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Chapter 7 

Summary and scope for future work 

7.1. Summary 
The present thesis focuses broadly on two aspects of SnO2 NSs. 

1. Synthesis and understanding the defects in lower dimensions of SnO2 NSs, such as 

NPs (0-D) and NWs and μB (1-D). Its beneficial properties are clubbed together 

with GO in the form of GO-SnO2 nanocomposites. 

2. Apart from detailed characterization and elucidation of prevalent defects in NSs, 

utilizations of these NSs for various applications like PL based selective ammonia 

sensing, electrochemical capacitor for energy harvest, photocatalysis for 

environmental remediation, resistive sensor at low temperature, waveguide utility of 

1-D NSs, and unusually high dielectric value are explored.  

A brief chapter wise summary of the thesis and the future scope of the present work 

is presented below: 

A detailed description of the structural, optical, and vibrational properties of rutile 

SnO2 is given in Chapter-1. Consequences arising from the formation of lower dimensions 

and composite materials are discussed with the literature review. Besides, the importance of 

defects presents in SnO2 NSs, and their influences on physicochemical properties on this 

metal oxide are described in this chapter. Thus, open fields and contemporary issues related 

to SnO2 NSs are highlighted, and subsequently, the motivation and objectives of the current 

thesis are developed in the chapter. 

In Chapter-2, the detailed synthesis process of SnO2 QDs along with other 

dimensions in the nanoscale are described. Additionally, synthesis of SnO2 1-D NSs using 

both VLS and VS in three different morphologies, namely square-shaped NWs, cylindrical 

NWs, and μB, are demonstrated. Further, GO-SnO2 composites are formed by both in-situ 
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and ex-situ processes. The detailed structural and morphological characterizations of all 

these lower-dimensional SnO2 NSs are performed by using XRD, TEM, FESEM, Raman, 

and IR spectroscopy. The growth temperature of 950 oC to 1000 oC during the VLS 

mechanism results in cylindrical and square-shaped NWs, respectively. Such variation of 1-

D NSs is correlated and explained using Gibb’s free energy of nucleation formation.  

Further, Chapter-2 sheds light on the impact of function groups from GO on the shape and 

size of SnO2 during the in-situ synthesis of GO-SnO2 composite. Bigger size with irregular 

shape found in the in-situ GO-SnO2 composite compared to the ex-situ process. A non-

trivial role of GO on the SnO2 growth in the composite is demonstrated for the first time.  

Chapter-3 describes the in-detail vibrational modes of SnO2 NPs. Observation of the 

Raman forbidden but IR active mode is demonstrated using an optimized strong plasmon 

SERS substrate made up of Ag nanonets. This is explained using GFR theory for 25 nm 

SnO2 NPs. The clear presence of a Raman active mode, instead of only a broad feature 

around 575 cm-1 in QD SnO2 with the presence of SERS substrate, is an important first-time 

demonstration in chapter -3. Further, the existence of such Raman allowed peak is supported 

by a high-pressure Raman study of SnO2 QDs. 

PL based NH3 sensing down to 32 ppm using SnO2 QDs is discussed in the Chapter-

4. This is achieved by showing the enhancement of the two obscured peaks in the blue 

emission region at 2.7 and 2.96 eV in the presence of NH3. This chapter also provides an 

explanation of the origin of blue emission in SnO2 NPs, which is a longstanding problem 

for this metal oxide. The origin of blue emission is supported by techniques such as low-

temperature PL, EELS, and XAS. This chapter also offers experimental evidence for PL 

based sensing with a highlight on the Lewis acid-base interaction between the Sn4+ as an 

acid site and NH3 as a base. This mechanistic aspect is resolved further using the DFT 
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calculation. Apart from the optical sensor, the efficacy of PL arising from defects is also 

demonstrated in the form of the waveguide for the 1-D NSs in Chapter-4. 

For the electrochemical supercapacitor, both pseudo-capacitance and EDLC are 

important aspects. The first section of Chapter-5 is dedicated to demonstrate the 

electrochemical utility of SnO2 QDs and GO-SnO2 NPs. The crucial role of OV for better 

conductivity and hence improved electrochemical capacitance is established for SnO2 QDs. 

Further, the chapter discusses an improved capacitance value by the addition of GO, a source 

of enhanced EDLC with SnO2 QDs. Further, a comparative study reveals that GO-SnO2 

composite with ex-situ method offers a superior value to the in-situ composite. The ex-situ 

sample exhibits the presence of the functional group of GO along with uniform SnO2 NPs.  

This chapter also explores another important aspect related to the aquatic environment. The 

utility of SnO2 NPs for dye degradation under UV light irradiation is demonstrated. Most 

efficient degradation of MB in less than three minutes under UV C is achieved with SnO2 

QDs as a catalyst. Furthermore, GO-SnO2 demonstrates brilliant performance by degrading 

MB within a record of 30 mins under the visible light. The chapter highlights the technical 

importance of both UV-Visible spectroscopy, PL, and EIS to support the excellent 

photocatalytic performance of SnO2 and GO-SnO2 composites.  

The final working chapter-6 illuminates the influence of intrinsic defects in the 

dielectric property and low-temperature CH4 sensor. Two types of SnO2 NPs with similar 

dimensions but with different defect distributions are synthesized by varying the annealing 

conditions of SnO2 QDs. The defect distribution is investigated by EELS and Raman 

spectroscopy. Anneal in oxygen-deficient conditions is found to be prone to the large 

formation of VP type defects. The chapter discusses the pivotal role of such VP defects in 

SnO2 NPs to induce unusually high dielectric value. Furthermore, a low amount of CH4 

detection is clearly demonstrated in the chapter. Moreover, a comparative investigation 
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reveals first-time the typical role of specific defects like VP in sensing a trace amount of 

CH4 at the lowest temperature.  

7.2. Conclusion 
The significant and new results presented in this thesis are: 

1. The revelation of the crucial role of growth temperature to determine the shape of 1-

D SnO2 NSs during VLS technique by using Gibb’s free energy minimization.  

2. Invoking the Raman forbidden mode in SnO2 NPs by plasmonic substrates acting as 

a giant electrical field. The Ag nanonets SERS substrate also allows measuring 

nearly a single-molecule of R6G with a strong enhancement factor. 

3. Selective and wide range of detection of ammonia by simple PL based optical 

sensors with SnO2 QDs is achieved and discussed. Clear evidence for the origin of 

doublet blue emissions from SnO2 NPs and their role in sensor performance is 

established. 

4. Utilization of 1-D SnO2 NSs for PL based waveguide application is explained and 

demonstrated. 

5. Exploiting the functional group of GO and superior conductivity of SnO2 QDs, 

improved electrochemical hybrid capacitors are demonstrated. 

6. Fastest MB degradation within three minutes by SnO2 QDs as photocatalyst is 

achieved for the first time. Moreover, visible-light-induced MB degradation is also 

demonstrated in a record low time, within 30 mins using a GO-SnO2 composite. The 

mechanism is also discussed. 

7. The role of VP and VB in SnO2 NPs for high dielectric value as well as and CH4 

sensor up to 50 ppm at near room temperature (50 oC) is established through a 

comparative study.   
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7.3. Future Directions 
1. Evaluation and utilization of 1-D NSs for sensors, photocatalysis, and energy-related 

Li-ion battery and supercapacitor applications. 

2. Localized defect study in SnO2 NSs by more advanced studies like EXAFS, 

Mossbauer, electron paramagnetic resonance (EPR), and positron anhelation 

spectroscopy (PAS).  

3. Localized sensing study from SnO2 NSs using tip-enhanced Raman spectroscopy 

(TERS) and Kelvin probe force microscopy (KPFM). 

4. Decoration of plasmonic material and/or doping on SnO2 for efficient application in 

photocatalysis and energy application.  

5. Inclusion of carbon material like GO, rGO, gC3N4 with SnO2 NPs for enhancing the 

electrochemical capacitance for device application. 

6. Building the theoretical understanding regarding the efficient catalysis activities 

from SnO2 with special reference to defects.
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Abstract  

With excellent success as a resistive-based sensing material, tin oxide (SnO2) is well-

studied among other metal oxides for the last four decades. However, with the recent 

progress in theoretical understanding and advancement in experimental amenities, SnO2 is 

again in the limelight of research. Thanks to the presence of various defects present in this 

metal oxide like oxygen vacancies (OV) includes in-plane oxygen vacancy (VP) and bridging 

oxygen vacancy (VB), which influences n-type conductivity in SnO2 and make it a 

technically important material. However, clear demarcation of such defects in SnO2 and 

their influences in various optical, electrical, and vibrational properties need further 

attention. Additionally, the inclusion of lower dimensions and improved understanding in 

the synthesis process opens up prominent areas of applications. Hence bringing two 

important factors, (i) synthesis and understanding the defect in lower dimension SnO2 and 

(ii) utilizing these for various applications like resistive and optical-based gas sensing, 

supercapacitor, waveguide, photocatalysis motivates the current dissertation.   

Primarily, a simple chemical route is followed to synthesis SnO2 QDs, which are 

further used to obtain different sizes of nanoparticles (NPs) and defects distributions by 

annealing process in air atmospheres at various temperatures. For morphological and 

structural characterization of NPs, X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and field emission secondary electron microscopy (FESEM) are carried 

out. Further, various spectroscopic investigations such as Raman, photoluminescence (PL), 

Fourier transfer infrared (FTIR), X-ray absorption spectroscopy (XAS), and electron energy 

loss spectroscopy (EELS) are carried to elaborate the presence of various defects in SnO2 

NPs and provide explanations for critical properties. Similar techniques are also employed 

for 1-D SnO2 nanostructures (NSs) grown by chemical vapor deposition (CVD) by both 

gold assisted vapor-liquid-solid (VLS) and self-catalytic vapor-solid (VS) process. VLS 
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technique-grown 1-D NSs is found to hold a strong correlation with the growth temperature 

and the final shape of the NSs, which is also theoretically established by Gibb’s free energy 

minimization process. Further, for the very first time, the critical role of the functional group 

of GO in controlling the shape of metal oxide during the growth process is demonstrated 

and well supported from TEM, FTIR, and Raman spectra.   

The current thesis further discusses the impact of a strong plasmonic field on the 

vibrational properties of low dimensional SnO2. Optimized SERS substrate obtained by 

using Ag nanonet enables the first-time observation of Raman allowed A1g mode, which is 

otherwise hidden underneath defect induced D peak in SnO2 QDs. Prior to that, the 

efficiency of this Ag nanonet is proven by single-molecule detection of rhodamine6G (R6G) 

molecule. Further, “Not mutual exclusion principle,” rather the “strong plasmon from Ag 

nanonet resulted in gradient field Raman (GFR) induced enhancement in infrared (IR) peak” 

is proposed to be the reason behind the observation of IR allowed Eu(TO) mode during 

Raman spectra acquisition from 25 nm SnO2 NPs. Though such GFR effect is profoundly 

discussed for organic molecules, rarely reported for inorganic molecules like SnO2. 

To overcome the various shortcoming of the resistive-based sensor, an alternative 

optical-based PL sensor using SnO2 QDs is proposed. This quest for PL based sensing also 

helps to solve a long-standing problem regarding the presence of blue emission in the PL 

spectra for low-dimensional SnO2 NPs. A rise of two obscured PL peaks in the blue emission 

region at 2.77, and 2.96 eV is observed in the presence of NH3. Using this observation SnO2 

QDs detect up to 32 ppm of NH3 very selectively even at room temperature. The critical role 

of cationic defects in selective ammonia detection is highlighted experimentally and 

theoretically. Additionally, PL induced waveguide characteristics of 1-D NSs are also 

demonstrated. Temperature-dependent PL, along with XAS experiments, is carried out for 

drawing a suitable band diagram for SnO2 NSs.  
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Owing to the surplus surface to volume ratio, the presence of multiple oxidation 

states (Sn2+ and Sn4+) SnO2 QDs are utilized for electrochemical capacitance application. A 

gel mediated method is operated for the decoration of QDs on a carbon paper to be utilized 

as a working electrode. After a successful demonstration of the experiment, graphene oxide 

and SnO2 (GO-SnO2) composite is utilized as electrochemical capacitance by exploiting 

both electric double-layer capacitor (EDLC) form GO and pseudocapacitance from SnO2. 

Along with this, the participation of a functional group of GO for pseudocapacitance adds 

extra value to the capacitance value. Similarly, for environmental remediation, UV-light 

driven catalysis study is inspected using SnO2 NPs. A rapid degradation (< 3 min) of 

methylene blue by QDs is one the finest result till now using UV-light. While for utilizing 

the visible light for catalytical dye degradation, GO-SnO2 composite is adopted. The 

purpose behind choosing such a composite is also explained, such as exploitation of the 

higher work function of GO to ensure proper electron transfer. Crucial role defects in 

improving conductivity are examined by electrochemical impedance spectroscopy (EIS). 

Two different types of SnO2 NPs with different defect distributions but with similar 

dimensions (~25 nm) are synthesized by annealing the as-prepared QDs in Air and Ar 

atmospheres. Detailed investigations using Raman spectroscopy and temperature-dependent 

photoluminescence (PL) measurements propose a strong presence of the in-plane oxygen 

vacancy in the Ar annealed SnO2 sample. Despite the similarity in dimensions, Ar annealed 

sample shows ten times higher dielectric than the air annealed sample. Furthermore, the role 

of such defects is effectively utilized for near room temperature (50 oC) CH4 sensors in a 

restive way. A detailed explanation for low-temperature performance is presented. 
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Chapter 1 

Introduction 

 

Wide bandgap metal oxide semiconductor reserves a special position among 

technologically important materials because of the ease of processability and their 

utilizations in optical, chemical, and electronic applications[1-8]. In the last few decades, 

wide bandgap semiconductors like ZnO, TiO2, SnO2 etc. are explored meticulously[4, 5, 9-

18]. Among them, SnO2 with strong chemical stability and special coexistence of electrical 

conductivity and transparency in the visible light becomes a pioneering candidate in 

applications such as a gas sensor for detecting toxic gases, anode materials for lithium-ion 

batteries for energy harvest, transparent conducting electrodes for flat panel displays, and 

solar cell, photocatalyst for waste water management and so on.[1, 19-27]. 

Stoichiometry SnO2, an IV-VI semiconductor, acts as an insulating material with a 

large bandgap value of 3.67 eV at room temperature[9, 28-32]. However, low formation 

energies of defects such as tin interstitials (Sni) and oxygen vacancies (OV) lead to a non-

stochiometric form (SnOx), and these defects introduce an n-type character along with a 

high carrier density of ~ 1020 cm3[27, 33, 34]. This high carrier density is possible because 

of the generation of electrons in the conduction band (CB) from the donor defect levels in 

SnO2 [32, 33, 35, 36]. As the wide bandgap SnO2 offers transparency in the visible range 

and a reduction of the luminescent quenching, it has evolved as a material for optical 

application[37, 38]. SnO2 has a high excitonic binding energy (130 meV) compared to other 

wide bandgap materials such as ZnO (60 meV) and GaN (25 meV)[1, 39, 40]. This property 

makes SnO2 a worthy candidate for photodetectors, waveguides, and UV light-emitting 

diodes. Notably, SnO2 with an inversion centre of symmetry does not show band to band 

transition because of the dipole forbidden rule[30, 41, 42]. This is because of the long-range 
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symmetry found in bulk SnO2 leads to the conduction band minimum (CBM) and the 

valance band maximum (VBM) to occur at  (0,0,0) point of the Brillouin zone for an even 

parity symmetry [43-45]. Thus, the bandgap related optical transition is not allowed. On the 

other hand, sub-band levels associated with Sni and OV defects inside the forbidden bandgap 

allows transitions to occur, especially in the visible range[8, 41, 46]. Thus, such defects 

further open up utilities of SnO2 in optoelectronic applications. In fact, these defects induced 

trap states are reported to facilitate photocatalysis activities by delaying the recombination 

of charge carriers[20, 30, 47]. Moreover, the transition from bulk to nanostructures (NSs) 

can contribute plenty of defects at surfaces as well as cause a breakdown of the local 

symmetry, which may lead to breaking of the forbidden band-to-band transition[48]. Apart 

from that, the multiple oxidation states (Sn2+ and Sn4+) and superior conductivity of SnO2 

NSs are found to be beneficial properties for lithium-ion batteries and electrochemical 

supercapacitor applications[49-52]. Nanostructured SnO2 with different morphologies such 

as nanocrystal, core-shell, nanorods (NRs), nanosheet, and nanowires (NWs), with novel 

properties compared to the bulk, are explored for many applications[23, 53-56]. Hence the 

controlled synthesis and in-depth understanding of NSs with optimum defects is a necessary 

step for their effective applications in the many emerging fields. 

