
PERFORMANCE OF HEMATITE AND BISMUTH 

VANADATE BASED PHOTOCATALYSTS IN 

PHOTOELECTROCHEMICAL REACTOR FOR 

HYDROGEN PRODUCTION 

 

 

 

 

 

 

 

ADITYA SINGH 

 

 

 

 

 

 

 

DEPARTMENT OF CHEMICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI – 110016 

JULY 2022 



 

 

 

 

 

 

 

 

 

 

 

©Indian Institute of Technology Delhi (IITD), New Delhi, 2022 

 

 

 

 

 

 

 

 

 

 



Performance of Hematite and Bismuth Vanadate based 

Photocatalysts in Photoelectrochemical Reactor for 

Hydrogen Production 

by 

 

ADITYA SINGH 

(2016CHZ8288) 

 

Submitted 

In fulfilment of the requirements of the degree of  

DOCTOR OF PHILOSOPHY 

 

 

UNDER THE SUPERVISION  

OF 

PROF. SUDDHASATWA BASU 

& 

                                                  MR. SUJAY KARMAKAR 

 

 

 

DEPARTMENT OF CHEMICAL ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY DELHI 

NEW DELHI – 110016 

JULY 2022 



Certificate 

 
 

i 
 

Certificate 

This is to certify that the thesis entitled “Performance of Hematite and Bismuth Vanadate 

based Photocatalysts in Photoelectrochemical Reactor for Hydrogen Production” 

submitted by Mr. Aditya Singh to the Indian Institute of Technology Delhi, for the award of 

the degree of Doctor of Philosophy, is a record of the original bonafide research work carried 

out by him. He has worked under my supervision and has fulfilled the requirements, which to 

my knowledge, has reached the requisite standard for the submission of this thesis. The results 

contained in this thesis have not been submitted in part or full to any University or Institute for 

the award of any degree or diploma. 

 

 

Prof. Suddhasatwa Basu 

Supervisor 

Director, CSIR-Institute of Minerals & Materials 

Technology (IMMT), Bhubaneswar, Odisha 

Department of Chemical Engineering (on lien) 

Indian Institute of Technology Delhi 

                             

 

Mr. Sujay Karmakar 

Co-supervisor 

GM Green Chemicals 

NTPC Vindhyachal, Madhya Pradesh 





Acknowledgments 

 
 

iii 
 

Acknowledgments 

It was a once-in-a-lifetime opportunity that will be an important chapter of my life. There are 

number of people without whom this thesis might not have been written and to whom I am 

greatly indebted for their part in my success. It is a pleasant aspect that I now have the 

opportunity to express my gratitude for all of them. 

First of all, I would like to express my special thanks of gratitude to my supervisor Prof. 

Suddhasatwa Basu, and Mr. Sujay Karmakar. This work would not have been possible 

without their guidance, support, and encouragement. They have given me full liberty to pursue 

my research work. Under their guidance, I successfully overcame many difficulties and learned 

a lot. 

I am also thankful to the Head of the Department of Chemical Engineering Indian Institute of 

Technology, Delhi. I would also like to thank my thesis committee members and all the faculty 

members of the Department of Chemical Engineering. I am thankful to all the administrative 

and technical staff members Department of Chemical Engineering, Indian Institute of 

Technology, Delhi, for their help and cooperation. I am also thankful to all the members of the 

Nanoscale Research Facility (NRF) and Central Research Facility (CRF) for providing me with 

the facilities to carry out my research work. 

I also gratefully acknowledge National Thermal Power Corporation (NTPC) Limited and the 

Ministry of Electronics and Information Technology (MeitY) India for the financial support 

which made my Ph.D. work possible without having to worry about earning a living. 

I express my special thanks to my respected seniors and juniors Dr. Ravi, Dr. Madhav, Dr. 

Manoj, Dr. Pankaj, Dr. Hari, Dr. Debabrata, Dr. Ayan, Dr. Baijnath, Dr. Shahid, Mr. Biswajit, 

Mr. Ram ji, Mr. Vicky, Mr. Prateek Yadav, Mr. Abhas, Ms. Priyanka, and Mr. Venkanna for 

their time-to-time outstanding scientific guidance and for making research work more cordial. 



Acknowledgments 

 
 

iv 
 

I also thank Mr. Sundar for making the Fuel cell Lab more easily accessible and helping me a 

lot whenever I required. I would like to specially acknowledge my friends Mohit, Bipin, 

Prashant, Reena, Rishiraj, Satirtha, Puneet, Pushpraj, Rit Prateek, and Prateek for their help, 

moral support, and motivation. 

But most of all, I would like to thank those whom I deeply love, respect, and admire and to 

whom I dedicate this thesis– my family. I express my heartfelt gratitude to my parents, my 

brothers Mr. Deepak, Mr. Ashish, Mr. Adarsh, and sisters Ms. Anupama and Ms. Anjana for 

their unconditional love, encouragement, and blessings. They have always sacrificed their own 

wishes and happiness just for the upliftment of my career. I also want to express my sincere 

thanks to all those who directly and indirectly helped me at various stages of the work, but I 

could not mention their name due to the shortage of space. 

