger driving force for 

charge transfer, resulting in superior photocatalytic performance. In Type-III heterojunctions, 

electrons generated in material A combine with holes in material B, while electrons from 

material B and holes from material A participate in reduction and oxidation reactions, 

respectively.  

 

 

Figure 1.1.9. Schematic showing the band alignment for three different types of 

heterojunctions. 
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These distinctive heterojunction structures offer significant potential for enhancing 

photocatalysis by facilitating efficient charge separation, maximizing light absorption, and 

optimizing electron-hole transfer. By carefully designing the band alignment and selecting 

appropriate semiconductor materials, heterostructures can be precisely tailored to significantly 

boost the overall photocatalytic activity of the system. 81 

Co-catalyst Loading: 

Co-catalysts are frequently utilized alongside photocatalysts to enhance their efficiency and 

selectivity. In many cases, the addition of a suitable co-catalyst is necessary to achieve high 

activity and reasonable reaction rates in photocatalysis. Co-catalysts play a crucial role in 

regulating the kinetics of redox reactions by acting as electron or hole sinkers and facilitating 

the transfer of charge carriers. Furthermore, co-catalysts can modify the surface properties of 

the photocatalyst and provide active sites for desired reactions. There are two types of co-

catalysts: oxidation co-catalysts and reduction co-catalysts. Oxidation co-catalysts, such as 

RuO2 and IrO2, promote oxidation reactions, while reduction co-catalysts, such as noble metals 

(Pt, Pd, Rh, Au), facilitate reduction reactions. 

Among all noble metals, Pt is considered as best co-catalyst for photocatalytic hydrogen 

evolution. The efficiency of a reduction co-catalyst largely depends on its ability to effectively 

trap electrons from the light-absorbing semiconductor. This trapping capability is primarily 

determined by the work function of the co-catalyst. Pt has higher work functions compared to 

many semiconductors. Trasatti's research revealed a volcano relationship between the 

exchange current for H2 evolution and the strength of the M-H bond (where M represents a 

transition metal). Platinum occupies the peak of this volcano, exhibiting the lowest activation 

energy for H2 evolution. Hence, due to its electronic and catalytic properties, platinum is 

generally considered the most suitable co-catalyst for facilitating H2 evolution in photocatalytic 

water splitting. However, one limitation of noble metals as co-catalysts is their tendency to 

catalyze the reverse reaction, leading to the formation of water from H2 and O2. This restricts 

their effectiveness as co-catalysts for overall water splitting. 

                To overcome this limitation, various methods have been developed to inhibit the 

undesired reverse reaction. One such technique involves coating the surface of the co-catalyst 

with a hydrated Cr2O3 nanolayer. This nanolayer prevents the migration of O2 to the co-

catalyst's surface while still allowing access to reactants such as H+ and H2O. As a result, the 

co-catalyst selectively promotes the forward reaction of water splitting while inhibiting the 

reverse reaction. An example of this approach is demonstrated in Figure 1.1.10., where 

Damain and co-workers successfully coated Rhodium (Rh) with Cr2O3 to create a core-shell 
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co-catalyst structure on GaN:ZnO, leading to enhanced photocatalytic overall water 

splitting.22,57,82 

These considerations highlight the need to explore catalysts or methods that can efficiently 

produce hydrogen without relying on co-catalysts. Developing such catalysts and methods 

could have significant implications for advancing photocatalytic water splitting as a sustainable 

means of hydrogen production. 

 

 

Figure 1.1.10. (a) illustrates the process of Cr2O3 deposition through the reduction of Cr (VI) 

ions, where electron donor (D) and acceptor (A) are indicated. The high-resolution 

transmission electron microscopy images in (B) show GaN:ZnO with Rhodium (Rh) 

photodeposited onto its surface. The left image represents GaN:ZnO with Rh before the 

photodeposition of a Cr2O3 shell, while the right image shows the same material after the Cr2O3 

shell is formed. (c) Plot showing the time course of overall water splitting over Rh@GaN: ZnO 

(left) and core/shell-structured Rh/Cr2O3@GaN: ZnO (right). Adapted with permission from 

[82] 

 

 Defect creation: Defects, even in minute quantities, play a crucial role in determining the 

properties of semiconductors. The type, concentration, and distribution of defects significantly 

influence the photocatalytic behavior of the semiconductor material. Therefore, optimizing 

defect concentration and understanding their impact on the material's electronic structure, 

surface chemistry, and charge transfer processes are vital for achieving enhanced 
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photocatalytic performance. Several commonly used methods for creating defects in 

semiconductors are as follows:83,84 

Doping: The intentional introduction of impurity atoms during the synthesis or fabrication 

process creates defects and modifies the electronic structure of the semiconductor. Doping with 

elements of different valence states generates additional energy levels within the bandgap, 

facilitating the absorption of a broader range of photons and enhancing photocatalytic 

activity.85 

Annealing and Thermal Treatment: Thermal treatments, such as annealing, promote the 

diffusion and rearrangement of atoms, resulting in defect creation as otherwise controlled 

heating and cooling cycles enable the creation and stabilization of specific defect types, such 

as oxygen vacancies or interstitials, which influence the photocatalytic performance of the 

material.86,87 

Chemical Etching: Etching processes selectively remove specific atoms from the 

semiconductor surface, inducing surface defects. By carefully controlling the etching 

conditions, such as the etchant concentration and temperature, surface defects like steps, 

terraces, or roughness can be created. These defects enhance light absorption and increase the 

active surface area for photocatalysis.88,89 

Furthermore, the in-situ creation of defects during the photocatalytic reaction can hold 

significant potential for advancing the field. This spontaneous defect formation will occur 

without the need for any special external energy sources or additional fabrication steps. 

Harnessing the dynamic formation of defects during the photocatalytic process represents an 

intriguing avenue for tailoring semiconductor materials with enhanced photocatalytic 

properties. In situ-created defects can act as active sites for catalysis, promoting desired 

reaction pathways and improving overall photocatalytic efficiency. 

Piezocatalysts: In the mid-20th century, the practical applications of piezoelectric materials 

which can generate an electric charge in response to applied mechanical stress or, conversely, 

to deform or generate mechanical strain when an electric field is applied to them started to 

emerge. These materials are used in various devices, such as transducers, sensors, actuators, 

and resonators. The focus during this period was mainly on the functional properties of 

piezoelectric materials rather than their catalytic capabilities.90 The idea of utilizing 

piezoelectric materials for catalytic applications gained attention in the early 21st century. It 

was observed that mechanical stress could modulate the energy landscape of a catalyst, 

influencing reaction kinetics and product distribution.7 Up to now various materials have been 

introduced to piezocatalysis. Initially, 1D wurtzite ZnO and BaTiO3 were developed for 
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environmental remediation and to solve energy shortage problems. Further research introduces 

2D morphology or 3D hierarchitectures also. Wang et al. in 2014 reported the strain-sensing 

capabilities of single-atomic-layer MoS2. 
91 This discovery paved the way for the exploration 

of 2D materials (MoS2, MoSe2, and WS2) for efficient piezocatalysis. Additionally, bulk 

piezoelectric perovskite materials and layered Bi-based materials have been investigated as 

well for their suitability in piezocatalysis. For instance, Huang and co-workers reported the 

synthesis of the rhombohedral phase of BiFeO3 nanosheets for piezocatalytic hydrogen 

production, utilizing sodium sulfate as a sacrificial agent for holes. The researchers 

demonstrated that when the BiFeO3 nanosheets were subjected to ultrasound, they exhibited 

bending behavior, leading to the generation of piezopotentials on their surfaces. This 

piezopotential created a favorable energy landscape for hydrogen production (Figure 1.1.11).39 

 

Figure1.1.11. (a) Atomic structure of BiFeO3 nanosheets (b) The diagram depicting the 

generation of piezoelectric surface charges when the material experiences mechanical 

vibration, and their involvement in the piezocatalysis hydrogen evolution reaction. (c) Energy 

band diagram in the absence of mechanical vibration and (d) the tilting of energy bands under 

the influence of a strong piezoelectric field induced by mechanical vibration, along with the 

accompanying redox reactions. (e) Piezocatalytic hydrogen production at different vibrational 

frequencies and (f) mechanical power. Adapted with permission from [39]. 
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Piezo-photocatalyst: While piezocatalysis and photocatalysis hold significant promise, they do 

possess certain limitations and drawbacks solitarily. Photocatalysis, for instance, suffers from 

challenges such as sluggish charge separation, the necessity for proper band alignment, and 

inefficient utilization of light energy, which can limit catalytic activity. In the case of 

piezocatalysis, low catalytic efficiency can result from the requirement of high built-in electric 

fields to enable sufficient activation for electron transfer. Moreover, in piezocatalysis, a 

considerable fraction of the catalyst particles may not experience the necessary pressure due to 

inappropriate orientation to cavitation bubbles. 

Nonetheless, recent progress has focused on the exploration of materials capable of harnessing 

both light and mechanical energy concurrently. BaTiO3, ZnO, BiOCl, etc., have demonstrated 

this ability. These innovative materials address the limitations of solitary photocatalysis and 

piezocatalysis, exhibiting improved performance. The combination of piezoelectric and 

photocatalytic properties leads to synergistic effects, wherein the piezo-potential developed by 

mechanical stress application enhances the separation of photogenerated charge carriers and 

also forcibly adjusts the redox potentials of the catalyst to create a favorable energy landscape 

for the reaction, thus enhancing catalysis. Additionally, the particles which are inactive due to 

partial band bending during solitary piezocatalysis can still contribute to a photocatalytic 

pathway.92,93 

The piezo-photocatalysts have garnered interest due to their potential applications in various 

fields like environmental remediation, organic transformation, and energy harvesting. To 

develop efficient piezo-photocatalysts, further exploration of suitable materials and 

optimization of their structural and compositional properties are necessary. Researchers are 

actively investigating different combinations of piezoelectric and photocatalytic materials to 

create effective piezo-photocatalysts with improved performance. 

 

1.1.7.  Hetero-anionic catalysts (Sillen Aurivillius Phases) 

The development of solid-state materials with multiple structure flexibility and compositional 

features is the key to the continuous rise of modern technologies. Perovskite metal oxides laid 

the foundation for material synthesis during the last century. Perovskites are a group of 

compounds that share the same crystal structure as CaTiO3 (ABO3). 'A' and 'B' are two 

positively charged ions, often of very different sizes. Such compounds have the potential for 

various cation embedments in their crystal, which allows the fabrication of a variety of 

engineered materials. Perovskite structures can exhibit a layered arrangement where the ABO3 
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structure is separated by thin sheets of intrusive material. Based on intrusive material layered 

perovskite can be divided into three types. 1) Dion−Jacobson phase (every n ABO3 layer is 

separated by an intruding layer of alkali metal M, overall formula is M+A(n−1)BnO(3n+1)), 2) 

Ruddlesden-Popper phase  (the intruding layer occurs between everyone (n = 1) or multiple (n 

> 1) layers of the ABO3 lattice),  and 3) Aurivillius phase. 

Aurivillius phase: It is a crystal structure that was initially identified by Bengt Aurivillius, a 

chemist from Sweden, in 1949. This crystal structure is composed of alternating layers of 

fluorite ([M2O2]
2+) and perovskite, and its general chemical formula is represented as (M2O2) 

(An−1BnO3n+1). Until 1993, structures with M=Bi3+, [Bi2O2] layers have only been synthesized. 

Later, subsequent research demonstrated the potential for substituting Bi3+ with other elements 

such as Pb2+, Sb3+, and Te4+ whereas A = Bi, Ba, Sr, K, Ca, Na, Pb, and B = Ti, Nb, Ta, Fe, W, 

Mo, Ga, Cr, etc. The crystal structure of the Aurivillius phase is orthorhombic with a space 

group of P4/nmm as shown in Figure 1.1.12. a. The interest in the Aurivillius phase arises 

because of its ferroelectric property.94,95 

Sillen Phase: Back in 1931, L. Sillen described a phase having an intergrowth of (double 

([M2O2]) or triple ([M3O4+n], n denotes the thickness of fluorite layer) fluorite layers separated 

by one or more halide layers, and named as Sillen phase. It has a tetragonal crystal structure 

with a space group of P4/nmm as shown in Figure 1.1.12. b. The general formula is [M2O2] 

[X m] (where M=Bi3+, Pb2+, Ca2+, Sr2+, etc., and X can be halogen or chalcogen X=C1, Br, I, F, 

Se, Te m=1,2,3). Examples of Sillen phases with different numbers of halide layers are 

BaBiO2Cl (X=1), BiOCl (X=2), Ca1.25Bi0.5O2Cl3] (X=3). 96 

Sillen Aurivillius Phases: The Sillen Aurivillius phases is a layered bismuth oxyhalide, first 

reported by J. F. Ackerman and B. Aurivillius in 1980 and named “Bipox” (Bismuth-Perovskite 

Oxyhalide) later popularised as Sillen Aurivillius phase. Sillen Aurivillius phases have attracted 

significant attention due to their interesting structural and functional properties. They exhibit 

good light absorption and ferroelectric properties and are known for their potential applications 

in various fields, such as data storage, sensors, and catalysis. By modifying the composition 

and structure of Sillen Aurivillius phases, researchers have explored their photocatalytic, 

ferroelectric, and piezoelectric aiming to optimize their performance for specific applications.97 

Sillen Aurivillius phases consists of a regular intergrowth of the Silleń phase (alternating 

[Bi2O2]
+2, X− slabs) and Aurivillius phase (alternating [Bi2O2]

+2[MO4]
−3 slabs), generally 

formulated as [M2O2] [An–1BnO3n+1] [M2O2] [Xm], where n and m represent the no of perovskite 
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and halide layers Figure 1.1.12. c and d. The simplest member with n and m = 1, Bi4MO8X, 

exhibits a non-centrosymmetric orthorhombic crystal structure with a space group denoted as 

P4/nmm. There are a total of eight independent oxygen sites (O1−O8) within the structure due 

to the significant tilting of the MO6 octahedra of the perovskite block. O1-O4 corresponds to 

[Bi2O2]
+2 and O5-O8 present in the in-plane [MO4] perovskite block. Due to the rotation of the 

MO6 octahedra and off-centering of the octahedral cation caused by the second-order Jahn-

Teller effect and displacement of Bi3+ ions, there are interlayer and intralayer polarizations of 

0.6 μC/cm2 and 43.5 μC/cm2 along ‘c’ and ‘a’ axis respectively. The in-plane and out-of-plane 

polarization indicates that Sillen Aurivillius compounds have great potential as ferroelectric 

and piezoelectric materials.40,97,98  

Abe and co-workers calculated the density of states (DOS) and revealed that the VBM of 

Bi4MO8X is primarily composed of Bi 6s and O-2p orbitals and non-oxide halogen orbital 

contribute to lower energy states within the valence band, in contrast to BiOX where the VBM 

is mainly occupied by X np orbital. Analysis of the partial DOS reveals that Bi 6p orbital also 

contributes near the valence band in the case of Bi4MO8X. A strong hybridization occurs 

between the stereochemically active Bi3+ 6s2 lone pairs and O 2p orbital, forming a bonding 

orbital (Bi 6s + O 2p) and a high-energy antibonding orbital (Bi 6s + O 2p) as shown in Figure 

1.1.12. e. Due to crystal distortion, the high-energy antibonding orbital interacts with the vacant 

Bi 6p orbital. This interaction between the antibonding and Bi 6p orbital leads to an asymmetric 

electron density distribution over the Bi3+ lone pair, stabilizing the (Bi 6s + O 2p) antibonding 

orbitals. This stabilization raises the VBM in Bi4MO8X, with dispersive O 2p orbital 

contributing to the valence band. This unique electronic structure leads to improved 

photodurability by suppressing photo corrosion suggesting the Sillen Aurivillius phase as a 

stable and potential photocatalyst. Kato et al. utilized a theoretical calculation approach, 

considering the electrostatic potential generated by neighboring ions or the Madelung site 

potential, to investigate the presence of a dispersive O 2p orbital in the Sillen Aurivillius phase 

compared to its absence in BiOX. The findings revealed a distinct pattern in the energy levels 

of oxygen and halogen sites in Bi4MO8X (Figure 1.1.12. f). Specifically, most oxygen sites 

exhibited higher energies compared to the halogen sites, which significantly deviates from the 

behavior observed in BiOX. Further analysis showed that within Bi4MO8X, the oxygen sites 

(O1-O4) originating from the fluorite-like [Bi2O2] block were more destabilized than the 

oxygen sites (O5-O8) from the [MO4] block. This unique band structure in Bi4MO8X was 

attributed to the electrostatic destabilization of oxide anions and the stabilization of X- ions. 
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To provide additional insights, a similar analysis was conducted for the Bi2GdO4X and 

SrBiO2X systems, which have less distorted lattices.40,99–101 

 

Figure 1.1.12. Crystal structure of (a) Sillen phase, (b) Aurivillius phase, (c) Sillen Aurivillius 

phases (n=1), and (d) double perovskite layered Sillen Aurivillius phases (n=2). (e) Schematic 

illustration showing interactions among Bi-6s, Bi-6p, and O-2p orbitals according to the 

revised lone pair (RLP) model (f) Ionic energy levels of each anionic site in BiOX, Bi4NbO8X, 

Bi2GdO4X, and SrBiO2X calculated by the sum of Madelung potential and electron affinity. 

Adapted with permission from [101]. The red, blue, green, and orange symbols represent 

oxygen, chlorine, bromine, and iodine anions, respectively.  

Although the exact origin of the difference in electronic structure between undistorted BiOX 

and the heavily distorted Sillen Aurivillius phase is yet to be determined due to the complexity 

associated with the latter, numerous studies have established the exceptional photocatalytic 

stability of the Sillen Aurivillius phase. Abe and co-workers demonstrated the continuous 
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utilization of Bi4NbO8X for photocatalytic water splitting, employing an electron scavenger. 

Interestingly, no structural changes were observed after photocatalysis, and there was no 

increase in chlorine concentration, indicating remarkable stability against photo corrosion.102–

108 

1.1.8. Scope for investigation or concluding remarks 

The above discussion highlights the promising potential of piezocatalysis, piezo-

photocatalysis, and traditional photocatalysis as innovative techniques for addressing clean 

water scarcity and the energy crisis by harnessing renewable energy resources. Semiconductor 

metal oxides have been extensively studied as photocatalysts, with various strategies such as 

defect creation, co-catalyst loading, and the formation of heterojunctions with other 

semiconductors being employed to enhance their overall performance. Among these metal 

oxides, hetero-anionic metal oxides, particularly the sillen and sillen Aurivillus phases, have 

garnered attention due to their structural flexibility, stability, and ferroelectric properties. 

However, for these applications to be more sustainable and effective, it is crucial to focus on 

improving their efficiency and durability. It would be advantageous if the catalysts could self-

activate during the catalytic reaction, rather than deteriorating over time. 

While piezocatalysis and piezo-photocatalysis remain active areas of research, scientists 

worldwide are dedicated to exploring new materials and optimizing their performance as 

piezocatalysts and piezo-photocatalysts. Notably, since all ferroelectric materials inherently 

possess piezoelectric properties, there is a compelling opportunity to investigate the 

piezoelectric properties of the Sillen Aurivillus phase. Furthermore, it would be advantageous 

to explore the introduction of piezoelectric properties in centrosymmetric materials, as non-

centrosymmetry is a fundamental requirement for piezoelectricity. 

By optimizing the structure, shape, size, defects, and electronic structure of the sillen and sillen 

Aurivillus phases, in addition to their piezoelectric properties. The detailed scope for further 

investigation will be discussed in subsequent chapters, providing a roadmap for advancing this 

exciting field of research. 
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CHAPTER 1.2. 

Materials and Characterization Techniques 

1.2.1. Materials 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3.5H2O, Sigma-Aldrich, ≥ 98%), Potassium 

bromide (KBr, Himedia, 99.5%), Potassium chloride (KCl, Himedia, 99.5% ), Potassium 

iodide (KI, Sigma Aldrich, 99.8%),  Ethylene glycol (L.R, 99%), Bismuth (III) oxide (Bi2O3, 

Sigma-Aldrich, 99.99%), Tantalum (V) oxide (Ta2O5, Sigma-Aldrich, 99.9%), Strontium 

carbonate (SrCO3 Sigma-Aldrich, 99.9%), Bismuth oxychloride (BiOCl, Himedia, Ltd., 

99.5%) Titanium dioxide (P25 TiO2, Sigma-Aldrich, 99.9% ), and Sodium Chloride (NaCl, 

Himedia, 99.5%), Magnesium chloride (MgCl2, Sigma-Aldrich, 99.9% ) Magnesium sulfate 

(MgSO4, Sigma-Aldrich, 99.9%) Calcium sulfate (CaSO4, Sigma-Aldrich, 99.9%) Potassium 

sulfate (K2SO4, Renkem, ≥ 99%), Potassium carbonate (K2CO3, Loba Chemie, 99%) 

Magnesium bromide (MgBr2, Sigma-Aldrich, 99.9%) Lactic acid (Himedia, 85-90%) and 

Silver nitrate (AgNO3 Alfa Assar, 99%) Ammonium paramolybdate tetrahydrate 

(H32Mo7N6O28, Sigma Aldrich, 99%), and Terephthalic acid (TA, Sigma-Aldrich, ≥ 98% ) 

Rhodamine B (RhB, HPLC grade ≥ 95%), Rhodamine 110 (Rh110, Sigma-Aldrich, ≥ 99%), 

Methylene blue (MB, Sigma-Aldrich, ≥ 98%), Methyl orange (MO, Sigma-Aldrich, ≥ 85%), 

Ciprofloxin (Cipbid eye drops), Tetracycline (Resteclin, 500 tablet), Congo-red (Sigma-

Aldrich, ≥ 35%) and Ethanol (C2H5OH, ACS grade) Hydrogen peroxide (Rankem, 30%), Nitro 

blue tetrazolium (NBT, Sigma 90%), Sodium sulphate (Na2SO4, Rankem, 99%), Acetonitrile 

(CH3CN, AR, 99.5%), (Benzoquinone (C6H4O2, Alfa Aesar, 98%),  Gold(III) chloride 

trihydrate (Sigma Aldrich, 99.9%), Isopropanol (C3H8O, Merck, 99%), Tertiary butanol (t-

BuOH, spectrochem, 99.5%) ammonium oxalate (C2H8N2O4, Sigma Aldrich, >99%), Absolute 

ethanol (C2H5OH, Merck, 99.9%), Nafion solution (Sigma-Aldrich, 99%), Hydrochloric Acid 

(Conc. HCl, Himedia, 35% pure, Hi-AR), Palladium (II) Chloride (PdCl2, 99.9% metals basis), 

Chloroform (CHCl3, Himedia, AR), Hexachloro platinic acid (H2PtCl6, Sigma Aldrich, 

99.99%), Acetonitrile (CH3CN, AR, 99.5%), >97%), Sodium perchlorate (NaClO4, Sigma-

Aldrich, ≥ 98%) Dihydrogen phosphate H2PO4 (Sigma-Aldrich, ≥ 98%) Dimethyl sulfoxide 

(DMSO, Sisco research lab ( SRL) 99.5% ) (HPLC, Waters Mark milipore) methanol (CH3OH, 

Rankem, 99%), were used without further purification. Distilled water was used for all the 

experiments. 
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1.2.2. Characterization techniques 

Powder X-ray diffraction (XRD) patterns were recorded by using a Rigaku Ultima IV 

diffractometer equipped with Cu Kα X-ray radiation with a wavelength of 1.5406 Aº (40 kV 

and 40 mA) and a DTex Ultra detector using parallel beam geometry. Before recording the 

data, the samples were ground into a fine powder using a mortar and pestle. The data were 

collected from 5 to 80 degrees over 2θ with a scanning speed of 1 degree/minute in 0.02 steps.  

The morphology and size of the prepared samples were investigated by Field emission 

scanning electron microscopy (FESEM, JSM-7600F, accelerating voltage of 20-30 kV), 

Transmission Electron Microscopy (TEM, JEOL JEM-F200,), and Atomic force microscope 

(AFM, Park System XE7). For SEM and AFM analysis ethanolic dispersion of the samples 

was drop-casted on silicon wafers and allowed the solvent to evaporate slowly at room 

temperature in a vacuum desiccator. The samples for TEM were prepared by drop-casting on 

a holey carbon-coated Cu grid. The chemical composition of the synthesized samples was 

investigated by EDS (Energy Dispersive X-ray Spectroscopy, Oxford Instruments) operating 

at 15 kV. 

The diffuse reflectance spectra (DRS) were recorded using a UV-Vis 

spectrophotometer (Cary 5000), and BaSO4 powder was used as the reference to fix the 

baseline. The samples were ground into a fine powder before measurement.  

Photoluminescence spectroscopy (PL) studies were carried out using a quartz cuvette 

and spectrofluorometer (Horiba Scientific). Time-correlated single photon counting (TCSPC, 

Fluorocube Horiba Jobin Yvon, NJ) measurements were carried out by using a laser diode head 

of 375 nm (NanoLED, Horiba Scientific) as an excitation source with a bandpass of 4 nm. The 

instrument response function (IRF) was collected using Ludox (colloidal silica, Sigma 

Aldrich). The width (FWHM) of IRF was ~250 ps. All data were collected by keeping the 

polarization at the magic angle (54.50) and fixing the peak preset at 10,000 counts. DAS6 

(Horiba Scientific) software was used to analyze the lifetime (maintaining best-fitting 

parameters).  

X-ray photoelectron spectroscopy (XPS, Omicron Nanotechnology spectrometer with 

monochromatic Al Kα X-radiation) was used to analyze the composition and electronic 

structure of the samples. The measurements were carried out by a Thermo K alpha+ 

spectrometer using micro-focused and monochromatic Al Kα radiation (1486.6 eV). 

Bruner Emmett Teller (BET) surface area was recorded at liquid nitrogen temperature 

(77 K) by using an autosorbiQ2 Quantachrome instrument (Autosorb Iq-c-XR-XR). Before 
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surface area measurement, the samples were degassed at 180 ⁰C for 12 h. The apparent surface 

area was calculated by the Bruner Emmett Teller (BET) method. 

Perkin Elmer (Lambda 365) UV-Vis. spectrophotometer was used to record UV-Vis. 

absorption spectra of all the samples at room temperature. The measurements were carried out 

with a step of 1nm from the 200-800 nm range.  

High-performance liquid chromatography was performed by using (HPLC, Waters) 

equipped with 2998 array detector and Crest Pak C18 column in the mixed eluent (CH3CN: 

H2O = 1:1 by volume, ClO4 − =150 mM, H2PO4 = 50 mM). 

The 1H NMR spectra were recorded using a 400 MHz Bruker BioSpin Avance III FT-

NMR spectrometer with TMS as the standard at room temperature and DMSO as solvent. 

The High-resolution mass spectra (HRMS) studies were carried out with a Water Synapt 

G2-Si Q-TOF mass spectrometer using an electron spray ionization (ESI) positive mode of 

operation with a Q-TOF mass analyzer.  

Gas chromatography (Shimadzu GC-2014, serial No. - C121656) equipped with a 

thermal conductive detector (TCD) and a 100 mesh porapack-N column, using He as a carrier 

gas to detect evolved H2 gas.  

               Non-invasive Ocean Optics Neofox-Kit-Probe was used to measure the total oxygen 

(TO) content at room temperature (25-27 o C).4 Typically, the experiment was done by 

attaching the sensing patch to the inner wall of the 50 ml round bottom flask in such a way that 

it is immersed in the aqueous solution and measures.  

 

Electrochemical study: The electrochemical measurements were carried out in a three 

electrode configuration system on an electrochemical analyzer (CHI760E electrochemical 

workstation). Pt wire was used as a counter electrode, Ag/AgCl (saturated KCl) as the reference 

electrode, and ITO as the working electrode. A typical working electrode was prepared by 

taking 5 mg of the sample completely dispersed by sonication in 400 μL of a mixed solution 

of isopropyl alcohol, Nafion, and water. Subsequently, the resulting suspension was dropped 

on an ITO glass (16 mm X 10 mm) and exposed to air overnight to dry. One edge of the ITO 

glass was connected with Cu-wire using conductive silver paste. The ITO glass was again kept 

for 4-6 h to get the silver paste dry. A certain quantity of epoxy glue (non-conductive) was used 

to cover the silver paste once the silver pastes dried completely, and air-dried for overnight. 

The (0.2 M) Na2SO4 aqueous solution was used as the electrolyte. The Mott–Schottky plot was 

obtained through the measurement of the capacitance as a function of potentials at two different 
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frequencies i.e., 1000 and 500 Hz in the different potential range. The conversion of potential 

vs. Ag/AgCl to potential vs. RHE was done by using the following equation: 

ERHE = Eobserved +  0.0591 × pH + EAg/AgCl
0  

Eobserved = experimentally observed potential using Ag/AgCl reference electrode 

                                       E0
Ag/AgCl= 0.2 V for 3M KCl filling 

                                   pH = 6.5 for 0.5 M aqueous Na2SO4 

 

Piezoelectric Study: The piezoelectric properties of the materials were examined by 

piezoelectric force microscopy (PFM) and Kelvin probe microscopy (KPFM) using an Asylum 

Research (MFP3D) atomic force microscope equipped with a Pt/Ir-coated Si cantilever 3 (Tips 

Nano, Nano World Arrow-EFM) with a resonance frequency of 50-130 kHz and a spring 

constant of 0.7-9 N/m. PFM was done in contact mode using the setup shown in (Figure 1.2.1.). 

The cantilever was oscillated by applying a sinusoidal AC voltage, Vac, to a piezo-chip 

attached to the cantilever. The cantilever was further tuned at the contact mode resonance 

frequency. To achieve maximum sensitivity, all the measurement was carried out at the 

resonance frequency. In the setup, a laser is directed on the cantilever and is reflected to a 

quadrupole photodiode. A moment of laser on the quadrupole photodiode tracks the defection 

of the cantilever while scanning over the surface. The cantilever gets deflected when the sample 

deforms in response to the applied voltage and this deflection is interpreted in terms of a piezo-

response signal. For PFM spectroscopy, DC voltage is also applied along with AC voltage in 

the form of V tip = V dc + V ac sin (ωt) to the tip. A piezoelectric sample deforms below the tip 

in the presence of applied voltage. The response signal is interpreted in terms of phase, the first 

harmonic component of the tip deflection. The sample expands if the polarization direction 

below the tip is in the same direction as the applied DC voltage and vice versa. So, a sweeping 

DC voltage shows a switching behavior in phase. This can be observed as hysteric phase 

switching in the φ vs. Vdc curve. The amplitude of deformation can also be interpreted in the 

form A = A0 + A ω cos (ωt + φ). This is observed as a butterfly loop in the A ω vs V dc curve. 

KPFM was used to determine the contact potential difference between a sharp AFM probe and 

the sample surface, as well as the sample's work function. To get the topography for KPFM 

investigations, the AFM probe scanned the sample surface in the tapping mode at first. The 

AFM scanner raised the probe 300 nanometers away from the sample surface and scanned it in 
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parallel with a topographical profile. KPFM measurements are carried out in the noncontact 

mode, with the sample grounded and the AFM cantilever biased (AC and DC). 

 

 

 

Figure 1.2.1.  Schematic diagram of the Piezoresponse force microscopy (PFM) technique.  

 

Positron annihilation Spectroscopy Study: Positron annihilation lifetime (PAL) has been 

measured with a pair of gamma-ray detectors (ultrafast 2.5 cm × 2.5 cm BaF2 scintillator 

optically coupled with XP2020Q photomultiplier tube) based γ-γ coincidence (fast-fast) 

assembly. The details of the positron annihilation lifetime setup are described elsewhere. The 

source of the positron is 8 µCi (micro Curie) NaCl deposited in a 6 µm thick Mylar foil covered 

by another 6µm thick Mylar foil. PATFIT-88 computer program has been used to deconvolute 

the recorded PAL spectrum with proper source corrections.  

For the Coincidence Doppler broadening (CDB) studies, a pair of HPGe detectors of 

12% efficiency (model number PGC 1216sp of DSG, Germany) has been used. The detectors 

are placed at 180 o angles centering the source sample sandwich. The energy resolution of this 

HPGe detector is about 1.15 keV at 514 keV of 85 Sr. The Doppler broadening data have been 

recorded in a dual ADC-based multiparameter data acquisition system (Model # MPA-3 of 

FAST ComTec, Germany). The coincidence Doppler broadening spectra have been analyzed 
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by taking the area normalized point-by-point ratio with a CDB spectrum of 99.9999 % pure 

aluminum single crystal. 

X-ray absorption study: X-ray absorption near-edge spectroscopy (XANES) and extended X-

ray absorption fine structure (EXAFS) experiments at 300 K were performed at PETRA III, 

beamline P64, DESY, Germany. Measurements of Bi-L3 and Ta-L3 edges at ambient pressure 

were performed in fluorescence mode. Monochromatic X-rays were obtained using a Si (111) 

double-crystal monochromator. The acquired XAFS raw data was processed for background 

subtraction, normalization, and Fourier transformations using ATHENA software. 
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CHAPTER 2.1. 

Synthesis of Bi3TaO7–Bi4TaO8Br composites in ambient air and their high 

photocatalytic activity upon metal loading 

 

 

Summary 

Sillen Aurivillius phases, a newly emerging material, known for its stability and structural 

flexibility. Herein, we show that composites of Bi3TaO7–Bi4TaO8X (X = Cl, Br), two important 

Bi- and Ta-based light-responsive phases, can be prepared by high temperature, ambient air 

treatment of the precursors including easily oxidizable BiOX that retain the halide phases over 

60% and exhibit high photocatalytic activity. Furthermore, when these phases were loaded with 

less than 1% noble metals (Pd, Pt, Ag), nearly complete separation of the photogenerated 

excitons was observed, leading to a significant enhancement in the photocatalytic activity. 

 

 

❖ A manuscript based on this work has appeared in Dalton Trans., 2019, 48, 7110-7116 

 

https://doi.org/10.1039/1477-9234/2003
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2.1.1. Introduction 

Bismuth and tantalum oxides and oxyhalides have emerged as attractive candidates for solar 

energy harvesting, renewable fuel production, and environmental pollutant removal because of 

their high stability under harsh working conditions such as strong acidic conditions as 

compared to many other efficient photocatalysts with simple elemental compositions.1–4 Such 

interesting properties stem from the interplay of unique atomic arrangements in their crystals 

and favorable electronic structures. Bi3TaO7 has a visible-light-active band gap of ∼2.7–2.9 

eV and an ordered pseudo-cubic fluorite-type crystal structure5–7 containing 25% intrinsic 

oxygen vacancies, where Ta occupies the Bi sites (Figure 2.1.1. a). Its hybridized VB is mainly 

composed of O 2p and Bi 6s and is relatively well-dispersed leading to the high mobility of 

photogenerated holes implying that these can travel longer distances as compared to other 

photocatalysts within the crystal to carry out photocatalysis before recombining. In addition, 

Bi3TaO7 exhibits high oxygen vacancies and disorder in its anionic lattice, resulting in high 

oxide ion mobility. 

 

Figure 2.1.1. Crystal structures of (a) Bi3TaO7 and (b)Bi4TaO8Br. 
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https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit1
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit5
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#imgfig1
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Sillen Aurivillius phases viz. Bi4MO8X (M = Nb, Ta; X = Cl, Br), a family of rare mixed-

anion compounds, has been recently shown to exhibit very promising photocatalytic activity 

and more importantly, remarkable stability. Bi4TaO8X is the first member of Sillen Aurivillius-

type perovskite Oxyhalide with the structural formula (Bi2O2)2X (Bin−1TanO3n+1), where n = 1, 

having alternately stacked Bin−1TanO3n+1 Aurivillius perovskite blocks and                                                                                                        

(Bi2O2)2X Sillen blocks (Figure 2.1.1. b). Density functional theory calculations on these 

phases have shown that the VB maximum consists mainly of O 2p orbitals with little 

contribution from halide orbitals, and the same appears to be much more negative than those 

of other oxides or oxychlorides.4,8,9 This leads to a narrow band gap, allowing more absorption 

of visible light. The presence of O 2p orbitals around the VB maximum leads to the very high 

stability of these phases against photocorrosion. The band gap in the n = 1 member of the SA 

phases is smaller than Bi3TaO7, leading to a higher possibility of visible light absorption. 

Moreover, the strong internal electric fields between the layers in Sillen Aurivillius phases are 

expected to promote more spontaneous charge separation upon photoexcitation.10,11 

 

2.1.2. Scope of the present investigation 

Recent investigations have led to the synthesis of phase-pure Sillen Aurivillius phases. 

