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ABSTRACT 

The unique and tunable material properties of two-dimensional (2D) molybdenum diselenide 

include quantum-well structures with a thickness-dependent indirect to direct band transitions, 

high in-plane charge carrier mobility. Terrace sites at MoSe2 nanosheets' (NS) basal planes are 

terminated with fewer dangling bonds and are useful for a variety of applications in optoelectronic 

devices, supercapacitors, and spintronic devices, whereas edge sites on the side surface have more 

dangling bonds and are active sites for catalytic reactions. Due to ultrathin nature of monolayer of 

MoSe2 NS, the light-matter interactions decreases and presence of defect in colloidally synthesized 

NS is also known to affect the optoelectronic properties. To avoid these issues, we synthesized 

heterostructure of MoSe2 NS with various metal chalcogenide nanoparticles to increase the light 

matter interaction and passivate the Se-vacancy defects. Like MoSe2, the hybrid organic-inorganic 

layered halide perovskites (LH-PVSK) also have quasi-2D layered structure with alternating 

organic and inorganic layers. These LH-PVSK display excellent opto-electronic properties with 

high mobility of charge carriers. Whereas lead-free layered halide double perovskite (DP-PVSK) 

analogs of LH-PVSK exhibit very weak and broad white light emission arising due to STE and 

defects. We synthesized a system by combining the LH-PVSK – DP-PVSK into a core-shell 

morphology to make it possible to study the anion migration in our weakly emitting DP-PVSK by 

monitoring the fluorescence spectra of highly emitting LH-PVSK. The work in this thesis 

emphasizes how to utilize these different 2D materials to realize various heterostructures.  

In this thesis, chapters 1 & 2 provide the detailed introduction of materials and characterization 

methods. In chapter 3, we discuss the synthesis and characterization of 2D/2D MoSe2/SnS NHS 

and 2D/3D MoSe2/PbE (E=S, Se or Te) NHS using hot-injection synthesis route. The NHS were 

synthesized in a two-step colloidal route: defect rich (Se-vacancies) pure MoSe2 NS were 
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synthesized and followed by growth of metal chalcogenide nanocubes (NC) on top of MoSe2 NS. 

The Se-vacancies in MoSe2 NS were passivated by chalcogenide anions followed by addition of 

metal precursor. The passivation of Se-vacancies was found to be a thermodynamically controlled 

process as a high temperature of ≥180°C was required to produce MoSe2/SnS NHS and 

MoSe2/PbE NHS with intimate contact. The layered crystal structure of SnS allows for the growth 

of SnS NS on top of MoSe2 NS resulting in a unique 2D/2D NHS. We utilized the as synthesized 

type-II MoSe2/SnS NHS in electrocatalytic water splitting and found that the MoSe2/SnS NHS is 

a better electrocatalyst in comparison to both pure MoSe2 NS and SnS NC due to the in-built 

potential at the interface which reduces the charge transfer resistance. In chapter 4, we discuss the 

synthesis and the ultrafast charge transfer in 1D/2D CdS/MoSe2 nanorod (NR) on NS NHS. Unlike 

chapter 3, the synthesis scheme here involves growth of MoSe2 NS on top of NR surface. As a 

promising heterostructure for the application in photocatalytic water splitting, we took the 

opportunity to synthesize, characterize and study the charge transfer at the interface of MoSe2 NS 

and CdS NR in CdS/MoSe2 NHS. The NHS was synthesized using a two-step synthesis route: CdS 

NR were synthesized using hydrothermal route and followed by growth of MoSe2 NS around CdS 

NR using hot-injection colloidal method. Transient absorption (TA) spectroscopy was used to 

understand the charge carrier dynamics at the interface of CdS NR and MoSe2 NS. The observed 

ultrafast charge transfer from CdS NR to MoSe2 NS showed the ultrafast charge separation in the 

CdS/MoSe2 NHS. In chapter 5, we discuss the synthesis and characterization of heterostructures 

of layered halide perovskites. We synthesized 16 different core/shell heterostructures of non-

emitting or weakly emitting DP-PVSK as shell, and highly emitting LH-PVSK as core. We 

investigated the evolution of morphology of shell as a function of number of times the shell growth 

reaction is repeated on same set of particles. We analyzed electron diffraction patterns obtained 
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from pure LH-PVSK core and the core-shell LH-PVSK – DP-PVSK heterostructure to understand 

the crystal orientation of the heterostructure particles. This core-shell morphology provides a 

unique opportunity to study the structure-property relationship of non-emitting or weakly emitting 

DP-PVSK. The anion diffusion in DP-PVSK shell was studied by monitoring the changes in 

fluorescence spectra of lead-based layered halide perovskite. We established that the choice of 

organic spacer cation as well as the metal cation affects the anion diffusion. 

