SOLUTION-GROWN CHALCOGENIDE
SEMICONDUCTING MATERIALS FOR
WATER PURIFICATION AND SPLITTING

Ph.D. Thesis

By
MUKURALA NAGARAJU
(1601281003)

DEPARTMENT OF METALLURGY ENGINEERING AND
MATERIALS SCIENCE

INDIAN INSTITUTE OF TECHNOLOGY INDORE

JUNE 2021



SOLUTION-GROWN CHALCOGENIDE
SEMICONDUCTING MATERIALS FOR
WATER PURIFICATION AND SPLITTING

A THESIS

Submitted in fulfillment of the
requirements for the award of the degree
of
DOCTOR OF PHILOSOPHY

by
MUKURALA NAGARAJU (1601281003)

Under the supervision of

Dr. Ajay Kumar Kushwaha
and
Dr. Amrendra Kumar Singh (Co-supervisor)

DEPARTMENT OF METALLURGY ENGINEERING AND
MATERIALS SCIENCE

INDIAN INSTITUTE OF TECHNOLOGY INDORE

JUNE 2021



INDIAN INSTITUTE OF TECHNOLOGY INDORE

CANDIDATE’S DECLARATION

| hereby certify that the work which is being presented in the thesis entitled SOLUTION-GROWN
CHALCOGENIDE SEMICONDUCTING MATERIALS FOR WATER PURIFICATION AND
SPLITTING in the partial fulfillment of the requirements for the award of the degree of DOCTOR OF
PHILOSOPHY and submitted in the DEPARTMENT OF METALLURGY ENGINEERING AND
MATERIALS SCIENCE, Indian Institute of Technology Indore, is an authentic record of my own work
carried out during the time period from 26" December 2016 to 1% June 2021 under the supervision of Dr.
Ajay Kumar Kushwaha, Department of Metallurgy Engineering and Materials Science and Dr. Amrendra
Kumar Singh (Co-supervisor) Department of Chemistry.

The matter presented in this thesis has not been submitted by me for the award of any other degree of

this or any other institute. N%)//%TM

Signature of the student with date
(MUKURALA NAGARAJU)

This is to certify that the above statement made by the candidate is correct to the best of my/our

knowledge.
p
Qg% 2
4 POAH,
: _ - 8/10/2021
08/10/2021
Signature of Thesis Supervisor #1 with date Signature of Thesis Supervisor #2 with date
(Dr. AJAY KUMAR KUSHWAHA) (Dr. AMRENDRA KUMAR SINGH)

MUKURALA NAGARAJU has successfully given his Ph.D. Oral Examination held on 8" October 2021.

| ) I8
\v”/ 4 i/\,
- T,
08/10/2021 - '8/10/2021
Signature of Thesis Supervisor #1 with date Signature of Thesis Supervisor #2 with date

(Dr. AJAY KUMAR KUSHWAHA)) (Dr. AMRENDRA KUMAR SINGH)




ACKNOWLEDGEMENTS

First and foremost, | would like to thank my supervisor, Dr. Ajay Kumar Kushwaha,
Assistant Professor in Metallurgy Engineering and Materials Science, I T Indore. His motivation
and valuable suggestions keep me on track entire this Ph.D. journey. Undoubtedly, he is a
wonderful person with a wider area of knowledge, and with his constant support, valuable
advice, and fruitful discussion, | have learned many things in my life. His thoughts, simplicity,
humble nature will always encourage me to become a good person. I am also thankful to my Co-

supervisor Dr. Amrendra Kumar Singh, Department of Chemistry, IIT Indore, for his constant
support and encouragement throughout my research work.

I am grateful to PSPC members Professor Krushna Mavani, Department of Physics, and
Dr. Jayaprakash Murugesan, Department of Metallurgy Engineering and Materials Science, for
their support, suggestion, and evaluation throughout my Ph.D. work. | am thankful to DPGC and
HOD of the Department of Metallurgy Engineering and Materials Science for their constant
encouragement and support. |1 would like to thank all non-teaching staff members of MEMS, Mr.
Mayur, Mr. Brajesh, Mr. Mukesh and Mr. Shubham of the MEMS department for their constant
support and help whenever required. Special thanks to Mr. Brajesh, whenever | face any
document-related issues, he happily helped me and he is a wonderful person. | gratefully
acknowledge the support received from the Department of MEMS toward characterization
facilities like SEM, UV, FTIR during my research work. I would also like to thank Dr. Vasant
Sathe, UGC DAE, Indore for providing Raman measurement facility. I am thankful to all faculty
members of 11T Indore, particularly Dr. Vinod Kumar, Dr. Dhirendra Kumar Rai, Dr. Mrigendra
Dubey, Dr. Rajesh Kumar, and Dr. Santosh Kumar Vishvakarma, who have helped me in various

capacity.

I sincerely acknowledge the IIT Indore for providing research fellowship and research
facilities during the Ph.D. tenure. I am thankful to various functionaries of the institute for their
support from time to time in various matters. | also acknowledge the DST Government of India,
INSPIRE scheme, in which Nano & Energy Materials Laboratory could procured various
consumables and instruments to execute the Ph.D. project. The sophisticated instrument facility

II'T Indore helped me a lot to performed various characterizations. | want to sincerely thank SIC



staff members Mr. Nitin, Mr. Kinney Pandey, and Mr. Ghanashyam for their constant help and
support. | would like to express my gratitude to Prof. Jin Sung Hun, Incheon National
University, South Korea for his constant support for various experiments, discussions and

collaborative works.

I cannot forget the lab mates Dr. Abhishek Kumar Upadhaya, Mr. Siddhartha Suman, Mr.
Aditya Bhardwaj, and Mr. Lokanath Mohapatra, it could have been very difficult to enjoy the
research life without them, all have encouraged and developed a friendly environment in the lab.
| also thank my juniors, Harsh, Hariom, Shital Rajan, Rahul, Abhishek, for their support and
making a healthy environment in the lab. I want to thank my 11T Indore friends Mr. Sheetal
Kumar Devagan, Sarath Kumar, Praveen Kumar, Mahendar, Yeeshu Kumar, Komal
Mulchandani, Sushmitha, Priyanka, Gopal Raut, Arpan Ghosh, Rameshwar Kumawat, Reliance
Jain, Sagam, Kulkurni, Bhanu Prakash, Prashanth, Parvez, Alpha Sharma, Ruhul Amin, Devesh,
Narasimha, Vishesh, Aditya Litoria, Mahendar Awasthi for their support in ups and downs of the
life. A special thanks to Mr. Jagadish Kadiyam as a treat as brother whenever | face any

problem-related research and personal problems, he tries to motivate me a lot.

Lastly, I would like to express special thanks to my parents and sister for their constant
support and encouragement throughout my life. Also, thank you, relative cum best buddy Mr.
Rajkumar Sravani, their support and encouragement a lot any hard times. Last but not least,
special thanks to my brother Dr. Krishnaiah Mokurala, his motivation and encouragement
throughout my life. I used to share difficulties with my brother, and he always tried to solve the

problem and motivate me a lot. This thesis was not possible without their help and support.

Date: 01/06/2021 Mukurala Nagaraju



Dedicated
Ja



LIST OF PUBLICATIONS
Peer reviewed journals:

From Thesis Work:
1. Nagaraju Mukurala, R.K. Mishra, S.H. Jin, and Ajay Kushwaha, Sulphur precursor

dependent crystallinity and optical properties of solution grown Cu2FeSnS4 particles, Materials
Research Express, 6 (8), 085099 (2019).

2. Nagaraju Mukurala, K. Mokurala, Siddharth Suman and Ajay K. Kushwaha, “Synthesis of

porous Cu2FeSnSs particles via solvothermal process for removal of organic acid fushsin dye

pollutant from wastewater”, Nano-structures & Nano-objects, 26, 100697(2021).

3. Nagaraju Mukurala, S. Suman, A. Bhardwaj, K. Mokurala, Sung Hun Jin and Ajay K.

Kushwaha*, “Cu2FeSnSs decorated Ni-TiO2 nanorods heterostructured photoanode for
enhancing water splitting performance” Applied Surface Science, 551, 149377 (2021).

4. Nagaraju Mukurala, Lokanath Mohapatra, M. Krishnaiah and Ajay K Kushwaha*, “Surface

controlled synthesis of CuzFeSnSs particles for enhanced hydrogen evolution reaction”
International Journal of Hydrogen Energy, 46, (2021), 34689-34700.

5. Nagaraju Mukurala, M. Krishnaiah, Ajit Kumar Ajay K Kushwaha* and Jin Sung Hun*

“Synthesis Process Dependent Physico-chemical and Opto-electronic Properties of Cuz2FeSnSa
nanoparticle Films” Ceramic International, 47, (2021), 27898-27907.

Other than thesis Work:

6. Siddhartha Suman, Nagaraju Mukurala and Ajay K. Kushwaha” Annealing induced surface

restructuring in hydrothermally synthesized gallium oxide nano-cuboids, Journal of crystal
growth, 554, 125946 (2020).

7. Siddhartha Suman, A. Bhardwaj, N. Mukurala, L. Mohapatra, Ajay K Kushwaha* “Water
and oxygen environment induced surface cracks healing in solution processed gallium oxide thin
films” Materials Chemistry and Physics 271, 124958 (2021).



Conference Proceedings:

1. Nagaraju Mukurala, Siddhartha Suman, Ajay K. Kushwaha*, “Effect of Solvents on

Structural, Morphological and Optical Properties of Solvothermally Grown Cu2FeSnS4 Particles”
AIP Conference proceeding, 2115(1) 2019.

Book chapters:

1. Ajay K. Kushwaha*, Nagaraju Mukurala, Krishnaiah M and Siddhartha Suman “Recent

Advancements in Electrodes and Electrolytes of Dye Sensitized Solar Cells” Published in

Taylor & Francis Group, 2018.

Oral/poster presentation in conferences/workshop:

1. Nagaraju Mukurala, K. Mokurala, Siddhartha Suman and Ajay K. Kushwaha, “Synthesis of

porous CuzFeSnSy particles via solvothermal process for removal of organic pollutant from
wastewater, International conference on Nanoelectronics, Nanophotonics, Nanomaterials,
Nanobioscience& Nanotechnology (5NANO 2020), Kerala.

(BEST PAPER AWARD)

2. Nagaraju Mukurala, Siddhartha Suman and Ajay K. Kushwaha*, “Impact of reaction time

and temperature on structural and optical properties of Cu2FeSnSs particles grown via solution
approach”, International Conference on Advanced Functional Materials and Devices (ICAFMD-
2019), NIT Warangal.

(BEST POSTER AWARD)

3._Nagaraju Mukurala, Ajay K. Kushwaha*, “Solvothermal Synthesis of Cu2FeSnSs4 Particles

Using Different Source of Sulphur and its Effect on Morphological and Optical Properties”
Recent Advances in Materials for Sustainable Energy (RAMSE-2018), 11T Dhanbad (Oral
presentation).

4.Siddhartha Suman, Nagaraju Mukurala, Nitin Chaudhary, Ajay K. Kushwaha*,

“Electrochemical detection of chromium ions (Cr*¢) in drinking water by means of
hydrothermally grown Bi-TiO2 nanorods”, International Conference on Advanced Functional
Materials and Devices (ICAFMD- 2019), NIT Warangal, (poster presentation).



5. Siddhartha Suman, Aditya Bhardwaj, Lokanath Mohapatra, Nagaraju Mukurala, Ajay K.

Kushwaha*. “Effect of water addition in wet chemical deposition of gallium oxide thin
films”. International conference on nanoscience and technology (ICONSAT 2020), S.N Bose

Centre for Basic Science, Kolkata (poster presentation).

6. Participated in webinar on Publishing Ethics: the role of publishers, journals, researchers

and institutions organized by Springer Nature,2020.

7.Participated in “Flexible Energy Storage Devices” 2020, IST& JNTU Hyderabad.

8. Participated in International Workshop on Advanced Nanoscience and Engineering, 11T
Indore, 2017.

Vi



ABSTRACT

The earth-abundant chalcogenides materials have shown a good presence in photovoltaic
devices, but limited investigations are in the area of photocatalytic and water splitting toward the
production of hydrogen. The CuzFeSnSs (CFTS) has lesser change to form bimetallic phases
during growth and better stoichiometry can be achieved. The solution-based approach is
investigated to grow the various type of materials morphologies. Due to tunability of the surface
properties of solution grown CFTS, it become interesting to understand their effect on various
properties of materials and subsequently over photocatalytic and photo-electrochemical water
splitting properties. The water purification and photo-electrochemical water splitting both
process are related to photogeneration and separation of the electron under photoexcitation.
Hence, the development of efficient materials for solar (photo) driven catalytic process is the
central theme of the thesis work. Synthesis of Cu2FeSnSs (CFTS) particles by solvothermal
process and effect of temperature, reaction time, solvents on structural, morphological, and
optical properties are investigated. The variation in reaction temperature varies the crystallinity
of the CFTS particles and synthesis at 200°C results in better crystallinity. The temperature
variation also results in a significant difference in morphology (aggregate particles, sphere-sheet
and intermixed with the aggregate-sheet) of CFTS particles. The bandgap of the CFTS particles
also gets changed from 1.42 eV to 1.5 eV after varying the synthesis temperature. Similarly, the
change in synthesis time leads to form porous-sphere, sheet-flakes, and intermixed flower-sheet
morphologies of CFTS particles and variation in crystallinity. There is variation in the elemental
composition is observed when different the synthesis is carried out at a different temperature and

for different time duration. However, annealing in the Sulphur atmosphere leads better
crystalline CFTS in the stannite phase.

Further, variation in solvent also shows a significant impact on morphologies of CFTS
particles, flower, larger grain structure, aggregate particles, and agglomerated particles are
obtained when different solvents are used. The different solvent results in the slightly different
elemental composition of the CFTS particles. The bandgap of CFTS particles also varies from
1.43 eV to 1.7 eV when different solvents are used. Different sulphur precursors namely
thiourea, thioacetamide, sulphur powder and sodium sulphide are also used for the synthesis of

CFTS particles. The CFTS particles have noticeable variation in morphology, crystallinity, and

vii



elemental composition when different sulphur precursors are used. The thiourea results in better
crystallinity, stoichiometry and larger size grains of CFTS particles. In addition, different
morphologies of CFTS particles (with surface controlled) are obtained when different surfactants
I.e. thioglycolic acid (TGA), polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA) are used. The
PVP as a surfactant result in a better crystalline phase, while impurity phases are observed in
TGA, PVA. The significant change in morphology (porous particles, highly porous particles

having nanosheets-nanoparticles on the surface, and uniform spherical) of CFTS particles are
obtained by changing the surfactant in the synthesis process.

