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                                                          Abstract             

Earth receives an incredible amount of sunlight. motivated by continuously growing 

global energy demands and the depletion of readily accessible fossil fuels, the search 

for alternative energy sources, particularly renewable solar energy, has become vital. 

Different types of innovative ideas have been explored. The earth absorbs a large 

amount of energy, and only a few of it is used by humankind annually. Hydrogen will 

be the greenest fuel for the planet in the future source since its combustion product is 

water. The discovery of photolytic cleavage of water into hydrogen and oxygen is 

attributed to Honda and Fujishima in 1972 using titania and a Pt electrode. Afterward, 

many attempts have been carried out to develop semiconductors to produce hydrogen 

from water. The suitable materials should possess a small band gap to absorb visible 

light in the solar spectrum. On irradiation with light, electrons, and holes are created, 

which travel to the materials' surface and help reduce and oxidize water. While these 

processes are occurring, there will be chances of recombination, i.e., holes and electrons 

can combine, leading to a waste of energy. Another one is that many semiconductors 

absorb UV light, thus wasting the abundance of visible light irradiance in sunlight falling 

on the earth's surface. Hence, the two most important problems to address are identifying 

visible light-absorbing semiconductors and minimizing recombination by appropriate 

strategies. We synthesized different materials with different morphologies to get the 

photocatalytic hydrogen evolution activity. It includes layered double hydroxides and 

zinc oxides modified with organic dyes. 

Scattering is one of the main challenges in scaling up photocatalytic water splitting 

using the most prevalent powder catalysts. Materials development has not translated 

into many large-scale photocatalytic H2 production facilities yet. One of the main 

drawbacks is the necessity for huge light installations in the medium which would render 
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them uneconomical. In addition, limitations of the catalyst forms which can be used for 

efficient utilization of light from an external source also contributed to the difficulty in 

scaling up. The most common form of the catalysts used is powder dispersion in the 

reactant medium, which immediately brings in the disadvantage of scattering and is even 

more severe in large-scale systems. An alternative reported in an allied process, i.e., 

photocatalytic wastewater treatment, is to immobilize photocatalysts on substrates like 

thin films and employ them in a fixed bed configuration for continuous flow models. 

However, these models also demand multiple high-energy lamps immersed in the 

reaction medium, ruling out utilizing sunlight directly. To fully use the solar spectrum, 

increase the system's efficiency, and make the system sustainable and economically 

favourable, bridging the gap between reactor design and modifying the semiconductor-

based systems with band gap engineering is significant.This thesis comprises six 

chapters, and a summary is given below: 

Chapter 1: This chapter gives details of the introduction of how the work on the thesis 

has started. This chapter explains the principle behind photocatalytic water splitting and 

why it is necessary to look for alternative renewable energy sources for the future of 

humankind. It details the literature survey on the different types of steps involved in 

photocatalytic water splitting and various necessary components. This chapter deals 

with the literature survey on the different kinds of semiconductor materials used for 

applying photocatalytic water splitting. It also details the multiple strategies for 

increasing the utilization of the visible spectrum of the sun's energy. Finally, the chapter 

gives the thesis's scope and objective. 

Chapter 2: Describes the synthesis of different morphologies of ZnO and its 

characterizations by using different techniques and applications in photocatalytic H2 

production via water splitting.  
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Chapter 3:ZnO has disadvantages of recombination and photo corrosion which have 

been overcome by modifying the ZnO nanorods morphology by using the perylene 

tetracarboxylic acid dianhydride (PTCDA) (named as ZnO-P) with the hydrothermal 

synthesis method. Its structural and photophysical characterizations have been carried 

out followed by the photocatalytic hydrogen evolution via methanol oxidation to value-

added products (formaldehyde). It was found that the material was active for hydrogen 

evolution without adding a co-catalyst.  

Chapter 4: Describes the synthesis and characterizations of the s supramolecular 

structure of TC-PTCDA-ZnO photocatalysts are synthesized by moderate conditions 

and used as a successful photocatalyst for photocatalytic H2 evolution via water 

splitting. This photocatalyst showed an activity of about 2050µmol/h. Once the terminal 

end of the anhydride group changed from the tetra carboxylate group to the 

monocarboxylate group (MC-PTCDA-ZnO), the drastic change in the structural 

features observed which led to a decrease in the activity to 1000µmol/h. During the MC-

PTCDA-ZnO, the structures form simple composite rather than supramolecular 

structures. The reason is that the supramolecular system leads to π-π stacking, leading 

to intermolecular charge transfer. Thus, it facilitates electron transfer more efficiently, 

increasing activity in TC-PTCDA-ZnO. This photocatalyst works without any co-

catalyst, reducing the synthesis cost; therefore, this can form a future generation of 

organic-based photocatalysts. 

Chapter 5: describes the synthesis and structural characterizations of α-Co(OH)2 

modified with perylene diimide (PDI=N, N’- bis(p-carboxyl-phenylene) perylene-3,4: 

9,10-perylene bisimide) and its application in photocatalytic hydrogen evolution via 

water splitting. The changes in absorption and emission properties of modified material 

have been well observed and studied. The absorption properties of both the α‐Co(OH)2 



 
 

xxi 

 

and PDI have been seen and this has enhanced the electron transfer phenomenon thus 

photocatalytic hydrogen evolution activity via water splitting has been increased in this 

type of system. The emission intensity of α‐Co(OH)2-PDI has decreased compared to 

PDI’s. This confirms the decrease in the rate of recombination and transfer of electrons 

and helps enhance activity. Electrochemical studies have also confirmed the electron 

transfer properties. The formation of layered double hydroxide system of α‐Co(OH)2-

PDI for photocatalytic hydrogen evolution. 

Chapter 6: Scattering is one of the main challenges in scaling up photocatalytic water 

splitting using the most prevalent powder catalysts. This can be overcome by decoupling 

the reaction medium from light transmission, as in the case of optical fibers. Here we 

explore utilizing optical fibers coated with 5wt% CuO supported on TiO2 for water 

splitting. CuO/TiO2 is a well-studied photo catalyst in which photo-reduced Cu species 

are known to act as sensitizers for inducing visible light activity. The scalability of such 

optical fiber-based systems and potential in non-potable turbid water media is 

demonstrated. 

Chapter 7: summarizes the results and conclusions based on the work reported in the 

thesis. This thesis reports the detailed structural characterizations and photocatalytic  

hydrogen activities of ZnO modified with different morphologies. The construction of 

ZnO-P using perylene-based organic-based material has been explored along with the 

formation of self-assemblies of ZnO. The construction of layered double hydroxide 

structure α‐Co(OH)2-PDI is also given for photocatalytic H2 evolution. Finally, the 

scattering issue in reactor design and scalability issues of powdered and this film-based 

systems have been addressed by using optical fibers coated with semiconductor 

materials given in the thesis. 
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1.1. Introduction 

Fossil fuels are currently the primary energy source for humanity and are used to provide 

electricity, heat for cooking, and power vehicles [2-4]. Because fossil fuels are considered non-

renewable energy sources, their supply is finite and may run out at any time soon. The 

environmental issues associated with excessive fossil fuel consumption are more severe, 

resulting in considerable CO2 emissions-related air pollution. Due to their ability to transport 

heat, these gases mostly contribute to environmental problems, including the greenhouse effect 

and global warming, by raising global temperatures. Additionally, these contaminated gases 

cause additional harmful side effects like acid rain. Additionally, inefficient burning of fossil 

fuels results in the emission of CO, which is more hazardous than CO2 since it has the ability 

to irreversibly bond with blood hemoglobin, lowering its affinity for O2 and having harmful 

consequences on the human body. Given all these detrimental effects on the ecosystem, fossil 

fuels are a serious problem. [5-7].   

If we examine several forms of innovative concepts. Since the 1800s, hydrogen has been 

utilized as a source of energy. It is considered a green fuel since it can be created from 

renewable resources. It has fewer emissions, and because H2 reacts with oxygen to produce 

water, it possesses tremendous energy. Under typical atmospheric circumstances, hydrogen 

exists as an odorless, colorless gas. It coexists permanently and safely with oxygen until the 

energy inputs trigger an external reaction that results in water formation. [11-14]. Hydrogen 

can be produced in several ways, including heating methods that take heat from organic sources 

like fossil fuel and biomass. These procedures include the steam reforming of natural gases, 

the release of which results in greenhouse gas emissions [15–18]. Microorganisms like bacteria 

and algae can be used by biological processes to release hydrogen. This has drawbacks 
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regarding sustainability and scalability over the long term for the future [19–21].  In this case, 

producing hydrogen economically from cheap and plentiful raw resources like water on Earth’s 

surface and solar energy would be the most environmentally beneficial and sustainable way to 

build a hydrogen economy. Humanity has struggled for years to fully utilize the abundant light 

that Earth receives. 51% of the total energy entering the atmosphere is absorbed by the Earth 

as solar radiation. The amount of energy humans use on Earth represents just 0.01% of the total 

energy the sun supplies to the globe yearly. At the planet’s surface, the sun’s spectrum is 

primarily distributed in the visible range (46%). In comparison, the remaining near-infrared 

ranges are felt as heat with a negligible portion in the near-ultraviolet (5%). Therefore, effective 

solar radiation utilization, particularly in the visible light spectrum, will be the main focus of 

sustainable energy solutions. [22]. 

Plants produce their food by using the phenomenon called photosynthesis. With the help of 

chlorophyll which is present in plant leaves and sunlight as a source of energy, they produce 

carbohydrates and oxygen from water and carbon dioxide. The process of mimicking the 

photosynthesis phenomenon is called 'Artificial Photosynthesis' by using materials synthesized 

in the laboratory that will show absorption in the solar spectrum. No carbon fixation is involved 

in directly producing hydrogen and oxygen from water splitting. One of the most promising 

technologies is the water-splitting method which uses a semiconductor catalyst to convert solar 

energy into hydrogen, which can be produced in vast amounts cleanly and sustainably [23-36]. 

Photocatalytic water splitting has three significant categories shown in Fig.1.1. The 

photovoltaic-based system has higher efficiency than photoelectrochemical and photocatalytic 

water splitting systems. The manufacturing cost is very high for PV-based water-splitting 

systems, so it is challenging to rely on. Developing a powder-based photocatalytic system will 
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be cheaper due to its scalability and reproducibility. The generated hydrogen cost will be less 

than that of a PV-based electrolysis system [38,39].               

 

.               

 

 

Fig.1.1. Schematics of various solar-driven water splitting systems (Adapted from Ref.38) 

 

 

1.2 The Solar to hydrogen efficiency  

Measurement of the efficiency of photocatalysts about light illumination is a critical concept 

for splitting water by photocatalysis. Because of the scattering of transient light in particulate 

suspension, it is hard to establish actual quantum yields. There are no methods for measuring 

the absorption of photons with precision. Thus, it is estimated as apparent or external quantum 

yield (AQY). Here, all the photons of incident light are believed to have been captured by a 

photocatalyst. STH (solar to hydrogen efficiency) and AQY (apparent quantum yield) are 

essential in analyzing the photocatalyst. The PV-based electrolysis shows a high efficiency of 

10-40%, although the cost is very high, so it's not affordable. On the other hand, PECs and 

powder-based systems have low STH (~1%) but are highly cost-effective and easily scalable. 
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1.3. Typical photocatalytic water splitting mechanism 

 

When utilizing a photocatalyst to split water, the main procedures are as follows:  

(I) Semiconductors absorb light to produce electron-hole pairs 

(II) Charge migration and separation to the semiconductor's surface  

(III) Surface oxidation or reduction processes involving water                   

 

  Fig.1.2. The general steps involved for the photocatalytic water splitting adapted from Ref-

40 
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Fig.1.3 Representation of types of photocatalytic water splitting system (Adapted from Ref 40) 

 

The first step is to light the sunlight with greater or equal energy than the band gap, followed 

by electron flow from the valence band into the conduction band. It'll form holes in the valence 

band and electrons within the conduction band. 

 

 

 

A mechanical band structure should be present in the photocatalysts. First, semiconductors 

must have a conduction band that is at least smaller than the reduction potential of H+/H2. The 

electrons from the semiconductor's band conduction minimum are reduced to H2 and 
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transported to H+ in this manner. Second, the O2/H2O reduction potential must be greater than 

the semiconductor's valence band maximum. The water will then be moved into the hole left 

in the valence band, oxidizing and forming O2. The lower region of the conduction band should 

have a stronger negative potential than that from converting H+ to H2 (0 V at pH 0) or higher 

to increase overall water splitting. In contrast, the oxidation potential of H2O to O2 (1.23 V) 

must be placed higher than the top of the valence band. 1.23eV is the absolute lowest photon 

energy [40, 41]. 

 

1.4. Key parameters in water splitting 

In general, charge transfer, active surface sites, and the phenomenon of light absorption are the 

foundations of photocatalytic hydrogen production. Dopants, dye sensitizers, and defect -

related colour centres are all used to increase absorption [42–51]. For instance, Mo-doped 

BiVO4 and La- and Rh-co-doped SrTiO3 achieve an AQY of 30% (419 nm) [52]. The 

architecture of the photocatalyst also affects its capacity to absorb light; for example, when 

photonic crystals have periodic dielectric structures, a higher H2-evolution rate is attained 

when the absorption edge is shifted to a higher wavelength [53], as the decline in the band-gap 

is frequently accompanied by a reduction or loss of redox ability. For the development of 

photocatalytic H2, the properties of the surface-reaction relationships are also essential. The 

surface H2 evolution and oxygen evolution overpotentials are linked to the surface charge 

transfer, surface reaction sites, and surface HER and OER, which can be accelerated by using 

cocatalysts like Pt. Ti3C2 is used as a cocatalyst on CdS to provide a stable H2-evolution rate 

of 14342 µmol g-1 h-1 [55]. There have been reports of higher H2-evolution rates when using 

a dispersed CoP nanoparticulate cocatalyst than when using noble-metal cocatalysts[54]. 

1.5. Photocatalytic water splitting catalyst 

Honda and Fujishima effectively separated water into H2 and O2 in 1972 using TiO2 as an 

anode and a platinum as cathode in the presence of ultraviolet irradiations and some external 

bias[56]. Following this groundbreaking breakthrough, research in this field has been 
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advancing daily, and many catalysts are being developed to split water in the presence of 

sunshine to produce H2 and O2. Table 1.1 depicts the timeline of several methods for 

photocatalyst development for water splitting. Oxides, nitrides, oxynitrides, sulfides, selenides, 

carbides, phosphides, perovskite-type materials, inorganic complexes, layered compounds, 

etc., are candidates for hydrogen evolution by water splitting. Because of their high band gaps, 

ZnO, TiO2, and other materials are said to be active in hydrogen evolution when exposed to 

UV light. 

Table 1. The developments in photocatalyst materials: 
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1.5. A. Semiconductor- composites and heterojunctions 

It is evident from the foregoing talks that semiconductor systems ideal for photocatalytic water 

splitting have band gaps that are properly aligned to the reduction/oxidation potentials of H2O. 

The catalyst's chemical makeup and electronic band structure impact the material's activity 

[57]. The use of semiconductor composite photocatalysts for charge separation and light 

absorption. Carbon-based materials are well-known; composites made of Co3PO4 and TiO2-

C have demonstrated higher activity than pure semiconductors[58, 59]. Effective charge 

separation and electron transfer mechanisms are well-known characteristics of heterojunctions 

and the Z-scheme [60]. As new O2-evolution photocatalysts, metal oxy-halides as Bi4NbO8Cl 

and PbBiO2X (X = Cl, Br) are employed. Z-scheme water-splitting systems can be created by 

combining this catalyst with photocatalysts for H2 production[61]. The H2- and O2-evolution 

rates of 38.2 and 19.1 mol h1 g1 were observed with a 2D - Fe2O3/g-C3N4 Z-scheme system 

in clean water[62,63].  

The photocatalytic water splitting system in particulate semiconductor systems has two basic 

types of photoexcitation systems, as shown in Fig. 3. Catalytically active regions for both the 

hydrogen and oxygen evolution processes are located over a single photocatalyst in a one-step 

photoexcitation system. Therefore, maintaining the electron transfer mechanism in such a 

system is difficult (Table 2). Then the two-step method, which utilizes two distinct catalyst 

sites for water reduction and oxidation, entered the scene. A redox mediator, an electron 

transfer/electron mediator, was used to link the two catalysts. Redox mediators come in two 

main varieties: solid and liquid-state redox mediators. The Z-scheme, similar to the natural 

photosynthesis system, is another name for the two-step photoexcitation process. One of Z-

Scheme's benefits is the ability to use various semiconductor types for total water splitting. 
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Numerous semiconductors are frequently utilized for photocatalytic hydrogen evolution, as 

shown in Table.1.2. 

Table.1.2 The one and two-step photoexcitation  system: 
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According to the literature review mentioned above, several methods for exploiting solar 

energy to make hydrogen by water splitting have been proposed. Since most semiconductor-

based materials are UV-active, more study has been conducted by using the band gap 

engineering phenomena to alter the electronic properties of semiconductors including ZnO, 

TiO2, SrTiO3, CuO, and MoO3, among others.[64-84] . The idea of dye sensitization also 

entered the picture, and researchers who modified semiconductors conducted studies using 

various dyes including perylene, curcumin, etc. For photocatalytic hydrogen evolution 

applications, supramolecular self-assemblies of organic dyes are also anticipated as a 

successful tactic. In spite of this, there are not many large-scale photocatalytic H2 generation 

facilities due to the boom in material development. The need for extensive light installations in 

the medium, which would make them uneconomical, is one of the key limitations. Scaling up 

was challenging because to restrictions in the catalyst forms that can be used to effectively 

exploit light from an external source. Powder dispersion in the reactant medium is the most 

widely employed form of catalyst, which instantly introduces the disadvantage of scattering 

and is more severe in large-scale systems. An alternative study demonstrates the method 

photocatalyst, which is used in a fixed bed arrangement and immobilised on substrates such 

thin films. However, these models also preclude the use of direct sunlight by requiring 

numerous high-energy bulbs to be submerged in the reaction media.  

1.6. Role of cocatalyst 

In water-splitting processes, the cocatalyst is important. Water splitting requires photocatalytic 

oxidation and reduction after the photogenerated electrons have reached the surface. As seen 

in Fig.1.4, a cocatalyst is required to prevent backward reactions. Noble metals, such as Rh, Pt, 

Pd, Ag, methanol, etc., as well as other types of catalysts are utilised as water reduction and 

oxidation catalysts to this day[85]. There are also several non-metals that are well-known, such 

as metal chalcogenides (such CuS, NiS, etc.) [86]. The most effective examples of the 
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combination of both reduction and oxidation catalysts that has demonstrated promising activity 

are Pt/C3N4/CoOx and RuOx/Cr2O3/ZrO2/TaON/IrO2 [87,88]. Fig.1.5 summarises the 

various cocatalyst varieties. 

          

     

 

 

 

 

 

 

 

Fig1.4.  Schematic description of the functions of cocatalysts adapted from Ref-41 

 

Fig.1.5.Cocatalyst used for photocatalytic water splitting (Adapted from Ref-87) 
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1.7. Strategies to utilize broader solar spectrum 

Under UV light illumination, various metal oxides and other structures have been employed to 

divide water. However, as the solar spectrum contains more visible and NIR light, more 

attention should be paid to creating catalysts that absorb in spectral ranges other than UV light. 

The following techniques should be applied to expand the UV-absorbing photocatalysts' visible 

light absorption range. 

• Band-gap engineering (larger solar energy spectrum) 

• Adjusting crystal structure (charge separation and migration), particle size, and other physical  

characteristics. 

• Matching the redox potentials of water oxidation and reduction by band-level engineering 

Examples include using elements having oxidation states between d0 and d10 from the d-block 

of the periodic table and doping it with other elements like metals and non-metals [89,90]. 

 

         

 

Fig.1.6. a) The Representation of the periodic table b) The example of band gap engineering 

carried out over GaN and ZnO to make it visible active c) UV-visible diffuse reflectance 

spectrum for GaN and ZnO d) Photocatalytic H2 evolution (adapted from Ref.89) 
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1.7. A. Use of dyes as a sensitizer  

Another method is to use dye sensitizers, which have a wider range of absorption than dyes 

and cause photocatalysts to absorb in the visible spectrum. Wide-bandgap semiconductors may 

capture visible light using a potent technique called dye sensitization. As photosensitizers, 

organic pigments have several benefits, including a significant molar extinction coefficient, 

control over absorption wavelength, ease of design and synthesis, and cheaper cost. There have 

been reports of effective organic dyes such as coumarin, indoline, phthalocyanine, and 

conjugated oligoene dyes. This method was first applied in DSSCs, where the dye enters the 

exited state in the presence of light, causing the creation of excitons at the dye-electrode 

interfaces and allowing for the transfer of electrons from the dye to semiconductor-based 

materials. The dye takes on electrons from electrolytes to take on its native form. I3-/I- the 

system is a commonly utilized electrolyte [91-104]. as shown in Fig.1.7 a. The efficiency of 

DSSCs depends on how dyes adsorb on semiconductor surfaces. Covalent attachment, 

electrostatic interactions, donor-acceptor interactions, hydrogen bonds, molecular 

physisorption, and van der Waals forces are only a few adsorption mechanisms [105-111]. The 

photocatalytic systems are called dye-sensitized photocatalysts (DSP) because of the analogy 

with DSSCs. The dye-semiconductor interfaces of the DSP and DSSC are identical. Still, in 

DSP, photogenerated electrons are moved to the photocatalyst's conduction band to 

manufacture solar fuel, whereas in DSSCs, they are used for electricity generation. To continue 

the process in DSP, the oxidized dye molecules must be reduced by an appropriate hole 

scavenger (Fig.1.7b)[112-116]. 
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Fig.1.7.Schematic Representation of working mechanism of a) DSSCs and b) DSPs adapted 

from ref.113 

 

The following qualities must be present in the photosensitizer materials [91]:  

I. For charge transfer to the semiconductor to happen more quickly than the decay of 

electrons from the dye's excited state, the lowest unoccupied molecular orbital 

(LUMO) of the dye needs to be more negative (higher) than the conduction band 

(CB) of the semiconductor. Although for the semiconductor to work, it needs to be 

more negative (higher) than the redox potential of water. 

II. It should be stable under thermal, electrochemical, and photocatalytic conditions.  

III. The redox potential of the electrolyte should be higher than the dye's highest 

occupied molecular orbital (HOMO). 

IV. It should have anchoring groups that firmly bond to the semiconductor's surface. ((-

COOH, -H2PO3, -SO3H, etc.). 
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The idea of dye sensitization investigates the various water splitting characteristics of 

semiconductors. Even yet, there are still a lot of difficulties to be solved, such as their poor 

scalability, stability, and efficiency. In order to suppress the backward reactions and balance 

the H2 production activity with dye regeneration, the researcher began to investigate several 

chemical systems with short conjugation that are simpler to synthesise, broad spectral response, 

and ultrafast electron transfer. 

 

1.7. B. Supramolecular self-assembly 

Self-assembly is the process of creating an ordered structure from previously chaotic parts 

through localised, specialised interactions without outside guidance. The process is referred to 

as molecular self-assembly when molecules are the constituent features. Self-assembly has 

emerged as a key technique for creating a variety of novel organic and inorganic material 

characteristics. The development of soft materials inspired by biology that can perform light-

harvesting, charge-transport, and catalytic tasks to create solar fuels is a notable gap. Self-

assembly methodologies for materials, where a bottom-up approach fine-tunes all functional 

features of a catalytic system, can close this gap [117–121]. By altering the substitution at the 

imide site, perylene is also reported to be used for visible-light-driven H2-evolution, as seen in 

Fig.1.8. They were able to achieve a maximum concentration of 11.7 mmol h-1 g-1 with an 

AQY of 2.96% at 550 nm[122] by using the notion of dipole moment interaction and the 

electron-withdrawing property of a functional group. 

Due to their chemical, thermal, and photochemical stability, strong visible light absorption, 

fluorescence quantum yields, and low toxicity, the 3, 4, 9, and 10 perylenetetracarboxylic 

dianhydride (PTCDA) and its derivatives, known as PDIs, have been used in a variety of 

applications [123,124].  

They have been employed in photovoltaics, solar cells, and many other optoelectronic 

applications due to interactions between the perylene core and the nature of n-type 

semiconductors[125,126]. To create new electronic materials, PDIs can form organized 

supramolecular structures that function like semiconductor-organic electronic materials[127]. 

Numerous studies show how PDIs self-assemble at the imide site and how they are used in 

diverse applications[128–130].  
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It has been demonstrated that perylene bisimides can self-assemble to regulate 

photoconductivity [131–133]. In recent studies, PBIs have been employed as water oxidation 

catalysts[135], in addition to their previous uses as biosensors, diagnostic nanoprobes, and 

targeted drug delivery[134]. According to studies, 1D organic materials with nanostructures 

can be used more effectively in optoelectronic applications[137]. By enhancing the overlap 

between the electronic wave functions of nearby molecules, such arrangements promote π-π 

interactions and increase the materials' charge carrier mobility [138,139]. Additionally, they 

have the ability to construct nanoparticles of variable size and shape[140–144]. 

 

 

Fig.1.8. a)Molecular structure of perylene  moiety, b)schematic representation of perylene 

moiety  to form supramolecular self-assembly ( a&b adapted from Ref.121), c) schematic 

representation of the synthesis of perylene moiety forming self-assembly, and d) diagram of 

molecular dipoles and electron distribution in PDI derivatives( c &d adapted from Ref.122) 

These self-assembled structures of dyes also have certain disadvantages related to 

photostability and low efficiency towards the photocatalytic hydrogen evolution. These organic 

structures need to have the presence of a cocatalyst, such as platinum, for the successful 
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electron transfer process to the water redox potential. Thus, systems become less efficient 

compared to semiconductor-based systems. Thus these led to the search for innovative ideas to 

explore this concept of self-assembly by incorporating metal oxide-based semiconductors is 

needed. 

1.8. Subject matter and goal of the thesis 

Considering the aforementioned information, the effort attempts to identify several methods 

for effectively utilizing the solar energy spectrum and improving photon harvesting. The 

crucial variables include reactor design, ambient conditions, and the stability and scalability of 

the catalyst and the process. Metal oxides have been chosen to research the broad solar 

spectrum because ZnO has been used in various applications, including photodetectors, solar 

cells, gas sensors, and photocatalysis due to its unique optoelectronic characteristics and 

thermal and chemical stability. The small band gap (3.37eV), which limits the usefulness of 

the visible spectrum of solar energy, which accounts for around 45% of the solar energy's 

electromagnetic spectrum, even though it has been used in numerous applications, is one of its 

limitations. Another is that ZnO has a higher rate of electron-hole recombination, which lowers 

its effectiveness as a photocatalyst. As a result, to overcome this drawback of ZnO, other 

structural morphologies and changes through dye sensitization are needed. It is important to 

learn more about catalytic site separation and how it might be used to photocatalyst layered 

compounds other than metal oxides, including double hydroxides. The electrochemical 

evolution of hydrogen has previously been investigated using layered double hydroxides 

(LDHs). However, there is still a need for greater investigation into photocatalytic hydrogen 

evolution. Anions in the hydrated interlayer galleries can counteract the positive charges in the 

host layer. Due to the host layer's broad tunability and the ion-exchangeable properties of the 

interlayer guest ions, LDHs are a diverse family of materials. Due to multiple efforts to enhance 

the composition and usefulness of LDHs and LDH-based products, LDH usage has also 
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expanded. Assume that the LDHs modified with organic sensitizers can improve the optical 

characteristics and aid in the creation of hydrogen. One can consider using optical fibers to 

overcome the drawbacks of light scattering, which demonstrates the phenomena of complete 

internal reflection. Optical fibers offer a continuous flow immobilized model several 

advantages. 

On the basis of these, the further works in the current thesis have been completed. 

1. The synthesis of various ZnO morphologies and their characterization in this section focus 

on applying ZnO nanostructures in photocatalytic H2 evolution.  

2. Synthesis and characterizations of ZnO-Perylene (ZnO-P) heterostructures and its 

application in photocatalytic H2 evolution, here more emphasis is given to understanding the 

optical and morphological changes in the structure of ZnO-P and its application in H2 evolution  

3. Synthesis and characterizations α-Co(OH)2-PDI and its application in photocatalytic H2 

evolution, this part focuses on the synthesis of cobalt layered double hydroxides and its 

sensitization by using perylene dye 

4. Study of total internal reflection phenomenon in optical fiber coated with semiconductor-

based materials, mainly xCuO/TiO2, for the complete utilization of visible light for the 

application in photocatalytic H2 evolution 
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Chapter 2 

Synthesis and characterizations of ZnO nanostructures and their 

application in photocatalytic hydrogen evolution 
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2.1. Introduction 

Due to their unique optical and transport characteristics, semiconductor compounds have 

drawn a lot of attention in recent years. Due to its numerous optoelectronic features, thermal 

stability, and chemical resistance, ZnO is one of the best type-II-IV semiconductor materials. 

It has been employed in numerous applications, including photodetectors [1,2], solar cells [3,], 

gas sensors [4,], LED [5,], and photocatalysis [6-9]. Its direct band gap, 3.37 eV, demonstrates 

the solar spectrum's UV absorption. Since ZnO has greater electron mobility and is more 

affordable than TiO2, it can exhibit equivalent to or more activity than TiO2[10–13].  

Depending on the synthesis technique, ZnO can be nanorods, nanoflowers, nanotubes, 

nanocubes, nanoparticles, etc.  For various applications, ZnO porous structures can be 0D, 1D, 

2D, or 3D, with a greater surface area and more active sites [14–20]. A high specific surface 

area is crucial to the function of a catalyst. Greater surface area ZnO hollow spheres than 

commercial ZnO exhibited stronger photocatalytic activity. However, improved surface areas 

of the catalysts did not improve catalytic performance in subsequent investigations. According 

to the literature, differences in photocatalytic activity depend on the kind and quantity of 

oxygen vacancies on the surface and surface adsorption capacity [21–27]. Understanding the 

connection between a material's structure and function concerning different applications.[28]. 

With alternate tetrahedrally coordinated O2- and Zn2+ ion planes along the c-axis, ZnO is a 

polar crystal. A ZnO is made up of negatively charged (000 1) oxygen planes, (01̶ 10) nonpolar 

planes, and (000 ̶1) positively charged Zn terminated planes [29]. Because of its simplicity, 

hydrothermal synthesis is one of many techniques investigated for the synthesis of ZnO. 

Applying the hydrothermal method, ZnO tends to build various structures with varied 

morphologies [30–33]. Different surfactants can be used to modify the crystal growth behavior 
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on the polar crystals' planes. Different morphologies of ZnO have been synthesized using 

surfactants such as CTAB, polyacrylamide, citrate ions, HMT, and polymers[34–40].  

 Here we have explored the synthesis of different morphologies of ZnO by using different 

methods and their characterizations by using different techniques and applications in 

photocatalytic H2 production via water splitting. 

 

2.2. Experimental Section 

 

2.2.1. Synthesis 

 

2.2.1. Synthesis of ZnO 

 

2.2.1.1. Synthesis of ZnO Nanoparticles(15-35nm) 

 

Sol-gel Method 

Sol-gel synthesis was used to create ZnO NPs. At 60 °C, ethanol (144 mL) was used to dissolve 

zinc acetate dihydrate (Zn(OAc)2.2H2O ) (0.02389 mol), which took around 30 min. At 50 °C, 

ethanol (98 mL) was dissolved in oxalic acid dihydrate (0.04878 mol). The heated ethanolic 

zinc acetate solution was stirred as the oxalic acid solution was gradually added. A thick, white 

gel developed and was allowed to dry for 20 hours at 80 °C. ZnO NPs with a 20–30 nm size 

range were produced by calcining the gel at 400 °C for two hours. 

 

2.2.1.2. Synthesis of ZnO Nanoparticles (5-11nm) 

 

Precipitation Method  

The precipitation method was applied to smaller nanoparticles (5–11 nm). Refluxing KOH (56 

mM, 75 mL) in methanol for 30 min at 60 °C was a typical procedure. In a different reaction 

mixture, methanol was stirred at room temperature to produce Zn(OAc)2.2H2O (56 mM, 25 



Chapter- 2 

 

Ph.D. Thesis: AcSIR                                                                                                                30 

 

mL). The dissolved zinc acetate solution was then added dropwise through an addition funnel 

while the refluxing KOH solution was being aggressively agitated. The answer was evident as 

soon as ZnO NPs started to form. 

2.2.1.3. Synthesis of ZnO Nanorods (20-30nm) 

Hydrothermal Method 

The diverse morphologies of ZnO were created using the hydrothermal technique. Typically, 

the solvent was used to dissolve the zinc precursor, the mixture was agitated for varied lengths 

of time, then put into a 100ml Teflon-lined autoclave and heated to 150°C for 24 h. The 

autoclave was left to cool when the reaction was finished. After that, the reaction was cleaned 

with a centrifuge at 14,000 rpm, washed numerous times with water and ethanol, and dried for 

24 h at 80 °C. In Table 2.1, the specifics of the synthesis conditions are listed.  For instance. 

For HTZNR1, 50 ml of ethanol was used to dissolve 14 g of sodium hydroxide (NaOH) and 

7.435 g of zinc nitrate (Zn (NO3)2.6H2O). After stirring for 30 min, 10ml of each solution was 

combined with 20ml of ethanol. Zinc acetate (Zn (OAc)2.2H2O) was also utilised as a starting 

material to examine the impact of the zinc source on the finished product, and the influence of 

the solvent was examined using water and ethanol. 

 

Table. 2.1. Hydrothermal reaction conditions with sample notation  

 

Sr.No. Sample Name Reaction Conditions 

1 HTZNR1 Zinc nitrate +Ethanol +NaOH (30min Stirring) 

 

2 HTZNR2 

 

Zinc nitrate +Ethanol +NaOH (4h Stirring) 

 

3 HTZNR3 

 

Zinc acetate +Water (0.05M) 

 

4 HTZNR4 

 

Zinc acetate +Water (0.5M) 

 

5 HTZNR5 

 

Zinc acetate +Ethanol + Water (2h stirring) 
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2.3. Material characterizations 

FEI Nova Nano SEM 450 FE-SEM instrument characterized the structure and morphology of 

as-synthesized material. EDS elemental mapping was done on Quanta 200 3D FEI with the 

help of TEM EDS analysis system analysis was carried out on FEI, TECNAI G2 F20 

transmission electron microscopy (TEM) instrument (conditions: accelerated voltage = S-5 200 

kV, and resolution = 0.17 nm). Samples were prepared by sonication. The material thus 

collected was dispersed in ethanol and drop cast on 200 mesh carbon grids for TEM analysis. 

Powder x-ray diffraction (XRD) of all the samples was carried out in a PANalytical X'pert Pro 

dual goniometer diffractometer working under 40kV and 30mA. The radiation used was Cu 

Kα (1.5418Å) with a Ni filter, and the data collection was carried out using a flat holder in 

Bragg−Brentano geometry with a 1° slit at the source and receiving sides. The diffuse 

reflectance and absorbance UV−visible spectra were recorded on a Cary series UV−vis−NIR 

spectrometer in the 200−800nm wavelength range with BaSO4 as a reference sample. 

Photoluminescence measurements were done using a Photon Technology International 

fluorescence QM-40 spectrophotometer at 325nm excitation wavelength. Time-resolved 

fluorescence lifetime measurements were performed using a HORIBA Jobin Yvon Fluorolog 

3 fluorescence spectrophotometer. For lifetime measurements, decay curves were obtained by 

the time-correlated single-photon counting (TCSPC) technique using a HORIBA Jobin Yvon 

Nano-LED source with wavelengths 320 and 450 nm. Decay measurements were carried out 

at an excitonic emission of 380 nm and a defect emission of 520 nm. All experiments were 

performed under identical conditions. Fluorescence lifetime values were determined by 

deconvoluting the data with exponential decay using DAS6 decay analysis software. The fit 

quality was judged by fitting parameters such as χ2 and the visual inspection of the residuals. 

The surface states of the samples were analyzed by X-ray photoelectron spectroscopy (XPS) 

in a K-Apha+ Thermo Fischer Scientific (UK) instrument with an Al Kα source. XPS peaks of 

the compounds were fitted with Shirley type background subtraction method using XPS 

PEAK41 software. The data were corrected with the standardized peak for carbon at 284.8 eV. 

The HPLC used is the Agilent HPLC Column H+ monosaccharides column which has a mobile 

phase 5mM H2SO4 column, the temperature at 30°C, and refractive index detector (RID). In 

Appendix 2a, all the characterisation approaches employed throughout the paper are briefly 

reviewed together with their underlying ideas and instruments. 

 



Chapter- 2 

 

Ph.D. Thesis: AcSIR                                                                                                                32 

 

2.4. Electrochemical measurements 

The electrochemical characterizations were completed using the CH Instrument CHI660D 

electrochemical workstation, which features three electrode configurations. This thesis work's 

chapters are all run in the same environment. The substance of interest is coated on the working 

electrode, a glassy carbon electrode with a surface area of 0.0706 cm2. After making the paste 

using 1 mg of the sample, 500 µl of methanol, and 10 µl of 5% Naffion, it was processed using 

ultrasonography for 30 minutes to completely disperse the catalyst and create the slurry, which 

was then suitable for coating the electrode. The 10 µl slurry sample was then dropped over the 

glassy carbon electrode, dried under an infrared lamp, and then electrochemically analyzed. A 

reference electrode of Ag/AgCl and a counter electrode of Pt wire were used in the 

electrochemical testing at a scan rate of 50 mV s-1. Acetonitrile has LiClO4 as the supporting 

electrolyte. The 450W Hg lamp was positioned in front of the three-electrode setup during the 

light-induced CV testing. (Fig.2.1) 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.1.Experimental setup for the light-induced CV experiments 
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2.5. Photocatalytic activity 

The photocatalytic process was conducted at room temperature in a 70 ml airtight quartz cell with a 

silicone rubber septum on top. The catalyst was first sonicated for 15 minutes with various 

sacrificial reagents and water concertations. For visible light irradiation, a high-pressure 450W 

Hg lamp with water-circulating Pyrex jackets (supplied by Lelesil Innovative Systems, 

Maharashtra) was employed as the light source (Emission spectrum shown in Fig. 2.2).   