In summary, we have successfully synthesized the MoSe2 NS based MoSe2/PbE and MoSe2/SnS 

NHS, characterized and utilized the MoSe2/SnS NHS in electrocatalytic water splitting. We also 

realized the growth of MoSe2 NS on CdS NC and established the ultrafast hot electron transfer 

from CdS to MoSe2 NS. We have synthesized a core-shell heterostructure of lead-based and lead-

free layered halide perovskites to study the structure-property relationship in lead-free layered 

halide perovskite using fluorescence spectroscopy.      
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साराांश 

द्वि-आयामी (2 डी) MoSe2 के अद्वितीय और बदलने योग्य सामग्री गुणोों में क्ाोंटम-कुों आ सोंरचनाएों  शाद्वमल 

हैं, द्विनमें मोटाई-द्वनर्भर अप्रत्यक्ष से प्रत्यक्ष ऊिाभ अोंतराल सोंक्रमण, उच्च अोंतद्वनभद्वमभत-सतह चािभ वाहक 

गद्वतशीलता शाद्वमल है। MoSe2 नैनोशीट्स (एनएस) आधार वाला सतह में छत साइटें कम झलूते बोंधनोों के 

साथ समाप्त हो िाती हैं और ऑप्टोइलेक्ट्र ोद्वनक उपकरणोों, सुपरकैपेद्वसटर और स्पिनटर ोद्वनक उपकरणोों में 

द्ववद्वर्न्न अनुप्रयोगोों के द्वलए उपयोगी होती हैं, िबद्वक पार्श्भ सतह पर द्वकनारे की साइटोों में अद्वधक झलूते बोंधन 

होते हैं और उते्प्ररक प्रद्वतद्वक्रयाओों के द्वलए सद्वक्रय साइटें होती हैं।  MoSe2 एनएस के एक परत की बेहद 

पतली प्रकृद्वत के कारण, प्रकाश-पदाथभ इोंटरैक्शन कम हो िाता है और कोलाइडल रूप से सोंशे्लद्वित एनएस 

में दोि की उपस्पथथद्वत को ऑप्टोइलेक्ट्र ॉद्वनक गुणोों को प्रर्ाद्ववत करने के द्वलए र्ी िाना िाता है। अोंतद्वनभद्वमभत 

मुद्ोों से बचने के द्वलए, हमने प्रकाश पदाथभ की परिर द्वक्रया को बढाने और सी-ररस्पि दोिोों को दूर करने के 

द्वलए द्ववद्वर्न्न धातु चाल्कोिेनाइड नैनोकणोों के साथ  MoSe2 एनएस के द्वविम सोंरचना को सोंशे्लद्वित द्वकया। 

MoSe2 की तरह, सोंकर काबभद्वनक-अकाबभद्वनक स्तररत हलाइड पेरोवेक्साइट (एलएच-पीवीएसके) में 

वैकस्पिक काबभद्वनक और अकाबभद्वनक परतोों के साथ अधभ-2 डी स्तररत सोंरचना र्ी होती है। ये एलएच-

पीवीएसके चािभ वाहक की उच्च गद्वतशीलता के साथ उतृ्कष्ट ऑप्टो-इलेक्ट्र ॉद्वनक गुणोों को प्रदद्वशभत करते हैं। 

िबद्वक एलएच-पीवीएसके के लेड-फ्री बहुस्तरीय हैलाइड दोहरा पेरोवेक्साइट (डीपी-पीवीएसके) अनुरूप 

एसटीई और दोिोों के कारण उत्पन्न होने वाले बहुत कमिोर और व्यापक सफेद प्रकाश उत्सिभन का प्रदशभन 

करते हैं। हमने एलएच-पीवीएसके - डीपी-पीवीएसके को आन्तरक-आवरण आकृद्वत द्ववज्ञान में िोड़कर एक 

प्रणाली को सोंशे्लद्वित द्वकया ताद्वक अत्यद्वधक उत्सिभक एलएच-पीवीएसके के प्रद्वतदीस्पप्त िेक्ट्र ा की द्वनगरानी 

करके हमारे कमिोर उत्सिभक डीपी-पीवीएसके में आयनप्रवास का अध्ययन करना सोंर्व हो सके। इस 
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थीद्वसस में काम इस बात पर िोर देता है द्वक द्ववद्वर्न्न द्वविम सोंरचना को प्राप्त करने के द्वलए अोंतद्वनभद्वमभत द्ववद्वर्न्न 

2 डी सामद्वग्रयोों का उपयोग कैसे द्वकया िाए।  

इस थीद्वसस में, अध्याय 1 और 2 सामग्री और लक्षण वणभन द्ववद्वधयोों का द्ववसृ्तत पररचय प्रदान करते हैं। अध्याय 

3 में,  हम गमभ-अन्तः के्षपण सोंशे्लिण मागभ का उपयोग करके 2 डी / 2 डी MoSe2 /SnS एनएचएस और 2 डी / 

3 डी MoSe2 /PbE (E = S, Se या Te) एनएचएस के सोंशे्लिण और लक्षण वणभन पर चचाभ करते हैं। 

एनएचएस को दो-चरणीय कोलाइडल मागभ में सोंशे्लद्वित द्वकया गया था: दोि समृद्ध (Se-ररस्पियाों) शुद्ध 

MoSe2 एनएस को सोंशे्लद्वित द्वकया गया था और इसके बाद MoSe2 एनएस के शीिभ पर धातु चाल्कोिेनाइड 

नैनोकू्यब्स (एनसी) की वृस्पद्ध हुई थी। MoSe2 एनएस में Se-ररस्पियोों को धातु अग्रदूत के अलावा 

चाल्कोिेनाइड आयनोों िारा पाररत द्वकया गया था। Se-ररस्पियोों की द्वनस्पियता एक ऊष्मप्रवैद्वगकी रूप से 

द्वनयोंद्वित प्रद्वक्रया पाई गई क्योोंद्वक अोंतरोंग सोंपकभ  के साथ MoSe2/SnS एनएचएस और MoSe2/PbE 

एनएचएस का उत्पादन करने के द्वलए ≥180 द्वडग्री सेस्पियस के उच्च तापमान की आवश्यकता थी। SnS की 