The application of Cu2FeSnSs (CFTS) particles in water purification is studied via
photocatalytic and adsorption approaches. In one of the studies, the CFTS particles synthesized
using different Sulphur precursors are tested for water purification. The CFTS particles
synthesized using thiourea have shown the best results, and approximately 70% methylene blue
dye is degraded in 60 min under white light excitation. In another study, porous CFTS particles
are adopted to study the removal of organic acid fuchsin dye pollutant from wastewater by
adsorption process. The porous spheres of CFTS particles have shown approximately (89.25 +
2.21) % of acid fuchsin (AF) dye adsorption within 10 min and the value reaches (97.12 + 0.76)
% in 60 min. The high adsorption capacity i.e. (123.12 + 2.09) mg/g is obtained for porous
spherical CFTS particles. The adsorption isotherm and kinetic studies reveal that the Langmuir
isotherm and pseudo-second-order kinetic model can explain the dye adsorption. The highest
adsorption capacity (128.12 mg/g) and 98% acid fuchsin (AF) dye adsorption observed within
60min when porous sphere CFTS is used as an adsorbent. Further, the porous CFTS particles
exhibit good stability and reusability of the adsorbent for wastewater purification. Further, the
application of CuzFeSnS4 (CFTS) particles in water splitting towards hydrogen production is also
investigated via electrocatalytic and photo-electrochemical methods. In the first study, different
morphologies of CFTS particles are investigated to test the electrocatalytic ability for hydrogen
evolution reactions (HER). CFTS particles with highly porous surface having nanosheet-
nanoparticles on surface (grown using PVP) exhibit excellent electrocatalytic performance.
While photo-electrochemical water splitting performance of CFTS is tested with Ni-doped TiO2
nanorod structure. The earth-abundant and visible light-sensitive Cu2FeSnSs layer is decorated
on Ni-TiO2 nanorods (CFTS/Ni-TiO2 NRs) using a wet chemical approach. In which Ni-doped

TiO2 nanorod are hydrothermally grown. These heterostructure photoanodes demonstrated a
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significant increase in photocurrent from 0.730 mA/cm? to 2.09 mA/cm? (at 1.23V vs RHE). The
lifetime of photogenerated charge carriers also improves and CFTS/Ni-TiO2 NRs exhibit
excellent photo-electrochemical properties with high stability; hence this heterostructure can be a
potential candidate for solar energy device applications.



TABLE OF CONTENTS

ACKNOWIEAZEMENTS ...\t e e i
LSt OF PUDIICALIONS. ...ttt v
A DS TG . ..ttt Vii
Table Of CONtENtS. ... e e e X
LISt OF FIgUIES. ..o e XV
LISt OF TaDIES. ..o e, XX
ADDIBVIALIONS. .. ..o, XX

Chapter-1: Introduction and Literature Review

1.1 INEFOTUCTION. ...ttt bbb n e n e nr s 1
1.2 WaAter PUIFICALION ...ttt bbb b et 3
1.3 Water purification using photocatalyst ............ccooviieiiiiiie e 5
1.3.1 Principle Of PROtOCALAIYSIS .......eiuiiiieiiee e enee e 5
1.3.2 Photocatalytic MAErialS ...........c.ooeiiiiiiieit s 6
1.4 Water purification via adSOrPtion PIrOCESS ......ccueeveiieiieeieiieseeseesreseese e sre e srae e sre e 8
1.4.1 Principle of adSOrPLiON PrOCESS ........ccoiiitiriirieiieiei ettt 8
1.4.2 Adsorbent materials for water purifiCation .............ccccoceieiieie s 9
1.5 Waater SPIELING ....ciiiiiie it e e e s b e e et e e sae e sbeesbeesreeere e 10
1.5.1 Photo-electrochemical (PEC) water SPHTtING.........cccoveiiiiiinieie e 11
1.5.2 Nanomaterials and nanostructures for PEC water splitting ............cccooevvive i 13
1.5.3 Earth abundant nanomaterials for water SPItting ..........cocveiiieneneieee e 15
1.5.3.1 Metal oxide-Dased MALEITAIS ..........cccvriiiiirices e 15
1.5.3.2 Metal sulfide-based nanomaterial for PEC water splitting .........ccccccoeevieiiiiie i 16
1.5.3.3 Chalcogenide semicondUCtOr MALENTAIS ........cc.ovveririiiiiiiieee e 17
1.5.4 Strategies to enhance the PEC water splitting performance of nanomaterials .................... 18

X



1.5.4. 1 DOPING. ..ttt et bbb bbbt b kb kR it b b bt Rttt b et b nnenre s 19

1.5.4.2 Surface modifications and heterostructure formation.............ccccvereiininereinncseesees 19
1.6 Scope and objectives Of the thesiS WOIK ..o 22
1.7 TRESIS OULIING ..t b e bbb b bbbt 23
RETEIBNCES ...t bbbt b b et b ettt b r e n e 24

Chapter-2: Synthesis of Cu,FeSnS, Particles and Structural, Morphological and Optical

Properties

p0( R | 11 (0o [N § o] o PP U PP P PP PRPRPRO 33
2.2 EXperimental detailS...........c.cuiiiiiiie et 34
2.2.1 Materials and MBAGENTS .......iiieiieie ettt sttt b e nbe e e e e 34
2.2.2 Synthesis of Cuz2FeSnSs (CFTS) particles by solvothermal method............ccccooeviiininene. 34
2.2.3 Characterization of Cuz2FeSnSs (CFTS) PartiCles.........ccccovviieiiiniiie e 35
2.3 RESUILS AN TISCUSSION .....eeuiiiiiiiiiieeiiee sttt 35

2.3.1 Effect of reaction temperature on structural, morphological, and optical properties of
CU2FESNSS (CFTS) PALICIES ..ottt ettt e et nee e 35

2.3.2 Effect of reaction time on structural, morphological, and optical properties of Cu2FeSnSs
(CFTS) PATICIES ...ttt b et ne e nreebenre e 38

2.3.3 Effect of solvents on structural, morphological, and optical properties of Cuz2FeSnSa

(CFTS) PAITICIES ...ttt e et e et e et e e et e e saeeanbeenreas 44
2.4 SUMMAIY <otttk e et h e bt e b et ek e e b e e bt e R e e R e e b e e s e e e st e b e et e et e b e e bt e e nne e 47
] L ][00 TS SSP 48

Chapter-3: Synthesis of Cu,FeSnS,; Particles Using Various Sulphur Precursors and

Structural, Optical and Photocatalytic Properties

S L INEFOUUCTION. ...t bbb bbb b 51
3.2 EXPerimental deLalS.........ccoiieieiieiiee et 53
3.2.1 Synthesis of CU2FeSNS PAMICIES .......ccveiiiiiiiieie e 53
3.2.2 Characterization of Cu2FeSNSs PartiCles ..........cccooeriiiiiiiii s 53



3.2.3 Photocatalytic properties of Cu2FeSnSs (CFTS) partiCles .........cccoovvviiiininiiiiieen 54

3.3 RESUILS AN TISCUSSION ...ttt 55
3.3.1 Structural properties of Cu2FeSnS4 (CFTS) partiCles .........ccccovieiiiiiinieseee e 55
3.3.2 Morphological properties and surface area of Cu2FeSnS4 (CFTS) particles ..........ccccueneee. 61
3.3.3 Optical properties of CuzFeSnS4 (CFTS) partiCles .........ccoovvviiiniieninieieee e 62
3.3.4 Photocatalytic performance of Cu2FeSnSs (CFTS) partiCles..........ccoovvviiiiiieieneiinienn 63
K 111111 7= o RS UP PP 66
RETEIBICES ... bbbttt b bt b ettt n e r b 67

Chapter-4: Porous Cu,FeSnS, Particles for Removal of Organic Acid Fuchsin Dye from

Wastewater by Adsorption Process

I 1140 U od o] o FO OSSO PRSPPI 73
4.2 EXPerimental detailS...........oocooiiiiiiiie e 74
4.2.1 Synthesis of Cu2FeSNS4 (CFTS) PArtiClES.......cciiiiiieiicieie e 74
4.2.2 Dye adSOrption EXPEIIMENTS ........coviiiiiieriiiirieieie ettt sb b e 74
4.3 RESUIS AN AISCUSSION ..ottt sttt sttt e e sne e e 76
4.3.1 Structural and morphological characteristics of Cu2FeSnS4 (CFTS) particles .................... 76
4.3.2 Adsorption of AF dye molecules by Cuz2FeSnSs (CFTS) particles.........ccccooeieienciiiennnne. 76
4.3.2.1 Effect of contact time for removal of AF dye using various morphology of CFTS ......... 76
4.3.2.2 Effect of pH of solution for the removal of AF dYe ..o 78
4.3.2.3 Effect of porous CuzFeSnSs (CFTS) dosage for removal of AF dye ..o 80
4.3.2.4 Effect of dye concentration for removal AF dye using porous CFTS adsorbent.............. 80
4.3.2.5 Effect of temperature for removal of AF dYe .......cooeiiiiiiiiii e 81
4.3.3 AdSOrption KINELICS STUAIES. ......c.eiiiiiiiieiitesieee e e 81
4.3.4 AdSOIPLION ISOTNEIMS .....iiiiic it e a e be e srbeennre e 84
4.3.5 Adsorption thermMOdYNAMICS ........ccveiierieiiese e s ee e se e sre e sre e e e saeeeesraesreeneens 86
4.3.6 Dye adSorption MECHANISIM .......c.eiiiiiieicitert et 87
4.3.7 REUSADIIILY STUAY ....c.vieieiieie ettt et et esae et e e neeneesraeneeas 88
A4 SUMIMEIY ..ottt bbbt b4 st h bt E e bt e st e bt e bt e b e e s e e bt e b e e e et e e neenne s 89
RETEIBICES ...ttt bbbt b e sttt b b e Rttt e et bbb enes 90



Chapter-5: Surface Controlled Synthesis of CuyFeSnS, Particles for Enhanced Hydrogen
Evolution Reaction

5.1 INEFOUUCTION. ...ttt b bbbt b et e et bbb b e 95
5.2 EXPerimental detailS..........c.coioiiiieiece e 96
5.2.1 Synthesis of CU2FeSNSa PALICIES. ........ccviiiieieie s 96
5.2.2 Characterization of CU2FeSNSs PartiCIES .........ccceiieriiiieiieeee e 97
5.2.3 Electrochemical measurements of Cuz2FeSnSs PartiCles...........cccoviiiiiniinieniiciice 98
5.3 RESUIS ANT DISCUSSION ...ttt bbbttt 99
5.3.1 Surface Morphology and Structural Properties of Cu2FeSnSs Particles.............cccccvevveenee. 99
5.3.2 Effect of high surface area on hydrogen evolution reaction .............ccooeoeieienciieniininninns 104
5.3.3 Post CFTS-PVP based catalyst charaCterization.............cccccovveveiieiiesieese e 108

Chapter-6: Cu,FeSnS; Decorated Ni-TiO, Nanorods Heterostructured Photoanode for

Enhancing Water Splitting Performance

8.1 INEFOAUCTION. ...ttt bbbt b ettt b bbb e b 117
6.2 EXPEriMENtal AELAIIS.......cc.oviiiiiie e 118
6.2.1 Synthesis of TiO2 Nanorods FilM .........cccooiiiiiiiiie e 118
6.2.2 Surface doping of TiO2 nanorods DY NICKEL.............ccoveiiiiiiiii e 119
6.2.3 Coating of Cu2FeSnSs layer on Ni-TiO2 NANOIOUS. ........ccvverviiiiriinesereee e 120
6.2.4 Structural and morphological characterization teChNIQUES ...........ccccveviiiiieiieciie e, 120
6.2.5 Photoelectrochemical MEasUrEMENTS .........coviiiiiiieieie e 120
6.3 RESUIS AN DISCUSSION ......veuiiiiiiieiiitist et 121
6.3.1 Structural, morphological and optical properties of TiO2 and Ni-TiO2 nanorods............. 121
6.3.2 Photoelectrochemical performance of TiO2 and Ni-TiO2 nanorod electrodes................... 126
6.3.3 CuzFeSnSs coated Ni-TiO2 nanorods photoelectrode. ..........oovvveieieniiiicieiene s 130
0.4 SUMMAIY ...ttt b e bbbt b e bt e bt b et e e bt e b e bt e bt e e e e e nneanne 135
RETEIBICES ...t bbbttt b e bbbt b ettt b b 135



Chapter-7: Summary and Conclusions
7.1 SUMMAry and CONCIUSIONS .......uiiuiiieiieieieie ettt
7.2 FUTUTE SCOPB ...ttt ettt ettt ettt ettt etttk ettt e e st e e bt e e bt e e kb e e et bt e e nnb e e e nbbe e e bbe e e beeas

AAPPEINTIX ettt bbbt E bRttt n et b e s

Xiv



LIST OF FIGURES

Figure 1.1: Various methods for water purification ............cccccceiiieiiiiiiie s 4
Figure 1.2: Schematic representation of a photocatalytiC process . .........c.ccocvvriiriiiniciienisinnne 6
Figure 1.3: Water purification through adsorption proCess . .........cccceveiieeieeieiecseese e 9
Figure 1.4: Schematic representation of photoelectrochemical water splitting. ...........cc.ccccvvvnene 12

Figure 1.5: Schematic diagram of the (a) photocathode and (b) photoanode in a typical PEC
water splitting technique where electrode materials are comprised of semiconductors............... 13

Figure 1.6: Various morphology of nanomaterials (a) Nanorods, (b) Nanowires, (c) Nanotubes,

() NANOPIALES. ...t bbbttt e bt bt e e b e bbb s 14
Figure 1.7: Band edge positions of various semiconductors. HER and OER redox potentials are
also PresSented OF COMPANISON. .......ccuiiieiieieetese e e et e et e e e rte s et e e tesre e s e e s aeeaesreesteeneeaseesreeneeenee e 16
Figure 1.8: Various types Of NeterojunCLioN . ...........oociiiiiiiiiiie e e 21