 

 

 

 

 

 

 

Fig.2.2. Emission spectrum of the used lamp as provided by the vendor, Lelesil Innovative 

Systems. 

The direct sunlight tests were also conducted there on the terrace with full midday exposure, 

using the identical gas-tight irradiation cell. The amount of H2 evolved was determined using 

gas chromatography (5700 Nucon gas chromatograph with Carbosphere column and Ar as 

carrier gas) and a thermal conductivity detector. At the moment of injection, the GC program 

employed an oven temperature of 50°C and a detector temperature of 100 °C for all analyses. 
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A 500 µL gas phase syringe was used to inject samples into the reactor's headspace on a regular 

basis. A variety of times were used to conduct the experiment (Figs. 2.3 and 4).. 

 

 

Fig.2.3. Reactor Design for the photocatalytic H2 evolution a) Photochemical reactor with 

450W Hg lamp and cooling jacket b) Quartz reactor with rubber septum with a  syringe 

 

 

 

 

 

 

 

 

 

 

Fig.2.4. The photographic image of the photochemical reactor 
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2.6. Results and Discussion 

P-XRD analysis of the samples' crystal structures revealed that ZnO formed into a hexagonal 

wurtzite structure, matching JCPDS No.01-079-0206 without any impurity phases in the case 

of HTZNR 1-4 (Fig. 2.5. a). The peaks with relative intensities of (100), (002), and (101) are 

discovered to differ in each of the four samples. HTZNR5, which was made using an acetate 

precursor, exhibited an intense diffraction peak at a low diffraction angle of 11.69 °, which is 

a typical feature of a layered compound with wide interlayer spacing, which corresponds to 

JCPDS No.01-071-2215 (Fig. 2.5 b), demonstrates the production of orthogonal zinc 

hydroxide. The samples made using zinc nitrate precursor (HTZNR1-4) under the same 

circumstances did not yield a comparable layered phase. This finding demonstrates how varied 

zinc acetate and zinc nitrate behaviors during the synthesis process result in ZnO nanostructures 

with various shapes.  

 

 

 

Fig.2.5. P-XRD pattern of a) HTZNR1, HTZNR2, HTZNR3 and HTZNR4 b) HTZNR5 
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Fig.2.6. FE-SEM images of a) HTZNR1b) HTZNR2 c) HTZNR3 d) HTZNR4 and e) 

HTZNR5 

 

Figure 2.6 displays FE-SEM images of each ZnO nanostructure.Their morphologies are clearly 

very different from one another. ZnO nanorods are uniformly dispersed in the HTZNR1, where 



Chapter- 2 

 

Ph.D. Thesis: AcSIR                                                                                                                37 

 

the reaction mixture was agitated for 30 minutes before being transferred to the Teflon 

autoclave (Fig. 2.6a). In the instance of HTZNR2, longer stirring time was given to HTZNR1 

for 4h instead of 30min, causing the nanorods to clump together and form bouquets of ZnO 

nanorods (Fig. 2.6b) without altering the ZnO crystal structure. The zinc nitrate precursor has 

been employed in HTZNR1 and HTZNR2. When the precursor transforms into zinc acetate, 

distinct ZnO morphologies are produced for HTZNR3, where only water and zinc acetate 

(0.05M) are employed to produce the nanobat morphology for ZnO (Fig. 2.6c). The creation 

of the micro hexagonal disc of ZnO with the uniformly dispersed hexagonal-shaped structure 

for ZnO occurs with a concentration increase to 0.5M. The P-XRD pattern showed an increase 

in intensity along the (002) plane, indicating that the Zinc acetated favored the growth along 

the 001 direction and that this preference increased development along the (002) plane (Fig. 

2.6d and Fig. 2.5b). In HTZNR5(Fig. 2.6e), which used zinc acetate precursor, ethanol, and 

water, nanoflowers of ZnO hydroxides developed. This morphology [41-43] is produced in this 

instance by the interaction of ethanol and water, which produces extra hydroxyl groups. The 

ZnO NRs are structurally homogeneous and free of flaws such as dislocations or stacking, as 

seen by the HRTEM picture and selective area electron diffraction (SAED) pattern (Fig.2.7).  
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Fig.2.7. TEM images (an inset shows SAED pattern) of a) HTZNR1, b) HTZNR2, c) 

HTZNR3, d) HTZNR4, and e) HTZNR5 

Once the structural characterization is done, the photocatalytic hydrogen evolution is carried 

out using the photocatalytic reactor setup explained in section 2.5. Fig.2.8. Shows the 

photocatalytic H2 evolution activity. Activity is 290µmol/h and 250 µmol/h for HTZNR1 and 
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HTZNR5, respectively. Other morphologies show lesser activities compared to these two. As 

mentioned earlier, the HTZNR5 is the form of hydroxide. Under illumination, it completely 

degrades after 4h of irradiation and thus cannot be used for further studies of H2 evolution 

activity. 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.8. H2 evolution activity of HTZNR1, HTZNR2, HTZNR3, HTZNR4, and HTZNR5 

under the irradiation of high-pressure mercury lamp with 450W with Water: Methanol Mixture 

for 4h time irradiation. 

To further elaborate this, the comparative synthesis of ZnO nanoparticles with two different 

methods, that is, sol-gel (ZnO-SG) and precipitation (ZnO-PPT) method, has been carried out, 

which is explained in the experimental section (2.2.1.1 and 2.2.1.2) respectively. These 

synthesized ZnO materials are then compared with ZnO nanorods that are HTZNR1. The 

powder X-ray diffraction of as-synthesized HTZNR1 (Fig.2.5.a), ZnO-PPT (red) & ZnO-SG 
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(blue) has been compared (Fig.2.9). It shows the formation of Wurtzite structure for ZnO which 

is matching well with the JCPDS No.01-079-0206.For HTZNR1, ZnO-SG, and ZnO-PPT, the 

planes (100) and (101) are more intense than that (002). This shows the directional growth axis 

is along the c-axis and [0001] direction (Fig.2.9). In the case of ZnO-PPT, the peaks are broader 

due to smaller particles size. however, the (100), (101), and (002) planes are more visible from 

P-XRD data (Fig.2.9). 

 

Fig.2.9. P-XRD pattern ZnO-HT (black), ZnO-PPT (red) & ZnO-SG (blue), which is 

exactly matching with the JCPDS 01-079-0206. 
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Fig.2.10.TEM analysis of a) ZnO-SG & b) ZnO-PPT  

According to the parameters of the reaction, the TEM images demonstrate the creation of three 

distinct ZnO morphologies. ZnO nanoparticles with a size of 20–30 nm are produced using the 

sol–gel process (Fig. 2.10. a). ZnO nanorods with suitable hexagonal shapes and diameters 

ranging from 50 to 100 nm are formed using the hydrothermal technique (Fig. 2.7 a). Smaller 

particles with a size between 5 and 11 nm are produced by the precipitation process (Fig. 

2.10.b). Reaction conditions are, therefore, important for the various synthesized forms of ZnO. 

The diversity in the absorption of ZnO nanostructures produced by diverse techniques is 

obvious in their UV-visible spectra, as predicted by their particle size dispersion. The 

absorption start for ZnO-PPT, ZnO-SG, and ZnO-HT, respectively, changed from 350 nm to 

375 nm to 385 nm according to calculations using the band gap generated from the absorption 

spectra as the particle size grows from the precipitation method to the hydrothermal approach 

(Fig.2.11a). ZnO nanostructures often show a broad defect emission band from 500 to 650 nm 

and an exciton emission band in the UV region of their photoluminescence spectra. ZnO 

heterostructures' size quantization can shift the placements of spectral bands. ZnO's surface 

flaws have a significant impact on its physical characteristics. The ZnO nanostructures used in 

this investigation exhibit wider ZnO-SG emission at 530 nm (Fig. 2.11b, blue), consistent with 

the trap level on the ZnO surface. The emission of ZnO-PPT (Fig.2.11b, red) shows that surface 

trap emission has decreased as the size of ZnO particles has decreased. ZnO-HT is an example 

(Fig.2.11b, black). The emission peak has once more become more diffuse, and the emission 

intensity has decreased, indicating that the recombination factor for nanorods has decreased.  
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Fig.2.11. a) UV-Vis absorption spectrum b) Photoluminescence spectrum at λexc= 325 

nm of ZnO-SG (blue) ZnO-HT (black) & c) ZnO-PPT (red) 

 

Photocatalytic hydrogen evolution activity increased in  ZnO nanostructures synthesized 

by the hydrothermal method by about 289µmol/g compared to the ZnO-PPT and ZnO-

SG. This indicates that ZnO with a nanorod shape has more influence on the H2 activity 

than other morphologies (Fig.2.12). 
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Fig.2.12. H2 evolution activity of ZnO-HT (Navy blue), ZnO-PPT (Pink) & ZnO-SG(Yellow) 

the under the irradiation of high-pressure mercury lamp with 450W with Water: Methanol 

Mixture for 4h time irradiation. 

 

2.7.Conclusion 

Sol-gel, precipitation, and hydrothermal methods were used in this chapter to create ZnO 

nanoparticles with various morphologies under various reaction conditions. These methods 

produced nanoparticles with wurtzite-structure ZnO that were 20–30 nm, 5–11 nm, and 50–

100 nm in size, respectively. By altering the reaction conditions, the hydrothermal method 

further investigates, which resulted in the production of various ZnO morphologies. Micro 

hexagonal discs, hydroxides, nanoflowers, and nanobats were all visible in FE-SEM pictures. 

The photocatalytic H2 evolution has been examined following the completion of the 

characterisation phase. Pure ZnO samples encouraged the production of H2. Hydrothermal 

ZnO nanorod synthesis is the most effective H2 generating process. This might be because of 

its complex architecture, which could scatter incoming light and increase light absorption and 

photoefficiency. It is vital to consider many alternative modification techniques because ZnO 

causes photo-corrosion and has the drawback of a smaller band gap, which restricts its use of 

visible light. 
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                                                             Chapter 3 

One pot hydrothermal synthesis of Zinc oxide-Perylene for the 

photocatalytic hydrogen evolution via methanol oxidation 
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3.1. Introduction 

The small band gap of ZnO, which has been used in many applications, has some drawbacks 

that reduce the usefulness of the visible spectrum of solar energy, which accounts for about 

45% of the overall electromagnetic spectrum of solar energy. Additionally, ZnO has a higher 

rate of electron-hole recombination, which lowers ZnO's effectiveness as a photocatalyst. 

Equation 1 states that photo-corrosion occurs when ZnO is exposed to light[1,2]. 

 

 

Therefore, using unaltered ZnO for photocatalytic H2 evolution is not desirable. Appropriate 

surface alterations can be used to mitigate these drawbacks. Attaching conducting organic 

molecules to the semiconductor surfaces is one technique [3]. This will cause quick electron 

transfer to the conducting channel rather than recombination. Dye sensitization is covered in 

Chapter 1, Section 1.7.A, as a method for charge transfer control and visible spectrum 

utilization. The highly stable and simple-to-make PDIs are functional visible-light absorption 

chromophores. They are derivatives of perylene tetracarboxylic acid dianhydride (PTCDA). 

They have been used in photovoltaics, solar cells, and other optoelectronic applications[4–9]. 

Due to π-π interactions between the perylene core and n-type semiconducting nature. The 

creation of ZnO-Perylene tetracarboxylic acid dianhydride, its characterization, and 

photocatalytic hydrogen evolution without the use of a co-catalyst are all covered in this 

chapter. Understanding the heterojunction between perylene and semiconductor materials and 

the structure creation mechanism has been attempted. 
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3.2. Experimental Section 

3.2.1. Synthesis of ZnO 

7.435g of Zinc nitrate (Zn (NO3)2.6H2O) was dissolved in 50 ml of water, and 14g of 

sodium hydroxide (NaOH) was dissolved in 50 ml of water. Then, 10ml of each solution 

was mixed with 20ml of distilled water and stirred for 30 min. Then, it is transferred 

into a 100ml Teflon lined autoclave and kept at 150°C for 24h. After the completion of 

the reaction, the autoclave was held for cooling. After that, the reaction was washed 

several times using water and ethanol using a centrifuge machine at 14,000 rpm and 

then kept for drying at 80°C in an oven for 24h. 

 

3.2.2. Synthesis of ZnO-P  

0.04M of Zinc Nitrate (Zn (NO3)2.6H2O) (0.30297g) in 40mL of water in a beaker stirred at 

room temperature and 0.4M Sodium Hydroxide (0.96g) in 60mL water in a beaker. The Zinc 

Nitrate solution was added dropwise into the alkaline solution, and 0.001M perylene 

tetracarboxylic acid dianhydride (PTCDA) was added to this mixture immediately. It is stirred 

for 30 min, transferred into a 150mL Teflon lined autoclave, and kept at 150°C for 24h. After 

that, the reaction mixture was washed with water several times and finally with methanol, then 

held for drying at 60°C inside an oven. The final material is denoted as ZnO-P (ZnONR-

PTCDA). The reaction scheme is given in Fig.3.1. 

To understand the effect of hydrothermal treatment on PTCDA, it was subjected to the 

same treatment without adding Zn precursor. 
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Fig.3.1. Reaction scheme for the synthesis of ZnO-P (ZnO NR-PTCDA) 

3.3. Material characterizations 

The methodologies utilized for PXRD, FE-SEM, TEM, IR, UV-vis, photoluminescence, NMR, 

electrochemical tests, and elemental analysis are identical to those outlined in Chapter 2's 

Section 3. In Appendix 2a, all the characterization approaches employed throughout the 

thesis are briefly reviewed together with their underlying ideas and instruments. 

3.4. Results and Discussion 

3.4.1. Structural characterization 

The powder x-ray diffraction of as-synthesized ZnO-P, PTCDA@HT, and ZnO has been 

compared (Fig.3.2a-b). It shows the formation of the wurtzite structure for ZnO, which matches 

the JCPDS No.01-079-0208. For ZnO, the planes (100) and (101) are more intense than that of 

(002), indicating that the directional growth axis is along the c-axis and [0001] direction 
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(Fig.3.2a). In the case of PTCDA@HT, four peaks appear at d-spacing values of 0.93,0.73,0.36 

and 0. 32nm. It was reported that the π-π stacking is the characteristic feature of perylene which 

is present at 2ϴ 25-27° with 0.312-0.365nm of d-spacing [10-15]. Since in the case of 

PTCDA@HT, the peaks are observed at 2ϴ 25-27° with a d-spacing of 0.36-0.32nm, this is 

assigned to the distance between single layers of two stacked perylene.[16-21]. Thus, in 

PTCDA@HT the highly crystalline structure is formed with stacked perylene layers compared 

to PTCDA powderAfter introducing PTCDA, the characteristic peaks of ZnO are still present 

in the ZnO-P; however, the peaks corresponding to the PTCDA are visible in the XRD pattern. 

After introducing PTCDA, the characteristic peaks of ZnO are still present in the ZnO-P; 

however, the peaks corresponding to the PTCDA are visible in the XRD pattern. The series of 

peaks at a low diffraction angle (d-spacing of 0.334nm) is assigned to the π-π stacking distance 

of PTCDA in ZnO-P.The peaks corresponding to PTCDA@HT are not present in the ZnO-P 

this means that while interacting with ZnO the PTCDA retains its powder characteristics. 

Fig.3.2. P-XRD pattern a) ZnO (black), ZnO-P(red), PTCDA (green) & PTCDA@HT (pink) 

which is exactly matching with the JCPDS 01-079-0208 b) Zoomed P-XRD pattern of ZnO-P 

with PTCDA (2ϴ-20-28) showing the π-π interaction 
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The morphological characterizations have been carried out by FE-SEM and TEM analysis. It 

can be seen from Fig.3.3 a) the morphology of well-aligned ZnO nanorods is formed. The ZnO 

shape doesn't change by the anchoring of PTCDA during synthesis(Fig.3.3 c).The perylene 

alone shows the sheet morphology, and ZnO shows the proper nanorods (Fig.3.3 b).  

 

Fig.3.3.FE-SEM analysis of a) ZnO-P b) PTCDA@HT and c) ZnO 

The TEM images show that the thin sheet-like morphology of PTCDA is visible and interacts 

with the ZnO nanorods through the surface and faces, which can be seen in Fig.3.4a). From the 

P-XRD pattern, the highly exposed face of ZnO is (100) and (101). The ZnO(100) plane shows 

the interaction with PTCDA through this face (Fig.3.4b). SAED pattern suggests the crystalline 

nature of ZnO and the amorphous nature of  PTCDA (Fig.3.4c). The further SAED study 

reveals the interaction between the PTCDA, which has the (102) plane at a d-spacing of 

0.334nm, which is the value for the π-π stacking of perylene [22,23]. This observation is also 

corroborated by the powder x-ray diffraction for ZnO-P(Fig.3.2 b). To know about elemental 

content and formation uniformity, elemental mapping has been carried out, which shows the 

presence of Zn, O, and C in the ZnO-P material (Fig.3.4d-i). The perylene part only shows the 

presence of C and O, which confirms the presence of perylene in the form of sheets in the 
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system, and the ZnO part shows the presence of Zn and C, indicating an interaction between 

ZnO and dye.   

Fig.3.4. FESEM & TEM analysis a) FE-SEM of ZnO-P b) TEM of ZnO-P c) saed pattern for 

ZnO-P d-i) Elemental mapping for the ZnO-P showing elements Zn, O, and C 
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To know further in detail about the ZnO-P interaction, Fourier transform infrared (FT-IR) 

spectroscopy for ZnO, ZnO-P, PTCDA, and PTCDA@HT was performed. The FT-IR spectra 

(Fig.3.5) clearly show the sharp peaks for carbonyl stretching frequency (-C=O) at 1770cm-1 

for PTCDA, which splits into asymmetric stretching vibrations at 1605cm-1 and symmetric 

stretching vibrations at 1334cm-1 for PTCDA@HT.This indicates the ring opening at PTCDA 

structure at anhydride group and the formation of -COO- with coordination ability. After 

forming the bond with the Zn atom in the ZnO lattices, the vibrations shifted to 1554cm-1 and 

1437cm-1. The ZnO shows the characteristics of vibrations at 540cm-1 for Zn-O, which is 

moved to 577cm-1 in the ZnO-P, confirming the  interaction between ZnO and PTCDA[24-

26]. 

 

 

 

 

 

 

 

 

 

Fig.3.5.FTIR spectra of ZnO, ZnO-P, PTCDA and PTCDA@HT 

 



                                                                                                                       Chapter-3 

 

 

Ph.D. Thesis: AcSIR                                                                                                              54 
 

 

The red color of PTCDA changes to yellow on the formation of ZnO-P, as seen in the 

photographic images in Fig.3.6a. The same shift in color is observed on hydrothermal treatment 

of PTCDA (sample PTCDA@HT). The absorption spectra for ZnO, PTCDA, PTCDA@HT, 

and ZnO-P have been studied to understand these changes (Fig.3.6b). ZnO shows absorption 

at around 380nm, and in the case of PTCDA, it ranges from 400-700nm(27-29). The blue shift 

in PTCDA@HT could be ascribed to the strong confinement effect caused by the nature of 

molecules. This phenomenon also reveals the strong π-πinteraction between the neighboring 

perylene molecules, promoting the lower energy intermolecular charge transfer[30-33]. The 

ZnO-P shows the combination of both absorption bands for PTCDA and ZnO. The band gap 

of ZnO nanorods is estimated to be 3.20eV (Fig.3.7). In ZnO-P, the band gap reduces to 

2.98eV, which is red-shifted, and ZnO-P has both the characteristics peaks for ZnO and 

PTCDA indicating enhanced light absorption in the visible region. In the case of PTCDA@HT, 

the band gap position changes to 1.96eV.  
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Fig.3.6. (a) Photographic images of ZnO, PTCDA, ZnO-P, and PTCDA@HT 

(b)UV-Visible absorption spectra of ZnO, ZnO-P &PTCDA@HT  
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Fig.3.7.(Tauc Plots)Band gap measurements for ZnO, ZnO-P and PTCDA@HT 

 

 

Photoluminescence studies have been carried out to learn more about the electron transfer and 

to understand the structural features of ZnO-P and PTCDA@HT. The solution of the same 

concentration(1x10-5M) has been prepared using methanol as the solvent. The ZnO-P and 

PTCDA@HT have been compared to see the differences between the ZnO and Perylene 

characteristics. The absorption edge for ZnO lies at 390nm, which is red-shifted after adding 

PTCDA(Fig.3.8a). The absorption spectra of perylene structures show the typical features at 

410,440,470 and small shoulder at 520nm. This peak is characteristic of the perylene core 

(Fig.3.8a). In the case of PTCDA@HTthe absorption bands become broader than that of ZnO-

mailto:PTCDA@HT.The
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P, which means that in the case of PTCDA@HT, more aggregation and stacking is happening 

as compared to that of ZnO-P. The ZnO shows the characteristic green emission at 520nm, 

which generally occurs due to the oxygen vacancies and due to interstitial species. This green 

emission is called the defect emission, which leads to the recombination of electrons and holes, 

and due to this, the activity in the ZnO is minimal. The emission characteristics for   PTCDA 

are generally the peaks at 520nm and 580nm for the emission in the visible region. This 

emission is also visible in the photoluminescence spectra of ZnO-P, where peak intensities are 

suppressed compared to parent PTCDA. It means the extent of recombination in ZnO has been 

reduced by the electron transfer mechanism from PTCDA to ZnO, which is very 

understandable from the photoluminescence spectra for ZnO-P (Fig.3.8b). 

 

Fig.3. 8. a) UV-Visible spectra (b)Photoluminescence spectra of ZnO-P &PTCDA@HT(The 

spike in Fig.3.8.b is due to the 2λpeak of the instrument) 
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3.4.2. Formation mechanism of ZnO-P 

The scheme of synthesis is given in Fig.3.1.The synthesis mechanism of ZnO-P can be 

explained in the following assumptions as the absorption spectra and photoluminescence 

spectra reveal the changes in the absorption properties as well as emission properties of ZnO 

and PTCDA when they are coming together. The ZnO is known to form different morphologies 

depending on the synthesis procedure. Here, well-dispersed ZnO nanorods show the interaction 

with the sheet-like structure of PTCDA. The TEM data reveals the morphologies and their 

interaction with each other. During the reaction, Zinc nitrate dihydrates react with water and 

form the Zn2+ and 2(NO3) 
- (eq.1), and then simultaneously, the sodium hydroxide forms Na+ 

and OH – (eq.2). After the addition of Zinc nitrate solution to alkaline solution it forms Zinc 

hydroxide (eq.3). PTCDA was added after this step. The whole solution turns yellow due to 

the formation of of Na4(PTCDA)  (eq.6). Thus, during synthesis itself, , Zinc hydroxide and 

Na4(PTCDA)  come together to form a heterojunction structure which can be visible from 

TEM-SEM data as well as a powder diffraction pattern. Thus ZnO-P formation takes place by 

creating a strong bond between the exposed Zn atom of the (100) plane of ZnO and the 

carboxylate group of perylene (-COO-) (Fig.3.9a). During the ZnO synthesis, solvent, pH as 

well as zinc source play the critical role. Here, the most exposed plane is (100) and PTCDA is 

showing interaction with (100) plane[34]. Thus, the reaction mechanism of formation in the 

schematic format can be explained in Fig.3.9a-c. 
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Fig.3.9. a) The reaction mechanism for the formation of ZnO-P b) the structure of PTCDA in 

the alkaline solution c) the Hexagonal unit cell of ZnO in the ZnO-P structure. 

 

3.4.3. Hydrogen evolution activity 

The ZnO, ZnO-P, and PTCDA@HT activity performance has been studied. The hydrogen 

evolution activity has been checked with 25% methanol in water without adding any co-

catalyst. The activity comparison between pure ZnO, ZnO-P, and PTCDA@HT shows quite a 

drastic variation in the activity (Fig.3.10 a). The activity for the pure ZnO is 297µmolh-1 and 

for PTCDA@HT is 329 µmolh-1. For ZnO-P, the activity increased substantially to 49650 
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µmolh-1 (Fig.3.10 a). This increase in activity can be concluded as due to a synergetic effect of 

ZnO and PTCDA interaction in the composite, with PTCDA acting as a sensitizer in the ZnO-

P.  

3.4.3.1.Role of sacrificial reagent 

By preventing electron-hole recombination, sacrificial reagents are crucial for improving the 

photocatalytic activity of hydrogen synthesis. Therefore, the activity in aqueous solution with 

various sacrificial reagents, such as methanol, isopropanol, and triethanolamine, was studied 

in order to have a better knowledge of the influence of sacrificial reagent against the 

photocatalytic hydrogen production in the ZnO-P system. The photocatalytic hydrogen 

generation of ZnO-P photocatalyst in additional sacrificial reagents is depicted in Fig. 3.10b. 

The hydrogen generation rates were 6240,1330, and 8044 µmol/h for methanol, isopropanol, 

and triethanolamine, respectively. The best sacrificial reagent for ZnO-P to produce hydrogen 

at the best rate is triethanolamine. Since methanol breakdown results in the formation of value-

added compounds, including formaldehyde, formic acid, and CO, methanol was utilized as the 

sacrificial reagent. H2 evolution activity of ZnO-P was examined with and without methanol 

(Fig. 3..10 c) to determine the effect of components on the system's activity; in the absence of 

methanol, activity decreased to 20  µmol/h, which is significantly less. 
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Fig.3.10. a) H2 evolution activity of  ZnO, PTCDA@HT &ZnO-P in 25% (v/v)MeOH/Water 

system under illumination with visible light (λ >450 nm)(5mg catalyst)b) H2 evolution activity 

of ZnO-P in 25% (v/v)MeOH, Triethanolamine & isopropanol/Water system under 

illumination with visible light (λ >450 nm c) H2 evolution activity of ZnO-P in 25% 

(v/v)MeOH/Water &without MeOH(30mg catalyst) 

To check the stability of the catalyst ZnO-P after reaction, PXRD and FT-IR analysis were 

carried out. The crystallinity of ZnO-P after the reaction is decreased, which can be visible 

from the comparative diffraction pattern of ZnO-P after and before reactions (Fig.3.11). The 
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FT-IR spectra, also shows reduction in intensities of peaks in IR spectrum in ZnO-P(Fig.3.12). 

Thus, from all these observations, it can be concluded that although ZnO-P shows some 

changes related to the structural features its activity remains intact and  it shows high activity 

for the H2 evolution. 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.11. P-XRD pattern of ZnO-P after and before irradiation 
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Fig.3.12. FTIR spectra of ZnO-P after and before irradiation 

 

Similarly, to know the efficiency, apparent quantum yield measurement (AQY%) has been 

recorded using a solar simulator with a cut-off filter of λ>400nm. The efficiency of ZnO-P is 

3.126% which is comparable to many perylene-based systems. It is higher than other reported 

perylene-semiconductor-based systems (Table .3.1). 
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Table. 3.1. Comparison of the apparent quantum efficiency of different materials  

 

3.4.4. Production of value-added products (formaldehyde from methanol oxidation) 

The reduction and oxidation reactions (0 V vs. NHE) are photocatalytic processes that generate 

hydrogen and oxygen. Regarding thermodynamics, the photocatalytic water-splitting reaction 

requires a minimum photon energy of 1.23 eV. When the photocatalytic reaction is carried out 

in an aqueous solution along with a reducing agent like methanol, photogenerated holes in the 

valence band irreversibly oxidize the reducing agent instead of H2O if the bottom of the 

photocatalyst's conduction band is situated at a more negative potential than the water reduction 

potential. Conduction band electrons can decrease water more readily as a result of this. By 

enhancing the number of photogenerated electrons in the conduction band of a photocatalyst, 

excitation speeds up the H2 evolution reaction. It is well known that during oxidation, hydroxyl 

radicals interact with methanol predominantly by removing a hydrogen atom from the C-H 

bond to form hydroxymethyl (E0 ( ·CH2OH/ CH2O) =- 0.95 v NHE)[35–37]. The resultant 

radical then adds a fresh electron to the conduction band of the photocatalyst. The following 

reaction happens when methanol is oxidized: 

 CH
3
OH                HCHO               CO+ 2H

+
 

h
+ 
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As a result, methanol can be used as a sacrificial reagent and still provide valuable byproducts 

like formaldehyde or formic acid. CO, the final product, is useful for numerous purposes, 

including precise chemical synthesis. The end product of the reaction, formaldehyde reacting 

with CO, is reported in Table.3.2 along with the evolution of hydrogen that occurs during the 

reaction.By doing an HPLC examination on the samples, it was possible to confirm the 

generation of formaldehyde (Fig. 3.13).  

 

 

 

 

 

 

 

 

Fig.3.13. HPLC data showing the standard formaldehyde (1%) with sample ZnO-P showing 

the formation of formaldehyde from the methanol oxidation  
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The amount of conversion of methanol to formaldehyde has been calculated and plotted in the 

data (Fig.3.14). The 20% methanol showed the conversion of 2.80µmolh-1 of formaldehyde 

from the reaction mixture. Experiments with other methanol concentrations did not show any 

formaldehyde formation; thus, 20% was optimized for the reaction studies (Table.3.2.). 

 

 

 

 

 

Fig.3.14. (a) Amount of H2 and CO evolved in ZnO-P at various % of Methanol: Water (b) 

The selectivity of CO and HCHO concerning the time of conversion of methanol in ZnO-P 

 

Table.3.2. Products Yield 

Methanol (%) Product yield of H2 

(µmol/h) 

The product yield 

of CO (µmol/h) 

The product yield 

of HCHO (µmol/h) 

2 1530 0 - 

5 44021 1981 - 

20 49650 25685 2.80473 

35 24511 30836 - 

50 15445 29865 - 
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3.4.5. Photocatalytic H2 evolution mechanism via methanol oxidation   

The photoinduced electrons need to be transported easily in order to lengthen the separation of 

charge carriers, which will improve the photocatalytic performance of the composites. 

Electrochemical characterizations have been performed under the influence of a light source in 

order to better understand the mechanism of photocatalytic activity (details are provided in 

Chapter 2-Section 2.5). In contrast to ZnO, ZnO-P exhibits a higher current density in the 

presence of light (Fig. 3.15 a). It refers to the movement of electrons, or charge, from the ZnO 

side to the PTCDA side. These findings have been verified using the EIS Nyquist plot analysis. 

EIS Nyquist graphs with larger arc radii typically indicate more interfacial charge transfer 

resistance during the photocatalytic activity. Better conductivity and charge transfer ability are 

correlated with a smaller arc radius. The ZnO-P exhibits a smaller arc radius (Fig. 3.15 b) and 

a superior capacity for hydrogen evolution; consequently, these findings are supported by the 

ZnO-P's lower PL emission intensity. Fig. 3.16 shows a comparison of ZnO-P's ON and OFF 

modes. 

Fig.3.15.a) LSV profile for photoelectrochemical cells employing ZnO-P and  ZnO (10mV/s) 

upon light ON mode (450W Hg lamp) by cyclic voltammetry, b) Electrochemical Impedance 

employing ZnO-P and ZnO upon light ON mode (450W Hg lamp). 
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Fig.3.16. Cyclic voltammogram for ZnO-P ON-OFF mode (10mV/s) in 450W Hg Lamp by 

using three electrode setups (Platinum wire counter electrode, glassy carbon working electrode, 

Ag/AgCl working electrode in 0.2MClO4 in acetonitrile as supporting electrolyte. 

SiO2-P was synthesized utilizing TEOS (tetra ethyl orthosilicate) as a source for Si to better 

comprehend this. ZnO-P synthesis conditions were used in the process. The electron transfer 

is predicted to fail since SiO2 lacks a facile electron acceptor. Due to that, the activity is 

significantly less than ZnO-P (Fig.3.17). In addition, ZnO nanorods were taken, and the salt of 

PTCDA was mixed well with grinding for 30min, dried at 80°C, and kept for irradiation. This 

leads to the complete degradation of the sample(Fig.3.18). These two control experiments 

indicate strongly the interface between ZnO and PTCDA facilitating charge transfer and 

enhanced photocatalytic activity. 
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Fig.3.17. Comparison of H2 evolution activity of SiO2-P&ZnO-P in 25% (v/v)MeOH/Water 

system under illumination with visible light (λ >450 nm) with inset showing the FE-SEM 

image of SiO2-P  along with electron transfer in PTCDA, ZnO, and SiO2. 
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Fig.3.18.a) Wet impregnation method of synthesis to understand the interaction in ZnO-P b) 

Photographic image of samples under illumination with visible light (λ >450 nm) 

To better understand the mechanical aspects of the photocatalytic hydrogen evolution and the 

crucial roles of PTCDA and ZnO in the reaction, the fluorescence lifetime study of the system 

was conducted by TCSPC (time-correlated single photon counting) in powdered samples of 

ZnO and ZnO-P at room temperature. The deterioration profile is shown in Fig. 3.19a–d. In 

Table.3.3, the tabular format is displayed. The numerical convolution technique, which 

assumes that the delta pulse response is tri-exponential and bi-exponential, deconvolutes the 

decay curves. Bi-exponential fits have been used to fit the response at emission wavelengths 
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of 380 nm and 480 nm, while tri-exponential fits have been used to fit the emission (defect 

emission) response at 520 nm. According to reports, the defect emission lifetime has slower 

components than exciton emission and is detected at roughly 79.35% components. In the case 

of ZnO-P, the 380nm emission from the component with a lifetime of 0.01302(94.18%) and 

7.25(5.85%) indicates a two-component system, whereas the 520nm emission is the defect 

emission, which indicates the presence of three components with a significant contribution 

from the PTCDA side with 2.47(1.66%), 26.33(3.24%), and 0.018(95.09%). With a 

contribution of 95.09%, 0.018ns had the biggest contribution. This explains why the ZnO-P is 

more stable and active. The cyclic voltammetry analysis of ZnO-P in light ON-OFF mode (Fig. 

3.20) further supports the development of three species in ZnO-P. Here, the emergence of three 

species is seen. In addition, Fig. 3.21 provides a schematic illustration of the mechanism for 

H2 evolution across the ZnO-P surface via methanol oxidation. 
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Fig.3.19.The emission decay profiles upon excitation at 374 nm for (a) ZnO @520nm 

emission, (b) ZnO-P@520nm emission, (c) ZnO-P@380nm emission, (d) ZnO-P@480nm 

emission, Instrument response function in black, decay profile in red and experimental fit in 

blue 

Table.3.3. Lifetime parameters for pure ZnO and ZnO-P  
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Fig.3.20.Cyclic voltammogram for ZnO-P ON -OFF mode (10mV/s) in 450W Hg Lamp by 

using three-electrode setup (Platinum wire counter electrode, glassy carbon working electrode, 

Ag/AgCl working electrode in 0.2M LiClO4 in acetonitrile as supporting electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3.21. Schematic representation of the mechanism of H2 evolution on ZnO-P photocatalyst 
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3.5. Conclusion 

In conclusion, the synthesis of the ZnO-P heterostructure has been completed effectively. 

Excellent visible-range absorption is displayed by ZnO-P. After testing the photocatalytic 

activity, it was discovered that ZnO-P exhibits higher activity than bare ZnO and PTCDA. The 

creation of π-π stacking in the PTCDA and the covalent link between the two O atoms of the 

perylene (-COO-) group and the Zn atoms of the ZnO lattices are what cause the activity to be 

increased. It causes heterojunction formation, which lowers ZnO's capacity for photoreduction 

and reduces the recombination of electrons and holes, resulting in increased activity. 

Absorption experiments that combine the absorption bands for ZnO and PTCDA in ZnO-P 

have been done to help us comprehend this. ZnO nanorods are thought to have a band gap of 

3.20 eV. The band gap shrinks in ZnO-P to 2.98eV, which is red-shifted, and ZnO-P has both 

the ZnO and PTCDA characteristic peaks, indicating increased light absorption in the visible 

spectrum. The oxygen vacancies and interstitial species are typically to blame for the 

characteristic green fluorescence of ZnO at 520 nm. The activity in ZnO is very low due to this 

green emission, also known as the defect emission, which causes the recombination of electrons 

and holes. To comprehend the emission characteristics of ZnO-P, fluorescence properties are 

used. PTCDA displays the visible emission peak at 520 nm and the peak at 580 nm. This 

emission is also discernible in the photoluminescence spectra of ZnO-P, where peak intensities 

are reduced compared to parent PTCDA. It indicates that the electron transfer mechanism from 

PTCDA to ZnO has lowered the amount of recombination in ZnO. This information is further 

connected with cyclic voltammetry data, demonstrating that ZnO-P current density rises in 

light compared to ZnO. It refers to the movement of electrons, or charge, from the ZnO to the 

PTCDA side. 
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Chapter 4 

Supramolecular self-assemble structure of ZnO nanoparticles 

modified with perylene tetracarboxylic acid dianhydride. 
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4.1.Introduction 

The process through which particular, local interactions between members without external 

direction form an ordered structure from previously existent chaotic components. If the 

constituent molecules are molecules, the process is known as molecular self-assembly. Until 

now, substituted perylene has been the main focus of all writing.It is well known that perylene 

helps Au nanoparticles self-assemble[1]. There are reports on the synthesis of self-assembled 

ZnO that has been modified with tetra sulfonated metal phthalocyanines on the template and 

its application to DSSC[2–3]. Here, we discuss a method for assembling supramolecular self-

assembled structures of perylene tetracarboxylic acid dianhydride and their interactions with 

ZnO nanoparticles to produce a material for light-driven hydrogen (H2) production that 

combines light-absorbing chromophores and catalysts. ZnO nanoparticle synthesis was done 

in this location. Then, use perylene tetracarboxylic acid dianhydride (PTCDA), a readily 

available starting ingredient. The anhydride connection was then broken using KOH. The self-

assembled ZnO-PTCDA structure was then created after that. PTCDA of the two varieties has 

been applied. The first has MC-PTCDA, whereas the second contains TC-PTCDA. It has been 

done to carry out structural and photophysical characterizations. 

