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Thesis Overview 

Chapter 1: Introduction and literature survey 

This chapter elucidates the engineering and fabrication aspects of metal oxide based 

semiconductors for solar energy harvesting, maximized photoinduced electron/hole separation and 

transportation by minimizing recombination. Also, this chapter discusses the basics on 

photoelectrochemical (PEC) water splitting, working principle, new challenging approaches to 

develop photoelectrodes for improved PEC performance based on the reported literature. The 

superiority of an photoanodes having suitable band alignment, bandgap and earth abundance has 

been explained. The major strategies of modified photoanode related to structure engineering, 

elemental doping, different heterojunctions, surface passivation, hole extraction and  co-catalyst 

modification have been discussed briefly.  

Chapter 2: Experimental section 

This chapter covers the discussions of material synthesis, fabrication and characterizations 

for PEC water oxidation. All characterization techniques related to materials analysis have been 

mentioned. The PEC measurements along with the experimental set up have also been discussed. 

The PEC water oxidation related measurements have been analyzed through various instruments 

such as CHI1120B potentiostat (linear sweep voltammetry analysis), GAMRY INTERFACE 1010 

E potentiostat (LSV, electrochemical impedance spectroscopy and Mott−Schottky analysis), 
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Newport Oriel IQE-200 (incident photon to current efficiency), Agilent 7820A gas 

chromatography (Faradaic yield of hydrogen and oxygen gas evolution), etc. The crucial PEC 

techniques have been discussed briefly for better understanding.        

Chapter 3: Electronic structure modulations of monoclinic tungsten oxide nanoblocks by 

indium doping for boosted photoelectrochemical performance [Chem Asian J. 2020, 15, 

3886] 

This chapter offers the  hydrothermal growth of In-doped monoclinic WO3 nanoblocks 

directly over fluorine doped tin oxide (FTO) substrate without the aid of any seed layer. X-ray 

photoelectron spectroscopy (XPS) data reveals the shifting W6+ peaks to lower binding energy by 

In3+-doping which attributes the shorting of W-O bond and indicates that In3+ ions are partially 

occupying the W6+ ions in In-doped WO3 photoanode. The maximum current density value of 2.18 

mA/cm2 has been provided by the optimized In-doped WO3 photoanode with 3 wt% indium doping 

at 1.23 V vs. RHE, which is ~3 times higher than that of undoped monoclinic WO3 photoanode. 

Mott-Schottky (MS) analysis reveals charge carrier density (ND) for In-doped WO3 photoanode 

has been enhanced by a factor of 3. The Schematic band position analysis (a) and the application 

in PEC activity (b) are shown in figure 1. 

 

Figure 1. (a) Schematic band position analysis of bare WO3 and In-doped WO3 photoanodes; (b) Linear sweep 

voltammetry curves of bare WO3 and In-doped WO3 photoanodes in 0.1 M Na2SO4 electrolyte under 1 Sun 

illumination @ 10 mV/s scan rate at 1.23 V vs. RHE. 
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Chapter 4: Hexagonal boron nitride as a superior hole extractor for efficient charge 

separation in WO3‑based photoelectrochemical water oxidation [ACS Appl. Energy Mater. 

2019, 2, 7457] 

This chapter demonstrates the modification of stable monoclinic WO3 nanoblocks with 

hexagonal boron nitride quantum dots (h-BNQDs) incorporation to improve the photogenerated 

electron−hole separation and additionally to hinder the charge recombination process. The 

photocurrent density (J) value for the modified WO3 photoanode by incorporation of BNQDs has 

been found to be 1.63 mA/cm2 at the potential of 1.23 V vs. RHE, which is approximately 2.4-fold 

higher than the bare WO3 photoanode. The enhancement in photocurrent density is mainly due to 

the hole extraction property of BNQDs on the surface of the WO3 nanoblocks. The present work 

demonstrates a unique, low-cost strategy for enhancement of PEC water oxidation by modification 

of the photoanode with hole extracting agents. The schematic illustration of hole extraction 

mechanism by BNQD from WO3 photoanode (a) and the PEC analysis (b) are shown in figure 2. 

 

Figure 2. (a) Schematic illustration of hole extraction mechanism by BNQD from WO3 photoanode to improve the 

photogenerated electron−hole separation and additionally to hinder the charge recombination process; (b) Linear 

sweep voltammetry curves of bare WO3 and modified WO3-BN photoanodes in 0.1 M Na2SO4 electrolyte under 1 Sun 

illumination @ 1.23 V vs. RHE. 
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Chapter 5: Surface charge directed borophene - phosphorous nitride heterojunction 

formation for enhanced electrochemical performance in tungsten oxide based photoanodes 

[Chem. Commun., 2023, 59, 1955–1958] 

This chapter determines the widely explored zero dimensional (0D) non-metal based 

materials for photoelectrochemical (PEC) electrode modification due to their faster charge transfer 

and better light harvesting abilities. Herein, we have designed a complimentary charged nanosized 

0D-0D hybrid assemble of phosphorous nitride dots (PNDs) (ς = + 9.5 mV) and borophene dots 

(BDs) (ς = - 26.2 mV) having favorable type-II heterojunction approach among them. A model 

system has been studied using WO3 as a semiconductor for showing the effectiveness of PNDs- 

BDs for PEC water oxidation. The type-II-II′ heterojunction based WO3/PNDs-BDs photoanode 

offers a significant four -fold higher current density of 2.8 mA/cm2 at 1.23 V vs RHE in 

comparison to the bare WO3 photoanode. The oppositely charged 0D-0D hybrid model provides 

rapid carrier separation along with minimized carrier recombination to metal oxide based 

semiconductor for enhanced PEC water oxidation. The schematic of the composite photoanode, 

followed by type-II-II′ heterojunctions, proposing a detailed charge transfer mechanism within the 

components (a) and the related PEC analysis (b) are shown in figure 3. 

 

Figure 3. (a) Schematic of the type-II-II′ based WO3/PNDs-BDs composite photoanode proposing the detailed charge 

transfer mechanism within the components; (b) LSV curves and of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-

BDs photoanodes under 1 Sun illumination in 0.1 M Na2SO4 electrolyte at 1.23 V vs RHE. 
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Chapter 6: Synchronized carrier extraction and injection through boron nitride 

nanoplatelets in hierarchical BiVO4/CoCr-layered double hydroxides for efficient water 

oxidation [Electrochimica Acta, 2022, 415, 140269] 

This chapter offers the interfacial insertion of hole extractor between semiconductor 

photoanode and surface oxygen evolution catalyst (OECs) for amplified photoelectrochemical 

(PEC) water oxidation performance. Herein, modifications of bare monoclinic BiVO4 photoanode 

with two dimensional boron nitride nanoplatelets (BNNPs) as hole extractor and CoCr-layered 

double hydroxides (CoCr-LDH) as kinetics accelerator results to achieve a maximum photocurrent 

density of 3.8 mA/cm2 at 1.23 V vs RHE along with a cathodic shift of ~360 mV onset 

photocurrent, which indicates the 3.2 fold enhancement in photo-current density in comparison to  

 

Figure 4. (a) Schematic proposed mechanism of the BiVO4/BNNPs/CoCr-LDH photoanode for enhanced PEC water 

oxidation; (b) LSV curves and of BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH 

photoanodes under 1 Sun illumination in 0.1 M Na2SO4 electrolyte at 1.23 V vs RHE. 

bare BiVO4. Semiconductor/hole extractor/OECs composite photoanode, i.e., 

BiVO4/BNNPs/CoCr-LDH offers speedy charge separation with suppressed charge recombination 

to accelerate the PEC water oxidation kinetics. The presented work is promising as it fill-in the 

gap between the photoanode and OECs for boosting the PEC water oxidation efficiency of metal-

oxide based photoanode. The proposed mechanism of the BiVO4/BNNPs/CoCr-LDH photoanode 

for enhanced PEC water oxidation (a) and the related PEC water oxidation performances (b) are 

shown in the figure 4.  
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Conclusions and overview 

In conclusion, we have tuned the electronic structure and surface activities of the known 

metal oxide photoanodes by applying different efficient strategies such as metal dopant 

modification, hole extractor incorporation, co-catalyst modification and type-II heterojunction 

fabrication, etc. We have used narrow bandgap photoanodes having ~ 2.4 to ~ 2.8 eV bandgaps 

for fabrication of high performance hybrid photoanodes. Our approached strategies offer enhanced 

charge carrier density, maximized photogenerated electron-hole separation along with minimized 

recombination, high water oxidation kinetics of the known photoanodes for boosted PEC 

performance. Also, these present strategies demonstrate a unique, low-cost, stable and effective 

hybrid photoanodes for enhancement of PEC water oxidation.             
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                                                    CHAPTER 1 

 

Introduction and Literature Survey 

 
This chapter describes the motivation for photoelectrochemical water oxidation. The growing 

global energy demand and global warming are challenging us to discover new alternative 

renewable energy sources and solutions. Solar energy has the potential to tackle the desired 

challenge. It describes the features of metal oxide semiconductors as photoanode for 

photoelectrochemical water splitting and provides new approaches to overcome the 

photoanodic limitations. 
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1.1 GLOBAL ENERGY CALAMITY AND CLIMATE VARIABILITY: AN 

OVERVIEW 

 In the coming decades, our biosphere is going to tackle two major challenges of energy 

source and climate variation, which are strongly related to each other. The energy demand has 

enhanced exponentially after the industrial rebellion.1 The recent estimation of the world 

population is noted to be ~ 7.96 billion with ~ 25 terawatts (TW) power consumption.2,3 The 

predicted world population by 2050 will be reached up to ~ 9 billion with ~ 40 TW power 

consumption.3 Recently, our primary energy resources are non-renewable and related to fossil 

fuels, i.e., coal, oil, natural gases, etc. However, fossil fuels are always ready to cause global 

warming and some other unwanted effects by releasing greenhouse gases such as CO2 into the 

atmosphere.4 The atmospheric CO2 gas has a tendency to absorb infrared radiation, which leads to 

enhance normal atmospheric temperature. In the last few decades, the increment percentage of 

CO2 gas emission is noted to be 3 % per year.5 If the release rate of CO2 gas remains the same, 

then there will be a terrible warning for human civilization and the environment.         

According to the international energy agency (IEA) report, the level of difficulty in 

controlling greenhouse emissions is being maximized every year.3 The energy division has to play 

a major role to minimize the uncontrollable emissions of greenhouse gases. The development of 

innovative technologies is really essential to tackle the global energy demand with no greenhouse 

gas emissions. Recently, the emission of greenhouse gases from the consumption of oil and coal 

covers more than 70% of the world's greenhouse gas. To avoid the devastating consequences, the 

Intergovernmental Panel on Climate Change (IPCC) warns that the raised temperature related to 

global warming and the atmospheric CO2 concentration should always be below 2 °C and 450 

ppm, respectively.6 To achieve the minimum worldwide emissions of CO2 gas, awareness of 

climate change and the related consequences should be considered globally. The development of 

noble technologies generating low percent of CO2 emission has to be enhanced for alternative 

energy sources. In 2015, United Nations Climate Change Conference, 197 countries have signed 

to control the raised temperature below 2 °C related to global warming.7 To overcome the present 

scenario, renewable energy systems with advanced technologies should be invented to tackle the 

global energy demand and climate change.  
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1.2 RENEWABLE ENERGY SOURCES 

The development of new innovative technologies with renewable carbon-free energy 

sources is essential to resolve global energy demands along with fossil fuel-based global warming. 

Renewable carbon-free energy sources such as solar, wind, nuclear, geothermal, and hydroelectric 

energy systems, etc., are responsible for the reduction of CO2 emission and have the potential to 

fulfill the energy demand. Figure 1.1 is the current distribution of the energy sources, which 

indicates the dominant position of solar energy among all other non-renewable and renewable 

energy systems.8 Some part of the projected solar energy falls on the earth’s surface and that energy 

is measured as solar irradiance. The wavelength () of solar radiation that reaches to earth is in the 

range of 100 nm to 1mm. The yearly flow of energy from the Sun to earth is very high, i.e., in 

several orders of magnitude in comparison to other renewable sources. A very high energy of ~ 

1,73,000 TW, i.e., 1000 times higher compared to human energy demand, is provided by the Sun 

to earth.9 Solar energy is sufficient enough to fulfill human lifetime energy demand. The 

challenging part is to cover the harvesting, storing and application of solar energy by approaching 

innovative economically feasible methods. Solar power is the only one having the sufficient 

potential to fulfill the global energy demand in recent and future times with zero CO2 emission.  

 

Figure 1.1 Availability of energy sources on the earth that can be applied for energy production (reproduced from 

source: https://commons.wikimedia.org/wiki/File:Global_Energy_Potential_2014_08_09.svg).  
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Among various technologies, photovoltaic, solar thermal, and solar fuels are able to harvest 

solar power prominently from the Sun. Photovoltaics is known to be one of the strong-growing 

industries having widely distributed technologies.10 But in photovoltaics, the storage of generated 

electricity is having an intrinsic issue.11 For proper utilization of solar power, a noble approach 

corresponds to the conversion of energy from solar to chemical form along with its storage. 

Hydrogen (H2) production from water splitting by utilizing solar power is known to be a promising 

fuel for harvesting solar energy, which involves fuel cells with no CO2 emissions.12  

The zero-emission fuel, popularly known as hydrogen, has a very high ~141.7 MJ kg-1 

calorific figure in comparison to other conventional energy sources such as methane (~ 55.5 MJ 

kg−1), diesel (~ 45.6 MJ kg−1), kerosene (~ 46.2 MJ kg−1) and gasoline (~ 46.4 MJ kg−1).13,14 In 

recent times, coal gasification and steam reforming methane gas are the major techniques to 

produce H2 gas on an industrial scale. However, these techniques emit a huge amount of 

greenhouse gases.15 Therefore, it is necessary to get a low-cost noble approach for efficient carbon-

free H2 fuel generation having remarkably high efficiency and good sustainability. Recently, an 

extensive techno-economic analysis (TEA) has published a report on the feasibility of H2 

generation from water electrolysis based renewable energy systems.16 Among numerous ways, 

photoelectrochemical (PEC) water splitting is a futuristic way to tackle energy demand by 

generating H2 fuel.      

1.3 PHOTOELECTROCHEMICAL WATER SPLITTING 

 Photoelectrochemical (PEC) water splitting, a futuristic way to harvest clean and 

sustainable hydrogen fuel driven by solar energy for resolving the global energy demand. PEC 

water splitting is similar to electrolysis, involving two processes, i.e., water reduction at the 

cathode for hydrogen generation and water oxidation at the anode for oxygen generation.17,18 The 

major advantage of the PEC system is the generation of both hydrogen and oxygen gas separately 

during the process.19 It is essential for at least one electrode to be a semiconductor having light 

harvesting ability.20 In general, n-type semiconductor based photoanodes are exposed to sunlight 

for electron-hole pair generation through photoexcitation of electrons (e-) in the photoanode from 

the valence band (VB) to the conduction band (CB), leaving behind the holes (h+) at VB. The 

remaining h+ carriers at the VB move to the photoanodic surface for promoting water oxidation 

activity and the e- carriers at the CB move to the cathodic surface via an external circuit for 
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promoting water reduction activity.21-23 The corresponding chemical reactions with a schematic 

for this PEC activity are provided below in Figure 1.2:24,25          

Cathode: 2H+ + 2e− → H2 ;   Ereduction
0 = 0V                                                                         (1.1) 

Photoanode: 2H2O + 4h+ → O2 + 4H+ ;  Eoxidation
0 = 1.23V                                                (1.2) 

Overall water − splitting: 2H2O → 2H2(g) + O2(g)                                                              (1.3) 

For water splitting processes, a minimum potential of 1.23 V, followed by the above 

reaction and the Nernst equation, is needed. In general, minimum thermodynamical photon energy 

of 1.23 V is needed to split water into hydrogen and oxygen. Hence, the semiconductors with a 

minimum 1.23 eV bandgap is crucial for water splitting. In principle, to drive water oxidation and 

reduction reactions by the charge carriers upon light illumination, the VB and CB of the 

semiconductor must be more positive (+ve) than 1.23 V vs NHE and more negative (-ve) than 0 V 

vs NHE, respectively.26       

 

Figure 1.2 Schematic of PEC cell in which water is oxidized to O2 at photoanode and water is reduced to H2 at 

photocathode.  

Though semiconductors play a key role in PEC water splitting under light irradiation, some 

other related features will reduce the PEC efficacy. As the maximum portion of the solar 

illumination meets to earth with visible range, i.e., 400 to 700 nm, it is important to choose a 

semiconductor having suitable band alignment and bandgap to harvest maximum light.27 The  

Planck's energy–frequency relation (E=h=h(C/)) confirms the bandgap of visible light 
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responsive materials (photoactive materials) to be in the range of 3.1 eV to 1.7eV. A major 

drawback in PEC activity is the recombination of electron-hole carriers at the interface of 

semiconductor and electrolyte because of the surface and lattice defects. It is challenging to drive 

oxidation, reduction reactions and solid-liquid interfacial kinetics by using an appropriate material 

having the desired overpotential.28 The semiconductors with a suitable bandgap range of ~ 1.6 to 

~ 2.4 eV are the appropriate materials to drive PEC water splitting.29 Understanding the kinetics, 

thermodynamics and physical parameters related to catalyst surface and semiconductor electrolyte 

interface is really important to design an ideal semiconductor for boosted PEC water splitting.   

1.4 APPROACHES TO IMPROVE PHOTOELECTROCHEMICAL 

PERFORMANCE 

The most focused inquiry in PEC water splitting is the generation of H2 and O2 gas by the 

semiconductor-based catalyst. Photoanodic oxidation is the crucial primary reaction for 

photocathodic reduction to generate H2 gas. According to equation 1.2, for one molecule of O2 

generation, four electrons and protons were extracted from two molecules of water. To oxidize 

water molecule in single step, it is exceedingly difficult to accumulate and store four numbers of 

oxidized electron-hole pairs in the photoanode. The overall PEC water splitting is hindered by both 

thermodynamic and kinetic complications.30 Hence, the designing of efficient PEC water oxidation 

catalysts is the primary essential feature to develop an ideal efficient PEC device. 

      

Figure 1.3 PEC activities and the related features to influence its performance. 
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The PEC water oxidation includes solar energy harvesting, electron-hole carriers 

generation, photogenerated charge carriers separation and recombination, charge carriers 

transportation and surface reactions.31,32 The major criteria to be an ideal photoanode are (I) VB 

has to be more +ve than 1.23 V vs NHE; (II) light absorption range should be broadened; (III) 

maximized charge carriers separation by minimizing recombination; (IV) maximum transportation 

of charges to the photoanodic surface; (V) having high active surface sites; (VI) faster kinetics for 

water oxidation; (VII) longer operational stability in different electrolytes with a wide range of 

pH; (VIII) Ecofriendly and cost-effective.33 Figure 1.3 represents the schematic of PEC activity 

having different features to influence the performance. There are so many photoanodic materials 

satisfying all the criteria to be the ideal photoanode. But only a few of them are able to perform 

high water oxidation activity.34-36 Therefore, it is challenging to design a very high efficient 

photoelectrochemical photoanode. 

In a PEC cell, the improvement in each step should be considered to get a high solar-to-

hydrogen (STH) efficiency. It is important to select a semiconductor having suitable band  

 

Figure 1.4 Schematics of various strategies to improve the photoanodic efficiency for PEC water oxidation 

(Reproduced from Adv. Funct. Mater. 2019, 29, 1808032). 
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alignment, bandgap, and earth abundance for efficient PEC performance. Figure 1.4 represents 

the major strategies to maximize the PEC efficacy, i.e., (a)structure engineering, (b) elemental 

doping, (c) different heterojunctions, (d) surface passivation, (e) hole extraction and (f) co-catalyst 

modification. 