Figure 1.9:Transport mechanism of photo-generated charge carriers in TiO2/Cu2O heterojunction
NANOSTIUCTUIE. ...ttt ettt e h e eh e e e at e e ekt e e ek et e ek e e e et e e e e eb b e e e ambe e e snb e e s nneennnneean 22

Figure 2.1: XRD pattern of CFTS particles synthesized using various reaction temperatures

(160°C, 180°C, 200°C, 220°C). .e.viireirrereerieieriestestesseeeessessessessessessassaessessessessessessseseessessessessessenses 36
Figure 2.2: SEM images of CFTS particles synthesized using different reaction temperature
(180°C, 200°C, 220°C). .vrereerieieieriesteateaeeseestestesta e e e e e e e aestestesseaseesessessessessesseaseaseeneesrearenreereanen 37

Figure 2.3: EDX spectra (a) elemental composition (b) of the CFTS particles (synthesized
AITFErENt TEMPEIALUIE). ...o.eiteitiitiei et b bbbt ne bbb ens 37
Figure 2.4: Optical —absorption spectra (a) Tauc,s plot (b) of CFTS particles synthesized using
(different reaction tEMPEIALUIES). ......c.uiveieieieriesteste sttt sttt bttt ne et sbe e s 38
Figure 2.5: XRD patterns and (b) Raman spectra of the CFTS particles solvothermal synthesized
at 200°C for 6 h, 12 h, and 18 h, reSPeCtiVely. ........cccooveiieiiiiecceeee e 39
Figure 2.6: (a) Scanning survey XPS spectrum of Cu2FeSnSs particles synthesized at 200°C for 6
h (b) carbon spectrum, high resolution core levels spectrum of (c) Cu2p, (d) Fe2p, (e) Sn3d and

(F) S2P FESPECTIVEIY. ..ttt ettt et b neenreebeenee e 39
Figure 2.7: FTIR spectra of the CFTS particles synthesized at 200 °C for 6 h, 12 h, and 18 h,
FESPECTIVEIY. ..ottt b et b bbbt 41

XV



Figure 2.8: SEM imaging, energy-dispersive X-ray spectroscopy, and elemental colour mapping

of the CFTS particles (al-a3) CFTS-6h, (b1-b3) CFTS-12h and (c1-c3) CFTS-18h................... 42
Figure 2.9: (a) Nitrogen adsorption-desorption isotherm curves and (b) pore size of CFTS
particles synthesized at 200 °C for6 h, 12 h, and 18 h.......c.cccoviiiiiiini 43
Figure 2.10: XRD pattern of CFTS nanoparticles (a) As synthesized (b) Heat-treated at 450°C
for 30 min with argon ambience sample (¢) Raman analysis. ..........ccccooceviiiii e 45
Figure 2.11: SEM images of CFTS nanoparticles for different solvents (a) DMF (b) EDA (c) DI
LV L] o (o) T TSRS PRRPRN 46
Figure 2.12: Optical absorption of CFTS particles, insert figure shows tauc plots of CFTS
PAITICIES. ...ttt ettt e bt e bt s e b e e e Rt e bt ene e r e e beene e Rt e naeenneenee e 47
Figure 3.1: Schematic representations of photocatalytic measurement test. ..........cccccceevvvvvernenen. 54

Figure 3.2: XRD patterns of CFTS particles (synthesized using different types of sulphur

precursors) (a) As-synthesized (b) sulphurized at 450 °C for 30 min in Argon ambiance. .......... 55
Figure 3.3: Raman spectra of (a) as-synthesized CFTS particles, (b) sulphurized CFTS particles
at 450 °C for 30 Min in argon amMbDIENCE. .....ccveieeieeie ettt sre e 57
Figure 3.4: FTIR spectra of CFTS samples (synthesized using different Sulphur source). ......... 58

Figure 3.5: XPS analysis of as synthesized Cu2FeSnS4 particles grown using different sulphur
precursors (a) Cu2p3/2 and Cu2pl/2 peaks (b) Fe 2p3/2 and Fe 2p1/2 (c) Sn 3d5/2 and Sn 3d3/2
(d) S 2P3/2 @NA S2PLI2. ..ot 59
Figure 3.6: SEM images of as- synthesized CFTS particles grown using (a) Sulphur powder (b)
Thioacetamide (c) Thiourea (d) Sodium sulphide as sulphur Precursor. ..........cccocveveieneeiieneene 61
Figure 3.7: (a) N2 adsorption-desorption isotherms (b) Pore diameter distribution examine the
desorption branch using the BJH method of CFTS sample. ..........ccccooiveiiiiiciiec e, 62
Figure 3.8: Optical absorption of CFTS particles synthesized using different sulphur precursors;
inset figure shows Tauc plot and DANAQAP. ......eoveiiriieeee e 63
Figure 3.9: The photocatalytic degradation of Methylene blue in the presence of CFTS particles
(As- synthesized) under visible light irradiation; (@) CFTS-Tu, (b) CFTS-TTA, (c) CFTS-Su, (d)
(01 ISl NN TSSOSO 64
Figure 3.10:The photocatalytic degradation rate of Methylene blue in the presence of CFTS

particles (synthesized using different Sulphur precursor). ........cccccvveiieii i 66

XVi



Figure 3.11: The photocatalytic degradation rate of Methylene blue in the presence of annealed
CFTS particles (synthesized using different Sulphur precursor). ........cccovvvevieiie e, 66
Figure 4.1: Schematic diagram of the adSOrption ProCess. .........ccccevererererineeiieiesese e 75
Figure 4.2: Time-dependent adsorption study of CFTS particles (a) CFTS-6h, (b) CFTS-12h, (c)
CFTS-18h and (d) dye removal percentage of porous CFTS particles. Error bars show the
StANAANT AEVIALIONS. ... veetieiieeiie ittt ettt et st e e st et e s e sbe et e e be st e sbeeteene e 77
Figure 4.3: (a) Removal of Methylene blue dye (b) Rhodamine blue using CFTS as adsorbent. 78
Figure 4.4: (a) Point of zero charge measurement of porous CFTS particles (b) dye removal (%)
in presence of various pH value (dosage: 20 mg, dye concentration: 20 mg/L, contact time: 60
01 ) TSP 79
Figure 4.5: FTIR spectra of the Acid fuchsin (AF) dYe........cocoov e 80
Figure 4.6: Effect of adsorbent dosages, dye concentrations, and temperatures on dye removal
(%) and adsorption capacity of the porous CFTS: (a) using various adsorbent dosages, (b) initial
dye concentration, (C) tEMPEIATUIES. ........c.oiiiiiiiieiee et bbb 81
Figure 4.7: (a) Equilibrium adsorption capacity(ge), (b) pseudo-first-order kinetic plot, (c)

pseudo-second-order kinetic plot for the adsorption of AF dye using various morphology of

O I TSP 83
Figure 4.8: Intraparticle diffusion models (a) Porous-CFTS (b) flakes-CFTS and (c) flower-
(O BT (o1 1= § V7= | 2P UP P 84

Figure 4.9: Isotherm models for the adsorption of AF; (a) Langmuir isotherm (b) Freundlich
isotherm; (c) thermodynamic parameters for the adsorption of AF dye using porous CFTS....... 86

Figure 4.10: Reusability experiments of AF dye removal by porous CFTS-6h particles (in %

10 K10 1 01 0] 1 ) RSP PPS 89
Figure 4.11: Characterization of reusability porous CFTS particles (a) XRD pattern (b) EDX
] 01 Tot 1 (0 OO T PR PPPTO PP 89

Figure 5.1: Schematic diagram of CFTS particles synthesized by solvothermal process using
AITTEIrENT SUMACTANTS.......eeeieie e e e esreente e naeeneesreenteenee e 97
Figure 5.2: The schematic diagram of the three-electrode System. ..........ccccoevveviviieiiicceere e, 98
Figure 5.3: SEM images of Cuz2FeSnSs (CFTS) particles synthesized using different surfactants
(@) low and (b) magnified image of PVA-CFTS, (c) low and (d) magnified image of PVP-CFTS,
and (e) low (f) magnified image of TGA-CFTS. ... 100

XVii



Figure 5.4: EDX spectra (a) elemental composition (b) of CFTS particles (synthesized using
IFFErent SUMFACTANES). .....ecvieiii et e e e e b e e ae e sreearae s 100
Figure 5.5: XRD patterns of CFTS particles synthesized using different surfactants (TGA:
thioglycolic acid, PVA: Polyvinyl alcohol, PVP: Polyvinyl pyrrolidone), (a) as-synthesized, (b)
ANNEAIEA SAMPIES. ...t b ettt b e bbbttt nne s 101
Figure 5.6: Raman spectra of annealed CFTS particles synthesized using PVA, PVP, and TGA as
surfactants in the SOIULION PIOCESS. .......ccveiieiieiieieee et re et e e eas 102
Figure 5.7: (a1-a4) fitted core level XPS spectrum of constituent elements of annealed CFTS
particles synthesized using PVA. (b1-bs) Fitted core level XPS spectrum of constituent elements
of annealed CFTS particles synthesized using PVP. (ci-c4) fitted core level XPS spectrum of
constituent elements of annealed CFTS particles synthesized using TGA........c.cccccvvevivivvereennn. 103
Figure 5.8: Nitrogen adsorption/desorption isotherms curves and (b) pore size of CFTS particles
synthesized using different SUrfaCtants. ............ccoveeiiiie i 104
Figure 5.9: (@) LSV polarization curves of CFTS-PVP, CFTS-PVA, and CFTS-TGA based
catalysts for (HER) at a scan rate of 20 mV/s and (b) their corresponding Tafel plots. (c) EIS
spectra of CFTS-PVP, CFTS-PVA, and CFTS-TGA based catalysts. (d) Stability measurement

of CFTS-PVP based catalysts with cyclic voltammetry curve of 15t and 1000™ cycle............... 106
Figure 5.10: (a) XRD spectra and (b) Raman spectra of fresh and recovered CFTS-PVP catalyst.
..................................................................................................................................................... 109
Figure 5.11: (a, b) SEM and EDX analysis of fresh CFTS-PVP catalyst and (c, d) SEM and EDX
analysis of recovered CFTS-PVP CAtalYSL. .......c.coooiiiiiiiiieee e 109
Figure 5.12: Core level XPS spectra of fresh and recovered catalyst of CFTS-PVP: (a) Cu 2p, (b)
Fe 2p, () Sn 3d, and (d) S 2p, reSPeCtiVElY. .....ccoooriiiiiicec e 110
Figure 6.1: Schematic representation of (a) fabricated TiO2 film (b) Ni-doped TiO2 nanorods by
hydrothermal MELNOM. ..........ooii e e 119
Figure 6.2: Schematic representation of photo-electrochemical measurement setup.................. 121

Figure 6.3:(a) XRD spectra of the TiO2 NRs and Ni doped TiO2 NRs with varying concentration
of Nickel dopant (b-d) core level spectrum constituent of element of (b) Ti, (c) O, and (d) dopant
of Ni for 10mM Ni-TiO2 nanorods reSPectively. ... 122
Figure 6.4: SEM images of (a) hydrothermally grown TiO2 nanorods (b) TiO2 nanorods treated

using 5mM Ni solution to achieve Ni doped TiO2 nanorod (c) TiO2 nanorods treated using 10

XViii



mM Ni solution (d) TiO2 nanorods treated using 20 mM Ni solution; cross-sectional image of (e)
TiO2 NRS (f) 10 MM Ni-TiO2 NRS......iiiiiiiiiieeseseteiee ettt e e e se s e 124
Figure 6.5: EDS pattern and elemental mapping of (ai1-a4) TiO2 nanorods treated using 5 mM Ni
solution and (bi-bs) TiO2 nanorods treated using 10 mM Ni solution (ci-c4) TiO2 nanorods
treated using 20 mM Ni solution to achieve Ni doped TiO2 Nanorods...........ccoceevvevererenenienn 125
Figure 6.6: UV-visible absorption spectra of the Ni doped TiO2 NRs (a) Tauc plot (b)............. 126
Figure 6.7:(a) Linear Cyclic Voltammetry with chopped light excitation, (b) Photocurrent density
vs time (I-t) plot at 0 V vs Ag/AgCI (c) electrode stability measurement in the presence of light
(d) Photoconversion efficiency of undoped TiO2 and Ni-doped TiO2 NRS. .......cccccoveveiviinenne 128
Figure 6.8:(a) EIS Spectra of and (b) Mott-Schottky plot of undoped TiO2 NRs and Ni doped
THO2 N RS ettt s et et s ettt et e st be b et e n e e b e st et e Reete st e e rennennas 129
Figure 6.9: (@) XRD spectra of CFTS/TiO2 and CFTS/Ni-TiO2 NRs (b-h) XPS analysis of
CFTS/NI-TiO2 NRs (Ti2p, O1s, Ni2p, Cu2p, Fe2p, Sn3d, and S2p).......cccecveimierrrenenennnnnns 130
Figure 6.10: SEM images of CFTS/Ni-TiO2 NRs electrode (a) top view, (b) magnification image

of a, (c) cross-sectional view of the image a, (c1 to co) cross-sectional elemental mapping of

image c of Ti, O, Ni, Si, Cu, Fe, Sn, and S respectiVely. ..........cccovvvieiiiie i 131
Figure 6.11: EDS spectra and elemental mapping of the CFTS/Ni-TiO2 NRs electrode........... 132
Figure 6.12: (a) absorption spectra (d) Tauc plot of CFTS/Ni-TiO2 NRs electrodes.................. 132

Figure 6.13: (a) Linear scan voltammetry plot (b) I-t plot (c) photocurrent conversion efficiency
(d) stability measurement (e) EIS Spectra (f) Mott-Schottky plot of CFTS/TiO2, Ni/TiO2 and
CETS/NI-TIO2 NRS... ettt eae et e et e et e e sae e et e e e s be e s beeebeesneeanes 133
Figure 6.14: Band structure diagram and charge transfer process of CFTS/Ni-TiO2 NRs

heterostructure photoanode in water splitting Cell. ............cooveiiiiiiii e, 135

XiX



LIST OF TABLES

Table 2.1: Peak position and their FWHM values of porous CFTS particles..........ccccccevvevenne. 40
Table 2.2: Elemental composition of CFTS particles synthesized at 200 °C for 6 h, 12 h, and 18h.
....................................................................................................................................................... 43
Table 2.3: Elemental composition of the CFTS nanoparticles. ... 45