Widely adopted techniques for their synthesis involve mixing of precursors in stoichiometric 

quantities, palatizing them, and inducing a diffusion-controlled reaction at 700–800 °C by 

placing the reactants inside an evacuated sealed tube, or by using an arc furnace in an inert 

atmosphere.4, 8,10,12,13 These have also been obtained using a large excess of flux.14, 15 Although 

these approaches are interesting for obtaining small quantities of the catalysts, their translation 

into applications may become difficult due to the expensive and complicated reaction set-up to 

create a non-oxidizing atmosphere, as in the case of other important functional materials.16–

18 Another drawback that both Sillen Aurivillius phases and Bi3TaO7 suffer from is the poor 

separation efficiency of photogenerated electrons and holes, limiting their photocatalytic 

efficiency. Some progress has been made to overcome this challenge by combining these 

materials with another material, through the Z-scheme mechanism, to which one of the excitons 

can efficiently migrate from the photocatalyst, making both the hole and the electron available 

for a longer period to carry out redox reactions. The oxides of bismuth have been loaded with 

g-C3N4, Ag, and Bi.1,3,19–21 There are only two reports in the case of Sillen Aurivillius phases 

to the best of our knowledge, where Bi4MO8X has been combined with the hydrogen evolution 

https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#imgfig1
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit4
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit10
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit4
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit14
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit16
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit16
https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit1


50 
 

cocatalyst Ru/SrTiO3 for efficient overall water splitting.1, 40 Detailed investigations by loading 

these phases with more established cocatalysts such as noble metals are still lacking. 

To simplify the synthesis procedure, here we have carried out the synthesis of Bi4TaO8X 

employing the reported conditions, but under ambient air, it resulted in a composite containing 

both the above-mentioned important photocatalysts, Bi3TaO7 and Bi4TaO8X, due to partial 

oxidation of the halide precursor, BiOX, even though the nucleation of the highly air-stable 

Sillen Aurivillius phases was quick enough to retain over 60% of the precursor halogen. The 

composite has exhibited significantly improved photocatalytic activity compared to pure 

Bi3TaO7 underscoring its importance. We have further shown that it is possible to separate the 

photogenerated electron–hole pairs in the composite almost completely by depositing a tiny 

weight fraction of noble metals such as Pt and Pd, which have not been attempted in either of 

these phases so far. Aided by this, our experiments reported here establish the metal-loaded 

conditions. 

 

2.1.3.  Methods 

2.1.3.1. Synthesis of Bi3TaO7-Bi4TaO8X (X = Cl, Br) composite: Stoichiometric 

quantities of Bi2O3, BiOX, and Ta2O5 powders were weighed, and thoroughly mixed using 

Agate mortar and pestle. The resulting powder was transferred in a silica boat and heated in a 

muffle furnace at 1073 K for 24 hours with intermediate grindings after 12 hours. The heating 

rate was ~280 K per minute, while the cooling rate to room temperature was natural. Bi3TaO7 

was prepared similarly by using Bi2O3 and Ta2O5 in a 3:1 molar ratio.  

2.1.3.2. Loading of co-catalysts on to the composite: The metal nanoparticles loaded 

photocatalysts with less than 1wt% by photo-deposition method under sunlight. Appropriate 

amounts of PdCl2, AgNO3, and H2PtCl6.6H2O were weighed and put into 10 vol% aqueous 

methanol solutions in three beakers, to each of them 0.4g of the composite was added. The 

solutions were irradiated with 400W Xe light (Newport, USA). The solution was purged with 

argon before starting the photodeposition, and the product was washed thoroughly with a DI 

water-ethanol mixture and dried in the air. The composite appeared darker in color after the 

deposition of metals. 

2.1.3.3. Photocatalytic Experiments: A 400 W Xe lamp (Newport, USA) was used as 

the visible light source with an attached 1.5 AM and IR filter. The reactor used for the 

experiment is made of a Pyrex glass beaker of volume 50 ml. In the reactor, 25 ml of solution 

https://pubs.rsc.org/en/content/articlehtml/2019/dt/c9dt00068b#cit1
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was poured and continuously stirred to keep the suspension of the catalyst uniform throughout 

the solution. An aqueous 25 mL dye solution with a concentration of 10 mg/L of dye was used 

for photocatalytic studies unless otherwise mentioned. The amount of catalyst used was fixed 

as 40 mg for 25 ml of the dye solution unless otherwise mentioned. The suspension containing 

dye solution and catalyst was stirred for 30 minutes in the dark to attain adsorption-desorption 

equilibrium and the resulting aliquot was exposed to light. Photocatalytic experiments were 

carried out under visible light irradiation using the abovementioned light source. To carry out 

pH-dependent reactions, the solution pH was adjusted using perchloric acid and concentrated 

sodium hydroxide. During the illumination of the light, 1 ml of solution was continuously taken 

from the reaction cell for regular intervals of time. The collected samples were then centrifuged 

to remove any catalyst particles present in the solution for further analysis. Dye solutions were 

analyzed based on the Beer-Lambert law at their maximum absorption wavelength. 

2.1.3.4. Characterization 

All the characterization techniques are discussed in chapter 1.2. 

2.1.4. Results and Discussion 

The Bi3TaO7–Bi4TaO8X (X = Cl, Br) composites with a yellowish appearance were prepared 

at 1073 K by using Bi2O3, BiOX (X = Cl, Br), and Ta2O5 powders as precursors in 

stoichiometric amounts corresponding to the Sillen Aurivillius phases. (Figure 2.1.2. a and b) 

shows the powder X-ray diffraction (XRD) pattern of the bromide and chloride composites 

respectively. All peaks in the pattern can be indexed using the Bi4TaO8Br phase (ICSD #98-

009-3561), Bi4TaO8Cl phase (ICSD #98-006-4664) and the Bi3TaO7 phase (ICSD #98-001-

4207), indicating the completion of the reaction. 

      The morphology and size of the samples were characterized by field emission scanning 

electron microscopy (FE-SEM). As seen in Figure 2.1.2. c and d, both the bromide and 

chloride composite consist of agglomerated grains having corrugated surfaces, leading to a 

higher surface area. Each larger particle appears to have formed by the coalescence of smaller 

(500 nm to 2 micrometre) size particles. Figure 2.1.2. e and f, shows the typical Energy 

Dispersive X-ray Spectrum (EDS) from the bromide and chloride composites, where the Ta 

and Br peaks are visible. Quantitative estimation of these two components across the sample 

showed that the Sillen Aurivillius phases constitute nearly 60–75% of the sample. The relative 

ratios of the two phases could not be estimated in the case of chloride composite as the Cl peak 

overlaps with Bi. It is noteworthy that when the BiOX sample was heated alone under the same 
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conditions, it converted to Bi2O3 completely within two hours. Thus, the formation of the stable 

Sillen Aurivillius phases must have occurred within this period. 

 

Figure 2.1.2. (a, b) Powder XRD pattern of the Bi3TaO7–Bi4TaO8Br and Bi3TaO7–Bi4TaO8Cl 

composite respectively. The panels on the top of the XRD pattern mark the expected peak 

positions. (c, d) FE-SEM image of the Bi3TaO7–Bi4TaO8Br (The inset shows a magnified 

image of its surface) and Bi3TaO7–Bi4TaO8Cl composite. (b) SEM-EDS spectrum recorded on 

the bromide and chloride composites.  

         The UV-visible (UV-vis) diffuse reflectance spectrum (DRS) of the Bi3TaO7 and 

Bi3TaO7–Bi4TaO8X (X = Cl, Br) composite was obtained using BaSO4 as a reference and 

converted to absorbance by the Kubelka–Munk method.22,23 As shown in Figure 2.1.3. a 

(inset), a pronounced absorption onset for the Bi3TaO7–Bi4TaO8Br composite was observed at 

∼575 nm, which is red-shifted as compared to that reported for pure Bi4TaO8Br (∼485 

nm).4 The optical band gap was calculated using the Tauc equation:11,24 

                                               αhν = A (hν− Eg)n/2 

Where A = constant, hν = light energy, Eg = optical band gap energy, α = measured absorption 

coefficient, and n reflects the characteristics of the transition in a semiconductor, i.e. n = 1 or 

4 for direct or indirect band-gap materials, respectively. Assuming that the lower energy 

absorption is primarily contributed by the Sillen Aurivillius phases (Bi3TaO7 has a higher band 
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gap of 2.7–2.9 eV 1,25 ) having an indirect band gap, the value of n was fixed as 4. The effective 

band gap of the Bi3TaO7–Bi4TaO8Br composite was estimated to be 2.59 eV. The Tauc plots 

and the DRS plots for Bi3TaO7–Bi4TaO8Cl and Bi3TaO7 are given in Figure 2.1.3. b, c, and 

their insets respectively. 

Figure 2.1.3. DRS (insets) and Tauc Plot of (a) Bi3TaO7–Bi4TaO8Br, (b) Bi3TaO7–Bi4TaO8Cl 

composite and (c) Bi3TaO7 respectively. 

2.1.4.1. Photocatalytic RhB Degradation 

We have selected Rhodamine B (RhB) as a model dye to examine the photocatalytic activity 

of Bi3TaO7–Bi4TaO8X (X = Cl, Br) composite and Bi3TaO7. Waste generated by various 

industries contains different organic dye molecules which are difficult to degrade, and therefore 

photocatalytic degradation is a convenient way to get rid of such pollutants. Besides, 

degradation is easily monitored by UV-vis. spectroscopy. To understand the role of catalyst 

and light in RhB degradation, it was first attempted to degrade in the absence of catalyst, light, 

and both. The results show that the concentration of RhB remains the same in the absence of 

any one of these. The concentration of Rhodamine B decreased only in the presence of both 

catalyst and light. Figure 2.1.4. a, b, and c show the time-evolution of UV-vis. spectra of the 

RhB solution in the presence of catalyst and light. In this case, Rhodamine B gets converted 

into Rhodamine 110 (Rh110) at first, at least partially, as is evident from the shift in the 

absorption maxima from 553 nm towards 499 nm. Rhodamine 110 then further degrades. For 

the complete degradation of RhB, Bi3TaO7- Bi4TaO8Br, Bi3TaO7-Bi4TaO8Cl, and Bi3TaO7 

took 210 min, 315 min, and 700 min respectively, indicating that the samples are all capable 

of responding to visible light. To understand the reaction kinetics of photocatalytic RhB 

disappearance, the following pseudo-first-order model was used to analyze our photocatalytic 

degradation data: 
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                                                        ln At /Ao = k1t  

Where, k1 = pseudo-first-order rate constant; Ao =initial absorbance and At = absorbance of the 

dye solution at reaction time t. It was found that degradation of RhB in the presence of Bi3TaO7- 

Bi4TaO8X (X =Cl, Br) composite and Bi3TaO7 follow pseudo-first-order reaction kinetics. The 

degradation rate of RhB is in the order of Bi3TaO7- Bi4TaO8Br > Bi3TaO7-Bi4TaO8Cl > 

Bi3TaO7. The degradation rate constant of RhB catalysed by Bi3TaO7- Bi4TaO8Br, Bi3TaO7-

Bi4TaO8Cl, and Bi3TaO7 were estimated as 1.2546 h-1, 0.906 h-1, and 0.4692 h-1 respectively 

(Figure 2.1.4. d, e, and f).  Degradation efficiency (ɳ) was calculated by using the following 

equation:  

                                                     ɳ = [1-(At /Ao)] × 100%  

where Ao = initial absorbance and At = absorbance of the dye solution at reaction time t. The 

photocatalytic activities of the materials were found to decrease in the following order upon 

210 min light irradiation: Bi3TaO7- Bi4TaO8Br > Bi3TaO7-Bi4TaO8Cl > Bi3TaO7 with 

efficiencies estimated as 95, 74, and 44% respectively. 

Figure 2.1.4. (a, b, c) UV-vis. absorption spectra recorded during RhB degradation in aqueous 

Bi3TaO7- Bi4TaO8Br, Bi3TaO7- Bi4TaO8Cl and Bi3TaO7 dispersions as a function of light 

irradiation time respectively and their (d, e, f) corresponding rate constant plots. 

0 100 200 300 400 500 600 700

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

Time (min)

Bi3TaO7

K=0.07 h-1

0 50 100 150 200

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

lo
g

 (
A

/A
o
)

Time (min)

Bi3TaO7-Bi4TaO8Br

K=0.29 h-1

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Wavelength (nm)

     0 min

 100 min

 150 min

 200 min

 250 min

 300 min

 350 min

 400 min

 450 min

 500 min

 550 min

 620 min

 700 min

Bi3TaO7

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

wavelength (nm)

     0 min

   15 min

   30 min

   45 min

   60 min

   75 min

   90 min

 105 min

 120 min

 135 min

 150 min

 165 min

 180 min

 195 min

 210 min

 225 min

 240 min

 255 min

 270 min

 300 min

 315 min

Bi3TaO7- Bi4TaO8Cl

0 50 100 150 200 250 300

-0.8

-0.6

-0.4

-0.2

0.0

k=0.17 h-1

Time (min)

Bi3TaO7-Bi4TaO8Cl

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

A
b

s
o

rb
a

n
c

e

wavelength (nm)

     0 min

   15 min

   30 min

   45 min

   60 min

   75 min

   90 min

 105 min

 120 min

 135 min

 150 min

 165 min

 180 min

 195 min

 210 min

Bi3TaO7-Bi4TaO8Br

(a) (b) (c)

(f)(e)(d)



55 
 

 The overall photocatalytic efficiency will rely on the (a) photon absorption cross-section of 

the catalyst, (b) dye adsorption ability, (d) desorption kinetics of the photo-degraded products 

and (c) charge-transfer ability from the catalyst to the dye (herein orientation of RhB on the 

catalyst surface is crucial). RhB adsorption studies on the different catalysts by placing together 

the same amount of dye solution (12 μM RhB) and the catalyst (20, 40, 60 mg) was carried out 

in the dark for 90 minutes. Bi3TaO7- Bi4TaO8Cl composite (Figure 2.1.5. a, b) absorbs ~63 

micromoles/gram of RhB, whereas Bi3TaO7- Bi4TaO8Br composite (Figure 2.1.5. c, d) adsorb 

~72 micromoles of RhB per gram which is about 12% higher than the Bi3TaO7- Bi4TaO8Cl 

composite. Adsorption on Bi3TaO7 was much lesser (Figure 2.1.5. e and f, 28 

micromole/gram). The adsorption trend in the Bi compounds is similar to that of their 

photocatalytic efficiencies. Therefore, preferential adsorption of RhB on the surface of 

Bi3TaO7- Bi4TaO8Br composite may be a reason for exhibiting higher activity.             

 

Figure 2.1.5. Adsorption of Rhodamine B on different phases: (a, b) Bi3TaO7- Bi4TaO8Cl, (c, 

d) Bi3TaO7- Bi4TaO8Br, (e, f) Bi3TaO7 
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2.1.4.2. Photodeposition of noble metal on Br Composite 

We have further attempted to improve the efficiency of the bromide composite by decorating 

it with a tiny weight fraction (≥1%) of noble metal (Pd, Pt, and Ag) co-catalysts. The presence 

of co-catalysts on light-harvesting semiconductor surfaces can facilitate reactions by providing 

active sites for the reaction and enhance the quantum efficiency by lowering the activation 

energy.26, 27 These provide trapping sites for the photogenerated charges and suppress exciton 

recombination to an extent depending on their interaction with the semiconductor through 

junction formation. The co-catalysts were deposited photochemically which led to a slight 

darkening in the color of the composite. The presence of the co-catalysts on the thoroughly 

washed composite was confirmed by TEM, though powder XRD did not show any diffraction  

 

Figure 2.1.6. (a) TEM image of Pd loaded Bi3TaO7-Bi4TaO8Br. The lower inset shows a 

scanning TEM image of another grain. (b) HRTEM of Pd nanostructures and (c) a typical 

SAED pattern of Pd-loaded bromide composite. (d) TEM image of Pt loaded bromide 

composite (Inset: HRTEM image displaying a single-crystalline Pt nanocrystal.) (e) HRTEM 

image of the Bi3TaO7-Bi4TaO8Br composite without metal loading. 
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peak corresponding to the metals due to low abundance. We observed nanocrystals of the 

metals measuring a few nanometres deposited on the surface. A typical TEM image of the Pd-

loaded bromide composite, which exhibited the highest improvement in photocatalytic activity 

as discussed vide infra, is shown in Figure 2.1.6. a, and its inset. One can see the deposited Pd 

nanocrystals measuring 5–15 nm decorating the catalyst surface, usually in higher densities 

across edges. Figure 2.1.6. b shows a high-resolution TEM (HRTEM) image of a Pd 

nanocrystal, where the lattice fringes separated by ∼0.23 nm can be ascribed to the (111) planes 

in a face-centred cubic Pd structure. The selected area electron diffraction (SAED) pattern of 

the Pd-loaded Br composite is given in Figure 2.1.6. c, which consists of circular rings 

corresponding to Pd and clear spots belonging to a portion of the single-crystalline catalyst 

matrix. The indexed spots are close to the (200) plane of Bi4TaO8Br and the (220) plane of 

Bi3TaO7. Similarly, photodeposited Pt nanocrystals were also arranged on the catalyst surface 

in an identical fashion (Figure 2.1.6. d). The HRTEM images of the Pt particles confirm their 

single-crystalline nature while showing the lattice fringes of 0.22 nm corresponding to the d-

spacing of the (111) plane. It may be noted that the lattice spacing observed on the pristine 

sample is much larger than the same on Pd nanocrystals (Figure 2.1.6. e). 

       

 Figure 2.1.7. (a) Band gaps estimated from the Tauc plot of different co-catalyst loaded 

bromide composites. (b) Photoluminescence spectra of the various bromide composites. 

         The co-catalyst loading has led to significant changes in the optical absorption and 

emission properties in the composite. Figure 2.1.7. a shows Tauc plots corresponding to the 

different samples. While the Pt and Ag-loaded composites exhibited similar band gaps as that 

of the pristine composite, a considerable increase in the band gap of the Pd-loaded sample (2.62 
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eV) was noticed. The origin of such a shift is not clear to us. However, we hypothesize that the 

Pd loading was induced by the defect-sites on the surface of the composite which led to 

annihilation of the corresponding mid-gap trap states resulting in a wider band-gap. The 

changes in the emission properties were found to be more pronounced, in two aspects, as seen 

in Figure 2.1.7. b. First is the distinct suppression of the emission peak indicating a facile 

separation of photogenerated electron and hole pairs. The Pd-loaded sample recorded the 

highest decrease (over 10 times) in the photoluminescence intensity. Besides, metal loading 

also led to a small but noticeable blue-shift of the emission peak in all the samples. 

2.1.4.3. Enhanced activity by noble metal loading 

 The effects of depositing metal nanoparticles as a co-catalyst on the photocatalytic activity of 

bromide composite were evaluated again by measuring the degradation of RhB. We point out 

that the photocatalytic reactions were carried out at pH 2 to check not only their improved 

activity but also their stability under harsh working conditions. High H+ concentration in the 

reaction medium can significantly enhance the reaction rate in this case by favouring adsorption 

of RhB, provided the catalyst system is stable under these conditions.28,29 Figure 2.1.8. a, b, c, 

and d show the temporal evolution of the spectral changes during the photodegradation of RhB 

over the metal-loaded photocatalysts. These figures indicate that the co-catalyst loading leads 

to extremely high photocatalytic activity. Among the composites, the Pd-loaded sample 

exhibited the highest activity by completing the degradation within 15 min (rate constant, 0.35 

min-1). Under similar conditions, the Pt and Ag-loaded ones took nearly 30 minutes (rate 

constants = 0.13 min-1 and 0.12 min-1 respectively) while the unloaded composite required 50 

minutes. We further compared our catalysts with that of commercial TiO2 (P25) which we 

expect to have a much higher surface area (56 m2 /g originating from a small particle size of 

26 nm30) and better aqueous dispersibility as compared to our catalysts, showed that under the 

experimental conditions, its activity (rate constant = 0.11 min-1) is comparable to the Pt and Ag 

loaded catalysts but poorer than the Pd loaded one. We have also compared our rate constant 

values with many other reports in the literature (Table 2.1.1). It shows that the ~ 4-fold 

enhancement in rate constant when we loaded the Sillen Aurivillius phases with Pd is better 

than those observed in other studies. Figure 2.1.8. e, points to another interesting fact that the 

post co-catalyst loading, the ability of the catalysts to adsorb the dye molecules has remarkably 

increased, which must have contributed to their higher efficiencies. The recyclability test for 

the degradation reaction was also carried out as shown in Figure 2.1.8. f, Pd loaded composite 
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demonstrated excellent reusability of the catalyst even after 10 cycles with a negligible loss of 

2.15% in activity. 

 Figure 2.1.8. (a, b, c, d) UV-vis. spectra recorded at various time intervals (in minutes) during 

photocatalytic degradation of RhB by metal-loaded and unloaded Bi3TaO7-Bi4TaO8Br 

composite. (e) Lowering of RhB concentration during its photocatalytic degradation by co-

catalyst loaded and unloaded Bi3TaO7-Bi4TaO8Br composite in comparison to P25 TiO2. (f) 

Stability plot showing the RhB degradation efficiency by Pd loaded sample during 10 

consecutive cycles.  
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Table 2.1.1: Activity comparison table of Bi3TaO7-Bi4TaO8Br (1wt%Pd@ Bi3TaO7-

Bi4TaO8Br) with recent literature reports. 

To understand whether the degradation of Rhodamine B is contributed by any self-sensitization 

process, we conducted a control experiment. 20 μM RhB solution was irradiated under Xe-

lamp without catalyst at pH=2. It revealed only a negligible decrease in absorbance even after 

60 min of irradiation, as shown in Figure 2.1.9. a. Thus, we conclude that the degradation of 

RhB has taken place only in the presence of the catalyst. Further to examine whether the 

degradation is RhB specific, we have also carried out the oxidation of various other dyes using 

the Pd-loaded Br composite (Figure 2.1.9. b and c). The composite was found to be highly 

Catalyst Amount

(mg)

Substrate

concentration

Rate Const.  

(h-1)

Ref.

Bi3TaO7-Bi4TaO8Br

1wt%Pd loading

40mg 10 mg/l (RhB) 5.7198

21.2232

Our work

g- C3N4-Bi2WO6

0.7wt% Pt loading

50mg 10mg/l(RhB) 0.912

2.736

1

TiO2 Nanotube Array

0.4wt%Au loading

- 10mg/l (RhB) 0.2634

0.3672

2

TiO2

1wt%Pt@TiO2

50mg 10-5M (RhB) 6.12

10.68

3

BiOCl

0.5wt%Ag loading

100mg 20mg/l(RhB) 14.82

15.18

4

ZnO Nanorods

10%Au loading

25mg 0.03mM(Methyl orange) 0.828

3.102

5

Bi3TaO7

1w%Ag loading

50mg 22µM(Tetracycline) 0.4134

0.972

6

g-C3N4

0.5wt%Pt loading

2wt%Au loading

100mg 20mg/l(Tetracycline) 7.614

10.854

14.97

7
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active in all cases. The corresponding rate constants were estimated to be 0.47 h-1 for Methyl 

orange and 1.29 h-1 for Congo-red.  

Figure 2.1.9. (a) Temporal UV-vis. spectra of RhB solution under illumination; (b)-(c) 

Temporal UV-vis. spectra depicting Methyl-orange (12 µM) and Congo-red (12µM) dye 

degradation by 20 mg Pd loaded Bi3TaO7-Bi4TaO8Br composite.  

To explore the reaction pathway, we have analysed the different reactive species and 

fragmented species produced during the photodegradation of RhB by using controlled 

scavenging experiments and recording High-Resolution Mass Spectra (HRMS, Figure 2.1.10.) 

during the reaction. HRMS analysis showed that the degradation creates high molecular weight 

intermediates initially (325, 355, 179 m/z) before going on to produce small oxidized molecules 

such as 4-(methoxycarbonyl) benzoic acid (179 m/z), 2-(methoxycarbonyl) benzoic acid (179 

m/z), benzoic acid (123 m/z), 2,6-dimethyl phenol (123 m/z), etc.31 Next, we performed the 

reaction in presence of various transient species scavengers. Ammonium oxalate (AO), tertiary 

butanol (t-BuOH), and benzoquinone (BQ) were used as holes (h+), hydroxyl radicals (OH•), 

and superoxide radical anions (O2•–) scavengers respectively.32,33 As seen in Figure 2.1.11., 

the addition of hydroxyl radicals (OH• ) scavenger did not have much effect on the RhB 

degradation. 
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Figure 2.1.10. High-resolution mass spectra of the species produced during photodegradation 

of RhB, showing intermediates and final products. RhB has its characteristic molecular ion 

peak at 443 m/z (a), which vanishes under visible light irradiation, and new peaks arise at 325, 

355, and 197 m/z as seen in the spectrum recorded after 10 minutes of the reaction Finally, 

degradation leads to the formation of small oxidized molecules such as 4- (methoxycarbonyl) 

benzoic acid (179m/z), 2-(methoxycarbonyl) benzoic acid (179 m/z), benzoic acid (123 m/z), 

2,6-dimethyl phenol (123 m/z) etc (c). 

However, degradation was significantly inhibited upon the addition of hole and superoxide 

radical anions scavengers, indicating that these are dominant species in the RhB degradation. 

Based on these trapping experiments, the transfer of the exciton appears to be the rate-

determining step. On the other hand, such transfer is known to finally yield •OH radicals that  
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are responsible for dye degradation.34,35 Since •OH scavenger did not slow down the reaction, 

it may be related to higher adsorption of RhB on the catalyst surface (refer to Figure 2.1.8. e) 

ensuring high proximity to these radicals to annul any scavenger attack. We also reckon that 

the coexistence of two photoactive phases, Bi3TaO7 and Bi4TaO8Br may lead to electron 

transport pathways mimicking Z-scheme.36,37,38,39 Based on our control experiments and 

various literature data, we propose an electron transfer pathway involved in the photocatalytic 

reactions as shown in Figure 2.1.12. The conduction band (CB) of Bi3TaO7 lies in the range 

of 0.32-0.46 V vs. NHE whereas its VB is suggested to be in the 3.12-3.22 V range.40,3  

Figure 2.1.11. Percentage degradation of RhB in the presence of different scavengers using 

the Pd-loaded bromide composite. 

 

Similarly for Bi4TaO8Br, the CB minima and the VB maxima were reported to be -0.79 V and 

1.74 V vs. NHE respectively.42 The Fermi level of palladium is 0.45 V vs. NHE.41 The band-

gaps derived from the positions of CB and VB in these materials correspond closely to our 

experimentally determined value. Besides, since the band positions are widely apart in these 

two materials, minor variations in their actual positions are not expected to alter the proposed 

scheme. 
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Figure 2.1.12. Schematic illustration of band-alignment and photo-induced electron transfer in 

the Bi3TaO7-Bi4TaO8Br composite. 

 

2.1.5. Conclusion 

In conclusion, a novel composite photocatalyst system was realized involving two important 

compounds, Bi3TaO7 and Bi4TaO8Br. By developing an easily scalable high-temperature 

approach. The composite exhibited high photocatalytic activity upon loading with ≥1% of Pd 

in comparison to commercial P25 catalysts. In addition, it also exhibited very high stability 

working in harsh low pH conditions with a mere decrease of ~2% activity after 10 working 

cycles. 
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CHAPTER 2.2. 

 A ‘self-activating’ Bi3TaO7-Bi4TaO8Br photocatalyst and its use in the 

sustainable production of pro-fluorophoric Rhodamine-110 

Summary 

We counter two common notions that (i) photocatalysts are likely to degrade during use with 

barely any strategy to counter it and (ii) rhodamine-B (RhB) photo-degradation lacks any useful 

or commercial prospects even after 53 years of its discovery by developing a photocatalyst that 

continues to improve its activity for ∼300 h due to a leaching induced ‘self-activation’ process. 

Rhodamine-110 (Rh110) is a widely used pro-fluorophore in biological studies. However, its 

commercial production is highly challenging due to the formation of various side-products 

originating from the presence of the two labile amino side-groups that induce the pro-

fluorophore activity, leading to purification difficulties, low yield, and unusually high costs. 

Herein, we demonstrate a facile strategy to produce pure Rh110 using extremely inexpensive 

RhB and Bi3TaO7–Bi4TaO8Br heterostructures as a catalyst in sunlight. The catalyst is not just 

stable over 30 catalytic cycles but also gets activated continuously in successive cycles to 

produce a reaction yield as high as 88%. The role of the heterostructure, the origin of surface 

activation, and the RhB → Rh110 transformation mechanism have been established. Based on 

150 days of sunlight experiments, large-scale production prospects (∼4000 times scale-up) and 

isolation of Rh110 have also been realized, paving a novel way for its production by anyone, 

inexpensive biological essaying, and device fabrication. Continuously improving catalysts are 

unknown and compensatory leaching of metal atoms from the catalyst surface may pave the 

way to realize them. 

A Manuscript based on this work has appeared in Green Chem., 2022, 24, 5514-5523 

Bi3TaO7-Bi4TaO8Br

➢ Pollutant Waste ➢Profluorophore

➢Price ~ $416/g 
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2.2.1. Introduction 

Rhodamine 110 is a widely used xanthene-based pro-fluorophore containing two labile amino 

groups and invaluable in the clinical diagnosis of diseases such as SARS-Cov-2,1-4 anti-cancer 

studies, drug development, fluorescence imaging, and enzymatic activity tests.5-12 Rh110 is also 

used in optoelectronic devices such as solar cells, dye lasers, LEDs, etc.13-15 Substitution of its 

amino groups with bulkier substituents such as peptides or proteins enhances the 

nucleophilicity of the phenolic oxygen, leading to the formation of lactones. This disrupts the 

π-conjugation, quenching its fluorescence ability. Such an inherent diminution of the 

fluorescence is highly advantageous over conventional fluorophores since it can be used to 

establish bond formation or cleavage in biological processes in-situ, cementing Rh110 as one 

of the most popular pro-fluorophores.16-19 The reactivity of the same amine groups, on the other 

hand, creates enormous difficulty during its commercial production. The synthesis of Rh110 is 

realized commercially with very low yields by the condensation of phthalic anhydride and m-

aminophenol.20,21 This process is energy-intensive as the condensation reaction requires high 

temperature due to which substrates are susceptible to oxidation and undesirable side reactions. 

The undesired side products have similar chemical properties with Rh110, which cause its 

purification difficult and result in poor yields (<10%), escalating the production cost 

enormously as compared to other stable xanthate dyes such as RhB. In the laboratory, the 

synthesis of Rh110 has been realized in small quantities by using Pd and Au, using laborious 

processes and without much information on the recyclability of catalysts.22,23 RhB has the same 

molecular structure as that of Rh110, except for the amine groups that are protected by ethyl 

substitution to render remarkably high stability. Therefore, RhB is not only highly inexpensive 

but usually becomes a stubborn pollutant in industrial waste.24,25 Attempts to remove RhB from 

water have led to over several thousand publications, highlighting humongous effort in such 

waste management, though its implementation has been impractical to date. From the cost 

perspective, RhB is 500-1000 times inexpensive than Rh110.10 Thus, the inexpensive and 

sustainable synthesis of Rh110 pro-fluorophore has remained an important research challenge 

and conversion of RhB to Rh110 can be beneficial way of waste utilization. 

2.2.2. Scope of the present investigation 

Several decades back, it was discovered that polluting RhB can be removed from water 

by its photocatalytic degradation to form CO2 and H2O. Subsequently in a key observation in 

1977, Honda et al. showed that the degradation may commence with the removal of the ethyl 
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groups attached to amine moieties of RhB.26 Therein, Rh110 appears as an intermediate before 

it undergoes further mineralization. Several such catalysts were found later (e.g. CdS, TiO2, 

NaBiO3, C3N4 etc.) having the ability to de-ethylate RhB, though relatively rare as compared to 

a very large number of facile photocatalysts developed to date for RhB degradation, where 

Rh110 is not an intermediate.27-30 It has been speculated that the formation of Rh110 as an 

intermediate is dependent on the orientation of the RhB molecule on the photocatalyst 

surface.27 It ought to be emphasized that Rh110 intermediate has been observed in over 5000 

studies in the last five decades, though its isolation as a reaction product has not been 

envisioned, nor its purity, catalyst recyclability, scale-up production and isolation prospects 

have been investigated. Therefore, if a photocatalyst can be developed which stabilizes the 

appropriate ‘on-surface’ orientation of RhB, relatively less-responsive towards Rh110 photo-

degradation, and also sustainable, it can be used to produce highly valued Rh110. Therein, the 

purification needs of Rh110 is negligible, making its production from a waste renewable 

energy-based and highly cost-effective.  

           Here, we put forth the concept of using photocatalytic deethylation of waste RhB to 

produce Rh110 with >99% purity employing Bi3TaO7- Bi4TaO8Br heterostructures as a 

photocatalyst under natural sunlight. The minimum yield of Rh110 is ~35% in the first cycle 

but steadily increases thereafter to ~88% at the end of the 30th cycle due to a unique self-

activation of the catalyst. We establish (i) the origin of the catalyst ‘self-activation’ as a unique 

light-induced surface-reconstruction process due to preferential leaching of one of the metals 

with a weaker metal-oxygen bond, (ii) the mechanism and the various active species 

responsible for deethylation, as well as (iii) the prospects of scaling up of the reaction by ~4500 

times as compared to usual RhB photocatalytic experiments. Thus, the findings demonstrate a 

sustainable strategy to convert a pollutant dye to an expensive pro-fluorophore that is 

convenient, usable by all, and scalable using renewable energy. Therein, the catalyst ‘self-

activation’ represents a rare phenomenon that is not known for any other heterogeneous 

photocatalyst so far. 

        Despite the existence of a large number of studies on deethylation of RhB, a careful look 

at them shows that the motivation has been to understand mineralization pathways of RhB as 

a pollutant, limiting the studies to just a few hours using milliliters of reagent solution. In that 

regard, with >500 h of photocatalytic study and establishing synthesis prospects using liter-

scale reagent solutions, this study is expected to serve as a benchmark of Rh110 synthesis and 

catalyst stability from the novel approach of RhB photoconversion. 
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2.2.3. Methods 

2.2.3.1. Catalyst Synthesis 

Solvothermal Synthesis of BiOBr: In a typical procedure, Bi (NO3)3.5H2O was added slowly 

into an ethylene glycol solution containing a stoichiometric amount of KBr with a Bi to Br 

molar ratio of 1. The mixture was stirred for 30 min at room temperature in air and then poured 

into a 25 ml Teflon-lined stainless autoclave until 80% of the volume was filled, which was 

then heated at 433 K for 12 hours and then air-cooled to room temperature. The resulting 

precipitate was collected by centrifugation and washed with ethanol and deionized water 

thoroughly and dried at 323 K in air. 

Synthesis of Bi3TaO7-Bi4TaO8Br heterostructure: The heterostructures were prepared by 

taking a stoichiometric amount of Bi2O3, BiOBr, and Ta2O5. The precursors were first 

grounded using a motor and pestle then transferred onto a silica boat followed by heating for 

24 h under ambient air in a muffle furnace at 1023 K (heating rate of 279 K min-1) with 

intermediate grinding after 12 h. Bi3TaO7 was prepared by the same procedure as above without 

BiOBr. For comparison of catalytic activities, the Bi3TaO7-Bi4TaO8Br heterostructures were 

also prepared under Ar gas flow, keeping the other conditions the same.  

Synthesis of Bi4TaO8 Br nanoplates: Bi4TaO8 Br was prepared by a flux method. In the 

process, the stoichiometric molar ratio of 3:2:1 Bi2O3, BiOBr and Ta2O5 were mixed 

thoroughly with NaCl and KCl flux in the molar ratio of 1:1 as molten salt and at the solute 

concentration (Bi4TaO8Br/(Bi4TaO8Br+flux)) of 3.2 mol%. Then, the mixture was placed in a 

muffle furnace and heated in air at 750 °C for 4 h with a heating rate of 3 °C min−1. The products 

were thoroughly washed with deionized water five times to remove the flux after cooling at 

room temperature, collected by filtration, and dried at 60 °C for 10 h. 

2.2.3.2. Photocatalytic Reactions: 

Photocatalytic experiments: The photochemical reactor system consists of a 50 ml open 

beaker made of Pyrex glass. A solar simulator (1.00 kW/m2, Newport LSS-7120) was used to 

simulate natural sunlight in a top-down irradiation setup. The reactions were also carried out 

in direct sunlight at the institute campus (latitude 30.66º N longitude76.73º E) between 11 am 

to 4 pm when the sunlight was sufficiently bright. 
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25 ml RhB solution (10 mg/L) was used for all photocatalytic studies unless otherwise noted. 

The amount of catalyst used was fixed to 40 mg for 25 ml RhB solution. The suspension 

containing RhB solution and catalyst was magnetically stirred for 30 minutes in dark to attain 

adsorption-desorption equilibrium and the resulting aliquot was exposed to light for catalysis.  