स्तररत द्वक्रस्टल सोंरचना MoSe2 एनएस के शीिभ पर SnS एनएस के द्ववकास की अनुमद्वत देती है द्विसके 

पररणामस्वरूप एक अद्वितीय 2 डी / 2 डी एनएचएस होता है। हमने द्ववद्युत िारा उत्पन्न रासायद्वनक द्ववघटन िल 

द्ववर्ािन में सोंशे्लद्वित प्रकार-2 MoSe2/SnS एनएचएस का उपयोग द्वकया और पाया द्वक MoSe2/SnS 

एनएचएस अोंतराफलक पर अोंतद्वनभद्वमभत क्षमता के कारण शुद्ध MoSe2 एनएस और SnS एनसी दोनोों की तुलना में 

बेहतर द्ववद्युत उते्प्ररक है िो चािभ थथानाोंतरण प्रद्वतरोध को कम करता है। अध्याय 4 में,  हम एनएस एनएचएस 

पर 1 डी / 2 डी CdS/ MoSe2 नैनोरोड (एनआर) में सोंशे्लिण और अद्वत तेि चािभ थथानाोंतरण पर चचाभ करते 
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हैं। अध्याय 3 के द्ववपरीत, यहाों सोंशे्लिण योिना में एनआर सतह के शीिभ पर MoSe2 एनएस का द्ववकास 

शाद्वमल  है। प्रकाश उते्प्ररक िल द्ववर्ािन में आवेदन के द्वलए एक आशािनक सोंरचना के रूप में, हमने 

CdS/MoSe2 एनएचएस में MoSe2 एनएस और CdS एनआर के अोंतराफलक पर चािभ थथानाोंतरण को 

सोंशे्लद्वित, द्वचद्वित और अध्ययन करने का अवसर द्वलया  । एनएचएस को दो-चरण सोंशे्लिण मागभ का उपयोग 

करके सोंशे्लद्वित द्वकया गया था: CdS एनआर को िलतापीय मागभ का उपयोग करके सोंशे्लद्वित द्वकया गया 

था और इसके बाद गमभ-अन्तः के्षपण कोलाइडल द्ववद्वध का उपयोग करके CdS एनआर के आसपास MoSe2 

एनएस की वृस्पद्ध हुई थी।  क्षद्वणक अवशोिण (टीए) द्वकरणोों के वणभ-क्रम को मापने की द्ववद्या का उपयोग CdS 

एनआर और MoSe2 एनएस के अोंतराफलक पर चािभ वाहक गद्वतशीलता को समझने के द्वलए द्वकया गया 

था। CdS एनआर से MoSe2 एनएस में  देखे गए अद्वत तेि चािभ  थथानाोंतरण  ने CdS/MoSe2 एनएचएस में 

अद्वत तेि चािभ पृथक्करण को द्वदखाया। अध्याय 5 में, हम स्तररत हलाइड पेरोवेक्साइट के द्वविम सोंरचना के 

सोंशे्लिण और लक्षण वणभन पर चचाभ करते हैं। हमने आवरण के रूप में गैर-उत्सिभक या कमिोर रूप से 

उत्सद्विभत डीपी-पीवीएसके के 16 अलग-अलग  आन्तरक/आवरण द्वविम सोंरचना को सोंशे्लद्वित द्वकया, और  

आन्तरक के रूप में अत्यद्वधक उत्सद्विभत एलएच-पीवीएसके। हमने आवरण के आकृद्वत द्ववज्ञान के द्ववकास की 

िाोंच की, कणोों के एक ही सेट पर आवरण द्ववकास प्रद्वतद्वक्रया को दोहराया है। हमने शुद्ध एलएच-पीवीएसके 

आन्तरक और आन्तरक-आवरण एलएच-पीवीएसके - डीपी-पीवीएसके से प्राप्त  द्ववद्युदअणु द्वववतभन  प्रद्वतमा 

आकार का द्ववशे्लिण द्वकया ताद्वक खगोल कणोों के द्वक्रस्टल अद्वर्द्ववन्यास को समझा िा सके।  यह आन्तरक-

आवरण आकृद्वत द्ववज्ञान गैर-उत्सिभक या कमिोर उत्सिभक डीपी-पीवीएसके की सोंरचना-सोंपद्वि सोंबोंध का 

अध्ययन करने का एक अनूठा अवसर प्रदान करता है। डीपी-पीवीएसके आवरण में आयन प्रसार का अध्ययन 
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लेड-आधाररत स्तररत हैलाइड पेरोवेक्साइट के प्रद्वतदीस्पप्त िेक्ट्र ा में पररवतभन की द्वनगरानी करके द्वकया गया 

था। हमने थथाद्वपत द्वकया द्वक काबभद्वनक िेसर केशन के साथ-साथ धातु केशन का द्ववकि आयन प्रसार को 

प्रर्ाद्ववत करता है। 

साराोंश में, हमने सफलतापूवभक MoSe2 एनएस आधाररत MoSe2/PbE और MoSe2/SnS एनएचएस को 

सोंशे्लद्वित द्वकया है, िो द्ववद्युत िारा उत्पन्न रासायद्वनक द्ववघटन िल द्ववर्ािन में MoSe2/SnS एनएचएस 

की द्ववशेिता और उपयोग करता है। हमने CdS एनसी पर MoSe2 एनएस के द्ववकास को र्ी प्राप्त द्वकया 

और CdS से MoSe2 एनएस तक अद्वत तेि गमभ द्ववद्युदअणु थथानाोंतरण की थथापना  की। हमने प्रद्वतदीस्पप्त 