Table 3.1: Crystallite size and lattice parameters of the as synthesized and sulphurized CFTS
particles, synthesized using different precursors of SUIPNUT. .........ccccovvveiiiie i 56
Table 3.2: Elemental composition of the CFTS particles synthesized using different sulphur
PTECUISOIS. .ttt ettt et ekttt et e s sttt e ab e ekt e ekt e e ea ke e e ab e e ehb e e kbt e ek bt e e a e e e bt e e e bt e e e nbbeeenbneennbneeeas 60

Table 4.1: Kinetic parameters obtained from the fitting of pseudo-first order and pseudo-second-

order equations of various morphology of CFTS. ... 83
Table 4.2: Intraparticle diffusion kinetic parameters for various morphology of CFTS. ............. 84
Table 4.3: Langmuir and Freundlich isotherm constants............cccocvevvieeiieiiescieseese e 85
Table 4.4: Comparison of adsorption capacity of AF dye using various adsorbents. .................. 86
Table 4.5: Thermodynamic parameters for adsorption of AF dye using porous CFTS. .............. 87
Table 5.1: Comparison table of recently developed catalyst material for hydrogen evolution
L CST2 175 ) 4 U 107
Abbreviations

Ag/AgCl Silver/silver chloride electrode

AF Acid Fuchsin

BET Brunauer-Emmett-Teller

CB Conduction Band

DI Deionized Water

DMF N, N-Dimethyl Formamide

EDA Ethylenediamine

EG Ethylene Glycol

XX



EDS
EIS
FTO
FTIR
FE-SEM
FWHM
GCE
HCL
HER
JCPDF
LSV
MG
MB
M-S
NAS
NRs
OLA
OER
PVP
PVA
PECWS
PzZC
RhB
RHE
TGA
uv
VB
XRD
XPS

Energy Dispersive X-ray Spectroscopy
Electrochemical Impedance Spectroscopy
Fluorine-Doped Tin Oxide
Fourier-Transform Infrared Spectroscopy
Field Emission-Scanning Electron Microscopy
Full Width Half Maximum

Glassy Carbon Electrode

Hydrochloric Acid

Hydrogen Evolution Reaction

Joint Committee Powder Diffraction Date file
Linear Sweep Voltammetry

Malachite Green

Methylene Blue

Mott-Schottky

Nanowire Arrays

Nanorods

Oleyl Amine

Oxygen Evolution Reaction

Polyvinyl pyrrolidone

Polyvinyl Alcohol

Photo-Electrochemical Water Splitting
Point Of Zero Charge

Rhodamine Blue

Reversible Hydrogen Electrode
Thioglycolic Acid

Ultraviolet-visible spectroscopy

Valence Band

X-Ray Diffraction

X-Ray Photoelectron Spectroscopy

XXi



CHAPTER-1
Introduction and Literature Review

1.1 Introduction

Energy and drinking water both are essential for development and survival of humans. The
energy become the primary tool for social and industrial development. Simultaneously, the
availability of good quality drinking water is existing challenge to our society. The discharge of
various toxic pollutants in water has now prompted a worldwide scarcity of fresh water. The
rapid growth of industrialization has increased the severity of water pollution by releasing the
toxic contaminants without filtration or purification [1]. Therefore, development of strategies to
scavenge organic pollutant from wastewater to make it reusable has attracted sincere attention in
recent past. The removal of diverse range of organic pollutants from wastewater are being
developed by cost effective and sustainable processes [2]. The process employed to remove non-
biodegradable contaminants (organic as well as inorganic wastes) and biological waste materials
from the water is known as water purification. Techniques such as adsorption, photocatalysis are
extensively investigated for water purification due to efficient, economical, scalable and

environmentally friendly approach [2-4].

Photocatalysis have shown excellent potential when a nanostructured catalyst are used as
a medium to degrade various pollutants present in the water [5]. The degradation of harmful and
toxic organic pollutants has been investigated using various types of metal/semiconductor
nanomaterials such as TiO2, SnO2, ZnO, Fe203, WOg3, etc. Most of them are wide bandgap
materials and hence the use of UV radiation for their excitation creates a barrier for large scale
utilization of these materials and limit the efficiency of the degradation process [6]. Recently, p-
type CuxFeSnSs (CFTS) chalcogenide material was also proposed as an alternative material for
dye degradation. It has high absorption coefficient (10* cm™), minimal cost, earth-abundant and
non-toxic nature [7]. The water purification has also been reported using adsorption process.
Interplay between adsorbate-adsorbent synergic surface interactions give rise to adsorption
phenomenon. Higher surface-to-volume ratio, layer by layer structure and adequate mechano-

chemical stability for faster contaminant degradation are some essential features of efficient



adsorbent materials. Various nanomaterials such as metal oxides [5,8], MXenes (transition metal
carbides and carbonitrides) [9,10], polymer nanocomposites [11,12], Zeolites [13] and carbon
nanomaterials [14,15] have been used as adsorbents for water purification. Similarly, earth-
abundant chalcogenide CuzFeSnS4 material was also incorporated as an adsorbent for removal of
methylene orange from contaminated water reported by L.Ai et al. [16]. Considering the
potential of copper-based chalcogenides for water purification either by photo-catalyst or
adsorption based, it has motivated us to investigate the Cu.FeSnSs materials further. Solution-
based approach on various properties of the materials and its role in water purification via
photocatalytic and adsorption is studied in detail. Since the Cu2FeSnSs materials are showing
excellent catalytic activity under solar light and specific adsorption capability due to specially

designed porous structure, dual benefit can be explored for water purification.

The environment-friendly fuel is another necessity of human being for sustainable
development because fossil fuels generally releases greenhouse gases which cause global
warming and climate changes. Sincere efforts are required to develop clean, reliable, and
sustainable energy resources. Hydrogen is one such fuel which does not emit pollutants and can
be produced via an environmentally green process using solar energy. To date, 95% of hydrogen
fuel is generated by fossil fuels, only 4% from electricity and 1% from biomass [17]. A
sustainable way to produce hydrogen gas can be solar-driven water splitting. In 1972, Fujishima
and Honda, generated H, gas from water by solar light source using TiO2 based electrode as
anode and Pt as cathode material. Among several nanomaterials metal oxides and metal sulfides
are deployed in the past decades for the application of solar-driven water splitting [18,19]. Wide
band gap materials can access only a narrow range of solar radiation for absorption and also
suffers from higher recombination of charge carriers, poor stability in aqueous solution and
photo corrosion. To overcome such problems and to enhance photoelectrochemical (PEC)
performance, metal doping, surface modification, and heterostructure formation have been
proposed, which lead to faster charge carrier transfer and separation, improving optical
absorption ability [20]. Although doping is an efficient strategy to tailor opto-electronic
characteristics of metal oxides yet limitations like thermal instability and impurities in
semiconductors causes lower recombination of e™- h* pair result in lower performance of PEC
devices. Similarly, many reports have revealed that surface modification of the photo-electrodes

gradually increasing the PEC performance [21]. The development of heterostructures offers to
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harvest of a wider range of solar spectrum. It can boost the photo-excited separation of charge
carriers that can potentially reduce their recombination process, thus improving the PEC

performance.

In recent years, the TiO2/Cu>O heterojunction based photo-electrode exhibits excellent
photo-stability, with current density around 2.3 mA/cm? during light illumination [22].
Approximately 23 times higher photocurrent has reported when uniform CZTS layer constructed
covering the entire surface area of TiO2 nanowire arrays (NWs) electrode [23]. Hence, the
surface coating of visible light active materials on wide band gap materials has shown promising
solar-driven electrochemical water splitting. The one-dimensional nanostructured platform-based
electrodes further enhance the performance i.e TiO> nanorods coated with earth-abundant
chalcogenides semiconductor. Henceforth, our studies are also dedicated to developing the doped
TiO2 nanorod then coating with Cu2FeSnSs to prepare the heterostructured electrode for
photoelectrochemical water splitting. In this thesis, CuxFeSnSs has been consider as primary
materials. The solution-based approach is investigated to grow the various type of materials
morphologies. Due to the tunability of the surface properties of solution grown CuFeSnSa, it
become interesting to understand their effect on various properties of materials and subsequently
over photocatalytic and photo-electrochemical water splitting properties. Further, we
investigated Ni-doped TiO2 nanorods by hydrothermal method as base platform, then the CFTS
decorated Ni-TiO2NRs based heterostructure for photo-electrochemical water splitting

performance are studied.

1.2 Water purification

Water purification is a process in which diverse range of non-biodegradable contaminants
(organic as well as inorganic wastes) and biological waste materials are scavenged from the
wastewater [24] to provide drinkable fresh water. Regular excretion of various toxic pollutants in
the fresh water has prompted a worldwide catastrophe of wastewater pollution. The escalated
industrialization and tremendous population explosion since last century gave rise to a hike in the
release of toxic organic pollutant into the nature [25,26]. As a outcome, only 3% of water is
considered pure out of 75% ground water, where only 1% of water is drinkable. Several toxic
compounds are releasing from the industry, municipal waste, and domestic wastes, which leads

to contaminate the water and soil resources. The wastewater not only decreases the freshwater
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resources but also affects the environment and waterborne disorders [27]. The various pollutants

produce from the different industries, for example, dye is considered to be harmful because

numerous dyes exhibit cytotoxicity to many organisms either in a direct or passive manner

through their absorption. Dyes are majorly generated as the excretion products of various
industries viz., paper, food, textile, cosmetic, plastic, and leather [1,28]. The detrimental effects
of these dyes are not only limited to a long lasting cytotoxicity in the organisms but also affect
the quality of drinking water resources. Higher concentration intake of such chemicals results in
vomiting, heart disorders, and tissue necrosis in humans [29]. Dyes can be broadly categorized as
Cationic/ basic dyes and Anionic/ acidic dyes. A commonly available cationic dye is Malachite
green (MG) which is extensively used for its disinfecting properties and is also a well reputed
coloring agent for varieties of industrial clothing materials. MB dye causes carcinogenic,
mutagenic, and affects mammal cell. These dyes affect the kidneys, liver, bowels and gonads of
organisms [30]. Methylene Blue (MB), another commonly available dye, is employed to color

cotton and silk materials and its over exposure to the skin causes mechanical irritation which

results in soreness and itching.

Membrane Filtration

Electrochemical process

Photocatalysis

Ozonation

Chemica] methods

Fenton's Reagent

3

Aerobic Degradation

)

|;\naerobic Degradation

Biologica) methods

Figure 1.1: Various methods for water purification [31].

Quantitative scavenging of such contaminating dyes from water resources has gathered a

globally indispensable research interest because the presence of even tiny portion of them is



considered detrimental to human/ animal health and also easily realized with naked eyes. In this
context, several techniques, such as adsorption, photo-catalysis, membrane separation, photo-
electrocatalysis, reverse osmosis along with biological precipitation, electrochemical approaches,
ion exchange, and desalination, are being utilized for water purification [2-4]. Among these,
adsorption and photo-catalysis has been proved to be very facile, efficient, economically

scalable, environmentally friendly processes [31].

1.3 Water purification using photocatalyst

1.3.1 Principle of photocatalysis

Photo-catalysis is a promising technique for water purification that uses catalyst
(semiconductor) as a medium to degrade various pollutants present in the water using a solar
light source [32]. Photo-catalysis technique utilizes various radiation wavelengths of solar
spectrum (ultraviolet, visible, and infrared radiation) to accelerate the chemical reaction rate.
Typically, after absorbing a certain range of radiation, a photo-catalytic material gets involved in
the chemical transformation of the pristine reactant species [33]. Generally, semiconducting
materials are considered for catalytic medium in photocatalytic degradation, which generates
charge carriers due to absorbing light energy higher than its bandgap energy [34]. The photo-
generated e-h* pair produces highly reactive radicals, such as super oxides (O2’), hydroxyl ions
(OH") in water. These radicals, thereafter, lead to secondary reaction pathways to break down the
otherwise non-degradable organic/inorganic molecules remaining in the wastewater. The
contaminant degradation may also take place by directly transferring the photo-generated e-h*
from surface of catalyst to contaminant molecules. Figurel.2 depicted the process of
photocatalysis that occurs over a nano-dimensionally fabricated semiconducting catalyst surface.
Photocatalysis can be recognized as a surface phenomenon which can be explained as a
sequential combination of five fundamental steps [35].

(i) reactant diffusion to the catalyst surface, (ii) reactant adsorption on the catalyst surface, (iii)
occurrence of chemical reaction at catalyst surface sites, (iv) Desorption of the newly
transformed species from catalyst surface, followed by (v) product diffusion drifting away from
the catalytic surface. The possible course of degradation of organic pollutants (example: MB,

RhB) in water through photocatalysis is shown in the following equations [33].
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Figure 1.2: Schematic representation of a photocatalytic process [33,36].

1.3.2 Photocatalytic materials

The decomposition of organic contaminants has been demonstrated using wider range of
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metal oxide nanomaterial (i.e. ZnO, TiO2, WO3, SnO, Fe;0s, etc.) through the photocatalytic
process [37]. These materials are having low cost, chemical stability, nontoxicity. Although,
these materials absorbed UV light that confines its usefulness due to fast recombination of
charge carriers resulting in lower performance [6,38]. To overcome this problem, various
modifications of photo-catalyst including metal doping, decoration with quantum dots and
formation of heterostructures [39]. Doping with an appropriate quantity of dopant cations can



support the electron entrapment and hinder charge carrier (electron-hole) recombination,
therefore enhancing the photo-catalytic performance of the catalyst. L.Pan et al. have been
reported that degradation of methyl orange using metal ions (Cu?*, Co?*, Fe*") modified TiO;
shown better photocatalytic performance than the pristine TiO2 [40]. This is because of the fact
that metal cation doping might result into defect site formation in the TiO lattice or even can
prompt an alteration in crystallinity thereof, inhibiting the charge carrier recombination [41].
Metal doping creates defects and thermal stability resulting in weaker performance of organic
pollutants [39,42]. Further, various researchers investigated non-metal doping, causing band gap
reduction by changing the valance band (VB) and the formation of an oxygen-deficient site.
Non-metallic impurity level created above the valence band of the TiO2, enhances the absorption

of radiation as well as (e” - h*) segregation of the TiO[43,44].

