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PREFACE 
As efficient, stable and economic photocatalyst development is the key challenge for large scale 

green H2 generation, the present research work aims to develop stable, reusable, nontoxic, cost 

effective and visible light active semiconductor nanomaterial based heterostructures as 

photocatalysts for the environmental remediation and renewable energy H2 generation through 

photocatalytic and photoelectrochemical water splitting. This work explores the band structure 

analysis and charge migration pathway of heterostructured materials under light illumination for 

water splitting reactions. 
The chapters in this thesis covers the followings: 

 

Chapter 1: This chapter provides the background of photocatalysis, basic of semiconductor, 

nanomaterial and heterostructures. The reactions involved in photocatalytic H2 generation and 

photoelectrochemical water splitting are described in details along with the photon to current 

conversion efficiency measurement. The mechanism of co-catalyst, doping and various types of 

heterostructures (Type-I, Type-II, Z-Scheme, p-n heterojunction, Schottky junction) are discussed 

with examples. Finally, the advantages and limitations of Bi-based semiconductors towards water 

splitting and the challenges of water spitting are illustrated.   

 

Chapter 2: This chapter covers the motivation and objectives of the thesis work with literature 

review on Bi-based semiconductor heterostructures used in various photocatalytic application, 

such as organic pollutant degradation, solar fuel H2 and O2 generation, CO2 reduction to value 

added products etc. under solar light irradiation. The challenges in water splitting and the strategies 

to improve the catalytic activity are described with examples. 

 

Chapter 3: The synthesis methods and the characterization techniques, including structural, 

morphology, optical and electrochemical property measurements. All the tools used in this thesis 

work has been described with operating principal, condition and the model number. The 

photocatalytic and photoelectro chemical water splitting set up, reactor and the reaction condition 

are also illustrated.      

 

Chapter 4: A facile hydrothermal followed by in-situ deposition method described to synthesize a 

highly active Bi2S3/ZnO Type-II heterostructures for organic pollutant degradation and 

photocatalytic H2 generation. The physical, chemical, and electrochemical techniques to 

characterize the Bi2S3/ZnO heterostructures are described and the Type-II charge transfer pathway 



through the junction are proposed. The prepared Bi2S3/ZnO heterostructures shows 8.6 times 

higher H2 generation compared to bare Bi2S3 under visible light illumination. 

 

Chapter 5: A new strategy has been developed through two steps, comprising of hydrothermal 

method followed by radiolysis for an efficient Schottky junction between noble metal gold 

nanoparticles (Au NPs) and bismuth ferrite (BiFeO3) fabrication. The catalytic activity of as 

developed metal-semiconductor Schottky junction was investigated by photocatalytic H2 

generation and PEC water splitting under visible light. The effect of pH, various sacrificial agent, 

catalyst loading have been tested in details to optimize the reaction parameters of photocatalytic 

H2 generation. The hot electron generation by virtue of surface plasmonic effect and the transfer 

from Au surface to BiFeO3 via Schottky junction has been described. The prepared Au/BiFeO3 

heterostructures shows two fold improved H2 generation rate compared to bare BiFeO3.    

 

Chapter 6: An efficient p-n heterojunction between Bi-doped TiO2 and MoS2 has been developed 

for visible light active water splitting. The band gap reduction of TiO2 by Bi doping and 

suppression of electron-hole recombination by developing p-n heterojunction has been described 

in this chapter. Further, an indirect Z-scheme charge transfer mechanism for MoS2/Ag-AgVO3 

heterostructures are characterized and described. Finally, the effect of p-n heterojunction and 

indirect Z-scheme heterostructures towards photocatalytic H2 generation and photo 

electrochemical water splitting are illustrated. The four times higher H2 generation rate obtained 

for Bi-doped TiO2/MoS2 p-n heterojunction compared to bare MoS2. 

 

Chapter 7: We have enhanced the photocatalytic performance of bismuth oxyhalides (BiOX, 

X=Cl, Br, I) through the coupling with low bandgap spinel structure copper ferrite (CuFe2O4) via 

in-situ co-precipitation method. Three types of heterostructures (Type-I, Type-II and direct Z-

scheme) have been formed between BiOX and CuFe2O4 depending on the position of their valence 

band, conduction band location and fermi level. The highest efficiency for BiOCl/CuFe2O4 direct 

Z-scheme heterostructures towards H2 generation are described on the basis of bandgap 

engineering,  carrier concentration, charge transfer pathway and redox capability. The highest 

efficiency towards H2 generation was achieved for BiOCl/CuFe2O4 direct Z-scheme 

heterostructures (~22.2 mmol h−1), which is two times than BiOI/CuFe2O4 and BiOBr/CuFe2O4 

heterostructures, highlighting the intense promoting effect of direct Z-scheme charge transfer 

mechanism.   

 

Chapter 8: A summary of the most important findings from the previous chapters and future 

research directions are discussed. 
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i 

ABSTRACT 
 
Design and fabrication of artificial catalytic systems to mimic natural photosynthesis which can 

harvest solar energy and directly convert into usable or storable energy resources may resolve the 

global energy and environment crisis. Remarkably, photocatalysis is an efficient approach to 

utilize solar photons in order to drive the thermodynamic uphill reaction to generate chemical fuels 

H2 and O2 by water splitting in presence of efficient photocatalyst. In this regards, Bi-based 

semiconductors are focused as photocatalyst due to low cost, nontoxic, facile synthesis, interesting 

optoelectronic and physicochemical properties. As single semiconductor could not meet all the 

stringent requirements for water splitting under visible light, development of new functional 

semiconductor based hybrid materials and understanding of interfacial band edge energetics have 

been studied in this thesis work, which are useful for photocatalytic and photoelectrochemical solar 

fuel H2 generation. The coupling of two materials as a semiconductor heterostructures is an 

effective strategy to increase charge separation efficiency and lowering the fast electron-hole 

recombination by allowing multiple active sites and thereby improve their solar light harvesting 

efficiency. The conventional heterostructures of Type-II, Schottky junction, p-n junction and 

advanced type direct and indirect Z-scheme heterostructures have been developed by facile 

methods and studied their physical, morphological, optical and electrochemical properties and 

finally the charge transfer mechanisms through the junction interfaces are proposed. Therefore, 

the present work will be focused to introduce a stable, reusable, nontoxic, cost effective and visible 

light active Bi-based heterostructures as photocatalysts for the environmental remediation and 

renewable energy production.    
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spectroscopy (AAS). 
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Figure 3.19 (a) Schematic presentation of Beer-Lambert law and (b) UV-Vis absorption 

spectrophotometer. 
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Figure 3.20 Working principal of UV-Vis absorption spectrophotometer. 111 

Figure 3.21 The schematic presentation of photoluminescence (PL) working principle. 112 

Figure 3.22 The schematic presentation of Time-correlated single photon counting 

(TCSPC) working principle.  
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Figure 3.23 (a) Schematic presentation of double-layer created at an interface of n-type 

semiconductor electrode and electrolyte at equilibrium. The blue line indicates the 

potential (φ) across the double-layer. The potential drop at space charge layer (I), 

Helmholtz layer (II) and Gouy layer (III) are represented by ΔφSC, ΔφH, and ΔφG, 

respectively. (b) Schematic of energy bands of an redox states and n-type semiconductor 

in electrolyte (Red and Ox), Fermi level (Ef(redox)) and re-organization energy of solvent 

().  
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Figure 3.24 Schematic presentation of built-in potential (E) of an n-type electrode -

electrolyte interface under dark and light during equilibrium condition. RSS, RSC and 

Rbulk are resistance due to the surface state, space charge layer and bulk recombination. 

Here, Jredox represents the charge transfer from VB to redox reagent.  
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Figure 3.25 (a) A triangular potential waveform applied for CV measurement. (b) 

Concentration of CP (blue) and CQ (red) versus distance from the electrode at various 

points during a reversible CV at scan rate of 100 mV s−1.  

117 

Figure 3.26 A linear potential waveform and the corresponding Linear Sweep 

Voltammetry (LSV) curve. 
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Figure 3.27 (a) The representation of impedance (Z) via planar vector and (b) the 

corresponding Nyquist plot.   
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Figure 3.28 (a) RC circuit and the (b) corresponding Nyquist plot for single 

semiconductor. (c) RC equivalent circuit and (d) corresponding Nyquist plot for 

heterogeneous electrode.   
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Figure 3.29 The schematic representation of electrode-electrolyte interface.  123 

Figure 3.30 Schematic diagram of (a) part of the VSM setup and (b) types of sample 

holder used in VSM.  
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Figure 3.31 (a) Schematic presentation of the working principle of Gas Chromatography 

(GC) and (b) On-line GC setup. 
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Figure 3.32 (a) Schematic presentation of quartz cell reactor for organic pollutant 

degradation. (b) Image of quartz cell reactor with light illumination. 
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Figure 3.33 Online photocatalytic H2 generation set up. 127 

Figure 3.34 Three electrode photoelectrochemical cell (a) without light and (b) under 

light irradiation. 
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Figure 3.35 Prepared working electrode by doctor-blade method on FTO glass (a) Bi2S3, 

ZnO, Bi2S3/ZnO, (b) BiFeO3, Au/BiFeO3, (c) BiOCl, BiOCl/CuFe2O4. 

128 

Figure 4.1 XRD patterns of as prepared (a) pure L-Bi2S3 and L-Bi2S3 decorated with 

ZnO NPs. Inset: XRD pattern of ZnO nanoparticles. (b) Pure M-Bi2S3 rod shaped 

structures and M-Bi2S3 decorated with ZnO NPs. The samples have been synthesized at 

16 h and metal salt to surfactant ratio 1: 3. (c) XRD patterns of M-Bi2S3 at three different 

reaction times as 10 hours, 16 hours and 24 hours. 
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Figure 4.2 FESEM images of Bi2S3 using L-cysteine as structure controlling agent at 

three different reaction time (a) 10 h, (b) 16 h, (c) 24 h (metal: L-cysteine of 1:1.5). 

Effect of surfactant concentrations during the formation of Bi2S3 at three different 

metal/surfactant ratio of (d) 1:1.5, (e) 1:3 and (f) 1:6 at 16 h under similar condition.  
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Figure 4.3 FESEM images of (a) – (c) flower like assembled structures of Bi2S3 using 

mercaptosuccinic acid as structure controlling agent at three different magnifications and 

(d) EDS spectrum of Bi2S3 synthesized at 16 h and metal salt to surfactant ratio 1 : 3. 
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Figure 4.4 TEM images of (a) pure L-Bi2S3 nanostructures (b) HRTEM of L-Bi2S3 inset: 

SEAD pattern, (c) pure M-Bi2S3 nanostructures and (d) HRTEM image of M-Bi2S3 at 

metal: surfactant of 1:3 in reaction time 16 h. 
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Figure 4.5 (a-b) FESEM images of L-Bi2S3/ZnO heterostructures at two different 

magnifications. TEM image of (c) ZnO nanoparticles decorated on rod shaped Bi2S3 

structures, (d) HRTEM, (e) SAED and (f) EDX spectrum of L-Bi2S3/ZnO 

heterostructures. 
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Figure 4.6 FESEM images of M-Bi2S3/ZnO heterostructures at (a) low magnification, 

(b) high magnification. TEM image of (c) ZnO nanoparticle decorated on rod shaped 

Bi2S3 structures, (d) HRTEM of M-Bi2S3/ZnO heterostructures. 
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Scheme 4.1 Schematic illustration of ZnO nanoparticles decorated Bi2S3 assembles 

structure synthesized by simple hydrothermal method using L-Cysteine hydrochloride 

as structure controlling agent. 
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Scheme 4.2 Schematic illustration of ZnO nanoparticles decorated Bi2S3 rods 

synthesized by simple hydrothermal method using mercaptosuccinic acid as structure 

controlling agent.  

150 

Figure 4.7 XPS spectra of as-prepared heterostructures. (a) The overall spectra of M-

Bi2S3 and M-Bi2S3/ZnO. (b) The Bi 4f and S 2p spectra, (c) Zn 2p spectra and (d) O 1s 
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spectra of  M-Bi2S3/ZnO. Here the scatter and solid lines indicate the experimental and 

fitted data. 

Figure 4.8 TG curves of (a) pure L-Bi2S3 and L-Bi2S3/ZnO, (b) pure M-Bi2S3 and M-

Bi2S3/ZnO. (c) N2 adsorption-desorption isotherm of bare M-Bi2S3 and M-Bi2S3/ZnO 

heterostructures. 
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Figure 4.9 (a) Diffuse reflectance spectra of L-Bi2S3 (Pink line), L-Bi2S3/ZnO (Blue 

line), M-Bi2S3 (Black line) and M-Bi2S3/ZnO (red line) respectively. Inset: absorption 

spectra of ZnO nanoparticles (5 nm). (b) Photoluminescence spectra of ZnO (5 nm), L-

Bi2S3/ZnO and M-Bi2S3/ZnO. (c) Photocatalytic degradation of methyl orange in 

presence of catalyst, bare semiconductors L-Bi2S3, M-Bi2S3 and heterostructures L-

Bi2S3/ZnO, M-Bi2S3/ZnO under visible light irradiation. (d) Effect of argon, 

isopropanol, Cu2+ on the photocatalytic activity of M-Bi2S3/ZnO for methyl orange 

degradation. 
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Figure 4.10 (a) Photocatalytic hydrogen generation in presence of catalyst L-Bi2S3, M-

Bi2S3, L-Bi2S3/ZnO, M-Bi2S3/ZnO for 3h under visible light from an aqueous solution 

containing 25 volume % methanol at pH 7. (b) Effect of pH on hydrogen evolution from 

aqueous solution after 1h and 3h irradiation.  
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Figure 4.11 Recycling test of (a) M-Bi2S3/ZnO during MO degradation and (b) L-

Bi2S3/ZnO during hydrogen generation. (c) The XRD pattern and (d) FESEM image of 

L-Bi2S3/ZnO after and before catalytic reaction of MO degradation and H2 generation at 

pH 7. 
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Figure 4.12 Photoelectrochemical current density vs potential plot of  (a) M-Bi2S3, (b) 

ZnO (5 nm) and (c) M-Bi2S3/ZnO via LSV method without light (dark) and light 

illuminating condition at a scan rate of 20 mV sec1 using 0.1 M KOH solution as 

electrolyte, Pt wire as counter electrode and Ag/AgCl as reference electrode and (d) time 

dependence of photocurrent density at external bias 0.26V vs Ag/AgCl with 

illumination, at scan rate of 20 mV sec1 for bare M-Bi2S3 and heterojunction M-

Bi2S3/ZnO.  
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Figure 4.13. (a) Comparative time dependent photocurrent density response of the (i) 

heterostructures M-Bi2S3/ZnO and (ii) pure M-Bi2S3 with illumination (switched on) and 

off in air at a bias of 500 mV and (b) the picosecond–resolved PL spectra of ZnO (5 nm), 

M-Bi2S3 and M-Bi2S3/ZnO heterostructures. 
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Scheme 4.3 Proposed diagram for the possible band edge energy for charge separation 

and migration in the Bi2S3/ZnO heterostructures. 
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Figure 5.1 X-ray powder diffraction pattern of (a) pure BiFeO3-Ns (BFO-Ns) and 

Au/BiFeO3-Ns (Au/BFO-Ns) heterostructures, (b) BFO-Ns, Bi2S3/BFO-Ns, CdS/BFO-

Ns, ZnS/BFO-Ns and Ag/BFO-Ns heterostructures.   
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Figure 5.2 (a) FESEM image, (b, c) low and high magnification TEM images and (d) 

HETEM of BiFeO3 Nanosheets (BFO -Ns). Inset d: SAED pattern of BiFeO3 nanosheets. 
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(e, f) Low and high magnification TEM images of Au/BiFeO3-Ns heterostructures. Inset 

f: HRTEM image of Au/BiFeO3-Ns heterostructures. All the samples are prepared at 

NaOH concentration of 5M. 

Figure 5.3 (a) Energy-dispersive X-ray spectra (EDX) of Au/BiFeO3-Ns (Au/BFO-Ns) 

heterostructures. X-ray photon spectroscopy (XPS) of (b) pure BiFeO3-Ns (BFO-Ns) 

and Au/BFO-Ns heterostructures, (c) Au and (d) Bi of Au/BFO-Ns heterostructures. 
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Figure 5.4 (a) X-ray photon spectroscopy of (a) Bi, (b) Fe and (c) O for pure BFO-Ns 

and Au/BFO-Ns heterostructures. (d) Isothermal N2 gas adsorption–desorption curves 

of the pure BFO-Ns and Au/BFO-Ns heterostructures.  
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Figure 5.5 (a) Diffuse reflectance spectra of pure BiFeO3 nanosheets (BFO-Ns) and 

Au/BFO-Ns heterostructures. (b) Kubelka–Munk [(αhν)2 vs photonenergy (hν)] plot of 

pure semiconductor BFO-Ns and Au/BFO-Ns heterostructures. 
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Figure 5.6 (a) Photocatalytic hydrogen generation and (b) H2 evolution rate in presence 

of BiFeO3 nanosheet (BFO-Ns, black line) and Au/BFO-Ns heterostructures (red line). 

(c) FESEM images of cylindrical shaped BiFeO3 (BFO -Cyl) nanostructures using 2M 

NaOH, (d) octahedral shaped BiFeO3 (BFO-Oct) nanostructures using 12M NaOH. 
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Figure 5. 7 (a) Comparative H2 generation data after 2 h visible light irradiation using 

the catalysts of BiFeO3 nanosheet (BFO-Ns), BiFeO3 octahedral (BFO-Oct), cylindrical 

shaped BiFeO3 (BFO-Cyl) and their heterostructures as Au/BFO-Ns, Au/BFO-Oct, 

Au/BFO -Cyl from an aqueous solution containing 25 volume % methanol at pH 7. (b) 

Diffuse reflectance spectra of BiFeO3 nanostructures with different morphologies. Effect 

of (c) pH and (d) sacrificial agents on hydrogen generation using Au/BFO-Ns as 

photocatalyst under visible light illumination.  
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Figure 5.8 (a) Photocatalytic H2 generation using as developed heterostructures. (b) 

Recycling test of Au/BFO-Ns heterostructures during photocatalytic hydrogen 

generation and (c) TEM image of Au/BFO-Ns heterostructures after catalytic reaction 

of H2 generation at pH 7.  
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Figure 5.9 Linear sweep voltammograms (LSV) curves of BiFeO3 nanosheet (BFO-Ns), 

Au NPs and Au/BFO-Ns at (a) positive potential (b) negative potential range in presence 

of 0.1 M Na2SO4−phosphate buffer solution (pH 7), under continuous light illumination 

of 100 mW/cm2. (b) Chopped LSV of BFO-Ns after three successive runs. (d) 

Chronoamperometry profile of the BFO-Ns and Au/BFO-Ns thin film semiconductor 

electrodes measured at 0.6 V vs Ag/AgCl under chopped illumination. 
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Figure 5.10 Calculated (a) IPCE (%) and corresponding integrated current density 

(product of the IPCE spectrum with the AM1.5G photon flux, blue stars) and (b) APCE 

(%) of BiFeO3 nanosheet (BFO-Ns) and Au/BFO-Ns photoanodes using same 

electrolyte within the wavelength range 300 to 700 nm.  
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Figure 5.11 (a) Photoluminescence spectra of pure BiFeO3 nanosheet (BFO-Ns) and 

Au/BFO-Ns heterostructures at an excitation of 380 nm. Mott–Schottky plots of (b) pure 
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BFO-Ns and Au/BFO-Ns heterostructures and in presence of 0.1 M Na2SO4 electrolytes 

(pH 7) using an AC frequency of 1000 Hz. The intercept of the plot (at 1/C2 = 0) has 

been used to determine the Efb of the BFO-Ns and Au/BFO-Ns photoelectrodes. Effect 

of (c) frequency and (d) various morphology of BiFeO3 (BFO nanosheet, octahedral 

shaped and cylindrical shaped nanostructures) on heterostructures in Mott-Schottky plot 

keeping other conditions same.   

Figure 5.12 (a) Nyquist plot of BiFeO3 nanosheet (BFO-Ns) and Au/BFO-Ns using 

same electrolyte under dark and light illumination of 100 mW/cm2 at an applied potential 

0.6V vs Ag/AgCl. Inset. Equivalent circuit model to analyze the Nyquist plot. (Nyquist 

plot under dark and light illumination. (b) Magnetic hysteresis loop for pure BiFeO3 

(BFO-Ns) and Au/BiFeO3 heterostructures at room temperature. Inset: magnified views 

of the low field region. 
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Scheme 5.1 Schematic representations of the band edges of Au/BiFeO3 heterostructures 

and proposed mechanism of photocatalytic H2 generation (a) when the incident light 

wavelength  420 nm, (b) when the incident light wavelength  420 nm, hot electron 

injection from the surface plasmon state of Au NPs to CB of BiFeO3 in Au/BiFeO3 

heterostructures and (c) photoelectrochemical water splitting under visible light 

irradiation. 
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Scheme 6.1 Schematic depiction of synthesis of MoS2/Bi-TiO2 and MoS2/Ag-AgVO3 

heterostructures by chemical mixing and co-precipitation method, respectively. 
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Figure 6.1 FESEM images of (a) bulk MoS2 powder, (b) MoS2 nanosheets. TEM images 

of (c) MoS2 nanosheets, (d) Bi modified TiO2 (using 2 mM Bi), (e) high resolution 

(HRTEM) and (f) selected area electron diffraction pattern of Bi modified TiO2 (using 2 

mM Bi).   
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Figure 6.2 (a) TEM image, (b) HRTEM image, (c) SAED pattern and (d) EDX spectrum 

of MoS2/Bi-TiO2 (MBT-10) heterostructures.  
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Figure 6.3 FESEM images of (a) Ag-AgVO3 and (b) MoS2/Ag-AgVO3 heterostructures. 

(c) HRTEM image and (d) SEAD pattern of Ag nanoparticle. 
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Figure 6.4 (a) TEM image, (b) HRTEM image and (c) SAED pattern of Ag-AgVO3 

synthesized at room temperature. (d) Low and (e) High magnification TEM images and 

(f) EDX spectrum of MoS2/Ag-AgVO3 heterostructures. 
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Figure 6.5 (a) XRD pattern of TiO2, Bi-doped TiO2 (using 2mM Bi), MoS2 and 

MoS2/Bi-TiO2 (MBT-10) heterostructures. (b) XRD of Bi-modified TiO2 materials 

synthesized using 1 mM, 2 mM, 3 mM, 5 mM and 10 mM Bi-salt.  
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Figure 6.6 TG analysis of Bi-doped TiO2 as photocatalyst with various loading 

concentration. The Bi doping samples are marked as (i), (ii), (iii), (iv) according to the 

amount of Bi-salt used during the synthesis (1 mM, 2 mM, 3 mM and 5 mM) 

respectively. 
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Figure 6.7 (a) XRD patterns, (b) FTIR spectra and (c) Raman spectra of the synthesized 

Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 heterostructures. 
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Figure 6.8 (a) The surface survey XPS spectra of the MoS2/Bi-TiO2 (MBT-10) 

heterostructures and the bare MoS2. Magnified XPS spectra for (b) Mo 3d, (c) Bi 4f, S 

2p, (d) Ti 2p and (e) O 1s of MoS2/Bi-TiO2 (MBT-10) heterostructures. The scattered 

lines represent the experimental data and solid lines for fitted data.   
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Figure 6.9 (a) The XPS spectra of the Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 

heterostructures. Magnified XPS spectra of (b) Ag 3d, (c) V 2p, (d) O 1s of MoS2/Ag-

AgVO3 heterostructures. The magnified XPS spectra of (e) Ag 3d of the bare Ag-AgVO3 

and MoS2/Ag-AgVO3 heterostructures.  

219 

Figure 6.10 Magnified XPS spectra of (a) Mo 3d, (b) S 2p of MoS2/Ag-AgVO3 

heterostructures. The magnified XPS spectra of (c) Mo 3d and (d) S 2p of the bare MoS2 

and MoS2/Ag-AgVO3 heterostructures.  
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Figure 6.11 UV-Vis absorption spectra of (a) bare MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 

(MBT-10) heterostructures and (b) Ag-AgVO3, MoS2/Ag-AgVO3 heterostructures. 
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Figure 6.12 Kubelka–Munk [(αhν)2 vs photonenergy (hν)] plot of (a) bare MoS2 and (b) 

MoS2/Bi-TiO2. (c) UV-Vis spectra of TiO2 (Inset: Kubelka–Munk of TiO2) and (d) Bi-

doped TiO2, (Inset: Kubelka–Munk of Bi-doped TiO2). (e) Kubelka–Munk plot of Ag-

AgVO3. 
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Figure 6.13 (a) Photocatalytic H2 generation using Bi-doped TiO2 as photocatalyst with 

various loading concentration which are synthesized using (i) 1 mM, (ii) 2 mM, (iii) 3 

mM and (iv) 5 mM Bi-salt. The H2 data of bare TiO2 has been incorporated to compare 

the doping effect. (b) Effect of Bi-TiO2 loading on MoS2. (c) Photocatalytic H2 

generation in presence of MoS2, MoS2/TiO2-10 (MT-10) and MoS2/Bi-TiO2 

heterostructures (MBT-10) after 240 mins of visible light irradiation. (d) Photocatalytic 

H2 generation rate of MBT-10 with linear fitting.  
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Figure 6.14 (a) Effect of pH for photocatalytic H2 generation under visible light. (b) 

Recycling test of MoS2/Bi-TiO2 during H2 generation. (c) The XRD pattern and (d-e) 

FESEM image of MoS2/Bi-TiO2 after and before catalytic reaction for H2 generation. 
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Figure 6.15 (a) Photocatalytic hydrogen generation in presence of Ag-AgVO3 (black 

line), bare MoS2 (red line) and MoS2/Ag-AgVO3 heterostructures (blue line) after 120 

mins of visible light irradiation. (b) Photocatalytic H2 generation of MoS2/Ag-AgVO3 

heterostructures at different volume % of methanol and (c) apparent quantum yield 

(AQY %) of Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 heterostructures. 
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Figure 6.16 (a) Transient photocurrent spectra of MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 

heterostructure-modified ITO electrodes at a bias of 0.26 V versus Ag/AgCl reference 

electrode in presence of 0.1M Na2SO4 buffer solution (suppress photogenerated holes 

and drive photogenerated electrons to reduce protons to H2). Nyquist plots of the 
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electrodes (b) MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructure, (c) MoS2/Bi-TiO2 

heterostructures with various Bi-TiO2 loading concentration at potential 0.1 V vs 

Ag/AgCl under continuous light illumination. (d) Linear sweep voltammetry curves of 

MoS2/Bi-TiO2 samples at various loading of Bi-doped TiO2.  

Figure 6.17 Mott–Schottky plots of (a) bare MoS2, (b) MoS2/TiO2 (MT-10), (c) Bi-

doped TiO2 and (d) MoS2/Bi-TiO2 (MBT-10) heterostructures. The experiment was 

carried out in Na2SO4 solution (0.1 M) under 1000 Hz AC frequency. Efb of 

photoelectrodes have been calculated from the intercept of the plots at 1/C2 = 0. 
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Figure 6.18 (a) Cyclic voltammogram of prepared electrodes in presence of 0.1M 

Na2SO4-phosphate buffer solution (pH 7) as electrolyte at a scan rate of 10 mV s1. (b) 

Linear sweep voltammetry and (c) chronoamperometry under chopped light illumination 

of 100 mW cm2 of as prepared electrodes in presence of 0.1M Na2SO4-phosphate buffer 

solution at a scan rate of 10 mV s1. (d) Nyquist plots of Ag-AgVO3, bare MoS2 and 

MoS2/Ag-AgVO3 heterostructures recorded at 0.1 V vs Ag/AgCl under light 

illumination.  
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Figure 6.19 (a) Calculated incident photon to current conversion efficiency (IPCE %) 

and (b) Absorbed photon to current conversion efficiency (APCE %) of MoS2/Ag-

AgVO3 photoanode within the wavelength range 350700 nm. 
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Scheme 6.1 Schematic illustration of the charge transfer in MoS2/Bi-TiO2 p-n 

heterojunction. 
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Figure 6.20 (a) Photoluminescence (PL) spectra of Ag-AgVO3 and MoS2/Ag-AgVO3 

heterostructures upon excitation at 340 nm. (b) The picosecond-resolved TCSPC spectra 

of as prepared materials upon excitation at 375 nm. Mott–Schottky plots of (c)  Ag-

AgVO3, bare MoS2 and the MoS2/Ag-AgVO3 heterostructures in the presence of 0.1 M 

Na2SO4 electrolytes (pH 7) using an AC frequency of 1000 Hz. The intercept of the plot 

(at 1/C2 = 0) has been used to determine the flat band potential (Efb) of the 

photoelectrodes.  
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Scheme 6.2 Proposed (a) Type II heterostructures and (b) Z-scheme mechanism of 

MoS2/Ag-AgVO3 heterostructures for photocatalytic H2 generation under visible light 

irradiation. 
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Figure 7.1 XRD pattern of (a) bare semiconductors BiOI, BiOCl, BiOBr with the 

standard XRD patterns, (b) CuFe2O4 (CFO) nanoparticles with standard XRD patterns, 

BiOI/CFO, BiOCl/CFO and BiOBr/CFO heterostructures. 
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Figure 7.2 (a) Surface survey XPS spectra of BiOCl/CFO heterostructures. High 

resolution XPS spectra of (b) Bi 4f, (c) Cl 2p, (d) O 1s, (e) Cu 2p and (f) Fe 2p of 

BiOCl/CFO heterostructures. 
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Figure 7.3 (a) Surface survey XPS spectra of BiOBr/CFO heterostructures. High 

resolution XPS spectra of (b) Bi 4f, (c) Br 3d, (d) O 1s, (e) Cu 2p and (f) Fe 2p.  
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Figure 7.4 (a) Surface survey XPS spectra of BiOI/CFO heterostructures. High 

resolution XPS spectra of (b) Bi 4f, (c) I 3d, (d) Fe 2p, (e) Cu 2p and (f) O 1s. 
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Figure 7.5 Core level Bi 4f XPS spectra of (a) BiOCl and BiOCl/CFO (b) BiOBr and 

BiOBr/CFO and (c) BiOI and BiOI/CFO heterostructures.  
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Figure 7.6 TG curves of (a) BiOI, CuFe2O4 (CFO), BiOI/CFO, (c) BiOCl, CFO, 

BiOCl/CFO and (c) BiOBr, CFO, BiOBr/CFO under Argon atmosphere. 
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Figure 7.7 (a) Raman spectra and (b) FTIR spectra of bare semiconductors BiOCl, CFO 

and BiOCl/CFO heterostructures. 
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Figure 7.8 TEM image of (a) BiOI/CFO, (b) BiOCl/CFO and (c) BiOBr/CFO. HRTEM 

images of (d) BiOI/CFO, (e) BiOCl/CFO and (f) BiOBr/CFO heterostructures. Insets: 

corresponding SAED pattern. FESEM images of bare semiconductors (g) BiOI, (h) 

BiOCl and (i) BiOBr. 
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Figure 7.9 TEM image of CuFe2O4 (CFO) nanoparticles. 260 

Figure 7.10 TEM-EDX (a) BiOCl, (b) BiOBr (c) BiOI and (d) BiOCl/CFO 

heterostructures. 
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Figure 7.11 Mott-Schottky plots of pure semiconductors (a) BiOI, (b) BiOCl, (c) BiOBr 

and (d) CuFe2O4. 
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Figure 7.12 Mott-Schottky plots of (a) BiOI, (b) BiOCl and (c) BiOBr at three different 

frequencies. 

262 

Scheme 7.1 Band alignments of (a) BiOI/CFO, (b) BiOBr/CFO and (c) BiOCl/CFO 

heterostructures. 
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Figure 7.13 Mott-Schottky plots of (a) BiOI/CFO, (b) BiOCl/CFO and (c) BiOBr/CFO 

heterostructures. 

264 

Figure 7.14 Space charge layer width vs applied potential plots of bare semiconductors 

(a) BiOI, (b) BiOCl, (c) BiOBr, and (d) BiOI/CFO, (e) BiOCl/CFO and (f) BiOBr/CFO 

heterostructures. 
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Figure 7.15 Impedance spectra of (a) bare BiOI, BiOCl, BiOBr, Inset: bare CuFe2O4 

(CFO), (b) BiOI/CFO, BiOCl/CFO, BiOBr/CFO heterostructures. The equivalent circuit 

parameters are shown in the inset of (a) and (b). Linear sweep voltammetry (LSV) curves 

of (c) bare semiconductors BiOI, BiOCl, BiOBr, CFO and (d) BiOI/CFO, BiOCl/CFO, 

BiOBr/CFO heterostructures under continuous light illumination (35W Xenon lamp) in 

0.1 M Na2SO4 electrolyte.  
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Figure 7.16 Fitted Nyquist plots of (a) BiOI, (b) BiOCl, (c) BiOBr, (d) BiOI/CFO, (e) 

BiOCl/CFO, (f) BiOBr/CFO and (g) bare CuFe2O4 (CFO) under light illumination. 
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Figure 7.17 Linear sweep voltammetry curves of (a) BiOCl/CFO, (b) BiOI/CFO and (c) 

BiOBr/CFO heterostructures under dark and continuous light illumination (35W Xenon 

lamp) in 0.1 M Na2SO4 electrolyte.  
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Figure 7.18 Transient photocurrent spectra of (a) bare semiconductors CuFe2O4 (CFO), 

BiOI, BiOCl, BiOBr and (b) the BiOI/CFO, BiOCl/CFO, BiOBr/CFO heterostructures 

under chopped light condition, measured by chronoamperometry at a fixed potential of 

0.6V vs Ag/AgCl. 
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Figure 7.19 Chopped chronoamperometry spectra and calculated PEC H2 spectra of 

BiOCl/CFO Z-scheme heterostructures.  
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Figure 7.20 Incident Photon to Current Conversion Efficiency (IPCE %) spectra of 

BiOCl/CFO heterostructures using 0.1 M Na2SO4 electrolyte within the wavelength 

range 400–750 nm.  
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1.1 Background  

Environmental remediation and generation of renewable energy source would be highly desirable 

and become a major challenge for the 21st century. In 2012 the world’s energy consumption was 

5.79 × 1020 J, which increased by more than 50% until 2030 due to the world population growth 

[1]. The future energy demand is predicted to reach 8.60  1020 J in 2040, which causes the higher 

rate of fossil fuels consumption, as it accounts for more than 80% of this energy.  As a result, the 

emission of green-house gas and other environmental pollutions will also increase over the next 

several decades. Therefore, development of green and renewable energy source, alternative to 

fossil fuels is strongly required to address the energy shortage in near future. A number of 

approaches have been pursued to tackle these global challenges. Among which, hydrogen and 

electricity generation using sunlight and water, could be an effective approach because the solar 

energy reaching on the Earth’s surface  is 1.3×105 TW, larger than the human energy consumption 

by more than three orders of magnitude [2-5]. Owing to its potential environmental and economic 

benefits, solar energy conversion can be a fruitful approach to compensate recent increasing global 

energy demand. Large-scale energy harvesting can possible only through huge collection of solar 

spectrums. In this regard, water splitting in presence of solar energy and photocatalyst, analogous 

to natural photosynthesis occurred in green plants, is a promising method for solar fuel H2 

generation. There has been a global interest to make hydrogen as alternative fuel owing to the wide 

variety of sources, no emission of carbon, high energy content (120–142 MJ kg–1) which is about 

three times higher than that of gasoline [6]. Therefore, research is going on over the last few years 

on production of H2 in a sustainable manner so that it could be the first step towards a hydrogen 

economy [7, 8]. The Conventional methods of hydrogen production are steam-methane reforming, 

electrolysis, radiolysis, photobiological water splitting, photoelectrochemical water splitting and 

photocatalytic water splitting [9]. H2 is generally labeled as green, gray, and blue based on the 

production source [10]. The most common H2 production method, steam reforming of natural gas 

is termed as gray H2. Hydrogen is labelled as blue when the steam reforming is captured and stored 

through industrial carbon capture and storage method. When H2 is generated from renewable 

sources like solar, water, wind, biomass, waste i.e. climate-natural manner, known as green H2. 

Among the green H2 sources, solar to H2 generation method has the potential to meet the global 

energy demand in a sustainable pathway [11]. For example, H2 can be used as fuel in transportation 

sector, fertilizer sector to produce intermediate energy sources, such as ammonia, methanol, 
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natural gas, formaldehyde. Being a tropical country, India has the opportunity to harness abundant 

solar energy and notably the solar capacity rose from 6.8 GW to 34.6 GW during 2016-2020. On 

15th August 2021, the Prime Minister of India launched the ‘National Hydrogen Mission’ to 

transform India into a global hub for green hydrogen production. Therefore, a target of 75% fossil 

fuel replacement with green H2 to produce H2 has been set by 2050 [12-15].  

    Since the discovery of electrochemical water oxidation by Honda and Fujishima on a TiO2 

single-crystal photoanode in 1972, photocatalytic and photoelectrochemical (PEC) water splitting 

have been studied widely using semiconductor based materials as catalyst [16]. Although, TiO2 

has been serve as the benchmark photocatalysts, but catalytic performance is limited due to the 

wide bandgap which allow to absorb only UV light and low-efficiency in charge separation [17]. 

The light response of a photocatalyst mainly depends on the bandgap. The threshold wavelength 

and bandgap of a semiconductor is inversely proportional to each other ( =  1240/Eg), clearly 

reveals that wide bandgap photocatalyst (> 3.0 eV) can absorb UV light (λ < 413 nm) only. On the 

other hand, narrow bandgap photocatalysts ( 3.0 eV) have the potential towards partial absorption 

of visible light (415 nm to 700 nm). As shown in Figure 1.1, proportions of the UV, visible and IR 

light in solar spectrum are 4%, 43% and 53%, respectively [18]. Therefore, development of visible 

and IR light active low bandgap semiconductors is the special interest. 

 

Figure 1.1 Standard solar light spectra as a function of wavelength on the earth’s surface [19].  
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1.2 Semiconductor 

When atoms brought together, electrons interact with each other and energy levels split. In case of 

molecules, having large numbers of atoms, the energy levels become very closely and termed as 

energy bands [20]. Now for a material, a series of energy bands will be crated which are separated 

by a certain distance. These energy bands and their accompanying difference, defined as band 

structure. Depending on the band structure, materials can be classified as conductor, 

semiconductor and insulator. Conductors have high electrical conductivity in the order of 107 Ωm1 

whereas insulators have no electrical conductivity. The conductivity of semiconductors lie 

between insulators and conductors and their conductivities are generally between 103 to 105 Ωm1. 

According to the electronic band structure, lower energy position called valence band (VB), which 

is occupied by valence electrons and higher energy position as conduction band (CB), empty at 

ground state. The energy difference between VB and CB is termed as bandgap (Eg) (Figure 1.2). 

As the VB and CB are overlapped with each other, thus the Fermi level (Ef) will lie at middle, 

overlapping region of two bands and for insulators and semiconductors it lies between VB and CB 

[21]. Semiconductors are mainly two types; one is intrinsic and another is extrinsic. Intrinsic 

semiconductors are those having an energy gap in the order of 1 eV. In case of intrinsic 

semiconductor, room temperature thermal energy (KT) is sufficient to excite the VB electrons to 

the CB. However, when electric field is applied the electrons drift towards the +ve electrode and 

holes to the ve electrode, constitute a current. Thus, the drift velocity under the applied field E is, 

                    Ve =  
e
E                                                                                                                (1.1)               

                    Vh =  
h

E                                                                                                                (1.2) 

Where, e and h are the mobility of electrons and holes. The intrinsic charge density of ni
2, which 

is in the order of ~1019 m3.  

 

Figure 1.2 Schematic presentation of band structures for metal, semiconductor and insulator. 
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Extrinsic semiconductor is generated by doping of some impurities and its property depends on 

the type of the impurity induced. The impurity which supplies free electrons without 

simultaneously creating holes are termed as donors and those trap electrons add holes in the VB 

without adding conduction electrons are termed as acceptor. For example, when pentavalent 

arsenic (As) and trivalent indium (In) are doped in germanium (Ge), n-type and p-type conductivity 

would be created due to the extra electrons and holes within the system (Figure 1.3a and 1.3b). 

The position of the fermi level (Ef) generally controls by the conductive nature of the 

semiconductors (p-type or n-type). In case of n-type semiconductor, Ef lies near the CB and for p-

type it prefers to lie close to VB (Figure 1.3c). When VB electrons get excited by thermal, light or 

other energy greater than the bandgap, then they jump into the CB by creating a positive charge, 

named as hole at the VB. The conductivity of semiconductors occurs because of excited electrons 

and holes movement. When a semiconductor is irradiated with photons with energy equal or 

greater than the bandgap of the semiconductor, photogenerated electrons and photoinduced holes 

will be created and separated at the VB and CB (Figure 1.4).  

 

Figure 1.3 (a) Schematic presentation of fermi level position for n-type and p-type semiconductors. 
(b) Electron and hole generation and separation within a semiconductor.   
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Some of the excited electrons will tried to come back to the VB to get kinetically and 

thermodynamically stable by dissipate the input energy in heat or light form [22, 23]. Some 

electrons will migrate to the semiconductor’s surface without recombination and they further 

involve in catalytic reactions with the adsorbed species. Semiconductors are extensively used in 

environmental and energy applications, for example air purification, organic pollutant degradation, 

heavy and toxic metal decomposition, renewable fuel generation (H2 and O2), CO2 reduction and 

valuable product generation, N2 fixation etc. [24]. The efficiency of the semiconductor 

photocatalyst determines by the redox ability of photogenerated charge carriers. 

 

Figure 1.4 Electron and hole generation and separation within a semiconductor. 
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a discussion but now it becomes a developing area of research and almost covers all area of 

research field, including material chemistry, bio-medicine, optoelectronics, sensors, energy and 

environmental protection, water purification, aerospace and many more because of superior 

physicochemical properties which are completely different from their bulk counterparts [24, 30, 

31] The unique properties of the nanomaterials mainly depend on size confinement, atomic and 

micro structure, compositions, defects, electronic states and interfaces, which can be tailored 

through synthesis. Therefore, synthesis of nanomaterials plays crucial role for the cutting-edge 

applications [24, 32]. Most of the solid materials possess ionic, covalent or metallic bond with 

periodic order. The exact arrangement of atoms in a particular lattice mainly determines both the 

chemical and physical properties of a bulk crystalline material. If a crystal broke into two, then the 

exposed surface area will be enhanced. At the same time, the ratio of strained surface bonds to the 

bulk bonds will be slightly increased. If the breaking of crystal will be continued then after a certain 

time the surface bonds will dominate over the bulk bonds. Theoretical calculations and 

experimental result confirmed that the cross-over of surface to bulk ratio occurs when dimensions 

of a material go down than 100 nanometers and this is called ‘nano-size’ effect [33]. The strained 

bonds of surface atoms are mainly responsible for determining new properties of nano-sized 

material [34]. For example, the ability to share or exchange electrons largely improved for a 

nanomaterial compared to their bulk counterparts, thereby boosts the chemical reactivity. In 

addition, the quantum mechanical states of the electrons will be changed due to nano-scale effect. 

From Bohr’s postulate it is well known that electrons in an atom can absorb or loose discrete 

quanta of energies to move from its one energy state to the next allowed energy state [35]. Now, 

the availability of allowed states for an excited electron in per unit volume is called the ‘density of 

states’ [35]. For bulk material, plenty of available states create a continuum energy level, called 

conduction band (CB) and the corresponding ground states form valence band (VB). Therefore, 

the density of states is continuous and smooth for bulk crystals, however it become discreet and 

far apart for nanomaterials because of a smaller number of atoms, thereby lack of available energy 

states. Such nanocrystals with size less than exciton Bohr radius are called as quantum confined 

systems [36-38]. The excited electron of a quantum confined system is physically constrained by 

the dimension of the nanocrystal and can only be confined in one dimension (1D), two dimensions 

(2D) or three dimensions (3D). Therefore, size and the direction of confinement have significant 

role in controlling the density of energy states and bandgap. Depending on the density of states 
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and degrees of confinement, quantum confined nanocrystals have been marked as 0D, 1D and 2D 

nanomaterials (Figure 1.5). In case of 0D nanomaterials, confinement of excited electrons may 

possible in all three dimensions with well separated discreet energy states [24]. For 1D 

nanomaterials, the excited electrons are confined only in two directions and generally experience 

no confinement along c-axis, i.e. length of the material. The density of states for 1D nanomaterials 

are quasi-discreet with respect to increase of excitation energy. The density of states is quasi-

continuous for the 2D nanomaterials. In case of larger nanocrystals (size  100 nm) surface to 

volume ratio is very important which strongly affects the surface properties [39, 40]. For a given 

mass, 0D nanomaterials possess maximum exposed surface area, followed by 1D, and 2D. 

 

 

 

Figure 1.5 Schematic presentation of the energy level and the confined direction for 0D, 1D, 2D and 
3D confined nanomaterials. 
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1.4 Photocatalysis 

Photocatalysis is a chemical reaction that involves absorption of light by one or more reacting 

species and results excited electron-hole pairs, which further helps in free radical generation to 

undergo the secondary reactions without being consumed photocatalyst itself [4]. The sufficient 

light energy can activate the photocatalyst and stimulate chemical reactions on the surface, for 

example water reduction and oxidation, hydrogen and oxygen generation, organic compound 

degradation etc. The overall photocatalysis process can be classified into five basic steps [41, 42]. 

The steps are as follows and schematically shown in the Figure 1.6. 

 Photon absorption by the catalyst 

 Generation and separation of excited electrons (e) and holes (h+) 

 Photo-generated charge carrier diffusion from the bulk to the catalyst surface 

 Photo-generated charge carrier transport 

 Catalytic reaction (oxidation/reduction) with the absorbed species 

When photons (with higher or equal energy than the work function energy of semiconducting 

material) interact with VB electrons, an exciton will be created and jumped to the CB. This 

picosecond process is followed by relaxation of excitons to the ground state, called recombination. 

The probability of electron-hole separation predominantly controlled by the electronic structure of 

semiconductor, mainly local displacement of atoms [43]. When the excitons (electron−hole pair) 

overcome the exciton binding energy, they can move independently within the semiconductor by 

the influence of their effective masses, termed as polaron. Carrier diffusion and transport occur 

simultaneously however they are independent to each other and strongly related to the physical 

properties of catalyst. The charge carrier separation and transfer are two most important events in 

photocatalysis, which primarily depend on the electronic structure of photocatalyst and free charge 

carrier concentration. After polaron generation, they must travel to the surface from the bulk to 

undergo the redox reactions [44]. Such phenomena of free charge carrier flow within the excited 

semiconductor can be described as current flow. Further the excited carrier must transport to the 

redox sites via two driving forces, one is for electron (n) movement and another for hole (p) 

movement.  The electron movement is happened through diffusion, directed by charge carrier 

concentration gradient and hole movement by drift, guided by potential gradient at interfaces [45]. 

Total current density can be written as, 

                    J =  Jdiffusion  +  Jdrift                                                                                            (1.3)                      



9 
 

The current density for the free electrons, Je  = eDen + neμeE                                              (1.4) 

The current density for the free holes, Jh  =  eDhp + peμhE                                                (1.5) 

Here, e is electronic charge, µ is mobility of charge carrier, D is diffusion coefficient, n and p 

are electron and hole gradients, E is induced electric field, n and p denote electron and hole 

concentration. Now, the diffusion part is strongly associated with D and µ by the relation of, 

                    D =  
KBT

e
μ                                                                                                                (1.6)                                                                      

                    μ = e
τc

m∗                                                                                                                    (1.7)                                   

Where, kB is Boltzmann constant, m* is effective mass and τc is collision time of the electrons and 

holes. On the other hand, a drift current will be generated when the free charge carriers experience 

potential gradients. Such gradients mainly generated at semiconductor-electrolyte, semiconductor-

semiconductor or metal-semiconductor interfaces [44]. After being transferred to the catalyst 

surface, electrons and holes involve in redox reaction according to their reduction/oxidation 

potential. The photo absorption depends on the size, absorption co-efficient, optical penetration 

depth, refractive index, scattering of light (UVVISNIR), bandgap (direct/indirect) and band 

edge position of the catalyst material [46, 47]. The work function energy and the dielectric constant 

of the material have crucial role in excited electron-hole (exciton) generation and separation. Next, 

the carrier diffusion is related to the effective mass, charge carrier lifetime, mobility and the 

diffusion length. Finally, the carrier transport depends on the surface state of the catalyst, i.e. space 

charge layer, depletion width etc.  

 

Figure 1.6 Schematic diagrams of the basic steps of photocatalysis. 
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Overall water splitting is a process that enables to generate H2 and O2 simultaneously by the 

decomposition of water molecules in presence of external energy, which may be in the form of 

electrical (current), thermal (heat) and light (photon or electromagnetic radiation). Two half 

reactions, proton reduction and water oxidation in a single material is called overall water splitting, 

which are shown in Eq. 1.8 and 1.9. Based on the thermodynamics, water-splitting is an 

endothermic and energetically uphill reaction with Gibbs free energy change (ΔG0) of 237 kJ/mol 

[16].  

              2H2O →  O2(g)  + 4H+  + 4e−   ΔE0 = 0.82V (at pH 7) /1.23V (at pH 0)              (1.8) 

              2H+ + 2e−  →  H2(g)                  ΔE0= 0.41V (at pH 7) / 0V (at pH 0)                  (1.9) 

              H2O →  H2(g) + 1/2O2(g)         ΔE0 =1.23 V                                                             (1.10) 

Essentially, water oxidation by the photoinduced holes is the first step which involves four 

electrons transfer and reaction, generated protons and O2. Further, the protons are consumed by 

the photogenerated electrons to generate H2 (Figure 1.7) [48, 49].  

 

Figure 1.7 Electron and hole generation and separation within a semiconductor during overall water 
splitting and organic pollutant degradation under light irradiation.    

 

In case of photocatalytic decomposition, photogenerated charge carriers participate in several 

oxidation and reduction reactions with the adsorbed species at the surface of the catalyst (Figure 

1.7) [50]. The reaction steps are as follows: 

        Semiconductor + hν →  e−  +  h+                                                                                       (1.11) 

        O2 +  e− →  O2
                                                                                                                (1.12) 

         O2
 +  H+ →  HO2

                                                                                                               (1.13) 

         2HO2
  →  H2O2  + O2                                                                                                                                                        (1.14) 

Semiconductor

h

H+

H2

Reduction

H2O

O2
Oxidation

e

e

h

h  Eg

VB

CB
Recombination

e-

h+

H2O

OH.

O2

O2
.-Organic

Pollutant

H2O+ CO2

e

h



11 
 

        2H2O +  O2
 →  4HO                                                                                                       (1.15) 

       2H2O2 +  hν →  2HO                                                                                                      (1.16) 

       R − H +  HO →  R +  2H2O (Photodegradation by • OH)                                           (1.17) 

       R +  H+ →  R+  →  Intermediate(s)/Final Products   (Photodegradation by h+)           (1.18)        

       2H2O +  4h+ → O2  +  4H+                                                                                              (1.19) 

The photogenerated electrons react with the surface absorbed oxygen to balance the charge 

neutrality at the catalyst surface. Therefore, excess oxygen has been employed during experiment 

which may serve as electron scavenger to enhance the oxidation of organic pollutants under light 

illumination. When excited electron interacts with surface absorbed O2, various free radicals may 

be generated, among which superoxide radicals (O2
) are the main oxidizing product having very 

short lifetime (E0, O2/O2
 = −0.33 VNHE) [51]. These O2

 further react with water molecule, leads 

to production of hydroperoxyl (HO2
 ) and hydroxyl radicals (OH, E0 of OH/HO− = +2.80 VNHE) 

which finally react with dye molecules very rapidly degrade it [52]. Owing to strong oxidation 

power of photoinduced holes, oxidation can take place via reaction with the surface-bound 

hydroxyl radical (•OH). These •OH radicals contain enormous potential to react with the pollutants 

and break their bonding. The holes can also diffuse to the surface and they may directly oxidize 

the pollutant molecules or drive oxygen-evolution half-reaction at pH 7 [53].  

 

1.5 Photocatalytic H2 Generation 

The photocatalytic production of hydrogen represents a fascinating way to convert and store solar 

energy as chemical energy, in the form of renewable hydrogen. Photocatalytic process involves 

three important steps i.e. light absorption, excited electron hole generation and separation and 

catalytic redox reactions. In presence of light, photo-generated charge carriers are generated upon 

light irradiation by absorbing photons and their behavior, transfer, migration, lifetime have been 

focused further. The photogenerated electrons at the VB of photocatalyst further promoted to the 

CB by leaving holes, thereby charge separation happened within the semiconductor. Furthermore, 

the charge carriers should have sufficient transfer efficiency to undergo the catalytic redox 

reactions. The electron survival is also an important parameter as most of the photogenerated 

charge carriers, i.e. electrons and holes undergo recombination after being transferred to the 

surface by emitting thermal and optical radiations. The recombination may be occurred directly or 

at the surface and bulk, resulted a smaller number of charge carriers for catalytic reactions (Figure 
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1.8). This electron-hole recombination may be suppressed by spatial separation of electrons and 

holes, which is still bottleneck of the photocatalytic technology [54-56]. Therefore, sufficient 

charge separation is necessary. The last step is the utilization of photogenerated electrons and 

holes. After transfer of holes at the surface, they are consumed by scavengers used during 

photocatalysis. Alcohols, such as ethanol, methanol, glycerol, ethylene glycol, acids like lactic 

acid, ascorbic acid, disodium ethylenediamine tetra acetic acid, acetic acid and other reducing 

agents including glucose, triethanolamine are generally used as scavenger. The remaining 

electrons at the surface drive the H2 evolution reaction (HER) to reduce H+ to H2. 

Thermodynamically the potential of the electrons should be sufficiently negative than the water 

reduction potential (0V, H+/H2). In addition, some parameters including number of active sites, 

adsorption efficiency of water molecule at the catalyst surface, H2 evolution pathway, and transport 

impedance at the catalyst-water interface are very important to determine the H2 generation 

efficiency [57-60]. Therefore from the viewpoint of thermodynamics, semiconductors having 

more negative CB potential with respect to water reduction potential are acceptable for 

photocatalytic H2 evolution. The minimum bandgap of a H2 generation photocatalyst should be 

1.23 eV. However, practically bandgap of a single semiconductor photocatalyst material should 

lie in the range of 1.5 eV to 2.5 eV because of the extra energy to overcome the overpotentials. 

 

Figure 1.8 Types of electron-hole recombination in a photocatalyst. 

 

The overpotential can be defined as difference between the Fermi level of catalyst and electrolyte 

in photocatalytic system. On the other hand, it can be defined as an additional voltage required to 
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drive the oxidation or reduction reactions which is associated to the thermodynamic potential [61]. 

Therefore, low overpotential photocatalysts is suitable for efficient water splitting. In this regard, 

nickel-iron oxides, perovskites, and spinel ferrites have reported as low overpotential 

electrocatalysts for O2 evolution reaction [62, 63]. In case of photocatalytic H2 generation, powder 

semiconductors are dispersed within the solution, containing water and hole scavenger and 

irradiated by visible light (Figure 1.9). To minimize the overpotential in photocatalytic H2 

generation, solution pH may be changed. Low pH i.e acidic medium is suitable for H2 evolution 

whereas high pH (alkaline) is advantageous for O2 evolution.   

 

Figure 1.9 (a) Schematic presentation and (b) image of photocatalytic H2 generation reactor. 

 

1.6 Photoelectrochemical (PEC) Water Splitting  

Photoelectrochemical water splitting has been considered as one of the most attractive approaches 

which can also converts solar energy into H2 and O2 efficiently. There are also three important 

steps for overall PEC water splitting which have been shown in Figure 1.10. First one is the light 

absorption and generation of photogenerated electrons and holes which are further spatially 

separated by the influence of external electric field, applied at the semiconductor and electrolyte 

junction. In second step, the photoinduced holes with sufficient positive potential will drift to the 

surface of semiconductor and involve in water oxidation to generate O2. On the other hand, the 

majority carrier electrons will be conducted via external potential toward the counter electrode. 

These excited electrons further reduce the protons (H+) and generate H2. The Gibbs free energy 

required for this reaction is +237 kJ/mol, which corresponds to the energy difference of 1.23 V. 

However, there are some losses of energy during charge carrier transfer processes at the electrode-
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electrolyte interface due to back reactions [64]. Thus, overpotential is required to drive the H2 and 

O2 evolution reactions. The electron-hole transfer to electrolyte from the surface of electrode must 

be selective for redox reactions than that of corrosion on semiconductor’s surface.  

 

Figure 1.10 Energy diagrams of PEC water oxidation and reduction on an n-type semiconductor 
photoanode and Pt counter electrode (one-step excitation). 

 

Now, to design an efficient photoanode/photocathode, position of the band edges and nature of the 

band bending should be studied in details. Figure 1.11 demonstrates the interfacial energy 

diagrams of an n-type semiconductor-electrolyte interface before equilibrium, after equilibrium 

and under light illumination. When an n-type semiconductor has been immersed within an 

electrolyte, the position of the Fermi level (Ef) for semiconductor must be located at a higher 

potential compared to the redox potential of electrolyte. The difference between Ef of 

semiconductor and electrolyte is called the barrier height (Figure 1.11a). It is well known that 

electrons will try to move higher potential to the lower potential to achieve equilibrium. Thus, 

electron transfer takes place from semiconductor to electrolyte to line up the Ef. Now, the electron 

transfer from semiconductor to electrolyte results positive charge at the semiconductor surface and 

negative charge at the electrolyte surface, leads to formation of space charge layer or depletion 

layer (Figure 1.11b). The space charge layer formation further results upward band bending as the 

majority charge carrier electrons are removed from this region [65]. The band bending resulted a 

built in electric field which further oppose the electron flow from semiconductor to electrolyte. 

The electric field in turns boosts the electron-hole separation through the electrode-electrolyte 

interface [66]. When the system is irradiated by light, excited electrons and holes would be created, 
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leads to increase of Ef with an electron quasi-Fermi level and hole quasi-Fermi level. An internal 

photovoltage or open circuit voltage Voc will be formed by the free energy difference between 

majority carrier electrons and the photoexcited minority carriers, which further determines the 

PEC reactions (Figure 1.11c). In case of photoelectrochemical water splitting, external bias is 

required so that the Voc exceeds 1.23V, otherwise the photoanode/photocathode remains inactive 

even the semiconductor has appropriate band-edge positions for water splitting. Therefore, the 

kinetics of excited charge carrier transfer through electrode-eletrolyte interface is important to 

achieve efficient PEC performances of a photoanode/photocathode. At the same time, the charge 

carrier concentration at the electrode surface is also an important parameter which greatly 

influences the catalytic activity.  

 

Figure 1.11 Schematic energy band diagram of a n-type semiconductor-electrolyte interfaces (a) 
before equilibration, (b) after equilibration (without light) and (c) in quasi-static equilibrium under steady 
state light illumination. 
 

1.7 Photocatalytic Efficiency Measurement 

The efficiency for photochemical and PEC water splitting can be defined as follows:  

 Solar-to-hydrogen conversion efficiency (STH) 

 Apparent quantum efficiency (AQE) 

 Absorbed photon-to-current efficiency (APCE) 

 Incident photon-to-current efficiency (IPCE) 

As the solar energy conversion is main step in photocatalysis, solar-to hydrogen (STH) conversion 

efficiency may provide theoretical maximum efficiency. It is defined as: 

                    STH =  
Output Energy

Energy of Incident solar light
                                                                           (1.20) 

                    STH =  
RH2
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Here, PSun is energy flux of sunlight, G is change of Gibbs free energy per mole of H2, RH2
is rate 

of H2 generation. The solar energy spectrum, i.e. PSun = 1003 W/m2 has almost 93 W/m2 energy in 

UV region (λ  400 nm), ~543 W/m2 energy in the visible range (400 nm  λ  800 nm) and ~367 

W/m2 energy in IR region (λ  800 nm) [64]. The STH efficiency for PEC water splitting can 

alternatively express as: 

                    STH =  
JSC(mA/cm2) × 1.23 (V)  F

Ptotal (mW/cm2)
                                                                          (1.22)                      

According to STH efficiency for PEC water splitting, the excess energy of photons, i.e. the energy 

greater than 1.23 eV, must be dissipated as heat energy. For UV photons more than half photonic 

energy would be dissipated as heat, thus the theoretical maximum STH efficiency for UV light is 

3.3% using standard AM 1.5G spectrum [66]. Whereas, the visible ( 600 nm) and near IR ( 800 

nm) photons result 17.8% and 35% maximum theoretical STH efficiency, respectively [67]. 

Therefore, visible and IR responsive photocatalyst development is important to achieve maximum 

STH efficiency (Figure 1.12). Now, the benchmark for STH efficiency is set to 10% for hydrogen 

market, which is corresponds to H2 generation rate of ~154 μmol/cm2/h and photocurrent density 

of ~8.3 mA/cm2. To achieve such amount of H2, photon consumption rate would be ~260 

photon/nm2/s on a flat surface which requires semiconductor having strong light absorption 

capability within the wavelengths range 600–700 nm, i.e. bandgap ~1.8 eV to 2.0 eV. At the same 

time suitable band edge potentials also essential to drive the water splitting reactions.  

The apparent quantum yield (AQY) of photocatalytic H2 generation is defined as: 

                     AQY% =
2  moles of H2 produced

no.  of incident photons
 100                                                                 (1.23) 

Here no external bias has been applied and the photon generation fully depends on the power of 

light illumination. The Incident Photon-to-Current conversion Efficiency (IPCE) is also important 

for PEC devices and it gives insight into the cathode/anode properties. It is defined as follows: 

                   IPCE (%) =
Iph

Pin


1240


 100                                                                                      (1.24) 

Generally, IPCE has been measured from chronoamperometry measurement, which describes the 

photocurrent collected per incident photon flux as a function of illumination wavelength. 

Therefore, it gives an estimation of maximum possible efficiency of H2 generation, assuming all 

electrons used for the H2 generation and holes for O2 generation. 
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Furthermore, to understand the inherent light absorption efficiency and catalytic efficiency, 

measurement of absorbed photon to current conversation efficiency (APCE) is important. It 

describes the photocurrent collected per incident photon absorbed per unit area.  

                   APCE (%) =  
IPCE

 (1− 10−A)
 100                                                                                (1.25) 

 

Figure 1.12 The number of photons for AM 1.5G and theoretical solar-to-hydrogen efficiency as a 
function of wavelength. [46] 

 

In this regard, analysis of band structure of the semiconductors is key thermodynamic requirement 

to understand the catalytic efficiency. The incident photon absorption by the catalyst and exciton 

generation are mainly determine by bandgap of the semiconductor and absorption co-efficient 

[α(λ)], which can be defined as how far a particular wavelength photon can penetrate before it’s 

absorption within the semiconductor. The bandgap and the corresponding band edge potentials of 

commonly used semiconductor photocatalysts have been shown in Figure 1.13. The materials with 

highly negative CB are more efficient for H2 evolution reaction and the materials having VB 

potential more than 1.23V can effectively oxidize the water molecule and generate O2.  
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Figure 1.13 Band-edge positions and the bandgaps of some typical semiconductor photocatalysts. 
Dotted lines indicates the relative energy levels of redox reactions for organic pollutant degradation 
and water splitting. 

 

Single semiconductors could not meet all the synergetic requirement for water splitting under 

visible light either due to insufficient bandgap energy or band edge potentials. Significant efforts 

have been made to design and develop efficient visible light active photocatalysts through doping, 

surface modification, photosensitization, crystal faces design, defect engineering, bandgap 

engineering etc. [68]. Bandgap engineering has recently attracted enormous attention as an 

efficient approach to tune the electronic band structure as well as charge carrier separation and 

transfer which in turn influences the catalytic activity for water splitting. In general, substitution 

with less electronegative anions add donor states to the top of the valence band (Figure 1.14a) and 

more electronegative cations add acceptor states below the conduction band (Figure 1.14b) [69]. 

The net result is a decrease in the bandgap. For example, Asahi et al. [70] narrowed the bandgap 

of TiO2 to 2.5 eV from 3.2 eV by introducing donor level on the top of VB through N-doping and 

enhances the absorption up to 500 nm. Furthermore, it has been reported that metal-ion doping 

results enhancement in exposed catalytic sites, thus improves photocatalytic activity towards H2 

and O2 generation [71]. On the other hand, an intermediate band or mid-gap states can be generated 

when sufficiently high dopant content would be used (Figure 1.14c). For example, Yang et al. [72] 

observed that Sn doping in CuGaS2 and CuInS2 introduces a partially filled intermediate band 

state. The Sn-doped CuInS2 exhibited a photocurrent density of 3.52 mA/cm2 at 0V vs Ag/AgCl 

with improved PEC activity than that of undoped CuInS2 (2.83 mA/cm2) because of bandgap 

reduction and enhance light absorption, achieved via intermediate state generation.  
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Figure 1.14 Schematic diagram of (a) donor level, (b) acceptor level and (c) intermediate energy level 
generation due to doping of anions or cations.  

 

1.8 Co-catalyst 

Co-catalyst is a material that may attached at the catalyst’s surface and help in improve the catalytic 

reaction kinetics. As the electron-hole recombination is the bottleneck issue which lower the 

number of active species during photocatalysis, addition of co-catalyst attracted intense research 

interest. In this regard, the platinum-group elements, such as Pd, Pt, Os, Ru, Rh, Ir, Ag, Au are 

very promising co-catalyst for H2 and O2 evolution (Figure 1.15). Notably, noble metal Au and Ag 

attracted intense attention due to additional effect of surface plasmon resonance (SPR), which may 

be defined as the collective oscillations of conduction band electrons under visible light which 

results upshifted energy levels and enhances the H2 generation rate [73]. The transition metals, 

such as Cu, Cr, Ni, Fe, Mn, Co) and their oxides were reported as efficient earth-abundant co-

catalysts for photocatalytic H2 production [74]. Due to low Fermi levels than the commonly used 

semiconductor photocatalysts, Pt and Pd have recognized as best co-catalyst for H2 generation as 

they can trap photogenerated electrons from the adjacent semiconductor. On the other hand, RuO2 

and IrO2 have reported as two best co-catalysts for O2-evolution as they have strong hole capturing 

properties. However, all these efficient co-catalysts composed of precious metal elements which 

prohibit the wide-scale energy production. Therefore, research interest directed to develop low 

cost, non-toxic, highly efficient earth-abundant co-catalysts for water splitting. Recent study on 

co-catalyst demonstrated that metal oxides [75] and hydroxides [76] have potential for both H2 

and O2 evolution. In spite of these, metal carbides [77], sulphides [78], phosphides [79, 80] and 

alloys [81] are promising for H2 generation, whereas, metal phosphates [82], borates [83] are found 

to be good for O2 evolution. For example, metal sulfide MoS2 has been widely used as H2-evolution 

co-catalyst because of active S atoms on the exposed edges of MoS2 which can be easily reduced 

by excited electrons to generate H2 [84]. Recently, Shao et al. [85] reported carbonized MoS2 as 
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efficient H2 evolution co-catalyst on CdS photocatalyst, which displayed ~112 times higher H2 

generation rate (34 mmol h1g1) compared to bare CdS along with excellent AQE of 41.4% under 

visible light. The carbonized MoS2 able to provide suitable Gibbs free energy, exposed catalytic 

active sites and electron-hole separation for redox reactions. Due to the metallic nature, 1T-MoS2 

quantum dots is also a good co-catalysts which may facilitate the conductivity and boost the 

density of active sites for photocatalytic H2 and O2 generation [86]. The use of Co-Pi as co-catalyst 

for water oxidation first demonstrated by Kanan et al. [87]. Further it has been widely used for 

PEC water splitting as it leads to cathodic shift in onset potential and high capability for charge 

carrier separation [88]. Recently, Gao et al. [89] developed Co–Pi modified polymer/BiVO4 

heterostructures which showed ~7 times greater photocurrent density (2.47 mA/cm2 at 1.23 V vs 

RHE) than bare BiVO4 along with IPCE value of 27% (400 nm). Thus, existence of co-catalysts 

not only boosts the electron-hole pair separation but also provides extra electronic state for proton 

reductions, accelerating redox reactions with the advantage of prolonged lifetime of electrons and 

holes. At this point, density-functional theory calculations and combinatorial approaches may 

provide potential opportunities to understand the electron-hole migration pathway through 

photocatalysts and co-catalysts interfaces. 

 

Figure 1.15 Schematic diagram of photogenerated electron-hole migration mechanism of co-catalyst 
modified semiconductor and the widely used co-catalysts for H2 and O2 generation through water 
splitting. 
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1.9 Heterostructures 

Heterostructures, an integrated structure composed of two or more semiconductors, in which the 

free charge carriers are migrated from one material to the other depending on their position of the 

fermi level and thereby prolong the lifetime of electron-hole pairs. Development of 

heterostructures facilitate effective charge separation and hinder the fast recombination rate which 

is very crucial to design an efficient photocatalyst [90, 91]. More importantly, heterostructure 

offers more number of catalytic active sites and availability of the excited charge carriers for the 

redox reactions. Some important parameters, such as position of the fermi level, diffusion length, 

carrier mobility etc. strongly related to the overall catalytic activity of a heterostructures 

photocatalyst. The advantages of heterostructures formation are as follows: 

• Charge carrier recombination rate may be suppressed as the electrons and holes can 

vectorially transfer to the neighboring semiconductor, therefore the life time of the carriers 

would be enhanced. 

• The presence of multiple active sites within the heterostructures may be advantageous to 

provide large active surface area for the redox reactions.  

• Heterostructures can promote spatial charge separation at the interface which may 

effectively enhance photocatalytic activity of the material.  

Based upon the nature of the charge transfer through the junction interface, there are five types of 

heterostructures:  

i) Type-I heterostructures 

ii) Type-II heterostructures 

iii) Type-III heterostructures/Z-scheme heterostructures 

iv)  p-n heterojunction 

v) Schottky junction 

 

(i) Type-I Heterostructures 

Type-I heterostructures formed when two semiconductors, leveled as A and B with specific band 

alignments came contact. The CB of ‘A’ semiconductor should be located at more negative 

potential compared to the CB of ‘B’ semiconductor. At the same time, the VB potential of ‘A’ 

semiconductor should be more positive than the VB of ‘B’ semiconductor. Under this 

circumstances, when light illuminated, photogenerated electrons and holes will be created on the 
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both semiconductors, and the CB electrons of ‘A’ tried to transfer to the CB of ‘B’ because of 

lower energy. Simultaneously, the photoinduced holes at ‘A’ semiconductor will transfer to the 

‘B’ due to low VB potential than that of ‘A’ semiconductor. Therefore electrons and holes would 

be accumulated at the CB and VB of ‘B’ semiconductor, respectively, which may further resulted 

fast electron–hole recombination (Figure 1.16). 

 

Figure 1.16 Schematic energy band diagram and the photogenerated electron-hole separation on 
Type-I heterostructures. 

 

(ii)Type-II Heterostructures 

In case of Type-II heterojunction, the CB potential of ‘A’ semiconductor should be located at more 

negative potential compared to the B semiconductor. In addition, the VB potential of ‘A’ must be 

less positive than the VB of ‘B’ semiconductor. Therefore, under light illumination, 

photogenerated electrons of ‘A’ tried to migrate to the CB of ‘B’, while the photoinduced holes of 

‘B’ semiconductor transfer to the VB of ‘A’, as excited charge carriers always move to the lower 

potential for getting the stable state. Thus, electrons and holes are separated in two different 

semiconductors, resulted low recombination rate. From this energy band configuration and the 

charge transfer pathway, it can be concluded that Type-II heterostructures is more efficient for 

spatial separation. However, the redox ability of this system is not satisfactory because some 

energy loss may happen during the charge transfer and redox reactions occur at the lower potentials 

(Figure 1.17). 
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Figure 1.17 Schematic energy band diagram and the photogenerated electron-hole separation on 
Type-II heterostructures. 

 

(iii) Type-III or Z-scheme Heterostructures 

To overcome the aforesaid issue, Bard et al. [92] proposed an idea of developing Z-scheme 

photocatalytic system, where photogenerated CB electrons of ‘A’ semiconductor may directly 

recombine with the photoinduced VB holes of ‘B’ semiconductor. An ionic or solid conductor or 

Ohmic contact may be happened for this direct electron-hole recombination (Figure 1.18). As a 

result, excited electrons of ‘B’ semiconductor, having more negative potential and holes of ‘A’ 

semiconductor with more positive potential become free for catalytic reduction and oxidation 

reactions, respectively.  

 

Figure 1.18 Schematic energy band diagram and the photogenerated electron-hole separation on 
Type-III or Z-scheme heterostructures. 
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Therefore, both the requirements of spatial charge separation as well as sufficient potentials for 

photocatalytic reactions may be achieved by developing this Z-scheme heterostructures. 

Depending on the conductor used between two semiconductors, Z-scheme photocatalytic systems 

are of three types, solid-state Z-scheme system, ionic liquid Z-scheme system and direct Z-scheme 

system. Recently, development of direct Z-scheme has been attracted research focus as it is 

mediator free and the backward reaction rate also low. 

 

(iv) p-n Heterojunction 

The p-n heterojunction is similar to Type-II heterojunction, where ideal separation of the 

photogenerated electrons and holes with high migration rate can be achieved by development of 

internal field gradient. Basically, the selective combination of one n-type and one p-type 

semiconductors can effectively form p–n heterojunction. Figure 1.19 shows the schematic energy 

diagram and charge separation of a p-n junction photocatalytic system. Before light illumination, 

as the fermi level of n-type semiconductor lies higher potential than the fermi level of p-type 

semiconductor, thus electrons of n-type semiconductor would be tried to diffuse into p-type 

semiconductor near the junction, resulted accumulation of positive charges near the junction. 

Similarly, holes of p-type semiconductor would be tended to diffuse into n-type semiconductor 

and resulted gathering of negatively charged electrons near the surface. Until the Fermi level lines 

up, i.e. achieve equilibrium, the charge carrier diffusion would be continued. Therefore, a space 

charge region at the both sides of the junction interface (positively charges at n-side and negatively 

charged at p-side) would be created, which further resulted an internal electric field. This electric 

field further oppose further charge diffusion so that the equilibrium condition would be continued. 

Now, under light illumination when energy of light (h) is equal or greater than bandgap energy 

of the constituent semiconductors, then excited charge carriers, i.e. electrons and holes would be 

crated. The excited electrons tried to transfer from the CB of p-type semiconductor to CB of the 

n-type semiconductor to get lower energy. At the same time, photoinduced holes will migrate from 

the n-type semiconductor to the VB of p-type semiconductor directed by internal electric field. 

Thus, a special separation of photogenerated charge carriers may possible by the p-n junction 

which further reduce the fast electron-hole recombination. Notably, the CB of p-type 

semiconductor should be more negative than the n-type semiconductor and VB should lie at lower 

potential than n-type semiconductor to make the charge separation thermodynamically feasible. 
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Due to the presence of internal electric, the charge separation and transfer efficiency of a p–n 

junction photocatalysts is faster compared to conventional type-II heterojunction. For example, 

Chen et al. [93] prepared a series of TiO2 based p–n heterojunction and Type-II heterostructures 

for organic pollutant degradation and demonstrated that p–n heterojunction is more effective than 

Type-II heterostructures towards charge separation.  

 

Figure 1.19 Schematic energy band diagram and the photogenerated electron-hole separation on a 
p-n heterojunction. 

 

(v) Schottky Junction 

When one metal and one semiconductor attached with each other, depending on their work 

function energies Schottky junction and Ohmic junction will be created. If work function energy 

of the metal (M) is greater than the work function energy of semiconductor (Semi), then Schottky 

junction formed at the metal-semiconductor interface and in reverse case (M  Semi) Ohmic 

junction formed. Figure 20a shows the condition of Schottky junction formation before contact 

between an n-type semiconductor and a metal. It is well known that when two materials came in 

contact, an equilibrium will be formed to line up the Ef of adjacent materials. Here, CB electrons 

of semiconductor will flow to the metal and tried to lineup the Ef (Figure 1.20b). As electrons are 

ejected from the semiconductor so it becomes positive and metal acts as sink, i.e. getting negative. 

A contact potential (eV0) will be formed at the metal-semiconductor interface which oppose the 

further motion of electrons [20, 64]. Therefore, an internal electric field (E) may create at the 

junction that resulted upward band bending at the semiconductor in the direction of electric field 

(Figure 1.20c). The band bending further helps in movement of electrons both in surface and bulk. 
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Notably, the electrons are not only move on the surface but they also move from a certain region 

within the bulk. This distance where electrons move from semiconductor to metal is called 

‘Depletion region’ or Space Charge region’, marked in the Figure 1.20c. On the other hand, 

there is a barrier for the electrons to transfer at the semiconductor from metal, called Schottky 

barrier (B) [64].  

                   φB = (φM  − φSemi) + (EC −  Efn)                                                                    (1.26) 

 

Figure 1.20 Schematic diagram of Schottky junction between a metal and an n-type semiconductor 
(a) before contact, (b) electron flow after contact and (c) band bending of semiconductor interface at 
equilibrium. 

 

When this Schottky junction is irradiated by light with the equal or greater energy compared to the 

work function energy of semiconductor, excited electrons-holes are generated at the CB and VB 

of semiconductor, respectively. Due to the upward band bending, excited electrons may not 

transfer to metal from the semiconductor, thereby tried to move away from the junction and result 

a self-powered photocurrent. On the other hand, photoinduced holes move towards the metal side 

by the influence of built-in-electric field E. During the hole migration, some of these may be 

trapped at the junction and decreased the electric field E, reveals decrease in Schottky barrier width 
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and enhances the photocurrent. In this way spatial separation of photogenerated charge carriers 

occur at the metal-semiconductor Schottky junction in presence of light illumination (Figure 1.21).  

 

Figure 1.21 Schematic diagram of depletion region formation at a metal-semiconductor interface 
under light illumination. 

 

1.10 Main Challenges in Photocatalysis 

Two physical parameters of a semiconductor catalyst play crucial role during the photocatalytic 

reactions, one is the bandgap and the other is band edge potentials. According to theoretical 

calculation, bandgap (Eg) of a visible light active photocatalyst should be equal or greater than 

1.23 eV, however experimentally higher bandgap ( 2.0 eV) is required to overcome the 

overpotentials related to the catalytic reactions. At the same time, a narrow bandgap is also 

required to absorb longer wavelength lights of the solar spectrum. The charge separation and 

transfer kinetics should be faster to efficiently drive the photocatalytic reactions. More 

importantly, the position of the CB and VB of semiconductor photocatalyst should be closely 

located to the desired oxidation and reduction, so that excited charge carriers may easily engage 

into water splitting reactions. Hence, the overall mechanistic approach should favor the desire 

conditions of low recombination rate, fast charge separation and stability under long time light 

illumination. Therefore, it is very challenging for a single semiconductor to meet all these 

requirements at a time. A large number of semiconductors based photocatalysts have been 

examined for energy and environmental application for the last few decades. Metal oxides, like 

TiO2, ZnO, SrTiO3, Fe2O3, BiFeO3, BiVO4, Bi2WO6 etc., have been extensively tested for H2 

generation through water splitting [94]. Further, metal chalcogenides including CdS, ZnS, MoS2, 
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MoSe2, WS2, Bi2S3, layer double hydroxide, graphene, g-C3N4, conjugated polymers have been 

reported for photocatalytic and PEC water splitting to generate H2 [95].  However, the wide 

bandgap of metal oxides catalyst restricts the catalytic activity only under UV light, which 

accounts 4% of total solar spectrum. In addition, the CB potential of most of metal oxides located 

at positive potential which resists the water reduction capability [94]. In case of transition-metal 

semiconductors, either empty d orbitals (d0) or filled d orbitals (d10) are present, results improved 

photo-response compared to other semiconductors [96]. However, stability and durability of these 

semiconductors under long light illumination remains an issue. Therefore, development of stable 

and efficient visible light active photocatalysts, which can absorb natural sunlight is now the 

research goal. 

 

1.11 Bismuth based Materials as Photocatalysts 

Bismuth (Bi) is a pentavalent transition metal and its oxides, sulfides and halides represent 

semiconducting properties at room temperature. Kudo et al. [97, 98] first reported photocatalytic 

O2 evolution using Bi2WO6 and BiVO4 as catalyst under visible light irradiation, which triggered 

research focus to develop Bi-based semiconductor photocatalyst. Further, Bi-based oxides such 

as, Bi2O3, (BiO)2CO3, BiFeO3, BiMO4 (M = V, P, Nb, Ta), Bi4Ti3O12, Bi2MO6 (M = Mo, W, Cr), 

Bi-based chalcogenides such as, Bi2S3, Bi2Se3, Bi2Te3 etc. and Bi-based halides BiOX (X = Cl, Br, 

I) have been studied and found to be potential for photocatalysis owing to tunable bandgap, suitable 

band edge potentials, light sensitivity, structure-dependent optical property and photostability [99–

107]. Considering the layered structure, stability of Bi3+ and tendency to form nanosheet like 

structure, Bi3+-containing compounds (Bi2O3, BiPO4, BiVO4, BiFeO3, Bi2WO6, Bi12TiO20, 

Bi4Ti3O12, Bi3TiNbO9, Bi2O2CO3, BiOX (X = Cl, Br, I)) are focused for solar light driven 

photocatalysis. On the other hand, Bi5+ containing semiconductors, including KBiO3, LiBiO3 and 

NaBiO3 have less reports as photocatalyst due to instability of Bi5+ ions [108, 109]. Most of the 

Bi3+-containing semiconductors have hybridized VB (O 2p and Bi 6s2 orbitals) which helps to 

narrow the bandgap by upshifting the VB potential. In addition, they possess sufficient positive 

potential which introduce strong oxidizing capability, makes materials preferable for organic 

pollutant degradation and photocatalytic O2 evolution. However, these are not suitable for 

photocatalytic H2 generation, CO2 reduction because of the less negative CB potential. Therefore, 

a series of strategies like doping, coupling with others have been adopted to shift the CB at negative 



29 
 

potentials than water reduction potential (0V vs RHE) [103–106]. Heterostructures formation 

between Bi-based semiconductors and other photocatalyst (such as semiconductors, conjugated 

polymers, carbon-based nanostructures, graphene etc.) has been founded as an efficient approach 

which can fulfill the requirements of water splitting and H2 generation [99]. In addition, Bi 

nanoparticles can exhibit SPR effect under visible light illumination, which upshifted the energy 

levels and improve the light absorption capability.  