द्वकरणोों के वणभ-क्रम को मापने की द्ववद्या का उपयोग करके लेड-फ्री बहुस्तरीय हैलाइड पेरोवेक्साइट में 

सोंरचना-सोंपद्वि सोंबोंध का अध्ययन करने के द्वलए लेड-आधाररत और लेड-फ्री बहुस्तरीय हैलाइड पेरोवेक्साइट 

के एक आन्तरक-आवरण द्वविम सोंरचना को सोंशे्लद्वित द्वकया है।      

 

 

 

 

 

 

 

 

 

 

 

 



xiii 

 

Table of Contents 
 

Certificate………………………………………………………………………………………… i 

Acknowledgements………………………………………………………………………………iii 

Abstract...…………………………………………………………………………………………vi 

List of Figures…………………………………………………………………………………..xvii 

List of Schematics………………………………………………………………………………xxv 

List of Tables…………………………………………………………………………………...xxvi 

Glossary of Symbol and Abbreviations……………………………………………………….xxvii 

1.1 Layered Molybdenum Dichalcogenides ......................................................................... 1 

1.1.1 Monolayer MoSe2 NSs ............................................................................................... 3 

1.2 Heterostructures on MoSe2 NS ....................................................................................... 4 

1.3 Lead Chalcogenides ........................................................................................................ 5 

1.4 Tin Sulfide ....................................................................................................................... 6 

1.5 Cadmium Sulfide ............................................................................................................ 7 

1.6 Layered Halide Perovskites ............................................................................................ 8 

1.6.1 Electronic Structure of Layered Halide Perovskites ................................................. 10 

1.6.1.1 Electronic structure of Layered Lead Halide Perovskites ............................... 10 

1.6.1.2 Electronic Structure of Layered Lead-free Halide Double Perovskites .......... 13 

1.7 Electrocatalytic Water Splitting .................................................................................... 13 

1.7.1 Hydrogen Evolution Reaction................................................................................... 14 

1.7.2 Oxygen Evolution Reaction ...................................................................................... 16 

1.8 Scope of the Present Work ............................................................................................ 17 

2.1 Structural Characterization: Methods and their working Principle .............................. 19 

2.1.1 Powder X-ray Diffraction ......................................................................................... 19 

2.1.2 Transmission Electron Microscopy .......................................................................... 21 

2.1.3 Scanning Electron Microscope ................................................................................. 23 

2.1.4 Atomic Force Microscopy ........................................................................................ 25 

2.1.5 X-ray Photoelectron Spectroscopy ........................................................................... 25 

2.2 Optical Characterization ............................................................................................... 26 

2.2.1 UV/VIS/NIR-Absorption Spectroscopy ................................................................... 26 



xiv 

 

2.2.2 Steady State Spectroscopy ........................................................................................ 27 

2.2.3 Time-resolved Photoluminescence ........................................................................... 28 

2.2.4 Ultrafast Transient Absorption Spectroscopy ........................................................... 31 

2.2.5 Raman Spectroscopy ................................................................................................. 34 

3.1 Introduction ................................................................................................................... 36 

3.2 Materials and Experimental Methods ........................................................................... 37 

3.2.1 Materials ................................................................................................................... 37 

3.2.2 Experimental Methods .............................................................................................. 38 

3.2.2.1 Synthesis of MoSe2 NS10 ................................................................................. 39 

3.2.2.2 Synthesis of MoSe2/PbE NHS ......................................................................... 39 

3.2.2.3 Synthesis of MoSe2/SnS NHS ......................................................................... 39 

3.2.2.4 Synthesis of SnS NP ........................................................................................ 40 

3.2.2.5 Catalyst Ink Preparation .................................................................................. 40 

3.2.2.6 Theoretical Details ........................................................................................... 40 

3.2.2.7 Characterization Techniques ............................................................................ 41 

3.3 Results and Discussion ................................................................................................. 42 

3.3.1 Powder X-ray Diffraction ......................................................................................... 42 

3.3.2 Transmission Electron Microscopy .......................................................................... 44 

3.3.3 Raman Spectroscopy ................................................................................................. 49 

3.3.4 Electronic Property of MoSe2/SnS NHS................................................................... 50 

3.3.5 Absorption Spectroscopy .......................................................................................... 52 

3.3.6 X-ray photoelectron spectroscopy ............................................................................ 53 

3.3.7 Electrocatalytic Water Splitting ................................................................................ 56 

3.3.7.1 Oxygen Evolution Reaction............................................................................. 56 

3.3.7.1.1 Structural Characterizations of MoSe2/SnS NHS after OER ...................... 61 

3.3.7.1.1.1 TEM and PXRD ................................................................................... 61 

3.3.7.1.1.2 XPS after Chronoamperometry ............................................................ 63 

3.3.7.1.2 Thermodynamics at Catalyst Interface: Density Functional Theory........... 66 

3.3.7.2 Hydrogen Evolution Reaction ......................................................................... 67 

3.3.7.2.1 Thermodynamics at Catalyst Interface: Density Functional Theory........... 71 

3.4 Conclusion .................................................................................................................... 72 

4.1 Introduction ................................................................................................................... 75 



xv 

 

4.2 Materials and Experimental Methods ........................................................................... 76 

4.2.1 Materials ................................................................................................................... 76 

4.2.2 Experimental Methods .............................................................................................. 76 

4.2.2.1 MoSe2 NS ........................................................................................................ 76 