1.1. Crystal structure 
Under the ambient condition, stannic oxide (SnO2) is the most thermodynamically 

stable and abundant form of tin oxide[57, 58]. It has a rutile tetragonal structure with a space 

group P42/mnm (D14
4h)[59, 60] and contains four Sn atoms and two O atoms per unit cell, 

as depicted in Fig.1.1. 
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Figure 1.1 SnO2 unit cell with Sn (IV) state in grey and O in solid. 

The atomic position is determined by the c/a ratio and internal parameters. The 

positions of Sn atoms are defined as (0,0,0) and (0.5,0.5,0.5). Whereas, O atoms are referred 

to at (0.5, 0.5,0), (-0.5, - 0.5,0), (-u+0.5, u+0.5, 0.5), (u+0.5,-u+0.5, 0.5)[43, 59, 61].  In 

SnO2 crystal, Sn is surrounded by six oxygen atoms situated at vertices of a distorted 

octahedron in which four equatorial oxygen lie in the same plane with a shorter Sn-O bond 

than the similar bond with the other two oxygen placed at apical site[43, 62]. 

Various parameters of SnO2 deduced from experimental and many theoretical 

approaches are tabulated in Table-1.1[58, 63, 64].The experimental structure gives a= 4.738 

Å and c = 3.187�Å with u=0.307 and the c/a ratio of 0.67 and c/a-2u of 0.058 indicate a 

small distortion of the octahedral.  

Table 1.1 Experimental and calculated lattice parameter of SnO2 [65] 

 Exp. $PBE *PBE+D3 #PBE0+D3 
a (Å) 
c (Å) 

V (Å3) 
c/a 
u 

c/a-2u 
Sn-O (2No.) (Å) 
Sn-O (2No.) (Å) 

4.740 
3.188 
71.63 
0.673 
0.307 
0.058 
2.052 
2.058 

4.828 (1.90) 
3.243 (1.74) 

75.58 
0.671(-0.15) 

0.307 
0.059 

2.091(1.91) 
2.093 (1.69) 

4.808 (1.49) 
3.233 (1.43) 
74.74 (4.47) 
0.672 (-0.06) 

0.306 
0.060 

2.085 (1.62) 
2.081 (1.13) 

4.737(-0.02) 
3.184 (-0.10) 
71.45 (-0.13) 
0.672 (-0.09) 

0.306 
0.061 

2.056 (0.20) 
2.048 (-0.47) 

$PBE: Perdew, Burke, and Ernzerhof (PBE) exchange function 

*PBE+D3: Perdew, Burke, and Ernzerhof with Grimme “D3” additive dispersion 

correction. 
#PBE0+D3: PBE0 with D3 
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1.2. Surface of SnO2 

The optical, electronics, and chemical properties of SnO2 are reported to be strongly 

correlated with its low index planes (110), (100), (101), and (001)[43, 64]. It leads to a 

truncation of the octahedral structure of SnO2 with dangling bonds and gives rise to different 

co-ordinations to the outermost cations at surfaces[36]. The stability and material properties 

of these low index surfaces were found to correspond with the density of dangling bonds 

present[43]. Out of the above planes, (110) surface, as shown in Fig.1.2, is the most stable 

surface with the lowest density of dangling bonds. The outermost atomic plane of the 

stochiometric SnO2 (110) surface is characterized by the row of oxygen atoms at bridging 

sites between a pair of Sn atoms, and such oxygen atoms are referred to as bridging oxygen 

(OB). The atomic plane lying just below is made up of an alternative row of oxygen and tin 

atoms[43, 44, 66]. These oxygen atoms are known as in-plane oxygen (OP). The next plane 

made up of only oxygen atoms is arranged along a row and is referred to as sub-bridging 

oxygen (OSB). Removal of an oxygen atom from the respective position creates a bridging 

oxygen vacancy (VB), an in-plane oxygen vacancy (VP), and a sub-bridging oxygen vacancy 

(VSB)[30, 67, 68]. Formation of these oxygen vacancies drastically alters the electrical and 

optical properties of the metal oxide[69-71]. The effects of these vacancies on various 

properties are discussed in the subsequent section. 

 
Figure 1.2 Side view of the SnO2 (110) stoichiometric surfaces. The large 

(small) spheres represent tin (oxygen) atoms. Oxygen atoms are labelled 

according to the convention discussed in the text. 
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With a very high surface to volume ratio and defects states, the metal oxide NS 

influences applications, and so, the synthesis process is a decisive step to maintain the 

desirable and pristine characters of NSs. Furthermore, nanocomposite with  SnO2 NSs is an 

important step to access the beneficial property of it for effective utilization. 

1.3. Synthesis of nanomaterials and nanocomposites 
Manipulation of shape and size of metal oxides, especially in the nano regime, helps 

tailoring the mechanical, chemical, magnetic, and electronic properties. In general, metal 

oxide NSs can be classified as 0-2 Dimensions (0-2D), which are:  

(i) Nanoparticles (NPs), Nanosphere, Core-shell structure (0-D).  

(ii) Nanorods (NRs), Nanowires (NWs), Nanobelts (NBs), and Nanotube (1-D),  

(iii) Nanosheet and Nanoflakes (2-D)  

There is good utilization of nanomaterials as nanocomposites to enhance the material 

properties for efficient applications[72-74]. In that context, carbon materials are highly used 

for making nanocomposite with various metal oxides. Among the carbon-based materials, 

2D graphene has emerged appreciably because of its superior properties such as charge 

carrier mobility, high specific surface area, excellent optical transparency[75-77]. Reduced 

graphene oxide (rGO) and graphene oxide (GO) are also popular choices as a graphene 

precursor material due to ease of processability over the graphene[78, 79]. GO is better 

considered as a graphene sheet with different functional groups like hydroxyl (-OH) and 

epoxy (C-O-C) in the basal planes and carbonyl (=CO) and carboxylic (-COOH) at the edges 

of the graphene flakes. These groups are advantageously utilized for different 

applications[80, 81]. Unlike graphene, GO opens up an electron energy gap, and the polar 

oxygen functional groups render it hydrophilic[81, 82]. Further, derivatives with chemical 

moieties can make the GO dispersible in solvents as well as processable for a series of cheap 

technological applications such as spraying, drop-cast, or spin-coating. Functional groups 

in GO serve as sites for binding to metal, metal oxide, and polymers, and thus, GO is used 
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as a starting material for Li-ion battery, supercapacitor, gas sensors, and catalyst 

applications[78, 81, 83]. The incorporation of metal oxide NSs with novel property and 

large surfaces to make composites with GO reveals further scope of improvement in 

performance, such as electrochemical and photocatalysis applications[16, 84]. 

The techniques to obtain nanostructures with a variety of sizes and shapes are 

categorized mainly, as bottom-up and top-down. In the bottom-up approach, the NSs are 

grown from their smallest element by carefully adding unit blocks, such as atoms, ions, or 

molecules, in order to obtain larger structures[85, 86]. NSs and nanocomposites are obtained 

routinely by different methods and a brief discussion is given below.  

1.3.1. Wet chemistry for NPs synthesis 

Wet chemistry is a term used to refer to liquid phase chemistry and  the term includes 

a group of methods, such as liquid phase sol-gel, hydrothermal, spray dry, aerosol spray 

pyrolysis, cytochemical synthesis[87]. The main advantages of the wet chemistry products 

compared to solid-phase synthesis for similar products are smaller grains, lower 

temperature, and shorter duration of phase formation[85, 88]. NPs have been identified as 

major compounds for many applications such as medicine, optics, electronics, energy, 

sensing, and catalysis[49, 67, 89]. So, there is a lot of interest in the facile synthetic routes 

for NPs with controllable size and narrow size distribution. There are many methods for the 

production of SnO2 NPs and QDs. Lee et al.[41] have reported the synthesis of SnO2 QDs 

(1-3 nm) via hydrolysis of SnCl2.H2O in ethanol solution, while Castillo et al. have reported 

the preparation of SnO2 QDs (2-5 nm) by the sol-gel method[90]. A stable and reproducible 

method is required for the synthesis of these NPs. The growth has to be a sustainable process 

to yield homogeneous NPs, which may be used as a starting material for the growth of other 

dimensions and applications.    
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1.3.2. Vapor-liquid-solid growth 

Among many methods of synthesis, 1-D nanostructure is grown by the catalyst 

assisted vapor-liquid-solid (VLS) process. The mechanism of metal catalysis assisted VLS 

growth of NWs was proposed by Wagner and Ellis for the growth of silicon whiskers in 

1964[91]. During the process, a metal catalyst forms a liquid alloy droplet at higher 

temperatures, which absorbs the vapor component. The supersaturated alloy droplets drive 

the precipitation of the vapor component at the liquid-solid interface. Thus, in VLS, a vapor 

phase precursor is used to supersaturate a liquid catalyst from which a solid phase one-

dimensional structure can be achieved by tuning the size of metal particles that act as growth 

templates for the observed one-dimensional morphology. Most of the semiconductor NWs 

grown by the VLS mechanism typically show preferential growth in a particular direction 

in order to minimize the surface energy[85]. However, there are many other kinetic factors, 

which control the growth and orientation of 1-D nanostructure. 

For the growth of 1-D SnO2 NSs, VLS has been adopted. For instance, Wang et al. 

have demonstrated the importance of substrate used for the growth of NWs by varying A-, 

M-and R-plane sapphire substrates[92]. With the proper understanding, they obtained NWs 

of length ~100 μm and used it efficiently for the field-effect transistors (FET) and sensor 

applications. Zhu et al. have successfully co-related the vapor flux with the growth 

temperature of the VLS process[93]. These studies suggested that in terms of growth 

kinetics, the temperature is also an important factor for the NWs growth.  

1.3.3. Vapor-solid growth 

The vapor solid (VS) process relies on the direct crystallization of a solid from the 

vapor phase or via a self-catalytic process[86]. Though the exact mechanism of it is not 

clear, there are few reports on the successful growth of 1-D nanostructures through this 

process. Zhou et al. have synthesized SnO2 nanoribbons on the Si substrate by the thermal 

evaporation of SnO powder in a horizontal alumina tube at 1000 oC for 8 h[31]. A similar 
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result was also obtained by McGuire[94] et al., where the  NB like morphology was obtained 

by the thermal evaporation of oxide powder in an alumina tube. The VS growth is explained 

with the help of Sears’s model, where atoms are impinged onto a surface by evaporation 

and condensation[95]. These fine particles act as nucleation centers. In a VS growth, the 

preferential growth direction is determined by the surface energy, whereas the morphology 

is determined by the growth kinetics. The surface with lower energy tends to grow larger 

and flat, forming the enclosure of nanostructures. The second driving force for VS growth 

is spontaneous polarization[95]. A polarized surface is a preferred site for newly arriving 

atoms or molecules. Unlike VLS, where the crystal growth always takes place at a 

solid/liquid interface, VS-governed growth proceeds at the vapor and solid crystal interface. 

1.4. Defects in SnO2  
The presence of various intrinsic defects like oxygen vacancy (OV), Sn interstitials 

(Sni), Sn antisemites (SnO), Sn vacancy (VSn), and oxygen interstitials control various 

electrical and chemical properties of SnO2[30, 32, 36, 96]. For instance, coexistence of 

optical transparency with electrical conductivity found in SnO2 is co-related with the 

presence of OV. Contrary to this, it has been demonstrated that the presence of hydrogen as 

a potential source for the n-type conductivity in SnO2[97]. However, the most expected 

theory refers to the presence of OV and Sni as the primary donor defects in bulk. It is evident 

that bulk OV creates two defect levels Vo•/ Vo× and Vo••/ Vo•  at the shallow and deeper 

positions, respectively[35, 36, 98]. These two defect levels are identified at  0.03 and 0.15 

eV below the CB, respectively[36, 98]. Here, Vo×,Vo• and Vo•• are denoted as a neutral, 

singly charged, and doubly charged vacancy, respectively. As these states lie quite closer to 

the CBM, they will not affect the transparency but will contribute by improving the electrical 

conductivity with the injection of carrier electrons into the CB. SnO2 with a resistivity of 

104-106 Ω cm has considerably lower than other IV-VI semiconductors (103-109 Ω cm)[98, 
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99].Additionally, the un-dopped SnO2 possesses a carrier density up to 1020 cm-3, which is 

comparable with the value of semimetals (1020 -1020 cm-3)[100]. Such a high value is 

possible because of free electrons created after the ionization of donor states in the solid.   

OV can be regulated by various synthesis methods. For instance, in an oxygen-rich 

atmosphere, the temperature-dependent OV reaction can be written as in Knoger-Vink 

notation[98, 101, 102]: 

Oo
× → Vo

•  + e + 1/2O2    1.1 

Oo
× → Vo

••  + 2e + 1/2O2                                   1.2 

In contrast, in the oxygen-deficient atmosphere, due to lack of oxygen, the reaction 

follows the following path[102]: 

Vo
× → Vo

•  + e 1.3 

Vo
× → Vo

••  + 2e                                  1.4 

These OV can also be termed as VP and VB, as shown in Fig.1.2.  Out of these, VP is 

found to be a strong contributor to the donor levels that are created close to the CB, whereas 

the latter one, VB forms a deep donor state[67]. In the subsequent chapter, the crucial role 

of these vacancies is further elaborated.   

In the rutile tetragonal SnO2, Sn is surrounded by six oxygen atoms and hence 

possess a coordination number of six.  However, at lower dimensions, a large fraction of the 

under-coordinated Sn atoms resulting from oxygen vacancies and surface reconstruction 

process appear in the intrinsic surface states [Fig.1.2]. In this respect, the multivalence of 

Sn, i.e., Sn4+ and Sn2+, drives loss of oxygen from the surface, which creates a 

nonstoichiometric (110) surface[30, 44, 103]. The absence of OB decreases the coordination 

number of Sn from six to four. Furthermore, the reduction of particle size guarantees a very 

high surface to volume area and thus, proportionately increases the availability of 

multivalent state and low coordination of Sn at surfaces. Moreover, Sn4+ and Sn2+ states act 
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as lewis acid that turns out to be a crucial site to interact with a Lewis base. Such base-acid 

character is well exploited in various catalytic reactions[104, 105]. For instance, the acidic 

site acted as a decisive point for the oxidation of different analytes like toluene[106]. 