1 ml of the solution was taken out from the reaction cell every one hour during illumination 

and then poured back into the reaction cell after analysis. For analysis, the collected sample 

was first centrifuged to remove the catalyst particles and the remaining aliquot was used. The 

progress of reactions was analyzed by UV-visible absorption spectroscopy, high-resolution 

mass spectroscopy (HRMS), and high-performance liquid chromatography (HPLC). The 

reaction yields were estimated calorimetrically using an absorption coefficient of 106000 M-1 

cm-1 and 76,000 M-1 cm-1 for RhB and Rh110 respectively.50 

In the same reaction conditions, 2ml of benzoquinone (BQ) (10-2 g/mol) and isopropyl alcohol 

(IPA) were added respectively into the reaction system to assess the effect of O2
. - and .OH on 

Rh110 yield. 

Superoxide Radical experiment was done by dispersing the 30 mg of Bi3TaO7–Bi4TaO8Br 

heterostructure into a 100 mL of nitro blue tetrazolium (NBT) (0.025 × 10−3 m) solution and 

then the homogeneous suspension was exposed to light irradiation for 3h. The suspension was 

analyzed by UV-vis. Spectroscopy after the removal of the solid catalyst by centrifugation 

following literature procedure. Note that NBT is known to react with O2
•− and display a 

maximum absorbance at 259 nm. 

 Scale-up production of Rh110 and catalyst recyclability test: 25 ml solution of RhB having 

different concentrations (e. g. 20, 40, 60, 80, and 100 µM) and 40 mg Bi3TaO7- Bi4TaO8Br 

heterostructure were used for deethylation under photoirradiation. Each solution was suitably 

diluted to be analyzed by UV-Visible absorption spectroscopy.  

In the second stage, to check recyclability under scale-up conditions, 1L of aqueous 20 

µM RhB solution was deethylated over 1.6 g of Bi3TaO7-Bi4TaO8Br under direct sunlight up 

to the 30 cycles. An adequate amount of a concentrated RhB solution was added to the beaker 

after each cycle. 40 mg catalyst (and a proportional amount of reaction aliquot) was taken out 

after every 10 cycles for characterization and washed with water and ethanol. The efficiency 

of this washed catalyst was analyzed using 25 ml of fresh 20 µM RhB. 
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2.2.3.3. Characterization 

All the characterization techniques are discussed in chapter 1.2. 

2.2.4. Results and Discussion 

2.2.4.1. Catalyst Characterization 

 

Figure 2.2.1.  (a) Powder XRD pattern of pure Bi3TaO7, Bi4TaO8Br and the Bi3TaO7-

Bi4TaO8Br heterostructures synthesized in the air. (b) SEM-EDS spectra of the samples 
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confirming the presence of 35-40% of Bi3TaO7 phase in Bi3TaO7-Bi4TaO8Br heterostructures 

(c) FE-SEM image (inset is a high magnification image) of Bi3TaO7-Bi4TaO8Br 

heterostructures showing intergrowth particles having 100-500 nm feature sizes (d) TEM 

image of a heterostructure containing the Bi4TaO8Br (region-1) and Bi3TaO7 (region-2) phases. 

(e, f) EDS spectra recorded in the regions (1) & (2) respectively. (g, h, i) HRTEM image of the 

heterostructure. (j, k) indexed IFFT patterns corresponding to the HRTEM images in (h) and 

(i) respectively.  (l) HRTEM image showing the intersection of the lattice planes of the two 

phases at the heterojunction. Inset is the corresponding IFFT pattern showing a crystalline 

orientation similar to that in (j) and (k). (m) HRTEM image of the heterostructure and IFFT 

images corresponding to the different areas of heterostructure marked as boxes showing the 

defects near the junction of the two phases. 

                      The powder X-ray diffraction (XRD) patterns of the Bi3TaO7-Bi4TaO8Br 

heterostructures synthesized in the ambient air and pure Bi4TaO8Br and Bi3TaO7 (Figure 2.2.1. 

a) reveals the high crystallinity and phase purity of the samples.  All peaks in the patterns can 

be indexed using the Sillen Aurivillius (SA) phases Bi4TaO8Br (ICSD #98-009-3561) and the 

Bi3TaO7 (ICSD #98-001-4207). Even though we use stoichiometric quantities of the reactants, 

the formation of heterostructure is enabled when the synthesis is carried out in the air due to a 

partial oxidation of BiOBr to Bi2O3,
31 which, as described later, is beneficial not only for the 

ease of synthesis but also for improving the catalytic activity. Energy dispersive X-ray (EDS) 

analysis of the heterostructures by considering the Bi and the Br signals showed that the sample 

prepared in the air have 35-40% of the Bi3TaO7 phases respectively (Figure 2.2.1. b). The air-

synthesized heterostructures contain intergrowth particles having 100-500 nm feature sizes 

(Figure 2.2.1. c) was analyzed by SEM. Figure 2.2.1. d is a low-magnification transmission 

electron microscopy (TEM) image of a heterostructure containing both the Bi4TaO8Br and 

Bi3TaO7 phases. The EDS spectra recorded on two spots from each side of the heterojunction 

are seen in Figure 2.2.1. e, f. The spectrum on the region (1) shows a Bi:Br ratio of 81:19, 

closely matching the SA phase, while the spectra from the region (2) corresponding to the 

Bi3TaO7 phase contains much lower Br (8%, the small Br signal is attributed to internal 

scattering of the electron beam to the SA phase). A careful analysis of the high-resolution TEM 

(HRTEM) images (Figure 2.2.1. g, h, i) and the corresponding inverse Fast Fourier Transform 

(IFFT) patterns (Figure 2.2.1. j, k) recorded across the interface contain lattice fringes with a 

separation of 0.30 nm and 0.32 nm that correspond to the (810) and (111) planes of Bi4TaO8Br 

and Bi3TaO7 respectively. The interface (Figure 2.2.1. i) appears relatively poorly crystalline 
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within a 2 nm region probably due to lattice mismatch from where the two planes emanate at 

an angle of 105o. Inset is the corresponding IFFT pattern showing a crystalline orientation 

similar to that in (j and k). A careful IFFT analysis of a larger area of the interface region shows   

 

Figure 2.2.2. (a, b) HRTEM and FE-SEM images of Bi4TaO8Br obtained by flux method 

showing the formation of nanoplates with edges of several micrometers (c, d) AFM images 

and the corresponding height curves of Bi4TaO8Br with a thickness of ~100 nm. 

the presence of a significant number of dislocations and stacking faults along the (810) planes 

of  Bi4TaO8Br and (111) planes of Bi3TaO7, accompanied by lattice deformations that gradually 

diminishes away from the interface (Figure 2.2.1. m).  The microscopic characterization of the 

pure Bi4TaO8Br phases is presented in Figure 2.2.2. TEM and FE-SEM images of Bi4TaO8Br 

obtained by flux method showing the formation of nanoplate with edges of several micrometers 

(Figure 2.2.2. a, b). AFM images and the corresponding height curves of Bi4TaO8Br with a 

thickness of ~100 nm (Figure 2.2.2. c, d). 

 

500 nm

500 nm

(a)

(d)(c)

(b)
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 Figure 2.2.3. (a, b) UV-vis. DRS spectrum and Tauc plot of the Bi3TaO7-Bi4TaO8Br 

heterostructures prepared in the air (inset is the photograph of as prepared sample). (c) The 

specific surface areas of pure Bi3TaO7, Bi4TaO8Br and Bi3TaO7-Bi4TaO8Br.  

                The optical properties of Bi3TaO7-Bi4TaO8Br heterostructures were investigated by 

UV-vis. DRS spectrum (Figure 2.2.3. a, b). UV-vis. DRS spectrum of the Bi3TaO7-Bi4TaO8Br 

heterostructures prepared in the air showing a steep absorption edge beginning from 510 nm 

and extending beyond 400 nm consistent with its intense yellow color (inset). The 

corresponding optical bandgap was estimated from Tauc analysis using the equation (1). 

                                             (𝛼ℎ𝜈) = 𝐴 (ℎ𝜈 − 𝐸𝑔) 𝑛     ………… (1) 

where A = constant, hν = light energy, Eg = optical bandgap energy, n = 2 considering an 

indirect bandgap and α = absorption coefficient. From the corresponding Tauc plot, a bandgap 

of the heterostructure was estimated to be 2.46 eV. The specific surface areas of Bi3TaO7-

Bi4TaO8Br, Bi4TaO8Br and Bi3TaO7 powders were evaluated by the Brunauer–Emmett–Teller 

(BET) method as 0.77, 1.37 and 0.87 m2/g respectively (Figure 2.2.3. c). 

 

2.2.4.2. RhB to Rh110 transformation by Bi3TaO7-Bi4TaO8Br 

heterostructures 

 The photocatalytic conversion of RhB to Rh110 over the heterostructures prepared in ambient 

air completes in nearly 480 min. The aqueous RhB solution shows a characteristic absorption 

maximum (λmax) at 553 nm (Figure 2.2.4. a). Light irradiation of this solution in the presence 

of the heterostructures resulted in a hypsochromic shift gradually to a final λmax = 499 nm 
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Figure 2.2.4. (a) UV-vis. absorption spectra recorded during the 1st photocatalytic cycle. (b) 

Photographs showing changes in color of the dye solution during solar irradiation under UV 

light. (c) Photoluminescence spectra showing the emission of RhB before irradiation (λmax =583 

nm) and after irradiation (λmax=534 nm). (d) Fluorescence decay kinetics of the reaction 

solution before and after photoirradiation for 480 min.  (e, f) UV-Vis. absorption spectra 

recorded during photocatalytic conversion of RhB to Rh110 over pure Bi4TaO8Br and Bi3TaO7. 

The yields of pure Rh110 are 13% for Bi4TaO8Br and negligible for Bi3TaO7.  

corresponding to an aqueous solution of pure Rh110 over a period of ~480min, accompanied 

by a visual color-change of the solution (Figure 2.2.4. b). Furthermore, RhB has an emission 

maximum at 583 nm (Figure 2.2.4. c), which has undergone a blue-shift to 533 nm upon 480 
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min of photoirradiation representing Rh110. Similarly, the average fluorescence lifetime (τavg) 

of the aqueous dye solution before and after photoirradiation also changed from 1.75 ns to 3.85 

ns corresponding to pure RhB and Rh110 respectively (Figure 2.2.4. d).[34,35]The spectral shifts 

have been attributed to the de-ethylation of RhB, the nature of which has been confirmed in 

this study using high-resolution mass-spectroscopy (HRMS) and high-performance liquid 

chromatography (HPLC) measurements, as discussed vide infra, leading to the formation of 

pure Rh110 at the end of 480 min. The yield of Rh110 in the first cycle was estimated to be 

35%, further confirmed by HPLC, corresponding to an apparent quantum efficiency (AQE) of 

0.02% (Note 2.2.1.). We observed that persistent photoirradiation beyond 480 min leads to the 

loss of the conjugated structure of Rh110 as evident from the decrease in absorbance at 499 

nm without any shifts in λmax. Such observations led to the division of this RhB transformation 

process into two distinct stages. The first stage is the de-ethylation of RhB along with its partial 

mineralization, in which the λmax shifts gradually from 553 nm to 499 nm and the second stage 

is associated with the mineralization of Rh110.35  

The heterostructure between Bi3TaO7 and Bi4TaO8Br plays a crucial role in this 

catalytic transformation. When we used pure Bi3TaO7, the reaction barely proceeded (Figure 

2.2.4. d, and e). On the other hand, with pure Bi4TaO8Br the yield of pure Rh110 by 

photoirradiation was only 13%. 

NOTE 2.2.1: Apparent Quantum Efficiency (AQE): The apparent quantum yield 

(AQE) for photocatalytic deethylation of RhB was calculated by carrying out the reaction under 

a solar simulator (Verasol Newport) with a conversion of 35% within 480 min. For calculation 

of AQE, we counted the number of incident photons from higher energies till 500 nm, where, 

based on the UV-Vis absorption spectrum of Bi3TaO7-Bi4TaO8Br, the absorption is >98%. The 

incident power (Pincident (λ)) on the sample can be represented as3 

 Pincident (λ) = ρincident (λ) x A (sample) -------------------------------- (i) 

 A (sample) is the area exposed to incident light (12.56 cm2), ρincident (λ) is the incident 

power for a photon of wavelength λ, which is obtained from the solar simulator spectrum 

plotted (Figure 2.2.5.) as irradiance vs. wavelength.  

 

The number of incident photons per second, as a function of wavelength can be 

expressed as:  

https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc01574a#cit35
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𝑁𝑝ℎ(𝜆) = 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝐸𝑝ℎ(λ) -------------------------------------------- (ii) 

 Where 𝐸𝑝ℎ(λ) = ℎ𝑐 λ -------------------------------------------------- (iii)  

Eph(λ) is the photon energy for the corresponding λ. The total number of photons 

incident on the sample per second within the wavelength range of 400-500 nm can be calculated 

as:  

𝑁𝑝ℎ,𝑖𝑑𝑒𝑛𝑡(400 − 500) = ∫ 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡(λ) λ ℎ𝑐 500 400 𝑑(λ) --------------------- (iv)  

(Considering the units for 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛 (𝜆) as W/m2. nm and length units in nm) 

= ∫ 𝜌 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑒𝑛𝑡⨯ (𝑊 𝑚2.𝑛𝑚) ⨯λ (nm) 6.63⨯10−34 𝐽.𝑆 ⨯3⨯108⨯109𝑛𝑚.𝑠−1 500 400 

⨯ 𝑑λ (nm)  

= ∫ 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 19.89⨯10−17𝑚2.𝑠 500 400 ⨯ (λ) 

 In terms of moles: 

 =∫ 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛 (𝜆) ⨯ 𝜆 19.89⨯10−17⨯6.023⨯1023 𝑚𝑜𝑙−1.𝑚.𝑠 𝑑𝜆 500 400 15 

 =∫ 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡⨯𝜆 0.12⨯109 𝑚𝑜𝑙−1.𝑚2.𝑠 500 400 𝑑𝝀  

𝑖.𝑒. ∫ 𝜌𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡⨯𝜆 0.12⨯109 𝑚𝑜𝑙−1.𝑚2.𝑠 500 400 𝑑𝝀 moles per second per square 

meter 

 = 0.006556 moles per second per square meter  

The number of incident photons in the reaction mixture within the reaction time              

=𝑁𝑝ℎ,𝑖𝑑𝑒𝑛𝑡 (400 − 500) × A sample × 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ---------- (v)  

= 0.175⨯10-6 moles in our reaction  

The AQE can be derived from the following equation:  

𝐴𝑄𝐸 = (𝑁𝑜.𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛) × 𝑁𝑜.𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑅ℎ𝐵 ×% 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ⨯ 100(%) ------- (vi)  

For RhB to Rh110 conversion, we considered n as 8 (Formation of a superoxide radical 

requires one electron while two superoxide radicals are needed for the removal of one ethyl 

group)5 

 No. of moles of RhB × %conversion = 0.05⨯10-6 moles × (35%) = 0.175⨯10-6 moles 

Thus, for 400-500 nm:  
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𝐴𝑄𝐸 = 8⨯0.175⨯10−6 0.006556 × 100 (%) = 0.02 % 

                   Figure 2.2.5. Spectrum of the solar simulator. 

Quite interestingly, the Rh110 yield increased significantly with continuous use of the 

Bi3TaO7-Bi4TaO8Br heterostructures to 61.5% in the 10th cycle, 71% in the 20th cycle, and 88% 

in the 30th cycle (Figure 2.2.6. a, b, c, d and e). This is unlike usual photocatalysis where the 

catalytic activity deteriorates with continuous use even for a few cycles, indicating an 

intriguing surface reconstruction of the heterostructures during solar irradiation (described 

later). XRD analysis of the heterostructures recorded up to 30 photocatalytic cycles (Figure 

2.2.6. f) showed negligible change in the compound implying that the heterostructures are 

stable throughout the photocatalytic reactions, except for the unique surface reconstruction. 

Furthermore, we examined the scale-up production prospects of Rh110 by using 

different amounts and concentrations of RhB solutions. The RhB solutions with 20, 40, 60, 80, 

and 100 μM concentrations were photo-irradiated in the presence of the same amount of 

catalyst. The catalytic activity after the 1st cycle for the RhB to Rh110 conversion was nearly 

consistent for all the different concentrations of RhB solutions (Figure 2.2.7.) We then scaled 

up the reaction to 1 liter maintaining all other concentrations identical and observed a complete 

conversion after ~10 h of natural sunlight irradiation (Figure 2.2.8. a), Notably, adding a few 

drops of isopropyl alcohol (IPA) to scavenge the ˙OH radicals that are responsible for 

chromophore cleavage36 further increases the Rh110 yield from 35% to 68% in the first cycle  

https://pubs.rsc.org/en/content/articlelanding/2022/gc/d2gc01574a#cit36
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Figure 2.2.6. (a, b, c, d) UV-vis. absorption spectra showing an increase in the yield of Rh110 

over Bi3TaO7-Bi4TaO8Br heterostructures synthesized in the air atmosphere with continuous 

use of the catalyst up to the 30th cycle. (e) Plot showing % yield upto 30th catalytic cycle. 

(f)  Powder XRD patterns of the heterostructures at different stages while continuously using 

up to the 30th cycle. 
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itself, without interfering with product purity due to its volatile nature (Figure 2.2.8. b, c, d) 

Considering the literature-based RhB photocatalytic reactions in 20–25 ml solution, our 

concentration scale up reactions, 30 cycles, and liter-scale reactions depict significant progress 

with ∼4000 times scale up prospect (Note 2.2.2. ), portraying a great promise for the large-

scale production of Rh110 from RhB using the novel heterostructures. The pure Rh110 powder 

could be collected by simple evaporation of the water content. 

 

 

Figure 2.2.7.(a, b, c, d, e) UV-vis. absorption spectra recorded for different concentrations 

(20, 40, 60, 80, and 100 µM) of RhB solution with the same amount of the catalyst (40 mg) 

and the volume of RhB solution (25 ml). Note that the solutions were appropriately diluted 

before recording the spectra. (f) Plot showing the % yield of Rh110 at different concentration. 
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Note 2.2.2. (On scale up): The large-scale production should be considered by 

comparing photocatalytic experiments of any colored samples where the concentration plays a 

barrier since at high concentration, light penetration is poor. We have shown the potential of 

up to ~20 mg of Rh110 per cycle (by considering 60% yield as average, 1 L RhB solution of 

100 μM). We have shown up to 5- time increase in RhB concentration without compromising 

efficiency and tested catalyst recyclability up to 30 cycles inferring we can convert 1437 mg 

of RhB to 658 mg of Rh110 (~2 mmol). This should be compared with 0.2 mg of RhB studies 

currently in practice. Therefore, from our control experiments, it is clear that we have made 

significant progress of ~4000 times scaleup.  

Figure 2.2.8. (a) Image showing the synthesis of 1L solution of pure Rh110 in the presence of 

the heterostructures and sunlight. Evolution of UV-Vis spectra during photocatalytic 

conversion of RhB to Rh110 in the presence of (b) benzoquinone (BQ) and (c) isopropyl 

alcohol (IPA) as superoxide and hydroxide racial scavengers respectively. (d) Plot showing 

Rh110 yield under different scavengers. 
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2.2.4.3. Mechanism of RhB to Rh110 transformation  

Earlier investigations have revealed that the transformation of RhB to Rh110 can proceed by 

forming several intermediate rhodamine compounds due to the removal of one ethyl group at 

a time and each of these intermediates has a different color with an absorption λmax at 539  nm 

for N,N,N′-tri-ethylated  rhodamine (TER),  522 nm for N,N′-di-ethylated rhodamine (DER) 

or N-ethyl-N’-ethyl-rhodamine110 (MMER),  and 510 nm N-ethylated rhodamine (MER) to 

finally 499 nm which is characteristic of Rh110.[37,38] The dynamics of the intermittent 

deethylation processes were examined by HPLC analysis of the reaction aliquot during 

photoirradiation (Figure 2.2.9. a, b).  

 

 

  Figure 2.2.9. (a) HPLC chromatogram depicting reaction intermediates during 

photoirradiation of RhB in the presence Bi3TaO7–Bi4TaO8Br heterostructures. (b) Table 

showing retention time of RhB, intermediates, and Rh110 (c) The variation of concentrations 

of the intermediates with time.  
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The commercially available RhB sample exhibited a strong peak at the retention times of 13 

min. Note that another low-intensity peak can be observed at 8.07 min due to contamination 

with TER (~16%).[28,39] After light irradiation, new peaks with a lower retention time 

corresponding to various deethylated products began to rise and the ones at higher retention 

time diminished. Peaks with retention times of 5.5,5, 3.5, and 3 min corresponding to MMER, 

DER,  MER, and Rh110 respectively appeared.[28,40] When the irradiation time increased to 

420min, the peak of RhB, TER, and MMER completely disappeared and the percentage of 

DER, MER, and Rh110 changed to 3, 29, and 67% respectively. Only a single peak 

corresponding to pure Rh110 remained after 480min of irradiation. Interestingly, the HPLC 

analyses of the intermediate samples (Figure 2.2.9. c) show a non-monotonous pattern of 

variation in the intermediate concentrations during the transformation RhB → TER → (DER, 

MMER) → MER → Rh110. RhB de-ethylation occurs fast in the first 125 min and then slows 

down slightly in the next 100 min before becoming fast again to extinction at 300 min. TER 

concentration increases until 150 min and then starts decreasing. DER and MMER 

concentration peaks appeared at 250 min, and decreased thereafter at the same rate as it rises. 

Finally, at 250 min, quite late in the reaction, the generation of both MER and Rh110 takes 

place. However, beginning 300 min, the concentration of MER reduces and that of Rh110 

becomes 100% at 480 min. HRMS spectra were recorded at different stages of photoirradiation 

as shown in (Figure 2.2.10.) to confirm the intermediates. RhB has its characteristic molecular 

ion peak at m/z = 443. The intermediates of photoirradiation, TER, MMER or DER, and MER 

have molecular ion peaks at m/z = 415, 387, and 359, respectively. It can be seen from the 

spectra that the relative intensities of these peaks change gradually and with increasing 

irradiation time, the peaks at lower m/z become more intense. The spectrum obtained for the 

sample at the end of 480 min of photoirradiation contained a single prominent molecular ion 

peak at 331 m/z, characteristic of pure Rh110. Both HPCL measurements and HRMS data 

corroborate that RhB undergoes de-ethylation in a stepwise manner with the loss of an ethyl 

moiety at each step, but the concentration profiles of the various intermediates are far from 

monotonous, indicating an extremely complicated reaction mechanism. On further photo-

irradiation beyond 480 min, multiple low-intensity peaks at m/z = 90, 97, 146, 162, and 129 

arise corresponding to 2-hyroxypropanoic acid, di-2-propenylamine, hexanedioic acid, 3,3′-

azanediyldipropionic acid and 4-chlorophenol, respectively, owing to the chromophore 

cleavage of Rh110. NMR spectroscopy was also performed to confirm the purity of Rh110 

(Figure 2.2.11.). 
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 Figure 2.2.10. ESI mass spectra in the positive mode collected at different time-intervals 

during photoirradiation of RhB over of Bi3TaO7–Bi4TaO8Br heterostructures. 
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 Thus, the RhB → Rh110 transformation can occur by the following two pathways, as 

described in Figure 2.2.12. In the dominant pathway, the TER converts to DER with the two 

ethyl groups positioned on one side of the molecule, and with continuous irradiation of light, 

Rh110 undergoes chromophore cleavage which further undergoes mineralization as confirmed 

by gas chromatography shown in Figure 2.2.13. 

 

Figure 2.2.11. (a, b): H-NMR spectra for RhB and its de-ethylated product Rh110 in DMSO 

respectively. The NMR signals of the aromatic hydrogens Ha, Hb, Hc, Hd, and He are located 

at σ of 7.99-7.96, 7.80-7.76, 7.71-7.68, 7.27-7.25, and 6.46-6.39 ppm, respectively. Hf and Hg 

at σ of 3.65-3.64 and 1.22-1.19 ppm respectively representing the N-diethyl group of RhB 

which disappear after 480 min of light irradiation to confirm the formation of RH110. 
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Figure 2.2.12. Proposed transformation pathway of RhB to Rh110 by the Bi3TaO7–Bi4TaO8Br 

heterostructure under solar irradiation.  
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Figure 2.2.13. Gas chromatogram obtained from photocatalytic mineralization of RhB by 

Bi3TaO7-Bi4TaO8Br heterostructures under an oxygen atmosphere in the sealed reaction vessel 

during continuous photoirradiation confirming mineralization of RhB and its de-ethylated 

products. The peaks correspond to CO2. 

2.2.4.4. Spontaneous surface evolution during improved Rh110 yield 

The tremendous improvement in the Rh110 yield with each passing cycle is rather intriguing 

considering that photocatalytic efficiency usually deteriorates, even in 5–10 cycles. The XRD 

analysis of the photocatalysts after different numbers of cycles did not show any appreciable 

change indicating that the changes originate on the catalyst surface (Figure 2.2.6. f). To 

examine the origin of the unusual improvement in efficiency, we characterized the surface of 

the used heterostructures using X-ray photoelectron spectroscopy (XPS) during continuous use 

which revealed a substantial surface-reconstruction from multiple events of leaching, creation 

of vacancies, etc. that led to excessive surface negative charge generation and enhanced 

reactant adsorption maintaining an appropriate on surface orientation. Excess Bi leaching 

compared to that of Ta was observed, attributable to a stronger Ta–O bond than the Bi–O bond 

as evident from the significantly lower melting point of bismuth oxide phases (Bi2O3–817 °C) 

than that of tantalum oxide phases (Ta2O5–1870 °C).  

2.2.4.5. Surface vacancies 

Figure 2.2.14. a, b, c, and d show the high resolution Bi 4f spectra of the catalyst used in the 

1st, 10th, 20th and 30th cycles which can be fitted with four constituting peaks. The peaks at the 

binding energies of 159.4 eV and 164.6 eV are assigned to Bi 4f7/2 and Bi 4f5/2, respectively, 

characteristic of Bi3+ ions, and the remaining two peaks at binding energies of 158.58 eV and 

164.01 eV are ascribed to the lower valence state of Bi2+. 41,42 The Bi2+ content in the used 
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catalyst increases with respect to Bi3+, from 26: 74 in the first cycle to 30: 70, 36: 64, and 45: 

56 in the 10th, 20th and 30th cycles, respectively Figure 2.2.14. e. The formation of Bi2+ during 

photocatalysis is a clear indication of the reduction of Bi3+ to Bi2+ which may have been assisted 

by the photo-excited electrons that would result in oxygen vacancy formation in close 

proximity to maintain charge-neutrality. This probability is stronger in the Bi2O2 layer due to 

weaker Bi–O bonds than the TaO6 layers having stronger Ta–O bonds and Br groups. Its 

valence and conduction bands are contributed by the O-2p and Bi-6p orbitals, respectively.43,44  

Figure 2.2.14. (a, b, c, d) High-resolution Bi-4f XPS spectra of the used catalyst recorded after 

the 1st, 10th, 20th and 30th cycle. (e) Plot showing an increase in the Bi2+ content with respect to 

Bi3+ with increasing catalytic cycle. (f) Plot showing a decrease in the quantity of Bi with 

respect to Ta with the passing cycles. (g) Zeta potential of the catalyst used for different cycles. 

(h, i): UV-Vis absorption spectra of NBT solution over fresh and used catalyst under light 

irradiation. 
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Upon light irradiation, oxygen of the Bi2O2 layers is expected to transfer its 2p electrons to the 

conduction band contributed by the Bi-6p, increasing electron density around Bi3+, and in doing 

so, the oxide ions may become electron-deficient and leave the crystal relatively easily forming 

oxygen vacancies. Additionally, the quantity of Bi decreases with respect to Ta. The % 

abundance of Ta: Bi of 21: 79 in the first cycle changes to 22: 78, 23: 77, and 26: 74 in the 10th, 

20th and 30th cycles, respectively, (Figure 2.2.14. f) indicating an increase in Ta surface 

concentration and leaching of Bi and complete Bi2O2 layer, and the formation of amorphous 

Ta2O5 surface layers in Bi4TaO8Br have been independently observed in different studies  

earlier.45 Therefore, multiple events may take place in the present case such as (i) Bi2O2 layer 

leaching, (ii) Bi2+/Bi3+ leaching or (iii) leaching of both Bi and O from neighboring sites leading 

to associated vacancies such as VBi′′′VO••VBi′′′ (−4 charge) or VBi″VO••VBi′′′ (−3 charge) 

or VBi″VO••VBi′′′ (−2 charge) or Bi′BiVO••Bi′Bi (neutral), etc., as in the case of BiOCl.46,47 

Note that the presence of oxygen vacancies in the Ta containing layers too cannot be ruled out 

despite a lower possibility, though the same could not be ascertained from the XPS studies due 

to the overlap of the Ta 4f peak with the Bi-5d peak. We point out that considering the small 

surface area of the material, the leaching of Bi per cycle can be considered at the ppb level and 

relatively safe.  

2.2.4.6. Reconstruction led surface-charge variation for increasing reactant 

adsorption with suitable on-surface orientation 

To confirm the influence of the various surface vacancies on the surface charge of the 

heterostructures, we carried out Zetapotential measurements on the catalyst particles at various 

stages of recycling. As seen in (Figure 2.2.14. g) the heterostructures initially exhibited a zeta 

potential of −0.41 ± 0.1 mV. However, it changed significantly to −6 ± 1.4 mV after the first 

10 cycles and continued to evolve further to attain a surface potential of −55 ± 3.6 mV after 30 

cycles. Therefore, the catalyst is naturally expected to adsorb more dye molecules maintaining 

an ‘on-surface’ orientation suitable for de-ethylation, since the excess negative charge on the 

catalyst surface favors the adsorption of rhodamine dye with its N site placed on the catalyst 

surface to further enhance de-ethylation.29,30,48 Additionally, oxygen vacancies enhance 

molecular O2 adsorption that under light turns into superoxide radicals,49 primarily responsible 
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for deethylation to improve the Rh110 yield (Figure 2.2.8. d). Superoxide radicals thus 

generated were detected for the fresh and used catalyst powder in the 30th cycle. 

 

Figure 2.2.15. (a) Plot showing the amount of non-lattice oxygen compared to the lattice 

oxygen during continuous use of the catalyst. (b, c, d, e) High-resolution O-1s XPS spectra of 

the used catalyst recorded after the 1st, 10th, 20th and 30th cycle. catalyst. 

520 525 530 535 540 545

0

5000

10000

15000

20000

Binding energy(eV)

O1s

1st

In
te

n
s
it
y

520 525 530 535 540 545

0

10000

20000

30000

40000

In
te

n
s
it
y

Binding Energy(eV)

O1s

30th 

520 525 530 535 540 545

0

5000

10000

15000

20000
In

te
n
s
it
y

Binding energy(eV)

O1s

20th

520 525 530 535 540 545

-2000

0

2000

4000

6000

8000

10000

12000

14000

In
te

n
s
it
y

Binding Energy(eV)

O1s

10th

1 10 20 30
0

10

20

30

40

50

60

70

80

No. of cycles

  lattice oxygen

  Non lattice oxygen

%
 A

b
u
n
d
a
n

c
e

(a)

(b) (c)

(d) (e)



95 
 

As shown in the (Figure 2.2.14. h, i) superoxide radical concentration observed for the used 

catalyst is much higher as compared to the fresh catalyst, which establishes the presence of a 

higher abundance of oxygen vacancies on the surface of the used catalyst.49 The increase in 

dye adsorption after successive catalytic cycles was confirmed from the XPS N 1s spectrum of 

the adsorbed dye molecules and the non-lattice O1s spectra. As shown in (Figure 2.2.15.) O 

1s spectra were fitted with two peaks at 529.8 eV and 531.3 eV corresponding to lattice oxygen 

and non-lattice oxygen, respectively.45 The amount of non-lattice oxygen compared to the 

lattice oxygen increased with increasing catalytic cycles indicating the presence of larger 

quantities of surface adsorbed species such as –OH, dye and O2 However, since the ratio may 

also be contributed by the O-vacancies, we further compared the ratio of the residual N content 

on the catalyst surface to its total metal content. As seen in Figure 2.2.16. a, the abundance of 

N in comparison to the total metal content increases with passing cycles confirming an increase 

in dye adsorption with catalytic cycles. The N 1s peaks show a noticeable shape change after 

adsorption as compared to the pure RhB and Rh110 (Figure 2.2.16. b, c, d, e) that could be 

fitted with a broad single peak centered at 400.4 eV, confirming a catalyst-N interaction and 

an ‘on-surface’ positioning of the molecules through N proximity to the surface. The extraction 

of the dyes adsorbed on the catalyst surface using sonication indeed showed the presence of 

various RhB de-ethylation intermediates at various time intervals (Figure 2.2.17.) In this 

context, we have also considered the fact that the core of the rhodamine molecule is relatively 

rigid due to the extended conjugation. Since there are only limited possibilities of vacancy 

formation on the catalyst surface, the RhB molecule must be positioning itself maintaining 

specific orientations with respect to the specific vacancies to enable the formation of higher 

quantities of the de-ethylation product in successive cycles. Thus, Figure 3.3.18. a show a 

schematic of the proposed adsorption model in which the catalyst surface becomes more 

negative with continuous use of the catalyst due to surface reconstruction which further 

increases the adsorption of Rh B through its positively charged diethylamino groups and thus 

enhancing de-ethylation of RhB on the surface of the Bi3TaO7–Bi4TaO8Br heterostructures. 

Based on experimental observations, analysis and various literature data, the electron transfer 

pathways involved in the photocatalytic reactions is shown in Figure 3.3.18. b 

 

 

 



96 
 

 

 Figure 2.2.16. (a) Plot showing the abundance of N in comparison with the total metal content 

on the catalyst surface with the passing cycles. (b, c, d, e) High-resolution N-1s XPS spectra 

of the used catalyst recorded after the 1st, 10th, 20th and 30th cycle. catalyst. Insets show the N-

1s XPS spectrum of pure Rh B and Rh 110.  
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Figure 2.2.17. UV-Vis. absorption spectra of the extracted dyes from the catalyst surface. 

The heterostructure contains the coexistence of two photoactive phases, Bi3TaO7 and 

Bi4TaO8Br and it leads to electron transport routes that resemble the Z-scheme. CB of Bi3TaO7 

is in the region of 0.32–0.46 V vs. NHE, while its valence band (VB) is in the range of 3.12–

3.22 V. Similarly, the CB minima and VB maxima for Bi4TaO8Br were found to be 0.79 V and 

1.74 V, respectively, vs. NHE.4 The bandgaps calculated from the locations of CB and VB in 

these materials are quite similar to the value we determined experimentally. Furthermore, 

because the band locations in these two materials are so dissimilar, slight alterations in their 

actual placements are unlikely to affect the proposed scheme. When light shines on the sample, 

both the photoactive phases absorb photons with energy hν matching with the bandgap, and 

then electrons from the valance band are moved to the conduction band, leaving behind holes 

in the valance band. The photogenerated electrons on the CB of Bi3TaO7 could transfer to the 

VB of Bi4TaO8Br and quench the holes of Bi4TaO8Br, effectively inhibiting the recombination 

of the electron-hole pairs in both Bi3TaO7 and Bi4TaO8Br. Furthermore, it is observed from the 

XPS spectroscopy that there is a large density of surface oxygen vacancy sites on the catalyst 

surface and these vacancies play an important role as a carrier trapping center. The trapped 

electrons on the surface VO produce superoxide radicals through the reduction of oxygen 

molecules. Then, these radicals (the main active species responsible for deethylation) react with 

RhB and de-ethylate it into Rh110. Holes available in the VB of Bi3TaO7 could directly react 

with OH ion and form ·OH which is responsible for chromophore cleavage of RhB. 
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Figure 3.3.18. (a) Schematic illustration showing increasing absorption of RhB due to 

spontaneous surface activation under solar irradiation, which results up to ∼88% Rh110 

production and (b) band-alignment and photoinduced electron transfer in the Bi3TaO7 – 

Bi4TaO8Br composite for RhB to Rh110 conversion. 