4.2.2.2 CdS NR ............................................................................................................ 76 

4.2.2.3 CdS/MoSe2 NHS ............................................................................................. 77 

4.2.3 Characterization Techniques ..................................................................................... 78 

4.3 Result and Discussion ................................................................................................... 79 

4.3.1 Powder X-ray Diffraction ......................................................................................... 79 

4.3.2 Raman Spectroscopy ................................................................................................. 80 

4.3.3 Transmission Electron Microscopy .......................................................................... 81 

4.3.4 Steady State and Transient Absorption Spectra ........................................................ 82 

4.4 Conclusion .................................................................................................................... 91 

5.1 Introduction ................................................................................................................... 94 

5.2 Materials and Experimental Methods ........................................................................... 95 

5.2.1 Materials ................................................................................................................... 95 

5.2.2 Experimental Methods .............................................................................................. 97 

5.2.2.1 (PEA)2PbBr4 Microcrystals ............................................................................. 97 

5.2.2.2 (2T)2PbI4 Microcrystals ................................................................................... 97 

5.2.2.3 DP-PVSK Microcrystals.................................................................................. 97 

5.2.2.4 Core-Shell LH-PVSK-DP-PVSK Heterostructures......................................... 98 

5.2.3 Theoretical Calculations ........................................................................................... 99 

5.2.4 Characterization Techniques ..................................................................................... 99 

5.3 Result and Discussion ................................................................................................. 100 

5.3.1 Optical Microscopy ................................................................................................. 100 

5.3.2 Heterostructures ...................................................................................................... 103 

5.3.3 Powder X-ray Diffraction ....................................................................................... 104 

5.3.4 Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy ............... 108 

5.3.5 Atomic Force Microscopy .......................................................................................110 

5.3.6 Transmission Electron Microscope .......................................................................... 111 

5.3.7 Surface Energy .........................................................................................................112 

5.3.8 Spectroscopy ............................................................................................................114 



xvi 

 

5.3.9 Anion Migration in Core-Shell LH-PVSK-DP-PVSK ............................................117 

5.4 Conclusion .................................................................................................................. 121 

6.1 Summary ..................................................................................................................... 122 

6.2 Future Scope ............................................................................................................... 123 

Bibliography……………………………………………………………………………………126 

Biodata…………....…………….………………………………………………………………163 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xvii 

 

List of Figures 

Chapter 1 

Figure 1.1: The graphical representation of 2H MoX2 crystal structure with AbA BaB type of 

stacking. (The lower-case letter denotes metal atom, and the capital letter denotes the chalcogen 

atom) ............................................................................................................................................... 1 

Figure 1.2: Energy dispersion in bulk, quadrilayer (4L), bilayer (2L), and monolayer (1L) MoS2. 

The horizontal dashed line shows the band maximum energy at the K point. The conduction and 

valence band edges are red and blue, respectively. Only a single layer has a vertical low-energy 

transition (solid arrows). Monolayer indirect transition (dashed arrow in 1L plot) has more energy 

than direct band edge transition (solid arrow). (Adapted from reference 14) ................................ 2 

Figure 1.3: Graphical representation of SnS with single unit cell marked by boundary. .............. 7 

Figure 1.4: The graphical representation of 3D and 2D halide perovskites. ............................... 10 

Figure 1.5: The electronic band structure of (a) [H3N(CH2)6NH3]PbBr4 and (b) (BA)2PbI4. In (b) 

image the bigger colored circles represent the contributing orbitals to the VBM and CBM edges. 

For detailed analysis of electronic band structure, kindly refer to corresponding references.

........................................................................................................ Error! Bookmark not defined. 

Figure 1.6: The electronic band structure of (BA)4AgBiBr8. ....................................................... 13 

Figure 1.7: The schematic representation of proposed HER mechanism in acidic medium. ...... 15 

Chapter 2 

Figure 2.1: Schematic illustration of Bragg’s X-reflection. ......................................................... 20 

Figure 2.2: The schematic of TEM instrument ............................................................................ 22 

Figure 2.3: The schematic illustration of SEM instrument .......................................................... 23 



xviii 

 

Figure 2.4: The schematic showing various type of electron beam-sample interactions with 

various associated techniques. ...................................................................................................... 24 

Figure 2.5: The schematic representation of AFM working. ....................................................... 25 

Figure 2.6: The Schematic representation of Jablonski diagram depicting absorbance, 

fluorescence, and phosphorescence. ............................................................................................. 28 

Figure 2.7: Guiding idea of TCSPC. The middle panel's pulses show what a constant fraction 

discriminator would have produced. (Adapted from Lakowicz) .................................................. 30 

Figure 2.8: (a) An illustration in the form of a schematic of the principle underlying transient 

absorption spectroscopy. (b): Ground-state bleach is represented by the dashed line, stimulated 

emission by the dotted line, and excited-state absorption by the thin solid line. The aggregate of 

these contributions is represented by the solid line (bold solid line).(adapted from reference 119)

....................................................................................................................................................... 32 

Chapter 3 

Figure 3 1: (a) The PXRD pattern of pure MoSe2 NS, MoSe2/PbS NHS, MoSe2/PbSe NHS and 

MoSe2/PbTe NHS along with the standard patterns of 2H MoSe2, PbS, PbSe and PbTe. (b) The 

PXRD patterns of pure MoSe2 NS, SnS NP, and MoSe2/SnS NHS along with the standard patterns.