 

1.11.1 Bi-based Oxide  

In solar light driven water splitting Bi2O3, Bi2WO6, Bi2MoO6 are widely used due to hybridized 

VB containing overlap of Bi 6s2 and O 2p orbitals, which offers a moderate bandgap ( 3 eV). 

Bismuth oxide (Bi2O3) is a p-type semiconductor and has six crystallographic polymorphs, denoted 

as α-Bi2O3, -Bi2O3, -Bi2O3, ω-Bi2O3, -Bi2O3 and -Bi2O3. Among these, monoclinic α-Bi2O3 

is only stable phase and rest of the phases are metastable at room temperature. Due to suitable 

bandgap (~2.5 eV to ~2.8 eV), α-, -, -phases have application in photocatalytic water splitting, 

organic pollutant degradation under UV and visible light [107]. However, rapid recombination of 

charge carriers frequently leads to poor catalytic activity under light irradiation. Additionally, it is 

incapable of water reduction due to less negative CB potential. The application of -Bi2O3 is 

limited in photocatalysis because of large bandgap (3.01 eV to 3.5 eV), however some research 

group tuned its bandgap through metal ion doping. The crystal structure of α-, -, -,-Bi2O3 are 

presented in Figure 1.22, where monoclinic (P21/c), tetragonal (P-421c), cubic (123) and cubic 

(Fm3m) phases are obtained. It has been reported that photocatalytic activity of the aforementioned 

phases mainly depends on the band structures and density of states. In this regard, Wang et al. 

[110] found the order of increasing photocatalytic efficiency γ>β>α-Bi2O3 through both 

experimentally and theoretical calculation. 

 
Figure 1.22 The crystal structure of the (a) α-Bi2O3 (monoclinic, P21/c), (b) -Bi2O3 (tetragonal, P-

421c), (c) -Bi2O3 (cubic, 123), (d) -Bi2O3 (cubic, Fm3m) [107]. 

-Bi2O3 -Bi2O3 -Bi2O3
-Bi2O3

Bi
O

(a) (b) (c) (d)
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Bismuth ferrite (BiFeO3) is a single perovskite having ABO3 structure, where A-site is responsible 

to generate ferroelectricity and B-site for magnetism [112]. The active lone pair of Bi3+ ions 

generate polarization whereas Fe3+ ions result magnetization. Interestingly, it has room 

temperature multiferroic nature. Generally, tetragonal, orthorhombic and rhombohedral structure 

of BiFeO3 are observed due to rotation and tilting of the [BO6] octahedral. The crystal structure of 

rhombohedral (R3c) BiFeO3 has been shown in Figure 1.23. Due to spontaneous switching of the 

polarization, an electric field will be induced within the lattice, thereby applications focused on 

spintronics and memory devices [111]. Because of the moderate bandgap, in the range of ~2.1 eV 

to 2.7 eV with allowed transition, BiFeO3 has attracted instance research interest for solar induced 

photocatalysis. Primarily, BiFeO3 was used for photocatalytic organic pollutants degradation, 

however, the rate kinetics was sluggish. Therefore, many strategies including nanostructure 

formation, doping, coupling with other semiconductors etc. have been carried out to improve the 

photocatalytic activity. In 2007, Gao et al. [113] prepared BiFeO3 nanoparticles of size range 80–

120 nm by a facile sol–gel method which showed a significantly improved photocatalytic activity 

towards MO degradation compared to bulk BiFeO3 under UV-Vis light. They demonstrated that 

large surface to volume ratio and the greater number of catalytic active sites for nanosized BiFeO3 

improve the redox reactions, thereby photocatalytic efficiency. In addition, a weak ferromagnetism 

has been governed by the BiFeO3 nanoparticles, which boosts the charge separation efficiency. 

Further, Guo et al. [114] developed Gd Doped BiFeO3 which demonstrated distorted spin cycloid 

and magnetically active properties of Gd3+ ions in magnetization hysteresis loops, resulted 

increased activity for RhB degradation under visible light. Consequently, Ba-doped BiFeO3 also 

synthesized which showed significant visible light absorption due to the reduction of bandgap to 

1.79 eV from 2.3 eV and enhanced magnetic saturation value, leading to three times higher 

photocatalytic activity for benzene removal from water under visible light [115]. BiFeO3 also 

reported as efficient photocathode and photoanode for PEC water splitting because of structural 

stability, suitable band edge potentials and low photo-bleaching [116, 117]. On the other hand, 

heterostructures formation leads to high rate of charge carrier separation, mobility of excitons and 

a greater number of exposed surfaces [110, 118]. As another important Bi-based semiconductor 

oxide, Bi2Fe4O9 and Bi4Ti3O12 have been widely used as a visible light driven catalyst for organic 

pollutant degradation and water splitting. 
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Figure 1.23 The crystal structure of rhombohedral (R3c) BiFeO3.  

 

Bismuth molybdate oxide (Bi2MoO6, Eg= ~2.6 eV) and bismuth tungsten oxide (Bi2WO6, Eg= ~2.6 

eV) are two simplest Aurivillius oxides. These attracted research focus owing to extraordinary 

layered structure which are constructed by the alternating fluorine-like layers (Bi2O2)
2+ and 

perovskite layers (WO4/MoO4)
2- (Figure 1.24). These materials possess open crystalline structure, 

excellent electrochemical and physicochemical properties and high structural and thermal stability. 

In addition, highly exposed active sites and the large surface area can be achieved by tuning the 

morphology. Besides, Bi2WO6 have been chosen as model photocatalyst in various oxidation 

reactions, as example, O2 evolution, water purification owing to highly positive VB. The light 

absorption of bare Bi2WO6 is limited in visible region and suffers undesirable photo generated 

electron-hole recombination. Thus, research focus aimed to tune the bandgap of Bi2WO6 so that it 

can absorb visible light effectively. 

 
Figure 1.24 The crystal structure of orthorhombic (Pca2) Bi2WO6 [137]. 
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1.11.2 Bi-based Vanadate 

Bismuth vanadate (BiVO4) is most promising catalyst for photoelectrochemical water splitting 

under visible light. BiVO4 exists in the form of orthorhombic, tetragonal and monoclinic, where 

monoclinic phase (space group 15, C2h) is only thermodynamically stable. The crystal structure 

of monoclinic BiVO4 has been presented in Figure 1.25. Kudo et al. [119] first reported water 

oxidation using monoclinic BiVO4 in presence of electron scavengers Ag+ ions under visible light.  

The narrow bandgap, suitable band edge potentials, facile synthesis, low cost make it very 

attractive for organic pollutant degradation [120, 121]. Due to positive CB potential, BiVO4 is 

incapable for water reduction. However, some research group reported photocatalytic H2 

generation using nanostructured BiVO4 [122]. Theoretically, STH of BiVO4 photoanode is around 

9.2% with the maximum photocurrent density of ~7.5 mA/cm2 under standard AM 1.5G solar light 

illumination. Although, the efficiency experimentally achieved using BiVO4 as photoanode is far 

low from the theoretical result. The possibility of self-trapping of photogenerated charge species 

and fast recombination hinder the charge separation as well as transfer through the electrode-

electrolyte interface during photocatalysis experiments. As a result, BiVO4 exhibits very slow 

kinetics for O2 evolution.  

 

Figure 1.25 The crystal structure of monoclinic phase (15, C2h) BiVO4 [122]. 

 

1.11.3 Bi-based Chalcogenide 

Bi-based chalcogenides, as example Bi2S3, Bi2Te3, Bi2Se3 are very promising materials for 

photocatalysis because of size dependent physical and chemical properties.  Most of the Bi-based 
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chalcogenides have narrow bandgap, thereby suitable for visible light absorption. For example, 

Bi2S3 has bandgap in the range of 1.3 eV  1.5 eV, size dependent quantum confinement effect 

and thereby widely used in photocatalytic applications. The crystal structure of Bi2S3 has been 

shown in Figure 1.26. An anisotropic orthorhombic structure with Pnma space group where four 

molecular chains (Bi–S–S) are present in per unit cell along the crystallographic c-axis. As a result, 

one-dimensional nanostructures, for example nanowires, nanorods, nanotubes are preferably 

formed for Bi2S3 [123]. On the other hand, Bi2Se3 possess layered structure having a weak forces 

between the interlayers. Thus, 2D nanosheets of Bi2Se3 have been preferably formed and possess 

high exposed surface area. In addition, being topological insulators Bi-based chalcogenides have 

minimum scattering effect because of opposite spin polarization which facilitates the electron 

transfer, thereby improve the conductivity of the materials during catalytic reactions [124]. On the 

other hand, Bismuth telluride (Bi2Te3) extensively used in the refrigeration and thermoelectric 

power generation owing to high melting point (585°C). Recently, it has been attracted interest in 

photocatalysis because of narrow bandgap (~1.32 eV). The electrochemical and thermocatalytic 

properties make Bi2Te3 potential catalyst for water splitting [125]. 

 

Figure 1.26 The crystal structure of orthorhombic structure (Pnma) Bi2S3 [123]. 

 

1.11.4 Bi-based Halide 

Bismuth oxyhalides (BiOX, X= Cl, Br, I), a new class of promising materials have attracted recent 

interest in photocatalysis due to layered structure, composed of [Bi2O2]
+ slabs interleaved by 

double halogen atoms [X] with open crystalline nature [126-128]. A tetragonal matlockite 
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(PbFCl-type) structure, Van der Waals force within the halide layers and covalent bond between 

[Bi2O2]
+ and [X] make BiOX chemically stable (Figure 1.27) [129, 130]. Additionally, the open 

crystalline structure of BiOX benefits a large space for polarization of atoms and orbitals, results 

a static internal electric field perpendicular to the [Bi2O2]
+ slabs, which further boosts the electron-

hole separation along the (001) direction [130, 131]. Besides, BiOX generate facile O-vacancy 

during photocatalysis under UV light due to low energy BiO bonds at the surface. The bandgaps 

of BiOCl, BiOBr and BiOI are ~ 3.3 eV, ~ 2.7 eV and ~1.8 eV.  

 

Figure 1.27 The crystal structure of tetragonal structure (PbFCl-type) BiOX (X= Cl, Br, I) [129]. 

 

Thus, BiOCl is a wide bandgap semiconductor and its activity is limited in the UV region. 

Although, BiOBr has moderate bandgap and could absorb visible light, however the band edge 

potentials restrict its performance for hydrogen generation. On the other hand, BiOI is a narrow 

bandgap semiconductor and efficient for visible light absorption, however suffers from fast charge 

carrier recombination. Owing to suitable VB potential, BiOI also reported as efficient O2 evolving 

catalyst under visible light. Thus, coupling of secondary semiconductors with BiOBr and BiOI 

may improve the photocatalytic performance under visible light. The bandgap, band edge 

potentials with respect to vacuum energy scale and normal hydrogen electrode (NHE) scale of 

commonly used Bi-based photocatalysts are presented in Figure 1.28. Furthermore, the advantages 

and the limitations of these photocatalysts for water splitting are summarized in brief (Table 1.1).   
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Figure 1.28 Band-edge positions and the bandgaps of commonly used Bi-based photocatalysts. 
Dotted lines indicate the relative energy levels of redox reactions for water splitting and organic 
pollutant degradation. 

 

Table 1.1 The bandgap, advantages and the limitations of commonly used Bi-based photocatalysts. 

Materials Bandgap Advantages Limitations Reference 

 

Bi2O3 

Direct: 3.5 eV 

Indirect: 2.85 

eV 

 p-type semiconductor 

 High ion conductivity 

 Remarkable photo-conductivity 

 High density of oxygen 

vacancy at the surface boosts 

electron-hole recombination 

 

132 

 

Bi2O4 

~ 2.0 eV  

 

 

 Generally rod like structure 

formed 

 n-type semiconductor 

 CB (0.39V vs NHE) suitable for 

H2 generation 

 VB (1.61 vs NHE) close to water 

oxidation potential (1.23 V vs 

NHE) 

 Mixed valence state present (Bi3+ 

and Bi5+) 

 Fast electron-hole 

recombination 

 Formation of defects, 

promote recombination of 

photoinduced electron–hole 

pairs.  

 

 

133, 134 

 

Bi4Ti3O12 

~ 2.4 – 2.9 eV  Layered Aurivillius ferroelectric 

material  

 n-type semiconductor 

 1D and 2D nanostructures are 

reported 

 Highly positive VB (2.92 V vs 

NHE), suitable for water 

oxidation, organic pollutant 

degradation 

 Fast electron-hole 

recombination 

 CB (0.05 V vs NHE) not-

suitable for H2 generation 

 

 

135 

 

Bi2S3 

~ 1.3 eV – 1.4 

eV 
 CB (0.33V vs NHE) suitable for 

water reduction, H2 generation  

 n-type semiconductor 

 Generally 1D nanostructure 

formed 

 Strong visible light absorption 

 VB (1.05 V vs NHE) is low 

enough for water oxidation  

 Fast electron-hole 

recombination 
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Materials Bandgap Advantages 

 

Limitations Reference 

 

BiFeO3 

~ 2.3 eV  VB (2.4 V vs NHE) is suitable for 

water oxidation  

 n-type semiconductor 

 Visible light active catalyst 

 Internal electric field exits due to 

multiferroic nature 

 Chemically stable perovskite   

 CB is positive (0.14 V vs 

NHE), not suitable for water 

reduction 

 

110 

 

BiVO4 

~ 2.45 eV  VB (2.4 V vs NHE) is suitable for 

water oxidation  

 n-type semiconductor 

 Visible light active catalyst 

 Morphology dependent 

photocatalytic activity 

 CB is positive (0.14 V vs 

NHE), not suitable for water 

reduction 

 

119 

 

BiPO4 

Indirect: 3.85 

eV 
 High photocatalytic oxidative 

ability for organic dye 

decomposition 

 n-type semiconductor 

 Highly negative CB (0.56 V vs 

NHE) suitable for H2 generation 

 Mainly UV active due to 

large bandgap 

 

 

136 

 

Bi2WO6 

~ 2.6 eV – 2.8 

eV 
 Generally n-type semiconductor 

but it shows p-type conductivity 

in presence of O-vacancy 

 VB (2.9 V vs NHE) is suitable for 

water oxidation,  

 Visible light active catalyst 

 Size dependent optical properties 

 Chemically stable 

 Layered structure provides large 

surface area 

 CB is positive (0.24 V vs 

NHE), not suitable for water 

reduction 

 

137 

 

Bi2MoO6 

~ 2.5 eV – 2.8 

eV 
 n-type semiconductor 

 CB= −0.46 V, VB= +2.28 V vs 

NHE suitable for water splitting  

 Visible light active 

 Fast electron-hole 

recombination 

 

138 

 

BiOCl 

~ 3.3 eV  Layer structure endows internal 

static electric field which boosts 

charge separation 

 Depending on the synthesis 

method it shows both n-type and 

p-type conductivity 

 Facile generation of O-vacancies  

 Highly positive VB potential 

 Low visible light absorption 

 Not suitable for H2 

generation 

 

 

129 

 

BiOBr 

~ 2.7 eV  Highly positive VB (2.76 V vs 

NHE) suitable for water 

oxidation, O2 generation 

 n-type semiconductor 

 Visible light active 

 Layered structure 

 High chemical stability 

 

 Lower redox activity  

 Rapid recombination of the 

photo induced charge carrier 

 Less photo sensitivite 

 

 

130 
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Materials Bandgap Advantages Limitations Reference 

 

BiOI 

~ 1.8 eV – 2.0 

eV  
 Narrow bandgap facilitates the 

visible light absorption  

 Depending on the synthesis 

method it shows both n-type and 

p-type conductivity 

 Band edge potentials are suitable 

for water splitting 

 2D nanostructure 

 Unstable under long time 

light irradiation 

 Fast electron hole 

recombination 

 

130 

 

Bi4O5I2 

~ 1.8 eV  Highly positive VB (2.35 V vs 

NHE) suitable for water 

oxidation, O2 generation 

 n-type semiconductor 

 Visible light active 

 

 Not suitable for H2 

generation, CB (0.51 V vs 

NHE) 

 

139 
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2.1 Motivation 

The motivation and objectives of this thesis can be described on the basis of literature survey on 

surface modification of semiconductor-based nanomaterials used for visible-light-active 

photocatalysis. A wide variety of semiconductors such as TiO2, ZnO, CdS, Fe2O3, BiVO4, SrTiO3, 

WO3 etc. have been reported as solar light harvesting photocatalysts [1-3]. Recently, Ag3PO4, g-

C3N4, conducting polymers, metal–organic framework (MOF) and Covalent Organic Framework 

(COF) based materials are used as photocatalyst [4-6]. However, TiO2 has been considered as 

benchmark photocatalyst because of the advantages of low cost, high photoreactivity, 

environmentally friendly and good stability with time [7, 8]. Since the late 1990s, TiO2 has been 

used for self-cleaning windows and roads, air purifiers in Japan, Spain, USA [7-10]. However, its 

application was restricted as it only responds to the UV light because of large bandgap (~3.2 eV). 

Therefore, much efforts have been devoted to make TiO2 colorful through doping of metal and 

non-metal so that it can absorb longer wavelength lights of solar spectrum. Since the early 1990s, 

various metal ions incorporated in the TiO2 lattice to replace the Ti4+ ions. At the same time, a 

series of nonmetal elements were used for replacing the O2 ions of TiO2 to make it capable for 

the absorption of visible-light [11, 12]. As mentioned in chapter 1, the thermodynamic water 

splitting potential is 1.23 eV, so in ideal case photocatalyst should absorb 1000 nm wavelength of 

solar spectrum, for which TiO2 should be tuned to black ideally. In 2011, Chen et al. [13] 

demonstrated the hydrogenation method as a potential way to develop black colour TiO2 and also 

lower the bandgap in the range of ~1.5 eV. This discovery of black colour TiO2 was stimulated 

global attention on visible light driven photocatalysis. The existence of Ti3+ ions, structural 

disorder, oxygen vacancies, TiOH and TiH groups in black TiO2 make it potential for H2 

generation. Black TiO2 nanomaterials have unfolded new applications of fuel cells, Li-ion 

batteries, supercapacitor, photoelectrochemical sensors and microwave absorbers with promising 

prospect [13-17]. However, the efficiency for photocatalysis under visible light is still far from 

satisfactory. Further, Liu et al. [18] prepared red TiO2 through B–N co-doping at high 

concentration within anatase TiO2 microspheres. Consequently, red TiO2 extended the light 

absorption edge up to ~700 nm and showed ~0.8% IPCE for photoelectrochemical water splitting. 

Further, a variety of approaches has been proposed to assist the photogeneratd charge carrier 

separation and migration efficiency of TiO2 by reducing electron-hole recombination rate. The 

mostly used strategies are (i) surface modification by depositing redox couple, (ii) use of co-
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catalyst, (iii) coupling with other materials, (iv) formation of heterostructures, which are 

schematically presented in Figure 2.1.   

 

Figure 2.1 Various strategies for improvement of the photocatalytic activity of semiconductor 
nanomaterials.  

 

Deposition of noble metal nanoparticles (Au Pt, Pd, Ag etc.) on the surface of semiconductor 

nanostructure showed a beneficial effect in the photocatalytic process due to hot electron 

generation by surface plasmon resonance effect (SPR) which provide high resistance to photo-

corrosion and oxidation in moist air [19-21]. In addition, presence of a noble metal offers active 

catalytic sites to boosts the H2 generation rate. For example, Zhang et al. [21] developed 5-12 nm 

Au and Pt nanomaterials decorated TiO2 nanofibers which showed enhanced H2 generation (12 

mol/g/h) and CO2 reduction compared to bare TiO2 (2.1 mol/g/h). Co-catalyst modified TiO2 

have also reported as photocatalytic H2 generation due to additional catalytic active sites [22, 23]. 

Coupling of TiO2 with others semiconductors was also designed to extend the absorption range as 

well as electron-hole separation [24, 25]. On the other hand, the photocatalytic activity of 

semiconductor-based nanostructures is strongly related to their sizes and morphologies. The high 

specific surface area, hierarchical structure, hollow structures, low thickness may enhance the light 

Surface 
modification 
with metal 

nanoparticles

Serve as 
electron 

sink

Promote 
light 

absorption

Act as 
catalytic 

active 
sites

Hot 
electron 

generation
Co-catalyst 

design

Provide 
active sites

Enhance 
reactant 

adsorption

Assists 
charge 

transfer

Lower over
potential

Coupling 
with others

Provide 
active sites

Electron/
hole trapping 

center

Assists 
charge 

separation

Promote 
chemi-

absorption

Strategies to improve photocatalytic activity of semiconductor nanomaterials 

Heterostructure formation

Active sites for 
oxidation/reduction

Trap photognrated 
electrons/holes

Promote Vectorial
transfer of charge 
species

Results band bending

Accelerate charge 
separation and 
transfer

Promote 
chemisorption of 
reactant molecules 

Provide oxidation/reduction sites

Provide internal field gradient

Adsorbents



52 
 

absorption capability of photocatalyst materials [26]. Optimizing the size of TiO2 nanostructures, 

maximum efficiency may be achieved for photocatalysis due to high specific surface area [27]. 

Reported literatures showed that, various morphologies including nanotubes [28-30], nanofibers 

[31], nanorods [32, 33], foams [34] and mesoporous structures [35, 36] have larger surface area 

compared to the commercial TiO2 nanoparticles (P25) (Figure 2.2).  

     On the other hand, two-dimensional (2D) TiO2 nanostructures, such as nanoplates, nanosheets 

were explored to improve the specific surface area of TiO2 photocatalyst. Based on the reported 

theoretical and experimental studies it has been proved that {001} face of anatase TiO2 is more 

reactive compared to thermodynamically stable {101} facet [37]. For example, hierarchical sphere 

shaped TiO2 with the 90% exposed {001} facets have been developed by Yang et al. [38] by 

solvothermal method which exhibited 7.51% energy conversion efficiency for dye-sensitized solar 

cells. Further, Hu et al. [39] prepared {001} facet exposed anatase TiO2 nanosheets in large scale 

having high specific surface area (162.4 m2 g1), exhibits two fold improved photodegradation 

activity for organic pollutant Rhodamine B (RhB) degradation than that of commercial TiO2 (P25). 

Therefore, the available number of reaction sites and specific surface area both are crucial to 

optimize the photocatalytic activity. 

 

Figure 2.2 The schematic presentation of various TiO2 nanostructures according to the structural 
dimensionality. 

 

TiO2
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Three-dimensional (3D) TiO2 structures have also reported as efficient catalyst for photocatalytic 

applications. For example, Zhang et al. [40] developed self-assembled TiO2−ZrO2 hollow spheres 

which exhibited significant catalytic activity both in organic pollutant removal and photocatalytic 

H2 generation (23.7 mol) because of prolonged lifetime of the electrons and improved light 

absorption. Recently, Rahman et al. [41] synthesized TiO2 hollow spheres and modified the surface 

with Au nanoparticles and RuO2 as co-catalyst to efficiently separate the excited electrons and 

holes. The dual co-catalyst modified TiO2 showed two times and three higher H2 generation rate 

(3165 μmol g1) compared to single co-catalyst loaded TiO2 and bare TiO2 (935 μmol g1). An 

interesting Au loaded hierarchical TiO2 micro-flower was prepared by Duan et al. [42] via one-

port hydrothermal method which showed 1.3 folds enhanced photocurrent density than bare TiO2 

with ~25% IPCE efficiency at visible region. Therefore, morphology of a photocatalyst provides 

high surface to volume ratio with unique optical and carrier transfer properties [43, 44]. Core-shell 

structuring of TiO2 is a potential approach for enhancing structural stability, unique optical 

properties, and high charge transfer efficiency of multi-functional photocatalysts [45]. The 

development of heterostructures between TiO2 and other semiconductor have been attracted much 

attention as they can extend the absorption edge to the longer wavelengths.  For example, 

heterostructures between TiO2 nanofiber and SrTiO3 nanocube resulted five times higher activity 

in photocatalytic H2 generation (~1200 mol) compare to bare TiO2 nanofibers (~ 550 mol) 

because of intimate contact and fast charge separation [46]. Further, Zhou et al. [47] reported high 

H2 generation rate of 1.6 mmol/g/h using TiO2/MoS2 heterostructures as catalyst owing to strong 

adsorption capacity and high surface area. Up to now series of TiO2-based binary, trinary, p-n 

junction, Schottky junction etc. have been developed and showed improved catalytic activity for 

organic pollutant removal from waste water, water splitting to generate renewable fuels, CO2 

reduction etc. due to combined advantages of excellent light trapping, large surface area for more 

reaction sites and rapid charge transfer [25, 48-50].  

        Recently, Z-scheme heterostructures based on TiO2 have attracted research focus due to high 

photocatalytic efficiency and low recombination rate. In 2013, Yu et al. [51] first time 

demonstrated a direct Z-scheme charge transfer concept for TiO2/g-C3N4 composites towards 

formaldehyde degradation under visible light illumination. Further, research has been explored on 

TiO2-based Z-scheme photocatalysts for organic pollutant degradation [52], water oxidation and 

reduction [53], CO2 capture and reduction [54], harmful gases decomposition [55] etc. As no redox 
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medium is required in direct Z-scheme system, it will be cost effective [56]. Despite these 

remarkable improvement of TiO2-based heterostructures in photocatalytic activity, there are some 

significant limitations. For example, moderate reaction rate during decontamination of heavily 

polluted industrial elements [57, 58], limited light absorption and photon flux ( 6% of impinged 

solar energy on Earth’s surface) restrict its prospective to develop a sustainable technology [59, 

60]. This fact has triggered the research interest to develop narrow bandgap semiconductor 

nanostructures which are alternatives to TiO2. These materials are not derived from TiO2 and 

completely different materials with distinct composition. In this context, various novel photoactive 

semiconductors, such as transition metal (Nb, V, Ta) based mixed oxides, or main group elements 

of Ga, In, Sb or Bi-based oxides have been prepared as the substitutes of TiO2 in the last few years 

[61]. In addition, metal nitrides and sulfides are synthesized to obtain photocatalytic activity under 

visible light.  

 

Figure 2.3 The number of publications reported on Bismuth based semiconductor materials as 
photocatalyst during the last decade [source: web of science; date: 5th April 2022; key word: Bi-based 
photocatalysis]. 
 

In this thesis, development of visible light active Bi-based semiconductor heterostructures are 

focused for organic pollutant degradation and H2 generation through water spiting. Owing to many 

interesting physicochemical and electrochemical properties Bi-Based semiconductors are gaining 

research interest in photocatalysis and rapidly increasing publications (Figure 2.3). As most of the 

0

400

800

1200

1600

2000

20
15

20
16

20
17

20
18

20
19

20
20

20
21

20
22

20
14

20
13

20
12

20
11

N
u

m
b

e
r 

o
f 

p
u

b
li
c

a
ti

o
n

s

Year of publication
20

10

cc



55 
 

Bi-based semiconductors are narrow bandgap, thus development of heterostructures is an effective 

way to hinder the fast electron-hole recombination rate. In the following section, Bi-based Type 

II, p-n heterojunction and Z-scheme heterostructures are summarized.   

 

2.1.1 Type-II heterostructures using Bi-based semiconductors 

The Type-II heterostructures has been considered as conventional heterojunction as both of exited 

electrons and holes are transferred in two different semiconductors and reduce the electron-hole 

recombination rate. For example, Zhu et al. [62] reported Bi4Ti3O12/CeO2 composite for the 

degradation of organic pollutant BPA, where enhanced catalytic activity towards reaction rate 

achieved than bare Bi4Ti3O12. Fan and his co-workers [63] constructed Bi2MoO6/BiOI 

heterojunction using an anion exchange method where 50% ratio of Mo/I exhibited best 

performance for organic pollutant rhodamine B (RhB) degradation upon visible light illumination 

due to development of type II heterojunction. The Type-II charge transfer mechanism has also 

been reported for ZnO/BiOI [64], ZnO/BiVO4 [65], CuS/BiFeO3 [66], Bi2S3/BiFeO3 [67], 

BiVO4/Bi2S3 [68], In2S3/Bi2MoO6 [69], Bi2MoO6/BiOBr [70], NaNbO3/Bi2MoO6 [71], 

BiOCl/BiOBr [72] heterostructures for various photocatalytic applications. Zhu et al. [73] 

fabricated BiFeO3/TiO2 nanotube arrays and showed 100% photoelectrocatalytic degradation of 

RhB at 150 min because of the synergistic effects of applied bias, wider spectral response and 

reduced recombination rate. An effective Type-II charge separation between Bi2WO6 QDs 

(quantum dots) and reduced graphene oxide resulted eight times higher photodegradation 

efficiency than that of pure Bi2WO6 QDs [74]. Interestingly, Type-II Bi2WO6/TiO2 

heterostructures showed 100% methyl orange (MO) degradation within 25 min and 40 min under 

UV and Vis light, respectively. In addition, 74.3% degradation efficiency at 120 min under NIR 

irradiation. The superior catalytic activity of Bi2WO6/TiO2 heterostructures achieved due to large 

number of catalytic active sites and specific surface area [75]. Bi-based Type-II heterostructures 

are also showed promising performance for photoelectrochemical water splitting and H2 

generation. For example, Liu et al. [76] prepared Bi2S3 sensitized WO3 nanoplate array which 

showed eight fold enhanced photocurrent density (~12 mA/cm2) than single semiconductor WO3 

along with 70% IPCE (incident photon to current conversion efficiency). The enhanced activity 

resulted due to intimate interfacial contact, facile electron-hole separation and migration to the 

surface. Shi et al. [77] fabricated BiVO4-decorated WO3 helix nanostructures which showed 
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maximum photocurrent density of ~35 mA/cm2 at 1.23V vs RHE with H2 and O2 generation of 

180 mol/cm2 and 85 mol/cm2, respectively under simulated solar light illumination. Further, an 

efficient and stable photoanode of Bi2S3/WO3 heterojunction was prepared by He et al. [78], which 

resulted 40% higher photocurrent density (1.33 mA/cm2) compared to bare WO3 film in 0.1 M 

Na2SO4 electrolyte. On the other hand, Bi2WO6/BiVO4 composite displayed 99.99% 

photocatalytic activity towards Pseudomonas aeruginosa, Escherichia coli and Staphylococcus 

aureus bacteria killing within 30 min [79]. Moreover, Bi-based ternary heterojunctions have been 

developed where double Type-II charge transfer mechanism are reported [80]. For example, 

Huang et al. [81] prepared a tri-junction of Bi2S3/Bi2O3/Bi2O2CO3 photocatalyst which showed 

improved catalytic activity due to formation of double Type-II interface. Up to now numerous 

combinations of Bi-based conventional Type II heterostructures have been reported for organic 

pollutant degradation, solar fuel generation, CO2 reduction etc. which are shown in Table 2.1. 

However, Type-II heterostructures have some limitation in redox capacity as the photogenerated 

charge carriers are migrated from higher potential to lower potential.  

 

2.1.2 Bi-based p-n heterojunctions 

Bismuth based p-n heterojunctions have attracted attention in photocatalysis owing to internal field 

gradient that may generate at the junction interface of two semiconductor and facilitate the 

electron-hole separation [82]. For example, Wang et al. [83] prepared a p–n heterojunction 

between AgBr and Bi2WO6 which showed 99% photodegradation efficiency for organic pollutant 

MB at 60 min under visible light irradiation because of the efficient electron–hole separation by 

the influence of internal potential gradient. Further, Ag3PO4 nanoparticle decorated rose like 

Bi2WO6 p–n heterojunction exhibited ten times incased activity for the removal of RhB than pure 

Bi2WO6 under simulated sunlight irradiation. The enhanced photocatalytic activity achieved due 

to efficient separation and migration of excited charge carriers [84]. Similarly, p-n heterojunction 

of BiOCl/BiVO4 exhibited improved MO degradation rate compared to pure BiOCl, BiVO4 and 

P25 because of improved charge transfer and strong oxidative ability [85]. Very recently, Parida 

et al. [86] developed an efficient p-n heterojunction between BiVO4 and B‑ doped g‑ C3N4 which 

showed 4.2 times higher photocatalytic O2 generation rate (~1350 mol/g/h) compared to bare 

BiVO4 due to the built in electrostatic field at the junction of two semiconductors. An n-n 
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heterojunction of Bi3.64Mo0.36O6.55/Bi2MoO6 was reported for efficient organic pollutant 

degradation because of superior hole migration through the junction interface [87].   

 

2.1.3 Bi-base Z-scheme heterojunctions 

Recently, Z-scheme charge transfer mechanism is gaining much research interest as it can hold the 

redox capacity of excited electrons and holes [88, 89]. For example, BiFeO3/Bi2Fe4O9 

heterojunctions exhibited improved photocatalytic H2 generation (∼800 μmol/g), which is 2.0 fold 

and 2.7 fold higher than Bi2Fe4O9 and BiFeO3. The enhanced activity achieved due to highly 

negative redox potential of excited electrons w.r.t. water reduction potential and low 

recombination of photogenerated charge carriers. [90]. Very recently, Mansour et al. [91] 

fabricated a Z-scheme heterojunction of Pt–BiVO4/TiO2 which showed highest  H2 generation of 

~160 mol, almost 100 times higher than pristine BiVO4/TiO2 composite. The Pt acted as 

migration-bridge between BiVO4 and TiO2 and the excited CB electrons of TiO2 involved in H+ 

reduction to form H2. Similarly, an all-solid-state Z-scheme of AgBr-Ag-Bi2WO6 was developed 

by Zhang et al. [92] for azo dye degradation, where Ag nanoparticles acted as charge migration-

bridge for better electron-hole separation. Chen et al. [93] studied the effect of mass ratio in Z-

scheme Bi2WO6 QDs/g-C3N4 system for the photodegradation of RhB and reported that higher 

amounts of g-C3N4 loading lower the photocatalytic activity. Further, an organic–inorganic hybrid 

photocatalytic system of BiVO4/g-C3N4 exhibited significantly enhanced photocatalytic activity 

for RhB degradation and photocurrent generation due to the direct Z-scheme electron-hole transfer 

pthway, which provides much more powerful oxidation potential and reduction capability [94]. 

Recently, Z-scheme Bi2WO6-Cu3P photocatalytic system showed efficient H2 (~10 

mol/gcatalyst) and O2 (~5 mol/gcatalyst) generation through water splitting under visible light 

irradiation without using any co-catalyst [95]. All solid-state Z-scheme heterostructures of Bi-

BiOCl/AgCl showed both photocatalytic H2 generation (~198.2 mol/h) and photoelectrochemical 

water splitting (photocurrent density 45 A/cm2) due to the enhanced optical absorption, low 

recombination rate and suitable oxidation and reduction potential of holes and electrons, 

respectively [96]. A maximum ~323 mol/h O2 evolution rate was reported for Z-scheme 

CeO2/BiOI heterostructures because of excess oxygen vacancy and advanced charge transfer 

pathway [97].  
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Table 2.1 Reported Bi-based conventional and Z-scheme heterostructures, their synthesis methods 
and the photocatalytic applications.   

 

Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Conventional Type II heterostructures 

Bi2O3  TiO2 Hydrothermal 

followed by 

calcination 

Methylene Blue 

(MB) degradation 

98 

Bi2O3  FeVO4 Grounding followed 

by calcination 

Malachite green 

decomposition 

99 

Bi2O3 g-C3N4 Solid state mixing 

followed by 

calcination 

Rhodamine B (RhB) 

degradation 

100 

Bi2O3 g-C3N4 In-situ methid RhB degradation 101 

Bi2S3  Pd4S Thermal reduction 

followed by exchange 

of cation 

Atrazine 

degradation 

102 

Bi2S3  ZnS Solvothermal  Photocatalytic H2 

generation 

103 

Bi2S3 ZnS Cation exchange MB degradation  104 

Bi2Ti2O7  TiO2  Hydrothermal  RhB degradation 105 

Bi4Ti3O12  g-C3N4 Ball milling method Acid orange II 

degradation 

106 

Bi4Ti3O12  CeO2 Molten salt and ion 

impregnation  

Bisphenol-A 

degradation 

62 

Bi12TiO20  g-C3N4 Hydrothermal  Gaseous HCHO 

decomposition  

107 

Bi2O2CO3 CdS Reflux  MB degradation  109 

Bi2O2CO3  g-C3N4  Solid state mixing and 

calcination  

Methyl Orange 

(MO) and Dibutyl 

phthalate 

degradation 

108 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Bi2O2CO3  Ag3PO4 Hydrothermal 

followed by 

precipitation  

RhB degradation 110 

BiFeO3  CuO Hydrothermal 

followed by 

impregnation  

MO degradation 111 

BiFeO3  g-C3N4 Hydrothermal  Organic compound 

guaiacol 

decomposition   

112 

Bi2Sn2O7  In2O3 Method of 

impregnation 

RhB degradation 113 

BiOCOOH Ag2O Solvothermal 

followed by co-

precipitation  

p-chlorophenol and 

RhB degradation 

114 

BiVO4  TiO2 Hydrothermal  Removal of brilliant 

red X-3B  

115 

BiVO4  ZnO Mixing and annealing  RhB degradation 116 

BiVO4  SnO2  Hydrothermal  MB degradation 117 

BiVO4  CeO2 Co-precipitation and 

subsequent annealing  

RhB degradation 118 

BiVO4 Ag2O Impregnation and 

evaporation  

MO degradation 119 

BiVO4 Co3O4 Drop-casting 

followed by 

calcination 

Water oxidation  120 

BiVO4 g-C3N4 Ultrasonication  CO2 reduction 121 

BiVO4  PEDOT Electrodeposition  PEC water splitting  122 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Bi2WO6  TiO2  Hydrothermal  Phenol and RhB 

degradation 

123 

Bi2WO6  TiO2 Hydrothermal  MO and RhB 

degradation 

124 

(01) plane 

Bi2WO6  

(01) planeTiO2  
Hydrothermal  MB degradation 125 

Bi2WO6  -Fe2O3 Electrospinning 

followed by sintering  

RhB degradation 126 

Bi2WO6  WO3 Hydrothermal  RhB degradation 127 

Bi2WO6  Ag2O  Chemical 

precipitation 

RhB degradation 128 

Bi2WO6  AgCl  Hydrothermal  RhB degradation 129 

Bi2WO6  CeO2 Hydrothermal  RhB degradation 130 

Bi2WO6  ZnS and CdS Method of surface 

functionalization  

RhB degradation 131 

Bi2MoO6  TiO2  Solvothermal  Nitrobenzene and 

phenol degradation 

132 

Bi2MoO6  Ag3VO4  Hydrothermal 

followed by 

precipitation 

RhB degradation 133 

Bi2MoO6  MoO3 Hydrothermal  Photoanode in PEC 

water splitting 

134 

Bi2MoO6  MoO3 Chemical vapor 

deposition  

Glycerol 

oxidation and 

photocatalytic O2 

evolution  

135 

Bi2MoO6  

 

g-C3N4  Chemisorption 

followed by thermal 

treatment 

RhB degradation 136 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Bi2MoO6 AgI Co-precipitation  BPA and RhB 

degradation 

137 

Bi2MoO6 AgBr  Co-precipitation RhB degradation 138 

Bi2SiO5  AgI Co-precipitation  Gaseous HCHO 

and Acid red G 

decomposition  

139 

BiOCl  TiO2  Solvothermal  Benzene 

degradation 

140 

BiOCl  CuS  Hydrothermal  RhB degradation 141 

BiOCl  g-C3N4  Solvothermal  RhB degradation 142 

BiOBr  La2Ti2O7 Refluxed in oil bath  RhB degradation 143 

BiOBr  CeO2  Co-precipitation  RhB degradation  144 

BiOBr  CoFe2O4  Solvothermal  Congo red 

degradation  

145 

BiOBr  CdWO4  Hydrothermal 

followed by 

precipitation  

RhB degradation 146 

BiOBr  Ag3PO4  Co-precipitation RhB degradation 147 

BiOBr  N doped 

graphene  

Wet chemical method  Chlorpyrifos 

detection  

148 

BiOI  

 

TiO2  

 

Successive ionic 

layer adsorption and 

reaction 

MO degradation 149 

BiOI  TiO2 nanotube  Impregnating-

hydroxylation  

MO degradation  150 

BiOI  La(OH)3  Chemical 

impregnation  

NO removal 151 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

BiOI  Fe2O3  In situ hydrolysis  RhB degradation 152 

BiOX (X = Cl, 

Br, I)  

AgX (X = Cl, 

Br and I) 

Co-precipitation  RhB degradation  153 

Bi4O5I2  g-C3N4  Solvothermal RhB and endocrine 

degradation 

154 

Heterostructures between two Bi-based semiconductors 

-Bi2O3 -Bi2O3 In situ phase 

transformation by 

calcination  

RhB degradation   155 

-Bi2O3  -Bi2O3 Solid-state reaction  RhB and indigo 

carmine degradation 

156 

Bi2O3 Bi2S3  Hydrothermal  RhB degradation 157 

Bi2O3 QDs BiVO4  Heat treatment  RhB degradation 158 

Bi2O3 BiVO4  Hydrothermal  RhB degradation 159 

Bi2O3 BiOCl  Alkaline treatment  MO degradation 160 

-Bi2O3 BiOI  In situ reaction  MO degradation 161 

Bi2O3 Bi2WO6 Solid-state reaction  RhB degradation 162 

Bi2O3 Bi5O7I Chemical etching  Malachite green 

degradation 

163 

Bi2O4  

 

BiOBr  

 

Alkali posttreatment 

assisted light 

irradiation 

MO degradation 164 

Bi2S3 Bi4Ti3O12  nanofibers In situ ion 

exchange  

RhB degradation 165 

Bi2S3 Bi2WO6  Hydrothermal  Cr(VI) reduction  166 

Bi2S3 Bi2WO6  Anion exchange  RhB degradation 167 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Bi2S3 Bi2O2CO3  

 

One-pot room 

temperature route  

RhB degradation 168 

Bi2S3 Bi2O2CO3  Anion exchange  Gaseous NO 

removal 

169 

Bi2S3 BiOCl  Solvothermal  Salicylic acid, RhB 

degradation 

170 

Bi12TiO20 Bi2WO6  Hydrothermal  RhB degradation 171 

Bi2Ti2O7 Bi4Ti3O12  One-step molten salt 

method  

RhB and MO 

degradation 

172 

Bi2O2CO3 BiVO4 Hydrothermal  RhB degradation  173 

Bi2O2CO3 BiOI  Pore impregnation  RhB degradation 174 

Bi2MoO6 BiVO4  Spin-coating  Photoelectrode in 

PEC water splitting 

175 

Bi2MoO6 BiPO4  Hydrothermal  RhB degradation 176 

Bi3.64Mo0.36O6.55 Bi2MoO6  Hydrothermal  RhB degradation 87 

Bi2WxMo1xO6 BiOCl  Solvothermal  RhB degradation 177 

BiPO4 BiOBr  Mixing method  Gaseous o-

dichlorobenzene 

degradation 

179 

Monoclinic 

BiVO4 

 

Tetragonal 

BiVO4 

Hydrothermal  RhB degradation 179 

Bi2MoO6 BiOI  Hydrothermal  RhB degradation 63 

BiOI BiVO4  Co-precipitation  Pseudomonas 

aeruginosa 

degradation 

180 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

BiOI BiVO4  Co-precipitation MO degradation 181 

BiOI Bi2MoO6  Co-precipitation  BPA degradation 182 

Bi24O31Cl10 BiOCl  Phase transformation 

by annealing  

Benzyl alcohol 

conversion  

183 

BiOCl Bi12O17Cl2  Hydrothermal  MO degradation 184 

BiOCl BiVO4  Co-precipitation  RhB degradation 185 

Bi4O5I2 Bi5O7I  Hydrothermal  Propylparaben 

degradation  

186 

Bi4O5I2 Bi5O7I  In situ phase 

transformation  

RhB and BPA 

degradation 

187 

Ternary Heterostructure 

Bi2O3/Bi2S3 

 

MoS2 Hydrothermal  

 

MB 

degradation and 

photocatalytic O2 

evolution  

80 

Bi7O9I3 AgI/AgIO3  Chemical deposition  MO and gaseous 

NO removal 

188 

BiOI–Bi2O3  AgI Etching-deposition  Cr(VI) reduction  189 

Bi2S3/Bi2O3 Bi2O2CO3  Heat treatment 

followed by ion 

exchange  

HCHO, MO, and 

phenol degradation  

81 

Bi7O9I3/Bi5O7I g-C3N4  Hydrothermal  Crystal violet  190 

BiOClx/BiOBry  BiOIz Electrospinning 

followed by sol–gel  

Trichloroethylene 

degradation 

191 

BiOBr/Co(OH)2 PVP  Solvothermal  MO degradation 192 
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Bi-based 

semiconductor 

Coupled 

material 

Synthesis method Application Reference 

Z-Scheme heterostructure 

Bi2O3  g-C3N4  Ball milling and heat 

treatment  

MB degradation 193 

Bi2O3  NaNbO3  Ball milling method  RhB degradation 194 

BiVO4  SiC  Co-precipitation 

followed by 

calcination  

Photocatalytic O2 

evolution  

295 

BiVO4  Se film  Chemical vapor 

deposition  

PEC water splitting  196 

BiPO4  Bi2O2  Hydrothermal  Dichlorophenol 

degradation 

197 

Bi2WO6  MoS2  Hydrothermal method  RhB degradation 198 

Bi2MoO6  Co3O4, CuO, 

NiO  

Co-precipitation  RhB degradation 199 

Bi2MoO6  g-C3N4  Hydrothermal  MB degradation 200 

Bi2Sn2O7  g-C3N4  High-temperature 

solid-state reaction  

MB and acid red 18 

degradation 

201 

BiOI  CdS  Hydrothermal  RhB degradation 202 

BiOIO3  g-C3N4  Hydrothermal  MO, RhB, and 

dichlorophenol 

degradation 

203 

BiOBr  g-C3N4  Reflux process  RhB and BPA 

degradation 

204 

BiOBr  Bi2MoO6  Two-step co-

precipitation  

RhB and CIP 

degradation  

205 

BiO1xBr  Bi2O2CO3  Solvothermal  CIP degradation 206 

BiVO4 ZnIn2S4/g-C3N4  Impregnation and 

calcination  

Congo red and 

metronidazole 

degradation 

207 

BiOI MoS2/AgI  Co-precipitation  RhB degradation 208 
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2.2 Scope of the Thesis 

There are many research challenges that remain to be addressed in the field of photocatalytic H2 

generation and PEC water splitting. For practical implementation, efficient, durable, economic and 

scalable photocatalytic system need to develop. The development of visible light active, efficient, 

non-toxic, low cost photocatalyst remains a significant challenge. Highly active photocatalyst is 

required to achieve the maximum solar to fuel conversion efficiency. The bandgap and band edge 

potentials should be tunable to design flexible devices. In case of PEC water splitting, Pt and Ir 

have been considered as best HER and OER catalyst, respectively, both of which are expensive, 

thus many efforts have been required to replace them with earth abundant materials. In this thesis 

work, low cost Bi-based materials would be developed as efficient photoanode material for PEC 

water splitting and catalyst for photocatalytic H2 generation.  

To design a stable and efficient photocatalyst for solar energy harvest, conversion and storage, 

first of all, the semiconductor must have a bandgap (Eg)  1.23 eV to provide energetic electrons. 

At the same time, the semiconductor must have the potential to absorb visible light, for which Eg 

should be less than 3.0 eV. Furthermore, there must be a potential to efficiently drive electron-hole 

pair separation and the migration process. As single material cannot fulfill all these stringent 

requirements as ideal solar energy converters, coupling of two or more than two materials as 

heterostructures is an effective strategy to increase charge separation efficiency and lowering the 

fast recombination rate by allowing multiple active sites and thereby improve their solar light 

harvesting efficiency [209, 210]. In a heterostructures, lower bandgap semiconductor can be 

combined with high bandgap semiconductors (conventional Type-II, Z-scheme etc.), p–n 

heterojunction or the Schottky junction between metal-semiconductor interface with inbuilt 

potential gradient can be created or co-catalysts may present, which effectively direct excited 

electrons and photoinduced holes separation and migration through the junction interface [216]. 

The corrosion protection or the lowering of photobleaching effect of semiconductor photocatalyst 

is another critical challenge. Metal chalcogenides are generally suffer from the photobleaching 

effect under long time light irradiation [211, 212]. The development of heterostructures by in-situ 

methods may improve the inherent stability against photobleaching effect which are described in 

chapter 4 to 7.   
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2.3 Objectives 

The overall objective of thesis is to prepare visible light active photocatalysts with enhanced 

quantum efficiency, toward the generation of clean and renewable solar fuels such as H2. A facie 

hydrothermal method would be developed to synthesize Bi-based semiconductors and different 

strategies for the fabrication of semiconductor-based heterostructures. The photocatalytic activity 

would be examined through water splitting with the optimization of reaction parameters. The 

overall objective of this research work is to design, synthesize, and characterize visible light-active 

heterostructured photocatalysts to maximize the use of solar irradiation. The scope of this work 

can be summarized as follows: 

 Synthesis of Bismuth based stable, low bandgap semiconductors through facile 

hydrothermal method. 

 Design and synthesize different semiconductor-based heterostructures, for example 

conventional Type-II, p-n heterojunction, Schottky junction, direct and indirect Z-

scheme heterostructures by in-situ method. 

 Characterize the semiconductor nanostructure and the heterostructures by various 

structural, microscopic, optical and electrochemical techniques. 

 Determination of photocatalytic performance of the heterostructured photocatalysts by 

organic pollutant degradation, photocatalytic H2 generation and PEC water splitting.  

 Propose possible mechanisms for the observed enhanced activity of different 

heterostructures and experimentally demonstrate their validity. 

 

2.4 The Main Features of the Thesis 

 Development of low cost, visible light active photocatalysts. 

 Introduction of perovskite semiconductors as catalyst for solar water splitting. 

 Formation of heterostructures to get better catalytic efficiency in dye degradation, H2 

generation and PEC water splitting. 

 Synthesis of various kind of heterostructures and understanding their mechanism for 

photocatalytic activity 

 Introduction of Z-scheme heterostructures, a new kind of concept for photocatalytic 

applications. 

 Study of photochemical and photoelectrochemical properties of heterostructures. 
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 Mechanism developed for effective control over: 

o Particle size 

o Morphology  

o Porosity 

o Tunability of bandgap 

o Charge separation ability 

 

 2.5 Research Focus 

Primarily, the focused of this work was to develop bismuth based low bandgap semiconductors 

and use it in organic pollutant degradation under visible light. Therefore, the simplest candidate of 

bismuth family, bismuth sulfied (Bi2S3) was focused as its bandgap is very low, nearly 1.3 eV. 

One dimensional rod like morphology of Bi2S3 has been prepared by hydrothermal method. 

However, it showed photocatalytic activity in organic pollutant degradation under visible light 

irradiation, catalytic efficiency is not high enough (only 26 %) because of rapid electron-hole pair 

recombination. To overcome this problem, Bi2S3 has been integrated with large bandgap 

semiconductor zinc oxide (ZnO) to fabricate heterostructures and successfully, 82% photocatalytic 

activity has been achieved. Furthermore, the Bi2S3/ZnO heterostructures has been used in 

photocatalytic hydrogen generation using methanol as sacrificial agent under visible light. This 

Type-II heterojunction exhibits 2.7 fold enhancement in hydrogen generation compared to rod-

shaped bare Bi2S3. Therefore, heterostructures strategy can offers several potential benefits in 

photocactalysis like, charge carrier generation, separation and transportation through the junction. 

This approach may also be applicable for other semiconductor heterostructures. 

    Next, we focused to introduce bismuth based perovskite oxide materials in photocatalytic water 

splitting process for renewable fuel H2 generation. In this contest, perovskite semiconductor, 

bismuth ferrite (BiFeO3) would be an interesting material as its bandgap is narrow (~ 2.3 eV) 

which is very relevant to visible light induced photocatalysis. Moreover, BiFeO3 is a potential 

multiferroic semiconductor in which ferroelectric and antiferromagnetic properties coexist at room 

temperature which can generates internal electric field by switching the spontaneous polarization. 

However, the low charge separation efficiency and fast recombination rate lower its catalytic 

efficiency. Therefore, integration of BiFeO3 with noble metal NPs to develop metal-semiconductor 

Schottky junction can offer an effective way to improve their photocatalytic activities under visible 
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region. However, Noble metal nanoparticles are very promising for longer wavelength light 

absorption, as they exhibit plasmonic effect under visible light. Hexagonal 2D morphology of 

BiFeO3 has been prepared by facile hydrothermal method and Au NPs have been formed on the 

surface of the BiFeO3 by radiolysis. After radiolytic construction of the Au/BiFeO3 Schottky 

junction, two times enhanced activity achieved for photocatalytic H2 generation because of hot 

electron generation and transfer from Au to BiFeO3 surface. The light response of Au/BiFeO3 

Schottky junction was assessed in terms of photocurrent density via PEC measurements, where 

3.8 times higher photocurrent density achieved after Schottky junction formation compared to 

pure BiFeO3. Therefore, this study would be effective to design and develop plasmonic metal 

modified perovskites based heterostuctures as photocatalyst for water oxidation and reduction. 

     In photocatalysis, TiO2 has been considered as benchmark photocatalyst however the wide 

bandgap (3.2 eV) limits its catalytic activity in visible region. Therefore, in the next work we 

focused to reduce the bandgap of TiO2 by Bi-metal doping. The bandgap of TiO2 has been reduced 

to 2.5 eV from 3.2 eV after successful Bi doping (3.5 wt. %). Further, to hinder the fast electron-

hole recombination and prolong the lifetime of excited charges, an efficient p-n junction was 

planned between p-type Bi-doped TiO2 and n-type molybdenum disulfide (MoS2).  MoS2 is an 

interesting 2D material owing to specific d-electronic configuration, large specific surface area 

and active surface site, probability of van der Waal heterostructures, which facilitate the reactivity 

for photocatalysis. Additionally, the unsaturated coordination at edges and dangling bonds 

between the layers boost the surface adsorption and reaction rate. The development of p-n junction 

resulted nine times higher H2 generation rate than that of bare TiO2 due to developed potential 

gradient at the junction interface which may improve electron-hole separation efficiency. Thus, 

this study would be effective to design a stable and efficient p–n heterojunction for green fuel H2 

generation through water reduction under visible light illumination. 

        Bismuth oxyhalides would be effective for photocatalytic H2 generation because of their open 

crystalline structures and the indirect optical transition which can reduce the electron-hole 

recombination. Moreover, the layered structure, composed of [Bi2O2]
+ slabs interleaved with 

double halogen atoms [X]− with the interlayer van der Waals force  make the intrinsic structure of 

BiOX very stable. Moreover, the open crystalline structure of BiOX may offer a large space for 

the polarization of atoms and create a static electric field which would be perpendicular to the 

[Bi2O2]
+ slabs. The induced field gradient further accelerates the photogenerated electron-hole 
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separation along (001) direction. However, the large bandgaps for BiOCl and BiOBr still restrict 

the effective performance under visible light and BiOI suffers from fast electron-hole 

recombination. Bandgap engineering of BiOX would be an effective way to overcome the foresaid 

limitations and prolong the lifetime of excited charge carriers. Therefore, we are focused to 

develop heterostructures with low bandgap CuFe2O4 by co-precipitation method. Depending on 

the location of valence and conduction band of BiOX, three types of heterostructures (type-I, type-

II, and Z-scheme) are formed. Among these, Z-scheme heterostructures (BiOCl/CuFe2O4) showed 

two times higher catalytic activity towards H2 generation compared to Type-I (BiOBr/CuFe2O4) 

and Type-II (BiOI/CuFe2O4) heterostructures because of the synergetic effects of low charge 

transfer resistance, high carrier concentration at the junction interface, sufficient reduction and 

oxidation potentials. Therefore, this study would be significant for extensive and fine regulation 

of band edge energies to control the photocatalytic activity.  
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3.1 Introduction 

Nanostructures have attracted huge interest as a rapidly growing class of materials due to superior 

properties including electronic, optical, magnetic catalytic compared to their bulk counterparts, 

because of surface defects, high surface to volume ratios and quantum confinement effects [1-3]. 

A Significant efforts have been made to develop efficient methods for nanomaterials synthesis 

with desired properties. In general, top-down and bottom-up methods have been reported for 

nanomaterials synthesis [4]. In case of top-down method, a large piece of material broken and turn 

into a nanosized material, which requires high energy, pressure and specialized setups to maintain 

the conditions [5, 6]. Thus, top-down method is expensive and not suitable for large scale 

applications. The sputtering, mechanical milling, electro-explosion, etching and laser ablation are 

the examples of Top-down methods. On the other hand, atoms or molecules are integrated to form 

nanomaterials in bottom-up methods, i.e. based on wet-chemical approaches, which is facile and 

scalable [7]. In addition, kinetic and thermodynamic parameters can be controlled to achieve 

uniform sizes and shapes, which further greatly influence the surface, optical and electronic 

properties [8, 9]. Bottom-up method includes chemical vapor deposition [10], solvothermal and 

hydrothermal [11], sol–gel method [12], soft and hard templating methods [13], reverse micelle 

methods [14] etc. A series of synthesis methods with controlled dimension, growth direction and 

the characterization techniques have been reported to use nanomaterials in diverse field of 

applications. The scalable synthesis of nanomaterials with desirable morphology, size and 

uniformity for photocatalytic application is the main aim of this doctoral work.  Facile methods, 

including hydrothermal, solvothermal, co-precipitation, chemical exfoliation and gamma 

radiolysis etc. have been employed to prepare semiconductor nanomaterials and heterostructures. 

 

3.2 Synthesis Methods 

3.2.1 Hydrothermal and Solvothermal Method 

Both the hydrothermal and solvothermal methods are potential way to synthesis semiconductor 

nanomaterials with high purity. In this method, a high temperature and vapor pressure have been 

employed to synthesis highly crystalline nanomaterials [15]. At first, the precursor materials are 

dissolved in the solvent and then transferred in a Teflon lined autoclave with steel jacket. The 

crystal growth is performed in the autoclave by the influence of temperature and pressure gradient 

generated in the oven (Figure 3.1). When water is used as solvent, then it called hydrothermal 
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method and while non-aqueous solvent like ethelene glycol, alcohol or any other organic or 

inorganic solvent acid etc. are used then termed as solvothermal method [16]. In this work, 

assembled flower like bismuth sulphide (Bi2S3), bismuth tungstate (Bi2WO6), hexagonal 

nanosheets of bismuth ferrite (BiFeO3) and nanosheet like bismuth oxyhalides [BiOX (X=Cl, Br, 

I)] are synthesized through hydrothermal method. In addition, the growth control of Bi2S3 nanorods 

are studied in details. 

The advantages of these methods: 

       The crystals with high melting points and high vapour pressure can be produced 

Nanomaterials with uniform morphology can be produced 

Morphology of nanomaterials can be tuned 

Growth control of a nanomaterial can be investigated   

 

 

Figure 3.1 Schematic presentation of hydrothermal synthesis of assembled flower nanostructures.  

 

3.2.2 Co-precipitation Method 

Co-precipitation method is widely used to synthesis metal oxide nanoparticles. Different 

parameters, such as concentration of precursors, pH of the solvent, and temperature have important 

role in size and morphology controlling of developed nanomaterials [17, 18]. At first, raw 

materials, such as nitrate or chloride salts are dissolved in water or other non-aqueous solvent to 

prepare homogeneous solution. After that, pH of the solution has been controlled by adding 

NaOH/NH4OH, which results formation of precipitates. The yield is very high which is 

advantageous for large scale application. 
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Figure 3.2 Schematic presentation of co-precipitation method to prepare nanoparticles decorated 
flower like nanostructures. 

 

3.2.3 Gamma Radiolysis 

Gamma radiolysis is a colloidal method to synthesis metal nanoparticles with controlled size and 

shape. The highly versatile and effective method of radiolysis for the synthesis of a wide range of 

nanomaterials including metals, metal alloys, semiconductors, polymers etc. [19-23]  The radiation 

method requires aqueous solution of metal salts because hydrated electrons (eaq
− ) and various free 

radicles, for example OH, H, HO2
 , H3O+, OH−, H2O2, H2 are formed during radiolysis of water 

which further involved in reduction reaction (Figure 3.3) [24, 25]. The eaq
−  and H are act as 

reducing agents, having the redox potentials of E0 (H2O/eaq
− ) = 2.87 V vs NHE and E0 (H

+/H) = 

−2.3 V vs NHE, respectively, suitable for monovalent or multivalent metal ions reduction [26-28]. 

In this thesis, Au nanoparticles have been synthesized using gamma radiation (60Co gamma-

facility) for 2h at dose rate of 5.5 kGy h1 on the surface of BiFeO3, in presence of water and 2-

propanol mixture as solvent. Thus, 2-propanol produces free radicles during radiolysis [29].  

                 (CH3)2CHOH  eaq
− , (CH3)2COH, solvated protons ((CH3)2CHOH2

+)           (3.1) 

The OH and H react with the 2-propanol to produce hydroxyalkyl radicals which further generate 

new radicals by reacting with solvent molecules for reduction of metal precursor into zero-valent 

state. Therefore, metal ions formation via radiolysis is a multistep process where unusual valence 

states are formed initially, after that reduction and agglomeration started to form stable 

nanoparticles [29]. The reactions are as follows.  

                    (CH3)2CHOH + OH(H)  (CH3)2COH + H2O                                                  (3.2)               

                      eaq
− + M+  M0                                                                                                                                                            (3.3) 

                   (CH3)2COH + M+  (CH3)2CO + M0                                                                                                     (3.4)     

400 rpm

Metal 
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pH adjustment

70C
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Nanoparticles 
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For Au nanoparticle synthesis;                

                   AuII + eaq
−   AuI                                                                                                                                                       (3.5) 

                   AuII + (CH3)2COH  AuI + (CH3)2CO                                                                 (3.6) 

                   2AuI  Au0 + AuII                                                                                                                                                   (3.7) 

                   nAu0  (Au)n                                                                                                                                                               (3.8) 

 

Figure 3.3 Schematic Au/BiFeO3 heterostructures synthesis by gamma radiolysis.  

 

3.3 Characterization Techniques 

Several techniques have been used to characterize the size, crystal structure, elemental 

composition and a variety of other physical properties of nanoparticles can be evaluated by more 

than one technique. In this thesis work, the structural, morphological, optical, electrochemical and 

magnetic properties of the as prepared semiconductor nanostructures and heterostructures have 

been studied in details. The working principal, operational method and the application methods of 

each techniques have been described in brief.   

 

3.3.1 Structural Characterization 

The study of crystal structure, chemical composition, thermal stability, porosity, surface area etc. 

are the first step to characterize the semiconductor-based nanostructures after synthesis.  

  

3.3.1.1 Powder X-Ray Diffraction (XRD) 

XRD is a non-destructive powerful technique for characterizing the crystalline materials and has 

become defining way to understand the growth of semiconductors. It provides information on 

phases, structures, preferred crystal orientations, average grain size, unit cell dimension, 

crystallinity, strain and crystal defects [30, 31]. The basic principal can be explained through a 

classical treatment, scattering of electromagnetic waves. When X-rays travelled through a 

Au salt BiFeO3 Au/BiFeO3

Gamma ray
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crystalline material, an elastic (Raleigh) scattering occured due to the interaction between X-ray 

electrons and the atoms of material, which resulted a diffraction pattern. Consider a series of planes 

with interplanar spacing (d), and an electromagnetic wave of incident angle (). When the 

electromagnetic wave interacts with atoms, it will scatter in all possible directions, however, 

reflected from the atoms at the same angle of incident as the crystalline lattice has ordered and 

layered structure in a unit cell (Figure 3.4). Now for two reflected waves, ABC and A’B’C’, the 

phase will be same and the phase difference between them is a multiple of 2, which is equal to 

the path difference.  

                    A’B’C’  ABC = n                                                                                              (3.9)              

                   (AB + BC + 2dSin)  (AB + BC) = n                                                               (3.10) 

                   2dSin = n                                                                                                           (3.11) 

This equation is known as Bragg’s law [32], where, n is an integer and λ is the wavelength.  

 

Figure 3.4 Schematic representations of diffracted beams in crystal lattice. 

 

In case of powder material, different crystallites are arranged randomly which causes all planes to 

be perpendicular to the normal incident of the waves at some point within a sample. Therefore, a 

diffraction pattern can be generated by changing the incidence or detection angle, as a function of 

2. The intensity of the diffracted peak (Ihkl) has been calculated from the square of structure factor 

[33].  

                  Ihkl =  Fhkl
2                                                                                                                                                                     (3.12)              

                  Fhkl =  ∑ fne2i(hxn+kyn+lzn)N
n=0                                                                                (3.13) 

Where, hkl are the Miller indices of a certain series of planes, fn  is the atomic scattering factor. A 

relation between intensity and scattering angle can be obtained by varying the angles of both x-ray 
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source and detector (2θ). With the help of a database the elements can be identified according to 

their intensities. The crystallinity of the material can be determined from the peak intensity. The 

average particle size can be determined from the XRD diffraction using Scherrer’s equation (Eq. 

3.14): 

                    𝜏=𝛫𝜆𝛽𝑐𝑜𝑠𝜃                                                                                                              (3.14)          

Where, τ  average grain size, K  shape factor (~1), λ  x-ray wavelength, θ  Bragg angle 

and β  line broadening at half the maximum intensity. However, Scherrer equation is not 

applicable for a grain size  0.1μm. The X-ray are generated from a cathode ray tube then filtered 

and passed through the collimators to produce monochromatic ray. The monochromatic ray further 

directed towards sample and an interaction occurred between incident ray and electrons of the 

sample. A constructive interference would be happened which resulted diffracted rays that finally 

detected by the detector (Figure 3.5). In this thesis work, powder XRD has been performed using 

Rigaku XRD instrument for each of the synthesized semiconductor nanostructures and the 

heterostructures within the 2 region, 10 to 80 at 1 min1 scan rate. The Cu K radiation has 

been used as X-ray radiation source at 40 kV, operate in 40 mA. The commonly used database for 

the identification of crystal structures is the Joint Committee on Powder Diffraction Standards–

International Center for Diffraction Data (JCPDS-ICDD) system. This is a useful technique to 

determine impurities, phase and crystallinity of photocatalyst material and understand the effect 

of crystal structure in photocatalytic activity.  

 

Figure 3.5 (a) The XRD instrumental setup and (b) the schematic presentation of working principal.  
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3.3.1.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a quantitative technique that measures the elemental composition, empirical formula, 

chemical state, and electronic state of the elements within a nanomaterial. The basic principle of 

XPS is based on photoelectric effect, where radiation beam of sufficient energy impacting on a 

material and causes the ejection of photoelectrons (Figure 3.6) [34]. 

 

Figure 3.6 Schematic illumination of (a) photoelectron emission by absorption of a photon, (b) a core 
electron is expelled leaving a hole to fill the vacancy at valence level by releasing energy as 
fluorescence, (c) or an Auger electron from the same valence level. 

 

These excited electrons then transfer to the material’s surface through various scattering processes. 

After that, the electrons emitted into the vacuum by overcoming the work function energy (s) of 

material. In these steps, there is no energy loss as electrons move through the sample. Therefore, 

the kinetic energy (Ek) of the electron is related to the work function energy, photon energy (h) 

and binding energy (EB) of material [35, 36]. Now, work function energy can be defined as the 

energy difference between vacuum level and Fermi-level, i.e. energy barrier for an electron to emit 

from the surface. The relation between the kinetic energy and binding energy is [37];  

                   Ek = h  EB  s                                                                                                                                                    (3.15)                           

In XPS study, the EB of specific atomic orbitals are measured, which give the information about 

oxidation state, local electronic environment of the material. The change of electron density around 

the atom changes the amount of nuclear screening which causes binding energy shift [38-40]. The 

core levels analysis provide the information about elemental composition as well as oxidation 

states. Now, the electrons which are photo-emitted from VB create VB spectra from which band 

alignment of a semiconductor can be calculated. From the valence band offset (VBO), ionization 

potential (IP) of the material can be determined. On the other hand, secondary electrons are 

produced during photoemission, which have less kinetic energy compared to the photon energy as 

they have to overcome high threshold potential. 
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Figure 3.7 Electronic energy level determination from a combination of valence band XPS and 
secondary electron cutoff (SEC) spectra. [33] 

 

As a result, a sharp, intense secondary electron cutoff (SEC) has been found where the kinetic 

energy becomes zero. From this SEC potential, work function energy can be calculated using the 

equation of [41, 42];  

                   s = h  ESEC                                                                                                        (3.16) 

Where, ESEC is the potential of SEC. Now, the IP, electron affinity (EA) and bandgap (Eg) of the 

particular semiconductor can be calculated from the VBO and s.  

                  IP = s + EVBM                                                                                                                                                            (3.17) 

                  EA = s + ESEC                                                                                                       (3.18) 

                  Eg = IP  EA                                                                                                           (3.19) 

 
Figure 3.8 (a) XPS instrumental setup and (b) schematic presentation of the working principal of XPS. 

(a) (b)



Photo-Emitted Electrons
( 1.5 KV) escape from
the top surface of sample

Electron 
collection 

lens

Electron take-
off angle

Electron 
energy 

analyzer

Electron 
detector

158 160 162 164 166

In
te

n
s
it

y

Binding Energy/eV

(a) (b)



100 
 

In this thesis work, PHI 5000 Versa Probe II (Physical Electronics Inc., USA) spectrophotometer 

has been employed to study the core levels of the as developed materials under  ultrahigh vacuum. 

A monochromatized X-ray beam (Al K, 1486.6 eV) of size 100 mm has been used.  

 

3.3.1.3 Raman Spectroscopy 

Raman spectroscopy is a convenient characterization tool used for structural identification, which 

can be treated as complement of XRD. Mainly rotational, vibrational and other low frequency 

modes are identified by this system. When a laser beam having a particular wavelength in the 

visible region irradiated on a material, an interaction occur between photons and the electrons, 

resulted electronic transitions in a “virtual” excited level (Figure 3.9) [39, 43]. As the virtual level 

is unstable thus excited electrons will quickly jump back to the ground level. Some electrons may 

come back to the original state and emit a photon of equal energy to the incident photon. This 

process is known as elastic scattering (Rayleigh scattering) [39]. In some cases, electrons can relax 

in a different rotational or vibrational energy state, emitting different energy photons due to 

inelastic scattering.  

 

Figure 3.9 (a) The Raman instrumental setup and (b) schematic of Rayleigh, Stokes and Anti-Stokes 
lines formation at Raman Scattering.   
 

If the final energy state has more energy than the initial one then low energy photons would be 

emitted compared to the incident photon, called Stokes lines. When the final energy state is less 

energetic than that of initial state, then high energy photons would be emitted, termed as anti-

Stokes line [39, 44]. These Stokes and Anti-Stokes processes are known as Raman Effect. The 

Raman shift can be determined using the following equation.   
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                    = 
1

1
 −  

1

𝑠
                                                                                                         (3.20)              

Where, 1 and 2 are wavelengths of incident and scattered waves. Thus, a spectrum can be 

generated by measuring the energy difference as a function of Raman shift. The peaks appear in 

the spectrum is the same frequency of vibrational modes of the material. In general, a Raman 

spectrum plots the intensity of the inelastically scattered light as a function of shift of the radiation 

(in wave number). Each peak in the spectrum corresponds to one or more vibrational modes of the 

nanostructures. Jobin Yvon HR800 confocal Raman spectroscopy has been employed to identify 

the vibrational energy bands of the synthesized semiconductor nanostructures, where 540 nm laser 

beam used to excite the material. Figure 3.10 represents the schematic presentation of operational 

principal of Raman spectroscopy. The monochromatic laser beam is directed on the sample 

surface, which further undergo through different scattering. The backscattered light are identified 

as Rayleigh scattering which has much higher cross section. Then, the other ray passes through 

various types of filters and finally analyzed using a high-resolution dispersive spectrometer. The 

energy difference finally detected by the CCD (Charge Coupled Device) detector. Now, there are 

selection rules because some modes created from the phonon oscillation which are not Raman 

active. Therefore, by calculating the energies, predicting the phonon modes and applying the 

selection rules vibrational modes of the sample would be identified. Raman spectra provides a 

wide range of information about the strength of interatomic and intermolecular bonds within the 

material, mechanical strain, the material’s degree of crystallinity, and the effects of pressure and 

temperature.  

 

Figure 3.10 Schematic presentation of the working principal of Raman spectroscopy. 
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3.3.1.4 Brunauer–Emmett–Teller (BET) Surface Area 

The BET surface area is a useful technique for calculating the pore volume, specific surface area, 

pore size and the pore size distribution of a material via nitrogen physisorption at a given 

temperature [45]. The material is exposed to N2 gas for physical adsorption on the material surface, 

results weak van der Waals forces between adsorbent surface area and adsorbate gas molecules 

[46, 47]. Thus, an adsorption equilibrium would be established between gas and solid phase, which 

generated an adsorption isotherm between the relative vapour pressure and the adsorbed volume 

of gas. The N2 gas molecules adsorb on the surface of the material at low pressure. With the 

increase of pressure, surface coverage enhances and forms a monolayer of N2. After filling the 

smallest pores, multilayers formation stars to cover the large pores. Finally, the surface of the 

sample will be covered as the pressure rises (Figure 3.11a). The gas adsorbed is proportional to 

the total combined internal and external surface area of the material [48].  

The assumptions in BET theory are, i) surface of the material should be homogeneous, ii) there 

are no lateral interactions between the molecules, iii) the uppermost layer of the surface considered 

as in equilibrium with vapor phase, iv) the number of the layers becomes infinite at the saturation 

pressure [49]. Then BET equation is as follows; 

                   
p

v(p0−p)
=  

1

vmC
+  

p(c−1)

vmcp0
                                                                                         (3.21) 

Where, p  pressure, vm  required volume of gas to form the first monolayer on the surface, v 

 total adsorbed volume, c is approximately equal to Eq. 3.22. 

                   𝑐 ≈  𝑒
𝐸1−𝐸𝐿

𝑅𝑇                                                                                                             (3.22) 

Here, E1  heat during adsorption of first layer, EL  heat during liquefaction, R  universal gas 

constant, T  experiment temperature. An adsorption-desorption isotherm plot can be determined 

from the experimental data. There are six types of isotherms presented in Figure 3.11b. Type I 

isotherm suggests that pores are mainly microporous and can be fitted using Langmuir model. 

Initially, the isotherm curve increases rapidly with the increase of pressure and then almost 

saturated with the saturation in pressure [50].  
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Figure 3.11 (a) Schematic of multilayers formation of N2 to fill the pores during adsorption. (b) Six 
types of isotherms.   
 

In case of nonporous materials or the powders having diameters exceeding micropores, Type II 

isotherm observed. The Type II, isotherm increases gradually with the pressure ratio and there is 

no plateau region. When complete monolayer of N2 is not formed on the surface, then Type III 

isotherm may formed. It increases exponentially with the pressure ratio. It can be considered as 

the characteristics of Type I and Type II isotherms. At low pressure, a prominent saturation region 

of adsorption surface has been observed, which increases with the increase of pressure ratio and 

again resulted a saturation near the saturation pressure, confirms the formation of multilayer on 

the surface. Most commonly, Type IV isotherm obtained for porous adsorbents having pores size 

within the range of 1.5 – 100 nm [51]. Type V isotherm is nearly equal to the type III and obtained 

during adsorbate absorbent interaction and associated with pore size range of 1.5 – 100 nm. Type 

VI isotherm is very complex and rarely founded for CH4 adsorption on the MgO surface [52]. The 

schematic of the operational principal has been shown in Figure 3.12. The Quantachrome, FL-

33426 instrument was used to determine the porosity and specific surface area of as synthesized 

semiconductor nanostructures and the heterostructures.  

(a) (b)
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Figure 3.12 (a) BET instrumental setup and (b) schematically present the working principal of BET 
surface area. 
 

3.3.1.5 Fourier Transform Infrared Spectroscopy (FTIR) 

The FTIR is mainly employed to identify the chemical bonds in a molecule. Every material should 

have covalent bonds which absorb specific frequency of electromagnetic radiation [53]. The 

absorption is corresponding to energy change within the range of 8  40 kJ/mol. Notably, All the 

bonds of a molecule are not IR active, only those bonds having dipole moment can absorb IR light 

[54]. For example, heteronuclear diatomic molecules (CO, NO, HCl) and homonuclear diatomic 

molecules (H2, O2, Cl2) do not have permanent dipole moment, thus inactive for IR spectrum. An 

infrared absorption spectra has been produced in FTIR by the Fourier-transformed of two beams 

separated by a beam splitter. Generally, monochromatic light is a superposition of same frequency 

waves. Thus, it shows maximum intensity when all the individual waves have same phase, and 

decreases when the phase difference becomes larger. This phase difference has been varied in 

FTIR using a moving mirror with constant speed, and a fixed mirror (Figure 3.13). A sinusoidal 

wave would be formed which gives single peak after Fourier transformation. For a constant light 

source, a destructive interference would be occurred and the resulted an interferogram. By taking 

a Fourier transform of the interferogram, the original frequency spectrum can be calculated. The 
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JASCO FTIR-6300 spectrometer was used to study chemical bonds of as prepared semiconductor 

nanostructures and heterostructures.  

 

Figure 3.13 Schematic presentation of the operational principal of FTIR. 

 

3.3.1.6 Thermogravimetry-Differential Thermal Analysis (TG-DTA) 

TG-DTA is a useful measurement tool to study the thermal properties of a sample.  The mass 

change due to evaporation, decomposition, oxidation etc. with the increase of temperature have 

been measured by TG [55, 56]. The DTA refers to differential thermal analysis, i.e. the exothermic 

or endothermic nature of decomposition processes. The temperature difference between the sample 

and reference has been measured by DTA, which showed step changes or a series of peaks over a 

programmed temperature range (Figure 3.14) [57]. The TG mainly used to analysis the thermal 

stability, oxidization, decomposition, heat resistance, dehydration and kinetics. In addition, 

loading of second material in a heterostructure can be calculated. Thermal properties of as 

synthesized semiconductor nanostructures and the heterostructures was studied by NETZSCH, 

STA 449 F3, Jupiter instrument in presence of argon medium at the flow rate of 10C per minute 

within the temperature range of 30C to 1200C.   

Detector

IR Source

Fixed Mirror

Beamsplitter

Moving Mirror



106 
 

 

Figure 3.14 (a) TG-DTA instrumental setup and (b) schematic presentation of the working principal. 

 

3.3.2 Morphology and Elemental Analysis 

3.3.2.1 Field Emission Scanning Electron Microscope (FESEM) 

In FESEM, a high energy electron beam are produced from a field emission source which further 

accelerated through high electrical field gradient and finally deflected by electronic lenses to 

generate a narrow and focused beam. The focused beam illuminates on the sample and interacts 

with the surface. The interaction results in emission of secondary electrons from each spot on the 

sample which finally capture by detectors and produce electronic signal [58]. An image can be 

generated by amplifying and transforming the electronic. The velocity and angle of the secondary 

electrons are strongly related to surface structure (Figure 3.15). Compared with conventional 

scanning electron microscope (SEM), FESEM produces high magnifications (10x to 300,000x) 

image with less electrostatically distorted and spatial resolution to 1-0.5 nanometers. The sample 

preparation for FESEM includes several steps, i) cleaning with ethanol or 2-propanol, ii) 

preparation dilute solution to avoid agglomeration, iii) make a thin film on the glass substrate by 

drop casting, iv) drying under IR lamp, v) coated with a conductive material.  Notably, sample 

surface should be conductive as the non-conductive surface collects electrons and build up charge, 

which may artifacts the image. Therefore, a thin layer of carbon or gold coating has been applied 

on the surface of the sample to improve the surface conductivity and get the better quality image. 

Field Emission Scanning Electron Microscopy (LEO. 430i, Carl-Zeiss, Sigma) was employed to 

study the morphology of as prepared materials.  
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Figure 3.15 (a) The FESEM instrument and (b) schematic setup of FESEM column. 

 

3.3.2.2 Transmission electron microscopy (TEM) 

TEM is also a microscopy tool where nanoscale materials in atomic resolution have been allowed 

for imaging. The electrons are released from an electron gun under ultra-high vacuum via field 

emission or thermionic method and then transferred to the column by the influence of accelerating 

voltage (200  300 kV). After that, the electrons are directed through double and triple 

electromagnetic condenser lens and finally illuminated on the sample.  