2.2.5. Conclusion 

In conclusion, we have developed a sustainable solar-energy driven strategy to produce 

pro-fluorophoric Rh110 employing a unique self-activating, highly stable Bi3TaO7-Bi4TaO8Br 

heterostructure as photocatalyst. The strategy is workable under larger-scale production 
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conditions and the yield of Rh110 is significantly higher than the current commercial processes, 

reaching over 80% of the precursor load. Therein, the Bi3TaO7-Bi4TaO8Br heterostructures 

demonstrated a unique phenomenon, not observed in any other heterogeneous photocatalyst, 

that its efficiency for Rh110 production never diminishes, but increases with every passing 

cycle as long as it is used. The self-activation has been attributed to a continual surface 

restructuring process under solar irradiation due to a controlled but unbalanced leaching of 

metal ions and lattice oxygen. The findings can truly rival an existing commercialized process 

after half a century of intense research on Rhodamine B photodegradation, arguably the most 

widely studied photocatalytic reaction. 
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CHAPTER 2.3 

 

Surface reconstruction route for increasingly improved photocatalytic 

H2O2 production using Sr2Bi3Ta2O11Cl 

 

 

Summary 

Photocatalytic hydrogen peroxide (H2O2) generation is attractive for the chemical industry and 

energy production. However, photocatalysts generally deteriorate significantly during use to 

limit their application. Here we present the highly active, Sr2Bi3Ta2O11Cl single-crystal 

nanoplates for conversion of O2 to H2O2 using ambient air with a production rate of ~3 

mmol/h/g (maximum 17.5% photon conversion). Importantly, Sr2Bi3Ta2O11Cl is not only 

stable during 15 days of H2O2 production but also gets consistently activated to increase the 

H2O2 yield by >200% to 6.5 mmol/h/g, unlike any other catalyst for H2O2 production. Multi-

pronged characterization confirms that the synergistic increase in activity originates from in-

situ surface reconstruction by oxygen-deficient vacancy associate formation that improves (i) 

surface oxygen adsorption, (ii) sunlight harvesting, and (iii) charge-transfer from the low-

valent metal atoms surrounding oxygen vacancies to reactants. The study establishes the 

prospects of rational defect engineering for realizing non-degrading photocatalysts for realistic 

H2O2 production.  

 

 

 

 

 

5 nm 5 nm
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2.3.1. Introduction 

                Improved production of H2O2 is highly desirable due to its extensive utilization as a 

clean, low-cost, environment-friendly oxidant, and high-energy density fuel.1–3 However, 

conventional industrial approaches such as the anthraquinone oxidation route are not 

environmentally benign because of the utilization of high-energy multistep reactions and safety 

concerns while handling high-pressure hydrogen.4 In this context, photocatalytic H2O2 

production using light-harvesting semiconductors is highly promising and has gathered 

widespread research attention recently, leading to the development of several facile catalytic 

materials, including metal oxides, sulfides, nitrides, metal-free materials, etc.5–7  Even though 

progress in developing highly active materials is rapid, a serious drawback with photocatalysts, 

in general, is the degradation of their catalytic activities with continued use, while industries 

spent billions per year just for the replacement.   

Photocatalyst deactivation usually originates from chemical deactivation such as 

leaching or mechanical deactivation.8,9  Upon careful investigation, it is now becoming possible 

to develop activity restoration strategies for a handful of photocatalysts by using thermal or 

ultrasonic annealing, or by co-catalyst reloading.10–12 However, long-term stability studies and 

restoration of catalytic activity in photocatalysts used for H2O2 production is yet to be 

undertaken. In this scenario, the realization of a semiconductor photocatalyst with high 

catalytic efficiency and further self-activating properties instead of deactivation will be a 

meaningful contribution to a sustainable goal.  

A careful analysis of the recent literature reveals that anion defect introduction is a 

preferred means to improve H2O2 production because molecular oxygen activation and 

dissociation are highly favourable at oxygen vacancies.13–15 Besides, defects can alter the 

catalyst’s electronic structure also for harnessing more visible light and suppressing the 

recombination of excitons.15 However, the atomic-level healing of anion vacancies during the 

oxygen reduction would macroscopically reoxidize the oxide surface and thus block the 

molecular oxygen activation.14 Therefore, self-healing kinetics in the material should ideally 

be overcompensated by ion leaching dynamics at the surface.    

The Sillen-Aurivillius (SA) oxide phases of layered perovskites are interesting due to 

several advantages over conventional photocatalysts. SA phase consists of a layer sequence of 

fluorite [Bi2O2], perovskite [An−1BnO3n+1], fluorite [Bi2O2], and halide [X] layers (where A: 

Ca2+, Sr2+, Bi3+, etc.; B: Nb5+, Ta5+, Ti4+, etc.; X: halide; n = 1,2,3, etc., the number of perovskite 

layers)16,17  Their advantages include high photostability and a narrow band gap (2.1-2.7 eV) 
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unlike other mixed anion metal oxides. This is attributed to the unusual occupation of highly 

dispersive O-2p orbital near valance band maxima (VBM) originating from a small Madelung 

potential at the oxygen sites in the fluorite-based [Bi2O2] layer and sizable interaction between 

O-2p and Bi-6s orbitals18,19 The immense structural flexibility originating from the selection 

possibility of different stacking sequences of the Sillen and Aurivillius layers makes SA phases 

promising for many photocatalytic applications. Besides, the compositional versatility of the 

cations with different valences and the presence or absence of lone-pair electrons becomes 

more advantageous when n is of a higher order than its basic and well-explored n=1 system. In 

contrast to Bi4MO8X (n=1), which has almost similar ECBM and EVBM for different X and M, n 

= 2,3… etc. compounds have highly tailorable ECBM and EVBM.20
 Such a compound with n=2, 

Sr2Bi3Ta2O11Cl has an electron mobility of 1.7610-7 m2 V−1 s−1 and a more negative CBM (-

0.55 eV) than molecular oxygen reduction potential to make it promising for photocatalytic 

H2O2 production.21 

 

2.3.2. Scope of the present investigation 

                Sr2Bi3Ta2O11Cl has a non-centrosymmetric (pseudo-tetragonal) crystal structure 

with a space group of P4/mmm (Figure 2.3.1. a, b, and c). It consists of four different lattice 

oxygen sites. O1 and O2 are part of the 12-coordinated Bi-alone site, distorting the polyhedron 

due to the presence of stereochemically active Bi 6s2 lone pair and the octahedral off-centering 

of the adjacent Ta octahedra from second-order Jahn-Teller effect. The O3 is distorted to a 

rather high extent at the interface between the [BiSrO2]
+ layer and the perovskite block, while 

O4 is present toward the halide layer. This distortion-led Sr2Bi3Ta2O11Cl possesses an inherent 

ferroelectric polarization and contributes to efficient electron and hole separation along the 

(001) and (100) directions respectively.21–23 Because hole scavenging is rate-determining for 

H2O2 production (from O2) that can be greatly accelerated by using alcohols as hole-

scavengers, enhancing those facets that the holes migrate can lead to enhanced H2O2 

production. Recent studies have established that the holes preferentially migrate to the (001) 

facets of a SA nanoplate while the electrons migrate to the edges, therefore, an improved ratio 

of the (001)/(100) surface area can be deemed to improve H2O2 production24 The traditional 

solid-state method of synthesizing SA phases has the limitation of uncontrolled facet-less 

growth and significantly low surface area (1-2 m2/g) observed at high-temperature sintering, 

while lower temperature leads to impurity phases. The flux method, on the other hand, can 

reduce their synthesis temperature and increases crystallinity due to an increase in the rate of 
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ion diffusion to make the process sustainable and also can control the growth of specific 

facets..25 This possibility has not been explored for the n=2 Sr2Bi3Ta2O11Cl phase yet. The 

other factor that can result in high H2O2 production is the abundance of adsorbed molecular O2 

on the catalyst surface, which is usually less due to poor oxygen solubility in water. O2 

molecules absorb on an oxide surface preferably at the oxygen vacancies due to an excess 

electron density that transfers to oxygen having a low reduction potential to stabilize it. We 

recently observed the facile formation of oxygen vacancies in the SA phases during 

photocatalysis originating from the Bi2O2 layers while the Aurivillius layers with strong M-O 

bonds maintain structural stability. 17 Therefore, SA phases can potentially exhibit a high H2O2 

photo-production rate that does not deteriorate or remain stable but rather increases further with 

time. Examples of such self-activating photocatalyst are rare. 

 

 

 Figure 2.3.1. Crystal structure of Sr2Bi3Ta2O11Cl viewed from the (a) bc plane and 

(b) ab plane. Blue, light green, red, and dark green balls represent Bi, Ta, O, and Cl atoms, 

respectively. (c) The different types of lattice oxygen in Sr2Bi3Ta2O11Cl. 
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Herein, we report on the highly active facet-controlled Sr2Bi3Ta2O11Cl nanoplates enclosed 

with the [100], [010], and [001] facets for efficient exciton separation by using a Flux method 

for the first time. The single-crystal nanoplates have significantly high surface area and facet 

area ratios of [001]/[100] or [001]/[010] along which the excitons separate than that achievable 

by the traditional approaches and photocatalytically produce H2O2 with remarkable efficiency 

even without an oxygen atmosphere. The amount of H2O2 produced is 2.9 mmol/h/g, at par 

with the state-of-the-art catalysts, and further improves by oxygen purging. More importantly, 

we established that due to surface reconstruction from the formation of oxygen vacancies and 

Bi leaching during continuous use, the catalyst exhibits self-activation behavior and can 

increase the H2O2 production by ~240% after 15 days of sunlight exposure that we have 

checked, and probably improve even more, unlike the common photocatalysts that exhibit 

deactivation. The oxygen vacancies formed during the reuse play a decisive role in molecular 

oxygen activation along with boosting carrier separation and transfer.    

 

2.3.3. Methods 

2.3.3.1. Catalyst Synthesis 

Flux Synthesis of Sr2Bi3Ta2O11Cl: Sr2Bi3Ta2O11Cl nanoplates were prepared by taking 

the stoichiometric molar ratio of SrCO3, Bi2O3, Ta2O5, and BiOCl (2:1:1:1) as precursors. A 

molten salt i.e., eutectic mixture of KCl and NaCl (1:1) with a solute concentration 

(Sr2Bi3Ta2O11Cl / (Sr2Bi3Ta2O11Cl + flux)) of 3.2 mol % was used as a flux. The mixture was 

first ground thoroughly by using a mortar and pestle and placed in an aluminum crucible 

followed by heating at 1023K for 4 h in a muffle furnace. After natural cooling, the product 

was thoroughly washed with deionized water and finally collected by filtration. The off-white 

powder product was dried at room temperature. For comparison Sr2Bi3Ta2O11Cl is also 

prepared by traditional solid-state method.  

Solid state synthesis of Sr2Bi3Ta2O11Cl: Sr2Bi3Ta2O11Cl agglomerated grains were 

synthesized by a two-step procedure. SrBi2Ta2O9 and SrBiO2Cl were first prepared separately. 

SrBi2Ta2O9 was prepared by using a stoichiometric mixture of Bi2O3, Ta2O5, and SrCO3 and 

heated at 1073 K for 5 h in air. SrBiO2Cl was also synthesized by calcination of a mixture of 

BiOCl (10 mmol) and SrCO3 (10 mmol) at 1073 K for 10 h in air. Finally, the main target 

compound was synthesized by heating the SrBi2Ta2O9 and SrBiO2Cl precursors. SrBi2Ta2O9 
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(1.0 mmol) was thoroughly mixed with SrBiO2Cl (1.05 mmol) and heated in a muffle furnace 

at 1123 K for 15 h in air. Both procedures are summarized in Scheme-2.3.1. 

 

 

Scheme 2.3.1. Synthesis procedure of Sr2Bi3Ta2O11Cl by flux method and Two-step solid 

states synthesis method. 

2.3.3.2. Photocatalytic reactions 

Photocatalytic experiments: The photocatalytic reactions were performed in a 50 ml 

open beaker made of Pyrex glass. A 400 W Xe lamp was used as a light source in a top-down 

irradiation setup. 10 mg of the as-synthesized photocatalyst was dispersed in 30 mL ethanol 

aqueous solution (10 vol%) and then exposed to light. 500 µl of an aliquot from the reaction 

solution was taken out after 20 min, and treating it with 2 ml 0.1 M KI solution and 50 µl 0.01 

M H32Mo7N6O28 solution. The concentration of H2O2 was obtained by evaluating the 

absorbance of the KI/ H32Mo7N6O28 combination at 352 nm by UV-Vis. spectroscopy. 

For recyclability, the reactions were conducted in two ways. Firstly, 10 mg of the as-

synthesized photocatalyst was dispersed in 30 mL of pure water and examined the continuous 

activity under the same light source, i.e. natural sunlight at the institute campus when the 

sunlight was sufficiently bright (maximum power density: 100 mW/cm2 and ~23% variation 

within the day), for a duration of 15 days. During this period, both the photocatalytic and 

activation processes were undergone simultaneously and were evaluated under identical 

conditions. To determine the H2O2 yield, a 500 µl sample was collected from the reaction 
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solution and was treated with 2 ml of 0.1 M KI solution and 50 µl of 0.01 M H32Mo7N6O28 

solution. The concentration of H2O2 was quantified by measuring the absorbance of the KI/ 

H32Mo7N6O28 combination at 352 nm using UV-Vis. spectroscopy every initial two hours of 

each day.  

However, data from sunlight may not be reproducible by other laboratories. Therefore, we also 

performed an initial activity measurement under a xenon lamp (400 W). 100 mg of catalyst 

was dispersed in 100 ml of a water-ethanol mixture (10 volume% ethanol) and kept under 

natural sunlight. After exposure, the activity was tested by taking just 10 mg of the activated 

catalyst and following the above-mentioned Subsequently, after testing, the catalyst was put 

back into the 100 ml beaker. the reaction system was exposed to sunlight for 10 days, after 

which the activity was measured again under the Xe lamp. Following this, the solution was 

again exposed to sunlight for an additional 5 days, and the activity was once again measured 

under the lamp, The concentration of H2O2 was determined the same as the above method. 

(Note that due to variations in sunlight intensity, the quantum of activation may somewhat vary 

from place to place). 

Detection of superoxide radicals: The experiment was performed by dispersing 40 mg 

of Sr2Bi3Ta2O11Cl nanoplates into 25 mL of nitro blue tetrazolium (NBT) (0.025 × 10−3 m) 

solution and then the reaction mixture was exposed to light irradiation for 3 h using a 400 W 

Xe lamp. The suspension was analyzed by UV-Vis absorption spectroscopy after the removal 

of the solid catalyst by centrifugation. 

Measurement of total oxygen content in the aqueous dispersion of a catalyst: 

Non-invasive Ocean Optics Neofox-Kit-Probe was used to measure the total oxygen (TO) 

content in pure water and an aqueous dispersion of fresh and activated Sr2Bi3Ta2O11Cl 

nanoplates at room temperature (25-27 o C).4 Typically, the experiment was done by attaching 

the sensing patch to the inner wall of the 50 ml round bottom flask in such a way that it is 

immersed in the aqueous solution and measures the amount of oxygen dissolved in it. first, the 

amount of oxygen dissolved in pure water was measured, which was 322 µmol/L. Then to 

check the effect of the catalyst on oxygen content, 10 mg of Sr2Bi3Ta2O11Cl nanoplates 

(fresh/activated) was dispersed in 100 ml of water. 
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2.3.3.3 Characterization 

All the characterization techniques are discussed in chapter1.2. 

2.3.4. Results and Discussion 

2.3.4.1. Catalyst Characterization 

 

 

Figure 2.3.2. (a) PXRD patterns and (b) surface area of SBTOC-F and SBTOC-S. (c,d) 

Scanning and Transmission electron microscopy images of the nanoplates. (e,f) Atomic force 

microscopy image and the corresponding height profile respectively. (g,h) Scanning and 

Transmission electron microscopy images of solid state synthesized SBTOC-S. (i) HRTEM 

image and (j) single crystalline SAED pattern acquired on 001 facets of a Sr2Bi3Ta2O11Cl 

nanoplates. (k,l) HRTEM image and SAED pattern acquired solid state synthesized 

Sr2Bi3Ta2O11Cl. 
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                     The double layer perovskite Sillen Aurivillus phase of Sr2Bi3Ta2O11Cl, where 

n=2, was realized by using a eutectic mixture of NaCl and KCl (SBTOC-F, Scheme 2.3.1.) and 

also by the traditional solid-state method (SBTOC-S) for comparison. Powder X-ray diffraction 

(PXRD, Figure 2.3.2. a) analysis confirms the purity of the samples.23 The sharp peaks of 

SBTOC-F and altered peak intensity patterns indicate the high crystallinity of the flux-

synthesized sample and an interesting preferred grown orientation absent in the solid-state 

sample. N2 adsorption-desorption isotherm analysis shows that the surface area of SBTOC-F 

(3.74 m2/g) exhibits a threefold enhancement over SBTOC-S (1.38 m2/g, Figure 2.3.2. b). This 

was further affirmed by scanning electron microscopy (SEM, Figure 2.3.2. c), transmission 

electron microscopy (TEM, Figure 2.3.2. d), and atomic force microscopy (AFM, Figure 

2.3.2. e and f) analysis which revealed that SBTOC-F consists of well-defined rectangular-

shaped nanoplates having an average edge length of ~1 µm and 60-100 nm of heights, whereas 

SBTOC-S consists of large irregularly shaped particles (Figure 2.3.2. (g, SEM) and 

(h,TEM)). The high-resolution TEM (HRTEM) images acquired on the nanoplate (Figure 

2.3.2. i) confirmed the high crystallinity of the nanoplates having lattice fringes (0.38 and 0.28 

nm) corresponding to the (110) and (010) planes respectively and therefore, consideration of 

the uniform plate thickness indicated the dominantly exposed facet as {001}. The selected area 

electron diffraction (SAED, Figure 2.3.2. j) recorded on a single nanoplate along the [001] 

zone axis contained sharp diffraction spots indexable on its crystal structure, depicting the 

single crystalline nature of SBTOC-F. An HRTEM image and SAED pattern of SBTOC-S are 

shown in Figure 2.3.2. k and l to show the polycrystalline nature of the shapeless individual 

particles. The average band gaps for SBTOC-F and SBTOC-S were estimated at 2.66 eV and 

2.7 eV (Figure 2.3.3. a) with the valance and conduction band positioned at 2.16 and -0.50 eV 

vs. RHE respectively for SBTOC-F (Figure 2.3.3. b), indicating visible light sensitivity of the 

samples (Figure 2.3.3. c).21 
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Figure 2.3.3. (a) UV-Vis diffuse reflectance spectra of SBTOC-S and SBTOC-F (inset is the 

corresponding Tauc Plot). (b) Mott–Schottky plots of SBTOC-F measured at 200 and 800 Hz. 

(c) Schematic diagram of the experimentally determined energy levels for SBTOC-F. 

 

2.3.4.2. Photocatalytic hydrogen peroxide generation: The H2O2 production 

efficiencies were investigated in the air by using water mixed with 10 vol% ethanol as a hole 

scavenger. As seen in Figure 2.3.4. a, SBTOC-S exhibited only a little H2O2 production. 

SBTOC-F nanoplates exhibited substantially enhanced activity, with an H2O2 evolution rate of 

2.96 mmol/h/g (or 0.8 mmol/h/m2), nearly 3.3 times (or ~1.45 times surface normalized) higher 

than SBTOC-S to confirm the rate-enhancing role of facet control and defect density control 

(since lower defect centers improve exciton harvesting) beyond surface area improvement. The 

reactions were further performed employing different atmospheres to examine the active 

species responsible for H2O2 production. The production rate increases when the solution is 

saturated with oxygen (3.5 mmol/h/g, Figure 2.3.4. b). Under nitrogen saturation, on the other 

hand, the production rate sharply decreases to 0.45 mmol/h/g, suggesting that the formation of 

H2O2 occurs primarily via the 2e- oxygen reduction reaction (ORR) pathway.26 In the process, 

photoirradiation of SBTOC-F produces the excited hole (h+) and electron (e-) pairs. h+ oxidizes 
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ethanol (C2H5OH + 2h+ → CH3CHO + 2H+), while e- promotes the two-electron reduction of 

O2 to H2O2.
27 In the process, the O2  reduction could occur following two distinct routes: a two-

step single-electron O2 reduction (O2 + e- → O2
•− (-0.33 eV),  O2

•− + e- + 2H+ → H2O2 (1.44 

eV)), or a direct two-electron O2 reduction (O2 + 2e- + 2H+ → H2O2, 1.76 eV) route, both of 

which are feasible in SBTOC-F for its high CB position.28 Therefore, superoxide radical (O2
•−) 

formation was further quantified for both SBTOC-S and SBTOC-F using Nitro blue 

tetrazolium in the air. As seen in Figure 2.3.4. c, the O2
•− production over SBTOC-F (297 

µmol/h/g or 82 µmol/h/m2) is significantly higher than SBTOC-S (66 µmol/h/g or 47 

µmol/h/m2), closely matching H2O2 production rate in pure water in the air atmosphere (11% 

deviation) and confirming the involvement of two-step single-electron transfer route. 

Importantly, the recyclability tests using SBTOC-S and SBTOC-F unfurled a rare self-

activation phenomenon, unknown for any H2O2-producing photocatalyst so far. Both of them 

were used for 5 consecutive days, and unexpectedly, the H2O2 production was found to increase 

consistently and significantly for both samples (Figure 2.3.4. d). This stands in contrast to 

typical photocatalyst where catalytic activity progressively degrades within a few cycles.  

                      Additionally, the activity increment in SBTOC-F is ~17 times more than that in 

SBTOC-S to establish the importance of facet control in (001) facet-exposed nanoplates. These 

facets often possess higher surface energy and increased surface reactivity, making them prone 

to rapid surface reconstruction during catalysis. To further evaluate, the recyclability of 

SBTOC-F nanoplates was extended up to 15 days (Figure 2.3.4. e), and the activity kept on 

rising from 590 µM on 1st day to 1320 µM on the 15th day, a massive 2-fold increase in yield. 

We further found that the catalyst activation process is unaffected by the presence of alcohol 

and therefore easily achievable before catalysis also. We suspended SBTOC-F in pure water 

and kept it under sunlight, and extracted it intermittently to check H2O2 production efficiency. 

As seen in Figure 2.3.4. f, the rate enhancement is similar to that observed in the presence of 

ethanol.   

To comprehend the remarkable boost in activity, the capability of fresh and self-activated 

SBTOC-F nanoplates to photo-reduce molecular O2 to superoxide radicals was evaluated using 

electron spin resonance (ESR) technique and spin-trapping with 5,5-dimethyl-pyrroline N-

oxide (DMPO). Four characteristic DMPO−O2
•− peaks were observed in both instances 

(Figure 2.3.4. g I), confirming the generation of O2
•− and indicating a two-step single electron 

reduction process.13,29 In addition, the strong signal intensity in the activated SBTOC-F than in 

the fresh nanoplates validates its enhanced O2
•− generation activity. Spectral quantification 
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Figure 2.3.4. Catalytic performance and self-activation. (a, b) H2O2 production comparison 

among SBTOC-S and SBTOC-F (b) H2O2 production by SBTOC-F photocatalyst under 

different atmospheres. (c) Comparison of superoxide radical production efficiency by SBTOC-

S and SBTOC-F. (d) Plot showing 17 times more self-activation in SBTOC-F during H2O2 

production as compared to SBTOC-S. (e, f) Performance of SBTOC-F during continuous use 

for 15 days with or without ethanol respectively. (g-i) Electron paramagnetic resonance (EPR) 

spectra of DMPO-O2
•− over fresh and activated SBTOC-F. (g-ii) oxygen content and 

photocatalytic superoxide radical production over fresh and activated SBTOC-F. (h) 

Absorption spectrum of SBTOC-F nanoplate correlated to wavelength-dependent AQY. 

 

showed that superoxide radical production also doubles in the activated sample to match the 

enhanced H2O2 production rate, indicating that the activated catalysts may adsorb more 

molecular O2 due to surface restructuring (discussed vide-infra). We, therefore, estimated the 
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total oxygen content in the catalyst solution and found it to be significantly high in the case of 

the activated sample (Figure 2.3.4.g II). The wavelength-dependent apparent quantum yield 

(AQY) for the H2O2 production by SBTOC-F is seen in (Figure 2.3.4. h, Note 2.3.1) agreeing 

well with its absorption spectrum and exhibiting an AQY of 17.1% at 360 nm. Notwithstanding 

surface reconstruction, the catalyst in bulk is highly stable as revealed by negligible changes in 

the powder XRD pattern of the used sample (Figure 2.3.5.). 

 

Catalyst Light Sources Scavenger H2O2 (mmol/h/g) Atmosphere References 

SBTOC-S 400 W Xe 

Lamp 

 

Ethanol (10 vol%) 0.8 Air This Work 

SBTOC-F 400 W Xe 

Lamp 

 

Ethanol (10 vol%) 2.9 Air 

Activated 

SBTOC-F 

6.5 

BiOCl 500 W Xe-

Lamp 
 

HCOOH 
 

0.68 
 

Air 5 

Au/Bi2O3-TiO2 
 

300 W Xe 

Lamp 
 

Ethanol (4 wt%) 
 

0.9 
 

Air 6 

Au0.1Ag0.4/TiO2 450 W high 

pressure 

Hg lamp 

Ethanol (4 wt%) 
 

0.3 O2 
7 

CFT 300 W Xe 

Lamp 

- 1.67 O2 
8 

ZrS3 nanobelts 300 W Xe 

Lamp 

Benzyl alcohol 

(1mmol) 

1.5 O2 
9 

NH2-MIL-

125@ZnS 

300 W Xe 

Lamp 

benzyl alcohol 

(1.0 mL) and 

acetonitrile (4ml) 

0.4 O2 
10 
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Table 2.3.1. Comparison table showing photocatalytic H2O2 evolution activity of 

Sr2Bi3Ta2O11Cl nanoplate as compared to other reported catalyst. 

 

 The photocatalytic H2O2 peroxide production rate (>6 mmol/h/g) by the SBTOC-F 

nanoplates is highly encouraging by considering that no noble metal or external oxygen was 

used, and no catalyst deactivation was observed (Table 2.3.1.).  

Figure 2.3.5. Powder XRD patterns of Bi4TaO8Cl nanoplates before and after catalysis. 

SN-GQD/TiO2 500 W Xe 

Lamp 

2-propanol 1.7 O2 11 
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2.3.4.3. Origin of self-Activation of SBTOC-F: The fundamental processes of surface 

reconstruction and molecular O2 activation, photon absorption, the exciton separation 

efficiency of the catalyst, etc. were systematically examined to clarify the origin of the unusual 

increase in H2O2 production efficiency with increasing cycles. Noteworthy that there were no 

discernable differences in the PXRD analysis of the samples before and after use. However, X-

ray photoelectron spectroscopy (XPS) indicated a significant surface reconstruction from 

vacancy generation processes. Figure 2.3.6. a compares the high-resolution XPS Bi-4f spectra 

of the fresh sample with the different degree of activated samples showing an evident shift of 

0.82 eV and 1.1 eV to a smaller binding energy after 10 and 15 days of activation, respectively, 

characterizing a change in the chemical environment of Bi atoms with a reduced number of 

coordinating oxygen atoms by oxygen vacancy (OV) formation.30 Alongside, (Figure 2.3.6. b) 

the percentage abundance of Bi also decreases with respect to the total Sr and Ta content from 

40.2% in fresh catalyst to 39.3% and 37.8% after 10 and 15 days of activation, respectively, 

indicating increasing Bi leaching during reuse. The oxygen peaks were then analyzed to 

support its vacancy formation. As seen in Figure 2.3.6. c, the O-1s XPS spectra are 

characterized by three peaks of lattice oxygen (OL, 529.3 eV), dissociative oxygen around Bi 

vacancies (OV, 531.0 eV), and surface-adsorbed molecular oxygen or hydroxyl species (Oads, 

532.5 eV).31The abundance of vacancy oxygen and adsorbed oxygen with respect to lattice 

oxygen increases in the activated sample (Figure 2.3.6. d) to confirm the leaching of lattice 

oxygen from the sample to facilitate molecular O2 adsorption.36,37 Notably, recent theoretical 

studies also revealed that oxygen-surface interaction in Bi-O surface can tremendously improve 

upon vacancy creation. The Sr-3d (Figure 2.3.6. e) and Ta-4f spectra (Figure 2.3.6. f), on the 

other hand, exhibited much lesser shifts indicating that OV formation in perovskite layers is 

less likely to take place during the activation of the catalyst, understandably due to a stronger 

(Sr/Ta)-O bond than Bi-O. Similarly, we estimated the catalyst’s Cl/Sr atomic ratio before and 

after activation which remains the same, implying the dissolution of Cl under light irradiation 

is negligible. This we expected because the VBM of the Sillen Aurivillius phases is composed 

of the dispersive O-2p band, while the Cl-3p orbital energetically lies far too below. For 

confirmation, the concentration of leached metal ions into the solution during the activation 

process was evaluated using inductively coupled plasma mass spectrometry (ICP-MS, Figure 

2.3.7.a), which revealed that ~11 parts per billion (ppb) of Bi per gram of catalyst leached from 

the nanoplates into the solution after a 10-day activation period, which increased to ~16 ppb 

after 15 days. Leached Sr and Ta amounts were negligible though ICP-MS. Subsequently, the 
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existence of OV (g = 2.003) was confirmed by EPR spectroscopy (Figure 2.3.7 b).13,32 A 

threefold increase in EPR peak intensity in the activated catalyst asserts a high level of oxygen 

vacancy.  

 

Figure 2.3.6. Surface characterization of the catalyst. (a) Bi-4f XPS spectra of fresh and 

activated SBTOC-F. (b) Plot showing a decrease in the surface Bi content as compared to (Ta 

+ Sr) in activated SBTOC-F. (c) High-resolution O-1s XPS spectra showing (d) an increase in 

oxygen vacancy and adsorbed oxygen in comparison to lattice oxygen in activated SBTOC-F. 

(e, f) High-resolution Sr 3d and Ta 4f XPS spectra showing no shifting. 

Positron annihilation lifetime (PAL) and coincidence Doppler broadening spectroscopy 

(CDB) were employed to characterize the chemical nature of the defects. PAL spectra were 

fitted with three-lifetime components (Table 2.3.2.), the longer component (τ3) ~ 2300 ps with 

small intensity (~2%) corresponds to the pick-off annihilation of the positronium atoms. τ 1 and 

τ 2 are attributed to isolated vacancies and Bi-O vacancy associates (such as VBi
‴VO

••VBi
‴ etc.) 

respectively,. 33–35 The relatively high contribution of τ2 in both the fresh and activated samples 

suggests that Bi–O vacancy associates are the predominant forms of defects in the 

Sr2Bi3Ta2O11Cl nanoplates. Additionally, the relative intensity of τ2 further increases with 

activation whereas τ1 decreases to depict that the isolated vacancies are progressively converted 

into vacancy associates during reuse. CDB spectra were analyzed by taking a point-by-point 
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intensity ratio with a 99.9999% pure aluminum single crystal. The ratio curve of CDB of the 

fresh and activated samples (Figure 2.3.7 c)  shows a characteristic peak at pL = 11 × 10–

3 × m0c, attributed to the annihilation of positrons with the 2p electrons of oxygen anions, (m0: 

electron rest mass, c:speed of light).36 The decreased peak intensity with the activation confirms 

an increase in the number of vacancy clusters by decreasing the oxygen anions.  

Sample t1 (ps) I1
 (%) t2 (ps) I2 (%) t3 (ps) I3 (%) 

Fresh 105 ± 3 31 ± 2 295 ± 2 67 ± 2 2218 ± 51 2 ± 0.1 

Activated 107 ± 3 25 ± 2 299 ± 5 73 ± 2 2306 ± 83 

 

2 ± 0.1 

 

Table 2.3.2. Positron lifetime parameters of the fresh and activated SBTOC-F nanoplates. 

Figure 2.3.7. (a) ICP-MS data showing increase in Bi leaching from the nanoplates to the 

reaction solution with increasing activation day. (b) EPR spectra of fresh and activated 

SBTOC-F. (c) Ratio curves generated from the coincidence Doppler broadening spectra of 

fresh and activated SBTOC-F. (d) Zeta potential of the catalyst used for different cycles. 
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Such vacancy clusters are expected to affect the surface charge of the catalyst drastically.17 

Therefore, zeta potential of the samples during activation was recorded. Figure 2.3.7. d depicts 

the initial zeta potential of the catalyst to be ~11.6 mV, which significantly changed to -3, -15, 

and -27 mV after the first 5th, 10th and 15th day respectively. 

 

Figure 2.3.8. XAS study on surface reconstruction. (a) Bi-L3 edge XANES and (b) EXAFS 

spectra of fresh and activated SBTOC-F. (c) Ta-L3 edge XANES and (d) EXAFS spectra of 

fresh and activated SBTOC-F.  

              X-ray absorption spectroscopy studies were conducted on the fresh and the used 

catalysts to visualize the electronic and geometric structural distortions arising from increased 

defect concentrations. The X-ray absorption near edge spectra (XANES) of the Bi-L3 edge for 

the activated catalyst moves to a lower binding energy (0.15 eV, Figure 2.3.8. a), indicating 

an average reduced oxidation state of bismuth arising from the surrounding oxygen vacancies, 
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corroborating the d-orbital shifts in the XPS analysis. In addition, the smaller energy shift while 

using the high-energy synchrotron beam infers the nanoplate surface as the primary region for  

OV creation. From the extended X-ray absorption fine structure spectroscopy (EXAFS, Figure 

2.3.8. b), we observed a major peak at the k2-weighted oscillations in the R-space centering 

~1.7 Å corresponding to the Bi-O bond.37,38 The reduction in its intensity by ~6% as well as its 

shift towards lower R confirms the decrease in the oxygen coordination number around the Bi 

atoms and a distorted local geometry in the Bi2O2 layer.35,39,40. Conversely, negligible changes 

were observed for the Ta-L3 edge in XANES and EXAFS data (Figure 2.3.8. c, d) suggesting 

the higher stability of the Ta-O perovskite layer originating from the higher Ta-O bond strength. 

Earlier studies on oxide phases undergoing surface reconstruction induced by ion leaching 

revealed the formation of a surface amorphous layers. Therefore, we further examined the fresh 

and activated samples using TEM. As shown in Figure 2.3.9., crystalline particle edges in the 

fresh catalyst transforms into an amorphous layer after activation, reaching a depth of 1-2 nm, 

accompanied by the emergence of a heightened number of defects at the interface between the 

crystalline and amorphous phases in the activated catalyst. Overall, the detailed XRD, EPR, 

XPS, PAS, EXAFS, ICP-MS, Zeta-potential and TEM analysis of the fresh and the activated 

samples confirmed that the surfaces of the nanoplates reconstruct under the experimental 

conditions from preferential leaching of Bi and O atoms to form negatively charged vacancy 

clusters and an amorphous surface layer. The stronger Lewis acidity of Bi as compare to Ta 

and Sr leads to easy formation of Bi-OH bonds, which precedes the leaching step.  

             Metal-rich surfaces usually create swallow trap states that can improve light harvesting 

and also, charge transfer to reactants. The UV-Vis DRS plots (Figure 2.3.10. a and b) of the 

activated samples showed a shift of the optical absorption edge to longer wavelengths leading 

to a narrower band gap of 2.4 eV to enhance absorption of light with recycling of the catalyst. 

To investigate its effect on their ability to separate and transport the photogenerated charge 

carriers, we further carried out photocurrent and electrochemical impedance spectroscopic 

measurements. As shown in Figure 2.3.10. c, both the fresh and the activated catalysts were 

quick to produce photocurrent in response to the visible light. However, the activated 

nanoplates displayed a higher photocurrent response than the fresh one, indicating more 

effective charge separation in it, attributed to the trapping of excited electrons at the swallow 

vacancy states.13 In addition, electrochemical impedance spectroscopy (Nyquist plot, Figure 

2.3.10. d) revealed that the electron-transfer resistance (Rct) of activated nanoplates is ~ 20% 
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smaller than fresh nanoplates implying a low charge transfer resistance originating from the 

low valent metal moieties.   

 

 

Figure 2.3.9. (a and b) TEM and (c and d) HR-TEM image of Sr2Bi3Ta2O11Cl nanoplates 

before and after activation respectively. (e) Crystal structure of Sr2Bi3Ta2O11Cl nanoplate 

along the ab plane as seen in HRTEM images. 

In brief, the diverse experiments confirmed that, besides excess molecular oxygen harvesting 

by the surface of SBTOC-F, superior charge separation efficiency, improved light absorption 

and electron transfer properties contribute to the enhanced catalytic activity. 

500 nm

5 nm

5 nm

500 nm

a

b

Bi
O

(a)

(b)

(c)

(d)

(e)



126 
 

 

Figure 2.3.10. Light harvesting and synergy. (a) DRS and (b) the corresponding Tauc plots, 

(c) transient photocurrent response, and (d) Nyquist plots for fresh and activated SBTOC-F. 