....................................................................................................................................................... 42 

Figure 3.2: Large area TEM images and HRTEM images of MoSe2/PbS NHS, MoSe2/PbSe NHS, 

and MoSe2/PbTe NHS. .................................................................................................................. 44 

Figure 3.3: (a) TEM images of MoSe2/PbS NHS synthesized at ≥180°C, before and after 10 times 

washing. (b)  TEM images of MoSe2/PbS NHS synthesized at ≤170°C, before and after 1 time 

washing. (c) TEM images of MoSe2/PbS NHS synthesized at 200°C with addition of lead precursor 

before chalcogenide precursor, before and after 1 time washing.................................................. 46 



xix 

 

Figure 3.4: The TEM image of pure (a) MoSe2 NS and (b) SnS NP. .......................................... 47 

Figure 3.5: (a) TEM image of MoSe2/SnS NHS showing SnS NS anchored over MoSe2 NS, and 

the corresponding (b) HRTEM image showing lattice fringes, and its (c) Fourier transform pattern. 

(d) The high-angle annular dark-field image of the selected area for energy dispersive X-ray (EDX) 

elemental mapping of MoSe2/SnS NHS. The (e), (f), (g) and (h) show the elemental distribution 

of Mo, Se, Sn, and S, respectively. (i) The overlapping elemental mapping image for each 

elemental over the selected area. .................................................................................................. 48 

Figure 3.6: The Raman spectra of pure MoSe2 NS and chalcogenide treated MoSe2 NS at 180°C 

and S-treated MoSe2 at 150°C. ..................................................................................................... 50 

Figure 3 7: (a) The optimized structure of MoSe2-SnS. The top and bottom panels show top view 

and side view of NHS, respectively. (b) The partial density of states of NHS. (c) The band 

decomposed charge densities of valence band maximum and conduction band minimum. (d) The 

band positions of MoSe2 and SnS exhibit type-II band alignment when these form heterostructure.

....................................................................................................................................................... 51 

Figure 3.8: (a) The absorption spectra of MoSe2 NS, MoSe2/PbS NHS, MoSe2/PbSe NHS, and 

MoSe2/PbTe NHS. (b)The absorption spectra of pure MoSe2 NS, SnS NP, and MoSe2/SnS NHS. 

(Vertical lines mark the excitonic peak position) .......................................................................... 53 

Figure 3.9: XPS spectra of (a) Mo 3d, (b) Se 3d, (c) Sn 3d and (d) S 2p and Se 3p for MoSe2/SnS 

NHS............................................................................................................................................... 54 

Figure 3.10: XPS spectra of (a) Mo 3d, (b) Se 3d of pure MoSe2 NS and (c) Sn 3d and (d) S 2p of 

pure SnS NP. ................................................................................................................................. 55 

Figure 3.11: (a) Polarization curves and (b) corresponding Tafel plots at a scan rate of 10 mV/s; 

(c) the Nyquist plot (with the inset showing the zoomed portion at smaller scale); (d) the capacitive 



xx 

 

current density as a function of scan rate of MoSe2 NS, SnS NS and MoSe2/SnS NHS 

electrocatalysts; (e) chronoamperometric response (i-t curve) of the MoSe2/SnS NHS under static 

potential of 1.60 V vs RHE. (f) and (g) The Randles equivalent circuits used for fitting of Nyquist 

plots for MoSe2 NS, MoSe2/SnS NHS and SnS NP, respectively. ................................................ 57 

Figure 3:12: The cyclic voltammograms for (a) pure MoSe2 NS, (b) SnS NP and (c) MoSe2/SnS 

NHS at different scan rates. .......................................................................................................... 60 

Figure 3.13: (a) TEM image of MoSe2/SnS showing the intact morphology after 100 CV cycles, 

(b) HRTEM image showing fringes with 0.65 nm and 0.28 nm width matching with (002) and 

(100) plane of MoSe2 NS, respectively and fringes with 0.29 nm width matching with (110) plane 

of SnS NS and (c) The powder X-ray diffraction pattern for MoSe2/SnS NHS before and after 2 h 

chronoamperometry for oxygen evolution reaction, which shows that the crystal structure is 

retained. ......................................................................................................................................... 62 

Figure 3.14: XPS spectra of (a) Mo 3d, (b) Se 3d, (c) Sn 3d, (d) S 2p and Se 3p, (e) O 1s and (f) 

O 1s of MoSe2/SnS NHS. The (e) O 1s is of the MoSe2/SnS NHS before chronoamperometric 

measurements and (a), (b), (c), (d) and (f) are of MoSe2/SnS NHS after chronoamperometric 

measurements. ............................................................................................................................... 65 

Figure 3.15: The energy profiles for the reactants, intermediate and products of OER over the 

surface of pure SnS NS and MoSe2/SnS NHS as catalyst. The green shaded area represents the 

energy demand for forming X-OOH* from X-O* that has been identified as the rate determining 

step for OER. ................................................................................................................................ 66 

Figure 3.16: (a) Polarization curves and (b) corresponding Tafel plots at a scan rate of 10 mV/s; 

(c) the Nyquist plot of MoSe2 NS, SnS NS and MoSe2/SnS NHS electrocatalysts. The Randles 



xxi 

 

equivalent circuit used for the fitting of Nyquist plots: (d) SnS NP and MoSe2/SnS NHS, (e) MoSe2 

NS. ................................................................................................................................................ 68 

Figure 3.17: The CV scan of SnS NP showing the reduction peak (-0.3 V) corresponding to SnS2 

to SnS conversion under negative applied potential. The intensity of the peak is diminished 

suggesting that the SnS2 has been converted into SnS during 50 CV scan at a scan rate of 100 mV/s.