1.4.1 Structure engineering 

 The minimized recombination of electron-holes enhances the PEC water splitting 

efficiency. However, the recombination of electrons-holes is very high in the planner surface 

which leads to the lesser photocurrent. Also, the nanosized mesoporous catalyst doesn't have this 

necessity because of the presence of a huge number of grain boundaries which perform as carrier 

trapping sites to enhance the electron-holes recombination rate.37 Therefore, designing well-

organized nanostructured arrays of metal oxide based nanotubes, nanowires, nanorods, nanosheets, 

nano-cone and nanodots with minimum carrier diffusion length is a feasible approach for 

minimizing electron-holes recombination.38 According to reported literatures, one dimensional 

(1D) nanostructured photoanode of hematite nanotubes,39 nanobelts,40 nanowires,41 nanorods,42 

ZnO nanorods,43 and TiO2 nanotubes44 exhibits boosted PEC water oxidation. Two-dimensional 

(2D) nanostructured photoanode has a very high surface area which provides better connection 

and interaction among the photoanodic surface and electrolyte.45 Also, very thin 2D materials have 

a shorter hole diffusion length for moving the holes to the surface of the materials.46 The WO3 

nanosheets,47 nanoplates,48 BiVO4 nano-worms,49 and hematite nanosheets50,51 show efficient PEC 

activity by maximizing the charge carrier's separation and transportation. Three-dimensional (3D) 

materials have the advantage of reducing overpotential for better catalytic activity, efficient light 

harvesting, and greater interfacial interactions between the photoanode and the electrolyte.52 The 

3D normal spinel structured ZnFe2O4,
53 TiO2 nano-tunnels,54 hematite urchin-like structure55 

provide better PEC performances. Hence, structure engineering of photoanode offers high charge 

separation and transportation by reducing carrier diffusion length and large interfacial interactions 

between the catalyst and electrolyte.56  

1.4.2 Elemental doping 

The engineering of photoanodes through elemental doping offers improved optical and 

electrical features by producing intrinsic defects. As per experimental and theoretical studies, the 

doping of elements with anionic or cationic phase to the metal oxide semiconductor tunes the band 
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alignments and bandgap, which regulate the light absorption range, charge carrier density, 

electrical conductivity, growth orientation, crystallinity, shape, and Size.57-63 The elemental doping 

can be done by two different processes, i.e., in-situ or ex-situ. In general, in-situ doping provides 

uniformity of the dopants throughout the surface of the photoanode, and in ex-situ doping, the 

concentration of dopants reduces gradually from the outer surface to the bulk area.64,65 As the WO3 

photoanode has a very low carrier density, transition metal dopants such as Zn, Ag, Bi, Ti, Te, Fe, 

Gd, Ta, Cu, Ce, Mo, and Ni have been used with WO3 catalyst for boosted PEC performance.66-71 

Doping in BiVO4 film tunes the band alignment, morphology and electron-holes separation of the 

photoanode.72 The charge carrier concentration is directly and inversely proportional to the bend 

bending and depletion layer width, respectively.73 Also, the optimization of dopant concentration 

is crucial for high PEC efficacy because the high concentration of dopant leads to high numbers 

of recombination centers.74    

1.4.3 Semiconductor heterojunctions 

 In the PEC system, the internal driving force of a single material is not sufficient for 

efficient charge carrier separation and transportation, which indicates the need of an external 

driving force for better performance. Designing of heterojunction among two or more 

semiconductors needs to have suitable band alignments for a wide range of light harnessing and 

better charge separation with lower charge recombination in comparison to the single one. These 

heterojunctions form a built-in electric field, the main driving force to separate the photogenerated 

electrons-holes efficiently.75 The combination of two n-type materials forms an n-n heterojunction 

and the CB of the semiconductor, nearer to the electrolyte, has to be higher than the CB of the 

other one. WO3/BiVO4,
76-78 WO3/Fe2O3,

79 ZnO/BiVO4,
80 and Fe2O3/Fe2TiO5

81 are some of the 

well-known n-n heterojunctions for efficient PEC water oxidation. Similarly, in p-n 

heterojunctions, the p-type semiconductor should be present at the electrolyte side. The p-n 

heterojunctions such as p-Cu2O/n-BiVO4,
82 p-NiO/n-Fe2O3,

83 p-CuBi2O4/n-BiVO4
84 and p‐

Co3O4/n‐Fe2O3
85 have been explored for high PEC performance. Another heterojunction approach 

is the Z-scheme which involves the combination of electrons from the CB of one semiconducting 

material with the holes from the VB of another one. ZnO/Au/SnO2
86 and Se/BiVO4

87 are the Z-

scheme approaches related to efficient interfacial charge transfer. Homojunctions of WO3-x/WO3, 

Zn:BiVO4/Mo:BiVO4, and Mg-Fe2O3/P-Fe2O3 are also studied for high charge separation due to 

the elimination of lattice mismatch and the formation of the built-in electric field.88-90 
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1.4.4 Surface passivation 

 Surface defect, creating the electron-holes recombination at the photoanode-electrolyte 

interface, is a major limitation of the photoanodes for PEC activity.91 The surface passivation 

through the incorporation of a thin oxide overlayer can eliminate the surface defects for extracting 

the charge carriers to the interface of photoanode-electrolyte.92 However, the optimization of the 

thickness of the overlayer is crucial for higher efficiency. As the crystal boundary of the 

semiconductor causes surface defects, the oxide layer of minimal thickness with amorphous nature 

is known to be highly operative for surface passivation. A very thin overlayer of Al2O3, ZnO, 

Ga2O3 and TiO2 were analyzed to reduce the surface defects.93-95 An interaction between the 

semiconductor and overlayer release the lattice strain from the semiconductor and recombination 

of charge carriers at the surface.94 Hence, the surface passivation minimizes the recombination at 

the photoanodic surface and also protects from corrosion and chemical dissolution.   

1.4.5 Co-catalyst modification  

 In a PEC cell, thermodynamically controlled high energy consuming anodic water 

oxidation is more critical over the kinetically controlled cathodic water reduction, which indicates 

the poor kinetics at the interface of photoanode-electrolyte. The incorporation of oxygen evolution 

catalyst over the photoanode, simply called “co-catalyst modification”, minimizes the 

overpotential and charge carrier’s recombination, faster the oxidation kinetics at the interface of 

photoanode-electrolyte and maximizes the photoanodic durability. Metal oxides such as RuO2 and 

IrO2 are some of the efficient oxygen evolution co-catalysts (OECs); however, they are less 

appropriate for practical application because they are low earth-abundance and high-cost 

materials.96 Among various OECs, cobalt oxides have been a promising co-catalyst for water 

oxidation at neutral pH.97,98 The major advantage of Co-Pi is that it requires lower overpotential 

for water oxidation at neutral conditions. Also, Ni and Fe-based OECs have been widely analyzed 

due to their magnificent electrocatalytic performances.57 More complexed OECs, such as NiFe 

oxide/hydroxide has been introduced due to its transparency to visible light irradiation. Low-cost 

layered double hydroxides (LDHs) of metals related to Co, Fe, Mn and Ni are emerging OECs for 

maximized charge separation and accelerated PEC water oxidation kinetics.57 New grouping of 

several metal oxides and hydroxides as OECs needs to be explored for efficient PEC activity.    
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1.4.6 Electron/hole extraction layer 

As per the reported literature, R. van de Krol et al. have noted the ability limitation of OECs 

due to lacking of hole extraction from the photoanodes, which reduces the thermodynamic driving 

force.99 To sort out the above limitation, band bending must be maximized at the interface of the 

photoanode-electrolyte.100 K.-S. Choi et al. have inserted a hole extraction layer of FeOOH 

between the BiVO4 semiconductor and NiOOH co-catalyst to enhance the PEC water oxidation 

kinetics.101 K. Domen et al. have incorporated a p-type NiO layer over an n-type CoOx/BiVO4 

photoanode for faster hole extraction by the construction of p-n junction.102 Recently, Zhang et al. 

have inserted black phosphorene hole extractor in between BiVO4 semiconductor and the co-

catalyst to enhance the PEC performance.103 Polyaniline, a very thin layer transports the holes 

easily from BiVO4 to NiOOH co-catalyst for boosted efficiency.104 In PEC water oxidation, the 

insertion of hole extractors between semiconductor and OECs finds great attention for high 

performance. The ability of the hole extractor can also be tuned with different morphologies such 

as 0D nanosized dots, 2D nanosheets etc.          

1.5 MOTIVATION AND OBJECTIVES OF THE PRESENT WORK 

BiVO4, WO3 and Fe2O3 are promising metal oxide-based semiconductors for PEC water 

oxidation having proper band alignments and band gaps related to water oxidation, photo-stability, 

and earth abundance. However, the reported water oxidation performance remains too poor for 

commercialization because of insufficient photogenerated electron-holes separation and 

transportation.105 These key limiting factors can be shorted out by approaching several methods 

for high PEC water oxidation performance. The current thesis work approaches to different 

objectives as follows:  

[1] Designing new emerging semiconductors as photoanode for efficient PEC water oxidation.   

[2] Synthesis of known photoanodes with different novel nanostructured morphologies for 

better charge separation, transportation and high surface area. 

[3] Fusion of different approaches such as structure engineering, elemental doping, electron 

and hole extractor modification, heterojunctions and co-catalyst incorporation for stable 

and efficient photoanodes.  

[4] Implementation of less explored supporting materials for known photoanodes having 

unique properties to make the photoanode more efficient.  
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[5] Well understanding of above mentioned approaches with proper charge transfer 

mechanism at several interfaces. 

[6] Engineering and fabrication of simple, novel, low-cost, and eco-friendly efficient 

photoanodic materials. 
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                                                    CHAPTER 2 

 

Experimental Section 

 
This chapter defines the basics of instrumental methods and procedures for material 

characteristic analysis and device fabrications. Also, a brief overview of parameters related to 

photoelectrochemical analysis and electrochemical impedance spectroscopy is provided.    
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2.1 INTRODUCTION 

This chapter covers the discussions of material synthesis, fabrications and characterizations 

for PEC water oxidation. The chemicals and materials related to the above synthesis and 

fabrication processes have been listed. All characterization techniques related to materials analysis 

have been mentioned. The PEC measurements along with the experimental set up have also been 

discussed. The crucial PEC techniques have been discussed briefly for better understanding.         

2.2 CHEMICALS AND REAGENTS USED   

Fluorine doped tin oxide (FTO) conducting substrate (Sigma Aldrich), sodium tungstate 

dihydrate (Na2WO4·2H2O) (Sigma Aldrich), ammonium oxalate monohydrate ((NH4)2C2O4·H2O) 

(Himedia), sodium sulphate anhydrous (Na2SO4) (Merck), indium (III) chloride (InCl₃) (Sigma 

Aldrich), melamine (C3H6N6) (Sigma Aldrich), boric acid (Merck), phosphonitrilic chloride trimer 

(PCT) (Sigma Aldrich), boron powder (Sigma Aldrich), N N-Dimethylformamide (N,N′-DMF) 

(Sigma Aldrich), potassium iodide (KI) (Merck), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) 

(Sigma Aldrich), p-benzoquinone (Sigma Aldrich), nitric acid (Merck), vanadyl acetylacetonate 

(VO(acac)2) (Sigma Aldrich), dimethyl sulfoxide (DMSO) (Merck), hexagonal boron nitride (h-

BN) powder (Sigma Aldrich), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O) (Sigma Aldrich), 

chromium(III) nitrate nonahydrate (Cr(NO3)3·9H2O) (Loba Chemie), urea (Merck) and 

ammonium fluoride (NH4F) (Sigma Aldrich). All the analytical chemicals and reagents have been 

used for synthesis and fabrication without any purification. For the synthesis protocol, we have 

used Mili-Q water of 18.2 MΩ-cm.  

2.3 CHARACTERIZATION OF AS-SYNTHESIZED MATERIALS AND    

PHOTOELECTROCHEMICAL DEVICES 

The characterizations of all the synthesized materials for PEC water oxidation have involved 

various instruments as follows:   

[1] To identify the crystalline structure and phase purity of the synthesized materials, X-ray 

diffraction (XRD) analysis were carried out by Rigaku SmartLab 9 kW (Cu Kα light 

source, λ =1.54 Å) having 0.5 °/sec scanning speed. 
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[2] The UV-Vis absorption spectra were characterized on Shimadzu UV-2600, JASCO Model 

V-650 and PerkinElmer Lambda 750 UV/VIS/NIR spectrophotometers at room 

temperature by taking reference of BaSO4. 

[3] The Fourier transform infrared (FTIR) analysis was carried out in PerkinElmer Spectrum 

Two instrument using KBr pellets.  

[4] The photoluminescence (PL) measurements were performed by Horiba−Jobin Yvon 

Fluoromax-4 and Horiba Scientific Fluoromax-4 spectrophotometers. 

[5] Time-resolved photoluminescence (TRPL) analysis were performed through Edinburg 

Lifespec II Instrument.  

[6] The field emission scanning electron microscopy (FESEM) related morphological features 

of the photoanodes were studied by Zeiss Sigma-300 instrument with 5 kV operating 

voltage. 

[7] Field emission transmission electron microscopy (FETEM) related all analysis were 

performed through JEOL JEM 2100F microscope with 200 kV operating voltage. 

[8] X-ray spectroscopy (EDS) analysis for elemental and compositional study were analyzed 

by INCA, Oxford instruments. 

[9] The X-ray photoelectron spectroscopy (XPS) analysis were measured through Omicron 

Nano Technology instrument with Al K irradiation and Thermo-Fisher Scientific 

photoelectron spectrometer (ESCALAB Xi+) equipped with X-ray source (hν = 1486.6 

eV) of a monochromatized Al-K. 

[10] The real surface and roughness analysis were characterized through the atomic force 

microscope (AFM) instrument of Asylum Cypher, Oxford Instruments. 

[11] To know the surface charge of the synthesized material, the zeta potential analysis was 

recorded on Malvern Nano-ZS90 ZETASIZER instrument. 
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[12] The PEC measurements such as linear sweep voltammetry (LSV), chronoamperometry and 

cyclic voltammetry (CV) measurements were analyzed on the CH-instrument of model 

CHI1120B and GAMRY INTERFACE 1010 E potentiostat.  

[13] The incident photon to current efficiency (IPCE) analysis was obtained from Newport Oriel 

IQE-200 instrument having a quartz tungsten halogen lamp of 250 W.  

[14] Electrochemical impedance spectroscopy (EIS) and Mott−Schottky (MS) analysis were 

performed through the CH-instrument of model CHI760D and GAMRY INTERFACE 1010 

E potentiostat.  

2.4 PHOTOELECTROCHEMICAL MEASUREMENTS 

The LSV, chronoamperometry and CV measurements of the photoanodes were analyzed 

through the potentiostat of CHI1120B and GAMRY INTERFACE 1010 E by using a three-

electrode system. A neutral medium pH = 6 maintained 0.1 M Na2SO4 aqueous electrolyte, purged 

with N2 gas for 30 min was used for all PEC measurements. A standard three-electrode setup 

having fabricated thin-films as the working electrode, Ag/AgCl electrode as reference electrode 

and platinum wire or graphite rod as the counter electrode was used for the PEC analysis. The 

measured potentials alteration from Ag/AgCl to reversible hydrogen electrode (RHE) scale can be 

signified as:1 

               ERHE = EAg/AgCl + 0.059pH + E°Ag/AgCl   ………………… (2.1) 

Where ERHE, E°Ag/AgCl are the potentials against RHE and reference Ag/AgCl electrode, 

respectively and pH indicates the pH of electrolyte. The PEC measurements were analyzed under 

tungsten halogen lamp with power equivalent to 1 Sun (100 mW/cm2), Photo Emission Tech., Inc., 

Model-300WSS-PC and SCIENCETECH (Class AAA) SciSun-300 solar simulators having 1.5 G 

Air mass filter. The EIS and MS analysis were performed by potentiostat of CHI760D and 

GAMRY INTERFACE 1010 E. In EIS, the frequency range is maintained from 10,000 Hz to 0.1 

Hz. The MS plots were recorded under dark conditions in DC potential range, i.e., from -1 to +1 

V vs Ag/AgCl. Online gas chromatography (GC) for Faradaic yield of hydrogen and oxygen gas 

evolution was operated on Agilent 7820A and Nucon 5765 instruments. Figure 2.1 is the 

schematic of the complete PEC analysis setup.   
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Figure 2.1 Schematic of the experimental setup for PEC water splitting. 

2.5  PHOTOELECTROCHEMICAL PERFORMANCE PARAMETERS 

2.5.1 Incident photon-to-current conversion efficiency (IPCE) 

The IPCE analysis is very crucial to analyze the quantum efficiency of the PEC device. 

The conversion of incident photons to photocurrent as a function of wavelength by a 

photoelectrode is known as IPCE and it can be represented as follows:2  

                              IPCE = 1240 ×
𝐽sc

λ ×Pmono(λ)
……………………... (2.2)          

Where JSC is the photocurrent density, λ is the wavelength of light, Pmono is the light intensity at 

each wavelength. 

2.5.2 Faradaic yield 

The Faradaic yield of a catalyst indicates the transported charge carrier's percentage for H2 

and O2 gas generation during the electrochemical process. The quantification of H2 and O2 gas 

generation is needed for Faradaic yield. Faradaic yield is the comparison between the real amount 

of evolved gases and the expected amount of evolved gases based on the total transportation of 

charge carriers throughout the water splitting process. The Faradaic yield equations for H2 and O2 

gas generation are as follows: 3,4  
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FE of O2(%) =
4×nO2 (mol)×F (C mol−1)

Charge passed through working electrode (C)
 ……………………… (2.3)                                                                        

FE of H2(%) =
2×nH2  (mol)×F (C mol−1)

Charge passed through working electrode (C)
 ……………………… (2.4)                                                                        

The calculation for charge carriers, passed through working electrode can be expressed as follows: 

Charge passed through working electrode (C) = (photocurrent (A) × time(t))……… (2.5) 

The photocurrent density is JSC (A cm-2), the analysis time period is t (sec), the illumination area 

on the photoelectrode is A (cm2), the electronic charge is C (1.602×1019 C) and the Avogadro's 

number is NA (6.02 × 1023 mol-1). Gas chromatography (GC) is used to quantify the amount of 

evolved O2 and H2 gas.2   

2.6 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) 

MEASUREMENTS 

The parameters such as conductivity and resistivity of a PEC cell indicate the charge transfer 

behaviors inside the electrical circuit. These parameters can be obtained from EIS analysis, which 

helps to understand the reaction mechanism at the surface of the photoelectrode. Generally, EIS 

analysis is carried out under bias potential in an electrolyte solution. 

2.6.1 Nyquist plots 

In EIS analysis, a perturbation is applied to the photoelectrode through a small amplitude 

based sinusoidal signal at a certain bias and the response is recorded. An alternating current (AC) 

signal of variable frequencies (from 0.1 Hz to 106 Hz) is applied to the system and the 

corresponding current density of the photoelectrode is noted. In the Nyquist plot, the X-axis 

represents real impedance (Z′) and the Y-axis represents imaginary impedance (Z″).5 In general, a 

Nyquist plot has two regions, i.e., high and low-frequency regions (Figure 2.2(a)). The high-

frequency region indicates the mass transfer process at the bulk of the photoanode and the low-

frequency region indicates the charge transfer process at the interface of photoelectrode-

electrolyte.6 In some cases, more than one semicircle can be possible, which attributes the multiple 

step based charge carrier transfer through reaction intermediates or surface states. The electrode, 

electrolyte properties and other PEC conditions can affect the shape of the Nyquist plot.7 All the 
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Nyquist plot parameters can be fitted with an equivalent circuit model (inset of Figure 2.2(a)). 

The equivalent circuit model comprises series resistance (Rs), bulk charge trapping resistance 

(Rtrap) and photoelectrode/electrolyte charge transfer resistance (Rct), trap-state capacitance (Ctrap) 

and space-charge depletion region capacitance (Cbulk).
8          

 

Figure 2.2 (a) Nyquist plots along with equivalent circuit model to interpret the EIS data and (b) Mott-Schottky plots 

of the materials. 

2.6.2 Mott-Schottky (MS) plots 

In general, the widely used Mott-Schottky plots follow the Mott-Schottky theory, which 

provides qualitative data about the charge transport properties and charge carrier density of the 

semiconductor. The flat band potential (EFB) is another crucial parameter which represents the 

potential at which the potential drop in between the bulk and surface of the electrode is zero 

(Figure 2.2(b)). It obtains the band positions of semiconductors w.r.t. the redox potential of the 

electroactive materials in the electrolyte solution. The EFB and the total charge carrier density (ND) 

of the photoelectrode can be obtained from Mott–Schottky equation as mentioned in equation 

2.6:9,10 

                                        
1

C2
=

1

𝐴2𝑁Deɛɛ0
[E − EFB −

kT

e
]……………………. (2.6)        

The exposed surface area, dielectric constant and capacitance of the photoelectrode are A,  and 

C, respectively. The permittivity of the vacuum is 0, the applied bias is E, the Boltzmann constant 

is k, the temperature is T and the charge of an electron is e.  
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2.7 CHARGE SEPARATION AND INJECTION EFFICIENCIES 

The charge separation efficiency (𝜂𝑠𝑒𝑝) and charge injection efficiency (𝜂𝑖𝑛𝑗) of the 

photoanode can be determined from the hole scavenger (HS) test of the photoanode. In general, 

HSs remove the interfacial hole transfer barrier through scavenging photogenerated holes and 

transfer to the outer surface of the photoanode for high PEC water oxidation activity.11
 HS test is 

performed by adding hole scavenger to the electrolyte with a proper ratio under 1 Sun illumination. 

Different types of HSs such as acidic, neutral and basic medium HSs related to the pH of the 

corresponding electrolyte are used in PEC water oxidation. The photocurrent density arising from 

water splitting (𝐽𝐻2𝑂), 𝜂𝑠𝑒𝑝, and 𝜂𝑖𝑛𝑗 in the presence of HS can be described as follows:11 

                                     𝐽𝐻2𝑂 =  𝐽𝑎𝑏𝑠 ∗  𝜂𝑠𝑒𝑝 ∗  𝜂𝑖𝑛𝑗  ……….………… (2.7) 

                                   𝜂𝑠𝑒𝑝 =  
𝐽𝐻𝑆

𝐽𝑎𝑏𝑠
  ………………………. (2.8) 

                                                 and  

                                   𝜂𝑖𝑛𝑗 =  
𝐽𝐻2𝑂

𝐽𝐻𝑆
  ………….…………… (2.9) 

where 𝐽𝑎𝑏𝑠 is the photocurrent density of photoanode at complete conversion of absorbed photon 

to current. 𝐽𝐻2𝑂 and  𝐽𝐻𝑆 are the photocurrent densities obtained in electrolytes without and with 

hole scavengers, respectively. 

2.8 REFERENCES 

(1) C. Miao, T. Shi, G. Xu, S. Ji and C. Ye, ACS Appl. Mater. Interfaces, 2013, 5, 1310. 

(2) C. Jiang, S. J. A. Moniz, A. Wang, T. Zhang and J. Tang, Chem. Soc. Rev., 2017, 46, 4645. 

(3) J. H. Kim, D. Hansora, P. Sharma, J.-W. Jang and J. S. Lee, Chem. Soc. Rev., 2019, 48, 

1908. 

(4) Z. Chen, H. Dinh and E. Miller, Photoelectrochemical Water Splitting, Springer, 2013. 

(5) X.-T. Xu, L. Pan, X. Zhang, L. Wang and J.-J. Zou, Adv. Sci., 2019, 6, 1801505. 

(6) A. J. Bard, L. R. Faulkner, J. Leddy and C. G. Zoski, Electrochemical Methods: 

Fundamentals and Applications, Wiley, 1980. 

(7) C. Cao and J. Zhang, An Introduction to Electrochemical Impedance Spectroscopy, 

Science Press, 2002. 

TH-2986_176122015



Chapter 2   Experimental 
 

24                                                            
 

(8) B. Klahr, S. Gimenez, F. Fabregat-Santiago, T. Hamann and J. Bisquert, J. Am. Chem. 

Soc., 2012, 134, 4294. 

(9) C. Adel, B. M. Fethi and B. Brahim, Appl. Phys. A: Mater. Sci. Process., 2016, 122, 62. 

(10) H. Dotan, K. Sivula, M. Grätzel, A. Rothschild and S. C. Warren, Energy Environ. Sci., 

2011, 4, 958. 