Further, being positively charged, these sites can act as a trap for the photo-excited electrons 

and control the optical property. However, a unified approach to exploit various kinds of 

defects and an understanding of their role in lower dimension metal oxide needs further 

exploration. 

1.5. Electronic structure 
The VB and CB is separated by a direct bandgap of 3.67 eV for bulk SnO2[57]. The 

VB of SnO2 can be divided into three different regions based on orbital characters. A 

simplified representation of the density of state of SnO2 is depicted in Fig. 1.3.  

 
Figure 1.3 Schematic representation of the density of states for valence band 

and conduction band (b) simplified band diagram of SnO2 with a donor state (Ed) 

close to the conduction band. 

 The valance band maximum (VBM 0 to -2 eV) has a dominant O 2p character, while 

the middle region (-2 to -5 eV) has hybridized Sn 5p and O 2p orbitals. The lower energy 

region of VB, -5 to -9 eV, possesses a hybridization of Sn 5s states with O 2p states, rather 

than with the Sn 5p states[107, 108]. The CB has a minimal contribution of O 2p orbitals, 
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whereas its bottom from 3.6 to 8 eV has got a dominant Sn 5s character. Further range from 

8 to 12 eV has a strong Sn 5p character[108].  

In the case of the nonstoichiometric SnO2, the electronic donor states (ED) close to 

CB are created by the OV to make it an n-type semiconductor [Fig.1.3(b)]. The removal of 

oxygen atoms from the surface provides a strong dispersion at the bandgap of SnO2[43]. On 

the removal of the most exposed bridging oxygen of the surface, a dispersion band arises 

within the forbidden gap near the VB, and such states being away from the CB is not 

energetically favorable for the electrical conduction process easily. However, for an optical 

transition like luminescence, such states become an important aspect for consideration. In 

fact, technically important blue luminescence in SnO2 was correlated to such states[46]. 

1.6. Vibrational property 
The vibrational study offers the detail of bonding and structural information. Each 

unit cell of SnO2 consists of six atoms together to have 18 vibrational modes in the first 

Brillouin zone. These vibrations are represented as[29]:  

= A1g+ A2g+ B1g+ B2g+Eg + A2u+ B1u+ Eu                                  (1.5) 

Fig.1.4 represents the schematic view of all vibrational modes[29, 109, 110]: 

 
Figure 1.4 2-D representation of optical active vibrational modes along the c-
axis of the unit cell and the movement of atoms in-plane is indicated by arrows, 

while (+) and (-) for movement along the c-axis.  
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Out of these, non-degenerate A2u and triple-degenerate Eu mode are infrared (IR) 

active whereas, A2u and two Eu are acoustic modes. Other A1g, B1g, B2g, and Eg modes are 

Raman active where, first three vibrations are non-degenerate, and the fourth one is doubly 

degenerate.  

All these Raman active vibrations arise due to movements of O atoms with respect 

to the Sn atom, as evident from the above diagram[29, 111]: 

1. A1g and B2g vibrate in the plane perpendicular to the c-axis, while the B1g is due to 

the rotation of O atoms around the c-axis. 

2. Eg mode vibrates along the c-axis.  

3. For the IR active A2g mode, Sn and O atoms vibrate in the c-axis direction. The other 

IR active Eu mode arises due to the vibration of both Sn and O atoms in the plane 

perpendicular to the c-axis. 

4. The vibration of Sn and O atoms in the direction parallel and perpendicular to the c-

axis gives rise to the silent B1u and A2g modes, respectively. 

However, Raman spectra collected from the SnO2 NSs vary drastically because of 

an interaction with EM radiation and particle size, which strongly depends on the shape and 

state of aggregation[29].  

In general, the variations in Raman spectra for NSs are described as follows[29, 

109]:  

1. Mostly, the Raman allowed peaks A1g, B2g, and Eg centre at the positions ~ 633, 774, 

and 475 cm-1, respectively.  The mode A1g shifts to a lower wavenumber as the size 

of NPs decreases. At the same time, B2g and Eg move towards A1g, i.e., they shift 

towards lower and higher wavenumbers, respectively. However, the positional 

variation of Eg mode is limited, and the shift is found to accompany a broadening 

effect of the band. Further, B1g mode is reported as a low-frequency band for the 
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smaller NPs. However,  it has a very low intensity with respect to other modes 

[0.001I (A1g) [29], where I stands for intensity of Raman peak.  

2. The appearance of low-frequency bands (50-70 cm-1) whose position and intensity 

varies with the size of nanoparticles. The band shifts towards a higher wavenumber.  

Moreover, it becomes a less intense and broad mode than other modes, while the 

average particle size decreases. For particles larger than ~ 7 nm, the band is not 

observed in general[112]. 

3. The Raman forbidden modes such as Eu (TO), A2u (TO), B2u, and A2u (LO) occurring 

at 248, 502, 544, 694 cm-1, respectively, and the other surface defect-related 

vibrations are also observed in the SnO2 NSs due to breakdown of selection rule as 

a result of the finite size effect. Such Raman modes provide useful information about 

certain surface defects and disorders present in the NSs[109]. However, it is difficult 

to identify the presence of all these Raman forbidden modes and surface defect-

related vibrational features by conventional Raman spectroscopy due to low 

intensity from the weak scatterings. The surface-enhanced Raman scattering 

spectroscopy (SERS), improving the Raman signal significantly, is a potential tool 

to employ for further details from the finite-size effects or surface defects of SnO2 

nanostructures[31, 113, 114]. 

4. Besides groups theoretically allowed modes, a broad feature centred at 573 cm-1 (S) 

is observed and most prominently in the case of the ultra-small NPs[29]. As the 

crystalline phase in SnO2 improves, the feature slowly vanishes with the appearance 

of other Raman allowed peaks. The origin of the S peak is not clearly understood, 

however it was correlated primarily with OV[29]. Liu et al. have correlated it with 

VP [115]. Other studies have described SnO2 NPs as a crystalline core surrounded by 
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an amorphous shell and the latter gives rise to the S peak in the Raman spectra[29, 

116].  

1.7. Optical property 
The SnO2 bandgap of 3.67 eV at room temperature (RT)[57] shows a blueshift at 

lower dimensions, especially when the dimension becomes comparable to its Bohr exciton 

radius of 2.7 nm. When SnO2 NPs approaching closely to the Bohr’s exciton radius are 

referred to as quantum dots (QDs)[49]. In a QD, the exciton is confined in all three 

dimensions. Bandgap energy of the semiconductor QDs is[19, 49]: 

 1.6

In the above equation, r is the particle radius, and μ is the effectively reduced mass, 

and Eg is the bulk bandgap, and εr is the dielectric constant.  

Though band-to-band emission cannot be seen in SnO2 due to the dipole forbidden 

rule, the presence of various defects in low dimension SnO2 regulates other optical 

properties[8, 37, 117].  For instance, this metal oxide possesses a broad luminescence peak  

around 2 eV. Lettieri et al. have correlated it to VB[44]. In another study using the 

generalized gradient approximation (GGA) and density functional theory (DFT), PL peaks 

observed at 1.97 and 2.2 eV in SnO2 NSs were shown to have a link with VB, while an 

appearance of a luminescent peak at 2.4 eV was assigned to VP. Thus, the specificity of OV 

related defects become a crucial aspect to control the optical properties[44]. Additionally, 

blue luminescence in SnO2 in the region of 2.58 to 3.12 eV was reported, and it was found 

to involve the transitions between the localized states above the VBM and CBM[44, 103]. 

Zhou et al. have elaborated the possible origin of blue luminescence with the help of X-ray 

absorption near-edge spectroscopy (XANES) and X-ray photoemission spectroscopy 

(XPS). They have ascribed the observation to a possible transition of a very short lifetime 

electron from the CBM to an intrinsic surface state[46]. However, the clear distinction of 
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these states with the one created near the CBM was not well demarked. Moreover, finding 

multiple peaks and their origin in the blue region remains as an open field to reveal and use 

it for intuitive applications. 

1.8. Application of SnO2 NSs 
SnO2 NSs have attracted immense interest in key technological applications, e.g., 

gas sensors, optical devices, catalysis, energy storage, biosensors, thanks to their 

biocompatibility, chemical stability, and environmentally friendly nature[57, 87]. Few 

applications are enlisted below. 

1.8.1. Gas sensors  

With the advancement of technology, the gas sensor is becoming one of the 

important modern electronic components. A resistive-based sensor with a reasonable change 

in the resistance after an exposure of gas is found to be a reliable way to make such gas 

sensors[23, 87, 118] in the last two decades for viable applications in public safety, food 

industry, automobiles, aerospace, and environment safety[87]. The metal oxides like ZnO, 

SnO2, CuO have evolved strongly as sensor components[119, 120]. Out of them, SnO2 is 

the best suited and oldest metal oxide candidate for commercial gas sensor applications. In 

recent times, with the introduction of the lower dimension, SnO2 has also gained further 

popularity as an efficient sensing material because of its excellent chemical inertness, low 

cost, non-toxic nature, and, most importantly, large surface to volume ratio[121, 122].   

The sensing property is regulated by the adsorption and desorption processes of 

oxygen at the surface of SnO2. Oxygen, after adsorbing on the metal oxide, traps the electron 

and creates a electron depletion region [Fig.1.5 (a)][87, 123]. As a result, the resistance of a 

metal oxide increases. On reaction with reducing gases like CH4, NH3, CO, and H2 with the 

adsorbed oxygen, it releases back the electron. Thus, the resistance of the system decreases. 
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A schematic representation is given in Fig. 1.5 (b) to demonstrate the interaction of CH4 

with SnO2. 

 
Figure 1.5 (a) Highlight of depletion region formation (b) after effect of an 

interaction with CH4 with SnO2. 

For oxidizing gases like NO2, O2, and N2, the resistance of the system increases due 

to the withdraw of electron from the system[87]. The presence of OV intrinsic defects was 

shown to affect the sensing property of metal oxides like SnO2. For instance, increased VP 

in SnO2 NPs was shown to be responsible for the low-temperature sensing operation[67]. 

Similarly, the critical role of VB was correlated for NO2 sensing by Epifani et al. They 

explained the interaction of NO2 with the SnO2 surfaces to occur through the VB sites, which 

enhanced the charge transfer for NO2 interaction[66]. In a different study, an excellent 

selectivity towards SO2 at 200 oC was demonstrated after introducing OV in SnO2 NSs[124]. 

The presence of OV was found to promote a reaction between the electron and the adsorbed 

oxygen. However, the typical role of a particular defect such as VB or VP for detection of a 

trace amount at low temperature remains to be evaluated and understood.  

However, the resistive sensor has some serious drawbacks compared to optical 

sensors. In most of the cases, it needs a high working temperature (more than 200 oC) and 

suffers from slow response, drifts from the baseline resistance, and contact issues. At the 

same time, optical-based gas sensors with different operational mechanisms may offer an 

alternative option[14]. As the optical sensors deal with an interaction with the 
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electromagnetic radiation, the sensor involves parameters like intensity, wavelength, 

polarization[103, 120]. However, there are limited attempts so far to use the optical 

properties of SnO2 beneficially for PL based gas sensors[120]. Some studies, such as 

adsorption of NH3 with SnO2 NPs and NO2 absorption on the SnO2 NB[103], are reported, 

however, without details on the active role of specific defects and clear mechanism on the 

modulation of PL signals by gases. Thus, critical evaluation of various defects, especially 

blue emission-related deep-down defects, is an important milestone to achieve for a PL 

sensor.  

1.8.2. Electrochemical applications   

Electrochemical capacitor, also known as a supercapacitor, has emerged as an 

excellent energy storage device for the different portable electrical gadgets, electric 

vehicles, and so many other electrical appliances. High power density, long cyclability, and 

first charging-discharging response are the crucial parameters to define the effectiveness of 

an electrochemical capacitor[125-127]. In terms of the energy storage mechanism, a 

supercapacitor can be of two types, electrical double layer capacitance (EDLC) and 

pseudocapacitance[52, 125, 126, 128]. The energy storage mechanism in both the process 

is depicted in Fig.1.6.  
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Figure 1.6 Charge storage mechanism in (a) electrical double-layer 

capacitance and (b) pseudocapacitance. 

In the EDLC type process, along with better conductivity, a large surface area 

leading to the formation of a double layer with an electrolyte is a necessary step[129]. The 

double-layer formation happens due to the adsorption of positive ions of the electrolyte on 

the negatively charged electrode and vice-versa. Carbon-based materials such as porous 

carbon, carbon nanotube, activated carbon, and graphene are found to be the primary choices 

for EDLC[129-131]. But the limitation of the capacitance value of such materials has 

restricted their applications. On the other hand, the pseudocapacitance of different metal 

oxides or conductive polymers can offer a higher capacitance value than the EDLC 

value[126, 132, 133]. Such capacitive value arises because of the fast-faradic redox reaction. 

Among different metal oxides, RuO2 and MnO2 exhibit high theoretical specific capacitance 

of 1358 F/g and 1370 F/g, respectively[126, 134]. However, MnO2 suffers from low 

conductivity, whereas RuO2, with good electrical conductivity of (3×102 S cm-1), is an 

expensive rare elemental oxide. In that context, SnO2 with a theoretical specific capacitance 

of 760 F/g is the next choice as it is low cost, abundant and non-toxic metal oxide [134, 
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135]. As discussed before, removal of an oxygen atom from the bridging position 

contributes to deep trap levels, whereas the VP causes the formation of an energy band close 

to the CB by an amount of 0.3 eV provides an improved conductivity[49]. Thus, the 

synthesis of SnO2 NPs with large VP will enhance conductivity. With better conductivity, 

SnO2 NPs with high surface areas and defects thus become an appealing material for the 

supercapacitor application. Furthermore, multiple oxidation states (Sn2+ and Sn4+) can offer 

faradic redox reaction as a pseudo-capacitive material. In addition, a nanostructured metal 

oxide is an excellent option to enhance the electrochemical performance by manipulation of 

diffusion length and an increase in the effective area for efficient interaction with an 

electrolyte. One of the shortcomings of pseudo-capacitive metal oxide is, however, low 

cyclic stability because of very high-volume change during the electrochemical process 

[136, 137]. Hence the hybrid capacitor, by combining both EDLC and pseudocapacitance, 

is an alternative route. In the context of nano-carbon based materials, 2D graphene has 

emerged strongly because of its superior charge carrier mobility, high specific surface area, 

and excellent optical transparency. Incorporation of NPs to make NP-graphene composites 

improve the electrochemical performance[84, 138]. It occurs due to an increase in the 

distance between the graphene sheets that prohibit stackings into graphitic forms. However, 

the scalable synthesis of graphene, as well as the incorporation of nanomaterial in graphene 

or graphene-like structure, remains a challenge for applications. For instance, He et al. have 

explained the growth procedure of Au and Ag NPs in GO and have shown that the ex-situ 

process can improve the dispersion of NPs in GO over the in-situ process[139]. However, 

the in-situ process resulted in a composite where the size of metal NPs was not uniform but 

random. Similarly, metal oxides like Fe2O3 and SnO2NPs were successfully developed to 

decorate the GO sheets, followed by a thermal reduction[82]. Narrow size distribution with 

an average size of 10 nm of Fe3O4 was observed. Further, Sephra et al. demonstrated the 
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usefulness of functionalization with 3-aminopropyl dimethoxy silane for the attachment of 

positive SnO2 NPs with the negatively charged GO surfaces[131]. They controlled different 

sizes of SnO2 NPs by the pH of the medium. However, they did not elaborate on the typical 

influence of various functional groups of GO on the growth kinetics. In other reports, rGO-

SnO2 composite was utilized for the Li-ion and supercapacitor applications where, the self-

assembly process between the positively charged Sn(OH)4 gel and negatively charged GO 

took place as an intermediate product, which finally yielded to a rGO-SnO2 composite after 

an annealing process. However, any possible interaction between Sn(OH)4 gel and GO 

during the growth was not discussed[140]. The sensor study using rGO-SnO2 was reported 

where the addition of Sn4+ precursor to GO to decorate with 10 nm SnO2 was carried out by 

hydrothermal process at 180 °C. Here, no pertinent discussion about the growth mechanism 

considering the possible effect of functional groups of GO was highlighted[141]. In separate 

work, the Sn2+ precursor and the subsequent high temperature (400 oC) reduction of GO was 

also realized as an electromagnetic radiation shield [142]. In a more recent study, the 

functional groups of GO were shown to influence Fe2+ to Fe3+ conversion and, thus the 

magnetization of the system[82]. Again here, the growth, size, and morphology of metal 

oxide NPs were not inter-related to the observation. Importantly, such parameters like size, 

the role of functional groups influence strongly material properties and various applications. 