4.2. Experimental Section 

4.2.1. Materials 

Zinc acetate dihydrate 98% (extra pure) is brought from Sigma-Aldrich. The PTCDA (Perylene 

3, 4, 9, 10-tetracarboxylic dianhydride) 97% pure is obtained from Sigma, Potassium hydroxide 

is brought from Merck chemicals, and absolute ethanol was purchased from analytical reagent 

for laboratory purposes 

4.2.2. Synthesis 

4.2.2.1. Synthesis of ZnO nanoparticles 
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Following the procedure from the research that our group previously published, ZnO 

nanoparticles have been created. Sol-gel synthesis was used to create ZnO NPs. At 60 °C, 

ethanol (144 mL) was used to dissolve zinc acetate dihydrate (0.02389 mol), which took around 

30 min. At 50 °C, ethanol (98 mL) was dissolved in oxalic acid dihydrate (0.04878 mol). The 

heated ethanolic solution of zinc acetate dihydrate was stirred as the oxalic acid solution was 

gradually added. A thick, white gel developed and was allowed to dry for 20 h at 80 °C. ZnO 

NPs with a 20–30 nm size range were produced by calcining the gel at 400 °C for  2h. 

 

4.2.2.2. Hydrolysis of perylene tetracarboxylic acid dianhydride (TC-PTCDA&MC-

PTCDA) 

 

Here, we have used 39.2 mg of PTCDA (4 mM mmol), first dissolved in 20 mL of aqueous 

potassium hydroxide solution (30 mM) at a high temperature of 50°C. The anhydride group 

was hydrolyzed to produce the potassium salt (TC-PTCDA). TC-PTCDA was then made by 

simply treating PTCDA with the aqueous potassium hydroxide. The PTCDK solution was 

cooled to room temperature once PTCDA had entirely disintegrated. For purposes of further 

characterization, the aforementioned solutions are left in place.  

MC-PTCDA, prepared by dissolving PTCDA (1.96g/5mmol) in water containing Potassium 

hydroxide (1.12g) in 25ml of Distilled water at 90°C, with a pH value of 10. Its value is 

maintained up to 4 to 5 by adding 4ml of 30% HCl over 2h. The mixture was further stirred for 

2 h at the same temperature. The mixture was then cooled to RT, and the precipitate was filtered 

and washed with hot water to get the final product in red color. 1H-NMR(Appendix 4b) is used 

to characterize the materials. 

 

4.2.2.3. Synthesis of ZnO-Perylene self-assembly 

A beaker containing  4mM of ZnO in a 1:1 mixture of Distilled water and methanol was 

prepared, and the prepared TC-PTCDA or MC-PTCDA were kept as synthesized in section 

4.2.2.2.ZnO mixture under stirring conditions. The solution was stirred for 24 h at room 

temperature (35°C), and collected the samples by centrifugation at 13000 rpm speed for about 
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10 min. Washed with distilled water several times and then finally with methanol. The sample 

was collected by drying it at 60°C for 24h. The different sets of reactions were carried out 

depending on the surface modification, concentration, and size of ZnO nanoparticles used in 

the study, to see the difference in self-assembly formation. Oleic acid has been used to modify 

the surface since it is known to form hydrophobic ends over the surface of ZnO. To understand 

the concentration variation, different concentration of PTCDA has been synthesized in two 

different particle size of ZnO has been chosen and the results have been discussed in other 

sections of the results and discussion scheme of reaction given in Table 4.1. 

Table 4.1. A different set of reactions under various conditions  

 

 

       

Sr.No. 

ZnO PTCDK 

(mL) 

Oleic 

acid  

Methanol(mL) Water(mL) Observation 

1 250mg (12-

15nm) 

25(0.4mM) - 10 10 Self-

assemble 

2 250mg(20-

40nm) 

25(0.4mM) -- 10 10 No 

3 250mg(20-

40nm) 

25(0.4mM)  - 20 No 

4 - 25(0.4mM) - 10 10 No 

precipitate 

5 250mg(20-

40nm) 

25(0.05mM) - 10 10 No 

6 250mg(20-

40nm) 

- 1mL - 20mL Surface 

modification  

7 250mg(20-

40nm) 

25(0.4mM) 2mL 10 10 No 

8 250mg(20-

40nm) 

- 10µl - 20mL Surface 

modification 

9 250mg(20-

40nm) 

25(0.4mM) 10µl 10 10 No 
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Scheme 4.1.Synthesis of MC-PTCDA and PTCDA, along with the formation of MC-PTCDA-

ZnO and TC-PTCDA-ZnO 

 

 

 

 

4.3. Material characterizations  

The steps taken for PXRD, FE-SEM, TEM, IR, UV-vis, photoluminescence, NMR, 

electrochemical tests, and elemental analysis are identical to those given in chapter 2 Part 2A, 

section 3. In Appendix 2a, all the characterisation approaches employed throughout the paper 

are briefly reviewed together with their underlying ideas and instruments. 

 

4.4.Results and discussion 

The production process and solvent that we use affect the size and form of ZnO nanoparticles. 

Since ZnO has a hexagonal crystal structure, it typically forms hexagonal structures such cones 
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and columns, micro prisms, and microtubes. Figure 4.1 a, created from the FESEM images. 

With TEM pictures displaying the spherically shaped morphology with a size of 20- 30 nm, 

ZnO synthesized by the sol-gel technique exhibits aggregated spherical-shaped geometry 

(Fig.4.1.d). Following treatment with TC-PTCDA, self-assembled Zinc Oxide (ZnO) 

nanoparticles can be seen to have a particular shape in representative FESEM pictures. ZnO 

exhibits a self-assembled structure with a well-defined rectangular shape. Around 2.294 um is 

the length of rectangular ZnO (Fig. 4.1.b). The self-assembled structure of perylene with ZnO 

is also visible in the TEM pictures (Fig. 4..1.e). ZnO treated with MC-PTCDA exhibits no 

morphological changes in the FESEM or TEM pictures (Fig. 4.1.c and f). It demonstrates that 

the presence of a tetra-substituted carboxylic group in perylene is required for the formation of 

self-assembly with ZnO nanoparticles. As seen in Fig.4.2, X-ray diffraction (XRD) was 

employed to examine the phase purity of the synthesized ZnO. Most of the peaks' relative 

intensities are in good accord with the ZnO wurtzite hexagonal structure determined by JCPDS 

No.01-079-0206. For any of the synthesized samples, there were no peaks associated with 

impurities. 
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Fig.4.1. FESEM analysis of (a) ZnO (b) TC-PTCDA-ZnO (c) MC-PTCDA-ZnO and  

TEM analysis of (d) ZnO (e) TC-PTCDA-ZnO (f) MC-PTCDA-ZnO 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.2. P-XRD pattern of TC-PTCDA-ZnO and MC-PTCDA-ZnO 
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As described in section 4.2.2.4 of the synthesis chapter, numerous synthesis approaches have 

been used further to comprehend the concept generation of self-assembly in TC-PTCDA-ZnO. 

The creation of uniform self-assembly is not observed when the particle size grows from 12 to 

40 nm, which indicates that the size of the ZnO particles is crucial in determining the shape of 

the self-assembly of TC-PTCDA-ZnO (Fig. 4.3a-b). When the concentration of TC-PTCDA is 

decreased from 4mM to 0.05mM to understand the effect of the concentration on the self-

assemble structure, it is seen that small agglomerated structures of ZnO are visible but not as 

such self-assemble structures, indicating that it is also not affecting the structural formation 

(Fig. 4.3c). The absence of a source of methanol causes the reaction to fail to produce the TC-

PTCDA-ZnO self-assembly structure, indicating that methanol is also necessary for self-

assembly to occur (Fig. 4.3d). Since many years ago, ZnO has had its surface modified with 

oleic acid, and this surface modification has been applied to numerous devices[4-6]. Oleic acid 

makes ZnO's surface more water-repellent by increasing its surface hydrophobicity. This is the 

first place this idea has been used. Oleic acid is applied to the ZnO surface in two distinct 

concentrations. ZnO's spherical particle shape completely transforms into sheets when 1 ml of 

oleic acid is applied, but the crystal structure remains unaltered (Fig. 4.4a). After adding TC-

PTCDA solution to the oleic acid-treated ZnO, the shape does not change (Fig. 4.4b). It is 

evident that the shape of ZnO is kept with spherical particles even after treatment with TC-

PTCDA; it remains the same and no formation self-assembly is observed (Fig. 4.4c-d) as the 

concentration of oleic acid is again reduced to 10 µl. This finding supports the hypothesis that 
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the surface should be hydrophilic. To achieve a consistent self-assembly structure, 

consideration must be given to the nanoparticle size and solution concentration. 

 

Fig.4.3. FESEM analysis of a) TC-PTCDA-ZnO(12-15nm) b) TC-PTCDA-ZnO(20-40nm) c) 

TC-PTCDA-ZnO(0.05mM of TC-PTCDA) and d) TC-PTCDA-ZnO (No methanol) 
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Fig.4.4. FESEM analysis of a)ZnO(oleic acid 1ml) b) TC-PTCDA-ZnO(oleic acid 1ml) c) 

ZnO(oleic acid 10µl) and d) TC-PTCDA-ZnO(oleic acid 10µl) 

 

The interactions between the nearby molecules in the system directly impact the optical and 

electrical characteristics of photocatalysts. ZnO, TC-PTCDA-ZnO, and MC-PTCDA-ZnO 

were all measured for their optical characteristics using the UV-Visible absorbance spectrum. 

The structures of TC-PTCDA-ZnO and MC-PTCDA-ZnO exhibit wider visible range 

absorption, as shown in Fig. 4.5, making it possible to use long wavelength visible light for the 

application in visible light H2 evolution. The significant confinement effect brought on by the 

neighboring perylene molecules might be attributed to the blue shift of the highest absorption 
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peak of supramolecular TC-PTCDA-ZnO. The TC-PTCDA's strong  π-π interactions between 

nearby perylene molecules are also revealed by this event. 

Additionally, the ZnO particles are arranging themselves properly and producing a self-

assembling structure, which would encourage a lower energy intermolecular charge transfer[7-

10]. To compute the band gap energies, F(R) = (1-R)2/2R, a relation between reflectance and 

the Kubelka-Munk factor, was utilized [11]. By creating a Tauc plot, specifically a plot of 

(F(R)hv)1/2 vs hν, the band gap of bulk powder samples is measured using the Kubelka-Munk 

model as the foundation. Tauc plots (Fig. 4.6) revealed that TC-PTCDA had a band gap of 2.2 

eV, higher than that of MC-PTCDA (1.9 eV). Creating H-type π-π stacking in the 

supramolecular structure of TC-PTCDA-ZnO may be responsible for this phenomenon. 

Fig.4.5.UV-Visible absorption spectra of ZnO, TC-PTCDA-ZnO, and MC-PTCDA-ZnO DA-

ZnO. 
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Fig.4.6.Bnad gap calculations (Tauc plots) for a) pure ZnO(black), TC-PTCDA-ZnO(red), and 

MC-PTCDA-ZnO(blue), b) TC-PTCDA (red) and MC-PTCDA (blue). 

An attempt was made to compute flat band potentials based on Mulliken electronegativity using 

the empirically determined band gap energy [12]. In Appendix 4a, the computations' specifics 

are described. This technique has been employed frequently to determine the band properties 

of simple oxides. This approach is recommended to provide thorough knowledge even in 

complex oxides, even though structural contributions are not considered. The following 

equation has been used to calculate the band locations of ZnO: 

Evfb= EA – Eref + (1/2 Eg)                                                   (4.1) 

where EA is each atom's affinity for electrons.  

It can be calculated using the geometric mean of each element's electronegativity. Mulliken's 

calculations served as the basis for the electronegativity. On a hydrogen scale, E ref is the energy 

of free electrons. In Fig. 4.8, the band locations of ZnO, TC-PTCDA, and MC-PTCDA are 

depicted about a standard hydrogen electrode.The energy levels of the HOMO of the self-

assembled supramolecular were also identified in the cases of TC-PTCDA and MC-PTCDA 
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by cyclic voltammetry in THF (Fig. 4.7). As an internal reference and as a supporting 

electrolyte, 0.1 M tetra-n-butylammonium hexafluorophosphate (TBAPF6) was utilised 

(Appendix 4b). Fig. 4.8 displays the band diagrams. TC-PTCDA and MC-PTCDA had HOMO 

levels of 1.53V and 0.89V vs. NHE, respectively. Appendix 4b contains the computations' 

specifics. 

The relationship between  

 

 

 

The LUMO was calculated by using the equation. 

ELUMO+EHOMO=Eg                                                                              (4.4) 

According to the statistics, the LUMO for TC-PTCDA is -0.88V and for MC-PTCDA, it is -

1.01V. These results demonstrate that the respective redox potentials of TC-PTCDA and MC-

PTCDA are higher than the redox potential of hydrogen evolution. As a result, this will 

guarantee sufficient driving power to produce both H2 evolution and water reduction. The band 

diagram demonstrates that TC-PTCDA's redox potential is closer to the conduction band of 

ZnO (-0.31V). As a result, compared to MC-PTCDA, the excited electrons from TC-PTCDA's 

LUMO can move more quickly to the CB of ZnO and cause higher H2 evolution activity. By 

comparing the H2 activity of pure ZnO, TC-PTCDA-ZnO, and MC-PTCDA-ZnO, the 

photocatalytic H2 activity has been performed to verify this assumption. 

−𝐸
𝑉
 

𝑣𝑠. 𝑣𝑎𝑐𝑢𝑢𝑚 
= 𝐸

𝑜𝑛𝑠𝑒𝑡

 − 𝐸
𝑉
 
𝑣𝑠. 𝐹𝑐/𝐹𝑐+ 

+ 4.8 𝑒𝑉                                       (4.2) 

𝐸
𝑉 𝑣𝑠. 𝑁𝐻𝐸 

= −(𝐸
𝑉 𝑣𝑠. 𝑣𝑎𝑐𝑢𝑢𝑚 

+ 4.5 𝑒𝑉)                                                 (4.3) 
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Fig.4.7.Cyclic voltammograms curves of TC-PTCDA and MC-PTCDA  
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Fig.4.8.The band diagrams of ZnO, TC-PTCDA, and MC-PTCDA 

After understanding all the aspects of this study Comparison of the H2 evolution activity of 

pure ZnO, TC-PTCDA-ZnO, MC-PTCDA, and MC-PTCDA-ZnO in 25% (v/v)MeOH/Water 

system under illumination with visible light (λ >450 nm) has been studied. The hydrogen 

evolution activity has been checked with 25% methanol in water without adding any co-

catalyst. The advantage of our system is that we are not using any co-catalyst, and still, the 

system provides a good amount of hydrogen with stability. Due to the presence of nearer 

LUMO of TC-PTCDA (-0.88V) to the CB of ZnO(-0.31V), the activity is about 2050µmol/h 

for TC-PTCDA which is two times highest as that of MC-PTCDA that is 1000 

µmol/h(Fig.4.9).The addition of both TC-PTCDA and MC-PTCDA is leading to increasing the 
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activity of ZnO. This way, one can reduce the recombination in the ZnO as well as the utility 

of broader visible absorption spectrum talks place; thus disadvantage of UV light activity of 

ZnO has overcome hereafter that the continuous activity of TC-PTCDA-ZnO has been carried 

out up to 5h, and it was showing an increase in activity(Fig.4.10). 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.9. Comparison of H2 evolution activity of pure ZnO, TC-PTCDA-ZnO, MC-PTCDA, 

and MC-PTCDA-ZnO in 25% (v/v)MeOH/Water system under illumination with visible light 

(λ >450 nm) 
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Fig.4.10. H2 evolution activity of TC-PTCDA-ZnO in 25% (v/v)MeOH/Water system under 

illumination with visible light (λ >450 nm) 

 

4.5.Conclusion 

The supramolecular TC-PTCDA-ZnO photocatalyst was successfully employed as a 

photocatalyst for photocatalytic H2 evolution via water splitting after being synthesized under 

mild circumstances. This photocatalyst showed an activity of about 2050µmol/h. Once the 

terminal end of the anhydride group changed from the tetra carboxylate group to the 
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monocarboxylate group (MC-PTCDA-ZnO), the drastic change in the structural features 

observed which led to a decrease in the activity to 1000µmol/h. During the MC-PTCDA-ZnO, 

the structures form simple composite rather than supramolecular structures. The reason is that 

the supramolecular system leads to π-π stacking, leading to intermolecular charge transfer. 

Thus, it facilitates electron transfer more efficiently, increasing activity in TC-PTCDA-ZnO. 

This photocatalyst works without any co-catalyst, reducing the synthesis cost; therefore, this 

can form a future generation of organic-based photocatalysts. 
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Chapter 5 

Synthesis of [M(II)(1 – x) M(III)x(OH)2](Ax/n).mH2O/PDI layered double 

hydroxides and their applications in the photocatalytic hydrogen evolution 

(M=Co & A= Cl) 
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5.1. Introduction 

The vast class of anionic layered materials known as layered double hydroxides (LDHs) is 

based on the brucite structure with edge-sharing M(OH)6 octahedra [1-2]. The formula for 

LDHs is [M2+
1-xM3+

x(OH)2] (An-)x/n.mH2O, where M2+ and M3+ are divalent (like Mg2+, Zn2+, 

Cu2+, or Co2+) and trivalent metal cations (like Al3+, Fe3+, or Cr3+). Anions in the hydrated 

interlayer galleries can counteract the positive charges in the host layer. Due to the broad 

tunability of the host layer and the ion-exchangeable properties of the interlayer guest ions, 

LDHs are a diverse family of materials. Due to multiple efforts to enhance the composition and 

usefulness of LDHs and LDH-based products, LDH usage has also expanded. The typical 

procedures for preparing LDH include coprecipitation and heat treatment. LDHs with different 

particle sizes, morphologies, and crystallization levels can be created by varying the reactant 

concentration, temperature, and aging time. Other approaches, including in situ growth, 

electrosynthesis, and calcination-reconstruction, have also been developed to produce LDHs 

with tunable morphology and properties. Intriguing applications for layered hydroxides include 

electrodes, catalysis, and other fields [3]. Due to the structural flexibility of layered hydroxides, 

numerous anionic species can be distributed between their interlayers, creating a variety of 

hybrid materials with different properties [4–11]. Cobalt hydroxide has a greater separation of 

catalytic sites than its equivalent because it exhibits more fascinating interlayer chemistry and 

has a more flexible structure. Therefore, this chemical was selected as the semiconductor 

support in this study. 

Perylene and its derivatives are appropriate as a photocatalyst among all of these and are 

employed in Chapter 3 as well. Due to the several uses for this dye, the same perylene has been 

utilised throughout this chapter [12–17]. The activity towards the hydrogen evolution by 

splitting water and the stability of the organic photocatalyst are yet unclear. The synthesis and 

characterisation of α-Co(OH)2 and β--Co(OH)2 were the main topics of this chapter. Next, the 

structure of α-Co(OH)2 was modified with PDI to allow for additional investigation and H2 

evolution reactions. 
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5.2. Experimental Section 

5.2.1. Synthesis of α-Co(OH)2 

The synthesis was conducted in an ambient atmosphere in a flask with a circular bottom. 

Typically, 200 mL of a 9:1 mixture of Millipore ultrapure water and ethanol was used to 

dissolve CoCl2.6H2O (0.4758 g), NaCl (0.5845 g), and Hexamethyl tetraamine (HMT) to yield 

the final concentrations of 10, 50, and 60 mM, respectively. The reaction solution was then 

heated at roughly 90 °C and stirred magnetically. Approximately two hours of heating 

produced a suspension with green particles. The solid result underwent numerous rounds of 

filtering, washing with deionized water and anhydrous ethanol, and air drying at room 

temperature. Initially, the solution's color was pink. After about 30 minutes, it changed to a 

bluish hue, and eventually, a suspension of green particles was formed. 

 

5.2.2. Synthesis of β-Co(OH)2 

The procedure was comparable to that of -Co(OH)2. The intercalated anions in the hydroxide 

layers are what make the difference. The synthesis was conducted in an ambient atmosphere in 

a flask with a circular bottom. In a typical process, millipore ultrapure and ethanol were 

dissolved in 200 mL of CoCl2.6H2O (0.4758 g) and hexamethyl tetraamine (HMT) (1.6822 g) 

to give final concentrations of 10 and 60 mM, respectively. The reaction solution was then 

heated at roughly 90 °C and stirred magnetically. Approximately two hours of heating 

produced a suspension with pink particles. The solid result underwent numerous rounds of 

filtering, washing with deionized water and anhydrous ethanol, and air drying at room 

temperature. Both the supernatant and residue's color changed to pink and remained pink. 

 

5.2.3. Synthesis of PDI (N, N'-bis(p-carboxyl-phenylene) perylene-3,4: 9,10-perylene 

bisimide) 

 

At 90°C, 30 g of imidazole, 2 mL of chloroform, and 302 mg (0.77 mmol) of 3, 4, 9, and 10 

perylene tetracarboxylic dianhydride were mixed together. Then, 4 aminobenzoic acid, 257 mg 

(1.87 mmol), was added. 1 mg of Zn(CH₃CO₂)₂·2H₂O was added to the reaction to carry it out. 

The mixture was then refluxed at 130°C with stirring for 24 h, acidified, and filtered through a 

G4 funnel filter.  
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The residue was extracted in anhydrous ethanol after being rinsed with additional water. Pure 

N, N'-bis(p-carboxyl-phenylene) perylene-3,4: 9,10-perylene bisimide (PDI) was 90% of the 

yield. (Scheme 5.1) contains the reaction scheme. 

 

 

Scheme 5.1: Synthesis of PDI 

 

 

 

 

 

 

 

 

      

        (PDI= N, N’- bis(p-carboxyl-phenylene) perylene-3,4: 9,10-perylene bisimide) 

 

5.2.4. Synthesis of α-Co (OH)2 with PDI [α-Co(OH)2 -PDI] 

As produced, a solution of (1.6x10-3M) PDI (N, N'- bis(p-carboxyl-phenylene)perylene-

3,4:9,10-perylene bisimide) in DMSO (dimethyl sulphoxide) was added to 10 mg of α -Co 

(OH)2 in 5 ml of Millipore water (0.02152) solution in a 50 ml round bottom flask. The reaction 

mixture was then maintained for 24 h at 25°C and 400 rpm. The outcome was a suspension 

with red particle content. The solid product underwent numerous rounds of filtering, deionized 

water washing, anhydrous ethanol washing, and storage for drying at 60°C.(Scheme.5.2). 
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Scheme.5.3 provides a photographic representation of the transition from green to a dark red-

brown color. 

 

Scheme 5.2.Synthesis of α-Co(OH)2-PDI 

 

 

 

 

 

 

 

 

 

 

Scheme 5.3: Photographic image of the color change of green for α-Co(OH)2  to red-brown 

of α-Co(OH)2 -PDI  

 

 

 

 

 

 

 

 

 

 

 

5.3. Characterizations  

The steps taken for PXRD, FE-SEM, TEM, IR, UV-vis, photoluminescence, NMR, 

electrochemical experiments, and elemental analysis are identical to those detailed in Chapter 
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2's section 3. In Appendix 2a, all the characterization approaches employed throughout the 

paper are briefly reviewed together with their underlying ideas and instruments.  

5.4. Result and Discussion 

 

5.4.1. Characterisation of N, N’- bis(p-carboxyl-phenylene) perylene-3,4: 9,10-perylene 

bisimide (PDI) 

The purity of the PDI was verified using elemental analysis, and the observed and predicted 

CHN values agree: 

Calculated (%): C=70.42%, N=5.00%, H=2.57%, H=2.88; found (%): C=70.42%, N=5.00%. 

The structure of PDI was verified by using 1H NMR, 13C, and DEPT (spectra shown in 

Appendix 5a-Fig. 5a.1). The hydroxyl proton linked to the carboxylic moiety of the perylene 

ring is the wide singlet visible at 10.72 ppm. The doublet at 8.98-8.95 ppm corresponds to the 

perylene ring's -CH aromatic protons. The -CH aromatic protons bound to the azobenzene ring 

are represented by the multiplets at 8.24-8.41 ppm and 7.21-7.71 ppm. 

The 13C NMR was also recorded in D2SO4-D2O at 500MHz, which shows the values of 177.92, 

166.01, 139.01, 134.51, 129.65, 127.47, 126.04, 119.19, 118.99, 117.43. 

 

In the vicinity of 3000 cm-1, the symmetric O-H stretching modes detected a wide, sharp band. 

Stretching vibrations may be seen in the IR spectrum of the primary amino group's N-H bonds 

and the aromatic ring's C-H bonds, with maxima at 3236, 3040, and 2931 cm-1, respectively. 

The C=O bond in the carboxyl group displays a band of vibrations at 1760 and 1698 cm-1. The 

absorption bands with peaks at 1594 and 1507 cm-1 indicate the valence vibrations of the C=C 

bonds in the aromatic ring structure. The 1413, 1350, 1280, and 1255 cm-1 peaks are attributed 

to the aromatic ring structure's strong C=N and N=N stretching vibrations. In Figure 5.1, the 

bands of the N-H bonds in the deformation vibration of the amino group and the C-H bonds in 

the deformation vibration of the benzene ring are registered at 1174 and 1119 cm-1, 

respectively. 
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Fig.5.1. FT-IR Spectrum of N, N’- bis(p-carboxyl-phenylene) perylene-3,4: 9,10-perylene 

bisimide (PDI) 

Understanding the variation in optical characteristics is now important. The PDI dye's (1x10-4 

M) absorption spectra exhibit two distinct peaks in the visible area, typical of perylenes. The 

bay substituents at positions 1, 6, and 12 in the perylene core adjust the HOMO and LUMO 

energies and, consequently, the molecule's absorption and emission properties. The UV-vis 

absorption spectra of PDI (Fig.5.2 a) show bands at 420, 440, and 470 nm and a little shoulder 

at 520 nm. The primary components of perylene bisimide are distinguished by this shoulder 

peak. There were typical 530, 570, and 630 nm emissions for PDI at 420 nm excitation 

wavelengths (Fig. 5.2. b). 
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Fig. 5.2. a) UV-Vis and b) Photoluminescence (λexc =420nm) spectrum of PDI 

 

5.4.2. Characterisation of α-Co(OH)2 & β-Co(OH)2 

Fig. 5.3 shows the P-XRD patterns of α-Co(OH)2 and β‐Co(OH)2. The significant reflections 

at (001), (100), (011), (012), and (110) are visible in the PXRD pattern. This pattern can be 

indexed on a hexagonal unit cell (a, b=3.17 and c=4.60) and space group of P-3m1 and matches 

the assigned pattern of brucite well, which is β‐Co(OH)2 (JCPDS No.74-1057).The α-Co(OH)2, 

on the other hand, exhibits noticeable peaks at (003), (006), and (009). Sharp reflections, the 

first two can be attributed to (00l) with (l=1,2). In the case of (009), the reflections are wider 

and their intensity increases dramatically. The 2D structural features are given these phases. 

To the best of our knowledge, cobalt hydroxides don't have any reports of such phases, but 

because these characteristics are present in α-Ni(OH)2, the term α-Co(OH)2 and rhombohedral 

symmetry are given [18–21]. The FE-SEM images in Fig. 5.4, A and B, respectively, 

corroborate the production of well-separated Co(OH)2 hexagonal sheets. Green in α-Co(OH)2 

(Fig. 4.6 d) and pink in β‐Co(OH)2 (Fig. 5.4 c) might both have the colour as a distinguishing 

feature. 
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Fig. 5.3. PXRD patterns of (Blue) β‐Co(OH)2 and (Black) α‐Co(OH)2. hkl planes are 

indicated against the peak. 

 

 

 

 

 

 

 

 

 

 

Fig.5.4. FESEM analysis of a) β-Co(OH)2 and b) α-Co(OH)2 & photographic images of c) β-

Co(OH)2 b) α-Co(OH)2 
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5.5.3. Characterisation of α-Co(OH)2-PDI 

The P-XRD pattern of α‐Co(OH)2 and α‐Co(OH)2-PDI is given in Fig.5.5.a-b. The P-XRD 

pattern for α‐Co(OH)2-PDI agrees with that of α‐Co(OH)2. The intercalation of PDIs into the 

α‐Co(OH)2 should lead to the change in interplanar distance  between the two layers. The 

calculated d-spacing between the two layers before PDI treatment is around 0.8nm and after 

treatment, it is just increased by 0.11n,m which means intercalation has not happened and only 

through the surface adsorption has happened.  

Fig. 5.5.P-XRD of a) α-Co(OH)2 and α-Co(OH)2 -PDI b) (003) plane magnified to show the 

shifting in the peaks of α-Co(OH)2  and α-Co(OH)2 -PDI. 

The FESEM images (Fig.5.6 a-b) correspond to α‐Co(OH)2 and are well-aligned hexagonal 

sheets. Once PDI is added, the morphological features are reduced, forming the smaller sheets 

in a similar fashion to hexagonal sheets (Fig.5.6 c-d).To further illustrate the structure, the TEM 

analysis has been carried out. The TEM images (Fig.5.7. a) reveal the proper hexagonal sheets 

for α‐Co(OH)2 and SAED pattern (Fig.5.7.b-c) reveal the well formation of rings of different 

planes (003) (006) and (009) which are well compared with that of PXRD data(Fig.5.5). 

whereas in α‐Co(OH)2-PDI(Fig.5.7.d-f), the hexagonal sheets structure has not 

altered(Fig.5.7.d), but the small particles can be visible from the TEM (Fig.5.7.e). The SAED 

pattern also shows that the formation planes corresponding to (003), (006), and (009) (Fig.5.7.f) 

with fewer other impurities. These impurities might have come from organic moiety.  
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Fig.5.6. FESEM analysis of a-b) α-Co(OH)2  & b-c) α-Co(OH)2-PDI  

 

 

 

 

 

Fig.5.7.TEM analysis of a-c) α-Co(OH)2  & d-f) α-Co(OH)2-PDI  
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To understand this, the reaction with DMSO alone has been carried out, and no structural 

changes have been observed in the α-Co(OH)2(Fig.5.8). 

 

 

Fig.5.8. P-XRD of a) α-Co(OH)2 (black) and α-Co(OH)2 -PDI(red) and α-Co(OH)2 -

DMSO(pink) 

Based on the above discussion, the layered double hydroxides have interesting properties of 

intercalating different ions between the layers. The main purpose of this synthesis route is to 

understand the interaction of different dyes, such as dyes based on perylene, and then 

understand the changes in the structural and application properties of formed compounds. Thus, 

after analysis, the two pathways have been proposed in which the reaction is proceeding: A-

pathway and B-pathway. The reaction proceeding via the A-pathway results in the intercalation 

of foreign moiety between the layers and changes in the interplanar distance (d-values) of the 

characteristic plane (003) concerning the size of the foreign moiety. In B-pathway, no changes 

were observed in the interplanar distance. Only the slight shift in the values observed means 

that the adsorption of moiety over the surface was observed. In this case, the second pathway 

has been followed as no changes were observed in the d-spacing of interplanar distance. Only 
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0.11nm shifts have been observed. Thus B-Pathways have been followed, and PDIs is forming 

a strong bond with the -COOH group of dye with functional groups of α-Co(OH)2 (Fig.5.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.9. The proposal of the synthesis of α‐Co(OH)2-PDI 

UV‐vis absorption spectroscopy was analyzed for the sample dispersed in a TEOA-Water 

mixture for better solubility. The solid-state diffused reflectance spectra (Fig.5.11) have been 

done. The results are shown in Fig.5.10a. It is observed that α‐Co(OH)2 has strong absorption 

in the visible region at 675 nm. This can also be visible from the inset in Fig.5.10 a. The 

characteristics peaks for PDIs are not showing any change, and characteristics features are 

present for the perylene core from 420 to 520 nm. Thus, both the characteristics of α‐Co(OH)2 

and PDI are visible, and this can enhance the activity of, as said above, applications of 

photocatalytic H2 activity via water splitting. The photoluminescence study has been evaluated 
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by using similar samples with similar concentrations; the emission intensity in the case of α‐

Co(OH)2-PDI has been reduced compared to that of PDI alone; thus, this feature indicates that 

the recombination phenomenon has been avoided by incorporating organic dyes with that of 

layered double hydroxides. This feature will be very helpful for the application in defects 

engineering and photocatalytic applications. The diffused reflectance spectra show the 

presence of both the features of LDHs and PDIs in the reflectance mode (Fig.5.11). Similarly, 

the FT-IR analysis has been carried out to further understand the interaction between the PDIs 

and α‐Co (OH)2 (Fig.5.12). The FT-IR spectra show the broadening of peaks of -C=O from 

PDI, it means that the interaction is happening through the functional group. 

 

Fig.5.10. UV-Vis (inset shows the absorbance spectrum of α-Co(OH)2-PDI zoomed version) 

and b) Photoluminescence (λexc =325nm) spectrum of α-Co(OH)2, α-Co(OH)2-PDI and PDI 

alone.  
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Fig.5.11. UV-Vis Diffused reflectance spectra of α-Co(OH)2  and α-Co(OH)2-PDI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.12. FT-IR Spectrum of PDI(Blue), α-Co(OH)2 (black) and α-Co(OH)2-PDI(Red) 
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5.5. Photocatalytic H2 Evolution study 

After understanding the structure. The activity performance for the PDI, α-Co(OH)2 and α‐Co 

(OH)2-PDI has been studied. The hydrogen evolution activity has been checked with 25% 

methanol in water without adding any co-catalyst. At first, the comparative study of H2 

evolution for PDI, α-Co(OH)2 and α‐Co (OH)2-PDI has been carried out. The TEOA-Water 

mixture has been used as a solvent for splitting water since the activity was better in the case 

of the TEOA: Water mixture than Methanol: Water mixture (Fig.5.13 a). The activity has 

increased by adding PDI to the α-Co(OH)2 from 2000 µmol/h to 6900 µmol/h increase (Fig5.13 

b). The PDI alone was also showing activity but very less  compared to that α-Co(OH)2 and α‐

Co (OH)2-PDI(Fig.5.13 b). Then continuous 4h study has been carried out(Fig.5.13 c), and 

activity was showing an increase in activity for H2 evolution; thus, this system can be very 

much advantageous if we consider the facts of UV-Visible activity and stability and activity 

compared to that of normal semiconductors. To further understand deeper about the activity 

trends and behavior of dyes in solvents. The pH-based studies have been carried out (Fig.5.13 

d). At pH-10, the activity is very high, around 15900 µmol/h thus, this pH value is very active 

for the application, but as soon as the value increases to 14 the activity suddenly drops. The pH 

study plays an important role in understanding the organic moieties and their behavior. For that 

we have studied our system at different pH(1,3,7,8,10 and 14) and plotted the graph (Fig.5.14 

a-b) at pH-1 the absent of characteristics of PDIs has been seen, and the intensity has been 

reduced along with that the emission intensity has been completed it means that the emission 

is reduced once the pH decreases to below 7 and at pH-14 the emission intensity is very high 

and it shows that as the pH decreases, the recombination has been reduced which has been seen 

more at higher Ph[22]. Thus form absorbance and emission correlation shows that at pH-14, 

the recombination is more, and due to this, activity has been reduced completely because 

electrons do not have enough time to travel to the surface for splitting the water but in case of 

pH-10 the recombination has been reduced and due it this activity for splitting of water to H2 

is more(Fig.5.13 and  Fig.5.14a-b). 
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Fig.5.13. The photocatalytic H2 evolution of a) different sacrificial reagents, b) PDI, α-

Co(OH)2 and α‐Co (OH)2-PDI, c) α‐Co (OH)2-PDI under the irradiation of high-pressure 

mercury lamp with 450W (λ>420nm) with Water: TEOA Mixture for 4h time irradiation , and 

d) different pH (1-14) (Catalyst amount:10mg). 
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Fig.5.14. a) UV-Vis  and b) Photoluminescence (λexc =420nm) at different pH(1,3,7,8,10 &14) 

of PDI. 

 

5.6. Mechanism of H2 evolution  

The relationship between reflectance and the Kubelka-Munk factor F(R) = (1 R)2/2R[3] is used 

to compute band gap energy. (F(R)hv)1/2 against h plots have been drawn, values determined, 

and band gap energies estimated in relation to the tangent of the plots (Fig. 5.15).The values 

equate to 1.76eV and 2.30eV, respectively, for Co(OH)2 and Co(OH)2-PDI. The flat band 

potentials of synthetic materials have been calculated using Mulliken electronegativity [24]. In 

Appendix 5a, the computations' specifics are described. Even in complex systems, this 

computation provides a clear grasp of the flat band potentials. 

The following equation has been used to determine the band positions: 

Vfb=EA-Eref+1/2Eg                      (5.1) 

EA is the electron affinity of each individual atom, Eref is the energy of free electrons on the 

hydrogen scale, Eref=4.5 eV, and Eg is the material's band gap. Vfb is the flat band potential. 

The band locations thus obtained are shown in Fig. 5.15 concerning the standard hydrogen 
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potential. The electron transmission is rising because the conduction bands for PDI are located 

at higher negative potentials than those for α-Co(OH)2. As a result, the H2 evolution activity 

(Fig. 5.13 b) demonstrates an increase in α-Co(OH)2-PDI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.15. valence band and conduction band positions of α‐Co(OH)2 and PDI 

The photoinduced electrons need to be transported easily in order to lengthen the separation of 

charge carriers, which will improve the photocatalytic performance of the composites. 