(11) R. Zhang, Y. Fang, T. Chen, F. Qu, Z. Liu, G. Du, A. M. Asiri, T. Gao and X. Sun, ACS 

Sustainable Chem. Eng., 2017, 5, 7502–7506. 

 

 

TH-2986_176122015



 
 

                                                    CHAPTER 3 

 

Electronic structure modulations of monoclinic tungsten 

oxide nanoblocks by indium doping for boosted 

photoelectrochemical performance 

 
This chapter offers the hydrothermal fabrication of In-doped monoclinic WO3 nanoblocks 

directly over fluorine-doped tin oxide (FTO) substrate without the aid of any seed layer. The 

In3+ ions are partially occupying the W6+ ions in the In-doped WO3 photoanode and offering 

better performance by adding additional charge carriers for amplifying the expression of the 

number of carriers.  

 
0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.5

1.0

1.5

2.0

2.5

Dark

0.71

C
u

rr
e

n
t 

d
e
n

s
it

y
 (

m
A

/c
m

2
)

Potential(V) vs RHE

2.18

1.23V vs RHE

G
la

s
s

F
T

O

H2O

O2

Active photoanode

ND - 3.86  1021cm-3

O2

O2

O2

ND - 1.34  1021cm-3

Potential 

V vs RHE WO3 based Photoanodes

VB

CB
CB

VB

0.47 V EF
EF 0.5 V

2
.8

1
 V

2
.7

9
 V

0

1

2

3

O2/H2O

H2O/H2

M.K. Mohanta et al., 2020, 15, 3886 

TH-2986_176122015



Chapter 3   Electronic structure modulations of WO3 
 

25                                                                Part of this chapter has been published in Chem Asian J. 2020, 15, 3886. 
 

3.1 INTRODUCTION 

                 Monoclinic tungsten trioxide (WO3) is familiar as a superior n-type metal oxide 

semiconductor for PEC water oxidation in recent years because of its suitable band gap (~ 2.7eV) 

for better light-harvesting, excellent hole mobility of around 10 cm2 V-1 s-1, average diffusion 

length (~150 nm) and stability in acidic and neutral.1-3 However, experimental PEC water 

oxidation activities for bare WO3 are not significant compared to its theoretical efficiency due to 

its low carrier density, poor charge separation with undesired charge recombination, and slower 

oxygen evolution kinetics.4,5 Different modifications such as surface and structural engineering of 

semiconductors, heterojunction strategy, quantum dots incorporation for charge collection, 

overlayer deposition, and selective doping of metal ions are applied to get better PEC water 

oxidation efficiency.6-9 The effect of metal or non-metal dopants on pristine WO3 photoanodes 

induces PEC water oxidation activities by tuning band structure and better charge collection.10,11 

Transition metals such as Zn, Ti, Te, Ta, Cu, Ag, Ce, Mo, Ni, Fe, Bi, Gd have already been 

analyzed as dopants with bare WO3 thin film.2,12-16 According to recent studies, the semiconductor 

BiVO4 has been doped with In3+ metal ions for enhancement of PEC activities by surface state 

passivation.17 In this work, we have analyzed the effect of In-doping on bare monoclinic WO3 

photoanode to get higher PEC water oxidation efficacy. Monoclinic WO3 nanoblocks were 

synthesized hydrothermally by in-situ method, which were grown over FTO directly without 

deposition of any seed layer. The ionic radius of In3+ is 0.8 Å, which is similar for doping at 

tungsten site of WO3 with ionic radii of 0.74 Å for W6+. 

3.2 EXPERIMENTAL METHODS 

3.2.1 Synthesis of In-doped WO3 and pristine WO3 nanoblocks photoanode 

WO3 thin-films with nanoblock features were synthesized hydrothermally.18 Firstly, 0.124 

g of sodium tungsten dihydrate (Na2WO4·2H2O) was dissolved in a beaker containing 15 mL of 

deionized water. The precursor solution was stirred for 30 min at room temperature. In another 

beaker, ammonium oxalate monohydrate ((NH4)2C2O4·H2O) of amount 0.117 g was dissolved in 

15 mL of deionized water and stirred for 30 min at room temperature. After 30 min of stirring, 5 

mL of 3 M HCl was added dropwise to the tungsten precursor solution to get a white precipitated 

solution. Then, ammonium oxalate precursor solution was added to the tungsten precursor solution 

with continuous stirring. The white precipitated solution was become colorless after few minutes 
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of stirring. A specific amount of indium(III) chloride (InCl₃) was added to that mixture precursor 

solution with continuous stirring up to 1 hour. After 1 hour of stirring, the final mixture solution 

was transferred to a Teflon-lined stainless steel autoclave. Two pieces of ozonized conducting 

fluorine doped tin oxide (FTO) glass substrates, cleaned with acetone, isopropanol and deionized 

water were placed inside the Teflon vessel by facing the conducting side down. Then, the autoclave 

was placed inside a hot air oven for 8 h at 140 °C. After completion of the hydrothermal reaction, 

the in-situ grown WO3 thin films on the FTO surface were removed from the vessel, cleaned with 

deionized water and dried in a vacuum oven for 30 min at 60 °C. Dried WO3 thin films were 

calcined in a muffle furnace at 500 °C for 1 hour to get monoclinic WO3 thin film. For comparison, 

we have used different weight percent of InCl3 (2 wt%, 3 wt%, 4 wt%) by repeating the following 

procedure. The total synthesis procedure for In-doped WO3 thin film has been given below in 

Scheme 3.2.1 with the graphical for better understanding.  

The pristine WO3 thin films with nanoblocks shape were synthesized using the same 

procedure described above, without the addition of indium(III) chloride.  

 

Scheme 3.2.1 Fabrication of in-situ grown In-doped monoclinic WO3 nanoblocks growing directly over FTO without 

any seed layer. 

 

Hydrothermal reaction

(8h @ 1400C)
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3.3 RESULTS AND DISCUSSIONS 

3.3.1 Powder x-ray diffraction (XRD) and Rietveld refinement analysis 

Figure 3.3.1(a) represents the XRD patterns of pristine WO3 and In-doped WO3 

photoanodes for their crystal structure and phase purity. The monoclinic phase of bare WO3 

photoanode is confirmed by the diffraction peaks, which are matched with the JCPDS card number 

01-072-0677.18 The diffraction peaks for all the modified In-doped WO3 photoanodes are similar 

as that of the undoped WO3 photoanode, which confirms that there is no induced transformation 

of phase due to In-doping. Microstructure and phase purity of bare WO3 and modified In-doped 

WO3 nanoblocks were well investigated using Rietveld refinement analysis, as shown in figure 

3.3.1(b,c).  Crystallography open database (COD) with ID number 2106382 having space group 

P1 21/n1 (a=7.306 Å, b=7.54 Å, c=7.692 Å, =90°, =90.881°, =90°, cell volume=423.681 Å3) 

has been used for Rietveld refinement of monoclinic bare WO3 and In-doped WO3 nanoblocks by  

 

Figure 3.3.1 (a) XRD patterns of pristine WO3 photoanode with monoclinic phase, and In doped WO3 photoanodes 

with varying concentrations of indium (2 wt%, 3 wt%, 4 wt%). Rietveld refinement analysis of (b) undoped 

monoclinic WO3 and (c) In-doped monoclinic WO3. The CIF file containing the necessary parameters of the crystal 

structure of WO3 (COD ID 2106382) was achieved from COD database implemented in Fullprof software to simulate 

the observed XRD patterns using Rietveld refinement. 
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using Fullprof software. The Rietveld refinement analysis confirmed that the leading diffraction 

peak of bare WO3 photoanode (200) has been shifted from =24.26° to =24.32° for the In-doped 

modified WO3 photoanode. All the refined cell parameter values and cell volumes of pristine and 

In-doped WO3 nanoblocks are listed below in table 3.3.1. The change in cell parameters and cell 

volume for In-doped WO3 nanoblocks and bare monoclinic WO3 nanoblocks confirms the shifting 

of diffraction peaks for In-doped WO3 towards higher 2 values. The overall crystal phase 

(monoclinic) and the space group (P1 21/n1) for both bare and modified WO3 nanoblocks remained 

the same (table 3.3.1).  

Table 3.3.1 Rietveld refined powder XRD data of bare and modified In-doped WO3 nanoblocks. 

Photoanode a  

(Å) 

b  

(Å) 

c  

(Å) 

   Volume 

(Å3) 

Rwp Rex 2 

WO3 7.35 7.54 7.72 90° 89.15° 90° 427.50 8.39 6.11 1.89 

In-doped WO3 7.32 7.52 7.69 90° 90.70° 90° 422.99 7.53 5.66 1.77 

3.3.2 UV-visible absorption spectra and Tauc plots 

Figure 3.3.2(a) represents the normalized UV-Visible absorption spectra for undoped and 

In-doped WO3 photoanodes. These spectra confirm the effect of optical absorption properties of 

WO3 thin film by In-doping. The absorption edge of the bare and modified photoanodes were 

recorded at 460 nm, which are well-matched with the reported literature.19 Tauc plots for both bare and 

optimized In-doped photoanodes were plotted on the basis of UV-Visible absorption spectra (figure 

3.3.2(b)). The band gap values for bare monoclinic WO3 and In-doped WO3 thin films were calculated to 

 

Figure 3.3.2 (a) Normalized UV-Visible absorption spectra for undoped and In-doped WO3 photoanodes; (b) Tauc 

plots of bare WO3 and optimized In-doped WO3 photoanodes in addition to their energy band gaps. 
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be 2.81 eV and 2.79 eV, respectively. The required amount of overpotential was weakened slightly 

due to the reduced energy band gap, which helps in amplifying photogenerated charge separation 

for higher efficacy. 

3.3.3 Materials morphology 

Morphological and elemental analysis of pristine monoclinic WO3 and the modified In-

doped WO3 nanoblocks were carried out by the FESEM and EDX analysis (figure 3.3.3). Figure 

3.3.3(a) (bare WO3) and figure 3.3.3(b) (In-doped WO3) show the enlarged FESEM images, 

which confirms the uniformly grown nanoblock shape of both bare and the modified WO3 

photoanodes over the FTO surface. Figure 3.3.3(c) represents the cross-sectional view of modified 

In-doped WO3 thin film, which illustrates the vertical growth of WO3 nanoblocks over the FTO 

surface. The shape and size of both bare and modified photoanodes are similar, having an average 

edge length of 800 nm to 1 m.  

 

Figure 3.3.3  FESEM images of (a) WO3 nanoblocks (b) In-doped WO3 nanoblocks directly grown over FTO by in 

situ method without deposition of any seed layer and (c) cross-sectional view of In-doped WO3 thin film. 

Since doping of foreign elements forms the basis of the present study, we have validated 

an accurate percentage of In dopant in the In-doped WO3 thin films using FESEM-EDX analysis 

of bare WO3 and other In-doped WO3 photoanodes (figure 3.3.4). From EDX data, the values of 

0.0 wt% (0.0 At%), 0.6 wt% (0.3 At%), 0.9 wt% (0.5 At%) and 1.1 wt% (0.6 At%) Indium were 

found for bare WO3, In(2%)-doped WO3, In(3%)-doped WO3 and In(4%)-doped WO3 

respectively. 
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Figure 3.3.4 EDX analysis data of bare and modified In-doped WO3 photoanodes.    

Figure 3.3.5(a) is the FETEM image of monoclinic In-doped WO3 photoanode material, 

which evidences the synthesis of nanoblock structures. Figure 3.3.5(b) shows the high-resolution 

transmission electron microscopy (HR-TEM) image and the inverse fast Fourier transform (IFFT) 

pattern of In-doped WO3 composite. IFFT patterns indicate an average interplanar spacing of ~ 

0.37 nm which is well agreeing to (200) crystal plane of monoclinic WO3.
20

 FETEM-EDX analysis 

was carried out to confirm the presence of individual elements (figure 3.3.6 (i-iv)), which are 

uniformly distributed, i.e., tungsten (red), oxygen (green) and indium (cyan). 

 

Figure 3.3.5 (a) FETEM (b) HR-TEM images of In-doped WO3 photoanode. 
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Figure 3.3.6 (i) STEM image and corresponding individual elemental mapping figures of In-doped WO3 photoanode 

having (ii) tungsten, (iii) oxygen and (iv) indium.  

3.3.4 X-ray photoelectron spectroscopy (XPS) analysis 

In order to explain the electronic structure of both bare WO3 and In-doped WO3 

photoanodes, XPS study was carried out, as shown in figure 3.3.7. Figure 3.3.7(a) is the survey 

spectra of pristine WO3 and In-doped WO3 thin films, which confirms the presence of elements 

such as tungsten and oxygen in both the photoanodes. All the characteristic peaks for undoped and 

doped WO3 thin films are well-matched with the XPS spectra of  W 4f, O 1s and In 3d in the 

reported literature.21,22 Figure 3.3.7(b) indicates the O 1s peaks for bare WO3 and In-doped WO3 

photoanodes. The asymmetric O 1s peaks for both photoanodes were fitted with two different 

peaks, i.e., lattice oxygen peak and surface oxygen vacancy peak. The lattice oxygen peak for WO3 

photoanode was observed to be at ~ 530.55 eV binding energy, which was shifted to lower binding 

energy ~ 530.50 eV with In-doping. Amount of surface oxygen vacancies for modified 

photoanodes were increased by approximately 7% compared to its bare counterpart.  The increased 

oxygen vacancies can be attributed to the doping of In3+, replacing W6+, which induces non-

stoichiometry into the compound, leading to oxygen vacancies. However, due to the minimal 

amount of Indium doping and the ionic radii match, no structural and chemical changes were 

observed. The W6+ 4f7/2 and W6+ 4f5/2 peaks for monoclinic WO3 were observed to be at ~ 35.79 

eV and ~ 37.92 eV (figure 3.3.7(c)). With In-doping, these two W 4f7/2 and W 4f5/2 peaks shifted 

towards the lower binding energies i.e., ~ 35.74 eV and ~ 37.87 eV, respectively. The characteristic 

peaks at ~ 444.27 eV and ~ 451.82 eV represents In3+ 3d5/2 and In3+ 3d3/2, respectively, which 

suggests the presence of In3+ ions in In-doped WO3 photoanode (figure 3.3.7(d)). The ionic radius 

of In3+ (0.8 Å) is similar to that of the ionic radius of W6+ (0.74 Å), which illustrates that In3+ ions 

are partially occupying W6+ ions in modified In-doped WO3 photoanode.  
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Figure 3.3.7 XPS spectra of both bare WO3 and In-doped WO3 photoanodes (a) Survey spectra (b) Oxygen 1s peaks 

fitted with lattice oxygen and surface oxygen vacancy peaks (c) W6+ 4f7/2 and W6+ 4f5/2 peaks of pristine WO3 and In-

doped WO3 thin films (d) In3+ 3d5/2 and In3+ 3d3/2 peaks for In-doped WO3 thin film. 

3.3.5 Photoelectrochemical characterizations 

PEC water oxidation activities of bare WO3 and In-doped WO3 photoanodes were carried 

out in 0.1M Na2SO4 neutral electrolyte under dark and light illumination to know the effect of In-

doping on WO3 photoanode (figure 3.3.8). Figure 3.3.8(a) represents the linear sweep 

voltammetry (LSV) curves of bare WO3 and In-doped WO3 photoanodes. The photocurrent density 

value of 0.71 mA/cm2 at 1.23V vs. RHE was recorded for the bare monoclinic WO3 photoanode. 

In order to optimize the In-doped WO3 thin film, we have analyzed the doping concentration of 

indium from 2 wt% to 4 wt%, as shown in figure 3.3.8(b). The current density values for 2 wt%, 

3 wt% and 4 wt% In-doped WO3 were recorded to be 1.43 mA/cm2, 2.18 mA/cm2 and 1.31 

mA/cm2 at 1.23V vs. RHE, respectively. Finally, the optimized In-doped WO3 photoanode with 3 

wt% indium doping provided the maximum current density value of 2.18 mA/cm2 at 1.23V vs. 

RHE, which is approximately 3-fold higher than that of undoped monoclinic WO3 photoanode. 
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The overloaded In3+ concentration over the WO3 surface i.e., (4 wt%) reduces the current density 

efficiency, which is ascribed to the possible photogenerated electron-hole recombination. The 3-

fold enhancement in PEC water oxidation by indium doping is attributed to better charge 

separation and transfer due to reduced energy band gap. The chronoamperometric analysis was 

carried out to know the change in photocurrent response due to indium doping on the WO3 

photoanode (figure 3.3.8(c)). Current density (J) vs. time (t) curves were recorded under ON-OFF 

conditions by chopping the light at an interval of 20 seconds at the fixed biased potential of 1.23 

V vs. RHE. Photo responses for both bare WO3 and In-doped WO3 are similar to the photocurrent 

densities of LSV curves. 

 

Figure 3.3.8 (a) LSV curves of bare WO3 and optimized In-doped WO3 photoanodes; (b) LSV curves of bare WO3 

and different concentrations of In-doped WO3 photoanodes; and (c) chronoamperometric J−t curves of bare WO3 and 

optimized In-doped WO3 photoanodes. All the PEC water oxidation activities were carried in 0.1 M Na2SO4 neutral 

medium electrolyte out under 1 Sun illumination @ 10 mV/s scan rate at 1.23 V vs. RHE. (d) IPCE spectra of WO3 

and In-doped WO3 photoanodes at 1.23V vs. RHE under monochromatic light of specific wavelength. 
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IPCE spectra analysis was carried to study the effect of photoconversion efficiency for 

WO3 photoanode by In-doping at 1.23V vs. RHE under monochromatic light of specific 

wavelength as shown in figure 3.3.8(d). In the case of bare monoclinic WO3 thin film, a strong 

photo-response was observed at 350-440 nm range, having a maximum 17% IPCE value at ~ 365.5 

nm wavelength. The maximum IPCE value for optimized (3 wt%) In-doped WO3 photoanode was 

reached up to 42% at ~ 373.7 nm wavelength with a broad light response region from 350 to 450 

nm. The IPCE value for In-doped WO3 photoanode was enhanced by ~ 25% as compared to 

pristine monoclinic WO3 photoanode. The increased IPCE value indicates that the enlarged, visible 

light absorption by In-doped WO3 gives more PEC activities at the UV region as compared to the 

bare one.  

3.3.6 Electrochemical impedance spectroscopy (EIS) analysis 

 In order to inspect the effect of In-doping on the WO3 photoanode, EIS measurements were 

analyzed under 1 Sun illumination at 1.23V vs. RHE, as shown in figure 3.3.9. Figure 3.3.9(a) 

indicates the Nyquist plots of bare monoclinic WO3 and In-doped WO3 photoanodes in addition 

to their fitted curves. For clarification, we have proposed an equivalent circuit model for fitting 

the impedance measurement data, as shown in figure 3.3.9(a). The recorded Rct values for WO3 

and In-doped WO3 are 937.4  and 546.8  respectively, which confirms the increment in 

electrical conductivity and interfacial charge transfer between semiconductor and electrolyte due 

to In-doping on WO3 photoanode. The recorded Rtrap values for WO3 and In-doped WO3 

photoanodes are 280  and 49.95 , respectively, which reveals the depletion of trap sites on WO3 

photoanode with boosted hole transfer property due to In-doping. The above resistance parameters 

illustrate that the reduced charge transfer resistance at the semiconductor-electrolyte interface for 

modified In-doped WO3 thin film could be the reason behind enhanced PEC water oxidation 

kinetics. All the recorded Nyquist plot parameters in addition to the charge carrier densities of bare 

WO3 and In-doped WO3 photoanodes, are listed below in table 3.3.2. 

 Figure 3.3.9(b) shows the Mott−Schottky (MS) plots for WO3 and In-doped WO3 

photoanodes. MS plots gave the carrier density values for both WO3 and In-doped WO3 thin films 

to identify the effect of charge carrier property due to In-doping on monoclinic WO3 photoanode. 

The positive slopes for both undoped and doped photoanodes confirm the nature of n-type semi-

conductivities, but the positive slope of undoped WO3 is higher than that of doped WO3. The 
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calculated charge carrier density values for both WO3 and In-doped WO3 photoanodes were found 

to be 1.34 × 1021 cm-3 and 3.86 × 1021 cm-3, respectively. The effect of In-doping on WO3 

photoanode is significant and the charge carrier density for In-doped WO3 was enhanced by 3 

times compared to the bare WO3 photoanode. According to reported literature, the enhanced 

charge density is the reason behind improved electrical conductivity and higher PEC efficacy.2 In 

the case of In-doped WO3 thin film, In3+ ions act as the donor dopants, which help in improving 

charge carrier density by providing additional charge carriers. The recorded EFB value for In-doped 

WO3 photoanode is 0.5 eV, which was shifted by  ~ 0.03 eV from the EFB value of bare WO3, i.e., 

0.47 eV. After modification with In3+ doping, the small positive shifting in EFB value is because of 

the enhanced charge carrier density, reduced bandgap and shifted energy band positions. 

 

Figure 3.3.9 (a) Nyquist plots of bare WO3 and modified In-doped WO3 photoanodes in addition to their fitted curves 

under 1 Sun illumination and (b) Mott−Schottky plots for WO3 and In-doped WO3 photoanodes. 

Table 3.3.2 Fitting parameters of Nyquist plots for bare WO3 and In-doped WO3 photoanodes in addition to their 

charge carrier densities. 