Obviously, there is ample scope to unravel the crucial role of graphene like material on the 

growth kinetics of SnO2 NPs in respect to electrochemical or photocatalytic applications. 

1.8.3. Utility as a dielectric material 

The search for dielectric material continuously attracts the research community because of 

the demand for microelectronics, miniaturization of devices, and high energy storage 

material. Material like TiO2, BaTiO3, CaCu3TiO4O12,NiO are used for their high dielectric 

constants[143]. To explain the underlying mechanism for the enhanced dielectric values a) 
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Internal Barrier Layer Capacitance, b) Structurally frustrated relaxor ferroelectric c) Nano-

Order disorder d) Electron-pinned defect dipole are the most proposed mechanism. The 

dielectric constant of a material like BaTiO3 is related to polarizability, in particular the 

dipole polarizability, which may find its origin from the structure that has a permanent 

electric dipole. But some of the materials like CaCu3Ti4O4 (CCTO), LixTiyNi1-x-yO are 

known for their colossal permittivity where the structural aspects play the least role[7, 143, 

144]. Preliminarily, peculiar dielectric behavior in a system has been explained in terms of 

defects and inhomogeneities. Particularly with reference to defects, two proposed 

mechanisms, surface barrier layer capacitance (SBLC) and internal barrier layer capacitance 

(IBLC), have been profoundly used to explain the high dielectric value of different ceramic 

oxides like titanium oxide (TiO2)[144]. SBLC comes into the picture while the formation of 

Schottky diodes at the electrode-dielectric interfaces is considered[145, 146]. At the same 

time, the IBLC reinforces the polarization effect at the insulation grain boundary between 

semiconducting grain or other internal barriers formed inside the grain. SnO2, with a bulk 

dielectric constant ~ 14, has also been explored as a dielectric material for the last two 

decades. For example, Yongli et al. have shown grain boundary-driven IBLC as the key 

mechanism to describe the higher dielectric value in Al, Nb co-doped SnO2[147]. Instead of 

external doping, a self-doping with OV may be a potential choice to increase the dielectric 

value considering huge presence in the low-dimensional SnO2. However, it is yet to be 

unfurled.  

1.8.4. Waveguide application 

Sub-wavelength waveguide is becoming a crucial step for the on-chip routing of 

optical signals[148, 149]. Understanding the morphology, including surface defects, 

becomes of utmost importance for the control and utility of waveguide propagation in the 

sub-wavelength waveguides. While the tapered waveguide helps in easy focusing of light, 
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simple surface chemistry can allow selective light propagation by modifying the 

luminescence[89, 150]. In this direction, 1-D metal oxides like NBs and NWs are potential 

candidates. For this purpose, the growth of single-crystalline 1D semiconductor NSs with 

controlled chemical composition, diameter, length, and doping level is a prime requirement 

[31, 85].  

Theoretical calculations on tapered Ag NW waveguide have suggested a slowing 

down of plasmon polaritons near the tip and subsequent accumulation of energy and giant 

local fields at the tip[89, 150]. InAsP quantum dot embedded on the axis of an InP tapered 

NW waveguide was reported for use as a single photon emitter[151, 152]. Davoyan et al. 

demonstrated using analytical calculations that the tapered dielectric waveguides in the 

metal block could compensate the mode attenuation as well as enhance the nonlinear 

interactions with a stable propagation of light[89]. Yang et al. demonstrated single living 

mammalian cell endoscopy with a high spatial resolution by detecting optical signals from 

the sub-cellular regions using SnO2 waveguides. The authors attached SnO2 NWs of size 

100 to 250 nm to the tapered tip of an optical fiber as a probe for the endoscopy, which also 

showed no toxicity[149]. In most of these cases, an external source was utilized to send light 

through the 1-D waveguide. Apart from that one more type of waveguide was studied where 

PL played a very important role for guiding the light through the waveguide[153]. In similar 

line of application, there is sufficient scope to realize a PL based waveguide with the 1-D 

SnO2 NSs. 

1.8.5. Photocatalysis application 

Synthetic dyes are widely used in various industries like textiles, leather, food, 

plastic, and cosmetics as a coloring agent, and most of them are toxic and non-

biodegradable[154, 155]. Their disposals into natural water bodies impact the environment 

adversely and intoxicate bio-diversity by preventing the entrance of enough sunlight into an 
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aquatic system. Thus, considerable research interests have been devoted to improving the 

aquatic environment by degrading the dyes in the water medium, mostly by photocatalytic 

processes. For a viable photocatalytic activity, nanostructured metal oxides like TiO2, SnO2, 

ZnO, V2O5, Fe2O3 are hugely investigated and utilized as well in the last two decades as 

frontier materials[72, 156-158]. Among them, direct bandgap semiconductor, SnO2 with 

easy processability, and non-toxic characteristics have attracted enormous attention. 

Additionally, lowering the dimension from the bulk phase to the quantum confinement 

domain exhibits distinct properties along with a tremendous increase in specific 

surfaces[49]. Besides, inherent OV in SnO2 that modulates the electronic band structure may 

favorably be used to enhance the photocatalytic activity. The OV gives rise to certain energy 

states inside the band structure. This development promotes better electron migration, an 

essential criterion for catalytic degradation. In addition, these states can trap the 

photoexcited electrons and make them available for the catalytic process by prolonging the 

recombination process. In consequence, the enhanced photocatalytic activity is anticipated 

due to the defects engineering of SnO2 NPs. Moreover, nanostructured SnO2 with an 

increased number of active reaction sites due to improved surface to volume ratio helps in 

the improvement of the reaction rate. However, being a wide bandgap material, generally, 

it needs to be exposed to a UV irradiation source for effective degradation of a dye. On a 

contrasting note, Liu et al. demonstrated using SnO2 NPs prepared by the pH-regulated 

microwave synthesis technique a degradation up to 90 % of methylene blue (MB) by means 

of visible-light-driven photocatalysis[159]. Notably, the degradation took long 240 min. In 

another report, solar light-driven degradations of Rose Bengal and Eosin Y were 

demonstrated using microwave synthesized SnO2 QDs, which also took around 60 min for 

the complete degradation[47]. The degradation process was explained based on the 

utilization of solar light that excited an electron from the valance band to the conduction 
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band of the SnO2 QDs. Towards the meeting of the challenging demand for the faster 

process under visible light, the various composite of SnO2 with carbon-related material has 

been tested[16, 131]. In that regard, rGO is one of the most suitable components for the 

synthesis of the composite. In contrast, GO with structurally similar to graphene possesses 

both -conjugated sp2 domains and sp3 character along with oxygenated functional groups 

present both in the basal and the edge linked through covalent type bonds with graphene 

carbon atoms. Obviously, the presence of graphene-like characteristics in GO provides a 

high surface area, and most importantly, it exhibits brilliant adsorption affinity to various 

dyes[81, 160]. Thus, higher hydrophilicity than the graphene can lead to an improved 

dispersion and catalytic efficiency through an adsorption mechanism in an aqueous medium. 

Hence the direct utilization of GO with SnO2 as a composite for visible-light-driven 

photocatalysis is still an open challenge.  

1.9. The objective of the thesis 
The goal of the thesis is to adopt a simple technique to make ultra-small SnO2, which 

offers the largest possible surfaces. Such surfaces with pristine defects can then allow novel 

reaction sites for various applications. Due to large surfaces and defects, the 

physicochemical properties are thus expected to vary from bulk. Thus, these properties are 

studied in detail. In addition, various sizes NPs providing different specific surfaces and 

defects are also compared to arrive at a better understanding of the effectiveness of size and 

role of defects. Considering possibility of better alignment of the work function of GO with 

SnO2 and its improved surface activities, a composite is prepared for evaluation. Thus, the 

main objectives are built as follows: 

1.9.1. Growth of different morphology of SnO2 NSs and GO-SnO2 nanocomposite 

SnO2 QDs are synthesized by a soft chemical route, and other dimensions are 

obtained by annealing it at various temperatures. For the synthesis of 1-D SnO2 NSs, both 
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VLS and VS techniques are adopted using a CVD technique. A temperature-controlled 

morphology is observed for VLS grown 1-D NSs, and the possible growth mechanism is 

discussed. Nanocomposites with GO are made by ex-situ and in-situ synthesis techniques. 

The growth mechanism is highlighted along with applications as a hybrid capacitor and 

visible-light-driven photocatalysts. 

1.9.2. Utilization of surface-enhanced Raman spectra to invoke vibrational mode of 
SnO2 

The important role of a strong plasmonic field to elucidate the Raman forbidden, but 

IR active mode in 25 nm SnO2 NPs during the Raman measurement is described with the 

optimized SERS substrates made with Au NRs and Ag nanonets. Further, a pertinent 

discussion on how a strong plasmonic Ag nanonets has allowed first-time observation of a 

Raman allowed mode for the SnO2 QDs is presented.   

1.9.3. Investigation of luminescence from SnO2 NPs for ammonia sensing and 1-D 
SnO2 for waveguide application    

Blue luminescence from SnO2 NPs is probed and discussed in detail using various 

techniques such as electron energy loss spectroscopy (EELS) and X-ray absorption 

spectroscopy (XAS). The clear understanding provided a basis for the selective detection of 

ammonia at RT, for the first time using a blue emission of SnO2 NPs. The waveguide 

application of 1-D SnO2 NSs by using the PL property of a single nanowire is also described. 

1.9.4. Efficient use of defects of SnO2 NPs for supercapacitor and photocatalysis 
applications 

Energy and the environment are two important issues for contemporary and modern 

research. The thesis emphasizes such important aspects using SnO2 NPs and 

nanocomposites with GO e.g., electrochemical hybrid capacitor as a way for energy harvest 

and photocatalytic dye degradation for environmental application.  
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1.9.5. Role of the defect in controlling dielectric and CH4 sensing properties of SnO2 
NPs  

Two different SnO2 NPs with similar dimensions but with different defect 

distribution are synthesized. The typical role of OV related defects on enhancing dielectric 

values is discussed with a plausible mechanism. Furthermore, the role of OV defects is 

highlighted for low temperature (50 oC) CH4 sensing, especially with an explanation on the 

specific influence of VP and VB in sensor mechanism for detecting the lowest possible trace 

amount. 
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Chapter 2 

Growth and characterization of SnO2 NSs and GO-SnO2 

composite 

In the current chapter, the synthesis of SnO2 NPs of different dimensions (0-D and 

1-D) is elaborated. A soft chemical method is employed for the synthesis of SnO2 QDs, 

which are further annealed at various temperatures to obtain different sizes of 0-D NPs. 

Further, the synthesis of 1-D SnO2 NSs, including NWs and micro belts ( Bs), using the 

CVD technique is carried out. The synthesis of 1-D NSs follows both catalytic controlled 

VLS and self-catalytic controlled VS mechanism. The crucial role of the growth temperature 

in regulating the shape and size of 1-D NSs is discussed in detail. Besides the 0-D and 1-D 

NSs, this chapter also discusses synthesis and characterization of GO-SnO2 composites, 

prepared by the ex-situ and the in-situ methods. Characterizations of these NSs are carried 

out using FESEM, TEM, and XRD. Additionally, different spectroscopic techniques like 

Raman and FTIR are used for the understanding of structural and optical properties of SnO2 

NSs and composites. 

2.1. Synthesis and characterization of SnO2 NPs 
A soft chemical route is employed for the synthesis of SnO2 QDs, followed by annealing at 

different temperatures[1]. In detail, 0.05 mol/L ammonia solution (NH4OH; Merck) is added 

dropwise to an aqueous 1 M stannic chloride (SnCl4). DI water (MilliQ, 18 M ) is used 

throughout the procedure. After the addition of the NH4OH solution, the obtained white 

colloidal liquid is kept in a hot bath for 45 min at a temperature of 80 oC. The resultant white 

precipitate is washed repeatedly with DI water and alcohol to remove the chlorine ion. The 

collected gel is dried at 100 oC temperature overnight and is referred to as A (100 oC) or the 

as-prepared sample[1]. The sample is further annealed isothermally in a horizontal tube in 

the air atmosphere at 300, 500, and 800 oC to acquire different particle sizes. These annealed 
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samples at different temperatures are termed as B (300 oC), C (500 oC), and D (800 oC), 

respectively. 

2.1.1. X-Ray diffraction analysis of NPs 

For structural analysis of SnO2 NPs, X-ray diffraction (XRD) spectra using a Cu-

Kα1 radiation (λ=0.15406 nm) are recorded in the 2θ range from 20 to 80o. The obtained 

diffraction peaks are depicted in Fig. 2.1. All of the samples illustrate peaks at 2θ value of 

26.5o, 33.8o, 51.7o, 64.7o which match to the planes (110), (101), (211), and (112) of the 

rutile tetragonal of SnO2  crystal, respectively (ICDD 00-041-1445)[1, 2]. These peaks are 

quite broad for samples A and B. The broadening of diffraction peaks is ascribed to the 

presence of short-range order in a very small crystallite like QDs and the non-uniform strain 

in NPs. In contrast, an improved crystalline phase due to heat treatment is obtained with 

sharper peaks for samples C and D than the samples, A and B.  

 
Figure 2.1 XRD of samples (a) A (100 oC), (b) B (300 oC), (c) C (500 oC), and 

(d) D (800 oC)    

Further, diffraction peaks of sample A are fitted with a gaussian peak and shown in 

Fig. 2.2 to obtain full width half maximum (FWHM) of corresponding peaks.  
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Figure 2.2 Gaussian fitting of XRD patterns of A (100 oC)  

The Scherrer equation[3], R= 0.89 / cosθ, where R= mean crystallite size, = 

FWHM is used for all samples to calculate the mean crystallite size. Thus, average sizes of 

NPs are found to be 1.9±0.1, 3.9±0.2, 8.3±0.5, and 25±0.3 nm for A, B, C, and D, 

respectively. 

2.1.2. Transmission electron microscopy studies 

The structural properties of synthesized NPs are validated by the TEM study. Fig.2.3 

(a) represents the TEM image of sample A, whereas, Fig.2.3 (b) depicts particle size 

distribution. The spherical particle of size 2 to 2.8 nm is well distributed and a Gaussian 

distribution with peaks at 2.4 nm. These particles are less than the Bohr exciton radius of 

SnO2 (2.7 nm) and are therefore referred to as QDs[4]. 