....................................................................................................................................................... 69 

Figure 3.18: The energy profiles for the reactant, intermediates, and products during the various 

steps of HER in alkaline medium. The green area depicts the energy needed to dissociate the 

adsorbed H2O (X-H2O) into X-OH*-H*. This is the rate determining step for HER reaction on the 

NHS and MoSe2 surface. .............................................................................................................. 72 

Chapter 4 

Figure 4.1: The XRD patterns for pure CdS NR and CdS/MoSe2 NHS with standard patterns of 

CdS and MoSe2. *Marks the peaks corresponding to MoSe2 in CdS/MoSe2 NHS. ..................... 80 

Figure 4.2: The Raman spectra of pure MoSe2 NS, CdS NR, and CdS/MoSe2 NHS. ................. 81 

Figure 4.3: (a) TEM image of CdS NR and (d) CdS/MoSe2 NHS with their corresponding high-

resolution TEM images. ................................................................................................................ 82 

Figure 4.4: The lower panel displays the normalized steady-state absorption spectra of pure CdS 

NR, pure MoSe2 NS, and CdS/MoSe2 NHS. For comparison the normalized TA spectra for each at 

3 ps delay time have been provided in upper panel matching the ground state bleach peak with the 

steady-state absorption peaks. The three small black arrows show the red shift in excitonic peaks 

for MoSe2 NS in NHS, marked by small bold black lines. ........................................................... 83 

Figure 4.5: (a) The pseudo-2D color contour plot of pure CdS NR as a function of pump-probe 

delay time with 380 nm pump excitation. (b) & (c) The TA spectra at various delay times and 



xxii 

 

excited state kinetics of pure CdS NR, respectively. (d) The pseudo-2D color contour plot of MoSe2 

NS as a function of pump-probe delay time with 380 nm pump excitation. (e) & (f) The TA spectra 

at various delay times and excited state kinetics of pure MoSe2 NS, respectively. (g) The pseudo-

2D color contour plot of CdS/MoSe2 NHS as a function of pump-probe delay time with 380 nm 

pump excitation. (h) & (i) The TA spectra at various delay times and excited state kinetics of 

CdS/MoSe2 NHS, respectively. ..................................................................................................... 84 

Figure 4.6: (a) Kinetics of the high energy PIA (~ 440 nm) for pure CdS and CdS/MoSe2 NHS. 

(b) Kinetics of the low energy PIA (~ 630 nm) for pure MoSe2 and CdS/MoSe2 NHS. .............. 89 

Figure 4.7: (a) The fitted kinetics of the ground state bleach recovery of CdS NR and CdS/MoSe2 

NHS observed at various pump photon energy. (b) The schematic illustration of hot carrier 

dynamics in CdS/MoSe2 NHS. ..................................................................................................... 91 

Chapter 5 

Figure 5.1: The chemical structure of organic spacer cations. ..................................................... 96 

Figure 5.2: The optical BF and PL images of (PEA)2PbBr4 and (2T)2PbI4 in (a) and (b), 

respectively. (c) The BF images of various DP-PVSK. .............................................................. 101 

Figure 5.3: (a) The optical BF and corresponding PL image of (PEA)2PbBr4-(PEA)4AgBiBr8 

heterostructure microcrystal. (b) The optical BF and corresponding PL image of (2T)2PbI4-

(2T)4AgSbBr8 heterostructure microcrystal. (c) The optical BF and PL images of same 

(PEA)2PbBr4-(PEA)4AgBiBr8 heterostructure microcrystal after various number of times shell 

precursor is added.  All scale bars are 2 µm. .............................................................................. 102 

Figure 5.4: The BF images and corresponding PL images of various heterostructures we 

synthesized. Each BF and PL image pair is labelled. All the scale bars are 2 µm. ..................... 103 



xxiii 

 

Figure 5.5: The XRD patterns of pure (PEA)2PbBr4, (PEA)4AgBiBr8 and their heterostructure 

matched with reference patterns.243,254 ........................................................................................ 104 

Figure 5.6: The XRD patterns of various PEA-based pure layered halide perovskites and their 

respective heterostructures and for reference the XRD pattern of pure (PEA)2PbBr4 is also 

provided. [002] peak is shown in the enlarged view for comparison. ........................................ 105 

Figure 5.7: The XRD patterns of various PEA-based pure layered halide perovskites and their 

respective heterostructures and for reference the XRD pattern of pure (2T)2PbI4 is also provided. 

[001] peak is shown in the enlarged view for comparison. ........................................................ 107 

Figure 5.8: The SEM-EDX elemental mapping of (PEA)2PbBr4-(PEA)4AgBiBr8 heterostructure 

microcrystals. Yellow square marks core (PEA)2PbBr4. ............................................................. 108 

Figure 5.9: The SEM-EDX elemental mapping of (2T)2PbI4-(2T)4AgBiBr8 heterostructure 

microcrystals. Red rectangle marks core (2T)2PbI4. ................................................................... 109 

Figure 5.10: The AFM images of (PEA)2PbBr4 microcrystals and their (PEA)2PbBr4-

(PEA)4AgBiBr8 heterostructure microcrystals, with the height profile generated along the white 

lines on the particles.....................................................................................................................110 