 

3.3.7 Charge separation and charge injection efficiencies 

Hole-scavenger test for bare WO3 and In-doped WO3 semiconductors was carried out to 

get the effect of In-doping on charge separation efficiency and charge injection efficiency for bare 

WO3 (figure 3.3.10(a)). The hole scavenger test was analyzed by the addition of 0.03 M Na2SO3 
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with 0.1 M Na2SO4 electrolyte.8 The recorded current density values for undoped and In-doped 

WO3 photoanodes were 1.64 mA/cm2 and 2.65 mA/cm2, respectively. The current densities were 

enhanced by 2.3 fold and 1.2 fold with hole scavenger for bare WO3 and In-doped WO3 

photoanodes, respectively. In addition to those current densities, the onset potentials were also 

shifted by ~ 0.4 eV towards lower potentials in both cases i.e., from 0.5 eV to 0.1 eV. The huge 

shifting of onset potentials is attributed to enhancement in catalytic activities i.e., overpotential 

reduction which indicates that the photogenerated holes were facilitated significantly from our 

photoanodes towards electrolyte solution at a lower bias. In-doped WO3 photoanode gave 2.18 

mA/cm2 current density without any hole scavenger, which is 1.34 times higher than that of bare 

WO3 with hole scavenger. From this experiment, it was clear that more number of holes are 

available for hole scavenging in normal Na2SO4 electrolyte by In-doping on monoclinic WO3 

nanoblocks in comparison to undoped WO3 in Na2SO4 and Na2SO3 electrolyte. The charge 

separation efficiency was found to be 66% by In-doping on WO3 photoanode, which is ~ 25% 

higher than that of bare WO3 (figure 3.3.10(b)). This result illustrates the better and faster charge 

separation capability of modified WO3 photoanode by doping with indium as compared to that of 

bare WO3 photoanode. Similarly, the charge injection efficiency of ~ 82% for modified In-doped 

WO3, was found to be ~ 38% higher than that of undoped WO3 (figure 3.3.10(c)). In3+ ions play a 

vital role in the improvement of charge carrier densities and higher carrier mobility. Because of 

these factors, charge injection and charge separation efficiency were improved. 

 

Figure 3.3.10 (a) LSV curves in the presence of neutral medium Na2SO3 hole scavenger electrolyte, (b) charge 

separation efficiencies, (c) charge injection efficiencies of WO3 and In-doped WO3 photoanodes at 1.23V vs. RHE 

under 1 Sun illumination. 
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3.3.8 Faradaic yield and stability of the photoanode 

Figure 3.3.11(a) illustrates the Faradaic yield measurements of In-doped WO3 photoanode 

for hydrogen and oxygen evolutions. In-doped WO3 photoanode gave ~ 90% and ~ 94% of 

Faradaic efficiencies for PEC water oxidation and reduction, respectively, after 1 h of experiment.  

figure 3.3.11(b) indicates the operational stability effect of In-doping on WO3 thin film. The 

experiment was carried out for both undoped and doped thin WO3 films in 1M Na2SO4 electrolyte 

at 1.23V vs. RHE under 1 Sun illumination. From 1 hour of experiment, it was clear that both 

photoanodes have almost similar stabilities.  

 

Figure 3.3.11 (a) Faradaic efficiency plot of modified In-doped WO3 photoanode for PEC water oxidation in addition 

to the evolution of both hydrogen and oxygen gas; (b) stability taste for both undoped and doped WO3 thin film. Both 

(a) and (b) analysis were carried out at a fixed potential of 1.23V vs. RHE under 1 Sun illumination. 

3.3.9 Probable mechanism  

Valence band-XPS spectra of bare WO3 and optimized In-doped (3 wt%) WO3 

photoanodes are shown in figure 3.3.12(a). VB position for optimized In-doped WO3 photoanode 

was found to be 2.9 eV, which was shifted by ~ 0.1 eV downward from the VB position of bare 

WO3 photoanode, i.e., 2.8 eV. However, the reduction in bandgap energy and the downward 

shifting of the Fermi energy level of WO3 photoanode due to In-doping were already confirmed 

from optical absorption spectra and MS plot analysis data. By analyzing the above results, it was 

found that the conduction band (CB) position for the modified photoanode was shifted by 0.12 eV 

downward due to In-doping. Both VB and CB positions of WO3 photoanode were altered to higher 

values by the addition of In-dopant, which is attributed to enhanced PEC water oxidation efficacy. 

The probable schematic band position analysis of bare WO3 and optimized In-doped (3 wt%) WO3 
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photoanodes based on their optical absorption, Mott−Schottky and VB-XPS spectra analysis data, 

is provided below in figure 3.3.12(b). 

 

Figure 3.3.12 (a) Valence band-XPS spectra (b) Schematic band position analysis of bare WO3 and optimized In-

doped (3 wt%) WO3 photoanodes. 

3.4 CONCLUSIONS 

In conclusion, we have examined the effect of In3+ dopant on monoclinic WO3 nanoblocks, 

growing vertically over FTO without seed layer deposition. After modification with In3+ dopant, 

it was found that W6+ ions are being occupied partially by In3+ ions in the modified In-doped WO3 

photoanode. These In3+ ions are providing additional carriers for amplifying the number of carrier 

densities. An impressive current density value of 2.18 mA/cm2 has been achieved by the optimized 

In-doped WO3 photoanode at 1.23V vs. RHE, which is ~ 3 times higher than the undoped 

monoclinic WO3 photoanode. The charge carrier density was enhanced by ~ 3 times for In-doped 

WO3 thin film in comparison to bare WO3. The modified photoanode with In-doping provided ~ 

90% of Faradaic efficiency for PEC water oxidation. Higher charge carrier density amplified by 

In3+ dopants on WO3 nanoblocks helps in boosting photogenerated charge separation and 

suppressing charge recombination. This work leads to better efficiency with an inexpensive eco-

friendly strategy for WO3 based PEC water oxidation process.    
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                                                    CHAPTER 4 

 

Hexagonal boron nitride as a superior hole extractor for 

efficient charge separation in WO3‑based 

photoelectrochemical water oxidation 

 
This chapter demonstrates the modification of stable monoclinic WO3 nanoblocks with 

hexagonal boron nitride quantum dots (h-BNQDs) incorporation to improve the 

photogenerated electron−hole separation and additionally to hinder the charge recombination 

process. A comprehensive morphological, optical and photoelectrochemical properties of the 

BNQDs modified WO3  photoanode are presented to understand the hole extraction mechanism 

by BNQDs for efficient PEC water oxidation performance. 

 

M. K. Mohanta et al., 2019, 2, 7457 
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4.1 INTRODUCTION  

As per discussion in the previous chapter, to improve the experimental efficiency of WO3, 

various methods like heterojunction strategy for better charge separation, the addition of metal 

dopants to increase carrier density, the addition of electron charge collectors for better charge 

separation, deposition of overlayer for faster oxygen evolution reaction (OER) kinetics have been 

applied.1-4 Photogenerated electron-hole pair separation is a key factor to enhance efficiency for 

PEC water oxidation. The incorporation of two-dimensional materials such as reduced graphene 

oxide (RGO) has been extensively utilized as a photogenerated charge carrier vehicle to facilitate 

the photogenerated electron-hole separation.5  Graphene-like boron nitride (BN), also known as 

“white graphene” is a structural analogue of graphene having in-plane high thermal conductivity, 

chemical and thermal stability, and minimal toxicity.6 Carbon and graphene quantum dots have 

been sensitized with photoanodes to enhance the PEC performance previously.7 The h-BNQDs, 

synthesized from two-dimensional boron nitride nanosheets have been recently explored as hole-

extracting agents in photocatalysis. From the literature, it is known that BNQDs are negatively 

charged species dominantly at the edge geometry.8-10 By quenching the size of hexagonal BN to 

the quantum dot level, BNQDs show the edge effects and defect centers.9 Thus, BNQDs is a 

suitable candidate to extract the photogenerated holes which can enhance the charge separation, 

thereby the water oxidation efficacy. In the present work, we have studied the effect of BNQDs 

incorporation on in-situ grown monoclinic WO3 nanoblocks directly over Fluorine-doped tin oxide 

(FTO) surface without using any seed layer. The present method of design and fabrication of the 

photoanode materials are simple, effective and may have several applications with respect to other 

photoanode materials. 

4.2 EXPERIMENTAL METHODS 

4.2.1 In-situ growth of WO3 nanoblocks 

WO3 nanoblocks were synthesized directly over the FTO by hydrothermal method.11 In a 

typical synthesis, 0.250 g of sodium tungsten dihydrate (Na2WO4·2H2O) was dissolved in 30 mL 

of deionized water under constant stirring at room temperature. Then, 10 mL of 3 M HCl was 

added dropwise to get a white precipitated solution. At the same time, 0.235 g of ammonium 

oxalate monohydrate ((NH4)2C2O4·H2O) was dissolved in 30ml of deionized water and stirred for 

30 minutes at room temperature. The precursor solution of ammonium oxalate was added to white 
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precipitated tungsten precursor solution with continuous stirring up to 1 hour to get a transparent 

colorless solution. The clear solution was then transferred to a 100 mL Teflon lined stainless steel 

autoclave. Four pieces of FTO glass substrates, which were ultrasonically cleaned with deionized 

water, acetone and isopropanol in sequence and finally dried and ozonized, were immersed and 

leaned against the wall of the Teflon-vessel with the conducting side facing down. Then, the 

autoclave was closed and put inside an oven for the hydrothermal reaction at 140 °C for 8 h. The 

Teflon vessel was allowed to cool down at room temperature, then in-situ growth of WO3 thin 

films were properly washed with deionized water and dried in an oven at 70 °C for 15 minutes. 

After that, dried substrates were annealed at 500 °C for 1 h in a muffle furnace to form WO3 thin 

films.    

4.2.2 Synthesis of BNQDs 

BNQDs were synthesized hydrothermally.12 Firstly, 0.100 g of boric acid was dissolved in 

10 mL of deionized water with continuous stirring for a few minutes at room temperature. After 

dissolving boric acid, 0.034 g of melamine was added to the same precursor solution under 

constant stirring for 30 minutes. Then, the solution mixture was transferred to a 25 mL Teflon 

autoclave and was placed in the oven for the hydrothermal reaction at 200 °C for 15 h. After 

completion of the reaction, the Teflon vessel was allowed to cool down to room temperature, and 

finally, the solution containing BNQDs was collected by filtering the reaction solution with a 0.22 

µm syringe filter.     

4.2.3 Synthesis of WO3-BN Photoanode 

WO3-BN photoanodes were synthesized by the chemical bath deposition (CBD) technique. 

Briefly, as synthesized BNQDs stock solution was diluted to half, one-third and one-fourth by 

adding deionized water and marked as A, B and C, respectively. Then, previously synthesized 

WO3 thin films were immersed in those diluted BNQDs solution of different concentrations and 

placed inside a vacuum oven under temperature 70 °C for 12 h. After completion of the CBD 

reaction, the films with the solution were allowed to cool at room temperature and then the films 

were rinsed properly with deionized water. The films were dried in the oven at temperature 70 °C 

for 1h and annealed by using a hot plate under different temperatures of 200 °C, 300 °C and 400 °C 

for 1 h. Different annealing temperatures i.e., 200 °C, 300 °C and 400 °C were marked as 200, 300 

and 400, respectively. All the modified photoanodes were marked with respect to concentration 
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and temperature such as WO3-BN-X-Y, where X corresponds to concentration and Y corresponds 

to temperature. For a better understanding, a graphical representation of the complete synthesis 

procedure has been given below in Scheme 4.2.1.  

 

Scheme 4.2.1 The fabrication process of in-situ grown WO3 photoanode directly over FTO and the modification of 

WO3-BN photoanode with the incorporation of BNQDs by CBD method. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Thin-film XRD and FT-IR analysis  

The crystal structure and phase purity of as prepared photoanodic materials were 

characterized by thin film XRD measurements, as shown in figure 4.3.1(a).  The diffraction peaks 

of WO3 thin film (after annealing) represent the monoclinic phase of WO3 which corresponds to 

JCPDS number 01-072-0677. The leading diffraction peak (200) of  WO3 nanoblocks at 2 = 

24.27° confirms the pure monoclinic phase.11 No change in peak positions and no extra peaks for 

BNQDs were found from the XRD pattern of WO3-BN by comparing with the XRD pattern of 

WO3. No peaks for BNQDs was found in the composite may be due to the very low concentration 

of BNQDs. In order to confirm the presence of BNQDs in WO3-BN composite, the FT-IR spectra 

for as-synthesized WO3 photoanode, BNQDs, and modified WO3-BN photoanode were carried 
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out (figure 4.3.1(b)). In case of WO3 photoanode, significant peaks at 3432 cm-1, 1632cm-1 and 

821cm-1 indicate the presence of WO3-H2O interactions, W-OH interactions (bending vibrations) 

and W-O-W stretching vibrations, respectively.13 For BNQDs, the significant peaks at 3208 cm-1, 

1413 cm-1, 1181 cm-1, and 715 cm-1 indicate the presence of B-OH interactions, hexagonal B-N, 

BN-O bonding interactions, and B-N bonding interactions, respectively.14 The FT-IR spectrum of 

the modified WO3-BN photoanode indicates the presence of all the significant peaks of WO3 as 

well as BNQDs, which illustrates the proper incorporation of BNQDs on the surface of WO3 

nanoblocks. 

 

Figure 4.3.1 (a) Thin film XRD plots of FTO, bare WO3 and WO3-BN composite; (b) FT-IR Spectra of as-synthesized 

WO3 photoanode, BNQDs, and modified WO3-BN photoanode. 

4.3.2 UV-visible absorption spectra, Tauc plot and PL spectra analysis 

Figure 4.3.2(a) shows the Tauc plot extrapolated from absorption spectra for both bare and 

modified photoanodes for bandgap energy calculations. The absorption bands for both 

photoanodes are similar at 2.86 eV, and the region was found to be 400-500 nm for both cases, 

whereas the absorption band of BNQD was found at a lower wavelength, i.e., at 200-300 nm 

region. The UV-visible spectra and PL spectra of BNQDs (figure 4.3.2(b)) are inconsistent with 

the reported results.6 Tauc plots illustrate that there was no significant change in band gap energy 

value by modification of WO3  photoanode. In overall, the optical response for WO3 photoanode 

was not significantly influenced after the BN modification.    
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Figure 4.3.2  (a) Tauc plots for energy band gap determination of pristine WO3 and modified WO3-BN photoanodes 

along with UV-Visible absorption spectrum of BNQDs; (b) PL spectra of BNQDs at different excitation wavelengths 

from 260 to 280 nm. 

4.3.3 Materials morphology 

In order to know the morphology of monoclinic WO3 thin film directly grown over FTO 

without any seed layer deposition, the FESEM analysis was carried out (figure 4.3.3). The top 

view of WO3 thin film shown in figure 4.3.3(a, b) indicates the uniform distribution of WO3 

nanoblock structures. Incorporation of BNQDs over WO3 photoanode does not change the  

 

Figure 4.3.3  (a and b) FESEM images of WO3 thin film directly grown over FTO by in-situ method, (c) FESEM 

image of WO3-BN and (d) cross-sectional view of WO3-BN thin film. 
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morphology of WO3, as seen from figure 4.3.3(c). The cross-sectional view of the modified WO3-

BN composite shown in figure 4.3.3(d) confirms the vertical growth of WO3 photoanode over 

FTO substrate with an average edge length of ~ 800 nm to 1m.  

FETEM analysis was carried out to further probe the crystal structures and features of the 

in-situ grown WO3 nanoblocks with larger magnification. Figure 4.3.4(a) represents the FETEM 

image of monoclinic WO3 photoanode, which confirms the formation nanoblock structure. Figure 

4.3.4(b) shows the FETEM of WO3-BN composite where BNQDs are distributed over the surface 

of WO3. The size of the BNQDs are found to be of around 5 nm. The enlarged image shown in 

figure 4.3.4(c) further confirms the incorporation of  BNQDs over the surface of  WO3 nanoblocks. 

Figure 4.3.4(d) represents the HRTEM image of  WO3-BN composite and the inverse fast Fourier 

transform (IFFT), where an average interplanar distance of about 0.37 nm corresponds to the (200) 

crystal plane of monoclinic WO3  and interplanar distance of around 0.21 nm corresponds to the 

(100) crystal plane of BNQD.15,16,12 According to the reported literatures, UV absorption spectrum, 

PL spectra and FETEM analysis confirms the QDs characteristics of our as-synthesized 

BNQDs.6,35    

 

Figure 4.3.4  FETEM images of monoclinic (a) WO3 nanoblock,  (b) WO3-BN composite showing the presence of 

BNQDs over the surface of WO3 nanoblock, (c) incorporated BNQDs over the surface WO3 nanoblock and (d) 

HRTEM image of WO3-BN composite. The inset of (d) shows the IFFT pattern of  both WO3 nanoblock and BNQD.  
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Figure 4.3.5 represents the scanning transmission electron microscopy (STEM) images of 

in-situ grown WO3-BN composite to illustrate the distribution of elements and individual 

elemental uniformity in the composite material. Figure 4.3.5(a) signifies the high-angle annular 

dark-field STEM (HAADF-STEM) image of WO3-BN, whereas figure 4.3.5(b) denotes the 

complete elemental mapping of tungsten, oxygen, boron, and nitrogen. Figure 4.3.5(i)-(iv) 

represents the individual mappings of tungsten (red), oxygen (green), boron (cyan), and nitrogen 

(yellow), respectively, which confirms the presence and uniform distribution of all the elements. 

 

Figure 4.3.5 (a) STEM image of WO3-BN, (b) complete elemental mapping of WO3-BN and individual elemental 

mapping showing (i) W, (ii) O, (iii) B and (iv) N.   

4.3.4 Photoelectrochemical characterizations 

In order to know the influence of BNQDs on WO3 photoanode, the photocurrent density 

of all the photoanodes were measured under dark and light illumination condition with Na2SO4 

electrolyte solution. The photocurrent density of bare WO3 was found to be 0.69 mA/cm2 at 

potential 1.23V vs. RHE as shown in Figure 4.3.6(a). Further, the WO3 photoanode was modified 

with different concentrations of BNQDs solution and treated at different temperatures. From 

figure 4.3.6(b), the current density values for WO3-BN-A-200, WO3-BN-A-300 and WO3-BN-A-

400 photoanodes were found to be 0.93 mA/cm2, 1.15 mA/cm2 and  0.74 mA/cm2 respectively. 

Similarly from figure 4.3.6(c) and 4.3.6(d), the current densities for WO3-BN-B-200, WO3-BN-

B-300, WO3-BN-B-400, WO3-BN-C-200, WO3-BN-C-300 and WO3-BN-C-400 were found to be  

1.20 mA/cm2, 1.24 mA/cm2, 0.99 mA/cm2, 1.39 mA/cm2, 1.63 mA/cm2 and 1.11 mA/cm2, 
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Figure 4.3.6 J-V curves of (a) WO3 and optimized WO3-BN photoanodes, (b)  WO3 along with WO3-BN-A-200, 

WO3-BN-A-300 and WO3-BN-A-400 photoanodes, (c) WO3, WO3-BN-B-200, WO3-BN-B-300 and WO3-BN-B-400 

photoanodes, (d) WO3, WO3-BN-C-200, WO3-BN-C-300 and WO3-BN-C-400 photoanodes under 1 Sun illumination 

at a scan rate of 10 mV/s in 0.1 M Na2SO4 electrolyte at 1.23V vs. RHE; (e) zeta potential (ς) plot for BNQDs at room 

temperature; (f) J-t curves of bare WO3 and optimized WO3-BN photoanodes under 1 Sun illumination at a scan rate 

of 10 mV/s in 0.1 M Na2SO4 electrolyte at 1.23V vs. RHE.  
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respectively. With optimized concentration and temperature, the photocurrent density of WO3-BN 

composite (i.e. WO3-BN-C-300) was found to be 1.63 mA/cm2, which is 2.4 times higher than bare 

WO3. As per earlier reports, the hole extraction capability of negatively surface charged h-BN 

could be responsible for the photogenerated electron-hole separation.8 In order to confirm the hole-

extracting ability of BNQDs, zeta potential measurement was carried out (figure 4.3.6(e)). Zeta 

potential (ς) for BNQDs solution was found to be highly negative -34.2 mV, which attributes the 

ability of BNQDs to extract positive ions (holes). The increment in photocurrent density for 

modified photoanodes could be attributed to the exceptional hole extraction property of BNQDs, 

which results in efficient charge separation. The probable hole extraction mechanism is 

represented in the inset of figure 4.3.6(a). Figure 4.3.6(f) explains the chronoamperometric 

analysis, i.e., current density (J) vs. time (t) curves of bare WO3 along with the modified WO3-BN 

photoanodes under light ON-OFF condition. These chronoamperometric measurements were 

taken by chopping the light at a regular interval of 10 seconds at a fixed biased potential of 1.23V 

vs. RHE. Photocurrent density values for both photoanodes are similar, which indicates the similar 

stabilities for both bare and modified photoanodes. By comparing chronoamperometric 

measurements with J-V curves, similar photocurrent responses for WO3 and WO3-BN 

photoanodes were found.   

4.3.5 Electrochemical impedance spectroscopy (EIS) analysis 

EIS measurements were carried out to explore the effect of incorporation of BNQDs on the 

surface of the in-situ grown WO3 nanonblocks under 1 Sun illumination at 1.23V vs. RHE. Figure 

4.3.7(a) represents the Nyquist plots for WO3 and WO3-BN photoanodes along with their fitted 

curves. An equivalent circuit model was proposed to fit and explain all the impedance data (inside 

figure 4.3.7(a)). The Rct values for pristine WO3 photoanode and modified WO3 (WO3-BN) 

photoanode were found to be 2330 Ω and 1649 Ω, respectively. The improvement in electrical 

conductivity was confirmed by these Rct values. These values also confirmed the interfacial charge 

transfer process, which was more favorable in case of modified WO3 photoanode as compared to 

that pristine one. At the same time, the Rtrap values for pristine WO3 photoanode and WO3-BN 

photoanode were found to be 486.2 Ω and 57.75 Ω, respectively which confirms the presence of 

lesser trap sites in case of WO3-BN as compared to bare WO3. All the fitting parameters of Nyquist 

plots along with the charge carrier densities for bare as well as modified WO3 photoanodes have 

been mentioned in table 4.3.1.    

TH-2986_176122015



Chapter 4   WO3 photoanode with BNQDs hole extractor 
 

50                                              Part of this chapter has been published in ACS Appl. Energy Mater. 2019, 2, 7457. 
 