Recently, Metal-organic frameworks (MOFs) have been explored for purification of
wastewater. It has porous nature, high surface to volume ratio, which absorbs toxic pollutants by
removing contaminated particles and heavy metals via light illumination [45,46]. It is promising
to select suitable materials to construct MOFs with a better photocatalytic property because the
exciting materials are the main active sites of the photocatalytic reaction [47]. To construct the
stable MOFs nanoparticles using quantum dots, graphene, metal oxides and carbon related
materials (carbon nanotubes). It shows the better performance of photocatalytic activity over
MOFs [48]. The core-shell heterostructure photo-catalyst ZnO@MOF-46 demonstrated higher
photocatalytic performance than pure ZnO [49]. Also, metal chalcogenide materials viz., MoSa,
SnSy, TiSy, WS» are emerging materials for photocatalysis application due to their attractive
electronic properties. For example, 2D nanosheet structural units of MoS; are being produced in
order to ensure a direct bandgap of approximately 1.96 eV owing to the proper band positions.
The absorption affinity for visible range light leads to higher photo-catalyst performance.

Further, earth-abundant Copper derivative chalcogenide compounds, Vviz.,
Cu2ZnSnS4(CZTS) and Cu2ZnSnSes(CZTSe) catalytic material have been used for purifying the
water from the wastewater treatment [50,51]. It has a suitable bandgap, large absorption
coefficient, earth-abundant constituent elements it more suitable for dye degradation (water
purification) [52]. CZTS based materials have been used to degrade organic pollutants, showing
excellent photocatalytic performances [53]. Also, heterostructure-based Pt-CZTS and Au-CZTS



were used for the degradation of RhB dye which demonstrated better performance [54].
Similarly, various research authors have been investigated dye degradation (water purification)
from wastewater using CZTS materials displayed higher photodegradation [53,55-57]. Recently
p-type Cu2FeSnS4(CFTS) material has been considered as another alternative material for dye
degradation, it has similar properties of CZTS i.e. high absorption coefficient (10* cm™) and
earth-abundant, low cost, and non-toxic material. The optical band gap of CZTS materials
decreases when the replacement of Zn with Fe enhances the photocatalytic performance [58].
Furthermore, Y.Gao et al. reported that when they partially replaced Zn with Fe, the dye
degradation was improved from 62% to 92%, suggesting that the importance of Fe in the CZTS
structure. CFTS have a higher surface area, low bandgap, earth-abundant and suitable for
photocatalytic application. The development of high-quality earth abundant photo catalyst in
large scale is challenging task that can improve the photocatalytic performance. The
chalcogenide materials offer higher absorption coefficient, constituent elements are abundance,
lower recombination rate of electron-hole pair, higher surface area. Thus, further investigation on
earth abundant chalcogenide materials as photo-catalyst material for organic dye decomposition

in the contaminated water is required.

1.4 Water purification via adsorption process

1.4.1 Principle of adsorption process

Interplay between adsorbate-adsorbent synergic surface interactions give rise to
adsorption phenomenon [31]. This physicochemical phenomenon is determined by distinct
factors including pH of the medium, concentration, temperature, adsorbent-adsorbate interactions
acting at the interfacial sites [32]. Higher surface-to-volume ratio, layer by layer structure and
adequate mechano-chemical stability to propagate faster contaminant decomposition in aqueous
medium are some essential features of efficient adsorbent materials. Adsorption mechanism can
be understood using various kinds of isotherms. Interaction between adsorbate and adsorbent
often determine the course of adsorption to be chemisorption or physisorption. A chemical
reaction between adsorbent and adsorbate propagates the chemisorption in an irreversible
manner. Further, physisorption can be achieved by the presence of a range of weak interacting
forces, including Hydrogen bonding, Van der Waals interaction, dipole-dipole attraction, etc.



The reversibility of this adsorption process provides it with a more promising applicative outlook

in terms of higher plausibility catalyst recovery and reusability.

& “Fo,
<Ry \
Y 2
o \ | 0
§9) ol )’l G | Dye wastewater 2
Lol ’
J G .
\ Q0o & S Za TN LTS
QO V9 ,/(/" e & -/\;
Q0O oy 899 Gudao
Adsorbent . &g, an0\ - ‘\Kﬁ ¢ :,) 4
————at & 7
esorpl\o“ e ot 2

Purified water

Figure 1.3:Water purification through adsorption process [59].
1.4.2 Adsorbent materials for water purification

Materials such as metal oxides (TiO2, FesOs, CuO etc.)[5,8], MXenes (transition metal
carbides and carbonitrides) [9,10], magnetic nanomaterials [60], gels (aerogels, xerogels)
[61,62], polymer nanocomposites [11,12], Zeolites [13] have been studied for water purification.
Natural materials such as agricultural and industrial residues, and bio-sorbents have been
described as a cost effective adsorbent for the dye removal from aquous medium [27]. Similarly,
carbon nanomaterials [(carbon nanotubes (CNTs), graphene, fullerenes, carbon nanofibers,
nanoporous carbon (NPCs), and graphitic-carbon nitride (g-CsN4)] [14,15,63,64] is also very
effective and efficient materials in this context. Carbon material has exhibited an excellent
adsorption ability to remove organic dyes but use of extravagant initial precursors, slow process
kinetics, complex synthetic methods, low efficiency and difficulty of recycling has limited their
large-scale application [65,66]. Abhijit dan et al. have reported that chitosan-graphene oxide
hydrogels with embedded magnetic iron oxide nanoparticles have demonstrated excellent
adsorption property for removal of dye from waste water [66]. Recently, L.T.Ha et al. have
reported that magnetic (Fe3Os) nanoparticles modified biochar from the pomelo peel have
exhibited a promising material for removal of organic dye from wastewater [67]. A large-scale
synthesis of mesoporous hematite (Fe2Oz) nanorods demonstrated rapid, superior, and selective
adsorption efficiency toward Congo red (organic dye) dye present in the wastewater [68].
Manganese and samarium doped and co-doped zinc sulfide phosphors have shown better dye
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adsorption properties investigated by Yuranan.H [69]. Aminotetrazole functionalized MgO-SiO-
(MSNT) nanocomposites exhibits rapid and selective adsorption of acid fuchsin dye reported by
D.K. Rai et al. [70].

Metal chalcogenides (MoS2, ZnS, ZnSe et al.) [71-73] have also been extensively
explored as adsorbents to remove organic pollutants. Chalcogenide CuzFeSnS4(CFTS) are
promising adsorbent for removal of organic pollutant (i.e methyl orange) from wastewater due to
their size and shape-dependent properties, earth-abundant, environmentally friendly nature [16].
Adsorbents can be easily regenerated for their use in the subsequent process and ease of
operation, make the adsorption process very versatile for wastewater treatment. Till date various
kinds of semiconductor materials such as metal oxides, metal sulfides, carbon related material,
natural material (agricultural wastes, and bio-sorbents) were reported as adsorbents for the
removal of organic pollutant from wastewater. These materials have a higher surface area,
porosity, layer structure, and reusability for removal of organic pollutant but limited for large-
scale application due to the expensive initial precursors and complex synthesis methods.
Therefore, the development of more efficient and sustainable adsorbents for the removal of
organic pollutant from wastewater is great importance in environmental engineering. Herein, a
part of thesis work focus on earth abundant chalcogenide materials as adsorbent for water
purification because of constituent materials have earth abundant, high surface area, porous type

morphology, low-cost synthesis process.

1.5 Water splitting

The alternative to fossil fuels is hydrogen gas, clean, renewable, and high energy density
fuel [74]. It is easily storable and transportable; it has been used for various applications such as
combustion engines, fuel cells, chemical industries to produce different chemicals. Still, to date,
95% of hydrogen fuel is generated by fossil fuels, only 4% from electricity and 1% from biomass
[17]. Generally, hydrogen is produced via coal gasification, steam reforming process, and water
splitting methods [75]. Hydrogen production from the non-renewable energy sources is achived
using steam reforming and coal gasification, however such processing requires higher
temperature and pressure [76]. The steam reforming and coal gasification use the conventional
fossil fuels for hydrogen gas evolution, hence, releasing toxic gases (CO and CO,) to the

atmosphere that severely affects the environment and human being [75]. On the other hand,
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hydrogen gas generation from water splitting technique is a extremely promoted and clean due to
these following advantages: i) low energy requirement for water splitting, ii) primarily
segregated production of hydrogen (H2) and oxygen (O2) gases, eliminating the extra step of gas
separation and iii) both the parent as well as the resultant species (H20 and Hz, O, respectively)
are benign for environment [77]. Basically, water splitting involves two half-cell electro-
chemical reactions wherein cathodic reaction leads to hydrogen production via hydrogen
evolution reaction (HER) [78] while anodic chamber generates oxygen via anodic chemical
reactions and is known as oxygen evolution reaction (OER) [79].

Water splitting is a source of hydrogen generation that can be mostly obtained via
electro-catalytic and photocatalytic/photo-electrochemical process [80]. In this method, H2 and
O are generated at higher potential in the presence of Pt-/Ir-metal derived catalysts [19]. In
electrochemical water splitting, high power consumption and expensive catalysts hamper large-
scale hydrogen production [81]. In contrast, electrochemical water splitting shows excellent
adaptability, producing hydrogen and oxygen from the intermittent energy source [81-84].
Majority of the reports recently surfaced in this research area are driven towards solar light to
hydrogen evolution due to the unlimited access of sunlight [81,85].

1.5.1 Photo-electrochemical (PEC) water splitting

In the photo-electrochemical (PEC) method, the essential solar-to-hydrogen (STH)
conversion process is a photo-electrochemical system to generate hydrogen gas by water splitting
[86,87]. A classical PEC cell is comprised of- i) an electrolyte, which can propagate facile mass
transport to each electrode surface, ii) a working electrode consisting of a semiconducting
material that can be either of the n-type or p-type semiconducting material ( to generate the
electron and holes pairs) and iii) to balance the primary catalytic process (reduction reaction to
generate the H. gas), a counter electrode is introduced [87]. Figure 1.4 depicts schematic
representation of photo-electrochemical water splitting processes. Initially, upon light exposer on
semiconductor material, electrons and hole pairs are generated.

h9 + semiconductor — 2e~ + 2h* (1.9)

The valence band (VB) electrons in the material are then elevated to the conduction band (CB)
through photo excitation. Further, these electron-hole pairs are separated to electrons and holes,
move towards cathodic and anodic surfaces, respectively. When the working electrode act as a
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photoanode, oxidation half-reaction occurs at the electrode surface, and electrons move towards
the counter electrode surface in order to accomplish the reduction half-cell reaction (Figure 1.4
and Figure 1.5b) [10].

Anode ... ... ... h* + H,0 - 0, + H* (1.10)

Cathode ... ... H*+e~ - H,gas (1.11)

Photoanode Pt electrode

Figure 1.4: Schematic representation of photo-electrochemical water Splitting [87].

If the working electrode is a photocathode, a reduction reaction occurs at the surface of the
electrode (excited electrons accumulate on the surface), and an outer circuit is employed to
transfer the holes so that they can reach the counter electrode surface in order to undergo

oxidation half-reaction (Figure 1.5a).

Anode: 4H,0 + e~ — 2H, + 40H* En,o/m, = —0.828V (1.12)
While holes oxide water to form oxygen gas at the semiconductor surface
Cathode: 40H* + 4h* — 4H,0 + 0, Eo,jon- = 0401V  (1.13)
Overall reaction for the photo-electrochemical water-splitting is.
H,0 +hd - H, +1/20, (1.14)
AG =237 kJ/mole
Under standard conditions, minimum potential required for water electrolysis is 1.23V at room

temperature. According to the Gibbs free energy relation AG = nF.AE°. Where AG is the
12



standard Gibbs free energy change (AG = 237kJ/mol) i.e., this much of energy supplied from an
external power source to electrolyze water, F is the faraday constant and AE° is the standard

electric potential of the reaction [80].
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Figure 1.5: Schematic diagram of the (a) photocathode and (b) photoanode in a typical PEC
water splitting technique where electrode materials are comprised of semiconductors.

Reproduced with permission from Ref. [88] copyright 2014 Royal Society of Chemistry.

1.5.2 Nanomaterials and nanostructures for PEC water splitting

In 1972, Fukushima and Honda first introduced PEC WS to generate hydrogen and
oxygen gas from water using TiO2 semiconducting material as photoanode [89,90]. To procure
high photo-conversion efficiency, photo-anodes have to be proficient in solar spectrum
harvesting and also should accelerate charge transfer along with good durability against aging or
instability arising due to multiple uses [87,91]. Nanomaterials have a high surface area, strong
absorption coefficients and smaller size resulting in higher conversion efficiency of solar to
hydrogen fuel [91]. The band gap of nanomaterials can be tune by varying the size, shape, and
synthesis process, nano materials (particles) are the building block for the photo-catalyst due to
the mass and charge transportation is more and enhanced light absorption and diminish light
scattering [92]. The nanoparticles can be deposited on the conductive substrate or dissipate in
reaction medium (water) for photocatalytic application to improve efficiency. The increment in
PEC efficiency was majorly seen at the places where restricted movement of metal nanoparticles

was secured, i.e., at the semiconductor/electrolyte interface, due to minority charge transport to
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the electrolyte from the electrode. Nanomaterials can be categorized on the dimensionality such
as O-D, 1-D, 2-D, and 3-D dimensional nanostructures. Zero dimensional nanostructures (i.e
nanoparticles that as spherical particles and quantum dots) are generally used in the generation of
hydrogen by photo-electrochemical water splitting, to improve the light absorption and scattering
of light, leading to higher efficiency [93]. In addition, 1D nanostructures such as nanorods (TiOz,
Zn0), nanowire (Fe203, CdS), nanotubes (TiO2) and nanoplates (Figure 1.6) are attractive photo-

electrodes for water splitting application due to its higher aspect ratio, higher surface area and

better photoactive nature [94].

Figure 1.6: Various morphology of nanomaterials (a) Nanorods, (b) Nanowires, (c) Nanotubes,
(d) Nanoplates [94].