 
Figure 2.3 (a) HRTEM image of SnO2 QDs with an inter-planar spacing value 

as inset, (b) Particle size distribution with a Gaussian fitting and (c) the SAED 
pattern of sample A(100 oC)  
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Further Fig. 2.3 (a) inset shows an HRTEM image of SnO2 with an interplanar d. 

spacing value equal to 0.36 nm, which closely matches with the (110) rutile structure of 

SnO2. The ring-like selected area electron diffraction (SAED) patterns shown in Fig. 2.3 (c) 

can be indexed to (110), (101), and (211) planes, which again correspond to the rutile SnO2 

phase. The blurring SAED rings suggest the presence of short-range order for the SnO2 QDs. 

The TEM images collected from sample B (300 oC) are shown in Fig 2.4 (a). The 

inset shows the interplanar d spacing of the (110) plane of SnO2. The mean diameter of this 

sample is found to be around 4.1 nm from the Gaussian distribution fitting, as depicted in 

Fig. 2.4 (b). Further, the SAED patterns in Fig. 2.4 (c) depict the (110), (101), and (211) 

planes of the rutile SnO2 phase.  

 
Figure 2.4 (a) HRTEM image of the sample B (300 oC) with interplanar spacing 
as inset, (b) Particle size distribution with Gaussian fitting and (c) SAED patterns 

Fig.2.5 (a) shows the TEM images of sample C (500 oC), and the inset shows an 

interplanar spacing corresponding to the (110) plane of SnO2. From Fig. 2.5 (b), the average 

particle size is found to be ~9.3 nm. The SAED pattern shown in Fig. 2.5 (c) confirms the 

(110), (101), and (211) planes for the rutile SnO2 crystal. An improved crystallinity is 

suggested from the spotty ring pattern feature of the SAED pattern [Fig. 2.5 (c)] compared 

to samples A and B. 
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Figure 2.5 (a) HRTEM image of the sample C (500 oC) with interplanar spacing 
as inset, (b) Particle size distribution with Gaussian fitting and (c) SAED patterns 

The TEM image of the annealed sample at 800 oC is shown in Fig. 2.6 (a). The 

interplanar spacing equal to 0.36 nm for the (110) plane of SnO2 is also shown as an inset. 

The mean diameter is observed to be ~ 24 nm after the Gaussian fitting of the particle size 

distribution [Fig. 2.6 (b)]. The spotty ring pattern in SAED indicates an enhanced crystalline 

structure. They are indexed as (110), (101), and (211) planes for the rutile SnO2 structure.  

 
Figure 2.6 (a) HRTEM image (inset) interplanar spacing, (b) Particle size 

distribution with Gaussian fitting, and (c) SAED pattern of sample D (800 oC) 

2.1.3. Vibrational spectroscopy of SnO2 NPs 

Raman scattering is sensitive to the local structure and crystal surface area. It is a 

powerful tool for the characterization of nanomaterials and provides a qualitative probe for 

the lattice defects in solids. [5]. Micro-Raman spectroscopy (InVia; Renishaw) using 514.5 

nm excitation from the Ar+ laser with 1800 gr. mm−1 grating and thermoelectric cooled CCD 
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detector is employed to collect Raman signal from all the samples in the backscattering 

configuration and the spectra are shown in Fig. 2.7. 

 
Figure 2.7 Raman spectra of SnO2 NPs (a) A (100 oC), (b) B (200 oC), (c) C 

(500 oC) and (d) D (800 oC). 

Raman spectra of SnO2 NPs indicate structural evolution depending on the annealing 

temperature. Instead of allowed Raman modes, a broad feature at 573 cm-1 is recorded for 

sample A. This peak is still observable for sample B with a particle size of ~ 4 nm. 

Comparatively, a sharp Raman peak at 633 cm-1, along with a peak at 774 cm-1 of sample D, 

is observed. A systematic blue shift of those peaks is observed with the increase in annealing 

temperature. Furthermore, Eg mode is found to shift to a lower value while the B2g mode to 

a higher value in the Raman spectra for NPs with the increased annealing temperature.  The 

broad feature in sample A (S peak) originates due to surface defects such as oxygen 

vacancies and the non-stoichiometric composition of SnO2 NPs. The intensity of the peak 

reduces with increasing particle size[5-7]. Details about this defect induced S peak is 

discussed in Chapter-3 and 6. 

Further vibrational properties of SnO2 NPs are elaborated by the FTIR study, and 

the result is depicted in Fig. 2.8 in the following figure. 
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Figure 2.8 FTIR spectra of (a) A (100 oC), (b) B (200 oC), (c) C (500 oC) and (d) 

D (800 oC) 

A peak at 624 cm-1 assigned to O-Sn-O vibrational mode is found to be strongest for 

the biggest particle of sample D. The peak is not clearly seen for smaller particles, like 

samples A and B. Apart from this peak, a peak is observed at 3400 cm-1, which corresponds 

to the Sn-OH vibration mode[8, 9]. Notably, the mode is quite strong for smaller particles 

with large surfaces and indicates the presence of a high amount of -OH in samples A and B. 

2.2. Synthesis and characterization of 1-D SnO2 NSs 
The present section describes the growth of 1-D SnO2 NSs by the atmospheric 

chemical vapor deposition (APCVD) technique[10]. Two different growth mechanisms: (1) 

Vapor Liquid Solid (VLS) and (2) Vapor Solid (VS) technique, are discussed[10]. 

2.2.1. Atmospheric pressure chemical vapor deposition 

The fundamental steps in chemical vapor deposition (CVD) techniques are as 

follows [11, 12]: 

(1) Convective and diffusive transport of single of multiple reactant species to the 

suitable substrate kept in the reaction zone. 

(2) The heterogeneous reaction of these species on the substrate surface by means of 

adsorption, diffusion, and desorption process leading to the nucleation. 
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(3) Rational attachment of the reactant’s species leading to the growth of nuclei and 

transport of volatile substances and the reaction by-products from the reaction zone. 

For the growth of 1-D SnO2 NSs, a custom lab-made CVD set up is utilized (Fig. 2.9). 

 
Figure 2.9 Schematic representation of the CVD system used for the growth of 

various forms of SnO2 nanostructures.  

The important components of the system are listed below: 

1. High temperature vacuum tube (1300 oC) furnace (GSL-1300X, MTI Corporation, 

USA). The furnace temperature profile is set up by using 51 segments with the 

automatic run by 708p type advanced PID controller. The furnace consists a) heating 

element: SiC rod, b). Temperature zone: 20 cm, c) Thermocouple: S type Pt-Rh. 

2. Quartz tube with 2.7 cm diameter and 130 cm in length is used as a reacting chamber.  

3. Rotary vacuum pump (Edward RV3 50 1/m with oil mist filter) is used for the pre-

evacuation of the chamber down to 1 mbar.  

4. Mass flow controller (Aalborg GFC 57/67/77): 10-1000 sccm for Ar gas 

(Commercial 97 %) 

5. Pirani Vacuum Gauge: monitoring vacuum inside the chamber -1000 to 1×10-3 

mbar. 
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The VLS growth is a catalyst assisted mechanism and, Au (5 nm) deposited by 

thermal evaporation (Model 15F6, HINDHIVAC) on the Si (110) substrate is used as a 

catalyst to control the VLS growth for 1-D NSs. 

2.2.2. Vapor-liquid solid growth 

A mixture of SnO2 QDs with graphite powder (Alfa Aesar, 99.9995%) is used in a 

3:1 weight ratio as a precursor material and kept in an Al2O3 boat (99.99 %). The Si (100) 

coated with ~ 5 nm of Au is used as a substrate and is kept 1 cm away from the precursor 

material on the same Al2O3 boat in the direction of carrier gas (Ar). Here the role of Au is 

to act as a catalyst to interact with the precursor vapor and initiate nucleation site as well as 

guide the growth. The horizontal quartz tube CVD chamber is initially evacuated to a 

pressure of 10-3 mbar by using a rotary pump and then filled with commercial Ar gas (99.9 

%) to reach one atmospheric pressure. To observe the effect of temperature on the growth, 

two different growth temperatures, 950 and 1000 oC are set. The growth time is 2 h, and the 

flow rate of Ar is maintained at 80 sccm to achieve one atmospheric pressure. The 

temperature profile maintained during the growth process is given in Fig. 2.10. 

 
Figure 2.10 Temperature profile maintained during the growth process 

The metal catalyst assisted vapor-liquid-solid (VLS) growth is one of the excellent 

and widespread techniques to obtain high-quality 1D NSs, especially for metal oxide 1-D 

NSs [11, 13, 14].In the first step of the process, the metal catalyst forms a liquid alloy droplet 
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at high temperature and interacts with the vapor component of the precursor material.[15] It 

leads to the supersaturation of alloy droplets, followed by precipitation of the vapor 

component at the liquid-solid interfaces. Then a solid phase protruded 1-D NS is obtained. 

Regarding the control on the shape and size of 1-D NSs, the temperature is one of the crucial 

parameters which may influence the growth process drastically. A schematic is given in 

Fig.2.11 to describe the growth of 1-D SnO2 NSs by the VLS mechanism. 

 
Figure 2.11 Schematic growth of vapor-liquid-solid growth. 

2.2.2.1. Morphology of VLS grown 1-D SnO2 NSs 

Densely packed NWs grown at two different temperatures, 950 and 1000 oC are 

shown in FESEM images in Fig. 2.12. The inset for 950 oC grown sample shows a NW with 

a square cross-section. A dark contrast observed at the top [Circled in Fig. 2.12 (a) inset] of 

the NWs indicates the presence of the Au. This observation supports the catalyst based VLS 

model for growth. The length and width of the NWs are found to be around 100 μm 

and 200-250 nm, respectively. 

 
Figure 2.12 FESEM images of NWs grown at (a) 950 oC and (b) 1000 oC. Insets 

are high-resolution FESEM for NWs with Au droplet. 
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Fig. 2.12(b) shows the NWs grown at a temperature of 1000 oC. The surface 

appears to be smooth with Au at the top of the NW [inset Fig. 2.12 (b)]. In contrast 

to 950 oC grown sample, cylindrical NWs with thinner width is seen. The length and 

width of the cylinder-shaped NWs are calculated to be around 100 μm and 100-150 

nm, respectively. 

2.2.2.2. Transmission electron microscopy studies VLS grown 1-D SnO2 NSs 

Structural analysis of NWs is carried out by the TEM technique, and results 

are shown in Fig. 2.13. Figure 2.13 (a) shows the square-shaped NWs grown at 950 

oC. The high-resolution TEM image of the single square type NWs reveals crystalline 

(101) plane of the rutile tetragonal SnO2 with a d spacing value of 0.26 nm [Figure 

2.13 (a) top inset]. The corresponding SAED pattern further demonstrates the single-

crystalline nature of NWs [Figure 2.13 (b) bottom insert]. It is indexed as a [020] 

zone axis of the rutile SnO2 phase. 

 
Figure 2.13 TEM image of (a) square shape NWs grown at 950 oC with [top 

inset (101) plane of rutile SnO2 and bottom inset SAED pattern obtained 
along the [020] zone axis and (b) cylindrical shape NWs grown at 1000 oC 
with [top inset (110) plane of rutile SnO2 and bottom inset SAED pattern 

obtained along the [002] zone axis. 

Fig. 2.13 (b) shows the TEM image of a cylinder-shaped NW grown at 1000 

oC. The single cylindrical NW shows a crystalline (110) plane of the rutile tetragonal 

SnO2 with a d spacing value of 0.36 nm [Fig. 2.13 (b) top inset]. Corresponding 
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SAED patterns further demonstrate that NWs are single crystalline in character, 

which can be indexed with [002] zone axis of the rutile SnO2 [Fig. 2.13 (b) bottom 

inset]. 

2.2.2.3. Raman spectra of VLS grown 1-D SnO2 NSs 

Raman spectroscopic measurements of NWs, grown at 950, and 1000 oC with laser 

excitation of 514.5 cm-1 in the back-scattering geometry are shown in Fig. 2.14.  

 
Figure 2.14 Raman spectra collected from (a) square shape and (b) cylindrical 

shape NWs. 

Raman peaks at 633 and 776 cm-1, which correspond to A1g and B2g symmetries 

of rutile tetragonal SnO2, respectively[5].  

2.2.2.4. Growth mechanism of NWs 

NWs grown catalytically at two different temperatures show two different 

morphologies as well as growth directions. It is evident from FESEM and TEM 

images that the width of squares shape NWs is around 200 nm with the growth 

direction (101), whereas the diameter of cylindrical NWs is around 150 nm with 

growth direction along (110) plane. Hence width of square-shaped NWs is 
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approximately 1.33 times bigger than the diameter of cylindrical NWs. Different 

sizes and shape transitions can be addressed thermodynamically by taking into 

consideration Gibbs free energy as a measure of structural phase transformation[15, 

16]. During the VLS growth, the formation of nucleation from the saturated catalyst 

(Au) is an important step for the shape and structure. As reported earlier, the 

difference in Gibbs free energies promotes the phase transition between two 

competing phases at the nucleation stage itself and is found to control square and 

cylindrical shapes[15]. This indicates the involvement of a rectangular shape nucleus 

for square shape NW [Fig. 2.15 (a)] and circular shaped nucleus for cylindrical NWs 

[Fig. 2.15 (b)]. Based on this intuition, Gibbs free energies can be expressed for 

rectangular and cylindrical nucleus using equation (2.1) and (2.2), respectively[15]: 

 2.1 

 2.2 

Here v is the Gibbs free energy per unit volume and quantified as RT (1,2) / Vm 

ln(P/Pe), and gv is basically a function of growth temperature (T1= 1223 K/ 950 oC, for 

square-shaped NWs and T2=1273 K/ 1000 oC, for cylindrical shape NWs). Again, r1 (r2) and 

L1 (L2) are width (radius) and length of rectangular (cylindrical) shape nucleus. 1( 2) and 

1 ( 2 ) are nucleus vapor interface energy and nucleus-liquid interface energy for 

rectangular (column) shaped nucleus, respectively. Optimizing Eqn. 2.1 and Eqn. 2.2, the 

critical radius of these two different systems can be expressed as = 4 1/ gv1 for the 

rectangular nucleus, whereas =2 1/ gv2 is for the cylindrical nucleus. So, comparing the 

size of these two nuclei, gives 2 1T2/ 2T1. Now, depending on growth direction, 1 

and 2 are found to be 1.43 and 1.20, respectively[17]. Substituting the appropriate value, it 

can be shown that .  
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After the formation of the nucleation, the continuous supply of precursors led 

to axial as well as radial growth. Kwon et al. have shown that axial growth is more 

favorable than radial growth, and the growth continues until the aspect ratio reaches 

its limit[18]. However, radial growth rates for rectangular and cylindrical NWs 

essentially are the same for both during the growth of nanostructure. In that case, the 

final size depends on the initial size of the nucleus. Accordingly, the width of square 

NWs should be around 1.24 times of the diameter of cylindrical NWs, and it matches 

closely with our experimental results. As the width of square NWs and the diameter 

of cylindrical NWs are ~200 and 150 nm, respectively. 

 
Figure 2.15 Schematic of the VLS growth mechanism for (a) Square and (b) 

Cylinder shaped NWs  

2.2.3. Vapor-solid growth 

For VS growth of 1-D NSs, mixture of the as-prepared SnO2 QDs of size 2.4 nm and 

graphite powder (Alfa Aesar 99.9995%) in a weight ratio of 3:1 is placed in a high pure 

(99.99 %) Al2O3 crucible. The dimension of the crucible is 1 and 0.5 cm in the diameter and 

height, respectively. The crucible is placed in the Al2O3 boat. The horizontal quartz tube 

CVD chamber is initially evacuated to a pressure of 10-3 mbar by using a rotary pump and 

then filled with the commercial Ar gas. The NWs were grown for 2 h under atmospheric 

pressure at 1000 oC with 80 sccm of Ar flow rate. The NWs are grown in the crucible itself. 