 Figure 4.3.7(b) illustrates the Mott-Schottky (MS) plots for WO3 as well as WO3-BN along 

with their calculated ND values which give the idea about enhanced charge carrier property by 

incorporation of BNQDs on the surface of WO3 nanoblocks. The n-type semiconducting behavior 

of both WO3 and WO3-BN photoanodes was proved by the positive slopes of MS plots in both 

cases. The charge carrier density values for pristine WO3 and modified WO3-BN photoanodes 

were 1.3 × 1021 cm-3  and 3.2 × 1021 cm-3, respectively. The charge carrier density value of the 

modified WO3-BN photoanode was improved significantly, i.e. approximately 2.44 times higher 

than that bare one, which illustrates the improvement in electrical conductivity. In the case of 

WO3-BN photoanode, the BNQDs extract the holes from valence band position of WO3, which is 

the main cause for the improvement in charge carrier density as well as the reduction in electron-

hole recombination.  

 

Figure 4.3.7 (a) The Nyquist plots of WO3 and WO3-BN photoanodes along with their fitted curves under light 

illumination and (b) the MS plots for WO3 and WO3-BN photoanodes. 

Table 4.3.1 Fitting parameters of Nyquist plots for WO3 and WO3-BN photoanodes along with their charge carrier 

density values. 

Photoanode Rs () Rtrap () 10-6 Cbulk        

(F) 
Rct () 10-5 Ctrap 

(F) 

ND (cm-3) 

WO3 63.57 486.2 39.46 2330 1.927 1.3 × 1021 

WO3-BN 57.75 27.96 7.576 1649 2.443 3.2 × 1021 
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4.3.6 Charge separation and injection efficiencies along with operational stability 

In order to calculate the charge separation efficiencies along with charge injection 

efficiencies due to the incorporation of BNQDs, photocurrent densities for both bare and modified 

WO3 photoanodes were measured by the addition of a neutral medium hole-scavenger in the 

electrolyte as shown in figure 4.3.8(a). As a neutral medium hole-scavenger electrolyte, 0.03 M 

Na2SO3 was added with 0.1M Na2SO4 electrolyte to overcome the interfacial hole transfer barrier 

for water oxidation.3 By comparing photocurrent densities for pristine and modified WO3 

photoanodes with and without hole scavenger, it was found that both photocurrent densities and 

onset potentials were increased. The Na2SO3 helps in scavenging the photogenerated holes and 

transports to the surface of WO3 nanoblocks.17 Current density value for bare WO3 photoanode 

was found to be 1.55 mA/cm2 with hole scavenger which is 2.25 times higher than that of bare 

WO3 without hole scavenger. At the same time, current density of modified WO3-BN photoanode 

without hole scavenger was 1.63 mA/cm2
, which is still higher than that of bare WO3 photoanode  

 

Figure 4.3.8 (a) J-V curves in the presence of hole-scavenger Na2SO3, (b) Charge separation efficiency, (c) Charge 

injection efficiency as a function of applied potential and (d) stability test for both bare WO3 and modified WO3-BN 

photoanodes under 1 Sun illumination at 1.23V vs RHE. 
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with hole scavenger. The hole scavenger test proves that BNQD is a superior hole extractor which 

can extract more number of holes from the WO3 surface as compared to the hole scavenging action 

of Na2SO3. The hole separation efficiency for the modified WO3-BN photoanode was reached up 

to 50%, which is 1.3 times higher than that of bare one (figure 4.3.8(b)). Higher charge separation 

efficiency for modified photoanode confirms the better and faster charge separation due to the 

incorporation of BNQDs, as a superior hole extractor. Charge injection efficiency for WO3-BN 

photoanode was found to be 83%, which is 1.85 times higher than the pristine one (figure 4.3.8(c)).  

The increment in charge separation and injection efficiencies illustrates the photogenerated hole 

extraction role of BNQDs above the surface of WO3 nanoblocks which leads to get better water 

oxidation efficiency. Figure 4.3.8(d) is the investigation for the operational stability test of the 

bare WO3 as well as the modified WO3-BN photoanodes in Na2SO4 electrolyte at a fixed potential 

of 1.23V vs. RHE under 1 Sun illumination. Both have similar stabilities and both photoanodes 

were stabilized approximately after 1h of experiment.   

4.3.7 IPCE and Faradaic efficiency 

Figure 4.3.9(a) illustrates the IPCE spectra of pristine and modified WO3 photoanodes at 

1.23V vs RHE. For modified WO3-BN photoanodes, the IPCE value was reached up to 32%, which 

is 2.1 fold higher than that of bare one. The higher value of IPCE for modified photoanode 

confirms the effect of charge separation induced by the incorporation of BNQD as a hole extractor. 

Figure 4.3.9(b) corresponds to the evolution of oxygen and hydrogen gas along with the Faradaic  

 

Figure 4.3.9 (a) IPCE spectra for bare WO3 and WO3-BN  photoanodes and (b) the amount of oxygen and hydrogen 

gas evolved by WO3-BN photoanode along with the Faradaic efficiency of  WO3-BN photoanode for water oxidation 

at a fixed potential of 1.23V vs. RHE under 1 Sun illumination with time. 
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efficiency O2 evolution of modified WO3-BN photoanode. This analysis was carried out through 

online GC under 1 Sun illumination in 0.1 M Na2SO4 electrolyte at a fixed potential of 1.23V vs. 

RHE. The experimental value of oxygen and hydrogen evolved were compared with the theoretical 

value of oxygen and hydrogen evolved to get the Faradaic efficiency value. Approximately 83% 

of Faradaic efficiency was found for water oxidation after 1h. 

4.4 CONCLUSIONS 

In summary, we have modified the pristine monoclinic WO3 photoanode by incorporation 

of an excellent noble hole extracting agent, i.e., BNQDs above the surface of  WO3 nanoblocks. 

After modification of WO3 photoanode, the photocurrent density value for the modified WO3-BN 

photoanode was found to be 1.63 mA/cm2, which is approximately 2.4 fold higher than the pristine 

one. The charge carrier density value for modified WO3-BN was improved up to 3.2 × 1021 cm-3, 

which is around 2.44 times higher than that of bare WO3 photoanode. BNQDs help in better 

efficient charge separation as well as retard electron-hole recombination. A huge number of holes 

are available for better water oxidation with faster charge transfer kinetics due to the action of 

BNQDs.  This work offers a magnificent strategy to achieve higher efficiency.  
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                                                    CHAPTER 5 

 

Surface charge directed borophene - phosphorous nitride 

heterojunction formation for enhanced electrochemical 

performance in tungsten oxide based photoanodes 

 
This chapter determines the widely explored zero-dimensional (0D) non-metal based materials 

for photoelectrochemical (PEC) electrode modification due to their faster charge transfer and 

better light harvesting abilities. Herein, we have designed a complimentary charged nanosized 

0D-0D hybrid assemble of positively charged phosphorous nitride dots (PNDs) and negatively 

charged borophene dots (BDs) having favorable type-II heterojunction approach among them. 

A model system has been studied using WO3 as a semiconductor for showing the effectiveness 

of PNDs-BDs for PEC water oxidation. The oppositely charged 0D-0D hybrid model provides 

rapid carrier separation along with minimized carrier recombination to metal oxide based 

semiconductor for enhanced PEC water oxidation. 

 

 

 

 

  

M. K. Mohanta et al., 2023, 59, 1955  
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5.1 INTRODUCTION  

As per discussion in the previous chapter, the heterojunction approach for better charge 

separation can enhance the photoelectrochemical performance of WO3 photoanode.1-3 In recent 

times, non-metal based quantum dots (QDs) incorporation over PEC photoanodes have been 

widely explored for their faster charge transfer and better light harvesting behavior. Zheng et al. 

have achieved faster charge separation and transportation by the incorporation of black phosphorus 

QDs above TiO2 surface.4 Kai-Hang Ye et al. have broadened the light absorption range of BiVO4 

by modification with carbon QDs to achieve higher photoanodic performance.5 Boron nitride QDs 

with hexagonal phase has received greater attention for its hole extracting ability to minimize the 

photogenerated carrier recombination in the semiconductors.6,7 The edge effect is the major 

advantage of these nanodots (0D), which leads the more charge accumulation compared to their 

corresponding 2D morphologies. These 0D nanodots provide superior light absorption, faster 

charge separation with minimized charge recombination and tunable surface for efficient PEC 

performance.8 Similarly, phosphorus nitride (PN), another metal-free semiconductor having 

favorable band alignments and bandgap (~ 3.2 eV) has the potential to exhibit better performance.9-

11 Atomically thin 2D boron (B), also called “borophene”, has been considered to be another 

promising 2D alternative in semiconductor industries such as batteries and supercapacitors, etc. 

Borophene has fascinating physical and chemical properties, high carrier mobility, tunable 

bandgap, superconductivity and high chemical stability.12-15 To date, widely investigated boron 

nanostructures having low dimensions corresponds to nano-cones (2D), nanotubes (1D), 

nanowires (1D), nanosheets (2D) and nanoribbons (2D).16 The synthesis and applications of 0D 

boron dots are reported sparsely. Herein, we have designed a type II heterojunction model between 

PN and borophene by synthesizing 0D crystalline PN dots (PNDs) and amorphous 0D borophene 

dots (BDs). Interestingly, these PNDs-BDs hybrid catalysts are having a complementary 

electrostatic attraction i.e. positively surface-charged PNDs and negatively surface-charged BDs. 

Further, we have designed a hybrid model of WO3 photoanode for enhanced PEC water oxidation 

application using PNDs-BDs hybrid. Due to the band energy positions, there is type-II 

heterojunction formation between bare WO3 and the PNDs-BDs hybrid system. 
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5.2 EXPERIMENTAL METHODS 

5.2.1 Synthesis of nano-sized phosphorus nitride dots (PNDs) 

The PNDs were synthesized by the solvothermal method.11 In a typical synthesis, 20 mg 

phosphonitrilic chloride trimer (PCT) were mixed with 20 mL ethanol and transferred into a 

Teflon-lined autoclave and treated at 180 °C for 12 h. After the completion of the hydrothermal 

reaction, this autoclave was allowed to cool down at room temperature and the obtained solution 

was filtered through 0.22 μm syringe filter, in order to separate the larger particles. The obtained 

PNDs were kept at room temperature for further use. 

5.2.2 Synthesis of 0D borophene Dots (BDs) 

BDs were synthesized by two steps, i.e., sonication and hydrothermal methods. In the first 

step, 30 mL of DMF solution containing 30 mg of boron powder was ultrasonicated at 400 W for 

5 h to obtain the 2D sheets.16 Afterwards, the solution was centrifuged for 30 min at 1500 rpm. 

The brown-colored surfactant containing 2D borophene was decanted to a 50 mL Teflon-lined 

stainless autoclave for 12h thermal reaction at 180 °C. After the reaction, the suspension was 

cooled down and filtered through a syringe filter of  0.22 μm to collect the desired size of 0D BDs. 

 

Scheme 5.2.1 Step wise synthesis of phosphorous nitride nanodots, borophene nanodots and hybrid  nanodots of 

phosphorous nitride and borophene, respectively. 
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5.2.3 Preparation of PND-BDs hybrid 

The PNDs-BDs hybrids were prepared by adding 1 ml of BDs solution to 1 ml of PNDs 

solution and sonicated for 10 min. The obtained hybrid nanodots were kept at room temperature 

for further experiments. A detailed schematic of PNDs, BDs and PNDs-BDs hybrid synthesis has 

been given below in scheme 5.2.1.        

5.2.4 Synthesis of WO3 photoanode 

Nanoblock-featured WO3 photoanode was synthesized directly over fluorine-doped tin 

oxide (FTO) followed by the hydrothermal process.3 Firstly, two different 15 mL aqueous 

precursor solutions of sodium tungsten dihydrate (Na2WO4·2H2O) (0.125 g) and ammonium 

oxalate monohydrate ((NH4)2C2O4·H2O) (0.118 g) were prepared in distilled water. After 30 min 

of stirring, the colorless tungsten precursor solution was converted to white suspension by 

dropwise addition of 3M HCl (5 mL), which was again converted to clear solution by adding 

ammonium oxalate precursor solution to it. After half an hour of stirring, the final mixture was 

decanted to a 50 mL Teflon-lined stainless autoclave for 8h  thermal reaction at 140 °C, having 

well-placed FTOs with conducting side faced down. Afterward, the in-situ grown WO3 samples 

were cleaned properly with deionized water and dried in the oven at 60 °C for 30 min. The WO3 

substrates were annealed at 500 °C in a muffle furnace for 1 hour to obtain WO3 thin films with a 

monoclinic phase.  

5.2.5 Preparation of WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes 

WO3 photoanodes were prepared according to a reported chemical bath deposition (CBD) 

method. As prepared WO3 photoanodes were sensitized in a fixed concentration of PNDs and  BDs 

solution separately  for 10 h at room temperature to fabricate WO3/PNDs and WO3/BDs, 

respectively. After the sensitization process, the films were cleaned with DI water to remove the 

excess PNDs and BDs at the surface of WO3 photoanodes. Then the films were then dried at 100°C 

for 6 h. In order to fabricate WO3/PNDs-BDs photoanodes, the same CBD process was followed 

by immersing those WO3/PNDs photoanodes to BDs solutions for 10h. A detailed schematic of 

bare WO3 and composite WO3/PNDs-BDs photoanodes fabrication has been given below in 

scheme 5.2.2. 

TH-2986_176122015



Chapter 5            Type-II-II′ heterojunction approach with WO3 photoanode 
 

58                                                            Part of this chapter has been published in Chem. Commun. 2023, 59, 1955. 
 

 

Scheme 5.2.2 Step-wise fabrication of bare WO3 and composite WO3/PNDs-BDs photoanodes. 

5.2.6 Fabrication of PNDs photoelectrode 

1mL of PNDs (1 mg/mL) solution in ethanol was mixed with 50 L of Nafion and 

sonicated for 1 h to make a uniform solution. 50 L of the above solution was drop-casted over a 

cleaned FTO substrate and dried at 60 °C for 2 h. This procedure was repeated four times to make 

the PNDs film. After the drop-casting and drying process, the films were heated at 100 °C for 3 h 

to obtain the PNDs photoelectrode film. 

5.2.7 Fabrication of BDs photoelectrode 

1mL of BDs (1 mg/mL) solution in DMF was mixed with 50 L of Nafion and sonicated 

for 1 h to make a uniform solution. 50 L of the above solution was drop-casted over a cleaned 

FTO substrate and dried at 60 °C for 2 h. This procedure was repeated four times to make the BDs 

film. After the drop-casting and drying process, the films were heated at 100 °C for 3 h to obtain 

the BDs photoelectrode film. 

5.2.8 Fabrication of PNDs-BDs photoelectrode 

Firstly, 50 L of the above PNDs solution was drop-casted over a cleaned FTO substrate 

and dried at 60 °C for 2 h. This procedure was repeated two times to make the PNDs film. 

Secondly, 50 L of the above BDs solution was drop-casted over the PNDs film and dried at 60 

°C for 2 h. This procedure was repeated two times to make the BDs film. After the drop-casting 

and drying process, the films were heated at 100 °C for 3 h to obtain the PNDs-BDs photoelectrode 

film. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Analysis for PNDs and BDs (XRD, FETEM and XPS analysis) 

Synthesis of PNDs and BDs has been evidenced by structural, crystalline and electronic 

structure analysis as shown in figure 1. From XRD analysis, the peaks related to PNDs were well 

defined with cubic phase (figure 5.3.1).11 The well-dispersed PNDs with average particle size of 

6 nm was confirmed from FETEM analysis (figure 5.3.2(a)). The HRTEM analysis provides an 

interplanar spacing of 0.19 nm corresponding to (200) crystal plane of PNDs (figure 5.3.2(b)). 

The high-resolution X-ray photoelectron spectroscopy (XPS) data shows the chemical states of 

individual elements P and N with electronic interactions, as shown in figure 5.3.2(e) and figure 

5.3.2(f). The complete XPS analysis with the binding energies were corrected with respect to C 1s 

i.e., 284.8 eV. The XPS core-level spectra of P 2p for PNDs is shown in figure 1(e). The binding 

energy of 133.8 eV in PNDs corresponds to  N ̶ P=N, -conjugated system having P and N 

elements.17 The P 2p core-level spectra was fitted with assigned peaks of 2p3/2 at 133.6 eV and 

2p1/2 at 134.5 eV, respectively. Similarly, figure 5.3.2(f) provides the N 1s spectra of PNDs having 

two peaks at 399.8 eV related to the N-P bond and 401.2 eV related to N-O.18,19   

 

Figure 5.3.1 XRD analysis of phosphorous nitride dots (PNDs), boron powder and borophene dots (BDs). 

From XRD analysis, boron powder is indexed to JCPDS no 48-0083. The BDs were found 

to be X-ray amorphous in nature (figure 5.3.1). The FETEM analysis confirms that the average 

particle size of dispersed BDs i.e., 10 nm (figure 5.3.2(c)). Figure 5.3.2(d) represents the HRTEM 
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analysis of BDs, with diffused ring pattern in selected area electron diffraction (SAED) indicating 

the amorphous nature of BDs. Figure 5.3.2(g) provides the high-resolution B 1s core level XPS 

spectra of BDs. The binding energies of well-agreeing Gaussian peaks for B-N and B-O bond were 

found to be at 188.8 eV and 192.5 eV.19    

 

Figure 5.3.2 (a) FETEM and (b) HRTEM image of PNDs; (c) FETEM and (d) HRTEM image of BDs; Core level 

XPS spectra of (e) P 2p, (f) N 1s and (g) B 1s for PNDs and BDs. 

5.3.2 Analysis for formation of PNDs-BDs hybrid (XRD, FETEM and XPS analysis) 

The prepared hybrid nanodots of PNDs and BDs were confirmed by the FETEM and XPS 

analysis as shown in figure 5.3.3. Figure 5.3.3(a) is the FETEM of the PNDs-BDs hybrid and 

figure 5.3.3(b) represents the HRTEM images of the hybrid nanodots i.e., PNDs-BDs. The 

interplanar spacing of 0.19 nm within the yellow-colored circle corresponding to (200) crystal 

plane of PNDs and the dark spot within the red-colored circle corresponding to amorphous BDs, 

evidences the unaffected structural features of PNDs and BDs. The surface charge analysis of 

PNDs, BDs and the hybrid nanodots was carried out through zeta potential measurements, as 

shown in figure 5.3.3(c). A positive surface charge potential of ς = + 9.5 mV and a negative surface 

charge potential of ς =  - 26.2 mV were found for PNDs and BDs, respectively. These PNDs and 

BDs tend to form a heterojunction due to the columbic interactions via their oppositely charged 

surfaces, which is confirmed from HRTEM analysis (figure 5.3.3(b)) as well as the zeta potential 
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values of the fused PNDs and BDs which is compensated to a net value of  -11.5 mV. The presence 

of the characteristic peaks for P 2p (figure 5.3.3(d)), N 1s (figure 5.3.3(e)) and B 1s (figure 

5.3.3(f)), confirms the existence of PNDs and BDs in the hybrid system. The shift in peak positions 

of P 2p, N 1s and B 1s towards higher binding energy indicates the component interactions in the 

PNDs-BDs hybrid.            

 

Figure 5.3.3 (a) FETEM and (b) HRTEM images of PNDs-BDs hybrid; (c) Zeta potential (ς) measurements of PNDs, 

BDs and PNDs-BDs hybrid; Core level XPS spectra of (d) P 2p, (e) N 1s and (f) B 1s for PNDs-BDs hybrid. 

5.3.3 UV-visible absorption spectra, Tauc plot, PL and TRPL spectra analysis for PNDs, BDs 

and PNDs-BDs hybrid 

In order to investigate the optical response with respect to the band gap of PNDs and BDs, 

the UV-visible absorption spectra, Tauc analysis and steady-state and dynamic PL spectra were 

analyzed. The absorption peaks for PNDs and BDs were recorded to be at 348 nm and 354 nm, 

respectively (figure 5.3.4(a)). These absorption peaks are related to the bandgaps of 3.06 eV and 

3.26 eV for PNDs and BDs, respectively (figure 5.3.4(b)).  

The photoluminescence (PL) and time-resolved photoluminescence (TRPL) with 

corresponding decay analysis have been performed to know the charge transfers between PNDs 

and BDs (figure 5.3.5). Both PNDs and BDs show blue emission peaks at around 424 nm and 457 

nm, with the PNDs-BDs hybrid shows a blue emission peak at 438 nm (figure 5.3.5(a)). 
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Figure 5.3.4 (a) UV-visible absorption spectra and the corresponding (b) Tauc’s plots of PNDs and BDs. 

The decay patterns have been fitted with a bi-exponential function and the average lifetime of these 

nanodots can be calculated as follows: 

                                         < 𝜏 > =  
𝑎1𝜏1

2+𝑎2𝜏2
2

𝑎1𝜏1+𝑎2𝜏2
 ………………………..(5.1) 

The average lifetime of PNDs and BDs were calculated to be 3.99 and 8.48 ns, respectively (figure 

5.3.5(b)). The average lifetime of PNDs-BDs hybrid was calculated to be 5.83 ns, which is differed 

from the average lifetime of PNDs and BDs. These change in average lifetime suggests a possible 

charge transfer among PNDs and BDs in PNDs-BDs hybrid. The fitted parameters related to the 

lifetime of different nanodots and their hybrid composite are given below in table 5.3.1.   

 

Figure 5.3.5 (a) Photoluminescence (PL) and (b) Time-resolved photoluminescence (TRPL) spectra of PNDs, BDs 

and PNDs-BDs hybrid. 
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Table 5.3.1 TRPL fitted parameters of PNDs, BDs and PNDs-BDs hybrid.   

Materials  1 2 1 2  (ns) 

PNDs 1.798 4.419 32.224 67.776 3.99 

BDs 1.915 9.137 32.369 67.631 8.48 

PNDs-BDs hybrid 1.963 6.669 42.361 57.639 5.83 

5.3.4 Band position analysis for PNDs-BDs hybrid 

The XPS valence band spectra of PNDs and BDs were analyzed to gain insight into the 

band positions which leads to the carrier movement across the hybrids, are shown in figure 5.3.6.  