At last, thanks to the almighty God who has given me the spiritual support and courage to carry 

out this work. 

 

                                                                                                 

                                                                                                                     Aditya Singh 



Abstract 

 

v 
 

Abstract 

The development in renewable energy sources is growing rapidly to compensate for the ever-

increasing energy consumption demands. Storing solar energy in the form of green fuel like 

hydrogen (H2) has been given much importance. The photoelectrochemical (PEC) water 

splitting is an efficient way of producing H2 and oxygen (O2) simultaneously in a single cell 

using sunlight. The hematite and bismuth vanadate (BiVO4) based-photoanodes stand out due 

to their narrow optical bandgap, long-term stability, nontoxicity, and earth abundance. The 

present work focuses on the fabrication of nanostructured materials by different methods such 

as electrodeposition, chemical route, and sputtering for application in PEC water splitting. The 

hematite nanorods decorated with NiMnO3 co-catalyst photoanode was prepared by a simple 

two-step hydrothermal method. NiMnO3 suppressed the charge-carrier recombination on the 

hematite and significantly decreased the photoanode-electrolyte interface charge-transfer 

resistance. 

The performance of BiVO4 was limited by the surface states electron-hole recombination. This 

was addressed by devising an integrated photocatalytic (PC) and PEC system to achieve 

enhanced water oxidation performance of a BiVO4 photoanode. The reduced gC3N4 (R-gC3N4) 

photocatalyst was suspended in the anode compartment electrolyte of the PEC reactor to 

integrate the PC-PEC systems. The R-gC3N4 produced hydroxyl radicals and hydrogen 

peroxide in the electrolyte, which reduced the onset potential for oxygen evolution reaction 

(OER) at the BiVO4 photoanode. 

The performance of BiVO4 was further enhanced by preparing a heterojunction with WO3. The 

WO3/BiVO4 heterojunction was synthesized by sputtering WO3, followed by spin-coating of 

BiVO4. The sputtered WO3 enhanced electron-hole separation in the heterojunction. The 

incorporation of Cr into NiFe-layered double hydroxide (LDH) co-catalyst increased the 
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electrical conductivity of LDH. This resulted in an enhanced charge-carrier transfer with 

significant promotion of the OER kinetics. The heterojunction with sputtered WO3 underlayer 

and NiFeCr-LDH co-catalyst provided photocurrent density of 4.9 mA cm-2 at 1.23 V vs. RHE 

with an incident photon to current conversion efficiency (IPCE) greater than 56% in the 350-

470 nm range, with H2, and O2 evolution of 98 and 47 μmol cm-2 h-1, respectively.  

Furthermore, the patterned metal grid was sputtered under the WO3/BiVO4 heterojunction to 

reduce resistive losses and improve the homogeneity of distributed potential in large-area 

substrates (5 cm  5 cm), and thus increased the PEC performance of the heterojunction. A 

PEC reactor was designed to enable electrolyte flow which exhibited prolonged stability of 80 

h owing to fast bubble detachment from the photoanode surface and reduced the crossover of 

gas products. The electrolyte flow replenished the H+/OH- species near the electrode surface, 

which resulted to suppression of pH gradient across the electrode. Overall, the study was 

focused on the development of electrochemical engineering strategies to achieve enhanced 

PEC performance of large area photoanode. 
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सार 

बढ़ती ऊर्जा खपत की मजांगों की भरपजई करने के लिए नवीकरणीय ऊर्जा स्रोतों के लवकजस में तेर्ी से वलृि हो रही ह ै। सौर ऊर्जा 

के भांडजरण के लिए हजइड्रोर्न (H2) र्ैसे रजसजयलनक बांधों के रूप को बहुत महत्व लियज गयज ह ै।  प्रकाशिक लवद्यतु् रसजयलनकी 

(प्र.लव.र.) द्वजरज सयूा के प्रकजश की मिि से एक ही सेि में पजनी कज लवभजर्न करके एक सजथ हजइड्रोर्न और ऑक्सीर्न (O2) 

कज उत्पजिन करनज एक प्रभजवी तरीकज ह ै। हमेेटजइट और लबस्मथ वैनजडेट (BiVO4) आधजररत प्रकजलशक धनजग्र अपने छोटे 

प्रकजशीय उर्जा अांतरजि, िीर्ाकजलिक लस्थरतज, लनरजलवरजशतुज और पथृ्वी में प्रचरुतज के कजरण सबसे श्रेष्ठ हैं । वतामजन कजया 

प्र.लव.र. र्ि लवभजर्न में उपयोग के लिए नैनोसांरलचत पिजथा के लनमजाण के  लवलभन्न तरीकों र्ैसे इिेक्रोडीपोलर्शन, रजसजयलनक 

मजगा, और स्पटर िंग पर कें लित ह ै। NiMnO3 सह-उत्प्रेरक से िेलपत हमेेटजइट नैनोरोड्स प्रकजलशक धनजग्र को एक सरि और 