Electrochemical characterizations under the influence of light sources have been done in order 

to understand the mechanism of photocatalytic activity (details are provided in Chapter 2, 

section 4). These findings have been verified using the EIS Nyquist plot analysis. EIS Nyquist 

graphs with larger arc radii typically indicate more interfacial charge transfer resistance during 

the photocatalytic activity. Better conductivity and charge transfer ability are correlated with a 

smaller arc radius. Therefore, our α-Co(OH)2-PDI instance exhibits a smaller arc radius (Fig. 
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5.16), as well as greater hydrogen evolution capability; these results are supported by the lower 

α-Co(OH)2-PDI PL emission intensity. With the aforementioned descriptions in mind, the 

photocatalytic H2 development mechanism can be explained, as shown in Fig. 5.17. 

Electrochemical experiments have also shown that the electron transfer from PDI to α-Co(OH)2 

occurs as the light strikes the photocatalyst's surface. Water splitting into H2 occurs once the 

electron moves to the redox potential of H+/H2O. To improve the electron feasibility to the 

conduction bands, hole scavengers have used holes. 

 

 

 

 

 

 

 

 

 

 

Fig.5.16. Electrochemical Impedance employing α‐Co(OH)2(black), PDI (blue) and α‐

Co(OH)2-PDI (red) upon light ON mode (450W Hg lamp). 
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 Fig.5.17. The mechanism of H2 evolution from α‐Co(OH)2-PDI 

 

 

5.7. Conclusion 

In summary, a thorough study of system α‐Co(OH)2 has been studied, and modification has 

been done by using perylene-based dye (PDI= N, N’- bis(p-carboxyl-phenylene) perylene-3,4: 

9,10-perylene bisimide). The changes in absorption and emission properties of modified 

material have been well observed and studied. The absorption properties of both the α‐Co(OH)2 

and PDI have been seen, and this has enhanced the electron transfer phenomenon and thus 

increased photocatalytic hydrogen evolution activity via water splitting in this type of system. 

The emission intensity of α‐Co(OH)2-PDI has been decreased compared to that of PDI, and 

this confirms the decrease in the rate of recombination and transfer of electrons, which helps 

enhance activity. The electron transfer properties have also been confirmed by electrochemical 

studies. Thus all these studies confirm the formation of a layered double hydroxide system of 

α‐Co(OH)2-PDI for photocatalytic hydrogen evolution. 
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Chapter 6 

Scalable optical fiber photocatalytic reactor for H2 production from water 

splitting: Addressing scattering issues 
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6.1. Introduction 

Utilizing the abundant solar energy for fuel production is the holy grail of energy research in 

the current scenario of alarming pollution levels and impending fossil fuel depletion[1]. 

Photocatalytic water splitting is considered as the most benign process for producing H2, the 

cleanest fuel. Huge strides are made in developing materials for photocatalytic water splitting 

since 1972, when Honda and Fujishima discovered photolytic cleavage of water into oxygen 

and hydrogen using titania and Pt electrode [2]. However, such a surge in materials 

development has not translated into many large scale photocatalytic H2 production facilities. 

One of the main drawbacks is the necessity for huge light installations in the medium which 

would render them uneconomical. In addition, limitations of the catalyst forms which can be 

used for an efficient utilisation of light from an external source also contributed to difficulty in 

scaling up. Most common form of the catalysts used is powder dispersion in the reactant 

mediums[3–8] which immediately brings in the disadvantage of scattering, and is all the more 

severe in large scale systems. An alternative reported in an allied process i.e., photocatalytic 

waste water treatment, is to immobilise photocatalysts on substrates like thin films and employ 

in a fixed bed configuration for continuous flow models[9–11] However, these models also 

demand multiple high energy lamps immersed in the reaction medium ruling out utilising 

sunlight directly.  

In this context, optical fibres present marked advantages for a continuous flow immobilised 

model. In the late 70’s and early 80’s, Marinangeli and Ollis demonstrated photocatalyst 

immobilisation on optical fibres and their use in waste water treatment [12–14]. This method 

of photocatalysis is distinctly different from hitherto reported techniques using thin film 

catalysts, since photons are transmitted to the catalyst from within the light conducting medium 

in optical fibers. This decouples the reaction medium characteristics from photon transmission 
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to a large extent. Optical fibres work on the phenomenon of total internal reflection where 

complete reflection of light takes place within the fiber material due to increase in the angle of 

incidence more than that of critical angle. The structure of an optical fiber consists of a core 

which is made up of a polymer or silica (glass) surrounded by appropriate cladding material. 

To attain total internal reflection, the refractive index of core should be higher than that of the 

cladding. The absorption at the interface is avoided by coating the fibers with non-absorbing 

dielectrics. It is possible to deliberately “leak” the photons from the core by various techniques; 

optimising the refractive indices of core and cladding materials, addition of fluorescent 

materials to the cladding, creating asymmetries like cavities or air bubbles in the core and 

cladding geometries are some of them [15]. The leaking can also be affected by chemical, 

mechanical and laser stripping [16]. Marinangeli and Ollis exploited this phenomenon and used 

the leaked photons on the interface for pollutant degradation. Further developments in this field 

have led to demonstration of dye degradation under flow using woven fiber glass cloth as light 

transmitting medium [17–19]. However, these developments have not been utilised for 

photocatalytic H2 generation yet. Very recently, Potter et al. reported the use of microstructure 

optical fibre canes (MOFCs) as a novel design for the production of hydrogen from water by 

using the semiconductor material coated onto the surface of fused silica canes [20]. However, 

here also, internal reflection phenomenon is not exploited for photon impinging to catalyst.  

In contrast to this work, we have employed coating of optical fiber bundles with a 

photocatalyst, to exploit direct delivery of light thereby reducing light losses due to scattering 

and absorption by reaction medium. Different coating methods of CuO/TiO2 catalyst on silica 

optical fibers are adopted to optimize hydrogen production by water splitting under visible light 

using methanol as a sacrificial reagent. Here, we have demonstrated the potential of such 
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models for scaling up and utilisation of non-potable water for H2 generation. TransmissiLight 

transmissional fibers opens new gates to carry out H2 evolution at remote environments such 

as deep sea and in the turbid non-potable water where light reaching capacity is very low.  

6.2. Experimental Section 

6.2.1. Synthesis of 5wt% CuO/TiO2 

500 mg of TiO2 (Sigma-Aldrich, P25) was taken in a beaker containing 157 mg cupric acetate 

monohydrate (Cu (CH3COO) 2.H2O, LOBA Chemie) dissolved in 50 mL of water. The mixture 

was stirred at 30 °C for 2 h at 400 rpm on magnetic stirrer. The final product was washed with 

water and finally with ethanol and kept for drying in oven at 80 °C for 24 h. The dried sample 

was calcined in a muffle furnace at a heating rate of 2 °C/min at 250 °C for 5 h to obtain 5wt% 

CuO supported on TiO2. 

6.2.2. Coating of catalyst on Optical Fiber Bundle 

Optical fibers used in this study (Applied Optical Technologies, Thane, India) consisted of 

silica core, polymeric cladding and were bundled in an outer jacket made up of rubber which 

was adjusted according to the length of fibers required for the studies; each such bundle 

contained 10000 silica fibers. The bundle of optical fibers was washed sequentially with 

distilled water and acetone and dried in an oven for 30 min at 80 °C. The clean fibers were then 

treated with 40% HF to remove cladding by dipping in HF solution for 10 s each and finally 

drying at 80 °C. Catalyst was coated on the etched optical fibers by a simple dip coating 

method. Slurry solution was prepared by dispersing ~250 mg of 5wt%CuO/TiO2, CuO or TiO2 

powder in 50 mL distilled water under sonication for 30 min. 7 cm of the HF treated fiber 

bundle was coated with the slurry by using dip coating method and dried at 80 °C for 24 h. The 
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extent of coating was checked after weighing the remaining amount of catalyst left after the 

coating over the optical fibers. 

 

6.3. Characterisation 

The structure and morphology of as synthesised material and photocatalyst coated optical fibers 

were cut into small pieces and mounted on carbon tape for E-SEM analysis. For TEM analysis 

the coated optical fibers were dispersed into ethanol solution and then drop casted onto the 

TEM grid. Intensity of light at points for various conditions is measured using a KM-LUX-

100K (Kusam Electrical Industries Ltd.)  digital luxmeter. The methodologies utilised for 

PXRD, FE-SEM, TEM, IR, UV-vis, photoluminescence, NMR, electrochemical tests, and 

elemental analysis are identical to those outlined in Chapter 2's Section 3. In Appendix 2a, all 

the characterisation approaches employed throughout the paper are briefly reviewed together 

with their underlying ideas and instruments. 

  

6.4. Photocatalytic experiments 

Photocatalytic H2 evolution experiments were carried out in an in-house developed 

photoreactor as given in Fig.6.1. It consists of a two necked 100 mL quartz cylindrical vessel, 

with fiber bundle inserted from the top and evolved gas injected out of the side arm. The fiber 

bundle is fixed at the neck using gas impermeable epoxy glue. The light source for the optical 

fibres was a 450 W High Pressure Mercury lamp. In this instance, methanol served as the 

sacrificial agent. Gas chromatography (5700 Nucon gas chromatograph; carbosphere column; 

argon as carrier gas; thermal conductivity detector) was used to calculate the amount of H2 that 
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was developed. The detector temperature in the GC was set to 100°C, and the oven temperature 

was set to 50°C at the time of injection. 

 

Fig.6.1. Reactor design for the photocatalytic experiment  

 

6.5. Results and Discussion 

The strategy adopted for the maximum utilisation of photons is to avoid scattering by the 

reaction medium and facilitate instantaneous exposure to the reactants at the interface. 

Employing optical fibres for this would entail appropriate surface modifications, specific 

design of the photoreactor as well as photocatalyst synthesis methods when compared to 

conventional powder based photoreactors.  
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6.5.1. Optical fiber etching 

In our experiments, we have used optical fibres made with silica of different refractive indices 

as core and cladding. To be used in photocatalysis, light has to be leaked in a controlled fashion 

throughout the length of the fibres. This can be achieved by selectively etching the silica 

cladding using HF (details given in Fig.6.2).  

 

 

 

 

 

 

 

 

Fig.6.2. Schematics of FE-SEM data showing the effects of 40% HF on the optical fibres at 2s, 

10s and 20s and etching of Silica Optical fiber with 40% HF treatment at 20s (inserted a) shows 

the silica cladding structure changes after 20s 40% HF treatment (inserted b) shows the core of 

optical fiber after 20s 40% HF treatment 

The etching time was optimised to be 10 s, by which time, the surface becomes holey as well 

as rough along with drastic reduction in diameter from 42.40 µm to 28.66 µm (Fig. 6.3). As 

expected, emitted light intensity along the side of the fiber walls also increased from 100 lux 

to 380 lux after HF treatment (inset bar graph in the Fig.6.3). However, increase in etching 

time to 20 s decreases the transmission possibly due to severe damage to the silica cladding 
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exposing the core fully. The irradiance spectrum of the optical fiber after etching spans a broad 

range from ~300 nm up to 700 nm (Fig.6.4). 

 

 

 

 

 

 

 

Fig.6.3. Morphology of optical fiber before HF (top) and after HF treatment for 10 s (bottom) 

Inset shows the extent of light leaking through the defects created by HF treatment         

 

 

 

 

 

 

 

 

Fig.6.4. UV-Vis Transmittance spectra of bare optical fiber bundle and 5CuO/TiO2  coated 

fiber bundle 
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6.5.2. Synthesis and characterisation of CuO/TiO2 catalyst  

For this study, we selected CuO deposited on TiO2 as the photocatalyst since it is well studied 

and identified as one of the best H2 evolution photocatalysts [21–29]. Band gap of TiO2 is ~3.2 

eV and photoreduced CuOx is known to absorb in the visible region acting as sensitiser as well 

as catalytic sites for HER [35,48,55–61]. It is suggested that TiO2 acts as the photocatalyst in 

presence of UV light and CuO gets reduced to CuOx and even further to Cu(0) [27,62]. These 

reduced CuOx species act as sensitiser and absorb visible light resulting in an electron transfer 

to TiO2. For further coating, 5 wt% of CuO was deposited on TiO2 (P25) and the as-synthesised 

powder catalyst (named as 5CuO/TiO2) was characterised to ascertain formation of the desired 

phase as well as appropriate interface (Fig.6.5). PXRD pattern indicates the presence of rutile 

and anatase phases of TiO2 as expected; however, no discernible peak characteristic of CuO is 

seen, indicating its existence in highly dispersed form (Fig.6.5a). TEM studies (Fig.6.5c-h) 

reveal spherical particles with lattice d-spacing of 0.23 nm corresponding to the (111) plane of 

CuO (00-001-1117) and 0.34 nm for (101) plane of TiO2 Anatase phase (01-071-1166) and 

0.325 nm for (110) plane of rutile phase respectively, indicating intimate surface interaction 

between TiO2 and CuO particles. SAED pattern also suggests highly crystalline nature of the 

sample and the planes of CuO (111) and (101) and (110) planes of anatase and rutile phases 

are visible (Fig.6.5e). FFT diffractogram also indicates intimate interfaces between CuO and 

TiO2 (Fig.6.5f-h). Surface interaction between CuO and TiO2 may also be indicated by red 

shifted absorption edge of TiO2 in UV-vis spectroscopy (Fig.6.5b).  The EDAX study has been 

carried out which shows the amount % of Cu is about 4.11 wt% in 5CuO/TiO2 (Fig.6.6). 
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Fig.6.5. Characterization of powder sample of 5wt%CuO/TiO2 a) P-XRD pattern b) UV-

Visible absorption spectra c) TEM image showing the uniform distribution of nanoparticles d) 

high magnification image is taken from the area in red dotted line e) SAED pattern indicating 

with the dotted blue (anatase phase), orange (CuO phase) and yellow (rutile phase) 

respectively, (f-h) Inverse Fast Fourier Transform (IFFT) diffractogram along with the d-

spacing of different planes of CuO and TiO2  
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    Fig.6.6. EDAX Analysis of powder 5CuO/TiO2 

6.5.3. Coating of catalysts over etched optical fibers and their characterisation 

Deploying catalyst over the etched optical fibres also is an important step in fine tuning the 

exposure of catalytic sites to photons. This is mainly due to the change in directionality of light 

exposure; in a conventional system with dispersed powder catalyst, scattering occurs from the 

vessel wall, reaction medium and catalyst particles as schematically represented in Fig.6.7. a-

b. Whereas, in the optical fibre system, light comes from within the support; hence, designing 

the right interface with water, sensitizer and semiconductor for interaction with photons is 

required, but challenging. 
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Fig.6.7. Comparison in the activity of photocatalyst coated thin film, powders photocatalyst 

inside photocatalytic reactor and optical fibre coated with semiconductor under the light 

irradiation  

First, the as synthesised 5wt% CuO/TiO2 catalyst was coated over the etched optical fiber 

bundle of diameter 0.5 cm, containing approximately 10,000 fibers(Scheme 6.1)..  

 

 

 

Scheme 6.1. Schematic representation of 5wt%CuO/TiO2 coating over the surface of HF 

etched optical fibre 
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After coating this catalyst, the surface characteristics of the optical fibers was observed by SEM 

which shows uniform coating over the entire length of the optical fiber as shown in Fig. 6.8 a. 

The cross section of optical fiber also shows the uniform distribution of the catalyst (Fig. 6.8b). 

Elemental mapping (Fig.6.8 d-f) indicates the presence of Ti, Cu and O uniformly over the 

surface of optical fibers revealing the effectiveness of coating. To confirm the retention of the 

phase of the catalyst upon coating, TEM studies were carried out on the coated material 

dislodged from the fiber surface, which do not indicate any discernible alterations from the 

powder catalysts (Fig.6.9)  

 

 

 

 

 

 

 

 

Fig.6.8. SEM images of (a) single optical fiber showing the coating over the length of fiber. 

Inset shows the uniformity of 5wt%CuO/TiO2 coating in a magnified view (b) Cross-sectional 

view of optical fiber showing the smooth core and particulate coating (c) SEM image of area 

selected for the elemental mapping (d-f) Elemental mapping of O, Ti and Cu over the surface 

of optical fiber 
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Fig.6.9. TEM study of 5wt%CuO/TiO2 catalyst dislodged from coated optical fibers (a) TEM 

image showing the uniform distribution of nanoparticles (b) high magnification image is taken 

from the area denoted in red dotted line (c to e) STM image and elemental mapping of Ti and 

O respectively (The elemental mapping for Cu is not given due to the use of Copper mesh grid 

for the TEM analysis, which may lead to inappropriate results) 

Our understanding of the mechanism suggests that photons are absorbed by the sensitizer, ie., 

CuOx and an interfacial electron transfer occurs to the semiconductor, TiO2 [66,67]. To 

understand the importance of this directionality, two more coating sequences were selected; (i) 

first CuO slurry deposition and then TiO2 and (ii) first TiO2 was coated over which CuO was 
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deposited. SEM and elemental mapping reveal the coating of CuO and TiO2 over the surface 

of optical fibers (Fig.6.10 & 6.11 respectively for (i) and (ii)) as it is showing the presence of 

Ti, Cu and O over the surface of optical fibers in the alternate layers. The N2 adsorption-

desorption studies were carried out to understand the surface areas of each sample i.e., CuO, 

TiO2 and 5CuO/TiO2 (Table 6.1). The surface area for TiO2 was found to be 72.936 m2/g, CuO 

(12.000 m2/g) and for 5CuO/TiO2 is 55.033m2/g which lies in between the CuO and TiO2. 

 

Fig.6.10. The SEM Images and elemental mapping of 1st CuO and 2nd TiO2 coated optical fiber   

 

 

 

 

 

 

Fig.6.11. The SEM Images and elemental mapping of 1st TiO2 and 2nd CuO coated optical fiber    
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TABLE.6.1: BET Surface area analysis 

Photocatalyst BET Surface area (m2/g) 

CuO 12.000 

TiO2 72.936 

5CuO/TiO2 55.033 

 

6.6. Photocatalytic studies on catalyst coated optical fibers 

Photocatalytic activities of the optical fiber bundles coated with catalysts by all the three 

methods described above, were estimated by measuring evolved H2 every hour up to 8 h. 

Amount of catalyst coated on the fiber bundle was quantified by weighing the slurry remaining 

after dip coating and was found to be ~50 mg. Total H2 evolved increased with time and a 

maximum of 22 µmoles of H2 was produced after 8h in case of 5wt%CuO/TiO2 catalyst coated 

fibers (Fig. 6.12 a). It also showed stable and repeatable H2 evolution for 32 h under 

photocatalytic reaction conditions (Fig.6.12 c). Apparent quantum yield AQY (%) was 

estimated from the expected wavelength to be 4.72% (details given in 

Appendix.6a).Comparatively, both the sequentially coated catalysts showed poorer activity; in 

case (i), ie., optical fiber bundles coated first with CuO and then with TiO2, 12 µmol of H2 

evolution was observed after 8 h, whereas in case (ii), ie., TiO2 coated as the first layer, only 3 

µmol H2 evolved after 8 h (Fig. 6.12 b). On the other hand, CuO or TiO2 individually shows 

very poor H2 evolution activity of ~ 2 and 1 µmol respectively (Fig.6.12 b). This indicates a 

crucial role of the interfaces between CuO and TiO2 conducive for electron transfers dictating 

the activity.  
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Fig.6.12. (a) H2 evolution activity of 5wt%CuO/TiO2 coated optical fiber bundles in 

MeOH/Water system under illumination with 450 W High pressure Mercury lamp for 8 h. (b) 

Comparative H2 evolution activity of  5wt%CuO/TiO2 coated fibers and sequentially coated 

fibers. All experiments were carried out in MeOH/Water system (35 vol%) under 

illuminationof 450 W High pressure Mercury lamp for 8 h. 

Structural stability of the catalyst after 32 h of reaction was also ascertained by Scanning 

Electron Microscopy and elemental analysis (SEM), which indicated no discernible variations 

in composition of interface structure from the fresh coated fibers (Fig.6.13 a-e). After 

dislodging of sample from optical fibers after 32 h of cyclic study, TEM analysis of samples 

was carried out which shows no changes in the structural phases in the powdered sample 

(Fig.6.14 a-b). 
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Fig.6.13. SEM images of (a) single optical fiber showing the coating over the length of fiber. 

Inset shows the uniformity of 5wt%CuO/TiO2 coating in a magnified after 4th cycle of catalytic 

activity (b-e) elemental mapping of Ti, Cu and O respectively over the surface of optical fiber  

 

 

 

 

 

 

Fig.6.14. (a-b) TEM images (c) STEM-HAADF (d-f) Elemental mapping of Ti, and O 

respectively of 5CuO/TiO2 Coated Optical fiber dislodged sample after 4th cycle of catalytic 

activity 

6.7. Mechanistic understanding of the activity of catalyst coated optical fibers 

Understanding Cu valence states gives an insight into the difference in mechansitic aspects of 

the three samples. This was done by comparing x-ray photoelectron spectra of the samples 

before and after irradiation. In case of  optical fibers coated with 5CuO/TiO2, the freshly 

prepared sample (Fig.6.15a) shows the existence of Cu(I) at  932.19 eV and Cu(II) at 933.46 

eV with the strong satellite peaks of characteristics of Cu(II) from the range of 940-950 eV 

[68–70]. During reaction, the reduction of Cu(II) takes place and an increase of Cu(I) 

concentration is observed in the sample. In addition, intensity of the satellite peaks which are 

characteristic of Cu(II) also diminished (Fig.6.15b). It is to be noted here that the reduced 
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species could be Cu(0) which is not possible to be differentiated from XPS due to very close 

binding energy values [57,60–61].  

 

 

 

 

 

Fig.6.15.(a) Cu 2p spectra of 5CuO/TiO2 coated optical fiber bundles of fresh sample before 

irradiation(b) Cu 2p spectra of 5CuO/TiO2 coated optical fiber bundles of fresh sample after 

irradiation 

However, such a reduction is commensurate with a notable change in colour from greenish 

yellow to blackish purple (Fig.6.16 a). In addition, plasmon resonance peak at 570 nm in the 

absorption spectrum (Fig.6.16 b) of the sample after irradiation may indicate the presence of 

Cu(0).  

 

 

 

 

Fig.6.16. After Photocatalytic activty (a)the changes in the color of fiber bundles  (b) UV-Vis 

spectra 
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However, this interconversion of Cu(II) to Cu(I)/Cu(0) is not observed in the other two samples 

coated in a sequential manner (Fig.6.17). It is apparent that such redox systems exist only in 

the as-synthesised catalyst (which is established by HRTEM in the previous section) and not 

in the sequentially coated fibers. On correlating this observation to the activities of the three 

samples, it is clear that the inherent interface between CuO and TiO2 plays major part in 

imparting the photocatalytic activty.  

 

 

 

  

 

Fig.6.17.After photocatlytic activity the (a)omparative absorbace spectra of 5CuO/TiO2, 1st 

CuO 2nd TiO2 layers and 1st TiO2 2nd CuO layers, Cu 2p XPS spectra for (b) 1st CuO 2nd TiO2 

(c) 1st TiO2 2nd CuO 

Utilising Mulliken electronegativity values and band gap analysis, flat band potentials of CuO, 

Cu2O, and TiO2 are calculated [62]. The computations' specifics are provided in Appendix 6a. 

And in Fig.6.18a, band locations are shown in relation to the common hydrogen electrode.  

Although CuO may absorb visible light, TiO2 cannot transfer electrons to it because of the 

band alignment. It is clear that TiO2 is UV active. However, the UV light present in the light 

emitted from the optical fiber (as presented in Fig.6.4.) is sufficient for TiO2 to act as the 

photocatalyst for CuO to CuOx/Cu reduction, as evident from the increase in reduced Cu 

species in the irradiated optical fiber as well as from the visual observance of colour change. 
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These reduced CuOx species now act as visible light sensitisers with right band alignment for 

feasible electron transfer to TiO2 which further activates the water splitting (Fig.6.18b). 

 

 

Fig.6.18.a) Valence band and Conduction band positions of CuO, TiO2 and Cu2O with respect 

to water reduction and oxidation potential b) Mechanism of H2 Evolution from 5CuO/TiO2 

over the surface of optical fibre 

6.8. Advantages of catalyst coated optical fibers over dispersed powder catalyst systems 

One of the perceived drawbacks of conventional dispersed powder catalysts is the difficulty in 

scaling up due to increase in turbidity and associated scattering on increasing the catalyst 

quantity. This is evidenced from Fig. 6.19a, where hydrogen evolution activity is estimated 

under High pressure 450W Mercury lamp for varying quantities of powder 5CuO/TiO2 under 

the same conditions. As the catalyst quantity increases from 50 mg to 1 g, the activity reduces 

exponentially. Thus, dispersed powder catalyst system is not conducive for scaling up. This 

disadvantage can be overcome by using optical fiber bundles coated with the catalyst, since 

scaling up can be achieved by simply increasing the number of coated fibers. This is 
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demonstrated by increasing the quantity of catalyst by increasing the number of optical fibers 

(Fig.6.19b). The inset in Fig.6.19b shows the amount of catalyst coated over the optical fiber. 

As the number of optical fibers increases from 1,000 (1K) to 50,000 (50K), activity also 

increases accordingly, from ~1 µmole to 120 µmoles, indicating a linear increase in activity 

with respect to catalyst amount, with a potential to overcome the scattering issue observed in 

the powder catalyst. Further, the quantity of catalyst coated on 50K fiber bundle was increased 

from 250 mg to 700 mg. Interestingly, H2 evolution of 222 µmoles was obtained for this 

sample, which is more than twice that of the powder sample of same quantity (Fig.6.19c).  

 

 

Fig.6.19. (a) Effect of 5wt%CuO/TiO2 catalyst quantity in dispersed powder form (b) H2 

evolution activity of 5wt%CuO/TiO2 coated optical fiber bundles showing variation in catalyst 

quantity via number of optical fibers in each bundle (c) Comparitive H2 evolution activity of  
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5CuO/TiO2 coated on optical fiber bundles (700mg)  and 5CuO/TiO2 powderd catalyst 

(700mg). All experiments were carried out in MeOH/Water system (35 vol%) under 

illumination of 450 W High pressure Mercury lamp for 8 h.  

Same phenomenon holds true for usage of powder catalysts in turbid, non-potable water, 

whereby scattering from the suspended particles prevents light from reaching the active sites 

and interfaces. To confirm this phenomenon, hydrogen evolution activities of dispersed powder 

and catalyst coated optical fibers in water with varying extent of turbidity from 1 to 84 NTU 

were compared (Fig. 6.20 a). As the turbidity of water sample increases, the activity of both 

samples decreases (Fig.6.20 b.); however, activity of dispersed powder in turbid water was 

found to be minimal with a 99.99% reduction in activity compared to clean water. Whereas, 

even under such severe scattering, ~70% activity was retained in the case of catalyst coated 

fibres. This reduction in activity in optical fiber is probably due to suspended particles in turbid 

water blocking the active sites rather than inability of photons to reach the active sites 

(Fig.6.21).  
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Fig.6.20. a) Extent of Turbidity of water which was measured by using Digital Nephelometer 

used for photocatalytic H2 Evolution b)The normalized H2 evolution activity (against 

maximum activity) of 5CuO/TiO2 coated optical fiber bundles and powder samples in 

MeOH/Water system under 8h of illumination of 450 W High pressure Mercury lamp using 

water samples of different turbidity.  
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Fig.6.21. Schematic representation of photocatalytic hydrogen evolution in mud water by 

powder and catalyst coated optical fibers 

Similarly, distance of the light source and catalyst/water interface also affects the activity in 

conventional photoreactors due to loss of intensity by scattering from air. By bringing light 

directly to the medium of reaction, such losses in intensity and activity can also be addressed 

(Fig. 6.22). 

 

  

 

 

 

 

Fig.6.22. Comparison of H2 evolution activity of 5wt%CuO/TiO2 coated optical fiber bundles  

and 5wt%CuO/TiO2 powdered sample  in MeOH/Water system under illumination of 450 W 

High pressure Mercury lamp at various distance. The activity has been decreased in case of 
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powdered samples as the distance increases but in case of coated optical fibers the actvity is 

retained, thus the optical fibers system is more advantageous than that of powderd system 

6.9. Conclusion 

In summary, a new approach of using optical fibers coated with semiconductor materials for 

hydrogen evolution is demonstrated. An active catalyst, 5wt%CuO supported on TiO2, was 

selected for coating on silica based optical fibers by a simple dip coating method. 

Characterisation of the loaded catalyst indicates intimate interface between CuO and TiO2 

possibly forming interfaces which are active electron injectors. Photocatalytic H2 evolution of 

the catalyst coated optical fibers is compared with dispersed powder catalyst of the same 

composition. It is found that scattering of light in dispersed powder catalyst systems at higher 

catalyst quantities has a detrimental effect on activity which prevents scaling up in any 

meaningful way. However, optical fiber catalyst system can be scaled up easily by increasing 

the number of fibers without compromising activity due to scattering. We have also shown that 

powder catalyst is completely deactivated in highly turbid media whereas optical fibers retain 

activity to a better extent. This is very important since this opens up the type of water sources 

which can be utilised for H2 production and helps us to move away from using potable water 

for fuel production. The lacunae of less illuminance on the surface of the optical fibers need to 

be addressed by better leaking methods as well as more efficient connections to the light 

sources. Hence, by combining the abundant and cheap optical fibers to non-potable water 

usage, we envisage better scaling up opportunities in photocatalytic H2 production.  
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7.1. Summary  

Chapter 1 represents the general introduction to the literature which was done for the thorough 

research in this thesis. This chapter talks about the importance of renewable energy sources 

such as hydrogen as fossil fuels are depleting day by day and for the future one need to think 

about the alternative energy sources. Hydrogen has been used for energy since the 1800s and 

is considered a green fuel for two reasons: it can be produced from renewable sources and is 

emission less; H2, when reacted with O2, has water as the product with the enormous amount 

of energy. At normal atmospheric conditions, hydrogen is a colorless and odourless gas. It is 

stable and coexists harmlessly with oxygen until an energy input drives the exothermic reaction 

that forms water. Capturing the abundant sunlight falling on Earth has been challenging 

humankind for decades. The average amount of the sun's radiation penetrating the atmosphere 

and reaching Earth is 51% of the total incoming energy. This chapter showed the solar spectrum 

at the earth's surface is mainly spread across the visible range (46%), and the rest near-infrared 

ranges are experienced as heat with a small part in the near-ultraviolet (5%). Hence, proper 

exploitation of the solar spectral distribution, especially the visible light spectrum of the solar 

irradiance, will be the aim of sustainable energy solutions The process of mimicking the 

photosynthesis phenomenon is called 'Artificial Photosynthesis' by using materials synthesized 

in the laboratory that will show absorption in the solar spectrum. Water splitting directly yields 

hydrogen and oxygen; no carbon fixation will occur. This chapter briefly describes the various 

semiconductor-based materials used for hydrogen evolution via water splitting and dye 

sensitization as a strategy for fully utilizing solar spectrum. Various strategies have been 

discussed in this chapter. 

Chapter 2 discusses the synthesis and structural characterizations of ZnO as a semiconductor 

that can be used for the photocatalytic H2 evolution via water splitting. In this chapter, various 
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types of morphologies of ZnO have been synthesised by using sol-gel, precipitation, and 

hydrothermal method. It was found that the hydrothermal method was very advantageous due 

its simplicity. The hydrothermal method has been further explored and different ZnO starting 

from nanorods, nanoflowers, nonobat, hydroxides and micro discs has been synthesised just by 

varying the zinc precursors and reaction medium and keeping the other conditions similar-

XRD, FE-SEM, TEM has been used for their characterization. It was found that ZnO nanorods 

synthesised by hydrothermal method was showing the higher activity in H2 evolution via water 

splitting. 

Chapter 3 further explores the disadvantage of ZnO that is its visible light inactivity since its 

band gap is 3. 2eV.The concept of utilizing organic dyes with semiconductor for sensitization 

has been used here. The PTCDA (perylene tetracarboxylic acid dianhydride) is known to have 

various optoelectronic properties and due to that it has been used widely. So here the ZnO-P 

(ZnO-Perylene) heterojunction has been formed by hydrothermal method and its 

characterizations has been carried out. It was found that the ZnO-P shows the very high activity 

for of an about 49650µmol/h H2 evolution with stability compare to ZnO (297 µmol/h) and 

PTCDA (329µmol/h). The higher stability and activity are due to the electron transfer from 

PTCDA to ZnO and forming the stronger bond during the hydrothermal synthesis. 

Chapter 4 explores the concept for forming self-assembly by using the ZnO and PTCDA. These 

PTCDA are known to form self-assembly via π-π stacking or hydrogen bonding within the 

molecules. In this chapter this property of PTCDA has been explored. Here the synthesis of 

ZnO nanoparticles was carried out. After that, the commercially available perylene 

tetracarboxylic acid dianhydride (PTCDA) as a starting material. Then KOH was used to break 

the anhydride linkage. After that, the self-assembled structure of ZnO-PTCDA was 

synthesized. The two different types of PTCDA have been used. One has MC-PTCDA, and the 
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other one is TC-PTCDA. The structural and photophysical characterizations have been carried 

out. It was found that the presence of tetra carboxylate group in TC-PTCDA-ZnO plays very 

important role in electron transfer to ZnO and thus showing the higher activity compare to 

monocarboxylate group in MC-PTCDA-ZnO. 

Chapter 5 here synthesizes the synthesis and characterization of α-Co(OH)2 and β-Co(OH)2. 

Out of this it was found that due to presence of interlayer anions in between the layers the α -

Co(OH)2 much more active than that of β-Co(OH)2.Which led us to synthesised the perylene 

(PDI) modified α-Co(OH)2 which led to increase in the H2 evolution activity due to the 

continuous electrons transfer from dye to LDHs. 

Chapter 6 here, another concept has been utilized that the use of optical fibers to produce 

hydrogen via water splitting, this approach is the novel approach and very advantageous if one 

is thinking to scalable the hydrogen production via water splitting since the powder catalyst 

and thin film-based catalyst leads to scattering and absorption and low efficiency due to reactor 

volume inefficiency. This optical fiber can be scalable as light passes through the fibers and 

one can make these fibers into numerous numbers and put inside deeper and bigger tanks and 

get the scalable production, in future we are planning to do scalable production of hydrogen by 

using optical fibers. Here we have used xCuO/TiO2 as coating material over the surface of 

optical fibers. 

7.2. Conclusion  

✓ The use of ZnO as a semiconductor material for photocatalytic H2 evolution is very 

useful and advantageous. 

✓ The morphologies of ZnO can vary from nanorods, nanoflowers, hydroxides of 

nanorods, hexagonal micro discs and nanobat depending on the synthesis procedure. 
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✓ The Zn precursor and surrounding medium of reactions play an important role in 

forming various surface defects in ZnO, leading to various morphologies. 

✓ The ZnO nanorods shows the higher activity compare to other morphologies due to its 

higher intrinsic structural properties and surface area. 

✓ The organic-inorganic heterostructure can form a new stable system for the 

photocatalytic H2 evolution. 

✓ The ZnO-P shows the higher stability and activity for H2 evolution due to its charge 

transfer phenomenon from PTCDA part to the ZnO in ZnO-P heterostructures. 

✓ The formation of supramolecular self-assemblies of various organic-inorganic 

materials can form a new era for the continuous electron transfer due the presence of π-

π stacking and H-bonding within the molecules. 

✓ The TC-PTCDA-ZnO and MC-PTCDA-ZnO shows that the presence of tetra 

carboxylate group is very important for the formation of self-assemblies and forming 

stronger bonds with ZnO which led to higher H2 evolution. 

✓ The layered double hydroxides modified with organic dyes can also form a system for 

continuous electron transfer for the purpose of photocatalytic H2 evolution. 