 

Figure 3.16 (a) Schematic setup of TEM column and (b) the image of TEM instrument.  
 

During the transmission of electrons through the sample, interaction happened between electrons 

and atoms, resulted incoherent scattering and coherent diffraction which produces image contrast 

(Figure 3.16) [59]. In this thesis work, Tecnai G2 30ST (FEI), instrument at operating voltage 300 

kV has been used to record the bright field images of the nanostructures and the heterostructures. 
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From the high-resolution TEM images, inter planar spacing (d) has been calculated which gives 

the idea about crystal plane, growth direction of the material, crystallinity (single crystal or 

polycrystal) and the formation of heterostructures.   

 

3.3.2.3 Energy Dispersive X-ray Spectroscopy (EDX)  

EDX is a useful method for elemental analysis and chemical characterization of a material. When 

the electron beam interacts with the surface atoms of a material, ground state electrons are 

stimulated and forced to be ejected. The higher energy electrons will fill the empty ground state 

and emit X-ray of energy equal to the difference between higher to ground state, which is the 

characteristic of individual elements [60]. The technique is based on the fact that every element 

has a unique atomic structure such that X-rays characteristic of different atomic structures are 

readily distinguishable. EDX systems are commonly used both with SEM and TEM. 

 

3.3.2.4 ICP-MS and Atomic Absorption Spectroscopy (AAS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is a useful technique for determining the 

concentrations of elements in a materials. A plasma source has been used to ionize the atomic 

elements and excited them to a higher energy level so that a characteristic wavelength light can be 

emitted. The excited elements then expanded and cooled down in presence of Ar as carrier gas to 

form cations. The cations are then passed through mass analyzer and quadrupole or magnetic sector 

analyzer for separating them based on their atomic mass-to-charge ratio (Figure 3.17). The 

obtained mass spectra provide the quantification of present elements. The 8900 Triple Quadrupole 

ICP-MS, Agilent has been employed to study the materils.  

 

Figure 3.17 Schematic presentation of the working principal of inductively coupled plasma mass 
spectrometry (ICP-MS). 
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Atomic Absorption Spectroscopy (AAS) serves as fingerprint identification of elements in a 

sample. Each element in the periodic table has its own set of absorption lines which correspond to 

the most probable electronic transitions. Now, if the atomized sample irradiate with 

monochromatic light of same frequency with the specific element, then from the absorption spectra 

quantification of that element can possible (Figure 3.18). The concentration of that element present 

in the sample can be determined using the Beer’s law [61]: 

                     A = abc                                                                                                                (3.23)                           

where, a  absorption coefficient which is wavelength dependent, b  path length, c  

concentration and A  absorbance. 

 

Figure 3.18 Schematic presentation of the working principal of atomic absorption spectroscopy (AAS). 

 

3.3.3 Optical Properties Measurement 

3.3.3.1 UV-Vis Absorption Spectroscopy 

Ultraviolet-Visible spectroscopy is also an important tool for obtaining information about the 

electronic structure of semiconductor photocatalysts. When semiconductors are irradiated with 

higher energy photons (greater than the bandgap), absorption occurs which is corresponding to the 

excitation of valence electron and moving of electronic charges in a molecule. The change in the 

electronic dipole gives rise to an absorption spectrum. Let us consider, an incident light of intensity 

I0 and wavelength  is falling on a sample of path length d. Some of the light absorbed and some 

travelled through the sample and emerges with intensity I (Figure 3.19). Considering a thin layer 

of sample (dx) which is perpendicular to the direction of light, the dI/I (fraction of absorbed light) 

should be proportional to number of absorbed molecules.  

                    dI/I = C dx                                                                                                       (3.24)                                                                             
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Where, C is the concentration of absorbed molecules,   proportionality constant which is 

proportional to the probability photon absorbed by a molecule. By integrating the equation over 

the entire sample of length d,  

                   In (I0/I) = C  d                                                                                                     (3.25)                           

According to Johann Lambert, absorption is proportional to the thickness of a sample (∝ d). 

According to August Beer, absorption is proportional to the concentration of a sample (∝ C). 

Combining both, the well-known Beer-Lambert law has been found [61, 62]. 

                  In (I0/I) = C () d                                                                                                  (3.26) 

                  A()= C () d                                                                                                        (3.27) 

Where A() is absorbance and called as optical density OD, () = /2.303, molar absorption 

coefficient.  

 

Figure 3.19 (a) Schematic presentation of Beer-Lambert law and (b) the UV-Vis absorption 
spectrophotometer. 
 

In UV-Vis absorption spectroscopy, the light emitted from the source is first transmitted through 

a monochromator which further split into two equivalent beams by a chopper. One of them passes 

through the sample under study and another through the reference (Figure 3.20). Two detectors 

are placed to measure the sample beam and reference beam at a time. Generally, photodiodes are 

used as detector. For transmission measurements commercially available dual-beam 

spectrophotometers may be used in wavelengths ranging from 150 nm (ultraviolet) to 1200 nm 

(near-infrared). The absorption spectra are directly related to the bandgap of the semiconductor 

materials. A Shimadzu, UV-3600 spectrophotometer has been used to study the absorption range 

and bandgap of the semiconductor nanostructures and the heterostructures. 
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Figure 3.20 Working principal of UV-Vis absorption spectrophotometer. 

 

The bandgap energy of a material and type of bandgap (direct or indirect) can be determined from 

the Kubelka–Munk (KM) equation, which is given below. 

                  F(R) =  
(1−R)2

2R
=  

K

S
                                                                                             (3.28)                           

Where 𝐹(𝑅∞)  Kubelka-Munk function, R∞= Rsample/Rreference, k  molar absorption co-efficient 

and S  scattering co-efficient. Now, optical bandgap and absorption coefficient can be 

determined from the Eq. 3.29 [63, 64]: 

                  h = c(h − Eg)n                                                                                                        (3.29) 

where, h  photon energy, α linear absorption coefficient, C  proportionality constant and 

n is a constant, which denotes different types of electronic transitions. For example, n = ½, 3/2, 2 

and 3 implies direct allowed, direct forbidden, indirect allowed, and indirect forbidden transaction, 

respectively. When, n = 1/2 (for direct bandgap) then the Eq. 3.28 will be [65], 

                  [F(R)h]2 = c(h − Eg)                                                                                                  (3.30) 

 

3.3.3.2 Photoluminescence (PL) Spectroscopy  

The PL is a nondestructive method to characterize the optoelectronic properties of 

semiconductors. When light energy is directed onto a sample, absorption and photo-excitation 

may occur. In case of photo-excitation, the electrons get excited by the higher energy photon 
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absorption (h  Eg) and jump to a higher electronic state creating photo-excited electron-hole 

pairs, which further results recombination during return back from the exited state to ground state. 

The recombination causes transformation of energy partly into a radiative emission, i.e. emission 

of a photon and partly into a non-radiative emission, i.e. non-emission of a photon. The radiative 

relaxation gives the information about characteristics of the crystal matrix and also the defect site. 

The radiative luminescence may result from the band-to-band recombination, dopant impurities, 

intrinsic crystalline defects, or other extrinsic defects. Therefore, from the PL spectra specific 

defect preset in semiconductor crystal and the rate of recombination can be obtained [66]. In case 

of indirect bandgap semiconductors, the photon emission process is phonon mediated in order to 

preserve the momentum of the lattice structure. The most common radiative and non-radiative 

transitions are band-to-band transitions, donor-acceptor pair transitions, free-to-bound transitions, 

excitonic transitions and Auger transitions. The introduction of impurities in a crystal create 

discrete energy levels which may form shallow donor and acceptor levels below and above the CB 

and VB, respectively. These donor or acceptor level may serve as recombination center to traps 

the excited electrons [67]. A complete PL spectrum can be characterized by an excitation spectrum 

and an emission spectrum which are characterized by the intensity as function of wavelength. 

Figure 3.21 shows the schematic diagram of PL spectrophotometer.  

 

Figure 3.21 The schematic presentation of photoluminescence (PL) working principle. 
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At first the laser beam directed toward the optical mirror and then illuminated on the sample 

by passing through a lens. The illumination of laser beam excited the electrons which further 

transferred to the higher energy levels. During return back to the ground energy state, a 

radiation would be emitted. The emitted ray finally detected by the CCD detector after passing 

through lens, microscope and monochromator as a function of wavelength. Monochromator has 

been used to disperse white light into various colors to select single excitation during detection 

scans. Notably, the maximum emission wavelength has been selected to get the excitation 

spectrum. In this thesis work, the PL spectra of as developed semiconductors and the 

heterostructures have been taken at room temperature using FP-8500 JASCO fluorescence 

spectrofluorometer. 

 

3.3.3.3 Time-correlated Single Photon Counting (TCSPC) 

The TCSPC mainly used to measure the fluorescence decays of a material in a certain time domain, 

i.e. lifetime of an excited electron. The TCSPC works on the principal of detection of single 

photons and then measurement of arrival time with respect to a reference signal. A pulsed laser 

source with a high repetition rate has been employed to excite the sample. Similar to PL analysis, 

photons would be released during the relaxation of excited electrons, which are detected with a 

high-gain photomultiplier. A histogram of the photon distribution would be resulted by counting 

many events over time [68]. The schematic presentation of the working principle of TCSPC has 

been presented in Figure 3.22. A pulsed laser has been used to generate the fluorescence signal 

which is collected by a Geiger Photo Diodes (GPD) as detector after passing through the sample. 

Notably, one photon is collected during each of the laser pulse and the time duration between laser 

excitation (start) and detector output (stop) is recorded by a conventional time-to-analog converter 

(TAC). The accumulated charge has been measured by a charge sensitive amplifier, which further 

convert the charges into voltage. In this way, the time difference has been recorded for many laser 

pulses which gives rise to a histogram, containing the information about number of photons 

recorded at a given delay. Therefore, the probability of photon emission and fluorescent lifetime 

of a sample can be determined from the histogram. Notably, the probability of photon detection in 

a particular laser pulse should be less than one, otherwise the histogram distribution will be skewed 

to shorter times. 
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Figure 3.22 The schematic presentation of Time-correlated single photon counting (TCSPC) working 
principle.  

 

3.3.4 Electrochemical Properties Measurement 

Electrochemical study can be divided into four groups depending on the control parameters, which 

are potential, current, time and frequency. To investigate the electrochemical properties of an 

electrode material, the fundamental reactions of the PEC water splitting should be understood 

clearly as all the redox reaction take place at the interface of electrode and electrolyte. Figure 3.23a 

represents the semiconductor electrode-electrolyte double layer interface schematically. As the 

electrode is a semiconductor material, thus its potential has been identified by the location of Fermi 

level (Ef). On the other hand, the energy level of the electrolyte defines by the donors (Red) and 

acceptors (Ox) present. The density of the redox states for Ox and Red are described by the 

Gaussian distribution, shown in Figure 3.23b. If the electrode material is n-type semiconductor, 

then Ef should lie at the higher potential than Ef(redox). In this condition, a space charge layer 

(thickness 1–0.1 μm) would be formed at the electrode-electrolyte interface, near to electrode [69]. 

Now under slightly positive bias, depletion layer is formed where the number of majority carriers 

are less and density of ionized donors are excess [70]. When the bias is highly positive, then 

accumulation of minority carrier formed an inversion layer near the electrode. Therefore, depletion 

and inversion layer mainly contain positive charge carriers. At the same time, the electrolyte side 

of double layer is negatively charged, which consists of compact Helmholtz layer (thickness 35Å) 

and Gouy diffuse layer (negligible thickness for higher concentration of electrolyte) [71]. The 

solvent molecules, surface trapped electrons, ionized donors are accumulated in the Helmholtz 

layer. Thus, all these three layers contribute in potential drop at the double layer interface. 
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However, potential drop due to Helmholtz layer and Gouy diffuse layer are negligible when the 

electrolyte concentration is high. Thus effect of space charge layer through band bending mainly 

influences the potential drop and the density of charge carriers at interface. Now, surface stats are 

mainly created by the adsorbed species and the defects in the crystal lattice which act as 

recombination center or electron mediator to accelerate the PEC activity. Notably, when the 

density of the surface state is high, then potential drop at Helmholtz layer becomes dominant and 

results ‘Fermi level pinning effect’ [72].    

 

Figure 3.23 (a) Schematic presentation of double-layer created at an interface of n-type 
semiconductor electrode and electrolyte at equilibrium. The blue line indicates the potential (φ) across 
the double-layer. The potential drop at space charge layer (I), Helmholtz layer (II) and Gouy layer (III) 
are represented by ΔφSC, ΔφH, and ΔφG, respectively [95]. (b) Schematic of energy bands of an redox 
states and n-type semiconductor in electrolyte (Red and Ox), Fermi level (Ef(redox)) and re-organization 

energy of solvent () [93].  

 

Now, under open-circuit condition and without light illumination, Ef(redox) and Ef will line up which 

resulted band bending in upward direction and built-in-field. Now, depending upon the upward 

bending, a barrier height (Vbarrier) will be created which gives the idea about maximum energy at 

interface region (Figure 3.24). When light is illuminated, quasi-fermi levels correspond to 

electrons (Ef,n) and holes (Ef,p) are generated and resulted an open-circuit-photovoltage (Vph). 

When, the electrode satisfy the condition of Vph  1.23 V (Figure 3.23), then water splitting is 

possible. Now, in this quasi-equilibrium condition there are several process of charge transfer and 

recombination, including electrode to electrolyte charge transfer, bulk recombination, surface state 

recombination, space charge layer recombination etc. which may influence the Vph [73, 74].    
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Figure 3.24 Schematic presentation of built-in potential (E) of an n-type electrode -electrolyte interface 
under dark and light during equilibrium condition. RSS, RSC and Rbulk are resistance due to the surface 
state, space charge layer and bulk recombination. Here, Jredox represents the charge transfer from VB 
to redox element [95]. 

 

3.3.4.1 Cyclic and Linear Sweep Voltammetry and Chronoamperometry 

Cyclic Voltammetry (CV)  

The CV is an electrochemical method which is mainly used to measure the current that generates 

in electrochemical cell between the working and counter electrode during the potential scan 

between working electrode and reference electrode. Thus, potential of a working electrode varied 

and the resulted current measured. The voltage range of the CV scan generally includes oxidation 

and reduction potentials of the working electrode material [75]. The reversibility of the reactions 

can also determine from CV. A CV system consists of potentiostat, current-to-voltage converter, 

electrolysis cell and data acquisition system. There are three electrodes in electrolysis cell: 

working, counter and reference electrode and electrolyte. The potential of the working electrode 

varies linearly with time and it acts as either cathode or anode. A constant potential has been 

maintained by the reference electrode throughout the measurement period. The counter electrode 

helps in conduct the electricity from signal source to working electrode. A dc power supply has 

been applied by using potentiostat which accurately determines the potential difference while 

allowing a small AC currents into the system. Moreover, resulting current signal and 

voltammogram measured by a current-to-voltage converter and data acquisition system. Now, a 

linear potential scan with a triangular waveform has been applied in CV, where the slope 

determines scan rate. Figure 3.25a shows a typical CV curve in solution-phase for sample P, which 

is undergoing through reversible one-electron reduction and generate Q. At the starting point, there 
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are no oxidation and redution so no current created. When the potential scan is going on at negative 

site, a cathodic current flows as the reduction of P to Q (Figure 3.25b). The rate of electron transfer 

and mass-transport between electrode and analyte control the current response [76]. A rising 

cathodic current results when the electron transfer is much higher than the mass transport, 

explained by the Nernst equation [77], 

                   𝐸 =  𝐸° +  
𝑅𝑇

𝑛𝐹
ln

𝐶𝑃

𝐶𝑄
                                                                                                 (3.31)              

where E is formal potential and CP, CQ are the concentrations of P and Q at the electrode surface, 

respectively, and. Notably, the ratio of CP and CQ chnges with the potential change. On the other 

hand, Butler−Volmer theory stated that the current increases exponentially at even more negative 

potentials [78].  

 
Figure 3.25 (a) A triangular potential waveform applied for CV measurement. (b) Concentration of CP 
(blue) and CQ (red) versus distance from the electrode at various points during a reversible CV at 
scan rate of 100 mV s−1 [70]. 

 

At sufficiently negative potentials, the CP becomes very less near the electrode and resulted a peak 

(Figure 3.25b). At the electrode surfae, concentration gradient is formed and the diffusion of 

oxidized species take place, where the thickness of diffusion layer  () depends on timescale (t) of 

voltammogram scan. 

                  δ ~ (Dt)1/2                                                                                                                                                                       (3.32)              

where, D  diffusion coefficient of P. The timescale is inversely proportional to scan rate (v).  

                 (t ∼ RT/Fv)                                                                                                              (3.33) 

                  ~ (DRT/Fv)1/2                                                                                                                                                           (3.34) 

(b)(a)
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Therefore, diffusion layer thickens would be redued with the increase of scan rate. At the switching 

potential, the diffusion layer thickness increases as no oxidation occures. Now, with the increas of 

applied potential at positive site, an anodic current flow obtained, where the ratio of CP/CQ satisfies 

the Nernst equation (Figure 3.25b).  

 

Linear Sweep Voltammetry (LSV) 

LSV involves application of a linear potential sweep which results a current at the working 

electrode. A voltage sweep applies to the electrode as a wave form towards positive or negative 

direction from the lower to upper limit. The sweep rate can be represented as, 

                   Sweep rate = dE/dt                                                                                                (3.35)                  

Let us consider, material P oxidize and form Q and the formal potential of the reaction is E. During 

the potential scan, initially a non-faradaic current flows and when the potential reaches to E then 

reduction of P starts. As a result, a concentration gradient will be formed which led to increased 

flux, i.e. mass transfer to the surface of the electrode. During reduction, the rate of electron transfer 

is very high than that of voltage sweep rate which may generate a peak, can be described by Nernst 

equation (Figure 3.26). When the potential cross to E, the mass transfer reaches maximum and 

diffusion layer has grown sufficiently, thereby Nernst equation is not satisfied. In this situation, 

the current drops again. The peak height can be calculated using the Randles–Ševčík equation of; 

                  𝑖𝑝 = 0.4463𝐹𝐴𝐶 (
𝑛𝐹𝑣𝐷

𝑅𝑇
)

1/2

                                                                                     (3.36)              

Where, n  number of electrons, F  Faraday constant, A  electrode area, C  concentration, 

D  diffusion co-efficient, R  gas constant (8.314 J/mol K), v sweep rate and T  absolute 

temperature. The diffusion layer thickness depends on the voltage scan rate. At slow scan rate, the 

growth of diffusion layer is much, thus flux to the electrode surface is less which results less 

current. However the position of the peak for a fixed electrode will remain same with different 

scan rate. Notably, for samples having slow kinetics the peak position will be shifted with the scan 

rate variation as equilibrium is not reached properly. Therefore, he LSV for an electrode depends 

on (i) rate of electron transfer, (ii) chemical reactivity of electrode material and (iii) scan rate. LSV 

is mainly used to determine electroactive species concentration in solution quantitatively. Since 

the current density of LSV is proportional to the reaction rate over the working electrode, onset 

potential as well as electro-catalytic activity of the material can be determined [79-82]. 
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Figure 3.26 A linear potential waveform and the corresponding LSV curve [71]. 

 

Chronoamperometry (CA) 

Chronoamperometry refers to the measurement of current generated at the electrode surface at 

fixed applied potential for a certain time period. The applied potential has been chosen from LSV 

curve at a point where no oxidation or reduction of material occurred and the current is totally 

diffusion-controlled [83-88]. 

 

3.3.4.2 Electrochemical Impedance Spectroscopy (EIS) 

The EIS is a powerful and non-destructive methodology to measure the resistance, conductivity, 

dielectric properties and electric properties of a material. An AC potential has been applied to the 

electrochemical cell which measured the current generated at the cell. The steps include electron 

transport through conductors, transfer of electrons at the surface interfaces to form charged atoms 

and flow of the charged atoms in electrolyte. The rate of current in the cell depends on the ohmic 

resistance and reaction rates at the interface of electrode and electrolyte, assuming the interface is 

smooth and has simple crystallographic orientation. However, in reality the surface contains many 

defects which may influence the local electric field. The basis of an EIS experiment is the 

application of a small amplitude sinusoidal ac voltage, V(t) [V(t)=V0 for t0, V(t)=0 for t0], and 

then measure the amplitude and phase angle of resulted current, I(t). The ratio of V0/i(t) is called 

time-varying resistance or impedance. A frequency-dependent impedance spectra can be obtained 

by applying Fourier or Laplace transformation of as obtained time-varying resistance [V0/i(t)] at 

frequency domain. Let us consider, a monochromatic signal V(t) = Vm sin(ωt) is applied to the cell 

which has frequency  = /2. The resulted current I(t) = Im sin(ωt + ), where  is the phase 

difference between applied voltage and resultant current. When  = 0, electrode shows purely 
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resistive behavior. The impedance Z(ω) of the cell can be determined using Ohm’s law via Fourier 

transformation: 

                  V(t ) = V0 + Vm sin(ωt)                                                                                           (3.37)             

                  I(t ) = I0 + Im sin(ωt + θ)                                                                                         (3.38) 

                  Z (ω) = V(t )/I (t )                                                                                                   (3.39)                                                

Prof. Oliver Heaviside first introduced the concept of electrical impedance in 1880 and further A. 

E. Kennelly and especially C. P. Steinmetz represented it through a vector diagram. The magnitude 

and direction of a planar vector can be expressed by a complex number Z = a + jb, where j = −1 

= ej/2 implieds the anticlockwise rotation by /2 relative to the X-axis. Thus, the impedance Z(ω) 

can be represented as, 

                   Z (ω) = Z′+ jZ′′                                                                                                      (3.40)              

And the two rectangular coordinate are  

                 Z′ = |Z (ω)| cos (θ)                                                                                                   (3.41) 

                 Z′′ = Z (ω) sin (θ)                                                                                                    (3.42)              

                    =  tan−1 (
Z′′

Z′
)                                                                                                      (3.43) 

                   Z =  [(Z′)2 +  (Z′′)2]1/2                                                                                        (3.44) 

The expression for Z(ω) which is composed of a real and an imaginary part, is called Nyquist plot". 

(Figure 3.27).  

 

Figure 3.27 (a) The representation of impedance (Z) via planar vector and (b) the corresponding 
Nyquist plot [92].   

 

The radius of the semicircular arc of EIS spectra can be used to quantify the impedance of the 

interface layer. The smaller diameter implies lower resistance at the surface of the electrode. To 

(b)
(a)
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get the idea about the resistance, capacitance and inductance formed at the electrode-electrolyte 

interfaces, the obtained spectra have been fitted with equivalent circuits. Resistance represents the 

conductivity of the electrode material. Sometimes, it represent the chemical steps associated with 

redox reaction happened at electrode surface [89, 90]. On the other hand, capacitance and 

inductance are associated with the space-charge polarization, specific adsorption and 

electrocrystallization at the electrode-electrolyte interface. Now, every material has geometric 

capacitance C1 and bulk resistance R1, which are parallel to each other (Figure 3.28a,b) and led to 

time constant (D = C1 R1). In case of full semicircular curve, the peak frequency (p) with satisfy 

pD = 1. In case of heterogeneous electrode, when two semicircular arc obtained (Figure 3.28c, 

d) then additional resistance and capacitance required to fit the circuit. Where, C2 corresponds to 

the double-layer capacitance near the electrode and R2 is the reaction resistance.  

 

Figure 3.28 (a) RC circuit and the (b) corresponding Nyquist plot for single semiconductor. (c) RC 
equivalent circuit and (d) corresponding Nyquist plot for heterogeneous electrode [93].   

 

 

 

 

(c)(a)

(b) (d)
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3.3.4.3 Mott-Schottky  

Mott−Schottky (M-S) measurement is an important technique which has been widely applied to 

calculate the flat-band potential, charge carrier concentration at the interface (Nd for an n-type 

photoanode and Na for a p-type photocathode) [91]. The junction capacitance at the interface of 

electrode and electrolyte has been measured over a range of applied potentials at different 

frequencies. The M-S study is closely related with the electrochemical impedance study. In 

impedance study, the space charge layer capacitance has been determined by the fitting with 

equivalent circuit model using constant phase elements [92]. In M-S, the real capacitances 

generated at the junction interface can be calculated [93]. The total capacitance of the double layer 

at the semiconductor-electrolyte interface is [94, 95];  

                   
1

C
=  

1

Csc
+  

1

CH
                                                                                                          (3.45)             

Where, C  total capacitance, Csc  capacitance due to space charge layer and CH for Helmholtz 

layer. According to previously reported literatures, the value of CH is in the range of 0.1  0.2 F 

m2 for semiconductor electrode [96, 97]. The capacitance for the space charge layer can be 

calculated from the Mott–Schottky equation. There are some assumptions, such as CH  Csc and 

capacitance vary with the band bending. The (E  Efb) represents the band bending [98]. The Mott–

Schottky equation has been derived from the Poisson’s equation in one dimension which describes 

the relationship between potential difference (φ) and charge density ();            

                           
∂2φ

∂x2 =  −
ρ

εε0
                                                                                                              (3.46)                                                                                      

By applying the Boltzmann distribution which describes the distribution of electrons in space 

charge region and the Gauss’ law, related to the electric field, M-S equation can be derived [99]. 

                 
1

C2 =  
2

eNdεε0
 (E −  Efb −  

KT

e
)                                                                                    (3.47) 

where, Efb  flat band potential (V), Nd  density of free charge carrier (cm–3), e  electronic 

charge (C), 𝜀0  permittivity of free space, ε  dielectric constant of the electrode, K  

Boltzmann constant and T  temperature (K). From the slope of the linear portion of 1/C2 vs 

applied potential, Nd  or Na can be calculated which is inversely proportional to the slope. From 

the slope value the conductive nature of the semiconductor can be identified. For example, negative 

slope value indicates the p-type conductivity and positive slope reveals n-type conductivity of 

electrode material. Under the circumstances shown in Figure 3.23b, i.e. where EF  EF(redox), the 
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flat-band potential of the photoanode can be determined using Mott–Schottky equation (Eq. 3.47). 

Further, the space charge layer width can be calculated from the Eq. 3.48. 

                    W =  √(
2εεε0Vs

eNd
)                                                                                                     (3.48)                                         

Where, Vs  applied potential. With the increase of space charge layer width the capacitance 

decreases which is analogous with a parallel-plate capacitor, i.e. capacitor in series with electrolyte 

resistance (ohmic contact) [100-102]. The impedance of the electrode-electrolyte interface can be 

represent as; 

                 Z = −
j

ωCinterface
                                                                                                     (3.49) 

Figure 3.29 shows the basic equivalent circuit of a semiconductor electrode-electrolyte interface, 

where the impedance of the electronic circuit is; 

                  𝑍𝑅 =  𝑅𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 +  
𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

(1+ 𝜔2𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
2 𝐶𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2  )
                                                           (3.50) 

                    =  −𝑗
𝜔𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2 𝐶𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

(1+ 𝜔2𝑅𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
2 𝐶𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒

2  )
                                                                             (3.51) 

 

Figure 3.29 The schematic representation of electrode-electrolyte interface [85]. 
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3.3.5 Vibrating Sample Magnetometer (VSM)   

VSM is a useful and well-known technique for the measurement of magnetic moment of a sample 

at vibrating condition between a uniform magnetic field based on Faraday's law of magnetic 

induction [103]. In VSM, a magnetic sample is placed between two electromagnet poles 

horizontally after mounting on a sample holder (in-plane or out-of-plane sample holders), called  

“saddle point” (Figure 3.30). The sample is subjected to a constant vibration vertically at a fixed 

frequency and the change of magnetic flux (proportional to the magnetic moment in the sample) 

induces an AC voltage which is detected by a set of pickup coils, placed near the electromagnetic 

poles. With the change of coil position, applied magnetic field and sample position the flux will 

be changed and induced a voltage which further fed into a lock-in amplifier to obtain the magnetic 

moment resulted in the sample. The magnetic moment can be determined as a function of applied 

magnetic field which gives rise the information about coercivity, switching fields and their 

distribution. The Lake Shore Cryotronics VSM instrument has been employed at room temperature 

to measure the magnetic moment of the as prepared magnetic samples at a maximum field of 16 

kOe. 

 

Figure 3.30 Schematic diagram of (a) part of the VSM setup and (b) types of sample holder used in 
VSM [97].  

 

3.3.6 Gas Chromatography (GC) 

To identify and quantify the produced gas in the photocatalytic H2 generation, GC is employed. 

The sample is first vaporized by the heated injector and then injected onto the chromatographic 

column. An inert gas Argon (Ar) has been used as carrier gas to transport the sample through the 

(b)(a)

https://www.sciencedirect.com/topics/physics-and-astronomy/magnetic-moments
https://www.sciencedirect.com/topics/physics-and-astronomy/faradays-law
https://www.sciencedirect.com/topics/physics-and-astronomy/electromagnets
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column. The separation of gas molecules happen during the transportation due to interaction 

between gaseous mobile phase of sample and stationary phase of column. Depending on the 

separation time, gas molecules are detected when it come out from the column and generate a 

signal. The mobile phase of the sample and the carrier gas must be chemically inert. The partition 

of solutes between stationary phases and mobile phase accounts for the separation of molecules, 

where the partition ratio depends on chemical characters of each component, affinity for the 

stationary phase and vapor pressure of solutes. Therefore, the stationary phase and the temperature 

program of column are greatly important. In this thesis work, YL6000 GC, with thermal 

conductivity detector (TCD) has been used to quantitatively measure the amount of H2 produced 

by water reduction. Ar is employed as the carrier gas as it has lower thermal conductivity compared 

to H2 and O2. Basically, TCD detects change of the thermal conductivity between sample and 

carrier gas by a whetstone bridge coupled with resistors, which represent the heat loss depending 

on analyte. A graph of retention time vs detector response is obtained from GC, where the detector 

response depends on thermal conductivity and amount of element present. On the other hand, the 

retention time is specific to each element detected by the TCD detector. Therefore, the graph 

contains Gaussian peaks which are separated by time. By calculating the area under each peak, the 

amount of elemental presence can be determined.  

 

Figure 3.31 (a) Schematic presentation of the working principle of Gas Chromatography (GC) and (b) 
On-line GC setup. 

 

3.4 Organic pollutant degradation 

The photocatalytic activity of as developed semiconductor nanostructures has been studied for 

organic pollutant methyl orange (MO) degradation using under visible light. The initial 

concentration was C0 = 0.3  104 M and the photodegradation carried out within a quartz cell 

reactor containing 50 mg catalyst powder in 50 mL of MO solution with starring condition in 

Column + packing

Flow

Flow

Flow

Flow

Analyte

GC spectrum

(b)(a)
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presence of O2 flow. To attain adsorption-desorption equilibrium, each of the solution (containing 

organic dye and catalyst) first stirred in dark for 1h. The 250 W Xenon lamp is used as the visible 

light source which is placed at 15 cm above the solution. The schematic diagram of the 

photocatalytic experiment is shown in figure below (Figure 3.32). To investigate the photocatalytic 

activity of sample, 2 mL aliquots was collected from the reactor at a time interval of 15 mins. The 

degradation percentage (% DE) of the organic pollutant MO was founded using the following Eq.; 

                     % 𝐷𝐸 =  
𝐶0 −𝐶

𝐶0
 × 100                                                                                         (3.52) 

Where, C0  initial intensity and C  intensity after light illumination. The optical density (OD) 

value are taken at maximum wavelength of max = 463 nm. 

 

Figure 3.32 (a) Schematic presentation of quartz cell reactor for organic pollutant degradation. (b) 
Image of quartz cell reactor with light illumination.  

 

3.5 Photocatalytic H2 Generation Method 

The photocatalytic H2 generation experiment was conducted in a closed reactor containing water-

methanol solution with vigorous stirring and saturated argon media. The 25 volume % of methanol 

(as hole scavenger) and 1 mg/mL catalyst concentration were used at room temperature. The online 

gas chromatography was employed to identify the product gases and quantitatively measure the 

generated H2 through Gaussian fitting. The 250 W MPMVL lamp is used as the visible light source 

placed at 15 cm above the solution. The light source was covered with a double wall quartz jacket 

through which cold water circulation has been passed to maintain the reaction condition.    

(a) (b)
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Figure 3.33 Online photocatalytic H2 generation setup. 
 

3.6 Photoelectrochemical Measurements 

A galvanostat-potentiostat (Autolab, PGSTAT302N, The Netherlands) was used to measure the 

photoelectrochemical properties of the materials. For that, a standard three-electrode quartz cell 

containing 50 mL 0.1M N2SO4 electrolyte was taken where Pt wire and KCl saturated Ag/AgCl 

are used as counter and reference electrode, respectively.  

 

Figure 3.34 Three electrode photoelectrochemical cell (a) without light and (b) under light irradiation. 

 

In order to prepare the working electrode of the as synthesized materials, doctor-blade method and 

spin coating method were employed. For the doctor-blade method, a paste was prepared as 

following: catalyst powder (1 mg) was mixed with ethylene glycol (2.5 mL) in a centrifuge tube 

at 20 min sonication. After that, the resulting paste was coated on Fluorine-doped Tin Oxide (FTO) 

glass (conducting side) to make a thin film using a doctor-blade method. Finally, the coated slides 

were then carefully placed inside a muffle furnace maintained at 400°C for 4 h. For spin coating, 
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a solutions was prepared at a catalyst concentration of 2 mg/mL in ethanol. During spin coating 

the rpm was fixed at 4000 for time 1 min, and 100 μL used to prepare each of the thin film layer. 

Total three layers were coated on the FTO slides and dried at 200°C for 2 h.  

 

Figure 3.35 Prepared working electrode by doctor-blade method on FTO glass (a) Bi2S3, ZnO, 
Bi2S3/ZnO, (b) BiFeO3, Au/BiFeO3, (c) BiOCl, BiOCl/CuFe2O4. 
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4.1 Introduction 

The challenges of environmental pollution and renewable energy production are both highly active 

areas of scientific research [1, 2]. Visible light induced photocatalysis is an effective clean 

approach for water splitting to generate clean solar fuels and converting solar energy to chemical 

energy [3, 4]. On the other hand, water purification and environmental protection pose an equally 

daunting challenge [5, 6]. Oxides based semiconductors have been utilized as active photocatalysts 

in various applications such as photochemical degradation of organic contaminants, 

photochemical water splitting to produce hydrogen, and photoelectrochemical cells [7-9]. 

Titanium dioxide (TiO2) is one of the most popular photocatalyst possess high catalytic activity, 

low cost and non-toxicity [10, 11]. However, TiO2 can absorbs UV radiation (4% of total solar 

irradiation) due to wide bandgap and low charge separation efficiency which make them not 

suitable for visible light active photocatalysis [12, 13].  Moreover, TiO2 doping with C, N, B, S or 

modified with metal nanoparticles (Au, Pt, Ag) exhibits Plasmon induced enhance visible light 

absorption, however, the high cost and low environmental stability of noble-metal-doped TiO2 

resists its economic potential [14-16].  Another semiconductor nanocrystal, zinc oxides (ZnO) 

having direct bandgap of 3.3 eV and a large excitation binding energy is widely tested for 

photocatalytic applications [17-19]. Moreover, ZnO has some advantageous properties over TiO2 

such as, high electron mobility for its electronic structure, room temperature luminescence etc. 

[18, 19]. In this regards, the loading of multiple catalysts or secondary semiconductors can improve 

catalytic efficiency of ZnO via formation of heterojunctions [20, 21]. This stimulated our interest 

to design a coupled heterojunction with ZnO to improve solar light absorption in visible region.  

    Significant efforts have been made on the fabrication of semiconductors based heterostructures 

such as ZnO/TiO2
 [22], Bi2S3/TiO2

 [23, 24] and CdS/TiO2 [25] etc., which shows potential 

applications in water splitting and organic pollutant degradation. In fact, high charge separation 

has been achieved via coupling of a large bandgap semiconductor with a smaller one forming 

heterojunction, which in turn enhance the photocatalytic efficiency by decreasing the 

recombination rate of the photogenerated electron–hole pairs [26, 27].  In case of heterojunction, 

charge carriers are generated in one semiconductor and then vectorially transfer to the other 

material allowing for long lived electron hole pairs at the interface and able to produce potential 

gradient within the catalyst [5]. Due to presence of multiple active sites within the heterostructures, 

can provide high surface area for the decomposition of organic pollutant molecule at the surface 
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of the catalysts [28]. For example, TiO2 based hybrid heterojunctions demonstrated high catalytic 

activity due to surface tunnelling of electrons between the surfaces of the semiconducting 

components of the heterostructure [29]. Till now, most of studies have been focused on 

hybridization of TiO2 with semiconductor to improve photocatalytic efficiency under visible light 

[29-33]. In this regard, few reports have been developed on the modification of ZnO nanostructure 

with other semiconductors such as ZnO/TiO2 [34], CdS/ZnO [35] etc. for improved visible light 

driven photocatalysis.  

   On the other hand, low bandgap semiconductors such as sulphides, nitrides, graphitic carbon 

nitrides, oxynitrides, chalcogenides etc., have been widely investigated to construct visible light 

active photocatalysts [36-39]. Among these, bismuth sulphide (Bi2S3), a low bandgap metal 

sulphides (1.3 eV) have shown absorption in visible region and considered as potential candidate 

for photocatalytic applications [40].   However, due to the rapid recombination of photo-induced 

electrons and holes, limits catalytic application of Bi2S3 under visible light. Recently, a series of 

Bi2S3 based heterostructures such as MoS2/Bi2S3 [41], Bi2S3/CdS [42], Bi2S3/Bi2WO6 [43], 

Bi2S3/In2S3 [44], Bi2S3/BiVO4 [45], Bi2S3/(BiO)2CO3 [46] etc., have been developed to improve the 

light absorption and charge separation efficiency. Recently, Bi2S3/g-C3N4 heterostructures 

exhibited high catalytic performance for organic dye (Rhodamine B) degradation, but its apparent 

kinetic rate was very low [47]. MoS2/Bi2S3 and Bi2S3/In2S3 heterojunctions showed high catalytic 

activity for organic pollutant degradation but no report on hydrogen generation are available till 

now. Notably, semiconductor based heterostructures are effective catalyst for water oxidation as 

photogenerated electrons and holes on the surface of heterostructures have the potential to react 

the surface active site. Thus, the excited electrons reduce the water to form hydrogen and holes 

oxidize the water to generate oxygen [48]. The Bi2S3/CdS heterostructures displayed 

photocatalytic hydrogen generation under visible light irradiation but hydrogen evolution rate is 

low [42]. Recently, Wang et al. [49] have been used Z-scheme CdTe-Bi2S3 heterojunctions for 

photoelectrochemical performance. Hence, Bi2S3 based heterojunctions have been extensively 

utilized for organic dye degradation but photocatalytic hydrogen generation has not been tested 

yet. Herein, Bi2S3 with narrow bandgap has been integrated with ZnO nanoparticles to fabricate 

visible light active heterostructures. Various characterization techniques such as XRD, SEM, TEM 

and FTIR have been employed for characterizing the structure, morphology, and optical properties 

of heterostructures. To the best of our knowledge, for the first time, we studied the photocatalytic 
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performance and photoelectrochemical properties of Bi2S3/ZnO for hydrogen generation under 

visible light. 

 

4.2 Experimental  

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 99.99%), L-cysteine hydro-chloride (99.99%), 

mercaptosuccinic acid (MSA, 99%), ethylenediaminetetraacetic acid disodium salt (EDTA-Na, 

99%), methanol were procured from Sigma Aldrich, USA. For in-situ generation of ZnO, zinc 

acetate dehydrate (ZnCH3COO)2. 2H2O, 98%) and sodium hydroxide (NaOH, 98%) were procured 

from Merck, Germany.     

In a typical synthesis, 0.5 mmol of ethylenediaminetetraacetic acid disodium salt (EDTA-Na) was 

dissolved in 100 mL of distilled water and stirred for 10 minutes. Then 0.4 mmol of Bi(NO3)3 was 

mixed and the solution mixture was ultrasonicated until the solution became transparent. After 

that, 0.6 mmol of L-cysteine hydrochloride was added to the solution. Finally, the solution was 

transferred into a 100 mL Teflon-lined autoclave with a stainless steel shell and heated at 180C 

for 16 h. The Bi2S3 was collected and centrifuged, washed several times with distilled water and 

finally air-dried overnight at 50C for further characterization. Similarly, Bi2S3 nanostructures 

were also prepared using mercaptosuccinic acid as a sulphur source [50]. The effect of sulphur 

source concentration (0.6, 1.2, 2.4 mmol) and different reaction times (10, 16, 24 h) to follow the 

growth mechanism of Bi2S3 nanostructure formation has been studied in detail.      

In order to develop a coupled heterostructures of Bi2S3/ZnO, a facile in situ generation via co-

precipitation technique has been employed using ethanol as a solvent [17]. Briefly, 20 mL of 4 

mmol zinc acetate dehydrate solution was heated at 70C for 30 min. Then a fixed amount of 

prepared Bi2S3 powder (1 mg mL1) was added and mixed thoroughly. In the next step, 20 mL of 

4 mmol sodium hydroxide solution prepared at 70C in ethanol was added slowly and the mixture 

was hydrolyzed for 2 h at 60C to obtain ZnO NPs with average diameters of ~5 nm. The pure 

semiconductors and heterostructures are presented as L-Bi2S3, L-Bi2S3/ZnO (using L-cysteine 

hydro-chloride as a source of sulphur) and M-Bi2S3, M-Bi2S3/ZnO (using MSA as a source of 

sulphur). To understand the growth mechanism of Bi2S3, extensive experimental analyses were 

performed for varying reaction times, metal salt to surfactant ratios and sulphur sources.      
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The crystalline phase of Bi2S3 and the heterostructures was investigated by XRD (Philips X’Pert, 

The Netherlands) within the 2 range of 10 to 80 at a slow scan rate of 1 min1 with Cu K 

radiation (at 40 kV and 40 mA). The structural morphology and EDS was recorded by Field 

Emission Scanning Electron Microscopy (LEO. 430i, Carl-Zeiss, Sigma). Transmission Electron 

Microscopy (TEM) images and the corresponding selected area electron diffraction (SAED) 

patterns were obtained on Tecnai G2 30ST (FEI) operating at 300 kV. The XPS study was 

performed using a PHI 5000 Versa Probe II spectrophotometer (Physical Electronics Inc., USA) 

with a monochromatized Al K (B1486.6 eV) X-ray beam of size B100 mm. The samples were 

prepared in pallet form and the surfaces were sputtered with a 2 kV rastered Ar+ ion beam for one 

minute to clean the surface. The thermal stability of the bare Bi2S3 and heterojunction was 

investigated using thermogravimetric analysis (TGA) apparatus (NETZSCH, STA 449 F3, 

Jupiter). The test was carried out in air with a heating rate of 10C min1 from 30C to 900C. The 

porosity and specific surface area of the samples were determined through nitrogen adsorption at 

200C on the basis of the BET equation using a Quantachrome, FL-33426. The UV-Visible 

absorption spectra of the ethanolic solutions containing Bi2S3, ZnO and Bi2S3/ZnO were recorded 

using a Shimadzu, UV-3600 spectrophotometer. The hydrogen evolution was measured by online 

gas chromatography using an YL Instrument, 6500GC system with a thermos-conductive detector. 

The photoelectrochemical measurements have been tested using a galvanostat–potentiostat 

(PGSTAT302N, Autolab, The Netherlands) with a standard three-electrode cell and Pt wire as a 

counter electrode and saturated Ag/AgCl as a reference electrode. The working electrode was a 

thin film of as-prepared material on glassy carbon. The photocatalytic I–V characteristics have 

been measured using simulated illumination (60 mW cm2) by a white light source.    

L-Bi2S3, L-Bi2S3/ZnO, M-Bi2S3 and L-Bi2S3/ZnO have been tested for dye degradation using 

mehyl orange (MO) as model pollutant. It is a representative of hazardous azo dye. The 

photodegradation of MO (initial concentration C0 = 0.3×104 M) was carried out within a quartz 

cell reactor containing 50 mL model solution with a concentration of 1 mg mL1 under UV and 

visible lamp. A Xe-arc lamp (250W) with an incident beam intensity of 100 mW cm2 (Oriel, 

Irvine, CA) was used as light source for visible irradiation and a 395 nm cutoff filter was used. For 

control experiment, bare L-Bi2S3 and M-Bi2S3 have been studied separately under similar reaction 

condition. The appropriate amount of aliquots was collected from the reactor at successive time 
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intervals. The percentage degradation (% DE) of MO was determined using the following 

equation. 

                                % 𝐷𝐸 =  
𝐶0−𝐶

𝐶0
× 100                                                                                (4.1)      

Where, C0 is the initial absorption intensity of MO at λmax = 463 nm and C is the intensity after 

light illumination.  

To study the hydrogen generation, online gas chromatography method was involved where the 

area under the Gaussian peak gives the amount of H2 evolved. The H2 production through water 

splitting was performed in a closed reactor in presence of methanol solution with saturated argon 

media and vigorous stirring. For this experiment, 25 volume % methanol solution was used at 

room temperature [51]. Here, methanol acts as sacrificial agent and use of methanol is very much 

advantageous than other alcohols because it reduce the formation of more carbon based sub 

products being the simplest organic molecule and also accelerate the main intermediate (free 

radical) formation process [51]. Here we report H2 generation up to 3 h. 

 

4.3 Results and Discussion 

4.3.1 Structural Characterization 

The XRD was carried out to study the crystalline phase of the as prepared materials. Figure 4.1a, 

b shows the X-Ray diffraction (XRD) patterns of L-Bi2S3, L-Bi2S3/ZnO, M-Bi2S3 and M-

Bi2S3/ZnO. X-ray patterns displayed narrow and sharp diffraction peaks, indicating the high 

crystallinity of the prepared samples. The strong peaks at 2 value 15.54, 17.41, 22.21, 23.57, 

24.92, 28.43, 31.71 correspond to characteristic diffraction from (020), (120), (220), (101), 

(130), (211) and (221) planes of pure Bi2S3 respectively (JCPDS card no. 17-0320) [47]. The 

diffraction peaks of ZnO at 2 values 31.76, 34.00 and 36.56 correspond to the (100), (002) and 

(101) plans indicating the wurtzite hexagonal phase of ZnO (JCPDS card no. 36-1451) [52]. The 

XRD pattern of the pure ZnO nanoparticles have been shown in inset Figure 4.1a which indicates 

high crystalline in nature. Therefore, the XRD patterns of heterostructures reveal the presence of 

wurtzite ZnO within orthorhombic Bi2S3. Moreover, presence of all characteristic peaks of Bi2S3 

and no additional peak in heterostructures confirms purity of Bi2S3/ZnO. Moreover, no remarkable 

changes was observed in the diffraction peak position and intensity of Bi2S3/ZnO at longer 

hydrothermal reaction time indicating formation of stable orthorhombic Bi2S3  (Figure 4.1c).  
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Figure 4.1 XRD patterns of as prepared (a) pure L-Bi2S3 and L-Bi2S3 decorated with ZnO NPs. Inset: 
XRD pattern of ZnO nanoparticles. (b) Pure M-Bi2S3 rod shaped structures and M-Bi2S3 decorated 
with ZnO NPs. The samples have been synthesized at 16 h and metal salt to surfactant ratio 1: 3. (c) 
XRD patterns of M-Bi2S3 at three different reaction times as 10 hours, 16 hours and 24 hours. 

 

 

4.3.2 Morphology 

The morphology and growth of Bi2S3 and Bi2S3/ZnO study were investigated by field emission 

scanning electron microscopy (FESEM). Figure 4.2ac shows the assembled growth of Bi2S3 rods 

with increasing the reaction time. Figure 4.2ac illustrates the growth of Bi2S3 rods with increasing 

the reaction time. It is clear from Figure 4.2a, when the hydrothermal reaction proceeds for 10 h, 

formation of rods like structures are obtained which are completely overlapped. At 16 h, the 

distinct rods with average length ~ 3.81 µm (Figure 4.2b) are formed which are connected with 

each other and radiated from a centre.  
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Figure 4.2 FESEM images of Bi2S3 using L-cysteine as structure controlling agent at three different 
reaction time (a) 10 h, (b) 16 h, (c) 24 h (metal: L-cysteine 1:1.5). Effect of surfactant concentrations 
during the formation of Bi2S3 at three different metal/surfactant ratio (d) 1:1.5, (e) 1:3 and (f) 1:6 at 16 
h under similar condition.  

 

Further increase in reaction time up to 24 h, the rods are more assembled and interestingly form 

lotus flower like morphology (Figure 4.2c). This may happened due to over growth of Bi2S3 nuclei 

in same direction [42]. In addition, the metal salt to surfactant ratio has been varied to investigate 

the role of surfactant as morphology controlling factor. Figure 4.2df display Bi2S3 synthesized at 

three different concentration of surfactant at 16 h keeping all other conditions similar. The metal 

salt : L-cysteine at 1 : 1.5, it can be observed that irregularly distributed rod shaped structures of 

average length ~ 4.7 µm are formed (Figure 4.2d). In contrast, at 1:3, assembled morphology 

(length ~ 5.5 µm) consists of rods have been formed with bunched like structure.  
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Figure 4.3 FESEM images of (a)–(c) flower like assembled structures of Bi2S3 using mercaptosuccinic 
acid as structure controlling agent at three different magnifications and (d) EDS spectrum of Bi2S3 
synthesized at 16 h and metal salt to surfactant ratio 1 : 3. 

 

Moreover, at higher concentration of L-cysteine (1:6 ratio), more assembled structures have been 

formed. Figure 4.2e displays Bi2S3 superstructure of diameter ~ 8 µm which are built of two 

dimensional nanosheets. Hence, this highly assembled morphology is useful to provide more 

active site in photocatalytic applications. In general, assembled 1D morphology is more suitable 

for photocatalytic applications having large surface to volume ratio, synergistic interactions as the 

long length of nanorods will contact each other and multiple functionalities [53].  
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Figure 4.4 TEM images of (a) pure L-Bi2S3 nanostructures (b) HRTEM of L-Bi2S3 inset: SEAD pattern, 
(c) pure M-Bi2S3 nanostructures and (d) HRTEM image of M-Bi2S3 at metal: surfactant = 1:3 in reaction 
time 16 h. 

 

Another kind of Bi2S3 nanostructures have been developed using mercaptosuccinic acid as 

structure controlling agent. Figure 4.3ac illustrates FESEM images of pure Bi2S3 at different 

magnifications, clearly indicates solid rods radiated from a common centre and stack uniformly to 

form nanoflowers like morphology. At high magnification, it has been clearly observed that 

nanoflowers are consists of the solid rods of length ~ 500 nm with square edge of sides 60 to 70 

nm (Figure 4.3c). To investigate the elemental composition, X-ray energy dispersive spectrometry 

(EDS) was carried out on Bi2S3 nanoflowers. Figure 4.3d suggests that the coexistence of Bi and 

S elements on the rod shaped structures. However, the presence of Al and Si signals has been 

originated from glass substrate. Additionally, detailed structural and crystalline nature of as 

prepared Bi2S3 and Bi2S3/ZnO have been investigated through TEM and HRTEM images (Figure 

4.4). The TEM images (Figure 4.4a, c) clearly reveals the uniform 1D structure of L-Bi2S3 and M-

Bi2S3 which are well consistent with FESEM images. The interplanar spacing of 0.375 nm reveals 

the characteristic (101) plane of Bi2S3 (Figure 4.4b, d) [54]. Therefore the preferential growth of 

Bi2S3 rods occurred along the (101) direction. The calculated size of bare ZnO NPs is in the range 
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5 nm as determined from TEM image which are also highly crystalline (Figure 4.4e and 4f). The 

microscopic images of L-Bi2S3/ZnO heterostructures are displayed in Figure 4.5. It can be clearly 

seen from SEM images (Figure 4.5a, b) that the spherical ZnO NPs have been formed uniformly 

on the L-Bi2S3 surface. Further detailed study on morphology of L-Bi2S3/ZnO heterostructures has 

been studied through the TEM images.  

 

Figure 4.5 (a-b) FESEM images of L-Bi2S3/ZnO heterostructures at two different magnifications. TEM 
image of (c) ZnO nanoparticles decorated on rod shaped Bi2S3 structures, (d) HRTEM, (e) SAED and 
(f) EDX spectrum of L-Bi2S3/ZnO heterostructures. 

 

Figure 4.5c clearly shows the rough surface of rod shaped L-Bi2S3 due to deposition of spherical 

hexagonal ZnO nanoparticles over the surface. The HRTEM image of L-Bi2S3/ZnO reveals high 

crystalline nature having the lattice spacing of about 0.33 nm related to (130) plane of Bi2S3 (Figure 

4.5d) [55]. The SAED pattern depicts highly crystalline hexagonal structure of Bi2S3 (Figure 4.5e). 

For further analysis of chemical compositions and the elemental distribution, EDS was carried out 

(Figure 4.5f) where strong signals of Bi, S, O and Zn also confirm the formation of Bi2S3/ZnO 

heterostructures.  

The morphology and crystalline nature of heterostructures using M-Bi2S3 was further investigated 

by FESEM and TEM images. Figure 4.6a shows in situ generation of ZnO NPs on the rod shaped 

M-Bi2S3 structures. It is evident that the assembled nanoflowers like structure are totally 
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transforms into nanofiber based network after formation of ZnO NPs. This is probably due to the 

strong interaction between ZnO and surface ligand (MSA) of Bi2S3 which is responsible for the 

formation of self-assemble nanoflowers like morphology. The FESEM image also illustrates that 

the single rod shaped structure of Bi2S3 is completely covered by small ZnO NPs (Figure 4.6b). 

Figure 4.6c shows that the M-Bi2S3/ZnO rod like nanostructures are cover with smaller 

nanoparticles which consistent with the FESEM image (Figure 4.6a, b) and the cross fringes in 

HRTEM image indicates the crystallinity of heterostructures with lattice spacing value of 0.30 nm 

related to the (211) plane of Bi2S3 (Figure 4.6d) [56]. Due to high crystalline nature of Bi2S3, it is 

difficult to observe crystal fringes of ZnO within the heterostructures.  

 

Figure 4.6 FESEM images of M-Bi2S3/ZnO heterostructures at (a) low magnification, (b) high 
magnification. TEM image of (c) ZnO nanoparticle decorated on rod shaped Bi2S3 structures, (d) 
HRTEM of M-Bi2S3/ZnO heterostructures. 
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4.3.3 Growth Mechanism 

The growth of bare Bi2S3 and its heterostructures can be explained on the basis of coordination 

interaction between Bi3+ and surfactant.  In the hydrothermal synthesis Bi2S3 nanostructure and in-

situ generation method for heterojunction formation, the following reactions may involve:  

              Bi(NO3)3. 5H2O  Bi3+  +  3NO3−  +  5H2O                                                           (4.2) 

              L − Cys  +  Bi(NO3)3  Bi(III) − L − Cys                                                               (4.3) 

              MSA +  Bi(NO3)3  Bi(III) − MSA complex                                                           (4.4) 

              Bi(III) − L − Cys  Bi2S3 + C4H6O4                                                                        (4.5) 

              Bi(III) − MSA complex  Bi2S3 + C4H6O4                                                              (4.6) 

Initially, as L-cysteine contain various functional groups such as NH2, COOH, SH [57-59] and 

MSA contains SH, COOH groups which have tendency to coordinate with inorganic cations 

and metals. Thereafter, the amino group reacts with the neighbouring carboxylic group of the 

surfactant to form dipeptide or polypeptide because of these complex forms are more stable relative 

to others [42, 54]. Moreover, this intermediated state serves as template in the successive 

nucleation of Bi2S3 nanocrystals. Finally, the rod shaped Bi2S3 are originated by continuous growth 

of Bi2S3 nuclei along one direction which may be caused by a typical Ostwald ripening process 

[42]. From the effect of different reaction time, it can be conclude that, the transformation of 

assembled flower from undefined structure may be caused due to recrystallization along the 

preferential growth axis to form the rod-composed flower as shown in FESEM images (Figure 

4.2). To get the ZnO loaded Bi2S3 rods, direct adsorption as well as in situ generation of 5 nm ZnO 

NPs on the Bi2S3 have been followed. Possible mechanism of heterostructures  formation are 

displayed in Scheme 1 and Scheme 2.   

 

Scheme 4.1 Schematic illustration of ZnO nanoparticles decorated Bi2S3 assembles structure 
synthesized by simple hydrothermal method using L-Cysteine hydrochloride as structure controlling 
agent. 



150 
 

 

Scheme 4.2 Schematic illustration of ZnO nanoparticles decorated Bi2S3 rods synthesized by simple 
hydrothermal method using mercaptosuccinic acid as structure controlling agent.  

 

4.3.4 XPS Analysis 

X-ray photon spectroscopy (XPS) was carried out further to elucidate the chemical compositions 

as well as the oxidation states of pure semiconductor and heterostructures. The overall XPS spectra 

(Figure 4.7a) indicate the presence of strong peaks of Bi, S, Zn, O and C. Here the 1S peak of C 

acts as reference point coming from the background. The strong peaks at binding energy ~157.84 

eV and ~163.16 eV with typical spin orbit doublet splitting of 5.32 eV can be assigned to the 

binding energy of Bi 4f7/2 and Bi 4f5/2 respectively, closely matched with the Bi3+ in Bi2S3 (Figure 

4.7b) [60]. The peaks found between the Bi 4f7/2 and Bi 4f5/2 at ~161.83 eV and ~160.56 eV are 

corresponding to the S 2p1/2 and S 2p3/2 (1.27 eV) refers the existence of S2 within Bi2S3 [42]. 

Moreover, after heterojunction formation, blue shift of binding energy for Bi 4f7/2 (~ 0.3 eV), Bi 

4f5/2 (~ 0.27 eV) and S (~ 0.19 eV) indicates the strong interaction between Bi2S3 and ZnO followed 

by formation of heterojunction. In addition, the strong oxidation peaks located at ~1021.9 eV and 

~1045.1 eV of Zn 2p3/2 and 2p1/2 respectively (Figure 4.7c) suggests the Zn2+ state of ZnO [49]. It 

is also observed that binding energy of pure ZnO shift towards lower value of 0.23 eV after forming 

heterojunction. Figure 4.7d exhibits the asymmetric profile of O 1s which can be fitted to two 

symmetrical peaks at ~530.2 and ~531.72 eV, indicating two different kinds of O species presence 

in the sample. The peaks at ~531.72 eV and ~530.2 eV should be associated with the lattice oxygen 

(OL) of ZnO and chemisorbed oxygen (OH) by the surface [61]. Thus, XPS spectra suggest the co-

existence of Bi2S3 and ZnO within the heterostructures. 
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Figure 4.7 XPS spectra of as-prepared heterostructures. (a) The overall spectra of M-Bi2S3 and M-
Bi2S3/ZnO. (b) The Bi 4f and S 2p spectra, (c) Zn 2p spectra and (d) O 1s spectra of  M-Bi2S3/ZnO. 
Here the scatter and solid lines indicate the experimental and fitted data. 

 

4.3.5 TG and BET Surface Area Analysis 

Thermo-gravimetric analysis (TGA) was carried out to determine the loading of ZnO NPs after in 

situ deposition as well as the thermal stability of heterostructure. The loading of ZnO calculated 

from TGA curves, are found to be 10% and 15% for L-Bi2S3 and M-Bi2S3 respectively (Figure 

4.8a and 8b). The initial mass loses in the range of 220C to 230C is originating from the removal 

of adsorbed O2 and water molecules. The further mass loss above 380C mainly attributed for 

decomposition of Bi2S3 into Bi metal. Notably, after 440C, pure Bi2S3 curve is fairly stable 

whereas the Bi2S3/ZnO heterostructures is unstable and indicates a strong weight loss above 478C 

which implies the formation of ZnO [42]. The porous structure of the pure semiconductor as well 

as heterostructures was studied by nitrogen adsorption desorption isotherm method. The specific 

surface areas calculated by BJH method are 3.13 m2 g1 and 9.53 m2 g1 for pure M-Bi2S3 and M-

Bi2S3/ZnO heterostructures, respectively. This indicates that the specific BET surface area is 
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increased when heterojunction formed which may useful for photocatalytic applications [56]. The 

hysteresis loop present in BET curve (Figure 4.8c) suggests about the type II pattern of the 

semiconductor heterostructures. Hence, incorporation of ZnO nanoparticles effectively generates 

porosity and active surface site within the heterostructure. 

 

Figure 4.8 TG curves of (a) pure L-Bi2S3 and L-Bi2S3/ZnO, (b) pure M-Bi2S3 and M-Bi2S3/ZnO. (c) N2 

adsorption-desorption isotherm of bare M-Bi2S3 and M-Bi2S3/ZnO heterostructure. 

 

4.3.6 Optical Characterization 

The optical properties of pure semiconductor and semiconductor heterostructures have been 

evaluated by diffuse reflectance spectroscopy (DRS) and photoluminescence (PL) spectroscopy. 

Figure 4.9a shows the DRS of bare semiconductors and heterostructures where both L-Bi2S3/ZnO 

and M-Bi2S3/ZnO heterostructures demonstrated broad absorption in the visible range and it 

extends up to the near IR range. For the bare ZnO, the onset of light absorption is in the UV region 

with bandgap ~ 3.37 eV. The light absorption of Bi2S3/ZnO heterostructures increases in the visible 
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region compared to bare ZnO or Bi2S3 indicating that heterostructures are useful for efficient solar 

light harvesting applications. The photoluminescence spectra of ZnO display an emission peak at 

~514 nm upon excitation to 320 nm as shown in Figure 4.9b. The intensity of the emission peak 

lowered significantly to 519 nm and 517 nm when L-Bi2S3 and M-Bi2S3 attached to the ZnO NPs. 

Thus, the quenching in emission intensity (65.5% for M-Bi2S3/ZnO and 83.25% for L-Bi2S3/ZnO) 

for heterostructure indicates the strong electronic interaction and improved charge carrier 

separation efficiency [17].  

 

4.3.7 Photocatalytic MO Degradation 

The photocatalytic activity has been studied under visible light using methyl orange (MO) as 

model pollutant. It is well known that MO is a very stable dye which is resistant to self-photo 

degradation. Figure 4.9c clearly shows the degradation of MO in presence of Bi2S3 and Bi2S3/ZnO 

under visible light irradiation. The M-Bi2S3/ZnO heterostructures exhibits significantly enhanced 

photocatalytic activity as compared with bare M-Bi2S3 and L-Bi2S3. Bare L-Bi2S3 has negligible 

photocatalytic activity (26%) but bare M-Bi2S3 shows high activity (63%). Whereas, 

photodegradation efficiency of MO reached 82% for M-Bi2S3/ZnO and 55% for L-Bi2S3/ZnO after 

150 min of visible light irradiation, (Figure 4.9c) indicating that heterostructures possess superior 

photocatalytic activity. The photocatalytic activity of M-Bi2S3/ZnO heterostructures is ~8.6 times 

higher comparing to bare M-Bi2S3. The enhanced photocatalytic activity of heterostructures can 

be achieved due to strong absorption in visible range with high surface area of assembled structure 

[62]. As evident from TGA data, loading of ZnO NPs on M-Bi2S3 nanofibers may create more 

catalytic centres within the heterostructure and thereby show high catalytic activity. The enhanced 

catalytic activity of M-Bi2S3/ZnO may associated with the multiple reflection and scattering of 

light within the interconnected rods which results enhanced light absorption as reflected in 

absorption spectra [28]. Similarly, L-Bi2S3/ZnO demonstrated higher catalytic activity in 

comparison to bare L-Bi2S3.  

Possible reactions involved in photocatalytic dye degradation are given below.  

                    Bi2S3/ZnO  hVB
+  + eCB

                                                                                      (4.7) 

                    O2 +  e−  O2
                                                                                                     (4.8) 

                     O2
 +  h+  HO2

                                                                                                  (4.9) 

                     2H2O +  O2
  4OH                                                                                          (4.10) 
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Figure 4.9 (a) Diffuse reflectance spectra of L-Bi2S3 (Pink line), L-Bi2S3/ZnO (Blue line), M-Bi2S3 (Black 
line) and M-Bi2S3/ZnO (red line) respectively. Inset: absorption spectra of ZnO nanoparticles (5 nm). 
(b) Photoluminescence spectra of ZnO (5 nm), L-Bi2S3/ZnO and M-Bi2S3/ZnO. (c) Photocatalytic 
degradation of methyl orange in presence of catalyst, bare semiconductors L-Bi2S3, M-Bi2S3 and 
heterostructures L-Bi2S3/ZnO, M-Bi2S3/ZnO under visible light irradiation. (d) Effect of argon, 
isopropanol, Cu2+ on the photocatalytic activity of M-Bi2S3/ZnO foe methyl orange degradation. 

 

In order to investigate the photocatalytic mechanism of heterostructures  based catalyst,  further 

study have been conducted in presence of sacrificial agents and contribution of excess electron-

holes (Cu2+, isopropanol and saturated argon media) (Figure 4.9d) [62]. Semiconductor reacts with 

photoinduced electrons and holes from water to form various reactive species including O2
 and 

OH [63]. Herein, Cu2+ was used to understand the role of excess electrons as it reacts with electron 

very fast and convert into Cu+. The remarkable change of MO degradation in presence of 2× 106 

M Cu2+ (it changes 68 % to 43%) is presented in Figure 4.9d after 6 h visible light irradiation. This 
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suggests role of electron during photocatalytic reaction. In order to confirm the role of O2
, 

photodegradation experiment has been performed under argon saturated atmosphere. In general, 

argon saturated inert medium may suppress the O2
 radical production which may be the possible 

reason for inhibiting the degradation of MO by M-Bi2S3/ZnO [62].  It only degrades 20% of MO 

after 4h of visible light irradiation. Thus it can be concluded that oxygen has crucial role in 

photocatalytic reaction. Moreover, photocatalysis has been performed in presence of 0.1 M 

isopropanol (acts as hole scavenger) and oxygen to investigate the role of photoexcited holes in 

photocatalytic reactions. The decomposition kinetics of MO increased up to 94% in presence of 

isopropanol which clearly indicates the role of holes in photodegradation of MO. 

 

4.3.8 Photocatalytic H2 Generation  

Figure 4.10a shows photocatalytic H2 generation by Bi2S3 and Bi2S3/ZnO heterostructures via 

water splitting using 25 volume % of methanol solution as sacrificial agent. In general, the 

semiconductors with more negative CB can reduce water efficiently, thus increase the hydrogen 

production rate. Herein, relatively low bandgap semiconductor, Bi2S3 acts as recombination centre 

for ZnO and reduction process occur at the ZnO surface. The H2 generation enhanced with the 

increase of irradiation time. The amount of H2 production is higher for heterostructures, L-

Bi2S3/ZnO (~2791 µmol). For comparison, the H2 evolution activity has been investigated for bare 

semiconductors L-Bi2S3 and M-Bi2S3 under visible light irradiation. The heterojunction shows 2.74 

fold enhancement in hydrogen generation compare to L-Bi2S3 (~1020 µmol). The H2 generation 

for M-Bi2S3 and M-Bi2S3/ZnO are ~263 µmol and ~2450 µmol respectively. In contrast to dye 

degradation, L-Bi2S3/ZnO shows superior performance for photocatalytic hydrogen generation in 

comparison to M-Bi2S3/ZnO. The exact reason is not clear to us but the enhanced catalytic activity 

may associated with the assembled morphology of L-Bi2S3/ZnO which leads to intimate contact 

between metal sulphide and zinc oxide NPs. The three dimensional interconnected assembled 

structure may also facilitate the transport of photogenerated electrons and holes to the binding sites 

thereby water oxidation occurred in presence of sacrificial agent which is consistent with literature 

report [64]. Moreover, both of the heterostructures may provide facile electron transfer compare 

to bare semiconductors which can effectively enhance the hydrogen generation [65]. 
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Figure 4.10 (a) Photocatalytic hydrogen generation in presence of catalyst L-Bi2S3, M-Bi2S3, L-
Bi2S3/ZnO, M-Bi2S3/ZnO for 3h under visible light from an aqueous solution containing 25 volume % 
methanol at pH 7. (b) Effect of pH on hydrogen evolution from aqueous solution after 1h and 3h 
irradiation.  

 

Further, the effect of pH on photocatalytic hydrogen evolution process has been studied to optimize 

the reaction condition. Figure 4.10b illustrates that higher activity for hydrogen evolution achieved 

at pH 9 8089 µmol whereas, at low pH condition i.e. acidic condition it generate only ~1159 

µmol due to protonation of photocatalyst in acidic solution [65]. Generally in acidic condition the 

driving force for hydrogen generation decrease as the redox potential of H+/H2 becomes more 

negative. On the other hand, high alkaline medium is also not preferable for hydrogen evolution 

because of insufficient protons [66]. In view of practical applications, reusability and stability of 

photocatalysts is an important parameter. Here, we checked recycling of M-Bi2S3/ZnO up to 5 

successive cycles and result has been displayed in Figure 4.11a, which reveals nearly 10% loss in 

MO degradation. In hydrogen generation, recycling experiment of L-Bi2S3/ZnO has been 

performed up to 5th cycle displayed in Figure 4.11b. After 5th cycle, no remarkable decline was 

found in hydrogen evolution rate. Therefore, it can conclude that, M-Bi2S3/ZnO and L-Bi2S3/ZnO 

heterostructures are stable and reusable visible light active photocatalyst for organic pollutant 

degradation as well as hydrogen generation. To ensure about the structural stability and 

morphology of catalyst, XRD and FESEM were re-examined before and after catalytic reactions. 

As shown in Figure 4.11c, XRD pattern of ZnO decorated Bi2S3 heterostructures are almost remain 

same and all the characteristic peaks are present. The FESEM image of heterostructures reflects 

similar kind of morphology after photocatalytic reaction. Thus semiconductor based coupled 
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heterostructures is stable under long visible light irradiation and fruitful approach for solar light 

energy harvesting. 

 

Figure 4.11 Recycling test of (a) M-Bi2S3/ZnO during MO degradation and (b) L-Bi2S3/ZnO during 
hydrogen generation. (c) The XRD pattern and (d) FESEM image of L-Bi2S3/ZnO after and before 
catalytic reaction of MO degradation and H2 generation at pH 7. 

 

4.3.9 Photoelectrochemical Performance 

In order to investigate the photoelectrochemical activity of Bi2S3/ZnO heterostructures, it is 

important to find out the band edge potential of both Bi2S3 and ZnO as band edge potentials play 

a crucial role in determining the migration routes of photo generated electrons and holes. 

Additionally, photocatalytic activity directly depends on optical absorption, phase structure, 

morphology and separation efficiency of photo generated charge carriers. The valence band (VB) 

and conduction band (CB) of both the semiconductor had calculated following empirical equations 

[42]. 
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                         EVB =   −  Efe +  
1

2
Eg                                                                               (4.11) 

                         ECB =   −  Efe −  
1

2
Eg                                                                               (4.12) 

Where, EVB and ECB are the valence and conduction band edge potential respectively, x is the 

geometric mean of the electronegativity of constituent atoms. Efe is the energy of electron in 

hydrogen scale (4.5 eV) and Eg is the bandgap of semiconductor.  The VB and CB edge potentials 

of Bi2S3 calculated using above equations are 1.45 eV and 0.08 eV while for ZnO are 3 eV and –

0.2 eV respectively [68]. This difference in band edge potential is useful for better charge 

separation and migration which is favourable for photoelectrochemical performance [68].  

 

Figure 4.12 Photoelectrochemical current density vs potential plot of  (a) M-Bi2S3, (b) ZnO (5 nm) and 
(c) M-Bi2S3/ZnO via LSV method without light (dark) and light illuminating condition at a scan rate 20 

mV sec1 using 0.1 M KOH solution as electrolyte, Pt wire as counter electrode and Ag/AgCl as 
reference electrode and (d) time dependence of photocurrent density at external bias 0.26V vs 

Ag/AgCl with illumination, at scan rate 20 mV sec1 for bare M-Bi2S3 and heterojunction M-Bi2S3/ZnO.  

 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0.000

0.002

0.004

0.006

0.008

 ZnO dark

 ZnO light

 

 
P

h
o

to
c

u
rr

e
n

t 
/m

A
/c

m
2

Potential /V vs Ag/AgCl
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0.00

0.04

0.08

0.12

 

 

 M-Bi2S3 dark

 M-Bi2S3 light

P
h

o
to

c
u

rr
e
n

t 
/m

A
/c

m
2

Potential /V vs Ag/AgCl

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

0.00

0.05

0.10

0.15

0.20

0.25
 M-Bi2S3/ZnO dark

 M-Bi2S3/ZnO light

P
h

o
to

c
u

rr
e

n
t 

/m
A

/c
m

2

Potential /V vs Ag/AgCl
50 100 150 200

0.000

0.003

0.006

0.009

0.012
 M-Bi2S3 

 M-Bi2S3/ZnO

P
h

o
to

c
u

rr
e

n
t 

/m
A

/c
m

2

Time/ Seconds

(a) (b)

(c) (d)



159 
 

The photoelectrochemical activity of catalyst has been examined by making a layer on the FTO 

coated glass substrate through linear sweep voltammetry (LSV) under dark and light condition 

with light irradiation. A 300 W Xenon lamp with a water filter of 1M NaNO2 solution was used as 

the visible light (≥ 395 nm) source. Figure 4.12ac shows the difference in photo current density 

measured via LSV of M-Bi2S3, ZnO and M-Bi2S3/ZnO catalyst in 0.1 M KOH solution using Pt 

wire as counter and Ag/AgCl as reference electrode at scan rate 20 mV sec1. The 

photoelectrochemical performance in terms of current density is presented in Table 1. Bi2S3 shows 

photocurrent response and photocurrent density reached up to 0.11 mA cm2 (Figure 4.12a). A 

weak photocurrent was obtained for bare ZnO upon illumination in the applied potential range as 

shown in Figure 4.12b. Whereas, Bi2S3/ZnO heterostructures demonstrated enhanced photocurrent 

density 0.25 mA cm2 which is 56% enhancement in comparison to bare ZnO NPs and Bi2S3. This 

result implies that heterostructures M-Bi2S3/ZnO shows higher photoelectrochemical activity and 

photo current gain which is ca. 3.05 times increased rather than single component M-Bi2S3. 

Notably, bare Bi2S3 also shows high photocurrent but due to fast recombination problem its 

photocurrent gain reduces. Thereby, introduction of ZnO with Bi2S3 enhances light absorption and 

charge separation efficiency. 

 
Table 4.1 Comparative study of current density measured from photoelectrochemical studies 
performed in 0.1 M KOH solution as electrolyte, Pt wire as counter electrode and saturated Ag/AgCl 

as reference electrode within the voltage range 0.4V to 0.8V under dark and light condition.  
 

Catalyst Dark Current (Idark) 

mA/cm2 

Photo Current 

(Ilight) mA/cm2 

Photo current gain 

Ilight/ Idark 

M-Bi2S3 0.039 0.112 2.88 

ZnO 0.004 0.007 1.79 

M-Bi2S3/ZnO 0.029 0.255 8.79 

 

The stability of pure semiconductor as well as heterostructures was investigated by 

chronoamperometry method under light illumination for 200 seconds (Figure 4. 12d) [69]. In 

presence of light, a certain change in current density display for M-Bi2S3 whereas gradually 

increasing tendency exhibits for coupled system M-Bi2S3/ZnO because of charge transfer 
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mechanism [17]. As the photogenerated electrons migrate through the CB, more and more 

electrons are gathered at active surface site and gradually increases in current density. Remarkably, 

Figure 4.12d shows long time it response (up to 600 sec) and current density remains almost 

stable which indicates catalyst are durable against photocorrosion. Hence, M-Bi2S3/ZnO shows 

enhance photoelectrochemical activity than bare Bi2S3 and ZnO. The photocurrent for Bi2S3 and 

heterostructures shows 7.39 and 8.06 fold enhancement in current density compare to dark 

condition at voltage 1.0 V respectively (Figure 4.13a and 13b). This enhancement in current 

density may happen for enhanced charge carrier separation in presence of light irradiation. The 

linear nature of I –V plot indicates the good ohomic contact between the semiconductor and the 

ITO coated glass substrate which is a good sign for device application [69]. When light falls on 

the catalyst surface, excess photocarriers are generated which leads to charge separation and 

electrons are efficiently transfer to the electrode when voltage is applied [70]. The fluorescence 

decay curve at excitation wavelength 400 nm for ZnO and Bi2S3/ZnO have been examined to 

investigate the decay dynamics of heterostructures. It is observed that, the photocurrent is higher 

for heterostructures than single semiconductors. These charge carrier separation phenomena also 

enhance the mobility of electrons. The on/off photocurrent has been measured at 20 seconds 

interval at a bias voltage 500 mV (Figure 4. 13c), which exhibits two distinct state – one is high 

current state when light is on and another is low current state while light is off. This time dependent 

response of Bi2S3/ZnO coupled system is preferable for optoelectronic device applications. In the 

photocatalytic process, super oxide radicals and holes have crucial role in organic dye degradation 

which has been previously confirmed by lots of tested. Hence, the photo-excited electron and holes 

are responsible to generate these free radicals. Furthermore, the enhanced charge separation further 

studied via pecosecond resolved time correlated single Figure 4. 13d shows decay curve of ZnO 

with average life time 4.34 ns. Interestingly, it decreases to 0.338 ns when Bi2S3 is attached with 

ZnO. From this sharp decrease in average life time, it can be concluded that fast electron transfer 

happen within the heterostructures through the CB of ZnO to Bi2S3 [17]. This charge transfer 

reduce the recombination rate which also understand by PL study, confirms more electrons may 

participate for photocatalytic water splitting and H2 generation. 
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Figure 4.13. (a) Comparative time dependent photocurrent density response of the (i) heterostructures 
M-Bi2S3/ZnO and (ii) pure M-Bi2S3 with illumination (switched on) and off in air at a bias of 500 mV and 
(b) the picosecond–resolved PL spectra of ZnO (5 nm), M-Bi2S3 and M-Bi2S3/ZnO heterostructures. 
 
 
Table 4.2 Dynamics of picosecond-resolved luminescence transients and decay parameters of ZnO 
(5 nm) and Bi2S3/ZnO. 
 

Sample Excitation 

Wavelength 

(nm) 

Detection 

Wavelength 

(nm) 

1 (ns) 2 (ns) avg (ns) 

ZnO NPs 400 500 0.82 (51.8%) 29.30 

(7.5%) 

4.42 

 

Bi2S3/ZnO 400 500 0.25 (42.0%) 5.02 (7.9%) 0.338 
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4.3.10 Mechanism  

Depending on the above results and discussion, a probable mechanism of photocatalytic activity 

can be described as follows. In presence of solar light, both of semiconductors absorb light and the 

electrons in VB gets excited up to higher potential of – 1.53 eV for Bi2S3 and – 0.2 eV for ZnO 

[55]. Therefore, effective charge transfer process proceeds within the semiconductor due to high 

photon energy [42]. Generally the excited electrons and holes always wish to transfer to the nearest 

recombination centre. The CB electrons of Bi2S3 rods can transfer to the CB of ZnO NPs and 

simultaneously the excited holes of ZnO can migrate to Bi2S3 rods and consequently reduce the 

first recombination process shown in schematic diagram 4.3.  

 

Scheme 4.3 Proposed diagram for the possible band edge energy for charge separation and migration 
in the Bi2S3/ZnO heterostructures.  

 

These photo generated electrons and holes generate oxidative radicals (in presence of O2) such as 

h+, OH , O2
 by oxidation of O2 and reduction of H2O which are mainly responsible for dye 

degradation. In hydrogen evolution, sacrificial agent methanol acts as hole scavenger and generate 

more OH free radicals and accelerate the H2 production rate. As the band position of Bi2S3 is not 

suitable for H2 production, so it can be concluded that, photochemical reactions occur at the ZnO 

surface and incorporation of narrow bandgap semiconductor helps in charge separation, leading 

more efficient activity in H2 generation [69-71]. On the other hand, the visible light activity can 

0

1

2

3

4

-1

VB

CB

VB

CB e-e-e-

h+ h+

h+h+

e-e-

O2

O2
.-

ZnO

Bi2S3

E (eV) vs. NHE

Organic
Pollutant H2O+ CO2

OH
.

O2
.-



163 
 

be explained on the basis of hole trapping mechanism which has explained in scheme diagram. 

Therefore, semiconductor heterojunction is suitable route in creating more recombination centre 

and thus increase the life time of electrons as well as reduce recombination rate. 