This 1-D structure is grown without any metal catalyst.[16] Fig. 2.16 shows the temperature 

profile of the chamber during the growth. 
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Figure 2.16 Temperature profile maintained during the growth process 

2.2.3.1. Morphology of VS grown 1-D SnO2 NSs 

Fig 2.17 shows the FESEM images of VS grown SnO2 dispersed on the Si substrate. 

It is found that this sample contains SnO2 NSs of random structure [Fig. 2.17 inset bottom] 

along with micro-belt morphology [Fig. 2.17 inset top]. No catalysis found at the top of this 

nanostructure indicates the self-catalytic growth mechanism of these nanostructures.  

 
Figure 2.17 FESEM image of VS grown SnO2. Micro belt (top inset) and beak-

shape (bottom inset) NSs. 

2.2.3.2. Transmission electron microscopy study of VS grown SnO2 

Fig 2.18 shows the TEM image of a nanobelt grown at 1000 oC. The HRTEM image 

of a single nanobelt with a crystalline (110) plane belongs to rutile tetragonal SnO2 with a d 

spacing of 0.36 nm. The SAED pattern demonstrates a single crystalline character of 

nanobelt, which has a [020] zone axis.  
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Figure 2.18 TEM images of SnO2 micro-belt (inset) SAED pattern obtained along 

[020] zone axis. 

2.2.3.3. Raman spectra of VS grown 1-D SnO2 NSs 

Raman spectroscopic measurement from a single μB is recorded with the laser 

excitation of 514.5 cm-1 (Fig. 2.19). Distinct A1g (633 cm-1) and B2g (776 cm-1) peaks confirm 

the rutile structure of SnO2 [5].  

 
Figure 2.19 Raman spectra of a single SnO2 micro-belt. 

Thus, various 1-D nanostructures are grown by both methods, VLS and VS using 

the same as-prepared SnO2. All the nanostructures reveal the rutile tetragonal phase of SnO2.   

2.3. Growth of SnO2 NPs in GO matrix 
GO, structurally similar to graphene, has various functional groups that can be tailored 

for beneficial applications. Here the role of the functional groups present in the GO on the 

growth of SnO2 NPs is firstly highlighted. For comparative study, two different growth 

procedures are followed[19]: 
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1. For in-situ growth, GO (IMPEX, India) is initially dispersed in DI water and kept 

under ultra-sonication for half an hour to get a homogeneous mixture. Then, SnCl4 

is added under continuous stirring of the solution, followed by the addition of 2M 

NH4OH dropwise. The resultant black solution is washed repeatedly with DI water 

to remove additional chlorine ion. The final product is then dried at 100 oC. This 

obtained sample is GO-SnO2 (in-situ).  

2. For the ex-situ sample, SnO2 QDs are added to a dispersed GO solution in DI water, 

and the mixture is sonicated for half an hour. The resultant product was filtered out 

and kept at 100 oC. This sample is referred to as GO-SnO2 (ex-situ). 

A schematic presentation to elaborate on the synthesis procedures is given in 

Fig. 2.20:  

 
Figure 2.20 Schematic view of in-situ and ex-situ synthesized GO-SnO2. 

2.3.1.1. Morphology of GO-SnO2 composite 

Electrostatic self-assembly happens when two different colloids with opposite 

charges are mixed together. Herein reduction of Sn4Cl with NH4OH leads to the formation 

of Sn(OH)4, which generally carries a positive charge, whereas the GO suspension possesses 

a negative charge due to the presence of the various functional groups.[20, 21] Hence there 

is a strong probability for attachment of positively charged Sn(OH)4 towards the negatively 

charged oxygen-containing groups such as hydroxyl and epoxy groups, which are attached 

to both sides of a GO sheet.[22] In the case of the ex-situ sample, non-conventional 
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interactions like Van der Waals interactions, hydrogen bonding, or -  stacking prevail and 

stabilize the sample.  

 
Figure 2.21 FESEM images of (a) GO-SnO2 (in-situ) and (b) GO-SnO2 (ex-situ) 

To verify the morphological characters of both, GO-SnO2 (in-situ) and GO-SnO2 

(ex-situ), FESEM images are recorded and shown in Fig. 2.21 (a) and (b), respectively. In 

both cases, SnO2 NPs are uniformly dispersed on to the curved flaky layer of the GO sheets. 

This aspect confirms a close combination between GO and SnO2 NPs. However, particle 

sizes cannot be detected distinctly due to limited resolution and contrast.  

2.3.1.2. Transmission Electron Microscopy studies 

For further structural information, a TEM study carried out for the GO-SnO2 (in situ) 

sample is presented in Fig.2.22. 

 
Figure 2.22 (a), (b), (c) Irregular shaped TEM images of SnO2 nanoparticles in 

GO matrix. (d) SAED patterns of SnO2 collected from SnO2 NPs. 
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 Fig.2.22 (a) displays the dispersion of spherical NPs of varied sizes. For instance, 

Fig.2.22 (b) highlights the particle size of 10 nm ± 2 in the GO matrix, which is much bigger 

than the as-prepared SnO2 QDs of 2.4 nm, as shown in the previous section. A lattice spacing 

of 0.36 nm shown as an inset in Fig.2.22 (b) corresponds to (110) plane of the rutile SnO2 

crystal. In addition to a spherical shape, irregular shaped NPs are also spotted [Fig 2.22 (c)]. 

Earlier works with Fe2O3 and GO, followed by thermal annealing to reduce GO into rGO, 

have demonstrated the formation of irregularly shaped metal oxide. The post-annealing after 

the growth was discussed as a reason behind the irregular shaped NPs. In the current study, 

the growth of SnO2 metal oxide is drastically affected without any heat treatment but by the 

presence of GO. It can be presumed that GO provides a heterogeneous nucleation site for 

the growth of metal oxide, whereas the functional groups found on the basal plane as well 

as edge act as anchoring sites[19]. Further, SnO2 is not aggregated, and the embedded NPs 

prevents the restacking of multilayers. SAED pattern displays [Fig. 2.22 (d) spotty ring 

pattern indicating an improved crystalline structure compared to SnO2 QDs. However, 

blurred rings indicate the possible presence of a short-range ordering in NPs. 

2.3.1.3. Vibrational spectroscopy of GO-SnO2 composite 

Raman spectroscopy offers structural information as well as defect related 

information. It is employed to understand the typical role of GO in the growth process of 

SnO2 and their interaction. Raman spectra are collected from both GO-SnO2 (in-situ), and 

GO-SnO2 (ex-situ) samples and are shown in Fig.2.23 (a). A broad peak at 573 cm-1(S) is 

seen for the as-prepared sample [Fig.2.23 (b)]. This is similar to the Raman spectra of SnO2 

QDs.[1, 23, 24] This broad peak arises due to the non-stoichiometric layer of the ultra-small 

NP. The absence of other Raman allowed modes indicates a low crystalline phase of SnO2 

NPs. In contrast, the in-situ sample has shown the Raman allowed A1g mode at 626 cm-1 

[Fig.2.23 (b)]. This mode is never seen for the as-prepared SnO2, however, seen for the 
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bigger crystalline SnO2 NPs. Thus, 626 cm-1 peak is a signature for the formation of a large 

crystalline SnO2 particle in the presence of GO, as supported by TEM results shown in Fig. 

2.23.  

 
Figure 2.23 Raman spectra of (a) GO-SnO2 composite and (b) SnO2 portion in 

the composite 

In addition, graphene-related peaks at 1355 cm-1 (D) and 1598 cm-1(G) are also found 

for both in-situ and ex-situ samples [Fig. 2.23 (a)][23, 24] Generally, the D mode appears 

due to the breathing mode of the k-point phonon of A1g symmetry. In contrast, G mode is 

due to the1st order scattering of the E2g phonon of the C atom. The intensity ratios (ID/IG) of 

D and G peaks of the in-situ GO-SnO2 and ex-situ GO-SnO2 estimated after deconvoluting 

the spectra [Fig. 2.24 (a) and (b)] are found to be 1.07 and 1.02, respectively. Thus, the in-

situ sample displays a higher amount of defects component. Notably, Wang et al. deduced 

the same ratio for GO, rGO, and SnO2-rGO samples and reported it to be 0.85,0.80 and 1.12, 

respectively[22]. They correlated the increased ID/IG value of SnO2-rGO to the defects 

created by the introduction of SnO2 to the GO matrix. Moreover, an enhanced ID/IG ratio for 

the Fe3O4-rGO system (1.02) relative to GO (0.94) was also reported. They ascribed it to 

the increased disorders in the GO matrix due to the loading of Fe2O3 [25]. Considering the 

above observations, the enhanced intensity of the A1g band reflects improved intercalation 

of SnO2 NPs in the GO sheets during the in-situ growth. 
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Figure 2.24 Deconvoluted Raman spectra of (a) GO-SnO2 (in-situ) and (b) GO-

SnO2 (ex-situ)    

Vibrational spectroscopy like FTIR provides rich information on metal oxide, 

functional groups of GO, and their interactions. In the present study, the growth procedure 

of SnO2 is different for the ex-situ, and the in-situ samples and accordingly prevailed 

interactions with GO matrix appear to be different. For the ex-situ procedure, the as-

prepared SnO2 acts mainly as a spacer between GO sheets, and in turn, the NPs prevent the 

GO sheets from the collapse. In contrast, a reaction occurs for the in-situ procedure between 

SnCl4 and NH4OH in the presence of oxygenated moieties of GO. The growth procedure 

follows the anchoring of Sn4+ precursor selectively with functional groups of the graphene 

layer, as explained in reference[26]. In the process, a partial decrease of functional groups 

of GO due to an attachment to a metal oxide intermediate Sn(OH)4 could occur. FTIR 

measurements are done to understand such attachment and interaction of NPs with various 

groups of GO, and the obtained spectra are shown in Fig. 2.25. 
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Figure 2.25 (a) FTIR spectra of SnO2 and GO-SnO2 composites (b) highlighting 

presence/ absence of functional groups in the ex-situ and the in-situ GO-SnO2 
composites. 

Characteristic vibration peaks related to SnO2 NPs as well as GO are clearly 

observed for both in-situ and ex-situ samples. Peak at 670 cm-1 corresponds to O-Sn-O 

vibrations of SnO2.[27, 28] A stronger intensity with less FWHM at 670 cm-1 is recorded 

for the in-situ sample than the same for the ex-situ sample. The stronger intensity is an 

indication of the improved crystalline phase of SnO2 NPs. The peaks in Fig. 2.25 (a) at 560 

and 1630 cm-1 are assigned to vibrational modes of Sn-OH. Other modes observed at 1043, 

1154,1224, and 1716 cm-1 for the ex-situ sample are assigned to –C-O (epoxy), -C-OH 

(Hydroxyl), -C-O (Stretching vibration of carbonyl), and –C=O ( stretching vibration of 

carbonyl and carboxyl) group attached to GO [Fig. 2.26 (b)][22, 25].It is important to note 

that these peaks (1045, 1154, 1224, and 1716 cm-1) show decreased intensities for the in-

situ sample [Fig. 2.25 (b)]. A similar observation is also reported for the synthesis of 

metal/metal oxide-rGO composite. However, functional group related information prior to 

the formation of rGO by thermal or chemical treatment is limited in the literature[21, 22]. 

For example, Wang et al. discussed the FTIR spectra of the composite resulted from the 

addition of Sn (OH)4 to the GO solution followed by annealing at 500 oC[22]. They observed 

the absence of 1732 and 1224 cm-1 modes in the resulted rGO from the GO. In another report 

on the rGO-Fe2O3 composite, the absence of carboxyl group and epoxies group at 1723 and 

1093 cm-1, respectively, in the reduced GO was also discussed, however, without detailing 
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the same for the Fe(OH)3-GO intermediate prior to the formation of rGO-Fe2O3 by thermal 

treatment[25]. Hence, the role of functional groups attached to GO that anchored the NPs 

was not sufficiently specified. However, participation and reduction of these functional 

groups in GO-SnO2 composite (in-situ) are clearly observed in the current study, which 

indicates that Sn(OH)4 interacts with functional groups of GO during the synthesis of SnO2. 

Subsequently, the deposition of SnO2 takes place on the GO surfaces. A schematic 

representation of possible pathways for different interactions among the functional groups 

and Sn(OH)4 is depicted in Fig.2.26. This also explains possible breaking and rearrangement 

of epoxy, hydroxyl, and carbonyl groups after participation in interaction with metal oxide 

precursor, Sn(OH)4. The formation of the bond, as shown in Fig. 2.26, can initiate an 

immobilized nucleation center, which further acts for the growth process to give rise to a 

large nanoparticles [19]. Such a bond fixation-based nucleation center is not possible in the 

synthesis of only metal oxide NPs. In fact, this process resembles a heterogeneous 

nucleation system which offers low energy barrier for nucleation and growth of NPs [29]. 

Thus, there are energetically enhanced chances for the creation of a large number of 

nucleation sites in close proximity, and subsequently, their participations allow creating a 

bigger NP than the as-prepared SnO2 NP. Therefore, the growth of NPs is found to be 

dependent on the GO surfaces. 



Chapter 2 Growth of SnO2 NPs in GO matrix  

58 

 
Figure 2.26 Schematic representation of possible reaction pathways for 

functional groups of GO during the formation of nucleation for SnO2 NPs. 

2.3.1.4. Growth mechanism of SnO2 NPs in GO matrix 

Based on the findings from the FTIR study on the typical role of epoxy, hydroxyl, 

and carbonyl groups and TEM and Raman investigations elaborating morphological 

information like the variation in size and irregular shape of SnO2 for the in-situ sample, a 

schematic illustration on the growth mechanism of GO-SnO2 is shown in Fig.2.27. It shows 

that the presence of a functional group for the in-situ sample, brings metal oxide nuclei in 

closer proximity to result in the bigger and irregular shaped NPs. In contrast, different 

functional groups remain unaffected in the case of the ex-situ sample with smaller SnO2 

NPs. 
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Figure 2.27 Schematic representation of decoration of SnO2 NPs on the surface 

of GO sheet by both ex-situ and in-situ process of synthesis. 

2.4. Summary 
Using a soft-chemical growth technique, SnO2 QDs are synthesized. Subsequent 

annealing of these QDs results in bigger particles with improved crystallinity. This 

observation is verified with shreds of evidence provided by XRD, FESEM, and TEM 

measurements. Spectroscopic measurements like Raman and FTIR further support the 

formation of the SnO2 phase. The broad peak in the Raman spectra at 573 cm-1 for the 

smaller particles (2.4 and 4.2 nm) indicates the presence of defects and a non-stoichiometric 

layer. Further VLS and VS growth processes are used to grow NWs and μB, respectively. 