The valence bands (VB) for PNDs and BDs were noted to be at 2.8 eV and 2.5 eV. The bandgap 

energies of PNDs and BDs were fixed from the UV-visible absorption spectra. The above analysis 

confirms the conduction band (CB) positions of PNDs and BDs at – 0.3 eV and – 0.8 eV, 

respectively with reference to the vacuum level. The type-II heterojunction approach between 

PNDs and BDs was determined from the band position analysis (figure 5.3.7(a)). Based on the 

FETEM, band position and zeta potential analysis, a probable type-II heterojunction based 

electrostatic interactions between positively surface-charged PNDs and negatively surface-

charged BDs has been shown in figure 5.3.7(b).       

 

Figure 5.3.6 XPS valence band spectra of PNDs and BDs.  
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Figure 5.3.7 (a) schematic band position analysis of PNDs and BDs; (b) schematic of type-II heterojunction based 

electrostatic attraction between PNDs and BDs. 

5.3.5 Analysis of WO3/PNDs-BDs composite (XRD, FETEM and XPS analysis) 

The above type-II heterojunction based charge transfer interactions of PND and BDs have 

been applied to PEC water oxidation based application using WO3 as a metal oxide based model 

semiconductor. Synthesis of WO3 and the composite WO3/PNDs-BDs photoanodes has been 

confirmed through structural, morphological and electronic state analysis. The peaks of bare WO3 

photoanode are matched with peaks of JCPDS no. 01-072-0677, which confirms the monoclinic 

phase of WO3 (figure 5.3.8).  

 
Figure 5.3.8 XRD analysis of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes. 
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FESEM image of bare WO3 thin film evidences the uniformly grown block-shaped WO3 

with an average size of 800 nm above the FTO surface (figure 5.3.9(a)). Morphology of WO3 

photoanode was not altered with PNDs, BDs and PNDs-BDs hybrid modifications, as shown in 

figures 5.3.9(b), figure 5.3.9(c) and figure 5.3.9(d). Figure 5.3.9(b) and figure 5.3.10(a) are the  

 

Figure 5.3.9 FESEM image of (a) WO3, (b) WO3/PNDs, (c) WO3/BDs; and WO3/PNDs-BDs photoanode.   

FETEM images of the WO3/PNDs-BDs composite photoanode. The HRTEM image of the 

composite shows 0.37 nm d-spacing related to (200) plane of WO3 and 0.19 nm d-spacing related 

to (200) plane of PNDs (figure 5.3.10(b)). Uniformly distributed individual W, O, P, N and O 

elements were confirmed from the elemental mapping by scanning transmission electron 

microscopy (STEM) (figure 5.3.10(i)-(vi)). 

 

Figure 5.3.10 (a) FETEM and (b) HRTEM images of WO3/PNDs-BDs composite; (i) STEM image and corresponding 

individual EDS mapping figures of WO3/PNDs-BDs having (ii) W, (iii) O, (iv) P, (v) N , (vi) B. 

(a)

(d)

WO3

WO3/PNDs-BDs

(b) WO3/PNDs

(c) WO3/BDs
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The peaks at 35.77 eV for 4f7/2 and 37.79 eV for 4f5/2 attributes to the +6 oxidation state of 

W in WO3 photoanode (figure 5.3.11(b)). The O 1s spectra of WO3 is having two signals at 530.17 

eV related to lattice oxygen (OL) and 531.35 eV related to oxygen vacancies (OV) (figure 

5.3.11(c)). Figure 5.3.11(a) represents the XPS survey spectra of composite photoanode having 

the corresponding characteristic signals of W, O, P, N and B. A small shift in positions of 4f7/2, 

4f5/2, and OL towards lower binding energies indicates the electronic interactions within the base 

semiconductor and the nanodots. Also, the shift in signals of other elements P, N and B for 

WO3/PNDs-BDs photoanode compared to PNDs, BDs and PNDs-BDs hybrid proves the 

electronic interactions among those components of the composite (figure 5.3.11(d), figure 

5.3.11(e), figure 5.3.11(f)). 

 

Figure 5.3.11 (a) XPS survey spectra of fabricated WO3/PNDs-BDs photoanode; Core level XPS spectra of (b) W 4f, 

(c) O 1s (d) P 2p, (e) N 1s and (f) B 1s.  

5.3.6 UV-visible absorption spectra, Tauc plot and TRPL spectra analysis for WO3/PNDs-

BDs composite 

The absorption edges and bandgaps for bare and other modified photoanodes were noted 

to be at ~ 393 nm and ~ 2.82 eV, respectively, which indicates that the modification with PNDs 

and BDs doesn't have any impact on the optical properties of WO3 photoanode (figure 5.3.12). 
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The average lifetime of the composite photoanode was calculated to be 5.32 ns, which was reduced 

by 2.2 times compared to the average lifetime of pristine WO3 photoanode, i.e., 11.61 ns (figure 

5(d)). These lifetime decay results evidence the enhanced charge transfer activities among WO3, 

PNDs and BDs in composite photoanode. The fitted parameters related to the lifetime of different 

photoanodes are given below in table 5.3.2.     

 
Figure 5.3.12 (a) UV-visible absorption spectra and the corresponding (b) Tauc's plots of WO3, WO3/PNDs, 

WO3/BDs and WO3/PNDs-BDs photoanodes. 

 

Figure 5.3.13 TRPL spectra of WO3 and WO3/PNDs-BDs photoanodes. 

Table 5.3.2 TRPL fitted parameters of WO3 and WO3/PNDs-BDs photoanodes.  

Photoanode  1 2 1 2  (ns) 

WO3 1.429 6.673 91.506 8.494 11.61 

WO3/PNDs-BDs 0.805 2.113 71.384 28.616 5.32 
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 5.3.7 Photoelectrochemical characterizations 

To know the photoelectrochemical activity of PNDs and BDs with WO3 photoanode, linear 

sweep voltammetry (LSV) measurements of the pristine and altered photoanodes were carried out 

under 1 Sun illumination in presence of neutral medium (pH=6) 0.1 M Na2SO4 electrolyte (figure 

5.3.14(a)). Pristine monoclinic WO3 photoanode results only 0.7 mA/cm2 current density at 1.23 

V vs RHE, which is too low in comparison to the theoretical current density (~ 4.0 mA/cm2)value 

for WO3 photoanode. WO3 photoanode with PNDs sensitization results a 1.5 mA/cm2 current 

density at 1.23 V vs RHE, which indicates the minimization of photogenerated electron-hole 

recombination rate. The type-II heterojunction between WO3 and PNDs provides 2 fold increment 

in current density with better carrier separation and minimized carrier recombination.11 The BDs 

sensitized WO3 photoanode results a 2.4 times enhanced (1.7 mA/cm2) current density at 1.23 V 

vs RHE in comparison to bare WO3 photoanode, which evidences the improved photogenerated 

carrier separation. The hybrid dots sensitized (i.e., PNDs and BDs) WO3 photoanode gives a 

maximum current density of 2.8 mA/cm2 @ 1.23 V vs RHE. The optimization of BDs loading 

over WO3/PNDs photoanodes has been provided in figure 5.3.14(b). A high 4 fold increment in 

current density of WO3 photoanode due to PNDs and BDs sensitizations resulted in maximized 

charge separation and minimized charge recombination towards high PEC water oxidation 

performance.   

 

Figure 5.3.14 (a) LSV curves of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes; (b) LSV curves 

WO3/PNDs-BDs photoanodes with respect to different dipping time for loading BDs over WO3/PNDs. All these LSV 

measurements were operated in neutral medium electrolyte (0.1M Na2SO4) under 1 Sun illumination @ 1.23 V vs. 

RHE. 
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To know the photo response behavior of WO3 photoanode, chronoamperometry analysis 

of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes were carried out under 1 Sun 

light  ON and OFF state at 1.23 V vs RHE (figure 5.3.15(a)). The anodic spikes of WO3 

photoanode were diminished significantly due to the incorporation of PNDs and BDs which 

indicates the minimization of photogenerated carrier recombination due to type II heterojunction 

approach. The chronoamperometry analysis of PNDs, BDs and PNDs-BDs thin-films were carried 

out to know the photo-response property (figure 5.3.15(b)). Although PNDs and BDs show a very 

less current densities in A/cm2 as compared to current density of WO3 thin-film, still the light 

harvesting capability of photo responsive material PNDs and BDs is confirmed. As the photo-

response property of PNDs-BDs hybrid is higher (~ 0.2 A/cm2) as compared to the individual 

photo-response property of PNDs (~ 0.1 A/cm2) and BDs (~ 0.1 A/cm2), that indicates the 

maximized charge separation and minimized charge recombination due to formation PNDs-BDs 

hybrid.     

 

Figure 5.3.15 Chronoamperometry curves of (a) WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes,(b) 

PNDs, BDs and PNDs-BDs hybrid under 1 Sun illumination in 0.1 M Na2SO4 electrolyte at 1.23 V vs RHE. 

5.3.8 Electrochemical impedance spectroscopy (EIS) analysis 

In order to know the carrier transport behavior across the interfaces of PNDs, BDs and 

PNDs-BDs, EIS measurements were analyzed under 1 Sun illumination at 1.23 V vs RHE.  Figure 

5.3.16 shows the Nyquist plots for PNDs, BDs and PNDs-BDs films having experimental data and 

fitted data w.r.t. equivalent circuit model (inset in figure 5.3.16). The radius of semicircles related 

to PNDs and BDs films are smaller due to the formation of PNDs-BDs hybrid. The equivalent 

circuit parameters related to Nyquist plots for the photoanodes have been provided in table 5.3.3. 
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The Rct value for PNDs and BDs were reduced from 241 k and 163 k to 15 k due to PNDs-

BDs formation. These results confirm the improved charge transfer properties are due to the 

formation of type-II heterojunction based PNDs-BDs hybrid.   

 

Figure 5.3.16  Nyquist plots of PNDs, BDs and PNDs-BDs electrodes having their fitted curves w.r.t. equivalent 

circuit model under 1 Sun illumination at 1.23 V vs RHE.  

Table 5.3.3 Fitting parameters for Nyquist plots of PNDs, BDs and PNDs-BDs thin films.              

Electrodes Rs() Rtrap(k) Rct(k) 

PNDs 33.9 1173 241 

BDs 40.7 751 163 

PNDs-BDs 34.8 187 15 
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modification with PNDs and BDs, EIS measurements for the photoanodes were analyzed under 1 

Sun illumination at 1.23 V vs RHE. Figure 5.3.17(a) represents the Nyquist plots for the 

photoanodes having spherical symbols for experimental data and solid lines for fitted data w.r.t. 

equivalent circuit model (inserted in figure 5.3.17(a)). The semicircle related to WO3 photoanode 

was getting reduced due to modifications with PNDs and BDs, which attributes to the improved 
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respectively. These reduced Rct numbers confirm that the loaded PNDs and BDs over WO3 

photoanode facilitate charge separation and transportation property of WO3 photoanode. Similarly, 

the Rtrap value of WO3 photoanode was minimized with modifications, i.e., 80.9 

        and    for WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs, 

respectively. These results confirm the minimized trap sites and maximized charge transfer 

pathways of WO3 photoanode due to modifications with PNDs and BDs.  

The MS-analysis was carried out to know the change in total carrier density (ND) of WO3 

photoanode with PNDs and BDs modifications, as shown in figure 5.3.17(b). The positive slops 

confirm the n-type conductivity of the bare and modified photoanodes. The calculated charge 

carrier densities are 1.5 × 1020 cm-3 for WO3 photoanode, 2.1 × 1020 cm-3 for WO3/PNDs 

photoanode, 2.5 × 1020 cm-3 for WO3/BDs photoanode and 4 × 1020 cm-3 for WO3/PNDs-BDs  

 

Figure 5.3.17 (a) Nyquist plots of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes having their fitted 

curves w.r.t. equivalent circuit model under 1 Sun illumination at 1.23 V vs RHE and (b) Mott−Schottky plots of WO3, 

WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes. 

Table 5.3.4 Fitting parameters for Nyquist plots and total charge carrier densities of WO3, WO3/PNDs, WO3/BDs and 

WO3/PNDs-BDs photoanodes.              

Photoanode  Rs() Rtrap() Cbulk(F) Rct() Ctrap(F) ND(cm-3) 

WO3 51.8 80.9 26.0 1906 24.9 1.5  1020 

WO3/PNDs 46.6 77.4 27.9 1374 15.5 2.1  1020 

WO3/BDs 43.4 75.7 30.6 1293 16.4 2.5  1020 

WO3/ PNDs-BDs 38.4 72.4 31.6 978 18.1 4.0  1020 
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photoanode, respectively. The synergistic effects between positively charged PNDs and negatively 

charged BDs provide improved charge carrier densities to the WO3 photoanode, which facilitate 

the electrical conductivity of the photoanode for higher oxidation activity.   

5.3.9 Charge separation and injection efficiencies 

To know the improvement in charge separation efficiency (𝜂𝑠𝑒𝑝) and charge injection 

efficiency (𝜂𝑖𝑛𝑗) by PNDs and BDs modifications on WO3 photoanode, hole scavenger (HS) test 

of the photoanodes was performed under 1 Sun illumination in 0.1 M Na2SO4 electrolyte having 

0.03 M Na2SO3 hole scavenger (figure 5.3.18).7 The current densities from LSV data were 

recorded to be ~ 2.9, ~ 1.5, ~ 1.4 and ~ 1.1 times higher in presence of hole scavenger in 

comparison to corresponding photoanodes in absence of the hole scavenger for WO3, WO3/PNDs, 

WO3/BDs and WO3/PNDs-BDs photoanodes, respectively (figure 5.3.18(a) and figure 5.3.18(b)).  

 

Figure 5.3.18 (a) LSV curves in presence of hole scavenger (Na2SO3) at 1.23 V vs RHE in Na2SO4 electrolyte; (b) 

Current density based bar diagram at 1.23 V vs RHE of the photoanodes with and without hole scavenger; charge (c) 

separation and (d) injection efficiencies of the photoanodes under 1 Sun illumination. 

0

1

2

3

1.5

2.4

1.7

2.2

2.8

3.1

0.7

Photoanodes


J

1
.2

3
V
(m

A
/c

m
2
)

W
O

3
/ 
P

N
D

s
-B

D
s

 (
H

S
)

W
O

3
/ 
P

N
D

s
-B

D
s

W
O

3
/ 
B

D
s

 (
H

S
)

W
O

3
/ 
B

D
s

W
O

3
/ 
P

N
D

s
 (

H
S

)

W
O

3
/ 
P

N
D

s

W
O

3
(H

S
)

W
O

3

2.0

0.7 0.8 0.9 1.0 1.1 1.2 1.3
0

20

40

60

80

100

 WO
3

 WO
3
/ PNDs

 WO
3
/ BDs

 WO
3
/ PNDs-BDs

Potential(V) vs RHE


s

e
p
(%

)

0.7 0.8 0.9 1.0 1.1 1.2 1.3
0

20

40

60

80

100

Potential(V) vs RHE


in

j(%
)

 WO
3

 WO
3
/ PNDs

 WO
3
/ BDs

 WO
3
/ PNDs-BDs

(c) (d)

0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 WO
3
/ PNDs-BDs (HS)

 WO
3
/ PNDs-BDs

 WO
3
/ BDs (HS)

 WO
3
/ BDs

 WO
3
/ PNDs (HS)

 WO
3
/ PNDs

 WO
3
 (HS)

 WO
3

Potential(V) vs RHE

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

/c
m

2
) (a) (b)

TH-2986_176122015



Chapter 5            Type-II-II′ heterojunction approach with WO3 photoanode 
 

73                                                            Part of this chapter has been published in Chem. Commun. 2023, 59, 1955. 
 

A very high enhancement in current density for WO3 photoanode in comparison to other modified 

photoanodes confirms the maximized electrical conductivity due to modification with PNDs and 

BDs over WO3 film. The calculated 𝜂𝑠𝑒𝑝 of WO3 was enhanced from  51 % to 56 % for 

WO3/PNDs, 60 % for WO3/BDs and 77 % for WO3/PNDs-BDs photoanodes (figure 5.3.18(c)), 

which attributes the better and faster charge separation ability of WO3 due to dual incorporations 

of PNDs and BDs. Similarly, an enhanced 𝜂𝑖𝑛𝑗 of WO3 from  35 % to 67 % for WO3/PNDs, 72 % 

for WO3/BDs and maximum 91 % for WO3/PNDs-BDs photoanodes (figure 5.3.18(d)), results a 

maximized charge transport property at photoanode/electrolyte interface and minimized 

photogenerated carriers recombination of WO3 photoanode due to the dual nanodots 

modifications. The very low 35 % of 𝜂𝑖𝑛𝑗 with a high 51 % of 𝜂𝑠𝑒𝑝 indicates the sluggish PEC 

activity of WO3 photoanode, whereas the significant improvement in 𝜂𝑖𝑛𝑗 up to 91 % with PNDs 

and BDs incorporations attributes the surface charge induced heterojunction approach for boosted 

PEC water oxidation performance.19      

5.3.10 IPCE, stability and Faradaic efficiency measurements 

IPCE for the photoanodes was analyzed to evaluate the change in current conversion 

efficiency of WO3 photoanodes with dual incorporations of PNDs and BDs over the surface, as 

shown in figure 5.3.19(a). The IPCE of WO3 thin film was maximized from 16 % to 31 %, 36 % 

and a maximum 56 % with PNDs, BDs and PNDs-BDs modifications, respectively, which 

confirms the better photocatalytic property of WO3/PNDs-BDs photoanode in comparison to other 

unmodified and single modified WO3 photoanodes. The IPCE details evidence the improved PEC 

water oxidation performance of WO3 photoanode offered by the synergistic effects between 

positively charged PNDs and negatively charged BDs. To examine the operational stability, the 

chronoamperometry analysis of the photoanodes was performed for 10 hours (figure 5.3.19(b)). 

After 10 h of analysis, the WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes were 

stabilized up to a very less 20 %, average of 75 % and 80 % and a very high 90 %, respectively, 

w.r.t. initial corresponding photocurrent densities. The modifications with PNDs and BDs, provide 

a significantly enhanced photostability to WO3 photoanode. The WO3/PNDs-BDs photoanode 

generated oxygen and hydrogen gases were quantified by online gas chromatography, as shown in 

figure 5.3.19(c). An average of ~ 86 % and ~ 88 % Faradaic yield for oxygen and hydrogen gas 

were quantified after 180 min of analysis.   
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Figure 5.3.19 (a) IPCE plots  of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes; (b) Photo-stabilities 

of WO3, WO3/PNDs, WO3/BDs and WO3/PNDs-BDs photoanodes under 1 Sun illumination at 1.23 V vs RHE; (c) 

Faradic yield of WO3/PNDs-BDs photoanode for oxygen and hydrogen gas evolution. 

5.3.11 Mechanism 

From the XPS valence band spectra analysis, the valence band of WO3 photoanode was 

calculated to be at 2.9 eV (figure 5.3.20(a)). The valence band and bandgap analysis, confirm the 

conduction band of WO3 to be at 0.1 eV. From the Mott-Schottky analysis, the Fermi levels for 

WO3, PNDs and BDs were found to be at 0.5 eV, 0.1 eV and -0.1 eV, respectively (figure 5.3.17(b) 

and figure 5.3.20(b)). Mechanistically, there is type-II heterojunction between bare WO3 and the 

PNDs-BDs hybrid. The schematic of the composite photoanode, followed by type-II-II′ 

heterojunctions, proposing a detailed charge transfer mechanism within the components (a) along 

with the formations (b) has been shown in figure 5.3.21.                         

 

Figure 5.3.20 (a) XPS valence band spectra of WO3; (b) Mott−Schottky plots of PNDs and BDs. 
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Figure 5.3.21 (a) Schematic of the type-II-II′ based WO3/PNDs-BDs composite photoanode proposing the detailed 

charge transfer mechanism within the components; (b) schematic for the formation of the WO3/PNDs-BDs hybrid. 