Figure 5.11: (a), (b), The BF image of (PEA)2PbBr4-(PEA)4AgBiBr8 heterostructure microcrystal 

used for TEM imaging, and (c), corresponding PL image. (d) The TEM image, and (e), 

corresponding selected area electron diffraction pattern.  The scale bar for all the optical images is 

2 µm. ............................................................................................................................................ 111 

Figure 5.12: The crystals surface for [100], [110], and [111] planes used for surface energy 

calculations. .................................................................................................................................113 

Figure 5.13: (a), The steady state absorption spectra of pure (PEA)2PbBr4, (PEA)4AgBiBr8, 

(PEA)4AgSbBr8, (PEA)4AgInBr8 and their core-shell (PEA)2PbBr4-(PEA)4AgBiBr8, 



xxiv 

 

(PEA)2PbBr4-(PEA)4AgSbBr8, (PEA)2PbBr4-(PEA)4AgInBr8 heterostructures, (b) and (c), their 

corresponding steady state photoluminescence spectra and (d), the time-resolved 

photoluminescence spectra at 411 nm and (e), at 550 nm. ..........................................................115 

Figure 5.14: (a) The photoluminescence spectra of Na-based layered halide double perovskite 

heterostructures. (b) The photoluminescence spectra of 2T-based layered halide double perovskite 

heterostructures. For reference the pure lead-based BF and PL images have been added to the 

graph. All scale bars are 5 µm. .....................................................................................................117 

Figure 5.15: (a) The optical microscope BF and corresponding PL images of (PEA)2PbBr4-

(PEA)4NaBiI8 heterostructure after heating at 70°C and 110°C for 30 min. (b) The PL spectra of 

the (PEA)2PbBr4-(PEA)4NaBiI8 heterostructure after heating at various temperatures. (c) The 

optical microscope BF and corresponding PL images of (2T)2PbI4-(2T)4AgBiBr8 heterostructure 

after heating at 70°C and 110°C for 30 min. (d) The PL spectra of the (2T)2PbI4-(2T)4AgBiBr8 

heterostructure after heating at various temperatures. (e) The optical microscope BF and 

corresponding PL images of (PEA)2PbBr4-(PEA)4AgBiI8 heterostructure after heating at 70°C and 

110°C for 30 min. (f) The PL spectra of the (PEA)2PbBr4-(PEA)4AgBiI8 heterostructure after 

heating at various temperatures. ..................................................................................................118 

Figure 5.16: (a) The optical microscope BF and corresponding PL images of (PEA)2PbBr4-

(PEA)4AgBiI8 heterostructure microcrystal taken after different heating time. (b) The PL spectra 

of the heterostructure after different heating times. (c) The PL spectra of pure (PEA)2PbBr4 before 

and after heating for 48 hours. (d) The PL spectra of pure (PEA)4AgBiI8 before and after heating 

for 48 hours. ................................................................................................................................ 120 

 

 



xxv 

 

 

List of Schematics 

Chapter 3 

Scheme 3.1: The schematic representation of synthetic routes involved in synthesis of MoSe2/SnS 

NHS............................................................................................................................................... 38 

Chapter 4 

Scheme 4.1:  The synthesis scheme of CdS/MoSe2 NHS. ........................................................... 77 

Scheme 4.2: (a) The schematic illustration of excited state behavior of charge carriers in pure CdS 

NR and (b) CdS/MoSe2 NR/NS NHS after excitation with 380 nm pump. Only electron dynamic 

is shown here for the sake of simplicity as hole contribution is very little. .................................. 88 

Chapter 5 

Scheme 5.1: The schematic representation of two-step synthesis route for core-shell 

heterostructure............................................................................................................................... 98 

 

 

 

 

 

 

 

 

 

 



xxvi 

 

 

List of Tables 

Chapter 3 

Table 3.1: The fitting parameter values for EIS spectra for OER obtained after fitting using the 

above given Randles equivalent circuits. ...................................................................................... 59 

Table 3.2: Comparison of performance of various recent Molybdenum di-chalcogenides based 

catalysts reported in literature for OER in 1.0 M KOH. ............................................................... 60 

Table 3.3: The fitting parameter values for EIS spectra for HER. ............................................... 69 

Table 3.4: Comparison of performance of various recent Molybdenum based catalysts reported in 

literature for HER in 1.0 M KOH. ................................................................................................ 70 

Chapter 4 

Table 4.1: The fitting parameters for CdS, MoSe2 and CdS/MoSe2 NHS. .................................. 87 

Table 4.2: The fitting parameters of PIA kinetics. ....................................................................... 89 

Chapter 5 

Table 5.1: The surface energy, work function and band positions obtained from theoretical 

calculations. .................................................................................................................................113 

Table 5.2: The lifetime parameters obtained after fitting the decay kinetics with exponential 

functions. ......................................................................................................................................116 

 

 

 

 

 



xxvii 

 

 

GLOSSARY OF SYMBOL AND ABBREVIATIONS 

 

NC nanocrystals 

NS nanosheets 

NHS nanoheterostructures 

TMDC transition metal dichalcogenides 

MC metal chalcogenides 

DP-PVSK Layered lead-free halide perovskite 

LH-PVSK Layered lead-based halide perovskite 

EIS electron impedance spectra 

LSV linear sweep voltammetry 

HER hydrogen evolution reaction 

OER oxygen evolution reaction 

CB conduction band 

VB valence band 

PL photoluminescence 

DFT density functional theory 

DOS density of state 

nm nanometer 

g gram 

h hour 

min minute 



xxviii 

 

i.e., that is 

eV electron volt 

°C degree centigrade 

M molar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