The typical effect of temperature on morphology is observed, such as lower temperature 

VLS growth favors square-shaped NWs than the cylindrical-shaped NWs grown at a higher 

temperature. At the same time, the VS grown samples demonstrate random structure, 

including μB. The growth of SnO2 NPs in the presence of GO reveals the important role of 

functional groups of GO on the growth of bigger SnO2 NPs than the ex-situ grown NPs. 
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Chapter 3 

SERS and unlikely phonon modes in SnO2 NPs 

Raman spectra of nanostructures carry important structural information, including 

the disorder and surface defects related modes[1-4]. In general, the Raman signals are weak, 

and it becomes difficult to identify the disorder and surface-related modes in conventional 

Raman measurements[5]. This chapter focuses on the use of the SERS for exploring the 

underneath structural information of SnO2 nanomaterials. SERS is known for ultrasensitive 

trace detection[6, 7]. In SERS measurement, strong enhancement of the weak Raman signal 

of an analyte molecule absorbed on the plasmonic metal or metallic NSs takes place[8-10]. 

Importantly, a highly localized surface plasmon resonance in the NSs of plasmonic metal 

like Ag and Au with suitable electromagnetic irradiation occurs to enhance the Raman 

signal[9, 11]. Along these lines, the SERS study is carried out to observe Raman allowed 

mode from the as-prepared QDs, which otherwise does not show any Raman allowed modes 

but show a broad Raman forbidden mode[4, 7, 12]. The electromagnetic irradiation on the 

metal surfaces results in a strong electric field in the vicinity of the plasmonic metal[13]. 

Thus, away from the metal surface, a high electric field gradient is realized in the localized 

region[14, 15]. Due to this strong electric field gradient, an analyte molecule near the metal 

surface experiences an inhomogeneous electric field. Importantly, such an inhomogeneous 

field is reported to influence the vibration property of the analyte[15, 16]. The effect of a 

similar field on the vibrational properties is considered for investigation with SnO2 NPs in 

the presence of an efficient plasmonic substrate. Prior to performing SERS studies, two 

plasmonic materials, such as Au and Ag nanomaterials, are prepared and optimized to 

provide high electric field confinement during the SERS experiment. A seed-mediated 

growth is adopted for the synthesis of Au NRs, whereas Ag nanoparticles are synthesized 

without any capping agent to form network structures. The SERS efficiencies of both 
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plasmonic structures are carried out with rhodamine 6G (R6G). Finally, the SERS substrate 

with higher efficiency is utilized to investigate the effect of a strong inhomogeneous electric 

field on the vibrational property of SnO2 NPs.  

3.1. Optimization of SERS substrate 
3.1.1. Synthesis of Au NRs 

Au NRs, one of the efficient choices as SERS substrate due to its chemical stability 

and superior optical property[17], are synthesized by a seed-mediated method[18, 19]. As a 

first step of the synthesis procedure, cetrimonium bromide (CTAB) protected Au seeds are 

prepared from ice-cold NaBH4 solution (600 μl, 0.01 M) and Au precursor (250 l, 0.01 M) 

in CTAB solution (10 ml, 0.1 M). The solution is kept undisturbed for 2 h for the growth of 

uniform Au seeds. In another pot, a growth solution is prepared by the addition of 250 μl of 

Au precursor in a 12 ml CTAB solution followed by the addition of 20 μl AgNO3. Then 70 

μl of ascorbic acid is added dropwise. Finally, an optimum 60 μl of seed is poured into the 

growth solution to initiate the growth of Au NRs[19]. The solution is incubated at room 

temperature for 5 h to continue the growth of the rods.  

3.1.2. Optical characterization of Au NRs  

UV-Visible spectrum is collected for the Au NRs solution using UV-Visible 

spectrometer (AVANTES) in absorbance mode and is depicted in Figure. 3.1. 

 
Figure 3.1 UV-Visible spectrum of Au NRs with LSPR at 650 nm. 
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 Two distinct absorption peaks observed at 516 and 650 nm are ascribed to transverse 

and longitudinal surface plasmonic resonance (T/LSPR) peaks, respectively[20, 21].  

Because of the presence of an easily tunable LSPR peak, Au NRs are the subject of extensive 

research.  

3.1.3. Morphological characterization of Au NRs  

To investigate the morphology of the prepared Au NRs, FESEM study is performed, 

and the typical micrograph is shown in Fig. 3.2.  

 
Figure 3.2 FESEM micrograph of Au NRs. 

FESEM image of Au NRs indicates the formation of cylindrical NRs with a 

hemispherical end. The average aspect ratio of Au NRs is calculated to be 2.1±0.2. In an 

aqueous solution SPR absorption maximum (λmax) is correlated by (λmax= 95 AR+ 420)[22]. 

AR corresponding to the LSPR wavelength 650 nm is calculated to 2.4, and they tally 

closely with the experimental data.  

3.1.4. Synthesis of Ag nanonets 

For the synthesis of Ag nanonet, 6 ml of 10 mM ice-cold aqueous NaBH4 solution 

is added dropwise to 30 ml of 0.25 mM AgNO3 solution. The color of the solution turns 

slowly from a pale yellow to orange-yellow and then to a reddish orange. After incubation 

for 30 min, lighter particles aggregating on top of the solution are collected on Si substrates 

by dip coating. These flaky structures on the Si substrates are found to be stable with a size 

of 1-2 mm and are used for further characterization along with SERS experiments.  
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3.1.5. Optical characterization of Ag nanonet  

The absorption spectrum is collected from the Ag nanonets on the Si substrate in a 

reflection mode and is shown in Fig. 3.3. A broad SPR peak related to Ag is observed around 

375 nm[11].  

 
Figure 3.3 UV-Vis spectrum of Ag nanonets on Si substrate. 

3.1.6. Morphological characterization of Ag Nanonet 

FESEM microstructure of Ag nanonets is depicted in Fig. 3.4. The image shows the 

formation of a network structure on the substrates due to the random aggregation of Ag NPs. 

The inset represents the chain of Ag NPs of ~ 50 nm. The presence of nano-crevices is seen 

at the joints of Ag nanoparticles [Fig.3.4 inset]. The formation of such a structure acts as a 

hotspot for confining the electric field[23, 24] and can act as excellent sites for SERS 

enhancements. 

 
Figure 3.4 FESEM image of Ag nanonets with nano crevices (inset).  
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3.1.7. Comparing the efficiency of Au NRs and Ag nanonets as SERS substrates 

SERS is a non-destructive technique to trace a very low concentration of the analyte. 

This enhancement arises because of the confinement of the electromagnetic field on the 

metal surface owing to the plasmonic property[25, 26]. The confined light enhances the 

Raman signal by (a) local field enhancement and (b) radiation enhancement[5]. Because of 

the combined effect, a huge enhancement in the Raman signal is possible, and an 

electromagnetic field induced enhancement (EFEM) is represented as in Eqn. 3.1[27]: 

 3.1 

The equation is well known as the E4 approximation for the EFEM of SERS[27, 28]. 

However, the finest enhancement is dependent on various parameters such as plasmonic 

position, the morphology of plasmonic materials, the bonding nature of analytes with 

metals, and so on. Firstly, for the SERS measurement purpose, Au NRs solution is dropped 

cast on a Si substrate and dried with IR light. Similarly, Ag nanonets collected on the Si 

substrate is utilized as a SERS substrate. Different concentrations of R6G are drop casted 

on the SERS substrates, and the Raman spectra are collected. The results are shown for Au 

NRs in Fig.3.5(a) and for Ag nanonets in Fig.3.5(b).  

 
Figure 3.5 SERS collected from the different concentrations of R6G in the 

presence of (a) Au NRs and (b) Ag nanonets. 
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Vibrational frequencies of R6G at 611,772,1126,1178,1309,1360,1510,1570 and 

649 cm−1 are observed[28, 29]. Importantly, the lowest concentrations of R6G detected are 

up to 10-12 M and 10-16 M by Au NRs and Ag nanonets, respectively. This result indicates 

the better efficiency of Ag nanonet as a SERS substrate than the Au NRs. Moreover, the 

blinking effect is observed with Ag nanonets for 10-16 M of R6G and is shown in Fig. 3.6. 

The blinking behavior conjectures the variation in the intensity of R6G peak.  The blinking 

mode due to the variation of Raman intensity with time indicates the possible effect of 

variation in configurations of a single molecule[30]. Generally, such a blinking effect is 

related to single-molecule trace detection[31]. Therefore, its observation infers efficient 

electric field confinement upon irradiation with an electromagnetic wave.  

 
Figure 3.6 Variation of the Raman intensity with time indicating the blinking 

effect of R6G molecule. 

Finally, because of superior Ag nanonet based SERS substate is chosen for further 

study to explore the phonon mode in SnO2 NPs. 

3.2. Vibrational property of SnO2 NPs and influence of SERS substrate 

3.2.1. Vibrational spectra of SnO2 NPs  

The detailed synthesis and characterization of SnO2 NPs are described in Chapter-2. 

In the current chapter, the vibrational property is further discussed in detail. As prepared 

SnO2 QDs, A (100 oC) and annealed NPs at 800 oC, D (800 oC) are subjected to detailed 
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studies using SERS substrates. Vibrational spectra collected from Raman and IR 

measurements for A (100 oC) and D (800 oC) samples are depicted in Fig. 3.7.  

 
Figure 3.7 (a) Raman spectra of SnO2 NPs, (b) deconvoluted Raman spectrum of 

A (100 oC) (c) FTIR spectra of SnO2 NPs.  

The prominent Raman allowed modes, A1g, Eg, and B2g at 633, 475, and 774 cm-1, 

respectively, are clearly visible for sample D(800 oC) [Fig.3.7 (a)][32]. Along with the 

Raman allowed modes,  it also possesses an intense IR active mode at 694 cm-1, which is 

due to the A2u (LO) mode of vibration [Fig.3.7 (a)][4]. The centrosymmetric SnO2 crystal 

forbids IR active modes to appear in the Raman spectrum due to the mutual exclusion 

principle[33]. Hence, the presence of A2u (LO) indicates symmetry breaking due to finite 

size. However, except for the A2u (LO), other IR allowed modes are not visible during the 

Raman measurement. This may be due to limited local change restricting the influence on 

other IR modes and hence a non-significant intensity for other modes [34, 35]. It is to be 

noted that conventional Raman spectroscopy is a weak scattering phenomenon. 

Furthermore, the IR spectrum of D (800 oC) displayed in Fig. 3.7(c) shows the presence of 
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a Raman allowed Eg mode at 475 cm-1 along with the IR active mode from Eu (TO). This 

observation also supports the possible breaking of the mutual exclusion principle in the case 

of D (800 oC). 

In contrast, to sample D, the as-prepared QDs [A (100 oC)] possesses a broad Raman 

band around 573 cm-1 [Fig.3.7(a)] referred as S peak. This band is linked to defects and a 

non-stoichiometric layer of few nanometer thicknesses around a relatively crystalline core 

of SnO2 [Fig.3.7(a) inset][1, 36]. This highly disordered layer, in comparison to the core 

structure, owes its origin to mainly surface OV[37]. The broadband is convoluted into two 

Raman allowed modes (Eg and A1g) and two defect-related modes (S1 and S2). It is worth 

noticing that the A1g peak position is decided by deconvolution with the intuition that it 

supposedly shifts to a lower frequency[36]. This shift arises due to a smaller dimension 

effect, and thus the exact position remains guesswork so far. Thus, a definite observation of 

the peak is required to understand the finite size effect and the change in bond constant of 

the QDs SnO2. However, the scope is still open. The advancement of the Raman technique 

with SERS measurements providing an improved intensity may be helpful in deciphering 

on the peak position. Earlier Liu et al. have correlated the presence of S peak with VP for 

the pulsed laser deposited 10 nm SnO2 nanocrystals[37]. Furthermore, the VP in the non-

stoichiometric layer modifies the local symmetry to avoid the in-phase vibration, and thus 

it affects the intensity of an active phonon in the Raman spectrum. Raman studies, therefore, 

provide crucial evidence for the presence of surface OV, more specifically about the VP in 

the as-prepared SnO2[1]. Hence the crystalline core being too small to provide the Raman 

allowed vibration, as it is hidden under the broad S peak. Thus, the SERS field needs 

reaching to the hidden core to reveal details. 
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3.2.2. Analysis of SnO2 NP (25 nm) vibrational modes in the presence of Ag nanonet 

Sample D (800 oC) with particle size ~ 25 nm are dispersed on Ag nanonets for 

collecting the Raman spectra (Fig. 3.8). 

 
Figure 3.8 Raman spectra of sample D (800 oC) with and without Ag nanonets. 

The A1g peak with very low intensity is observed at 633 cm-1 without Ag nanonets, 

as shown in Figure 3.8. However, because of the small amount of material with low laser 

power, the B2g peak is not seen clearly. Relatively high intensity of A1g peak (inset Fig. 3.8) 

is observed in the presence of Ag nanonets along with a huge enhancement of B2g mode. A 

similar enhanced response of the B2g mode of SnO2 crystal in the presence of Ag colloids 

was reported[2]. Apart from that, a highly intense peak at 615 cm-1 is observed, and it is of 

high significance as it is not an allowed Raman mode. Notably, the Eu(TO), an IR mode, is 

predicted in the same position as shown in Fig.3.7(c)[35, 36]. Hence the observation of an 

intense IR peak in the Raman spectrum obviously indicates a breaking-down of the mutual 

exclusion principle, which forbids the IR active peak to be present as a Raman mode for a 

centrosymmetric molecule like SnO2. Importantly, such a feature is observed solely in the 

presence of Ag nanonet, and thus the strong plasmonic field of it becomes a critical factor 

to consider. The strong field enhancement is already demonstrated as a SERS substrate for 

trace level detection of R6G molecule and blinking effect. Breaking of symmetry in organic 
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molecules due to the presence of plasmonic materials was highlighted earlier[15]. For 

instance, 2,2-diamino-dimercaptoazobenzene (2,2 DA-DMAB) was tested under varied 

electromagnetic gradient during the high vacuum tip-enhanced Raman spectroscopy 

(TERS) experiment[15]. In this study, IR active mode is observed during the Raman 

measurement, and interestingly relative intensity of an IR peak with respect to Raman peak 

was found to increase with the enhanced field gradient. Experimentally the variation in the 

field gradient was obtained by variation of the distance between the tip and an analyte.  In a 

separate study, Sun et al. have reported an observation of an IR peak (Bu) of pyrazine 

adsorbed on the Ag films is due to the electric field gradient effect during the TERS 

experiment[15]. In principle, this was realized by bringing the tip very close to the metal 

surface, which made a nanogap structure. Subsequently, it provided the observation of 

multiple vibration modes, generation of second harmonics, and, more importantly, electric 

field gradient effects. These effects originated due to the higher-order Hamiltonian for the 

Raman frequencies of the molecule[15]. This higher-order term is more prominent when the 

molecule is placed in an inhomogeneous electromagnetic field. This experiment was also 

carried out in a high vacuum to ensure that the metal tip was close enough to the analyte 

molecule. Interestingly, simulating electromagnetic and quantum chemical calculation 

without considering high vacuum into account, the same group have proposed a strong 

possibility of generating the strong field gradient. Thus, the possibility remains that an 

efficient SERS substrate with enough capability to confine the high electric field in a strong 

manner can replace the high vacuum requirement, as seen in the TERS experiment. In this 

direction, Fazio et al.[2] have carried out a detailed study to show changes in Raman 

frequencies of varied sizes SnO2 particles, from micron to nanometer ranges in the presence 

of Ag. This study revealed dissimilar Raman signals for the different SnO2 NSs. For 

example, pellet and colloidal solution consisting of similar SnO2 particles showed a strong 
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Eu (TO) mode. In contrast, a non-stochiometric thin film showed an enhancement in the 

Raman allowed mode (Eg) with no Eu (TO). The stochiometric film demonstrated strong Eu 

(TO) mode in the presence of Ag colloids. The presence of Eu (TO) mode during the Raman 

measurement was explained with the breaking of the mutual exclusion principle due to the 

metallic surfaces. The strong field gradient shifted the potential energy of the induced dipole 

in an asymmetric manner and affected the centrosymmetric nature of the SnO2 crystal. 