 

4.4 Summary 

In summary, assembled nanoflower morphology of Bi2S3 decorated with ZnO nanoparticles has 

been successfully synthesized by facile in situ deposition method. The strong absorption of 

Bi2S3/ZnO heterostructures in visible region and enhanced charge separation in heterostructures 

makes them promising candidate for solar light harvesting applications. Experimental results 

indicate that M-Bi2S3/ZnO demonstrate high catalytic activity for organic pollutant degradation 

whereas L-Bi2S3/ZnO shows superior performance for photocatalytic H2 generation through water 

splitting. The photocatalytic activity of heterostructures is ~8.6 times higher compared to bare 

Bi2S3. The heterostructures L-Bi2S3/ZnO (~2791 µmol) illustrates 2.74 fold enhancements in 

photocatalytic hydrogen generation compare to L-Bi2S3 (~1020 µmol) under visible light. Notably, 

Bi2S3/ZnO demonstrate high photoelectrochemical activity with the photo current density is 0.25 

mA cm2, which is 56% and 97 % higher than bare M-Bi2S3 and ZnO respectively under similar 

reaction condition. The band edge potential of heterostructures is suitable for sufficient charge 

separation which causes enhancement in photo current. Hence, the present synthetic methodology 

can be employed to prepare efficient, low cost heterostructure based photocatalysts to substitute 

the common use of noble metal based catalysts and Bi2S3/ZnO has potential in environmental 

remedy and water splitting applications. 
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5.1  Introduction 

The concept of solar hydrogen generation by water splitting using photocatalysts has received 

significant attention as it is an eco-friendly and sustainable method [1-3]. In this regard, 

semiconductor based photocatalysis has been extensively investigated for potential applications in 

environmental remediation and water splitting [3, 4]. During the past few decades, tremendous 

efforts have been devoted to develop efficient, low-cost and stable photocatalysts under visible 

light for removal of environmental pollutants, photocatalytic and photoelectrochemical hydrogen 

generation through water splitting [4-7]. Among a large number of photocatalysts, perovskite 

oxides based semiconductors have drawn much interest because of their structural simplicity and 

flexibility, good stability and relatively narrow bandgaps of these materials allow them to harness 

the visible light of solar irradiation [8, 9]. Among these perovskite materials, bismuth ferrate 

(BiFeO3, BFO) is a potential multiferroic semiconductor in which ferroelectric and 

antiferromagnetic properties coexist at room temperature which generates internal electric field by 

switching the spontaneous polarization and applications focused on spintronics and memory 

devices [10, 11]. The low bandgap (~ 2.3 eV) with direct transition feature, suitable band alignment 

to oxidize or reduce water, good chemical stability, low cost and biocompatibility of BFO make it 

attractive for practical use in visible light induced photocatalysis. Moreover, Yang et al. [12] 

discovered a giant open-circuit photovoltage for ferroelectric semiconductors which enhances the 

charge separation efficiency of ferroelectric semiconductors compared to other conventional 

semiconductors. Inspired by this concept, it has been assumed that spontaneous polarization due 

to ferroelectricity of BFO could be an effective approach to harness solar energy in water splitting.  

    Recently, multidimensional BFO nanostructures have been fabricated to control the exposed 

facets, size and growth directions as these have significant effect in determining the electrical, 

magnetic, and optical properties [13]. For example, Fei et al. [14] prepared three different 

microstructures of BiFeO3 where pills and rods showed an enhanced visible light response due to 

presence of {111} facets but catalytic application has not been performed yet. Further, Bui et al. 

[15] reported size dependent (30 nm to 190 nm) photocatalytic activity of BiFeO3 NPs for organic 

dye (methyl orange, MO) degradation but efficiency was very low. Wang et al. [16] also prepared 

spindles, cubes and plates like morphology of BiFeO3 where plates like morphology showed 

maximum efficiency (50%) in photocatalytic MO degradation. Therefore, to improve the 

photocatalytic activity of BFO, it has been coupled with other co-catalysts, such as SrTiO3, 
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Bi2Fe4O9, TiO2, CuS, g-C3N4 and reduced graphene oxide to develop heterostructured materials 

[17-20]. Generally, heterojunction is the interface between two different materials with unequal 

band structures resulting a band alignments which in turn creates a space-charge region at the 

interface and forms an electric field causes the diffusion of charge carriers [21]. As a result, spatial 

charge separation occurs at the interface which can promote the photocatalytic activity of the 

heterostructured materials [22-25]. More interestingly, charge carrier recombination may be 

suppressed in a heterostructures as the excited carriers can transfer to the nearest electronic state. 

For example, Zhang et al. [18] prepared BiFeO3/Bi2Fe4O9 heterojunction by an electrospinning 

technique where heterojunction showed enhanced photocatalytic activity compare to the single 

components due to fast charge transfer and lower recombination, although the kinetics of the 

catalytic reaction is very slow. Li et al. [20] reported that, heterojunction of BiFeO3 with graphene 

effectively reduce the size of the BiFeO3 particles which effectively enhance the photocatalytic 

activity due to increase specific surface area but the stability of the composite in air and multistep 

synthesis using strong oxidizing agent remains an issue. Upto now, these heterostructures based 

photocatalysts have been used mostly for organic pollutant degradation under visible light but 

clean solar fuel generation are still limited yet. 

    On the other hand, integration of noble metal NPs to semiconductor photocatalysts can offer an 

effective way to improve their photocatalytic activities under visible region. In fact, noble metal 

NPs (Au, Ag, Pt, Pd, Cu) modified semiconductor such TiO2, graphene and polymer also showed 

enhanced photocatalytic activity under visible light irradiation [26-31]. For instance, Niu et al. [32] 

reported Pt modified BFO exhibited 70% photocatalytic degradation activity for MO under visible 

light irradiation. Li et al. [33] also confirmed the enhanced photocatalytic activity of Au NPs 

deposited BiFeO3 nanowires under visible-light for O2 evolution due to surface-plasmon effect 

(SPR) of Au NPs. Recently, Li et al. [34] showed enhanced photovoltaic effect of noble metal Au 

modified La doped BiFeO3 films. Moreover, Ag loaded BFO nanostructures showed enhanced 

photocatalytic degradation of methylene blue (MB) under visible light [35, 36]. It has been 

reported that, noble metal NPs can exhibit surface plasmon resonance effect, (a collective 

oscillation of conduction band electrons due to interaction with visible light photons) which 

induced a local electromagnetic field at the interface of the semiconductor photocatalyst, 

consequently promotes the charge-carrier separation efficiency [27, 28]. When plasmonic metal 

NPs brought into an approximate distance, coupling of their localized electromagnetic field may 
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happen and generate large number of hot electrons which may influence the photocatalytic 

reactions [37]. Moreover, noble metal NPs can also act as electron or hole acceptor and improves 

charge separation efficiency of the adjacent nanostructure as well as they provide active catalytic 

sites [38, 39]. However, to the best of our knowledge, the photocatalytic H2 generation through 

water splitting using noble metal modified BFO as a catalyst is not reported yet.  

      In this work, BFO and BFO based metal-semiconductor heterostructures have been developed 

to study the photocatalytic H2 generation and photoelectrochemical water splitting. Different 

morphologies of BFO have been successfully synthesized by hydrothermal method and, then 

plasmonic metal NPs have been deposited on BFO nanostructures by radiolysis technique. 

Experimental results reveal that, metal-semiconductor heterostructures are efficient photocatalyst 

for H2 generation under visible light irradiation.  

 

5.2  Experimental  

Bismuth nitrate pentahydrate [Bi(NO3)3. 5H2O], gold(III) acetate, silver acetate, cadmium nitrate 

[Cd(NO3)3], zinc acetate [Zn(CH3COO)2. 2H2O], thiourea (99.0%), mercaptosuccinic acid (MSA, 

99%), ethylenediaminetetraacetic acid disodium salt (EDTA-Na), methanol were obtained from 

Sigma Aldrich, USA. Anhydrous FeCl3, sodium hydroxide (NaOH, 98%) were obtained from the 

Alfa Aesar chemicals and Merck, Germany respectively. All compounds were used as received 

and ultrapure water (Millipore System, 18.2 MU cm) was used as solvent. 

In a typical synthesis of BFO nanostructures, Bi(NO3)3. 5H2O and FeCl3 in a stoichiometric ratio 

(1 : 1 in molar ratio) were dissolved in acetone (50 ml) under stirring and ultrasonication until 

completely dissolved. Then, 50 ml distilled water was added with the solution and mixed properly. 

After that, NH3 was added drop wise until the pH value of the mixed solution reached 10–11. The 

precipitation was then centrifuged and washed with distilled water several times until the pH value 

of the solution was neutral. Next, the brown co-precipitate was redispersed in 100 ml distilled 

water with vigorous stirring. Calculated amount of NaOH (2 M, 5M and 12 M) were added into 

the solution and stirred for 30 min. Finally, the solution was transferred into a stainless steel 

autoclave with a Teflon liner and heated at 180°C for 72 h. After cooling down to room 

temperature, the black powder was collected by filtration, washed with distilled water and ethanol 

for several times, and dried at 50°C for 12 h.  
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Au/BFO-Ns heterostructures were obtained using steady state gamma irradiation in presence of 

gold acetate salts [40-42]. In this experiment, to synthesize Au NPs on BFO-Ns, BFO solution (1 

mg mL-1) and gold (III) acetate (1 mM) solution were mixed in an ultrasonic bath for 30 min, 

followed by deoxygenated under Argon flow. Subsequently, the solution was irradiated for 1h 

(dose rate = 8 kGy h1) using a 60Co gamma-facility. After that, black precipitation of Au/BFO-Ns 

was centrifuged and washed several times with ethanol and water and finally dried at 50°C for 

overnight. For comparison, control Au NPs were synthesized by colloidal method  

The crystalline phase of BFO-Ns and Au/BFO-Ns heterostructures  were investigated by XRD 

(Philips X’Pert, The Netherlands) within 2 range 10 to 80 at slow scan rate of 1 min−1 with Cu 

Kα radiation (at 40 kV and 40 mA). The structural morphology and EDX was recorded by Field 

Emission Scanning Electron Microscopy (LEO. 430i, Carl-Zeiss, Sigma). Transmission Electron 

Microscopy (TEM) images and the corresponding selected area electron diffraction (SAED) 

patterns were obtained on Tecnai G2 30ST (FEI) operating at 300 kV. The XPS-study was 

performed  using PHI 5000 Versa Probe II spectrophotometer (Physical Electronics Inc., USA) 

using a monochromatized Al Kα (~1486.6 eV) X-ray beam of size ~ 100 µm. Samples were 

prepared in pallet form and surfaces were sputtered with a 2 kV rastered Ar+ ion beam for one 

minute to clean the surface. The porosity and specific surface area of the samples were determined 

through nitrogen adsorption at 200C on the basis of BET equation using Quantachrome, FL-

33426. The diffuse reflectance spectra of BFO-Ns and Au/BFO-Ns were recorded using a 

Shimadzu, UV-3600 spectrophotometer. The photoluminescence (PL) spectrum of as synthesized 

materials was taken by JASCO FP-8500. The hydrogen evolution was measured by online gas 

chromatography using YL Instrument, 6500GC system with thermoconductive detector. The 

magnetic properties of samples were measured using a VSM (Lake Shore Cryotronics) at a 

maximum field of 16 kOe at room temperature.   

To study the hydrogen generation, online gas chromatography was used and the area under the 

Gaussian peak gives the amount of H2 evolved. The experiment was performed in a closed reactor 

in presence of methanol solution with saturated argon media under vigorous stirring. For this 

experiment, 25 volume % methanol solution was used at room temperature. Here, methanol acts 

as sacrificial agent and a Xe-arc lamp (250W) with an incident beam intensity of 100 mW/cm2 

was used as light source for visible irradiation and a 420 nm cut-off filter was used. 
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Photoelectrochemical measurement was performed using a galvanostat-potentiostat 

(PGSTAT302N, Autolab, The Netherlands) with a standard three-electrode cell and Pt wire as 

counter electrode and saturated Ag/AgCl as reference electrode. The working electrode was thin 

film of as prepared material on FTO. The linear sweep voltammetry was carried out within the 

potential range 0.2V to 0.8V vs Ag/AgCl at a scan rate 10 mV/s using 0.1 M Na2SO4 phosphate 

buffer (pH 7) as electrolyte. The PEC measurements of these electrodes were carried out with a 

0.27 cm2 geometric area exposure (using O-ring of the same inner area) to the electrolyte solution 

under light irradiation. The stability of BFO-Ns and Au/BFO-Ns were tested through 

chronoamperometry at 0.6V potential. The photoresponse of BFO-Ns and Au/BFO-Ns was 

measured under periodic chopped irradiation from Xe-arc lamp (300 W, Excelitas USA) as a 

white-light source with an incident beam intensity of 100 mW/cm2. The potential was then 

converted to the reversible hydrogen electrode (RHE) following the Eq. 5.1. 

                    ERHE =  EAg/AgCl + 0.059 pH + 0.197(EAg/AgCl
0 )                                               (5.1)                               

After that, photoelectrochemical action spectrum was studied through chronoamperometry under 

chopped monochromatic illumination (using an Oriel monochromator, USA) within the 

wavelength range of 300–700 nm. Then incident photon to current conversion efficiency (IPCE) 

and absorbed photon to current conversion efficiency (APCE) was calculated according to the Eq. 

5.2 and 5.3:  

                     IPCE (%) =
Iph

Pin


1240


 100                                                                               (5.2) 

                    APCE (%) =  
IPCE

 (1− 10−A)
 100                                                                             (5.3) 

Where, Iph is the output photocurrent density (A/cm2), Pin is the incident power density (W/cm2),  

is wavelength (nm) and A is the absorbance of the material at any particular wavelength (λ). 

Capacitance measurements were carried out using same instrument in a borosilicate glass cell with 

three-electrode configuration. To study the behaviour of the semiconductor-electrolyte interface, 

a phosphate buffer (pH 7) with 0.1 M Na2SO4 was used as working solution. Experiments were 

done within the potential range of 0.6V to 0.2 V vs Ag/AgCl using ac RMS amplitude of 10 mV 

at 1000 Hz frequency.  
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5.3  Results and Discussion 

5.3.1 Phase Purity and Crystal Structure 

Figure 5.1a shows the XRD pattern of the pure BFO-Ns and Au/BFO-Ns heterostructures. All the 

diffraction peaks of pure BFO-Ns can be indexed as rhombohedral phase with R3c space group 

(JCPDS 86-1518). The corresponding lattice parameters are a = 0.5577 nm, b = 0.5577 nm and c 

= 1.3862 nm [32, 43]. No additional peaks are found, demonstrating that single-phase BFO-Ns 

powder has been successfully prepared. In Au/BFO-Ns heterostructures, the characteristic 

diffraction peaks of Au NPs at 2 values 38.13, 44.28, 64.55, 77.57 and 81.85 corresponds to 

(111), (200), (220), (311), and (222) planes respectively are present without changing the BFO-Ns 

peaks, which confirms the heterostructures formation [41, 42].  

 

Figure 5.1 X-ray powder diffraction pattern of (a) pure BiFeO3-Ns (BFO-Ns) and Au/BiFeO3-Ns 
(Au/BFO-Ns) heterostructures, (b) BFO-Ns, Bi2S3/BFO-Ns, CdS/BFO-Ns, ZnS/BFO-Ns and Ag/BFO-
Ns heterostructures.   

 

Further, various sulfide based heterostructures with BFO-Ns have been developed (following 

previously reported hydrothermal mehods) to compare the photocatalytic H2 generation [25, 30, 

44, 45]. The formation of other chalcogenide based heterostructures has been characterization by 

X-ray analysis (Figure 5.1b). The characteristics BFO-Ns peaks have been present for all the 

heterostructures. In addition, for Bi2S3/BFO heterostructures, the diffraction peaks of (130), (211), 

(240), (141), and (431) corresponds to 2 value 25.06, 28.65, 35.59, 39.97, 46.60 are present 

for Bi2S3 [25]. The strong peaks at 2 values of 26.89, 27.93, 28.96, 35.59, 49.46 correspond 

to the (100), (002), (101), (102) and (200) faces of CdS respectively in the heterostructures 
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CdS/BFO [44]. In ZnS/BFO heterostructures, the diffraction peaks of (111), (200), (220), and 

(311) corresponds to 2 value of 28.71, 33.09, 47.82, 56.70 are present for ZnS respectively 

[45]. The diffraction peaks at 2 values of 38.08, 44.17, 64.37, 77.40 corresponds to (111), 

(200), (220), (311) planes of Ag NPs in Ag/BFO heterostructures (Figure 5.1b) [30]. 

 

5.3.2 Microstructures 

Figure 5.2 represents the FESEM and TEM images of pure BFO-Ns and Au/BFO-Ns 

heterostructures. The FESEM image illustrates that, microcubes (~ 922 nm sides) are formed at 

NaOH concentration of 5M along with small hexagonal nanosheets on the surface (Figure 5.2a). 

In addition, the TEM image clearly shows that cubes and hexagonal nanostructures of BFO in an 

irregular pattern are present (Figure 5.2b).  

 

Figure 5.2 (a) FESEM image, (b, c) low and high magnification TEM images and (d) HRTEM of BiFeO3 
Nanosheets (BFO -Ns). Inset d: SAED pattern of BiFeO3 nanosheets. (e, f) Low and high magnification 
TEM images of Au/BiFeO3-Ns heterostructures. Inset f: HRTEM image of Au/BiFeO3-Ns 
heterostructures. All the samples are prepared at NaOH concentration of 5M. 

 

As BFO has magnetic property, the cubic structures may form due to the staking of hexagonal 

nanosheets. Interestingly, the high magnification TEM image (Figure 5.2c) shows that hexagonal 
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nanostructures with BFO of edges ~228 nm and width ~7.5 nm have been formed at NaOH 

concentration of 5M. The interplanar spacing of ~0.39 nm calculated from the HRTEM image 

(Figure 5.2d) is in good agreement with the spacing of (012) plane of BFO [14]. Moreover, a 

corresponding SAED pattern confirms the presence of (012) and (110) planes (Inset of Figure 

5.2d) which has been taken from one single BFO-Ns. The SAED and HRTEM images reveal that 

the BFO-Ns are single-crystal. Figure 5.2e and 2f show the low and high magnification TEM 

images of Au/BFO-Ns heterostructures where Au NPs have been formed in a homogeneous 

distribution pattern on the BFO-Ns after  radiation. The average particle size of the Au NPs is 

found to be ~17 nm. The energy-dispersive X-ray spectroscopy (EDX) spectrum of the Au/BFO-

Ns heterostructures has been illustrated in Figure 5.3a. The strong peaks of Bi, Fe, O, and Au 

elements in EDX spectrum indicate that aforementioned elements are present within the 

heterostructures. Since, the atomic ratio of Bi, Fe and O is about 1:1:3, which is close to the 

stoichiometric ratio of BFO. Therefore, heterojunction formation of Au and BFO does not change 

the stoichiometric ratio of the BFO itself.  

 

5.3.3 X-ray Photoelectron Spectroscopy and BET Surface Area 

Furthermore, to study the chemical states of Au, Bi, Fe and O in the Au/BFO-Ns heterostructures 

and to investigate the detailed insight into the interaction between Au NPs and BFO 

nanostructures, X-ray photon spectroscopy (XPS) has been employed. Figure 5.3b shows the 

overall XPS spectra of pure BFO-Ns and Au/BFO-Ns heterostructures where oxidation states of 

Bi, Fe, O and Au are present. The XPS peaks observed for Au 4f at binding energy 53.5 eV and 

87.17 eV corresponds to Au 4f7/2 and Au 4f5/2, confirm the presence of Au(0) state within the 

heterostructures (Figure 5.3c) [33]. The presence of the doublet Bi 4f peaks at binding energy 

~158.13 eV and ~163.41 eV corresponds to Bi 4f7/2 and Bi 4f5/2 indicate that bismuth existed in a 

single chemical state of Bi3+ (Figure 5. 3d) [32]. More interestingly, a red shifting has been 

observed for Bi 4f peaks after heterojunction formation which suggests the occurrence of strong 

interaction and charge transfer between Au NPs and BFO-Ns (Figure 5.4a). 
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Figure 5.3 (a) Energy-dispersive X-ray spectra (EDX) of Au/BiFeO3-Ns (Au/BFO-Ns) heterostructures. 
X-ray photon spectroscopy (XPS) of (b) pure BiFeO3 Nanosheets (BFO-Ns) and Au/BFO-Ns 
heterostructures, (c) Au and (d) Bi of Au/BFO-Ns heterostructures. 

 

The binding energy of peaks at ~710.15 eV and ~723.41 eV arise due to Fe 2p3/2 and Fe 2p1/2 states 

and the satellite peak at ~718.32 eV (8.17 eV above the Fe 2p3/2) confirms that Fe is at Fe3+ state 

within BFO (Figure 5.4b) [32, 46]. Hence, the XPS spectrum of O1s for pure BFO-Ns shows 

(Figure 5.4c) two peaks at ~529.1 eV and ~530.77 eV correspond to oxygen-metal bonds and 

surface adsorbed oxygen respectively, whereas for Au/BFO-Ns heterostructures, single peak at 

529.67 eV has been observed [47]. This observation indicates that, surface adsorbed oxygen are 

removed after heterostructures formation as the Au NPs occupy the surfaces of the BFO-Ns. 

Therefore, it can be conclude from XPS data, Bi and Fe exist in the states of Bi3+ and Fe3+ within 

BFO-Ns and Au in zero oxidation state within heterostructures. The porous structure of the pure 

semiconductor BFO-Ns and the heterostructures Au/BFO-Ns has been studied by the nitrogen 

adsorption desorption isotherm method. The hysteresis loop present in the BET curve (Figure 5.4d) 

suggests the type II pattern of BFO-Ns and Au/BFO-Ns heterostructures. The specific surface 
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areas calculated by the Barrett-Joyner-Halenda (BJH) method of pure BFO-Ns and Au/BFO-Ns 

heterostructures are 10 m2g–1 and 35 m2g–1, respectively. Therefore, it indicates that larger inter-

aggregated pores were generated in heterostructures and became predominant with higher 

adsorption capacity. This could be confirmed by the TEM images that the total specific surface 

area of Au/BFO-Ns has been increased because of added surface area of the Au NPs with BFO 

nanosheet (Figure 5.2e and 2f). Hence, it is expected that photocatalytic activity of heterostructures 

might be enhanced due to increased surface area by the incorporation of Au NPs. 

 

Figure 5.4 (a) X-ray photon spectroscopy of (a) Bi, (b) Fe and (c) O for pure BiFeO3 Nanosheets 
(BFO-Ns) and Au/BFO-Ns heterostructures. (d) Isothermal N2 gas adsorption–desorption curves of 
the pure BFO-Ns and Au/BFO-Ns heterostructures.  

 

5.3.4 UV-Vis Spectroscopy 

To investigate the influence of heterostructures formation on the optical absorption and electronic 

band structure of the BFO-Ns, UV-Vis diffuse reflectance spectra (DRS) has been employed. 
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Figure 5.5 shows the UV−Vis absorption spectra of BFO-Ns and Au/BFO-Ns, which are converted 

from the measured diffuse reflectance spectra by means of the Kubelka−Munk Function [32]. 

Au/BFO-Ns show two striking features of the absorption spectra. First, a characteristic absorption 

peak at ~600 nm has been observed which is mainly attributed due to plasmonic absorption of Au 

NPs [27]. Secondly, the existing peaks of BFO-Ns at 350 nm and 450 nm have been increased 

which may arise due to strong electronic interaction of Au NPs with BFO-Ns. Further, the direct 

bandgaps of BFO-Ns (2.3 eV) and Au/BFO-Ns (2.1 eV) have been calculated from the Kubelka–

Munk [(αhν)2 vs photon energy (hν)] plot (Figure 5.5b). This lowering of bandgap from 2.3 eV to 

2.1 eV for Au/BFO-Ns heterostructures is useful for enhanced absorption in visible region and 

consequently may enhance the photocatalytic activity.      

 

Figure 5.5 (a) Diffuse reflectance spectra of pure BiFeO3 nanosheets (BFO-Ns) and Au/BFO-Ns 
heterostructures. (b) Kubelka–Munk [(αhν)2 vs photonenergy (hν)] plot of pure semiconductor BFO-
Ns and Au/BFO-Ns heterostructures. 

 

5.3.5 Photocatalytic Hydrogen Production 

Photocatalytic activity of as synthesized materials has been evaluated by photocatalytic H2 

generation through water reduction. Figure 5.6a shows the photocatalytic H2 generation of pure 

semiconductor BFO-Ns and Au/BFO-Ns heterostructures through water reduction under visible 

light irradiation ( 420 nm) in presence of methanol (25 volume %) as sacrificial agent at pH 7. 

Here methanol acts as hole scavenger, i.e. reacted with the photogenerated holes usually faster 

than water, lead to excess electron in the medium for H2 generation by water reduction.  Au/BFO-

Ns heterostructures exhibit enhanced photocatalytic H2 generation (~2.1 mmol) compared to pure 

BFO-Ns (~1.1 mmol) after 2h irradiation. Interestingly, the hydrogen evolution rate increased 
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linearly with time after a certain time (Figure 5.6b), demonstrating that the catalysts maintain a 

strong driving force for water reduction over the examined period [46]. To study the effect of BFO 

morphology on photocatalytic H2 generation, two different morphologies (cylindrical and 

octahedron) of BFO have been synthesized by varying the NaOH concentration. At lower 

concentration of NaOH (2M), cylindrical shaped BFO (BFO-Cyl) of average length 500 nm and 

width 120 nm have been obtained, however, at higher concentration of  NaOH (12 M), octahedral 

shaped BFO (BFO-Oct) nanostructures have been formed (Figure 5.6c and 6d). Hence, NaOH 

played a crucial role in controlling the morphology where sodium ions determine the available 

concentration of Fe3+ ions for further growth, which in turn affect the overall morphology of BFO 

nanostructures [47]. Photocatalytic activity of pure BFO with three different morphology and 

corresponding Au decorated BFO has been compared under visible light as shown in Figure 5.7a. 

The highest photocatalytic H2 generation has been observed for BFO-Oct (BFO-Oct (~1.4 mmol) 

 BFO-Ns (~1.1 mmol)  BFO-Cyl (~0.5 mmol). Notably, BFO-Oct nanostructure shows strong 

absorption in the visible region in comparison to two other nanostructures (Figure 5.7b). Hence, 

more exposed surfaces of the BFO-Oct may led to better absorption and enhance the photocatalytic 

H2 generation which is consistent with the literature report [48]. However, after formation of 

heterostructures, Au/BFO-Ns produces significant amount of H2 generation, which is 2 times 

higher than pure BFO-Ns as shown in Figure 5.7a. The enhanced catalytic activity of Au/BFO-Ns 

may be due to the large surface area of two dimensional BFO-Ns which provide a strong coupling 

with the Au NPs. Thus, Au NPs can be exposed to the BFO-Ns surfaces and induce strong 

interaction [49]. Hence, BFO-Ns and Au/BFO-Ns have been taken for further studies. Next, the 

effect of pH on photocatalytic H2 evolution has been studied to optimize the reaction condition. 

Figure 5.7c illustrates that higher catalytic activity for H2 evolution achieved at pH 3 (~ 2.4 mmol) 

due to high availability of H+ in acidic solution and H2 evolution activity decrease as the medium 

becomes more alkaline due to insufficient protons [50]. At more acidic medium protonation is 

happening due to presence of excess proton (H+) which may produce a filter effect by producing 

free molecules. It causes intermolecular energy transfer, resulting in a decrease in the 

photocatalytic efficiency [51].  
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Figure 5.6 (a) Photocatalytic hydrogen generation and (b) H2 evolution rate in presence of BiFeO3 
nanosheet (BFO-Ns, black line) and Au/BFO-Ns heterostructures (red line). (c) FESEM images of 
cylindrical shaped BiFeO3 (BFO -Cyl) nanostructures using 2M NaOH, (d) octahedral shaped BiFeO3 
(BFO-Oct) nanostructures using 12M NaOH. 

 

The same trend has been observed for pure BFO-Ns in H2 generation. In order to further optimize 

the role of sacrificial agents in photocatalytic H2 generation, commonly used alcohol and 

aldehydes have been tested under similar reaction condition (Figure 5.7d). In general, the redox 

potential of a sacrificial agent should be more negative than valence band of semiconductor, so 

that they can consume the holes and suppress the recombination of photogenerated electrons [52]. 

The highest photocatalytic H2 generation has been observed for Au/BFO-Ns as photocatalyst using 

methanol (~ 2.1 mmol) as sacrificial agent compared to ethanol (~ 1.7 mmol), 2-propanol (~ 1.0 

mmol), ethylene glycol (~ 0.6 mmol) and formaldehyde (~1.5 mmol). This result suggests that, the 

length of carbon chain is inversely proportional to photocatalytic H2 generation. However, the 

oxidation potential and permittivity of sacrificial agents have also potential role in H2 generation 
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as the sacrificial agents act as electron donors to consume the holes. According to Gouy-Chapman 

theory (Eq. 5.4), surface charge density is proportional to dielectric constant of the solvent [52].  

                            s  =  
2𝑅𝑇0

𝐹
sinh

𝐹0

2𝑅𝑇
                                                                                   (5.4) 

Where, s is the surface charge density,  is the dielectric constant of the solvent and 0 is the 

permittivity of free space, R is gas constant, T is the temperature, F is Faraday constant and 0 is 

potential of the surface.  

      As shown in Table 5.1, the oxidation potential of methanol is lower than ethanol, 2-propanol 

and ethylene glycol but the permittivity is higher than ethanol and 2-propanol. Although, the 

permittivity of ethylene glycol is much higher compared to others, the higher oxidation potential 

(1.54 eV higher than water oxidation potential 1.23 eV) lowers its activity as it poorly oxidized. 

Therefore, methanol is considered as preferable sacrificial agent in photocatalytic hydrogen 

generation having lower oxidation potential and considerable permittivity. In case of pure BFO-

Ns, the similar trend has been observed in H2 generation (Figure 5.7d).  

 

Table 5.1 Permittivity and oxidation potential of the sacrificial agents. 

Sacrificial agent Permittivity () Oxidation Potential/ eV 

Methanol 31.2 1.05 

Ethanol 25.7 1.10 

2-propanol 18.23 1.15 

Ethylyne Glycol 38.9 1.54 

 

Furthermore, sulfide based other semiconductor-semiconductor heterostructures have been also 

prepared to compare the photocatalytic activity for H2 generation with Au/BFO-Ns 

heterostructures. Figure 5.8a represents the hydrogen generation from a series of sulfide based 

semiconductor/BFO-Ns heterostructures along with other metal-semiconductor heterostructures 

(Ag/BFO-Ns) under similar conditions. The amount of H2 evolution follow the order of Au/BFO-

Ns (~2.1 mmol) > Ag/BFO-Ns (~1.8 mmol) > Bi2S3/BFO-Ns (~1.4 mmol) > CdS/BFO-Ns (~1.2 

mmol) > ZnS/BFO-Ns (~1.15 mmol) > BFO-Ns (~ 1.1 mmol) (Figure 5.8a).  
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Figure 5. 7 (a) Comparative H2 generation data after 2 h visible light irradiation using the catalysts of 
BiFeO3 nanosheet (BFO-Ns), BiFeO3 octahedral (BFO-Oct), cylindrical shaped BiFeO3 (BFO-Cyl) and 
their heterostructures as Au/BFO-Ns, Au/BFO-Oct, Au/BFO -Cyl from an aqueous solution containing 
25 volume % methanol at pH 7. (b) Diffuse reflectance spectra of BiFeO3 nanostructures with different 
morphologies. Effect of (c) pH and (d) sacrificial agents on hydrogen generation using Au/BFO-Ns as 
photocatalyst under visible light illumination. 

 

This suggests metal-semiconductor heterostructures are more effective for H2 generation having 

an additional SPR effect of metal nanoparticles with Schottky barrier at the interfaces which 

greatly influence the dynamic behaviours of the photo excited charge carriers [33, 55]. Reusability 

and stability are important parameters of a photocatalyst for large scale application. Here, H2 

generation of Au/BFO-Ns heterostructures has been checked up to 5 successive cycles, which 

reveals nearly 13% loss in H2 generation as shown in Figure 5.8b (13% loss also include catalysts 

mass loss). Figure 5.8c shows the TEM image of the heterostructures which reflects stability of 

nanosheet morphology after photocatalytic reaction. Interestingly, the gold NPs remain intact on 
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the BFO-Ns after cycling. Therefore, Au/BFO-Ns heterostructures are reusable catalyst for 

hydrogen generation and stable under long visible light irradiation.  

 

Figure 5.8 (a) Photocatalytic H2 generation using as developed heterostructures. (b) Recycling test of 
Au/BFO-Ns heterostructures during photocatalytic hydrogen generation and (c) TEM image of 
Au/BFO-Ns heterostructures after catalytic reaction of H2 generation at pH 7. 

 

5.3.6 Photoelectrochemical (PEC) Activity 

Photoelectrochemical measurement was performed using a galvanostat-potentiostat with a 

standard three-electrode cell and Pt wire as counter electrode and saturated Ag/AgCl as reference 

electrode. Here sacrificial agent has not been used but a potential is required to move the 

photogenerated electrons towards counter electrode from photoanode.  To investigate the light 

sensitivity and stability of as synthesized material of BFO-Ns and Au/BFO-Ns heterostructures, 

photocurrent measurement via linear sweep voltammetry (LSV) and chronoamperometry (CA) 

have been studied. Figure 5.9a shows the LSV plot of pure BFO-Ns and Au/BFO-Ns 

heterostructures in dark and presence of continuous light illumination. In absence of light the 
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current density is negligible (~0.07 A cm–2) for BFO-Ns, whereas, under continuous light 

illumination, the obtained current density is ~0.56 A cm–2 and ~2.14 A cm–2 for BFO-Ns and 

Au/BFO-Ns respectively at a potential of 0.6V vs Ag/AgCl, therefore 3.8 fold enhancement 

achieved for Au/BFO-Ns heterostructures. Additionally, we have measured H2 generation under 

negative potentials in presence of light as reported earlier in literatures.  

  

Figure 5.9 Linear sweep voltammograms (LSV) curves of BiFeO3 nanosheet (BFO-Ns), Au NPs and 
Au/BFO-Ns at (a) positive potential (b) negative potential range in the presence of 0.1 M 
Na2SO4−phosphate buffer solution (pH 7), under continuous light illumination of 100 mW/cm2. (b) 
Chopped LSV of BFO-Ns after three successive runs. (d) Chronoamperometry profile of the BFO-Ns 
and Au/BFO-Ns thin film semiconductor electrodes measured at 0.6 V vs Ag/AgCl, under chopped 
illumination. 

 

A large current density (~ 235 A cm–2) has been obtained for Au/BFO-Ns heterostructures, 

suggesting the H2 generation by water reduction (Figure 5.9b) [53]. Kong et al. [54] also reported 

that CoSe2 nanoparticles on carbon fiber paper generated a large photocurrent in negative potential 
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due to effective reduction of the water. In case of bare Au NPs, relatively lower current density 

(75 A cm–2) has been obtained at negative potential. Thus presence of Au NPs and its strong 

interaction with BFO-Ns may generate the large current density for Au/BFO-Ns heterostructures. 

Reusability of the semiconductor BFO-Ns has been tested through periodic voltammetry under 

continuous light illumination (Figure 5.9c), and almost constant photocurrent observed after three 

successive LSV scans under similar condition. Figure 5.9d represents the chopped 

chronoamperometric plot of pure BFO-Ns and Au/BFO-Ns heterostructures, indicating that 

materials are fairly stable against photocorrosion. The results of both LSV and CA indicate that 

the heterostructure exhibits increasing photoinduced electrons and holes separation, which could 

be on account of the enhanced photocurrent generation. 

In order to get more details about quantum efficiency of as synthesized photoanodes, the incident 

photo-to-current efficiency (IPCE) of pure BFO-Ns and Au/BFO-Ns has been calculated using the 

action spectrums through chronoamperometry measurement. Figure 5.10a represents the plot of 

IPCE (%) and corresponding integrated current density vs wavelength where efficiency has been 

enhanced at lower wavelength for Au/BFO-Ns heterostructures compared to pure BFO-Ns. In 

action spectra (IPCE curve), BFO-Ns is practically inactive above 450 nm, whereas two distinct 

enhancement regions are prominent in Au/BFO-Ns photoanode. In the region of  450 nm, the 

enhancement in efficiency is achieved mainly due to improve light harvesting by the 

heterojunction formation between Au and BiFeO3. While in the wavelength of  450 nm, the 

enhancement in efficiency may be attributed to the presence of Au nanoparticles which can induce 

localized surface plasmon resonance (SPR) with incident photons of visible light. The SPR effect 

of Au nanoparticles would generate hot electrons and inject to BiFeO3 directly, as a result IPCE 

efficiency has been enhanced in the visible light region.  The integrated current density of the 

photoanodes (product of the IPCE spectrum with the AM1.5G photon flux, blue stars) has been 

calculated further from the IPCE [55]. The integrated photocurrent density reaches to ~0.42 and 

~2 A/cm2 for BFO-Ns and Au/BFO-Ns respectively, which is nearly identical to the photocurrent 

density from LSV measurement in Figure 5.9a, and the tiny deviation may be caused by the 

different design of the device. For instance, Zhao et al. [56] calculated integrated current density 

(0.08 mA/Cm2) from the IPCE plot for Au/Pt/WO3/TiO2 composite which matches well with the 

photocurrent (0.45 mA/Cm2). The similar trend has been followed in APCE (%) where Au/BFO-

Ns heterostructures shows higher efficiency at lower wavelength (Figure 5.10b). The APCE 
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increases at significantly above 580 nm due to surface plasmonic effect of Au NPs. Therefore, it 

is obvious that, the surface modification of semiconductor BFO-Ns by metallic Au NPs improves 

the light absorption in visible region which may consequently increase photon to current 

conversion efficiency values.   

 

Figure 5.10 Calculated (a) IPCE (%) and corresponding integrated current density (product of the 
IPCE spectrum with the AM1.5G photon flux, blue stars) and (b) APCE (%) of BiFeO3 nanosheet (BFO-
Ns) and Au/BFO-Ns photoanodes using same electrolyte within the wavelength range 300 to 700 nm.   

 

5.3.7 Mechanism 

To elucidate the mechanism involved for enhanced photocatalytic activity of Au/BFO 

heterostructures, charge separation was investigated by various photoelectrochemical techniques 

including photoluminescence (PL), capacitance measurement and electrochemical impedance 

spectroscopy (EIS) measurements. Figure 5.11a shows the PL spectra of pure BFO-Ns and 

Au/BFO-Ns heterostructures at an excitation wavelength of 380 nm. It is observed that emission 

band for both BFO-Ns and Au/BFO-Ns is centered at 437 nm but PL intensity decreased for 

Au/BFO-Ns heterostructures [57]. This quenching of emission peak intensity for Au/BFO-Ns 

suggests the strong electronic interaction and improved charge carrier separation at the interface 

between Au and BFO-Ns [32]. Consequently, the improved charge separation lowers the number 

of surface trapped electrons by the oxygen vacancies and defects which is consistent with XPS 

result. Thus, the O 1s peaks at 530.77 eV which comes for surface adsorbed oxygen has been 

removed after heterojunction formation (Figure 5.4d). To further study the PEC properties of BFO-

Ns and Au/BFO-Ns, Mott–Schottky (MS) analysis has been studied in details. Figure 5.11b shows 

the MS plot of pure BFO-Ns and Au/BFO-Ns heterostructures in which the positive characteristic 

slope in the MS plot following the Eq. 5.5, confirms the n-type behaviour of the samples.  
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1

𝐶2  =
2

𝑒𝑁𝐴0

 (𝐸 − 𝐸𝑓𝑏– 
𝐾𝑇

𝑒
)                                                                              (5.5)                                       

where, C is the space charge capacitance (in F cm–2), e is electronic charge in C,  is the dielectric 

constant of the semiconductors (30 for BFO, at room temperature) [10], 0 is the permittivity of 

free space, NA is the charge carrier density in cm–3, Efb is the flat band potential in V, K is the 

Boltzmann constant and T is the temperature in K. The flat band potentials of the synthesized 

materials have been calculated from the MS plot by extrapolating the slope of the plots at 1/C2 = 

0, shows that Efb shift towards more negative potential for Au/BFO-Ns heterostructures, indicating 

the better catalytic activity of the materials towards water reduction reaction (Table 5.2). The VB 

and CB potentials of BFO-Ns and Au/BFO-Ns have been calculated (Table 5.2) and the bandgap 

of BFO-Ns significantly narrowed to 2.05 eV from 2.3 eV. Next, the charge carrier concentration 

(Nd) at the junction has been calculated following the Eq. 5.5 [58].  

 

Table 5.2 Electrochemical parameters calculated from Mott–Schottky plot for BFO-Ns and Au/BFO-
Ns catalysts.  

Catalyst Efb  

in V 

vs 

Ag/AgCl 

ECB 

 in V vs 

RHE 

EVB  

in V vs 

RHE 

Eg  

in eV 

Nd  

in cm-3 

Wsc  

in nm 

LD  

in nm 

BFO-Ns 0.473 0.14 2.46 2.32 0.471017 225 30.2 

Au/BFO-Ns 0.541 0.07 2.12 2.05 0.921017 163 21.6 

 

Therefore, it is clear that Nd has been increased after Au/BFO-Ns heterojunction formation in 

comparison to pure semiconductor BFO-Ns. The increased charge Nd at the semiconductor-

electrolyte interface helps in better reduction of water molecules [59]. The space charge layer 

width (Wsc) and Debye length (LD) of the semiconductors have been calculated further following 

the Eq. 5.6 and 5.7 as given below [60].   

             Wsc = √(
20𝑉𝑠

𝑒𝑁𝑑
)                                                                                                         (5.6) 

            LD = √(
0𝐾𝑇

𝑒2𝑁𝑑
)                                                                                                            (5.7)  

According to Eq. 5.6, Wsc is inversely proportional to the Nd, therefore, the thickness of the space 

charge layer of BFO-Ns reduces after heterostructures formation with Au NPs. The calculated 
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space charge layer width reduces from 225 nm to 163 nm for Au/BFO-Ns heterostructures at an 

applied potential of 0.1V vs Ag/AgCl (Table 5.2). This reduction of Wsc strongly indicates the 

formation of band bending at the electrode – electrolyte surface due to electron transfer from 

semiconductor to electrolyte as the electron density of semiconductor is much higher compared to 

junction point [61]. This band bending greatly affect the space charge layer which contribute in 

formation of electric field near the interfaces. For BFO-Ns (n-type materials) photoexcited holes 

are accumulated on the semiconductor surface which are consumed by the oxidation reactions 

while the electrons are transferred to the counter electrode and used in proton reduction to H2 [57]. 

On the other hand, Debye length (LD) is an important parameter for photochemistry and it is 

inversely proportional to the Nd (Eq 5.7). Basically, LD is a length in which the mobile charge 

carriers screen out the maximum electric field and it is closely related to the space charge region. 

So, the lowering value of LD for Au/BFO-Ns indicates the better charge transfer through the 

junction. The morphological effect on junction capacitance has also been analyzed and the result 

reveals that, Au/BFO-Ns heterostructures possesses the higher amount of charge carrier which 

may results better H2 generation in photochemical process (Table 5.3). The flat-band potential of 

BFO-Ns is almost frequency dependent (Figure 5.11c). In addition, flat-band potential of Au/BFO-

Ns is negatively shifted compared to other heterostructures, indicating the reduced charge carrier 

recombination by enhancing band bending at the interface (Figure 5.11d). Moreover, the above 

results suggest that, heterojunction formation increase the carrier concentration at the electrode – 

electrolyte interfaces by enhancing the specific surface area, reduce the bad gap of the 

semiconductor and space charge layer width which have crucial role in enhancing the 

photocatalytic efficiency. 

 

Table 5.3 Electrochemical parameters calculated from Mott-Schottky plot of the Au/BFO 
heterostructures for three different morphologies of BFO. 

Catalyst NA in cm-3 Wsc in nm LD in nm 

BFO/Au-Ns 1.481017 56.02 17.03 

BFO/Au-Oct 0.921017 71.06 21.6 

BFO/Au-Cyl 0.821017 85.07 32.88 
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Figure 5.11 (a) Photoluminescence spectra of pure BiFeO3 nanosheet (BFO-Ns) and Au/BFO-Ns 
heterostructures at an excitation of 380 nm. Mott–Schottky plots of (b) pure BFO-Ns and Au/BFO-Ns 
heterostructures and in the presence of 0.1 M Na2SO4 electrolytes (pH 7) using an AC frequency of 
1000 Hz. The intercept of the plot (at 1/C2 = 0) has been used to determine the Efb of the BFO-Ns and 
Au/BFO-Ns photoelectrodes. Effect of (c) frequency and (d) various morphology of BiFeO3 (BFO 
nanosheet, octahedral shaped and cylindrical shaped nanostructures) on heterostructures in Mott-
Schottky plot keeping other conditions same.   

 

Further, the charge-transfer properties of the photocatalysts have been investigated by the 

electrochemical impedance spectra (EIS) measurement. Figure 5.12a represents the Nyquist plot 

of BFO-Ns and Au/BFO-Ns electrodes under light and dark, where a single semicircle has been 

obtained, confirms a single charge transfer mechanism of semiconductor–electrolyte interface 

under continuous light illumination [61]. The diameter of the semicircle represents the charge 

transfer resistance of the semiconductor–electrolyte interface. Thus, the low diameter for Au/BFO-

Ns heterostructures implies the smaller resistance and better PEC performance compared to pure 

BFO-Ns semiconductor. The obtained curves are fitted with the Randles equivalent circuit model 
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and the fitting parameters are given in the Table 5.4. From the table, it is evident that, the ohomic 

resistance (Rs) decrease after heterostructures formation i.e. formation of better ohomic 

conductivity, which is helpful to improve the charge separation efficiency. Furthermore, the 

impedance study of Au/BFO-Ns electrode has been conducted in light and dark condition to 

understand the effect of light in charge transferring (Figure 5.12a). In presence of light, both BFO-

Ns and Au/BFO-Ns show low charge-transfer resistance because of the enhanced diffusion of 

electrons with high mobility [62].  

  

Figure 5.12 (a) Nyquist plot of BiFeO3 nanosheet (BFO-Ns) and Au/BFO-Ns using same electrolyte 
under dark and light illumination of 100 mW/cm2 at an applied potential 0.6V vs Ag/AgCl. Inset. 
Equivalent circuit model to analyze the Nyquist plot. (Nyquist plot under dark and light illumination. (b) 
Magnetic hysteresis loop for pure BiFeO3 (BFO-Ns) and Au/BiFeO3 heterostructures at room 
temperature. Inset: magnified views of the low field region. 

 
Table 5.4 The Randles equivalent circuit fitting parameters of Nyquist plots for BFO and Au/BFO 
heterostructures. 

Catalyst Rs/k Rct/k Cct/Mho N 

BFO 161 137  4.39 0.911 

Au/BFO 5.13 44.7 3.9 0.878 

 

The magnetic hysteresis loop (M–H) for pure BFO-Ns and Au/BFO-Ns heterostructures have been 

measured at room temperature to understand the possible effect of magnetism on photocatalysis. 

As shown in Figure 5.12b, a typical ferromagnetic M–H curve with well-developed hysteresis loop 

has been observed for both BFO-Ns and Au/BFO-Ns heterostructures, however having low 

magnetization. The magnetization value is slightly increased for Au/BFO-Ns (0.025 emu/g) 
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compared to BFO-Ns (0.02 emu/g) at 1.5 kOe. Additionally, an exchange bias effect has been 

obtained for Au/BFO-Ns (inset Figure 5.12b) which may arise due to the suppression of spiral 

magnetic structure of BFO-Ns due to formation of heterostructure with Au NPs. However, there 

is an interface between Au and BFO within the Au/BFO heterostructures, which may induce a 

magnetic moment in metallic Au due to the magnetic proximity effect [63]. Such magnetic 

proximity effect arises in heterostructures due to the strong interfacial hybridization between BFO 

nanosheets and Au NPs which is described in the literatures [64]. As a result, the charge transfer 

property would be improved as both the elements of heterostructures possess magnetic moment 

and also a spin arrangement at the interface. Therefore, in presence of applied field, the injection 

rate of polarized carriers has been increased which leads to enhance current density as well as 

photocatalytic activity. From the above experimental results, it is clear that heterostructure 

formation facilitate the photocatalytic activity of BFO due to the combine effects of the strong 

absorption in visible region and compression of bandgap energy, efficient charge separation and 

the promotion of surface redox reactions. The photo generated charge separation within the 

Au/BFO heterostructures have been proposed in the schematic diagram (Scheme 5.1).  

 

Scheme 5.1 Schematic representations of the band edges of Au/BiFeO3 heterostructures and 

proposed mechanism of photocatalytic H2 generation (a) when the incident light wavelength  420 nm, 

(b) when the incident light wavelength  420 nm, hot electron injection from the surface plasmon state 
of Au NPs to CB of BiFeO3 in Au/BiFeO3 heterostructures and (c) photoelectrochemical water splitting 
under visible light irradiation. 

 

In general, the metal NPs possess the property of storing electrons and the electronic state within 

the metal NPs is continuous which follows the Fermi-Dirac distribution [37]. When the 

semiconductor and metal nanoparticles are in contact, a Schottky barrier would be formed via 

Fermi level equilibration between metals and semiconductor. First, the photogenerated electrons 

are distributed between the surface of BFO and Au NPs and then transfer of electrons from the 

(a) (b) (c)
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excited BFO into Au (Fermi level of Au +0.45 V vs RHE) occurs, which continues until the two 

systems attain equilibrium. The equilibrium alignment of the Fermi level for metal and 

semiconductor oxide built an electric field near the interface, which promotes the separation of 

photogenerated charge carriers and more reductive power for the heterostructured system (Scheme 

5.1a) [65-67]. On the other hand, when visible light (  420 nm) is illuminated on the Au/BFO 

heterostructures, resonance may happen with the incident photons and electrons, resulting the 

electronic oscillation with upshifted energy states which is greater than the conduction band (ECB) 

of the neighbouring semiconductor. Under this circumstance, excited electrons of Au (generally 

called hot electrons) may transfer to the ECB of the BFO (Scheme 5.1b) [68]. Next, reduction of 

water has been occurred by these excited electrons and generated H2 from H+ [26, 69, 70]. 

Simultaneously, holes are created in the valence band of BFO which can be quenched by the 

sacrificial agent (methanol) by reacting faster with it rather than water so that recombination of 

photogenerated electrons and holes would be hindered. Therefore, formation of metal-

semiconductor heterojunction considered as a suitable route for enhancing the photocatalytic 

activity through water splitting under UV and visible light. Further, the possible mechanism of 

photoelectrochemical water splitting in presence of Au/BFO electrode, under visible light 

irradiation has been shown in Scheme 5.1c. Here, commercial Pt wire has been used as counter 

electrode. Under visible light illumination, hot electrons which are generated in the Au NPs due to 

SPR effect, are transferred into the CB of the BFO. These photogenerated electrons further transfer 

to the FTO and directly transported to the counter electrode as the external potential has been 

applied. Next, reduction of water has been occurred by these accumulated electrons at the counter 

electrode and generated H2. However, the photogenerated holes remaining in the photoanode can 

efficiently reduce the water molecules into H+ and O2 as they are located in the region of the water 

oxidation potential (1.23 eV). 

 
Table 5.5 Comparative study of photocatalytic performance of BiFeO3 based heterostructures for 
photocatalytic H2 generation.  
 

S. 

No 
Material Amount of H2 generation 

(μmol) 

Reference 

1. BiFeO3/SrTiO3 composite 4.2  17 

2. BiFeO3/Bi2Fe4O9 heterostructures 800  18 
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S. 

No 
Material Amount of H2 generation 

(μmol) 

Reference 

3. BiFeO3–graphene nanohybrids Not determined 20 

4. Pt/ BiFeO3 Not determined 32 

5. Au/BiFeO3 Water splitting, not determine 

the H2 generation 

33 

6. Au modified La doped BiFeO3 films PEC water splitting, not 

determine the H2 generation 

34 

7. Ag/ BiFeO3 Not determined 36 

8. BiFeO3/TiO2 Nanotube Arrays Not determined 62 

9. ITO/ BiFeO3/Pt composite 4000  70 

10. Au/BFO-Ns heterostructures 20,200 Present Work 

11. Au/BFO-Oct heterostructures 16800 Present Work 

12. Au/BFO- Cyl heterostructures 8300 Present Work 

 

5.4 Summary 

In summary, we report a facile hydrothermal method followed by radiolysis for the fabrication of 

Au/BFO heterostructures without using any template and strong reducing agent and investigated 

photocatalytic H2 generation as well as photoelectrochemical water splitting under visible light. 

The presence of Au NPs within BFO nanosheets enhances the visible light absorption by virtue of 

SPR effect. Consequently, two fold enhancements in photocatalytic H2 generation have been 

achieved for Au/BFO heterostructures compared to pure BFO nanosheets. The heterostructure 

formation significantly improves the catalytic activity towards water oxidation by enhancing the 

photoelectrochemical current density (~3.8 times) and long-term stability under longer visible light 

illumination. In PEC measurements, 3.3% absorb photon to current conversion efficiency has been 

achieved for Au/BFO whereas 1.1% for pure BFO nanosheets at wavelength 320 nm. Further, 

Mott–Schottky and EIS measurements confirm effective charge separation at the interfaces of 

heterojunction which lead to enhance the photocurrent generation and H2 evolution efficiencies 

compared to the bare BFO nanosheets. The present contribution represents a general route to 

synthesize other metal-perovskites based heterostructures as a visible light active photocatalysts 

for clean, sustainable, and renewable energy generation. 
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6.1 Introduction 

The ongoing concerns regarding environmental pollution and energy crisis have stimulated current 

research to explore sustainable and clean energy sources [1-3]. In this respect, sunlight-driven 

water splitting using particular photocatalyst has attracted significant attention as a green approach 

for large-scale production of renewable solar hydrogen, which in turn a promising alternative as 

renewable energy because of zero carbon emission and high energy density [4-10]. The steps in 

photocatalytic water splitting are absorption of photon by the catalyst, leading to formation of 

photogenerated electrons and photoinduced holes, then migration of excited charge carriers 

towards the surface where oxidation and reduction reactions take place [4, 6]. Thus, several 

parameters such as ability to absorb a wide range of the solar spectrum, efficient charge transfer 

and oxidation reduction are very crucial to improve the overall efficiency. Therefore, the focus of 

the current research is the development of novel photocatalysts which can possess a high light 

harvesting efficiency along with the improved charge migration. 

Semiconductors are widely used as photocatalyst to harvest solar energy directly and convert into 

chemical energy which could be useful for organic pollutant removal, water reduction to generate 

H2, CO2 reduction etc. [10-13]. TiO2 has been considered as most efficient photocatalyst because 

of its high oxidizing ability, however, the limited absorption in the UV region and slow charge 

transfer rate result in low hydrogen conversion efficiency and quantum efficiency. Moreover, the 

fast recombination rate of electrons and holes due to the high density of the trap state reduce the 

oxidation ability of TiO2 [14]. To overcome this drawback and to extend its spectral response to 

visible light, different methods have been followed, including metal and non-metal doping [12, 15, 

16], coupling of TiO2 with other semiconductor materials [17, 18], polymers [19, 20], graphene 

[21], dye sensitization [22], Mott-Schottky junctions with metals such as Au, Ag, Pt, Bi, Cu, [23, 

24] crystal facet engineering etc. Doping is considered as an effective route to extend the light 

absorption towards longer wavelengths by introducing additional energy states within the valence 

band (VB) and conduction band (CB) of the TiO2. These additional states can inhibit the electrons-

holes recombination by trapping the excited carriers [25]. In this way, more charge carriers could 

be successfully diffused to the surface of the photocatalyst and facilitates the charge separation. 

In particular, doping of Bi3+ into semiconductor photocatalysts may influence the luminescence 

efficiency by reducing the photo-induced electron-hole recombination, which further improves the 

catalytic performance [26-30]. Additionally, oxygen vacancy can be generated at the intermediate 
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level that may trap electrons to form the active radicals. Very recently, Li et al. [31] showed that 

doping of Bi3+ into ZnWO4 semiconductor enhanced the photocatalytic activity for NO removal 

due to formation of oxygen vacancy. These oxygen vacancy increase the oxygen molecule 

adsorption at the semiconductor surface to generate superoxide radicals (O2
). Wu et al. [28] also 

reported that the optimal doping of Bi (1.0 mol%, both Bi3+ and Bi0 state exists in ratio of 3: 1) 

into TiO2 lattice enhanced the photocatalytic H2 generation and Rhodamine B decolorization. On 

the other hand, semimetal Bi0 can also exhibits a direct surface plasmonic resonance effect like 

novel metals (Au, Pd, Ag, Pt), that enhances the light absorption up to visible region [28]. Thus, 

Bi0 has been considered as one of the promising candidate to increase the visible light harvesting 

and photocatalytic activity.  For example, Lv et al. [32] fabricated Bi−Bi2MoO6/CdS-DETA all-

solid-state Z-scheme heterostructures which exhibited high H2 generation through water splitting 

due to surface plasmonic resonance effect of Bi nanoparticles. Bi promoted a novel Z‑ Scheme 

Bi−BiOCl/AgCl heterojunction has been developed by Du et al. [33], which showed five times 

enhanced H2 generation rate compared to bare BiOCl under visible light due to improved 

electron−hole transfer and separation through Bi. Moreover, Bi-nanoparticles can form Schottky 

barrier when it attached with other semiconductors and provide internal electric field to accelerate 

the charge separation efficiency. Recently, Hao et al. [34] demonstrated that presence of Bi0 on the 

surface of Bi-doped (in Bi3+ state) TiO2 formed Mott-Schottky junction, which promoted the light 

harvesting and the charge transfer ability. Magnussion et al. [35] also developed a Schottky barrier 

between Bi nanoparticles and ZnO through photoelectron spectroscopy under ultrahigh-vacuum 

conditions. It is clear that Bi doping either in Bi0 state or Bi3+ state into the semiconductor band 

structure could lead a positive impact to improve the solar light absorption ability for longer 

wavelengths. However, the efficiency of the photocatalytic reaction may control by the oxidation 

state of the Bi which play a key role in bandgap engineering. Thus, mechanistic understanding of 

the valence state of metal dopant in the photocatalytic reactions is of significant important. 

Beyond conventional semiconductors, transition-metal dichalcogenide materials, consisting of 

single or few-atom thick covalently bonded lattices have attracted immense interest in 

photocatalysis due to some unique properties, such as optical, electrical, photonic, mechanical, 

catalytic etc. which are originated from two-dimensional (2D) layered structure [36, 37]. Among 

transition-metal dichalcogenides, single or few layers molybdenum disulfide (MoS2) found to be 

very attractive in terms of physical, electrochemical properties and mainly applied in diverse areas; 
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for examples photovoltaics [38], energy storage [39,40], supercapacitors [41], biosensors [42] and 

photocatalytic H2 generation [43-47]. Bulk MoS2 is an indirect bandgap semiconductor 

(bandgap∼1.2 eV) and showed indirect to direct bandgap transition for monolayer MoS2 (~1.9 eV) 

due to the quantum confinement effects [48, 49]. Interestingly, the coordination of the Mo atom 

and its d-electrons have a crucial role in determining the electronic structure of MoS2, makes it an 

important candidate for photocatalysis. Moreover, the dangling bonds and unsaturated 

coordination of MoS2 edges offers opportunities for surface-active applications [50-53]. MoS2 can 

fabricate a van der Waals heterostructure by vertically stacked with other semiconductor, which 

overcome the weakness of single 2D layered material and extend its electronic and optoelectronic 

properties by introducing new physics at the interface. For example, n-type monolayer MoS2 

developed a p-n junction with type-II band alignment after stacking on p-type WSe2 [54]. Ceballos 

et al. [55] showed ultrafast charge separation and long-lived interlayer excitons in out-of-plane 

MoS2-MoSe2 heterostructure. Recently, Li et al. [44] fabricated (MoS2-TiO2)/Au ternary 

component hybrid materials which enhance the photoelectrochemical current density under visible 

light. Moreover, MoS2 has been reported as an efficient electrocatalyst for H2 evolution reaction 

through water splitting, owing to the nanosized edge defects which are preferential for H2 

adsorption [45-47]. Thus, few-layered MoS2 nanosheets may serve as co-catalyst for improving 

the efficiency of H2 evolution. 

On the other hand, silver vanadium oxide (AgVO3) have attracted enormous attention in 

photocatalysis due to its high crystallinity and low bandgap (2.6 eV) with visible light absorption 

[48]. Unique hybridization of V 3d, O 2p and Ag 4d orbitals in AgVO3 gives rise to a highly 

dispersed valence band (VB), resulting in a narrow bandgap, however, poor charge separation 

capability remains an unresolved issue [49]. In another example, Liu et al. [50] developed Z-

scheme composite of g-C3N4@Ag/AgVO3 which exhibited higher photocatalytic activity for dye 

degradation and antibacterial disinfection under visible light irradiation. Wang et al. [51] 

fabricated Z-scheme Ag/AgI/AgVO3 nanocomposites by a facile in-situ ion-exchange method and 

showed selective oxidation of benzylic amine to imine and reduction of toxic Cr(VI) ions under 

visible light due to formation of charge migration bridge by Ag0 species which effectively enhance 

the charge separation between AgI andAgVO3. Although, reported silver based Z-scheme system 

have shown excellent catalytic activity for organic pollutant degradation [52-54], water splitting 
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[55-58],  CO2 reduction [59, 60], degradation of antibiotics [51, 61] etc. but AgVO3 based Z-

scheme system for photocatalytic H2 generation has not been tested yet.    

Herein, a heterostructures has been developed by assemble of Bi modified TiO2 nanoparticles on 

the surface MoS2 nanosheets by chemical method. Introduction of Bi into the TiO2 crystal reduce 

the bandgap of TiO2 and make it suitable for visible light absorption whereas, presence of MoS2 in 

the heterostructures enhances the H2 generation activity by water reduction. At the same time, 

MoS2/Ag-AgVO3 heterostructures has been fabricated for photocatalytic H2 generation under 

visible light. The fast interfacial charge transfer efficiency of MoS2/Bi-TiO2 and MoS2/Ag-AgVO3 

heterostructures have been explained by photoelectrochemical analysis. Possible p-n junction and 

all solid state Z-scheme charge transfer mechanism have been proposed for MoS2/Bi-TiO2 and 

MoS2/Ag-AgVO3 heterostructures by analysing the energy-band structure of the component 

elements.  

 

6.2 Experimental 

Bulk molybdenum sulphide (MoS2) powder, Bi(NO3)3. 5H2O, polyvinylpyrrolidone (PVP), TiO2 

powder, Silver nitrate (AgNO3, 99%), ammonium monovanadate (NH4VO3, 99%) and ethanol 

(C2H5OH), methanol (CH3OH) were procured from the Sigma Aldrich, USA. All the chemicals 

had been used as received. Ultrapure water was used as solvent (18.2 M cm). 

Few layers of MoS2 nanosheets were synthesized by surfactant assisted exfoliation method 

followed by the similar method developed by Wang et al. [56] with some modification. MoS2 

powder (0.4 g) and 0.5 g of PVP as stabilizer were dispersed in 200 ml of deionized water and 

stirred vigorously for 30 mins at 70C. Then, the solution was bath sonicated for 1h and then probe 

sonicated for 4h at 50 kHz frequency. Finally, washing and centrifugation were done at 10,000 

rpm for five times using water, ethanol and then dried in an oven at 60C [45]. 

A series of Bi doped TiO2 (Bi-TiO2) having different molar concentration of Bi(NO3)3. 5H2O, (1 

 5 mM) were prepared by a facile chemical reduction method. At first, 50 mg TiO2 was dispersed 

in 50 ml deionized water by stirring for 30 mins. After that, the certain amount of Bi(NO3)3. 5H2O 

was added and stirred for another 15 mins. At the same time, 10 ml NaBH4 (3 15 mM) solution 

was prepared which was added dropwise into the above solution and stirred for 10 mins. The 

amount of Bi(NO3)3. 5H2O and the NaBH4 was taken in a 1: 3 molar ratio. Next, the sample was 

collected by centrifugation with water, ethanol and dried overnight in an oven (60C).  
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At first, 50 mg ultrasonicated MoS2 was dispersed in 50 ml of deionized water and stirred for 30 

min. Then 10 weight % of Bi-doped TiO2 (using 2 mM of Bi) was added into the mixture with 

continuous vigorous stirring at room temperature for 24h in dark condition. The concentration of 

Bi-doped TiO2 is varied from 1, 5, 10 to 20 weight % and levelled as MBT-1, MBT-5, MBT-10 

and MBT-20. The final solution was centrifuged at 12000 rpm for several times. After drying the 

precipitate at 60°C for overnight, MoS2/Bi-TiO2 composites were ready for photocatalytic 

application. 

The MoS2/Ag-AgVO3 heterostructures were synthesized by co-precipitation (CP) method. At first, 

the prepared MoS2 nanosheet (35 mg) was dispersed in 35 ml of deionized water with vigorous 

stirring for 30 mins.  Next, 10 mmol of AgNO3 was added into the above solution and stirred for 

30 mins at room temperature. At the same time 10 mmol of NH4VO3 solution were prepared in 

another 35 ml of water. After that, the NH4VO3 solutions were mixed with the above solution 

quickly. A precipitation had been occurred and the solution colour changed into yellow. The co-

precipitation was collected, washed with distilled water and ethanol several times, and finally dried 

in an oven at 50°C for overnight. The Ag-AgVO3 was prepared to compere the data by following 

the same method without using MoS2. 

The morphology, size and analysis of elements were studied by FESEM (Carl-Zeiss, LEO. 430i, 

Sigma) and TEM (Tecnai G2, 30ST). Phase purity of the synthesized materials was confirmed by 

XRD within 20 to 80 (2 range) at 40 kV and 40 mA. A Cu Kα radiation was used in Philips 

X’Pert, The Netherlands to obtain the X-ray beam. Raman spectra of the synthesized material were 

studied by Jobin Yvon HR800 instrument to get the idea of number of layers, phase and defects in 

the MoS2, as well as the crystallinity, phase composition of the TiO2 and AgVO3. A 540 nm laser 

beam had been employed on the sample surface. Further, valence of the elements was confirmed 

by XPS spectroscopy using PHI 5000 spectrophotometer, Versa Probe II. The optical properties 

of the materials were studied by Shimadzu, UV-3600 spectrophotometer and photocatalytic H2 

evolution rate were determined by online gas chromatography through the YL Instrument, 6500GC 

system. The thermal stability of the materials was investigated using thermogravimetric analysis 

(TGA, NETZSCH, STA 449 F3, Jupiter). The test was carried out in air with a heating rate of 

10C min1 from room temperature to 800C. The Bi content in the TiO2 was determined by a 

Spectro Ciros Vision inductively coupled plasma atomic-emission spectroscopy (ICPAES) 

instrument, Spectro GmbH, Germany. 
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Online gas chromatography was employed to measure the H2 generation rate quantitatively. Water-

methanol Ar saturated solution of 50 mL (25 volume % methanol) having 25 mg catalyst had been 

taken in a closed reactor. H2 generation was measured under continuous light illumination of 100 

mW cm2 from a Xe-arc lamp (250W). Photoelectrochemical properties of the materials were 

measured by galvanostat-potentiostat (Autolab, PGSTAT302N, The Netherlands). A Pt wire, 

saturated Ag/AgCl electrode and a thin film of as prepared material on FTO were used as counter 

electrode, reference electrode and working electrode respectively. The linear sweep 

voltammograms (LSV) of the prepared photoanodes were taken in presence of 0.1 M Na2SO4 

phosphate buffer (pH 7) within the potential of0.4V to 1V vs Ag/AgCl at a scan rate 10 mV s1 

under light illumination. Chronoamperometry (CA) was employed to check the stability and light 

sensitivity of the prepared photoanodes at 0.26V vs Ag/AgCl under chopping condition. The 

obtained potentials were converted into reversible hydrogen electrode (RHE) by following the 

equation 5.1. Next, junction capacitance and the charge transfer resistance of the photoelectrodes 

were measured through Mott-Schottky (M-S, potential range 1.0V to 1.5V vs Ag/AgCl, 

frequency1000 Hz, voltage10 mV) and Nyquist experiments 

 

6.3 Results and Discussion 

6.3.1 Morphology 

The synthesis strategy for MoS2/Bi-TiO2 and MoS2/Ag-AgVO3 heterostructures has been shown 

in Scheme 6.1.  

 

Scheme 6.1 Schematic depiction of synthesis of MoS2/Bi-TiO2 and MoS2/Ag-AgVO3 heterostructures 
by chemical mixing and co-precipitation method, respectively. 
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The morphology and microstructural properties of the MoS2 and the composites have been studied 

by FESEM, TEM and high resolution TEM (HRTEM). Figure 6.1a and 1b shows the FESEM 

images of MoS2 powders before and after probe sonication.  

 
Figure 6.1 FESEM images of (a) bulk MoS2 powder, (b) MoS2 nanosheets. TEM images of (c) MoS2 
nanosheets, (d) Bi modified TiO2 (using 2 mM Bi), (e) high resolution (HRTEM) and (f) selected area 
electron diffraction pattern of Bi modified TiO2 (using 2 mM Bi).   

 

It can be clearly observed that thin layers of MoS2 nanosheets are formed after 4h probe sonication 

from MoS2 powder (Figure 6.1b). Figure 6. 1c shows the TEM image of MoS2 nanosheets, consists 

of multiple layers which are highly crystalline. The HRTEM identifies lattice fringe of 0.23 nm 

(inset of Figure 6.1c) corresponding to the (100) hexagonal facets of MoS2 [44]. Figure 6.1d and 

1e present TEM and HRTEM images of TiO2 nanoparticles after Bi modification, where the crystal 

fringe of 0.35 nm identifies the (101) planes of TiO2 in anatase phase [47]. Moreover, 

polycrystalline nature of TiO2 nanoparticles has been confirmed by the selected area electron 

diffraction pattern (SAED) (Figure 6.1f).  
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Figure 6.2 (a) TEM image, (b) HRTEM image, (c) SAED pattern and (d) EDX spectrum of MoS2/Bi-
TiO2 (MBT-10) heterostructures.  

 

Figure 6.2a shows the TEM image of MoS2/Bi-TiO2 composite (10 weight% Bi-TiO2 (2 mM Bi) 

loaded MoS2), where average ~40 nm spherical Bi modified TiO2 nanoparticles are formed on the 

surface of MoS2 nanosheets after 24h slow stirring. The HRTEM image shows the clear lattice 

fringes which are perfectly aligning across the entire surface (Figure 6.2b), reveals the single-

crystallinity of MoS2 nanosheet. The lattices fringes of ~0.27 nm can be indexed to (100) planes 

of hexagonal MoS2 [45]. The corresponding SAED pattern shows an ordered array of bright spots, 

represents the single crystallinity of MoS2 along with the rings correspond polycrystalline TiO2 

(Figure 6.2c). The energy-dispersive X-ray (EDX) spectrum illustrates the chemical composition 
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of MoS2/Bi-TiO2 heterostructures which composed of Mo, O, Bi, Ti and S (Figure 6.2d). Ag NPs 

decorated 1D AgVO3 nanorods with a size of 200 nm in width and more than 6 µm in length have 

been obtained through co-precipitation method at room temperature (Figure 6.3a and 3b). The 

lattice spacing of ∼0.236 nm correspond to the (111) plane of metal Ag (Figure 6.3c). The SEAD 

pattern identifies the (110) plane of AgVO3 (Figure 6.3d). 

 

Figure 6.3 FESEM images of (a) Ag-AgVO3 and (b) MoS2/Ag-AgVO3 heterostructures. (c) HRTEM 
image and (d) SEAD pattern of Ag nanoparticle. 

 

TEM image of Ag-AgVO3 further reveals that very small Ag NPs are formed on the surface of 

AgVO3 nanorods (Figure 6.4a). Additionally, the high resolution TEM (HRTEM) identifies two 

set of different lattice fringes. The lattice fringe ~0.26 nm matches well with the (131) plane of 

-AgVO3 NPs (Figure 6.4b) [51]. Moreover, the corresponding selected area electron diffraction 

(SAED) pattern supports the single crystallinity of each individual AgVO3 nanorod in which the 

diffraction spots with d-values of ~0.35 nm and ~0.73 nm assigned to the (220) and (110) planes 

of the α-AgVO3 (Figure 6.4c) [62]. The TEM images (Figure 6.4d and 6.4e) of heterostructures 

exhibit an interconnected architecture, consisting of thin layers of stacked 2D MoS2 nanosheets 
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and AgVO3 nanorods. Further, the magnified TEM image of the heterostructures shows that Ag 

NPs decorated AgVO3 nanorods are dispersed on the surface of MoS2 nanosheets, implies an 

assembly between nanorods and nanosheets through an electron mediator.  

 

Figure 6.4 (a) TEM image, (b) HRTEM image and (c) SAED pattern of Ag-AgVO3 synthesized at room 
temperature. (d) Low and (e) High magnification TEM images and (f) EDX spectrum of MoS2/Ag-
AgVO3 heterostructures. 

 

However, the energy-dispersive X-ray (EDX) spectrum illustrates the chemical composition of 

MoS2/Ag-AgVO3 heterostructures which composed of Ag, V, O, Mo and S (Figure 6.4f). The 

atomic ratio of Mo and S is 1:2 calculated from EDX. However, the atomic ratio of Ag, V and O 

is about 1.2:1:3, which is close to the stoichiometric ratio of AgVO3 (1:1:3). As Ag NPs are also 

formed, total atomic weight is slightly greater for Ag. Thus, heterostructures formation between 

MoS2 and AgVO3 does not change the stoichiometric ratio of individual MoS2 and AgVO3.  

 

6.3.2 Structural Analysis 

The XRD pattern of TiO2 nanoparticles match very well with the JCPDS No. 21-1272, can be 

indexed to anatase phase (Figure 6.5a) [44]. After Bi modification (using 1 mM and 2 mM Bi), no 

shifting or extra significant diffraction peak of Bi species have been observed, indicating the 

doping of Bi does not affect the crystal structure of TiO2 at low concentration.  
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Figure 6.5 (a) XRD pattern of TiO2, Bi-doped TiO2 (using 2mM Bi), MoS2 and MoS2/Bi-TiO2 (MBT-10) 
heterostructures. (b) XRD of Bi-modified TiO2 materials which are synthesized using 1 mM, 2 mM, 3 
mM, 5 mM and 10 mM Bi-salt.  

 

However, at higher loading concentration (using 3 mM, 5 mM Bi and 10 mM Bi), prominent 

diffraction peaks of metallic Bi arises (Figure 6.5b). Therefore, 2 mM Bi concentration has been 

fixed for doping. On the other hand, the XRD pattern of the MoS2 indicates the hexagonal phase 

of MoS2 (JCPDS no. 37-1492) [63]. However, the XRD pattern of MoS2/Bi-TiO2 shows mainly 

MoS2 peaks along with (101) diffraction peaks of anatase TiO2 (Figure 6.5a). This result 

demonstrates the heterostructures formation and co-existence of MoS2 and TiO2 in the composite 

sample.  

 

Figure 6.6 TG analysis of Bi-doped TiO2 as photocatalyst with various loading concentration. The Bi 
doping samples are marked as (i), (ii), (iii), (iv) according to the amount of Bi-salt used during the 
synthesis (1 mM, 2 mM, 3 mM and 5 mM) respectively. 
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Further, the quantity of Bi concentration in Bi-TiO2 samples has been calculated from the 

thermogravimetric analysis and the inductively coupled plasma atomic-emission spectroscopy. 

With increase the loading concentration, the stability of the TiO2 has been improved (Figure 6.6). 

The wt% of Bi calculated from TG and ICP-AES are summarized in Table 6.1. 

 

Table 6.1 Bi loading (wt %) calculated from the TGA and ICP-AES. 

Bi-doped TiO2 material 

 

Loading % Bi 

From TGA From ICP-AES 

TiO2 doped with 1mM Bi-salt  0.63 1.14 

TiO2 doped with 2 mM Bi-salt  3.64 3.39 

TiO2 doped with 3 mM Bi-salt  4.04 4.12 

TiO2 doped with 5 mM Bi-salt  5.85 7.04 

 

Figure 6.7a illustrates the XRD patterns of Ag-AgVO3, MoS2 and MoS2/Ag-AgVO3. The strong 

peaks at 2 values of 25, 27.5, 28.32, 29.8, 31.58, 32.14, 32.95, 34.97, 39.5 and 40.5 can 

be assigned to the diffraction plans of (220), (310), (201), (311), (221), (131), (002), (311), 

(400) and (420) for AgVO3 which confirms the monoclinic α-phase of AgVO3 with space group 

C2/c (JCPDS No. 15-50645) [64]. The diffraction peaks at 2 values of 38.1 and 44.3 are 

represent the presence of Ag nanoparticles [JCPDF card 04–0783] [64]. The characteristic (100), 

(103), (105) and (110) peaks of MoS2 indicate the hexagonal phase of MoS2 (JCPDS no. 37-1492) 

[65]. After heterostructures formation, (220), (310), (201), (131), (311), (400) and (420) remains 

unchanged, whereas a new diffraction peak comes at 31.75 which may be the combined peak of 

(221) and (131) located at 31.58and 32.14 for pure Ag-AgVO3.  
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Figure 6.7 (a) XRD patterns, (b) FTIR spectra and (c) Raman spectra of the synthesized Ag-AgVO3, 
bare MoS2 and MoS2/Ag-AgVO3 heterostructures. 

 

The chemical structures of the heterostructures and the interactions between MoS2 and AgVO3 

have been further studied by FT-IR and Ramam analysis. The Ag-AgVO3 shows characteristic 

peaks at ~3456, ~1641, ~1383, ~1113, ~928, ~775, ~635 and ~509 cm1 (Figure 6.7b). The peaks 

at ~3456 cm1 correspond to OH stretching vibration and bending vibration of physisorbed water 

molecules and ~1641 cm1 correspond to surface hydroxyl groups [50]. A peak at ~928 cm1 arises 

due to the symmetric stretching vibrations of VO3 whereas, additional peaks at ~775 and ~635 

cm1 are assigned to the antisymmetric stretching vibrations of VO3 [55]. The symmetric stretching 

mode of V–O–V units are confirmed by the presence of FTIR peak at ~509 cm1 as reported earlier 

[59]. New vibration peaks appear at ~1107 cm1 and ~621 cm1 in heterostructures, which are 

attributed to the characteristic peaks of MoS2 [56]. Furthermore, the as-prepared materials have 
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been characterized by the Raman spectroscopy. Figure 6.7c shows the Raman peaks of Ag-AgVO3, 

bare MoS2 and MoS2/Ag-AgVO3 heterostructures. The characteristic peaks of Ag-AgVO3 at ~919 

cm1, ~867 cm1, ~809 cm1, ~624 cm1, ~526 cm1, ~332 cm1 and ~213 cm1 are well matched 

with the previously reported literatures (Figure 6.7c) [51]. The Raman peaks at ~919 and ~867 

cm1 correspond to V=O stretching vibration and peaks at ~624 and ~526 cm1 are attributed to the 

VOV stretching vibration. Further, peak at ~809 cm1 is originated from the VOAg stretching 

vibration [51]. However, the MoS2 exhibits characteristics Raman peaks at ~380 and ~407 cm1 

corresponds to in-plane E2g
1 mode and the out-of-plane A1g mode respectively which are consistent 

with Raman results of monolayer MoS2 in the reported literature. The inplane E2g
1 mode originates 

due to opposite vibration of two S atoms with respect to the Mo atom and the A1g mode arises due 

to the out-of-plane vibration of S atoms [57]. In heterostructures, both Raman peaks of MoS2 and 

AgVO3 are present whereas, a blue shift has been observed for VOV bans which suggests the 

bond length becomes weaker due to presence of a covalent bond between MoS2 and AgVO3 [57]. 

Moreover, this result again confirms the heterostructures formation between AgVO3 and MoS2. 

 

6.3.3 XPS Analysis 

XPS analysis has been studied further to analyze the surface chemical composition and valance 

state of the components. The XPS survey spectra confirms that the sample is composed of Mo, S, 

Ti, Bi and O (Figure 6.8a). The peaks at ~229.4 eV and ~232.7 eV having spin–orbit separation of 

~3.2 eV are ascribed to Mo 3d5/2 and Mo 3d3/2 state respectively, indicating Mo4+ state of Mo [45]. 

The characteristic peaks corresponding to S 2p1/2 and S 2p3/2 in MoS2/Bi-TiO2 composite are 

located at ~163.1 eV and ~161.9 eV respectively. The peaks are separated by ~1.22 eV which 

confirms the S2- of S (Figure 6.8b) [45]. The XPS peaks at ~164.5 eV (Bi 4f5/2) and ~159.2 eV (Bi 

4f7/2) indicate the Bi3+ state of Bi (Figure 6.8c) [66]. Moreover, the binding energies of ~464.3 eV 

and ~458.8 eV correspond to the Ti 2p1/2 and Ti 2p3/2 confirms that Ti present in Ti4+ state within 

the heterostructures (Figure 6.8d) [44]. The fitted O 1s spectra shows two peaks (Figure 6.8e), one 

for the lattice oxygen (at 530.2 eV) and another for surface hydroxyl oxygen (at ~531.7 eV) [46]. 

Figure 6.9a represents the XPS survey spectra of Ag-AgVO3, MoS2 and MoS2/Ag-AgVO3 

heterostructures where peaks at binding energy ~159.5, ~229.7, ~364.2, ~515.6, ~528.6 and 

~571.3 eV correspond to S, Mo, Ag, V and O respectively, supporting the formation of 

heterostructures. Figure 6.9bd illustrates the magnified XPS spectra of Ag 3d, V 2p, O 1s, 
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regions. The core level Ag 3d spectra display a doublet signal with binding energies of 367.9 eV 

and 373.9 eV corresponds to Ag+ 3d5/2 and Ag+ 3d3/2 respectively. Notably, a strong peaks at 368.4 

eV has been observed after fitting which is ascribed to the presence of Ag0 state [67].  