2-D nanostructures such as thin-film are interesting photo-electrode materials for water
oxidation in PEC. It has high surface area and smaller thickness, which provide a wider portion
of light-harvesting that supports easy transport of charge carrier onto the surfaces and enhances
generation of hydrogen [95]. For example, 2-D WOs3 (5-10nm thickness) photoanodes were
fabricated by hydrothermal method; it has observed that thickness of the film influences the
process of photo-excited e transport [96,97]. Further, 3-D nanostructures (i.e. dendritic a-Fe203)
are also involved for designing better performance electrode to provides adequate light
absorption [98]. Under simulated solar light, dendritic Fe2Oz nanostructure photoanode have
been demonstrated around 2.2 mA/cm? at 1.23 V vs RHE [99]. Among these 1-D nanostructure
materials have interesting photoelectrical performance compared to the other dimensionality
materials. 1-D nanostructure inherit quick diffusion in a single direction with higher surface area
and more efficient transport of charge carrier result in a lower recombination of electron-hole
pairs [94]. TiO2 nanorods as photoanode materials for PEC application have higher charge
transport, which leads to higher solar to fuel conversion efficiency.
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1.5.3 Earth abundant nanomaterials for water splitting
1.5.3.1 Metal oxide-based materials

Metal oxides have attractive materials because of its outstanding chemical stability,
favorable band edge position, earth-abundant, tunable band gaps and low cost [100]. Figure 1.7.
depicts wide distribution of bandgap and band edge positions of metal oxide. Generally, the
valance band (VB) and conduction band (CB) of metal oxides have O 2p and transition metal (s,
d or p) characteristics, respectively. Various earth-abundant metal oxide semiconductor
materials, including TiO2, ZnO, BiVO4, Fe03 [101,102], SnO2, Cu20 [103,104], WO3, BiVO4
[105] and SrTiO3z have been explored thoroughly for PEC WS application. Because of higher
chemical stability, easy fabrication, and low cost [87]. However, it has wide band gaps and
absorbs a limited portion of the solar spectrum, higher recombination of charge carrier, poor
stability in aqueous solution, and poor conversion efficiencies [87]. Further, ternary oxides-based
abundant materials, including CuFeO2, CuCrO2 have been investigated for PEC application. It
has a smaller bandgap, higher absorption coefficient, good charge carrier mobility [106].
However, further studies are needed to explore the viability of this type of material. In addition, a
spinnel structure-based metal oxide material i.e CaFe,Os4 and CuBi2Os have also been
investigated for PEC application. These materials have earth-abundant p-type semiconducting
nature and reported for water reduction, because of low cost, and suitable band gap i.e. 1.9 eV
(CaFe204) photocathode [107]. Doping strategy enhances the photo-electrochemical properties
of spinel structure materials. Limitation of this material is requirement of high temperature
synthesis, higher charge recombination and poor charge transport resulting in lower performance
of PEC [107].

Many metal oxide materials hold great potential for photo-electrodes or catalysts. Several
challenges remain to be addressed such as poor electrical conductivity and inadequate absorption
of most metal oxides, when utilized as photo-electrodes for PEC WS. Increase doping efficiency,
control the dopant concentration will help to fulfil the above metal oxide limitation. The
electrical conductivity of metal oxides is insufficient to improve the conductivity, and novel
synthetic techniques are essential to synthesize the metal oxide nanostructures. Post-growth
treatment via chemical modification with doping may also be crucial to enhance their PEC

performance.
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Figure 1.7: Band edge positions of various semiconductors. HER and OER redox potentials are
also presented or comparison. Reproduced with permission from Ref. [108] copyright 2016

Royal Society of Chemistry.

1.5.3.2 Metal sulfide-based nanomaterial for PEC water splitting

Several metal sulfide materials have been investigated for water splitting application
[109]. Metal sulfide allow better response to the broad solar spectrum compared to metal oxide
[19]. Various binary metal sulfide materials (SnS, ZnS, CdS, MoS;, WSs, CoS;, NiS, Bi2S3,
PbS, AQ.S), ternary metal sulfide material have been investigated for PEC water splitting
application [19]. Which is having higher absorption coefficient, and earth-abundant and better
electronic properties, and a suitable bandgap. Which leads to higher performance of PEC device.
The limitation of this material is photo corrosion and reducing the drawback of this material,
which required sacrificial agents to reduce the photo corrosion [19]. To improve the PEC
performance, doping of metal ions (such as Cu, Cd, Ni, Mn) on metal sulfide thin films has
enhanced PEC performance under visible light. Another alternative route is the decoration of
noble metal (Pt, Au, Pd, Ru) on metal sulfide materials [110] to improve the photo corrosion and

oxidation resistance.

Furthermore, the formation of heterojunctions with metal sulfide and other materials,
especially metal oxide (TiO2) has enhanced photoconductivity, reduced the recombination of
charge carriers to enhance the PEC performance. For example, TiO2/Cu»S heterostructure could
increase the photocurrent due to reducing the recombination of charge carriers in the TiO2/Cu2S
heterostructure [111]. However, the limitation of the metal sulfide is chemical stability due to

this easily oxidizing and its leads to reduce performance device over as result of corrosion.
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Chemical stability of metal sulfides and its wide range of pH is a technical barrier that needs to
be addressed. In addition, the PEC performance was enhanced by transition metal doping,
surface modification of metal oxide leads to improvement in PEC efficiency [19]. Moreover,
smaller particle size materials decorate on metal oxide to form a heterojunction device, leads to

enhanced photocurrent density of the overall device.

1.5.3.3 Chalcogenide semiconductor materials

Efficient and economically viable way to generate hydrogen through PEC water splitting
is a challenging task. The working electrode semiconductor materials should be earth-abundant
constituents and suitable band gap. Most well-known earth-abundant material i.e. cuprous oxide
(Cu20), is one of the favorable abundant p-type semiconductor photo-electrode for PEC WS.
Copper is abundant and easily available in the earth. The limitation of this material is photo
corrosion. Therefore, to overcome this problem, surface protection was used to reduce the photo
corrosion leads to improve the performance and stability of the Cu,O photocathode in the PEC
device. Similarly, numerous typical binary light-absorptive materials that fit these conditions
have been proposed, such as iron disulfide (FeSz) [112], copper(l) sulfide (CuzS) [111], tin
sulfide (SnS) [113], tin selenide (SnSe) [114] and bismuth sulfide (Bi»Ss) [115]. Another
alternative earth-abundant chalcogenide semiconductor well known materials for photovoltaics,
with power conversion efficiency of 22.6%. Firstly, CIGS-based photocathode materials have
been investigated for PEC application, and the solar to hydrogen efficiency is achieved 10%.
Due to high cost of indium and gallium elements in CIGS devices is limited to further study.
Further, replacing indium and gallium with low cost, di and trivalent cations (i.e Zn?* and Sn**)
forms a Cu2ZnSnS4 semiconductor as shown promising materials for PEC application. Because
of environmentally friendly, high absorption coefficient, earth-abundant and non-toxic nature
[116]. One of the main advantages of this material is tuning the bandgap from 1eV (CZTSe) to
1.5eV (CZTS) while changing the S and Se ratio. CZTS material was introduced as a
photocathode electrode for PEC application demostracted, photocurrent density around
0.1mA/cm? [117]. To improve the photocurrent density , various surface modifications with
TiO», ZnS, SnS, and CdS have been investigated to promote charge separation and transportation
in the PEC device [118]. After optimization surface modification, CZTS photocathode with
CZTS/CdS/TiO2/Pt structure fabricated by solution approach and revealed current density value
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around 9mA/cm= [119]. To development of an efficient photocathode material for solution

process CZTS thin film remain an area to be explored.

Another alternative chalcogenide semiconductor material i.e CuFeSnSs (CFTS) material,
has similar properties of CZTS, i.e suitable bandgap (1.28-1.50eV) and higher optical absorption
coefficient (> 10%cm™), low cost, earth-abundant and non-toxic materials [120]. Substitution of
Zn by Fe in CZTS material reduces the optical bandgap, because Fe is more stable in the lattice
thus improving solar conversion efficiency. Most recently, the CFTS materials used for counter
electrodes in dye-sensitized solar cells (DSSCs) [121] absorber layer for thin-film solar cells and
dye degradation application [122]. CFTS nanostructures were synthesized by solvothermal,
hydrothermal, hot injection and microwave-assisted [7].0n the other hand, CFTS thin films were
fabricated by chemical technique, including chemical bath deposition, spin coating, spray
pyrolysis and successive ionic layer adsorption and, and physical techniques such as sputtering,
pulsed layer deposition (PLD) etc. [7]. The CFTS material has a suitable bandgap, earth-
abundant, low cost and non-toxic, it is suitable for the photo-catalyst application. Recently, the
degradation of methylene blue dye degraded using CFTS nanoparticles synthesized by hot
injection method [123]. Degradation of organic pollutants from wastewater using CFTS particles
were also reported [122,123]. Similarly, we believe that CFTS material is suitable for PEC
application because of the suitable bandgap and higher absorption coefficient. The major
challenge toward realistic application of photo-electrochemical water splitting is the lower
efficiency. In addition development of stable working electrode for longer duration, abundant
and non-toxic materials, and heterostructure photoelectrode to harvest the wider solar spectrum

are the existing research challenges.

1.5.4 Strategies to enhance the PEC water splitting performance of
nanomaterials

Approaches such as doping, surface modification, and heterojunction formation were
developed to improve the PEC performance of the nanostructure photoelectrodes. This facilitates
the better charge carrier transfer and separation, improves the optical absorption ability, and

leads to enhancement in performance.
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1.5.4.1 Doping

Electronic and optical properties of semiconductors can be modified by doping with
suitable materials. Various metal or non-metal have been doped into photoanode materials to
induce redshift of bandgap absorption, such as metal (Mn, Fe, Co) [124], Nb [125], Bi [126], Sn
[127], nitrogen [128], Sulphur [129], fluorine [130] doped TiO.. J. Bene et al have reported that
Fe-doped TiO2 nanorods demonstrated higher light absorption and charge carrier density leads to
photocurrent conversion efficiency compared to un-doped TiO2 [131]. In addition, Cobalt (Co) is
a suitable dopant for semiconductor oxides due to its incorporation into crystal lattice of oxides,
to influence the nanostructure morphologies, crystalline size and surface area. Which
significantly increases the photo-generated charge carriers leads to higher PEC performance
[132]. Transition metal (Fe, Mn, Co) doped TiO2 nanorods array were synthesized by wet
chemical process, significantly improving the photo response in the visible light region. Thus,
increase carrier density of TiO, resulting in effective charge carrier separation and transportation
[124]. However, doping of metal causes degradation in thermal instability and creates impurities,
resulting in lower performance of PEC device [39,86].

1.5.4.2 Surface modifications and heterostructure formation

Surface modification of the photo-electrodes also significantly increases the PEC
performance. These, modifications adjust the band-edge potential, flat-band potential and
chemical stabilities of the electrodes. As a result quantum efficiency, onset potential, and
stability are improved. Modification of surface layer is generally less than 0.1um thick and
noticeably higher than the causal photon absorber. Consequently, modified electrodes do not
influence the photoexcitation procedure, but preferably promote development of an internal
electric field, passivation of surface states [10,11][133], and the degradation of the surface photo-
electrode [12]. Thus, explorations of surface modification play dynamic role in the improvement
of efficient stable photo-electrodes. Generally, TiO> is the most used surface modifiers. For
example, photo corrosion take place on the epidermis of the photo-electrode, metal oxides has
been used actively for better stability of electrode materials. Seger et al. reported silicon photo-
electrode covered with a 100 nm TiO2 layer displayed substantial enhancement in stability (>72
hours) [134]. TiO: shielded with silicon photo-electrode exhibited stable PEC water oxidation
for more than 100 h [135]. Similarly, Mo-doped BiVO4 photo-electrode exhibited excellent
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stability (1000 h) at 0.4 V vs reversible hydrogen electrode (RHE) reported by Domen and his
group in 2016 [136].

On applying several layers as surface modifiers, loss of illuminated light and interface
recombination will occur due to the presence of photo absorbers. Development of multi-
functional layers will be crucial for obtaining efficient energy conversion in the future. To
improve efficiency of PEC device, formation of heterostructure (i.e. combination of one or more
semiconductor or metal) is considered a favorable route to harvest the visible light. This
heterostructure absorbed full range of spectral light sources and can boost photo-excited charge
carrier separation, reducing e™-h* recombination thus improving the PEC performance.

The heterostructure of metal oxide material with typical band gaps can absorb the wider
range of light absorption spectra. There are three main types of heterojunction based on each
position of each semiconductor's valence and conduction band as shown in Figure 1.8. Type-1
generally does not contribute to increases in activity of the system due to both electrons and
holes moving to one semiconductor, resulting in an accumulation [137]. Type-2 allows better
charge separation efficiency, longer lifetime of electron-hole pair, and decreased recombination
rates. This is achieved through semiconductor-2 having a lower conduction band (C.B) and
valence band (V.B) than semiconductor-1, allowing for e” and h* transfer in opposite directions.
Type-3 consists of one of the semiconductors having both the C.B and V.B lower than the other.
Here, an electron mediator is required to connect the two semiconductors [137]. Among these
three, type-11 based heterostructure (Figure 1.8) can facilitate efficient separation of photo-
generated charge carrier under light irradiation [138]. The semiconductor-2 act as a photo
absorber that assist internal electric field across the interface. Internal potential bias remarkably
supports charge carrier separation and transportation across the interface of the dual electrode
material decreases recombination of electron-hole pair.

For example, formation of P-N junction by modifying the TiO, nanostructures with Cu.O
particles as shown in Figure 1.9, facilitate separation of the excited electrons and holes [139]. It
has widely useful for improving the PEC performance of TiO through, modification with
visible-light materials such as CdS, BiWOe, CuS, Fe Os etc. [22,140-142]. Recently, the
TiO2/Cu20 core-shell (Figure 1.9) heterojunction photo-electrode demonstrated remarkable
photostability and attains a stable photocurrent around 2.3 mA/cm? during light illumination

[22]. The enhanced photocurrent due to the efficient transfer and separation of photo-generated
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Figure 1.8: Various types of heterojunction [137].

electrons and holes at heterojunction [22]. Further, the of n-type Bi.Sa/TiO2 heterostructure
fabricated by thermal process revealed a better photocatalytic activity and long-term stability
[143]. Quantum sized particles of CdS, ZnS and PbS on TiO> heterostructure showing higher
photocurrent density and stability [109]. In 2015, earth abundant chalcogenide material based
hetero-structure have been reported for PEC application. CZTS nanocrystal decorated on TiO>
nanorods arrays have demonstrated higher current density around 2.92 mA/cm? at 1.23 V vs
RHE than TiO2 nanorods [144].