 

2.3.5. Conclusion 

In conclusion, we show that during facile photocatalytic H2O2 production, the 

competitive leaching of metal ions and anions within a complex inorganic lattice framework 

can overcompensate catalyst degradation observed in the usual photoactive materials, and this 

can continuously improve the efficiency of an already facile photocatalyst. Our single-

crystalline Sr2Bi3Ta2O11Cl nanoplates enclosed by the [100], [010], and [001] facets have 

double the surface area that is achievable by traditional methods and a facile H2O2 production 

rate of 2.9 mmol/h/g in the air. Further, the progressive leaching of surface Bi and oxide anions 

generates more surface vacancies that transform into vacancy clusters and aid in excess O2 
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adsorption. The swallow energy levels of the vacancies lead to excess light absorption and 

facile exciton separation to further improve catalytic efficiency synergistically, leading to 

doubled H2O2 production in 15 days. The findings establish the potential of rational defect 

engineering in developing sustainable photocatalysts for realistic applications by avoiding 

catalyst deactivation. 

 

Note 2.3.1 Calculation of Apparent Quantum Yield: The apparent quantum yield 

(AQE) for photocatalytic H2O2 production over flux synthesized Sr2Bi3Ta2O11Cl nanoplate was 

calculated by carrying out the reaction under a 400 W Xe lamp as a function of wavelength 

with the help of different bandpass filters. (Newport, Model No.- 843-R) attached with a 

thermopile sensor (Newport, Model No.- 919P-010-16) was used to measure the power of the 

incident beam (Pincident) coming through a particular bandpass filter. Incident power density on 

the sample corresponding to a photon of wavelength λ (ρincident) was calculated as; 

 

                                          Pincident = ρincident(λ) × Asample 

 

 where Asample is the area exposed to the incident light (20 cm2). 

 

The number of moles of incident photons per second Nph(λ), as a function of wavelength can be 

expressed as:  

                                            Nph(λ) =   
ρincident(λ)

NAEph(λ)
                       

 

where ρincident(λ) is the incident power density on the sample and NA is the Avogadro number 

and Eph(λ) (= hc/λ) is the energy of one photon for the corresponding wavelength. 

 

To correlate with the number of moles of hydrogen peroxide produced per hour, the total 

number of moles of the incident photon was calculated using the equation given below:  

 

number of moles of incident photons per hour = Nph(λ) × 3600 × area of an incident beam. 

 

Finally, the AQE can be derived from the following equation: 
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AQE = 
n (No.of electron transferred)×Number of moles of hydrogen peroxide produced per hour

Total no.of moles of incident photons per hour 
∗ 100% 

 

Where, n=2 for hydrogen peroxide production 
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CHAPTER 2.4 

Massive self-activation in n=2 Sillen Aurivillus phase by vacancy associate 

formation for promoted photocatalytic pro-fluorophore Rh110 formation 

Summary 

Rhodamine-110 (Rh110), a pivotal xanthene-based pro-fluorophore, holds immense 

significance in biological research, particularly in the context of severe-acute-respiratory-

syndrome coronavirus (SARS CoV-2) studies. However, the industrial production of Rh110 

poses challenges due to the inherent presence of two labile amino side groups, which are 

essential for its pro-fluorophore activity but also trigger the formation of numerous unwanted 

side products. These complications lead to complex purification intricacies, low yields (5%), 

and exorbitant production costs. Herein, we have successfully synthesized an active high-

ordered Sillen Aurivillius phase (Sr2Bi3Ta2O11Cl nanoplates), a feat not easily accomplished. 

We have harnessed its potential to efficiently produce pure pro-fluorophore Rh110 using the 

remarkably inexpensive Rhodamine-B (RhB) and natural sunlight as the energy source. 

Notably, our method yields an impressive 54% yield of Rh110, a substantial improvement 

compared to the present commercial method, where the yield is only 5%. And our previous 

report on photocatalytic RhB deethylation over Bi3TaO7-Bi4TaO8Br heterostructures. Equally 

remarkable is the discovery of a rare self-activation property inherent to Sr2Bi3Ta2O11Cl 

nanoplates, achieving an extraordinary 100% efficiency by the 11th cycle. Thus, highlighting 

the potential of Sr2Bi3Ta2O11Cl nanoplates for significant Rh110 production and surpassing the 

performance of Bi3TaO7-Bi4TaO8Br heterostructures. 
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2.4.1. Introduction 

Rhodamine 110 (Rh110) a widely recognized pro-fluorophore, presents numerous advantages 

over traditional fluorescent molecules, finding extensive utility in biological studies, clinical 

diagnostics, drug development, and recent research related to SARS-CoV-2.1–7 The pro-

fluorophoric activity of Rh110 stems from the presence of two highly reactive free amino (-

NH2) groups attached to the xanthate framework, which readily form chemical bonds, 

including amide bonds, with other reagents, effectively acting as fluorescence ON-OFF 

switches in biological systems.8,9 However, the commercial production of Rh110 faces 

considerable challenges due to this high reactivity. The current commercial method involves 

the condensation of phthalic anhydride and m-aminophenol, necessitating high reaction 

temperatures and yielding numerous difficult-to-separate side products, resulting in low purity 

and elevated purification costs.10,11 Another xanthene base dye Rhodamine B (RhB) shares 

nearly identical structures with Rh110 but features protected amino groups through alkylation 

making it quite stable, and rendering them unsuitable as pro-fluorophores. Additionally, their 

remarkable stability prevents their decomposition and acts as a toxic pollutant.12,13 Notably, 

RhB is approximately 1000 times more inexpensive than Rh110.14 In our previous research, 

we introduced an innovative concept: the utilization of a photocatalytic RhB deethylation 

method, employing efficient and self-activating Bi-based heterostructures (Bi3TaO7-

Bi4TaO8Br) as a promising solution for the cost-effective large-scale synthesis of Rh110. We 

successfully achieved the conversion of RhB to Rh110 using the Bi3TaO7-Bi4TaO8Br 

heterostructures within 8 hours. What's particularly intriguing is that the initial yield of Rh110, 

which was a minimum of 35% in the first cycle, consistently increased to an impressive 88% 

by the end of the 30th cycle during continuous use. This remarkable improvement can be 

attributed to the unique self-activating property of the Bi3TaO7-Bi4TaO8Br heterostructures.14 

 

  2.4.2. Scope of the present investigation 

            In this study, our primary objective is to enhance the yield and rate of Rh110 production 

by utilizing highly active double-layered perovskite Sillen Aurivillius (SA) Sr2Bi3Ta2O11Cl 

nanoplates. Sr2Bi3Ta2O11Cl is non-centrosymmetric and has a pseudo-tetragonal crystal 

structure (Figure 2.4.1. a, b). Sillen Aurivillius phases are characterized by the general formula 

[An–1BnO3n+1] [Bi2O2] [X], where A: Ca2+, Sr2+, Bi3+, etc.; B: Nb5+, Ta5+, Ti4+, etc. and 'n' 

signifies the number of perovskite layers, n = 1,2,3, etc. and in this case, 'n' equals 2. Sillen 
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Aurivillius Phases are renowned for their inherent stability and ability to absorb visible light. 

This is attributed to their unique electronic band structure, in which the Valence Band 

Maximum (VBM) is primarily influenced by O 2p orbitals rather than X np orbitals, 

contributing to its stability from oxidation by photogenerated holes. Furthermore, synthesizing 

high-ordered Sillen Aurivillus phases poses challenges due to the requirement of elevated 

reaction temperatures and extended reaction times. The conventional solid-state method for 

generating SA phases leads to uncontrolled facet-less growth and a consequent reduction in 

surface area. In certain instances, these phases are not even formed when employing traditional 

solid-state techniques. 

                Herein, we have employed the Flux method to synthesize highly active, facet-

controlled double-layered Sillen Aurivillius Sr2Bi3Ta2O11Cl nanoplates. This approach 

significantly reduces both the reaction time and the required reaction temperature when 

compared to the solid-state method. These Sr2Bi3Ta2O11Cl nanoplates are characterized by 

their high surface area and demonstrate an impressive Rh110 yield of 54% right from the initial 

stages of the process, achieved within 3 hours, as opposed to the 8 hours required by the 

previous work using Bi3TaO7-Bi4TaO8Br heterostructure. Furthermore, it is worth noting the 

rare and highly relevant self-activation property observed in this high-ordered Sillen Aurivillius 

phase as well. This self-activation phenomenon can be attributed to surface reconstruction 

resulting from the formation of oxygen vacancies and the leaching of Bi during continuous use. 

Remarkably, this self-activation phenomenon ultimately led to a remarkable 100% yield for 

Rh110 by the 11th cycle, outperforming Bi3TaO7-Bi4TaO8Br heterostructures. This highlights 

the potential for Rh110 production using Sr2Bi3Ta2O11Cl nanoplates as a photocatalyst. 

 

2.4.3.  Methods 

2.4.3.1. Flux Synthesis of Sr2Bi3Ta2O11Cl: The sample was prepared using a 

stoichiometric molar ratio of 2:1:1:1, combining strontium carbonate (SrCO3), bismuth (III) 

oxide Bi2O3, tantalum pentoxide (Ta2O5), and bismuth oxychloride BiOCl as starting materials. 

A molten salt, specifically a eutectic mixture of KCl and NaCl in a 1:1 ratio, was employed as 

a flux. The flux was blended with the finely ground starting materials, achieving a solute 

concentration of 3.2 mol% for Sr2Bi3Ta2O11Cl relative to the total (Sr2Bi3Ta2O11Cl + flux). The 

resulting mixture was thoroughly mixed with a mortar and pestle, and then placed in an alumina 

crucible. Subsequently, it was heated in a muffle furnace at a temperature of 1023 K for a 
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duration of 4 hours, with a temperature ramping rate of 30°C per minute. After natural cooling, 

the product was meticulously washed with deionized water and subsequently collected by 

filtration. The resulting off-white powder product was dried at room temperature. 

2.4.3.2. Photocatalytic Reaction: The photocatalytic reactions were conducted in a 50 

ml open beaker made of Pyrex glass. A solar simulator (Newport LSS-7120) emitting light at 

an intensity of 1.00 kW m−2 was employed as the light source in a top-down irradiation setup. 

To initiate the reaction, 40 mg of photocatalytic powder was dispersed in a 25 ml aqueous 

solution of Rhodamine B (with a concentration of 20 µM). To establish an adsorption-

desorption equilibrium of RhB on the catalyst surface, the reaction mixture was stirred in the 

dark for 30 minutes. Subsequently, the reaction solution was exposed to visible light. After 

each hour of light irradiation, a 1 ml aliquot was extracted from the reaction mixture. Following 

centrifugation, the supernatants were subjected to analysis using various characterization 

methods. 

Trapping experiments were carried out under the same reaction conditions to assess the 

influence of O2
˙− and ˙OH species on Rh110 yield. This was achieved by introducing 

benzoquinone (BQ) (at a concentration of 10−2 g mol−1) and 2 ml of isopropyl alcohol (IPA) as 

scavengers for O2
˙− and ˙OH, respectively. 

For studies related to recyclability, the reactions were conducted using natural sunlight on the 

institute campus when sunlight was sufficiently intense. It's worth noting that the laboratory 

light sources were not capable of irradiating large quantities of samples. In this regard, 1 liter 

of aqueous 20 μM RhB solution was subjected to de-ethylation using 1.6 g of Sr2Bi3Ta2O11Cl 

nanoplates as the photocatalyst. After the 1st, 5th, 8th, and 11th cycles, 40 mg of the catalyst was 

removed and its efficiency was assessed by employing 25 ml of fresh 20 µM RhB solution. 

2.4.3.3. Characterization 

All the characterization techniques are discussed in Chapter 1.2. 
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2.4.4. Result and discussion 

2.4.4.1. Catalyst Characterization 

  

 

Figure 2.4.1.  Crystal structure of Sr2Bi3Ta2O11Cl viewed from the (a)bc plane and (b) ab plane. 

Gray, Blue, red, and dark green balls represent Bi or Sr, Ta, O, and Cl atoms, respectively. (c) 

PXRD patterns and (d, e) Scanning and Transmission electron microscopy images of the 

nanoplates (f) HRTEM image and (g) single-crystalline SAED pattern acquired on 001 facets 

of a Sr2Bi3Ta2O11Cl nanoplate.  
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The X-ray diffraction (XRD) patterns displayed in Figure 2.4.1. c demonstrate the crystallinity 

and purity of Sr2Bi3Ta2O11Cl samples synthesized by the Flux method employing a eutectic 

mixture of NaCl and KCl.15 Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) analyses were conducted to assess the morphology, which revealed that 

Sr2Bi3Ta2O11Cl consists of well-defined rectangular nanoplates. Each nanoplate has an average 

edge length of approximately 1 µm (Figure 2.4.1. d and e). High-resolution TEM (HR-TEM) 

images in Figure 2.4.1.f further confirmed the remarkable crystallinity of these nanoplates. 

They displayed distinct lattice fringes spaced at 0.56 nm and 0.38 nm, corresponding to the 

(110) and (010) planes, respectively. Furthermore, the Selected Area Electron Diffraction 

(SAED) pattern, as depicted in Figure 2.4.1. g, was obtained from a single nanoplate oriented 

along the [001] zone axis. This pattern exhibited sharp and easily indexable diffraction spots 

that are consistent with the crystal structure, indicating the single crystalline nature of 

Sr2Bi3Ta2O11Cl which is difficult to synthesize with the traditional solid-state method. The 

surface area analyzed by N2 adsorption-desorption isotherm shows that the surface area of 

Sr2Bi3Ta2O11Cl nanoplates (3.740.32m2/g) exhibits a threefold enhancement over solid-state 

synthesized Sr2Bi3Ta2OCl samples (Figure 2.4.2. a). The optical properties of S 

Sr2Bi3Ta2O11Cl nanoplates were examined using UV-Vis Diffuse Reflectance Spectroscopy 

(DRS, Figure 2.4.2. b and c)). The analysis revealed that the material exhibits an optical 

absorption edge at 467 nm with a bandgap of 2.63 eV.  

 

 

 

Figure 2.4.2.  (a) BET Specific surface area measurements of the Sr2Bi3Ta2O11Cl nanoplates. 

(b, c) UV-Vis DRS spectra of Sr2Bi3Ta2O11Cl nanoplates showing a sharp absorption edge 

around 450 nm. The corresponding optical bandgap was estimated from the Tauc plot at 2.63 

eV.  
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2.4.4.2. Photocatalytic RhB to Rh110 transformation by Sr2Bi3Ta2OCl 

nanoplates 

In the investigation of Sr2Bi3Ta2O11Cl nanoplates as photocatalysts for the transformation of 

Rhodamine B (RhB) into Rhodamine 110 (Rh110), remarkable efficiency was observed. The 

aqueous solution of RhB exhibited a distinctive absorption peak (λmax) at 553 nm, as shown in 

Figure 2.4.3. a. When subjected to light in the presence of Sr2Bi3Ta2O11Cl nanoplates, the 

solution experienced a shift towards shorter wavelengths, known as a hypsochromic shift. After 

approximately 3 hours of irradiation, the absorption peak reached 499 nm, indicating the 

formation of a pure Rh110 solution. This represents a significant advancement in conversion  

 

Figure 2.4.3. (a) UV-Vis. absorption spectra recorded during the 1st photocatalytic cycle. (b) 

Plot showing the enhanced yield and reaction kinetics of Sr2Bi3Ta2OCl nanoplates (c) 

Photoluminescence spectra showing the emission of RhB before irradiation (λmax = 583 nm) 

and after irradiation (λmax = 533 nm). (d) Fluorescence decay kinetics of the reaction solution 

before and after photoirradiation for 480 min. (e) Recyclability of the Sr2Bi3Ta2OCl nanoplates 

photocatalysts up to the 11th cycle. (f) Powder XRD patterns of the heterostructures at different 

stages while continuously using up to the 11th cycle.  
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Kinetics when compared to the previously reported Bi3TaO7-Bi4TaO8Br heterostructures, 

which necessitated a longer 8-hour timeframe for full conversion (Figure 2.4.3. b). This 

accelerated rate of RhB to Rh110 conversion can be attributed to the substantial increase in 

surface area and enhanced exposure of the active facets provided by the Sr2Bi3Ta2OCl 

nanoplates. Furthermore, the formation of Rh110 was further confirmed by detailed analyses 

of emission properties (Figure 2.4.3. c) and the average fluorescence lifetime (τavg, Figure 

2.4.3. d) of the aqueous dye solution before and after photoirradiation. Initially, the emission 

maximum centered at 533 nm, with a τavg of 1.75 ns corresponding to RhB. After 3 hours of 

photoirradiation, a notable shift in fluorescence properties was observed, the emission 

maximum shifted to 533 nm and τavg increased to 3.75 ns, consistent with Rh110.16,17 This 

shift provides compelling evidence of the conversion from pure RhB to Rh110, thereby firmly 

confirming the success of the transformation process.  

                The observed hypsochromic shift in the UV-Vis spectra is attributed to the process 

of de-ethylation of Rhodamine B (RhB), ultimately culminating in the formation of Rhodamine 

110 (Rh110). The precise nature of this transformation has been elucidated through 

comprehensive analyses utilizing high-resolution mass spectrometry (HRMS) and high-

performance liquid chromatography (HPLC), discussed vide infra. Importantly, the yield of 

Rh110 resulting from this process was quantified, and this determination was further 

corroborated through HPLC analysis, revealing an impressive yield of 54%. This yield 

surpasses the performance of Bi3TaO7-Bi4TaO8Br heterostructures, underscoring the superior 

efficiency of Sr2Bi3Ta2O11Cl nanoplates for RhB to Rh110 transformation. Additionally, in 

contrast to the typical behavior observed in photocatalysis, where catalytic activity tends to 

degrade even after a few cycles, quite surprisingly, the yield of Rh110 over Sr2Bi3Ta2O11Cl 

nanoplates exhibited a substantial increase with continued utilization, reaching 64% in 5th, 

77% in 8th, and a remarkable100% in 11th cycles (as illustrated in Figure 2.4.3.e). 

Furthermore, X-ray diffraction (XRD) analysis conducted on the Sr2Bi3Ta2OCl nanoplates 

throughout 11th photocatalytic cycles, as depicted in Figure 2.4.3. f indicated minimal changes 

in the compound. This finding reinforces the notion that the Sr2Bi3Ta2O11Cl nanoplates remain 

stable at the bulk level. 
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2.4.4.3. Mechanism of RhB De-ethylation 

The photocatalytic transformation of Rhodamine B (RhB) into Rhodamine 110 (Rh110) has 

been extensively studied, revealing a multi-step process that involves the gradual removal of 

ethyl groups. This process leads to the formation of distinct intermediate rhodamine 

compounds, each characterized by its unique color and absorption spectrum. Specifically, these 

intermediates include N,N,N′-triethylated rhodamine (TER) with an absorption maximum at 

539 nm, N-ethyl-N′-ethyl-rhodamine 110 (MMER) at 527 nm, N,N′-diethylated rhodamine 

(DER) at 523 nm, and N-ethylated rhodamine (MER) at 510 nm. This process ultimately results 

in the distinctive absorption peak at 499 nm for Rh110.18 The progression of the de-ethylation 

process was monitored through High-Performance Liquid Chromatography (HPLC) analysis, 

as shown in Figure 2.4.4. a. Initially, pure RhB exhibited a prominent peak at 12 min. 

However, with increasing light irradiation, new peaks representing de-ethylated products 

emerged at shorter retention times. These peaks corresponded to TER, MMER, DER, MER, 

and Rh110 at 9, 6.2,5.9, 4, and 2.9 min, respectively. These peaks also started to disappear with 

increasing irradiation time. After 180 min of irradiation, only the Rh110 peak remained, 

confirming the purity of Rh110.19,20 Furthermore, High-Resolution Mass Spectrometry 

(HRMS) spectra, presented in Figure 2.4.4. b were acquired at different stages of 

photoirradiation to validate the presence of intermediates. Rhodamine B (RhB) exhibited a 

distinctive molecular ion peak at m/z = 443. During photoirradiation, intermediates like TER, 

MMER, DER, and MER displayed molecular ion peaks at m/z values of 415, 387, 359, and so 

forth, respectively. The relative intensities of these peaks gradually changed, with lower m/z 

peaks becoming more pronounced as irradiation time increased. At the end of 180 minutes of 

photoirradiation, a single prominent molecular ion peak at 331 m/z, characteristic of pure 

Rh110, confirmed the purity of Rh110. Both High-Performance Liquid Chromatography 

(HPLC) measurements and High-Resolution Mass Spectrometry (HRMS) data confirm that 

RhB undergoes a stepwise de-ethylation process, with the removal of an ethyl group at each 

step, and also confirm that the synthesized Rh110 is 100% pure.21 The proposed mechanism 

for RhB to Rh110 is given in Figure 2.4.4. c.  
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 Figure 2.4.4. (a) HPLC chromatogram illustrating the reaction intermediates formed during 

photoirradiation of RhB in the presence of Sr2Bi3Ta2OCl nanoplates. (b) ESI mass spectra in 

the positive mode were collected at different time intervals during photoirradiation of RhB over 

of Sr2Bi3Ta2OCl nanoplates. (c) A proposed transformation pathway outlining how RhB is 

converted into Rh110 over Sr2Bi3Ta2OCl nanoplates under solar irradiation.  
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2.4.4.4. Origin of enhanced catalytic activity 

Unlike the usual photocatalytic reactions, the unusual enhancement in Rh 110 production with 

each successive cycle in the photocatalytic process, where catalytic activity decreases within a 

few catalytic cycles, has prompted further investigation. Powder X-ray Diffraction (XRD) 

analysis of the catalyst after multiple cycles did not reveal any discernible alterations, 

indicating that the modifications are occurring at the catal0yst's surface. To probe the source 

of this remarkable efficiency improvement, we initially explored the active species responsible 

for the de-ethylation of Rhodamine B (RhB) (Figure 2.4.5.). Benzoquinone (BQ) and isopropyl 

alcohol (IPA) were used as superoxide and OH radical scavengers, respectively. In the presence 

of BQ, there was an absolute absence of de-ethylation, firmly establishing superoxide radicals 

as the primary active species responsible for the de-ethylation process. Furthermore, when IPA 

was introduced, the Rh110 yield increased from 54% to 71% in the first cycle itself. This 

increase was attributed to a reduction in the overoxidation of the RhB.  

 

Figure 2.4.5. (a, b) UV-Vis. spectra showing photocatalytic conversion of RhB to Rh110 in 

the presence of isopropyl alcohol (IPA), and benzoquinone (BQ) as hydroxide, and superoxide 

racial scavengers respectively. 
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Figure 2.4.6.  (a) High-resolution Bi 4f spectra of the fresh and used Sr2Bi3Ta2O11Cl nanoplates 

(b) Plot showing a decrease in the quantity of Bi with respect to Ta+Sr with the passing cycles. 

(c) High-resolution O-1s spectra of the fresh and used Sr2Bi3Ta2O11Cl nanoplates (f) Plot 

showing the decreases in the amount of lattice oxygen as compared to the non-lattice oxygen 

during continuous use of the catalyst. (d) Zeta potential of the catalyst used for different cycles. 

(g) Plot showing the abundance of N in comparison with the Bi content on the catalyst surface 

with the passing cycles.  
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    Furthermore, X-ray Photoelectron Spectroscopy (XPS) was utilized to investigate surface 

changes in the catalyst during continuous use, revealing a significant surface reconstruction 

attributed to vacancy formation. In Figure 2.4.6. a, high-resolution XPS spectra of Bi-4f for 

both the fresh and used catalyst (11th cycle) displayed two distinct peaks at binding energies 

of 159.4 eV and 164.6 eV, corresponding to Bi 4f7/2 and Bi 4f5/2, indicative of Bi3+ ions.22,23 

Notably, the used sample exhibited a clear shift towards lower binding energy, signifying a 

change in the Bi environment. Figure 2.4.6. b illustrated a decreasing trend in the percentage 

of Bismuth (Bi) relative to the total content of Strontium (Sr) and Tantalum (Ta) over time, 

from an initial 45.1% in the fresh catalyst to 44.8% after 5 days, 43.4% after 8 days, and 42% 

after 15 days of continuous use, suggesting increasing Bi leaching during catalyst reuse. 

Additionally, the analysis of oxygen peaks (Figure 2.4.6. c) provided supporting evidence for 

oxygen vacancy formation. The O-1s XPS spectra revealed three distinct peaks: lattice oxygen 

(OL) at 529.3 eV, dissociative oxygen surrounding Bismuth vacancies (OV) at 531.0 eV, and 

surface-adsorbed molecular oxygen or hydroxyl species (Oads) at 532.5 eV.24 As the number of 

catalytic cycles increased (Figure 2.4.6. d), the relative abundance of vacancy oxygen and 

adsorbed oxygen compared to lattice oxygen grew, confirming the leaching of lattice oxygen 

and promoting the superoxide radical production by activation of adsorbed molecular O2, the 

active species responsible for RhB deethylation. On the other hand, Ta-4f and Sr-3d spectra, 

show minimal shifts, suggesting that the creation of oxygen vacancies (OV) within the 

perovskite layers is difficult because of the strong (Sr/Ta)-O bond than Bi-O bond.  

                Surface vacancies can affect the surface charge of the catalyst. So, to confirm the 

impact of the various surface vacancies on the surface charge of the heterostructures, we 

conducted Zeta-potential measurements at various stages of recycling. Figure 2.4.6. e 

illustrates that the initial zeta potential of the catalyst is approximately 11.6 mV, which 

significantly changes to -8.6, -26.63, and -33.6 mV after the first 1st, 8th, and 11th catalytic 

cycles, respectively. The excess negative charge on the catalyst surface promotes the 

adsorption of rhodamine dye with its positive charges N site, suitable for its de-ethylation, 

further enhancing Rh110 yield. The increase in dye adsorption with the catalytic cycle is 

confirmed by quantification of N1s spectra of adsorbed dyes with respect to bismuth (Bi). As 

illustrated in Figure 4f, the decrease in the percentage abundance of nitrogen compared to 

bismuth after each catalytic cycle confirms the enhanced adsorption of dye with continuous 

use of the catalyst.  
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Figure 2.4.7. A Schematic illustrating the progressive enhancement in RhB absorption 

attributed to the natural surface activation occurring under solar irradiation, leading to the 

achievement of approximately 100% Rh110 production. 

 Based on the explanations above, Figure 2.4.7. provides a schematic representation of the 

photocatalytic deethylation of RhB on the catalyst surface. The adsorption of RhB, primarily 

through its positively charged N sites, intensifies with each successive use of the catalyst 

because the catalyst surface becomes progressively more negatively charged as vacancy 

associates form. Additionally, increased vacancy formation, in turn, augments the production 

of superoxide radicals, which play a pivotal role in deethylation by enhancing the adsorption 

of molecular oxygen onto these vacancies. 

2.4.5. Conclusion 

In conclusion, we successfully synthesized double-layered Sillen Aurivillius phase nanoplates, 

specifically Sr2Bi3Ta2O11Cl. We further explored their capacity for the efficient production of 

the pro-fluorophore Rh110. The significance of our findings lies in achieving an impressive 

54% Rh110 yield in just 180 minutes during the first catalytic cycle, outperforming the 480 

minutes required by Bi3TaO7-Bi4TaO8Br heterostructures in their first cycle. Notably, our 
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research unveiled an unprecedented self-activation rate, resulting in a remarkable 100% 

efficiency by the 11th cycle, surpassing the performance of Bi3TaO7-Bi4TaO8Br 

heterostructures. These results emphasize the substantial potential of Sr2Bi3Ta2O11Cl 

nanoplates for enhanced Rh110 production. 
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CHAPTER 2.5 

Conclusion & future outlook of part 2 

Conclusions 

In summary, the global energy crises, clean water shortages, and our heavy reliance on finite 

fossil fuels present monumental challenges with profound implications for the sustainability 

and well-being of our planet. To address these critical issues, Part 2 of this thesis is dedicated 

to tackling urgent global challenges through the harnessing of solar energy's vast potential via 

photocatalysis using Sillen Aurivillius phases as potential photocatalysts, offering innovative 

solutions to the persistent issues of inefficiency and instability commonly encountered with 

photocatalysts. The key findings of part 2 are summarized below. 

Chapter 2.1. elucidates the successful fabrication of composites comprising Bi3TaO7 and 

Bi4TaO8X (X= Cl and Br) through ambient air treatment of precursors, demonstrating 

significantly enhanced photocatalytic Rhodamine B degradation (RhB, a toxic pollutant) 

activity compared to pure Bi3TaO7 and Bi4TaO8X. Incorporating minute amounts of noble 

metals into these composites suppresses the recombination of photo-generated excitons, 

enhancing photocatalytic RhB degradation performance. The outstanding resilience of these 

catalysts against harsh conditions underscores their potential for environmental remediation 

applications. 

Chapter 2.2 realizes the concept of converting the toxic pollutant Rhodamine B (RhB) into a 

widely used pro-fluorophore and biologically important Rhodamine 110 (Rh110) which is 

recently used in SARS-CoV-2 research. Current commercial Rh110 production methods 

involve high-temperature condensation, resulting in complex side product separations, reduced 

purity, and high costs. This research demonstrates an economically viable method to convert 

RhB into Rh110 using Bi3TaO7-Bi4TaO8Br heterostructures as photocatalysts. These 

heterostructures efficiently deprotect inexpensive RhB's amino groups to yield pure Rh110 (a 

thousand times more expensive than RhB). A noteworthy discovery is the self-activation of the 

catalyst during the reaction, enhancing catalytic efficiency without the typical deactivation 

observed in photocatalysts over cycles. This study carries practical implications and historical 

significance by revitalizing the commercial value of Rh110 as a degradation intermediate in an 

environmentally sustainable manner, adding substantial worth to this well-established reaction. 
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Chapter 2.3 introduces the synthesis of highly active nanoplates of the double-layered Sillen 

Aurivillius phase Sr2Bi3Ta2O11Cl through the flux method, a feat not easily accomplished 

through the traditional solid-state method. Sr2Bi3Ta2O11Cl nanoplates have remarkable 

potential for the photocatalytic production of green and high energy density liquid fuel i.e., 

hydrogen peroxide (H2O2). Additionally, it also unveils a rare and highly pertinent self-

activation property in double layered sillen Aurivillius phase, which is thoroughly examined. 

Its sustainable and efficient H2O2 production capabilities hold the potential to supplant 

conventional methods, representing a significant advancement in the field. 

Chapter 2.4 is dedicated to the thorough exploration of double-layered Sillen Aurivillius phase 

Sr2Bi3Ta2O11Cl nanoplates for other critical catalytic applications. It highlights their efficiency 

in producing the highly valuable and important pro-fluorophore Rh110. This research stands 

out for its remarkable achievements, including an impressive 54% yield of Rh110 within just 

180 minutes during the initial catalytic cycle. Equally noteworthy is the observation of an 

unprecedented self-activation rate, resulting in 100% efficiency by the 11th cycle, surpassing 

the performance of Bi3TaO7-Bi4TaO8Br heterostructures. This underscores the substantial 

potential of Bi3TaO7-Bi4TaO8Br heterostructures for significant Rh110 production using these 

nanoplates. 

Future Outlook 

Sillen Aurivillius phases have garnered significant attention as potential photocatalysts for 

various applications, primarily due to their remarkable intrinsic stability. The key to their 

outstanding performance lies in the hybridization of post-transition metal S orbitals, such as 

the Bi 6s orbital, and O 2p orbitals. This interaction leads to a unique electronic structure that 

marks Sillen Aurivillus as exceptionally photostable, a phenomenon elucidated by the revised 

lone pair effect. Over the years, researchers have dedicated significant efforts to enhance the 

photocatalytic activity of these phases. While their primary application has been in oxygen 

evolution photocatalysis, there is a growing interest in extending their use to other crucial 

photocatalytic reactions, including photocatalytic nitrogen fixation, carbon dioxide reduction, 

and various organic transformations. To fully explore the potential of Sillen Aurivillius phases 

in different photocatalytic reactions, a comprehensive understanding of their photoelectric 

properties is imperative. However, despite the progress made, several key aspects remain 

elusive and require further clarification. These aspects include: the absorption coefficient, 
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charge carrier lifetime, mobility of photoexcited charge carriers, differentiation of defect 

concentrations within the bulk and at the surface, and quantification of active sites on the 

surface. A deeper understanding of these factors is indispensable to unlock the full efficiency 

potential of Sillen Aurivillius phases as photocatalysts. This knowledge will not only enhance 

their performance but also facilitate their practical application in a variety of important 

photocatalytic reactions, contributing to advancements in sustainable energy and organic 

synthesis.  
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Part 3 

Piezocatalytic Investigation of sillen Aurivillus 
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CHAPTER 3.1. 

Bi4TaO8Cl as a New Class of Layered Perovskite Oxyhalide Materials for 

Piezopotential Driven Efficient Seawater Splitting 

 

Summery 

Piezocatalytic water splitting is an emerging approach to generate “green hydrogen” that can 

address several drawbacks of photocatalytic and electrocatalytic approaches. However, 

existing piezocatalysts are few and with minimal structural flexibility for engineering 

properties. Moreover, the scope of utilizing unprocessed water is yet unknown and may widely 

differ from competing techniques due to the constantly varying nature of surface potential. 

Herein, we present Bi4TaO8Cl as a representative of a class of layered perovskite Oxyhalide 

piezocatalysts with high hydrogen production efficiency and exciting tailorable features 

including the layer number, multiple cation–anion combination options, etc. In the absence of 

any co-catalyst and scavenger, an ultrahigh production rate is achievable (1.5 mmol g–1 h–1), 

along with simultaneous generation of value-added H2O2. The production rate using seawater 

is somewhat less yet appreciably superior to photocatalytic H2 production by most oxides as 

well as piezocatalysts and has been illustrated using a double-layer model for further 

development. 

A Manuscript based on this work has appeared in Nano Lett. 2022, 22, 22, 8867–8874 
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3.1.1. Introduction 

                    A midst the growing energy and environmental crisis, the production of green 

hydrogen using different forms of renewable energies is fast emerging as a promising 

alternative.1−3 Piezocatalysis, a newly developed technology has demonstrated tremendous 

promise for hydrogen production due to many inherent benefits.4 Piezoelectrics are a class of 

materials with non-centrosymmetric crystal structures. Under external mechanical force, their 

constituting atoms get displaced within the unit cell to induce a mismatch of the cation and 

anion centers, resulting in polarization. Such piezopotential serves as a driving force for 

effective charge separation in the material.5 In contrast to photocatalysis, therein, an 

appropriate band-edge position is not required since band tilting under the piezoelectric field 

makes the conduction and valence bands appropriate for water splitting. High electrical 

conductivity is also not required as in the case of electrocatalysis.6,7  

                      In a pioneering work, ZnO nanowires were first used to establish the idea of a 

piezoelectric nanogenerator.8 Recently, piezoelectric materials such as perovskites (BaTiO3), 

2D (MoS2 and C3N4),
4,9 and bismuth-based layered materials (BiFeO3, BiOCl, etc.)10,11 that 

were formerly employed as sensors, transducers, etc. have now found a new purpose in 

piezocatalysis. Novel strategies such as polarization enhancement by crystal and phase-

boundary engineering, vacancy creation, etc. have been adapted to enhance their 

performances.3  

 3.1.2. Scope of the present investigation 

In this scenario, two important factors may be considered to impede the growth and 

diversification of this technology. First, considering that most materials allow transient 

symmetry breaking in some of the crystallographic directions for use in piezocatalysis, the 

number of such phases explored so far has remained minuscule and crystallographically simple. 

As the strategies to improve their performances are diverse, complex materials with multiple 

flexible structural and compositional features can highly augment rational design and 

performance control strategies. For example, the Sillen Aurivillius phases enable the 

intergrowth of two structurally distinct families of crystals into one in a layered fashion where 

each family can be individually tuned by varying the number of layers and choosing from 

multiple cation/anion options,12 providing ample scope for engineering properties such as 

piezoelectric constant-free charge carriers, ionic conductivity, under pressure stability, etc.13  
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                  Second, it is unsustainable to utilize ultrapure water for hydrogen generation. On 

the other hand, seawater accounts for ∼97% of all water resources, which has led to enormous 

interest in seawater splitting by other means such as photocatalysis.14−16 Oceans also offer a 

diverse spectrum of frequencies, some closely matching those used in piezocatalysis. Shipping 

takes up the low-frequency range (10−500 Hz), sonars contribute to the medium-frequency 

range (0.5−25 kHz), while thermal noise dominates the high frequencies (>25 kHz) and is 

harvested using piezoelectric materials.10 However, the prospects of using seawater in 

piezocatalysis have never been explored. Importantly, considering the dynamic nature of 

piezoelectric charge density and its screening possibility by ions to profoundly influence 

piezocatalysis, seawater splitting efficiency in the presence of high salt concentrations may be 

very different and not predictable.  

                     Herein, we report on the single-crystalline Bi4TaO8Cl nanoplates, a member of 

the structurally diverse Sillen Aurivillius phases, as a piezocatalyst to split water with 

remarkably high efficiency even without the assistance of any cocatalyst and scavenger to 

produce H2 and value-added H2O2 simultaneously. The amount of H2 generated at 37 kHz 

frequency is 1.5 mmol/g/h and further improves in the presence of charge-trapping agents. 