 

 

Figure 6.8 (a) The surface survey XPS spectra of the MoS2/Bi-TiO2 (MBT-10) heterostructures and 
the bare MoS2. Magnified XPS spectra for (b) Mo 3d, (c) Bi 4f, S 2p, (d) Ti 2p and (e) O 1s of MoS2/Bi-
TiO2 (MBT-10) heterostructures. The scattered lines represent the experimental data and solid lines 
for fitted data.   

 

In addition, the heterostructures formation with MoS2 leads to a shift of the Ag 3d peaks toward 

the higher binding energy side with a value of ~0.38 eV (Figure 6.9e). Peak shifting indicates a 

possibility of sharing electrons with neighbouring atoms in terms of asymmetry in the bond 

arrangements, which creates an extra pressure on the electrons. So, slightly high binding energy is 

required for ejection of electrons compared to base material during the excitation process. 

Moreover, the shifting towards high binding energy implies a band bending which results a charge 

redistribution at the interface as well as indicates the decrease of electron density in the Ag+ cation, 

which implies an electron transfer from the AgVO3 to MoS2 [67]. As shown in Figure 6.9c, V 2p 

signal represents two peaks at ~516.4 eV and ~523.9 eV are attributed to the binding energies of 

V5+ 2p5/2 and V5+ 2p3/2 [68].  
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Figure 6.9 (a) The XPS spectra of the Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 heterostructures. 
Magnified XPS spectra of (b) Ag 3d, (c) V 2p, (d) O 1s of MoS2/Ag-AgVO3 heterostructures. The 
magnified XPS spectra of (e) Ag 3d of the bare Ag-AgVO3 and MoS2/Ag-AgVO3 heterostructures.  
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Hence, the XPS spectrum of O1s shows two peaks at ~529.9 eV and ~531.6 eV, which could be 

assigned to the binding energies of V–O bond and surface adsorbed oxygen respectively (Figure 

6.9d) [69]. Figure 6.10a and 10b shows the magnified XPS spectra of Mo 3d and S 2p. The strong 

peaks located at binding energies of ~232.7 eV and ~229.4 eV are ascribed to Mo 3d3/2 and Mo 

3d5/2 respectively, in which the spin–orbit separation of 3.2 eV suggests Mo4+ state of Mo (Figure 

6.10a) [70].  

 

Figure 6.10 Magnified XPS spectra of (a) Mo 3d, (b) S 2p of MoS2/Ag-AgVO3 heterostructures. The 
magnified XPS spectra of (c) Mo 3d and (d) S 2p of the bare MoS2 and MoS2/Ag-AgVO3 
heterostructures.  

 

In addition, the characteristic peaks obtained at ~161.9 eV and ~163.1 eV (separated by 1.22 eV) 

correspond to S 2p3/2 and S 2p1/2 respectively, confirming S2- state of S within the MoS2/Ag-AgVO3 

heterostructures (Figure 6.10b) [71]. Moreover, the peak intensity of Mo 3d and S 2p peaks have 
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been increased after heterostructures formation, indicating electrons are diffused towards the 

surface  (Figure 6.10c and 6.10d) as the intensity of peak is directly depends on the number of 

electron in the respective chemical state [71]. Thus, XPS spectra suggest the co-existence of MoS2, 

AgVO3 and heterostructures formation.   

 

6.3.4 Optical properties 

The optical absorbance of MoS2, TiO2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructures has been 

measured by UV-Vis spectroscopy from 300 nm to 900 nm wavelength at room temperature which 

shows three distinct absorption peaks (Figure 6.11a). The doublet peak at ~629 nm and ~685 nm 

with splitting energy ~0.16 eV is well consistent with the ideal value for MoS2 (0.15 eV, 

theoretically calculated) [72]. The peaks arise due to the direct electronic transition at the K point 

of first Brillouin zone. However, the energy difference between two peaks arises from the spin–

orbit coupling of the VB [73]. A broad peak at 400 to 600 nm has been observed which originates 

from the interband transition between occupied and unoccupied Mo 3d orbitals in the K-point of 

first Brillouin zone [60]. In comparison to the pure MoS2, the peak positions of MoS2/Bi-TiO2 are 

slightly red shifted because of the interaction between two components, indicating a decrease in 

the bandgap.  

 

Figure 6.11 UV-Vis absorption spectra of (a) bare MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 (MBT-10) 
heterostructures and (b) Ag-AgVO3, MoS2/Ag-AgVO3 heterostructures. 

 

Figure 6.11b illustrates the UV–Vis absorption spectra of Ag-AgVO3, and MoS2/Ag-AgVO3 

heterostructures. The bare Ag-AgVO3 exhibits absorption both in the UV and visible regions. 

Interestingly, after heterostructure formation absorption intensities of MoS2/Ag-AgVO3 increase 
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at each wavelength and the absorption edge shifts to near IR region. Thus, presence of Ag NPs 

remarkably enhance the absorption of light by virtue of SPR effect which induce a local 

electromagnetic field at the interfaces of the semiconductors. As a result, electron-hole pair 

formation and separation ability at the interfaces increases, which would be helpful to achieve 

efficient photocatalytic activity under visible light. 

 
Figure 6.12 Kubelka–Munk [(αhν)2 vs photonenergy (hν)] plot of (a) bare MoS2 and (b) MoS2/Bi-TiO2. 
(c) UV-Vis spectra of TiO2 (Inset: Kubelka–Munk of TiO2) and (d) Bi-doped TiO2, (Inset: Kubelka–Munk 
of Bi-doped TiO2). (e) Kubelka–Munk plot of Ag-AgVO3. 
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Further, the bandgap of the materials was calculated by extrapolating the tangent of Kubelka–

Munk (αhν)2 vs hν plot. Here “α” is absorption coefficient and “hν” is photon energy [62]. Initially, 

the calculated bandgap for Bi-TiO2 was ~2.5 eV which is lowered from the pure TiO2 (3.21 eV) 

and further significantly lowered after formation of heterostructures with MoS2 (~1.74 eV) (Figure 

6.12bd). The doping of Bi ions is mainly responsible for the bandgap reduction of TiO2, because 

of the formation of intermediate energy levels between the top of the Bi3+ 6s band and the bottom 

of theTi4+ 3d band [28, 29]. However, Bi3+ 6s level is located above the VB of TiO2 [30]. Thus, it 

can be concluded that, incorporation of Bi-content effectively narrowing the bandgap of TiO2 and 

make active for visible light absorption. The calculated Eg of the MoS2 and Ag-AgVO3 are 1.63 

eV and 2.8 eV respectively (Figure 6.12a and 12e). 

 

6.3.5 Photocatalytic H2 Generation 

The photocatalytic activity of the as synthesized materials has been studied by measuring the 

amount of H2 generation through water reduction under visible light illumination. For this 

experiment, 25 volume % of methanol has been taken as hole scavenger as it can react with the 

photo-induced holes usually faster compare to water, leaving excess photogenerated electrons in 

the electrolyte for reduction reactions. The effect of Bi-doping on TiO2 for the photocatalytic H2 

generation has been studied (Figure 6.13a). With the increase of Bi-content, the H2 generation rate 

has been improved due to presence of additional electronic states between the VB and CB of TiO2. 

Consequently, probability of electron hole recombination may be reduced which enhance the 

catalytic activity. Moreover, the effect of Bi-TiO2 loading on MoS2 has been studied. It has been 

clearly shown from the Figure 6.13b that with increase the Bi-TiO2 loading (1 to 20 wt %), H2 

generation rate has been increased up to a certain concentration because of the increment of active 

sites on the MoS2 surface for water reduction. Further increase in loading concentration falling 

down the photocatalytic activity, which may happen because of excessive loading of Bi-doped 

TiO2 on the MoS2, leads aggregation of Bi-TiO2 nanoparticles. Clearly, after heterostructures 

formation with MoS2, the photocatalytic activity of TiO2 has been enhanced. The MoS2/TiO2 (10% 

loading of TiO2, (MT-10) heterostructures shows six and three fold enhanced H2 generation (~367 

µmol g–1) compared to pristine TiO2 (57 µmol g–1) and bare MoS2 (~130 µmol g–1) respectively. 

However, the heterostructures composed of MoS2 and Bi-doped TiO2 shows highest H2 generation 

of ~512 µmol g–1 in 4h of visible light illumination, which may be attributed to the enhance light 
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absorption by Bi-doped TiO2 and availability of active sites for hydrogen evolution (Figure 6.13c) 

[75]. Moreover, MoS2/Bi-TiO2 heterostructures displayed a linear evolution of H2 for the entire 

period (Figure 6.13d).  

 

Figure 6.13 (a) Photocatalytic H2 generation using Bi-doped TiO2 as photocatalyst with various loading 
concentration which are synthesized using (i) 1 mM, (ii) 2 mM, (iii) 3 mM and (iv) 5 mM Bi-salt. The H2 
data of bare TiO2 has been incorporated to compare the doping effect. (b) Effect of Bi-TiO2 loading on 
MoS2. (c) Photocatalytic H2 generation in presence of MoS2, MoS2/TiO2-10 (MT-10) and MoS2/Bi-TiO2 
heterostructures (MBT-10) after 240 mins of visible light irradiation. (d) Photocatalytic H2 generation 
rate of MBT-10 with linear fitting.  

 

On the other hand, solution pH has a crucial role in controlling the photocatalytic activity of the 

catalyst. At neutral pH (pH 7) MBT-10 showed highest activity (Figure 6.14a). Figure 6.14b 

implies that the MoS2/Bi-TiO2 heterostructure can be reused at least three times for H2 generation. 

To check the structural stability, XRD and FESEM of MoS2/Bi-TiO2 heterostructure have been 

studied before and after catalysis. All the characteristic peaks are present after catalytic reaction 

and no other extra peak has been observed (Figure 6.14c). As shown in Figure 6.14d and 14e, a 
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similar kind of morphology has been observed after 2h of photocatalytic H2 generation. Therefore, 

it can be concluded that, the heterostructures is stable under light illumination and photocatalytic 

reactions, represent a green way for solar light harvesting applications. 

 

Figure 6.14 (a) Effect of pH for photocatalytic H2 generation under visible light. (b) Recycling test of 
MoS2/Bi-TiO2 during H2 generation. (c) The XRD pattern and (d-e) FESEM image of MoS2/Bi-TiO2 
after and before catalytic reaction for H2 generation. 

 

Figure 6.15a shows the photocatalytic H2 generation of Ag-AgVO3, bare MoS2 and MoS2/Ag-

AgVO3 heterostructures through water reduction. In the absence of light as well as catalyst, there 

is no generation of H2 gas. The considerable increase in H2 generation rate (~8.9 mmol g1 h1) 

have been observed for Ag-AgVO3, which may be attributed due to the presence of Ag NPs on the 

surface of 1D AgVO3. The SPR generated by Ag NPs and high carrier density at the catalyst 

surface may result in the enhancement of the photocatalytic activity. However, MoS2/Ag-AgVO3 

heterostructures exhibits highest H2 generation rate of around 38.6 mmol g1 h1 because of fast 
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electron transfer between the MoS2 and AgVO3 through bridged Ag NPs. Interestingly, the H2 

generation rate increases linearly with time for heterostructures, indicating that a strong driving 

force has been maintained by the catalyst for water reduction over the examined period.  

 

Figure 6.15 (a) Photocatalytic hydrogen generation in presence of Ag-AgVO3 (black line), bare MoS2 
(red line) and MoS2/Ag-AgVO3 heterostructures (blue line) after 120 mins of visible light irradiation. (b) 
Photocatalytic H2 generation of MoS2/Ag-AgVO3 heterostructures at different volume % of methanol 
and (c) apparent quantum yield (AQY %) of Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 
heterostructures. 

 

Further, to understand the role of sacrificial agent in H2 generation, a set of experiments have been 

carried out by varying the volume % of methanol. Figure 6.15b reflects the effect of methanol 

(volume %) on the H2 generation as sacrificial agent. Photocatalytic H2 generation increase with 

the increase of methanol upto 25 volume % because of fast capturing the photogenerated holes 

which hinder the rapid recombination rate of charge carriers, and then goes to decrease due to back 

reaction and photocorrosion. Figure 6.15c presents the calculated AQY% for the catalysts, where 

MoS2/Ag-AgVO3 heterostructures exhibits highest photocatalytic H2 generation efficiency of 
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13.8% followed by Ag-AgVO3 (3.2%) and bare MoS2 (0.7%). Thus, heterostructures formation 

improve the H2 generation rate as well as AQY% which indicate that efficient electron-hole 

generation and separation processes may be happened at the interfaces of the heterostructures. 

 

6.3.6 Photoelectrochemical Properties 

To gain deeper insights into the photogenerated charge separation and transport process in the 

photocatalytic reactions, electrochemical measurements have been conducted further by preparing 

electrodes of as synthesized materials on FTO glass by doctor-blade method in presence of light. 

The transient photocurrent responses of MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructures 

have been recorded for several on off cycles under illumination. The MBT-10 heterostructures (10 

wt % loading of Bi-TiO2 on MoS2) exhibits highest photocurrent density of ~3.6 µA cm-2, which 

is 3.2 fold of bare MoS2 (~1.2 µA cm-2) (Figure 6.16a). Thus, transient photocurrent results are 

well consistent with the H2 generation and further supports that the existence of MoS2 and Bi-

doped TiO2 in the heterostructures could result in high active sites for oxidation – reduction 

reactions. Furthermore, the charge carrier separation efficiency of MoS2/Bi-TiO2 has been studied 

by impedance spectroscopy. As shown in Figure 6.16b, a smaller semi-circular arc has been 

obtained for MBT-10 compared to MT-10 and bare MoS2 electrodes, indicating that the 

heterostructures formation with Bi-doped TiO2 reduces the charge-transfer resistance at the 

electrode electrolyte interface [76]. Further detailed electrochemical study has been carried out for 

MBT heterostructures with different loading of Bi-TiO2. It can be clearly observed that 10 wt % 

loading exhibits smallest charge transfer resistance among the all materials. However, at higher 

loading (20 wt %), charge transfer resistance at the electrode-electrolyte interface has been 

increased (Figure 6.16c). Similar trend has been observed in LSV measurements of MoS2/Bi-TiO2 

heterostructures at various loading of Bi-doped TiO2 (Figure 6.16d). Therefore, it can be concluded 

that 10 wt % loading of Bi-TiO2 on the MoS2 surface is the optimal condition which offers 

minimum resistance with significant amount of available catalytic active sites. At higher loading 

concentration, photo-current density has been decreased due to the surface agglomeration. 

For better understanding the enhanced catalytic activity of MoS2/Bi-TiO2 heterostructures, the 

Mott−Schottky study has been further carried out. Figure 6.17a – 17d shows the Mott−Schottky 

plots of bare MoS2, MoS2/TiO2 (MT-10), Bi-doped TiO2 (using 2 mM Bi) and MoS2/Bi-TiO2 



228 
 

(MBT-10) heterostructures. The positive slopes in the linear regions confirm n-type conductivity 

of MoS2 and MoS2/TiO2 (Figure 6.17a and 17b). 

 

Figure 6.16 (a) Transient photocurrent spectra of MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructure-
modified ITO electrodes at a bias of 0.26 V versus Ag/AgCl reference electrode in presence of 0.1M 
Na2SO4 buffer solution (suppress photogenerated holes and drive photogenerated electrons to reduce 
protons to H2). Nyquist plots of the electrodes (b) MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructure, 
(c) MoS2/Bi-TiO2 heterostructures with various Bi-TiO2 loading concentration at potential 0.1 V vs 
Ag/AgCl under continuous light illumination. (d) Linear sweep voltammetry curves of MoS2/Bi-TiO2 
samples at various loading of Bi-doped TiO2.  

 

Flatband (Efb) potentials have been obtained by calculating of the intersection of the linear fit to 

the 1/C2 measurements with the x-axis, which is 0.69V (vs Ag/AgCl) for bare MoS2 and 1.06 

V (vs Ag/AgCl) for MoS2/TiO2. The negative shift of Efb reveals that heterostructure formation 

with TiO2 accelerate the charge transferring and catalyze the reduction reactions for H2 generation 

[45]. The Efb potentials could be near to the CB edges (CB = Efb – 0.2 V) for the n-type conductors 

[77]. Thus, the CB potentials of MoS2 is 0.28V after converting the potential vs RHE scale by 
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following the equation 5.1. As a consequence, the VB potentials have been calculated using the 

optical bandgap, which is 1.63V (vs RHE) for MoS2. However, the Bi doping in the TiO2 lattice 

change the conductivity of TiO2 and shows p-type conductivity with Efb potential of 1.16 V (vs 

Ag/AgCl). As Bi3+ replace the Ti4+ so an extra hole remains in the crystal which play the crucial 

role as free carrier in conductivity (Figure 6.17c). The VB and CB potentials of Bi-doped TiO2 are 

1.57 V and 1.28 V vs RHE respectively. As expected, MoS2/Bi-TiO2 heterostructures shows both 

p-type and n-type conductivity for the presence of n-type MoS2 and p-type Bi-doped TiO2, i.e. a 

p-n junction may be formed at the interface between two semiconductors (Figure 6.17d). As a 

result, enhanced electron–hole transfer efficiency has been achieved through the junction due to 

presence of internal electric field. 

 

Figure 6.17 Mott–Schottky plots of (a) bare MoS2, (b) MoS2/TiO2 (MT-10), (c) Bi-doped TiO2 and (d) 
MoS2/Bi-TiO2 (MBT-10) heterostructures. The experiment was carried out in Na2SO4solution (0.1 M) 
under1000 Hz AC frequency. Efb of photoelectrodes have been calculated from the intercept of the 
plots at 1/C2 = 0. 
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Cyclic voltammetry (CV) has been carried out to study the electrochemical properties of the as 

prepared electrodes of MoS2, Ag-AgVO3 and MoS2/Ag-AgVO3 using 0.5M Na2SO4-phosphate 

buffer solution (pH 7) as electrolyte and Ag/AgCl electrode as reference electrode at a scan rate of 

10 mV s1 (Figure 6.18a). In the cathodic polarization process, two peaks have been observed for 

Ag-AgVO3 at ~0.31 V and ~0.59 V vs Ag/AgCl with current density of ~69 µA cm2 and ~336 

µA cm2, which corresponds to the initial reduction of Ag+ to Ag0 and V5+ to V4+ respectively. 

Similarly, two characteristic peaks have been appeared in the anodic scan at ~0.27 V and ~0.12 V 

vs Ag/AgCl, which are in well agreement with the previously reported literatures [78, 79]. On the 

other hand, no prominent cathodic peak is present in MoS2 electrode, but a broad peak is observed 

around ~0.8 V vs Ag/AgCl. However, the CV of the MoS2/Ag-AgVO3 electrode shows a single 

peak at ~0.45 V vs Ag/AgCl in cathodic scan with current density of ~519 µA cm2. This large 

current density of heterostructures demonstrate an enhanced electron transfer rate through the 

interfaces [80]. Further, linear sweep voltammetry (LSV) have been studied under chopped light 

illumination of 100 mW cm2 (Figure 6.18b). The bare MoS2 photoanode shows low current 

density in the full potential range, because of its poor ability of charge separation, which leads to 

the fast recombination of photoinduced electron−hole pairs. However, an enhanced current density 

has been obtained for Ag-AgVO3 and MoS2/Ag-AgVO3 electrodes and it reaches maximum value 

of ~80 µA cm–2 at 0.8 V vs Ag/AgCl for MoS2/Ag-AgVO3 heterostructures. This result 

demonstrates that presence of Ag NPs significantly improves visible-light absorption by plasmonic 

effect and efficiently separates the photoinduced electrons and holes by making electron migration 

bridge between two semiconductors, leading to a remarkable enhancement in PEC water splitting. 

Transient photocurrent measurements through chronoamperometry (CA) and electrochemical 

impedance spectroscopy (EIS) have been performed further to gain insight into the carrier 

separation and transport efficiency of the photoanodes. It can be clearly observed that the current 

density increases for MoS2/Ag-AgVO3 heterostructures (~64 µA cm2) compared to bare MoS2 

(~25 µA cm2) and Ag-AgVO3 (~35 µA cm2) after 500 sec and remains almost constant with time 

(Figure 6.18c). Therefore, it can be concluded that heterojunction formation can promote the 

charge separation and suppress the recombination of photogenerated electron−holes. Figure 6.18d 

represents the Nyquist diagram of as prepared electrodes, where the radius of each arc is associated 

with the charge transfer resistance (Rct) at the electrode electrolyte interface.  
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Figure 6.18 (a) Cyclic voltammogram (CV) of prepared electrodes in presence of 0.1M Na2SO4-

phosphate buffer solution (pH 7) as electrolyte at a scan rate of 10 mV s1. (b) Linear sweep 
voltammetry (LSV) and (c) chronoamperometry (CA) profile under chopped light illumination of 100 

mW cm2 of as prepared electrodes in presence of 0.1M Na2SO4-phosphate buffer solution at a scan 

rate of 10 mV s1. (d) Nyquist plots of Ag-AgVO3, bare MoS2 and MoS2/Ag-AgVO3 heterostructures 
recorded at 0.1 V vs Ag/AgCl under light illumination.  

 

A single semicircle has been obtained for both MoS2 and Ag-AgVO3 electrodes, whereas a 

distorted semicircle has been observed for MoS2/Ag-AgVO3 heterostructures. This may results 

due to the increase of electron diffusion to the catalyst surface [77]. The straight line in the lower 

frequency region arises due to more diffusion process of the electrolyte. The diameter presents the 

Rct over the electrode-electrolyte interface. As shown in Figure 6.18d the diameter of 

heterostructures (0.46 K) is considerably smaller than that of bare MoS2 (1.6 k) and Ag-AgVO3 

(1.5 k), suggests that heterostructures provide facile access for charge carrier interpolation during 

the water splitting process. Thus, all electrochemical investigations demonstrate that, 
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heterostructures formation between MoS2 and Ag-AgVO3 accelerates the interfacial transfer and 

separation of photogenerated charges which results high activity in photocatalytic H2 generation. 

 

Figure 6.19 (a) Calculated incident photon to current conversion efficiency (IPCE %) and (b) Absorbed 
photon to current conversion efficiency (APCE %) of MoS2/Ag-AgVO3 photoanode within the 

wavelength range 350700 nm. 

 

Moreover, the quantum efficiency of the MoS2/Ag-AgVO3 heterostructures has been studied in 

details by calculating incident photon to current conversion efficiency (IPCE) and absorbed photon 

to current conversion efficiency (APCE) from the action spectra through CA measurements within 

the wavelength range of 350 to 700 nm [77]. Figure 6.19a represents the IPCE vs wavelength plot 

where two distinct enhanced regions are observed at 400 nm and 510 nm with efficiency of 0.12% 

and 0.06% respectively. The integrated current density of the MoS2/Ag-AgVO3 photoanode 

reaches to 21µA cm2 which well consistent with the photo current density calculated from LSV 

curve. The APCE plot represents the similar trend like IPCE with two enhanced region at visible 

region (Figure 6.19b). Thus, heterostructures formation is beneficial to enhance the light 

absorption, charge separation and surface catalytic reactions which consequently enhance the 

incident photon to current conversion efficiency. 

 

6.3.7 Photocatalytic Mechanism 

Before light illumination on the MoS2/Bi-TiO2 heterostructures, the electrons of MoS2 near the 
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equilibrium of the system is achieved, which results a space charge region both sides of the 

junction interface and creates an internal electric field. Now, when this equilibrium system is 

irradiated by light energy (greater than the work function energy of the constituent 

semiconductors) then both the semiconductors will excited and produce excitons (excited electrons 

and holes). The photo-generated electrons of p-type Bi-doped TiO2 will transfer to the CB of the 

n-type MoS2 and the holes of MoS2 will transfer to the VB of the Bi-doped TiO2 by the influence 

of internal electric field (Scheme 6. 1). In this way, special separation of electrons and holes will 

occur which can reduce the formation of electron-hole pairs [81]. Consequently, the excited 

electrons accumulated on the CB of MoS2 which have higher negative potential compared to the 

water reduction potential (0 V vs RHE). These electrons can easily reduce the water and generate 

H2 from H+. Simultaneously, oxidation of the water molecules takes place by the accumulated 

holes on the VB of Bi-doped TiO2 which are highly positive and can oxidize the water. 

 

 

Scheme 6.1 Schematic illustration of the charge transfer in MoS2/Bi-TiO2 p-n heterojunction. 

 

In order to investigate the enhanced photocatalytic activity of MoS2/Ag-AgVO3 heterostructures, 

the separation and recombination processes of photoinduced charge carriers of the as-prepared 

samples have been further examined by the Photoluminescence (PL) spectra. Generally, the PL 

emission are originated from the recombination of electron hole pairs in a semiconductor. The low 
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PL intensity presents low recombination of photoinduces electron hole pairs, thereby high 

photocatalytic performance. Figure 6.20a shows the PL spectra of Ag-AgVO3 and MoS2/Ag-

AgVO3 heterostructures upon excitation at 340 nm. The band to band recombination and distortion 

in the [O–Ag–O] and [O– V–O] bonds in AgVO3 lattice are mainly responsible for PL emissions. 

In the PL spectra a pronounced maximum at 467 nm has been observed which corresponds to band 

to band recombination of photoinduced charge carriers. Additionally, a peak at 450 nm comes due 

to distortions in the tetrahedral [VO4] clusters [82]. In addition, a weak emission peak has also 

been presented at 560 nm, indicates an ordered structure of AgVO3. However, the PL emission 

peak intensity has been decreased after heterostructure formation with MoS2 without effecting the 

spectral position of the peaks, suggesting improve charge separation and transfer ability of 

heterostructures. Furthermore, to understand the ultrafast charge transfer processes associated at 

the interface between MoS2 and AgVO3, picosecond resolved time correlated single photon 

counting (TCSPC) of the materials have been recorded. Figure 6.20b shows the decay curve of 

Ag-AgVO3 which is properly fitted with a double exponential with average lifetime of ~1.30 ns. 

However, the average decay time for MoS2 (~0.71 ns) is lower than Ag-AgVO3, which has an 

ultrafast component of ~ 25 ps (21.3%). The average decay time decreases significantly from 0.71 

ns to 0.36 ns after heterostructure formation between MoS2 and Ag-AgVO3 (Table 6.2). 

Interestingly, the contribution of the fast component of MoS2/Ag-AgVO3 heterostructure has been 

increased to nearly 40% from 21.3% compared to bare MoS2. This result clearly indicated that, 

electron transfer occurs from AgVO3 to MoS2 after heterostructure formation and reduce the 

recombination rate which is well consistent with the PL data (Figure 6.20a). 

 

Table 6.2 Decay parameters of Ag-AgVO3, MoS2 and MoS2/Ag-AgVO3 heterostructures.  

sample Excitation 

wavelength 

(nm) 

Detection 

wavelength 

(nm) 

1 (a1 %) 

ns 

2 (a2 %) 

ns 

3 (a3 %) 

ns 

avg 

(ns) 

Ag-AgVO3 375 450 1.31 

(55.6) 

1.30 

(44.4) 

 1.30 

MoS2 375 450 0.26 

(10.5) 

0.99 

(68.2) 

0.025 

(21.3) 

0.71 

MoS2/Ag-AgVO3 375 450 0.13 

(26.4) 

0.91 

(34.2) 

0.051 

(39.4) 

0.36 
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Finally, Mott-Schottky (M-S) experiment of as prepared electrodes has been carried out to find out 

the band edge potentials of constituent semiconductors as they play crucial role in determining the 

transfer route of the charge carriers. Figure 6.20c shows the M-S plot of Ag-AgVO3 and bare MoS2 

electrodes in the presence of 0.5 M Na2SO4 electrolytes (pH 7) using an AC frequency of 1000 

Hz, where the positive slopes confirm the n-type behaviour of the materials.  

 

Figure 6.20 (a) Photoluminescence (PL) spectra of Ag-AgVO3 and MoS2/Ag-AgVO3 heterostructures 
upon excitation at 340 nm. (b) The picosecond-resolved TCSPC spectra of as prepared materials 
upon excitation at 375 nm. Mott–Schottky plots of (c)  Ag-AgVO3, bare MoS2 and the MoS2/Ag-AgVO3 
heterostructures in the presence of 0.1 M Na2SO4 electrolytes (pH 7) using an AC frequency of 1000 
Hz. The intercept of the plot (at 1/C2 = 0) has been used to determine the flat band potential (Efb) of 
the photoelectrodes.  

 

The flat band potentials (Efb) of the electrodes have been determined by taking an intercept of the 

plot (at 1/C2 = 0). Notably, a negative shift in the flat band potential (Efb) has been observed for 

MoS2 (0.83 V vs Ag/AgCl) compare to Ag-AgVO3 (0.65 V vs Ag/AgCl). As the Efb is near to 

the CB for n-type semiconductor, thus the positions of CB are 0.45 V and 1.03 V (vs Ag/AgCl, 
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CB = Efb – 0.2 V), therefore they are 1.06 V and 0.42 V vs NHE (Normal Hydrogen Electrode) 

for Ag-AgVO3 and bare MoS2 electrodes respectively. So, the VB positions of Ag-AgVO3 and 

bare MoS2 electrodes would be 3.86 V and 1.88 V vs NHE respectively (Table 6.2) which 

corresponds to the results of UV−Vis DRS analysis. The M-S plot of heterostructures also exhibits 

n-type nature with flat band potential of 0.2 V vs Ag/AgCl which is shifted towards negative 

potential than Ag-AgVO3 (0.65 V vs Ag/AgCl), clearly reveals a strong interaction after 

heterostructures formation (Figure 6.20d). 

Table 6.3 Electrochemical parameters calculated from Mott-Schottky plots for prepared electrodes. 

Catalyst Efb in V 

vs Ag/AgCl 

CB in V 

vs NHE 

VB in V 

vs NHE 

Eg in eV 

Ag-AgVO3 0.65 1.06 3.86 2.8 

MoS2 0.83 0.42 1.88 2.3 

 

Based on the experimental results, it can be proposed that the improved photocatalytic activity 

achieves due to the enhancement of light absorption capacity as well as efficient charge separation 

of photogenerated electron hole pairs. Generally, the charge transfer mechanism of 

heterostructures follow type-II heterojunction pathway, where the CB electrons (more negative 

potential) of one semiconductor transfer to the CB of another semiconductor and the VB holes 

(more positive potential) transfer to the relatively low positive potential VB of another 

semiconductor. Consequently, electrons and holes may accumulated in CB and VB of two different 

semiconductors respectively. Hence, in the present system, the photogenerated CB electron of 

MoS2 may preferably transfer to the CB of AgVO3 due to more negative CB potential of MoS2 

and the holes in the VB of AgVO3 would simultaneously transfer to the VB of MoS2. However, 

the CB potential of AgVO3 (+1.06 V vs NHE) is more positive than the potential required for the 

water reduction (0 V vs NHE, H+/H2), therefore the electrons in the CB of AgVO3 cannot reduce 

the water into H2 [83]. So, this type-II heterojunction charge-transfer mechanism may not be 

possible for MoS2/Ag-AgVO3 hetrostructures (Scheme 6.2a). Consequently, a plausible Z-scheme 

charge-transfer mechanism for the MoS2/Ag-AgVO3 hetrostructures can be proposed in Scheme 

6.2b. Under visible light illumination, the photoexcited electrons on the CB of AgVO3 easily 

transfer into the Ag NPs because the CB edge is more negative than the Fermi level of the metallic 

Ag NPs.  At the same time, the holes on the VB of MoS2 may migrate into the metal Ag NPs, as 
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the valence band of MoS2 is more positive than the Fermi level of metallic Ag. Meanwhile, Ag 

NPs also absorb visible light and generate photoexcited electron and a hole due to the SPR effect 

and dipolar character of metallic Ag. The plasmon-induced electrons of Ag nanoparticles can be 

transported to the CB of MoS2 because of electronic oscillation with upshifted energy states which 

is greater than the CB of the neighboring semiconductor [84]. Therefore, enrichment of photo 

excited electrons occurs on the CB of MoS2 with a more negative potential than of water reduction 

(0 V vs NHE) and accumulation of holes take place on the valence band of AgVO3 with a more 

positive potential, greater than water oxidation potential (1.23 V vs NHE). This synergistic charge 

transfer process through Z-scheme bridge made by Ag NPs remarkably enhance the separation of 

photogenerated charge carriers and reduce the rapid recombination on the surface of individual 

AgVO3 and MoS2. Additionally, metallic Ag NPs enhance the catalytic performance towards H2 

generation through SPR effect of a resonant collective oscillation of photoinduced electrons over 

Ag NPs which extend the absorption up to visible region. However, the existence of Ag-AgVO3 

nanocrystals on the surfaces of the MoS2 nanosheets form an uniquely hierarchical nanostructure, 

which provides a high surface area and a large number of interfaces between the Ag-AgVO3 and 

MoS2. The high surface areas and interfaces provide numerous active sites for the photocatalytic 

reactions. Consequently, it can be conclude that the enhanced photocatalytic performance of 

MoS2/Ag-AgVO3 hetrostructures mainly ascribed to the efficient separation of charge carriers 

according to the Ag-promoted Z-scheme mechanism.  

 
Scheme 6.2 Proposed (a) Type II heterostructures and (b) Z-scheme mechanism of MoS2/Ag-AgVO3 
heterostructures for photocatalytic H2 generation under visible light irradiation. 
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6.4 Summary 

A p-n junction of MoS2/Bi-TiO2 heterostructures was developed for visible light sensitive water 

splitting. The introduction of Bi into the TiO2 crystal leads to more efficient light absorption by 

hybridized VB. The photoexcited electrons in the CB of Bi-modified TiO2 transferred to MoS2 and 

holes of MoS2 transfer to the VB of Bi-TiO2 through the junction between them. The p-n junction 

provide an internal driving force to accelerate the charge separation. As a result, four fold enhanced 

H2 generation rate achieved for MoS2/Bi-TiO2 p-n junction compared to bare MoS2. Moreover, the 

MoS2/Bi-TiO2 heterostructures shows superior catalytic activity in photoelectrochemical 

measurements because of low charge transfer resistance at the electrode-electrolyte interfaces. On 

the other hand, Z-scheme heterostructures has been developed with Ag NPs decorated 1D AgVO3 

nanorods by facile coprecipitation method on MoS2 nanosheet at room temperature. The 

introduction of metallic Ag NPs between AgVO3 and MoS2 enhance the light absorption capacity 

in visible region by virtue of surface plasmonic resonance effect. Moreover, it develops the Z-

scheme bridge mechanism between AgVO3 and MoS2 to drive the efficient separation of 

photoinduced charge carriers. In addition, the well-matched band positions of AgVO3 and MoS2 

composite conforms the Z-scheme charge transfer mechanism with a higher reducing capability, 

leading to the enhancement of photocatalytic H2 generation under visible light illumination. 

MoS2/Ag-AgVO3 Z-scheme heterostructures show four fold and twenty fold enhanced H2 

generation rate compared to Ag-AgVO3 and bare MoS2 respectively. Moreover, MoS2/Ag-AgVO3 

Z-scheme heterostructures significantly improve the catalytic activity towards water oxidation by 

enhancing the photoelectrochemical current density and long-term stability under visible light 

irradiation. Thus, this work represents a paradigm of the p-n junction and all-solid-state Z-scheme 

photocatalyst having the advantages of enhanced visible light harvesting, efficient charge 

separation and transfer, low photocorrosion and provides a possible way to develop more MoS2 

based heterostructures with useful properties for environmental and energy applications. 
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7.1 Introduction 

Solar energy conversion to generate renewable fuel H2 through water splitting by developing 

sustainable, low cost and efficient photocatalysts, provides a potential approach to meet the global 

energy demand [14]. On account of the photocatalyst development, various metal oxides (such as 

TiO2, ZnO, Fe2O3, Cu2O, WO3, BiVO4), hydroxides, chalcogenides (like MoS2, MoSe2, WS2, 

WSe2), MXenes, black phosphorus, and organic semiconductors such as conjugated polymers, 

graphitic carbon nitrides, graphene, metal organic frameworks, covalent organic frameworks, etc. 

are fabricated and studied for water splitting over the past decades [510]. However, the efficiency 

is still not significant for the large scale application as most of these photocatalysts suffer from 

fast charge carrier recombination and low absorption in the visible region, which accounts for 53% 

of the total solar spectrum. Therefore, it is required to exploit efficient catalysts with high 

photocatalytic activity and stability under visible light. 

In this regard, bismuth oxyhalides (BiOX, X= Cl, Br, I) a new family of photocatalyst, have 

attracted intense interest in various photocatalytic applications due to its layered structure which 

is composed of [Bi2O2]
+ slabs interleaved by double halogen atoms [X] with open crystalline 

nature. The Van der Waals force within the halide layers and the covalent bond between [Bi2O2]
+ 

and [X] make the intrinsic structure of BiOX very stable [11,12]. Besides, the open crystalline 

structure benefits a large space for the polarization of atoms and induces a static electric field 

perpendicular to the [Bi2O2]
+ slabs, which further accelerates the charge separation along the (001) 

direction [13]. In addition, BiOX generate facile O-vacancy during photocatalysis under UV light 

due to low energy BiO bond at the surface [1416]. As example, Guan et al. [17] experimentally 

demonstrated the enhanced photocatalytic activity of BiOCl nanosheets towards organic pollutant 

Rhodamine B degradation because of O-defects generated at the exposed (001) surface under UV 

light. Further, L. Zhang [18] showed selective transfer of photogenerated electrons to the (001) 

surface of BiOCl as the vacancy state lying below the CB which act as trapping state.  On the other 

hand, BiOX shows indirect transition bandgap, i.e electrons have to travel a certain k-spacing to 

be emitted to the VB, thus electron-hole recombination is low compared to direct bandgap 

semiconductors [14]. However, the wide bandgap of BiOCl (2.4–3.4 eV) limits its photocatalytic 

activity under visible light and owing to positive conduction band minima (CBM), BiOCl is 

improper for water splitting, CO2 reduction and N2 fixation. Thus, photocatalytic activity is 

confined only for organic pollutant degradation under UV light [14, 19]. Although, BiOBr (2.32.9 
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eV) could absorb visible light, the large bandgap still restricts its effective performance, while 

relatively smaller bandgap of BiOI (1.8–2.1 eV) suffers from the fast recombination of electrons 

and holes [17, 18]. Thus, coupling of secondary semiconductors with BiOBr and BiOI may 

improve the photocatalytic performance under visible light. As example, binary and ternary 

heterojunctions have been fabricated with BiOBr, such as SnWO4/BiOBr [20], N-CQDs/OV-

BiOBr [21], Ag/AgBr/BiOBr [22], BiOBr/ZnO/BiOI [23] to increase visible light driven 

photocatalytic activity towards organic pollutant degradation. Significant efforts have been made 

on BiOI via heterostructures formation with other semiconductors, like CdS [24], CuI [25], g-C3N4 

[26] to prolong the lifetime of the excited charge carriers by lowering the fast recombination rate. 

However, these BiOI-based heterostructures are tested mainly for organic dye degradation and 

very limited reports on photocatalytic H2 generation, up to date. Meanwhile, some literatures 

demonstrated BiOI as O2 evolving catalyst through photocatalytic and photoelectrochemical 

(PEC) water oxidation, although the efficiency is still too low for large scale applications [27, 28]. 

This simulate our interest to design BiOX-based efficient catalysts which can have strong redox 

potentials to drive the water splitting reactions along with minimal recombination, high charge 

separation and visible light absorption capabilities. In this regard, the direct Z-scheme 

heterostructures which consists of a reduction semiconductor with a highly negative CB and 

another oxidative semiconductor having highly positive VB, is gaining intense research interest as 

it offers strong redox capability to drive catalytic reactions [4, 29]. Apart from that, this Z-scheme 

system benefits an internal potential gradient and spatial charge separation via recombination of 

low energy electrons and holes within the body [4]. 

Recently, considerable attention has been paid on the narrow bandgap spinel ferrites (MFe2O4, M 

= Co, Ni, Mn, Cu, and Zn) in photocatalysis due to the varied chemical composition, multiple 

oxidation states, environmental compatibility, stability, easy synthesis and low cost. In addition, 

the available large number of active sites is a potential factor of spinel ferrites for the catalytic 

reactions [30]. Y. Matsumoto [31] reported that, the electrical conductivity and surface 

electrochemical reactivity of spinel ferrites are much higher compared to corresponding single 

component iron oxides, due to the improved electron transport process via different metal cations. 

The magnetic properties of spinel ferrites would be helpful for the removal of catalyst from the 

reaction medium by a magnet. As an outstanding member of the spinel ferrite family, CuFe2O4, 

with bandgap of 1.65 eV and strong visible light response has paid more attention in PEC water 
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splitting both as photoanode [32] and photocathode [33, 34]. The chemical stability at high 

temperature and the phase transition of CFO give rise to interesting electrical and magnetic 

properties. However, it suffers from low surface area, irregular morphology and limited catalytic 

activity due to fast charge carrier recombination. Besides, single semiconductor CFO is unable to 

evolve O2 through water oxidation because of low VB potential. At the same time, the large 

difference between CB potential and water reduction potential leads to poor activity in 

photocatalytic H2 generation. There have been reports on modification of CFO to overcome the 

aforesaid issues [35-38]. For example, Hussain et al. [35] fabricated Fe2O3/CFO composite to 

modulate the charge separation by developing a Z−shaped path for enhanced water oxidation and 

reduction. A Type-II heterostructures was developed by Cheng et al [36]. between CFO and g-

C3N4, which exhibited photocatalytic H2 generation in presence of Pt (3 wt%) co-catalyst and 

triethanolamine (10 vol%) sacrificial electron donor under visible light. Very recently, S. Das and 

co-workers [37] fabricated p-n junction of CFO/NiAl LDH and demonstrated enhanced 

photocatalytic H2 generation rate compared to bare LDH and CFO, which is associated with the 

increased trapping sites by multiple oxidation states of charge carries that effectively prolong the 

lifetimes. However, the H2 generation rates of these heterostructures are very low. In particular, 

the highly negative CB potential, the p-type conductivity and narrow bandgap of CFO fascinate 

our interest to couple with BiOX for develop Z-scheme heterostructures. To the best of our 

knowledge BiOX/CFO heterostructures are not prepared and tested for photocatalytic H2 

generation.  

In this work, heterostructures are fabricated between n-type BiOX and p-type CFO by facile 

hydrothermal method followed by co-precipitation method. Depending on the position of VB and 

CB of BiOX, three types of heterostructures (Type-I, Type-II and Z-scheme) are formed. The new 

band edges position with respect to the redox potentials for both H2 and O2 evolution is suitable 

for efficient water splitting. The Z-scheme heterostructures showed significantly high catalytic 

efficiency in photocatalytic H2 generation through water reduction and PEC water oxidation under 

visible light. Moreover, possible charge transfer mechanisms of the as prepared heterostructures 

have been proposed to explain the catalytic reactions. 

 

 

 



251 
 

7.2 Experimental  

Bismuth nitrate penta-hydrate Bi(NO3)3. 5H2O, potassium iodide (KI), sodium chloride (NaCl), 

potassium bromide (KBr), mannitol, methanol, and ethanol were obtained from Merck chemicals. 

DI water, 18.2 M.cm (Millipore System) was used as solvent. 

The BiOCl, BiOBr, BiOI are synthesized by one step hydrothermal method [35]. To prepare 

BiOCl, 0.5M Bi(NO3)3. 5H2O dissolved in 20 mL of 0.1 M mannitol solution under magnetic 

stirring for 20 min. Then 10 mL of 0.5M KCl solution was added dropwise into the Bi-solution 

under vigorous stirring. The solution colour changed into white which was then transferred into a 

50 mL capacity stainless still autoclave, heated to150C for 3h. After cooling down the sample 

was collected and washed with DI water and ethanol several times. The final white precipitation 

was dried into an oven at 60C for overnight. The BiOBr and BiOI were also prepared by similar 

method using KBr and KI as Br and I-source respectively.  

BiOX/CFO heterostructures were synthesized by facile co-precipitation method. At first 30 mg 

BiOX were mixed in 30 mL of DI water by 10 min ultrasonication. At the same time, 0.57 g 

Cu(NO3)2. 6H2O and 1.92 g Fe(NO3)3. 9H2O were dissolved in 30 mL of DI water. After that, the 

mixed solution was added dropwise into the BiOX solution and mixed for 15 min to yield a 

homogeneous mixture. The whole mixture was then refluxed at 75°C under stirring condition for 

another 30 mins. After cooling down, the solid precipitation was collected by centrifugation with 

DI water and ethanol for several times and then dried in an oven at 75°C for overnight. 

Powder X-ray diffraction (XRD) of as synthesized materials were collected using a Philips X’Pert. 

To analysis size and morphology of the bare semiconductors and heterostructures, field emission 

scanning electron microscopy (FESEM) were employed using Carl-Zeiss, Sigma (LEO. 430i). The 

transmission electron microscopy (TEM) was used to further study the crystallinity properties by 

employing Tecnai G2 30ST, FEI. Formation of heterostructures and the oxidation states were 

investigated by X-ray photoelectron spectroscopy (XPS). The PHI 5000 Versa Probe II 

spectrophotometer was used to conduct this experiment. Here, the charge correction was 

performed by considering C 1s (284.5 eV) spectra as standard. Furthermore, the thermal stability 

of the as prepared heterostructures was studied by NETZSCH, STA 449 F3 Jupiter instrument 

through thermogravimetric analysis (TGA). The Fourier transform infrared (FTIR) spectra and 

Raman spectra were collected using JASCO FTIR-6300 spectrometer and Jobin Yvon HR800 

confocal Raman system (540 nm laser beam). Room temperature UV-Visible absorption spectra 
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of the bare semiconductors and the heterostructures were taken using Cary 5000 UV-VIS-NIR 

spectrophotometer.  

The photoelectrochemical properties of pure BiOX, CFO and the heterostructures were studied by 

preparing thin films on FTO coated glass slides (2 cm  2cm) by spin coating method at 4000 rpm 

for 1 min. Catalysts solutions were prepared at a concentration of 2 mg/mL in ethanol and 100 L 

was used for preparing each thin film layer. Total three layers were coated on the FTO slides and 

dried at 200C for 2h. A three electrode quartz cell containing 0.1 M Na2SO4 (~pH 7) electrolyte, 

a Pt wire and KCl saturated Ag/AgCl as counter and reference electrode, respectively was used as 

photoelectrochemical cell and the measurements performed by a galvanostat-potentiostat 

(PGSTAT302 N, Autolab, The Netherlands) under 35W Xenon lamp. The current density was 

recorded between the applied potential ranges of 0.4 V to 1V vs Ag/AgCl at 50 mV s1 scan rate 

through linear sweep voltammetry (LSV). Further, photocurrent density and the stability was 

checked via chopped chronoamperometry (CA) at applied potential of 0.6V vs Ag/AgCl. The 

electrochemical impedance spectra (EIS) were measured at an AC frequency range of 100 KHz to 

0.1 Hz with 0.1 V amplitude to calculate the charge transfer resistance at electrode-electrolyte 

interfaces. Junction capacitance of the electrodes was recorded at 1000 Hz frequency via Mott-

Schottky (M-S) study for determining the flat band potentials as well as free charge carrier density. 

The Nernst equation was employed to convert the potentials (EAg/AgCl) to normal hydrogen 

electrode scale (ENHE), equation 5.1. 

Photocatalytic H2 generation of the as synthesized materials was tested through water reduction in 

a closed quartz cell containing 30 mL solution with catalyst concentration of 1 mg/mL under 

visible light irradiation (250 W Xenon lamp) through online gas chromatography (GC) using 25 

vol % methanol as sacrificial agent. The solution was argon purged for 15 min before the 

experiment. The area under Gaussian peak in GC gives the amount of H2 evolved. The apparent 

quantum yield (AQY) of H2 generation has been calculated further using the following Equation 

of: 

                     AQY% =
2  moles of H2 produced

no.of incident photons
 100                                                                (7.1) 
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7.3 Results and Discussion 

7.3.1. Structural analysis 

The phase composition and crystalline structure of bare semiconductors and prepared 

heterostructures have been investigated by powder X-ray diffractometer. Figures 7.1a and 7.1b 

show the XRD pattern of bare semiconductors BiOI, BiOCl, BiOBr and CuFe2O4 (CFO) 

nanoparticles, BiOI/CFO, BiOCl/CFO, BiOBr/CFO heterostructures. In case of BiOI, the 

diffraction peaks at 2 of 29.53, 31.53, 36.96, 39.31, 45.29, 51.27, 55.08 related to (012), 

(110), (013), (004), (200), (114), (212) planes clearly indicates the tetragonal phase of BiOI 

(JCPDS No. 732062) [38].  

 

Figure 7.1 XRD pattern of (a) bare semiconductors BiOI, BiOCl, BiOBr with the standard XRD 
patterns, (b) CuFe2O4 (CFO) nanoparticles with standard XRD patterns, BiOI/CFO, BiOCl/CFO and 
BiOBr/CFO heterostructures. 

 

The diffraction peaks at 2 of 12.12, 24.25, 26.04, 32.67, 33.56, 36.61, 41.08, 46.81, 

49.86, 54.34, 55.23, 58.81 indexed to (001), (002), (101), (110), (102), (003), (112), (200), 

(113), (211), (104), (212) planes of the tetragonal BiOCl (JCPDS No. 732060) [39]. The XRD 

pattern of BiOBr exhibits five characteristic peaks of (001), (002), (102), (110), (200) at 2 of 

10.51, 26.27, 29.35, 32.43, 46.56 which are well matched with tetragonal phase of BiOBr 
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(JCPDS No. 90393) [40]. Interestingly, the presence of (001) peak for BiOCl and BiOBr strongly 

reveals the [X–Bi–O–Bi–O–X] stacking structure along c-axis [39]. The characteristic peaks at 2 

of 18.36, 29.89, 34.42, 35.69, 37.14, 44.03, 58.16 correspond to (101), (112), (103), (211), 

(202), (220) and (321) planes confirm the tetragonal spinel structure of CuFe2O4 (JCPDS No. 

340425) [36]. However, three characteristic peaks of (220), (222) and (422) which are marked 

by green at 2 value 30.8, 36.05, 54.17 represents the cubic phase of CuFe2O4 (JCPDS No. 

851326) [41]. After heterostructures formation, no shifting of the BiOX peaks have been 

observed and the characteristic peaks of CFO are present (marked by ‘*’), implies the successful 

heterostructures formation between BiOX and CFO (Figure 1b).   

X-ray photoelectron spectroscopy (XPS) analysis is performed to study the surface and sub-surface 

chemical states of heterostructures samples. The surface survey scan spectra of BiOCl/CFO 

confirm the presence of Bi, Cl, O, Fe and Cu in heterostructures (Figure 7.2a).  

 

Figure 7.2 (a) Surface survey XPS spectra of BiOCl/CFO heterostructures. High resolution XPS 
spectra of (b) Bi 4f, (c) Cl 2p, (d) O 1s, (e) Cu 2p and (f) Fe 2p of BiOCl/CFO heterostructures. 

 

In Bi 4f spectra, two peaks at binding energy of ~163.75 eV and ~158.41 eV might be assigned to 

be Bi 4f5/2 and Bi 4f7/2, respectively which are further fitted properly (Figure 7.2b) [42]. The 

characteristic Bi 4f7/2 peak can be fitted with two peaks located at binding energies of ~158.4 eV 

156 159 162 165 168

5.26 eV 

Bi as BiOCl

BE=159.6eV

FWHM=1.15eV 

Bi 4f

4f
5/2

4f
7/2

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

Bi as BiO

BE=158.4eV

FWHM=1.5eV 

196 198 200 202

2p
1/2

Cl 2p

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

197.8 eV

199.32 eV

2p
3/2

710 720 730 740

2p
1/2

2p
3/2

Fe 2p

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

Satallite

528 531 534 537

O 1s

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

529.68 eV 531.27 eV

0 200 400 600 800 1000

Bi

Fe
O

BiOCl/CFO

In
te

n
s
it

y
/a

.u
.

Binding energy/eV

Cu
Cl

(a) (b) (c)

(d) (e) (f)

930 940 950 960

Binding Energy/eV

In
te

n
s
it

y
/a

.u
.

2p
3/2

2p
1/2

Cu 2p



255 
 

and ~159.62 eV, correspond to BiO and OBiCl bonds. Similar results have been obtained for 

BiOBr/CFO heterostructures (Figure 7.3). However, the Bi 4f7/2 of BiOI/CFO has been fitted with 

single peaks located at binding energy of 158.54 eV (Figure 7.4). Now, it is well known that the 

Bi 4f7/2 located at binding energy between 157.2 eV to 158.1 eV corresponds to metallic Bi0 state 

(BiBi), whereas peak position at 158.40.4 eV and 158.80.3 eV indicate presence of Bi(OH)3, 

(BiOH) and BiOOH (OBiOH) states, respectively [43-45]. Therefore, it can be concluded that 

surface is mainly composed of Bi(OH)3, i.e. Bi3+ state for all the heterostructures, which further 

verified by the obtained O/Bi atomic ratio. In addition the binding energy difference of ~5.3 eV 

between Bi 4f7/2 and Bi 4f5/2 strongly supports the presence of Bi3+ state [46].  

 

Figure 7.3 (a) Surface survey XPS spectra of BiOBr/CFO heterostructures. High resolution XPS 
spectra of (b) Bi 4f, (c) Br 3d, (d) O 1s, (e) Cu 2p and (f) Fe 2p.  
 

The Cl 2p spectrum has been fitted into two peaks, at ~197.8 eV and ~199.32 eV binding energies 

belongs to Cl 2p3/2 and Cl 2p1/2, confirms the Cl− state in heterostructures (Figure 7.2c) which is 

well consistence with the reported literatures [47-49]. The O 1s spectrum of BiOCl/CFO 

heterostructures are fitted into two peaks, one located at ~529.83 eV corresponds to lattice oxygen 

which are chemically bonded and another at ~531.59 eV related to adsorbed oxygen (Figure 7.2d) 
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Cu2+ state (Figure 7.2e) [50]. The Fe 2p peaks located at binding energies of ~710.28 eV and 

~723.83 eV correspond to Fe 2p3/2 and Fe 2p1/2, arising from the spin orbital interaction (Figure 

7.2f) [57].  

 

Figure 7.4 (a) Surface survey XPS spectra of BiOI/CFO heterostructures. High resolution XPS spectra 
of (b) Bi 4f, (c) I 3d, (d) Fe 2p, (e) Cu 2p and (f) O 1s. 
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which reveals that Bi, I, Br, Cu, Fe and O are present. Furthermore, the Bi 4f core level XPS 

spectra of bare BiOX (X=Cl, Br, I) and BiOX/CFO heterostructures have been investigated, where 

a shifting of the peaks towards lower binding energy observed after heterostructures formation 

(Figure 7.5). Peak shifting indicates a possibility of sharing electrons with neighboring atoms in 

terms of asymmetry in the bond arrangements. Moreover, the shifting towards lower binding 

energy implies a band bending which results a charge redistribution at the interface as well as 

indicates the increase of electron density on BiOX [60]. 
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Figure 7.5 Core level Bi 4f XPS spectra of (a) BiOCl and BiOCl/CFO heterostructures (b) BiOBr and 
BiOBr/CFO heterostructures and (c) BiOI and BiOI/CFO heterostructures.  

 

Furthermore, TG analysis of bare semiconductors and heterostructures are studied to check the 

thermal stability of as prepared materials. As shown in Figure 7.6, formation of heterostructures 

between BiOX and CFO enhance the thermal stability of the materials.  

 

Figure 7.6 TG curves of (a) BiOI, CFO, BiOI/CFO, (c) BiOCl, CFO, BiOCl/CFO and (c) BiOBr, CFO, 
BiOBr/CFO under Ar atmosphere. 
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the OH bending vibrations. The absorption band at ~528 cm1 corresponds to the symmetrical 
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vibrations of BiO stretching mode. Moreover, the absorption peaks at ~1400 cm−1 might be 

assigned as the asymmetric stretching vibration of BiCl band [52]. For CFO, absorption band at 

the range of 330 to 350 cm−1 arises due to stretching vibrations of octahedral metal–oxygen 

bonding and at ~580 cm−1 for tetrahedral metal–oxygen bonding [53]. However, the strong CFO 

absorption band is absent in BiOCl/CFO which might be resulted for strong interaction between 

BiOCl and CFO. 

 

Figure 7.7 (a) Raman spectra and (b) FTIR spectra of bare semiconductors BiOCl, CFO and 
BiOCl/CFO heterostructures. 

 

7.3.2. Morphology  
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of ~ 0.275 nm and ~ 0.29 nm related to (110) and (112) planes of BiOCl and CFO, respectively 

(Figure 7.8e) [17]. At the same time, two set of bright spots are presented in the selected area 

electron diffraction pattern (SAED), which also confirm the heterostructures formation between 

BiOCl and CFO (Inset of Figure 7.8e).  

 

Figure 7.8 TEM image of (a) BiOI/CFO, (b) BiOCl/CFO and (c) BiOBr/CFO. HRTEM images of (d) 
BiOI/CFO, (e) BiOCl/CFO and (f) BiOBr/CFO heterostructures. Insets: corresponding SAED pattern. 
FESEM images of bare semiconductors (g) BiOI, (h) BiOCl and (i) BiOBr. 
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assembled structure, whereas BiOCl showed uniform square like nanosheets. The TEM image of 

the bare CFO has been shown in Figure 7.9, average ~13 nm CFO spherical nanoparticles are 

formed. 

 

Figure 7.9 TEM image of CuFe2O4 nanoparticles. 

 

 

Figure 7.10 TEM-EDX (a) BiOCl, (b) BiOBr (c) BiOI and (d) BiOCl/CFO heterostructures. 
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The O/Bi and Bi/X atomic ratios have been calculated further from the TEM-EDX for the bare 

BiOX (X=Cl, Br, I) to have the insightful information about types of material formed [Figure 7.10 

(a-c)]. The values of O/Bi atomic ratio are 1.16, 1.02 and 1.77 for BiOCl, BiOBr and BiOI, 

respectively. The atomic ratios of Bi/X (X=Cl, Br, I) are 1.03, 2.16 and 1.11 in case of BiOCl, 

BiOBr and BiOI, respectively are well consistent with the reported literature and confirm the 

formation of BiOX [55]. Further, the FESEM-EDX of BiOCl/CFO heterostructures has been 

investigated, where the Bi/Cl atomic ratio is 1.07 nearly equal to the bare BiOCl (Figure 7.10d). 

Therefore, it can be confirmed that heterostructures formation does not change the atomic ratio of 

the elements.    

 

7.3.3. Electrochemical properties 

Besides the structural characterization, intrinsic electronic properties like bandgap, band edge 

position, free carrier density, space charge layer width have significant role to optimize the 

photocatalytic activity. To further address the relative band structure of BiOX and CFO samples 

under study, the flat-band potential (Efb) is measured using the electrochemical method in 0.1 M 

Na2SO4 solution (pH 7) and the Mott–Schottky plots are shown in Figure 7.11. The Mott–Schottky 

plots of all the BiOX samples show a positive slope, which is typical for n-type semiconductors 

and associated with the O-vacancy in crystal lattice originated from the high oxygen density in 

(001) facet. The Efb is located at 0.86 V, 0.017 V and 0.92 V vs Ag/AgCl for BiOI, BiOCl and 

BiOBr, respectively. The Efb values are obtained as 0.24 V, 0.59 V and 0.31 V vs RHE by using 

the Nernst equation (Eq. 7.1). It is generally accepted that the Efb of n-type semiconductor is 

located just below the CBM and for BiOX the difference between CBM and Efb is around 0.3V 

[42]. Therefore, the CB are 0.54 V, 0.29 V and 0.61 V vs RHE for BiOI, BiOCl and BiOBr, 

respectively (CB = Ffb0.3 V). The VB was estimated to be 1.22 V, 2.52 V and 2.32 V for BiOI, 

BiOCl and BiOBr, respectively using their bandgaps, calculated from the UV-Vis spectra (VB  

CB = Eg). However, bare CFO shows negative slope, i.e. p-type conductivity and the Efb at 0.18 V 

vs Ag/AgCl, thereby 0.79 V vs RHE. As the Efb of p-type semiconductor lies just above the valence 

band maxima (VBM), thus VB and CB would be at 1.09 V and 0.56 V vs RHE, respectively. The 

calculated Efb, CB, VB potentials are presented in the Table 7.1.  
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Figure 7.11 Mott-Schottky plots of pure semiconductors (a) BiOI, (b) BiOCl, (c) BiOBr and (d) CFO.  

 

The Mott-Schottky plot of the bare BiOX (X = Cl, Br, I) at three different frequencies are shown 

in Figure 7.12, where frequency independent nature has been observed, indicating the flat band 

potential of the materials are frequency independent. 

 

 

Figure 7.12 Mott-Schottky plots of (a) BiOI, (b) BiOCl and (c) BiOBr at three different frequencies. 
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Depending on the position of VB and CB of BiOX and CFO, plausible charge transfer band 

diagram have been schematically presented in Scheme 7.1. It has been clearly observed that, the 

band alignments of BiOBr with CFO are well matched with the conventional Type-I 

heterostructures. The CBM and VBM of BiOBr both have higher potential than CFO (Scheme 

7.1a). Thus, in presence of light energy, photo-generated electrons and holes of BiOBr will migrate 

to the CB and VB of CFO, respectively, due to lower potential of CFO. Thus, special charge 

separation of electrons and holes may not possible in this system, rather the recombination rate 

will be increased which reduces the number of excited carriers for water splitting.  

 

Table 7.1 Calculated flat band potentials (Efb), position of the VB and CB potentials and bandgaps the 
as synthesized materials. 
 

Material Type of 

material 

Efb (V) vs 

RHE 

CB (V) vs 

RHE 

VB (V) vs 

RHE 

Eg 

eV 

BiOI n-type 0.24 0.54 1.22 1.76 

BiOCl n-type 0.59 0.29 2.52 2.23 

BiOBr n-type 0.31 0.61 2.32 2.63 

CuFe2O4 P-type 0.79 0.56 1.09 1.65 

 

On the other hand, the CBM of both BiOI and CFO are negative and CFO has higher potential 

than BiOI, whereas the VBM of BiOI located at higher potential compared to CFO (Scheme 7.1b). 

Thus, in presence of light energy, photo-generated electrons of CFO will migrate to the CB of 

BiOI and the photo-induced holes will follow the opposite direction (BiOI to VB of CFO), due to 

lower potential of CFO. In this way, the charge separation will happen at two different 

semiconductors and the water oxidation and reduction occur by the CB electrons of BiOI and VB 

holes of CFO, respectively. Meanwhile, in BiOCl/CFO heterostructures the difference between 

CBM of BiOCl and CFO is large enough and the electrons of BiOCl lies at positive potential, 

which is insufficient for water reduction reaction (Scheme 7.1c). At the same time, holes of CFO 

will not oxidize the water molecules due to low positive potential of 0.99 V vs RHE. Thus, these 

electrons will try to recombine with the VB holes of CFO to form electron-hole pairs. Thereby, 

spatial charge separation occurs between BiOCl and CFO by accumulating highly negative excited 

electrons at CB of CFO and photo-induced holes at VB of BiOCl with enough potentials for water 
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splitting. Thus, BiOCl/CFO offers optimized redox ability with low charge carrier recombination 

rate and minimal energy loss due to backward reactions [56]. 

 

Scheme 7.1 Band alignments of (a) BiOI/CFO, (b) BiOBr/CFO and (c) BiOCl/CFO heterostructures.  

 

Furthermore, the junction capacitance of the as prepared heterostructures have been studied 

through M-S measurement, where a ‘V’ shaped nature observed for all the heterostructures, 

confirming the presence of n-type BiOX and p-type CFO (Figure 7.13).  

 
Figure 7.13 Mott-Schottky plots of (a) BiOI/CFO, (b) BiOCl/CFO and (c) BiOBr/CFO heterostructures. 
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of the semiconductors, 𝜀0 is permittivity of free space, K is Boltzmann constant and T is 

temperature (K). The calculated Nd values are tabulated in Table 7.2, where BiOCl/CFO shows 

2.5 times and 7 times higher carrier concentration compared to BiOI/CFO and BiOBr/CFO, 

respectively. Thus, the Z-scheme heterostructures is more effective to promote the catalytic redox 

reactions.  

 

Table 7.2 Calculated charge carrier concentrations from the Mott-Schottky measurements.  

Material Intercept Slope R2  Nd/cm3 

BiOI 1.00 ×1010 1.16  1010 0.990 40 302.31 1016 

BiOCl 4.19  1010 3.08  1010 0.993 14.5 316.26  1016 

BiOBr 2.34  1010 1.12  1012 0.996 45 2.8  1016 

CuFe2O4 2.33  1010 1.21  1011 0.990 19.6 59.65  1016 

BiOI/CFO 1.69  1010 1.44  1010 0.990 - 245.21  1016 

BiOCl/CFO 1.80  1010 1.61  1010 0.997 - 606.53  1016 

BiOBr/CFO 5.30  1010 3.64  1010 0.994 - 186.32  1016 

 

Space charge layer width is also an important parameter to optimize the charge transfer efficiency 

of a photocatalyst. The space charge layer width (Wsc) has been calculated further following the 

equation of  

             𝑊𝑠𝑐 =  √(
2𝜀𝜀0𝑉𝑠

𝑒𝑁𝑑
)                                                                                                        (7.3) 

where Vs is the applied potential. The variation of space charge layer width with the applied 

potential for bare BiOX and the heterostructures have been shown in the Figure 7.14, where a drift 

assisted transport in the space charge region has been evident at lower potentials. After 

heterostructures formation, the Wsc decreases for each BiOX, indicating efficient charge transfer 

through the electrode-electrolyte interface via band bending due to presence of internal potential 

gradient at the junction interface [57]. More interestingly, the Z-scheme heterostructures exhibited 

lowest Wsc which is indicative of high catalytic efficiency.   
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Figure 7.14 Space charge layer width vs applied potential plots of bare semiconductors (a) BiOI, (b) 
BiOCl, (c) BiOBr, and the heterostructures of (d) BiOI/CFO, (e) BiOCl/CFO and (f) BiOBr/CFO. 

 

To investigate the better charge transfer efficiency of prepared heterostructures at electrode-

electrolyte interface, electrochemical impedance measurement has been performed in presence of 

light. Figure 7.15a represents the Nyquist plots of the bare BiOX and the CFO, where, much higher 

resistance has been obtained for bare CFO (~639 k, Inset of Figure 7.15a). Among the BiOX, 

BiOBr shows single semicircular arc with charge transfer resistance of ~1749 , whereas BiOCl 

and BiOI exhibit a semicircle in high frequency, small Warburg line in intermediate frequency and 

almost a vertical line in low frequency region. Semicircular part corresponds to the electron 

transfer between redox species and the electrode via surface states or reaction intermediates and 

the steep region arises due to the diffusion of redox species, indicates the capacitive nature of the 

electrode. Interestingly, the smaller semicircle radius of the Nyquist plots has been noticed after 

heterostructures formation between BiOX and CFO, signifies the improved electron-hole transfer 

than that of component semiconductors. However, direct Z-scheme BiOCl/CFO exhibits smallest 

charge transfer resistance (~ 41.08) compared to BiOI/CFO (~766.4 ) and BiOBr/CFO (~ 819.7 

), which means faster interfacial charge transfer occur in Z-scheme system to result the effective 

separation of electron-hole pairs (Figure 7.15b). In other words, Z-scheme heterostructures 

significantly improves the electrical conductivity at the interface in presence of light, which may 
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useful for water splitting reactions. All the Nyquist spectra further fitted with Randles equivalent 

circuit model via Z-View software and the fitted parameters are tabulated in the Table 7.3 and the 

plots are represented in Figure 7.16.  

 

Figure 7.15 Impedance spectra of (a) bare BiOI, BiOCl, BiOBr, Inset: bare CFO, (b) BiOI/CFO, 
BiOCl/CFO, BiOBr/CFO heterostructures. The equivalent circuit parameters are shown in the inset of 
(a) and (b). Linear sweep voltammetry (LSV) curves of (c) bare semiconductors BiOI, BiOCl, BiOBr, 
CFO and (d) BiOI/CFO, BiOCl/CFO, BiOBr/CFO heterostructures under continuous light illumination 
(35W Xenon lamp) in 0.1 M Na2SO4 electrolyte.  
 

Table 7.3 Fitting parameters of linearly fitted photocatalytic H2 generation. 

Material Rs/ Rct/ Cct/Mho 

BiOI 0.23 1180 0.16 

BiOCl 0.16 1190 0.19 

BiOBr 65.0 1749 0.84 

BiOI/CFO 0.47 766 0.25 

BiOCl/CFO 0.72 41.1 0.27 

BiOBr/CFO 0.20 819 0.34 

CFO 2.48 639000 0.02 

0 200 400 600 800
0

200

400

600

800  BiOI/CFO

 BiOCl/CFO

 BiOBr/CFO

-Z
''/


Z'/cm
2

C
ct

R
ct

R
s

(a) (b)

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

-4

-2

0

2

4

6

8

10

12
 BiOI

 BiOCl

 BiOBr

 CFO

C
u

rr
e
n

t 
d

e
n

s
it

y
/

A
 c

m
-2

Potential V vs RHE

0 400 800 1200 1600 2000
0

400

800

1200

1600

 BiOBr

 BiOCl

 BiOI

-Z
''
/

Z'/cm
2


0 200 400 600 800
0

50

100

150

200

250

300

Z'/k

-Z
''
/k


CFO

C
ct

R
ct

R
s

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0

20

40

60  BiOI/CFO

 BiOCl/CFO

 BiOBr/CFO

C
u

rr
e
n

t 
d

e
n

s
it

y
/

A
 c

m
-2

Potential V vs RHE

(c) (d)



268 
 

 

 

Figure 7.16 Fitted Nyquist plots of (a) BiOI, (b) BiOCl, (c) BiOBr, (d) BiOI/CFO, (e) BiOCl/CFO, (f) 
BiOBr/CFO and (g) bare CFO under light illumination. 

 

To further explore the catalytic properties of the as synthesized materials, a series of 

electrochemical and optical measurements have been conducted. Figure 7.15(c-d) and Figure 7.17 

exhibit the linear sweep voltammetry curves of bare semiconductors and the heterostructures in 

0.1M Na2SO4 aqueous solution under continuous visible light illumination using 35W Xenon lamp 

as light source. Clearly, heterostructures formation effectively enhances the current density 

compared to their component semiconductors, which might be attributed due to the synergetic 

effects of low charge transfer resistance, high charge carrier concentration and efficient charge 

separation through the interfaces. In addition, the CFO nanoparticles may serve as effective active 

sites to promote the redox reactions for H2 generation by accumulating the photogenerated 

electrons, which is further verified by the transient photocurrent measurement.  
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Figure 7.17 Linear sweep voltammetry (LSV) curves of (a) BiOCl/CFO, (b)BiOI/CFO and (c) 
BiOBr/CFO heterostructures under dark and continuous light illumination (35W Xenon lamp) in 0.1 M 
Na2SO4 electrolyte.  

 

 

Figure 7.18 Transient photocurrent spectra of (a) bare semiconductors CFO, BiOI, BiOCl, BiOBr and 
(b) the BiOI/CFO, BiOCl/CFO, BiOBr/CFO heterostructures under chopped light condition, measured 
by chronoamperometry at a fixed potential of 0.6V vs Ag/AgCl. 
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The photo-stability of the anodes have been determined by measuring transient photocurrent 

density through chopped chronoamperometry. The BiOCl exhibited highest photocurrent density 

compared to other BiOX semiconductors which is consistence with the LSV result (Figure 7.18a). 

As expected, the Z-scheme BiOCl/CFO heterostructures shows remarkably increased photocurrent 

density compared to Type-II heterostructures, implying that direct Z-scheme system is more 

efficient in water oxidation reaction (Figure 7.18b). The theoretical PEC H2 generation for the Z-

scheme BiOCl/CFO heterostructures further calculated from the chronoamperometry spectra by 

determining the charge (Q) passed through the photoanode. The charge has been determined by 

integrating the current over the time and the moles of H2 is equal to 
𝑄

2𝐹
, where F is the faraday 

constant (F = 96500) [61]. The estimated PEC H2 generation for BiOCl/CFO heterostructures 

reaches to 0.05 mol at 450 sec (Figure 7.19). 

 
Figure 7.19 Chopped chronoamperometry profile and calculated PEC H2 spectra of BiOCl/CFO Z-
scheme heterostructure.  
 

In order to get more details about quantum efficiency of the Z-scheme heterostructures, incident 

photon-to-current conversion efficiency (IPCE) has been calculated from the action spectrums 

through chopped chronoamperometry measurement within the visible region (400  750 nm). Z-

scheme BiOCl/CFO heterostructures has very low efficiency at wavelength region of  600 nm, 

whereas it shows prominent enhanced efficiency at the range of  600 nm and maximum at 450 

nm (~25%) (Figure 7.20). The enhanced activity within the range of 450 nm  750 nm could 

possibly achieve by effective visible light absorption and electron-hole separation which is in 

accordance with the consequence of electrochemical impedance measurements. 
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Figure 7.20 Incident Photon to Current Conversion Efficiency (IPCE %) spectra of BiOCl/CFO 
heterostructures using 0.1 M Na2SO4 electrolyte within the wavelength range 400–750 nm.  

 

7.3.4 UV-Vis Absorption and Bandgap Calculation 

Furthermore, the optical absorption of bare semiconductors and the heterostructures are studied by 

diffuse reflectance spectra (DRS) to investigate the influence of heterostructures on light 

absorption. Figure 7.21 represents the DRS of bare CFO, BiOCl and BiOCl/CFO heterostructures. 

BiOCl has strong absorption in UV and visible region which significantly boosted up after 

heterostructures formation with CFO at each wavelength. Interestingly, a prominent absorption 

hump has been observed within the wavelength range of 380 nm to 550 nm, which may be arise 

due to strong interaction between BiOCl and CFO, is well consistent with the IPCE result. 

Therefore, it can be concluded that, improved light absorption at this region enhances the photon 

to current conversion efficiency of the Z-scheme heterostructures. Furthermore, the absorption 

spectra of the BiOI, BiOBr, BiOI/CFO and BiOBr/CFO are studied and shown in Figure 7.22, 

where prominent enhancement observed in intensity as well as in absorption edge for 

heterostructures compared to bare BiOX. A classical Kubelka–Munk [(αhν)2 vs photon energy 

(hν)] equation has been used to calculate the bandgap of the materials (Inset of Figure 7.21 and 

Figure 7.23).  
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Figure 7.21 Diffuse reflectance spectra of BiOCl, BiOCl/CFO, and bare CFO. Inset: Kubelka–Munk 
[(αhν)2 vs photon energy (hν)] plots of CFO, BiOCl and BiOCl/CFO. 
 

 

Figure 7.22 UV-Vis absorption spectra of BiOI, BiOBr, BiOI/CFO and BiOBr/CFO heterostructures. 

 

It is widely accepted that the BiOX and CFO follow indirect and direct transition, respectively. 

Thus, the calculated indirect bandgaps are 1.76 eV, 2.23 eV and 2.63 eV for BiOI, BiOCl and 

BiOBr respectively and direct bandgap of 1.65 eV for CFO, well matched with the previously 

reported literatures [12]. The calculated bandgap of BiOCl nanosheet is 2.2 eV which reduces to 

1.9 eV after CFO nanoparticle deposition on the surface. The bandgap reduction may attributed 

due to formation of heterostructures between BiOCl and CFO, which further facilities the photon 

absorption, photogenerated charge carrier generation and separation. 
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Figure 7.23 Kubelka–Munk [(αhν)2 vs photon energy (hν)] plots of (a) BiOI, (b) BiOBr, (c) BiOI/CFO, 
(d) BiOBr/CFO.  
 

7.3.5 Photocatalytic H2 Generation 

The photocatalytic activity of BiOX and the heterostructures was measured through H2 generation 

from water under visible light illumination. The time course of hydrogen generation has been 

measured under continuous visible light illumination (250W Xe lamp) and in presence of 25 vol 

% methanol as sacrificial agent (Figure 7.24). Here catalysts (1mg/ml concentration) are dispersed 

in the water medium under light illumination without any external potential. BiOI exhibits highest 

H2 generation (~18.45 mmol) among the BiOX due to more negative CB which provides high 

reduction potential. However, the H2 generation of CFO is very low (~4.2 mmol) because of fast 

recombination of the excited charge carriers owing to narrow bandgap. Interestingly, the H2 

generation has been significantly increased after heterostructures formation in a steady manner 

which validates the aforesaid estimated reasons of high conductivity, large number of active sites 

and efficient charge seperation. Under visible light, BiOCl/CFO exhibits the highest mass specific 

activity (~22.2 mmol h1), followed by BiOI/CFO (~ 12.5 mmol h1) and then BiOBr/CFO (~6.5 
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mmol h1), consistent with their ability to absorb the visible light (Figure 7.24b). For comparison, 

a mixing sample of BiOCl and CFO (at equal mass ratio) have been prepared and tested the 

photocatalytic H2 generation, where eight times lower activity obtained than that of BiOCl/CFO 

heterostructures at similar reaction condition. This result clearly confirms the intimate contact 

between BiOCl and CFO after heterostructures formation which facilitate the charge separation 

and transfer through the junction.  

 

Figure 7.24 Photocatalytic hydrogen generation in the presence of (a) bare BiOX (X= Cl, Br, I) and 
CFO, (b) BiOX/CFO (X= Cl, Br, I) heterostructures for 2 h under visible light from an aqueous solution 
containing 25 volume% methanol as sacrificial agent at pH 7, (c) Recycling test of BiOCl/CFO 
heterostructures for H2 generation, (d) FESEM image of BiOCl/CFO after the catalytic reaction of H2 
generation under visible light. 

 

Further, the H2 generation data of all the bare BiOX (X=Cl, Br, I) and CuFe2O4 as well as 

heterostructures are linearly fitted (Figure 7.25a and 25b) and the fitted parameters are represented 

in Table 7.4. The H2 generation of bare BiOX and CFO are roughly linear may be associated with 
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fast recombination. Additionally, the H2 generation increases up to a certain time then get saturated 

due to presence of limited sacrificial agent in the reaction system. However, Z-scheme BiOCl/CFO 

and Type-II BiOI/CFO exhibit linear H2 generation for the entire time period because of efficient 

charge separation and transfer to the surface of the catalyst. On the other hand, roughly linear 

trained has been observed for Type-I BiOBr heterostructures as the photogenerated charge carrier 

accumulation on the CFO, which may increase the electron-hole recombination rate, thereby 

reduce the number of free electrons for water reduction.  

 

Figure 7.25 Linearly fitted H2 generation of (a) bare BiOX and CFO, (b) BiOX/CFO heterostructures. 

 

Table 7.4 Fitting parameters of Nyquest plots. 

 

Material Linear 

equation 

Adj. R2 Intercept Slope 

BiOI y = a + b*x 0.96 2.37 0.18 

BiOCl y = a + b*x 0.95 1.59 0.05 

BiOBr y = a + b*x 0.92 3.99 0.12 

CuFe2O4 (CFO) y = a + b*x 0.85 0.28 0.02 

BiOI/CFO y = a + b*x 0.99 2.37 0.17 

BiOCl/CFO y = a + b*x 0.99  0.08 0.38 

BiOBr/CFO y = a + b*x 0.94 2.05 0.09 

 

Figure 7.26 presents the calculated AQY% for the catalysts (calculated using Eq. 7.1), where 

BiOCl/CFO heterostructures exhibits highest photocatalytic H2 generation efficiency of 9.9 % 

followed by BiOI/CFO (5 %) and BiOBr/CFO (4 %). Thus, direct Z-scheme heterostructures 
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formation improve the H2 generation rate as well as AQY% which can be described on the basis 

of charge transfer process.  

 

Figure 7.26 Apparent quantum yield (AQY %) of the as developed bare semiconductors and 
heterostructures. 

 

The effect of sacrificial agents (commonly used alcohol and aldehydes) in H2 generation has been 

investigated (Figure 7.27a). The redox potential of a sacrificial hole scavenger for H2 generation 

should be more negative than valence band of semiconductor, so that it can consume the holes and 

suppress the recombination of photogenerated electrons [58]. Notably, methanol shows the highest 

H2 generation (~44.4 mmol) compared to ethanol (~38.5 mmol), formaldehyde (34.1 mmol), 2-

propanol (~24.8 mmol), and ethylene glycol (~18.7 mmol) suggesting the length of carbon chain 

is inversely proportional to water reduction ability. However, the oxidation potential and 

permittivity of sacrificial agents have play potential role in H2 generation as it act as electron 

donors to consume the holes. According to Gouy-Chapman theory, surface charge density is 

proportional to dielectric constant of the solvent [57]. As shown in Table 7.5, the oxidation 

potential of methanol is lower than ethanol, 2-propanol and ethylene glycol but the permittivity is 

higher than ethanol and 2-propanol. Although, the permittivity of ethylene glycol is much higher 

compared to other solvent, the higher oxidation potential (1.54 eV, which is higher than water 

oxidation potential 1.23 eV) lowers its activity as it poorly oxidized. Therefore, methanol is 

considered as preferable sacrificial agent in photocatalytic hydrogen generation having lower 

oxidation potential and considerable permittivity. The effect of sacrificial donor/solvent ratio in 

photocatalytic H2 generation has been investigates for BiOCl/CFO heterostructures (Figure 7.27b). 