✓ Scattering is one of the main challenges in scaling up photocatalytic water splitting 

using the most prevalent powder catalysts. This can be overcome by decoupling the 

reaction medium from light transmission, as in the case of optical fibers 

✓ Optical fiber can be scalable as light passes through the fibers and one can make these 

fibers into numerous numbers and put inside deeper and bigger tanks and get the 

scalable production, in future we are planning to do scalable production of hydrogen by 

using optical fibers. 
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Earth receives an incredible amount of sunlight. motivated by continuously growing global 

energy demands and the depletion of readily accessible fossil fuels, the search for 

alternative energy sources, particularly renewable solar energy, has become vital.  Different 

types of innovative ideas have been explored. The earth absorbs a large amount of energy, 

and only a few of it is used by humankind annually. Scattering is one of the main 

challenges in scaling up photocatalytic water splitting using the most prevalent 

powder catalysts. Materials development has not translated into many large-scale 

photocatalytic H2 production facilities yet. One of the main drawbacks is the necessity for 

huge light installations in the medium which would render them uneconomical. In addition, 

limitations of the catalyst forms which can be used for efficient utilization of light from an 

external source also contributed to the difficulty in scaling up. This thesis reports the 

detailed structural characterizations and photocatalytic hydrogen activities of ZnO 

modified with different morphologies. The construction of ZnO-P using perylene-based 

organic-based material has been explored along with the formation of self-assemblies of 

ZnO. The construction of layered double hydroxide structure α‐Co(OH)2-PDI is also given 

for photocatalytic H2 evolution. Finally, the scattering issue in reactor design and 

scalability issues of powdered and this film-based systems have been addressed by using 

optical fibers coated with semiconductor materials given in the thesis. 
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A cobalt–manganese modified theophrastite phase
of nickel hydroxide nanoflower arrays on nickel
foam as a self-standing bifunctional electrode for
overall water electrolysis†

Geeta Pandurang Kharabe,‡ab Rajith Illathvalappil, ‡ab Sidharth Barik,ab

Fayis Kanheerampockil, cb Priyanka S. Walko,db Suresh K. Bhat,cb

R. Nandini Devi db and Sreekumar Kurungot *ab

Designing and developing self-supported electrodes for water electrolysis is attractive as compared to

conventional catalyst-coated electrodes. Herein, a (Co0.3Mn0.1Ni0.6)(OH)2/NF nanocomposite is prepared

by anchoring (Co0.3Mn0.1Ni0.6)(OH)2 via simple one-pot hydrothermal synthesis on nickel foam. The

presence of Mn induces the external electronic structure of Co(OH)2, and this also improves the

electrochemically active surface area (ECSA). These favor better accessibility of active sites and increased

intrinsic activity for the OER and HER. (Co0.3Mn0.1Ni0.6)(OH)2/NF has shown promising electrochemical

activity toward the OER and HER in a 1 M KOH electrolyte, with an overpotential of 270 mV for the OER

and 163 mV for the HER to deliver 10 mA cm−2 current density. The overall water splitting was

performed by employing (Co0.3Mn0.1Ni0.6)(OH)2/NF as both the cathode and anode by displaying

a voltage of 1.62 V at 10 mA cm−2, which is comparable to that extracted from a similar system based on

the state-of-the-art Pt/C@NF cathode and RuO2@NF anode (1.60 V at 10 mA cm−2) standard electrode

pair. Interestingly, at high current densities, the (Co0.3Mn0.1Ni0.6)(OH)2/NF//(Co0.3Mn0.1Ni0.6)(OH)2/NF

system displayed better overall water splitting performance (1.78 V at 100 mA cm−2) compared to its Pt/

C@NF//RuO2@NF (1.89 V at 100 mA cm−2) counterpart while displaying a stable output during the

evolution period that lasted for 24 h. The amounts of H2 and O2 produced are estimated to be 701.2 and

358.6 mmol, respectively, at a time interval of 1 h; these amounts correspond to an ∼1 : 2 ratio of O2 and

H2, respectively. This study confirms the capability for employing (Co0.3Mn0.1Ni0.6)(OH)2/NF as a bi-

functional and self-standing electrode for the realistic demonstrations of overall water splitting applications.

1 Introduction

The exploration of renewable sources for sustainable energy
production is receiving wide interest due to the global warming
issues associated with fossil fuel-based energy sources.1–3

Replacing fossil fuels with sustainable energy sources is crucial
to mitigate environmental problems. In this circumstance,
hydrogen (H2) is presented as the upcoming energy source with

zero carbon emission.4–6 Compared to the steam reforming of
natural gas for conventional H2 production, electrochemical
water splitting is a zero-greenhouse gas emission process for
clean H2 production and, hence, the process becomes attractive.
Challenges are associated with H2 production through water
electrolysis due to the kinetic barriers on the respective elec-
trodes. Electrocatalysts are essential to lower the activation
energy barrier for the half-cell reactions and to further improve
the overall system efficiency. The hydrogen evolution reaction
(HER) is the cathodic reaction in water splitting and Pt/C is
usually employed as the HER catalyst on the cathode.7–11 The
oxygen evolution reaction (OER) is a kinetically sluggish anodic
reaction of water splitting.12 Precious metal oxides like IrO2 and
RuO2 have been employed for catalyzing the slow kinetics of the
OER.13,14 Due to the high cost and scarcity of precious metals as
well as their poor durability in a corrosive environment, devel-
oping a highly stable and cost-effective bi-functional electro-
catalyst for employing both as the anode and cathode of the
water electrolyzer is vital.
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Substantial research efforts have been committed by
researchers to developing efficient and cost-effective OER and
HER catalysts. There have been reports of effective metal single-
atom electrocatalysts for the HER with low overpotentials. For
example, recent work by Dang et. al. dealt with the quick and
easy production of an Ir surface-enriched IrCo alloy catalyst and
highlighted its superior performance over the commercial Pt/C
catalyst for the HER in acidic environments.15 In another report,
Tiwari and co-workers reported electrocatalysts viz. Pt:K2-
PtCl4@NC-M and Pt-GT-FeCo/Cu, possessing substantially
reduced overpotentials of 11 and 18 mV, respectively, for the
HER.16 As in the case of the HER, there are also reports on
tackling the overpotential associated with the OER by devel-
oping cost-effective catalysts. Thangavel et. al. reported a three-
dimensional (3D) OER electrode with good efficiency and low
material cost by electrochemically integrating amorphous
NiFeOOH on the surface of activated carbon ber paper (CFP)
(3D-a-NiFeOOH/N-CFP), which displays an OER overpotential of
170 mV in alkaline medium.17 A recent study by Xu J. and co-
workers reported an overpotential of 223 mV for the OER in
0.5 M H2SO4 for a catalyst composition denoted as RuIr@-
CoNC.18 However, the presence of precious metals in the system
compromises its commercial viability for large-scale
applications.19

Transition metal-based materials such as perovskites,
layered double hydroxides (LDHs), carbides, nitrides, sulphides
and spinel structures were also studied for water splitting
applications.20–27 Among the transition metal catalysts, hydrox-
ides and (oxy)hydroxides of Co, Mn, and Ni are mostly consid-
ered and exhibited remarkable bifunctional activities. Mixed
transitional metal hydroxides have been extensively studied
because of their improved electrocatalytic activity, which is
considerably higher than those of the corresponding individual
metal hydroxide.28–32 For example, Xie et al. reported a Ni(OH)2
nanomesh synthesized by in situ etching of the Al component in
a Ni–Al layer double hydroxide. This etching process resulted in
a highly porous material, which improves the catalytic activity.33

In a two-step method, Huang et al. synthesized nanosheets of
Mn-doped CoOOH. The Mn doping enhances the active sites in
CoOOH by signicantly increasing the Fermi level of the
CoOOH nanosheets.34 The synergetic effect between the
different metal centers has been attributed to this phenomenon
to promote the electron transfer processes.35 Other notable
features like structural exibility and mixed-valence states
fascinate the use of mixed transition metal hydroxides for water
splitting applications. Among the many transition metal-based
materials, Ni and Co-based catalysts have been widely reported
for OER and HER applications, especially the oxides of nickel
and cobalt.36–40 Similarly, Mn-based catalysts have also been
attractive due to their multiple valencies, higher oxidation state,
earth abundancy, and electrochemical properties.34,41–43

Developing self-standing electrodes is attractive for elimi-
nating the resistance contribution from the binders during
electrode fabrication. Herein, we have prepared a self-supported
ternary metal hydroxide, (Co0.3Mn0.1Ni0.6)(OH)2 on nickel foam
(NF) through the hydrothermal process and obtained a hierar-
chical nanoower morphology. Moreover, the

(Co0.3Mn0.1Ni0.6)(OH)2 composite is directly grown on the NF
surface to form an ordered structure, which could avoid the use
of a binder. The binder-free synthesized electrodes expose
a high surface area with improved electrical conductivity and
have the ability to facilitate better mass transport in the system.
The obtained (Co0.3Mn0.1Ni0.6)(OH)2/NF system exhibited better
catalytic activities for overall water splitting. Typically, a multi-
metallic system consisting of Co, Mn, and Ni, where Mn is
present in multiple oxidation states, improves the bifunctional
catalytic activity. Mn in the tetravalent state provides structural
stability andmakes the system robust.44 The as-synthesized self-
supported electrodes exhibited remarkable performance in
terms of the overpotential of 270mV for the OER and 163mV for
the HER at a current density of 10 mA cm−2 and excellent long-
term stability. Finally, the overall water splitting was performed
in a 1 M KOH electrolyte with (Co0.3Mn0.1Ni0.6)(OH)2/NF as the
bi-functional catalyst both at the cathode and anode, which
displayed prominent activity with excellent long-term stability.

2 Experimental section
2.1 Synthesis of (Co0.3Mn0.1Ni0.6)(OH)2/NF

For the synthesis of (Co0.3Mn0.1Ni0.6)(OH)2/NF, rstly, NF with
the dimensions of 3.5 cm × 2.5 cm was cleaned with 1 M HCl,
deionized water, and ethanol consecutively by bath sonication
for 10 min, followed by drying in a vacuum oven at 60 °C for 5 h.
For the synthesis of (Co0.3Mn0.1Ni0.6)(OH)2/NF, NF was used as
a substrate, and manganese acetate tetrahydrate (Mn (CH3-
CO2)2$4H2O, 1 mmol) and cobalt nitrate hexahydrate
(Co(NO3)2$6H2O, 0.5 mmol) were dispersed in deionized water
(30 mL) by stirring for 15 min at room temperature. The ob-
tained solution was transferred into a Teon-lined autoclave
with a capacity of 40 mL and the precleaned NF was kept
vertically in the container. Furthermore, hydrothermal treat-
ment was carried out at 180 °C for 12 h in an oven. Aer cooling
down to room temperature, the material was removed from the
Teon-lined autoclave and washed three times with an ethanol–
DI water mixture (1 : 1). The obtained material was dried in
a vacuum oven for 5 h at 60 °C and the obtained material is
named henceforth (Co0.3Mn0.1Ni0.6)(OH)2/NF. For comparison,
Mn(OH)2/NF and Co(OH)2/NF were also synthesized under
similar conditions except that only Mn(CH3CO2)2$4H2O and
Co(NO3)2$6H2O, respectively, were added to the autoclave
instead of the mixture of Mn(CH3CO2)2$4H2O and Co(NO3)2-
$6H2O. For comparison, two more samples were synthesized
under similar conditions with different molar ratios of cobalt
and manganese (Mn : Co of 0.5 : 0.5 and 0.5 : 1 mmol) and the
samples are denoted correspondingly as CoMn/NF-(1 : 1) and
CoMn/NF-(2 : 1). The mass loading of the active material on NF
was deduced by considering the weight gain aer the reaction,
which was found to be nearly 3 mg cm−2.

2.2 Physical characterization

The morphological and compositional information was ob-
tained by eld emission scanning electron microscopy (FESEM;
Nova Nano SEM 450). A Tecnai T-20 instrument at an
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accelerating voltage of 200 kV was used for transmission elec-
tron microscopy (TEM) imaging. High-resolution imaging and
HAADF-STEMmapping were performed using a JEOL JEM F-200
HRTEM instrument. The samples for TEM and HRTEM were
prepared by drop-wise coating the well-dispersed sample in
isopropyl alcohol (a small piece of the sample dispersed in 1 mL
solvent) on a carbon-coated 200 mesh copper grid. The sample-
coated TEM grid was dried for 1 h under an IR lamp. The
crystallinity and phase purity of the synthesized samples were
investigated through X-ray diffraction (XRD) analysis on
a Rigaku SmartLab X-ray diffractometer with Cu Ka radiation (l
= 1.5406 Å), at a scan rate of 10° min−1 in the 2q range of 10 to
80°. X-ray photoelectron spectroscopy (XPS) was performed on
a Thermo Scientic Ka+, a fully integrated, monochromatic
small-spot X-ray Photoelectron Spectroscopy (XPS) system. The
solid–liquid contact interface between the catalysts and water
was characterized by using an optical contact angle system (KR�U�S
drop shape analyzer). An Xradia Versa 510 X-ray microscope
(Zeiss X-ray Microscopy, Pleasanton, CA, USA) was used to
record micro-computed X-ray tomography (micro-CT) images in
order to get the 3D morphology.

2.3 Electrochemical analysis

Electrochemical experiments were performed using a Bio-Logic
potentiostat (VMP-3) in a 1 M KOH electrolyte at room
temperature. The activity and durability of the catalysts were

measured by cyclic voltammetry (CV), linear sweep voltammetry
(LSVs), and chronoamperometric methods using a three-
electrode set-up. For this, the synthesized (Co0.3Mn0.1Ni0.6)(-
OH)2/NF was employed as the working electrode with an active
area of 1 cm2, Hg/HgO as the reference electrode, and a graphite
rod as the counter electrode. To evaluate the HER performance
of the samples, LSVs were recorded from 0.20 to −0.60 V vs.
RHE with a scan rate of 2mV s−1. To estimate the OER activity of
the samples, LSVs were recorded from 1.1 to 1.7 V vs. RHE at
a scan rate of 2 mV s−1. Chronoamperometric performance was
evaluated at a current density of 20 mA cm−2 for 24 h. All the
potentials mentioned in the work are based on the RHE scale by
calibrating Hg/HgO in a H2-saturated 1 M KOH solution (details
are provided in ESI, Fig. S11†).

3 Results and discussion

Scheme 1 depicts the synthesis procedure of the cobalt
manganese nickel hydroxide ((Co0.3Mn0.1Ni0.6)(OH)2)
composite over the nickel foam (NF) through the hydrothermal
process and the obtained material is named (Co0.3Mn0.1Ni0.6)(-
OH)2/NF. To check the morphological features of the obtained
material, FESEM analysis was performed and the data are pre-
sented in Fig. 1. With the combination of both cobalt and
manganese ions in the hydrothermal treatment, the
morphology of the obtained material is changed from

Scheme 1 Graphic representation for the synthesis of (Co0.3Mn0.1Ni0.6)(OH)2/NF and its application as a self-standing bi-functional electro-
catalyst in water electrolysis applications.
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nanoparticles and interconnected porous nanosheets to ower-
like growth patterns. As illustrated in Fig. 1a–c, the FESEM
images of (Co0.3Mn0.1Ni0.6)(OH)2/NF indicated the presence of
these ower-like hydroxide growth patterns over the NF surface.
The ower-like morphology possesses the advantage of signi-
cantly increasing the electrochemically active surface area and
would provide easy diffusion of the electrolyte and the evolved
gases during water electrolysis. The high-magnication FESEM
image presented in Fig. 1c displays the vertical array of the
(Co0.3Mn0.1Ni0.6)(OH)2 sheets (60–100 nm thick) on NF. EDX-
elemental mapping was performed to conrm the presence of
the elements in (Co0.3Mn0.1Ni0.6)(OH)2/NF. Fig. 1d shows the
image of (Co0.3Mn0.1Ni0.6)(OH)2/NF and the corresponding
elemental mapping (e–h) conrmed that cobalt, manganese,
nickel, and oxygen are uniformly distributed in the sample.
Fig. S1† represents the digital images of bare NF and (Co0.3-
Mn0.1Ni0.6)(OH)2/NF.

The SEM images in Fig. S2a and b† show the bare NF surface.
The images presented in Fig. S2c and d† illustrate the nickel
hydroxide on NF (Ni(OH)2/NF) showing a sheet-like
morphology, which is converted into a ower type in the pres-
ence of Co and Mn. The images presented in Fig. S2e and f†
illustrate the cobalt hydroxide on NF (Co(OH)2/NF) showing
a dense particle distribution on NF, whereas the images in
Fig. S2g and h† correspond to the distribution of manganese
hydroxide on NF (Mn(OH)2)/NF) obtained through the hydro-
thermal treatment.44 Mn(OH)2 exhibits an interconnected
porous nanosheet-type structure. The crucial role of the
0.5 mmol Co and 1 mmol Mn ((Co0.3Mn0.1Ni0.6)(OH)2/NF)

precursor mixture for the formation of the ower-like
morphology was further studied. Our experiments using
0.5 mmol Mn and 0.5 mmol Co (CoMn/NF-(1 : 1)) and 0.5 mmol
Mn and 1 mmol Co (CoMn/NF-(2 : 1)) precursors resulted in
a sheet-type morphology. The FESEM images of CoMn/NF-(1 : 1)
in Fig. S3a–c† show a sheet-like morphology (26–40 nm thick)
with the random array of these sheets. The FESEM images in
Fig. S3d and e† show that CoMn/NF-(2 : 1) exhibits a rough
surface on NF. Fig. S3f† shows the stacked type of sheet
arrangement in CoMn/NF-(2 : 1). Thus, morphological analysis
reveals the vital role played by the 0.5 : 1 ratio of Co to Mn
precursor for acquiring the ower-type morphology in ((Co0.3-
Mn0.1Ni0.6)(OH)2/NF). In Fig. S4a,† cross-sectional FE-SEM
shows that the obtained thickness of (Co0.3Mn0.1Ni0.6)(OH)2
over NF is 5.3 mm, which is comparable to the average thickness
determined from the 3D tomography image (Fig. S4b†). To
estimate the average ratio of the elements in (Co0.3Mn0.1-
Ni0.6)(OH)2/NF, SEM, HR-TEM EDX and ICP analyses were per-
formed. The SEM and HR-TEM EDX comparative study shows
that the average ratio of Co, Mn, and Ni is 0.3, 0.1, and 0.6
respectively, as shown in Fig. S5a and b.† Also, inductively
coupled plasma (ICP) analysis was carried out to get further
information in this direction. For the analysis, the sample was
digested in freshly prepared aqua regia by heating at 50 °C. The
corresponding content of Mn and Co is 0.63 and 1.82 wt%,
respectively, in (Co0.3Mn0.1Ni0.6)(OH)2/NF.

For microstructural analysis, Transmission Electron
Microscopy (TEM) imaging, high-resolution imaging, and
HAADF-STEM mapping were performed. The TEM images

Fig. 1 FE-SEM images of (Co0.3Mn0.1Ni0.6)(OH)2/NF: (a) the flower typemorphology of (Co0.3Mn0.1Ni0.6)(OH)2/NF, (b) the magnified image of the
portionmarked in the square in Fig. (a) and (c) the highmagnification image of (Co0.3Mn0.1Ni0.6)(OH)2/NF, (d) the image of (Co0.3Mn0.1Ni0.6)(OH)2/
NF and the corresponding elemental mapping showing the uniform dispersion of (e) cobalt (Co), (f) manganese (Mn), (g) nickel (Ni), and (h)
oxygen (O), respectively.
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presented in Fig. 2a–c reveal that the hydrothermal treatment
with the mixture of Co and Mn ions results in the formation of
thin sheets of (Co0.3Mn0.1Ni0.6)(OH)2/NF. The plane in the
selected area electron diffraction (SAED) pattern of (Co0.3-
Mn0.1Ni0.6)(OH)2/NF presented in the inset of Fig. 2c is readily
indexed to the interplanar spacing of the hexagonal phase of the
Co(OH)2 structure. The d-spacing values of 0.46 and 0.28 nm are
consistent with the (001) and (100) lattice planes of hexagonal
Co(OH)2, respectively.44 As shown in Fig. 2d, the highlighted
portions marked as d1 and d3 indicate an interplanar distance
of 0.23 nm corresponding to the (101) plane of Ni(OH)2 and d2
with 0.27 nm corresponds to the (100) plane of hexagonal
Co(OH)2.44,45 The HAADF-STEM image and the corresponding
EDX mapping in Fig. 2e reveal the uniform distribution of Co
(e1), Mn (e2), Ni (e3), and O (e4) in (Co0.3Mn0.1Ni0.6)(OH)2/NF.
For comparison, microstructure analysis for Co(OH)2/NF and
Mn(OH)2/NF was also performed. The TEM images presented in
Fig. S6a–c† show the structure of Co(OH)2/NF involving the
morphology corresponding to 60–90 nm nanoparticles;
Fig. S6d† represents the SAED pattern of the sample, displaying
its polycrystalline nature. The images presented in Fig. S7a–c†
show the interconnected sheets of Mn(OH)2/NF, which helps in
the formation of the ower-type morphology in

(Co0.3Mn0.1Ni0.6)(OH)2/NF. The d-spacing value of 0.24 nm
corresponds to the (011) lattice plane of hexagonal Mn(OH)2
and is shown in Fig. S6d.†46 The inset of Fig. S7d† corresponds
to the SAED pattern of Mn(OH)2/NF and indicates its crystalline
nature. The d-spacing value conrms that Mn is present in the
hexagonal Mn(OH)2 state in (Co0.3Mn0.1Ni0.6)(OH)2/NF. Fig. 3a
shows the X-ray diffraction patterns of the as-synthesized
materials. As observed in all the XRD patterns, the well-
dened peaks located at 44.3°, 51.7°, and 76.6° correspond to
the (111), (200), and (220) lattice planes of metallic nickel,
respectively, which are originated from the NF substrate (JCPDS
No. 04-0850).47 The hydroxides of cobalt and nickel display
similar phase structures and are difficult to differentiate from
each other.48,49 The prominent peaks located at 19.8°, 32.9°,
38.9°, 52.1°, and 59.5° correspond to the (001), (100), (101),
(012), and (110) diffraction planes of the hexagonal phase of
Ni(OH)2 (JCPDS CARD No. 00-014-0117) and Co(OH)2 (JCPDS
CARD No. 01-074-1057), conrming the successful formation of
(Co0.3Mn0.1Ni0.6)(OH)2 over NF, in Fig. 3b.48,50 With the addition
of Mn ions in the hydrothermal process, the relative intensities
of the XRD peaks in (Co0.3Mn0.1Ni0.6)(OH)2/NF are increased
and the peaks at 19.8° and 32.9° are slightly shied to higher 2q
values (∼0.3°) as well as the crystallinity of the material is

Fig. 2 (a and b) TEM images of (Co0.3Mn0.1Ni0.6)(OH)2/NF at different magnifications, (c) zoomed part marked in (b) with the SAED pattern in the
inset, (d) d-spacing measurements of the marked regions (represented as d1, d2 and d3), and (e) HAADF-STEM EDX elemental mapping of
(Co0.3Mn0.1Ni0.6)(OH)2/NF corresponding to Co (e1), Mn (e2), Ni (e3) and O (e4).
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increased while maintaining the same crystal structure
(Fig. S8a†).51–53 Due to the low percentage of Mn, no prominent
Mn(OH)2 peak is observed in the XRD spectrum of (Co0.3-
Mn0.1Ni0.6)(OH)2/NF. However, the existence of Mn is conrmed
by the d-spacing value through TEM analysis. The obtained d-
spacing value of 0.24 nm is consistent with the (011) lattice
plane of hexagonal Mn(OH)2. From literature reports, ternary
hydroxides (M(OH)2, M = Co, Ni, Mn) acquire a similar struc-
ture for different metals.50,54 With changing the ratio of Mn and
Co precursors in the hydrothermal process, the XRD pattern of
CoMn/NF-(1 : 1) and CoMn/NF-(2 : 1) was recorded. The XRD
spectrum shown in Fig. S8b† indicates that no phase change
occurs with the different ratios of Mn and Co during the reac-
tion. Raman analysis was done to characterize the structure of
(Co0.3Mn0.1Ni0.6)(OH)2/NF and the spectrum is presented in
Fig. S8c.† The peaks at 438 and 531 cm−1 correspond to
Co(OH)2 and Ni(OH)2 in (Co0.3Mn0.1Ni0.6)(OH)2/NF,
respectively.55

The 3D morphology of bare NF and (Co0.3Mn0.1Ni0.6)(OH)2/
NF was determined by using non-invasive 3D X-ray micro-
tomography. Fig. 4a shows the tomography image of bare NF.
The plane surface and porous arrangement evident from the
tomography image match with the FESEM images of the bare
NF. The tomography images of (Co0.3Mn0.1Ni0.6)(OH)2/NF are
presented in Fig. 4b–d. The green color in the core of the
structure in Fig. 4c and d indicates the Ni metal from the NF
substrate and the red color shows the in situ covered (Co0.3-
Mn0.1Ni0.6)(OH)2. The uniformly distributed nanoowers of
(Co0.3Mn0.1Ni0.6)(OH)2 are conrmed by the tomography as it is
seen as a layer on the NF. The porous macrostructure arrange-
ment of the NF has been intact aer the formation of the
(Co0.3Mn0.1Ni0.6)(OH)2 nanoowers. Aer the morphological
investigations, to understand the surface wettability and the
nature of the electrode/electrolyte interface, contact angle

analysis was performed. During water electrolysis, H2 and O2

gas bubbles are produced continuously over the catalyst surface
and hinder the active sites, which results in decreased mass
transport and electron transfer. The hydrophilic nature of the
catalyst surface is required tomake a better electrode/electrolyte
interface and to further minimize the mass-transport-related
issues.56,57 Fig. 4e and S9a–c† show that the water droplets
remained over bare NF, Co(OH)2/NF, Mn(OH)2/NF, and
Ni(OH)2/NF, which indicates the highly hydrophobic nature of
the surface with a contact angle of 137.1°, 117.3°, 134.0°, and
135.0°, respectively. The ower-like morphology in (Co0.3-
Mn0.1Ni0.6)(OH)2/NF would increase the roughness factor of the
surface and improve the surface wettability of the electrode.
This resulted in the fast-spreading of the water droplet in
(Co0.3Mn0.1Ni0.6)(OH)2/NF during the contact angle measure-
ment, as depicted in Fig. 4f.

To know the chemical composition of (Co0.3Mn0.1Ni0.6)(-
OH)2/NF, XPS analysis was performed. Fig. S10a† shows the
survey scan spectrum of (Co0.3Mn0.1Ni0.6)(OH)2/NF and
conrms the presence of Mn, Co, Ni, and O in the sample. The
Co 2p spectrum displays peaks at 780.1 and 795.1 eV due to the
spin–orbit effect, which is characteristic of Co 2p3/2 and Co 2p1/2
in Co(OH)2, respectively, and is shown in Fig. 5a. The Co 2p
spectrum is deconvoluted into Co2+ at 780.0 and 795.5 eV along
with two satellite peaks at 783.1 eV and 803.1 eV, respectively,
for Co(OH)2.58,59 The Co 2p spectrum of (Co0.3Mn0.1Ni0.6)(OH)2/
NF (Fig. 5d) shows peaks at 779.2 and 795.0 eV corresponding to
the Co 2p3/2 and Co 2p1/2 peaks, respectively.60 The core level of
Co is deconvoluted into 779.1 and 795.0 eV peaks of Co2+. Along
with this, two satellite peaks could be seen appearing at 783.6
and 800.8 eV. In Co(OH)2/NF, the difference between Co 2p3/2
and Co 2p1/2 peaks is 15.0 eV (DE = 15.0 eV). However, Co 2p3/2
and Co 2p1/2 in (Co0.3Mn0.1Ni0.6)(OH)2/NF exhibit a compara-
tively larger spin–orbit splitting value (DE) of 15.8 eV with peak

Fig. 3 (a) Comparative XRD patterns of (Co0.3Mn0.1Ni0.6)(OH)2/NF, Co(OH)2/NF, Mn(OH)2/NF, Ni(OH)2/NF, and bare NF and (b) the XRD pattern
of (Co0.3Mn0.1Ni0.6)(OH)2/NF and Co(OH)2/NF with the respective JCPDS files.
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shi towards lower binding energy (Fig. S10b†). The apparent
negative shi of Co 2p3/2 and Co 2p1/2 in (Co0.3Mn0.1Ni0.6)(OH)2/
NF compared to Co(OH)2 indicates an increased electronic
density in (Co0.3Mn0.1Ni0.6)(OH)2/NF aer the incorporation of
Mn. This is due to the difference in the electronegativity
between Mn (1.55) and Co (1.88), and there could be a charge
transfer from Mn to Co in (Co0.3Mn0.1Ni0.6)(OH)2/NF.44 It is also
conrmed through the deconvoluted Mn core level spectrum of
Mn(OH)2/NF and (Co0.3Mn0.1Ni0.6)(OH)2/NF. Fig. 5b shows that
the Mn 2p spectra of Mn(OH)2/NF are tted into three peaks
corresponding to Mn2+ (642.6 eV), Mn3+ (653.3 eV), and a satel-
lite peak (646.9 eV), respectively.59,61 Fig. 5e shows that the Mn
2p spectrum in (Co0.3Mn0.1Ni0.6)(OH)2/NF could be deconvo-
luted to three peaks at 653.6, 642.8 eV, and 647.5 eV corre-
sponding to Mn 2p1/2, Mn 2p3/2 and satellite peaks,
respectively.59 The peak at 653.6 eV is assigned to Mn3+ and
642.8 eV corresponds to Mn2+.52,62 Both Mn3+ and Mn2+ are
shied to higher binding energy in (Co0.3Mn0.1Ni0.6)(OH)2/NF
compared to Mn(OH)2/NF. The positive shi in the binding
energy of Mn2+ and Mn3+ in (Co0.3Mn0.1Ni0.6)(OH)2/NF
compared to Mn(OH)2/NF indicates a decreased electronic
density. This result conrmed charge transfer from Mn to Co in
(Co0.3Mn0.1Ni0.6)(OH)2/NF. The presence of Mn2+ or Mn3+ mixed
oxidation states is also conrmed by a spin–orbit spacing value
of 10.8 eV.50,63 Fig. 5c reveals the deconvoluted spectra of Ni 2p
in (Co0.3Mn0.1Ni0.6)(OH)2/NF, which show two spin–orbit
doublet peaks at 854.7 and 872.2 eV, corresponding to the Ni2+

state. In addition to this, there are two satellite peaks at 860.3
and 877.9 eV in (Co0.3Mn0.1Ni0.6)(OH)2/NF. As illustrated in
Fig. 5f, the O 1s spectrum in (Co0.3Mn0.1Ni0.6)(OH)2/NF has been
tted into two peaks at 528.7 and 530.0 eV corresponding to the
metal–oxygen and metal–hydroxide bonds, respectively and
a third peak at 531.1 eV due to the absorbed water mole-
cules.50,51 Based on XPS analysis, Co, Mn, and Ni show Co2+,
Mn2+, Mn3+, and Ni2+ oxidation states. The valence electron
conguration of Ni2+ and Mn2+ in (Co0.3Mn0.1Ni0.6)(OH)2/NF is
t2g

6 eg2 and t2g
3 eg2, respectively. The Co2+ holds t2g

5 eg2 and
Mn3+ possesses t2g

3 eg1 conguration with one unpaired elec-
tron in t2g

5 in Co2+ and eg1 in Mn3+.64–66 The charge transfer
from Mn to Co further inuences the adsorption of H2O.
Modulating the electronic structure further inuences the
adsorption of the reaction intermediates during water splitting.
Also, in the multi-metallic system, where Mn is present in
multiple oxidation states, it improves the bifunctional catalytic
activity.

The electrochemical OER performance of the prepared
sample was analyzed in N2-saturated 1 M KOH solution at
a scan rate of 2 mV s−1. Fig. 6a shows the comparative linear
sweep voltammetry (LSVs) plots of the as-prepared materials in
comparison to the state-of-the-art RuO2-coated NF. Fig. 6a
reveals that the bare NF shows only negligible OER activity and
it requires an overpotential of 400 mV to deliver a current
density of 10 mA cm−2. On the other hand, RuO2@NF needs
a 330 mV overpotential to reach the same current density of 10

Fig. 4 Tomography images of (a) bare NF and (b–d) (Co0.3Mn0.1Ni0.6)(OH)2/NF; the contact angle measurement of (e) bare NF and (f) (Co0.3-
Mn0.1Ni0.6)(OH)2/NF.
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Fig. 5 XPS spectra of (a) deconvoluted Co 2p of Co(OH)2/NF, (b) deconvoluted Mn 2p of Mn(OH)2/NF, (c) deconvoluted Ni 2p of (Co0.3-
Mn0.1Ni0.6)(OH)2/NF, (d) deconvoluted Co 2p of (Co0.3Mn0.1Ni0.6)(OH)2/NF, (e) deconvoluted Mn 2p of (Co0.3Mn0.1Ni0.6)(OH)2/NF, and (f)
deconvoluted O 1s of (Co0.3Mn0.1Ni0.6)(OH)2/NF.

Fig. 6 (a) The OER polarisation plots of (Co0.3Mn0.1Ni0.6)(OH)2/NF and the control samples performed in a 1 M KOH electrolyte, (b) the OER
overpotential bar diagram, (c) the electrochemical impedance data of the samples performed at 1.5 V in a 1 M KOH electrolyte, (d) the OER Tafel
plot comparison of the prepared materials and (e) the OER chronoamperometric (CA) stability test performed in 1 M KOH at 20 mA cm−2.
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mA cm−2. In comparison to these, Ni(OH)2/NF shows an over-
potential of 370 mV, and Co(OH)2/NF and Mn(OH)2/NF show an
overpotential of 320 mV each at 10 mA cm−2. However, the OER
performance is found to be improved substantially in the case
of (Co0.3Mn0.1Ni0.6)(OH)2/NF due to the coexistence of Mn with
Co, which alters the electron pathway and stabilizes the Co and
Ni structures.67 The XPS investigation has already provided
information on the possible electronic modulations incurred by
the system. The overpotential exhibited by (Co0.3Mn0.1Ni0.6)(-
OH)2/NF at a current density of 10 mA cm−2 is 270 mV. Fig. 6b
represents the bar diagram of the OER overpotentials of bare
NF, (Co0.3Mn0.1Ni0.6)(OH)2/NF, and RuO2@NF extracted at 10
mA cm−2 are 400, 270, and 330 mV, respectively. The over-
potentials exhibited by CoMn/NF-(1 : 1) and CoMn/NF-(2 : 1) at
a current density of 10 mA cm−2 are 310 and 320 mV, respec-
tively, which are higher than that corresponding to (Co0.3-
Mn0.1Ni0.6)(OH)2/NF as shown in Fig. S12a;† the overpotential
values are presented in Table S1.† The Nyquist plots of the
materials are given in Fig. 6c. The EIS spectra validate that
(Co0.3Mn0.1Ni0.6)(OH)2/NF possesses a charge transfer resis-
tance (RCT) value of 1.0 U, which is the lowest among the
systems investigated and indicates faster OER kinetics in the
system compared to Co(OH)2/NF (2.5 U), Mn(OH)2/NF (1.2 U)
and NF (3.5 U) and RuO2@NF (2.1 U).34 To understand the
difference in the reaction kinetics, the Tafel slope was calcu-
lated using the Tafel equation (h = a + b × logj, where b is the
Tafel slope, h is the overpotential, and j is the current density).
As represented in Fig. 6d, the reaction kinetics is found to be
better on the synthesized (Co0.3Mn0.1Ni0.6)(OH)2/NF (63 mV per

decade) as compared to Ni(OH)2/NF (69 mV per decade),
Co(OH)2/NF (70 mV per decade), Mn(OH)2/NF (74 mV per
decade), bare NF (101 mV per decade), and RuO2@NF (99 mV
per decade).68,69 The Tafel values indicate that the OER kinetics
gets enhanced with the incorporation of Co and Mn in (Co0.3-
Mn0.1Ni0.6)(OH)2/NF. Fig. 6e shows the stability analysis of
(Co0.3Mn0.1Ni0.6)(OH)2/NF. Chronoamperometric analysis was
performed for 24 h at 20 mA cm−2 and (Co0.3Mn0.1Ni0.6)(OH)2/
NF showed a retention of 95% of the initial performance aer
24 h of testing, indicating the excellent stability of the prepared
catalyst under the OER conditions. We have performed LSV
analysis before and aer the 24 h chronoamperometry test in
1 M KOH for the OER and HER as shown in Fig. S13.† In
Fig. S13a† for the OER, the activity is slightly improved aer the
stability analysis. The slightly improved activity could be due to
the in situ formation of CoOOH in the materials (Co(OH)2 /

CoOOH) during the OER. The peak shi from 1.22 V to 1.14 V vs.
RHE in the LSVs indicates the possible formation of CoOOH,
leading to improved OER performance.70

The HER performance of the as-synthesized electrocatalysts
was evaluated in N2-saturated 1M KOH solution at a scan rate of
2 mV s−1. Fig. 7a depicts the comparative LSV proles of all the
materials. The overpotentials calculated from the study are bare
NF (296 mV @ 10 mA cm−2), Ni(OH)2/NF (245 mV @ 10 mA
cm−2), Mn(OH)2/NF (270 mV @ 10 mA cm−2), CoMn/NF-(1 : 1)
(242 mV@ 10 mA cm−2), and CoMn/NF-(2 : 1) (286 mV@ 10 mA
cm−2) mV (Fig. S12b†). Co(OH)2/NF holds a decent HER activity
with an overpotential of 165 mV to deliver a current density of
10 mA cm−2. On the other hand, (Co0.3Mn0.1Ni0.6)(OH)2/NF

Fig. 7 (a) The HER polarisation plots of (Co0.3Mn0.1Ni0.6)(OH)2/NF and the control samples performed in a 1 M KOH electrolyte, (b) the HER
overpotential bar diagram, (c) the electrochemical impedance analysis of the samples performed at−0.30 V in a 1 M KOH electrolyte, (d) the HER
Tafel plot comparison of the prepared materials and (e) the HER chronoamperometric stability test performed in 1 M KOH at 20 mA cm−2.
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exhibits an overpotential of 163 mV to attain the same current
density (Fig. 7a). However, in the case of Co(OH)2/NF, the
overpotential increases at higher current densities. Whereas,
(Co0.3Mn0.1Ni0.6)(OH)2/NF shows lower ohmic drops as the
current density increases. Fig. 7b shows the bar diagram cor-
responding to the HER overpotentials of bare NF, (Co0.3Mn0.1-
Ni0.6)(OH)2/NF, and Pt/C@NF extracted at 10 mA cm−2, which
are 296, 163 and 23 mV, respectively. Fig. 7c shows the elec-
trochemical impedance spectra of the as-synthesized materials
recorded at −0.30 V vs. RHE. It proves that (Co0.3Mn0.1Ni0.6)(-
OH)2/NF possesses the lowest charge transfer resistance (RCT)
(1.25 U), indicating fast HER kinetics from the prepared
Co(OH)2/NF (4.1 U), Mn(OH)2/NF (3.3 U), Ni(OH)2/NF (3.4 U),
and NF (2.9 U) materials.70 As illustrated in Fig. 7d, (Co0.3-
Mn0.1Ni0.6)(OH)2/NF shows a Tafel slope of 130 mV per decade
and indicates better reaction kinetics compared to the control
samples. The Tafel slope values of the control samples are 143,
148, 162, 158, and 96 mV per decade for Co(OH)2/NF, Mn(OH)2/
NF, Ni(OH)2/NF, NF, and Pt/C@NF, respectively. Fig. 7e shows
the chronoamperometric (CA) stability prole of (Co0.3Mn0.1-
Ni0.6)(OH)2/NF. The test was performed for 24 h at 20 mA cm−2

and the system displayed a performance retention of 85% of the
initial value aer 24 h. Aer the HER stability analysis of

(Co0.3Mn0.1Ni0.6)(OH)2/NF, the LSVs match the initial LSVs,
which shows similar activity before and aer the durability test
in Fig. S13b.†

The electrochemically active surface area (ECSA) of the as-
prepared samples was calculated from the double-layer capac-
itance (Cdl) under the non-faradaic area of the OER and HER,
respectively. For this, CV analysis was conducted with different
scan rates in the non-faradaic region of the OER (in 1 M KOH
with a potential window of 0.915 to 1.015 V vs. RHE) and the
HER (in 1 M KOH with a potential window of 0.915 to 0.815 V vs.
RHE) as shown in Fig. S14 and 15.† The ECSA is proportional to
the Cdl value and the catalytic activity is associated with the
ECSA. As illustrated in Fig. S14 and Table S2,† the Cdl values for
the OER of bare NF, Ni(OH)2/NF, Mn (OH)2/NF, Co (OH)2/NF,
and (Co0.3Mn0.1Ni0.6)(OH)2/NF are 1.9, 1.1, 0.91, 5.8, and 5.92
mF cm−1, respectively. As per Fig. S15 and Table S3,† the Cdl

values for the HER of bare NF, Ni(OH)2/NF, Mn (OH)2/NF, Co
(OH)2/NF, and (Co0.3Mn0.1Ni0.6)(OH)2/NF are 1.49, 1.23, 1.14,
5.75, and 6.03 mF cm−1 respectively, which validate the higher
ECSA of (Co0.3Mn0.1Ni0.6)(OH)2/NF for the OER and HER. This
could expose more active sites and thereby improve the catalytic
activity. Our claim that the ower-like morphology increases the
electrochemically active surface area is proved by the higher Cdl

Fig. 8 (a) Schematic representation of the water electrolyzer, (b) comparative LSV plots corresponding to the overall water splitting, (c) the bar
diagram representing the water electrolysis activity of (Co0.3Mn0.1Ni0.6)(OH)2/NF compared with bare NF and the state-of-the-art catalyst at
different current densities, and (d) the chronoamperometric response of (Co0.3Mn0.1Ni0.6)(OH)2/NF-based electrolysis in 1 M KOH for 24 h at 20
mA cm−2.
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value of (Co0.3Mn0.1Ni0.6)(OH)2/NF. For comparison, the state-
of-the-art catalysts Pt/C and RuO2-coated NF (i.e., Pt/C@NF
and RuO2@NF, respectively) were characterized similarly. The
obtained Cdl values for Pt/C@NF and RuO2@NF are 3.48 and
2.91 mF cm−2, respectively.