Importantly, we report for the first time on the scope of seawater splitting through 

piezocatalysis using these nanoplates with a hydrogen production rate of 854 μmol/g/h, which 

is appreciably superior to photocatalytic H2 production by other oxides and many 

piezocatalysts using pure water. We evidence the differences with photocatalytic splitting of 

seawater that would streamline the use of unprocessed water during piezocatalytic water 

splitting. 

3.1.3. Methods 

 3.1.3.1. Catalyst Synthesis 

Synthesis of Bi4TaO8Cl nanoplates: The flux approach was used to synthesize 

Bi4TaO8Cl nanoplates by taking a stoichiometric molar ratio of Bi2O3, BiOCl, and Ta2O5 

(3:2:1) at a solute concentration of (Bi4TaO8Cl / (Bi4TaO8Cl + flux)) of 3.2 mol%. A molten 

salt of an alkali metal chloride (eutectic mixture (1:1) of NaCl and KCl) was used as the flux. 

The mixture was first grounded using a motor and pestle then transferred onto a silica boat 

followed by heating at 750 °C with a heating rate of 3 °C min−1 for 4 h in a muffle furnace. The 
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products were thoroughly washed with deionized water more than five times to remove the 

flux after cooling at room temperature, collected by filtration, and dried at 60 °C for 10 h.1 

3.1.3.2. Photocatalytic reactions 

Piezocatalytic hydrogen evolution experiments: In a typical experiment, 10 mg of 

the Bi4TaO8Cl nanoplate was dispersed in 30 mL of pure water. The solid solution sealed in a 

500 ml RB was evacuated by purging the solution with N2 for an hour to completely remove 

the air. The RB was then placed in the center of an ultrasonic bath (ELMA Elmasonic P300H 

with a power of 110W and two ultrasonic switchable frequencies i.e. 37 kHz and 80 kHz) and 

then exposed to different ultrasonic vibrations. The temperature of the piezo-catalytic system 

was controlled at 30 °C using a circulating water-cooling system. The gas thus produced was 

periodically withdrawn with a gas-tight syringe and examined by gas chromatography (GC). 

For seawater splitting, simulated seawater i.e. an aqueous solution prepared by dissolving 27.21 

g of NaCl, 3.81 g of MgCl2, 1.66 g of MgSO4,1.404 g of CaSO4, 0.577 g of K2SO4, 0.2124 g 

of K2CO3, and 0.08 g of MgBr2 in 1 L of distilled water was used.3 

Charge trapping experiments: For the charge trapping experiments, 0.05 M AgNO3 and 

10 vol% lactic acid were used as the trapping agents for piezoelectrically-induced negative and 

positive charges respectively. 10 mg of the Bi4TaO8Cl nanoplate dispersed in 30 mL of pure 

water along with trapping agents AgNO3 or lactic acid was used to check hydrogen production.  

H2O2 and •OH measurement: The piezocatalytic generation of H2O2 and •OH in pure 

and seawater were detected by the iodide titration method and terephthalic acid photon 

fluorescence method, respectively. The quantity of H2O2 formed in this process was determined 

by taking 500 µl of an aliquot from the reaction solution in every 60 min time interval and then 

treating it with 2 ml 0.1 M KI solution and 50 ml 0.01 M H32Mo7N6O28 solution. The 

concentration of H2O2 was obtained by evaluating the absorbance of the KI/ H32Mo7N6O28 

combination at 352 nm by UV-Vis. spectroscopy.  

For •OH detection, (0.5 × 10−3 M) terephthalic acid solution along with 10 mg of catalyst was 

dispersed in 30 ml of water. The homogeneous suspension was then exposed to ultrasonic 

irradiation. After every 60 min interval, about 1 ml of the suspension was analyzed by 

fluorescence spectrophotometer. The amount of •OH radicals was determined by measuring 

the fluorescence intensity at 425 nm with the excitation wavelength of 315 nm in a fluorescence 

spectrophotometer. 
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O2• - measurement: The piezocatalytic superoxide radical detection was done by taking 10 

mg of Bi4TaO8Cl dispersed in 30 ml of nitro blue tetrazolium (NBT, conc. 0.025 × 10−3 m) 

aqueous solution. The homogenous suspension was sealed in a 500 ml round bottom flask (RB) 

and evacuated by purging the solution with N2 for an hour to completely remove dissolved 

oxygen.5 The RB was then placed in the center of an ultrasonic bath (ELMA Elmasonic P300H) 

and then exposed to ultrasonic vibrations. The temperature of the piezo-catalytic system was 

controlled at 30 °C using a circulating water-cooling system. After every 1h interval, about 1 

mL of the aliquot was taken and centrifuged to remove the catalyst. Then, the clear solution 

was analyzed on a UV-lambda 365 spectrophotometer.  

Measurement of oxygen evolution: The sensing patch was attached to the inner wall of 

the flask in such a way that it is immersed in the reaction aliquot and can measure dissolved 

oxygen. To study oxygen evolution, first, the amount of oxygen dissolved in water was 

measured (317 µmol/L) which further increased to 371 µmol/L with the addition of 10 mg 

Bi4TaO8Cl.4,5 To check the amount of oxygen that evolved during catalysis, the reaction 

mixture was first degassed by nitrogen purging for 1 h, then subjected to ultrasonic irradiation 

for 4h. The oxygen was measured every 1 hour. 

3.1.3.3. Characterization 

All the characterization techniques are discussed in chapter 1.2. 

3.1.4. Results and Discussion 

3.1.4.1. Catalyst Characterization 

Figure 3.1.1. a, b, and c show the crystal structure of layered bismuth-based oxyhalides, 

Bi4MO8X (M = Nb, Ta; X = Cl/Br), a member of the Sillen Aurivillius phases with the general 

formula [An−1BnO3n+1] [Bi2O2] [X]m, where n represents the number of perovskite layers.17 It 

consists of halide (X), fluorite (Bi2O2), and perovskite (MO4) layers. As illustrated by 

Kageyama and co-workers recently, Bi4MO8X exhibits spontaneous polarization along the a-

axis and the c-axis due to Bi3+ stereochemically active lone pair electrons and second-order 

John-Teller effect around M.18 Its band structure supports an enormously stable oxygen 

evolution in photocatalysis but is not suitable for hydrogen evolution due to poor band 

alignment.19 Single-crystalline Bi4TaO8Cl nanoplates were prepared using a eutectic flux of 

NaCl and KCl.20 The crystallinity of the product was analyzed by powder X-ray diffraction 
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(XRD, Figure 3.1.2. a), where all diffraction peaks are assigned to pure Bi4TaO8Cl with the 

lattice constants of a = 5.54 Å, b = 5.6 Å, and c = 29.8 Å (ICDS# 89-009-3557), confirming 

purity.  

 

 Figure 3.1.1. Crystal structure seen from the (a) ac plane and (b) ab plane. Blue, brown, pink, 

and green balls represent Bi, Ta, O, and Cl atoms, respectively. (c) Single MO4 layer is seen 

from the ab plane where the arrows show the displacement of oxygen atoms from the non-titted 

perovskite under pressure that contributes to the polarization along the a-axis. The dotted lines 

represent the unit cell axis. 

                 Scanning electron microscopy (SEM) images (Figure 3.1.2. b) show that the sample 

consists of rectangular-shaped nanoplates with an edge length of ∼1 ± 0.25 μm. Their 

thicknesses are ∼100−120 nm and contain smooth surfaces (Figure 3.1.2. c). High-resolution 

transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) 
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analysis were carried out to check the orientation and crystalline nature of the individual 

nanoplates (Figure 3.1.2. d, e, f) show TEM and HRTEM images, suggesting that each 

nanoplate is single-crystalline and enclosed by {100}, {010}, and {001} facets, where the 

{001} facets are dominantly exposed. The lattice fringes of 0.38 and 0.28 nm are consistent 

with the (110) and (020) planes, respectively, inferring that the basal facet of nanoplates is 

{001}. The [001] zone axis of the SAED pattern confirms dominant exposure of the {001} 

facets (Figure 3.1.2. g) and single-crystallinity of individual plates.  

 

 

Figure 3.1.2. (a) Powder XRD pattern and (b) field emission scanning electron microscopy 

image of the nanoplates. (c) Atomic force microscopy image and the corresponding height 

profile (inset) of a nanoplate, (d−f) TEM and HRTEM images and (g) single-crystalline SAED 

pattern acquired on a single nanoplate. Inset in (g) shows the crystal facets enclosing a 

nanoplate. 

            X-ray photoelectron spectroscopy (XPS) was performed to verify the surface elemental 

composition and their oxidation states in the nanoplates (Figure 3.1.3. a). The high-resolution 

Bi 4f XPS spectrum (Figure 3.1.3. b) is fitted with peaks at the binding energies of 159.4 and 

164.6 eV corresponding to the 4f7/2 and Bi 4f5/2 states, respectively of Bi3+ ions. Ta 4f peaks 

however overlap with the Bi 5d peaks (Figure 3.1.3. c). The symmetrical O 1s spectrum at 

529.8 eV (Figure 3.1.3. d) represents the lattice oxygen moieties alone. In addition, the two 

split-peaks of chlorine at 197.7 and 199.5 eV represent Cl 2p3/2 and Cl 2p1/2, respectively, 

and correspond to a Bi/Cl % abundance ratio of 75.2:24.8, confirming the pure surface 
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composition of Bi4TaO8Cl (Figure 3.1.3. e, f) also matched by SEM-dispersive X-ray 

spectroscopy analysis (Figure 3.1.3. g).  

Figure 3.1.3. (a) XPS survey spectrum, (b) high-resolution XPS spectra of Bi 4f, (c) Bi-5d and 

Ta-4f (peaks at 26.7 & 24.84 eV correspond to Ta5+ 4f7/2 and Ta5+ 4f5/2 while the peak at 25.6 

& 28.6 eV belongs to Bi3+ 5d5/2 and Bi3+ 5d3/2), (d) O1s, and (e) Cl 2p (f) Plot showing 

percentage abundance of Bi with respect to chlorine in the Bi4TaO8Cl nanoplates.(g) FE-SEM 

EDS spectrum of Bi4TaO8Cl (h) UV-Vis diffuse reflectance spectroscopy of Bi4TaO8Cl (inset 

is corresponding Tauc Plot) (i) Mott–Schottky plots of Bi4TaO8Cl measured at 500 and 1000 

Hz. 

The electronic band structure was investigated by UV−vis absorption spectroscopy and 

Mott−Schottky measurements (Figure 3.1.3. h, i). UV−Vis diffuse reflectance spectrum of 

Bi4TaO8Cl exhibiting a steep absorption edge starting at 498 nm, in agreement with previous 

findings. The corresponding optical bandgap was estimated as 2.55 eV from the Tauc plot using 
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the equation (𝛼ℎ𝜈) = 𝐴 (ℎ𝜈 − 𝐸𝑔) n where Eg = optical bandgap energy, hν = light energy, A 

= constant, α = absorption coefficient and n = 2 considering an indirect bandgap.1 From the x-

axis intercepts, the flat potentials of Bi4TaO8Cl were obtained at -0.3 V versus NHE, as 

established in the literatures. Combined with the band gap value of 2.55 eV obtained from the 

Tauc plot, the VB position of Bi4TaO8Cl was estimated at +2.25 V. 

 

Figure 3.1.4. (a) Resonant peaks on a nanoplate recorded during PFM for different applied 

voltages showing a (b) linear correlation between the operating voltage and the amplitude. 

(c−e) Topography, amplitude, and phase images, respectively, of a Bi4TaO8Cl nanoplate. (f, g) 

Displacement−voltage curve and phase curve of Bi4TaO8Cl. (h, i) KPFM potential mapping 

image of Bi4TaO8Cl in the dark and the corresponding surface potential. 
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                  The piezoelectric properties of the nanoplates were characterized by piezoelectric 

force microscopy (PFM) and Kelvin probe force microscopy (KPFM). The pronounced 

resonance peaks at 322 kHz reflect the linear piezoelectric response at various voltages (Figure 

3.1.4. a, b) on a 100 nm thick nanoplate, as shown in Figure 3.1.4. c and exhibit a close match 

of the topography image to the corresponding phase and amplitude images (Figure 3.1.4. d, 

e). The local piezoresponse hysteresis loops were acquired by sweeping the DC bias from −10 

to 10 V and simultaneously measuring the phase and amplitude responses. We observed a clear 

butterfly-shaped amplitude loop (Figure 3.1.4. f) with a maximum effective piezoelectric 

coefficient determined as 53.6 pm/V (a deviation of ∼10% in various nanoplates), indicating 

that the Bi4TaO8Cl nanoplate has pronounced piezoelectric properties. In addition, in the 

corresponding phase-angle−voltage hysteresis plot (Figure 3.1.4. g), a shift of 180° under the 

reversal of the DC bias confirmed polarization switching within the nanoplate. For a better 

comprehension of charge transport, a piezoelectric potential map (Figure 3.1.4. h, i) was 

acquired by scanning the KPFM cantilever over the nanoplate, and a contact potential 

difference (CPD) between the tip and the nanoplate was measured, revealing a surface potential 

of −18 mV. The work function φ was be determined by the equation:21 

𝜑𝑡𝑖𝑝−𝜑𝑠𝑎𝑚𝑝𝑙𝑒

𝑒
= 𝑉𝐶𝐷𝑃 

Where VCPD is the CPD between tip and sample, φtip and φsample are the work function of the 

tip and the sample, respectively, and e represents elementary charge. Highly oriented pyrolytic 

graphite (HOPG, φ = 4.66 eV) was used as a reference for calibrating φtip, and the work function 

of the nanoplate was estimated as 5.142 eV. Under sonication, however, the individual 

nanoplates may position themselves exposing different facets to sonic waves, giving rise to 

transient piezopotentials in all such facets. This is different from the potential developed under 

light irradiation where subsequent exciton transfer to the catalyst surface occurs in certain 

crystallographic directions only.22,23 In Bi4TaO8Cl, the photogenerated electrons were shown 

to migrate to the {100} and {010} facets only to facilitate their participation in reductive 

reactions in a facet-selective manner. To verify the extent of piezopotential generation under 

sonication, we attempted to piezocatalytically reduce Pt4+ and Ag+ on the nanoplates with the 

assumption that their reduction requires a potential higher than that for protons, and successful 

deposition will guarantee H2 evolution in all facets, a huge advantage over the photocatalytic 

approach (in addition to “not needing” cocatalysts and scavengers). Figure 3.1.5. a, b, c shows 

the SEM images and SEM-EDS data of the Ag nanoparticles randomly deposited on all 
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exposed facets of the nanoplates showing that the piezopotential generated is not facet-

selective. The same was the case for Pt, too (Figure 3.1.5. d and inset). Therefore, the random 

generation of piezopotential on the catalyst surface (Figure 3.1.5. e) is expected to enrich the 

number of reductive reactive sites leading to an improved hydrogen generation efficiency.  

 

Figure 3.1.5. (a) FE-SEM image, (b) Schematic showing Piezocatalytic Ag loading on all 

facets of the nanoplate. (c) FE-SEM EDS data showing the presence of Ag. (d) SEM image 

showing deposition of Pt on all (inset show schematic for Pt deposition on all facets under 

ultra-sonication). (e) Schematic showing generation of polarization in different directions in 

the nanoplate.   

3.1.4.2. Piezocatalytic Hydrogen Generation 

To explore the Piezocatalytic efficiency of the bare Bi4TaO8Cl nanoplates, the splitting of water 

was carried out under ultrasonic vibrations using different frequencies and power. Notably, no 

hole scavengers were used, unlike photocatalytic approaches, since their use can be considered 

to be a disadvantage due to cost and usage in large quantities as compared to the amount of 

hydrogen produced. Similarly, no Pt-based cocatalyst was used either. Figure 3.1.6. a shows 

the typical hydrogen production rates under different conditions, i.e., in the presence or the 

absence of a catalyst. As observed earlier, too, we found that ultrasound alone can split water 

to produce a trace amount of hydrogen (1.92 μmol in 4 h).24 This is unlike in the presence of 
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the catalyst where hydrogen production continuously increases in significantly larger quantities 

(50 μmol in 4 h or 1.508 mmol g−1 h−1 of catalyst), establishing that the co-catalyst-free 

Bi4TaO8Cl nanoplates play an important role in ultrasonic water splitting under scavenger-free 

conditions. Moreover, the oxidation of water simultaneously produces value-added H2O2 as a 

counter-reaction, inferring that the piezopotential-induced positive charges oxidize the OH− 

ions to H2O2. The production rate of H2O2 is 399 μmol g−1 h−1 (Figure 3.1.6. b). Note that we 

have also observed oxygen evolution (Figure 3.1.6. c, d), which can evolve either from the 

oxidation of water or from the decomposition of H2O2. To investigate the active species 

responsible for water splitting, Piezocatalytic experiments were carried out using lactic acid  

 

Figure 3.1.6. (a) Ultrasound irradiation-induced H2 production rate in the presence or absence 

of a piezocatalyst. (b) UV-Vis. absorbance plot showing the formation of H2O2 during H2 

production.(c) Plot showing oxygen evolution under ultrasonication over Bi4TaO8Cl, the 

amount of oxygen increases with increasing the ultrasonication time with an evolution rate of 

69 µmol/h/g (standard deviation ~ 10%) (Note that oxygen evolution is in addition to H2O2 

generation) (d) UV-Vis. absorption spectra of nitro blue tetrazolium (NBT) over Bi4TaO8Cl 

under sonication confirming superoxide radical formation. 1 mole of NBT can react with 4 mol 

of •O2 − and display a maximum in UV-Vis. absorbance spectrum at 259 nm. (e) Plot showing 

the effect of trapping agents on H2 production. (f) Fluorescence spectra of TA solution over 

Bi4TaO8Cl during ultrasonic irradiation. 
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and AgNO3 as positive and negative charge-trapping reagents, respectively (Figure 3.1.6. e). 

In the presence of lactic acid, the recombination of the induced charges was significantly 

suppressed due to scavenging of positive charges, leading to an increase in the lifetime of the 

surface negative charges and 14% increase in H2 generation.22 Conversely, H2 generation was 

highly suppressed in the presence of AgNO3, suggesting that the induced negative charges are 

its primary active species.9 To verify that the surface positive charges oxidize the OH̅ to • OH 

radicals during H2O2 production, we further detected these radicals using terephthalic acid 

(Figure 3.1.6. f).22 The strong photoluminescence peak at 425 nm confirms that Bi4TaO8Cl 

generates a large amount of • OH under ultrasonic agitation. However, the molar ratio of H2 

and H2O2 thus produced is not 1:1, which may result from the incomplete •OH conversion,  

 

 

Figure 3.1.7. (a, b) Hydrogen production as a function of ultrasonic frequency and power 

respectively. (c) H2 production by the same Bi4TaO8Cl powder in seven successive cycles. 

 

back reaction, and two-step reactions of water oxidation decreasing the H2O2 production rate. 

We subsequently investigated the effect of frequency and power on hydrogen production. As 

shown in Figure 3.1.7. a, hydrogen production is high at 37 kHz compared to 80 kHz probably 

due to proximity to the resonance frequency of the catalyst.10 Figure 3.1.7. b shows the 

influence of ultrasonic power on hydrogen production at 37 kHz. The rate increases with the 

increasing power from 40% (44 W) to 100% (110 W). However, the increase is nonlinear, and 

the yield of hydrogen increases nearly by 2.5, 6.5, and 18 times when power was raised from 

40% to 60, 80, and 100%, respectively. The relationship between the piezoelectric charge 

density (Qp), piezoelectric coefficient (d), and external stress (T) can be described as Qp= dT. 

Higher vibrational power leads to higher T and more piezoelectric charges, resulting in a higher 
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hydrogen production rate. While such an increase in the H2 yield is quite encouraging, little is 

known about the stress transfer mechanisms and surface structural integrity during 

piezocatalysis to justify the nonlinear increase, and a comprehensive understanding should lead 

to rational improvement strategies. The H2 evolution rate for Bi4TaO8Cl remains almost 

constant over seven consecutive cycles for a total of 28 h (Figure 3.1.7. c), indicating that the 

highly stability of the catalyst (also confirmed by PXRD, TEM, HRTEM and BET seen in 

Figure 3.1.8. a, b, c, d respectively). The comparison of the specific surface area and XRD 

pattern of the fresh and the used catalysts show that there are no appreciable changes in their 

physical properties. The TEM analysis of the used sample showed that the morphology of the 

sample did not change, confirming high stability. 

 

 

Figure 3.1.8. (a) Powder XRD patterns of Bi4TaO8Cl nanoplates before and after catalysis. (b) 

TEM and HRTEM image of the Bi4TaO8Cl nanoplates after catalysis. (c) BET surface area 

measurements of the Bi4TaO8Cl nanoplates before and after catalysis. 
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3.1.4.3. Seawater Splitting Prospects Using Piezocatalysis 

 

Figure 3.1.9. (a) Comparison of H2 production from pure and simulated seawater by 

Bi4TaO8Cl. (b) UV-Vis. absorption spectra of KI/ H32Mo7N6O28 at 352 nm showing the 

formation of H2O2 in seawater. (c, d) Comparison of H2 production performance of Bi4TaO8Cl 

in pure water and seawater with the photocatalytic activity of Sillen Aurivillius phases and 

other reported piezocatalysts (including those employing further activation strategies by using 

scavengers, co-catalysts, and light), respectively. 
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K+, Cl−, and SO4 
2− accounting for >90% of the total salt content.25 We used a combination of 
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concentrations to check the piezocatalytic seawater splitting efficiency (Figure 3.1.9 a, b). The 

H2 and H2O2 production rate of the nanoplates in simulated seawater is 854 and 282 μmol g−1 
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Table 3.1.1. Comparison table showing piezocatalytic H2 evolution activity of Bi4TaO8Cl as 

compared to other reported photocatalysts, piezocatalysts, and photo piezo catalysts.  
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Aurivillius phases and some other oxides as well as (ii) several previously reported 

piezocatalysts using ultrapure water.13,26−31 Photocatalytic H2 evolution by Bi4TaO8Cl 

nanoplates has barely been investigated so far and is unlikely to be good, even though very tiny 

amounts of H2 evolution (5−100 μmol g−1 h−1 ) using various other Sillen Aurivillius phases 

were observed occasionally, but only after Pt loading (Figure 3.1.9 c). In that sense, it is 

remarkable that, under piezocatalytic conditions, all facets develop enriched reductive sites, 

resulting in significant hydrogen production. Moreover, the production in this study 

outperforms all previously reported oxide piezocatalysts in terms of the H2 generation rate 

(Figure 3.1.9 d and Table 3.1.1.) including coveted materials such as PZT. 

 

3.1.4.4. Mechanism of Piezocatalysis and Influencing Factors in Seawater 

Splitting 

To understand the mechanism more clearly, we can approximate the piezocatalytic system to 

a conventional electrocatalytic system where an external electric potential is applied for driving 

electron transfer reactions. In piezocatalysis, the external power source is replaced by an 

internal piezoelectric potential developed from stress. When a strained piezoelectric material 

is placed within an aqueous medium of finite conductivity and polarizability, its 

piezoelectricity-induced surface charges can be diminished in two ways: (i) capacitive current, 

leading to the formation of double layers around piezoelectric surfaces, thus screening surface 

potential and reducing the probability of a redox reaction; (ii) faradic current, the other fraction 

of the charges that transfer between the solution and piezoelectric surfaces and thus inducing a 

redox reaction. A fast charge transfer between the piezoelectric and electroactive species is 

crucial for the available piezo-induced surface charges to completely participate in the process. 

Otherwise, the direction of the generated piezoelectric field changes frequently in the ultrasonic 

process, resulting in substantial recombination of piezoelectric charges. As shown Figure 

3.1.10. a, b a steady electrochemical equilibrium between Bi4TaO8Cl and the solution is 

achievable in a solution. However, when stress is applied to the nanoplate by the implosive 

collapse of a cavitation bubble during piezocatalysis, the nanoplate deforms and creates a 
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favorable energetics landscape for H2 evolution at the negatively charged side by the transfer 

of electrons from its valence band to species in solution. 

 

  

Figure 3.1.10. (a, b) Energy band diagram of unstrained and strained Bi4TaO8Cl showing band 

bending and charge transfer during piezocatalysis. (c) Schematic illustration of the hydrogen 

and H2O2 production under piezocatalytic conditions over a polarized Bi4TaO8Cl nanoplate. 

Inset shows the polarization direction along the [001] crystal axis with maximal surface 

exposure19 (color codes for the atoms are kept the same as in Figure 7.1.). (d, e) Schematic of 

(a) (b)

(c)

(d) (e)
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the impeded H2 evolution process within the double layer while having high electrolyte 

concentrations as in seawater. 

Simultaneously, on the positive side of the nanoplate, water oxidation takes place with a net 

electron flow into the piezocatalysts conduction band. Figure 3.1.10. c schematically depicts 

the process of hydrogen and H2O2 production over Bi4TaO8Cl nanoplates, where piezoelectric 

modulation of charge carriers naturally allows the enhancement of electrochemical-equivalent 

processes occurring at the piezoelectric material and solution interface, while charge-carrier 

conduction during conventional photocatalysis is rather poor in Bi4TaO8Cl. The H2 production 

from the piezocatalytic splitting of seawater decreases as compared to pure water. Consider the 

following equation:6  

                                                                 ∆𝑄𝑝= ∫ 𝐼𝑓dt + 𝐶𝑑𝑉𝑑 

Where ΔQp is the piezoelectricity-induced surface charge, If is the faradic current, and CdVd 

is related to the capacitive current (Ic = dCdVd/dt, in which Cd and Vd are the double-layer 

capacitance and voltage-drop across the double layer). A high Cd would potentially affect 

piezocatalytic efficiency by diminishing If. As such, concentrated electrolytes in piezocatalytic 

seawater splitting systems may severely restrict the efficacy of the piezocatalytic process by 

increasing Cd and screening the piezoelectric potential by draining the free energy available 

for driving redox reaction.6 Figure 3.1.10. d, e schematically illustrates the decrease in H2 

production by Bi4TaO8Cl in high electrolyte concentration (seawater) due to this effect. 

Interestingly, it is widely reported in electrocatalytic seawater splitting literature that the 

reduced H2 evolution activity in saline conditions is attributable to the blocking of active 

sites.32,33 Several cations present in saline water are known to undergo either electrodeposition 

through reduction or are deposited as hydroxides at the cathode under reductive conditions to 

decrease faradic efficiency, and similar effects may arise during piezocatalysis.34,35  

3.1.5. Conclusion 

In conclusion, we present Bi4TaO8Cl as a member of a new class of layered perovskite 

oxyhalide materials with highly efficient piezocatalytic hydrogen production efficiency even 

in the absence of any cocatalyst and scavenger. As a counterreaction, the process also generates 

value-added H2O2 simultaneously. We have further explored the scope of using seawater for 

piezocatalytic hydrogen generation for the first time. Even though the efficiency is somewhat 

less, it is appreciably superior to photocatalytic H2 production by most oxide materials and 
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piezocatalysts. A double-layer model has been proposed to illustrate the effects that would 

auger further developments of new piezocatalytic phases and the use of unprocessed water in 

this emerging approach. 
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CHAPTER 3.2.  

Unusual structural phase transition in BiOBr under high pressure and 

ultrahigh bifunctional fuel generation efficiency under piezocatalytic 

conditions  

Summary 

Conventionally, piezoelectric materials have required non-centrosymmetric crystal structures, 

posing a century-old challenge. However, we overcame this limitation by inducing polarization 

in centrosymmetric BiOBr through the creation of oxygen vacancies, which was confirmed by 

multiple studies. The piezoelectric property of BiOBr was evaluated using piezoelectric force 

microscopy (PFM), unveiling unexpected piezoelectric behavior with a piezoelectric constant 

of 93 pm/V. Furthermore, BiOBr displayed remarkable bifunctional piezocatalytic activity for 

complete water splitting, concurrently producing H2 and H2O2 without requiring co-catalysts 

or scavengers. To assess their impact on crystal structure, a high-pressure synchrotron X-ray 

diffraction investigation was conducted within a pressure range of 0.048 to 42.48 GPa, closely 

resembling piezocatalytic conditions. Remarkably, BiOBr underwent a distinctive isostructural 

phase transition under high pressure, all while maintaining crystallographic symmetry. These 

findings provide opportunities to design piezoelectric materials beyond centrosymmetric ones.  
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3.2.1. Introduction 

Catalytic water splitting technology is a possible solution to tackle the global energy 

and environmental crises since it converts different forms of renewable energies into H2 with 

a high energy capacity (143 MJ kg−1) and benign O2 as a byproduct.1–4 However, the necessity 

for separating these gases, the sluggish kinetics of the four-electron O2 evolution process, and 

the unavoidable reverse reaction are major obstacles that must be resolved for its commercial 

implementation. Therefore, the two-electron pathways that result in the production of H2O2, 

besides H2 is a better alternative to improve the viability of the water-splitting process. This 

approach not only can address the aforementioned challenges but also yield more valuable 

H2O2 which is a clean liquid fuel and a versatile industrial chemical.5–7 The commercial 

production of hydrogen peroxide involves the anthraquinone oxidation process. However, due 

to reliance on energy-intensive multi-step reactions and the safety challenges associated with 

handling high-pressure hydrogen, makes this process environmentally non-beneficial. In this 

context, the simultaneous production of green H2 and H2O2 using renewable energy is a highly 

desirable alternative.8–10  

3.2.2. Scope of Investigation 

           Piezocatalysis is an emerging approach for fuel production by utilizing waste 

mechanical energy to induce atomic displacement and polarization within a catalyst material, 

which in turn facilitates effective charge separation.11 Unlike traditional photocatalysis, 

piezocatalysis doesn't rely on precise band-edge positions because the piezoelectric effect can 

naturally bend the conduction and valence bands. 12,13 Furthermore, it can work effectively in 

materials with lower electrical conductivity, expanding the pool of suitable materials, and 

doesn't require an external voltage source, as in electrocatalysis.14 A number of piezocatalysts 

have been developed recently with H2 production efficiencies per gram of the catalyst 

surpassing those in the photocatalytic approach, despite not using any noble metal cocatalysts 

and hole scavengers. In a few cases, minuscule amounts of H2O2 production have also been 

observed. The H2O2 production can, in certain cases, negatively impact the overall efficiency 

because the same upon decomposition generates molecular O2 which scavenges the negative 

charges on the catalyst to form H2O2 again, and the cycle reduces both the H2 and H2O2 

production.1,15,16 Therefore, designing new catalysts with improved efficiencies for the 

simultaneous production of these two fuels is critical for realizing waste mechanical energy 

harvesting for fuel generation.    
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However, a major challenge in designing piezoelectric catalyst materials is that they 

must possess a crystal structure devoid of a center of symmetry, or else, the pressure-induced 

polarization in the unit half-cells cancels each other to severely limit the choice of a catalyst.17,18 

Therefore, it is essential to explore and develop materials that do not rely on an overall non-

centrosymmetric structure alone to develop piezoelectric charges. Herein we demonstrate that 

centrosymmetric defect-rich BiOBr can act as a highly efficient bifunctional catalyst for two-

electron overall pure water splitting with simultaneous evolution of H2 evolution and H2O2 

under ultrasonic treatment in the absence of any co-catalyst and scavenger. The hydrogen 

evolution rate of 2.7 mmol h-1 g-1
 is significantly higher than most of the recently developed 

piezocatalysts and photocatalysts that use noble metals as cocatalysts and scavengers for hole 

annihilation.  The simultaneous H2O2 generation rate of 462 μmol h-1 g-1 is also the highest 

known to date when considering all metal-based catalysts and the fact that only the hydroxyl 

oxidation route is active for its generation, as the reaction is carried out under an inert 

atmosphere.   

  Even though a BiOBr crystal being centrosymmetric is not expected to exhibit 

piezocatalytic behavior,19 our measurements established that their microparticles prepared 

under hydrothermal process are highly piezoelectric. We, therefore, explored the possibility of 

any changes in its crystal structure up to 42.5 GPa pressure for the first time matching those in 

the piezocatalytic conditions using synchrotron radiation X-ray diffraction measurements, 

which revealed an interesting, previously unknown phase transition, but remained 

centrosymmetric throughout.20 We subsequently explored the possibility of local symmetry 

breaking in the crystal leading to polarization due to the presence of oxygen vacancies, which 

are usually present in these phases.21,22 Very recently, such vacancies have been shown to lead 

to giant piezoelectricity in other oxide phases.23 Chemical analysis of our sample confirmed 

oxygen sub-stoichiometry and the presence of such vacancies. we systematically varied the 

oxygen vacancy concentration in the sample. The vacancy concentration was confirmed from 

positron annihilation spectroscopy and revealed that increasing its concentration improves fuel 

generation efficiency. Finally, we have noted that since no excitons are involved, BiOBr 

remains highly stable under the catalytic conditions. This is critically important because even 

though BiOBr/Cl has been thoroughly explored for its high efficiency in photocatalytic 

reactions, it remained unusable due to its instability against chlorine evolution because of its 

unique band structure.  
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3.2.3. Methods 

3.2.3.1. Synthesis of BiOBr: The BiOBr samples were prepared by a one-pot 

solvothermal method. In a typical synthesis, Bi(NO3)3.5H2O precursor was added to an 

ethylene glycol solution having KBr with Bi/Br molar ratio of 1. The mixture was stirred for 

30 min and then transferred into a Teflon-lined autoclave. The autoclave was heated at a 

temperature of 160 oC for 12 h under autogenous pressure and then air cooled to room 

temperature. The resulting precipitate was collected by centrifugation and dried at room 

temperature after washing them with ethanol and distilled water repeatedly.24 

To reduce the oxygen vacancy concentration in the as-synthesized BiOBr sample, 250 mg of 

the catalyst was treated by using 15 ml of 15 wt% hydrogen peroxide (H2O2) solution for 

approximately two hours. To further decrease the oxygen vacancy concentration, an additional 

250 mg of the catalyst was treated with another 15 ml of 30 wt% H2O2 solution for two hours.  

3.2.3.2. Piezocatalytic Hydrogen Evolution: piezocatalytic water splitting was done 

by dispersing 10 mg of BiOBr in 30 ml of pure water. The suspension was sealed and then 

evacuated by purging with N2 for an hour to completely remove air. The reactor was then 

exposed to ultrasonic vibration by using an ELMA Elmasonic P300H bath sonicator with a 

power of 110W and two ultrasonic switchable frequencies i.e., 37 kHz and 80 kHz. The 

temperature of the reaction system was controlled at 30 oC by using a water circulating system. 

The gas produced was withdrawn periodically with by gas-tight syringe and examined by gas 

chromatography (GC). 

3.2.3.3. Hydrogen peroxide measurement: The amount of H2O2 produced during 

piezocatalytic water splitting is detected by the iodide titration method. 500 µl of suspension 

was taken after every 30 min interval and treated with 2 ml 0.1 M KI solution, and 50 ml 0.01 

M H32Mo7N6O28 solution after centrifugation. After being reacted for 10 min, the concentration 

of H2O2 was determined by evaluating the absorbance of the KI/ H32Mo7N6O28 mixture at 325 

nm by UV-Vis. spectroscopy. 

3.2.3.4. Measurement of oxygen evolution: A sensor patch was affixed to the inner 

surface of a flask, ensuring it was submerged in the reaction solution to monitor the dissolved 

oxygen levels. To assess the amount of oxygen produced during the catalytic process, the 

reaction mixture was first purged with nitrogen for an hour to remove any dissolved oxygen. 
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Subsequently, the mixture was exposed to ultrasonic irradiation for a total of 4 hours, and 

measurements of oxygen levels were taken at hourly intervals. 

3.2.3.5. Characterization 

All the characterization techniques are discussed in chapter 1.2. 

3.2.4. Result and Discussion    

BiOBr belongs to the Sillen phases with a general formula of [Bi2O2]
2+[X2]

2-, consisting of 

stacked sheets of [Br–Bi–O–Bi–Br] (Figure 3.2.1. a) within the non-polar P4/nmm space 

group, where the mono [Bi2O2] layers alternate with double layers of Br along the c-axis. A Bi 

atom is coordinated by four oxygen and four bromine ions on either side, forming a Bi[O4Br4] 

decahedron with a net polarization vector pointing towards oxygen. The polarization is 

however neutralized by neighboring polyhedral along the c-axis due to its center of symmetry. 