4.1

1.7

3.8

0.9

5

9.9

4

1 2 3 4 5 6 7
0

2

4

6

8

10

A
Q

Y
 %

Catalysts

1. BiOI

2. BiOCl

3. BiOBr

4. CFO

5. BiOI/CFO

6. BiOCl/CFO

7. BiOBr/CFO 



277 
 

The volume % of methanol has been varied from 5 to 50%, where the amount of H2 generation 

increases with the increase of methanol concentration up to a certain percentage, then decreases. 

The 25 volume % and 30 volume % shows almost similar result, however decreases when 50 

volume % was used. Methanol generally acts as hole scavenger, i.e. it reacts with photoinduced 

holes very fast than water and reduces the probability of electron-hole recombination. Therefore, 

an optimized percentage may boost the catalytic reactions in a forward direction. The higher 

concentration of methanol may generate higher amount of reactant products which further sluggish 

the reaction rate kinetics due to unwanted backward reaction.  

 

Figure 7.27 Effect of (a) different sacrificial hole scavengers and (b) sacrificial donor/solvent ratio in 
photocatalytic H2 generation for BiOCl/CFO heterostructures. 

 

Table 7.5 Permittivity and oxidation potential of the sacrificial agents. 

Sacrificial agent Permittivity () Oxidation Potential/ eV 

Methanol 31.2 1.05 

Ethanol 25.7 1.10 

2-propanol 18.23 1.15 

Ethylyne Glycol 38.9 1.54 

 

In addition to its remarkable photocatalytic activity, BiOCl/CFO heterostructures exhibits very 

good stability as a photocatalyst. As shown in Figure 7.24c, no noticeable decrease in the activity 

for photo catalytic hydrogen production can be observed in the cycling tests (a minimal 14% loss 
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after 4th run), indicating that the as-prepared heterostructures may effectively restrain 

photocorrosion under visible light and possess stable photocatalytic H2 generation activity. 

Moreover, no obvious structural modification can be observed for BiOCl/CFO heterostructures 

even after photocatalytic reactions (Figure 7.24d). Therefore, the remarkable catalytic activity and 

stability make heterostructures as a promising photocatalyst for hydrogen production from water 

splitting under visible light. 

 

7.3.6 Proposed Mechanism for H2 Generation 

Conceptually, when two semiconductor comes in contact with each other, a junction will create 

which in turn facilitate electron transfer from higher energy level to the lower energy level to  

achieve equillibrium. At equilibrium, bands of the material bended according to their fermi level 

position and tried to line up the fermi level (Scheme 7.2). Under light irradiation, photoinduced 

electrons and holes are generated both at BiOCl and CFO. As the CB of BiOCl is nearly located 

to the VB of CFO, thus low energy electrons of BiOCl may directly recombine with the holes of 

CFO by leaving excited electrons on the CB of CFO  as shown in Scheme 2. Due to upward band 

bending, CB electrons of CFO may not transfer from CFO to BiOCl, may flow away from the 

junction. These electrons can easily reduce the water molecules into H2 (H
+/H2, 0V vs RHE) due 

to strong redox capability (0.65 V). At the same time, photo-induced holes are consumed by the 

scavenger methanol and reduce the recombination rate as holes react faster with methanol than 

water. Thus, the direct Z-scheme photocatalytic system may effectively lower the backward 

reactions and enhances the amount of H2 generation under visible light. On the other hand, the high 

energy photo generated electron and holes are migrated in the BiOI/CFO and BiOBr/CFO Type-

II and Type-I heterostructures and lost their redox ability for water splitting, resulting lower H2 

generation compared to Z-scheme photocatalytic system (Scheme 1). The H2 production rate of 

some reported CFO and BiOX-based materials and patent photocatalysts [59] are listed in Table 

7.6 to compare the photocatalytic activity, where very high photocatalytic activity has been 

achieved for developed Z-scheme BiOCl/CFO heterostructures. Therefore, it can be concluded 

that, the position of the energy bands has strong role in controlling the electron hole transfer as 

well as formation of different type heterostructures. 
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Scheme 7.2 Schematic illustration of the charge transfer process and the photocatalytic H2 generation 
of the novel Z-scheme BiOCl/CFO heterostructures under visible light irradiation. 

 

 

Table 7.6 Comparison table of photocatalytic applications of CFO and BiOX based materials. 

Material Light Source Sacrificial 

agent 

Photocatalytic 

H2/O2 

generation 

molh1 

PEC 

activity 

A cm2 

at 1V vs 

Ag/AgCl 

Referece 

CuFe2O4 

photoanodes 

Xenon, 450 W   500 62 

CuFe2O4/BiVO4 400 W metal 

halogen lamp with 

420 nm cutoff 

filters 

0.5 M 

NaClO4 

electrolyte 

 450 63 

CuFe2O4/α-Fe2O3 

Composite 

AM 1.5, 100 

mW/cm2 
  2400 64 

CdS/CuFe2O4 Xenon lamp   10 65 

CuFe2O4/g-C3N4 300 W Xe lamp, 

420 nm band-pass 

filter 

3 wt% Pt, 

triethanolami

ne (TEA, 10 

vol%) 

76  66 

CuFe2O4/WO3 

nanocomposite 

AM 1.5G 

illumination 
  800 67 

CuFe2O4/ZnO 500 W Xe lamp    68 

Flame-Annealed 

CuFe2O4 

AM 1.5 G, 

100mW/cm2 
  2000 69 

graphene oxide–

CuFe2O4–ZnO 

Xenon lamp 0.5 M 

Na2SO4 

aqueous 

solution 

  70 

Reduction

Methanol

HCHO, HCOOH
BiOCl

E

1.65 eV

+

CFO

2.23 eV

Evac

Ec

Ev

Ev

-
H+

H2
- -- - - -

+ +

+ + +
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Material Light Source Sacrificial 

agent 

Photocatalytic 

H2/O2 

generation 

molh1 

PEC 

activity

A cm2 

at 1V vs 

Ag/AgCl 

Reference 

p-CuFe2O4/n-

NiAl LDH 
 20 mL 

aqueous 

methanol 

345.76 (H2) 1.5 71 

TiO2-x/BiOCl 

heterojunctions 

300W Xe lamp, 

cutoff filter was 

used as a light 

source (> 400 nm) 

-  700 72 

Bi4NbO8Cl  Methanol 25 (H2) 

12 (O2) 
 73 

Fe(III) modified 

BiOCl 

300 W Xe lamp, 

1.5 solar light 

irradiation 

 30 (H2) 350 74 

BiOCl/βFeOOH 

heterojunction 

xenon lamp (500 

W) 

triethanolami

ne (TEA; 15 

vol%) 

13650(H2)  75 

BiOCl/copper(II) 500 W Xe lamp 20vol% of 

methanol 

16 (H2) 40 76 

{0 0 1} Facets 

BiOCl 
  58.6 (O2)  77 

Oxygen Vacancy-

Mediated BiOCl 

300 W Xe lamp methanol   

triethanolami

ne 

(10 vol%) 

4 (H2) 

90(O2) 
 78 

BiOI 250 W metal halide 

lamp and a 300 

W xenon lamp 

without any filter 

 2730 (H2)  79 

gC3N4/BiOI 300 W Xe lamp   800 80 

BiOI 

Nanoplatelet 

300 W Xe lamp   1200 81 

gC3N4/Bi4NbO8

Cl 

300 W Xe lamp, 

with optical filter 

(λ > 420 nm) 

10 mL of 

lactic acid, 1 

wt % Pt co-

catalyst 

287.71(H2) 0.8 82 

CeO2/BiOI 125 W medium 

pressure Hg lamp 

(λ ≥ 420 nm) 

0.05 M 

aqueous 

AgNO3 

323  (O2)  83 

BiBiOCl/AgCl 300 W Xe lamp  198.2 (H2) 45 84 

2.2% W/C on 

TiO2 

500 W Hg lamp MeOH (50 

vol%aq) 

5350 (H2)  85 

Pt/TiO2 740 mW cm2, Hg MeOH (50 

vol%aq) 

1950 (H2)  86 

19% Printex-G + 

65% TiO2 + 16% 

(5 wt% 

RuO2/TiO2)  

50 mW cm2 Hg EtOH–H2O 45 (H2)  87 
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Material Light Source Sacrificial 

agent 

Photocatalytic 

H2/O2 

generation 

molh1 

PEC 

activity

A cm2 

at 1V vs 

Ag/AgCl 

Reference 

(5 wt%)Ag/TiO2 

NT  

Hg or Xe MeOH (5 

vol%aq) 

3200 (H2)  88 

Pt/TiO2  300 W, Xe Glycerol (20 

vol% aq) 

7280 (H2)  89 

C,N-co-doped 

TiO2 

8 W, Hg (365 nm) Na2S–

Na2SO3 

0380 (H2)  90 

TiO2/BiVO4 

 

300 W, Xe MeOH–H2O 1240 (H2)  91 

TiO2/Cu2O   

 

300 W, Xe 

420 nm 

MeOH–H2O 1520 (H2)  92 

Ag/AgBr/TiO2 

 

300 W, Xe HCOONa  

 

HCOONa–

MeOH 

1430 (H2) 

 

 

3930 (H2) 

 93 

ZnO  500 W, Xe H2S 2900 (H2)  94 

(0.8 wt%)Pt/CdS  125 W, Hg (4260 

nm) 

Na2SO3 9360 (H2)  95 

CdS/TiO2/conduc

tive polymer 

fiber membrane  

500 W, Xe MeOH (25 

vol %)–H2O 

1800 (H2)  96 

NiS–PdS/CdS  300 W, Xe (420 

nm) 

30% lactic 

acid 

31000 (H2)  97 

BiOI 

BiOCl 

BiOBr 

CuFe2O4 

 

35 W Xe lamp for 

PEC, 

250 W Xe lamp 

for H2 generation 

25 vol% of 

methanol 

9200 (H2) 

3860(H2) 
8500 (H2) 

2110 (H2) 

 

2.4 

11 

0.76 

7.13 

 

Our result 

BiOI/CuFe2O4 

BiOCl/CuFe2O4 

BiOBr/CuFe2O4 

35 W Xe lamp for 

PEC, 

250 W Xe lamp 

for H2 generation 

25 vol% of 

methanol 

11230 (H2) 

22200 (H2) 

12500 (H2) 

36.67 

13.63 

64.47 

Our result 

 

7.4 Summary 

In summary, we developed three types of heterostructures (direct Z-scheme, Type-I and Type-II) 

between n-type layered oxyhalides (BiOX) and p-type CuFe2O4 as photocatalyst for water 

splitting. The highest activity was achieved over the BiOCl/CFO photocatalyst, with an H2 

production rate of 22.2 mmolh−1 compared to BiOI/CFO and BiOBr/CFO heterostructures, 

highlighting the intense promoting effect of direct Z-scheme charge transfer mechanism. The self-

induced internal field gradient of BiOCl along with the intimate contact between BiOCl and CFO 

accelerates the charge separation efficiency as well as extends the visible light absorption at longer 

wavelengths. Additionally, the highly dispersed O-2p band of BiOX helps in narrowing the 
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bandgaps and enhances stability against water oxidation. The electrochemical measurements 

confirmed that the synergetic effects of high carrier concentration, low charge transfer resistance 

and sufficient redox potentials resulted highest photocatalytic activity of BiOCl/CFO towards H2 

generation. Hence, present study strongly suggests that fine and extensive regulation of band edge 

energies have key role to control the charge separation efficiency, which in turn influence the 

photocatalytic activity. These band edge engineered nanostructures are promising for efficient and 

stable H2 generation through water reduction under visible light.  
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8.1 Conclusions  

In this thesis, visible light driven photocatalysis is revisited from an experimental and engineering 

point of view, using semiconductor based nanostructures. As low cost, non-toxic and chemically 

stable material, bismuth (Bi)-based semiconductors are focussed as photocatalyst for water 

splitting with tunable morphology, bandgap and band edge potentials. Therefore, fabrication of a 

series of Bi-based semiconductors by green and cost-effective method is the important attempt of 

this thesis work. On the other hand, Bi-based semiconductors suffer some limitations, for example, 

rapid recombination of photogenerated charge carriers, wide bandgap for some materials, low 

redox potential to drive the water oxidation and reduction reactions. Therefore, heterostructures 

have been developed with other semiconductors to overcome the aforesaid issues and boost the 

photocatalytic efficiency. Moreover, the free charge carrier concentration and number of active 

sites have been improved by heterostructure formation. In this study, various types Bi-based 

semiconductor heterostructures (Type-II, p-n heterojunction, Schottky junction, direct and indirect 

Z-scheme heterojunctions) have been fabricated by in-situ methods and presented as a promising 

photocatalysts for organic pollutant degradation, renewable fuel H2 generation through water 

reduction and photoelectrochemical (PEC) water splitting under visible light. As Bi-based 

semiconductor, Bi2S3, BiFeO3 and BiOX (X = Cl, Br, I) are synthesized by facile hydrothermal 

method and further coupled with other semiconductors or metals to develop heterostructures. 

A novel Type-II heterostructures has been developed between low bandgap bismuth sulphide 

(Bi2S3) and wide bandgap zinc oxide (ZnO) to reduce the fast electron-hole recombination rate of 

Bi2S3 and enhance the absorption of ZnO in visible region. Flower like Bi2S3 has been synthesized 

by facile hydrothermal method and further ZnO nanoparticles deposited on the surface of Bi2S3 

flowers via in-situ precipitation method. Successful formation of heterostructures enhances the 

light absorption in visible region and improves the charge separation ability. Moreover, the growth 

of Bi2S3 during hydrothermal reaction time has been studied in details and based on which a growth 

mechanism proposed. The effect of sulphur precursors (L-cysteine and mercaptosuccinic acid) in 

morphology has been studied, where more fine structure of Bi2S3 (assembly of rods forms flower 

like structure) obtained by using mercaptosuccinic acid. The photocatalytic activity of bare Bi2S3 

and the heterostructures has been tested for organic pollutant methyl orange (MO) degradation, 

where M-Bi2S3/ZnO demonstrate highest catalytic activity. Further, as synthesized materials have 

been used as heterogeneous catalyst for photocatalytic H2 generation through water reduction, in 
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which L-Bi2S3/ZnO showed ~ 8.6 time higher H2 generation compared to bare Bi2S3 under visible 

light illumination. Moreover, PEC activity has been studied, where Bi2S3/ZnO demonstrated high 

photocurrent density of 0.25 mA cm2, which is 56% and 97 % higher than bare M-Bi2S3 and ZnO 

respectively. From the band edge potential calculation, a Type-II charge transfer pathway between 

Bi2S3 and ZnO has been proposed and on the basis of the experimental findings the higher activity 

of Bi2S3/ZnO heterostructures described. 

Furthermore, a new strategy has been developed through two steps comprising of hydrothermal 

method followed by radiolysis for an efficient Schottky junction between noble metal gold 

nanoparticles (Au NPs) and bismuth ferrite (BiFeO3) has been developed. The hydrothermal 

method has been followed to synthesis hexagonal BiFeO3 and then average ~ 17 nm Au 

nanoparticles are developed by radiolysis on the surface of the BiFeO3 without using any template 

or strong reducing agent. In addition, cylindrical and octahedral morphology of BiFeO3 is 

synthesized by changing the solution pH during the hydrothermal reaction. The catalytic activity 

of as developed metal-semiconductor Schottky junction was investigated by photocatalytic H2 

generation and PEC water splitting under visible light. The presence of Au NPs on the surface of 

BiFeO3 effectively enhances the light absorption in visible region due to the surface plasmonic 

resonance effect and the strong interaction between Au and BiFeO3. Consequently, two-fold 

enhanced H2 generation have been achieved for Au/BiFeO3 Schottky junction than that of bare 

BiFeO3. The effect of pH, various sacrificial agent, catalyst loading have been tested in details to 

optimize the reaction parameters of photocatalytic H2 generation. The hot electron generation by 

the virtue of plasmonic absorption of Au significantly improves the PEC current density due to the 

large number of free charge carriers, which are gathered at electrode-electrolyte interface. The 

effective transfer of excited electrons from Au to conduction band of BiFeO3 results lower charge 

transfer resistance for Au/BiFeO3 Schottky junction. Moreover, the intimate contact hinders the 

photobleaching effect and improves the long-term stability under visible light irradiation. The 

absorb photon to current conversion efficiency for the bare BiFeO3 and Au/BiFeO3 are 1.1% and 

3.3%, respectively at 320 nm wavelength. Furthermore, the shifting of onset potential towards 

negative w.r.t. water reduction observed for Au/BiFeO3 at Mott–Schottky measurement, implies 

the low overpotential of Schottky junction towards H2 generation.The electrochemical impedance 

measurement confirms effective charge transfer at the interfaces of heterojunction which lead to 
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enhance photocurrent generation and H2 evolution than bare BFO nanosheets. The charge transfer 

mechanism of Schottky junction has been described. 

The performance of TiO2 has been further enhanced through the formation of p-n heterojunction 

between Bi-doped TiO2/MoS2 for visible light active water splitting. The Bi doping into TiO2 

crystal has been carried out to reduce the bandgap and enhance the solar light absorption range. 

Further, to hinder the fast electron-hole recombination and efficient charge separation, a p-n 

heterojunction has been fabricated between Bi-doped TiO2 and MOS2. The excited electrons of 

Bi-doped TiO2 transferred to MoS2 and holes of MoS2 transfer to the Bi-doped TiO2 through the 

junction between them by the influence of internal electric field. As a result, four times higher H2 

generation rate obtained for Bi-doped TiO2/MoS2 p-n heterojunction compared to bare MoS2. 

Moreover, the as developed p-n heterojunction showed superior catalytic activity in PEC 

measurements due to the synergistic effects of low charge transfer resistance and improved light 

absorption. In addition, an indirect Z-scheme heterostructures has been developed between MoS2 

nanosheet and Ag NPs decorated AgVO3 nanorods by facile co-precipitation method. The 

introduction of metallic Ag NPs between AgVO3 and MoS2 enhance the light absorption capacity 

in visible region by virtue of surface plasmonic resonance effect. It develops the Z-scheme bridge 

mechanism between AgVO3 and MoS2 to drive the efficient separation of photoinduced charge 

carriers. In addition, the well-matched band positions of AgVO3 and MoS2 composite confirms 

the Z-scheme charge transfer mechanism with a higher reducing capability, leading to the 

enhancement of photocatalytic H2 generation under visible light. The charge transfer mechanisms 

at p-n heterojunction and indirect Z-scheme have been investigated along with their effects in 

photocatalytic H2 generation.  

Bandgap engineering is an effective approach to tune the catalytic activity of semiconductor-based 

nanostructures has also been studied in this thesis. We have enhanced the photocatalytic 

performance of bismuth oxyhalides (BiOX, X=Cl, Br, I) through the coupling of low bandgap 

spinel structure copper ferrite (CuFe2O4) via in-situ co-precipitation method. Three types of 

heterostructures (Type-I, Type-II and direct Z-scheme) have been formed between BiOX and 

CuFe2O4 depending on the position of their valence band, conduction band location and Fermi 

level. The highest efficiency towards H2 generation was achieved for BiOCl/CuFe2O4 direct Z-

scheme heterostructures (~22.2 mmol h−1), which is two times higher than BiOI/CFO and 

BiOBr/CFO heterostructures, highlighting the intense promoting effect of direct Z-scheme charge 
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transfer mechanism.  The self-induced internal field gradient of BiOCl along with the intimate 

contact between BiOCl and CuFe2O4 boosts the electron-hole separation efficiency and extends 

the absorption at visible region. The electrochemical measurements confirmed that the synergetic 

effects of high carrier concentration, low charge transfer resistance and sufficient redox potentials 

resulted highest photocatalytic activity of BiOCl/CFO towards H2 generation. Hence, present study 

strongly suggests that fine and extensive regulation of band edge energies have key role to control 

the charge separation efficiency, which in turn influence the photocatalytic activity.  

Therefore, in this thesis attempts have been taken to solve the problem of fast charge carrier 

recombination and limited light absorption using Bi-based heterostructures as photocatalyst. In the 

first attempt, a novel Type-II heterostructure has been developed between Bi2S3 and ZnO to 

overcome the fast recombination of Bi2S3 and reduce the bandgap of ZnO. The coupling of low 

bandgap Bi2S3 and wide bandgap of ZnO effectively improve the light absorption range towards 

visible region. Additionally, the heterostructures formation enhances the number of active surface 

sites for redox reactions. In another approach, a novel Schottky junction has been developed 

between Au and BiFeO3 which produced hot electrons by the surface plasmonic resonance effect 

under visible light. Moreover, the band bending due to development of schottky junction boosts 

the hot electron transfer from metal to semiconductor for water reduction to generate H2. In another 

attempt, the bandgap of benchmark photocatalyst TiO2 has been successfully reduced (2.5 eV from 

3.2 eV) by Bi-doping. Interestingly, after doping, the conductivity of TiO2 changes from n-type to 

p-type due to the formation of acceptor level near the VB of TiO2. Further, to lower the fast 

electron-hole recombination problem, a novel p-n heterojunction has been developed between p-

type Bi-doped TiO2 and n-type MoS2 nanosheets. The p-n heterojunction formation effectively 

improves the charge separation by the influence of internal electric field (generated at the interface 

between two semiconductors), which resulted increased catalytic activity towards H2 generation. 

However, the electron transfer from one semiconductor/metal to adjacent semiconductor in case 

of as developed Type-II, p-n heterojunction and Schottky junction reduces the redox capability for 

H2 generation. Thus, an efficient direct Z-scheme heterostructures between BiOCl and CuFe2O4 

have been finally developed through bandgap engineering which resulted highest H2 generation 

rate than that of Type-II, p-n heterojunction and Schottky junction because of low recombination 

rate and high redox potential than water reduction. Notably, all the attempts of heterostructures 

formation inprove the photo-stability of Bi-based semiconductors. The as developed 
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heterostructures not only suitable for H2 generation, but also capable for CO2 reduction, N2 fixation 

and green NH3 production from under visible light.  

 

8.2 Future Scope 

The low cost, facile synthesis, chemical stability, layered structure and excellent visible-light 

response endow Bi-based semiconductors as promising photocatalysts for energy and 

environmental applications. Therefore, the detailed structural, optical, electrochemical properties 

as well as photocatalytic performance of Bi-based semiconductor nanostructures and the 

heterostructures would be beneficial for the future development of photocatalysts. This can also 

lead to large volume production as several up-scalable approaches have been introduced in this 

study. In addition, there are many areas of opportunity and possible valuable approaches for future 

work which are summarized below: 

 The band structures of the as prepared heterostructures are proposed on the basis of Mott-

Schottky experiment and bandgap values. Most of the Bi-based semiconductors are n-type, 

thus location of the conduction band can be estimated from the flat band potential. 

Therefore, the valence band XPS is a good technique to explore the experimentally 

determine the position of the valence band.  

 The theoretical calculation of valence and conduction band, Fermi level, bandgap, density 

of state by density functional theory might be effective for the investigation of electronic 

structure of as prepared semiconductor nanostructures and the heterostructures can also be 

explored.  

 The industrial waste which consists of toxic chemicals, is one of the major challenge for 

the environment. The photodegradation of toxic chemicals may possible by using these Bi-

based heterostructures and decrease the impact of industries on the environment. The 

developed Bi-based heterostructures may degrade the organic pollutant under gaseous 

conditions instead of aqueous solutions due to the efficient utilization of visible light in gas 

phase. Therefore, these photocatalyst could be used as indoor air purifier by the removal 

of formaldehyde and benzene.  

 The heterostructures formation shifted the reduction potential of Bi-based semiconductors 

to the more negative w.r.t. reversible hydrogen scale, thus, can be used as catalysts for CO2 
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reduction to CO or CH4 under visible light illumination. This could also be extended under 

visible light and explored in detail. 

 Recently, the scaling up of PEC water splitting has shown high demand to generate green 

H2 for the implementation of H2 economy. In this regard, the conversion of H2, generated 

from PEC water splitting, into electricity through fuel cell stacks, is becoming an attractive 

pathway for clean energy storage. The developed Bi-based heterostructures could be used 

as electrodes or integrated with the commercial metal foam electrodes to drive the H2 

generation efficiently. 

 The integration of PEC-PV tandem cell is also a potential option for the green H2 

generation, where the PV cell generates electricity under light illumination which provides 

further potential during water splitting to generate H2. The Bi-based heterostructures may 

be a suitable component for PEC or PV system due to the enhanced light absorption in 

visible region. This exciting area needs further in-depth study. 

 The reactor design for large scale H2 generation is a challenge for future H2 economy. As 

H2 and O2 both are generated during water splitting, thus collection of these gaseous 

products in large scale is another challenge. Moreover, H2 generation without using any 

co-catalyst or sacrificial agent is also an issue for green H2 economy and needs to be looked 

into. 
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Fabrication of Bi2S3/ZnO heterostructures: an
excellent photocatalyst for visible-light-driven
hydrogen generation and photoelectrochemical
properties†

Susmita Bera, Srabanti Ghosh * and Rajendra N. Basu*

Fabrication of heterostructures is considered as one of the effective strategies to improve photocatalytic

performance for organic pollutant degradation and hydrogen production under solar light irradiation.

Here, Bi2S3/ZnO heterostructures with a flower-like architecture have been successfully synthesized by

a facile in situ generation method. The as-synthesized Bi2S3/ZnO heterostructures showed enhanced

visible-light absorption and charge separation efficiency of photoinduced electron–hole pairs. This

heterojunction exhibits 3 fold enhancement in organic pollutant degradation and 2.7 fold enhancement

in photocatalytic hydrogen generation under visible irradiation compared to rod-shaped Bi2S3. The high

current gain (ca. 8.79) and low photocorrosion in photoelectrochemical water splitting reveal the

superior photocatalytic activity of the heterojunction under visible light. The superior photocatalytic

activities are attributed to the synergetic effects of ZnO nanoparticles and rod-shaped Bi2S3 in the Bi2S3/

ZnO heterostructures, which result in fast separation and slow recombination of photoinduced

electron–hole pairs. The reusability and stability of the photocatalysts has been checked by recycling

experiments. X-ray diffraction and scanning electron microscopy reveal that the structure and

morphology of the heterostructures remain unchanged after photocatalytic cycling tests. The visible

light active catalysts have potential for efficient solar light harvesting and overall water splitting. This

work demonstrates the potential use of heterostructures as a highly efficient photocatalyst for dye

degradation and hydrogen production under visible light irradiation.

Introduction

The challenges of environmental pollution and renewable energy
production are both highly active areas of scientific research.1,2

Visible light-induced photocatalysis is an effective clean approach
for water splitting to generate clean solar fuels and converting
solar energy to chemical energy.3,4 On the other hand, water
purification and environmental protection pose an equally daunt-
ing challenge.5,6 Oxide-based semiconductors have been utilized
as active photocatalysts in various applications such as photo-
chemical degradation of organic contaminants, photochemical
water splitting to produce hydrogen and photoelectrochemical
cells.7–9 Titanium dioxide (TiO2) is one of the most popular
photocatalysts and possesses high catalytic activity, low cost and
non-toxicity.10,11 However, TiO2 can only absorb UV radiation (4%
of the total solar irradiation) due to its wide band gap and low
charge separation efficiency, which makes it unsuitable for visible

light active photocatalysis.12,13 Moreover, TiO2 doping with C, N,
B, or S or modification with metal nanoparticles (Au, Pt, Ag)
results in plasmon-induced enhanced visible light absorption;
however, the high cost and low environmental stability of noble-
metal-doped TiO2 restricts its economic potential.14–16 Another
semiconductor nanocrystal, zinc oxide (ZnO), having a direct
band gap of 3.3 eV and a large excitation binding energy has
been widely tested for phtotocatalytic applications.17–19 Moreover,
ZnO has some advantageous properties over TiO2 such as high
electron mobility due to its electronic structure, room temperature
luminescence etc.18,19 In this regard, the loading of multiple
catalysts or secondary semiconductors can improve the catalytic
efficiency of ZnO via the formation of heterojunctions.20,21 This
stimulated our interest in designing a coupled heterojunction
with ZnO to improve solar light absorption in the visible region.

Significant efforts have been made on the fabrication of
semiconductor-based heterostructures such as ZnO/TiO2,22

Bi2S3/TiO2
23,24 and CdS/TiO2

25 etc., which show potential appli-
cations in water splitting and organic pollutant degradation.
In fact, high charge separation has been achieved via coupling
of a large band gap semiconductor with a smaller one forming

CSIR-Central Glass and Ceramic Research Institute, 196, Raja S.C. Mullick Road,

Kolkata – 700032, India. E-mail: ghosh.srabanti@gmail.com, rnbasu@cgcri.res.in

† Electronic supplementary information (ESI) available. See DOI: 10.1039/c7nj03424e

Received 9th September 2017,
Accepted 25th November 2017

DOI: 10.1039/c7nj03424e

rsc.li/njc

NJC

PAPER View Article Online
View Journal

http://orcid.org/0000-0002-0739-2831
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nj03424e&domain=pdf&date_stamp=2017-12-04
http://rsc.li/njc
http://dx.doi.org/10.1039/c7nj03424e
http://pubs.rsc.org/en/journals/journal/NJ


New J. Chem. This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017

a heterojunction, which in turn enhances the photocatalytic
efficiency by decreasing the recombination rate of the photo-
generated electron–hole pairs.26,27 In the case of a heterojunc-
tion, charge carriers are generated in one semiconductor and
then vectorially transfer to the other material allowing for long
lived electron hole pairs at the interface and are able to produce
a potential gradient within the catalyst.5 The presence of multi-
ple active sites within the heterostructures can provide a high
surface area for the decomposition of organic pollutant mole-
cules at the surface of the catalysts.28 For example, TiO2-based
hybrid heterojunctions demonstrated high catalytic activity due
to surface tunnelling of electrons between the surfaces of the
semiconducting components of the heterostructure.29 Until
now, most of the studies have been focused on the hybridiza-
tion of TiO2 with semiconductors to improve the photocatalytic
efficiency under visible light.29–33 In this regard, few reports
have been published on the modification of ZnO nanostructures
with other semiconductors such as ZnO/TiO2,34 CdS/ZnO35 etc. for
improved visible light-driven photocatalysis.

On the other hand, low band gap semiconductors such
as sulphides, nitrides, graphitic carbon nitrides, oxynitrides,
chalcogenides etc., have been widely investigated to construct
visible light active photocatalysts.36–39 Among these, bismuth
sulphide (Bi2S3), a low band gap metal sulphide (1.3 eV), has
shown absorption in the visible region and has been considered a
potential candidate for photocatalytic applications.40 However,
the rapid recombination of photo-induced electrons and holes
limits the catalytic application of Bi2S3 under visible light.
Recently, a series of Bi2S3-based heterostructures such as MoS2/
Bi2S3,41 Bi2S3/CdS,42 Bi2S3/Bi2WO6,43 Bi2S3/In2S3,44 Bi2S3/BiVO4,45

Bi2S3/(BiO)2CO3
46 etc., have been developed to improve the light

absorption and charge separation efficiency. Recently, Bi2S3/
g-C3N4 heterostructures exhibited high catalytic performance
for organic dye (Rhodamine B) degradation, but the apparent
kinetic rate was very low.47 MoS2/Bi2S3 and Bi2S3/In2S3 hetero-
junctions showed high catalytic activity for organic pollutant
degradation but no report on hydrogen generation is available
to date. Notably, semiconductor-based heterostructures are
effective catalysts for water oxidation as the photogenerated
electrons and holes on the surface of heterostructures have the
potential to react at the surface active site. Thus, the excited
electrons reduce the water to form hydrogen and the holes
oxidize the water to generate oxygen.48 The Bi2S3/CdS hetero-
structures displayed photocatalytic hydrogen generation under
visible light irradiation but the hydrogen evolution rate is low.42

Recently, Wang et al.49 have used Z-scheme CdTe–Bi2S3 hetero-
junctions for photoelectrochemical performance. Hence,
Bi2S3-based heterojunctions have been extensively utilized for
organic dye degradation but photocatalytic hydrogen genera-
tion has not been tested yet. Herein, Bi2S3 with a narrow band
gap has been integrated with ZnO nanoparticles to fabricate
visible light active heterostructures. Various characterization
techniques such as XRD, SEM, TEM and FTIR have been
employed for characterizing the structure, morphology and
optical properties of the heterostructures. To the best of our
knowledge, for the first time, we studied the photocatalytic

performance and photoelectrochemical properties of Bi2S3/ZnO
for hydrogen generation under visible light.

Experimental section
Materials

Bismuth nitrate pentahydrate (Bi(NO3)3�5H2O, 99.99%), L-cysteine
hydro-chloride (99.99%), mercaptosuccinic acid (MSA, 99%),
ethylenediaminetetraacetic acid disodium salt (EDTA-Na, 99%),
methanol were procured from Sigma Aldrich, USA. For the in situ
generation of ZnO, zinc acetate dehydrate (Zn(CH3COO)2�2H2O,
98%) and sodium hydroxide (NaOH, 98%) were procured from
Merck, Germany.

Synthesis of Bi2S3 nanostructures

In a typical synthesis, 0.5 mmol of ethylenediaminetetraacetic
acid disodium salt (EDTA-Na) was dissolved in 100 mL of
distilled water and stirred for 10 minutes. Then 0.4 mmol of
Bi(NO3)3 was mixed and the solution mixture was ultrasoni-
cated until the solution became transparent. After that,
0.6 mmol of L-cysteine hydrochloride was added to the solution.
Finally, the solution was transferred into a 100 mL Teflon-lined
autoclave with a stainless steel shell and heated at 180 1C for
16 h. The Bi2S3 was collected and centrifuged, washed several
times with distilled water and finally air-dried overnight at
50 1C for further characterization. Similarly, Bi2S3 nanostruc-
tures were also prepared using mercaptosuccinic acid as a
sulphur source.50 The effect of sulphur source concentration
(0.6, 1.2, 2.4 mmol) and different reaction times (10, 16, 24 h) to
follow the growth mechanism of Bi2S3 nanostructure formation
has been studied in detail.

Synthesis of Bi2S3/ZnO heterostructures

In order to develop a coupled heterostructure of Bi2S3/ZnO, a
facile in situ generation via co-precipitation technique has been
employed using ethanol as a solvent.17 Briefly, 20 mL of 4 mmol
zinc acetate dehydrate solution was heated at 70 1C for 30 min.
Then a fixed amount of prepared Bi2S3 powder (1 mg mL�1) was
added and mixed thoroughly. In the next step, 20 mL of 4 mmol
sodium hydroxide solution prepared at 70 1C in ethanol was
added slowly and the mixture was hydrolyzed for 2 h at 60 1C to
obtain ZnO NPs with average diameters of B5 nm. The pure
semiconductors and heterostructures are presented as L-Bi2S3,
L-Bi2S3/ZnO (using L-cysteine hydro-chloride as a source of
sulphur) and M-Bi2S3, M-Bi2S3/ZnO (using MSA as a source of
sulphur). To understand the growth mechanism of Bi2S3,
extensive experimental analyses were performed for varying
reaction times, metal salt to surfactant ratios and sulphur
sources.

Instrumentation

The crystalline phase of Bi2S3 and the heterostructures was
investigated by XRD (Philips X’Pert, The Netherlands) within
the 2y range of 101 to 801 at a slow scan rate of 11 min�1 with Cu
Ka radiation (at 40 kV and 40 mA). The structural morphology
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and EDS was recorded by Field Emission Scanning Electron
Microscopy (LEO. 430i, Carl-Zeiss, Sigma). Transmission Elec-
tron Microscopy (TEM) images and the corresponding selected
area electron diffraction (SAED) patterns were obtained on
Tecnai G2 30ST (FEI) operating at 300 kV. The XPS study was
performed using a PHI 5000 Versa Probe II spectrophotometer
(Physical Electronics Inc., USA) with a monochromatized Al Ka
(B1486.6 eV) X-ray beam of size B100 mm. The samples were
prepared in pallet form and the surfaces were sputtered with a
2 kV rastered Ar+ ion beam for one minute to clean the surface.
The thermal stability of the bare Bi2S3 and heterojunction was
investigated using thermogravimetric analysis (TGA) apparatus
(NETZSCH, STA 449 F3, Jupiter). The test was carried out in air
with a heating rate of 10 1C min�1 from 100 1C to 900 1C. The
porosity and specific surface area of the samples were deter-
mined through nitrogen adsorption at 200 1C on the basis of
the BET equation using a Quantachrome, FL-33426. The UV-
visible absorption spectra of the ethanolic solutions containing
Bi2S3, ZnO and Bi2S3/ZnO were recorded using a Shimadzu,
UV-3600 spectrophotometer. The hydrogen evolution was mea-
sured by online gas chromatography using a YL Instrument,
6500GC system with a thermoconductive detector. The photo-
electrochemical measurements have been tested using a
galvanostat–potentiostat (PGSTAT302N, Autolab, The Netherlands)
with a standard three-electrode cell and Pt wire as a counter
electrode and saturated Ag/AgCl as a reference electrode. The
working electrode was a thin film of as-prepared material on
glassy carbon. The photocatalytic I–V characteristics have been
measured using simulated illumination (60 mW cm�2) by a white
light source.

Photocatalytic test

L-Bi2S3, L-Bi2S3/ZnO, M-Bi2S3 and M-Bi2S3/ZnO have been tested
for dye degradation using methyl orange (MO) as a model
pollutant. It is a representative of hazardous azo dyes. The
photodegradation of MO (initial concentration C0 = 0.3� 10�4 M)
was carried out within a quartz cell reactor containing 50 mL
model solution with a concentration of 1 mg mL�1 under UV and
visible lamps. A Xe-arc lamp (250 W) with an incident beam
intensity of 100 mW cm�2 (Oriel, Irvine, CA) was used as a light
source for visible irradiation and a 395 nm cutoff filter was used.
For a control experiment, bare L-Bi2S3 and M-Bi2S3 have been
studied separately under similar reaction conditions. The appro-
priate amount of aliquots was collected from the reactor at
successive time intervals. The percentage degradation (% DE)
of MO was determined using the following equation:

% DE ¼ C0 � C

C0
� 100 (1)

where C0 is the initial absorption intensity of MO at lmax =
463 nm and C is the intensity after light illumination.

Photocatalytic hydrogen generation

To study the hydrogen generation, the online gas chromato-
graphy method was used where the area under the Gaussian
peak gives the amount of H2 evolved. The H2 production

through water splitting was performed in a closed reactor in
the presence of methanol solution with saturated argon media
and vigorous stirring. For this experiment, a 25 volume%
methanol solution was used at room temperature.51 Here,
methanol acts as a sacrificial agent and use of methanol is
very much advantageous compared to other alcohols because
it reduces the formation of more carbon-based sub-products
being the simplest organic molecule and also accelerates the
main intermediate (free radical) formation process.51 Here we
report H2 generation up to 3 h.

Results and discussion
Structural characterization

XRD was carried out to study the crystalline phase of the
as-prepared materials. Fig. 1a and b show the X-ray diffraction
(XRD) patterns of L-Bi2S3, L-Bi2S3/ZnO, M-Bi2S3 and M-Bi2S3/
ZnO. The X-ray patterns displayed narrow and sharp diffraction
peaks, indicating the high crystallinity of the prepared samples.
The strong peaks at 2y values of 15.54, 17.41, 22.21, 23.57,
24.92, 28.43, and 31.71 correspond to characteristic diffraction
from the (020), (120), (220), (101), (130), (211) and (221) planes
of pure Bi2S3 respectively (JCPDS card no. 17-0320).47 The
diffraction peaks of ZnO at 2y values of 31.76, 34.00 and
36.56 correspond to the (100), (002) and (101) planes indicating
the wurtzite hexagonal phase of ZnO (JCPDS card no. 36-1451).52

The XRD pattern of the pure ZnO nanoparticles is shown in
the inset of Fig. 1a which indicates that the nanoparticles
are highly crystalline in nature. Therefore, the XRD patterns
of the heterostructures reveal the presence of wurtzite ZnO

Fig. 1 XRD patterns of as-prepared (a) pure L-Bi2S3 and L-Bi2S3 decorated
with ZnO NPs. Inset: XRD pattern of ZnO nanoparticles. (b) Pure M-Bi2S3

rod-shaped structures and M-Bi2S3 decorated with ZnO NPs. The samples
have been synthesized at 16 h and metal salt to surfactant ratio 1 : 3.
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within orthorhombic Bi2S3. Moreover, the presence of all the
characteristic peaks of Bi2S3 and no additional peak in the
heterostructures confirms the purity of Bi2S3/ZnO. Moreover,
no remarkable changes were observed in the diffraction peak
position and intensity of Bi2S3/ZnO at longer hydrothermal
reaction times indicating the formation of stable orthorhombic
Bi2S3 (Fig. S1, ESI†).

The morphology and growth of Bi2S3 and Bi2S3/ZnO were
investigated by field emission scanning electron microscopy
(FESEM). Fig. 2a–c illustrates the assembled growth of Bi2S3

rods with increasing reaction time. It is clear from Fig. 2a that
when the hydrothermal reaction proceeds for 10 h, the for-
mation of rod-like structures is obtained which are completely
overlapped. At 16 h, distinct rods with an average length of
B3.81 mm (Fig. 2b) are formed which are connected with each
other and radiated from a centre.

With further increase in the reaction time up to 24 h,
the rods are more assembled and interestingly form a lotus
flower-like morphology (Fig. 2c). This may happen due to over
growth of Bi2S3 nuclei in the same direction.42 In addition, the
metal salt to surfactant ratio has been varied to investigate the
role of the surfactant as a morphology controlling factor.
Fig. 2d–f display Bi2S3 synthesized at three different concentra-
tions of surfactant at 16 h keeping all other conditions similar.

When the metal salt : L-cysteine ratio is 1 : 1.5, it can be
observed that irregularly distributed rod-shaped structures of
average length B4.7 mm are formed (Fig. 2d). In contrast, at
1 : 3, the assembled morphology (length B5.5 mm) consists of
rods that have been formed with a bunched-like structure.

Moreover, at a higher concentration of L-cysteine (1 : 6 ratio),
more assembled structures have been formed. Fig. 2e displays
Bi2S3 superstructures of diameter B8 mm which are built of
two-dimensional nanosheets. Hence, this highly assembled
morphology is useful to provide more active sites in photo-
catalytic applications. In general, an assembled 1D morphology
is more suitable for photocatalytic applications having a large

surface to volume ratio, synergistic interactions as the long
lengths of the nanorods will contact each other, and multiple
functionalities.53

Another kind of Bi2S3 nanostructure has been developed
using mercaptosuccinic acid as a structure controlling agent.
Fig. 3a–c illustrates the FESEM images of pure Bi2S3 at different
magnifications, and clearly indicates solid rods radiated from a
common centre and stacked uniformly to form a nanoflower-like
morphology.

At high magnification, it has been clearly observed that
the nanoflowers consist of solid rods of length B500 nm with the
square edge of the sides at 60 to 70 nm (Fig. 3c). To investigate the
elemental composition, X-ray energy-dispersive spectrometry (EDS)

Fig. 2 FESEM images of Bi2S3 using L-cysteine as a structure controlling agent at three different reaction times: (a) 10 h, (b) 16 h, and (c) 24 h (metal : L-
cysteine 1 : 1.5). Effect of surfactant concentration during the formation of Bi2S3 at three different metal/surfactant ratios: (d) 1 : 1.5, (e) 1 : 3 and (f) 1 : 6 at
16 h under similar conditions.

Fig. 3 FESEM images of (a)–(c) flower-like assembled structures of Bi2S3

using mercaptosuccinic acid as a structure controlling agent at three
different magnifications and (d) EDS spectrum of Bi2S3 synthesized at
16 h and a metal salt to surfactant ratio of 1 : 3.
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was carried out on the Bi2S3 nanoflowers. Fig. 3d indicates the
coexistence of Bi and S elements on the rod-shaped structures.
However, the presence of Al and Si signals originated from the
glass substrate.

Additionally, the detailed structural and crystalline nature of
the as-prepared Bi2S3 and Bi2S3/ZnO has been investigated
through TEM and HRTEM images (Fig. 4). The TEM images
(Fig. 4a and c) clearly reveal the uniform 1D structures of L-Bi2S3

and M-Bi2S3 and are well consistent with the FESEM images.
The interplanar spacing of 0.375 nm reveals the characteristic (101)
plane of Bi2S3 (Fig. 4b and d).54 Therefore, the preferential growth
of Bi2S3 rods occurred along the (101) direction. The calculated size
of the bare ZnO NPs is in the range of 5 nm as determined from the
TEM image (Fig. S2, ESI†).

The microscopic images of the L-Bi2S3/ZnO heterostructures
are displayed in Fig. 5. It can clearly be seen from the SEM
images (Fig. 5a and b) that the spherical ZnO NPs have been
formed uniformly deposited on the L-Bi2S3 surface. A further
detailed study on the morphology of the L-Bi2S3/ZnO hetero-
structures has been performed through the TEM images. Fig. 5c
clearly shows the rough surface of the rod-shaped L-Bi2S3 due
to deposition of spherical hexagonal ZnO nanoparticles over
the surface. The HRTEM image of L-Bi2S3/ZnO reveals its highly
crystalline nature having a lattice spacing of about 0.33 nm
related to the (130) plane of Bi2S3 (Fig. 5d).55 The SAED pattern
depicts the highly crystalline hexagonal structure of Bi2S3

(Fig. 5e). For further analysis of chemical compositions and
the elemental distribution, EDS was carried out (Fig. 5f) where
strong signals of Bi, S, O and Zn also confirm the formation of
Bi2S3/ZnO heterostructures.

The morphology and crystalline nature of the heterostructures
using M-Bi2S3 was further investigated using FESEM and TEM
images. Fig. 6a shows the in situ generation of ZnO NPs on the
rod-shaped M-Bi2S3 structures. It is evident that the assembled
nanoflower-like structures are totally transformed into a
nanofibre-based network after the formation of ZnO NPs. This
is probably due to the strong interaction between ZnO and the
surface ligand (MSA) of Bi2S3 which is responsible for the
formation of the self-assembled nanoflower-like morphology.
The FESEM image also illustrates that the single rod-shaped
structure of Bi2S3 is completely covered by small ZnO NPs
(Fig. 6b). Fig. 6c shows that the M-Bi2S3/ZnO rod-like nano-
structures are covered with smaller nanoparticles which is
consistent with the FESEM image (Fig. 6a and b) and the cross
fringes in the HRTEM image indicate the crystallinity of the
heterostructures with a lattice spacing value of 0.30 nm related
to the (211) plane of Bi2S3 (Fig. 6d).56 Owing to the highly
crystalline nature of Bi2S3, it is difficult to observe crystal
fringes of ZnO within the heterostructures.

The growth of bare Bi2S3 and its heterostructures can be
explained on the basis of coordination interaction between Bi3+

Fig. 4 TEM images of (a) pure L-Bi2S3 nanostructures, (b) HRTEM of
L-Bi2S3, inset: SEAD pattern, (c) pure M-Bi2S3 nanostructures and (d) HRTEM
image of M-Bi2S3 at metal : surfactant = 1 : 3 in reaction time 16 h.

Fig. 5 (a and b) FESEM images of L-Bi2S3/ZnO heterostructures at two different magnifications. TEM image of (c) ZnO nanoparticles decorated on rod-
shaped Bi2S3 structures, and (d) HRTEM, (e) SAED and (f) EDX spectrum of L-Bi2S3/ZnO heterostructures.
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and the surfactant. In the hydrothermal synthesis of the Bi2S3

nanostructures and in situ generation method for heterojunc-
tion formation, the following reactions may be involved:

Bi(NO3)3�5H2O - Bi3
+ + 3NO3

� + 5H2O (2)

L-Cys + Bi(NO3)3 - Bi(III)–L-Cys (3)

MSA + Bi(NO3)3 - Bi(III)–MSA complex (4)

BiðIIIÞ � L-Cys
�!D Bi2S3 þ C4H6O4 (5)

BiðIIIÞ �MSA complex �!D Bi2S3 þ C4H6O4 (6)

Initially, L-cysteine contains various functional groups such
as –NH2, –COOH, and –SH57–59 and MSA contains –SH, and
–COOH groups which have a tendency to coordinate with
inorganic cations and metals. Thereafter, the amino group
reacts with the neighbouring carboxylic group of the surfactant
to form a dipeptide or polypeptide because these complex
forms are more stable relative to others.42,54 Moreover, this
intermediated state serves as a template in the successive
nucleation of Bi2S3 nanocrystals. Finally, the rod-shaped Bi2S3

originates from continuous growth of Bi2S3 nuclei along one
direction which may be caused by a typical Ostwald ripening
process.42 From the effect of different reaction times, it can be
concluded that the transformation of the assembled flowers
from an undefined structure may be caused due to recrystalliza-
tion along the preferential growth axis to form the rod-composed
flower as shown in the FESEM images (Fig. 2). To get the ZnO-
loaded Bi2S3 rods, direct adsorption and in situ generation of 5 nm
ZnO NPs on the Bi2S3 have been followed. Possible mechanisms of
heterostructure formation are displayed in Scheme 1a and b.

X-ray photon spectroscopy (XPS) was carried out to further
elucidate the chemical compositions as well as the oxidation
states of the pure semiconductor and heterostructures. The
overall XPS spectra (Fig. 7a) indicate the presence of strong
peaks of Bi, S, Zn, O and C. Here, the 1S peak of C acts as a
reference point coming from the background.

The strong peaks at binding energies of 157.84 eV and
163.16 eV with typical spin orbit doublet splitting of 5.32 eV

Fig. 6 FESEM images of M-Bi2S3/ZnO heterostructures at (a) low magni-
fication, and (b) high magnification. TEM image of (c) ZnO nanoparticles
decorated on rod-shaped Bi2S3 structures, and (d) HRTEM of M-Bi2S3/ZnO
heterostructures.

Scheme 1 (a) Schematic illustration of ZnO nanoparticle decorated Bi2S3 assembled structures synthesized by a simple hydrothermal process using
L-cysteine hydrochloride as a structure controlling agent. (b) Schematic illustration of ZnO nanoparticle decorated Bi2S3 rods synthesized by a simple
hydrothermal method using mercaptosuccinic acid as a structure controlling agent.
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can be assigned to the binding energy of Bi 4f7/2 and Bi 4f5/2

respectively, closely matched with the Bi3+ in Bi2S3 (Fig. 7b).60

The peaks found between Bi 4f7/2 and Bi 4f5/2 at 161.83 eV and
160.56 eV correspond to S 2p1/2 and S 2p3/2 (1.27 eV), which
indicates the existence of S2� within Bi2S3.42 Moreover, after the
heterojunction formation, the blue shift of the binding energy
for Bi 4f7/2 (B0.3 eV), Bi 4f5/2 (B0.27 eV) and S (B0.19 eV)
indicates the strong interaction between Bi2S3 and ZnO fol-
lowed by the formation of a heterojunction. In addition, the
strong oxidation peaks located at 1021.9 eV and 1045.1 eV of Zn
2p3/2 and 2p1/2 respectively (Fig. 7c) suggest the Zn2+ state of
ZnO.49 It is also observed that the binding energy of pure ZnO
shifts towards a lower value of 0.23 eV after forming a hetero-
junction. Fig. 7d exhibits the asymmetric profile of O 1s which
can be fitted to two symmetrical peaks at 530.2 and 531.72 eV,
indicating the presence of two different kinds of O species in
the sample. The peaks at 531.72 eV and 530.2 eV should be
associated with the lattice oxygen (OL) of ZnO and chemisorbed
oxygen (OH) by the surface.61 Thus, the XPS spectra suggest the
co-existence of Bi2S3 and ZnO within the heterostructures.

Thermo gravimetric analysis (TGA) was carried out to deter-
mine the loading of ZnO NPs after in situ deposition as well as
the thermal stability of the heterostructure. The loading of ZnO
calculated from the TGA curves is found to be 10% and 15% for
L-Bi2S3 and M-Bi2S3 respectively (Fig. 8a and b). The initial mass
losses in the range of 220 1C to 230 1C originate from the
removal of adsorbed O2 and water molecules. The further mass
loss above 380 1C is mainly attributed to the decomposition of
Bi2S3 into Bi metal.

Notably, after 440 1C, the pure Bi2S3 curve is fairly stable
whereas the Bi2S3/ZnO heterostructures are unstable and indicate
a strong weight loss above 478 1C which implies the formation of
ZnO.42 The porous structure of the pure semiconductor as well
as the heterostructures was studied by the nitrogen adsorption
desorption isotherm method. The specific surface areas calcu-
lated by the BJH method are 3.13 m2 g�1 and 9.53 m2 g�1 for the
pure M-Bi2S3 and M-Bi2S3/ZnO heterostructures, respectively. This
indicates that the specific BET surface area is increased when the
heterojunction is formed which may be useful for photocatalytic
applications.56 The hysteresis loop present in the BET curve
(Fig. S3, ESI†) suggests the type II pattern of the semiconductor
heterostructures. Hence, incorporation of ZnO nanoparticles
effectively generates porosity and active surface sites within the
heterostructure.

The optical properties of the pure semiconductor and semi-
conductor heterostructures have been evaluated by diffuse
reflectance and photoluminescence (PL) spectroscopy. Fig. 8c
shows the diffuse reflectance spectroscopy of the bare semi-
conductors and heterostructures where both the L-Bi2S3/ZnO
and M-Bi2S3/ZnO heterostructures demonstrated broad absorp-
tion in the visible range that extends up to the near IR range.
For the bare ZnO, the onset of light absorption is in the UV
region with a band gap of B3.37 eV. The light absorption of
the Bi2S3/ZnO heterostructures increases in the visible region
compared to bare ZnO or Bi2S3 indicating that heterostructures
are useful for efficient solar light harvesting applications. The
photoluminescence spectra of ZnO display an emission peak
at B514 nm upon excitation to 320 nm, as shown in Fig. 8d.

Fig. 7 XPS spectra of the as-prepared heterostructures. (a) The overall spectra of M-Bi2S3 and M-Bi2S3/ZnO. (b) The Bi 4f and S 2p spectra, (c) Zn 2p
spectra and (d) O 1s spectra of M-Bi2S3/ZnO. Here, the scatter and solid lines indicate the experimental and fitted data.
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The intensity of the emission peak lowered significantly to
519 nm and 517 nm when L-Bi2S3 and M-Bi2S3 attached to the
ZnO NPs. Thus, the quenching in emission intensity (65.5% for
M-Bi2S3/ZnO and 83.25% for L-Bi2S3/ZnO) for the heterostructures
(Fig. 8d) indicates the strong electronic interaction and improved
charge carrier separation efficiency.17

Photocatalytic MO degradation

The photocatalytic activity has been studied under visible light
using methyl orange (MO) as a model pollutant. It is well
known that MO is a very stable dye which is resistant to self-
photo degradation. Fig. 9a clearly shows the degradation of MO
in the presence of Bi2S3 and Bi2S3/ZnO under visible light
irradiation. The M-Bi2S3/ZnO heterostructures exhibit signifi-
cantly enhanced photocatalytic activity as compared with bare
M-Bi2S3 and L-Bi2S3. Bare L-Bi2S3 has negligible photocatalytic
activity (26%) but bare M-Bi2S3 shows high activity (63%).
In contrast, the photodegradation efficiency of MO reached
82% for M-Bi2S3/ZnO and 55% for L-Bi2S3/ZnO after 150 min
of visible light irradiation (Fig. 9a), indicating that hetero-
structures possess superior photocatalytic activity. The photo-
catalytic activity of the M-Bi2S3/ZnO heterostructures is
B8.6 times higher compared to bare M-Bi2S3.

The enhanced photocatalytic activity of heterostructures can
be achieved due to strong absorption in the visible range with
high surface area of the assembled structure.62 As evident from
the TGA data, loading of ZnO NPs on the M-Bi2S3 nanofibres

may create more catalytic centres within the heterostructure
and thereby show high catalytic activity. The enhanced catalytic
activity of M-Bi2S3/ZnO may be associated with the multiple reflec-
tions and scattering of light within the interconnected rods which
results in enhanced light absorption as reflected in the absorption
spectra (Fig. 8c).28 Similarly, L-Bi2S3/ZnO demonstrated higher
catalytic activity in comparison with bare L-Bi2S3. The photocatalytic
activity under UV light irradiation was also studied where M-Bi2S3/
ZnO degrades only 48% of MO concentration (Fig. S4, ESI†).

Possible reactions involved in photocatalytic dye degradation
are given below.

Bi2S3/ZnO - hVB
+ + eCB

� (7)

O2 + e� - O2
�� (8)

O2
�� + h+ - HO2

� (9)

2H2O + O2
�� - 4OH� (10)

In order to investigate the photocatalytic mechanism of the
heterostructure-based catalysts, a further study has been con-
ducted in the presence of sacrificial agents and the contribu-
tion of excess electron–holes (Cu2+, isopropanol and saturated
argon media) (Fig. 9b).62 Semiconductors react with photoin-
duced electrons and holes from water to form various reactive
species including O2

�� and OH�.63 Herein, Cu2+ was used to
understand the role of excess electrons as it reacts with
electrons very quickly and converts into Cu+. The remarkable

Fig. 8 TG curves of (a) pure L-Bi2S3 and L-Bi2S3/ZnO, and (b) pure M-Bi2S3 and M-Bi2S3/ZnO. (c) Diffuse reflectance spectra of L-Bi2S3 (pink line), L-Bi2S3/
ZnO (blue line), M-Bi2S3 (black line) and M-Bi2S3/ZnO (red line) respectively. Inset: Absorption spectra of ZnO nanoparticles (5 nm). (d) Photolumines-
cence spectra of ZnO (5 nm), L-Bi2S3/ZnO and M-Bi2S3/ZnO.
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change of MO degradation in the presence of 2 � 10�6 M Cu2+

(it changes 68% to 43%) is presented in Fig. 9b after 6 h visible
light irradiation. This suggests a role of electrons during the
photocatalytic reaction. In order to confirm the role of O2

��, a
photodegradation experiment has been performed under argon
saturated atmosphere. In general, the argon-saturated inert
medium may suppress the O2

�� radical production which
may be the possible reason for inhibiting the degradation of
MO by M-Bi2S3/ZnO.62 It only degrades 20% of MO after 4 h of
visible light irradiation. Thus, it can be concluded that oxygen
has a crucial role in the photocatalytic reaction. Moreover,
photocatalysis has been performed in the presence of 0.1 M
isopropanol (acts as a hole scavenger) and oxygen to investigate
the role of photoexcited holes in the photocatalytic reactions.
The decomposition kinetics of MO increased up to 94% in the
presence of isopropanol which clearly indicates the role of
holes in the photodegradation of MO.

Photocatalytic H2 generation

Fig. 10a shows photocatalytic H2 generation by Bi2S3 and Bi2S3/
ZnO heterostructures via water splitting using 25 volume%

of methanol solution as a sacrificial agent. In general, the
semiconductors with more negative CB can reduce water efficiently,
and thus increase the hydrogen production rate. Herein, a relatively
low band gap semiconductor, Bi2S3, acts as a recombination centre
for ZnO and the reduction process occurs at the ZnO surface. The
H2 generation enhanced with the increase in irradiation time. The
amount of H2 production is higher for heterostructures, L-Bi2S3/
ZnO (2791 mmol). For comparison, the H2 evolution activity has
been investigated for bare semiconductors L-Bi2S3 and M-Bi2S3

under visible light irradiation. The heterojunction shows 2.74-fold
enhancement in hydrogen generation compared to L-Bi2S3

(1020 mmol). The H2 generation for M-Bi2S3 and M-Bi2S3/ZnO
is 263 mmol and 2450 mmol respectively. In contrast to dye
degradation, L-Bi2S3/ZnO shows superior performance for photo-
catalytic hydrogen generation in comparison to M-Bi2S3/ZnO.

The exact reason is not clear to us but the enhanced catalytic
activity may be associated with the assembled morphology of
L-Bi2S3/ZnO which leads to intimate contact between metal
sulphide and the zinc oxide NPs. The three-dimensional inter-
connected assembled structure may also facilitate the transport
of photogenerated electrons and holes to the binding sites;

Fig. 9 (a) Photocatalytic degradation of methyl orange in the presence of catalyst, bare semiconductors L-Bi2S3 and M-Bi2S3, and heterostructures
L-Bi2S3/ZnO and M-Bi2S3/ZnO under visible light irradiation. (b) Effect of argon, isopropanol, and Cu2+ on the photocatalytic activity of M-Bi2S3/ZnO for
methyl orange degradation.

Fig. 10 (a) Photocatalytic hydrogen generation in the presence of catalyst L-Bi2S3, M-Bi2S3, L-Bi2S3/ZnO, and M-Bi2S3/ZnO for 3 h under visible light from
an aqueous solution containing 25 volume% methanol at pH 7. (b) Effect of pH on hydrogen evolution from aqueous solution after 1 h and 3 h of irradiation.
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thereby water oxidation occurred in the presence of a sacrificial
agent which is consistent with the literature report.64 Moreover,
both the heterostructures may provide facile electron transfer
compared with bare semiconductors which can effectively
enhance the hydrogen generation.65

Furthermore, the effect of pH on the photocatalytic hydrogen
evolution process has been studied to optimize the reaction condi-
tions. Fig. 10b illustrates that higher activity for hydrogen evolution
is achieved at pH 9, B8089 mmol, whereas under low pH conditions,
i.e. acidic conditions, it generates only 1159 mmol due to protonation
of the photocatalyst in acidic solution.65 Generally under acidic
conditions the driving force for hydrogen generation decreases as
the redox potential of H+/H2 becomes more negative. On the other
hand, a highly alkaline medium is also not preferable for hydrogen
evolution because of insufficient protons.66

In view of practical applications, reusability and stability
of photocatalysts is an important parameter. Here, we checked
the recycling of M-Bi2S3/ZnO up to 5 successive cycles and the
result is displayed in Fig. 11a, which reveals nearly 10% loss in
MO degradation. In hydrogen generation, a recycling experi-
ment of L-Bi2S3/ZnO has been performed up to the 5th cycle
displayed in Fig. 11b. After the 5th cycle, no remarkable decline
was found in the hydrogen evolution rate. Therefore, it can be
concluded that the M-Bi2S3/ZnO and L-Bi2S3/ZnO heterostruc-
tures are stable and reusable visible light active photocatalysts
for organic pollutant degradation as well as for hydrogen
generation. To ensure the structural stability and morphology

of the catalyst, XRD and FESEM were re-examined before and
after catalytic reactions. As shown in Fig. 11c, the XRD patterns
of the ZnO decorated Bi2S3 heterostructures almost remain the
same and all the characteristic peaks are present. The FESEM
image of the heterostructures reflects a similar kind of morphology
after the photocatalytic reaction. Thus the semiconductor-based
coupled heterostructures are stable under long visible light
irradiation and represent a fruitful approach for solar light
energy harvesting.

Photoelectrochemical performance

In order to investigate the photoelectrochemical activity of the
Bi2S3/ZnO heterostructures, it is important to find out the band
edge potential of both Bi2S3 and ZnO as band edge potentials
play a crucial role in determining the migration routes of
photo-generated electrons and holes. Additionally, photo-
catalytic activity directly depends on optical absorption, phase
structure, morphology and separation efficiency of photo-
generated charge carriers. The valence band (VB) and conduc-
tion band (CB) of both the semiconductors were calculated
using the following empirical equations,42

EVB = x � Efe + 1/2Eg (11)

ECB = x � Efe � 1/2Eg (12)

where EVB and ECB are the valence and conduction band edge
potential respectively, and x is the geometric mean of the

Fig. 11 Recycling test of (a) M-Bi2S3/ZnO during MO degradation and (b) L-Bi2S3/ZnO during hydrogen generation. (c) The XRD pattern and (d) FESEM
image of L-Bi2S3/ZnO after and before the catalytic reaction of MO degradation and H2 generation at pH 7.
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electronegativity of the constituent atoms. Efe is the energy of
an electron on the hydrogen scale (4.5 eV) and Eg is the band
gap of the semiconductor. The VB and CB edge potentials
of Bi2S3 calculated using the above equations are 1.45 eV and
0.08 eV while for ZnO they are 3 eV and �0.2 eV respectively.67,68

This difference in band edge potential is useful for better charge
separation and migration which is favourable for photoelectro-
chemical performance.68,69 The photoelectrochemical activity
of the catalyst has been examined by making a layer on an FTO-
coated glass substrate through linear sweep voltammetry (LSV)
under dark and light conditions with light irradiation. A 300 W
xenon lamp with a water filter of 1 M NaNO2 solution was used
as the visible light (Z395 nm) source. Fig. 12a–c shows the
difference in photo current density measured via LSV of the
M-Bi2S3, ZnO and M-Bi2S3/ZnO catalysts in 0.1 M KOH solution
using Pt wire as a counter and Ag/AgCl as a reference electrode at a
scan rate of 20 mV s�1. The photoelectrochemical performance in
terms of current density is presented in Table 1. Bi2S3 shows a
photocurrent response and the photocurrent density reached up to
0.11 mA cm�2 (Fig. 12a). A weak photocurrent was obtained for bare
ZnO upon illumination in the applied potential range as shown in
Fig. 12b. In contrast, the Bi2S3/ZnO heterostructures demonstrated
an enhanced photocurrent density of 0.25 mA cm�2 which is a 56%
enhancement in comparison with bare ZnO NPs and Bi2S3.

This result implies that the M-Bi2S3/ZnO heterostructures
show higher photoelectrochemical activity and a photo current

gain which is ca. 3.05 times increased compared to the single
component M-Bi2S3. Notably, bare Bi2S3 also shows high photo-
current but due to fast recombination problems its photo-
current gain reduces. Thereby, the introduction of ZnO with
Bi2S3 enhances light absorption and charge separation efficiency.
The stability of pure semiconductor as well as heterostructures
was investigated by the chronoamperometry method under light
illumination for 200 seconds (Fig. 12d).69 In the presence of light,
a certain change in current density is displayed for M-Bi2S3

whereas a gradually increasing tendency is exhibited for the
coupled system M-Bi2S3/ZnO because of a charge transfer
mechanism.17 As the photogenerated electrons migrate through
the CB, more and more electrons are gathered at the active surface
site and gradually increase the current density. Remarkably,
Fig. 12d shows the long time i–t response (up to 600 s) and the

Fig. 12 Photoelectrochemical current density vs. potential plot of (a) M-Bi2S3, (b) ZnO (5 nm) and (c) M-Bi2S3/ZnO via the LSV method without light
(dark) and under light illumination conditions at a scan rate 20 mV s�1 using 0.1 M KOH solution as an electrolyte, Pt wire as a counter electrode and
Ag/AgCl as a reference electrode and (d) time dependence of photocurrent density at an external bias of 0.26 V vs. Ag/AgCl with illumination, at a scan
rate of 20 mV s�1 for bare M-Bi2S3 and heterojunction M-Bi2S3/ZnO.

Table 1 Comparative study of current density measured from the photo-
electrochemical studies performed in 0.1 M KOH solution as an electrolyte,
Pt wire as a counter electrode and saturated Ag/AgCl as a reference
electrode within the voltage range �0.4 V to 0.8 V under dark and light
conditions

Catalyst
Dark current (Idark)
(mA cm�2)

Photo current (Ilight)
(mA cm�2)

Photo current
gain Ilight/Idark

M-Bi2S3 0.039 0.112 2.88
ZnO 0.004 0.007 1.79
M-Bi2S3/ZnO 0.029 0.255 8.79
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current density remains almost stable which indicates that the
catalysts are durable against photocorrosion. Hence, M-Bi2S3/ZnO
shows enhanced photoelectrochemical activity compared to bare
Bi2S3 and ZnO.

The photocurrent for Bi2S3 and the heterostructures shows
7.39 and 8.06 fold enhancement in current density compared
with dark conditions at a voltage of 1.0 V respectively (Fig. S5,
ESI†). This enhancement in current density may happen due to
enhanced charge carrier separation in the presence of light
irradiation. The linear nature of the I–V plot indicates the good
ohomic contact between the semiconductor and the ITO-coated
glass substrate which is a good sign for device applications.70

When light falls on the catalyst surface, excess photocarriers
are generated which leads to charge separation and electrons
are efficiently transferred to the electrode when voltage is
applied.71 The fluorescence decay curves at an excitation wave-
length of 400 nm for ZnO and Bi2S3/ZnO have been examined to
investigate the decay dynamics of the heterostructures.

It is observed that the photocurrent is higher for hetero-
structures than single semiconductors. These charge carrier
separation phenomena also enhance the mobility of electrons.
The on/off photocurrent has been measured at 20 second
intervals at a bias voltage 500 mV (Fig. 13a), which exhibits
two distinct states – one is a high current state when the light is
on and the other is a low current state while the light is off. This
time-dependent response of the Bi2S3/ZnO-coupled system is
preferable for optoelectronic device applications. In the photo-
catalytic process, super oxide radicals and holes have a crucial
role in organic dye degradation which has been previously
confirmed by lots of tests. Hence, the photo-excited electron
and holes are responsible for generating these free radicals.
Moreover, the enhanced charge separation have been studied
via picosecond resolved time correlated single photon counting
(TCSPC). Fig. 13b shows a decay curve of ZnO with an average
life time of 4.34 ns. Interestingly, it decreases to 0.338 ns when
Bi2S3 is attached with ZnO. From this sharp decrease in average
life time, it can be concluded that fast electron transfer
happens within the heterostructures through the CB of ZnO
to Bi2S3.17 This charge transfer reduces the recombination rate,
which can also be understood from the PL study, confirming

that more electrons may participate for photocatalytic water
splitting and H2 generation (Table 2).

Depending on the above results and discussion, a probable
mechanism of photocatalytic activity can be described as
follows. In the presence of solar light, both the semiconductors
absorb light and the electrons in the VB get excited up to a
higher potential of �1.53 eV for Bi2S3 and �0.2 eV for ZnO.55

Therefore, the effective charge transfer process proceeds within
the semiconductor due to high photon energy.42 Generally, the
excited electrons and holes always wish to transfer to the
nearest recombination centre. The CB electrons of the Bi2S3

rods can transfer to the CB of the ZnO NPs and simultaneously

Fig. 13 (a) Comparative time-dependent photocurrent density response of the (i) M-Bi2S3/ZnO heterostructures and (ii) pure M-Bi2S3 with illumination
switched on and off in air at a bias of 500 mV and (b) the picosecond-resolved PL spectra of ZnO (5 nm), M-Bi2S3 and M-Bi2S3/ZnO heterostructures.

Table 2 Dynamics of picosecond-resolved luminescence transients and
decay parameters of ZnO (5 nm) and Bi2S3/ZnO

Sample

Excitation
wavelength
(nm)

Detection
wavelength
(nm) t1 (ns) t2 (ns)

tavg

(ns)

ZnO NPs 400 500 0.82 (51.8%) 29.30 (7.5%) 4.42
Bi2S3/ZnO 400 500 0.25 (42.0%) 5.02 (7.9%) 0.338

Scheme 2 Proposed diagram for the possible band edge energy for
charge separation and migration in the Bi2S3/ZnO heterostructures.
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the excited holes of ZnO can migrate to the Bi2S3 rods and
consequently reduce the first recombination process shown in
Scheme 2. These photo-generated electrons and holes generate
oxidative radicals (in the presence of O2) such as h+, OH�, and
O2
�� by the oxidation of O2 and the reduction of H2O which are

mainly responsible for dye degradation. In hydrogen evolution,
the sacrificial agent methanol acts as a hole scavenger and
generates more OH� free radicals and accelerates the H2

production rate. As the band position of Bi2S3 is not suitable
for H2 production, it can be concluded that photochemical
reactions occur at the ZnO surface and incorporation of a
narrow band gap semiconductor helps in charge separation,
leading to more efficient activity in H2 generation.69–72 On the
other hand, the visible light activity can be explained on the
basis of a hole-trapping mechanism which has been explained
in the scheme diagram. Therefore, semiconductor heterojunctions
are a suitable route for creating more recombination centres
and thus increase the life time of electrons as well as reduce the
recombination rate.

Conclusions

In summary, an assembled nanoflower morphology of Bi2S3

decorated with ZnO nanoparticles has been successfully synthe-
sized by a facile in situ deposition method. The strong absorption
of Bi2S3/ZnO heterostructures in the visible region and enhanced
charge separation in the heterostructures makes them promising
candidates for solar light harvesting applications. The experi-
mental results indicate that M-Bi2S3/ZnO demonstrates high
catalytic activity for organic pollutant degradation, whereas
L-Bi2S3/ZnO shows superior performance for photocatalytic H2

generation through water splitting. The photocatalytic activity
of the heterostructures is B8.6 times higher compared to bare
Bi2S3. The L-Bi2S3/ZnO heterostructures (2791 mmol) exhibit
2.74 fold enhancements in photocatalytic hydrogen generation
compared to L-Bi2S3 (1020 mmol) under visible light. Notably,
Bi2S3/ZnO demonstrates high photoelectrochemical activity
with a photo current density of 0.25 mA cm�2, which is 56%
and 97% higher than that of bare M-Bi2S3 and ZnO respectively
under similar reaction conditions. The band edge potential of
the heterostructures is suitable for sufficient charge separation
which causes enhancement in photo current. Hence, the present
synthetic methodology can be employed to prepare efficient,
low cost heterostructure-based photocatalysts to substitute the com-
mon use of noble metal-based catalysts, and Bi2S3/ZnO has potential
in environmental remediation and water-splitting applications.
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A B S T R A C T

Perovskites based oxides materials with a suitable energy level have been considered as efficient photocatalysts
for solar hydrogen generation. Gold nanoparticles (Au NPs)-sensitized BiFeO3 (BFO) perovskite heterostructures
was synthesized, characterized and tested for hydrogen generation under visible light (λ > 420 nm) irradiation.
Au/BFO heterostructures was synthesized using a facile hydrothermal method followed by radiolysis without
using any surfactant or strong reducing agent. The shape-dependent photocatalysis revealed that the BFO oc-
tahedron (BFO-Oct) exhibited higher hydrogen generation (1.4 mmol h–1 g–1) than the BFO nanosheets (BFO-Ns)
(1.1 mmol h–1 g–1) and BFO cylindrical shaped (BFO-Cyl) (0.5 mmol h–1 g–1). After radiolytic construction of the
Au/BFO heterostructure, more efficient hydrogen generation was obtained due to the photoinduced electron
transfer. The photoresponse of the Au/BFO heterostructures was also assessed in terms of the photocurrent via
photoelectrochemical (PEC) measurement which showed Au/BFO-Ns generated higher photocurrents than BFO-
Ns by a factor of ∼3.8. The Nyquist plot demonstrated facile charge transfer of BFO-Ns after formation of
heterojunction with Au NPs. The Mott–Schottky plot revealed that catalysts are n-type and photo generated
charge carrier concentration has been increased for Au/BFO heterostructures (0.92 × 1017 cm−3) compared to
pure BFO (0.47 × 1017 cm−3). On the basis of experimental results, the enhanced photocatalytic activities of
Au/BFO heterostructures could be ascribed to the significant visible light absorption and the efficient charge
carrier separation. This study offers a new route to design noble metal modified perovskites based hetero-
structure as photocatalysts for water splitting.

1. Introduction

The concept of solar hydrogen generation by water splitting using
photocatalysts has received significant attention as it is an ecofriendly
and sustainable method [1–3]. In this regard, semiconductor based
photocatalysis has been extensively investigated for potential applica-
tions in environmental remediation and water splitting [3,4]. During
the past few decades, tremendous efforts have been devoted to develop
efficient, low-cost and stable photocatalysts under visible light for re-
moval of environmental pollutants, photocatalytic and photoelec-
trochemical hydrogen generation through water splitting [4–7]. Among
a large number of photocatalysts, perovskite oxides based semi-
conductors have drawn much interest because of their structural sim-
plicity and flexibility, good stability and relatively narrow band gaps of
these materials allow them to harness the visible light of solar irra-
diation [8,9]. Among these perovskite materials, bismuth ferrite
(BiFeO3, BFO) is a potential multiferroic semiconductor in which

ferroelectric and antiferromagnetic properties coexist at room tem-
perature which generates internal electric field by switching the spon-
taneous polarization [10,11]. The moderate band gap (~2.3 eV) with
direct transition feature, suitable band alignment to oxidize or reduce
water, good chemical stability, low cost and biocompatibility of BFO
make it attractive for practical use in visible light induced photo-
catalysis. Moreover, Yang et al. [12] discovered a giant open-circuit
photovoltage for ferroelectric semiconductors which enhances the
charge separation efficiency of ferroelectric semiconductors compared
to other conventional semiconductors. Inspired by this concept, it has
been assumed that spontaneous polarization due to ferroelectricity of
BFO could be an effective approach to harness solar energy in water
splitting.

Recently, multidimensional BFO nanostructures have been fabri-
cated to control the exposed facets, size and growth directions as these
have significant effect in determining the electrical, magnetic, and
optical properties [13]. For example, Fei et al. [14] prepared three
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different microstructures of BiFeO3 where pills and rods showed an
enhanced visible light response due to presence of {111} facets but
catalytic application has not been performed yet. Further, Bai et al. [15]
reported size dependent (30–190 nm) photocatalytic activity of BiFeO3

NPs for organic dye (methyl orange, MO) degradation but efficiency
was very low. Wang et al. [16] also prepared spindles, cubes and plates
like morphology of BiFeO3 where plates like morphology showed
maximum efficiency (50%) in photocatalytic MO degradation. There-
fore, to improve the photocatalytic activity of BFO, it has been coupled
with other co-catalysts, such as SrTiO3, Bi2Fe4O9, TiO2, CuS, g-C3N4 and
reduced graphene oxide to develop heterostructured materials [17–20].
Generally, heterojunction is the interface between two different mate-
rials with unequal band structures resulting a band alignments which in
turn creates a space-charge region at the interface and forms an electric
field causes the diffusion of charge carriers [21]. As a result, spatial
charge separation occurs at the interface which can promote the pho-
tocatalytic activity of the heterostructured materials [22–25]. More
interestingly, charge carrier recombination may be suppressed in a
heterostructure as the excited carriers can transfer to the nearest elec-
tronic state. For example, Zhang et al. [18] prepared BiFeO3/Bi2Fe4O9

heterojunction by an electrospinning technique where heterojunction
showed enhanced photocatalytic activity compared to the single com-
ponents due to fast charge transfer and lower recombination, although
the kinetics of the catalytic reaction is very slow. Li et al. [20] reported
that, heterojunction of BiFeO3 with graphene effectively reduce the size
of the BiFeO3 particles which effectively enhance the photocatalytic
activity due to increase specific surface area but the stability of the
composite in air and multistep synthesis using strong oxidizing agent
remains an issue. Upto now, these heterostructure based photocatalysts
have been used mostly for organic pollutant degradation under visible
light but clean solar fuel generation are still limited yet.

On the other hand, integration of noble metal NPs to semiconductor
photocatalysts can offer an effective way to improve their photo-
catalytic activities under visible region. In fact, noble metal NPs (Au,
Ag, Pt, Pd, Cu) modified TiO2, graphene and polymer also showed
enhanced photocatalytic activity under visible light irradiation
[26–31]. For instance, Niu et al. [32] reported Pt modified BFO ex-
hibited 70% photocatalytic degradation activity for MO under visible
light irradiation. Li et al. [33] also confirmed the enhanced photo-
catalytic activity of Au NPs deposited BiFeO3 nanowires under visible-
light for O2 evolution due to Surface-Plasmon effect (SPR) of Au NPs.
Recently, Li et al. [34] showed enhanced photovoltaic effect of noble
metal Au modified La doped BiFeO3 films. Moreover, Ag loaded BFO
nanostructures showed enhanced photocatalytic degradation of me-
thylene blue (MB) under visible light [35,36]. It has been reported that,
noble metal NPs can exhibit SPR effect, (a collective oscillation of
conduction band electrons due to interaction with visible light photons)
which induced a local electromagnetic field at the interface of the
semiconductor photocatalyst, consequently promotes the charge-carrier
separation efficiency [27,28]. When plasmonic metal NPs brought into
an approximate distance, coupling of their localized electromagnetic
field may happen and generate large number of hot electrons which
may influence the photocatalytic reactions [37]. Moreover, noble metal
NPs can also act as electron or hole acceptor and improves charge se-
paration efficiency of the adjacent nanostructure as well as they provide
active catalytic sites [38,39]. However, to the best of our knowledge,
the photocatalytic H2 generation through water splitting using noble
metal modified BFO as a catalyst is not reported yet.

In this work, BFO and BFO based metal-semiconductor hetero-
structures have been developed to study the photocatalytic H2 gen-
eration and photoelectrochemical water splitting. Different morpholo-
gies of BFO have been successfully synthesized by hydrothermal
method and, then plasmonic metal NPs have been deposited on BFO
nanostructures by radiolysis technique. Experimental results reveal
that, metal-semiconductor heterostructures are efficient photocatalyst
for H2 generation under visible light irradiation.

2. Experimental section

2.1. Reagents

Bismuth nitrate pentahydrate [Bi(NO3)3,5H2O, 99.99%], gold(III)
acetate, methanol were obtained from Sigma Aldrich, USA. Anhydrous
FeCl3 and sodium hydroxide (NaOH, 98%) were obtained from the Alfa
Aesar chemicals and Merck, Germany respectively. All compounds were
used as received and ultrapure water (Millipore System, 18.2 MU cm)
was used as solvent.