िो-चरणीय र्ितजपीय लवलध द्वजरज तैयजर लकयज गयज ह ै। NiMnO3 न ेहमेटजइट पर आवेश-वजहक पनुसंयोर्न को िबज लियज 

और प्रकजलशक धनजग्र-लवद्यतुअपर्ट्य अांतरजप्रस्ठ में आवेश-स्थजनजांतरण के प्रलतरोध को कजफी कम कर लियज । 

 BiVO4 कज प्रिशान सतही अवजस्थजओ ां में इिेक्रॉन-होि के पनुसंयोर्न द्वजरज सीलमत थज । इसकज सांबोधन प्रकाशिक उत्प्प्रे कीय 

(प्र.उ.) और प्र.लव.र. प्रणजिी को एकीकृत करके लकयज गयज, लर्सके पररणजमस्वरूप BiVO4 प्रकजलशक धनजग्र पर  पजनी 

ऑक्सीकरण के प्रिशान में वलृि हईु । प्र.उ. और प्र.लव.र. प्रणजिी को एकीकृत करने के लिए अपचलयत gC3N4 (R-gC3N4) 

प्रकाशिक उत्प्प्रे क को प्र.लव.र. ररएक्टर के धनजग्र लवभजग वजिे लवद्यतुअपर्ट्य में पररक्षेलपत कर लियज गयज । R-gC3N4 न े

लवद्यतुअपर्ट्य में हजइड्रॉलक्सि रेलडकल्स और हजइड्रोर्न परजक्सजइड कज उत्पजिन लकयज, लर्सने BiVO4 प्रकजलशक धनजग्र में 

ऑक्सीर्न उद्भव अलभलियज (ऑ. उ. अ.) के शरुुआत के लिए आवश्यक वोल्टेर् को कम कर लियज ।  

BiVO4 के प्रिशान को और अलधक बढ़जने के लिए , BiVO4 कज WO3 के सजथ एक लवषमसांलध बनजयज गयज । 

WO3/BiVO4 लवषमसांलध को तैयजर करने के लिए पहिे WO3 को स्पटर िंग द्वजरज बनजयज गयज, इसके बजि BiVO4 की 

लस्पन-कोलटांग की गयी । स्पटर्द WO3 न े लवषमसांलध में इिेक्रॉन-होि के प्रथक्करण को बढ़जयज । NiFe-िेयडा डबि 

हजइड्रॉक्सजइड (LDH) सह-उत्प्रेरक में Cr को सांयकु्त करने से LDH की लवद्यतु चजिकतज में वलृि हईु । इसके पररणजमस्वरूप 

आवेश-वजहक के स्थजनजांतरण में वलृि के सजथ-सजथ ऑ. उ. अ. गलतकी में सजथाक बढ़जवज हुआ । स्पटर्द WO3 लनचिीसतह 

और NiFeCr-LDH सह-उत्प्रेरक के सजथ तैयजर लकय ेगए लवषमसांलध न े4.9 mA cm
-2 (1.23 V बनजम RHE) कज 

प्रकजलशक धजरज र्नत्व, 350-470 nm सीमज में 56% से अलधक IPCE तथज H2, और O2 कज िमशः 98 और 47 

μmol cm-2 h-1 उत्पजिन लियज ।  
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इसके अलतररक्त, सजांचज धजतु लग्रड को WO3/BiVO4 के नीचे स्पटर्द लकयज गयज, तजलक प्रलतरोधी नकुसजन को कम लकयज र्ज 

सके और बडे क्षते्रफि (5 cm × 5 cm) के अध:स्तर  में वोल्टेर् के लवतरण की समरूपतज में सधुजर लकयज र्ज सके, और इसके 

पररणजमस्वरूप लवषमसांलध के प्र.लव.र. प्रिशान में वलृि हुई । लवद्यतुअपर्ट्य के प्रवजह के लिए एक प्र.लव.र. ररएक्टर की रचनज की 

गयी, लर्सके फिस्वरूप 12 र्ांटे की िम्बी लस्थररतज लमिी, तथज गसै के बुिबुिों को बडे क्षते्रफि वजिे प्रकजलशक धनजग्र की 

सतह से तेर्ी से प्रथक करने कज प्रजवधजन लकयज और गैस उत्पजिों के आर-पजर को कम कर लियज ।  लवद्यतुअपर्ट्य के प्रवजह न े

इिेक्रोड सतह के पजस H+/OH- आयन को पनु: भर लियज, लर्सके पररणजमस्वरूप इिेक्रोड में पीएच प्रवणतज की कमी हुयी 

। कुि लमिजकर, यह अध्ययन बडे क्षेत्रफि वजिे प्रकजलशक धनजग्र में अलधकतम प्र.लव.र. प्रिशान को प्रजप्त करने के लिए लवद्यतु ्

रसजयलनक अलभयजांलत्रकीय उपजयों के लवकजस पर कें लित थज । 
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