Finally, overall water splitting was performed in a 1 M KOH
electrolyte and the corresponding data are presented in Fig. 8.
The schematic representation of the water electrolyzer is given
in Fig. 8a. To investigate the water electrolysis, (Co0.3Mn0.1-
Ni0.6)(OH)2/NF was employed as both the anode and cathode
electrodes in 1 M KOH solution by maintaining an active area of
1 cm−2. For comparison, bare NF//bare NF, CoMn/NF-(1 : 1)//
CoMn/NF-(1 : 1), CoMn/NF-(2 : 1)//CoMn/NF-(2 : 1), and Pt/
C@NF//RuO2@NF systems were also fabricated and perfor-
mance evaluation was done under similar conditions. The bare
NF//bare NF system shows poor catalytic activity, which requires
a potential of 1.81 V to attain a current density of 10 mA cm−2

(Fig. 8b). Also, CoMn/NF-(1 : 1)//CoMn/NF-(1 : 1) and CoMn/NF-
(2 : 1)//CoMn/NF-(2 : 1) show a poor catalytic activity of 1.75 and
1.81 V, respectively, at 10 mA cm−2(Fig. S16†). However, the
(Co0.3Mn0.1Ni0.6)(OH)2/NF//(Co0.3Mn0.1Ni0.6)(OH)2/NF system
requires 1.62 V to drive a current density of 10mA cm−2 which is
only 20 mV higher than that of Pt/C@NF//RuO2@NF. With
increasing the current density, (Co0.3Mn0.1Ni0.6)(OH)2/NF//
(Co0.3Mn0.1Ni0.6)(OH)2/NF shows better performance (1.78 V
@100 mA cm−2) compared to Pt/C@NF//RuO2@NF (1.89 V
@100 mA cm−2). This could be attributed to the improved
catalytic activity along with the better mass transport of the
electrolyte and evolved gases that occur in (Co0.3Mn0.1Ni0.6)(-
OH)2/NF due to the nanoower morphology. Furthermore,
Fig. 8c shows the comparative overpotential bar diagram of Pt/
C@NF//RuO2@NF and (Co0.3Mn0.1Ni0.6)(OH)2/NF//(Co0.3Mn0.1-
Ni0.6)(OH)2/NF systems recorded at different current densities.
At the current densities of 10, 50, and 100 mA cm−2, the
respectively measured potentials for the (Co0.3Mn0.1Ni0.6)(OH)2/
NF//(Co0.3Mn0.1Ni0.6)(OH)2/NF system are 1.62, 1.75 and 1.78 V,
whereas, for the Pt/C@NF//RuO2@NF system, these values are
respectively 1.60, 1.79, and 1.89 V. Aerward, the stability
analysis of the (Co0.3Mn0.1Ni0.6)(OH)2/NF//(Co0.3Mn0.1Ni0.6)(-
OH)2/NF system was performed at 20 mA cm−2 for 24 h. The
chronoamperometric analysis illustrated in Fig. 8d shows
a stable performance for 24 h. The inset of Fig. 8d shows gas
evolution during water splitting using the paired conguration
of the (Co0.3Mn0.1Ni0.6)(OH)2/NF bifunctional electrocatalyst.
During the overall water-splitting process, the evolved gases
were quantied by using gas chromatography. For this,
a homemade two-compartment set-up was fabricated. (Co0.3-
Mn0.1Ni0.6)(OH)2/NF was used as the cathode and anode elec-
trodes. The anion exchange membrane (Fumatech FAA-3) was
used as the separator between the anode and cathode cham-
bers. The chronoamperometric analysis was performed at
1.90 V for 2 h. The produced gas was collected in the headspace
of the respective chambers and was injected into the GC
instrument by using a micro-syringe (500 mL). The quantica-
tion of the evolved gas with different time intervals is presented
in Fig. S17.† From Fig. S17,† the amounts of H2 and O2

produced are estimated to be 701.2 and 358.6 mmol,

respectively, at a time interval of 1 h; these amounts correspond
to an ∼1 : 2 ratio of O2 and H2, respectively. This study conrms
the capability of employing (Co0.3Mn0.1Ni0.6)(OH)2/NF as a bi-
functional and self-standing electrode for the realistic demon-
strations of overall water splitting applications.

Post-characterization of the electrodes were performed aer
the overall water-splitting analysis. Fig. S18, ESI,† represents the
FESEM images of the cathode and anode catalysts aer 24 h of
the operation. The images corresponding to the anode catalyst
(Fig. S18a–c, ESI†) and the cathode catalyst (Fig. S18d and e,
ESI†) show similar ower-like morphological features to the
pristine material. The catalysts recovered from the anode and
cathode were also analyzed via XRD for inspecting any possible
phase changes under potential induced conditions. Fig. S19,
ESI,† shows the comparative XRD patterns of (Co0.3Mn0.1-
Ni0.6)(OH)2/NF before and aer the 24 h CA studies (anode
(blue) and cathode (green)). It can be seen that the peaks cor-
responding to the (001), (100), (002), (012), and (110) diffraction
planes of the hexagonal phase of Ni(OH)2 (JCPDS CARD No. 00-
014-0117) and Co(OH)2 (JCPDS CARD No. 01-074-1057) were
retained even in the post-CA for 24 h. To know the chemical
composition of (Co0.3Mn0.1Ni0.6)(OH)2/NF aer the CA, XPS
analysis was performed and the corresponding data are given in
Fig. S20a, ESI.† The survey scan spectrum of (Co0.3Mn0.1-
Ni0.6)(OH)2/NF before and aer the CA conrms the existence of
Mn, Co, Ni, and O in the sample. In Fig. S20b, ESI,† the Co 2p
spectra are found to be signicantly shied to higher binding
energy values compared to the pristine material which indicates
that Co(OH)2 is converted into a more stable Co3+ (CoOOH)
phase during water electrolysis under OER conditions.71,72 The
Mn 2p spectra got shied to a lower binding energy value in the
cathode compared to the pristine material, which indicates that
the Mn helps with the CoOOH formation by electron transfer
from Co to Mn and lowers the binding energy of Mn during
water electrolysis.73 However, the anode shows similar binding
energy even aer the stability analysis, which suggests that the
cathodic reaction is possibly more kinetically favorable
compared to the anodic reaction as shown in Fig. S20c, ESI.†
Table S4† shows the comparison of the overall water-splitting
performance of the present system with the various reported
materials in a 1 M KOH electrolyte.

In summary, a ower-like morphology of (Co0.3Mn0.1Ni0.6)(-
OH)2 was synthesized on nickel foam (NF) using a simple
hydrothermal method. The self-supported (Co0.3Mn0.1Ni0.6)(-
OH)2/NF having the porous ower-like morphology signicantly
reduces the mass-transport related issues during the overall
water splitting process. The electronic and morphological
modication is well understood aer Mn incorporation. The
(Co0.3Mn0.1Ni0.6)(OH)2/NF system possesses remarkably high
activity toward both the OER and the HER in a 1 M KOH solu-
tion. The overpotentials displayed by this system at 10 mA cm−2

are 270 mV for the OER and 163 mV for the HER. The structural
stability analysis of (Co0.3Mn0.1Ni0.6)(OH)2/NF during the OER
and HER shows outstanding durability and structural integrity
of the system. The (Co0.3Mn0.1Ni0.6)(OH)2/NF bifunctional
electrocatalyst was nally employed both as the cathode and
anode electrodes for overall water splitting in 1 M KOH. The
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Sustainable Energy & Fuels Paper

Pu
bl

is
he

d 
on

 2
9 

M
ar

ch
 2

02
3.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l C

he
m

ic
al

 L
ab

or
at

or
y,

 P
un

e 
on

 7
/2

7/
20

23
 7

:3
6:

59
 A

M
. 

View Article Online

https://doi.org/10.1039/d3se00233k


system required only 1.62 V to achieve a current density of 10
mA cm−2 with excellent long-term stability. The value is
comparable to many of the recently reported values.
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production: Addressing scattering issues
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h i g h l i g h t s

� 5 wt%CuO/TiO2 coated optical fiber bundles are studied for photocatalytic hydrogen evolution via water splitting.

� Change in directionality of light reduces scattering issues observed in powder catalysts on scale up.

� H2 production can be increased by merely increasing number of optical fibers.

� More than one order enhancement in activity in the optical fiber when compared to powder on scale up.

� Retention of ~70% activity in turbid non-potable water.
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a b s t r a c t

Scattering is one of the main challenges in scaling up photocatalytic water splitting using

the most prevalent powder catalysts. This can be overcome by decoupling the reaction

medium from light transmission, as in the case of optical fibers. Here we explore utilizing

optical fibers coated with 5 wt% CuO supported on TiO2 for photocatlytic H2 production

from water-methanol mixtures. CuO/TiO2 is a well studied photo catalyst in which pho-

toreduced Cu species are known to act as sensitizers for inducing visible light activity.

Lower activity of sequentially coated systems indicates that appropriate interfaces of

active Cu and TiO2 with water are desirable. The scalability of such optical fiber-based

systems along with potential in non-potable turbid water media are demonstrated.

Maximum activity of 22 mmoles of H2 in 8 h was obtained with 50 mg of catalyst coated on

optical fibers, which increases linearly with increase in fiber numbers, whereas, drastic

reduction in activity is observed in powder catalyst upon increasing the catalyst quantity. A

one-to-one comparison of 700 mg of catalyst in powder form and coated on optical fibers

indicates more than one order enhancement in activity in the optical fiber based system. In

addition, ~70% retention in activity in highly turbid non-potable water was observed as

compared to powdered system which shows complete reduction in the activity by 99.99%.
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Introduction

Utilizing the abundant solar energy for fuel production is the

holy grail of energy research in the current scenario of

alarming pollution levels and impending fossil fuel depletion

[1e9]. Photocatalytic water splitting is considered as the most

benign process for producing H2, the cleanest fuel. Huge

strides are made in developing materials for photocatalytic

water splitting since 1972, when Honda and Fujishima

discovered photolytic cleavage of water into oxygen and

hydrogen using titania and Pt electrode [10e20]. However,

such a surge inmaterials development has not translated into

many large scale photocatalytic H2 production facilities

[21e23]. One of the main drawbacks is the necessity for huge

light installations in the medium which would render them

uneconomical. In addition, limitations of the catalyst forms

which can be used for an efficient utilisation of light from an

external source also contribute to difficulty in scaling up. Most

common form of the catalysts used is powder dispersion in

the reactant mediums [20,24e32]which immediately brings in

the disadvantage of scattering, and is all the more severe in

large scale systems. An alternative reported in an allied pro-

cess i.e., photocatalytic waste water treatment, is to immo-

bilise photocatalysts on substrates like thin films and employ

in a fixed bed configuration for continuous flow models

[33e35]. However, these models also demand multiple high

energy lamps immersed in the reaction medium ruling out

utilizing sunlight directly. Hence, need of the hour is to bridge

the gap between reactor design and catalyst development to

achieve sustainable and economically favourable systems

utilizing full solar spectrum [36,37].

In this context, optical fibres present marked advantages

for a continuous flow immobilised model. In the late 70's and

early 80's, Marinangeli and Ollis demonstrated photocatalyst

immobilisation on optical fibres and their use in waste water

treatment [38e40]. This method of photocatalysis is distinctly

different from hitherto reported techniques using thin film

catalysts, since photons are transmitted to the catalyst from

within the light conducting medium in optical fibers. This

decouples the reaction medium characteristics from photon

transmission to a large extent. Optical fibres work on the

phenomenon of total internal reflection where complete

reflection of light takes place within the fiber material due to

increase in the angle of incidence more than that of critical

angle. The structure of an optical fiber consists of a core which

is made up of a polymer or silica (glass) surrounded by

appropriate cladding material. To attain total internal reflec-

tion, the refractive index of core should be higher than that of

the cladding. The absorption at the interface is avoided by

coating the fibers with non-absorbing dielectrics. It is possible

to deliberately “leak” the photons from the core by various

techniques; optimizing the refractive indices of core and

cladding materials, addition of fluorescent materials to the

cladding, creating asymmetries like cavities or air bubbles in

the core and cladding geometries are some of them [41]. The

leaking can also be affected by chemical,mechanical and laser

stripping [42]. Marinangeli and Ollis exploited this phenome-

non and used the leaked photons on the interface for

pollutant degradation. Further developments in this field have

led to demonstration of dye degradation under flow using

woven fiber glass cloth as light transmitting medium [43e45].

However, these developments have not been utilised for

photocatalytic H2 generation yet. Very recently, Potter et al.

reported the use of microstructured optical fibre canes

(MOFCs) as a novel design for the production of hydrogen from

water by using the semiconductor material coated onto the

surface of fused silica canes [46]. However, here also, internal

reflection phenomenon is not exploited for photon impinging

to catalyst.

In contrast to this work, we have employed coating of op-

tical fiber bundles with a photocatalyst, to exploit direct de-

livery of light thereby reducing light losses due to scattering

and absorption by reaction medium. Different coating

methods of CuO/TiO2 catalyst on silica optical fibers are

adopted for optimizing the production of hydrogen by water

splitting under visible light using methanol as a sacrificial

reagent. Here, we have demonstrated the potential of such

models for scaling up and utilisation of non-potable water for

H2 generation. Transmission of light via optical fibers opens

up new gates to carry out H2 evolution at remote environ-

ments such as deep sea and also in the turbid non-potable

water where light reaching capacity is very low.

Experimental section

Synthesis of 5 wt% CuO/TiO2

500 mg of TiO2 (Sigma-Aldrich, P25) was taken in a beaker

containing 157 mg cupric acetate monohydrate (Cu (CH3COO)

2.H2O, LOBA Chemie) dissolved in 50 mL of water. Themixture

was stirred at 30 �C for 2 h at 400 rpm onmagnetic stirrer. The

final product was washed with water and finally with ethanol

and kept for drying in oven at 80 �C for 24 h. The dried sample

was calcined in a muffle furnace at a heating rate of 2 �C/min

at 250 �C for 5 h to obtain 5 wt% CuO supported on TiO2.

Coating of catalyst on optical fiber bundle

Optical fibers used in this study (AppliedOptical Technologies,

Thane, India) consisted of silica core, polymeric cladding and

were bundled in an outer jacket made up of rubber which was

adjusted according to the length of fibers required for the

studies; each such bundle contained 10,000 silica fibers. The

bundle of optical fibers waswashed sequentially with distilled

water and acetone and dried in an oven for 30 min at 80 �C.
The clean fibers were then treated with 40% HF to remove

cladding by dipping in HF solution for 10 s each and finally

drying at 80 �C. Catalyst was coated on the etched optical fi-

bers by a simple dip coating method. Slurry solution was

prepared by dispersing ~250 mg of 5 wt%CuO/TiO2, CuO or

TiO2 powder in 50 mL distilled water under sonication for

30 min. 7 cm of the HF treated fiber bundle was coated with

the slurry by using dip coating method and dried at 80 �C for

24 h. The extent of coating was checked after weighing the

remaining amount of catalyst left after the coating over the

optical fibers.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x2

Please cite this article as: Walko PS, Devi RN, Scalable optical fiber reactor for photocatalytic H2 production: Addressing scattering is-
sues, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2023.01.148

https://doi.org/10.1016/j.ijhydene.2023.01.148


Characterisation

The structure and morphology of as synthesised material and

photocatalyst coated optical fibers were characterised by FEI

Nova Nano SEM 450 FE-SEM instrument. EDS elemental map-

pingwas done onQuanta 200 3D FEIwith the help of TEAMEDS

analysis system. Catalyst coated optical fibers were cut into

small pieces and mounted on carbon tape for E-SEM analysis.

TEM analysis was carried out on FEI, TECNAI G2 F20 trans-

mission electron microscopy (TEM) instrument (conditions:

accelerated voltage ¼ S-5 200 kV, and resolution ¼ 0.17 nm).

Samples were prepared by dislodging the coating material by

sonication. Material thus collected was dispersed in ethanol

and drop casted on 200 mesh carbon grids for TEM analysis.

Powder x-ray diffraction (XRD) of all the samples was carried

out in a PANalytical X'pert Pro dual goniometer diffractometer

working under 40 kV and 30mA. The radiation usedwas Cu Ka

(1.5418 �A) with a Ni filter, and the data collection was carried

out using a flat holder in Bragg�Brentano geometrywith 1� slit
at the source and receiving sides. The diffuse reflectance and

absorbance UVevisible spectra were recorded on a Cary series

UV�vis�NIR spectrometer, in the wavelength range of

200e800 nm with BaSO4 as a reference sample. Photo-

luminescence measurements were carried out using a Photon

Technology International fluorescence QM-40 spectropho-

tometer at 350 nm excitationwavelength. Surface states of the

samples were analysed by X-ray photoelectron spectroscopy

(XPS) in a K-Aphaþ Thermo Fischer Scientific (UK) instrument

with an Al Ka source. The catalyst was first dislodged from the

optical fiber by sonication and then was drop casted on silicon

wafer. XPS peaks of the compounds were fitted with Shirley

type background subtraction method using XPS PEAK41 soft-

ware. The data were corrected with the standardized peak for

carbon at 284.8 eV. Intensity of light at particular points under

various conditions is measured using a KM-LUX-100 K (Kusam

Electrical Industries Ltd.) digital luxmeter.

Photocatalytic experiments

PhotocatalyticH2 evolution experimentswere carried out in an

in-house developed photoreactor as given in Fig.SI.1. It con-

sists of a two necked 100 mL quartz cylindrical vessel, with

fiber bundle inserted from the top and evolved gas injected out

of the side arm. The fiber bundle is fixed at the neck using gas

impermeable epoxy glue. A 450Whigh pressuremercury lamp

was used as the light source for the optical fibers. Here meth-

anol was used as the sacrificial reagent. The amount of H2

evolved was determined using gas chromatography (5700

Nucon gas chromatograph (Carbosphere column and Ar as

carrier gas) with thermal conductivity detector. The program

used in GC for all the analysis consisted of detector tempera-

ture of 100 �C and oven temperature of 50 �C at the time of

injection.

Results and discussion

The strategy adopted for the maximum utilisation of photons

is to avoid scattering by the reaction medium and facilitate

instantaneous exposure to the reactants at the interface.

Employing optical fibres for this would entail appropriate

surface modifications, specific design of the photoreactor as

well as photocatalyst synthesis methods when compared to

conventional powder based photoreactors.

Optical fiber etching

In our experiments, we have used optical fibres made with

silica of different refractive indices as core and cladding. To be

used in photocatalysis, light has to be leaked in a controlled

fashion throughout the length of the fibres. This can be ach-

ieved by selectively etching the silica cladding using HF (de-

tails given in Fig.SI.2). The etching time was optimised to be

10 s, by which time, the surface becomes holey as well as

rough along with drastic reduction in diameter from 42.40 mm

to 28.66 mm (Fig. 1). As expected, emitted light intensity along

the side of the fiberwalls also increased from100 lux to 380 lux

after HF treatment (inset bar graph in Fig. 1). However, in-

crease in etching time to 20 s decreases the transmission

possibly due to severe damage to the silica cladding exposing

the core fully. The irradiance spectrum of the optical fiber

after etching spans a broad range from ~300 nm up to 700 nm

(Fig.SI.3).

Fig. 1 e Morphology of optical fiber before HF (top) and after

HF treatment for 10 s (bottom) Inset shows the extent of

light leaking through the defects created by HF treatment.
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Synthesis and characterisation of CuO/TiO2 catalyst

For this study, we selected CuO deposited on TiO2 as the

photocatalyst since it is well studied and identified as one of

the best H2 evolution photocatalysts. Band gap of TiO2 is

~3.2 eV and photoreduced CuOx is known to absorb in the

visible region acting as sensitizer as well as catalytic sites for

HER [35,47e61]. It is suggested that TiO2 acts as the photo-

catalyst in presence of UV light and CuO gets reduced to CuOx

and even further to Cu(0) [27,62e65]. These reduced CuOx

species act as sensitizer and absorb visible light resulting in an

electron transfer to TiO2. For further coating, 5 wt% of CuO

was deposited on TiO2 (P25) and the as-synthesised powder

catalyst (named as 5CuO/TiO2) was characterised to ascertain

formation of the desired phase as well as appropriate inter-

face (Fig. 2). PXRD pattern indicates the presence of rutile and

anatase phases of TiO2 as expected; however, no discernible

peak characteristic of CuO is seen, indicating its existence in

highly dispersed form (Fig. 2a). TEM studies (Fig. 2ceh) reveal

spherical particles with lattice d-spacing of 0.23 nm corre-

sponding to the (111) plane of CuO (00-001-1117) and 0.34 nm

for (101) plane of TiO2 Anatase phase (01-071-1166) and

0.325 nm for (110) plane of rutile phase respectively, indicating

intimate surface interaction between TiO2 and CuO particles.

SAED pattern also suggests highly crystalline nature of the

sample and the planes of CuO (111) and (101) and (110) planes

of anatase and rutile phases are visible (Fig. 2e). FFT dif-

fractogram also indicates intimate interfaces between CuO

and TiO2 (Fig. 2 f-h). Surface interaction between CuO and TiO2

may also be indicated by red shifted absorption edge of TiO2 in

UVevis spectroscopy (Fig. 2b). EDAX estimates the Cu con-

centration to be 4 wt% in 5CuO/TiO2 (Fig.SI.4).

Fig. 2 e Characterisation of powder sample of 5 wt%CuO/TiO2 a) P-XRD pattern b) UVeVisible absorption spectra c) TEM

image showing the uniform distribution of nanoparticles d) high magnification image is taken from the area in red dotted

line e) SAED pattern indicating with the dotted blue (anatase phase), orange (CuO phase) and yellow (rutile phase)

respectively, (feh) Inverse Fast Fourier Transform (IFFT) diffractogram along with the d-spacing of different planes of CuO

and TiO2. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)
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Coating of catalysts over etched optical fibers and their
characterisation

Deploying catalyst over the etched optical fibres also is an

important step in fine tuning the exposure of catalytic sites to

photons. This is mainly due to the change in directionality of

light exposure; in a conventional system with dispersed

powder catalyst, scattering occurs from the vessel wall, re-

action medium and catalyst particles as schematically repre-

sented in Fig.SI.5 a-b. Whereas, in the optical fibre system,

light comes from within the support; hence, designing the

right interface with water, sensitizer and semiconductor for

interaction with photons is required, but challenging.

First, the as synthesised 5 wt% CuO/TiO2 catalyst was

coated over the etched optical fiber bundle of diameter 0.5 cm,

containing approximately 10,000 fibers (Fig.SI.6). After coating

this catalyst, the surface characteristics of the optical fibers

was observed by SEM which shows uniform coating over the

entire length of the optical fiber as shown in Fig. 3 a. The cross

section of optical fiber also shows the uniform distribution of

the catalyst (Fig. 3b). Elemental mapping (Fig. 3 d-f) indicates

the presence of Ti, Cu and O uniformly over the surface of

optical fibers revealing the effectiveness of coating. To

confirm the retention of the phase of the catalyst upon

coating, TEM studies were carried out on the coated material

dislodged from the fiber surface, which do not indicate any

discernible alterations from the powder catalysts (Fig.SI.7).

Our understanding of the mechanism suggests that pho-

tons are absorbed by the sensitizer, ie., CuOx and an interfa-

cial electron transfer occurs to the semiconductor, TiO2

[66,67]. To understand the importance of this directionality,

two more coating sequences were selected; (i) first CuO slurry

deposition and then TiO2 and (ii) first TiO2 was coated over

which CuOwas deposited. SEM and elementalmapping reveal

the coating of CuO and TiO2 over the surface of optical fibers

(Fig.SI.8 and 9 respectively for (i) and (ii)) as it is showing the

presence of Ti, Cu and O over the surface of optical fibers in

the alternate layers. Surface area of each sample, i.e., CuO,

Fig. 3 e SEM images of (a) single optical fiber showing the coating over the length of fiber. Inset shows the uniformity of 5 wt

%CuO/TiO2 coating in a magnified view (b) Cross-sectional view of optical fiber showing the smooth core and particulate

coating (c) SEM image of area selected for the elemental mapping (def) Elemental mapping of O, Ti and Cu over the surface of

optical fiber.
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TiO2 and 5CuO/TiO2 was also estimated (Table SI.1) and found

to be 12, 72 and 55 m2/g respectively.

Photocatalytic studies on catalyst coated optical fibers

Photocatalytic activities of the optical fiber bundles coated

with catalysts by all the three methods described above, were

estimated by measuring evolved H2 every hour up to 8 h.

Amount of catalyst coated on the fiber bundle was quantified

by weighing the slurry remaining after dip coating and was

found to be ~50 mg. Total H2 evolved increased with time and

a maximum of 22 mmoles of H2 was produced after 8 h in case

of 5 wt%CuO/TiO2 catalyst coated fibers (Fig. 4a). It also

showed stable and repeatable H2 evolution for 32 h under

photocatalytic reaction conditions (Fig.SI.10). Apparent

quantum yield AQY (%) was estimated from the expected

wavelength to be 4.72%, which is comparable to reported data

for thin film and powdered photocatalysts (Table SI.2). Struc-

tural stability of the catalyst after 32 h of reaction was also

ascertained by Scanning Electron Microscopy and elemental

analysis (SEM), which indicated no discernible variations in

composition of interface structure from the fresh coated fibers

(Fig.SI.11a-e). After dislodging of sample from optical fibers

after 32 h of cyclic study, TEM analysis of samples was carried

out which shows no changes in the structural phases in the

powdered sample (Fig.SI.12 a-b). Comparatively, both the

sequentially coated catalysts showed poorer activity; in case

(i), ie., optical fiber bundles coated first with CuO and then

with TiO2, 12 mmol of H2 evolution was observed after 8 h,

whereas in case (ii), ie., TiO2 coated as the first layer, only

3 mmol H2 evolved after 8 h (Fig. 4b & Fig.SI.13). On the other

hand, CuO or TiO2 individually shows very poor H2 evolution

activity of ~2 and 1 mmol respectively (Fig. 4b). This indicates a

crucial role of the interfaces between CuO and TiO2 conducive

for electron transfers dictating the activity.

Mechanistic understanding of the activity of catalyst coated
optical fibers

Understanding Cu valence states gives an insight into the

difference in mechansitic aspects of the three samples. This

was done by comparing x-ray photoelectron spectra of the

samples before and after irradiation. In case of optical fibers

coated with 5CuO/TiO2, the freshly prepared sample (Fig. 5a)

shows the existence of Cu(I) at 932.19 eV andCu(II) at 933.46 eV

with the strong satellite peaks of characteristics of Cu(II) from

the range of 940e950 eV [68e70]. During reaction, the reduc-

tion of Cu(II) takes place and an increase of Cu(I) concentration

is observed in the sample. In addition, intensity of the satellite

peaks which are characteristic of Cu(II) also diminished

(Fig. 5b). It is to be noted here that the reduced species could be

Cu(0) which is not possible to be differentiated from XPS due

to very close binding energy values [57,60e61]. However, such

a reduction is commensurate with a notable change in colour

from greenish yellow to blackish purple (Fig.SI. 14 a). In

addition, plasmon resonance peak at 570 nm in the absorption

spectrum (Fig.SI.14 b) of the sample after irradiation may

indicate the presence of Cu(0). However, this interconversion

of Cu(II) to Cu(I)/Cu(0) is not observed in the other two samples

coated in a sequential manner (Fig.SI.15 aec). It is apparent

that such redox systems exist only in the as-synthesised

catalyst (which is established by HRTEM in the previous sec-

tion) and not in the sequentially coated fibers. On correlating

this observation to the activities of the three samples, it is

clear that the inherent interface between CuO and TiO2 plays

an important role in imparting the photocatalytic activity.

Flat band potentials of CuO, Cu2O and TiO2 are estimated

using Mulliken electronegativity values and band gaps ana-

lysed [71e74]. The details of the calculations are given in the

supporting information and band positions are represented

with respect to the standard hydrogen electrode in Fig. 6a. It is

obvious that TiO2 is UV active and even though CuO can

absorb in visible light, the band alignment is not conducive for

electron transfer to TiO2. However, the UV light present in the

light emitted from the optical fiber (as presented in Fig.SI.3.) is

sufficient for TiO2 to act as the photocatalyst for CuO to CuOx/

Cu reduction, as evident from the increase in reduced Cu

species in the irradiated optical fiber as well as from the visual

observance of colour change. These reduced CuOx species

Fig. 4 e (a) H2 evolution activity of 5 wt%CuO/TiO2 coated

optical fiber bundles in MeOH/Water system under

illumination with 450 W High pressure Mercury lamp for

8 h. (b) Comparative H2 evolution activity of 5 wt%CuO/TiO2

coated fibers and sequentially coated fibers. All

experiments were carried out in MeOH/Water system

(35 vol%) under illumination of 450 W High pressure

Mercury lamp for 8 h.
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now act as visible light sensitisers with right band alignment

for feasible electron transfer to TiO2 which further activates

the water splitting (Fig. 6b).

Advantages of catalyst coated optical fibers over dispersed
powder catalyst systems

One of the perceived drawbacks of conventional dispersed

powder catalysts is the difficulty in scaling up due to increase

in turbidity and associated scattering on increasing the cata-

lyst quantity. This is evidenced from Fig. 7a, where hydrogen

evolution activity is estimated under high pressure 450 W

Mercury lamp for varying quantities of powder 5CuO/TiO2

under the same conditions. As the catalyst quantity increases

from 50 mg to 1 g, the activity reduces exponentially. Thus,

dispersed powder catalyst system is not conducive for scaling

up. This disadvantage can be overcome by using optical fiber

bundles coated with the catalyst, since scaling up can be

achieved by simply increasing the number of coated fibers.

This is demonstrated by increasing the quantity of catalyst by

increasing the number of optical fibers (Fig. 7b). The inset in

Fig. 7b shows the amount of catalyst coated over the optical

fiber. As the number of optical fibers increases from 1,000 (1 K)

to 50,000 (50 K), activity also increases accordingly, from ~1

mmole to 120 mmoles, indicating a linear increase in activity

with respect to catalyst amount, with a potential to overcome

the scattering issue observed in the powder catalyst. Further,

the quantity of catalyst coated on 50 K fiber bundle was

Fig. 5 e (a) Cu 2p spectra of 5CuO/TiO2 coated optical fiber

bundles of fresh sample before irradiation(b) Cu 2p spectra

of 5CuO/TiO2 coated optical fiber bundles of fresh sample

after irradiation.

Fig. 6 e a) Valence band and Conduction band positions of

CuO, TiO2 and Cu2O with respect to water reduction and

oxidation potential b) Mechanism of H2 Evolution from

5CuO/TiO2 over the surface of optical fibre.
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increased from 250 mg to 700 mg. Interestingly, H2 evolution

of 222 mmoles was obtained for this sample, which is more

than twice that of the powder sample of same quantity

(Fig. 7c).

Same phenomenon holds true for usage of powder cata-

lysts in turbid, non-potable water, whereby scattering from

the suspended particles prevents light from reaching the

active sites and interfaces. To confirm this phenomenon,

hydrogen evolution activities of dispersed powder and cata-

lyst coated optical fibers in water with varying extent of

turbidity from 1 to 84 NTU were compared (Fig. SI.16). As the

turbidity of water sample increases, the activity of both

samples decreases (Fig. 8.); however, activity of dispersed

powder in turbidwater was found to beminimalwith a 99.99%

reduction in activity compared to clean water. Whereas, even

under such severe scattering, ~70% activity was retained in

the case of catalyst coated fibres. This reduction in activity in

optical fiber is probably due to suspended particles in turbid

water blocking the active sites rather than inability of photons

to reach the active sites (Fig.SI.17). Similarly, distance of the

light source and catalyst/water interface also affects the ac-

tivity in conventional photoreactors due to loss of intensity by

scattering from air. By bringing light directly to themedium of

reaction, such losses in intensity and activity can also be

addressed (Fig. SI 18).

Conclusion

In summary, a new approach of using optical fibers coated

with semiconductor materials for hydrogen evolution is

demonstrated. An active catalyst, 5 wt%CuO supported on

TiO2, was selected for coating on silica based optical fibers by a

simple dip coating method. Characterisation of the loaded

catalyst indicates intimate interface between CuO and TiO2

possibly forming interfaces which are active electron in-

jectors. Photocatalytic H2 evolution of the catalyst coated op-

tical fibers is compared with dispersed powder catalyst of the

same composition. It is found that scattering of light in

dispersed powder catalyst systems at higher catalyst quanti-

ties has a detrimental effect on activitywhich prevents scaling

up in any meaningful way. However, optical fiber catalyst

system can be scaled up easily by increasing the number of

fibers without compromising activity due to scattering. We

Fig. 7 e (a) Effect of 5 wt%CuO/TiO2 catalyst quantity in

dispersed powder form (b) H2 evolution activity of 5 wt%

CuO/TiO2 coated optical fiber bundles showing variation in

catalyst quantity via number of optical fibers in each

bundle (c) Comparative H2 evolution activity of 5CuO/TiO2

coated on optical fiber bundles (700 mg) and 5CuO/TiO2

powdered catalyst (700 mg). All experiments were carried

out in MeOH/Water system (35 vol%) under illumination of

450 W high pressure Mercury lamp for 8 h.

Fig. 8 e The normalized H2 evolution activity (against

maximum activity) of 5CuO/TiO2 coated optical fiber

bundles and powder samples in MeOH/Water system

under 8 h of illumination of 450 W high pressure Mercury

lamp using water samples of different turbidity.
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have also shown that powder catalyst is completely deacti-

vated in highly turbid media whereas optical fibers retain

activity to a better extent. This is very important since this

opens up the type ofwater sourceswhich can be utilised for H2

production and helps us to move away from using potable

water for fuel production. The lacunae of less illuminance on

the surface of the optical fibers need to be addressed by better

leaking methods as well as more efficient connections to the

light sources. Hence, by combining the abundant and cheap

optical fibers to non-potable water usage, we envisage better

scaling up opportunities in photocatalytic H2 production.
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ABSTRACT: The large-scale application of water electrolysis for the generation of hydrogen can be
made viable only by the development of inexpensive, robust, and bifunctional electrocatalysts. Here, we
report a self-templating method for the design of porous, edge-site-rich hybrid nanomaterials via the
selective etching of layered double hydroxide precursors that contain an amphoteric metal by alkali
treatment, followed by vapor phase selenization. The obtained hexagonal nickel selenide nanoplates
anchored over nitrogen-doped graphene showed highly efficient and robust oxygen evolution reaction
(OER) electrocatalysis due to the inherent in situ electrochemical oxidation property of selenides
demonstrating low overpotential of 311 mV to achieve the 10 mA cm−2 water oxidation current density in
1 M KOH. The faster reaction kinetics and long-term stability of the catalyst encouraged us to
demonstrate a real alkaline water electrolyzer, which enables high-performing overall water splitting with a
low overpotential of 460 mV from theoretical potential of 1.23 V to generate sufficient amounts of H2 and
O2 by achieving a current density of 10 mA cm−2. This study thus provides a valuable strategy to tailor the
surface texture of the catalyst as well as its effectiveness in developing robust multifunctional
electrocatalysts, promoting the efficient design of porous materials for catalytic applications.