5.4 CONCLUSIONS 

Herein, a type II heterojunction model of phosphorous nitride and borophene has been 

designed, keeping the electrostatic interactions as the key component for the formation, which 

serves as a good support for WO3 based photoelectrochemical process. Our fabricated WO3/PNDs-

BDs composite, having thin layers of PNDs and BDs over hydrothermally synthesized WO3 film 

has offered a significant, 4-fold higher current density of 2.8 mA/cm2 at 1.23 V vs RHE in 

comparison to the bare WO3 photoanode. As evidenced from EIS and hole scavenger analysis, the 

maximized charge separation and transportation with minimized charge recombination are the 

major contributions by WO3/PNDs-BDs composite for high PEC performance due to type-II-II′ 

heterojunctions approach. These major factors have triggered the induced carrier density as 

confirmed by MS-analysis. This approach might offer insight to design efficient photoelectrode 

for solar energy harvesting.          
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                                                    CHAPTER 6 

 

Synchronized carrier extraction and injection through 

boron nitride nanoplatelets in hierarchical BiVO4/CoCr-

layered double hydroxides for efficient water oxidation 

 
This chapter offers the interfacial insertion of hole extractor between semiconductor 

photoanode and surface oxygen evolution catalyst (OECs) for amplified photoelectrochemical 

(PEC) water oxidation performance. Herein, modifications of bare monoclinic BiVO4 

photoanode with two-dimensional boron nitride nanoplatelets (BNNPs) as hole extractor and 

CoCr-layered double hydroxides (CoCr-LDH) as kinetics accelerator results to achieve speedy 

charge separation with suppressed charge recombination and accelerated PEC water 

oxidation kinetics. This work is promising as it fill-in the gap between the photoanode and 

OECs for boosting the PEC water oxidation efficiency of metal-oxide based photoanode. 
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6.1 INTRODUCTION 

In recent years, polycrystalline bismuth vanadate (BiVO4) photoanodes having a narrow 

band gap of 2.4-2.6 eV has fascinated strongly for superior light harvesting property and enhanced 

PEC water oxidation performance among the different n-type metal oxide semiconductors.1,2 

Nevertheless, photogenerated charge carriers recombination due to poor carrier mobility, lesser 

hole-diffusion length (< 70 nm), surface trap sites and poor water oxidation kinetics of BiVO4 

photoanode hampers the PEC performance strongly to reach theoretical solar-to-hydrogen (STH) 

conversion efficiency (i.e. 9.3 % with 7.5 mA cm−2).3,4 Several modifications such as structural 

and morphological tuning, elemental doping, variant heterojunctions, overlayer deposition and 

oxygen evolution co-catalysts (OECs) are operated to accelerate the water oxidation kinetics 

towards boosted PEC efficacy.5-10 Separation of photogenerated electron-hole pair plays a vital 

role for boosted PEC water oxidation activities. Many researchers have aimed to ameliorate the 

kinetics of photoanodes for surface water oxidation by modification with OECs to offer more 

reaction channels along with reduced kinetic barriers and hole transfer efficacy.11-18 Recently, van 

de Krol et al. re-stated that the performance of OECs is limited by the insufficient hole extraction 

from the photoanode to the OECs.19 Zhong et al. reported the benefits of p-n junction interface for 

the extraction of photogenerated holes to minimize the electron-hole recombination by the 

deposition of p-NiO on the surface of CoOx OECs/BiVO4.
20 Zhang et al. suggested the hole 

extraction property of black phosphorene layer, incorporated over the BiVO4 surface to accelerate 

the transportation of holes from BiVO4 surface to co-catalyst.2 Two-dimensional reduced graphene 

oxide (RGO), also known as carrier vehicle has been widely incorporated over semiconductors to 

accelerate the photogenerated charge separation.21 Therefore, photogenerated hole extraction from 

the surface of semiconductors is crucial for enhanced PEC water oxidation activities. Notably, 

“White graphene” simply termed as boron nitride (BN), a structural analogue of graphene has 

established great attention because of its thermal and chemical stability, in-plane thermal 

conductivity and nominal toxicity.22 Hexagonal boron nitride (h-BN) nanostructures has shown 

outstanding hole extraction capacity to maximize the photogenerated electron-hole separation.23-

25 Herein, we have focused to design composite photoanode having superior hole extraction 

property with accelerated surface oxidation kinetics. Firstly, we have incorporated a very thin layer 

of exfoliated two-dimensional boron nitride nanoplatelets (BNNPs) as an ultra-rapid hole extractor 

over the surface BiVO4 photoanode. Secondly, an additional CoCr-LDH thin layer as an OEC has 
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been deposited hydrothermally to enhance the surface oxidation kinetics. Interfacial insertion of 

two dimensional BNNPs between BiVO4 semiconductor and CoCr-LDH results to achieve a very 

high PEC water oxidation performance.  

6.2 EXPERIMENTAL SECTION 

6.2.1 Synthesis of BiVO4 Photoanode 

BiVO4 photoanode was fabricated successfully over FTO conducting substrate in a step 

wise manner by using potassium iodide (KI),  Bi(NO3)3·5H2O, HNO3, p-benzoquinone, ethanol, 

Dimethyl sulfoxide (DMSO), vanadyl acetylacetonate (VO(acac)2) and NaOH.14 Firstly, the pH of 

a 50 mL aqueous solution containing 3.32 g of KI was adjusted to 1.7 pH by the addition of 

concentrated HNO3 in a dropwise manner. 0.97 g of Bi(NO3)3·5H2O was added to the above 

precursor solution with a continuous stirring up to 30 min and the Bi-contained precursor solution 

was named solution-A. Secondly, solution-B was prepared by addition of p-benzoquinone 

(0.497g) in 20 ml ethanol. In the next step, solution-A and B were combined together to get BiOI 

precursor solution and stirred for 30 min. The electrodeposition of BiOI over ozonized FTO, 

cleaned with distilled water, acetone and isopropanol was carried out by using a three-electrode 

system having FTO as working electrode, Ag/AgCl as reference electrode and Pt wire as counter 

electrode with an applied potential of -0.1 V vs Ag/AgCl for 200 seconds. The as-prepared BiOI 

films were washed properly with distilled water and dried overnight at 60°C inside a hot air oven. 

Those BiOI films were drop-casted with a DMSO solution having 0.2 M VO(acac)2 and placed 

inside a muffle furnace at 450 °C for 2 h annealing with a maintained ramp rate of 2 °C/min. After 

annealing, those films were placed in 1 M NaOH solution to remove the residual amount of V2O5. 

Finally, the desired BiVO4 was rinsed thoroughly with distilled water and placed inside the oven 

for 1h at 60 °C.  

6.2.2 Synthesis of BNNPs 

Hexagonal boron nitride nanoplatelets (h-BNNPs) were synthesized by two-step sonication 

method using the chemicals, i.e., bulk hexagonal boron nitride (h-BN) powder, ethanol, acetone 

and  N,N-Dimethylformamide (N,N′-DMF).26 In the first step, a 50 mL mixture solution of water, 

ethanol and acetone having ratio 45:3:2 containing 0.3 g of h-BN was ultrasonicated for 3 h to 

exfoliate the powder to platelet form. After that, the mixture solution was centrifuged for 10 min 
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at 1500 rpm. The desired surfactant containing BNNPs was collected and dried inside the furnace 

at 60 °C. In order to get thinner and smaller platelets, 0.1 g of as-prepared h-BNNPs was dispersed 

in 20 mL of DMF and ultrasonicated again for 3h in the second step. The h-BNNPs in DMF was 

centrifuged for 1 hr at 2000 rpm and finally, the white-colored surfactant of DMF containing 

BNNPs was collected. 

6.2.3 Synthesis of BiVO4/BNNPs photoanode  

The incorporation of h-BNNPs over BiVO4 photoanodes was carried out by following spin 

coating process. The BNNPs in DMF solution was spin coated over the as-prepared BiVO4 

photoanode for 1 min at 3000 rpm. In order to remove the DMF solvent from the surface of BiVO4 

photoanode incorporated with BNNPs were calcined for 1 h at 200 °C in an ambient atmosphere. 

For optimization of the BiVO4/BNNPs photoanodes, the incorporations of BNNPs over bare 

BiVO4 photoanode by spin coating process were repeated with different rpms such as 4000 rpm, 

5000 rpm and 6000 rpm. 

 

Scheme 6.2.1 Step wise synthesis operation of BiVO4 photoanodes, BNNPs, BiVO4/BNNPs photoanodes and 

BiVO4/BNNPs/CoCr-LDH photoanodes, respectively.  
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6.2.4 Synthesis of BiVO4/BNNPs/CoCr-LDH photoanode  

Deposition of CoCr-LDH over BiVO4/BNNPs photoanode was carried out hydrothermally 

by using Co(NO3)2·6H2O, Cr(NO3)3·9H2O, urea and ammonium fluoride (NH4F).27 150 mg (0.75 

mmol) of Co(NO3)2·6H2O, 70 mg (0.25 mmol) of Cr(NO3)3·9H2O, 105 mg of urea and 26 mg of 

NH4F were dissolved in 35 mL of distilled water and stirred for 1 h. The precursor solution was 

placed in a 50 mL Teflon vessel having the as-synthesized BiVO4/BNNPs photoanodes at the 

bottom with the composite surface facing downward. The vessel was placed inside the oven for 4 

h at 100 °C. After completion of reaction, the synthesized BiVO4/BNNPs/CoCr-LDH photoanode 

was rinsed properly with distilled water and placed inside the oven for 1 h drying at 60 °C. In order 

to optimize the loading of CoCr-LDH, different concentrations of Co(NO3)2·6H2O (0.70 mmol 

and 0.80 mmol) and different concentrations of Cr(NO3)3·9H2O (0.30 mmol and 0.20 mmol) were 

used by repeating the above procedure. A well explained graphical presentation for the complete 

fabrication and synthesis procedure for all BiVO4 photoanodes, BNNPs, BiVO4/BNNPs 

photoanodes and BiVO4/BNNPs/CoCr-LDH photoanodes has been shown in scheme 6.2.1.  

6.2.5 Synthesis of BiVO4/Co-hydroxide and BiVO4/Cr-hydroxide photoanodes  

Deposition of Co-hydroxide and Cr-hydroxide over BiVO4 photoanode was carried out 

hydrothermally by using Co(NO3)2·6H2O, Cr(NO3)3·9H2O, urea and NH4F. 200 mg (1 mmol) of 

Co(NO3)2·6H2O, 105 mg of urea and 26 mg of NH4F were dissolved in 35 mL of distilled water 

and stirred for 1 h. The precursor solution was placed in a 50 mL Teflon vessel having the as-

synthesized BiVO4 photoanodes at the bottom with the composite surface facing downward. The 

vessel was placed inside the oven for 4 h at 100 °C. After completion of the reaction, the 

synthesized BiVO4/Co-hydroxide photoanodes were rinsed properly with distilled water and 

placed inside the oven for 1 h drying at 60 °C. Similarly, Cr-hydroxide was loaded over BiVO4 

film by replacing Co(NO3)2 ·6H2O with 280 mg (1 mmol) of Cr(NO3)3·6H2O.  

6.3 RESULTS AND DISCUSSION 

6.3.1 Powder x-ray diffraction (XRD) analysis 

Crystal phase analysis of bare BiVO4, BNNPs, CoCr-LDH, and BiVO4/BNNPs/CoCr-

LDH photoanodes were carried out by XRD analysis as shown in figure 6.3.1. All the peaks of 

bare BiVO4 photoanode are well matched with peaks of JCPDS no. 14-0688, which confirms the 
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monoclinic phase of BiVO4. Hexagonal phase of BNNPs was confirmed by JCPDS no 34-

0421.28,29 The Bragg peaks of CoCr-LDH are well indexed to  JCPDS no 33-0397.30 All the peak 

positions for bare BiVO4 and BiVO4/BNNPs/CoCr-LDH are same, which indicates that no 

crystalline transformation of BiVO4 photoanode is induced due to dual modification with BNNPs 

and CoCr-LDH. The XRD peaks of individual single modified BiVO4/BNNPs and BiVO4/CoCr-

LDH composites confirm the unchanged crystalline transformation of BiVO4 photoanode, as  

 

Figure 6.3.1 XRD analysis of thin film BiVO4 photoanode, BNNPs powder, BiVO4/BNNPs photoanode, CoCr-LDH 

powder, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes. 

 

Figure 6.3.2 XRD analysis of (a) BiVO4/BNNPs and BiVO4/CoCr-LDH photoanodes; and (b) Co-hydroxide and Cr-

hydroxide. 
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shown in figure 6.3.2(a). The Co-hydroxide with Co(OH)x crystallinity was well indexed to 

JCPDS no 48-0083,14 however the Cr-hydroxide was confirmed to be amorphous in nature (figure 

6.3.2(b)).18
 

6.3.2 UV−visible absorption spectra analysis 

In order to investigate the optical response with the proper band gap of bare and modified 

photoanodes, normalized UV-visible absorption spectra (figure 6.3.3(a)) and Tauc analysis 

(figure 6.3.3(b)) were analyzed. Absorption edges and bandgaps for all the photoanodes were 

recorded to be ~ 506 nm and 2.57 eV, respectively, which indicates that the modification with 

BNNPs and CoCr-LDH doesn't have any impact on the optical properties of bare BiVO4 

photoanode.  

 

Figure 6.3.3 (a) UV-visible absorption spectra and the corresponding (b) Tauc's plots of BiVO4,  BiVO4/BNNPs, 

BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes. 

6.3.3 Morphological analysis  

The morphological features of BNNPs, CoCr-LDH, fabricated BiVO4, BiVO4/BNNPs, 

BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH were analyzed through FESEM technique 

(Figure 6.3.4). Figure 6.3.4(a) is the top view of fabricated BiVO4 photoanode, which confirms 

the uniform growth of worm shaped BiVO4 over the FTO. The cross-sectional view of BiVO4 

photoanode confirms the contact of BiVO4 is much better to the FTO substrate making the ohmic 

contact better for charge collection (figure 6.3.4(a)). The nano-size platelet morphology of boron 

nitride (figure 6.3.4(b)) and the pollen grain like morphology of bare CoCr-LDH (figure 6.3.4(c)) 

was confirmed from FESEM analysis. Figure 6.3.4(d) represents the FESEM image of 
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BiVO4/BNNPs photoanode, which confirms the uniform incorporation of BNNPs over the BiVO4 

photoanode. Figure 6.3.4(e) shows the top view of BiVO4/CoCr-LDH photoanode which confirms 

that the pollen grain like CoCr-LDH was grown uniformly over the BiVO4 photoanode by 

hydrothermal method. Similarly, figure 6.3.4(f) is the top view of dual modified 

BiVO4/BNNPs/CoCr-LDH photoanode which confirms the hydrothermal incorporation of CoCr-

LDH over BiVO4/BNNPs photoanode. The voids of BiVO4 film were reduced due to dual 

incorporations which also proves the incorporation of BNNPs and CoCr-LDH over the 

semiconductor surface. 

 

Figure 6.3.4 FESEM images of (a) BiVO4 photoanode along with the Cross-sectional view, (b) BNNPs, (c) CoCr-

LDH, (d) BiVO4/BNNPs photoanode, (e) BiVO4/CoCr-LDH photoanode and (f) BiVO4/BNNPs/CoCr-LDH 

photoanode, respectively.  
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In order to evidence the structural and crystalline behavior of the composite photoanode, 

FETEM analysis was carried out (figure 6.3.5). Figure 6.3.5(a) is the FETEM image of BNNPs, 

which confirms the two-dimensional platelet structure of boron nitride with an average diameter 

of 150 nm. Figure 6.3.5(b) shows the FETEM image of CoCr-LDH. FETEM image of the 

composite BiVO4/BNNPs/CoCr-LDH photoanode (figure 6.3.5(c)), proves the presence of BiVO4 

with incorporated hole extractor BNNPs and OECs i.e., CoCr-LDH. High-resolution transmission 

electron microscopy (HRTEM) analysis provides three different interplanar lattice spacings of 

0.48 nm, 0.32 nm and 0.26 nm corresponding to (011) plane,14 (002) plane26 and (009) plane18 of 

BiVO4, BNNPs and CoCr-LDH, respectively (figure 6.3.5(d)). Scanning transmission electron 

microscopy (STEM) analysis with elemental mappings of BiVO4/BNNPs/CoCr-LDH photoanode 

confirms the presence of homogeneous distribution of elements (figure 6.3.6(I)-(VIII)).    

 

Figure 6.3.5 FETEM images of (a) BNNPs and (b) CoCr-LDH, (c) BiVO4/BNNPs/CoCr-LDH composite 

photoanode; and (d) HRTEM image BiVO4/BNNPs/CoCr-LDH composite. 

0.26 nm (009)

0.48 nm (011)

0.32 nm (002)

BiVO4/BNNPs/CoCr-LDHBiVO4/BNNPs/CoCr-LDH

CoCr-LDHBNNPs(a) (b)

(c) (d)

TH-2986_176122015



Chapter 6                           Interfacial insertion of hole extractor between semiconductor and OEC 
 

85                                                Part of this chapter has been published in Electrochimica Acta, 2022,415, 140269. 
 

 

Figure 6.3.6 (I) STEM image and corresponding individual EDS mapping figures of BiVO4/BNNPs/CoCr-LDH 

having (II) Bi, (III) V, (IV) O, (V) B , (VI) N, (VII) Co, and (VIII) Cr. 

6.3.4 X-ray photoelectron spectroscopy (XPS) analysis 

The electronic structure and chemical state analysis of all the bare and modified composite 

photoanodes were carried out through high-resolution XPS spectra, as shown in figure 6.3.7. All 

the well-defined characteristic peaks of Bi, V, O, B, N, Co and Cr from the survey spectra confirm 

the presence of BiVO4, BNNPs and CoCr-LDH (figure 6.3.7(a)). The XPS binding energies for 

the analysis are corrected with respect to the binding energy of C 1s at 284.7 eV. Bismuth having 

+3 oxidation state in BiVO4 photoanode was confirmed by the well assigned peaks of 4f7/2 and 

4f5/2 at 159.1 and 164.4 eV, respectively (figure 6.3.7(b)).14 The well ascribed peaks of 2p3/2 at 

516.6 eV and 2p1/2 at 524.1 eV, indicates the presence vanadium having +5 oxidation state in 

BiVO4 photoanode (figure 6.3.7(c)).14 The XPS spectra for O 1s of BiVO4 photoanode (figure 

6.3.7(d)) has been fitted into two different signals at 529.8 and 531.7 eV assigned to lattice oxygen 

(OL) signal and a mixed signal of oxygen vacancy (OV) and hydroxylated surface (OH), i.e., OV+ 

OH.14 An insignificant change in peak positions of Bi (both 4f7/2 and 4f5/2), V (both 2p3/2 and 2p1/2) 

and O (only OL) were noted due to incorporation of BNNPs, which confirms that the electronic 

environments of Bi, V and OL are not significantly modified with BNNPs. The OV+OH peak has 

been shifted towards lower binding energy, i.e., from 531.7 to 531.4 eV, which attributes the 

change in the nature of oxygen vacancy and surface modification. Figure 6.3.7(e) represents the 

XPS spectra of B 1s core-level spectra of BNNPs having two Gaussian peaks at 190.3 and 191 eV 

well agreeing to B-N and B-O bonds, respectively.26 The XPS spectra for N 1s of BNNPs (figure 
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6.3.7(f)) has been fitted into two different signals at 397.9 and 398.5 eV corresponds to B-N bond 

and O-N bond, respectively.26 The electronic interaction between BiVO4 and BNNPs is confirmed 

due to shift in peak positions of B 1s (190.5 eV for B-N interaction and 191.2 eV for B-O 

interaction) and N 1s (398.3 eV for B-N interaction and 399.6 eV for O-N interaction) towards 

higher binding energy. The signals at 531.30 eV and 531.78 eV corresponds to surface-adsorbed 

hydroxyl species (M-OH) and M-O bond interactions of O 1s for CoCr-LDH (figure 6.3.7(g)).18 

A significant shift in signal positions of Bi (159.13 eV for 4f7/2 and 164.44 for f5/2), V (516.7 eV 

for 2p3/2 and 524.4 eV for 2p1/2), O 1s (531.8 eV for OL and 531.9 eV for OV + OH), B1s  

 

Figure 6.3.7 (a) XPS survey spectra of fabricated BiVO4, BiVO4/BNNPs and BiVO4/BNNPs/CoCr-LDH 

photoanodes; High resolution XPS spectra of BNNPs, CoCr-LDH, fabricated BiVO4, BiVO4/BNNPs and 

BiVO4/BNNPs/CoCr-LDH photoanodes: (b) Bi 4f , (c) V 2p, (d) O 1s (e) B 1s, (f) N 1s, (g) O 1s, (h) Co 2p and (i) 

Cr 2p. 
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(189.9 eV for B-N bond and 191 eV for B-O bond) and N 1s (398.9 eV for B-N bond and 399.8 

eV for O-N bond) were noted after incorporation of CoCr-LDH over BiVO4/BNNPs photoanode, 

which indicates a change in  electronic environment of Bi, V, O, B and N. The high-resolution 

XPS spectra of Co 2p (figure 6.3.7(h)) has been fitted with four broad peaks corresponds to 2p3/2 

at 781.3 eV, 2p1/2 at 797.5 eV and satellite peaks at 786.53 eV and 803.3 eV. Two wide peaks at 

577.6 eV (2p3/2), 587.3 eV (2p1/2) and a satellite peak at 579.5 eV (figure 6.3.7(i)) were fitted for 

Cr 2p spectra. Further these two 2p3/2 and 2p1/2 peaks related to cobalt and chromium have fitted 

with four peaks related to spin-orbital splitting values.27   

6.3.5 Photoelectrochemical characterizations 

Linear sweep voltammetry (LSV) measurements of photoanodes were analyzed in 0.1 M 

Na2SO4 (pH=6) electrolyte under 1 Sun illumination to know the influence of BNNPs and CoCr-

LDH incorporation over the surface of BiVO4 photoanode (figure 6.3.8(a)). The bare BiVO4 

photoanode results in 1.2 mA/cm2 current density at 1.23 V vs RHE with an onset potential of 0.42 

V vs RHE. BiVO4 photoanode with incorporation of BNNPs provides a maximum 2.8 mA/cm2 

current density at 1.23 V vs RHE with an onset potential of 0.42 V vs RHE. Optimization of 

BNNPs loaded onto the BiVO4 has been studied and are shown in figure 6.3.8(b). An increment 

of photocurrent density of ~ 2.3 times due to the incorporation BNNPs over BiVO4 photoanode is 

accredited to enhancement in charge separation. Hole extraction ability of h-BN could be attributed 

to the availability of surface charges to maximize the photogenerated electron-hole separation has 

been reported in recent literatures.25 Zeta potential is a suitable tool to assess the surface charge of 

BNNPs. Zeta potential analysis of BNNPs was carried out, as shown in figure 6.3.8(c). A negative 

potential of - 29.5 mV with 4.23 mV zeta deviation was found in BNNPs. Thus incorporation of 

negatively charged species (BNNPs) influences the carrier separation by extracting the holes, 

thereby minimizing the recombination of charge carriers, resulting in enhanced photocurrent 

density. To further improve the interfacial charge resistance CoCr-LDH has been introduced. A 

maximum photocurrent density of 2.9 mA/cm2 with 0.06 V vs RHE onset potential was found due 

to further modifications of BiVO4 photoanode with CoCr-LDH. Incorporation of CoCr-LDH over 

BiVO4 photoanode provides ~ 2.4 times higher current density. CoCr-LDH may enrich the kinetics 

of bare BiVO4 photoanode for surface water oxidation to offer more reaction channels. Co-

hydroxide and Cr-hydroxide were investigated in comparison to CoCr LDH to confirm the role of 

individual components Co and Cr in CoCr LDH for better oxidation kinetics. 
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Figure 6.3.8 (a) LSV curves of BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH 

photoanodes, (b) LSV curves of BiVO4 and  BiVO4/BNNPs photoanodes with respect to different rpms (3000 rpm, 

4000 rpm, 5000 rpm and 6000 rpm) used in spin coater; (c) Zeta potential plot for BNNPs; (d) LSV curves of bare 

BiVO4, BiVO4/Co-hydroxide, BiVO4/Cr-hydroxide and BiVO4/CoCr-LDH photoanodes; (e) LSV curves 

BiVO4/BNNPs/CoCr-LDH photoanodes with respect to different concentrations of Co(NO3)2·6H2O (0.70 mmol, 0.75 

mmol and 0.80 mmol) and different concentrations of Cr(NO3)3·9H2O (0.30 mmol, 0.25 mmol and 0.20 mmol); (f) 

LSV measurements of BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes under 

dark conditions. All LSV measurements were operated in neutral medium electrolyte (0.1M Na2SO4) under 1 Sun 

illumination (except figure f analysis) @ 1.23 V vs. RHE.        
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A maximum current density of 1.4 mA/cm2 and 2.1 mA/cm2 were noted for BiVO4 photoanode 

due to modifications with Co-hydroxide and Cr-hydroxide, respectively (figure 6.3.8(d)). These 

LSV curves confirm the absence of active catalytic sites in Cr-hydroxide for promoting PEC 

performance. In order to get a better PEC water oxidation performance, dual modification of bare 

photoanode was carried out by deposition of both BNNPs and CoCr-LDH over BiVO4 thin film. 