Furthermore, surface passivation with ZnS on CZTS/TNR arrays resulted in
improvement in PEC performance with photocurrent density about 6.91mA/cm? was observed
[144]. In addition, CZTS was enclosed uniformly entire the surface of TiO2 nanowire arrays
(NWs) via wet chemical process have been demonstrated 23 times greater than TiO2, NWSs based
electrode [23]. Similarly, highest photocurrent density around 15.05 mA cm? at 1.23 V vs
normal hydrogen electrode(NHE) is observed when Ternary photo-electrode (CZTS /Zn(O,S)
/TNR) is used. Their suitable band gap energy, low-cost, earth-abundancy [145].
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nanostructure. Reused with permission from Ref.[22] Copyright 2018 Elsevier.

Further, design and development of earth-abundant, visible-light absorbing CZTS NPs
decorated on Sulphur doped TiO2 nanostrutures shows higher efficiency for solar water splitting.
Earth-abundant semiconductors materials have also been investigated for PEC water splitting. In
which, recombination of electron-hole pair, light absorption properties and stability are least
investigated [107,146]. Heterostructure photoelectrodes have exhibited higher photo-conversion
efficiency due to higher charge separation and transfer, lower recombination of photo-generated
charge carriers [75,109]. 1-D nanostructure based flatform and earth-abundant chalcogenides
semiconductor CFTS as visible light absorption material might have potential properties to

study.

1.6 Scope and objectives of the thesis work

The water purification and photo-electrochemical water splitting both the process are
related to photo-generation and separation of the electron under photoexcitation. In this study,
the development of efficient materials for solar (photo) driven catalytic process is the central
theme. The earth-abundant chalcogenides materials have shown a good presence in photovoltaic
devices. However, a limited investigation is reported in the area of photocatalytic and
electrochemical water splitting toward the production of hydrogen. Considering the excellent

properties and suitability of CuxZnSnSs (CZTS) for photocatalytic and photo-electrochemical
22



water splitting, it is indeed become the first choice to investigate. However, CZTS suffer from
multi or bimetallic phase formation during fabrication and also stability is limited under solar
excitation in the presence of an electrolyte. The Cu2FeSnSs is relatively stable and also has lesser
change to form bimetallic phases during growth. Hence in this study, CuzFeSnSs has been
consider as primary materials. The solution-based approach is investigated to grow the various
type of materials morphologies. Due to tunability of the surface properties of solution grown
CuzFeSnSa, it become interesting to understand their effect on various properties of materials and
subsequently over photocatalytic and photo-electrochemical water splitting properties.

The specific objectives of the thesis project are as follows:

o Optimized the growth process for the development of CuzFeSnSs particles by solution
approach.

o Study the effect of solvents on structural and morphological optical properties of CFTS
particles.

o Investigate the effect of various sulphur precursors on structural and morphological,
optical properties of CFTS particles and removal of organic dye from water via
photocatalytic process.

o Development of porous CuxFeSnSs particles and removal of organic pollutant from
wastewater using via adsorption process and electro-catalytic water splitting.

o Development of CFTS decorated Ni-TiO> NRs based heterostructure for photo-

electrochemical water splitting performance.

1.7 Thesis outline

Overall, the thesis is organized into seven chapters. Chapter-1 provides an overview of
recent development in water purification and splitting, the basic principle of photo-
electrochemical water splitting and objective of the research work. Chapter-2 presents that
synthesis of CuxFeSnS4(CFTS) particles and investigation on the effect of temperature, time and
solvents on structural, morphological, and optical properties. In this study, different temperatures
(160 °C, 180 °C, 200 °C, 220 °C), reaction time (6 h, 12 h, 18 h, 24 h) and different solvents such
as N, N-dimethyl formamide (DMF), oleylamine (OLA), deionized water (DI) and
ethylenediamine (EDA) are used for synthesis of CFTS particles and its effect on physical
properties of CFTS particles are studied. Chapter-3 reports on Synthesis of CuFeSnSs particles

23



using various sulphur precursors and study their structural, optical, and photocatalytic properties.
Various sulphur precursors namely sulphur powder, thiourea, sodium sulphide and thioacetamide
is used for the synthesis of CuxFeSnSs; particles and study its effects on crystallinity,
morphology, band gap and elemental composition. Chapter -4 reports that synthesis of porous
CuzFeSnS, particles and elimination of organic acid fuchsin dye pollutant from wastewater by
adsorption process. In this study, distinct reaction time in synthesis leads to have a porous
sphere, sheet-flakes, and intermixed flower-sheet morphologies of CFTS particle synthesized at
200 °C different time. Chapter-5 represent surface controlled Cu>FeSnSs particles synthesized
using different surfactants i.e. thioglycolic acid (TGA), polyvinylpyrrolidone (PVP), polyvinyl
alcohol (PVA). Then effect of surfactants on crystal structure, morphology, elemental
composition and electro-catalytic properties of CFTS particles are investigated. The significant
change in morphology (porous-sheet, porous and uniform spherical) of CFTS particles when the
changing the surfactant in the synthesis process. Highly porous CFTS particles render better
electrocatalysis water splitting properties. Chapter-6 describe the fabrication of Cu2FeSnSs
decorated Ni-TiO2 nanorods based photoanode for enhancing water splitting performance. We
fabricated the CFTS decorated Ni-TiO2 NRs heterostructure photoanode to harvest the wider
solar spectrum. Initially, TiO2, Ni-TiO2 NRs and CFTS/Ni-TiO2 were prepared by hydrothermal
method and followed by dip coating process. Further studied its structural, morphological and
photoelectrochemical water splitting performance. Chapter 7: Summary and future scope of the
thesis work, summarizes the main findings of the thesis work and future scope of the research

work are discussed in this area.
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CHAPTER-2

Synthesis of Cu.FeSnS, Particles and Structural,
Morphological and Optical Properties

2.1 Introduction

Quaternary chalcogenide semiconductors such as CulnGaSex(CIGS) and Cu2ZnSnSs
(CZTS) have widely explored due to its high absorption coefficient and direct band gap of about
1.3-1.5 eV [1]. However, the Cu2ZnSnSs (CZTS) quaternary chalcogenide group has attracted
great attention due to its abundant nature and nontoxic constituents [2]. The replacement of Zn,
by Fe in CZTS forms CFTS, leads to improvement in optoelectronic properties and suppresses
the formation of the secondary phase [3]. Moreover, CFTS also has a high optical absorption
coefficient (> 10%cm?), optical band gaps (1.2—1.8eV), which is ideal for solar energy harvesting
devices [4]. CFTS material has been utilized to develop an absorber layer for thin-film solar cells
[5] and counter electrode for dye sensitized solar cell etc. [4]. Synthesis of CFTS nanoparticles
with high yield and close to stoichiometry is challenging and, in this regards, various methods
such as hot injection, spray pyrolysis, solvothermal method are investigated. Among them,
solvothermal process shown promise, due to its low cost and environmentally friendly approach,
synthesis is possible at low temperature with the prospect of obtaining higher yield. Moreover,
morphological control can also be achieved by optimizing the growth parameters such as
solvents, initial precursors, processing conditions etc [6,7]. The growth temperature, reaction
time, solvent and surfactant in the solvothermal process are the key parameters that control the
formation and phase purity of the CFTS material. Although, it is well known that temperature,
reaction time, solvent and surfactant plays a dynamic role in structural and stoichiometry of the
CFTS particles. Still, the effect of all process parameters on the synthesis as well as properties of
CFTS particles are still required investigation for deeper understanding. In this chapter, the
synthesis of CFTS particles is reported using solvothermal approach. Herein the effect of
reaction parameters such as reaction temperature (160°C, 180°C, 200°C, 220°C), reaction time
(6h,12h,18h,24h) and solvents (H.O, OLA, DMF, EG) on structural, morphological and optical

properties of CFTS particles are studied. Varying the reaction temperature, time and solvents in

A part of this chapter has been published in AIP Conference Proceedings, 2215, 030603 and
Nano-Structures & Nano-objects, 26, 100697 (2021).



the synthesis process, significant difference in morphology (porous, flower, spherical, aggregate
and flower-sheet), elemental composition and bandgap (1.32 to 1.7eV) of the CFTS particles

were observed.
2.2 Experimental Details

2.2.1 Materials and reagents

Copper acetate monohydrate (CH3COz). Cu.H20, SRL, AR grade), ferric nitrate
(Fe(NO3)s, Lobachemie), Stannite chloride dehydrate (SnCl;, SRL) and thiourea (CH4N2S,
lobachemie), ethylene glycol (EG, Merck), oleyl amine (OLA), Deionized water (DI),
ethylenediamine (EDA), N, N-dimethyl formamide (DMF)

2.2.2 Synthesis of Cu2FeSnS4 (CFTYS) particles by solvothermal method

In solvothermal process, organic solvent as a reaction medium and metal precursors are
mixed to form a homogeneous solution. The reaction process generally occurred at high pressure
and temperature (200°C) in an autoclave hot air oven. In this study, the stoichiometric ratio of
(Cu:Fe:Sn:S) are 2:1:1:6 mmoles were dissolved in a 40ml of Ethylene glycol (EG) in a beaker.
The mixture was stirred vigorously for 30 min in order to obtain a homogeneous solution.
Subsequently, the solution shifted to a Teflon liner, which was then kept in an autoclave. The
reaction was carried out at 160°C for 24h in the oven and then allowed to cool down naturally to
room temperature. The supernatant is discarded from autoclave and remaining solution is
centrifuged for 15 min at 10000 rpm with ethanol. Repeat the centrifugation process was
repeated two to three times to remove the organic impurity’s. Finally, the residue was vacuum
dried at 60°C for 6h. The same synthesis recipe was repeated at different temperatures (180°C,
200°C, and 220°C). For another set of studies, the initial precursors, reaction temperature
(200°C), Ethylene glycol (EG) as solvent all were kept the same and only the reaction time was
varied (6h,12h,18h,24h). Similarly, the synthesis process was also carried out in the presence of
different solvents i.e oleyl amine (OLA), Deionized water (Dl), ethylenediamine (EDA), N, N-
dimethyl formamide (DMF) keeping the reaction temperature (200°C) and reaction time (24h).
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2.2.3 Characterization of Cu2FeSnS4 (CFTS) particles

The phase purity and crystal structure of synthesized CFTS particles were determined by
X-ray diffraction measurement with Cu-Ka radiation (A= 1.54A) using Bruker D-8 Advance X-
ray diffractometer. The impurity phases and confirmation of crystal structure were further
investigated by Micro-Raman spectrometer (Horibra LABRAM-HR visible (400 - 1100 nm)
laser source with an excitation wavelength of 473 nm and spot size of 1um at 25 mW laser
power. Oxidation states/chemical composition of synthesized CFTS particles were examined by
X-ray photoelectron spectroscopy (XPS, PHI 5000 Versa Probe Il, operating voltage:3 kV, full
scan time 1 h). Scanning Electron Microscope was used to analyze morphology, and elemental
composition of the synthesized CFTS particles (FEG-SEM, Supra 55 Zeiss), attached with
Energy Dispersive Spectrometer (EDS) operated at 20kV. The optical absorption properties of
synthesized CFTS particles were examined by using a spectrophotometer (UV-Vis, Shimadzu) at

room temperature.

2.3 Results and Discussion

2.3.1 Effect of reaction temperature on structural, morphological, and optical

properties of CuxFeSnS4 (CFTS) particles

The XRD patterns of CFTS particles synthesized at various reaction temperature (160°C,
180°C, 200°C, 220°C) are shown in Figure 2.1. The diffraction peaks that appeared in XRD
patterns such as (101), (112), (200), (220), (222), (312) are matched with stannite structure of
CFTS phase (JCPDF Pattern:44-1476). At lower reaction temperature (160°C) poor crystallinity
of CFTS particles is observed [8]. However, as the reaction temperature increases, the diffraction
peaks' intensities also increase gradually, indicating improvement in the crystallinity of the CFTS
particles. The synthesis reaction at 200°C shows the highest intensity of the diffraction peaks and
lowest full width half maximum indicating the better crystalline phase of CFTS particles. Further
increase in reaction temperature to 220°C, the intensity of XRD peaks decreases with wider
FWHM. The lattice parameters of CFTS particles are calculated [12]. These values are
agreement with reported literature values (a = 5.45, ¢ = 10.739, PDF card no. 44-1476). The
crystalline size of the CFTS particles was determined by using the Debye- Scherrer formula (D=
KMBCos6, where A is incident X-ray wavelength, B is the FWHM of the diffraction peak, 6 is the
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diffraction angle). The largest crystalline size is obtained in case of 200°C and the lowest

crystalline size is noticed in 220°C growth.
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Figure 2.1: XRD pattern of CFTS particles synthesized using various reaction temperatures
(160°C, 180°C, 200°C, 220°C).

SEM images of the CFTS particles synthesized by various reaction temperatures (180°C,
200°C, 220°C) are shown in Figure 2.2. Aggregate particles like morphology are obtained at
reaction temperature (180°C) are depicted in Figure 2.2. Further, increasing temperature to
200°C leads to the formation of a sphere-sheet-like morphology was noticed. Intermixed
aggregate and sheet-like morphology (1um) was obtained for 220°C growth time. The change in
morphology of the CFTS particles might be due to the nucleation dissolution and
recrystallization process in the synthesis process [9]. The elemental composition of CFTS
particles analyzed by EDX spectra, and the obtained elemental composition, as shown in Figure
2.3. At reaction temperature 180°C, Cu deficient and sulfur-rich CFTS observed, and near
stoichiometric ratios were obtained in the case of 200°C and 220°C. The difference in elemental

composition might be due to the different reactivity of the metal ions in the reaction process [10].
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Figure 2.2: SEM images of CFTS particles synthesized using different reaction temperature
(180°C, 200°C, 220°C).
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Figure 2.3: EDX spectra (a) elemental composition (b) of the CFTS particles (synthesized

different temperature).

Figure 2.4 shows the optical absorption spectra of the synthesized CFTS particles. The optical
band gap is estimated using the following equation. Absorption coefficients (cm™ mol™? ) were

calculated using the following formula [2].

Absorption coefficient(a) = & (2.1)

Here: A — Absorbance, o. = Molar absorption coefficients, C = concentration (0.001 mol ml2),

L =path length (1cm). The relationship between molar absorption coefficient (o) and
wavelength for CFTS is shown in Figure 2.4a. The band gap was calculated by extrapolation of
the liner portion of (ahv)? and hv plot see Figure 2.4b. The band gap of CFTS particles is 1.5
eV(180°C), 1.48 eV(200°C), 1.42 eV(220°C) found respectively. The obtained band gap values
are close to the optical value reported in the literature values [2,11,12]. A better crystalline CFTS

phase is observed when the reaction temperature (200°C). While, varying the reaction
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temperature in the synthesis process, a significant change in the morphology of CFTS particles is
noticed. Also band gap of the CFTS particles varied from 1.42eV to 1.5eV.
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Figure 2.4: Optical —absorption spectra (a) Tauc,s plot (b) of CFTS particles synthesized using
(different reaction temperatures).