2.2. Synthesis of BiFeO3 nanosheets (BFO-Ns)

In a typical synthesis of BFO nanostructures, Bi(NO3)3, 5H2O and FeCl3
in a stoichiometric ratio (1:1 in molar ratio) were dissolved in acetone
(50 ml) under stirring and ultrasonication until completely dissolved. Then,
50 ml distilled water was added with the solution and mixed properly. After
that, NH3 was added drop wise until the pH value of the mixed solution
reached 10–11. The precipitation was then centrifuged and washed with
distilled water several times until the pH value of the solution was neutral.
Next, the brown co-precipitate was redispersed in 100 ml distilled water
with vigorous stirring. Calculated amount of NaOH (2 M, 5 M and 12 M)
were added into the solution and stirred for 30 min. Finally, the solution
was transferred into a stainless steel autoclave with a Teflon liner and he-
ated at 180 °C for 72 h. After cooling down to room temperature, the black
powder was collected by filtration, washed with distilled water and ethanol
for several times, and dried at 50 °C for 12 h.

2.3. Synthesis of Au/BFO-Ns heterostructures

Au/BFO-Ns heterostructures were obtained using steady state
gamma irradiation in presence of gold acetate salts [40–42]. In this
experiment, to synthesize Au NPs on BFO-Ns, BFO solution
(1 mg ml−1), gold (III) acetate (1 mM), solution were mixed in an ul-
trasonic bath for 30 min, followed by deoxygenated under Argon flow.
Subsequently, the solution was irradiated for 1 h (dose rate =
8 kGy h−1) using a 60Co gamma-facility. After that, black precipitation
of Au/BFO-Ns was centrifuged and washed several times with ethanol
and water and finally dried at 50 °C for overnight. For comparison,
control Au NPs were synthesized by colloidal method

2.4. Characterizations

The crystalline phase of BFO-Ns and Au/BFO-Ns heterostructures
were investigated by XRD (Philips X′Pert, The Netherlands) within 2θ
range 10–80° at slow scan rate of 1° min−1 with Cu Kα radiation (at
40 kV and 40 mA). The structural morphology and EDS was recorded by
Field Emission Scanning Electron Microscopy (LEO. 430i, Carl-Zeiss,
Sigma). Transmission Electron Microscopy (TEM) images and the cor-
responding selected area electron diffraction (SAED) patterns were
obtained on Tecnai G2 30ST (FEI) operating at 300 kV. The XPS-study
was performed using PHI 5000 Versa Probe II spectrophotometer
(Physical Electronics Inc., USA) using a monochromatized Al Kα
(~1486.6 eV) X-ray beam of size ~100 µm. Samples were prepared in
pallet form and surfaces were sputtered with a 2 kV rastered Ar+ ion
beam for one minute to clean the surface. The porosity and specific
surface area of the samples were determined through nitrogen ad-
sorption at 200 °C on the basis of BET equation using Quantachrome,
FL-33426. The diffuse reflectance spectra of BFO-Ns and Au/BFO-Ns
were recorded using a Shimadzu, UV-3600 spectrophotometer. The
photoluminescence (PL) spectrum of as synthesized materials was taken
by JASCO FP-8500. The hydrogen evolution was measured by online
gas chromatography using YL Instrument, 6500GC system with thermo
conductive detector. The magnetic properties of the samples were
measured using a VSM (Lake Shore Cryotronics) at a maximum field of
16 kOe at room temperature.
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2.5. Photocatalytic H2 generation

To study the hydrogen generation, online gas chromatography was
used and the area under the Gaussian peak gives the amount of H2

evolved. The experiment was performed in a closed reactor containing
50 ml solution with a catalyst concentration of 1 mg ml–1 with saturated
argon media under vigorous stirring. For this experiment, 25 vol%
methanol solution was used at room temperature. Here, methanol acts
as sacrificial agent and a Xe-arc lamp (250 W) with an incident beam
intensity of 100 mW/cm2 was used as light source for visible irradiation
and a 420 nm cutoff filter was used.

2.6. Photoelectrochemical measurements

Photoelectrochemical measurement was performed using a galva-
nostat-potentiostat (PGSTAT302N, Autolab, The Netherlands) with a
standard three-electrode cell and Pt wire as counter electrode and sa-
turated Ag/AgCl as reference electrode. The working electrode was thin
film of as prepared material on FTO by doctor-blade method. For the
doctor-blade method, a BFO and Au/BFO paste was prepared as fol-
lowing: BFO or Au/BFO powder (1 mg) was mixed with ethylene glycol
(EG, 2.5 ml) in a centrifuge tube under sonication for 20 min. After that,
the resulting paste was coated on FTO glass (conducting side) to make a
thin film using a doctor-blade method. Finally, the coated slides were
then carefully placed inside a muffle furnace maintained at 400 °C for
4 h. Yellowish BiFeO3 and Au/BiFeO3 coated FTO glasses were obtained
successfully. The linear sweep voltammetry was carried out within the
potential range -0.2 V to 0.8 V vs Ag/AgCl at a scan rate 10 mV/s using
0.1 M Na2SO4 phosphate buffer (pH 7) as electrolyte. The PEC mea-
surements of these electrodes were carried out with a 0.27 cm2 geo-
metric area exposure (using O-ring of the same inner area) to the
electrolyte solution under light irradiation. The stability of BFO-Ns and
Au/BFO-Ns were tested through chronoamperometry at 0.6 V vs Ag/
AgCl potential (~1.2 V vs RHE), which is the theoretical onset voltage
for water splitting in absence of light where normally no current would
flow. The photo response of BFO-Ns and Au/BFO-Ns was measured
under periodic chopped irradiation from Xe-arc lamp (100 W, Hamaan,
India) as a white-light source with an incident beam intensity of
100 mW/cm2. The potential was then converted to the reference hy-
drogen electrode (RHE) following the Eq. (1).

= + +E E 0.059 pH 0.197 (E )RHE Ag/AgCl Ag/AgCl
0 (1)

After that, photoelectrochemical action spectrum was studied
through chronoamperometry under chopped monochromatic illumi-
nation (using an Oriel monochromator, USA) within the wavelength
range of 300–700 nm. Then incident photon to current conversion ef-
ficiency (IPCE) and absorbed photon to current conversion efficiency
(APCE) was calculated according to the Eqs. (2) and (3):

= × ×
I
P

IPCE(%) 1240 100ph

in (2)

= ×IPCEAPCE(%)
(1 10 )

100A (3)

where, Iph is the output photocurrent density (A/cm2), Pin is the in-
cident power density (W/cm2), λ is wavelength (nm) and Aλ is the
absorbance of the material at any particular wavelength (λ).

Capacitance measurements were carried out using same instrument
in a borosilicate glass cell with three-electrode configuration. The ca-
pacitance measurements of the electrodes were carried out with a
0.27 cm2 geometric area exposure (using O-ring of the same inner area)
to the electrolyte solution under light irradiation. To study the behavior
of the semiconductor-electrolyte interface, a phosphate buffer (pH 7)
with 0.1 M Na2SO4 was used as working solution. Experiments were
done within the potential range of −0.6 V to 0.2 V vs Ag/AgCl using ac
RMS amplitude of 10 mV at 1000 Hz frequency.

3. Results and discussion

3.1. Phase purity and crystal structure

Fig. 1 shows the XRD pattern of the pure BFO-Ns and Au/BFO-Ns
heterostructures. All the diffraction peaks of pure BFO-Ns can be in-
dexed as rhombohedral phase with R3c space group (JCPDS 86–1518).
The corresponding lattice parameters are a = 0.5577 nm, b
= 0.5577 nm and c = 1.3862 nm [32,43]. No additional peaks are
found, demonstrating that single crystalline phase BFO-Ns powder has
been successfully prepared. In Au/BFO-Ns heterostructures, the char-
acteristic diffraction peaks of Au NPs at 2θ values 38.13°, 44.28°,
64.55°, 77.57° and 81.85° corresponds to (111), (200), (220), (311),
and (222) planes respectively are present without changing the BFO-Ns
peaks, which confirms the heterostructure formation [41,42].

3.2. Microstructures

Fig. 2 represents the FESEM and TEM images of pure BFO-Ns and
Au/BFO-Ns heterostructures. The FESEM image illustrates that, mi-
crocubes (~922 nm sides) are formed at NaOH concentration of 5 M
along with small hexagonal nanosheets on the surface (Fig. 2a). In
addition, the TEM image clearly shows that cubes and hexagonal na-
nostructures of BFO in an irregular pattern are present (Fig. 2b). As BFO
has magnetic property, the cubic structures may form due to the staking
of hexagonal nanosheets. Interestingly, the high magnification TEM
image (Fig. 2c) shows that hexagonal nanostructures of BFO with edges
~228 nm and width 7.5 nm have been formed at NaOH concentration
of 5 M. The interplanar spacing of 0.39 nm calculated from the HRTEM
image (Fig. 2d) is in good agreement with the spacing of (012) plane of
BFO [14]. Moreover, a corresponding SAED pattern confirms the pre-
sence of (012) and (110) planes (Inset of Fig. 2d) which has been taken
from one single BFO-Ns. The SAED and HRTEM images reveal that the
BFO-Ns are single-crystal.

Fig. 2e and f show the low and high magnification TEM images of
Au/BFO-Ns heterostructures where Au NPs have been formed in a
homogeneous distribution pattern on the BFO-Ns after γ radiation. The
average particle size of the Au NPs is found to be ~17 nm. The energy-
dispersive X-ray spectroscopy (EDX) spectrum of the Au/BFO-Ns het-
erostructures has been illustrated in Fig. 3a. The strong peaks of Bi, Fe,
O, and Au elements in EDX spectrum indicate that aforementioned
elements are present within the heterostructures. Since, the atomic
ratio of Bi, Fe and O is about 1:1:3, which is close to the stoichiometric

Fig. 1. X-ray powder diffraction pattern of pure BFO-Ns and Au/BFO-Ns het-
erostructures.
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Fig. 2. (a) FESEM image, (b, c) low and high magnification TEM images and (d) HRTEM of BFO Nanosheets (BFO-Ns). Inset d: SAED pattern of BFO nanosheets. (e, f)
Low and high magnification TEM images of Au/BFO-Ns heterostructures. Inset f: HRTEM image of Au/BFO-Ns heterostructure. All the samples are prepared at NaOH
concentration of 5 M.

Fig. 3. (a) Energy-dispersive X-ray spectra (EDX) of Au/BFO-Ns heterostructures. X-ray photoelectron spectroscopy (XPS) of (b) pure BFO-Ns and Au/BFO-Ns
heterostructures, (c) Au and (d) Bi of Au/BFO-Ns heterostructures.
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ratio of BFO. Therefore, heterojunction formation of Au and BFO does
not change the stoichiometric ratio of the BFO itself.

3.3. X-ray photoelectron spectroscopy and surface compositions

Furthermore, to study the chemical states of Au, Bi, Fe and O in the
Au/BFO-Ns heterostructures and to investigate the detailed insight into
the interaction between Au NPs and BFO nanostructures, X-ray photo-
electron spectroscopy (XPS) has been employed. Fig. 3b shows the
overall XPS spectra of pure BFO-Ns and Au/BFO-Ns heterostructures
where oxidation states of Bi, Fe, O and Au are present. The XPS peaks
observed for Au 4f at binding energy 53.5 eV and 87.17 eV corresponds
to Au 4f7/2 and Au 4f5/2, confirm the presence of Au(0) state within the
heterostructures (Fig. 3c) [33]. The presence of the doublet Bi 4f peaks
at binding energy 158.13 eV and 163.41 eV corresponds to Bi 4f7/2 and
Bi 4f5/2 indicate that bismuth existed in a single chemical state of Bi3+

(Fig. 3d) [32]. More interestingly, a red shifting has been observed for
Bi 4f peaks after heterojunction formation which suggests the occur-
rence of strong interaction and charge transfer between Au NPs and
BFO-Ns (Fig. S1a). The binding energy of peaks at 710.15 eV and
723.41 eV arise due to Fe 2p3/2 and Fe 2p1/2 states and the satellite
peak at 718.32 eV (8.17 eV above the Fe 2p3/2) confirms that Fe is at
Fe3+ state within BFO (Fig. S1b) [32,44]. Hence, the XPS spectrum of
O1s for pure BFO-Ns shows (Fig. S1c) two peaks at 529.1 eV and
530.77 eV correspond to oxygen-metal bonds and surface adsorbed
oxygen respectively, whereas for Au/BFO-Ns heterostructure, single
peak at 529.67 eV has been observed [45]. This observation indicates
that, surface adsorbed oxygen are removed after heterostructure for-
mation as the Au NPs occupy the surfaces of the BFO-Ns. Therefore, it
can be conclude from XPS data, Bi and Fe exist in the states of Bi3+ and
Fe3+ within BFO-Ns and Au in zero oxidation state within hetero-
structures.

The porous structure of the pure semiconductor BFO-Ns and the
heterostructures Au/BFO-Ns has been studied by the nitrogen adsorp-
tion desorption isotherm method. The hysteresis loop present in the
BET curve (Fig. S2) suggests the type II pattern of BFO-Ns and Au/BFO-
Ns heterostructures. The specific surface areas calculated by the Barrett-
Joyner-Halenda (BJH) method of pure BFO-Ns and Au/BFO-Ns het-
erostructures are 10 m2 g–1 and 35 m2 g–1, respectively. Therefore, it
indicates that larger inter-aggregated pores were generated in hetero-
structures and became predominant with higher adsorption capacity.
This could be confirmed by the TEM images that the total specific
surface area of Au/BFO-Ns has been increased because of added surface
area of the Au NPs with BFO nanosheet (Fig. 2e and f). Hence, it is
expected that photocatalytic activity of heterostructures might be en-
hanced due to increased surface area by the incorporation of Au NPs.

3.4. UV–Vis spectroscopy

To investigate the influence of heterostructure formation on the
optical absorption and electronic band structure of the BFO-Ns, UV–Vis
diffuse reflectance spectra (DRS) has been employed. Fig. 4 shows the
UV–Vis absorption spectra of BFO-Ns and Au/BFO-Ns, which are con-
verted from the measured diffuse reflectance spectra by means of the
Kubelka–Munk Function [32]. Au/BFO-Ns show two striking features of
the absorption spectra. First, a characteristic absorption peak at
~600 nm has been observed which is mainly attributed due to plas-
monic absorption of Au NPs [27]. Secondly, the existing peaks of BFO-
Ns at 350 nm and 450 nm have been increased which may arise due to
strong electronic interaction of Au NPs with BFO-Ns.

Further, the direct band gaps of BFO-Ns (2.3 eV) and Au/BFO-Ns
(2.1 eV) have been calculated from the Kubelka–Munk [(αhν)2 vs
photon energy (hν)] plot (Fig. S3). This lowering of band gap from
2.3 eV to 2.1 eV for Au/BFO-Ns heterostructures is useful for enhanced
absorption in visible region and consequently may enhance the pho-
tocatalytic activity.

3.5. Photocatalytic hydrogen production

Photocatalytic activity of as synthesized materials has been eval-
uated by photocatalytic H2 generation through water reduction. Fig. 5a
shows the photocatalytic H2 generation of pure semiconductor BFO-Ns
and Au/BFO-Ns heterostructures through water reduction under visible
light irradiation (λ > 420 nm) in presence of methanol (25 vol%) as
sacrificial agent at pH 7. Here methanol acts as hole scavenger, i.e.
reacted with the photogenerated holes usually faster than water, lead to
excess electron in the medium for H2 generation by water reduction.
Au/BFO-Ns heterostructures exhibit enhanced photocatalytic H2 gen-
eration (2.1 mmol) compared to pure BFO-Ns (1.1 mmol) after 2 h ir-
radiation. Interestingly, the hydrogen evolution rate increased linearly
with time after a certain time (Fig. S4a), demonstrating that the cata-
lysts maintain a strong driving force for water reduction over the ex-
amined period [46]. To study the effect of BFO morphology on pho-
tocatalytic H2 generation, two different morphologies (cylindrical and
octahedron) of BFO have been synthesized by varying the NaOH con-
centration. At lower concentration of NaOH (2 M), cylindrical shaped
BFO (BFO-Cyl) of average length 500 nm and width 120 nm have been
obtained, however, at higher concentration of NaOH (12 M), octahedral
shaped BFO (BFO-Oct) nanostructures have been formed (Fig. S4b and
c). Hence, NaOH played a crucial role in controlling the morphology
where sodium ions determine the available concentration of Fe3+ ions
for further growth, which in turn affect the overall morphology of BFO
nanostructures [47]. Photocatalytic activity of pure BFO with these
three different morphology and corresponding Au decorated BFO has
been compared under visible light as shown in Fig. 5b. The highest
photocatalytic H2 generation has been observed for BFO-Oct (BFO-Oct
(1.4 mmol) > BFO-Ns (1.1 mmol) > BFO-Cyl (0.5 mmol)). Notably,
BFO-Oct nanostructure shows strong absorption in the visible region in
comparison to two other nanostructures (Fig. S4d). Hence, more ex-
posed surfaces of the BFO-Oct may led to better absorption and enhance
the photocatalytic H2 generation which is consistent with the literature
report [48]. However, after formation of heterostructures, Au/BFO-Ns
produces significant amount of H2 generation, which is 2 times higher
than pure BFO-Ns as shown in Fig. 5b. The enhanced catalytic activity
of Au/BFO-Ns may be due to the large surface area of two dimensional
BFO-Ns which provide a strong coupling with the Au NPs. Thus, Au NPs
can be exposed to the BFO-Ns surfaces and induce strong interaction
[49]. Hence, BFO-Ns and Au/BFO-Ns have been taken for further stu-
dies.

Next, the effect of pH on photocatalytic H2 evolution has been
studied to optimize the reaction condition. Fig. 5c illustrates that higher
catalytic activity for H2 evolution achieved at pH 3 (~2.4 mmol) due to
high availability of H+ in acidic solution and H2 evolution activity

Fig. 4. Diffuse reflectance spectra of pure BFO nanosheets (BFO-Ns) and Au/
BFO-Ns heterostructures.
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decrease as the medium becomes more alkaline due to insufficient
protons [50]. At more acidic medium protonation is happening due to
presence of excess proton (H+) which may produce a filter effect by
producing free molecules. It causes intermolecular energy transfer, re-
sulting in a decrease in the photocatalytic efficiency [51]. The same
trend has been observed for pure BFO-Ns in H2 generation (Fig. S4e). In
order to further optimize the role of sacrificial agents in photocatalytic
H2 generation, commonly used alcohol and aldehydes have been tested
under similar reaction condition (Fig. 5d). In general, the redox po-
tential of a sacrificial agent should be more negative than valence band
of semiconductor, so that they can consume the holes and suppress the
recombination of photogenerated electrons [52].

The highest photocatalytic H2 generation has been observed for Au/
BFO-Ns as photocatalyst using methanol (~2.1 mmol) as sacrificial
agent compared to ethanol (~1.7 mmol), 2-propanol (~1.0 mmol),
ethylene glycol (~0.6 mmol) and formaldehyde (1.5 mmol). This result
suggests that, the length of carbon chain is inversely proportional to
photocatalytic H2 generation. However, the oxidation potential and
permittivity of sacrificial agents have also potential role in H2 genera-
tion as the sacrificial agents act as electron donors to consume the
holes. According to Gouy-Chapman theory (Eq. (4)), surface charge
density is proportional to dielectric constant of the solvent [52].

= RT
F

F
RT

2 sinh
2s

0 0
(4)

where, σs is the surface charge density, ε is the dielectric constant of the
solvent and ε0 is the permittivity of free space, R is gas constant, T is the
temperature, F is Faraday constant and ψ0 is potential of the surface.

As shown in Table S1, the oxidation potential of methanol is lower
than ethanol, 2-propanol and ethylene glycol but the permittivity is
higher than ethanol and 2-propanol. Although, the permittivity of
ethylene glycol is much higher compared to others, the higher oxida-
tion potential (1.54 eV higher than water oxidation potential 1.23 eV)
lowers its activity as it poorly oxidized. Therefore, methanol is con-
sidered as preferable sacrificial agent in photocatalytic hydrogen gen-
eration having lower oxidation potential and considerable permittivity.
In case of pure BFO-Ns, the similar trend has been observed in H2

generation (Fig. S4f).
Reusability and stability are important parameters of a photo-

catalyst for large scale application. Here, H2 generation of Au/BFO-Ns
heterostructures has been checked up to 5 successive cycles, which
reveals nearly 13% loss in H2 generation as shown in Fig. 6a (13% loss
also include catalysts mass loss). Fig. 6b shows the TEM image of the
heterostructures which reflects stability of nanosheet morphology after
photocatalytic reaction. Interestingly, the gold NPs remain intact on the
BFO-Ns after cycling. Therefore, Au/BFO-Ns heterostructures are reu-
sable catalyst for hydrogen generation and stable under long visible
light irradiation.

Fig. 5. (a) Photocatalytic hydrogen generation in presence of BFO nanosheet (BFO-Ns, black line) and Au/BFO-Ns heterostructures (red line) (b) Comparative H2

generation data after 2 h visible light irradiation using the catalysts of BFO nanosheet (BFO-Ns), BFO octahedral (BFO-Oct), cylindrical shaped BFO (BFO-Cyl) and
their heterostructures as Au/BFO-Ns, Au/BFO-Oct, Au/BFO-Cyl from an aqueous solution containing 25 vol% methanol at pH 7. Effect of (c) pH and (d) sacrificial
agents on hydrogen generation using Au/BFO-Ns as photocatalyst under 2 h visible light illumination. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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3.6. Photoelectrochemical (PEC) activity

Photoelectrochemical measurement was performed using a galva-
nostat-potentiostat with a standard three-electrode cell and Pt wire as
counter electrode and saturated Ag/AgCl as reference electrode. Here
sacrificial agent has not been used but a potential is required to move

the photogenerated electrons towards counter electrode from photo-
anode. To investigate the light sensitivity and stability of as synthesized
material of BFO-Ns and Au/BFO-Ns heterostructures, photocurrent
measurement via linear sweep voltammetry (LSV) and chron-
oamperometry (CA) have been studied. Fig. 7a shows the LSV plot of
pure BFO-Ns and Au/BFO-Ns heterostructures in dark and presence of

Fig. 6. (a) Recycling test of Au/BFO-Ns heterostructures during photocatalytic hydrogen generation and (b) TEM image of Au/BFO-Ns heterostructures after catalytic
reaction of H2 generation at pH 7.

Fig. 7. (a) Linear sweep voltammograms (LSV) curves and (b) chronoamperometric plot of the BFO-Ns and Au/BFO-Ns thin film semiconductor electrodes on FTO
substrates in the presence of 0.1 M Na2SO4-phosphate buffer solution (pH 7) under continuous light illumination of 100 mW/cm2. The chronoamperometric plot
measured at 0.6 V vs Ag/AgCl, under chopped illumination of 100 mW/cm2 light. Calculated (c) IPCE (%) and corresponding integrated current density (product of
the IPCE spectrum with the AM1.5G photon flux, blue spheres) and (d) APCE (%) of BFO-Ns and Au/BFO-Ns photoanodes using same electrolyte within the
wavelength range 300–700 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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continuous light illumination. In absence of light the current density is
negligible (0.07 μA cm–2) for BFO-Ns, whereas, under continuous light
illumination, the obtained current density is 0.56 μA cm–2 and
2.14 μA cm–2 for BFO-Ns and Au/BFO-Ns respectively at a potential of
0.6 V vs Ag/AgCl, therefore 3.8 fold enhancement achieved for Au/BFO-
Ns heterostructures. Additionally, we have measured H2 generation
under negative potentials in presence of light as reported earlier in
literatures. A large current density (~235 μA cm–2) has been obtained
for Au/BFO-Ns heterostructures, suggesting the H2 generation by water
reduction (Fig. S5a) [53]. Kong et al. [54] also reported that CoSe2

nanoparticles on carbon fiber paper generated a large photocurrent in
negative potential due to effective reduction of the water. In case of
bare Au NPs, relatively lower current density (75 μA cm–2) has been
obtained at negative potential. Thus presence of Au NPs and its strong
interaction with BFO-Ns may generate the large current density for Au/
BFO-Ns heterostructures.

Fig. 7b represents the chopped chronoamperometric plot of pure
BFO-Ns and Au/BFO-Ns heterostructures, indicating that materials are
fairly stable against photocorrosion. Reusability of the semiconductor
BFO-Ns has been tested through periodic voltammetry under con-
tinuous light illumination (Fig. S5b), and almost constant photocurrent
observed after three successive LSV scans under similar condition. The
results of both LSV and CA indicate that the heterostructure exhibits
increasing photoinduced electrons and holes separation, which could be
on account of the enhanced photocurrent generation.

In order to get more details about quantum efficiency of as syn-
thesized photoanodes, the incident photon-to-current efficiency (IPCE)
of pure BFO-Ns and Au/BFO-Ns has been calculated using the action
spectrums through chronoamperometry measurement. Fig. 7c re-
presents the plot of IPCE (%) and corresponding integrated current
density vs wavelength where efficiency has been enhanced at lower
wavelength for Au/BFO-Ns heterostructures compared to pure BFO-Ns.
In action spectra (IPCE curve), BFO-Ns is practically inactive above
450 nm, whereas two distinct enhancement regions are prominent in
Au/BFO-Ns photoanode. In the region of < 450 nm, the enhancement
in efficiency is achieved mainly due to improve light harvesting by the
heterojunction formation between Au and BiFeO3. While in the wave-
length of > 450 nm, the enhancement in efficiency may be attributed to
the presence of Au nanoparticles which can induce localized surface
plasmon resonance (SPR) with incident photons of visible light. The
SPR effect of Au nanoparticles would generate hot electrons and inject
to BiFeO3 directly, as a result IPCE efficiency has been enhanced in the
visible light region. The integrated current density of the photoanodes
(product of the IPCE spectrum with the AM1.5G photon flux, blue stars)
has been calculated further from the IPCE [55]. The integrated photo-
current density reaches to ~0.42 and ~2 μA/cm2 for BFO-Ns and Au/
BFO-Ns respectively, which is nearly identical to the photocurrent
density from LSV measurement in Fig. 7a, and the tiny deviation may
be caused by the different design of the device. For instance, Zhao et al.
[56] calculated integrated current density (0.08 mA/Cm2) from the
IPCE plot for Au/Pt/WO3/TiO2 composite which matches well with the
photocurrent (0.45 mA/Cm2). The similar trend has been followed in
APCE (%) where Au/BFO-Ns heterostructures shows higher efficiency
at lower wavelength (Fig. 7d). The APCE increases at significantly
above 580 nm due to surface plasmonic effect of Au NPs. Therefore, it is
obvious that, the surface modification of semiconductor BFO-Ns by
metallic Au NPs improves the light absorption in visible region which
may consequently increase photon to current conversion efficiency
values.

3.7. Mechanism

To elucidate the mechanism involved for enhanced photocatalytic
activity of Au/BFO heterostructures, charge separation was in-
vestigated by various photoelectrochemical techniques including pho-
toluminescence (PL), capacitance measurement and electrochemical

impedance spectroscopy (EIS) measurements. Fig. 8a shows the PL
spectra of pure BFO-Ns and Au/BFO-Ns heterostructures at an excita-
tion wavelength of 380 nm. It is observed that emission band for both
BFO-Ns and Au/BFO-Ns is centered at 437 nm but PL intensity de-
creased for Au/BFO-Ns heterostructures [57]. This quenching of emis-
sion peak intensity for Au/BFO-Ns suggests the strong electronic in-
teraction and improved charge carrier separation at the interface
between Au and BFO-Ns [32]. Consequently, the improved charge se-
paration lowers the number of surface trapped electrons by the oxygen
vacancies and defects which is consistent with XPS result. Thus, the O
1s peaks at 530.77 eV which comes for surface adsorbed oxygen has
been removed after heterojunction formation (Fig. S3).

To further study the PEC properties of BFO-Ns and Au/BFO-Ns,
Mott–Schottky (MS) analysis has been studied in details. Fig. 8b shows
the MS plot of pure BFO-Ns and Au/BFO-Ns heterostructures in which
the positive characteristic slope in the MS plot following the Eq. (5),
confirms the n-type behavior of the samples.

=
C eN

E E KT
E

1 2
sc d

fb2
0 (5)

where, CSC is the space charge capacitance (in F cm–2), e is electronic
charge in C, ε is the dielectric constant of the semiconductors (30 for
BFO, at room temperature) [10], ε0 is the permittivity of free space, Nd

is the charge carrier density in cm–3, Efb is the flat band potential in V, K
is the Boltzmann constant and T is the temperature in K.

The flat band potentials of the synthesized materials have been
calculated from the MS plot by extrapolating the slope of the plots at 1/
C2 = 0, shows that Efb shift towards more negative potential for Au/
BFO-Ns heterostructures, indicating the better catalytic activity of the
materials towards water reduction reaction (Table 1). The VB and CB
potentials of BFO-Ns and Au/BFO-Ns have been calculated (Table 1)
and the band gap of BFO-Ns significantly narrowed to 2.05 eV from
2.3 eV. Next, the charge carrier concentration (Nd) at the junction has
been calculated following the Eq. (5) [58].

Therefore, it is clear that Nd has been increased after Au/BFO-Ns
heterojunction formation in comparison to pure semiconductor BFO-Ns.
The increased charge Nd at the semiconductor-electrolyte interface
helps in better reduction of water molecules [59]. The space charge
layer width (Wsc) and Debye length (LD) of the semiconductors have
been calculated further following the Eqs. (6) and (7) as given below
[60].
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According to Eq. (6), Wsc is inversely proportional to the Nd,
therefore, the thickness of the space charge layer of BFO-Ns reduces
after heterostructures formation with Au NPs. The calculated space
charge layer width reduces from 225 nm to 163 nm for Au/BFO-Ns
heterostructures at an applied potential of 0.1 V vs Ag/AgCl (Fig. S6a).
This reduction of Wsc strongly indicates the formation of band bending
at the electrode – electrolyte surface due to electron transfer from
semiconductor to electrolyte as the electron density of semiconductor is
much higher compared to junction point [61]. This band bending
greatly affect the space charge layer which contribute in formation of
electric field near the interfaces. For BFO-Ns (n-type materials) photo-
excited holes are accumulated on the semiconductor surface which are
consumed by the oxidation reactions while the electrons are transferred
to the counter electrode and used in proton reduction to H2 [57].

On the other hand, Debye length (LD) is an important parameter for
photochemistry and it is inversely proportional to the Nd (Eq. (4)).
Basically, LD is a length in which the mobile charge carriers screen out
the maximum electric field and it is closely related to the space charge
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region. So, the lowering value of LD for Au/BFO-Ns indicates the better
charge transfer through the junction. The morphological effect on
junction capacitance has also been analyzed and the result reveals that,
Au/BFO-Ns heterostructures possesses the higher amount of charge
carrier which may results better H2 generation in photochemical pro-
cess (Table S3). In addition, flat-band potential of Au/BFO-Ns is nega-
tively shifted compared to other heterostructures, indicating the re-
duced charge carrier recombination by enhancing band bending at the
interface (Fig. S6b). Moreover, the above results suggest that, hetero-
junction formation increase the carrier concentration at the electrode –
electrolyte interfaces by enhancing the specific surface area, reduce the
bad gap of the semiconductor and space charge layer width which have
crucial role in enhancing the photocatalytic efficiency.

Further, the charge-transfer properties of the photocatalysts have
been investigated by the electrochemical impedance spectra (EIS)
measurement. Fig. 8c represents the Nyquist plot of BFO-Ns and Au/
BFO-Ns electrodes where a single semicircle has been obtained, con-
firms a single charge transfer mechanism of semiconductor–electrolyte
interface under continuous light illumination [61]. The diameter of the

semicircle represents the charge transfer resistance of the semi-
conductor–electrolyte interface. Thus, the low diameter for Au/BFO-Ns
heterostructures implies the smaller resistance and better PEC perfor-
mance compared to pure BFO-Ns semiconductor. The obtained curves
are fitted with the Randles equivalent circuit model and the fitting
parameters are given in the Table S4. From the table, it is evident that,
the ohomic resistance (Rs) decrease after heterostructure formation i.e.
formation of better ohomic conductivity, which is helpful to improve
the charge separation efficiency. Furthermore, the impedance study of
Au/BFO-Ns electrode has been conducted in light and dark condition to
understand the effect of light in charge transferring (Fig. S6c). In pre-
sence of light, both BFO-Ns and Au/BFO-Ns show low charge-transfer
resistance because of the enhanced diffusion of electrons with high
mobility [62].

The magnetic hysteresis loop (M–H) for pure BFO-Ns and Au/BFO-
Ns heterostructures have been measured at room temperature to un-
derstand the possible effect of magnetism on photocatalysis. As shown
in Fig. 8d, a typical ferromagnetic M–H curve with well-developed
hysteresis loop has been observed for both BFO-Ns and Au/BFO-Ns

Table 1
Electrochemical parameters calculated from Mott–Schottky plot for BFO-Ns and Au/BFO-Ns catalysts.

Catalyst Efb in V vs Ag/AgCl ECB in V vs RHE EVB in V vs RHE Eg in eV Nd in cm−3 Wsc in nm LD in nm

BFO-Ns −0.473 0.14 2.46 2.32 0.47 × 1017 225 30.2
Au/BFO-Ns −0.541 0.07 2.12 2.05 0.92 × 1017 163 21.6

Fig. 8. (a) Photoluminescence spectra of pure BFO-Ns and Au/BFO-Ns heterostructures at an excitation of 380 nm. (b) Mott–Schottky plots pure BFO-Ns and Au/BFO-
Ns heterostructures in the presence of 0.1 M Na2SO4 electrolytes (pH 7) using an AC frequency of 1000 Hz. The intercept of the plot (at 1/C2 = 0) has been used to
determine the Efb of the BFO-Ns and Au/BFO-Ns photoelectrodes. (c) Nyquist plot of BFO-Ns and Au/BFO-Ns using same electrolyte under continuous light illu-
mination of 100 mW/cm2 at an applied potential 0.6 V vs Ag/AgCl. Inset. (c) Equivalent circuit model to analyze the Nyquist plot. (d) Magnetic hysteresis loop for
pure BFO and Au/BFO heterostructures at room temperature. Inset: magnified views of the low field region.
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heterostructures, however having low magnetization. The magnetiza-
tion value is slightly increased for Au/BFO-Ns (0.025 emu/g) compared
to BFO-Ns (0.02 emu/g) at 1.5 kOe. Additionally, an exchange bias ef-
fect has been obtained for Au/BFO-Ns (inset Fig. 8d) which may arise
due to the suppression of spiral magnetic structure of BFO-Ns due to
formation of heterostructure with Au NPs. However, there is an inter-
face between Au and BFO within the Au/BFO heterostructures, which
may induce a magnetic moment in metallic Au due to the magnetic
proximity effect [63]. Such magnetic proximity effect arises in hetero-
structures due to the strong interfacial hybridization between BFO na-
nosheets and Au NPs which is described in the literatures [64]. As a
result, the charge transfer property would be improved as both the
elements of heterostructures possess magnetic moment and also a spin
arrangement at the interface. Therefore, in presence of applied field, the
injection rate of polarized carriers has been increased which leads to
enhance current density as well as photocatalytic activity.

From the above experimental results, it is clear that heterostructure
formation facilitate the photocatalytic activity of BFO due to the com-
bine effects of the strong absorption in visible region and compression
of band gap energy, efficient charge separation and the promotion of
surface redox reactions. The photo generated charge separation within
the Au/BFO heterostructures have been proposed in the schematic
diagram (Scheme 1).

In general, the metal NPs possess the property of storing electrons
and the electronic state within the metal NPs is continuous which fol-
lows the Fermi-Dirac distribution [37]. When the semiconductor and
metal nanoparticles are in contact, a Schottky barrier would be formed
via Fermi level equilibration between metals and semiconductor. First,
the photogenerated electrons are distributed between the surface of
BFO and Au NPs and then transfer of electrons from the excited BFO
into Au (Fermi level of Au +0.45 V vs RHE) occurs, which continues
until the two systems attain equilibrium. The equilibrium alignment of
the Fermi level for metal and semiconductor oxide built an electric field
near the interface, which promotes the separation of photogenerated
charge carriers and more reductive power for the heterostructured
system (Scheme 1a) [65–67].

On the other hand, when visible light (λ > 420 nm) is illuminated
on the Au/BFO heterostructures, resonance may happen with the in-
cident photons and electrons, resulting the electronic oscillation with
upshifted energy states which is greater than the conduction band (ECB)
of the neighboring semiconductor. Under this circumstance, excited
electrons of Au (generally called hot electrons) may transfer to the ECB

of the BFO (Scheme 1b) [68]. Next, reduction of water has been oc-
curred by these excited electrons and generated H2 from H+

[26,69,70]. Simultaneously, holes are created in the valence band of
BFO which can be quenched by the sacrificial agent (methanol) by

reacting faster with it rather than water so that recombination of
photogenerated electrons and holes would be hindered. Therefore,
formation of metal-semiconductor heterojunction considered as a sui-
table route for enhancing the photocatalytic activity through water
splitting under UV and visible light.

Further, the possible mechanism of photoelectrochemical water
splitting in presence of Au/BFO electrode, under visible light irradiation
has been shown in Scheme 1c. Here, commercial Pt wire has been used as
counter electrode. Under visible light illumination, hot electrons which
are generated in the Au NPs due to SPR effect, are transferred into the CB
of the BFO. These photo-generated electrons further transfer to the FTO
and directly transported to the counter electrode as the external potential
has been applied. Next, reduction of water has been occurred by these
accumulated electrons at the counter electrode and generated H2.
However, the photogenerated holes remaining in the photoanode can
efficiently reduce the water molecules into H+ and O2 as they are located
in the region of the water oxidation potential (1.23 eV).

4. Conclusion

In summary, we report a facile hydrothermal method followed by
radiolysis for the fabrication of Au/BFO heterostructures without using
any template and strong reducing agent and investigated photocatalytic
H2 generation as well as photoelectrochemical water splitting under
visible light. The presence of Au NPs within BFO nanosheets enhances
the visible light absorption by virtue of SPR effect. Consequently, two
fold enhancements in photocatalytic H2 generation have been achieved
for Au/BFO heterostructures compared to pure BFO nanosheets. The
heterostructure formation significantly improves the catalytic activity
towards water oxidation by enhancing the photoelectrochemical current
density (~3.8 times) and long-term stability under longer visible light
illumination. In PEC measurements, 3.3% absorb photon to current
conversion efficiency has been achieved for Au/BFO whereas 1.1% for
pure BFO nanosheets at wavelength 320 nm. Further, Mott–Schottky and
EIS measurements confirm effective charge separation at the interfaces of
heterojunction which lead to enhance the photocurrent generation and
H2 evolution efficiencies compared to the bare BFO nanosheets. The
present contribution represents a general route to synthesize other metal-
perovskites based heterostructures as a visible light active photocatalysts
for clean, sustainable, and renewable energy generation.
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a b s t r a c t

Heterostructured photocatalysts have attracted enoromous research interest in H2 generation through
water splitting because of highly efficient interfacial charge-transfer characteristics of nanoarchitectures.
Herein, Ag nanoparticles decorated AgVO3 nanorods and MoS2 nanosheets are combined to fabricate
MoS2/AgeAgVO3 heterostructures,in which Ag NPs act as a solid-state electron mediator. Owing to
unique nanoarchitecture, MoS2/AgeAgVO3 exhibited the best H2 generation (reaches 38.6 mmol g�1 in
2 h) whichis four times and twenty times higher than AgeAgVO3 and bare MoS2 under visible light
respectively. Transient photocurrent and Nyquist spectra reveal that the enhanced photocatalytic per-
formance of MoS2/AgeAgVO3 is mainly attributed to its effective carrier separation and transfer through
the surfaces. Moreover, the band structures of the materials have been calculated from Mott-Schottky
study, demonstrated a Z-scheme interfacial charge-transfer mechanism. This study describes a prom-
ising approach for harvesting solar energy to generate H2 from water by designing an efficient Ag
mediated Z-scheme heterostuctures.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Generation of H2 from water using sunlight is one of the most
promising pathway to fulfil the growing global demand for clean
and renewable energy [1e3].Semiconductor based photocatalysts
have been extensively studied in the field of solar light driven
catalysis since TiO2was discovered as photoanode for photo-
electrochemical water splitting [4e6]. However, the photocatalytic
activities of single catalysts are still not satisfactory due to ineffi-
cient light absorption in visible range, fast recombination of pho-
togenerated charge carriers and the lack of active sites [7,8]. Thus,
designing a visible light harvesting photocatalyst having sufficient
charge carriers separation and transport efficiency for water split-
ting is highly desirable. Semiconductor based heterostructures,-
where charge-carriers are generated in one semiconductor and
subsequently vectorially transferred to the neighboring semi-
conductor allowing for long-lived electron-hole pairs, are

extensively studied for photocatalysis, however, the redox ability of
photogenerated electrons and holes weakened after charge trans-
fer, leading to lower redox ability [9e12]. Thus, heterostructured
system is unable to possess high charge separation efficiency and
redox ability simultaneously. Therefore, development of a novel
photocatalytic system to resolve the aforementioned problems and
significantly improve the photocatalytic efficiency is required.

Z-scheme photocatalytic system, involves two step photoreac-
tion for harvest solar energy and transfer electrons to higher elec-
tronic state similar to natural photosynthesis, has emerged as an
efficient photocatalyst due to enhance charge separation efficiency
and high redox capacity for water splitting [13e17]. Although, the
concept of Z-scheme photocatalytic system for water splitting was
first reported by Bard et al. [18], the idea of all-solid-state Z-scheme
for TiO2eAueCdS system was proposed by Tada et al. [19] in 2006.
All-solid-state Z-scheme photocatalytic system has been composed
of two photocatalysts with well-matched band structures and an
electron mediator (ionic redox shuttles or solid electron mediators)
which forms Ohmic contact between semiconductors with low
resistance to boost the charge migration through the interfaces and
prolong the life time of photoinduced charges [17,20,21]. Such
favorable aligned band position may helpful to maintain the suffi-
cient energy for the water oxidation and reduction as well as
inhibiting the undesirable charge carrier recombination [13e15].
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Thus, fabrication of Z-scheme heterojunction is expected to
enhance the charge carrier separation to boost the redox ability of
electrons for water splitting. In Z-scheme photocatalytic system,
silver based semiconductors like Ag3PO4 [22], AgX (X¼Cl, Br, I) [23]
exhibited enhanced catalytic activity due to tunable band gap and
electronic structures in combination with other semiconductor
photocatalysts. For example, Bu et al. [22] fabricated Z-scheme
heterojunction of Ag3PO4/Ag/WO3-xwhich showed improved the
photocatalytic RhB dye degradation due to prolonged lifetime of
photogenerated electrons and photoinduced holes. Recently, a se-
ries of reports showed enhanced catalytic activity of Z-scheme
system using plasmonic Ag nanoparticles (NPs) as solid state
electron mediator under visible light because of their excellent
electron conductivity [24e26,32,39]. Owing to the unique proper-
ties of surface plasmon resonance (SPR) effect, the Ag NPs can
extend the absorption of light in the visible region and boost the
photoinduced electron transfer due to generation of an induced
local electric field. Similarly, silver vanadium oxide (AgVO3) have
attracted enormous attention in photocatalysis due to its high
crystallinity and low band gap (2.6 eV) with visible light absorption
[27]. On the other hand, unique hybridization of V 3d, O 2p and Ag
4d orbitals in AgVO3 gives rise to a highly dispersed valence band
(VB), resulting in a narrow band gap. However, the poor charge
separation remains an unresolved issue [28]. In another example,
Liu et al. [29] developed Z-scheme composite of g-C3N4@Ag/AgVO3

which exhibited higher photocatalytic activity for dye degradation
and antibacterial disinfection under visible light irradiation. Wang
et al. [30] fabricated Z-scheme Ag/AgI/AgVO3 nanocomposites by a
facile in-situ ion-exchange method and showed selective oxidation
of benzylic amine to imine and reduction of toxic Cr(VI) ions under
visible light due to formation of charge migration bridge by Ag0

species which effectively enhance the charge separation between
AgI and AgVO3. Although, reported silver based Z-scheme system
have shown excellent catalytic activity for organic pollutant
degradation [31e33], water splitting [34e37], CO2 reduction
[14,38], degradation of antibiotics [30,39] etc. but AgVO3 based Z-
scheme system for photocatalytic H2 generation has not been
tested yet.

2D layer structured materials are widely utilized in photo-
catalysis due to high specific surface area, more available catalytic
active sites, large number of exposed edges and shorter diffusion
length of the charge carriers [40]. Molybdenum disulfide (MoS2,
belongs to 2D layered transition metal dichalcogenides family) has
attracted enormous research interest in photocatalysis because of
excellent electrochemical, optoelectronic and energy harvesting
properties [41,42]. In addition, the active S atoms on the exposed
edges of MoS2is potential for H2 adsorption [43]. Recently, a series
of MoS2 based Z-scheme photocatalytic system such as 0D (MoS2)/
2D (g-C3N4) [34], g-C3N4/Ag/MoS2 [44], MoS2/BiOI/AgI [45], MoS2/
TiO2/g-C3N4 [46] have been developed which showed high photo-
catalytic efficiency for H2 generation. As the CB potential of MoS2 is
sufficiently high from water reduction potential, a novel all-solid-
state Z-scheme photocatalytic system could be constructed in
presence of a suitable electron mediator between AgVO3 and MoS2.

Herein a novel all-solid-state Z-scheme MoS2/AgeAgVO3 het-
erostructures using metallic Ag NPs as electron mediator has been
fabricated for photocatalytic H2 generation under visible light.-
Initially, MoS2nanosheets have been prepared by chemical exfoli-
ation method from bulk MoS2 powder and then Ag NPs decorated
AgVO3nanorods have been deposited on the surface of the MoS2
nanosheets by co-precipitation method to fabricate MoS2/
AgeAgVO3 heterostructures. The as-prepared heterostructures
exhibits much higher photocatalytic activity compared to single
MoS2 and AgeAgVO3 for H2 generation under visible light. The
superfast interfacial charge-transfer efficiency and high redox

ability of MoS2/AgeAgVO3 heterostructures have been explain by
both the photoelectrochemical analysis and photoluminescence
(PL) decay spectra. On the basis of band structure, a possible Z-
scheme charge-transfer mechanism of MoS2/AgeAgVO3 hetero-
structures for the enhanced H2 generation has been proposed.

2. Experimental

2.1. Reagents

Silver nitrate (AgNO3, 99%), ammonium monovanadate
(NH4VO3, 99%), polyvinylpyrrolidone (PVP) and MoS2 were ob-
tained from Sigma Aldrich, USA. All compounds were used as
received and ultrapure water (Millipore System, 18.2 MU cm) was
used as solvent.

2.2. Synthesis of MoS2/AgeAgVO3heterostructures

The MoS2/AgeAgVO3 heterostructures were synthesized by co-
precipitation (CP) method following the previous method with
some modifications [47]. At first, 0.4 g of MoS2 powder was
dispersed in 200 ml of deionized water. Then 0.5 g of PVP as sta-
bilizer was added into the mixture with continuous vigorous stir-
ring at 70 �C for 30min. After that, bath sonication of MoS2 solution
was carried out for 1 h followed by ultrasound probe sonication for
4 h at frequency 40 kHz. The centrifugation was carried out further
for several times using water and ethanol at 12000 rpm. The ob-
tained black powder was then collected and dried at 50 �C
overnight.

Finally, the prepared MoS2 powder (35 mg) was dispersed in
35 ml of deionized water with vigorous stirring for 30 min. Next,
10 mmol of AgNO3 was added into the above solution and stirred
for 30 min at room temperature. At the same time 10 mmol of
NH4VO3 solution were prepared in another 35 ml of water. After
that, the NH4VO3solutions were mixed with the above solution
quickly. A precipitation had been occurred and the solution colour
changed into yellow. The co-precipitation was collected, washed
with distilled water and ethanol several times, and finally dried in
an oven at 50 �C for overnight.The synthesis strategy for MoS2/
AgeAgVO3 heterostructures has been shown in Fig. 1a. The
AgeAgVO3 was prepared to compere the data by following the
same method without using MoS2.

3. Characterizations

The crystalline phase of as synthesized materials were studied
by XRD (Philips X’Pert, The Netherlands) within 20�e80�(2q range)
with Cu Ka radiation at 40 kV and 40 mA. The morphology and
elemental analysis was investigated by Field Emission Scanning
Electron Microscopy (LEO. 430i, Carl-Zeiss, Sigma) and Trans-
mission Electron Microscopy (Tecnai G2 30ST). The XPS was per-
formed using PHI 5000 Versa Probe II spectrophotometer with a
monochromatized Al Ka (~1486.6 eV) X-ray beam of size ~ 100 mm.
To clean the surface of the pallet samples 2 kV rastered Arþ ion
beamwas used for 1 min. JASCO FTIR-6300 spectrometer was used
to record the Fourier transform infrared (FTIR) spectra of the as
prepared materials and the Raman spectra were collected using a
JobinYvon HR800 confocal Raman system by employing 540 nm
leaser beam on the sample surface. To study the optical properties
of as prepared materials, Shimadzu, UV-3600 spectrophotometer
(for diffuse reflectance spectra, DRS) and JASCO FP-8500 (for pho-
toluminescence spectra, PL) was used. Finally, photocatalytic H2
evolution through water reduction was measured by online gas
chromatography using YL Instrument, 6500 GC system with ther-
moconductive detector.
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3.1. Photocatalytic H2 generation

To quantitatively measure the amount of H2 generation and H2
generation rate, online gas chromatography was used. A closed
reactor containing 50 mL Ar saturated water-methanol (25 vol %
methanol) solution with catalyst concentration of 1 mg mL�1 was
used as reactor. In presence of Xe-arc lamp (250W)with an incident
beam intensity of 100mWcm�2, H2 generation had beenmeasured.
A 420 nm cutoff filter was used to get the visible light. The apparent
quantum yield (AQY) of H2 generation has been calculated further
using the following Eq. of [58]:

AQY¼2 � moles of H2 produced
no: of incident photons

� 100 (1)

3.2. Photoelectrochemical measurements

To measure the photoelectrochemical properties of the as syn-
thesized materials, a galvanostat-potentiostat (PGSTAT302 N,
Autolab, The Netherlands) with standard three-electrode cell
where saturated Ag/AgCl electrode as reference electrode and Pt
wire as counter electrode. Theworking electrodewas thin film of as
prepared material on FTO. The cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) was carried out within the potential
range�0.4V to 1V vs Ag/AgCl at a scan rate 10mV s�1 in presence of
0.5 M Na2SO4 phosphate buffer (pH 7) as electrolyte under light
illumination. The light sensitivity and stability of the photo anodes
were checked through chronoamperometry (CA) at 0.26V vs Ag/Ag
Clunder periodic chopped irradiation. To convert the obtained po-
tential into reference hydrogen electrode (RHE) Eq. (2) has been
followed.

ERHE ¼ EAg/AgClþ 0.059 pH þ 0.197 (E0Ag/AgCl) (2)

Further, the charge transfer resistance and junction capacitance
of the photoelectrodes were studied through Nyquist plot and
Mott-Schottky plot. Mott-Schottky experiment was carried out
within the potential range of �1.0V to 0.6V vs Ag/Ag Clat 1000 Hz
frequency using ac RMS amplitude of 10 mV. Incident photon to
current conversion efficiency (IPCE) and absorbed photon to cur-
rent conversion efficiency (APCE) was calculated according to the
equations within the wavelength range of 350e700 nm.

IPCE¼
Iph
Pin
� 1240

l
� 100% (3)

APCE¼ IPCE
1� 10�Al

� 100% (4)

where, Pin is incident power density (W cm�2), Iph is output
photocurrent density (A cm�2), l is wavelength (nm) and Al is the
absorbance of the photoanode at any particular wavelength (l).

4. Results and discussion

4.1. Structural and morphological analysis

The crystalline structures of as synthesized materials have been
explored by powder XRD. Fig. 1b illustrates the XRD patterns of
AgeAgVO3, MoS2 and MoS2/AgeAgVO3. The strong peaks at 2q
values of 25�, 27.5�, 28.32�, 29.8�, 31.58�, 32.14�, 32.95�, 34.97�,
39.5� and 40.5� can be assigned to the diffraction plans of (220),
(310), (22�1), (�311), (221), (�131), (002), (311), (131) and (420) for
AgVO3 which confirms the monoclinic a-phase of AgVO3 with
space group C2/c (JCPDS No. 15e50645) [47]. The diffraction peaks
at 2q values of 38.1� and 44.3�are represent the presence of (111)
and (200) diffraction planes of Ag NPs (JCPDF card 04e0783) [47].
The characteristic (100), (103), (105) and (110) peaks of MoS2
indicate the hexagonal phase of MoS2 (JCPDS no. 37e1492) [48].
After heterostructure formation, (220), (310), (22�1), (�131), (311),
(400) and (420) remains unchanged, whereas a new diffraction
peak comes at 31.75� whichmay be the combined peak of (221) and
(�131) located at 31.58�and 32.14� for pure AgeAgVO3.

The morphology and the elemental analysis of the synthesized
materials have been studied by FESEM and TEM. Fig. S1shows the
FESEM images of MoS2 powders before and after probe sonication.
It can be clearly observed that thin layers of MoS2 nanosheetsare
formed after 4 h probe sonication fromMoS2 powder (Fig. S1b). On
the other hand, Ag NPs decorated 1D AgVO3nanorods with a size of
200 nm inwidth and more than 6 mm in length have been obtained
through co-precipitation method at room temperature (Fig. S1c).
TEM image of AgeAgVO3 further reveals that very small Ag NPs are
formed on the surface of AgVO3nanorods (Fig. 2a). Additionally, the
high resolution TEM (HRTEM) identifies two set of different lattice
fringes. The lattice fringe ~0.28 nm matches well with the (�131)
plane of a-AgVO3 NPs (Fig. 2b) [30]. Meanwhile, the lattice spacing

Fig. 1. (a)Schematic depiction of synthesis of MoS2/AgeAgVO3 heterostructures by co-precipitation method. (b) XRD patterns of the synthesized AgeAgVO3, bare MoS2 and MoS2/
AgeAgVO3 heterostructures.
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of ~0.236 nm corresponds to the (111) plane of metal Ag (Fig. S2)
[49]. Moreover, the corresponding selected area electron diffraction
(SAED) pattern supports the single crystallinity of each individual
AgVO3nanorod in which the diffraction spots with d-values of
0.35 nm and 0.73 nm assigned to the (220) and (110) planes of the
a-AgVO3 (Fig. 2c) [49]. The TEM images (Fig. 2d and e) of hetero-
structures exhibit an interconnected architecture, consisting of thin
layers of stacked 2DMoS2nanosheets and AgVO3 nanorods. Further,
the magnified TEM image of the heterostructures shows that Ag
NPs decorated AgVO3nanorods are dispersed on the surface of
MoS2nanosheets, implies an assembly between nanorods and
nanosheets through an electron mediator. However, the energy-
dispersive X-ray (EDX) spectrum illustrates the chemical compo-
sition ofMoS2/AgeAgVO3 heterostructures which composed of Ag,
V, O, Mo and S (Fig. 2f). The atomic ratio of Mo and S is 1:2 calcu-
lated from EDX. However, the atomic ratio of Ag, V and O is about
1.18:1:3, which is close to the stoichiometric ratio of AgVO3 (1:1:3).
As Ag NPs are also formed, total atomic weight is slightly greater for
Ag. Thus, heterostructuring of MoS2 and AgVO3 does not change the
stoichiometric ratio of individual MoS2and AgVO3.Fig. 2g-l repre-
sents the FESEM image of MoS2/AgeAgVO3 and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental mapping for
V, O, Mo, S and Ag which further confirm the successful formation
of MoS2/AgeAgVO3 heterostructures.

To elucidate the surface chemical compositions and oxidation
state of the constituent elements of MoS2/AgeAgVO3 hetero-
structures, XPS analysis has been carried out. Fig. 3a represents the

XPS survey spectra of AgeAgVO3, MoS2 and MoS2/AgeAgVO3 het-
erostructures where peaks at binding energy 159.5, 229.7, 364.2,
515.6, 528.6 and 571.3 eV correspond toS, Mo, Ag, V and O
respectively, supporting the formation of heterostructures.
Fig. 3b�f illustrates themagnified XPS spectra of Ag 3d, V 2p, O 1s, S
2p and Mo 3d regions. The core level Ag 3d spectra display a
doublet signal of Agþ 3d5/2 and Agþ 3d3/2 at binding energies of
367.9 eV and 373.9 eV respectively. Notably, a strong peaks at
368.4 eV has been observed after fitting which is ascribed to the
presence of Ag0 state [50]. In addition, the heterostructure forma-
tionwith MoS2 leads to a shift of the Ag 3d peaks toward the higher
binding energy with a value of ~0.38 eV (Fig. S3). Peak shifting
indicates a possibility of sharing electrons with neighboring atoms
in terms of asymmetry in the bond arrangements, which creates an
extra pressure on the electrons. So, slightly high binding energy is
required for ejection of electrons compared to base material during
the excitation process. Moreover, the shifting towards high binding
energy implies a band bending which results a charge redistribu-
tion at the interface as well as indicates the decrease of electron
density in the Agþ cation, which implies an electron transfer from
the AgVO3 to MoS2 [50]. As shown in Fig. 3c, V 2p signal represents
two peaks at 516.4 eV and 523.9 eV are attributed to the binding
energies of V5þ 2p5/2 and V5þ 2p3/2 [51]. Hence, the XPS spectrum of
O1s shows two peaks at 529.9 eV and 531.6 eV which could be
assigned to the binding energies of VeO bond and surface adsorbed
oxygen respectively (Fig. 3d) [52]. The strong peaks located at
binding energies of 232.7 eV and 229.4 eV are ascribed to Mo 3d3/2

Fig. 2. (a) TEM image, (b) HRTEM image and (c) SAED pattern of AgeAgVO3 synthesized at room temperature. (d) Low and (e) High magnification TEM images and (f) EDX spectrum
of MoS2/AgeAgVO3 heterostructures. (g) FESEM image of MoS2/AgeAgVO3 and corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping for (h) V, (i) O, (j) Mo,
(k) S and (l) Ag.
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and Mo 3d5/2 respectively, in which the spineorbit separation of
3.2 eV suggests Mo4þ state of Mo [53]. In addition, the characteristic
peaks obtained at 161.9 eV and 163.1 eV (separated by 1.22 eV)
correspond to S 2p3/2 and S 2p1/2 respectively, confirming S2� state
of S within the MoS2/AgeAgVO3 heterostructures [54]. Moreover,
the peak intensity of Ag 3d, Mo 3d and S2p peaks have been
increased after heterostructures formation, indicating electrons are
diffused towards the surface (Fig. S3) as the intensity of peak is
directly depends on the number of electron in the respective
chemical state [54]. Thus, XPS spectra suggest the co-existence of
MoS2, AgVO3 and heterostructure formation.

The chemical structures of the heterostructures and the in-
teractions between MoS2 and AgVO3 have been further studied by
FT-IR and Ramamanalysis. The AgeAgVO3 shows characteristic
peaks at 3456,1641,1383,1113, 928, 775, 635 and 509 cm�1(Fig. 4a).
The peaksat 3456 cm�1 correspond to OeH stretching vibration
and bending vibration of physisorbed water molecules and
1641 cm�1 correspond to surface hydroxyl groups [50]. A peak at
928 cm�1 arises due to the symmetric stretching vibrations of
VO3whereas, additional peaks at 775 and 635 cm�1are assigned to
the antisymmetric stretching vibrations of VO3 [55]. The symmetric
stretching mode of VeOeV units are confirmed by the presence of
FTIR peak at 509 cm�1 as reported earlier [59]. New vibration peaks
appear at 1107 cm�1 and 621 cm�1 in heterostructures, which are
attributed to the characteristic peaks of MoS2 [56]. Furthermore,
the as-prepared materials have been characterized by the Raman
spectroscopy. Fig. 4b shows the Raman peaks of Ag-AgVO3, bare
MoS2 and MoS2/AgeAgVO3heterostructures. The characteristic
peaks of AgeAgVO3 at 919, 867, 809, 624, 526, 332 and 213 cm�1

which are well matched with the previously reported literatures
(Fig. 4b) [51]. The Raman peaks at 919 and 867 cm�1 correspond to
V]O stretching vibration and peaks at 624 and 526 cm�1 are

attributed to the VeOeV stretching vibration. Further, peak at
809 cm�1is originated from the VeOeAg stretching vibration [51].
However, theMoS2 exhibits characteristics Raman peaks at 380 and
407 cm�1 corresponds to in-plane E2g1 mode and the out-of-plane
A1g mode respectively which are consistent with Raman results
of monolayer MoS2 in the reported literature. The inplane E2g1 mode
originates due to opposite vibration of two S atoms with respect to
the Mo atom and the A1g mode arises due to the out-of-plane vi-
bration of S atoms [57]. In heterostructures, both Raman peaks of
MoS2 and AgVO3 are present whereas, a blue shift has been
observed for VeOeV banswhich suggests the bond length becomes
weaker due to presence of a covalent bond between MoS2 and
AgVO3 [57]. Moreover, this result again confirms the hetero-
structures formation between AgVO3 and MoS2.

4.2. Optical absorption properties

To investigate the influence of heterostructure formation on the
optical absorption, UVeVis diffuse reflectance spectra (DRS) have
been studied. Fig. 4c illustrates the UVeVis absorption spectra of
AgeAgVO3, bare MoS2 and MoS2/AgeAgVO3 heterostructures. The
bare MoS2 and AgeAgVO3 exhibits absorption both in the UV and
visible regions. Interestingly, after heterostructure formation ab-
sorption intensities of MoS2/AgeAgVO3 increase at each wave-
length and the absorption edge shifts to near IR region compared to
individual elements. Thus, presence of Ag NPs remarkably enhance
the absorption of light by virtue of SPR effect which induce a local
electromagnetic field at the interfaces of the semiconductors. As a
result, electron-hole pair formation and separation ability at the
interfaces increases, which would be helpful to achieve efficient
photocatalytic activity under visible light. Further, by using the
KubelkaeMunk [(ahn)2 vs photon energy (hn)] plot (Eq. (5)) band

Fig. 3. (a) The XPS spectra of the AgeAgVO3, bare MoS2 and MoS2/AgeAgVO3 heterostructures. (bef) Magnified XPS spectra for Ag 3d, V 2p, O 1s, Mo 3d and S 2p of MoS2/
AgeAgVO3 heterostructures. Here the scattered and solid lines represent the experimental and fitted data.
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gaps of MoS2 and AgeAgVO3 have been calculated.

ahn ¼ A(hn � Eg)n/2 (5)

where, a is the absorption coefficient, n is the light frequency, A is
the proportionality constant, and Eg is the band gap of the material
(Fig. S4). The calculated Eg of the MoS2 and AgeAgVO3 are 2.3eV
and 2.8 eV respectively.

4.3. Photocatalytic activity

Visible light driven photocatalytic activity of MoS2, AgeAgVO3
and MoS2/AgeAgVO3 have been performed for H2 generation
through water reduction at pH 7 in presence of methanol as hole
scavenging agent as it reacts with the photogenerated holes usually
faster than water, leads to excess electron in the medium for H2
generation [58]. Fig. 4d shows the photocatalytic H2generation of
AgeAgVO3, bare MoS2 and MoS2/AgeAgVO3 heterostructures
throughwater reduction, where no generation of H2 gas is observed
without light and catalyst. The pure MoS2 shows low H2 generation
of ~1.9mmol g�1 after 2 h continuous visible light irradiation due to
the fast recombination of photogenerated charge carriers and low
carrier density. In contract,an increase in H2 generation have been
observed for AgeAgVO3(~8.9 mmol g�1), which may be attributed

due to the presence of Ag NPs on the surface of 1D AgVO3 because
of SPR effect and high carrier density at the catalyst surface.
However, MoS2/AgeAgVO3 heterostructure exhibits highest
H2generation which reaches ~38.6 mmol g�1 in 120 mins because
of fast electron transfer between the MoS2 and AgVO3 through
briged Ag NPs. Interestingly, the H2 generation rate increases lin-
early with time for heterostructures, indicating that a strong
driving force has been maintained by the catalyst for water
reduction over the examined period. Further, to understand the
role of sacrificial agent in H2 generation, a set of experiments have
been carried out by varying the volume % of methanol. Fig. S5 a
demonstrates the effect of methanol (volume %) on the H2 gener-
ation as sacrificial agent. Photocatalytic H2 generation increasewith
the increase of methanol up to 25 vol % because of fast capturing
the photogenerated holes which hinder the rapid recombination
rate of charge carriers, and then goes to decrease due to back re-
action and photocorrosion. Fig. S5b presents the calculated AQY%
for the catalysts, where MoS2/AgeAgVO3 heterostructures exhibits
highest photocatalytic H2 generation efficiency of 13.8% followed by
AgeAgVO3 (3.2%) and bare MoS2 (0.7%). Thus, heterostructure for-
mation improve the H2 generation rate as well as AQY% which
indicate that efficient electron-hole generation and separation
processes may be happened at the interfaces of the hetero-
structured catalyst.

Fig. 4. (a) FTIR spectra, (b) Raman spectra, (c) Diffuse reflectance spectra of AgeAgVO3, bare MoS2 and MoS2/AgeAgVO3 heterostructures and (d) photocatalytic hydrogen gen-
eration without light and catalyst (green line), in presence of AgeAgVO3 (black line), bare MoS2 (red line) and MoS2/AgeAgVO3 heterostructures (blue line) after 120 min of visible
light irradiation. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.4. Photoelectrochemical (PEC) properties

To gain deeper insights into the photogenerated charge sepa-
ration and transport process in the photocatalytic reactions, elec-
trochemical measurements have been conducted further by
preparing electrodes of as synthesized materials on FTO glass by
doctor-blademethod. Cyclic voltammetry (CV) has been carried out
to study the electrochemical properties of the as prepared elec-
trodes of MoS2, AgeAgVO3 and MoS2/AgeAgVO3 using 0.5 M
Na2SO4-phosphate buffer solution (pH 7) as electrolyte and Ag/AgCl
electrode as reference electrode at a scan rate of 10mV s�1 (Fig. 5a).
In the cathodic polarization process, two peaks have been observed
for AgeAgVO3 at ~0.31 V and ~0.59 V vs Ag/AgCl with current
density of ~69 mA cm�2 and ~336 mA cm�2, which corresponds to
the initial reduction of Agþto Ag0and V5þ to V4þ respectively.
Similarly, two characteristic peaks have been appeared in the
anodic scan at ~0.27 V and ~0.12 V vs Ag/AgCl, which are in well
agreement with the previously reported literatures [59,60]. On the
other hand, no prominent cathodic peak is present in MoS2 elec-
trode, but a broad peak is observed around ~0.8 V vs Ag/AgCl.
However, the CV of the MoS2/AgeAgVO3 electrode shows a single
peak at ~0.45 V vs Ag/AgCl in cathodic scan with current density of
~519 mA cm�2. This large current density of heterostructures
demonstrate an enhanced electron transfer rate through the in-
terfaces [50]. Further, linear sweep voltammetry (LSV) have been
studied under chopped light illumination of 100 mWcm�2 (Fig. 5b).
The bare MoS2 photoanode shows low current density in the full
potential range, because of its poor ability of charge separation,
which leads to the fast recombination of photoinduced
electron�hole pairs. However, an enhanced current density has
been obtained for AgeAgVO3 and MoS2/AgeAgVO3 electrodes and
it reaches maximum value of ~80 mA cm�2 at 0.8 V vs Ag/AgCl for

MoS2/AgeAgVO3 heterostructures. This result demonstrates that
presence of Ag NPs significantly improves visible-light absorption
by plasmonic effect and efficiently separates the photoinduced
electrons and holes by making electron migration bridge between
two semiconductors, leading to a remarkable enhancement in PEC
water splitting. Transient photocurrent measurements through
chronoamperometry (CA) and electrochemical impedance spec-
troscopy (EIS) have been performed further to gain insight into the
carrier separation and transport efficiency of the photoanodes. It
can be clearly observed that the current density increases for MoS2/
AgeAgVO3 heterostructure (~64 mA cm�2) compared to bare MoS2
(~25 mA cm�2) and AgeAgVO3 (~35 mA cm�2) after 500 sec and
remains almost constant with time (Fig. 5c). Therefore, it can be
concluded that heterojunction formation can promote the charge
separation and suppress the recombination of photogenerated
electron�holes. Fig. 5d represents the Nyquist diagram of as pre-
pared electrodes, where the radius of each arc is associatedwith the
charge transfer resistance (Rct) at the electrode electrolyte inter-
face. A single semicircle has been obtained for both MoS2 and
AgeAgVO3 electrodes, whereas a distorted semicircle has been
observed for MoS2/AgeAgVO3 heterostructures. This may results
due to the increase of electron diffusion to the catalyst surface [61].

The straight line in the lower frequency region arises due to
more diffusion process of the electrolyte. The diameter presents the
Rct over the electrode-electrolyte interface. As shown in Fig.5d the
diameter of heterostructures (0.46 KU) is considerably smaller than
that of bare MoS2 (1.6 kU) and AgeAgVO3 (1.5 kU), suggests that
heterostructures provide facile access for charge carrier interpola-
tion during the water splitting process. Thus, all electrochemical
investigations demonstrate that, heterostructure formation be-
tween MoS2 and AgeAgVO3 accelerates the interfacial transfer and
separation of photogenerated charges which results high activity in

Fig. 5. (a) Cyclicvoltammogram (CV) of prepared electrodes in presence of 0.1 M Na2SO4-phosphate buffer solution (pH 7) as electrolyte at a scan rate of 10 mV s�1. (b) linear sweep
voltammetry (LSV) and (c) chronoamperometry (CA) under chopped light illumination of 100 mW cm�2 of as prepared electrodes in presence of 0.1 M Na2SO4-phosphate buffer
solution at a scan rate of 10 mV s�1. (d) Nyquiat plots of AgeAgVO3, bare MoS2 and MoS2/AgeAgVO3heterostructures recorded at 0.1 V vs Ag/AgCl under light illumination. (e)
Calculated incident photon to current conversion efficiency (IPCE%) and corresponding integrated current density (product of the IPCE spectrum with the AM 1.5G photon flux), (f)
Absorbed photon to current conversion efficiency (APCE%) of MoS2/AgeAgVO3photoanode within the wavelength range 350e700 nm.

S. Bera et al. / Journal of Alloys and Compounds 830 (2020) 154527 7



photocatalytic H2 generation. Moreover, the quantum efficiency of
the MoS2/AgeAgVO3 heterostructure has been studied in details by
calculating incident photon to current conversion efficiency (IPCE)
and absorbed photon to current conversion efficiency (APCE) from
the action spectra through CA measurements within the wave-
length range of 350e700 nm [62]. Fig. 5e represents the IPCE vs
wavelength plot where two distinct enhanced regions are observed
at 400 nm and 510 nm with efficiency of 0.12% and 0.06% respec-
tively. The integrated current density of the MoS2/AgeAgVO3
photoanode reaches to 21 mA cm�2 which well consistent with the
photo current density calculated from LSV curve. The APCE plot
represents the similar trend like IPCE with two enhanced region at
visible region (Fig. 5f). Thus, heterostructure formation is beneficial
to enhance the light absorption, charge separation and surface
catalytic reactions which consequently enhance the incident
photon to current conversion efficiency.

4.5. Possible photocatalytic mechanism

The separation and recombination processes of photoinduced
charge carriers of the as-prepared samples have been further
examined by the Photoluminescence (PL) spectra. Generally, the PL
emission are originated from the recombination of electron hole
pairs in a semiconductor. The low PL intensity presents low
recombination of photo induces electron hole pairs, thereby high
photocatalytic performance [63]. Fig. 6a shows the PL spectra of
AgeAgVO3 and MoS2/AgeAgVO3 heterostructures upon excitation

at 340 nm. The band to band recombination and distortion in the
[OeAgeO] and [OeVeO] bonds in AgVO3 lattice are mainly
responsible for PL emissions. In the PL spectra a pronounced
maximum at 467 nmhas been observedwhich corresponds to band
to band recombination of photoinduced charge carriers. Addition-
ally, a peak at 450 nm comes due to distortions in the tetrahedral
[VO4] clusters [64]. In addition, a weak emission peak has also been
presented at 560 nm, indicates an ordered structure of AgVO3.
However, the PL emission peak intensity has been decreased after
heterostructure formationwithMoS2 without effecting the spectral
position of the peaks, suggesting improve charge separation and
transfer ability of heterostructures. Furthermore, to understand the
ultrafast charge transfer processes associated at the interface be-
tweenMoS2 and AgVO3, picosecond resolved time correlated single
photon counting (TCSPC) of the materials have been recorded.
Fig. 6b shows the decay curve of AgeAgVO3 which is properly fitted
with a double exponential with average lifetime of ~1.30 ns.
However, the average decay time for MoS2(~0.71 ns) is lower than
AgeAgVO3, which has an ultrafast component of ~25 ps (21.3%). The
average decay time decreases from 0.71 ns to 0.36 ns after heter-
ostructure formation between MoS2 and AgeAgVO3(Table 1).
Interestingly, the contribution of the fast component of MoS2/
AgeAgVO3 heterostructure has been increased to nearly 40% from
21.3% compared to bare MoS2. This result clearly indicated that,
electron transfer occurs from AgVO3 to MoS2 after heterostructure
formation and reduce the recombination rate which is well con-
sistant with the PL data (Fig. 6a). Similar behaviour was observed by

Fig. 6. (a) Photoluminescence (PL) spectra of AgeAgVO3 and MoS2/AgeAgVO3 heterostructures upon excitation at 340 nm. (b) The picosecond-resolved TCSPC spectra of as
prepared materials upon excitation at 375 nm. MotteSchottky plots of (c) AgeAgVO3, bare MoS2and (d) the MoS2/AgeAgVO3 heterostructures in the presence of 0.1 M Na2SO4

electrolytes (pH 7) using an AC frequency of 1000 Hz. The intercept of the plot (at 1/C2 ¼ 0) has been used to determine the flat band potential (Efb) of the photoelectrodes.
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Sardar et al. [65] in case of PDPB-ZnO heterostructure due to
electron transfer from the conjugated polymer nanofibers to the
ZnO nanoparticles.

Finally, Mott-Schottky (M � S) experiment of as prepared elec-
trodes has been carried out to find out the band edge potentials of
constituent semiconductors as they play crucial role in determining
the transfer route of the charge carriers. Fig. 6c shows the M � S
plot of AgeAgVO3 and bare MoS2 electrodes in the presence of
0.5 M Na2SO4 electrolytes (pH 7) using an AC frequency of 1000 Hz,
where the positive slopes confirm the n-type behavior of the
materials.

The flat band potentials (Efb) of the electrodes have been
determined by taking an intercept of the plot (at 1/C2¼ 0) using the
following equation [66].

1
C2
sc
¼ 2
eNAεε0

ðE� Efb�
KT
E
Þ (6)

where, CSC is the space charge capacitance (in F cm�2), e is elec-
tronic charge in C, ε is the dielectric constant of the semiconductors,
ε0 is the permittivity of free space, NA is the charge carrier density in
cm�3, Efb is the flat band potential in V, K is the Boltzmann constant
and T is the temperature in K.

Notably, a negative shift in the flat band potential (Efb) has been
observed for MoS2 (�0.83V vs Ag/AgCl) compare to AgeAgVO3

(0.65V vs Ag/AgCl). As the Efb is near to the CB for n-type semi-
conductor, thus the positions of CB are 0.45V and �1.03 V (vs Ag/
AgCl, CB ¼ Efbe 0.2 V) [67,68], therefore they are 1.06 V and�0.42 V
vs NHE (Normal Hydrogen Electrode) for AgeAgVO3 and bare MoS2

electrodes respectively (Fig. 6c). So, the VB positions of AgeAgVO3
and bare MoS2 electrodes would be 3.86 Vand 1.88 V vs NHE
respectively (Table 2) which corresponds to the results of UVeVis
DRS analysis. After heterostructure formation, a couple of slopes
have been observed. When the applied potential is more positive
(Region I), the space�charge region of the thin-film is depleted and
the capacitance of the working electrode is similar to that of the
AgVO3 electrode. The linear fit of this region gives flat band (Efb)
potential of 0.2V vs Ag/AgCl, which is more negative than the Ag/
AgVO3 (0.65 V vs Ag/AgCl). When the applied potential goes to
negative (Region II), dramatic increase in the capacitance has been
observed which arise from the space charge region of MoS2/
AgeAgVO3 junction. The Efbof this region (�1.28V vs Ag/AgCl) is
also more negative than the MoS2 (�0.83V vs Ag/AgCl). However,
the linear regions are separated by a shoulder at about 0.15 V vs Ag/
AgCl, indicates the formation of MoS2/AgeAgVO3 interface [69].

Based on the experimental results, it can be proposed that the
improved photocatalytic activity achieves due to the enhancement
of light absorption capacity as well as efficient charge separation of
photogenerated electron hole pairs.Generally, the charge transfer
mechanism of heterostructures follow type-II heterojunction
pathway, where the CB electrons (more negative potential) of one
semiconductor transfer to the CB of another semiconductor and the
VB holes (more positive potential) transfer to the relatively low
positive potential VB of another semiconductor. Consequetly,
electrons and holes may accumulated in CB and VB of two different
semiconductors respectively [70,71]. Hence, in the present system,
the photogenerated CBelectron of MoS2may preferably transfer to
the CB of AgVO3due to more negative CB potential of MoS2 and the
holes in the VB of AgVO3would simultaneously transfer to the VB of
MoS2. However, the CB potential of AgVO3 (þ1.06 V vs NHE) is more
positive than the potential required for the water reduction (0 V vs
NHE, Hþ/H2), therefore the electrons in the CB of AgVO3 cannot
reduce the water into H2 [72]. So, this type-II heterojunction
charge-transfer mechanism may not be possible for MoS2/
AgeAgVO3hetrostructures (Scheme 1a). Consequently, a plausible
Z-scheme charge-transfer mechanism for the MoS2/AgeAgVO3
hetrostructures can be proposed in Scheme 1b. Under visible light
illumination, the photo excited electrons on the CB of AgVO3 easily
transfer into the Ag NPs because the CB edge is more negative than
the Fermi level of the metallic Ag NPs. At the same time, the holes
on the VB of MoS2maymigrate into the metal AgNPs, as the valence
band of MoS2 is more positive than the Fermi level of metallic Ag.
Meanwhile, Ag NPs also absorb visible light and generate photo-
excited electron and a hole due to the SPR effect and dipolar
character of metallic Ag. The plasmon-induced electrons of Ag

Table 1
Decay parameters of AgeAgVO3, MoS2 and MoS2/AgeAgVO3 heterostructures with
Excitation wavelength, Eex ¼ 375 nm and Emmision wavelength, Eem ¼ 450 nm.

sample t1 (a1%) ns t2 (a2%) ns t3 (a3%) ns tavg (ns)

AgeAgVO3 1.31 (55.6) 1.30 (44.4) 1.30
MoS2 0.26 (10.5) 0.99 (68.2) 0.025 (21.3) 0.71
MoS2/AgeAgVO3 0.13 (26.4) 0.91 (34.2) 0.051 (39.4) 0.36

Table 2
Electrochemical parameters calculated from Mott-Schottky plots for prepared
electrodes.

Catalyst Efb in V vs Ag/AgCl CB in V vs NHE VB in V vs NHE Eg in eV

AgeAgVO3 0.65 1.06 3.86 2.8
MoS2 �0.83 �0.42 1.88 2.3

Scheme 1. Proposed (a) Type II heterostructure and (b) Z-scheme mechanism of MoS2/AgeAgVO3 heterostructures for photocatalytic H2 generation under visible light irradiation.

S. Bera et al. / Journal of Alloys and Compounds 830 (2020) 154527 9



nanoparticles can be transported to the CB of MoS2 because of
electronic oscillation with upshifted energy states which is greater
than the CB of the neighboring semiconductor [73,74]. Therefore,
enrichment of photo excited electrons occurs on the CB of MoS2
with amore negative potential than of water reduction (0 V vsNHE)
and accumulation of holes take place on the valence band of AgVO3
with a more positive potential, greater than water oxidation po-
tential (1.23 V vs NHE). This synergistic charge transfer process
through Z-scheme bridge made by Ag NPs remarkably enhance the
separation of photogenerated charge carriers and reduce the rapid
recombination on the surface of individual AgVO3 and MoS2.
Additionally, metallic Ag NPs enhance the catalytic performance
towards H2 generation through SPR effect of aresonant collective
oscillation of photoinduced electrons over Ag NPs which extend the
absorption up to visible region. However, the existence of
AgeAgVO3 nanocrystals on the surfaces of the MoS2nanosheets
form an uniquely hierarchical nanostructure, which provides a high
surface area and a large number of interfaces between the
AgeAgVO3 andMoS2. The high surface areas and interfaces provide
numerous active sites for the photocatalytic reactions. Conse-
quently, it can be conclude that the enhanced photocatalytic per-
formance of MoS2/AgeAgVO3 hetrostructures mainly ascribed to
the efficient separation of charge carriers according to the Ag-
promoted Z-scheme mechanism.