The current density optimization of BiVO4/BNNPs/CoCr-LDH photoanodes with respect to 

different concentrations of Co(NO3)2·6H2O (0.70 mmol, 0.75 mmol and 0.80 mmol) and different 

concentrations of Cr(NO3)3·9H2O (0.30 mmol, 0.25 mmol and 0.20 mmol), are shown in figure 

6.3.8(e). A maximum current density of 3.8 mA/cm2 having 0.06 V vs RHE onset potential was 

achieved for the optimized BiVO4/BNNPs/CoCr-LDH photoanode. After dual modification of 

BiVO4 thin film with BNNPs and CoCr-LDH, ~ 3.2 times enhancement in current density and ~ 

360 mV shift in onset potential illustrates an improvement in photogenerated electron-hole 

separation and PEC water oxidation kinetics. To further understand the role of CoCr-LDH in 

BiVO4/BNNPs/CoCr-LDH photoanode for PEC water oxidation, LSV measurements of all the 

photoanodes were carried out in dark conditions (figure 6.3.8(f)). The CoCr-LDH based 

photoanodes, i.e., BiVO4/CoCr-LDH (920 mV overpotential @ 10 mA/cm2) and 

BiVO4/BNNPs/CoCr-LDH (800 mV overpotential @ 10 mA/cm2) have a very high catalytic 

activity compared to bare BiVO4 and BiVO4/BNNPs photoanodes, which approves the enhanced 

OER kinetics of modified photoanode due to the electrocatalytic activity of CoCr-LDH . 

In order to evaluate the improvement in photoelectric conversion efficacy due to dual 

modifications of BiVO4 photoanode, IPCE analysis (figure 6.3.9(a)) of all the photoanodes was 

carried out. The IPCE value of bare BiVO4 (26%) was enhanced by ~ 3 times due to dual 

modification with BNNPs hole extractor and CoCr-LDH (69%). Also, IPCE data demonstrates the 

more photocatalytic behavior of BiVO4/BNNPs/CoCr-LDH photoanode in comparison to 

modified BiVO4/BNNPs (47%) and BiVO4/CoCr-LDH (51%). The Improved IPCE percentage of 

BiVO4/BNNPs/CoCr-LDH photoanode was also confirmed by the corresponding enhanced 

current density from LSV data. The above IPCE results confirm the effective improvement in PEC 

water oxidation activities due to the action of the BNNPs hole extractor and CoCr-LDH kinetic 

accelerator. Chronoamperometry analysis of pristine BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH 

and BiVO4/BNNPs/CoCr-LDH photoanodes was analyzed at 1.23 V vs RHE under light ON-OFF 

state, as shown in figure 6.3.9(b). Anodic spikes of bare BiVO4, modified BiVO4 photoanodes 
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(i.e., BiVO4/BNNPs, BiVO4/CoCr-LDH photoanode) were reduced significantly with dual 

modifications of BiVO4 (i.e., BiVO4/BNNPs/CoCr-LDH) which confirms the minimization of 

electron-hole recombination due to BNNPs hole extracting ability and maximized charge injection 

due to CoCr-LDH decoration over BiVO4 film.   

 

Figure 6.3.9 (a) Incident photon-to-current conversion efficiency (IPCE) w.r.t. obtained current densities; (b) 

Chronoamperometric curves of BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH 

photoanodes. The chronoamperometry measurements were operated in the neutral medium electrolyte (0.1M Na2SO4) 

under 1 Sun illumination (ON-OFF) @ 1.23 V vs. RHE.        

6.3.6 Electrochemical impedance spectroscopy (EIS) analysis  

In order to study the carrier transport behavior of BiVO4 photoanode due to dual modification of  

BNNPs and CoCr-LDH, EIS measurements were carried out at 1.23 V vs RHE under 1 Sun 

illumination, as shown in figure 6.3.10(a). The Nyquist plot for all photoanodes comprises the 

experimental data and fitted data w.r.t. equivalent circuit model (inset of figure 6.3.10(a)). The 

semicircles corresponding to BiVO4/BNNPs/CoCr-LDH photoanode are smaller than the pristine 

BiVO4 and BiVO4/BNNPs, BiVO4/CoCr-LDH photoanodes, which indicates the accelerated 

charge transfer behavior due to dual incorporation of BNNPs and CoCr-LDH. All the Nyquist plot 

fitted parameter values w.r.t. equivalent circuit model are given below in table 6.3.1. The recorded 

Rct value for BiVO4/BNNPs/CoCr-LDH photoanode was found to be 147 , which is lesser than 

the Rct values of other photoanodes, i.e., BiVO4 (280 ), BiVO4/BNNPs (189.4 ) and 

BiVO4/CoCr-LDH (156.1 ) photoanodes, which illustrates the facilitated charge separation and 

transfer behavior of the loaded BNNPs and CoCr-LDH over BiVO4 surface. The Rtrap values for 

BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes were 
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noted to be 105.3 , 68.4 , 45.9 , 27.3  respectively. With dual modifications of BiVO4 

photoanode, a smaller Rtrap (27.3 ) number in comparison to other photoanodes confirms the 

decrement in trap sites of bare and other modified BiVO4 photoanodes. The Ctrap values 

(capacitance at electrode/electrolyte interface) for BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and 

BiVO4/BNNPs/CoCr-LDH are enhanced significantly, which can be correlated to the surface layer 

modifications of BiVO4 photoanode.2 The overall resistance and capacitance parameters from the 

table represent the superior hole extraction property of BNNPs and accelerated PEC water 

oxidation kinetics of CoCr-LDH. The effect on charge carrier density (ND) on dual modified 

BiVO4 photoanode was analyzed through MS-analysis (figure 6.3.10(b)). The n-type conductivity 

behavior of all the photoanodes was confirmed with positive MS-slopes, whereas the slope of 

BiVO4/BNNPs/CoCr-LDH photoanode is smaller in comparison to other modified photoanodes. 

The calculated carrier density value was found to be 10.1 × 1018 cm-3 which is 2.4, 1.7 and 1.4 

times higher than the carrier density value of bare BiVO4 (4.2 × 1018 cm-3), BiVO4/BNNPs (6.1 × 

1018 cm-3) and BiVO4/CoCr-LDH (7.1 × 1018 cm-3), respectively. The hole extraction from the 

valence band by BNNPs and the accelerated charge injection by CoCr-LDH are the major 

contributing factors toward boosted carrier density. The boosted carrier density with dual 

modifications are attributed to the facilitated electrical conductivity towards enhanced PEC water 

oxidation performance. 

 

Figure 6.3.10 (a) Nyquist plots for BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH 

photoanodes in addition to their fitted curves and equivalent circuit model at 1.23 V vs RHE under 1 Sun illumination 

and (b) Mott−Schottky plots for BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH 

photoanodes. 
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Table 6.3.1 Nyquist plots fitting parameters for BiVO4, BiVO4/BNNPs, BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-

LDH photoanodes in addition to their charge carrier densities.              

Photoanode  Rs() Rtrap() Cbulk(F) Rct() Ctrap(F) ND(1018cm-3) 

BiVO4 39.2 105.3 19.2 280 51.8 4.2 

BiVO4/BNNPs 40.8 68.4 13.7 189.4 101.3 6.1 

BiVO4/CoCr LDH 42.4 45.9 10.2 156.1 74.4 7.1 

BiVO4/BNNPs/CoCr LDH 40.7 27.3 8.8 147 251.9 10.1 

6.3.7 Charge separation and injection efficiency analysis 

In order to get the effectual contributions of BNNPs and CoCr-LDH on charge separation 

and injection efficiency, hole scavenger (HS) test for all the bare and modified photoanodes was 

analyzed by adding 0.03 M Na2SO3 of hole scavenger with 0.1 M Na2SO4 electrolyte, as shown in 

figure 6.3.11(a) and figure 6.3.11(b).25 The calculated current densities of BiVO4, BiVO4/BNNPs, 

BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes in the presence of the hole 

scavenger are found to be ~ 2.7, ~ 1.3, ~ 1.3 and ~ 1.2 times higher than the corresponding 

photoanodes in the absence of the hole scavenger. The increment in current density for bare BiVO4 

is very high than the BiVO4/BNNPs and BiVO4/BNNPs/CoCr-LDH photoanodes, which confirms 

the enhancement in electrical conductivity due to the incorporation of hole extractor BNNPs on 

BiVO4 film. These results confirm the gradual decrement of self-corrosions and potential barriers 

for BiVO4 based photoanodes with BNNPs and CoCr-LDH modifications. Also, the shifting of 

onset potentials for bare BiVO4 and BiVO4/BNNPs photoanodes towards lower potential is very 

high in comparison to BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes, which 

illustrates the improvement in catalytic activity due to action of CoCr-LDH over BiVO4 

semiconductor.  As the hole injection process has already been promoted by co-catalyst 

modification, the shifting of onset potentials for BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-

LDH photoanodes are smaller compared to other two photoanodes. The water oxidation kinetics 

of Na2SO3 is approximated to be 100 % as it is very high in comparison to the water oxidation 

kinetics of other general semiconductors. The enhancing order of 𝜂𝑠𝑒𝑝 from 46 % (BiVO4) to 53 

% (BiVO4/BNNPs), 56 % (BiVO4/CoCr-LDH) and 64 % (BiVO4/BNNPs/CoCr-LDH) are shown 

in figure 6.3.11(c). The 𝜂𝑠𝑒𝑝 data suggests that the charge separation ability for dual modified 

BiVO4 is better and faster due to the combined effect of BNNPs and CoCr-LDH than the bare and 

single modified BiVO4 photoanode. Similarly, a very high enhancing order of 𝜂𝑖𝑛𝑗 from 37 % 
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(BiVO4) to 75 % (BiVO4/BNNPs), 80 % (BiVO4/CoCr-LDH) and 87 % (BiVO4/BNNPs/CoCr-

LDH) are shown in figure 6.3.11(d). This result confirms the improvement in charge 

transportation at the photoanode/electrolyte interface and the decrement in electron-hole 

recombination due to charge extractor and OECs modifications on BiVO4 thin film. The hindered 

PEC performance of BiVO4 photoanode due to sluggish hole diffusion on its surface is confirmed 

from the high 𝜂𝑠𝑒𝑝 (46 %) and low 𝜂𝑖𝑛𝑗 (37 %) values.14 Hence, the notable enhancement in 𝜂𝑖𝑛𝑗 

due to dual modifications of BiVO4 film with BNNPs and CoCr-LDH is the major factor for high 

PEC water oxidation performance. 

             

Figure 6.3.11 (a) LSV curves in presence of hole scavenger (Na2SO3) in Na2SO4 electrolyte under 1 Sun illumination; 

(b) bar diagram of current density (@1.23 V vs RHE) vs different photoanodes for hole scavenger (HS) test; (c) charge 

separation efficiencies and (d) charge injection efficiencies of all the bare and modified photoanodes. 

6.3.8 Cyclic voltammetry (CV) and proposed mechanism 

To further probe the involvement of active redox species, cyclic voltammetry (CV) 

measurements were performed. From figure 6.3.12(a), it is observed that only Cobalt is 

electrochemically active species, i.e. Co(II)/ Co(III). The presence of chromium is not 
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electrochemically aiding in water oxidation; however, the incorporation of chromium into CoCr-

LDH could lead to superior electric conductivity for enhanced OER activities.18
 For better 

understanding, we have proposed a complete mechanism of our system (BiVO4/BNNPs/CoCr-

LDH photoanode) to promote PEC water oxidation based on the earlier results (figure 6.3.12(b)). 

Mechanistically, under illumination, the type II heterostructure (BiVO4 and CoCr-LDH) are 

connected through BNNPs hole extractor bridging. This type II heterojunction provides an internal 

built-in electric field to accelerate the charge transfer. Additionally, the electrochemical active 

species, Co(II) oxidised to Co(III) by receiving holes from BNNPs hole extractor. Later, Co(III) 

releases those holes to harvest O2 gas and responds back to its original state, i.e., Co(II). PEC water 

oxidation is significantly promoted due to the incorporation of a superior hole extraction layer 

(BNNPs) and hole injection layer (CoCr-LDH) on the BiVO4 surface. 

  

Figure 6.3.12 (a) CV measurement of CoCr-LDH under dark conditions; (b) Proposed mechanism of the 

BiVO4/BNNPs/CoCr-LDH photoanode for enhanced PEC water oxidation. 

6.3.9 Stability and Faradaic yield measurements 

Figure 6.3.13(a) represents the continuous operational stabilities of 3h for all the bare and 

composite photoanodes. After 3h of measurements, the operational stabilities w.r.t. initial 

photocurrent densities were found to be ~ 81%, ~ 92%, ~ 97% and 99% for BiVO4, BiVO4/BNNPs, 

BiVO4/CoCr-LDH and BiVO4/BNNPs/CoCr-LDH photoanodes, respectively. The significant 

improvement in photostability is only because of the additional incorporations of BNNPs and 

CoCr-LDH. Figure 6.3.13(b) indicates the quantified evolved oxygen and hydrogen gases of the 

composite BiVO4/BNNPs/CoCr-LDH photoanode. The exact figures of experimental evolved 
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oxygen and hydrogen gases are compared with the theoretical figures to provide Faradaic yield. 

After 3 h of experiment, an average Faradaic yield of ~ 93.5 % for oxygen gas and ~ 96.5 % for 

hydrogen gas were recorded. 

          

Figure 6.3.13 (a) Continuous operational stabilities of 3h for all the  bare and composite photoanodes @ 1.23 V vs 

RHE under continuous light illumination and (b) Faradaic yield measurement of BiVO4/BNNPs/CoCr-LDH 

photoanode for oxygen and hydrogen gas evolutions. 

6.4 CONCLUSIONS 

Firstly, we have incorporated a very thin layer of exfoliated 2D BNNPs as an ultra-rapid 

hole extractor over the surface BiVO4 photoanode to enhance the speedy charge separation process 

along with suppressed charge recombination. Secondly, a supplementary OEC based thin layer of 

CoCr-LDH has been incorporated hydrothermally over BiVO4/BNNPs photoanode to enhance the 

surface oxidation kinetics. Interfacial insertion of two-dimensional BNNPs between BiVO4 

semiconductor and CoCr-LDH results to achieve a maximum photocurrent density of  3.8 mA/cm2 

at 1.23 V vs RHE along with a cathodic shift of ~360 mV onset photocurrent, which indicates the 

3.2 fold enrichment in photocurrent density in comparison to bare monoclinic BiVO4. Accelerated 

PEC water oxidation kinetics, facilitated electrical conductivity, improved charge separation and 

injection efficiency and boosted electrochemical active surface area were achieved only due to the 

modifications of BiVO4 photoanode with BNNPs and CoCr-LDH. The current work suggests a 

reasonable approach for boosted PEC water oxidation efficacy of photoanode by combo 

modifications with hole extractor and OECs.   
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                                                    CHAPTER 7 

 

Thesis overview and future perspectives 

 
This chapter, in brief, outlines the outcomes and overview of the current thesis. Herein, it also 

discusses the possible modification in the near future that can be done with the metal oxides to 

enhance overall water splitting performance. 
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7.1 THESIS OVERVIEW 

The thesis is focused on the design aspects of n-type metal oxide based photoanodes for 

electrochemical performance mainly using WO3 and BiVO4 as base semiconductors. The 

arrangement of this thesis is as follows: 

 Chapter 1 introduces global energy consumption and challenges to achieve sustainable 

and zero-emission production of energy. This chapter discusses the basics on 

photoelectrochemical (PEC) water splitting, working principle, new challenging 

approaches to develop photoelectrodes for improved PEC performance based on the 

reported literature.  

 Chapter 2 covers the discussions of material synthesis, fabrication and different material 

characterization techniques, experimental setup and desired analysis for PEC water 

oxidation. 

 Chapter 3 offers the hydrothermal growth of In-doped monoclinic WO3 nanoblocks 

directly over fluorine doped tin oxide (FTO) substrate without the aid of any seed layer. X-

ray photoelectron spectroscopy (XPS) data reveals the shifting W6+ peaks to lower binding 

energy by In3+-doping which attributes the shorting of W-O bond and indicates that In3+ 

ions are partially occupying the W6+ ions in In-doped WO3 photoanode. The current density  

of WO3 photoanode has been enhanced by 3 times due to In-doping. Mott-Schottky (MS) 

analysis reveals charge carrier density (ND) for In-doped WO3 photoanode has been 

enhanced by a factor of 3. An average Faradic yield of ~ 90 % has been achieved which 

can serve as a model system using In3+ as a dopant for an inexpensive and attractive method 

for enhanced WO3 based PEC water oxidation. 

 Chapter 4 demonstrates the modification of stable monoclinic WO3 nanoblocks with 

hexagonal boron nitride quantum dots (h-BNQDs) incorporation to improve the 

photogenerated electron−hole separation and additionally to hinder the charge 

recombination process. The photocurrent density of WO3 photoanode has been enhanced 

by 2.4 times due to modification with BNQDs which attributes the hole extraction property 

of BNQDs on WO3 nanoblock surface. A 2-fold increment in photogenerated charge carrier 

density (ND) has been achieved due to better charge separation of electron−hole pairs in 

the modified system, confirmed by the Mott−Schottky (MS) plot. The present work 
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demonstrates a unique, low-cost strategy for the enhancement of PEC water oxidation by 

modification of the photoanode with hole-extracting agents. 

 Chapter 5 determines the widely explored zero-dimensional (0D) non-metal based 

materials for photoelectrochemical (PEC) electrode modification due to their faster charge 

transfer and better light harvesting abilities. Herein, we have designed a complimentary 

charged nanosized 0D-0D hybrid assemble of phosphorous nitride dots (PNDs) (ς = + 9.5 

mV) and borophene dots (BDs) (ς = - 26.2 mV) having favorable type-II heterojunction 

approach among them. A model system has been studied using WO3 as a semiconductor 

for showing the effectiveness of PNDs- BDs for PEC water oxidation. The type-II-II′ 

heterojunction based WO3/PNDs-BDs photoanode offers a significant three-fold 

improvement in carrier density expression as compared to bare WO3 photoanode. The 

increase in carrier density translates to a four-fold higher current density of 2.8 mA/cm2 at 

1.23 V vs RHE in comparison to the bare WO3 photoanode. The oppositely charged 0D-

0D hybrid model provides rapid carrier separation along with minimized carrier 

recombination to metal oxide based semiconductor for enhanced PEC water oxidation.  

 Chapter 6 chapter offers the interfacial insertion of hole extractor between semiconductor 

photoanode and surface oxygen evolution catalyst (OECs) for amplified 

photoelectrochemical (PEC) water oxidation performance. Herein, modifications of bare 

monoclinic BiVO4 photoanode with two-dimensional boron nitride nanoplatelets (BNNPs) 

as hole extractor and CoCr-layered double hydroxides (CoCr-LDH) as kinetics accelerator 

results to achieve a maximum photocurrent density of 3.8 mA/cm2 at 1.23 V vs RHE along 

with a cathodic shift of ~360 mV onset photocurrent, which indicates the 3.2 fold 

enhancement in photocurrent density in comparison to bare BiVO4. Semiconductor/hole 

extractor/OECs composite photoanode, i.e., BiVO4/BNNPs/CoCr-LDH offers speedy 

charge separation with suppressed charge recombination to accelerate the PEC water 

oxidation kinetics. The presented work is promising as it fill-in the gap between the 

photoanode and OECs for boosting the PEC water oxidation efficiency of metal-oxide 

based photoanode. 
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7.2 FUTURE PERSPECTIVE 

The presented thesis outlined the design aspects of n-type metal oxide based photoanodes for 

electrochemical performance during the research tenure. A detailed study on the photoanodes was 

carried out to resolve issues related to charge carrier density, photogenerated charge separation, 

charge injection, charge transfer at the interface and reaction kinetics. Although, several strategies 

have been adopted here making substantial advancements in the field of photoelectrochemical 

water splitting, numerous scopes are still available to further improve the overall efficiency 

towards commercialization. The plausible scopes for the advancement of photoelectrochemical 

water splitting towards practicality are as follows: 

➢ The poor crystallinity of semiconductors hinders PEC performance. Increasing the 

crystallinity of these nanostructured photoanodes would be beneficial to its PEC 

performance. Post-annealing for these nanostructured photoanodes is the most direct way 

to improve its crystallinity, but the control of ramp rate, annealing temperature, duration, 

and atmosphere needs to be investigated carefully so as not to damage the nanostructure or 

undermine carrier mobility. 

➢ Introduction of porosity to the nanostructured photoanode is a feasible way to increase the 

surface area for better water oxidation reaction. Combination of nano-porosity with a 

suitable morphology may possibly improve the performance of these photoanodes. 

➢ Exploring new materials such as inorganic perovskite oxides with tunable crystallinity and 

morphology is another possible way to achieve improved PEC performance. 

➢ Prediction of future structural properties by designing the photoelectrode materials with 

theoretical calculations and a combination of both theoretical investigation and 

experimental analysis will solve the limitations of new materials. 

➢ Use of innovative and cost effective fabrication and synthetic methods for wide range of 

applications. 
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