The [Br–Bi–O–Bi–Br] sheets are held together by van der Waals forces between Bi & Br from 

the adjacent sheets leading to high compressibility under pressure. Thus there are two distinct 

distances between Bi and Br ion within a Bi−O−Br (intra)layer, represented by Bi−Br(I), 

whereas the same in the two neighboring Bi−O−Br (inter)layers along the [100] direction is 

represented by Bi−Br(II).25  

                The purity of the BiOBr particles obtained by the hydrothermal synthesis was 

confirmed by powder X-ray diffraction (XRD, Figure 3.2.1. b, a = b = 3.92 Å, and c = 8.39 Å 

(ICDS#98-001-1207)). Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM) analysis revealed that BiOBr consists of nanoplates that are radially aligned 

and tightly packed, forming a hierarchical microsphere with a diameter of ~2-3 µm (Figure 

3.2.1. c and inset, Figure 3.2.1. d). The lattice fringes in a nanoplate with 0.28 nm spacing 

(high-resolution TEM image, Figure 3.2.1. e) correspond to the (110) plane of BiOBr.19 The 

packing of the nanoplates leads to a mesoporous structure (type-IV N2 adsorption-desorption 

isotherm, Figure 3.2.1. f) having an average pore size of 20 nm and a surface area of 6.9 m2/g. 

Elemental composition and oxidation states of the surface atoms were confirmed by X-ray 

photoelectron spectroscopy (XPS). The analysis of the high-resolution Bi-4f XPS spectrum 

reveals peaks centered at 159.4 and 164.6 eV that correspond to the Bi 4f7/2 and Bi 4f5/2 states, 

respectively, indicating the presence of Bi3+ ions (Figure 3.2.1. g). The bromine peaks were 

observed at 67.8 and 68.9 eV, representing Br 3d5/2 and Br 3d3/2, respectively (Figure 3.2.1. 
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h). In the O 1s XPS spectrum (Figure 3.2.1. i), three distinct peaks at 529.2, 530.6, and 531.9 

eV can be discerned, representing lattice oxygen (OL, O2-) in BiOBr, oxygen atoms adjacent to  

 

      Figure 3.2.1. Crystal characterization (a) Crystal structure from the [001] direction (dark 

purple, purple, and blue spheres represent Br, O, and Bi atoms respectively). (b) Powder XRD 

pattern, (c) SEM, (d) TEM, and (e) HRTEM images of the BiOBr microsphere. (f) N2 

adsorption isotherm and pore-size analysis in the inset. (g) High-resolution XPS spectra of O1s 

of the BiOBr sample. (h, i) Amplitude, and phase images, respectively, of a BiOBr 

microsphere. (j, k) Displacement–voltage and phase curves of the microsphere. (l, m) KPFM 

potential mapping image of a microsphere in the dark and the corresponding surface potential. 
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oxygen vacancies (OV), and adsorbed O2 molecules (Oadd), respectively.21,26,27 It provides 

confirmation evidence for the presence of oxygen vacancies in the sample. The valance band 

maximum (VBM) and the conduction band minimum (CBM) positions were estimated at 2.17 

and 0.47 eV vs. NHE by relating an average bandgap of the microspheres (2.64 eV) from the 

observed at 67.8 and 68.9 eV, representing Br 3d5/2 and Br 3d3/2, respectively (Figure 3.2.1. 

h). In the O 1s XPS spectrum (Figure 3.2.1. i), three distinct peaks at 529.2, 530.6, and 531.9 

eV can be discerned, representing lattice oxygen (OL, O2-) in BiOBr, oxygen atoms adjacent to 

oxygen vacancies (OV), and adsorbed O2 molecules (Oadd), respectively.21,26,27 It provides 

confirmation evidence for the presence of oxygen vacancies in the sample. The valance band 

maximum (VBM) and the conduction band minimum (CBM) positions were estimated at 2.17 

and 0.47 eV vs. NHE by relating an average bandgap of the microspheres (2.64 eV) from the 

Tauc plot to a flat band potential of -0.47 V obtained from Mott–Schottky measurements 

(Figure 3.2.2.).28 

 

Figure 3.2.2. (a) UV-Vis diffuse reflectance spectroscopy of BiOBr and its corresponding (b) 

Tauc Plot (c) Mott–Schottky plots of BiOBr measured at 500 and 1000 Hz (d) Schematic 

showing the determined energy levels of BiOBr microspheres. 
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Figure 3.2.3. Piezoelectric properties of BiOBr (a) Resonant peaks on BiOBr microsphere 

recorded during PFM for different applied voltages showing a (b) linear correlation between 

the operating voltage and the amplitude. (c–e) Topography, amplitude, and phase images, 

respectively, of a BiOBr microsphere. (f, g) Displacement–voltage and phase curves of the 

microsphere. (h, i) KPFM potential mapping image of a microsphere in the dark and the 

corresponding surface potential. 

The unusual piezoelectric properties of the centrosymmetric BiOBr microsphere were 

confirmed using piezoelectric force microscopy (PFM) and Kelvin probe force microscopy 

(KPFM). The microspheres exhibited resonance peaks at 263 kHz with a linear piezoelectric 

response across various applied voltages (Figure 3.2.3. a and b). The topography image 

500 nm

500 nm

500 nm

-15 -10 -5 0 5 10 15
-40

-20

0

20

40

60

80

100

120

140

160

P
h

a
s
e

 (
d

e
g

re
e

)

Voltage (V)

500 nm

220 240 260 280 300
0

1

2

3

4

5

A
m

p
lit

u
d

e
 (

a
.u

)

Frequency (kHz)

 4 V

 3 V

 2 V

 1 V

1.0 1.5 2.0 2.5 3.0 3.5 4.0

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

P
ie

z
o

re
s
p

o
n

s
e

 (
a

.u
)

 Vartical Response

 Linear Fit

Drive Amplitude (V)

-15 -10 -5 0 5 10 15

0

20

40

60

80

100

A
m

p
lit

u
te

 (
p
m

)

Applied Voltage (V)

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

560

570

580

590

600

P
o
te

n
ti
a
l 
(m

V
)

mm

(a)

(b)

(f)(d)

(e)

(c)

(g)

(i)
(h)



191 
 

(Figure 3.2.3. c) is in agreement with the corresponding phase and amplitude images to show 

an apparent uniform response from the sphere (Figure 3.2.3. d e). The local piezoresponse 

hysteresis loops were obtained by sweeping the DC bias from -15 V to +15 V while 

simultaneously recording the phase and amplitude responses. A maximum effective 

piezoelectric coefficient of 63.29 pm/V (with a deviation of approximately 10%) was 

determined from the distinctive butterfly-shaped amplitude loop, underscoring the 

piezoelectric nature of the BiOBr microspheres (Figure 3.2.3. f). Notably, the phase-angle-

voltage hysteresis plot exhibited a 180° shift upon reversing the DC bias due to polarization 

switching within the subject (Figure 3.2.3. g). To understand the nature of the surface charge, 

a piezoelectric potential map was acquired by scanning the KPFM cantilever over the 

nanoplate. The contact potential difference (CPD) between the tip and the nanoplate unveiled 

a surface potential of 42 mV (Figure 3.2.3. h, i). Furthermore, the work function, φ, was 

determined by using a Highly Ordered Pyrolytic Graphite substrate (HOPG, with φ of 4.688 

eV) as a reference and using the equation below, 

                                                    𝜑tip-𝜑sample = 𝑒𝑉CPD 

Where φtip, φsample, and e represent the work functions of the tip and the sample, and elementary 

charge respectively.  

3.2.4.1. Piezocatalytic Hydrogen Generation 

 To assess the piezocatalytic efficiency of the BiOBr microspheres, the splitting of pure water 

was performed under ultrasonic vibrations without any scavenger or co-catalyst. Notably, a 

negligible amount of H2 was also detected (~33.6 micromoles g-12h-1 that does not change with 

time, Figure 3.2.4. a) under identical conditions but in the absence of the catalyst. On the other 

hand, a pronounced H2 evolution rate of ~6 millimole g-1 2h-1 establishes that the cocatalyst-

free BiOBr plays an important role in ultrasonic water splitting from the reduction of protons 

by its surface potential developed under ultrasonic pressure in the scavenger-free conditions. 

The effect of catalyst loading on H2 generation was examined (5 to 15 mg range, Figure 3.2.4. 

b) to find that increasing catalyst dosage reduces H2 generation per gram of the catalyst, 

attributed to the agglomeration of particles at higher dosages, reducing the effective acoustic 

power experienced by catalyst particles.17 We further conducted trapping experiments to 

determine the active species responsible for water splitting by using lactic acid as positive and 

AgNO3 as negative charge-trapping reagents respectively (Figure 3.2.4. c). It revealed that 

positive charge scavenging further increases H2 generation, due to suppression of the 



192 
 

recombination of induced charges resulting in an increased lifetime of negative charges.1 

Conversely, the introduction of AgNO3 noticeably inhibited the H2 generation rate, confirming 

that the induced negative charges are the primary active species for H2 evolution. 

 

Figure 3.2.4. Piezocatalytic activity of BiOBr (a) Ultrasound irradiation-induced H2 

production rate in the presence or absence of piezocatalysts. (b) Effect of catalyst dosage on 

H2 production. (c) Plot showing the effect of trapping agents on H2 production. (d, e) Hydrogen 

production as a function of ultrasonic frequency and power respectively. (f) Comparative 

previous studies. (g) Plot showing the comparison of H2O2 production performance of BiOBr 

evaluation of the hydrogen production efficiency of BiOBr with other piezocatalysts from with 

other reports  
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  Table 3.2.1. A comparison table showing piezocatalytic H2 evolution activity of BiOBr as 

compared to other reported piezo catalysts. 

 We also explored the impact of ultrasonication frequency and power on catalytic efficacy. H2 

production is high when a frequency of 37 kHz is used as compared to 80 kHz, owing to 

proximity to the resonance frequency of the catalyst (Figure 3.2.4. d).11 Additionally, the 

production rate at 37 kHz increases as power is increased from 40% (44 W) to 100% (110 W, 

Figure 3.2.4. e), where the increase is rather nonlinear with an initial rate of  

ReferenceScavengerH2 (μmol g–1 h–1)Energy SourcesCatalyst

No scavenger2724110W, 37KHzBiOBr

1Na2SO3(0.05

M)

124100W, 45KHzBiFeO3 NS

2-65560 kHz BaTiO3 NPs

3-29.1110 W, 40KHZMOS2

4methanol109.4Sr0.5Ba0.5Nb2O6/Sr2Nb2

O7 nanocomposites

5-1416.440 kHz, 100 W

visible light (λ ≥ 420 

nm)

BiFeO3@COF Z-

Scheme 

Heterostructures

6TEOA88110 W, 40KHZNi/GaN NW

7Glucose 

(0.1M)

48100 W, 45KHZSnSe Nw

8-472.7300 W Xe lampTiO2/BiOBr (3:1)

9-506.7040 kHz 100 WBi1/2Na1/2TiO3

10-108027kHzZnS nanosheets

11-109740 kHz 100 W, 300 W 

Xe lamp

La2NiO4 nanoplates

12Alcohol  

(50vol%)

857250W, 40kHz, Xe lamp 

150W

ZnSO3 Nw

13TEOA (15vol 

%)

158110W, 40KHz, Xe 

lamp 300W

Pt/ Bi0.5Na0.5TiO3

1420vol% 

methanol

90Xe lamp 300WPt/ Bi3Bi5Ta5O20Cl
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392 μmol h-1 g-1 improving enormously to 2.7 mmol h-1 g-1 at the end. The rate of 2.7 mmol h-

1 g-1 is one of the best performances reported to date (Figure 3.2.4. f, Table 3.2.1.). Considering 

piezoelectric charges, Qp = dT (where d is the piezoelectric coefficient and T is external stress), 

higher vibrational power can lead to higher T, which induces more piezoelectric charges, 

resulting in a higher hydrogen production rate. However, the processes of transient stress 

accumulation and transfer within a particle, and also, surface structural changes during 

piezocatalysis that are potentially responsible for the nonlinear increase are not well understood 

yet. In addition, we recently hypothesized that the fraction of the catalyst particles that are 

suitably exposed to ultrasonic pressure to experience sufficient band-bending for proton 

reduction may vary nonlinearly due to multiple bubbles bursting at higher power, leading to a 

non-linear effect.29  

 

Figure 3.2.5. (a) H2 and H2O2 production by the same BiOBr powder for a continuous 8h. (b) 

PXRD pattern of fresh and used BiOBr microspheres. (c) TEM and (d) HRTEM image of the 

BiOBr after catalysis 
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Importantly, as a counter-reaction, the oxidation of water resulted in the concurrent 

generation of hydrogen peroxide (H2O2,), indicating that the positive charges induced by the 

piezopotential oxidize hydroxide ions (OH-) to produce H2O2. The H2O2 production rate was 

estimated to be 462 μmol h-1 g-1 (Figure 3.2.4. g), which is comparable in performance 

considering even those catalysts that are developed for H2O2 production alone (Figure 3.2.4. 

h). It may be noted that H2O2 production can be induced by the reduction of molecular O2, 

which usually contributes majorly to its yield but competes with proton reduction to decrease 

the H2 yield, H2O2 can also be generated by the oxidation of OH- ions. In the present study, 

since no additional O2 flow was used, the H2O2 production entirely occurs from OH- oxidation. 

Thus, the ultrasonic process leads to the generation of two kinds of fuels with potentially no 

separation difficulties. However, since its production rate is somewhat lower than the H2 

production rate, we estimated the dissolved O2 (DO) level in the reaction mixture, which might 

have been generated from H2O2 decomposition.30 As seen in Figure 3.2.4. i, a gradual increase 

in the DO level confirms that a fraction of the produced H2O2 gets decomposed.  

                 The structural integrity of the catalyst during its continuous use has been 

investigated thoroughly to find barely any changes in the catalyst activity and structure. 

(Figure 3.2.5. a) shows that there is almost no change in H2 and H2O2 evolution. Figure 3.2.5. 

b P-XRD, 3.2.5. Figure 3.2.5. c TEM, Figure 3.2.5. d HRTEM confirms structural stability. 

It is to be highlighted that BiOCl/Br has been widely used as a photocatalyst for renewable 

energy harvesting and has proven to be an important catalyst. However, its stability against 

photocorrosion remains a bottleneck, in which case the high stability of these materials under 

piezocatalytic conditions is a critical finding for its sustainable use. It may be noted that 

photocorrosion under photocatalytic conditions originates from populating the chloride sub-

bands in the valance band by the excitonic hole that results in chlorine gas evolution.31 In that 

context, our high-pressure studies have demonstrated that under ultrasonic pressure, discussed 

vide infra, the contribution of oxygen to the valance band maximum significantly increases, 

which induces high stability of the lattice chloride against photo-corrosion. It may be 

highlighted that upon increasing O-contribution in the related Sillen Aurivillius phases, high 

stability has been demonstrated both experimentally and theoretically recently.  
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3.2.4.2. Structural Changes at High Pressure and Origin of Efficient 

Piezocatalysis 

To probe the potential structural changes occurring in BiOBr under piezocatalytic 

conditions and to understand the origin of piezocatalysis, in-situ high-pressure powder X-ray 

diffraction measurements were performed. Even though such a correlation has not been 

established in piezocatalytic systems, conventional high-pressure studies on piezoelectric 

systems often indicate phase transitions under high pressure.20  Our synchrotron measurements 

were conducted at room temperature and pressure values ranging from 0.248 GPA to 42.48 

GPA, closely matching those under piezocatalytic conditions. Figure 3.2.6. a displays the 

evolution of the X-ray diffraction patterns throughout this pressure range, establishing 

interesting but unusual peak shifts for different crystal planes. A consistent broadening of all 

peaks was observed, as expected under high pressure .32 Notably, no appearances of extra peaks 

or disappearances of the existing Bragg peaks were observed, apart from some sharp peaks that 

emerged from 7.36 GPa onwards, corresponding to the crystallization of Ne, used as a pressure-

transmitting medium.33 By using Rietveld refinement, the diffraction patterns could be 

modeled using the tetragonal p4/nmm space group at all pressures, suggesting minimal changes 

in the relative orientation of the constituting atoms throughout the experiment. The atomic 

coordination parameters at different pressures are summarized in Table 3.2.2. 

As seen in Figure 3.2.6. b, the variations in the a and the c parameters exhibited a 

noticeable discontinuity starting at ~16.24 GPa. A nearly linear decrease in the "a" parameter 

values undergoes a sudden change in slope from a higher decay rate to a lower one. On the 

other hand, the decrease in the "c" parameter can be fitted with an exponential decay until 16.24 

GPa, beyond which the rate of shrinkage slows down. Concomitantly, the axis ratio, “c/a”, 

exhibited a nonlinear decrease during the initial compression, indicating that the “c” parameter 

is more compressible than “a” (Figure 3.2.6. c) due to the weaker interlayer van der Waals 

forces relative to the stronger intralayer covalent bonding within the structure. Above 16.24 

GPa, the ‘c/a’ change rate followed a near-linear decrease, suggesting that the cell parameters 

‘a’ and ‘c’ undergo nearly isotropic contractions in the high-pressure region. The Bi−O 

distance decreases with increasing pressure, with discontinuous evolution at 16.24 GPa. 

Similarly, The Bi−Br(I) decrease follows apparent linearity before and after 16.24G Pa but 

with different rates, while Bi−Br(II) distances decrease exponentially and linearly before and 

after 16.24 GPa respectively, having relatively larger compression. Previously, similar 



197 
 

structural changes were observed in the case of BiOCl (p4/nmm space group) across ~17 GPa, 

attributed to an isostructural phase transition.20 Accordingly, a low-pressure phase (LPP) and 

a high-pressure phase (HPP) is defined here for BiOBr too across ~16.24 GPa.  

 

   

Figure 3.2.6. High-pressure phase transition in BiOBr (a) In-situ high-pressure synchrotron 

X-ray powder diffraction of BiOBr at room temperature up to 42.48 GPa. Pressure dependences 

of (b) lattice parameters, (c) the c to a ratio, (d) unit cell volume, V (the V–P relationship are 

fitted according to the BM-EoS equation of state), and (e) Bound distance of BiOBr up to 42.48 

GPa. 

 

The pressure-volume (P−V) data fits well to a third-order Birch−Murnaghan equation of state 

(BM-EoS, Figure 3.2.6. d) to obtain the zero-pressure volume (V0), bulk modulus (B0), and its 

pressure derivative (B0′). The bulk modulus B0 is estimated as 47.31 and 150 GPa for the LPP 

and HPP respectively, with a first-order pressure derivative B0 of 9 and 7.05, respectively. The 

respective ambient unit cell volumes (V0) of these two phases are 122 and 112 Å3 which are 
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higher by 10.2 and 0.5 value than BiOCl in the lower-pressure region and higher-pressure 

region respectively. The increased bulk modulus of the HPP is mainly due to the shrinkage of 

the Bi−Br (II) distance between the two neighboring Bi−O−Br layers upon compression. 

(Figure 3.2.6. e) 

 

       

 Table 3.2.2. the atomic coordination parameters of BiOBr at different pressures.  

                   Generally, it is expected that a centrosymmetric space group would not exhibit 

piezoelectricity. Additionally, the aforementioned synchrotron X-ray conducted under high 

pressure confirms that there is no evidence of crystallographic symmetry breakage in 

centrosymmetric BiOBr under high pressure, almost similar to piezocatalytic conditions. 

However, both Piezoresponse force microscopy (PFM) and piezocatalytic investigations have 

c^2RWpVolumeLattice 
parameter (c)

Lattice 
Parameter (a)

Pressure
(GPa)

0.6240.06867124.15(8)8.0811(28)3.9195(8)0.28

0.3470.03904118.03(7)7.7514(29)3.9022(6)2.14

0.5880.06538114.38(7)7.5686(24)3.8875(7)3.88

0.5730.06524113.70(7)7.5320(26)3.8854(9)4.44

0.6030.06679112.00(7)7.4576(24)3.8753(8)5.91

0.6200.06820110.36(7)7.3906(23)3.8642(8)7.36

0.2620.01090109.08(6)7.3378(19)3.8555(9)8.83

0.6300.06978107.73(8)7.2834(25)3.8459(10)10.44

0.6660.07410106.17(9)7.2223(28)3.8342(12)12.36

0.6940.07632104.85(10)7.1728(31)3.8233(13)14.6

0.6370.07109103.60(9)7.1225(29)3.8139(13)16.24

0.6690.07392102.18(11)7.064(3)3.8031(15)19.89

0.5360.05931100.51(10)7.0026(31)3.7886(14)23.56

0.6990.0779999.77(13)6.979(4)3.7809(19)26.97

0.6740.0751098.73(13)6.947(4)3.7700(19)31.16

0.6890.0772096.50(15)6.870(5)3.7480(23)38.76

0.6640.0736095.49(14)6.847(4)3.7344(20)42.48
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demonstrated that centrosymmetric BiOBr does respond to external pressure by concurrently 

producing H2 and H2O2, thereby confirming its piezocatalytic characteristics.  

                  A growing number of studies propose that oxygen vacancies in centrosymmetric 

crystal structures can lead to the generation of piezoelectric responses in these materials. For 

instance, D.S. Park et al. observed an exceptionally large piezoelectric response in 

centrosymmetric cubic fluorite gadolinium-doped CeO2−x films. This response was found to be 

two orders of magnitude larger than the responses observed in the best-known lead-based 

piezoelectric relaxor–ferroelectric oxide at kilohertz frequencies.23 The introduction of oxygen 

vacancies results in a chemical expansion of the films. Consequently, this creates a 

piezoelectric effect. Furthermore, Wang and colleagues observed the piezocatalytic 

degradation capability of organic dyes using BiOBr.345 However, the sources of polarization 

in centrosymmetric BiOBr have yet to be explored.  

 

Table 3.2.3. Positron lifetime parameters of the BiOBr-fresh, BiOBr-diluted, and BiOBr-

concentrated H2O2 treated samples. 

To elucidate the origin of polarization in centrosymmetric BiOBr we conducted a series of 

experiments involving the generation of three samples with varying oxygen vacancies by 

subjecting an initially synthesized oxygen vacancy-rich BiOBr sample to oxidation using 

hydrogen peroxide at room temperature. These samples were characterized through various 

analytical techniques, including powder-XRD pattern analysis (as shown in Figure 3.2.7. a), 

which confirmed the sample's stability at the bulk level even after the H2O2 treatment. Figure 

3.2.7. b displays high-resolution XPS data of O1s for all three samples. The O1s peak area, 

I3 (%)τ3 (ps)I2 (%)τ2 (ps)I1 (%)τ1 (ps)Sample

1 ± 0.061888 ± 4884 ± 1308 ± 115 ± 1100 ± 2BiOBr- fresh

1 ± 0.11896 ± 4282 ± 1308 ± 117 ± 1100 ± 5BiOBr-dil.

2 ± 0.061979 ± 6076 ± 1330 ± 222 ± 1105 ± 5BiOBr-Conc.
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corresponding to oxygen atoms proximate to oxygen vacancies, decreased, while the lattice 

oxygen peak increased as we progressed from the fresh BiOBr to the samples treated with 

diluted and concentrated H2O2. This indicates a reduction in the abundance of oxygen 

vacancies (Figure 3.2.7. c). EPR spectroscopy (Figure 3.2.7. d) revealed a distinctive peak at 

a g-factor of 2.002, which is associated with oxygen vacancies. The decreasing intensity of this 

peak as we transitioned from fresh BiOBr to dilute and then to concentrated H2O2-treated 

BiOBr clearly indicates the diminishing presence of oxygen vacancies.  PAS characterize the 

type and concentration of vacancies. The positron annihilation lifetime spectra (PAL, Table 

3.2.3.) were analyzed, revealing three distinct lifetime components. The longest component  

 

Figure 3.2.7. (a) Powdered X-ray Diffraction (XRD) pattern, revealing the stability of oxidized 

samples at the bulk level. (b) High-resolution spectra of O1s showcasing the reduction in 

oxygen vacancies as the oxidation of fresh BiOBr increases. (c)  Plot illustrating the 

diminishing abundance of oxygen vacancies. (d) The Electron Paramagnetic Resonance (EPR) 

plot (e) CDB spectra (e) further confirms the decrease in oxygen vacancy levels as the oxidation 

of BiOBr microspheres progresses (f) Plot showing a reduction in hydrogen (H2) production in 

correlation with decreasing oxygen vacancy concentrations. 
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(τ3), approximately 1888 ps in duration with a minor intensity (~2%), represents positronium 

atom pick-off annihilation. The shortest component τ1 represents the free annihilation of 

positrons in a defect-free state. The τ2 component, which is much longer than τ1 lifetimes, is 

attributed to oxygen vacancies. Notably, the contribution of τ2 was relatively high in all three 

samples, suggesting that oxygen vacancies predominantly constitute the defect structure in the 

BiOBr microspheres. Furthermore, with an increasing concentration of H2O2 treatment, the 

relative intensity of τ2 increased, while τ1 decreased, indicating a progressive reduction in 

oxygen vacancies with H2O2 treatment.35 Coincidence Doppler broadening (CDB, Figure 

3.2.7. e) spectra were analyzed by calculating point-by-point intensity ratios using a 99.9999% 

pure aluminum single crystal as a reference. The ratio curve of CDB for all three samples 

exhibited a distinct peak at pL = 11 × 10–3 × m0c, which can be attributed to the positron 

annihilation with oxygen anions' 2p electrons. The reduction in peak intensity from fresh to 

diluted H2O2 treated and then to concentrated H2O2 confirmed the decrease in vacancy with an 

increase in H2O2 treatment. In conclusion, all the above characterization provides strong 

evidence for the reduction in oxygen vacancy concentration when the as-synthesized fresh 

BiOBr is treated with an increasing concentration of H2O2.  

The piezocatalytic hydrogen evolution of these catalysts was further evaluated, as 

shown in Figure 3.2.7. f. It is evident from the data that the hydrogen evolution decreases with 

increasing oxygen vacancy concentration, confirming the role of oxygen vacancies as the origin 

of piezocatalysis in centrosymmetric BiOBr microspheres. 

 

3.2.5. Conclusion 

In summary, we have successfully induced piezoelectricity in centrosymmetric BiOBr, thus 

overcoming a century-old challenge that required non-centrosymmetric crystal structures for 

piezoelectric materials. Our comprehensive assessment of BiOBr's piezoelectric properties via 

piezoelectric force microscopy (PFM) unveiled an unexpected piezoelectric behavior 

characterized by a remarkable piezoelectric constant of 93 pm/V. Moreover, we extended our 

exploration to BiOBr microspheres, which serve as highly efficient bifunctional piezocatalysts 

for complete water splitting. These microspheres concurrently generate H2 and H2O2 without 

the need for co-catalysts or scavengers. To comprehend the influence of high pressure on the 

crystal structure, we conducted high-pressure synchrotron X-ray diffraction, in a pressure range 

0.048 to 42.48 GPa, closely resembling the conditions of piezocatalysis. Notably, BiOBr 
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underwent a distinctive isostructural phase transition under high pressure while preserving its 

crystallographic symmetry. We additionally substantiated the role of oxygen vacancies as the 

origin of piezoelectricity by deliberately reducing the quantity of oxygen vacancies in the 

originally synthesized oxygen vacancy-enriched BiOBr. This reduction was achieved through 

treatment with H2O2, and we conducted a comprehensive characterization of the modified 

material using various analytical techniques. Furthermore, our investigations revealed that the 

efficiency of piezocatalytic hydrogen evolution decreases proportionally with an increasing 

concentration of oxygen vacancies conforming oxygen vacancy as origin of piezoelectricity in 

centrosymmetric BiOBr. 
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Chapter 4.1. 

Universal piezo-photocatalytic wastewater treatment at realistic pollutant 

feed-stocks by Bi4TaO8Cl: Origin of high efficiency and adjustable synergy  

 

Summary 

Clean water is a fundamental human right but millions struggle for it daily. Herein, we 

demonstrate a new piezo-photocatalyst with immense structural diversity for universal 

wastewater decontamination. The single-crystalline Bi4TaO8Cl nanoplates with exposed 

piezoelectric facets exhibit visible-light response, piezoelectric behaviour with coercive 

voltages of ±5 V yielding 0.35% crystal deformation, and pressure-induced band-bending of 

>2.5 eV. Using five common contaminants of textile and pharmaceutical industries, we show 

that the nanoplates can mineralize them in all piezocatalytic, photocatalytic as well as piezo-

photocatalytic approaches with efficiencies higher than most catalysts developed for just one 

contaminant. Their efficiencies for feedstocks differing over 2 orders of magnitude in 

concentrations, the highest to date, are also demonstrated to simulate real-life situations. These 

extensive studies established that combining piezocatalytic and photocatalytic approaches can 

lead to a tremendous synergy exceeding >45%. The origin of synergy has been illustrated for 

the first-time using band-bending models and improved charge transfer from valance and 

conduction band electronic surfaces. We further quantified synergy across reactants, 

concentrations, and ultrasonic frequency and power to demonstrate its versatility and 

unpredictability. Finally, seven parameters that contribute to the synergy but create 

unpredictability have been identified for the rational design of piezo-photocatalysts for 

wastewater treatment. 

A Manuscript based on this work has appeared in ACS Appl. Mater. Interfaces 2023, 15, 27, 
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4.1.1. Introduction 

 Nearly 800 km3 of freshwater is used by industries annually, whose effluents cause irreversible 

damage to water bodies.1 Textile and pharmaceutical industries are the major contributors to 

water pollution due to the low biodegradability of pharmaceuticals. Also, ~15% of the 700 

million Kg of dyes is released as undesirable effluents annually.2 This inspired intense research 

activities for decades seeking materials that can remove the pollutants, but with only limited 

success. There are by and large two aspects crucial for real-life implementation that remain 

unaddressed: (i) developing materials to act universally across a range of pollutants since large 

wastewater pools contain multiple contaminants whose response to the material is not 

guaranteed due to diversity in their chemical interactions and (ii) performance evaluation at 

realistic concentrations that can be orders of magnitude higher than lab-scale investigations.  

4.1.2. Scope of the present investigation 

           Harvesting carbon-neutral renewable energies are advantageous for wastewater 

treatment, leading to a tremendous surge in developing solar-responsive photocatalysts.3–5 

However, the strategy relies inordinately on the suitable alignment of the redox potentials of 

pollutants to those of a catalyst, limiting the choice of materials severely. Besides, the intrinsic 

re-emitting of energy by the material further limits its effectiveness. In this context, very 

recently, piezocatalysis as a way of harvesting mechanical energy such as ultrasound noise is 

fast emerging as a highly promising strategy due to several additional advantages such as the 

(i) non-requirement of band-alignment conditions as in photocatalysis, (ii) therefore, a much 

larger choice of materials, and (iii) the possibility of integrating with photocatalysis.6–8  

Piezopotential resulting from external stress can generate an energy shift in the 

occupied and unoccupied electronic states of a catalytic material and efficiently drive the redox 

reaction.9 In addition, ultrasound scrub cleans the catalyst surface intermittently to remove 

poisoning reaction intermediates that were adsorbed on the surface due to a developing surface 

charge, reducing their catalyst poisoning effect. Solitarily piezocatalysis is, however, 

challenged by low efficiency due to the need for high built-in electric fields to provide 

sufficient activation for electron transfer.10,11 Typical band bending requirements for oxides, 

for example, are of the order of 2-3.5 V which would require a pressure of 108-109 pascal.12,13 

A major fraction of the catalyst particles may not experience such pressure due to inappropriate 

orientation to the cavitation bubbles. But this can be changed since many semiconducting 

materials exhibit both piezoelectric and light absorption properties.7,14 In such materials, the 
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efficiency can be improved by adopting a piezo-photocatalytic approach so that the piezo-

inactive particles can still participate in a photocatalytic pathway. Piezocatalysis involving the 

valence band electrons of the catalyst and photocatalysis involving the excited ones can work 

in tandem, but with additional benefits to yield synergy discussed vide infra.15 

            Herein we report on the Bi4TaO8Cl nanoplates, a member of the family of layered Sillen 

Aurivillius (SA) phases, as a universal catalyst for wastewater treatment under photocatalytic, 

piezocatalytic, and photo-piezocatalytic conditions and also at industrially relevant organic 

contaminant concentrations. As compared to usual piezocatalytic compounds such as ZnO, 

BaTiO3, etc.,12,14 SA phases are advantageous as it belongs to the family of layered materials 

consisting of the alternate Sillen and Aurivillius layers and has large material design flexibility 

originating from the choice of modulating each phase independently. SA phases consist of 

halide (X), fluorite Bi2O2, and perovskite MO4 (M=Ta, Nb, etc.) slabs with a general formula 

of [Bi2O2] [An−1BnO3n+1] [Bi2O2] [X]m where n represents the number of perovskite layers and 

are highly responsive to visible light.16,17 It has a polar space group, with spontaneous 

polarization along both the a-axis and c-axis.18,19 Our single-crystalline Bi4TaO8Cl nanoplates, 

unlike traditional high-temperature synthesized powders, are well-defined in shape with 

exposed facets along the piezoactive a- and c-axis. We found them to have a rare, universal 

piezocatalytic degradation efficiency under photoirradiation towards both cationic and anionic 

dye contaminants as well as towards some of the most stubborn antibiotics, with a performance 

outwitting most previously known catalysts designed for just a single pollutant. The same was 

then tested in pollutant concentrations ranging 2 orders of magnitude for the first time with 

some remarkable deviation from expectation. 

            We further bring forth an important scenario during piezo-photocatalysis that can 

tremendously improve efficiency by considering photo-excitons in those catalyst particles 

exposed to insufficient ultrasonic stress. Such excited electrons and holes feel the piezo-

generated field gradient and effectively separate towards the oppositely polarized particle 

facets, leading to synergy. Such improvement has been observed recently, though its origin 

remains unclear. We quantify and landscape synergistic improvements across all pollutants and 

under high feedstock to demonstrate its benefits. We show that synergy is universal for all 

pollutants but unpredictable, ranging within 1- 44.6% in the lab scale concentrations and 25–

39% in the varying feedstock. The origin of synergy diversity and unpredictability has been 

illustrated by proposing a gear interlock of nearly independent contributing factors that would 

help the rational design of highly active catalysts.   
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4.1.3. Methods 

4.1.3.1. Catalyst Synthesis 

Synthesis of Bi4TaO8Cl nanoplates: Bi4TaO8Cl nanoplates have been synthesized by 

taking a stoichiometric molar ratio of (3:2:1) Bi2O3, BiOCl, and Ta2O5 precursors. The mixture 

was first grounded and then added to a eutectic mixture of an alkali metal chlorides (1:1) NaCl 

and KCl as a flux at a solute concentration of (Bi4TaO8Cl/(Bi4TaO8Cl+flux)) of 3.2 mol 

percent. Once again, the mixture was grounded before being transferred to a silica boat and 

heated for 4 hours in a muffle furnace at 700 °C with a heating rate of 3 °C min-1. After cooling 

to ambient temperature, the product was cleaned with deionized water five times to eliminate 

the flux, collected by centrifugation, and dried at 60 °C for 10 hours. 

4.1.3.2. Photocatalytic reactions 

Photocatalytic, Piezocatalytic, and Piezo–Photocatalytic Degradation 

Measurements.  

Dye Degradation: For a typical dye degradation experiment, 40 mg of Bi4TaO8Cl sample 

was dispersed in 25 mL of dye solution (20 µM for RhB and MB; and 10 µM for MO). Before 

irradiation, an adsorption−desorption equilibrium was obtained by stirring the solution in dark 

for about 30 min. Afterward, the system was subjected to particular irradiation using a bath 

sonicator and xenon lamp as ultrasound and light sources respectively. The aliquot was 

periodically collected and centrifuged for the kinetic study of the dye degradation using UV-

Vis. spectrometer. RhB absorbs at 553 nm, MB and MO adsorb at 664 nm, and 464 nm 

respectively. (Note: High-concentration studies were carried out by taking 500 and 1000 µM 

RhB dye solution, with other conditions remaining the same.) 

Pharmaceutical Degradation: Piezo-photocatalytic pharmaceutical degradation 

performance of Bi4TaO8Cl was done by taking two-model pharmaceuticals (antibiotics): 

tetracycline and ciprofloxacin. 0.2 mM tetracycline and 0.1 mL of ciprofloxacin solutions 

containing 0.3% w/v ciprofloxacin and 0.01% w/v benzalkonium chloride diluted in 80 mL of 

distilled water were taken as initial concentration. To make a homogenous suspension both 

pharmaceutical solutions are sonicated for one hour. The catalytic experiment was done by 

taking 10 ml of suspension and irradiating it with both ultrasound and light simultaneously. 

The aliquots were collected after each 2 min and the degradation was analyzed from decreases 
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in the solution absorbance at 375 nm and 277 nm for tetracycline and ciprofloxacin respectively 

by UV-Vis. spectroscopy after centrifugation. 