KEYWORDS: layered double hydroxide, nickel oxyhydroxide, selenization, Faradaic efficiency, turnover frequency

1. INTRODUCTION

Recently, fuel cells, especially hydrogen fuel cells, have come
into picture as promising choices that provide green and
sustainable energy using hydrogen as the fuel.1 The sustain-
ability, as well as ecofriendliness of the fuel cell, depends directly
on the source of hydrogen.2,3 To date, fossil fuels are the primary
source of hydrogen, making the fuel cell technology non-
renewable fossil fuel dependent and practically defeating its
purpose.4,5 One promising way of resolving this issue is to
produce hydrogen using an environmentally inoffensive route,
where water can be the best solution.6 Interestingly, water
splitting technology can benefit us in two different wayson the
one hand, it can circumvent the problems associated with the
storage and transportation of hydrogen fuel in the pure form,
and on the other hand, it can contribute to the viability of a
hydrogen economy.7 Hence, it is a promising technology,
availing us with on-site/on-demand H2 producing capability
along with its feasibility of coupling with renewable energy
sources to mitigate their intermittency and the localized nature.
In contrast to photochemical water splitting, which solely
depends on solar energy, electrochemical water splitting widens
the scope for using various kinds of renewable energy sources. In
this way, electrochemical water splitting technology opens up
the opportunity to generate hydrogen fuel in a greener way to
make the fuel cell technology fully sustainable and ecofriendly.6

Water electrolysis involves two half-cell reactions: the
hydrogen evolution reaction (HER) and the oxygen evolution

reaction (OER).8 The unfavorable kinetics of these two
electrode reactions are considered as the bottleneck for efficient
electrolysis, leading to high overpotential to facilitate the work.7

Pt- and Ru/Ir-based catalysts have long been considered state-
of-the-art electrocatalysts; however, their high cost and scarce
availability have geared research at the development of
inexpensive and earth-abundant material-based catalysts.9

Development of cost-effective electrocatalysts for HER in acidic
medium and for OER in alkaline medium has already achieved
significant success.10−14 However, instead of using different
catalyst materials for catalyzing the two half-cell reactions, if
both the electrodes employ the same material, the overall
material cost can be reduced by avoiding the complicated
process of designing the device to support two different
catalysts.6 However, the design of a high-performance bifunc-
tional catalyst that works in a medium having uniform pH is
quite challenging. Although sufficient progress has been made in
this direction,15−18 there is still much to be done in the design
and optimization of bifunctional catalysts that make the
electrolyzer more viable both in terms of cost and energy
consumption.
Nickel hydroxides19 and oxides20,21 are among the best

electrolyzer catalysts; however, replacing the oxides with
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selenides introduces a number of favorable factors which can
further enhance the performance of the Ni-based systems.13,22,23

Great progress has been achieved in the past few years in
developing earth-abundant metal chalcogenide-based materials
for various electrochemical applications.15,17,23 For example,
Kwak et al.24 demonstrated the excellent HER performance of
CoSe2 nanocrystals and good OER performance of NiSe2
nanocrystals in alkaline medium. In another report, Liang et
al.16 demonstrated the improved HER performance of
converted NiSe2 nanosheets from the selenization of β-
Ni(OH)2. In a recent study, Haoyi et al.22 demonstrated the
enhancement of catalytic stability of ultrathin nickel diselenide
nanowires by decorating them with amorphous nickel oxide
nanoparticles for overall water electrolysis.
Hence, by screening the existing transition metal selenide-

based HER and OER catalysts, one can conclude that nickel
selenide can be a promising candidate as a bifunctional catalyst
for alkaline water electrolysis. To further improve its perform-
ance, it is of great importance to engineering its surface
configuration by considering two critical requirements; first,
enrichment of the active catalytic sites and second, the stability
of the active sites during an electrochemical analysis. In this
context, we report a 3-step approach to design porous and edge-
site-rich hybrid material via the selective etching of NiZn layered
double hydroxide decorated over nitrogen-doped graphene
[(Zn)Ni-LDH/NGr] precursors that contain an amphoteric
metal (zinc) by alkali treatment followed by vapor-phase
selenization. Additionally, the use of nitrogen-doped graphene
(NGr)-supported precursor helped to reduce the aggregation of
selenides over NGr resulting in open and active sites exposed
catalyst system. The obtained hexagonal nickel selenide/NGr is
found to contain pure monoclinic selenide phase along with a
trace amount of nickel oxide and elemental selenium. Thus, the
unique electronic structure of crystalline nickel selenide
benefitted with the randomly oriented bonds of the amorphous
NiOx as well as elemental selenium helped for the acceleration of
both HER and OER kinetics along with remarkable electro-
chemical stability in the strong alkaline medium. In this way,
enriching the catalyst surface with abundant active sites, as well
as its hybridization with electronically conducting NGr, resulted
in favorable electrochemical performance toward overall alkaline
water electrolysis with a low overpotential of 460 mV at 10 mA
cm−2 for overall alkaline water electrolysis.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Material Characterization. The

synthesis route for the preparation of p-NiSe/NGr is
represented in Scheme 1. (Zn)Ni-LDH/NGr (designated as
ZnNiNGr in all the upcoming sections) was first synthesized by
following the previous report wherein we demonstrated the
controlled synthesis of thin layered (Zn)Ni-LDH sheets
anchored over nitrogen-doped graphene (NGr).25 Here, we
took advantage of the thin layers of the LDHs as well as the
amphoteric nature of zinc to synthesize porous, hexagonal and
thin β-Ni(OH)2 nanoplates by selectively etching the Zn

2+ ions
from the (Zn)Ni-LDH moieties via alkali treatment. The
obtained β-Ni(OH)2/NGr was subsequently converted into
porous NiSe/NGr (designated as p-NiSe/NGr) via reductive
annealing in the presence of selenium powder under 10% H2/
Argon atmosphere. The as-synthesized selenide system is found
to contain trace amounts of nickel oxide, probably generated by
the thermal treatment of selenium-vapor-inaccessible nickel
hydroxide moieties. Details of the materials used for the

synthesis and the experimental procedures employed for all the
controlled samples are provided in the experimental section of
Supporting Information.
The crystallinity and phase purity of all the as-synthesized

materials were investigated using X-ray diffraction (XRD)
analysis. Figure 1a represents the XRD pattern of ZnNiNGr,
with broad diffraction peaks corresponding to the (003), (006),
(101), (012), and (110) planes of α-Ni(OH)2 indicating the
formation of the layered double hydroxide (LDH) of nickel and
zinc (ICDD card no. 00-038-0715).26,27 Basically, α-Ni(OH)2·
xH2O is a polymorph consisting of layers of β-Ni(OH)2 with
intercalated water molecules and charge balancing anions which,
upon alkali treatment, loses the intercalated species and converts
to β-Ni(OH)2.

28 Interestingly, in the case of ZnNiNGr, along
with the removal of the intercalated species, alkali treatment
induces the selective etching of amphoteric Zn2+ ions as well,
forming porous β-Ni(OH)2/NGr. Figure 1b shows the
diffraction peaks of the alkali-treated sample which can be
assigned to the hexagonal β-Ni(OH)2 phase with no additional
LDH peaks16,19 (ICDDNo. 01-073-1520). The XRD pattern in
Figure 1a depicts broad (003) peak that confirms the anchoring
of (Zn)Ni-LDH over NGr as thin layers, which is retained in the
β-Ni(OH)2/NGr having broad XRD diffraction peaks, with
minimum restacking of β-Ni(OH)2 moieties over NGr during
the KOH treatment. The vapor-phase selenization of β-
Ni(OH)2/NGr gives an XRD pattern that clearly identifies the
presence of pure monoclinic Ni1−xSe (ICDD No. 00-018-
0890)17 where the phase compositions varies from Ni0.83Se to
Ni0.75Se depending upon the reaction conditions and the Ni to
Se ratio owing to the small electronegativity difference between
Ni and Se29,30 (Figure 1c). The XRD analysis could not
recognize the presence of NiOx moieties and elemental Se
indicating their trace amount and highly amorphousness of
NiOx.
In contrast, the XRD pattern of alkali-treated α-Ni(OH)2/

NGr shows diffraction planes corresponding to both the
Ni(OH)2 phases, confirming the incomplete α → β-phase
conversion, presumably due to the absence of zinc which could
aid the process (Figure S1a). Selenization of KOH treated α-
Ni(OH)2/NGr (β-Ni(OH)2Se/NGr) was incomplete having
diffraction peaks corresponding to metallic selenium (Figure
S1b). The direct selenization of ZnNiNGr (designated as
ZnNiSe/NGr in the upcoming sections) presented impure

Scheme 1. Representation of the Steps Involved in the
Synthesis of Porous-NiSe/NGr
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nickel selenide phase showing clear diffraction planes corre-
sponding to zinc selenide (Figure S1c). In this way, the
selenization of alkali-treated ZnNiNGr over the selenization of
direct ZnNiNGr sample as well as the use of ZnNiNGr over α-
Ni(OH)2/NGr helped us to synthesize desired nickel selenide.
Broad diffraction peaks, characteristic of carbon (002) and
(100) planes, are apparently visible in all the XRD patterns
indicating the presence of substantial amounts of NGr in the
catalyst system.
Subsequent to the phase identification, total loading of the

selenide over NGr as well as the removal of zinc through KOH
treatment was confirmed via thermogravimetric analysis (TGA)
in an oxygen atmosphere (Figure 1d). The TGA graph of
ZnNiNGr shows an approximately 30% loading of (Zn)Ni-LDH
over NGr, bearing a characteristic endothermic weight loss
region of LDH which is mainly within the 250−400 °C
temperature range corresponding to the removal of adsorbed
water and intercalated species.28 The removal of zinc is
confirmed by comparing the TGA graph of ZnNiNGr and β-
Ni(OH)2/NGr, where the final metal loading is decreased to
20%. TGA graph of p-NiSe/NGr showed a 5% increment in the
loading after selenization with a final metal selenide loading of
25% over NGr.
Surface porosity as well as specific surface area measurements

of p-NiSeNGr and other controlled samples were performed
through BET analysis by multilayer N2 adsorption and
desorption technique with the pore sizes being deduced from

desorption branches using the DFT method. The relative pore
size distribution of NGr with ZnNiNGr shows the absence of
pores in the size range of 2−5 nm in ZnNiNGr revealing the
anchoring of LDH sheets over the microporous anchoring sites
of NGr (Figure S2a). Moreover, the increase in the pore size of
ZnNiNGr in the size range of 5−35 nm confirms the anchoring
of LDH sheets over as well as in between the NGr sheets (Figure
S2a).25 However, this porosity feature of ZnNiNGr vanished
after the alkali treatment which induces the reorganization,
aggregation as well as overlapping of the small LDH sheets into
hexagonal and porous β-Ni(OH)2 nanoplates having porosity in
the size range of 3−12 nm (Figure 1e), which is also retained in
the p-NiSe/NGr (Figure S2b). The surface areas measured for
ZnNiNGr, β-Ni(OH)2/NGr, p-NiSe/NGr, and NGr is 68, 31,
35, and 95 m2 g−1, respectively, showing higher surface area for
the sheet-like materials (NGr and ZnNiNGr) which is apparent
(Figure S2c). Noticeably, owing to the microporosity generated
into the catalyst system as visible from Figure S2b, 13%
increment in surface area is encountered after selenization. The
probable reason for this microporosity is the high-temperature
reductive annealing process resulting in the evaporation of
amorphous impurities of KOH treatment, as well as oxygen
removal from hydroxide layers creating micropores.
The defect density and the extent of graphitization of all the

NGr-based controlled samples were studied through Raman
spectral analysis. In the Raman spectrum, the two vibrational
bands (the D band and G band) represent the disorder and

Figure 1. XRD patterns of (a) ZnNiNGr, (b) β-Ni(OH)2/NGr, and (c) p-NiSe/NGr. In all the three XRD spectra, orange colored (002) and (100)
planes represent the NGr diffraction peaks. (d) Comparative plots of the TGA profiles, (e) comparative BET pore size distribution profiles, and (f)
comparative Raman spectra.

Figure 2. (A) FESEM image of ZnNiNGr where the inset image A(1) represents the SEM image selected for elemental mapping and images A(2) and
A(3) are the elemental distribution for Ni and Zn, respectively. (B) FESEM image of p-NiSe/NGr where the inset image B(1) represents the SEM
image selected for the elemental mapping and images B(2) and B(3) are the elemental distribution for Ni and Se, respectively.
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extent of graphitization of the carbonaceous material,
respectively.31 The ID/IG ratio for NGr is smaller (1.24) than
that for ZnNiNGr (1.275), revealing the formation of the hybrid
material resulting in increased disorder (Figures 1f and S2d).
This ratio is increased further when Raman analysis was
continued for β-Ni(OH)2/NGr (1.32) and p-NiSe/NGr
(1.325), confirming the increment in the defect density with
the KOH treatment as well as with the thermal selenization
process (Figures 1f and S2d). The 495 cm−1 peak of ZnNiNGr
corresponds to the lattice mode of α-Ni(OH)2

32 whereas the
542 cm−1 peak of β-Ni(OH)2/NGr corresponds to the vibration
of the Ni−O stretching mode of β-Ni(OH)2,

23 respectively
(Figure S2d). After selenization, two new Raman bands
appeared at 207 and 241 cm−1 that can be ascribed to the
stretching modes of Se−Se pairs (Ag and Tg).

12 Another small
peak visible at 511 cm−1 indicates the surface defects present on
the NiSe (Figure 1f).30

The morphology of the as-synthesized samples was first
examined using scanning electron microscopy (SEM). Figure
2A represents the SEM image of ZnNiNGr revealing the
uniform distribution of thin patches of LDH anchored over the
NGr sheets with no noticeable LDH agglomeration. These LDH
patches can be distinguished from the NGr matrix by comparing
the SEM image of ZnNiNGr with that of NGr (Figure S3A).
Inset of Figure 2A, that is, A(1), depicts the SEM image selected
for elemental mapping and the inset figures A(2), and A(3)
show the elemental mapping for nickel and zinc, respectively,
indicating the uniform distribution of Ni and Zn throughout the
catalyst. The SEM image of β-Ni(OH)2/NGr indicates the
conversion of the thin LDH patches into somewhat smaller and
agglomerated β-Ni(OH)2 patches over the NGr due to
hydrothermal KOH treatment (Figure S3B). The distribution
of β-Ni(OH)2 over the NGr appears uniform as evidenced by
the elemental mapping for nickel and zinc with a minimum

amount of Zn remaining in the system (inset of Figure S3B(2),
and B(3)).
The SEM image of p-NiSe/NGr exhibits the presence of ill-

defined hexagonal nanoplates embedded in the NGr matrix with
favorable dispersion characteristics (Figure 2B). Inset of the
Figure 2B (B(2) and B(3)) represents the elemental mapping
images for nickel and selenium revealing homogeneous and
overlapping distributions of both the elements over NGr,
suggesting selenide formation. To confirm the material
composition, SEM energy-dispersive X-ray spectroscopy
(EDS) of the samples mentioned above was performed. The
EDS spectrum of ZnNiNGr depicts a molar ratio of 3:1 for
Ni:Zn, equivalent to the ratio of the starting precursors (Figure
S4). The EDS spectrum of β-Ni(OH)2/NGr affirms the
selective etching of Zn from the system with a negligible
amount of Zn remaining in the system (Figure S5). The EDS
pattern of p-NiSe/NGr gives a Se:Ni ratio of 1.75 indicating the
presence of the Ni1−xSe selenide phase containing selenium-rich
nickel selenide component (Figure S6).
To get nanostructural insight of the as-synthesized materials,

detailed characterization was performed using transmission
electron microscopy (TEM) (Figure 3). Figure 3a shows the
TEM image of ZnNiNGr having thin, sheet-like structure with
negligible agglomeration over NGr and its amorphous nature is
visible from the corresponding selected area electron diffraction
(SAED) pattern having diffused diffraction rings (inset of Figure
3a). After KOH treatment, these thin LDH sheets took on the
characteristic hexagonal structure of β-Ni(OH)2 having porosity
that results from the Zn etching and removal of the intercalated
anions (β-Ni(OH)2/NGr) (Figure 3b and 3c).16,19 These
porous β-Ni(OH)2 structures have a size range of 50−60 nm
and are found to be anchored as well as wrapped in between the
NGr sheets. The inset of Figure 3b is the corresponding SAED
pattern that shows the polycrystallinity of the material.
Moreover, due to the porous as well as thin, plate-like nature,

Figure 3. (a) TEM image of ZnNiNGr showing thin sheet-like structure over NGr. Panels b and c depict the TEM images of β-Ni(OH)2/NGr at lower
and higher magnifications, respectively, showing the hexagonal porous nanostructures embedded in the NGrmatrix. Panels d−f show the TEM images
of p-NiSe/NGr at different magnifications, and in image f, the yellow dotted lines represent the probable layer of NiOx over the hexagonal nickel
selenide structure whereas the yellow dotted circle depicting the trapping of selenide nanostructures in the NGr sheets. Insets in the TEM images of all
the three samples show their corresponding SAED patterns.
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β-Ni(OH)2 shows unclear lattice fringes with a d-spacing value
of 0.23 nm corresponding to the (011) plane of β-Ni(OH)2
(Figure S7a and S7b).26 Furthermore, owing to the 20−25%
selenide loading in p-NiSe/NGr, its distribution over NGr is not
considered highly homogeneous; however, the hexagonal plates
were found to be discrete, affirming the open and accessible
structure of the thin and hexagonal NiSe nanoplates (Figure 3d
and 3e). Some of these NiSe nanoplates are found to be trapped
in between the NGr sheets making the d-spacing analysis
difficult as visible in Figure 3f with a yellow dotted circle.
Nevertheless, the high-magnification TEM image of a hexagonal
nanosheet shows the lattice fringes corresponding to (001)
plane of monoclinic Ni1−xSe with a d-spacing of 0.53 nm (Figure
S7c and S7d) as supported by the XRD results.17

Any clear indication of the NiOx or elemental selenium could
not be found; however, the ill-defined hollow nanostructures
(marked with maroon dotted circles), embedded into the NGr
matrix, possibly could be their indications (Figure 3e). The
appearance of a low-contrast outline around the hexagonal
structures (Figure 3f) is found to be an indication of the NiOx
moieties which is confirmed by applying FFT (Figure S8).22

Thus, a unique, active metal-based porous nanomaterial has
been prepared using a less expensive metal like Zn, and KOH
treatment played a significant role toward the successful
selenization with hexagonal nickel selenide structure rather
than using ZnNiNGr directly or using α-Ni(OH)2/NGr in place
of LDH. Since both ZnNiNGr as well as α-Ni(OH)2/NGr are
not found to be the suitable precursor material for successful
selenization, as clear from their TEM images, that is, Figures S9
and S10, respectively. Hence, the two-step process outlined
above generates open and porous nanostructures rich in edge
sites, which may act as active sites used for electrocatalysis.
We further used X-ray photoelectron spectroscopy to gain an

in-depth understanding of the valence and chemical states of the
different elements present in p-NiSe/NGr. The XPS spectra of
Ni 2p and Se 3d region are given in Figure 4, while that of C 1s
and N 1s are given in Figure S11. The C 1s spectrum of p-NiSe/
NGr indicates the presence of the CC bonding and carbon−
nitrogen bonding interactions, confirming the doping of
nitrogen in the few-layered graphene matrix (Figure
S11a).31,33 Moreover, its N 1s spectrum reveals the presence
of different types of nitrogen bonding into the graphene matrix,
that is, pyridinic, pyrrolic, and graphitic nitrogens along with
some pyridinic nitrogen oxides31,34,35 (Figure S11b). These
three types of nitrogen are present in the graphene matrix in
different ratios, and all have remarkable catalytic activity toward
different electrochemical reactions.36,37

The Ni 2p spectrum shows a complex spectral feature with
spin−orbit doublets, that is, Ni 2p3/2 and Ni 2p1/2, along with

their corresponding satellites (Figure 4a). The deconvoluted Ni
2p spectrum reveals the presence of three different chemical
environments for nickel. The deconvoluted doublet peaks
located at 854.1 and 872.08 eV, along with their satellite peaks at
860.89 and 877.95 eV, correspond to Ni 2p3/2 and Ni 2p1/2
spin−orbit levels of the nickel oxide,22,38,39 perhaps originating
from the heat treatment of nickel hydroxide that was inaccessible
during selenization.
Other deconvoluted doublet peaks located at 855.94 eV (Ni

2p3/2) and 874.06 eV (Ni 2p1/2), having their satellite peaks at
864.11 and 880.60 eV, respectively, indicate the presence of Ni2+

from the nickel selenide.17,23,38 Apart from these peaks, an
additional peak feature at 857.52 eV appears as a small shoulder,
presumably due to the surface oxidation of the nickel selenide
system.22 The deconvoluted XPS spectrum of Se 3d also reveals
the presence of three chemical environments for selenium
(Figure 4b). The Se 3d deconvoluted doublet peaks positioned
at 53.89 and 54.74 eV correspond to the Se 3d5/2 and Se 3d3/2
spin−orbit states of the nickel selenide.12,17,23,38 The peaks at
higher binding energies (55.4 and 56.11 eV) could be attributed
to the Se 3d5/2 and Se 3d3/2 states of elemental selenium
suggesting the presence of some elemental selenium on the
surface, probably due to the deposition of small amounts of
metalloid selenium within the carbon matrix during the
selenization process.12 The broad higher-binding-energy Se 3d
peak at 58.90 eV is likely to be related to the selenium oxide, and
this inference is consistent with the previous findings that the
surface of metal selenides is prone to oxidation by air.12,17,38

In this way, our efforts at material characterization through
XRD, Raman, TEM, and XPS analyses confirmed the successful
selenization of nickel hydroxide along with the formation of
trace amounts of amorphous NiOx and elemental Se. On the
basis of these findings, it is expected that the catalyst system with
nickel deficient selenide phase (monoclinic, Ni1−xSe) having
embedded NiOx and elemental selenium, developed in this
study, could be a promising electrocatalyst for improving the
overall performance of water electrolysis.

2.2. Electrocatalytic Performance toward OER. The
oxygen evolution reaction (OER), following sequential proton-
coupled four-electron transfer mechanism, is a thermodynami-
cally, as well as kinetically sluggish reaction that forms the
perpetual bottleneck for complete water electrolysis.14 Interest-
ingly, emerging studies uncover that the transition metal
chalcogenides (TMCs) can be easily oxidized in strong alkaline
media via an in situ electrochemical oxidation process,
producing nanoporous transition metal oxides (TMOs), which
may result into improved water oxidation activity because of
their increased active surface area and more exposed electro-
active sites.40−42 These findings motivated us to study the OER

Figure 4. Deconvoluted XPS spectrum of p-NiSe/NGr: (a) Ni 2p region and (b) Se 3d region.
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performance of our catalyst along with revealing the structural
transformation of the selenide system during the OER analysis.
Figure 5a represents the LSV polarization curves for OER at

10 mV s−1 in 1MKOH under N2 atmosphere. The p-NiSe/NGr

shows goodOER performance with an overpotential of only 311
mV from the thermodynamic water oxidation potential of 1.23 V
(vs RHE) to drag a 10 mA cm−2 current density (equivalent to
the 10% solar to fuel conversion efficiency under one sun
illumination, η10) whereas the η10 value obtained for ZnNiSe/
NGr and β-Ni(OH)2/NGr are 330 mV and 370 mV,
respectively.
Although the η10 obtained for p-NiSe/NGr (311 mV) is little

higher than that of ZnNiNGr (290 mV) and 20% RuO2/C (240
mV), the Tafel analysis (eq S1) revealed the comparable
reaction kinetics of p-NiSe/NGr (44 mV decade−1) with
ZnNiNGr (49 mV decade−1) which is due to better electronic
properties of selenides than hydroxides. The kinetics of 20%
RuO2/C (91 mV decade−1) is found to be lower than the above
two described samples as given in Figure 5b.
The faster Faradaic process on the catalysts is also supported

by the low Rct value obtained during the Faradaic impedance
analysis performed at 1.55 V versus RHE (Figure 5c). The
variation tendency of the Rct is consistent with the overpotential
obtained, which is merely 5.44 ohm cm2 for 20% RuO2/C
followed by the 8.67, 11.68, and 14.75 ohm cm2 Rct values for
ZnNiNGr, p-NiSeNGr, and ZnNiSe/NGr, respectively. Along
with superior activity, p-NiSe/NGr catalyst also exhibited
remarkable long-term stability during the continuous 10 h
chronoamperometric analysis, maintaining a current density
above 10 mA cm−2 throughout the test at an applied potential of
1.55 V vs RHE (Figure 5d). The inset of Figure 5d exhibits the
LSV curves before and after the chronoamperometry test
displaying a current density decay of only 30 mA cm−2 along
with a slight improvement in the overpotential (η10) by 10 mV.

This anomalous behavior probably originated from the coverage
of the catalyst with active amorphous oxyhydroxide phase
resulting in a small decrement in electronic conductivity but
maintaining the η10 value. As described elsewhere, the selenides
act as active substrates to facilitate and stabilize the formation of
the OER-active NiOOH phase.13 A chronoamperometric
stability study was also performed for 20% RuO2/C that
presented a continuous activity decrement and showed only
50% activity retention after a 9 h experiment at 1.51 V vs RHE
(Figure S12a). The Faradaic efficiency calculation for OER was
performed using the rotating ring-disk electrode (RRDE)
technique by applying sequential current steps from 1 to 10
mA cm−2 to the catalyst-coated GC disk in N2-saturated 1 M
KOH at a rotation rate of 1600 rpm (eq S2 and S3). The ring
electrode was kept at a constant potential of 0.2 V vs RHE where
the O2 generated on the disk electrode got reduced. Figure S12b
indicates a maximum Faradaic efficiency of 98.5% at 1 mA cm−2,
substantiating the ability of p-NiSe/NGr as an efficient OER
catalyst.
The in situ electrochemical activation process on our catalyst

system is studied by investigating the changes induced in the
catalyst after the activity measurements. The formation of
NiOOH species over selenide with increasing the CV cycles in
the oxidative potential region is clearly visible from Figure S12c,
which is supported by the findings of Chen et al.40 The
formation of NiOOH/α-Ni(OH)2 species over selenide is
confirmed through XRD, where along with the selenide
diffraction planes, (00n) planes of NiOOH/α-Ni(OH)2 can
be differentiated (Figure S13a). Moreover, the formation of
nanoporous metal oxides over selenides is also confirmed
through TEM analysis of the post-OER sample as given in
Figure S13b and S13c. During the in situ electrochemical
oxidation process, it is claimed that the displacement of the
chalcogens with the hydroxide ions results in significant crystal
detachment, orientation, atomic diffusion, and recrystalliza-
tion,40 which is clearly visible from the obtained TEM images
with numerous mesoporous nanosheet-like morphology with
complete disappearance of the hexagonal moieties.

2.3. Electrocatalytic Performance for HER. According to
few recent studies, similar to the active sites of hydrogenases, the
cation sites of pyrite-type transition-metal dichalcogenides, that
is, NiSe2, have been suggested to be one of the most active
centers toward HER. Moreover, Wang et al.12 studied the role of
elemental selenium toward HER and through controlled
experiments, they revealed that the excess of selenium in the
NiSe2 nanosheet surface acts as a promoter, facilitating the
charge transfer on the surface to achieve efficient conversion of
H+ intoH2 bubbles. In addition to this, Liang et al.

43 investigated
the mechanism of the HER on nickel by surface interrogation
scanning electrochemical microscopy. On the basis of the
combined analysis of the Tafel slope and surface hydrogen
coverage, they suggested the rate-determining step to be the
adsorption of hydrogen (Volmer step), which is facilitated in the
presence of the low-valence-state oxide of Ni compared to the
metallic Ni. Based on these studies on selenides, as a proof of
concept, we studied theHER performance of our catalyst system
with monoclinic Ni1−xSe phase along with traces of NiOx and
elemental selenium.
Compared to acidic HER activity, the cathodic half-cell

reaction of the electrolyzer (HER) is found to be more sluggish
in alkaline media involving the reduction of hydroxide ions or
neutral water molecules.44 Hence, to compare the catalytic
activity at the two pH extremes, we studied the HER

Figure 5. (a) Comparative OER polarization curves recorded at 10 mV
s−1 in N2 saturated 1 M KOH. (b) Tafel slopes corresponding to the
conditions depicted in panel a. (c) Comparative fitted Faradaic
impedance spectra in Nyquist form (inset shows the equivalent circuit
used) and (d) chronoamperometric stability response of p-NiSe/NGr
for 10 h in 1 M KOH (inset shows the LSV curves recorded before and
after the chronoamperometric study).
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performance of our catalyst in both acidic and alkaline
electrolytes via linear sweep voltammetry (LSV) recorded at a
sweep rate of 10 mV s−1 on the reversible hydrogen electrode
(RHE) scale with 1600 rpm under N2 atmosphere employing
the rotating disk electrode (RDE) technique. Figure 6a

illustrates the comparative HER polarization curves in 1 M
KOH where our main catalyst, that is, p-NiSe/NGr, shows 285
mV negative potential shift to derive a current density of 10 mA
cm−2 from the benchmark 20% Pt/C. Moreover, in 0.5 M
H2SO4, p-NiSe/NGr showed only 122 mV negative potential
shift from 20% Pt/C at 10 mA cm−2 (Figure 6b), thus exhibiting
comparatively better HER performance in the acidic medium
compared to alkaline medium. For comparison, the HER
performance of the other controlled samples was also studied in
alkaline medium (Figure 6a). Compared to ZnNiNGr and β-
Ni(OH)2/NGr, ZnNiSe/NGr shows better HER performance,
indicating that the mere presence of selenium in the system
without any specific selenide phase has a positive impact on the
HER performance (Figure 6a). However, ZnNiSe/NGr shows
an η10 value 100 mV higher than that of p-NiSe/NGr in alkaline
medium, indicating that a specific nickel selenide phase along
with the open-edge structure plays a crucial role in improving the
HER kinetics. The catalysts ZnNiSe/NGr, β-Ni(OH)2/NGr
and ZnNiNGr exhibit overpotentials of 440, 507, and 527 mV,
respectively, to reach 10 mA cm−2 current density in the alkaline
medium (Figure 6a).
After the activity measurement, HER kinetics of the catalysts

was studied through Tafel analysis as represented by eq S1.
Comparative Tafel plots of p-NiSe/NGr and 20% Pt/C at two
extreme pH conditions are presented in Figure S14a. In alkaline
medium, p-NiSe/NGr shows a Tafel slope value of 125 mV
decade−1 which is slightly higher than the value of 90 mV
decade−1 for 20% Pt/C; however, this value is quite lower than
the previous reports on the NiSe-based HER catalysts.23,24

These Tafel slope values for both the aforementioned catalysts
reveals that a Volmer−Heyrovsky pathway is probably
controling the reaction.45−47 In acidic medium, Pt/C shows a
small Tafel slope value of 33 mV decade−1 indicating a facile
reaction kinetics, whereas p-NiSe/NGr is found to follow the
Volmer-Heyrovsky mechanism41 with a slope of 129 mV
decade−1. In alkaline medium, the comparative reaction kinetics
of all the controlled samples were studied through Faradaic
impedancemeasurement and a smaller charge transfer resistance
(Rct) of 4.89 ohm cm2 for p-NiSe/NGr than those of ZnNiSe/
NGr (8.0 ohm cm2) and ZnNiNGr (9.78 ohm cm2), indicating
improved electronic conductivity because of specific seleniza-
tion process (Figure 6c).
The reliability of the catalyst was demonstrated through 13 h-

long continuous chronoamperometric analysis at 0.38 V vs RHE
in 1MKOH. The systemmaintained a current density of 12 mA
cm−2 throughout the experiment with a negligible decrement in
the current density (Figure 6d). Inset of Figure 5d represents the
LSV polarization curve at 10 mV s−1 scan rate before and after
chronoamperometry that reveals the outstanding stability of our
catalyst with negligible change in the η10 and current density
values. Results of the chronoamperometric stability test for 20%
Pt/C at an applied potential of 0.060 V vs RHE is represented in
Figure S14b displaying continual activity decay with only 50%
activity retention after 10 h of the test.
In this way, our catalyst shows not only good activity but also

high levels of stability which are, in fact, far better than the
benchmark value for Pt/C. Hence, apart from showing good
HER activity in acidic medium, p-NiSe/NGr is also a robust,
nonprecious transition metal chalcogenide-based HER catalyst
in alkaline media where most of the nonprecious catalysts do not
perform satisfactorily.23,24 Hence, the p-NiSe/NGr, bearing
porous, thin hexagonal open structure not only provides
accessible active centers but also improves the diffusion of
ionic species and thus allows the efficient utilization of active
sites with consistent performance during the prolonged
electrochemical analysis.
The faradaic efficiency of the prepared catalyst toward

hydrogen generation is calculated by comparing the theoretical
amount of H2 produced with the experimental value quantified
using gas chromatography.48 The product gas evolved was
quantified by sampling out the product from an airtight
electrochemical cell after applying a current density of 5 mA
cm−2 for 15 min whereas the theoretical value was calculated
from the total charge passed, using Faraday’s law (eq S4). As
illustrated in Figure S14c, the measured quantity of gas matches
well with the theoretical value showing 96.36% Faradaic
efficiency (eq S5).
To study the role of NiOx moieties toward the HER, post-

mortem analysis of the catalyst after the HER stability test is
performed through XRD and TEM analysis. Figure S15a
represents the XRD of post-HER sample depicting increased
amorphousness of the sample after the electrochemical stability
test which is obvious due to the involvement of the catalyst in the
electrolysis. Noticeably, in the post HER sample, an
unpredictable diffraction peak below 10° (003), peak
asymmetry in 33° (corresponding to (101) α-Ni(OH)2 peak)
along with prominent broad peak at 57° (110) are encountered
which are due to the formation of α-Ni(OH)2 fromNiOx, as it is
ubiquitous to generate in alkaline medium. Interestingly, the
emergence of few more less-intense diffractions planes of
monoclinic phase can be seen at 26°, 29.2°, 35.8°, and 39.4° in
this sample. The probable reason for the emergence of these

Figure 6. (a) Comparative HER polarization curves recorded at 10 mV
s−1 in 1MKOH. (b) Comparative HER polarization curves recorded at
10 mV s−1 in 0.5 MH2SO4. (c) Comparative fitted Faradaic impedance
spectra in Nyquist form (inset shows the equivalent circuit used) and
(d) chronoamperometric stability response of p-NiSe/NGr for 13 h in 1
M KOH (inset shows the LSV curves before and after chronoampero-
metric study) in N2 saturated electrolytes at 1600 rpm.
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peaks could be due to the in situ electrochemical activation of
the catalyst leading to the exposure of more and more active
centers which were protected through the NiOx shell in the
pristine sample. However, the presence of elemental selenium
still could not be detected by XRD, thereby indicating that the
dominant phase is always monoclinic NiSe as the core, which
during the electrochemical analysis gets covered with a thin layer
of hydroxides/oxyhydroxides as shell which is visible from the
TEM images (Figure S15b and S15c). In this way, another
significant reason for such remarkable stability of our catalyst
system compared to commercial catalyst is due to a structural
synergy between selenide and NiOx. The amorphous NiOx
coverage over NiSe, in addition to facilitating the rate-
determining Volmer step, protects the active centers from
harsh alkaline environment along with providing required
structural flexibility to hasten the electrochemical reaction.
To study the effect of elemental selenium over HER

performance, the as-synthesized p-NiSe/NGr was annealed at
250 and 350 °C under the flow of argon, which is above the
melting point of Se and below the reaction temperature, to
effectively control the elemental Se content into the catalyst
system.12 The phase change with increased annealing temper-
ature is studied through XRD (Figure S16a). Comparative HER
polarization curves are given in Figure S16b illustrating a slight
decrement in the HER activity for the 250 °C annealed sample.
However, when the annealing temperature is increased to 350
°C, there is a considerable decrement in the HER activity which
can mostly be attributed to the loss of excessive elemental Se
from the surface as well as due to the transition of selenide phase
from monoclinic to cubic phase (Figure S16a). In this way, the
intrinsic properties of the HER active sites are shown to be
improved when elemental Se modifies the selenide surface, and
the interface between them is thus proposed to be the efficient
active site for HER in this system. Interestingly, annealing
temperature did not affect the OER performance much, which
infers that OER activity is independent of the Se content;
however, the phase transition affected the OER performance
slightly (Figure S16c). The change in selenium content after 350
°C annealing is given through the SEM-EDS analysis in Figure
S17 revealing the decrement in the Se: Ni ratio from 1.75 to 1.61.
To understand the improved catalytic performance of p-

NiSe/NGr in both the water electrolyzer half-cells, the
comparative electrochemical active surface area (ECSA) of the
solid−liquid interface was estimated by determining the double
layer capacitances (Cdl) of ZnNiNGr and p-NiSe/NGr (eqs S6
and S7).23 The Cdl was measured by using scan rate dependent

CV in the nonfaradaic potential region of 0.92−1.02 V (vs RHE)
under static condition in an alkaline medium (Figure S18a and
S18b). As shown in Figure 7a, the specific capacitance (Cdl)
value is increased after selenization (2.56 mF cm−2) to a value
that is nearly 1.5 times higher than that of ZnNiNGr (1.68 mF
cm−2). Since the Cdl value is directly related to ECSA, the higher
theCdl value, the higher will be the ECSA

17 and the ECSA values
obtained are 12.56 cm2 and 8.25 cm2 for p-NiSe/NGr and
ZnNiNGr respectively, illustrating that the comparatively higher
electronic conductivity of selenides in comparison to that of
hydroxides, as well as the edge site-rich porous hexagonal shape
of p-NiSe/NGr resulted in the increased ECSA.
The turnover frequency (TOF-rate of product molecules

evolved per surface metal atom per second) calculation for each
active site is also a good figure of merit for comparing the
intrinsic activity of different catalytic materials.49 The TOF
determined here is the lower limit catalytic rate for the catalyst,
based on the number of active sites taking part in the catalysis,
although the bulk of the material is electroactive.50,51 TOF can
be determined by calculating the total number of the redox-
active sites from the cyclic voltammetry data using eq S8 (Figure
S19a).49,50 The surface coverage of the redox active Ni centers
on the electrode is 8.733 nmol cm−2 as obtained from the slope
of the scan rate dependent peak current of Ni(II)/Ni(III) oxidation
wave using eq S9 (Figure S19b).51 This is an upper limit to the
real number of active sites; since electrocatalysis is heteroge-
neous occurring at the electrode−electrolyte interface.49 With
this value of the active surface coverage for p-NiSe/NGr, the
TOF value for H2 and O2 generation based on ECSA was found
to be 0.24 s−1 and 0.132 s−1 at η = 300 mV (corresponding to
−5.1 mA cm−2 (HER) and 5.6 mA cm−2 (OER)), respectively.
Hence, the amount of H2 produced per second is almost double
than that of O2 molecule which is due to the similar activity of p-
NiSe/NGr toward both the half-cell reaction and it is in support
to the product ratio of water decomposition.