2.3.2 Effect of reaction time on structural, morphological, and optical

properties of CuxFeSnSs (CFTS) particles

The measured XRD patterns (Figure 2.5a) of the as prepared samples exhibit various
diffraction peaks, such as (101), (112), (200), (220), (222), and (312) matches with the tetragonal
structure of CFTS phase (ICDD No: 44-1476). The CFTS particles synthesized in 6 h reaction
time have a slightly lower intensity and broader peaks (for example: (112) peak). The peak
intensities in XRD patterns increase with an increase in the reaction times (12 h and 18 h), which
represents the improvement in the crystallinity of the CFTS particles. The average crystalline
size of the CFTS particles is estimated using Scherrer formula [13] to be 2.04 nm, 5.23 nm, and
7.12 nm for 6 h, 12 h, and 18 h, respectively. Raman analysis was carried out to confirm the
phase purity and identify impurity phases (CuS, Cu2SnSs3) present in the synthesized particles
(Figure 2.5b). All synthesized CFTS particles show a strong peak at 320.5 cm™, verifying the
pure CFTS phase formation. The strong peak is ascribed to the symmetric vibration bond of

sulfur atoms [14].
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Figure 2.5: XRD patterns and (b) Raman spectra of the CFTS particles solvothermal synthesized
at 200 °C for 6 h, 12 h, and 18 h, respectively.
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Figure 2.6: (a) Scanning survey XPS spectrum of CuzFeSnS4 particles synthesized at 200°C for 6

h (b) carbon spectrum, high resolution core levels spectrum of (c) Cu2p, (d) Fe2p, (e) Sn3d and

(F) S2p respectively.

The elemental composition and oxidation states of the constituent elements in the

CuzFeSnS; particles synthesized at 200 °C for 6 h are investigated using XPS and data is shown
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in Figure 2.6. Figure 2.6a depicts the survey spectrum evidence for constituent elements (Cu, Fe,
Sn, and S) of CFTS, and C additional elements. The binding energies were corrected by
referencing the Cls peak to 284.5 eV (Figure 2.6b). The core-level XPS spectrum of the
constituent elements of CFTS is fitted with XPS PEAK 41 software (Figure 2.6¢ — Figure 2.6f).
The fitted core level XPS spectrum of Cu2p has displayed two peak splits (932.14 eV (2pzs2) and
951.94 eV (2p1r)), and the separation between peak splits calculated to be 19.8 eV, thus
attributed to the Cu'* state configuration (Figure 2.6¢) [5]. The fitted core level XPS spectrum of
Fe2p is showing two peaks at 710.23 eV(2psr) and 723.56 eV (2p12); the difference between
these two peaks is estimated to be 13.33 eV, which confirms the Fe?* state in the prepared
sample (Figure 2.6d) [5,15]. Similarly, the core level spectrum of Sn3d has exhibited two peaks
at 486.47 eV (Sn3ds2) and 494.86 eV (Sn3dss). The separation between these two peaks is found
to be 8.34 eV, thus indicating the presence of Sn** state in CFTS (Figure 2.6e) [37][38]. Other
peaks also appears at 486.97, and 495.26eV is attributed to the SnO, phase presence on the
CFTS surface [16]. The core-level spectrum of S2p has displayed the two peaks located at
161.66 eV (2p3/2) and 162.84 eV (2pl1/2); the gap between the two splits is 1.1eV, which is
consistent with sulfur (2-) state presence the CFTS compound [16]. All fitted parameters of
constituent elements are tabulated in Table 2.1. We can conclude that the standard oxidation

states present in the compound are agreed with Cuz*Fe?*Sn**S," in the material.

Table 2.1: Peak position and their FWHM values of porous CFTS particles.

Elements Peak position(eV) FWHM (eV)
Cu Peakl 932.14 1.284
Peak?2 951.94 2.350
Fe Peakl 710.73 11.121
Peak?2 722.56 1
Sn Peakl 486.47 1.016
Peak2 486.971 2.877
Peak3 494.86 0.901
Peak4 495.265 2.023
S Peakl 161.66 0.863
Peak2 162.84 2.494
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FTIR analysis confirms the functional groups present (OH™ groups) on synthesized CFTS
particles (Figure 2.7). The O—H stretching band (3170 cm™) is usually assigned to the water
molecules in all synthesized CFTS particles for different reaction times [17-19]. Further, a peak
at 1624 cm! attributed to the NH, ~ stretching vibrations in all CFTS samples [20-22]. The other
peaks at 610 cm ™t and 1080 cm™ is corresponding to the sulfate peaks (SO4 group) [17] and peak
at 770 cm™* belonging to C—H vibration, which indicates the functional groups present in all
synthesized CFTS particles [23]. The FTIR analysis concludes that functional groups present on

the surface of all synthesized CFTS particles.
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Figure 2.7: FTIR spectra of the CFTS particles synthesized at 200 °C for 6 h, 12 h, and 18 h,

respectively.

Morphologies of the CFTS particles synthesized at different reaction times (6 h, 12 h, and
18 h) are shown in Figure 2.8 (ai,bi,c1). The porous spheres (approximately 200 nm) are
obtained for 6 h (Figure 2.8a:1). Further increase in reaction time (12 h) resulted in sheet-flake-
like morphology (Figure 2.8b1). The mixture of the flower and sheet morphology is observed for
18 h (Figure 2.8c1). According to the reported literature, chemical composition, amount of
solvent, surfactants/complexing agent, initial precursors, and concentration, reaction
temperature/ time influences the morphology of quaternary chalcogenides particles [25, 29-32].

In the present study, the change in morphology with reaction time might be due to the variation
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of the chemical composition of synthesized CFTS particles [26]. The mixed morphology of
flowers with sheets together might be due to the adsorption of hydroxyl groups of ethylene
glycol over the surface of CFTS particles [9]. The OH" groups on the surface of CFTS particles
were corroborated by FTIR analysis (Figure 2.7). The morphology variation might be due to the

kinetically controlled nucleation - dissolution - recrystallization mechanisms [27,28].

Figure 2.8: SEM imaging, energy-dispersive X-ray spectroscopy, and elemental color mapping
of the CFTS particles (a:-as) CFTS-6h, (bi-bs) CFTS-12h and (c1-c3) CFTS-18h.

The composition analysis of CFTS particles synthesized at various reaction times is
analyzed using the EDS technique. Four different spots were analyzed for each sample, and the
resulted average elemental composition of prepared CFTS particles is summarized in Table 2.2.
The particles grown at 6 h have shown the stoichiometric ratio, and the corresponding EDS
spectrum and elemental mapping are shown in Figure 2.8 (a2&as). The Fe - rich and S - deficient
particles are obtained for 12 h reaction and elemental mapping represented in Figure 2.8bs.
Further, a longer reaction time (18 h) results in Cu - rich and Sn - deficient particles, and related
EDS spectrum and mapping are depicted in Figure 2.8(c2&cs). The stoichiometric ratio
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difference might be due to the difference in the metal ions' chemical reactivity (cations and
anions) [29].

Table 2.2: Elemental composition of CFTS particles synthesized at 200 °C for 6 h, 12 h, and 18h.

Reaction time Elemental composition (atomic %o)
Copper (Cu) Iron (Fe) Tin(Sn)  Sulphur (S)
Ideal 25 12.5 12.5 50
CFTS-6h 26.9 10.8 12.6 49.7
CFTS-12h 24.65 14.1 13.15 48.10
CFTS-18h 28.6 11.10 9.05 51.25
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Figure 2.9: (a) Nitrogen adsorption-desorption isotherm curves and (b) pore size of CFTS
particles synthesized at 200 °C for 6 h, 12 h, and 18 h.

The adsorption-isotherm curves of CFTS particles exhibit hysteresis loops (Figure 2.9(a-
b)), which are the porous structures' main characteristics. The specific surface area and pore size
of prepared CFTS particles are (obtained from multipoint BET) found to be 53.50 m?g™? and
4.301 nm for porous-CFTS, 33.10 m?g* and 3.822 nm for flakes- CFTS and, 20.99 m?g* and
3.72 nm for flowers-CFTS morphology, respectively. FEG-SEM and BET analysis conclude that

CFTS particles synthesized at 6 h have shown the porous surface, high specific surface area with
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larger pore size among the other two samples with sheet-flake and intermixed the flower-sheet

morphologies.

2.3.3 Effect of solvents on structural, morphological, and optical properties of
CuzFeSnSs (CFTYS) particles

Figure 2.10 (a,b) shows XRD analysis of CFTS particles synthesized using different
solvents at 200°C for 24h. The diffraction peaks obtained in XRD analysis such as (112), (101),
(200), 220), (312) are matched with stannite structure of CFTS phase (JCPDF No0:44-1476) and
also observed impurity phases (i.e SnS) are also noticed in all solvents based CFTS particles. In
case of DMF and EDA (as solvents) the diffraction peaks (112), (220) are sharper and less
broadness; it indicates the large crystalline grains and better crystallinity. Moreover, the particles
synthesized using DI water and OLA exhibits broader diffraction peaks corresponding to (112),
(220). The average grain size of the as synthesized CFTS particles was calculated using Scherrer
equation varies from 18.23 nm to 23.13nm. The highest grain size (23.13nm) is observed in case
of OLA and lowest (18.23) in case of DMF as solvents, respectively. The lattice parameters were
also calculated from the XRD data (a=b= 5.43-5.52 A, c= 10.63-10.75), which are found to be
in good agreement with the literature values [10]. The pure crystalline phase is obtained when
the CFTS particles heat-treated at 450°C for 30 min in argon ambiance (Figure 2.10b). All
samples show sharper peaks, the FWHM of the peaks is also reduced, indicating that the CFTS
particles' crystallinity is enhanced. The grain size (after heat treatment) samples are in the range
of 19.80 nm to 23.89 nm and lattice parameters are varied a=b=5.32- 5.75 A’, ¢= 10.73 to 10.93
A’. The highest grain size (23.89nm) in the case of OLA and lowest (19.80nm) in case of DMF
as a solvents. We can conclude that after heat-treatment of particles can be used to obtain the
pure stannite structure of CFTS phase.

In order to further analyze, the crystallinity and impurity phases, Raman spectroscopy is
performed. Figure 2.10c shows Raman peaks at 285 and 319cmt, which suggest the formation of
CFTS phase [11]. The peak at 319cm™ it corresponds to the asymmetry vibration of a pure anion
mode. The peak at 285 cm™ attributes to a pure anion mode around the Cu cation [30]. The
impurity phases are not detected i.e. Cu>SnSs and Cu,S phases. In addition, when the solvents
are OLA, EDA case the Raman peaks are very sharp compared to the other two solvents due to

the precursors being dissolved properly in the solvents ( i.e. boiling point of the EDA, OLA is
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higher) [31].When the DMF and DI water are used as a solvent the raman peaks are broad and

asymmetry in nature.
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Figure 2.10: XRD pattern of CFTS particles (a) As synthesized (b) Heat-treated at 450°C for 30

min with argon ambience sample (c) Raman analysis.

It might be due to the different vibrational excitation in a sample [32]. The elemental
composition of CFTS particles was examined by using EDS analysis. The elemental composition
of CFTS particles with different solvents is summarized in Table 2.3. The deficiency of iron, tin
and copper in rich, were observed in the synthesis of CFTS particles (DMF is used as a solvent),
it is due to difference in chemical reactivity of different metal precursors as well as a difference
in ionic radius of the metal ions [33]. However, near stoichiometric ratio of CFTS was noticed
when the EDA and OLA used as a solvent. The copper, iron and sulphur are near stoichiometric
ratio, Sn - deficiency are found in solvent used as a DI water. It might be due to lower reactivity
of the Sn with DI water [29].

Table 2.3: Elemental composition of the CFTS nanoparticles.

Different  Elemental composition (%6)

solvents Cu Fe Sn S

DMF 28.50 10.85 10.69 49.96
OLA 21.97 11.24 13.66 53.13
DI water 26.22 13.05 9.69 51.03
EDA 23.24 13.43 10.38 52.99
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Figure 2.11: SEM images of CFTS particles for different solvents (a) DMF (b) EDA (c) DI water
(d) OLA.

Figure 2.11 shows the SEM images of CFTS particles synthesized at 200°C for different
solvents. A flower like morphology is observed when the DMF is used as a solvent (particles
size 200 nm). Irregular shape large size particles are observed with size of 1um when EDA is
used as a solvent, it might be due to the its lower viscosity and boiling point [33]. In addition, DI
water is used as a solvent in the synthesis of CFTS particles, intermixed with a sheet and
aggregate particle morphology. Agglomerated particle morphology is observed with 300 nm,
when OLA is used as a solvent, due to high boiling point and viscous nature of OLA. It results in
a relatively lower reaction rate, which provides an ideal condition for an anisotropic growth.
Similarly, these properties slow down the growth rate [33].

Optical —absorption spectra of CFTS nanoparticles have shown in Figure 2.12. In the case
of DMF, higher absorption is observed as compared to other solvents, it might be due to the
larger surface area of the flowers like structure compared to other solvents. The optical band gap
is found by extrapolating the linear portion of Tauc plots (Figure 2.12) and procedure adopted in

the appendix Al. The optical band gap of the CFTS nanoparticles synthesized by using various
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solvents (DMF, DI water, OLA, EDA) is found to be, 1.43eV, 1.5eV, 1.65eV, and 1.7eV,
respectively. Variation in the bandgap might be due to the varied particle size of CFTS particles
(synthesized CFTS particles with different solvents). The estimated optical band gap value
matches well with the literature value [2].
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Figure 2.12: Optical absorption of CFTS particles, insert figure shows tauc plots of CFTS
particles.

2.4 Summary

Stannite structure of CFTS phase has been synthesized by varying the temperature,
reaction time, and solvents, in solvothermal synthesis. In the temperature-controlled synthesis, a
better crystalline CFTS phase was observed at 200°C. While varying the reaction time in the
synthesis process, improvement in the crystalline phase of CFTS and numerous morphologies
was observed with increasing reaction time. The as-grown particles have some impurity phases
and pure crystalline phase particles have achieved after heat treatment. A significant difference
i