Trapping Experiments: The trapping experiments were done by using several 

scavengers. 2 ml Isopropyl alcohol (IPA), 1.5 ml (10-2 g/mol) benzoquinone (BQ), and 2ml 

(0.05 mM) Ammonium Oxalate (AO) solutions were added respectively into the reaction 

system i.e 25 ml of 20 µM rhodamine solution having 40 mg of Bi4TaO8Cl. The solution was 

stirred in the dark for 30 min to attain adsorption-desorption equilibrium. Subsequently, the 

reaction system was subjected to simultaneous irradiation of light and ultrasound. The 

degradation was analyzed by recording a decrease in absorbance at 553 nm by UV-Vis. 

spectroscopy.     

Detection of Superoxide and Hydroxyl Radical: Superoxide radicals and hydroxyl 

radicals were quantified by dispersing 40 mg of Bi4TaO8Cl nanoplates into 25 mL of nitro blue 

tetrazolium (NBT) (0.025 × 10−3 M) and the terephthalic acid (0.5 mM) aqueous solution 

respectively. The reaction mixture was irradiated with light for 2 h and the aliquots were 

analyzed by UV-Vis. absorption spectroscopy at maximum absorbance of 259 nm for 

superoxide radical and fluorescence spectra at 425 nm for hydroxyl radical.  

4.1.3.3. Characterization: 

All the characterization techniques are discussed in chapter 1.2. 

4.1.4. Results and Discussion 

4.1.4.1. Catalyst Characterization 

Single crystalline Bi4TaO8Cl nanoplates with exposed piezoactive facets were prepared by 

using a eutectic mixture of NaCl and KCl flux.  Bi4TaO8Cl crystal consists of the [Bi2O2], 

[TaO4], and [Cl] layers (Figure 4.1.1. a), with high polarization along the a-axis arising from 

the displacement of Bi3+ and octahedral off-centering of Ta+5 (Figure 4.1.1. b and c) due to the 

pseudo-John-Teller effect, while polarization along the c-axis is ascribed to an anisotropic 

coordination around Bi3+.19 The phase purity of the product nanoplates was confirmed by 

powder X-ray diffraction (XRD) pattern (Figure 4.1.1. d, ICDS#89-009-3557), and Energy-

dispersive X-ray spectroscopy (SEM-EDS, Figure 4.1.1. e). The surface chemical composition 

and oxidation states were investigated with X-ray photoelectron spectroscopy. The high-

resolution Bi-4f spectrum (Figure 4.1.2. a) can be fitted with two peaks centered at 159.40 eV 
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and ~164.60 eV corresponding to the Bi4f7/2 and Bi 4f5/2 states respectively of Bi3+ ions. The 

peak centered at 531.10 eV in the O-1s spectrum originates from oxygen moieties within the 

Bi4TaO8Cl crystal (Figure 4.1.2. b). Note that the Ta 4f spectrum overlaps with the Bi-5d 

spectrum, and therefore the same has been deconvoluted into four peaks (Figure 4.1.2. c). The 

two peaks at 26.70 and 24.85 eV are attributed to Ta-4f7/2 and Ta-4f5/2 states of Ta+5 species, 

while the other two peaks at 28.60 eV and 25.60 eV correspond to Bi-5d5/2 and Bi-5d3/2 states 

of Bi3+. Finally, the two peaks with binding energies at 199.80 and 198.33 eV are attributed to 

Cl-2p1/2 and Cl-2p3/2 respectively of Cl- in the Bi4TaO8Cl lattice (Figure 4.1.2. d).  

 

 

Figure 4.1.1. (a) Crystal structure of Bi4TaO8Cl, red, green, purple, and blue balls represent 

Ta, Bi, O, and Cl atoms respectively. (b, c) TaO6 octahedral unit showing the offset of Ta along 

the a-axis. (d) Powder XRD pattern of Bi4TaO8Cl. (e) FE-SEM EDS spectrum of Bi4TaO8Cl 

Nanoplate.  

 

The product powder is composed of morphology pure, square- or rectangular-shaped ~1±0.5 

µm wide nanoplates (Figure 4.1.3 a, b). Figure 4.1.3. c is a high-resolution transmission 

electron microscopy (HRTEM) image of a nanoplate revealing the lattice fringes of 0.38 nm 

and 0.28 nm corresponding to the (110) and (020) planes respectively and suggesting the basal 

facet of the square nanoplate as {001}. The corresponding selected area diffraction (SAED) 
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pattern along the [001] zone axis confirms its single crystalline nature along with the dominant 

exposure of the {001} facets (Figure 4.1.3. d). The other facets enclosing the nanoplate thus 

appear to be the {001} analogs. But careful observation of these facets has revealed the 

presence of numerous steps, kinks, and uncoordinated atoms all along, increasing its surface 

area and potentially the catalytic activities (Figure 4.1.3. e).  

 

 

 

Figure 4.1.2. (a, b) High-resolution Bi-4f and O-1s XPS spectra of the sample. (c) High-

resolution XPS spectra of Bi-5d (red peaks at 25.6 & 28.6 eV belong to Bi3+ 5d5/2 and Bi3+ 

5d3/2) and Ta-4f (purple peaks at 26.7 & 24.84 eV correspond to Ta5+ 4f7/2 and Ta5+ 4f5/2). (d) 
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Figure 4.1.3. (a) FE-SEM and (b) TEM image showing Bi4TaO8Cl nanoplates with a width of 

~0.5-1um (c) HRTEM image and (d) SAED pattern confirming single crystalline nature of 

Bi4TaO8Cl nanoplates. (e) HRTEM image showing numerous steps, kinks, and uncoordinated 

atoms at the edge of nanoplate. 

 

                  The specific surface area of these nanoplates is indeed nearly double (7.2 m2/g) of 

those obtained by the solid-state approach (Figure 4.1.4. a).20 Furthermore, UV–Vis diffuse 

reflectance spectroscopy (DRS) was used to investigate the optical properties of Bi4TaO8Cl 

nanoplates.21 The sample exhibited an absorption edge at 510 nm. A bandgap energy of ~2.5 

eV was determined by Kubelka–Munk function shown below (Figure 4.1.4. b and inset): 

                                                     (𝛼ℎ𝜈) = 𝐴 (ℎ𝜈 − 𝐸𝑔) n  

Where Eg = optical bandgap energy, hν = photon energy, A = constant, α = absorption 

coefficient, and n depends on the nature of transition, here n = 2 considering an indirect 

bandgap. The valance band of Bi4TaO8Cl was determined by Mott-Schottky analysis 

performed in 0.5 M NaSO4 solution at 500 kHz frequency. As shown in Figure 4.1.4. c, it 

exhibits n-type characteristics with a flat band potential of -0.3 eV vs. RHE. 
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Figure 4.1.4. (a) N2 adsorption isotherms of Bi4TaO8Cl nanoplates synthesized by the Flux 

method. (b) DRS plots and the corresponding Tauc plot (inset), (c) Mott–Schottky plot of 

Bi4TaO8Cl measured at 500 kHz. 

 

 

Figure 4.1.5. (a) Topography image of a Bi4TaO8Cl nanoplate with height information in (b). 

(c, d) The corresponding amplitude and phase images. (e) Piezoelectric force spectroscopy 

measurement of the displacement-voltage curve, and (f) the phase curve-voltage curve 

recorded on the nanoplate.  
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The piezoelectric properties of nanoplates were investigated by using piezoelectric force 

microscopy (PFM) by applying an AC voltage coupled with a sweeping DC voltage to the tip.  

A topographic image with a typical Bi4TaO8Cl nanoplate of ~100 nm height and the 

corresponding piezoresponse amplitude and phase images are seen in Figure 4.1.5. a, b, c, and 

d. The local piezoresponse hysteresis loops were recorded by sweeping the DC voltage within 

-10 V to +10 V. A clear butterfly-shaped amplitude loop was observed (Figure 4.1.5. e) with 

forward and reverse coercive voltages of 5 V and −5 V, and the highest amplitude of 350 pm, 

indicating the pronounced piezoelectric properties of the nanoplate. Besides, a 180-degree shift 

in the corresponding phase-angle-voltage hysteresis plot under DC bias reversal confirmed 

polarization switching within the nanoplates (Figure 4.1.5. f). 

 

4.1.4.2. Synergistically improved piezo-photocatalytic efficiency of 

Bi4TaO8Cl nanoplates 

 The excellent piezoelectric and light absorption properties of the Bi4TaO8Cl nanoplates 

inspired us to investigate their piezo-photocatalytic properties with the anticipation of markedly  

Figure 4.1.6. Temporal variation in UV-Vis. absorption spectra of RhB solution under (a) 

photocatalytic, (b) piezocatalytic, and (c) piezo-photocatalytic conditions. The UV-vis 

absorption spectra presented in (d), (e), and (f) demonstrate the degradation of the dye under 

light irradiation (photo), ultrasonication (piezo), and a combination of both (piezo-photo), 

respectively, in absence of the catalyst. 
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enhanced the catalytic activity originating from a synergy of the two processes (as elaborated 

in the mechanism section). The catalytic performance was investigated using the mineralization 

of several common pollutants such as antibiotics (ciprofloxacin and tetracycline) and dyes 

(methylene blue, methyl orange, and Rh B (RhB)). Under the photo, piezo, and piezo-

photocatalysis conditions, complete mineralization of a RhB (Conversion of RhB to 

carbondioxide solution and water) took 105, 25, and 12 min respectively (Figure 4.1.6. a, b, 

and c). In order to investigate the significance of the catalyst, RhB degradation was also 

performed without Bi4TaO8Cl nanoplates. As shows in (Figure 4.1.6. d, e, f), only 5%, 10%, 

and 15% RhB undergoes degradation under photoirradiation, ultrasonication, and combined 

piezo-photoirradiation respectively without catalyst. In Figure 4.1.7. a, we show the rate 

constants (k) under all conditions considering pseudo-first-order kinetics with a rate equation, 

                                              (−ln(C/C0) = kt)                                                         eq-1 

where C0 and C are the dye concentrations initially and at time t.22 The k values during 

photo and piezocatalysis are 0.0339 min−1 and 0.1153 min−1, which in piezo-photocatalysis 

conditions, quite impressively, increases by a staggering ~10 and ~3 times respectively to 

0.2694 min−1. This activity was found to be highly dependent on ultrasound frequency (Figure 

4.1.7. b), and the highest activity was achieved at 37 kHz which was used for the remaining 

studies. Moreover, a higher vibrational power should lead to higher stress (T) and more 

piezoelectric charge density (Qp) on the catalyst’s surface, resulting in higher catalytic 

efficiency following the relationship,  

                                                                   Qp = d33 T                                                           eq-2                                                          

where d33 is the piezoelectric coefficient of the nanoplates.23 The efficiency indeed varied with 

ultrasonic power (Figure 4.1.7. c), but with nonlinear increments. The mineralization rate 

disproportionately increased from 0.07 min-1 to 0.11, 0.148, and 0.284 min-1 when the power 

was increased from 40% to 60%, 80%, and 100 % respectively.  

The rate constant values estimated under the different conditions in this study were 

compared with the recent literature to realize that  Bi4TaO8Cl nanoplates are perhaps the most 

efficient ones among the state-of-the-art piezo-photocatalyst (Table 4.1.1.).24–27 We further 

investigated the catalyst stability and found that the catalyst maintained similar activity for up 

to 5 cycles without exhibiting structural deformations (Figure 4.1.7.d). 
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Figure 4.1.7. (a) Plot showing degradation rate for RhB solution under photo, piezo, and piezo-

photocatalytic conditions. (b, c) Rate of piezo-photocatalytic RhB degradation as a function of 

frequency and pressure. (d) Reusability of the catalyst under piezo-photocatalysis for five 

consecutive cycles. 

The enormous enhancement in catalytic activity in piezo-photocatalytic conditions as 

compared to the photocatalytic and piezocatalytic conditions respectively can be attributed to 

the synergistic effects originating from the coupling of photo and piezocatalytic approaches. A 

synergistic factor and % synergy can be defined as below: 

                                 Synergy factor = 
k(piezophoto)

k(piezo) + k(photo)
                                                        eq-3 

                          %Synergy = 
k(piezophoto)−(k(piezo)+k(photo))

k(piezophoto)
∗ 100                                     eq-3 

Thus, the improved degradation efficiency in piezo-photocatalysis characterized by a 

%synergy and synergy factor of 44.6 and 1.8 respectively. 
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4.1.4.3. Band-bending, exciton separation as the origin of synergy  

 Figure 4.1.8. UV-Vis absorption spectra and the corresponding rate constant plots showing 

the effect of various scavengers on the RhB dye degradation through (a,b,c,d,e,f) piezo-photo, 

(g,h,i,j,k,l) piezo, and (m,n,o,p,q,r) photocatalysis over Bi4TaO8Cl nanoplates.  
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We explored the reaction mechanism using several controlled experiments to establish that the 

electron transfer pathways are heavily influenced by band-bending under piezo-photocatalytic 

conditions which lead to unprecedented synergistic improvements in the reaction rate. We 

further establish the contributing factors to the synergy that can influence catalyst performance 

while using in industry-relevant concentrations. We first examined the reactive species 

responsible for dye degradation under piezo, photo, and piezo-photocatalytic conditions using 

reactive species scavenging experiments (Figure 4.1.8.). Isopropyl alcohol (IPA), 

benzoquinone (BQ), and triethanolamine (TEOA) were used as a scavenger for •OH, •O2−, 

and holes (h+) respectively. Triethanolamine has a minor impact on the degradation efficiency 

in all photo, piezo, and piezo-photocatalytic conditions whereas the addition of IPA and BQ 

considerably reduces the efficiency in piezo and piezo-photocatalytic conditions. However, in 

the case of photocatalysis, there is a negligible effect of BQ on degradation efficiency. The 

result demonstrated that both •OH and •O2−, are the active species in the degradation of RhB 

dye over Bi4TaO8Cl nanoplates under piezocatalysis and piezo-photocatalysis. whereas •OH is 

the only active species in photocatalysis indicating a profound influence of pressure-induced 

band-bending. Figure 4.1.9. a shows the band positions of Bi4TaO8Cl in ambient pressure and 

the redox potentials of various active species to support these observations.2115  With a band 

gap (Eg) value of 2.5 eV, Bi4TaO8Cl can harvest visible light during photocatalysis to excite 

electrons to the CB, leaving a hole behind in the VB. The holes oxidize water to form ‧OH 

radicals, which subsequently degrade RhB. However, the CB edge is not sufficiently negative 

to facilitate the reduction of adsorbed oxygen (-0.33eV vs NHE) to form the superoxide 

radicals.  

Unlike photocatalysis which requires suitable band edge positions for active species 

generation, piezocatalysis can have an advantage because pressure can forcefully align the band 

positions to enable charge transfer to active species. Under piezocatalytic conditions, the 

ultrasound waves provoke cavitation bubble formation. When such a bubble collapses, the 

rushing molecules on the exterior of the bubble exert tremendous pressure, transiently, on the 

floating catalyst particles causing its deformation and generation of piezo-potential on its 

surfaces.28 The oppositely polarized surfaces of such a Bi4TaO8Cl nanoplates then create a 

favourable energy landscape for active radical species formation, as shown in Figure 4.1.9. b 

(i). Under sufficient pressure, the conduction band becomes more negative than the reduction 

potential of molecular oxygen and favours superoxide radical formation which can induce RhB 
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degradation. The degradation by ‧OH radical pathway remains intact, thus providing more 

pathways for RhB degradation than in photocatalysis. 

  

 

Figure 4.1.9. Energy band diagram of Bi4TaO8Cl nanoplates under the (a) photo, (b) piezo, 

and (c) piezo-photocatalytic conditions. (d, e) Schematic showing the formation of reactive 

oxygen species during photo and piezo-photocatalysis. (f, g, h) UV-Vis. absorption spectra 

showing the formation of superoxide radicals during photo, piezo, and piezo-photocatalysis 

respectively.  
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nanoplates may not experience sufficient deformation due to their spatial positioning with 

respect to the bursting bubble and may refrain from catalysing the reaction (Figure 4.1.9. b 

(ii)). In that case, piezo-photocatalytic conditions have an advantage that leads to extra 

efficiency in two ways: (i) By forcefully adjusting the redox potentials of catalyst and reactants 

to induce photocatalysis. Note that even under partial band bending (piezo-inactive) conditions 
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such as in Figure 4.1.9. b (ii), light irradiation enables its participation due to the generation 

of excited electrons in the conduction band, as shown in Figure 4.1.9. c, and (ii) by improved 

exciton separation since the piezopotential on nanoplate surfaces causing band-bending as in 

Figure 4.1.9. b (i, ii) can also serve as a driving force for the separation of photogenerated 

charge carriers.29,30 Accordingly, a schematic of the reaction mechanism under photocatalytic 

and piezo-photocatalytic conditions is shown in Figure 4.1.9. d & 4e. 

To establish this hypothesis, we quantified the superoxide radicals and hydroxyl radical 

formed under different conditions. As seen in Figure 4.1.9. f, g, and h, superoxide radical 

formation during photocatalysis is indeed negligible, whereas its quantity increases from 55 

µmol/h/g to 105 µmol/h/g in piezocatalysis and piezo-photocatalysis respectively. Similarly, 

the fluorescence spectra of 2-hydroxy terephthalic acid at 425 nm (Figure 4.1.10.) depicts the 

formation of hydroxyl radical (61.5, 99, and 141 μmol/h/g in photocatalysis, piezo catalysis, 

and photo-piezo catalysis, respectively), confirming the proposed mechanism.31,32    

Figure 4.1.10. UV-Vis. absorption spectra showing the formation of Hydroxyl radicals 

during the (a) photo, (b) piezo, and (c) piezo-photocatalysis respectively 

 

4.1.4.4. Universality, diversifying synergy, and high concentration 

contaminant degradation efficiency 

A crucial aspect of catalyst development for wastewater treatment is to evaluate its universality 

towards a diverse set of pollutants because, in actual conditions, water may contain multiple 

contaminants. However, a catalyst may not act on different pollutants effectively for reasons 

such as different conformations of pollutant molecules around the reactive oxygen species 

(ROS) attack center. Besides, the sorption strength of the pollutants on the catalyst surface as 

adjusted by the catalyst surface charge is also equally influencing. Pollutant molecules bind to 

the catalyst through electrostatic attraction, H-bonding, π-π interaction, or van der Waals force 

either exothermically or endothermically.33 The situation becomes even more unpredictable 

since nothing much is known about the binding of degradation-intermediates and their 
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oxidation potentials during complete mineralization. Thus, quite similar molecules have been 

photodegraded by the same catalyst involving distinct electron and hole-mediated 

mechanisms.34  

Figure 4.1.11. (a) Plot showing the efficiency of Bi4TaO8Cl nanoplates to degrade both 

cationic (MB) and anionic (MO) dye. (b) Rate of pharmaceuticals degradation over Bi4TaO8Cl. 

(c) Degradation rate for different concentrations of dyes (rate constants of 20 µM sample in the 

plot should be multiplied by 20). (d) Plot showing %synergy and amount of dye adsorbed per 

gram of the catalyst.  

However, we anticipated that the situation may be significantly advantageous during 

piezo-photocatalysts due to the band-bending scenario described above, leading to the facile 

degradation of diverse pollutants. Barring a couple of reports with moderate performances, 

wastewater treatment has mainly been evaluated based on a single target pollutant only. We 

therefore further explored and observed that, as desirable, Bi4TaO8Cl nanoplates can degrade 

a wide range of pollutants, such as both cationic (RhB, Methylene blue (MB)) and anionic 

(methyl orange (MO)) dyes as well as widely used pharmaceuticals with very high efficiencies. 

These experiments also established that the synergy factors in all these reactions remain diverse 

and unpredictable, the origin of which will be discussed in the next section.  
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 Table 4.1.1 Comparison table showing photo, piezo, and piezo-photocatalytic pollutant 

degradation over Bi4TaO8Cl nanoplates as compared to other reported photocatalysts, 

piezocatalysts, and photo piezo catalysts. 
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 Figure 4.1.11.a depict the degradation of MB and MO under all three conditions. 

Bi4TaO8Cl shows a rate constant of 0.038, 0.048, and 0.077 min-1 for MB degradation and 

0.016, 0.057, and 0.075 min-1 for MO degradation under the photo, piezo, and piezo-

photocatalysis respectively. In both cases activity enhanced in piezo-photocatalysis by 3.8 and 

6.3 %synergy due to the synergistic effect of photocatalysis and piezocatalysis. Bi4TaO8Cl 

efficiency was further explored towards the degradation of pharmaceutical contaminants viz. 

widely used ciprofloxacin and tetracycline antibiotics that exist in zwitterionic forms at a 

neutral pH. Due to minimal bodily uptake, these are usually excreted in unchanged forms to 

harm biodiversity and create antibiotic resistance.35 Figure 4.1.11. b shows the degradation 

efficiency of ciprofloxacin and tetracycline under a photo, piezo and piezo-photocatalytic 

condition over Bi4TaO8Cl. The corresponding first-order degradation rate constants are 0.026, 

0.047, 0.117 min-1 for ciprofloxacin and 0.010, 0.046, 0.070 min-1 for tetracycline respectively. 

The respective %synergy values were estimated to be 37.7% and 20%.  

                    

                     Figure 4.1.12. Zeta potential data of Bi4TaO8Cl Nanoplates. 

 

As in the case of RhB, a comparison of the other catalytic activities of the Bi4TaO8Cl 

nanoplates with literature reports showed that their activities towards all the pollutants are 

Mean Zeta Potential = -0.4 mV Peak 1 = -0.4 mV

Peak 2 = -0.3 mV

Standard Deviation =0.1 mV
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significantly superior to most other catalysts including the ones containing noble metals, even 

though these reports are about single contaminants only.26 The degradation efficiencies for 

different dyes and pharmaceuticals in this study are compared with the best-reported data in 

Table 4.1.1.. For such efficient surface reactions, adequate adsorption of the reactive species 

is a prerequisite and the adsorption capacity is directly related to the surface charge of the 

catalyst, where a positive charge favors anionic dye adsorption and anionic surface-charged 

catalyst favors cationic dye adsorption. Figure 4.1.12. shows the zeta-potential plot for our 

Bi4TaO8Cl showing that the nanoplates have an average surface potential of just -0.4 mV. 

Therefore, both cationic and anionic dyes can find adsorptive sites on it for efficient 

degradation.                                     

Finally, we used the Bi4TaO8Cl nanoplates to degrade RhB dyes dissolved in high 

concentrations mimicking those obtained in the industrial wastewater.36 While the usual dye 

concentrations for lab demonstrations are ~10 -15 mg/L,37 the nanoplates can degrade ~500 

mg/L of RhB solution efficiently. The concentration is much higher than in a few previous 

reports using solutions of ~50-200 mg/L also (Table 4.1.1.). We systematically evaluated the 

degradation kinetics for 10, 375, and 500 mg/L RhB solution under photo, piezo, and piezo-

photocatalysis (Figure 4.1.11 c). The average efficiency however decreases from k= 0.0339, 

0.1153, 0.2694 min−1 at 10 mg/L to 0.0006, 0.0018, 0.0032 at 500 mg/L respectively. The 

activity enhanced in piezo-photocatalytic conditions in all the cases due to the synergistic 

effects although the %synergy also reduced from 44.6% to 24% at the higher concentrations.  

To explore the origin of the decrease in catalytic activity with increasing concentrations, 

the amount of dye adsorbed per unit mass of the catalyst (𝑄𝑒) (mg/g) was calculated as 

                                                          𝑄𝑒 =  
(𝐶𝑜−𝐶𝑡)

𝑊
∗ 𝑉                                                   eq-5 

where Co and Ct represent the initial concentration and the concentration at a time t (in mg/L), 

W is the catalyst amount (g), and V is the solution volume (L).38 As shown in Table 4.1.2. and 

Figure 4.1.11. d 𝑄𝑒 and %synergy are oppositely related, i.e. 𝑄𝑒 increases with increasing RhB 

concentration, whereas the corresponding %synergy decreases, affirming that increasing dye 

concentration blocks the active sites from ROS formation and also screens the adsorption of 

photons and probably ultrasound energy to some extent by the nanoplate due to cushioning by 

the adsorbed layer.  
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Table 4.1.2. Table showing rate constant, synergy, and amount of dye adsorbed per unit mass 

of the catalyst under different concentrations of RhB dye. 

 

4.1.4.5. Deviation from expected behaviour and the key synergy generator 

parameters: As in Figure 4.1.11. c, we found that despite being considered a pseudo-first-

order reaction, the RhB degradation rates at industrial concentrations drastically deviate from 

lab scale concentrations. Such deviations during piezocatalysis have not been reported to date 

and the origin is hard to predict. In addition, the very high %synergy observed universally 

across a range of pollutants, but with drastic variations in %synergy in the different reactions, 

etc. indicate the interplay of several contributing factors to the catalyst performance acting 

simultaneously during the reaction, which can be tailored independently for better 

effectiveness. Herein, (Figure 4.1.13. b) we propose a performance gear-interlock for a piezo-

photocatalysis approach involving seven nearly independent factors from the point of view of 

catalyst design while keeping the reaction mechanism described in Figure 4.1.11. in 

consideration.  

i) Built-in electric field: Band-bending is critical and the extent of band-bending is 

dependent on the amplitude of the built-in electric field. Figure 4.1.11. b & c indicate 

band-bending hypothetically to the extent of ~2.5 and ~1.0 eV respectively. Not all 

bubbles implode to generate similar pressure, nor is each catalyst particle positioned 

appropriately to absorb the entire pressure. We can however estimate the possible extent 

of bending from the PFM measurements. The open-circuit voltage (Vp) created across the 

two (001) surfaces of the nanoplate under the mechanical deformation is related to the 

applied pressure (T3) as:  

                                              𝑉𝑝 =  
𝑊3𝑇3𝑑33

𝑒0𝑒𝑟
   

Concentration        
(µM)

Rate Constant (min-1) Qe (mg/g) Synergy 
Factor

% Synergy

Photo Piezo Piezo-Photo

20 0.0339 0.115 0.2694 1.5 1.8 44.6

500 0.00168 0.0029 0.0076 18 1.6 38.8

1000 0.0006 0.0018 0.00323 59.6 1.3 25.7
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where W3 is the thickness of the nanoplate, d33 is the piezoelectric coefficient, e0 is the 

permittivity of free space, and er is the relative permittivity in the c dimension.12 Here, 

W3 is ~100 nm (Figure 4.1.5. b), and the reported value for d33 is 53 pm/V.18 The er of 

the Bi4TaO8Cl has been considered as 150.39 However, it is difficult to fix the T3 values 

since the actual pressure generated under sonication is vaguely reported in the range of 

0.1-10 GPa for a single bubble collapse.40 If we consider T3= 1 GPa, the calculated open-

circuit voltage across the Bi4TaO8Cl nanoplates is about 4.0 V and so is the band-bending 

potential. Therefore, band-bending by 2.5 eV requires a pressure of 6*108 Pa which can 

be tuned either by changing W3 or er, or d33 (hence intrinsic polarization).  

            Those nanoplates that do not generate a potential of 2.5 V can still contribute to 

synergy due to efficient charge separation as discussed below in (ii) below. The fraction 

of such nanoplates is expected to increase at higher ultrasound power due to a larger 

number of bubble formations leading to higher %synergy, as seen in Figure 4.1.11. c 

where it increases from 18% to 44.6% when power was changed from 40% to 100%. 

ii) Improved exciton separation by piezopotential: This improves the photocatalytic 

component of piezo-photocatalysis. The overall efficiency of the catalyst in a 

photocatalytic pathway depends on the separation and transportation of photogenerated 

charges to the active sites. A developing piezopotential can induce a better separation of 

the photogenerated holes and electrons due to a gradient field surrounding it and hence 

enhances overall efficiency.41,42 

iii) Band positions of the catalyst: From (ii) and noting that (a) photocatalysis involves 

excited state electronic surfaces while piezocatalysis involves electrons in the ground 

state of the material,9 (b) all particles will not be appropriately positioned to adsorb entire 

pressure from bursting of a bubble (as in Figure 4.1.13. a), and (c) suitable band positions 

of the catalyst with respect to redox species are the minimum thermodynamic 

requirement for a photocatalyst to be active,43 the fraction of the nanoplates that 

contribute to piezocatalysis/synergy can be altered by using a material with different band 

positions. Referring to Figure 4.1.13.a, a material with a minimal energy difference with 

the redox species needs a small band-bending to be piezoactive and hence most catalyst 

particles would participate in the reaction under sonication. But if this energy difference 

is high, only a smaller fraction will be piezoactive and then, by applying higher 

ultrasound power that generates more bubbles, the fraction of the catalyst particles that 

are photoactive due to more efficient exciton separation will significantly increase, 

leading to higher synergy.  
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iv) Shielding of light: Light penetration throughout the reaction mixture depends upon the 

darkness of the solution or the dye concentration. Light shielding by highly concentrated 

dye solution will negatively influence the photocatalytic contribution and the overall 

efficiency of the catalyst, as evidenced in Figure 4.1.11.c. This need not necessarily 

affect the piezocatalytic contribution if the nature of the bubbles does not change. But it 

does (Figure 4.1.11.d) which is attributed to catalyst surface poisoning discussed below. 

v) Poisoning of catalyst surface by reactant: It again concerns the catalyst activity at high 

concentrations, where the reaction rate decreases drastically (Figure 4.1.11.c). 

Considering the photocatalytic part, the same can be attributed to reduced light 

penetration discussed in (iv). However, from the point of view of the catalyst, with 

increasing concentrations, excess reactant molecules adsorb on the nanoplates surface 

too (Figure 4.1.11.d) and block the active sites for molecular O2 and hydroxide ions 

adsorption essential for the formation of reactive radicals that induce degradation. 

Besides, this may also (a) cushion the pressure exerted from the bubble bursting on the 

particle and (b) further reduce light absorption by it, reducing both photo and piezo 

contributions. Ideally, (b) should not affect %synergy, but since we observe it (Figure 

4.1.11. d), the pressure cushioning effect is suggested to be prominent.  

              Variations in %synergy in comparable concentrations of different reactants can be 

attributed to their different redox potentials. Thus, these factors minimally sum up the way a 

catalyst particle experiences its environment to deliver piezo-photocatalytic efficiency. Two 

additional complications will arise when sensitization by some reactants such as dyes and their 

adsorption coefficients are considered that are well-studied for photocatalysis.44,45 Some of 

these factors may be made to act reasonably independent of each other to design catalysts with 

predictable synergy.   
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 Figure 4.1.13. (a) Schematic showing the effect of band position on synergy for two catalysts 

with identical band-gap but hypothetically different band positions. (b) A gear interlock 

describing parameters associated with the extent of synergy during piezo-photocatalysis. 

 

4.1.5. Conclusion 

In conclusion, we demonstrate that rationally designed single-crystalline Bi4TaO8Cl nanoplates 

with exposed piezoactive facets can respond to ultrasound pressure with superior efficiency to 

develop piezopotential exceedingly at least 2.5 eV which can be used for universal wastewater 

decontamination considering several pervasive organic pollutants. We further establish that 

introducing renewable solar light during piezochemical decontamination process leads to 

excessive improvements in catalytic efficiencies originating from the synergy of photocatalytic 

and piezocatalytic processes. The synergy has been quantified for five structurally different 

contaminants, for concentrations ranging over two orders of magnitudes to mimic real-life 

situations and also under different ultrasonic power and frequencies to establish its tremendous 

unpredictability and diversity in the 1-45% range. While we establish such diversity for the 
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first time, the origin of synergy has also remained unexplained in a comprehensive manner 

until now. Landscaping from our vast range of experiments, we offer a seven-

parameter synergy control model based on pressure-induced band-bending in the catalyst and 

the involvement of its ground state and excited state electrons to help understand the same and 

to rationally develop more efficient piezo-photocatalysts for wastewater management.  
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CHAPTER 4.2. 

Conclusions & future outlook of parts 3 and 4, 

Conclusions of Parts 3 and 4: 

Solar energy is undoubtedly a valuable source of renewable power, but its intermittent and 

diurnal nature underlines the need to diversify our energy resources. Part 3 of our research is 

dedicated to addressing this challenge by exploring the harnessing of mechanical energy 

through emerging piezocatalytic processes, as well as investigating the piezocatalytic 

properties of novel Sillen-Aurivillius phases. Both photocatalysis and piezocatalysis come with 

specific challenges that affect their efficiency. Photocatalysis is hampered by rapid charge 

recombination, leading to a decrease in quantum efficiency. On the other hand, piezocatalysis 

necessitates a high built-in electric field, resulting in lower efficiency. Part 4 of our research 

confronts this challenge by integrating piezocatalysis and photocatalysis into a concept known 

as piezo-photocatalysis, which offers a promising solution to overcome the limitations of 

standalone photocatalysis and piezocatalysis. This approach not only complements the 

utilization of solar energy but also enhances the reliability of our renewable energy portfolio. 

The key findings from Part 3 are summarized below. 

Chapter 3.1 focuses on the piezocatalytic properties of various structurally diverse Sillen-

Aurivillius phases, emphasizing efficient hydrogen generation without the need for co-catalysts 

or scavengers. Bi4TaO8Cl nanoplates are highlighted as a prime example, with their 

exceptional hydrogen production rate of 1.5 mmol/g/h, further improved with hole-trapping 

agents. A significant milestone is achieved as this work marks the first successful 

demonstration of piezocatalytic seawater splitting, yielding a hydrogen production rate of 854 

µmol/g/h, surpassing many oxide-based photocatalysts and piezocatalysts designed for pure 

water. These results pave the way for versatile, highly efficient piezocatalysts with promising 

prospects for sustainable hydrogen production. 

Chapter 3.2 delves into the exploration of piezoelectric properties within centrosymmetric 

materials (BiOBr) by introducing oxygen vacancies, effectively overcoming the century-old 

challenge of requiring non-centrosymmetric crystal structures for piezoelectricity. 

Furthermore, it highlights the exceptional utility of centrosymmetric BiOBr as a bifunctional 

piezocatalysts for complete water splitting, simultaneously yielding H2 and H2O2, all achieved 

without the need for co-catalysts or scavengers. The influence of high pressure under 
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piezocatalytic conditions was thoroughly examined through high-pressure synchrotron X-ray 

diffraction and theoretical investigations, conducted within a pressure range of 0.048 to 42.48 

GPa. Remarkably, BiOBr underwent a unique isostructural phase transition under high 

pressure, accompanied by a reduction in carrier effective masses, resulting in heightened 

electron mobility while retaining crystallographic symmetry. These groundbreaking findings 

open doors to the design of piezoelectric materials that transcend the limitations of 

centrosymmetric structures. 

Chapter 4.1 elucidates that as the world is grappling with a pressing issue of water pollution, 

particularly from organic pollutants and pharmaceuticals, driven by rapid industrialization. The 

convergence of piezoelectric and photoelectric properties within the Sillen-Aurivillus phases 

demonstrates exceptional efficiency for environmental decontamination under real-world 

pollutant conditions through piezo-photocatalysis. This efficiency is attributed to the 

synergistic effect resulting from the combination of photocatalysis and piezocatalysis. It offers 

a promising solution to the global challenge of water pollution. To facilitate the rational design 

of highly synergistic piezo-photocatalysts, the study introduces a gear-interlock framework 

encompassing seven parameters that describe the degree of synergy in piezo-photocatalysis. 

Future outlook 

Piezocatalysis and piezo-photocatalysis have rapidly advanced due to their significant 

advantages in catalytic efficiency and ease of implementation. However, several unresolved 

issues persist in current research. 

The piezocatalysts and piezo-photocatalysts currently developed are still a considerable 

distance away from practical applications due to issues such as inefficient mechanical energy 

collection and inadequate recycling. To harness more energy effectively, it is crucial to enhance 

the responsiveness of piezocatalysts and piezo-photocatalysts to mechanical force. This 

necessitates exploring novel materials that are also resilient to fatigue. In this context, the Sillen 

Aurivillius phases emerge as promising candidates for tuning their piezoelectric properties, 

thanks to their structural flexibility. 

On a mechanistic level, there is a lack of clarity regarding the relationship between 

semiconductor properties and piezoelectricity. For example, the connection between the 

concentration of free charge carriers and the redox thermodynamics in piezocatalysts or 

integrated piezo-photocatalysts remains elusive. Furthermore, the extent to which the piezo-
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potential can influence the photocatalytic properties of semiconductor photocatalysts has not 

been fully elucidated. To gain a more comprehensive understanding of the mechanisms at play, 

it is imperative to channel increased efforts into theoretical calculations concerning the 

electronic structure, charge transfer kinetics, and catalytic reaction kinetics of piezocatalysts or 

piezo-photocatalysts under stress or simultaneous light and stress conditions. Additionally, the 

development of in-situ characterization techniques under both stress and simultaneous stress 

and light illumination is of paramount importance. 

Currently, piezocatalysts and piezo-photocatalysts are predominantly utilized for pollutant 

degradation and water splitting. There is a strong need to expand their applications to other 

areas such as nitrogen fixation, CO2 reduction, selective organic synthesis, and medical 

treatments. 

 

 