2.4. Alkaline Water Electrolysis. The ability of our newly
developed bifunctional catalyst to augment overall water
splitting was proved by fabricating and testing an alkaline
water electrolyzer in 1 M KOH. The cathode and anode of the
electrolyzer were prepared by coating the p-NiSe/NGr on
carbon cloth (1 × 4 cm2) of 1 cm2 area with a mass loading of 1
mg cm−2 and is designated as (p-NiSe/NGr)-CC. For
comparison, a controlled alkaline electrolyzer using the
benchmark 20% Pt/C (as a cathode) and 20% RuO2/C (as an
anode) was also fabricated with the same loading of 1 mg cm−2

over CC and designated as (Pt/C)-CC∥(RuO2/C)-CC.

Figure 7. (a) Comparative plots of the scan rate dependent capacitive current density differences (ja−jc) at 0.97 V vs RHE for the electrochemically
active surface area determination of the catalysts in 1MKOH, (b) comparative polarization curves of the whole-cell water electrolysis in 1MKOH at a
scan rate of 10 mV/s, and (c) chronoamperometric stability test for the whole-cell water electrolyzer in 1 M KOH for 8 h (inset shows the picture
captured during the electrolysis showing the product bubbles attached to the catalyst coated carbon cloth).
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Figure 7b represents the comparative LSV polarization curves
for complete water electrolysis at a scan rate of 10 mV s−1 in 1 M
KOH. The LSV curves for (p-NiSe/NGr)-CC and (Pt/C)-
CC∥(RuO2/C)-CC show that voltage of 1.60 and 1.62 V,
generating 5 mA cm−2 current density, were sufficient for
complete water electrolysis using our catalyst system and the
benchmark system, respectively. Moreover, (p-NiSe/NGr)-CC
and (Pt/C)-CC∥(RuO2/C)-CC achieved the current density of
10 mA cm−2 at a voltage of 1.69 and 1.70 V, respectively.
Noticeably, the whole-cell performance of the commercial

catalyst-based electrolyzer ((Pt/C)-CC∥(RuO2/C)-CC) is
found to be lower than their respective half-cell performance,
that is, the overpotential obtained for full water electrolysis is
found to be higher than the overpotential sum of 20% Pt/C
toward HER and 20% RuO2/C toward OER (Figure S19c).
Whereas, in the case of (p-NiSe/NGr)-CC, the overall water
electrolysis performance is increased to a reasonable extent from
their respective half-cell reaction performances which are
collectively presented in Figure S19c. It was difficult to ascertain
the exact reason for such an interesting finding; however, a
probable reason for this anomaly can be the formation of
electrocatalytically active species through the counter redox
reactions occurring at the Ni centers of p-NiSe/NGr during the
two-electrode reactions which mutually facilitates each other’s
performance. In our catalyst architecture, the H2 production
involves water reduction, followed by the oxidation of nickel
selenide surface to OER-active γ-NiOOH phase, facilitating the
counter water oxidation to evolve O2, which is further followed
by the reduction of γ-NiOOH to lower oxidation state Ni
moieties generally Ni(OH)2 promoting the hydrogen evolution
reaction over selenide active centers.52−54 In sharp contrast, the
(Pt/C)-CC∥(RuO2/C)-CC electrolyzer system is a hybrid
system where the two electrode catalysts show poor perform-
ance toward their counter electrode reaction, and hence have no
such synergy that can improve the overall electrolyzer
performance.
The stability test for (p-NiSe/NGr)-CC-based electrolyzer

was performed through chronoamperometry for 8 h at 1.7 V
showing that a current density above 5 mA cm−2 was maintained
throughout the analysis (Figure 6c). Although our catalyst is not
among the best ones for overall water splitting, its performance is
comparable and even better than that of many selenides- and
other transition metal-based bifunctional catalysts as mentioned
in the Table S3.16,23,55,56 After the electrolyzer stability study,
the XRD pattern of p-NiSe/NGr confirmed the presence of
nickel in various chemical environments such as the OER active
NiOOH phase that is generated during the water reduction
reaction and the exposure of metallic Se, indispensable in
facilitating the charge transfer during HER (Figure S20a).12

Interestingly, the post stability TEM images show agglomer-
ation, distortion as well as connection between the nearby
hexagonal selenide nanoplates (Figure S20b and S20c). The
TEM images also give clear evidence of the formation of
amorphous layers over the selenides, which are probably α-
Ni(OH)2/NiOOH moieties (Figure S20d and S20e).

3. CONCLUSION
In this study, we synthesized nickel selenide-nitrogen-doped
graphene nanocomposite using (Zn)Ni-LDH/NGr as a
precursor resulting in the formation of porous hexagonal nickel
selenide nanoplates. These unique structural features that
contain crystalline monoclinic nickel selenide phase along with
amorphous NiOx and metallic selenium embedded in the NGr

matrix endows our catalyst system with short charge transport
distances, abundant exposed active centers, improved mass
transfer properties and high structural stability against
agglomeration, resulting in good activity as well as stability
toward whole-cell water electrolysis in alkaline medium. The
results indicate that nickel selenide designed with an open and
porous structure holds significant promise for the rational design
of nonprecious bifunctional electrocatalysts for overall water
splitting.
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                                                    Appendix 2a 

Physicochemical Characterizations  

Various physicochemical techniques can be used for the characterizations of semiconductor-

based materials as in this thesis work, we have used ZnO, PTCDA, layered double hydroxides 

(α-Co (OH)2)-PDI, optical fibers coated with xCuO/TiO2. The principle and handling of the 

techniques such as powder X-ray diffraction(P-XRD), FESEM, EDAX, TEM-HRTEM, XPS 

spectroscopy, NMR, UV-Vis spectroscopy, Photoluminescence spectroscopy, Lifetime 

measurements, and Gas chromatography are explained here. 

 

1. Powder Diffraction 

Understanding and predicting the properties of scientific and technologically important 

materials require knowing their structure. The structure of an idealized crystal lattice consists 

of periodic arrangement atoms and single crystal analysis is the most suitable technique to 

understand it. However, because of the unavailability of suitable single crystals in many cases 

and to extract information on the bulk material, an alternative technique, powder diffraction is 

routinely used. Moreover, it can be used to determine microstructural properties, disorders in 

materials, studies of macroscopic stresses in components, and the texture of polycrystalline 

samples. X‐rays are electromagnetic waves having wavelengths of the order of 1Å, which is 

comparable with the spacing between lattice planes in crystals. X‐ray diffraction, based on the 

wide‐angle elastic scattering of X‐rays, is the most important and common tool to determine 

the structure of the materials characterized by long-range ordering. X‐ray diffraction involves 

the measurement of the intensity of X‐rays scattered from electrons or neutrons bound to atoms. 

Waves scattered at atoms at different positions arrive at the detector with a relative phase shift. 

Therefore, the measured intensities yield information about the relative atomic positions. The 



 

diffraction patterns give information about structure formation, phase purity, degree of 

crystallinity, and unit cell parameters of the materials. The formation of a structural phase can 

be confirmed by comparing the powder diffraction patterns with pure reference phases 

distributed by the International Centre for Diffraction Data (ICDD). Bragg’s equation is the 

easiest way to get to the structural information in powder diffraction, the derivation of which 

considers X‐ray diffraction as a reflection of X-rays by sets of lattice planes. As the X‐rays 

penetrate deeply, additional reflections occur at thousands of consecutive parallel planes. The 

overlap of the scattered X‐rays occurs since all are reflected in the same direction. 

The Braggs equation is nλ = 2dsin , where d is the interplanar spacing of parallel lattice planes 

and 2  is the diffraction angle, the angle between the incoming and outgoing X‐ray beams. 

Sharp intensities emerge from the sample only at the special angles where Bragg’s equation 

holds. For crystalline materials, the destructive interference results in a complete destruction 

of intensity in all the other directions. The divergent incident beam can reflect from the sample 

in the modern flat‐plate powder X‐ray diffractometer, used mostly in industrial and academic 

laboratories. It converges at a fixed radius from the sample position. This configuration is 

commonly referred to as “Bragg– Brentano” geometry (shown in Figure 1). The spinning of 

the sample about an axis normal to the flat plate results in a good powder average. 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of Bragg–Brentano geometry. 

Powder diffraction experiments exploit X‐rays from a laboratory generator, high-energy 

storage ring (synchrotron radiation), or neutrons produced in a reactor or spallation source. A 

typical wavelength used lies in the range of 0.1‐5 Å, comparable with the spacings between 

lattice planes in crystals. Data can be collected in transmission or reflection modes, depending 

on the absorption of radiation by the sample. Here is a brief description of the different sources 

used for the powder diffraction experiments. 

 

1.1. Laboratory Xray Sources 

In a standard laboratory instrument, the X‐rays are produced in a sealed‐tube source where 

electrons, accelerated by a potential difference of up to 60 kV, bombard ametal anode inside a 



 

vacuum tube. This results in the formation of a characteristic radiation spectrum composed of 

discrete peaks arising from the filling of vacant level in the inner shell (created from the ejection 

of electron by the incoming electron) by a higher atomic level electron. The emission of an X‐

ray photon is characterised by the difference in  energy between the two levels. A higher 

resolution copper X‐ray spectrum consists of components labeled as K 1 (1.54056Å) and 

K 2(1.54439Å). The most commonly used target element is Cu but Mo, Cr, Fe, Co, Ag and 

W are also used for specialist applications . Cu tube is the most common choice for routine 

analysis, which gives X‐rays of shortest wavelength above 1A˚. Also relatively high power can 

be applied to the target because of the good thermal conductivity of copper. 

Table 1. Approximate principle emission lines for various anode targets. 

 

 

 

2. Transmission Electron Microscopy (TEM) 

A TEM works much like a slide projector.A projector shines a beam of light through (transmits) 

the slide , as light passes through it is affected by structures and objects on the slide. These 

effects result in only certain parts of light beam being transmitted through certain parts of the 

slide. This transmitted beam is then projected onto the viewing screen forming an image of the 

slide. TEM works same way except that they shine beam of electrons (like light) through the 

specimen (slide). Whatever part is transmitted is projected into a phosphor screen. A “light 

source” at the top of the microscope emits electrons that travel through vacuum in the column 

of the microscope. The TEM uses electromagnetic lenses to focus electrons into a very thin 

beam. The electron beam then travel through the specimen .Depending on the density of the 

material, some of the electrons are scattered and disappear from the beam. At the bottom of the 

Anode Cu Mo Cr Fe Co Ag W 

Λ(Kα)Å 1.54 0.71 2.29 1.94 1.79 0.56 0.21 



 

microscope the unscattered electrons hit a fluorescent screen ,which gives rise to a shadow 

image of the specimen with its different parts displayed in varied darkness according to their 

density. The image can be studied directly by operator or photographed with a camera. The 

darker area of the image represent those area of the sample that fewer electrons were 

transmitted through (they are thicker or denser).The lighter of image represent those area of the 

sample that more electrons were transmitted through (they are thinner or less dense). 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                             Figure 2. Principle of TEM 
 
 
 
 
 
 
 
 



 

3.NMR Spectroscopy 

All the NMR measurements were carried out on a Bruker AV400 MHz NMR spectrometer  

equipped with a 9.4 Tesla superconducting magnet. The resonance frequency for 1H at this  

magnetic field is 400 MHz and for 13C, it is 100 MHz. The proton NMR spectra were taken 

with a standard one pulse experiment using a 30 degree flip angle and 1 sec relaxation delay. 

32 to 64 scans and 32K data points were used for data collection. The raw data obtained are 

Fourier Transformed to get the frequency domain spectrum without the application of any 

window function. 13C spectra were obtained with a standard pulse sequence with continuous 

proton decoupling. A flip angle of ~ 30 degree, relaxation delay of 2 sec and 32K data points 

were used for data collection. The proton decoupling was achieved by a standard ZGPG30 

pulse technique. A standard DEPT pulse sequence with a sorting pulse of 135 degree 

(DEPT135) was employed for the 13C spectral editing so that the CH2 peaks appear as negative 

and CH and CH3 as positive. The number of scans for the 13C spectral data collection varied 

from a few hundred to a couple of thousand depending on the concentration. Prior to Fourier 

Transformation, the raw 13C data (FID’s) were multiplied by an exponential window function 

with a line broadening (LB) of 2Hz for sensitivity enhancement. The chemical shifts for the 

solvent peak is found at 2.5ppm (1H, DMSO-d6) and 39.9 ppm (13C, DMSO-d6). 

 

 

4. IR SPECTROSCOPY (Infra-red Spectroscopy) 

In IR Spectroscopy, IR radiation is passed through a sample. Some of the infra radiation is 

absorbed by the sample and the other is transmitted. The resulting spectrum represents  the 

molecular absorption and transmission, creating a molecular fingerprint of the sample.  It 

represents the fingerprint of the absorption peaks which corresponds to frequencies of the 

vibrations between the bonds of atoms making up the material .Because each different  material 



 

is a unique combination of atoms, no two compounds produce the exact same infrared 

spectrum. Therefore, infrared spectroscopy can result in a positive identification (qualitative) 

of every different kind of material. In addition the size of peaks in the spectrum is a direct 

indication of the amount of material present. FT-IR spectrometers are often called as FT-IRs. 

FT-IR is a method of obtaining infrared spectra by collecting an Interferogram of a sample 

signal using an interferometer and thenperforming a Fourier transform on the Interferogram to 

obtain the spectrum. An FT-IR spectrometer collects and digitalizes the Interferogram, 

performs FT function and displays the spectrum. The technique works on the fact that bonds 

and groups of the bonds vibrate at characteristic frequencies. A molecule that is exposed to 

infrared rays absorbs infrared energy at frequencies which are characteristic to that molecule. 

During FT-IR analysis, a spot on the specimen is subjected to a modulated IR beam. The 

specimen’s transmittance and reflectance of infrared rays at different frequencies is translated 

into an IR absorption plot consisting of reverse peaks. The resulting FT-IR spectral pattern is 

then analyzed and matched with known signatures of identified materials in the FT-IR library. 

FT-IR spectroscopy bases its functionality on the principle that almost all molecules absorb 

infrared light. Molecules only absorb at those frequencies where its infrared light affects  the 

dipolar moment of the molecule. Molecule with dipolar moment allows infrared photons to 

interact with the molecule causing excitation to higher vibrational states. As mentioned earlier 

almost all molecules absorb infrared light and each molecule absorbs IR light at certain 

frequencies. This property provides unique characteristic for each molecule. It provides a way 

to identify the molecular type (qualitative analysis) and the amount or quantity of the molecule 

in the sample (quantitative analysis). Since each type of molecules only absorbs at certain 

frequencies it provides the unique absorption spectral pattern or finger print through the entire 

IR spectrum. As a conventional infrared spectroscopy, FT-IR is used to detect the vibrational 

transitions of a molecule. The advantage of FT-IR compared to conventional infrared 



 

spectroscopy is that all wave numbers are measured at once with the help of Michelson 

interferometer. 

 

 
Figure 3. Schematic diagram of Infrared Spectroscopy 
 
 
4. Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is one of the most widely used techniques for  

characterization of nanomaterials and nanostructures. The resolution of the SEM approaches a 

few nanometres, and the instruments can operate at A magnifications that  are easily adjusted 

from ~10 to over 300,000. This technique provides not only topographical information like 

optical microscopes do, but also information of chemical composition near the surface. A 

scanning electron microscope can generate an electron beam scanning back and forth over a 

solid sample. The interaction between the beam and the sample produces different types of 

signals providing detailed information about the surface structure and morphology of the 

sample. When an electron from the beam encounters a nucleus in the sample, the resultant 

columbic attraction leads to a deflection in the electron's path, known as Rutherford elastic 

scattering. A fraction of these electronswill be completely backscattered, remerging from the 

incident surface of the sample. Since the scattering angle depends on the atomic number of the 



 

nucleus, the primary electrons arriving at a given detector position can be used to produce 

images containing topological and compositional information. The high‐energy incident 

electrons can also interact with the loosely bound conduction band electrons in the sample. 

However, the amount of energy given to these secondary electrons as a result of the interactions 

is small, and so they have a very limited range in the sample. Hence, only those secondary 

electrons that areproduced within a very short distance from the surface are able to escape from 

the sample. As a result, high‐resolution topographical images can be obtained in this detection 

mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure.4.Principle of SEM 

 

 



 

5. UVvisible Spectroscopy 

Absorption spectroscopy in the visible region has long been an important tool to the analyst 

[11]. Appearance of colour arises from the property of the colored material to absorb selectively 

and reflect its complementary colour which falls within the visible region of the 

electromagnetic spectrum. Absorption of energy leads to a transition of electron from ground 

state to an excited state which is governed by the following equation Δ E = hν = hc/λ (2.11) 

where h represents Planck’s constant, ν is the frequency of radiation, c is the velocity of light 

and λ is the radiation wavelength. Thus from the equation it seems that the UV‐energy is 

quantized and hence a single discrete line should be obtained from a single electronic spectrum. 

However, this is not the case of reality as excitation of electronic energy levels would also 

involve excitation of the embedded vibrational and rotational energy levels of an atom, thus 

giving rise to a broad absorption band [12]. The intensity of the absorption band depends on 

three factors namely (a) transition probability, (b)population of states and (c) concentration or 

path length. Almost all relationships between intensities of incident and transmitted radiation  

and the concentration and path‐length is governed by Beer‐Lambert’s law which is written as 

I = I0 exp (‐κcl) 

log (I0/I) = A = κcl (2.12) 

where I = Intensity of the emitted radiation, I0 = Intensity of the incident radiation, κ = constant, 

c = concentration and l = path length. A is known as the absorbance or the optical density and 

κ, the constant generally represented as ε, known as the molar absorption coefficient. In a dual 

beam spectrophotometer, light from either the visible or ultraviolet source enters the grating 

monochromator before it reaches the filter. Broad band filters contained in a filter wheel are 

automatically indexed into position at the required wavelengths to reduce the amount of stray 

light and unwanted orders from the diffraction grating. The light from the source is alternatively 

split into one of the two beams by a rotating mirror called a chopper; one beam is passed 



 

through the sample and the other through the reference. The detector alternately sees the beam 

from the sample and then the reference. Its output which ideally would be an oscillating square‐

wave gives the ratio of I to Io directly i.e. the reference correction is made automatically. Array‐

detector spectrophotometers allow rapid recording of absorption spectra. Dispersing the source 

light after it passes through a sample allows the use of an array detector to simultaneously 

record the transmitted light power at multiple wavelengths. These spectrometers use 

photodiode arrays as the detector. The light source is a continuum source such as a tungsten 

lamp. All wavelengths pass through the sample. The light is dispersed by a diffraction grating 

after the sample and the separated wavelengths fall on different pixels of the array detector. 

The resolution depends on the grating, spectrometer design, and pixel size, and is usually fixed 

for a given instrument. Diffuse reflectance UV‐Vis measurements were performed on a 

spectrophotometer with Teflon pellet as the reference material. 

 

 

 

6. Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a very versatile electrochemical tool to 

characterize intrinsic electrical properties of any material and its interface. This is a steady state 

method measuring the current response to the application of an ac voltage as a function of the 

frequency. The basis of impedance spectroscopy is the analysis of the impedance (resistance 

of alternating current) of the observed system with respect to the applied frequency and applied 

signal. An important advantage of EIS over other techniques is the possibility of using tiny ac 

voltage amplitudes exerting a very small perturbation on the system. EIS provides quantitative 

information about the conductance, dielectric coefficient and some interfacial properties. Also 

this has been widely employed to study the kinetics of electrochemical and 



 

photoelectrochemical processes including the elucidation of salient electronic and ionic 

processes occurring in the DSC. EIS data for electrochemical cells are most often represented 

in Nyquist and Bode plots. Bode plots refer to  representation of the impedance magnitude (or 

the real or imaginary components of the  impedance) and phase angle as a function of 

frequency. Because both the impedance and  the frequency often span orders of magnitude, 

they are frequently plotted on a logarithmic  scale. Bode plots explicitly show the frequency‐

dependence of the impedance of the device  under test. A complex plane or Nyquist plot depicts 

the imaginary impedance, which is  indicative of the capacitive and inductive character of the 

cell, versus the real impedance of  the cell. Nyquist plots have the advantage that activation‐

controlled processes with distincttime‐constants show up as unique impedance arcs and the 

shape of the curve provides  insight into possible mechanism or governing phenomena. The 

flat band potential can be  calculated using a circuit which fits for the Nyquist plot. From which 

the capacitance (C) at  various voltages can be measured. 1/C vs voltage gives rise to Mott‐

Schottkey plot. Using this plot flat band potential can be measured. 

 

 

 

7. Xray photoelectron spectroscopy 

X‐ray Photoelectron Spectroscopy (XPS) or Electron Spectroscopy for Chemical  Analysis 

(ESCA) is based on the principle that when X‐rays hi atoms, electrons are ejected. It is a typical 

surface‐sensitive technique as only electrons that are generated in the top few  atomic layers 

(mean free path ~1.5 nm) are detected, even though the absorption length of   the X‐rays is 

about 100 ‐ 1000 nm. The technique provides quantitative information about  the elemental 

composition of the surface of all kinds of solid material like insulators, conductors, polymers 

etc. The sample material is irradiated with monoenergetic soft x‐rays causing electrons to be 



 

ejected. The measurement of kinetic energies of these ejected photoelectrons helps in the 

identification of the elements in the sample as each element produces a characteristic set of 

XPS peaks at characteristic binding energy values. All  elements except H and He can be 

detected. Moreover the relative concentrations of  elements can be determined from the 

photoelectron intensities. The most important  advantage of XPS is its ability to obtain 

information on chemical states from the variations  in binding energies, or chemical shifts, of 

the photoelectron lines. Most modern  instruments have detection limits for most of the 

elements in the parts per thousand  ranges. Detection limits of parts per million (ppm) are 

possible under special conditions  such as concentration at top surface or very long collection 

time. In XPS, soft X‐rays with energies range from 200‐2000 eV are used. The development 

of synchrotron radiation sources has enabled high resolution studies with much wider and more 

complete energy range (5 ‐ 5000 eV). A sample placed in ultra‐high vacuum is irradiated with 

photons of energy, hν. Electrons of the atoms on the surface  absorb the photons and leave the 

atom by using some of its energy to overcome thecoulomb attraction of the nucleus, reducing 

its KE by its initial state BE. The kinetic energy of the ejected electron is related to the energy 

of the X‐ray photon as  

KE = hν ‐ BE ‐ Φ 

where BE represents the binding energy of the atomic orbital from which the electron ejected 

and Φ is the spectrometer work function which is an adjustable instrumental correction factor 

that accounts for the few eV of KE loss of the photoelectron as it becomes absorbed by the 

instrument's detector. An electron energy analyzer  measures the kinetic energy distribution of 

the emitted photoelectrons and a photoelectron  spectrum can thus be recorded. The number of 

detected electrons is a measure for the elemental concentration. Atomic concentrations can be 

obtained by dividing the peak areas by standard sensitivity factors and normalizing to 100%. 

For bulk materials the surface concentraions can be determined with a 20% inaccuracy. 



 

However, in most cases, the surface composition varies as a function of depth, where the signal 

of an element in a lower layer will be attenuated more strongly than that in the top layer. In 

such cases either angle‐resolved measurements or model calculations are performed to extract 

quantitative information. The basic requirements for a XPS experiment are: 

1. A fixed‐energy radiation source. The most commonly employed X‐ray sources are  those 

giving rise to Mg Kα radiation (hν = 1253.6 eV) and Al Kα radiation (hν = 1486.6 eV).  

2. An electron energy analyser. This separates the emitted electrons according to  their KE, and 

measures the flux of emitted electrons of a particular energy. The most  preferred design is a 

concentric hemispherical analyser (CHA) where an electric field is applied between two 

hemispherical surfaces to disperse the electrons according to their KE  

3. A high vacuum environment which enables the emitted photoelectrons to be analysed 

without interference from gas phase collisions. XPS detectors must be operated under ultra‐

high vacuum (UHV, P < 10−9 millibar) conditions in order to count the number of electrons 

with a minimum of error, as they are kept one meter away from the sample. 

 

8. Photoluminescence Spectroscopy 

Photoluminescence is a term used to designate a number of effects, including fluorescence,  

phosphorescence, and Raman scattering. Photoluminescence spectroscopy is a contactless,  

nondestructive method of probing the electronic structure of materials. Light is directed  onto 

a sample, where it is absorbed and imparts excess energy into the material in a  process called 

photo-excitation. One way this excess energy can be dissipated by the sample is through the 

emission of light, or luminescence. In the case of photo-excitation,this luminescence is called 

photoluminescence. Photo-excitation causes electrons within a material to move into 

permissible excited states. When these electrons return to their equilibrium states, the excess 

energy is released and may include the emission of light (a radiative process) or may not (a 



 

nonradiative process). The energy of the emitted light (photoluminescence) relates to the 

difference in energy levels between the two electron states involved in the transition between 

the excited state and the equilibrium state. The quantity of the emitted light is related to the 

relative contribution of the radiative process. Fluorescence is the result of a three-stage process 

that occurs in certain molecules called fluorophores or fluorescent dyes. A fluorescent probe is 

a fluorophore designed to localize within a specific region of a biological specimen or to 

respond to a specific stimulus. The process responsible for the fluorescence of fluorescent 

probes and other fluorophores is illustrated by a Jablonski diagram. Stage 1: Excitation. A 

photon is supplied by an external source such as an incandescent lamp or a laser and absorbed 

by the fluorophore, creatingan excited electronic singlet state (S1'). This process distinguishes 

fluorescence from chemiluminescence, in which the excited state is populated by a chemical 

reaction. Stage 2: Excited-State Lifetime. The excited state exists for a finite time (typically 1–

10nanoseconds). During this time, the fluorophore undergoes conformational changes and is 

also subject to a multitude of possible interactions with its molecular environment. These  

processes have two important consequences. First, the energy of S1' is partially dissipated,  

yielding a relaxed singlet excited state (S1) from which fluorescence emission originates. 

Second, not all the molecules initially excited by absorption (Stage 1) return to the ground state 

(S0) by fluorescence emission. Other processes such as collisional quenching, fluorescence 

resonance energy transfer (FRET) and intersystem crossing (see below) may also depopulate 

S1. The fluorescence quantum yield is the ratio of the number of fluorescence photons emitted 

(Stage 3) to the number of photons absorbed (Stage 1). Stage 3: Fluorescence Emission. A 

photon of energy is emitted, returning the fluorophore to its ground state S0. Due to energy 

dissipation during the excited-state lifetime, the energy of this photon is lower, and therefore 

of longer wavelength, than the excitation photon. The difference in energy or wavelength 

represented by the absorbed and emitted photon is called the Stokes shift. The Stokes shift is 



 

fundamental to the sensitivity of fluorescence techniques because it allows emission photons 

to be detected against a low background, isolated from excitation photons. In contrast, 

absorption spectrophotometry requires measurement of transmitted light relative to high 

incident light levels at the same wavelength. 

  

Figure.5.Jablonski Diagram 

 

9. Gas Chromatography 

A Gas Chromatograph is used to detect the components based on the selective affinity of  

components towards the adsorbent materials. The sample is introduced in the liquid/gas form 

with the help of GC syringe into the injection port, it gets vaporized at injection port then passes 

through column with the help of continuously flowing carrier stream (mobile phase), mainly 

H2 (for TCD), and gets separated/detected at the detection port with suitable temperature 

programming. We visualize this on computer in the form of peaks Carrier medium can be liquid 



 

(e.g. HPLC) or gas (e.g. GC) for the ease of separation/detection, if it is gas then called gas 

chromatography otherwise called liquid chromatography. Different chemical constituents of 

the sample travel through the column at different rates depending upon, 

1. Physical properties 

2. Chemical properties, and 

3. Interaction with a specific column filling (stationary phase). 

As the chemicals exit the end of the column, they are detected and identified electronically.  

The function of the stationary phase in the column is to separate different components, causing 

each one to exit the column at a different time (retention time). Other parameters  that can be 

used to alter the order or time of retention are the carrier gas flow rate, and the temperature. 

Physical Components involve inlet port, Adsorption column, detector port, flow controller (to 

control the flow of carrier gas), etc. Packed columns are 1.5 - 10 m in length and have an 

internal diameter of 2 - 4 mm. The tubing is usually made of stainless steel or glass and contains 

a packing of finely divided, inert, solid support material (eg. diatomaceous earth) that is coated 

with a liquid or solid stationary phase. The nature of the coating material determines what type 

of materials will be most strongly adsorbed. Capillary columns have a very small internal 

diameter, on the order of a few tenths of millimeters, and lengths between 25-60 meters are 

common. The inner column walls are coated with the active materials (WCOT columns). Some 

columns are quasi solid filled with many parallel micro pores (PLOT columns). Most capillary 

columns are made of fused silica with a polyimide outer coating. These columns are flexible, 

so a very long column can be wound into a small coil. Temperature dependence of molecular 

adsorption and of the rate of progression along the column necessitates a careful control of the 

column temperature to within a few tenths of a degree for precise work. Reducing the 

temperature produces the greatest level of separation, but can result in very long elution times. 

The choice of carrier gas (mobile phase) is important, with hydrogen being the most efficient 



 

and providing the best separation. However, helium has a larger range of flow rates that are 

comparable to hydrogen in efficiency, with the added advantage that helium is non-flammable, 

and works with a greater number of detectors. Therefore, helium is the most common carrier 

gas used. 

Detectors: 

A number of detectors are used in gas chromatography. The most common are the Flame 

ionization detector (FID) and the thermal conductivity detector (TCD). While TCDs are  

essentially universal and can be used to detect any component other than the carrier gas  (as 

long as their thermal conductivities are different than that of the carrier gas, at detector 

temperature), FIDs are sensitive primarily to hydrocarbons, and are more sensitive to them than 

TCD. Both detectors are also quite robust. Since TCD is non-destructive, it can be operating 

in-series before an FID (destructive), thus providing complementary detection of  the same 

eluents.    

 

 

Figure.6.Gas Chromatography 



                                                       Appendix 4a 

 

Flat band potential was calculated using the equation, Vfb=EA-Eref+1/2Eg 

Where Vfb is the flat band potential, EA is the electron affinity of the individual atom, Eref is 

the energy of free electrons on the hydrogen scale, Eref= 4.5 eV and Eg is the band gap of the 

material  

For ZnO 

EA=((XZn)* (XO)*)1/2 

Where XZn, and Xo are the electronegativities in Mulliken scale of Titanium and Oxygen 

respectively. 

The detailed calculation is given below  

XZn = 4.45eV 

Xo   = 7.53 eV 

Band gap of ZnO is 3.2 eV 

EA = (4.45 x (7.53))1/2 

      = 5.788eV 

Vfb = 5.788 - 4.5 + (½ x 3.2) 

      Vfb= +2.89eV 

Now,  

VB+CB=Eg 

2.89+CB=3.2 

CB= -0.31eV 

 

 

 

 



                                                       Appendix 4b 

 

The energy levels of the highest occupied molecular orbital (HOMO) of the self-assembled 

supramolecular were determined by oxidative half-cyclic voltammetry in THF 

Ferrocene/ferrocenium (Fc/Fc+) was used as an internal reference and 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAPF6) as a supporting electrolyte. The HOMO 

levels of TC-PTCDA and MC-PTCDA were at 1.53V and 0.89 V vs. NHE, respectively.  

The relationship between  

 

 

 

 

 

 

 

The LUMO levels were calculated from the equation of  

 ELUMO+EHOMO=Eg                                                                          (4.4) 
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The data were found to be that for TC-PTCDA, the LUMO is -0.88V, and MC-PTCDA is -1. 

01V.This data shows that the redox potentials of respective TC-PTCDA and MC-PTCDA are 

higher than that of redox potential of hydrogen evolution and thus this will make sure to get 

enough driving force for water reduction and to get H2 evolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4b.1.Cyclic voltammograms curves of Ferrocene/Ferrocenium (Fc/Fc+) redox couple 
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NMR –MC-PTCDA 
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1H-NMR 
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DEPT 

 

Fig.5a.1.1H-NMR,13C-NMR and DEPT of N,N-Bis(P-Carboxyl-Perylene) perylene-

3,4,9,10-Peryelene bisimide 

 

 

 

                                                     

 

Flat band potential was calculated using the equation, Vfb=EA-Eref+1/2Eg 

Where Vfb is the flat band potential, EA is the electron affinity of the individual atom, Eref is 

the energy of free electrons on the hydrogen scale, Eref= 4.5 eV and Eg is the band gap of the 

material  

 

For Co(OH)2 

EA=((XCo)* (XO)*)1/2 



Where XCo and Xo are the electronegativities in the Mulliken scale of Titanium and Oxygen 

respectively. 

The detailed calculation is given below  

XCo = 6.21eV 

Xo   = 7.53 eV 

Band gap of  Co(OH)2 is 1.76 eV 

EA = (6.21 x (7.53)2)1/3 

      = 7.06eV 

Vfb = 7.06 - 4.5 + (½ x 1.76) 

      Vfb= +2.38eV 

Now,  

VB+CB=Eg 

2.38+CB=1.76 

CB= -0.62Ev 

 

For PDI 

The energy levels of the highest occupied molecular orbital (HOMO) of the self-assembled 

supramolecular were determined by oxidative half-cyclic voltammetry in THF 

Ferrocene/ferrocenium (Fc/Fc+) was used as an internal reference and 0.1 M tetra-n-

butylammonium hexafluorophosphate (TBAPF6) as a supporting electrolyte. The HOMO 

levels of TC-PTCDA and MC-PTCDA were at 1.53V and 0.89 V vs. NHE, respectively.  

The relationship between  

 

 

 

−𝐸
𝑉
 

𝑣𝑠. 𝑣𝑎𝑐𝑢𝑢𝑚 
= 𝐸
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𝑣𝑠. 𝐹𝑐/𝐹𝑐+ 

+ 4.8 𝑒𝑉                                       (5.2) 

𝐸
𝑉 𝑣𝑠. 𝑁𝐻𝐸 

= −(𝐸
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The LUMO levels were calculated from the equation of  

 ELUMO+EHOMO=Eg                                                                          (5.4) 
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                                             Apparent quantum yield: 

The apparent quantum yield calculations by using the formula  

 

 

 

 

C=No. of Hydrogen molecules in umol per hour 

NA = Avagadros number (6.02 x 1023mol -1) 

S= Irradiation area (127.17cm2) 

t = time of reaction 

h= Plancks constant (6.626 x 10-34J) 

C = 3 x 108 m/s 

P= light intensity detected by lux meter (for 500 lux for optical fibers=7.3206 x 10 -5W/Cm2
) 

λ= 350-700nm 

Reaction conditions: 40ml solution (30ml water, 10ml methanol), bunch of optical fibers 

coated with 50mg of catalyst (5CuO/TiO2) 

430nm  

AQY(%)=1.34% 

500nm 

 AQY(%)= 1.1% 

630nm 

2 × Number of evolved 𝐻
2
 molecules 

 

      Number of incident photons 
AQY (%) =                                                                     × 100% 



AQY%=8.96% 

750nm 

AQY%=7.5% 

Average AQY(%)=4.72% 

 

                                                    Flat band potential 

The band gap calculations has been done by using Mullikens electronegativity scale 

Flat band potential was calculated using the equation, Vfb=EA-Eref+1/2Eg 

Where Vfb is the flat band potential, EA is the electron affinity of the individual atom, Eref  is 

the energy of free electrons on the hydrogen scale, Eref= 4.5 eV and Eg is the band gap of the 

material  

For TiO2  

EA=((XTi)* (XO)2*)1/3 

Where XTi, and Xo are the electronegativities in Mulliken scale of Titanium and Oxygen 

respectively. 

The detailed calculation is given below  

XTi = 3.45eV 

Xo   = 7.53 eV 

XCu = 4.48eV 

Band gap of TiO2 is 3.2 eV 

EA = (3.45 x (7.53)2)1/3 

      = 5.80eV 

Vfb = 5.80 - 4.5 + (½ x 3.2) 

      Vfb= +2.9eV 

Now,  



VB+CB=Eg 

2.9+CB=3.2 

CB= -0.3eV 

 

Band gap for CuO is 1.9eV 

EA= (4.48x 7.53)1/2 

      =5.80 

Vfb= 5.80-4.5 +(1/2x1.9) 

      = 2.25eV 

CB=1.9-2.25=+0.35eV 

CB=+0.35eV 

Band gap for Cu2O is 2.38eV 

EA= (4.48^2x 7.53)1/3 

      = 5.32eV 

Vfb= 5.32-4.5 +(1/2x2.38) 

      = 2.01eV 

CB=2.38-2.01=-0.37eV 
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