5. Conclusion

In summary, Z-scheme heterostructures has been developed
with Ag NPs decorated 1DAgVO3 nanorods by facile coprecipitation
method on MoS2 nanosheet at room temperature. As synthesized
materials then used as photocatalyst in photocatalytic H2 genera-
tion by water reduction in presence of methanol as hole scavenger.
The introduction of metallic Ag NPs between AgVO3 and MoS2
enhance the light absorption capacity in visible region by virtue of
surface plasmonic resonance effect. Moreover, it develops the Z-
scheme bridge mechanism between AgVO3 and MoS2 to drive the
efficient separation of photoinduced charge carriers. In addition,
the well-matched band positions of AgVO3 and MoS2 composite
conforms the Z-scheme charge transfer mechanism with a higher
reducing capability, leading to the enhancement of photocatalytic
H2 generation under visible light illumination. MoS2/AgeAgVO3 Z-
scheme heterostructures show four fold and twenty fold enhanced
H2 generation compared to AgeAgVO3 and bare MoS2 respectively.
Moreover, MoS2/AgeAgVO3 Z-scheme heterostructures signifi-
cantly improve the catalytic activity towards water oxidation by
enhancing the photoelectrochemical current density and long-term
stability under visible light irradiation. Thus, this work represents a
paradigm of the all-solid-state Z-scheme photocatalyst having the
advantages of enhanced visible light harvesting, efficient charge
separation and transfer, low photocorrosion and provides a
possible way to develop more AgVO3 based Z-scheme photo-
catalysts with useful properties for environmental and energy
applications.
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Abstract
Fabrication of noble‐metal‐free, efficient and stable hybrid photocatalyst is essential to address
the rapidly growing energy crisis and environmental pollution. Here, MoS2 has been used as the
co-catalyst on Bi-doped TiO2 to form a novel heterostructure to increase the utilization of the
photogenerated charge carriers for improving photocatalytic H2 evolution activity through water
reduction. Significantly increased photocatalytic H2 generation has been achieved on the
optimized MoS2/Bi-TiO2 nanocomposite (∼512 μmol g–1) after 4 h of visible light illumination,
which is nine times higher than that of the pristine TiO2 (∼57 μmol g–1). The measurements of
photocurrent, charge transfer resistance and photo-stability of MoS2/Bi-TiO2 photoanode imply
that charge separation efficiency has been improved in comparison to the pure MoS2 and TiO2

photoanodes. Further, the Mott–Schottky study confirmed that a p–n heterojunction has been
formed between n-type MoS2 and p-type Bi-doped TiO2, which provides a potential gradient to
increase charge separation and transfer efficiency. On the basis of these experimental results, this
enhanced photocatalytic activity of MoS2/Bi-TiO2 heterostructures could be ascribed to the
significant visible light absorption and the efficient charge carrier separation. Thus, this work
demonstrates the effect of p–n junction for achieving high H2 evolution activity and
photoelectrochemical water oxidation under visible light illumination.

Supplementary material for this article is available online

Keywords: Bi-doped TiO2, p–n heterojunction, photocatalytic activity, water splitting, interfacial
charge transfer

(Some figures may appear in colour only in the online journal)

1. Introduction

The ongoing concerns regarding environmental pollution and
energy crisis have stimulated current research to explore

sustainable and clean energy sources [1–3]. In this respect,
sunlight-driven water splitting using particular photocatalyst
has attracted significant attention as a green approach for
large-scale production of renewable solar hydrogen, which in
turn a promising alternative as renewable energy because of
zero carbon emission and high energy density [4–10]. The
steps in photocatalytic water splitting are absorption of pho-
tons by the catalyst, leading to the formation of
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photogenerated electrons and photoinduced holes, then
migration of excited charge carriers towards the surface where
oxidation and reduction reactions take place [4, 6]. Thus,
several parameters such as the ability to absorb a wide range
of the solar spectrum, efficient charge transfer and oxidation/
reduction are very crucial to improve the overall efficiency.
Therefore, the focus of the current research is the develop-
ment of novel photocatalysts which can possess a high light-
harvesting efficiency along with improved charge migration.

Semiconductors are widely used as photocatalysts to
harvest solar energy directly and convert it into chemical
energy which could be useful for organic pollutant removal,
water reduction to generate H2, CO2 reduction etc [10–13].
TiO2 has been considered as the most efficient photocatalyst
because of its high oxidizing ability, however, the limited
absorption in the UV region and slow charge transfer rate
results in low hydrogen conversion efficiency and quantum
efficiency. Moreover, the fast recombination rate of electrons
and holes due to the high density of the trap state reduces the
oxidation ability of TiO2 [14]. To overcome this drawback
and to extend its spectral response to visible light, different
methods have been followed, including metal and non-metal
doping [12, 15, 16], coupling of TiO2 with other semi-
conductor materials [17, 18], polymers [19, 20], graphene
[21], dye sensitization [22], Schottky junctions with metals
such as Au, Ag, Pt, Bi, Cu [23, 24], crystal facet engineering
etc. Doping is considered as an effective route to extend the
light absorption towards longer wavelengths by introducing
additional energy states within the valence band (VB) and
conduction band (CB) of the TiO2. These additional states can
inhibit the electrons–holes recombination by trapping the
excited carriers [25]. In this way, more charge carriers could
be successfully diffused to the surface of the photocatalyst
and facilitate the charge separation.

In particular, doping of Bi3+ into semiconductor photo-
catalysts may influence the luminescence efficiency by
reducing the photo-induced electron-hole recombination,
which further improves the catalytic performance [26–30].
Additionally, oxygen vacancy can be generated at the inter-
mediate level that may trap electrons to form the active
radicals. Very recently, Li et al [31] showed that doping of
Bi3+ into ZnWO4 semiconductor enhanced the photocatalytic
activity for NO removal due to the formation of oxygen
vacancy. These oxygen vacancies increase the oxygen
molecule adsorption at the semiconductor surface to generate
superoxide radicals (O2

−·). Wu et al [28] also reported that the
optimal doping of Bi (1.0 mol%, both Bi3+ and Bi0 state
exists in the ratio of 3:1) into TiO2 lattice enhanced the
photocatalytic H2 generation and Rhodamine B decoloriza-
tion. On the other hand, semimetal Bi0 can also exhibits a
direct surface plasmonic resonance effect like novel metals
(Au, Pd, Ag, Pt), that enhances the light absorption up to the
visible region [28]. Thus, Bi0 has been considered as one of
the promising candidates to increase visible light-harvesting
and photocatalytic activity. For example, Lv et al [32] fab-
ricated Bi−Bi2MoO6/CdS-DETA all-solid-state Z-scheme
heterostructures which exhibited high H2 generation through
water splitting due to surface plasmonic resonance effect of Bi

nanoparticles. Bi promoted a novel Z-Scheme Bi−BiOCl/
AgCl heterojunction has been developed by Du et al [33],
which showed five times enhanced H2 generation rate com-
pared to bare BiOCl under visible light due to improved
electron−hole transfer and separation through Bi. Moreover,
Bi-nanoparticles can form a Schottky barrier when attached
with other semiconductors and provide an internal electric
field to accelerate the charge separation efficiency. Recently,
Hao et al [34] demonstrated that the presence of Bi0 on the
surface of Bi-doped (in Bi3+ state) TiO2 formed M–S junc-
tion, which promoted the light-harvesting and the charge
transfer ability. Magnussion et al [35] also developed a
Schottky barrier between Bi nanoparticles and ZnO through
photoelectron spectroscopy under ultrahigh-vacuum condi-
tions. It is clear that Bi doping either in Bi0 state or Bi3+ state
into the semiconductor band structure could lead a positive
impact to improve the solar light absorption ability for longer
wavelengths. However, the efficiency of the photocatalytic
reaction may control by the oxidation state of the Bi which
plays a key role in band gap engineering. Thus, mechanistic
understanding of the valence state of metal dopants in pho-
tocatalytic reactions is of significant importance.

Beyond conventional semiconductors, transition metal
dichalcogenide materials, consisting of single or few-atom
thick covalently bonded lattices have attracted immense
interest in photocatalysis due to some unique properties, such
as optical, electrical, photonic, mechanical, catalytic etc
which are originated from two-dimensional (2D) layered
structure [36, 37]. Among transition-metal dichalcogenides,
single or few layers of molybdenum disulfide (MoS2) found
to be very attractive in terms of physical, electrochemical
properties and mainly applied in diverse areas; for examples
photovoltaics [38], energy storage [39, 40], supercapacitors
[41], biosensors [42] and photocatalytic H2 generation
[43–47]. Bulk MoS2 is an indirect bandgap semiconductor
(bandgap ∼ 1.2 eV) and showed indirect to direct band gap
transition for monolayer MoS2 (∼1.9 eV) due to the quantum
confinement effects [48, 49]. Interestingly, the coordination of
the Mo atom and its d-electrons have a crucial role in deter-
mining the electronic structure of MoS2, makes it an impor-
tant candidate for photocatalysis. Moreover, the dangling
bonds and unsaturated coordination of MoS2 edges offer
opportunities for surface-active applications [50–53]. MoS2

can fabricate a van der Waals heterostructure by vertically
stacked with other semiconductors, which overcomes the
weakness of single 2D layered material and extend its elec-
tronic and optoelectronic properties by introducing new
physics at the interface. For example, n-type monolayer MoS2

developed a p–n junction with type-II band alignment after
stacking on p-type WSe2 [54]. Ceballos et al [55] showed
ultrafast charge separation and long-lived interlayer excitons
in out-of-plane MoS2-MoSe2 heterostructure. Recently, Li
et al [44] fabricated (MoS2-TiO2)/Au ternary component
hybrid materials that enhance the photoelectrochemical (PEC)
current density under visible light. Moreover, MoS2 has been
reported as an efficient electrocatalyst for H2 evolution reac-
tion through water splitting, owing to the nanosized edge
defects which are preferential for H2 adsorption [45–47].
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Thus, few-layered MoS2 nanosheets may serve as co-catalyst
for improving the efficiency of H2 evolution.

Herein, a heterostructure has been developed by assem-
bling of Bi modified TiO2 nanoparticles on the surface MoS2

nanosheets by chemical method. Introduction of Bi into the
TiO2 crystal reduces the band gap of TiO2 and makes it
suitable for visible light absorption whereas, the presence of
MoS2 in the heterostructures enhances the H2 generation
activity by water reduction. The fast interfacial charge transfer
efficiency of MoS2/Bi-TiO2 heterostructures have been
explained by PEC analysis. A possible p–n junction charge
transfer mechanism has been proposed by analyzing the
energy-band structure of the component elements.

2. Experimental section

2.1. Chemicals

Bulk molybdenum sulfide (MoS2) powder, Bi(NO3)3. 5H2O,
polyvinylpyrrolidone (PVP), TiO2 powder and ethanol
(C2H5OH), methanol (CH3OH) were procured from Sigma
Aldrich, USA. All the chemicals had been used as received.
Ultrapure water was used as a solvent (18.2 MΩ cm).

2.2. Preparation of the MoS2 nanosheets

Few layers of MoS2 nanosheets were synthesized by surfac-
tant assisted exfoliation method followed by the similar
method developed by Wang et al [56] with some modifica-
tion. MoS2 powder (0.4 g) and 0.5 g of PVP as stabilizer were
dispersed in 200 ml of deionized water and stirred vigorously
for 30 min at 70 °C. Then, the solution was bath sonicated for
1 h and then probe sonicated for 4 h at 50 kHz frequency.
Finally, washing and centrifugation were done at 10 000 rpm
for five times using water, ethanol and then dried in an oven
at 60 °C [45].

2.3. Preparation of the Bi-modified TiO2nanoparticles

A series of Bi-doped TiO2 (Bi-TiO2) having different molar
concentrations of Bi(NO3)3. 5H2O, (1–10 mM) was prepared
by a facile chemical reduction method. At first, 50 mg TiO2

was dispersed in 50 ml deionized water by stirring for 30 min.
After that, the certain amount of Bi(NO3)3. 5H2O was added
and stirred for another 15 min. At the same time, a 10 ml
NaBH4 (3–30 mM) solution was prepared which was added
dropwise into the above solution and stirred for 10 min. The
amount of Bi(NO3)3. 5H2O and the NaBH4 were taken in a
1:3 molar ratio. Next, the sample was collected by cen-
trifugation with water, ethanol and dried overnight in an
oven (60°C).

2.4. Preparation of the MoS2/Bi-TiO2heterostructures

At first, 50 mg ultrasonicated MoS2 was dispersed in 50 ml of
deionized water and stirred for 30 min. Then 10 weight % of
Bi-doped TiO2 (using 2 mM of Bi) was added into the mix-
ture with continuous vigorous stirring at room temperature for

24 h in dark condition. The concentration of Bi-doped TiO2 is
varied from 1, 5, 10 to 20 weight % and leveled as MBT-1,
MBT-5, MBT-10 and MBT-20. The final solution was cen-
trifuged at 12 000 rpm for several times. After drying the
precipitate at 60 °C for overnight, MoS2/Bi-TiO2 composites
were ready for photocatalytic application.

2.5. Characterization of materials

The morphology, size and analysis of elements were studied
by FESEM (Carl-Zeiss, LEO. 430i, Sigma) and TEM (Tecnai
G2, 30ST). Phase purity of the synthesized materials was
confirmed by XRD within 20°–80° (2θ range) at 40 kV and
40 mA. A Cu Kα radiation was used in Philips X’Pert, The
Netherlands to obtain the x-ray beam. Raman spectra of the
synthesized material were studied by Jobin Yvon HR800
instrument to get the idea of the number of layers, phases and
defects in the MoS2, as well as the crystallinity, phase com-
position of the TiO2. A 540 nm laser beam had been
employed on the sample surface. Further, the valence of the
elements was confirmed by XPS spectroscopy using PHI
5000 spectrophotometer, Versa Probe II. The optical proper-
ties of the materials were studied by Shimadzu, UV-3600
spectrophotometer and photocatalytic H2 evolution rate were
determined by online gas chromatography through the YL
Instrument, 6500GC system. The thermal stability of the
materials was investigated using thermogravimetric analysis
(TGA, NETZSCH, STA 449 F3, Jupiter). The test was carried
out in air with a heating rate of 10 °C min−1 from room
temperature to 800 °C. The Bi content in the TiO2 was
determined by a Spectro Ciros Vision inductively coupled
plasma atomic emission spectroscopy (ICP-AES) instrument,
Spectro GmbH, Germany.

2.6. Measurement of photocatalytic activity

Online gas chromatography was employed to measure the H2

generation rate quantitatively. Water-methanol Ar saturated
solution of 50 ml (25 volume % methanol) having 25 mg
catalyst had been taken in a closed reactor. H2 generation was
measured under continuous light illumination of
100 mW cm−2 from a Xe-arc lamp (250 W). PEC properties
of the materials were measured by galvanostat-potentiostat
(Autolab, PGSTAT302N, The Netherlands). A Pt wire,
saturated Ag/AgCl electrode and a thin film of as prepared
material on FTO were used as a counter electrode, a reference
electrode and a working electrode respectively. The linear
sweep voltammogram (LSV) of the prepared photoanodes
were taken in presence of 0.1 M Na2SO4 phosphate buffer
(pH 7) within the potential of −0.4 to 1 V versus Ag/AgCl at
a scan rate 10 mV s−1 under light illumination. Chron-
oamperometry (CA) was employed to check the stability and
light sensitivity of the prepared photoanodes at 0.26 V versus
Ag/AgCl under chopping condition. The obtained potentials
were converted into reference hydrogen electrode (RHE) by
following the equation (1)

= + +E E E0.059 pH 0.197 . 1RHE Ag AgCl Ag AgCl
0 ( )/ /
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Next, junction capacitance and the charge transfer
resistance of the photoelectrodes were measured through M–S
(potential range −1.0 to 1.5 V versus Ag/AgCl,
frequency→1000 Hz, ac voltage→10 mV) and Nyquist
experiments.

3. Results and discussion

The morphology and microstructural properties of the MoS2

and the composites have been studied by TEM and high
resolution TEM (HRTEM). Figure 1 shows the TEM image
of MoS2 nanosheets, which consists of multiple layers that are
highly crystalline. The HRTEM identifies lattice fringe of
0.23 nm (inset of figure 1(a)) corresponding to the (100)
hexagonal facets of MoS2 [44]. Figures 1(b) and (c) present
TEM and HRTEM images of TiO2 nanoparticles after Bi
modification, where the crystal fringe of 0.35 nm identifies
the (101) planes of TiO2 in anatase phase [47]. Moreover, the
polycrystalline nature of TiO2 nanoparticles has been con-
firmed by the selected area electron diffraction pattern
(SAED) (figure 1(d)).

Figure 2(a) shows the TEM image of MoS2/Bi-TiO2

composite (10 weight% Bi-TiO2 (2 mM Bi) loaded MoS2),
where average ∼40 nm spherical Bi modified TiO2 nano-
particles are formed on the surface of MoS2 nanosheets after
24 h slow stirring.

The HRTEM image shows the clear lattice fringes which
are perfectly aligning across the entire surface (figure 2(b)),
reveals the single-crystallinity of MoS2 nanosheet. The lattice
fringes of ∼0.27 nm can be indexed to (100) planes of hex-
agonal MoS2 [45]. The corresponding SAED pattern shows
an ordered array of bright spots, represents the single crys-
tallinity of MoS2 along with the rings correspond to poly-
crystalline TiO2 (figure 2(c)). The energy-dispersive x-ray
(EDX) spectrum illustrates the chemical composition of
MoS2/Bi-TiO2 heterostructures which composed of Mo, O,
Bi, Ti and S (figure 2(d)).

The XRD pattern of TiO2 nanoparticles match very well
with the JCPDS No. 21-1272, can be indexed to the anatase
phase (figure 3(a)) [44]. After Bi modification (using 1 and
2 mM Bi), no shifting or extra significant diffraction peaks of
Bi species have been observed, indicating the doping of Bi
does not affect the crystal structure of TiO2 at low

Figure 1. TEM images of (a) MoS2 nanosheet, (b) Bi modified TiO2 (using 2 mM Bi), (c) high resolution (HRTEM) and (d) selected area
electron diffraction pattern of Bi modified TiO2 (using 2 mM Bi).
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concentration. However, at higher loading concentration
(using 3 and 5 mM Bi), prominent diffraction peaks of
metallic Bi arises (figure S1 (available online at stacks.iop.
org/NANO/32/195402/mmedia)). Therefore, 2 mM Bi
concentration has been fixed for doping. On the other hand,

the XRD pattern of the MoS2 indicates the hexagonal phase
of MoS2 (JCPDS no. 37-1492) [49]. However, the XRD
pattern of MoS2/Bi-TiO2 shows mainly MoS2 peaks along
with (101) diffraction peaks of anatase TiO2 (figure 3(a)).
This result demonstrates the heterostructure formation and co-

Figure 2. (a) TEM image, (b) HRTEM image, (c) SAED pattern and EDX spectrum of MoS2/Bi-TiO2 (MBT-10) heterostructures.

Figure 3. (a) XRD pattern of TiO2, Bi-doped TiO2 (using 2 mM Bi), MoS2 and MoS2/Bi-TiO2 (MBT-10) heterostructures. (b) The surface
survey XPS spectra of the MoS2/Bi-TiO2 (MBT-10) heterostructures and the bare MoS2.
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existence of MoS2 and TiO2 in the composite sample. Further,
the quantity of Bi concentration in Bi-TiO2 samples has been
calculated from the thermogravimetric analysis and the ICP-
AES. With increase the loading concentration, the stability of
the TiO2 has been improved (figure S2). The wt% of Bi
calculated from TG and ICP-AES are summarized in table S1.

XPS analysis has been studied further to analyze the
surface chemical composition and valance state of the com-
ponents (figure 3(b)). The XPS survey spectra confirm that
the sample is composed of Mo, S, Ti, Bi and O. The peaks at
∼229.4 eV and ∼232.7 eV having spin-orbit separation of
∼3.2 eV are ascribed to Mo 3d5/2 and Mo 3d3/2 state
respectively, indicating Mo4+ state of Mo [45]. The char-
acteristic peaks corresponding to S 2p1/2 and S 2p3/2 in
MoS2/Bi-TiO2 composite are located at ∼163.1 eV and
∼161.9 eV respectively. The peaks are separated by
∼1.22 eV which confirms the S2− of S (figure 4(b)) [45]. The
XPS peaks at ∼164.5 eV (Bi 4f5/2) and ∼159.2 eV (Bi 4f7/2)
indicate the Bi3+ state of Bi [57]. Moreover, the binding
energies of ∼464.3 eV and ∼458.8 eV correspond to the Ti
2p1/2 and Ti 2p3/2 confirms that Ti present in Ti4+ state
within the heterostructures (figure 4(c)) [44]. The fitted O 1 s
spectrum shows two peaks (figure 4(d)), one for the lattice
oxygen (at 530.2 eV) and another for surface hydroxyl oxy-
gen (at ∼531.7 eV) [46].

The optical absorbance of MoS2, TiO2, MoS2/TiO2 and
MoS2/Bi-TiO2 heterostructures has been measured by UV–

visible spectroscopy from 300 to 900 nm wavelength at room
temperature which shows three distinct absorption peaks
(figure 5). The doublet peak at ∼629 and ∼685 nm with

Figure 4. (a) Magnified XPS spectra for Mo 3d, Bi 4f, S 2p, Ti 2p and O 1s of MoS2/Bi-TiO2 (MBT-10) heterostructures. The scattered lines
represent the experimental data and solid lines for fitted data.

Figure 5. UV–vis absorption spectra of bare MoS2, MoS2/TiO2 and
MoS2/Bi-TiO2 (MBT-10) heterostructures.
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splitting energy ∼0.16 eV is well consistent with the ideal
value for MoS2 (0.15 eV, theoretically calculated) [58]. The
peaks arise due to the direct electronic transition at the K
point of the first Brillouin zone. However, the energy differ-
ence between two peaks arises from the spin-orbit coupling of
the VB [59]. A broad peak at 400–600 nm has been observed
which originates from the interband transition between
occupied and unoccupied Mo 3d orbitals in the K-point of the
first Brillouin zone [60]. In comparison to the pure MoS2, the
peak positions of MoS2/Bi-TiO2 are slightly red shifted
because of the interaction between two components, indicat-
ing a decrease in the bandgap.

Further, the band gap of the materials was calculated by
extrapolating the tangent of Kubelka–Munk (αhν)2 versus hν
plot. Here ‘α’ is the absorption coefficient and ‘hν’ is photon
energy [61]. Initially, the calculated band gap for Bi-TiO2 was
∼2.5 eV which is lowered from the pure TiO2 (3.21 eV) and
further significantly lowered after the formation of hetero-
structure with MoS2 (∼1.74 eV) (figure S3). The doping of Bi
ions is mainly responsible for the band gap reduction of TiO2,
because of the formation of intermediate energy levels
between the top of the Bi3+ 6 s band and the bottom of the
Ti4+ 3d band [28, 29]. However, Bi3+ 6 s level is located
above the VB of TiO2 [30]. Thus, it can be concluded that
incorporation of Bi-content effectively narrowing the band
gap of TiO2 and make it active for visible light absorption.

The photocatalytic activity of the as synthesized materi-
als has been studied by measuring the amount of H2 gen-
eration through water reduction under visible light
illumination. For this experiment, 25 volume % of methanol
has been taken as hole scavenger as it can react with the
photo-induced holes usually faster compared to water, leaving
excess photogenerated electrons in the electrolyte for reduc-
tion reactions. Clearly, after heterostructure formation with
MoS2, the photocatalytic activity of TiO2 has been enhanced.
The MoS2/TiO2 (10% loading of TiO2, (MT-10) hetero-
structures) shows six and three-fold enhanced H2 generation
(∼367 μmol g–1) compared to pristine TiO2 (57 μmol g–1)
and bare MoS2 (∼130 μmol g–1) respectively. However, the
heterostructure composed of MoS2 and Bi-doped TiO2 shows
the highest H2 generation of ∼512 μmol g–1 in 4 h of visible
light illumination, which may be attributed to the enhanced
light absorption by Bi-doped TiO2 and availability of active
sites for hydrogen evolution (figure 6(a)) [62]. Moreover,
MoS2/Bi-TiO2 heterostructures displayed a linear evolution
of H2 for the entire period (figure S4).

Further, the effect of Bi-TiO2 loading on MoS2 has been
studied. It has been clearly shown from figure 6(b) that with
the increase of the Bi-TiO2 loading (1–20 wt%), H2 genera-
tion rate has been increased up to a certain concentration
because of the increment of active sites on the MoS2 surface
for water reduction. Further increase in loading concentration

Figure 6. (a) Photocatalytic H2 generation in presence of MoS2, MoS2/TiO2-10 (MT-10) and MoS2/Bi-TiO2 heterostructures (MBT-10) after
240 min of visible light irradiation. (b) Effect of Bi-TiO2 loading on MoS2 for photocatalytic H2 generation. (c) Transient photocurrent
spectra of MoS2, MoS2/TiO2 and MoS2/Bi-TiO2 heterostructure-modified ITO electrodes at a bias of 0.26 V versus Ag/AgCl reference
electrode in presence of 0.1 M Na2SO4 buffer solution (suppress photogenerated holes and drive photogenerated electrons to reduce protons
to H2). (d) Nyquist plots of the electrodes at potential 0.1 V versus Ag/AgCl under continuous light illumination.
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falling down the photocatalytic activity, which may happen
because of excessive loading of Bi-doped TiO2 on the MoS2,
leads to aggregation of Bi-TiO2 nanoparticles. Moreover, the
effect of Bi-doping on TiO2 for the photocatalytic H2 gen-
eration has been studied (figure S5). With the increase of Bi-
content, the H2 generation rate has been improved due to the
presence of additional electronic states between the VB and
CB of TiO2. Consequently, the probability of electron-hole
recombination may be reduced which enhances the catalytic
activity. On the other hand, solution pH has a crucial role in

controlling the photocatalytic activity of the catalyst. At
neutral pH (pH 7) MBT-10 showed the highest activity
(figure S6).

The transient photocurrent responses of MoS2,
MoS2/TiO2 and MoS2/Bi-TiO2 heterostructures have been
recorded for several on-off cycles under illumination. The
MBT-10 heterostructure (10 wt% loading of Bi-TiO2 on
MoS2) exhibits the highest photocurrent density of
∼3.6 μA cm−2, which is 3.2 fold of bare MoS2

(∼1.2 μA cm−2) (figure 6(c)). Thus, transient photocurrent
results are well consistent with the H2 generation and further
supports that the existence of MoS2 and Bi-doped TiO2 in the
heterostructures could result in high active sites for oxidation-
reduction reactions. Furthermore, the charge carrier separation
efficiency of MoS2/Bi-TiO2 has been studied by impedance
spectroscopy. As shown in figure 6(d), a smaller semicircular
arc has been obtained for MBT-10 compared to MT-10 and
bare MoS2 electrodes, indicating that the heterostructure
formation with Bi-doped TiO2 reduces the charge-transfer
resistance at the electrode-electrolyte interface [53]. Further
detailed electrochemical study has been carried out for MBT
heterostructures with different loading of Bi-TiO2. It can be
clearly observed that 10 wt% loading exhibits the smallest
charge transfer resistance among all materials. However, at
higher loading (20 wt%), charge transfer resistance at the
electrode-electrolyte interface has been increased (figure
S7(a)). A similar trend has been observed in LSV and CA
measurements of MoS2/Bi-TiO2 heterostructures at various

Figure 7. Mott–Schottky plots of (a) bare MoS2, (b) MoS2/TiO2 (MT-10), (c) Bi-doped TiO2 and (d) MoS2/Bi-TiO2 (MBT-10)
heterostructures. The experiment was carried out in Na2SO4 solution (0.1 M) under1000 Hz AC frequency. Flatband (Efb) of photoelectrodes
have been calculated from the intercept of the plots at 1/C2=0.

Scheme 1. Schematic illustration of the charge transfer in MoS2/Bi-
TiO2 p–n heterojunction.
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loading of Bi-doped TiO2 (figures S7(b) and (c)). Therefore, it
can be concluded that 10 wt% loading of Bi-TiO2 on the
MoS2 surface is the optimal condition which offers minimum
resistance with a significant amount of available catalytic
active sites. At higher loading concentration, photo-current
density has been decreased due to the surface agglomeration.

For better understanding the enhanced catalytic activity
of MoS2/Bi-TiO2 heterostructures, the Mott−Schottky study
has been further carried out. Figures 7(a)–(d) shows the Mott
−Schottky plots of bare MoS2, MoS2/TiO2 (MT-10), Bi-
doped TiO2 (using 2 mM Bi) and MoS2/Bi-TiO2 (MBT-10)
heterostructures. The positive slopes in the linear regions
confirm the n-type conductivity of MoS2 and MoS2/TiO2

(figures 7(a) and (b)). Flatband (Efb) potentials have been
obtained by calculating the intersection of the linear fit to the
1/C2 measurements with the x-axis, which is −0.69 V (versus
Ag/AgCl) for bare MoS2 and −1.06 V (versus Ag/AgCl) for
MoS2/TiO2. The negative shift of Efb reveals that hetero-
structure formation with TiO2 accelerates the charge trans-
ferring and catalyzes the reduction reactions for H2

generation [45].
The Efb potentials could be near to the CB edges

(CB=Efb − 0.2 V) for the n-type conductors [61]. Thus, the
CB potentials of MoS2 is −0.28 V after converting the
potential versus RHE scale by following the equation (1). As
a consequence, the VB potentials have been calculated using
the optical bandgap, which is 1.63 V (versus RHE) for MoS2.
However, the Bi doping in the TiO2 lattice changes the
conductivity of TiO2 and shows p-type conductivity with Efb

potential of 1.16 V (versus Ag/AgCl). As Bi3+ replaces the
Ti4+ so an extra hole remains in the crystal which plays a
crucial role as the free carrier in conductivity. The VB and CB
potentials of Bi-doped TiO2 are 1.57 and −1.28 V versus
RHE respectively. As expected, MoS2/Bi-TiO2 hetero-
structure shows both p-type and n-type conductivity for the
presence of n-type MoS2 and p-type Bi-doped TiO2, i.e. a p–n
junction may be formed at the interface between two semi-
conductors. As a result, enhanced electron–hole transfer
efficiency has been achieved through the junction due to the
presence of an internal electric field.

Before light illumination on the MoS2/Bi-TiO2 hetero-
structure, the electrons of MoS2 near the junction try to dif-
fuse into the p-type Bi-doped TiO2, leaving the holes.
Similarly, the holes on the p-type Bi-doped TiO2 near the
junction tend to diffuse into the n-type MoS2, leaving nega-
tively charged electrons. This diffusion of electrons and holes
will be continued until the Fermi level equilibrium of the
system is achieved, which results in a space charge region on
both sides of the junction interface and creates an internal
electric field. Now, when this equilibrium system is irradiated
by light energy (greater than the work function energy of the
constituent semiconductors) then both the semiconductors
will be excited and produce excitons (excited electrons and
holes). The photo-generated electrons of p-type Bi-doped
TiO2 will transfer to the CB of the n-type MoS2 and the holes
of MoS2 will transfer to the VB of the Bi-doped TiO2 by the
influence of the internal electric field (Scheme 1). In this way,
a special separation of electrons and holes will occur which

Figure 8. (a) Recycling test of MoS2/Bi-TiO2 for photocatalytic H2 generation. (b) XRD pattern of MoS2/Bi-TiO2 catalyst after
photocatalytic H2 generation. The FESEM micrographs of the MoS2/Bi-TiO2 (b) before and (c) after the catalytic reaction.
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can reduce the formation of electron–hole pairs [63]. Con-
sequently, the excited electrons accumulated on the CB of
MoS2 which have higher negative potential compared to the
water reduction potential (0 V versus RHE). These electrons
can easily reduce the water and generate H2 from H+.
Simultaneously, oxidation of the water molecules takes place
by the accumulated holes on the VB of Bi-doped TiO2 which
are highly positive and can oxidize the water.

Figure 8(a) implies that the MoS2/Bi-TiO2 hetero-
structure can be reused at least three times for H2 generation.
To check the structural stability, XRD and FESEM of
MoS2/Bi-TiO2 heterostructure have been studied before and
after catalysis. All the characteristic peaks are present after
catalytic reaction and no other extra peak has been observed
(figure 8(b)). As shown in figures 8(c) and (d), a similar kind
of morphology has been observed after 2 h of photocatalytic
H2 generation. Therefore, it can be concluded that the het-
erostructure is stable under light illumination and photo-
catalytic reactions, represent a green way for solar light-
harvesting applications.

4. Conclusion

A p–n junction of MoS2/Bi-TiO2 heterostructure was devel-
oped for visible light-sensitive water splitting. The introduc-
tion of Bi into the TiO2 crystal leads to more efficient light
absorption by hybridized VB. The photo-excited electrons in
the CB of Bi-modified TiO2 transferred to MoS2 and holes of
MoS2 transfer to the VB of Bi-TiO2 through the junction
between them. The p–n junction provides an internal driving
force to accelerate the charge separation. As a result, four-fold
enhanced H2 generation rate achieved for MoS2/Bi-TiO2 p–n
junction compared to bare MoS2. Moreover, the
MoS2/Bi-TiO2 heterostructure shows superior catalytic
activity in PEC measurements because of low charge transfer
resistance at the electrode-electrolyte interfaces. This study
provides an efficient p–n junction for solar energy harvesting
applications.
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ABSTRACT: Layered bismuth oxyhalides (BiOX, X = Cl, Br, and
I) are promising visible light-responsive photocatalysts but suffer
from inadequate electron transportation from the bulk to the
surface. Construction of heterostructures has been considered as a
convenient approach to improve the spatial charge carrier
separation and enhance the efficiencies of the surface-reactive
charges for catalysis. Here, a series of heterostructures has been
successfully designed for n-type bismuth oxyhalides and p-type
spinel ferrites CuFe2O4 (CFO) by a facile and generalized protocol
via the hydrothermal method followed by the co-precipitation
method. The heterostructure introduces built-in electric field at the
interface that facilitates vectorial charge transfer, which demon-
strated significantly improved visible light-driven photocatalytic
activity toward H2 generation without using any noble metal co-catalyst. A conventional type-I and type-II charge transfer
mechanism has been followed for BiOBr/CFO and BiOI/CFO heterostructures, respectively, which may effectively lower charge
transfer resistance compared to that for bare BiOBr and BiOI, suggesting facile charge transfer. Remarkably, a direct Z-scheme
BiOCl/CFO heterostructure has been formed between BiOCl and CFO with an intimate interfacial contact, which demonstrated 5.7
times higher H2 generation activity than pure BiOCl and two fold improved catalytic efficiency compared to type-II BiOI/CFO
heterostructures under visible light. Very low resistance in electrochemical impedance spectra confirmed the superiority of the direct
Z-scheme in promoting the charge separation and transfer and increase in carrier density. Moreover, the optimal space charge layer
width and the redox potentials have been achieved for BiOCl/CFO through the engineering of band edge potentials, which reduces
the fast recombination rate. This work offers a paradigm for the design of highly engineered BiOX-based heterostructures with tuned
band structures for efficient photocatalytic water splitting.

KEYWORDS: BiOX (X = Cl, Br, and I), band gap engineering, heterostructure, direct Z-scheme, water splitting, H2 generation,
photoelectrochemical properties

1. INTRODUCTION

Solar energy conversion to generate renewable fuel H2 through
water splitting by developing sustainable, low-cost, and
efficient photocatalysts, provides a potential approach to
meet the global energy demand.1−4 On account of the
photocatalyst development, various metal oxides (such as
TiO2, ZnO, Fe2O3, Cu2O, WO3, and BiVO4), hydroxides,
chalcogenides (like MoS2, MoSe2, WS2, and WSe2), MXenes,
black phosphorus, and organic semiconductors such as
conjugated polymers, graphitic carbon nitrides, graphene,
metal organic frameworks, covalent organic frameworks, and
so forth are fabricated and studied for water splitting over the
past decades.5−10 However, the efficiency is still not significant
for the large-scale application as most of these photocatalysts
suffer from fast charge carrier recombination and low
absorption in the visible region, which accounts for 53% of
the total solar spectrum. Therefore, it is required to exploit

efficient catalysts with high photocatalytic activity and stability
under visible light.
In this regard, bismuth oxyhalides (BiOX, X = Cl, Br, and I),

a new family of photocatalysts, have attracted intense interest
in various photocatalytic applications due to their layered
structure, which is composed of [Bi2O2]

+ slabs interleaved with
double halogen atoms [X]− with an open crystalline nature.
The van der Waals force within the halide layers and the
covalent bond between [Bi2O2]

+ and [X]− make the intrinsic
structure of BiOX very stable.11,12 Besides, the open crystalline
structure benefits a large space for the polarization of atoms
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and induces a static electric field perpendicular to the [Bi2O2]
+

slabs, which further accelerates the charge separation along the
(001) direction.13 In addition, BiOX generates facile O-
vacancies during photocatalysis under UV light due to low-
energy Bi−O bonds present on the surface.14−16 As an
example, Sun et al.17 experimentally demonstrated the
enhanced photocatalytic activity of BiOCl nanosheets towards
organic pollutant rhodamine B degradation because of O
defects generated on the exposed (001) surface under UV
light. Furthermore, Zhang18 showed selective transfer of
photogenerated electrons to the (001) surface of BiOCl as a
vacancy state lying below the CB, which acts as trapping state.
On the other hand, BiOX shows an indirect transition band
gap, that is, electrons have to travel a certain k-spacing to be
emitted to the VB; thus, electron−hole recombination is low
compared to that in direct-band gap semiconductors.14

However, the wide band gap of BiOCl (2.4−3.4 eV) limits
its photocatalytic activity under visible light, and owing to
positive conduction band minima (CBM), BiOCl is improper
for water splitting, CO2 reduction, and N2 fixation. Thus,
photocatalytic activity is confined only for organic pollutant
degradation under UV light.14,19 Although, BiOBr (2.3−2.9
eV) could absorb visible light, the large band gap still restricts
its effective performance, while the relatively smaller band gap
of BiOI (1.8−2.1 eV) suffers from the fast recombination of
electrons and holes.17,18 Thus, coupling of secondary semi-
conductors with BiOBr and BiOI may improve the photo-
catalytic performance under visible light. As an example, binary
and ternary heterojunctions have been fabricated with BiOBr,
such as SnWO4/BiOBr,

20 N-CQDs/OV-BiOBr,21 Ag/AgBr/
BiOBr,22 and BiOBr/ZnO/BiOI,23 to increase the visible light-
driven photocatalytic activity toward organic pollutant
degradation. Significant efforts have been made on BiOI via
heterostructure formation with other semiconductors, like
CdS,24 CuI,25 and g-C3N4,

26 to prolong the lifetime of the
excited charge carriers by lowering the fast recombination rate.
However, these BiOI-based heterostructures are tested mainly
for organic dye degradation, and very limited reports on
photocatalytic H2 generation are present, up to date.
Meanwhile, some literature studies demonstrated BiOI as an
O2 evolving catalyst through photocatalytic and photo-
electrochemical (PEC) water oxidation, although the efficiency
is still too low for large-scale application.27,28 This simulates
our interest to design BiOX-based efficient catalysts, which can
have strong redox potentials to drive the water splitting
reactions along with minimal recombination, high charge
separation, and visible light absorption capabilities. In this
regard, the direct Z-scheme heterostructure, which consists of
a reductive semiconductor with a highly negative CB and
another oxidative semiconductor having highly positive VB, is
gaining intense research interest as it offers strong redox
capability to drive catalytic reactions.4,29 Apart from this, this
Z-scheme system benefits an internal potential gradient and
spatial charge separation via recombination of low-energy
electrons and holes within the body.4

Recently, considerable attention has been paid to the
narrow-band gap spinel ferrites (MFe2O4, M = Co, Ni, Mn,
Cu, and Zn) in photocatalysis due to the various chemical
compositions, multiple oxidation states, environmental com-
patibility, stability, easy synthesis, and low cost. In addition, the
available large number of active sites is a potential factor of
spinel ferrites for the catalytic reactions.30 Matsumoto31

reported that the electrical conductivity and surface electro-

chemical reactivity of spinel ferrites are much higher compared
to those of corresponding single-component iron oxides due to
the improved electron transport process via different metal
cations. The magnetic properties of spinel ferrites would be
helpful for the removal of catalysts from the reaction medium
using a magnet. As an outstanding member of the spinel ferrite
family, CuFe2O4, with a band gap of 1.65 eV and strong visible
light response, has received more attention in PEC water
splitting both as a photoanode32 and photocathode.33,34 The
chemical stability at high temperature and the phase transition
of CuFe2O4 (CFO) give rise to interesting electrical and
magnetic properties. However, it suffers from a low surface
area, irregular morphology, and limited catalytic activity due to
fast charge carrier recombination. Besides, single-semiconduc-
tor CFO is unable to evolve O2 through water oxidation
because of low VB potential. At the same time, the large
difference between CB potential and water reduction potential
leads to poor activity in photocatalytic H2 generation. There
have been reports on modification of CFO to overcome the
aforesaid issues.35−38 For example, Hussain et al.35 fabricated
the Fe2O3/CFO composite to modulate the charge separation
by developing a Z-shaped path for enhanced water oxidation
and reduction. A type-II heterostructure was developed by
Cheng et al.36 between CFO and g-C3N4, which exhibited
photocatalytic H2 generation in presence of the Pt (3 wt %)
co-catalyst and triethanolamine (10 vol %) sacrificial electron
donor under visible light. Very recently, Das and co-workers37

fabricated p−n junctions of CFO/NiAl LDH and demon-
strated an enhanced photocatalytic H2 generation rate
compared to that of bare LDH and CFO, which is associated
with the increased trapping sites due to multiple oxidation
states of charge carriers that effectively prolong the lifetimes.
However, the H2 generation rates of these heterostructures are
very low. In particular, the highly negative CB potential, the p-
type conductivity, and the narrow band gap of CFO fascinate
us to couple with BiOX to develop Z-scheme heterostructures.
To the best of our knowledge, BiOX/CFO heterostructures
are not prepared and tested for photocatalytic H2 generation.
In this work, heterostructures are fabricated between n-type

BiOX and p-type CFO by the facile hydrothermal method
followed by the co-precipitation method. Depending on the
position of the VB and CB of BiOX, three types of
heterostructures (type-I, type-II, and Z-scheme) are formed.
The new band edge position with respect to the redox
potentials for both H2 and O2 evolution is suitable for efficient
water splitting. The Z-scheme heterostructure showed
significantly high catalytic efficiency in photocatalytic H2
generation through water reduction and PEC water oxidation
under visible light. Moreover, possible charge transfer
mechanisms of the as-prepared heterostructures have been
proposed to explain the catalytic reactions.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Bismuth nitrate pentahydrate Bi(NO3)3·5H2O,

potassium iodide (KI), sodium chloride (NaCl), potassium bromide
(KBr), mannitol, methanol, and ethanol were obtained from Merck
chemicals. Deionized (DI) water, 18.2 MΩ cm (Millipore System),
was used as solvent.

2.2. Synthesis of BiOX (X = Cl, Br, and I). The BiOCl, BiOBr,
and BiOI were synthesized by the one-step hydrothermal method.35

To prepare BiOCl, 0.5 M Bi(NO3)3·5H2O was dissolved in 20 mL of
0.1 M mannitol solution under magnetic stirring for 20 min. Then, 10
mL of 0.5 M KCl solution was added dropwise to the Bi solution
under vigorous stirring. The solution color changed to white, which
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was then transferred into a 50 mL-capacity stainless-steel autoclave
and heated to 150 °C for 3 h. After cooling down, the sample was
collected and washed with DI water and ethanol several times. The
final white precipitate was dried in an oven at 60 °C overnight. The
BiOBr and BiOI were also prepared by a similar method using KBr
and KI as Br and I source, respectively.
2.3. Synthesis of BiOX/CFO Heterostructures. BiOX/CFO

heterostructures were synthesized by the facile co-precipitation
method. At first, 30 mg of BiOX was mixed in 30 mL of DI water
by 10 min ultrasonication. At the same time, 0.57 g of Cu(NO3)2·
6H2O and 1.92 g of Fe(NO3)3·9H2O were dissolved in 30 mL of DI
water. After that, the mixed solution was added dropwise to the BiOX
solution and mixed for 15 min to yield a homogeneous mixture. The
whole mixture was then refluxed at 75 °C under stirring for another
30 min. After cooling down, the solid precipitate was collected by
centrifugation with DI water and ethanol several times and then dried
in an oven at 75 °C for overnight.
2.4. Characterizations. Powder X-ray diffraction (XRD) of the

as-synthesized materials was performed using a Philips X’Pert system.
To analysis size and morphology of the bare semiconductors and
heterostructures, field emission scanning electron microscopy
(FESEM) was employed using Carl-Zeiss, Sigma (LEO. 430i).
Transmission electron microscopy (TEM) was used to further study
the crystalline properties by employing Tecnai G2 30ST, FEI.
Formation of heterostructures and the oxidation states were
investigated by X-ray photoelectron spectroscopy (XPS). A PHI
5000 Versa Probe II spectrophotometer was used to conduct this
experiment. Here, the charge correction was performed by
considering C 1s (284.5 eV) spectra as a standard. Furthermore,
the thermal stability of the as-prepared heterostructures was studied
using a NETZSCH, STA 449 F3 Jupiter instrument through
thermogravimetric analysis. The Fourier transform infrared (FTIR)
spectra and Raman spectra were collected using a JASCO FTIR-6300
spectrometer and a Jobin Yvon HR800 confocal Raman system (540
nm laser beam). Room-temperature UV−visible absorption spectra of
the bare semiconductors and the heterostructures were taken using a
Cary 5000 UV−vis−NIR spectrophotometer.
2.5. PEC Measurements. The PEC properties of pure BiOX,

CFO, and the heterostructures were studied by preparing thin films
on FTO-coated glass slides (2 cm × 2 cm) by the spin coating
method at 4000 rpm for 1 min. Catalyst solutions were prepared at a
concentration of 2 mg/mL in ethanol, and 100 μL was used for
preparing each thin film layer. Total three layers were coated on the
FTO slides and dried at 200 °C for 2 h. A three-electrode quartz cell

containing 0.1 M Na2SO4 (∼pH 7) electrolyte, a Pt wire, and KCl
saturated Ag/AgCl as counter and reference electrodes, respectively,
was used as the PEC cell, and the measurements were performed
using a galvanostat−potentiostat (PGSTAT302 N, Autolab, The
Netherlands) under a 35 W xenon lamp. The current density was
recorded between the applied potential ranges of −0.4 to 1 V versus
Ag/AgCl at a 50 mV s−1 scan rate through linear sweep voltammetry
(LSV). Furthermore, photocurrent density and the stability were
checked via chopped chronoamperometry (CA) at an applied
potential of 0.6 V versus Ag/AgCl. The electrochemical impedance
spectra were measured in an AC frequency range of 100 kHz to 0.1
Hz with 0.1 V amplitude to calculate the charge transfer resistance at
electrode−electrolyte interfaces. Junction capacitance of the electro-
des was recorded at 1000 Hz frequency via the Mott−Schottky (M−
S) study for determining the flat band potentials and free charge
carrier density. The Nernst equation was employed to convert the
potentials (EAg/AgCl) to the normal hydrogen electrode scale (ERHE),
as follows

= + × +E E 0.059 pH 0.197RHE Ag/AgCl (1)

2.6. Photocatalytic H2 Generation. Photocatalytic H2 gener-
ation of the as-synthesized materials was tested through water
reduction in a closed quartz cell containing 30 mL of solution with a
catalyst concentration of 1 mg/mL under visible light irradiation (250
W xenon lamp) through online gas chromatography (GC) using 25
vol % methanol as a sacrificial agent. The solution was argon-purged
for 15 min before the experiment. The area under the Gaussian peak
in GC gives the amount of H2 evolved. The apparent quantum yield
(AQY) of H2 generation has been calculated further using the
following equation

=
×

×AQY %
2 moles of H produced

no. of incident photons
1002

(2)

3. RESULTS AND DISCUSSION
3.1. Structural Analysis. The phase composition and

crystalline structure of bare semiconductors and the prepared
heterostructures have been investigated using a powder X-ray
diffractometer. Figure 1a,b shows the XRD pattern of bare
semiconductors BiOI, BiOCl, BiOBr, and CuFe2O4 (CFO)
nanoparticles and BiOI/CFO, BiOCl/CFO, and BiOBr/CFO
heterostructures. In the case of BiOI, the diffraction peaks at

Figure 1. XRD pattern of (a) bare semiconductors BiOI, BiOCl, and BiOBr with the standard XRD patterns, (b) CuFe2O4 (CFO) nanoparticles
with standard XRD patterns, BiOI/CFO, BiOCl/CFO, and BiOBr/CFO heterostructures.
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2θ of 29.53, 31.53, 36.96, 39.31, 45.29, 51.27, and 55.08°
related to (012), (110), (013), (004), (200), (114), and (212)
planes, respectively, clearly indicate the tetragonal phase of
BiOI (JCPDS no. 73-2062).38 The diffraction peaks at 2θ of
12.12, 24.25, 26.04, 32.67, 33.56, 36.61, 41.08, 46.81, 49.86,
54.34, 55.23, and 58.81° indexed to (001), (002), (101),
(110), (102), (003), (112), (200), (113), (211), and (104),
(212) planes, respectively, indicate the tetragonal BiOCl
(JCPDS no. 73-2060).39 The XRD pattern of BiOBr exhibits
five characteristic peaks of (001), (002), (102), (110), and
(200) at 2θ of 10.51, 26.27, 29.35, 32.43, and 46.56°,
respectively, which are well-matched with the tetragonal phase
of BiOBr (JCPDS no. 9-0393).40 Interestingly, the presence of
the (001) peak for BiOCl and BiOBr strongly reveals the [X−
Bi−O−Bi−O−X] stacking structure along the c-axis.39 The
characteristic peaks at 2θ of 18.36, 29.89, 34.42, 35.69, 37.14,
44.03, and 58.16° corresponding to (101), (112), (103),
(211), (202), (220), and (321) planes, respectively, confirm
the tetragonal spinal structure of CuFe2O4 (JCPDS no. 34-
0425).36 However, three characteristic peaks of (220), (222),
and (422) which are marked by green at 2θ values 30.8, 36.05,
and 54.17°, respectively, represent the cubic phase of CuFe2O4
(JCPDS no. 85-1326).41 After heterostructure formation, no
shifting of the BiOX peaks has been observed and the
characteristic peaks of CFO are present (marked by “*”),
implying the successful heterostructure formation between
BiOX and CFO (Figure 1b).
XPS analysis was performed to study the surface and sub-

surface chemical states of heterostructure samples. The surface
survey scan spectra of BiOCl/CFO confirm the presence of Bi,
Cl, O, Fe, and Cu in heterostructures (Figure 2a). In Bi 4f
spectra, two peaks at binding energies of ∼163.75 and ∼158.41
eV might be assigned to Bi 4f5/2 and Bi 4f7/2, respectively,

which are further fitted properly (Figure 2b).42 The character-
istic Bi 4f7/2 peak can be fitted with two peaks located at
binding energies of ∼158.4 eV and ∼159.62 eV, corresponding
to BiO and OBi−Cl bonds. Similar results have been
obtained for BiOBr/CFO heterostructures (Figure S1).
However, the Bi 4f7/2 of BiOI/CFO has been fitted with
single peaks located at a binding energy of 158.54 eV (Figure
S2). Now, it is well known that the Bi 4f7/2 located at a binding
energy between 157.2 and 158.1 eV corresponds to the
metallic Bi0 state (Bi−Bi), whereas peak position at 158.4 ±
0.4 and 158.8 ± 0.3 eV indicates presence of Bi(OH)3, (Bi−
OH), and BiOOH (OBi−OH) states.43−45 Therefore, it can
be concluded that the surface is mainly composed of Bi(OH)3,
that is, the Bi3+ state for all the heterostructures, which is
further verified by the obtained O/Bi atomic ratio. In addition,
a binding energy difference of ∼5.3 eV between Bi 4f7/2 and Bi
4f5/2 strongly supports the presence of the Bi

3+ state.46 The Cl
2p spectrum has been fitted into two peaks at ∼197.8 and
∼199.32 eV binding energies belonging to Cl 2p3/2 and Cl
2p1/2, respectively, confirming the Cl− state in the hetero-
structure (Figure 2c), which is well-consistent with the
reported literature.47−49 The O 1s spectrum of BiOCl/CFO
heterostructures is fitted into two peaks, one located at
∼529.83 eV corresponding to lattice oxygen atoms which are
chemically bonded and another at ∼531.59 eV related to
adsorbed oxygen (Figure 2d).42 The Cu 2p spectrum shows
two main peaks at ∼932.36 eV (Cu 2p3/2) and ∼951.97 eV
(Cu 2p1/2) with two satellite peaks at ∼941.3 eV and ∼961.06
eV, which are well-consistent with the Cu2+ state (Figure 2e).50

The Fe 2p peaks located at binding energies of ∼710.28 eV
and ∼723.83 eV correspond to Fe 2p3/2 and Fe 2p1/2,
respectively, arising from the spin−orbital interaction (Figure
2f).57 Due to different d-orbital electron configurations, Fe 2p

Figure 2. (a) Surface survey XPS spectra of BiOCl/CFO heterostructures. High-resolution XPS spectra of (b) Bi 4f, (c) Cl 2p, (d) O 1s, (e) Cu 2p,
and (f) Fe 2p of BiOCl/CFO heterostructures.
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and Fe 3p generally exhibit a satellite peak at 6 or 8 eV above
their 2p3/2 principal peaks, respectively. Here, a satellite peak at
∼718.09 eV has been found about 7.8 eV above the Fe 2p3/2
peak, which could be considered as the characteristic peak of
the Fe3+ state. The XPS spectra of BiOI/CFO and BiOBr/
CFO are presented in Figures S1 and S2, which reveal that Bi,
I, Br, Cu, Fe, and O are present. Furthermore, the Bi 4f core-
level XPS spectra of bare BiOX (X = Cl, Br, and I) and BiOX/
CFO heterostructures have been investigated, where a shifting
of the peaks toward lower binding energy is observed after
heterostructure formation (Figure S3). Peak shifting indicates
a possibility of sharing electrons with neighboring atoms in
terms of asymmetry in the bond arrangements. Moreover, the
shifting toward lower binding energy implies a band bending,
which results in a charge redistribution at the interface and
indicates the increase in electron density on BiOX.60

Furthermore, TG analysis of bare semiconductors and
heterostructures are studied to check the thermal stability of
the as-prepared materials. As shown in Figure S4, formation of
heterostructures between BiOX and CFO enhances the
thermal stability of the materials. The Raman and FTIR
analysis of the prepared materials has been carried out further
to analyze the chemical structures. Figure S5a represents the
Raman spectra of bare CFO and BiOCl and BiOCl/CFO
heterostructures. The two prominent Raman peaks have been
observed for BiOCl, centered at ∼142.74 and ∼198.52 cm−1,
which well agreed with A1g and Eg internal Bi−Cl stretching
modes, respectively.51 In the case of CFO, three characteristic
peaks at 213, 274, and 472 cm−1 are assigned to spinel copper
ferrite.52 After heterostructure formation, the prominent Bi−Cl
A1g and Eg stretching modes with the CFO vibration peaks
have been observed, which strongly reveals the heterostructure
formation. Figure S5b shows the FTIR spectra of BiOCl and
CFO and BiOCl/CFO heterostructures, where the character-
istic band around ∼1623 cm−1 confirms the O−H bending
vibrations. The absorption band at ∼528 cm−1 corresponds to

the symmetrical vibrations of the Bi−O stretching mode.
Moreover, the absorption peaks at ∼1400 cm−1 might be
assigned as the asymmetric stretching vibration of the Bi−Cl
band.52 For CFO, the absorption band in the range of 330−
350 cm−1 arises due to stretching vibrations of octahedral
metal−oxygen bonding and at ∼580 cm−1 for tetrahedral
metal−oxygen bonding.53 However, the strong CFO absorp-
tion band is absent in BiOCl/CFO, which might be a result of
strong interaction between BiOCl and CFO.

3.2. Morphology. The morphology and structure of
heterostructures were analyzed by FESEM and TEM. Figure
3a−c illustrates the TEM image of BiOI/CuFe2O4, BiOCl/
CuFe2O4, and BiOBr/CuFe2O4 heterostructures, respectively.
It has been clearly observed that all the pure bismuth
oxyhalides possess nanosheet-like morphology. The average
size of BiOX nanosheets are ∼450, ∼110, and ∼300 nm for
BiOI, BiOCl, and BiOBr, respectively. Moreover, all the BiOX
nanosheets are fully covered with the small CFO nanoparticles.
High-resolution TEM (HRTEM) images of the BiOX/CFO
heterostructures clearly exhibit good crystallinity with clear
lattice fringes. Figure 3d represents the cross-fringes of (102)
and (112) planes of BiOI and CFO having the d-spacings of
0.3 and 0.29 nm, respectively.54 Two sets of lattice fringes
having the interplanar spacings of ∼0.275 and ∼0.29 nm are
related to (110) and (112) planes of BiOCl and CFO,
respectively (Figure 3e).17 At the same time, two sets of bright
spots are presented in the selected area electron diffraction
pattern (SAED), which also confirm the heterostructure
formation between BiOCl and CFO (inset of Figure 3e).
The HRTEM images of BiOBr/CFO display presence of both
crystal planes (102) and (112) having d-spacings of 0.283 and
0.29 nm corresponding to BiOBr and CFO, respectively
(Figure 3f).37 The spot pattern in the SEAD pattern clearly
indicates the single-crystalline nature of BiOBr nanosheets.
Furthermore, FESEM images of the bare BiOX semi-
conductors have been presented in Figure 3g−i, where

Figure 3. TEM image of (a) BiOI/CFO, (b) BiOCl/CFO, and (c) BiOBr/CFO. HRTEM images of (d) BiOI/CFO, (e) BiOCl/CFO, and (f)
BiOBr/CFO heterostructures. Insets: corresponding SAED patterns. FESEM images of bare semiconductors (g) BiOI, (h) BiOCl, and (i) BiOBr.
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nanosheet-like morphology is also observed for BiOI, BiOCl,
and BiOBr, which is consistent with TEM images. However,
BiOI and BiOBr exhibited a trend to form assembled
structures, whereas BiOCl showed uniform square-like nano-
sheets. The TEM image of the bare CFO has been shown in
Figure S6; on average, ∼13 nm CFO spherical nanoparticles
are formed. The O/Bi and Bi/X atomic ratios have been
calculated further from the TEM−EDX image for the bare
BiOX (X = Cl, Br, and I) to have the insightful information
about types of material formed (Figure S7a−c). The values of
the O/Bi atomic ratio are 1.16, 1.02, and 1.77 for BiOCl,
BiOBr, and BiOI, respectively. The atomic ratios of Bi/X (X =
Cl, Br, and I) are 1.03, 2.16, and 1.11 in the case of BiOCl,
BiOBr, and BiOI, respectively, which are well-consistent with
the reported literature and confirm the formation of BiOX.55

Furthermore, the FESEM-EDX image of the BiOCl/CFO
heterostructure has been investigated, where the Bi/Cl atomic
ratio is 1.07, nearly equal to that of the bare BiOCl (Figure
S7d). Therefore, it can be confirmed that heterostructure
formation does not change the atomic ratio of the elements.
3.3. Electrochemical Properties. Besides the structural

characterization, intrinsic electronic properties like band gap,
band edge position, free carrier density, space charge layer
width have a significant role in optimizing the photocatalytic
activity. To further address the relative band structure of BiOX
and CFO samples under study, the flat-band potential (Efb) is
measured using the electrochemical method in 0.1 M NaSO4
solution (pH 7) and the M−S plots are shown in Figure 4. The
M−S plots of all the BiOX samples show a positive slope,
which is typical for n-type semiconductors and associated with
the O vacancy in the crystal lattice originated from the high
oxygen density in the (001) facet. The Efb is located at −0.86,
−0.017, and −0.92 V versus Ag/AgCl for BiOI, BiOCl, and
BiOBr, respectively. The Efb values are obtained as −0.24, 0.59,

and −0.31 V versus RHE by using the Nernst equation (eq 1).
It is generally accepted that the Efb of n-type semiconductors is
located just below the CBM, and for BiOX, the difference
between CBM and Efb is around 0.3 V.42 Therefore, the CB is
at −0.54, 0.29, and −0.61 V versus RHE for BiOI, BiOCl, and
BiOBr, respectively (CB = Efb − 0.3 V). The VB was estimated
to be at 1.22, 2.52, and 2.32 V for BiOI, BiOCl, and BiOBr,
respectively, using their band gaps, calculated from the UV−vis
spectra (VB−CB = Eg). However, bare CFO shows a negative
slope, that is, p-type conductivity and the Efb at 0.18 V versus
Ag/AgCl, thereby 0.79 V versus RHE. As the Efb of p-type
semiconductors lies just above the valence band maxima
(VBM), thus the VB and CB would be at 1.09 and −0.56 V
versus RHE, respectively. The calculated Efb, CB, VB potentials
are presented in the Table 1. The M−S plot of the bare BiOX

(X = Cl, Br, and I) at three different frequencies are shown in
Figure S8, where a frequency-independent nature has been
observed, indicating that the flat band potential of the materials
are frequency-independent.
Depending on the position of the VB and CB of BiOX and

CFO, plausible charge transfer band diagrams have been
schematically presented in Scheme 1. It has been clearly
observed that the band alignments of BiOBr with CFO are

Figure 4. M−S plots of pure semiconductors (a) BiOI, (b) BiOCl, (c) BiOBr, and (d) CFO.

Table 1. Calculated Flat Band Potentials (Efb), Position of
the VB and CB Potentials, and Band Gaps of the as-
Synthesized Materials

material
type of
material

Efb (V) vs
RHE

CB (V) vs
RHE

VB (V) vs
RHE Eg eV

BiOI n-type −0.24 −0.54 1.22 1.76
BiOCl n-type 0.59 0.29 2.52 2.23
BiOBr n-type −0.31 −0.61 2.32 2.63
CuFe2O4 P-type 0.79 −0.56 1.09 1.65
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well-matched with the conventional type-I heterostructure.
The CBM and VBM of BiOBr both have higher potential than
CFO (Scheme 1a). Thus, in presence of light energy, photo-
generated electrons and holes of BiOBr will migrate to the CB
and VB of CFO, respectively, due to lower potential of CFO.
Thus, special charge separation of electrons and holes may not
possible in this system; rather, the recombination rate will be
increased, which reduces the number of excited carriers for
water splitting.
On the other hand, the CBM of both BiOI and CFO are

negative and CFO has higher potential than BiOI, whereas the
VBM of BiOI are located at higher potential compared to

those of CFO (Scheme 1b). Thus, in presence of light energy,
photo-generated electrons of CFO will migrate to the CB of
BiOI and the photoinduced holes will follow the opposite
direction (BiOI to the VB of CFO) due to lower potential of
CFO. In this way, the charge separation will happen in two
different semiconductors, and the water oxidation and
reduction occur by the CB electrons of BiOI and VB holes
of CFO, respectively. Meanwhile, in BiOCl/CFO hetero-
structures, the difference between CBM of BiOCl and CFO is
large enough and the electrons of BiOCl lie at positive
potential, which is insufficient for the water reduction reaction
(Scheme 1c). At the same time, holes of CFO will not oxidize

Scheme 1. Band Alignments of (a) BiOI/CFO, (b) BiOBr/CFO, and (c) BiOCl/CFO Heterostructures

Figure 5. Impedance spectra of (a) bare BiOI, BiOCl, and BiOBr; inset: bare CFO and (b) BiOI/CFO, BiOCl/CFO, and BiOBr/CFO
heterostructures. The equivalent circuit parameters are shown in the inset of (a,b). LSV curves of (c) bare semiconductors BiOI, BiOCl, BiOBr,
and CFO and (d) BiOI/CFO, BiOCl/CFO, and BiOBr/CFO heterostructures under continuous light illumination (35 W xenon lamp) in 0.1 M
Na2SO4 electrolyte.
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the water molecules due to a low positive potential of 0.99 V
versus RHE. Thus, these electrons will try to recombine with
the VB holes of CFO to form electron−hole pairs. Thereby,
spatial charge separation occurs between BiOCl and CFO by
accumulating highly negative excited electrons in the CB of
CFO and photoinduced holes in the VB of BiOCl with enough
potentials for water splitting. Thus, BiOCl/CFO offers
optimized redox ability with a low charge carrier recombina-
tion rate and minimal energy loss due to backward reactions.56

Furthermore, the junction capacitance of the as-prepared
heterostructures have been studied through M-S measurement,
where a “V”-shaped nature is observed for all the
heterostructures, confirming the presence of n-type BiOX
and p-type CFO (Figure S9). The carrier concentrations of the
bare semiconductors and the heterostructures have been
calculated using following equation
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where C is space charge capacitance at the junction interface
(F cm−2), Efb is flat-band potential (V), Nd is free charge
carrier density (cm−3), e is the charge on electrons (C), ε is
dielectric constant of the semiconductors, ε0 is permittivity of
free space, K is the Boltzmann constant, and T is temperature
(K). The calculated Nd values are tabulated in Table S1, where
BiOCl/CFO shows 2.5 times and 7 times higher carrier
concentration compared to BiOI/CFO and BiOBr/CFO,
respectively. Thus, the Z-scheme heterostructure is more
effective to promote the catalytic redox reactions. Space charge
layer width is also an important parameter to optimize the
charge transfer efficiency of a photocatalyst. The space charge
layer width (Wsc) has been calculated further using the
following equation
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where Vs is the applied potential. The variation of space charge
layer width with the applied potential for bare BiOX and the
heterostructures has been shown in Figure S10, where a drift-
assisted transport in the space charge region is evident at lower
potentials. After heterostructure formation, the Wsc decreases
for each BiOX, indicating efficient charge transfer through the
electrode−electrolyte interface via band bending due to
presence of an internal potential gradient at the junction
interface.57 More interestingly, the Z-scheme heterostructure

exhibited the lowest Wsc, which is indicative of high catalytic
efficiency.
To investigate the better charge transfer efficiency of the

prepared heterostructures at the electrode−electrolyte inter-
face, electrochemical impedance measurement has been
performed in presence of light. Figure 5a represents the
Nyquist plots of the bare BiOX and the CFO, where much
higher resistance has been obtained for bare CFO (∼639 kΩ,
inset of Figure 5a). Among the BiOX, BiOBr shows a single
semicircular arc with a charge transfer resistance of ∼1749 Ω,
whereas BiOCl and BiOI exhibit a semicircle in high-frequency
region, a small Warburg line in intermediate-frequency region,
and almost a vertical line in the low-frequency region. The
semicircular part corresponds to the electron transfer between
redox species and the electrode via surface states or reaction
intermediates, and the steep region arises due to the diffusion
of redox species, indicating the capacitive nature of the
electrode.
Interestingly, the smaller semicircle radius of the Nyquist

plots has been noticed after heterostructure formation between
BiOX and CFO, signifying the improved electron−hole
transfer than that of component semiconductors. However,
direct Z-scheme BiOCl/CFO exhibits the smallest charge
transfer resistance (∼41.08 Ω) compared to BiOI/CFO
(∼766.4 Ω) and BiOBr/CFO (∼819.7 Ω), which means
that fast interfacial charge transfer occurs in the Z-scheme
system resulting in the effective separation of electron−hole
pairs (Figure 5b). In other words, the Z-scheme hetero-
structure significantly improves the electrical conductivity at
the interface in presence of light, which may be useful for water
splitting reactions. All the Nyquist spectra were further fitted
with the Randles-equivalent circuit model via Z-View software,
and the fitted parameters are tabulated in the Table S2, and the
plots are represented in Figure S11. To further explore the
catalytic properties of the as-synthesized materials, a series of
electrochemical and optical measurements has been con-
ducted. Figures 5c,d and S12 exhibit the LSV curves of bare
semiconductors and the heterostructures in 0.1 M Na2SO4
aqueous solution under continuous visible light illumination
using a 35 W xenon lamp as a light source. Clearly,
heterostructure formation effectively enhances the current
density compared to their component semiconductor current
density, which might be attributed to the synergetic effects of
low charge transfer resistance, high charge carrier concen-
tration, and efficient charge separation through the interfaces.
In addition, the CFO nanoparticles may serve as effective

Figure 6. Transient photocurrent spectra of (a) bare semiconductors CFO, BiOI, BiOCl, and BiOBr and (b) BiOI/CFO, BiOCl/CFO, and
BiOBr/CFO heterostructures under chopped light conditions, measured by chronoamperometry at a fixed potential of 0.6 V vs Ag/AgCl.
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active sites to promote the redox reactions for H2 generation
by accumulating the photogenerated electrons, which is further
verified by the transient photocurrent measurement. The
photo-stability of the anodes has been determined by
measuring transient photocurrent density through CA. The
BiOCl exhibited the highest photocurrent density compared to
other BiOX semiconductors, which is consistent with the LSV
result (Figure 6a). As expected, the Z-scheme BiOCl/CFO
heterostructures shows remarkably increased photocurrent
density compared to type-II heterostructures, implying that
the direct Z-scheme system is more efficient in the water
oxidation reaction (Figure 6b). The theoretical PEC H2
generation for the Z-scheme BiOCl/CFO heterostructure
was further calculated from the chronoamperometry spectra by
determining the charge (Q) passed through the photoanode.
The charge has been determined by integrating the current
over the time, and the moles of H2 are equal to Q/2F, where F
is the Faraday constant (F = 96,500).61 The estimated PEC H2
generation for the BiOCl/CFO heterostructure reaches 0.05
μmol at 450 s (Figure S13).
In order to get more details about quantum efficiency of the

Z-scheme heterostructures, incident photon-to-current con-
version efficiency (IPCE) has been calculated from the action
spectrums through CA measurement within the visible region
(400−750 nm). The Z-scheme BiOCl/CFO heterostructure
has very low efficiency in the wavelength region of >600 nm,
whereas it shows prominent enhanced efficiency in the range
of <600 nm and maximum at 450 nm (∼25%) (Figure S14).
The enhanced activity within the range of 450−750 nm could
possibly be achieved by effective visible light absorption and
electron−hole separation, which is in accordance with the
consequence of electrochemical impedance measurements.
3.4. UV−vis Absorption and Band Gap Calculation.

Furthermore, the optical absorption of bare semiconductors
and the heterostructures are studied by diffuse reflectance
spectroscopy (DRS) to investigate the influence of hetero-
structures on light absorption. Figure 7 represents the DRS

spectra of bare CFO and BiOCl and BiOCl/CFO hetero-
structures. BiOCl has strong absorption in the UV and visible
region, which significantly boosted up after heterostructure
formation with CFO at each wavelength. Interestingly, a
prominent absorption hump has been observed within the
wavelength range of 380−550 nm, which may have arisen due

to strong interaction between BiOCl and CFO, which is well-
consistent with the IPCE result. Therefore, it can be concluded
that improved light absorption in this region enhances the
photon to current conversion efficiency of the Z-scheme
heterostructure. Furthermore, the absorption spectra of BiOI,
BiOBr, BiOI/CFO, and BiOBr/CFO are studied and shown in
Figure S15, where prominent enhancement is observed in
intensity and in the absorption edge for heterostructures
compared to bare BiOX. A classical Kubelka−Munk [(αhν)2 vs
photon energy (hν)] equation has been used to calculate the
band gap of the materials (inset of Figures 7 and S16). It is
widely accepted that the BiOX and CFO follow indirect and
direct transition, respectively. Thus, the calculated indirect
band gaps are 1.76, 2.23, and 2.63 eV for BiOI, BiOCl, and
BiOBr, respectively, and the direct band gap is 1.65 eV for
CFO, well matched with the previously reported literature.12

The calculated band gap of BiOCl nanosheets is 2.2 eV, which
reduces to 1.9 eV after CFO nanoparticle deposition on the
surface. The band gap reduction may be attributed to
formation of a heterostructure between BiOCl and CFO,
which further facilities the photon absorption, photogenerated
charge carrier generation, and separation.

3.5. Photocatalytic H2 Generation. The photocatalytic
activity of BiOX and the heterostructures was measured
through H2 generation from water under visible light
illumination. The time course of hydrogen generation has
been measured under continuous visible light illumination
(250 W Xe lamp) and in presence of 25 vol % methanol as a
sacrificial agent (Figure 8). Here, catalysts (1 mg/mL
concentration) are dispersed in water medium under light
illumination without any external potential. BiOI exhibits the
highest H2 generation (∼18.45 mmol) among the BiOX due to
a more negative CB, which provides high reduction potential.
However, the H2 generation of CFO is very low (∼4.2 mmol)
because of fast recombination of the excited charge carriers,
owing to a narrow band gap. Interestingly, the H2 generation
has been significantly increased after heterostructure formation
in a steady manner, which validates the aforesaid estimated
reasons of high conductivity, large number of active sites, and
efficient charge separation. Under visible light, BiOCl/CFO
exhibits the highest mass specific activity (∼22.2 mmol h−1),
followed by BiOI/CFO (∼12.5 mmol h−1), and then BiOBr/
CFO (∼6.5 mmol h−1), consistent with their ability to absorb
the visible light (Figure 8b). For comparison, a mixed sample
of BiOCl and CFO (at equal mass ratio) was prepared and the
photocatalytic H2 generation was tested, where eight times
lower activity was obtained than that of BiOCl/CFO
heterostructures under similar reaction conditions. This result
clearly confirms the intimate contact between BiOCl and CFO
after heterostructure formation, which facilitates the charge
separation and transfer through the junction. Furthermore, the
H2 generation data of all the bare BiOX (X = Cl, Br, and I) and
CuFe2O4 as well as heterostructures are linearly fitted (Figure
S17a,b), and the fitted parameters are represented in Table S3.
The H2 generation of bare BiOX and CFO is roughly linear
and may be associated with fast recombination. Additionally,
the H2 generation increases up to a certain time and then
becomes saturated due to presence of a limited sacrificial agent
in the reaction system. However, Z-scheme BiOCl/CFO and
type-II BiOI/CFO exhibit linear H2 generation for the entire
time period because of efficient charge separation and transfer
to the surface of the catalyst. On the other hand, roughly linear
trend has been observed for type-I BiOBr heterostructures as

Figure 7. DRS of BiOCl, BiOCl/CFO, and bare CFO. Inset:
Kubelka−Munk [(αhν)2 vs photon energy (hν)] plots of CFO,
BiOCl, and BiOCl/CFO.
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the photogenerated charge carriers accumulate on the CFO,
which may increase the electron−hole recombination rate,
thereby reducing the number of free electrons for water
reduction. Figure S18 presents the calculated AQY % for the
catalysts (calculated using eq 2), where BiOCl/CFO
heterostructures exhibit the highest photocatalytic H2 gen-
eration efficiency of 9.9% followed by BiOI/CFO (5%) and
BiOBr/CFO (4%). Thus, direct Z-scheme heterostructure
formation improves the H2 generation rate and AQY %, which
can be described on the basis of the charge transfer process.
The effect of sacrificial agents (commonly used alcohol and
aldehydes) in H2 generation has been investigated (Figure
S19a). The redox potential of a sacrificial hole scavenger for H2
generation should be more negative than that of the valence
band of a semiconductor so that it can consume the holes and
suppress the recombination of photogenerated electrons.58

Notably, methanol shows the highest H2 generation (∼44.4
mmol) compared to ethanol (∼38.5 mmol), formaldehyde
(34.1 mmol), 2-propanol (∼24.8 mmol), and ethylene glycol
(∼18.7 mmol), suggesting that the length of the carbon chain
is inversely proportional to water reduction ability. However,
the oxidation potential and permittivity of sacrificial agents
play a potential role in H2 generation as they act as electron
donors to consume the holes. According to Gouy−Chapman
theory, surface charge density is proportional to the dielectric
constant of the solvent.57 As shown in Table S4, the oxidation
potential of methanol is lower than that of ethanol, 2-propanol,
and ethylene glycol but the permittivity is higher than that of
ethanol and 2-propanol. Although, the permittivity of ethylene
glycol is much higher compared to that of other solvents, the
higher oxidation potential (1.54 eV, which is higher than water
oxidation potential 1.23 eV) lowers its activity as it is poorly

oxidized. Therefore, methanol is considered as a preferable
sacrificial agent in photocatalytic hydrogen generation, having
lower oxidation potential and considerable permittivity. The
effect of the sacrificial donor/solvent ratio in photocatalytic H2
generation has been investigated for the BiOCl/CFO
heterostructure (Figure S19b). The volume % of methanol
has been varied from 5 to 50%, where the amount of H2

generation increases with the increase in methanol concen-
tration up to a certain percentage and then decreases. The 25
and 30 vol % shows almost similar results; however, the
amount of H2 generation decreases when 50 vol % is used.
Methanol generally acts as a hole scavenger, that is, it reacts
with photoinduced holes faster than water and reduces the
probability of electron−hole recombination. Therefore, an
optimized percentage may boost the catalytic reactions in a
forward direction. The higher concentration of methanol may
generate higher amount of reactant products, which further
leads to sluggish reaction rate kinetics due to an unwanted
backward reaction.
In addition to its remarkable photocatalytic activity, the

BiOCl/CFO heterostructure exhibits very good stability as a
photocatalyst. As shown in Figure 8c, no noticeable decrease in
the activity for photocatalytic hydrogen production can be
observed in the cycling tests (a minimal 14% loss after the
fourth run), indicating that the as-prepared heterostructure
may effectively restrain photocorrosion under visible light and
possess stable photocatalytic H2 generation activity. Moreover,
no obvious structural modification can be observed for the
BiOCl/CFO heterostructure even after photocatalytic reac-
tions (Figure 8d). Therefore, the remarkable catalytic activity
and stability make the heterostructure a promising photo-

Figure 8. Photocatalytic hydrogen generation in the presence of (a) bare BiOX (X = Cl, Br, and I) and CFO and (b) BiOX/CFO (X = Cl, Br, and
I) heterostructures for 2 h under visible light from an aqueous solution containing 25 vol % methanol as a sacrificial agent at pH 7, (c) recycling test
of the BiOCl/CFO heterostructure for H2 generation, and (d) FESEM image of BiOCl/CFO after the catalytic reaction of H2 generation under
visible light.
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catalyst for hydrogen production from water splitting under
visible light.
3.6. Proposed Mechanism for H2 Generation. Con-

ceptually, when two semiconductors come in contact with each
other, a junction is created, which in turn facilitates electron
transfer from the higher energy level to the lower energy level
to achieve equilibrium. At equilibrium, bands of the material
bend according to their Fermi level position and try to line up
with the Fermi level (Scheme 2). Under light irradiation,

photoinduced electrons and holes are generated both in BiOCl
and CFO. As the CB of BiOCl is located near the VB of CFO,
thus low-energy electrons of BiOCl may directly recombine
with the holes of CFO by leaving excited electrons on the CB
of CFO as shown in Scheme 2. Due to upward band bending,
CB electrons of CFO may not transfer from CFO to BiOCl
and may flow away from the junction. These electrons can
easily reduce the water molecules to H2 (H

+/H2, 0 V vs RHE)
due to strong redox capability (−0.65 V). At the same time,
photoinduced holes are consumed by the scavenger methanol
and reduce the recombination rate as holes react faster with
methanol than water. Thus, the direct Z-scheme photocatalytic
system may effectively lower the backward reactions and
enhance the amount of H2 generation under visible light. On
the other hand, the high-energy photogenerated electron and
holes are migrated to the BiOI/CFO and BiOBr/CFO type-II
and type-I heterostructures and lose their redox ability for
water splitting, resulting in lower H2 generation compared to
the Z-scheme photocatalytic system (Scheme 1). The H2
production rate of some reported CFO- and BiOX-based
materials and patent photocatalysts59 are listed in Table S5 to
compare the photocatalytic activity, where very high photo-
catalytic activity has been achieved for the developed Z-scheme
BiOCl/CFO heterostructures. Therefore, it can be concluded
that the position of the energy bands has a strong role in
controlling the electron hole transfer and formation of different
types of heterostructures.

4. CONCLUSIONS
In summary, we developed three types of heterostructures
(direct Z-scheme, type-I, and type-II) between n-type layered
oxyhalides (BiOX) and p-type CuFe2O4 as photocatalysts for
water splitting. The highest activity was achieved over the
BiOCl/CFO photocatalyst, with a H2 production rate of 22.2
mmol h−1, compared to BiOI/CFO and BiOBr/CFO
heterostructures, highlighting the intense promoting effect of

direct Z-scheme charge transfer mechanism. The self-induced
internal field gradient of BiOCl along with the intimate contact
between BiOCl and CFO accelerates the charge separation
efficiency and extends the visible light absorption at longer
wavelengths. Additionally, the highly dispersed O 2p band of
BiOX helps in narrowing the band gaps and enhancing stability
against water oxidation. The electrochemical measurements
confirmed that the synergetic effects of high carrier
concentration, low charge transfer resistance, and sufficient
redox potentials resulted in the highest photocatalytic activity
of BiOCl/CFO toward H2 generation. Hence, the present
study strongly suggests that fine and extensive regulation of
band edge energies has a key role in controlling the charge
separation efficiency, which in turn influences the photo-
catalytic activity. These band edge-engineered nanostructures
are promising for efficient and stable H2 generation through
water reduction under visible light.
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