Hence it eliminated the mutual exclusion principle in SnO2 crystal. In contrast to the above, 

the present study with sample D (800 oC) shows a presence of IR active, A2u (LO) mode at 

696 cm-1 during the Raman measurement [Fig.3.6 (a)] indicating a possible violation of the 

mutual exclusion principle. Similarly, the presence of a Raman mode, Eg at 475 cm-1 from 

25 nm SnO2 in the FTIR spectrum, further supports the breaking of the mutual exclusion 

principle. Hence, beyond the breaking of the mutual exclusion principle, the critical role of 

a strong gradient field influencing the vibrational property by Raman measurements can be 

anticipated. This aspect, known as gradient field Raman (GFR), was first put forwarded by 

Ayars and Hallens in the year 2000. However, it is still a largely unexplored topic, especially 

for inorganic molecules[38]. Generally, the transition in the vibrational level due to coupling 

with the radiation field is described by perturbation Hamiltonian. The derivative of the 

spectroscopic signal proceeds with the first order expansion in the vibrational co-ordination 

Q and after elimination of Q independent term[38]: 

 3.2 

Where, μa
P is the permanent dipole moment and α is the polarizability term. In 

general, Eb can be taken out from the 2nd term of RHS of equation 3.2 because it does not 

vary with Q. However, in the existence of a strong electric field gradient, the equation can 

be modified to[38]: 
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 3.3

1st term in the equation describes the IR absorption, 2nd term defines Raman 

scattering, and the last term indicates the GFR term. The third term is non zero in the 

presence of a strong electric field gradient. Further GFR selection rule requires that E 

belongs to the same symmetry species as the vibration or that dE/dQ be non-zero at Q=0. 

This will be true if the vibration has a component in the direction where E varies rapidly. 

This is a possible reason behind the observation of the Eu (TO) mode with a very high 

enhancement. This mode involves the in-plane vibration. Whereas the other IR peak A2u 

vibrates out of the plane and may not be experiencing a strong change of the field gradient. 

Further considering the Hamiltonian of a molecule in an inhomogeneous EM field, the 

intensity ratio of IR peak (I2) to Raman peak (I1) can be co-related as [15, 39]: 

 3.3

Here E refers to a gradient of the electric field. In the current report, high intensity 

in the IR peak is hence noticed because of the strong field gradient, which arises due to the 

formation of multiple junctions, including the nano junction in the Ag nanonets. Fazio et 

al.[2] have observed similar phenomenon, however, using Ag colloids for the SERS 

measurement of SnO2 where they have increased the concentration of Ag to manipulate the 

electric field and hence the relative intensity of the IR peak. It is worthy to note that the 

influence of polarizability in the magnitude of the intensity from the Eqn.3.3 where the GFR 

term (3rd term) is directly proportional to the magnitude of polarizability. Hence, the effect 

of GFR proportionately increases with polarizability. Furthermore, SnO2, an ionic 

compound, has a fairly high degree of ionic bonds. It, therefore, produces a high value of 

polarizability. The GFR effect should be strongest for the vibration mode for which an 
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infrared absorption is strong. So, the ionic nature of SnO2 is one further reason behind the 

observation of an enhanced IR peak in comparison to the Raman mode. Similar to Ag 

nanonets, Au nanoparticles or Au NRs are also used. However, no features as seen with Ag 

nanonets are observed, indicating inefficiency of generating required electric field locally 

to offer GFR effects.  

3.2.3. Raman spectroscopic analysis of SnO2 QDs in the presence of Ag nanonet 

In contrast to the sample D (800 oC), the Raman spectrum of SnO2 QDs possesses 

only a broad peak at 573 cm-1 [Fig. 3.7(b)]. However, in the presence of Ag nanonet, clear 

peaks have appeared (Fig.3.9). Most importantly, the existence of a 627 cm-1 peak is 

observed in the presence of Ag nanonets (Marked with a red arrow Fig.3.9).  

 
Figure 3.9 Raman spectrum of sample A (100 oC) in the presence of Ag nanonet. 

This peak, close to A1g mode (633 cm-1) for the D sample, is ascribed to the A1g mode 

from the SnO2 QDs. So far, no report is there on the clear existence of A1g mode in QDs 

SnO2.Kuzume et al. have predicted the possible presence of A1g mode using the DFT 

calculation; however, it failed to show it experimentally[12]. It is worth mentioning that 

they also had utilized the hot spots of shell-isolated nanoparticles (SHINs) as a SERS 

substrate. However, the EM enhancement obtained from the Shell-isolated nanoparticle 

enhanced Raman (SHINER) SERS substrate was not sufficient to enhance the A1g mode 

frequency in the QDs. Earlier Raman study, as depicted in [Fig. 3.7(b)], has four constituent 
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peaks (S1, S2, E2g, and A1g)[32]. As described earlier, the peaks S1 and S2 arise due to a 

nonstoichiometric shell, which is thought to surround a small crystalline core. At the same 

time, E2g and A1g modes are intuitively fitted without knowing the exact position of the 

peaks.  In contrast, the Raman data collected from QDs in the presence of Ag nanonet are 

now deconvoluted with a precise understanding of various modes such as Eg, S1, S2 along 

with an enhanced A1g (Fig. 3.9). Thus, the experiment on QDs confirms the enhancement of 

the Raman allowed A1g mode due to the use of strong plasmonic filed from the Ag nanonets. 

For further confirmation on the presence of A1g peak in QDs, a high-pressure Raman study 

is done and described in the following section. 

3.3. High-pressure Raman study on SnO2 NPs 
High-pressure Raman spectroscopic studies are carried out using a compact 

symmetric diamond anvil cell (DAC)[40]. Powder samples of SnO2 NPs are loaded into a 

200-μm hole of a stainless-steel gasket (pre-indented to a thickness of ~70-μm) in the DAC. 

A 4:1 methanol-ethanol mixture as a pressure transmitting medium is used, and Ruby balls 

as pressure calibrant are loaded along with the sample. Raman spectra of the sample in the 

DAC are collected using a 514.5 nm excitation line from an Ar-ion Laser using a 20 × long 

working distance objective, the spot size on the sample was about 1 μm. Raman spectra are 

also recorded in the pressure-reducing cycle. Ruby R1 fluorescence method was used for 

pressure measurements[41]. Raman spectra collected up to pressure 17.6 GPa for D (800 

oC) and 17.2 GPa for A (100 oC) are depicted in Fig.3.10. 
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Figure 3.10 Pressure dependent Raman spectra of (a) D (800 oC) and (b) A (100 

oC). 

 

High-pressure Raman modes observed in SnO2 contains several information 

regarding the structure. It is noteworthy that in ambient condition, SnO2 possess a rutile-

type structure. Upon increasing the pressure, it transforms into CaCl2 type at 11.8 GPa[40, 

42]. However, prior to attaining the pressure SnO2 exists in its pristine condition. It is 

interesting to observe a blueshift in the A1g peak of sample D (800 oC) with increasing 

pressure. However, in the ambient condition, no A1g peak can be identified for A (100 oC). 

But with increased pressure, a new peak is coming up for QDs. For instance, at 7.2 GPa, a 

small peak is found at ~664 cm-1. This can be attributed to blue-shifted A1g, which is 

otherwise masked under a broad S peak. The appearance of such Raman allowed peak at 

high pressure, further support the observation of the A1g peak in QDs by the SERS 

investigation. 

3.4. Summary  
In summary, the presence of the broadband instead of Raman allowed mode in 

smaller crystalline SnO2 NPs is a long-standing problem. However, the current chapter sheds 

light on this aspect by utilizing the Ag nanonets as SERS substrate. In terms of SERS 

substrates, Ag nanonets are found to be more efficient than the seed-mediated grown Au 
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NRs or Au NPs. With Ag nanonets, for the first time, the Raman allowed A1g mode for the 

as-prepared QDs is observed. High-pressure Raman study further supports the presence of 

A1g mode. Furthermore, the strong electric field around the Ag nanonets helps in the 

observation of an intense IR mode exclusively in the Raman spectrum of the 25 nm SnO2 

sample for the first time with a solid SERS substrate. A plausible explanation is also 

presented with GFR theory in regard to enhancement of the IR signal in the presence of a 

strong plasmonic field created by the Ag substrate. 
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Chapter 4 

PL based selective ammonia detection and waveguide 

application in SnO2 NSs 

SnO2 with profound optical properties is less explored as an optical sensing material 

however, it is well studied for resistive sensors[1-5]. Further, its superior optical property 

makes 1-D NSs an alluring nominee for waveguide application[6]. In this chapter, SnO2 

NPs, including QDs of 2.4 nm, are discussed for the PL sensing of aqueous ammonia (NH3). 

For a comparative study, different sizes of NPs are used, and the selectivity of NH3 is tested 

against analytes, like ethanol, methanol, and propanol. Importantly, NH3 is considered a 

hazardous chemical for health with a threshold limit of 30 ppm[7]. Performances of the 

SnO2 NPs as an optical sensor, along with characteristics such as recovery, reproducibility, 

and a wide detection range (32 to 256 ppm) at room temperature, are discussed in detail. A 

quartz-based chamber coupled with 325 nm laser is utilized for PL sensor study from SnO2 

NPs. Two obscured PL peaks at 2.77 and 2.96 eV are observed to be enhanced significantly 

from SnO2 NPs due to NH3 exposures. Their alterations in intensities with exposed NH3 

concentrations serve as sensor signals. Details of sensor mechanism with emphasis on the 

correlations between surface defects associated with Sn and Ov in SnO2 NPs for the 

enhancement of 2.77 and 2.96 eV PL peaks are elaborated in this chapter. In the second 

section of this chapter, the utility of SnO2 1-D NSs such as circular, square, and 

rectangular cross-section for waveguide application is discussed. The PL emission 

from 1-D NSs upon excitation with a 325 nm laser is found to be guided through the 

NSs to accomplish as a waveguide for the transmitting visible light. X-ray absorption 

spectroscopy (XAS), lifetime measurements, and temperature-dependent PL studies are 

also carried out. With a detailed probe of the nature of defects in NSs, a possible band 

diagram of the SnO2 NS is also proposed.  
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4.1. PL based optical sensor  
In this section, the changes in the PL of different SnO2 NPs in the presence of 

various analytes are described. Prior to that, the luminescence properties of the NPs 

are described in detail.   

4.1.1. Luminescence properties of SnO2 using PL 

For understanding the intricacy of defects prevailing in SnO2 NPs, PL spectra are 

obtained from samples A (100 oC), B (300 oC), C (500 oC), and D (800 oC) using 325 nm 

laser excitation, and the results are depicted in Fig 4.1.  

 
Figure 4.1 PL of SnO2 NPs at (a) RT and existence of peaks at 2.77 and 2.96 eV 

for samples (b) A&D and (c) B&C 

. 

The detailed synthesis, structural, and morphological characterization of these 

samples are already discussed in the chapter-2. Samples B, C, and D are prepared by 

annealing the QDs (A) at 300, 500, and 800 oC, respectively.  All these NPs demonstrate a 

broad PL peak at around 2.1 eV, however, with varying intensities [Fig. 4.1(a)]. This 

attribute is due to the presence of OV [8-11] in SnO2 NPs. Among them, the as-prepared 

sample exhibits the strong PL peak, which is reduced drastically to a nominal value for 

sample B (300 oC) of 4.1 nm size (Fig.4.1). The decreased intensity indicates the 

annihilation of defect centers responsible for the strong luminescence (from 1.87 to 2.5 eV) 
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because of the annealing process in the air atmosphere. However, the same further increases 

with an increase in the annealing temperatures (500 and 800 oC). Such an increase in 

intensity happens due to the further creation of Ov by the desorption process of oxygen at 

higher temperatures [12]. The detailed analysis of OV is elaborated in the following section 

of the chapter. Besides the broad PL peak, two feeble peaks could be seen at 2.77 and 2.96 

eV in Fig. 4.1(b) [for A (100 oC) and D (800 oC)] and Fig. 4.1 (c) [for B (300 oC) and C 

(500 oC)].  

4.1.2. Effect of NH3 on PL 

For the purpose of recording PL sensor responses from SnO2 NPs, a quartz chamber 

is used, and its schematic representation is shown in Fig. 4.2. for contactless measurement. 

 
Figure 4.2 Schematic view of the set-up used for PL sensor study with different 

analytes.  

For a source of NH3 as an analyte, 50 l (3.125 %) of aqueous NH3 is inserted inside 

the quartz chamber, and the concentration of NH3 gas is determined to be 256 ppm using 

the following formula [13]:  

 4.1 

Where the density, molecular weight, and volume of exposed NH3 is given by δ, M 

and V, respectively. Further, R and T refer to universal gas constant and absolute 
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temperature, respectively.  Pb and Vb are the chamber pressure and volume, respectively. 

After each measurement, N2 is purged to get rid of the exposed gas. The recorded PL spectra 

are shown in the Fig.4.3 for different NPs in the absence and presence of NH3 exposure. 

Clearly, there is a strong increase in PL intensity, in particular, above 2 eV in the presence 

of NH3. 

 
Figure 4.3 PL collected in the absence and presence of NH3 for (a) A (100 oC), 

(b) B (300 oC), (c) C (500 oC), and (d) D (800 oC) samples. 

Among all NPs, the highest enhancement comes from A (100 oC) sample, and the 

particle D (800 oC) of ~ 25 nm shows the least response to NH3 exposure. Further, B and C 

samples also show nominal enhanced PL spectra with NH3 exposures. To understand the 

reason for enhancements and the different responses from varied sizes, a detailed 

investigation is done and elaborated in the next section.  

4.1.3. Origin of PL in SnO2 NPs 

The broad PL peak from A (100 oC) and D (800 oC) due to OV is depicted in 

Fig.4.1[8, 14]. For a better insight into the distribution of OV defects, PL spectra are 

deconvoluted into five Gaussian peaks, which are centered at 1.85, 1.96, 2.11, 2.28, and 
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2.45 Ev, results are shown in Fig.4.4. The first three positions (1.85, 1.96, and 2.11 eV) 

correspond to VB defects, while the peaks at 2.28 and 2.45 eV represent VP defects [15, 16].  

 
Figure 4.4 Convoluted PL spectra of (a) A (100 oC) and (b) D (800 oC). 

Both the VP and VB defects are related to the removal of oxygen from the in-plane 

and bridging position of SnO2 crystal, respectively. A schematic presentation is given in 

Chapter-1(Fig 1.2) to demonstrate the VP and VB and their successive removal to create 

respective vacancy sites[17, 18]. The formation of these vacancies in SnO2 leads to the 

creation of certain energy levels inside the bandgap[18, 19]. The transitions of the electron 

from these defect states to the ground state make the above discussed emissions as a broad 

peak at 2.1 eV. 

PL measurements for both samples A and D with a liquid N2 controlled Linkam 

stage are done from a temperature of 80 K to RT. Results are shown in Fig. 4.5 to shed light 

on the possible positions of VB and VP inside the band. 
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Figure 4.5 Temperature dependent PL spectra of (a) A (100 oC) and (b) D (800 

oC) samples. 

It is evident from Fig. 4.5 that with lowering the temperature, an enhancement in PL 

signal is observed for both samples, and on arriving at 80 K, it shows the highest intensity. 

This observation indicates the existence of shallow donor states in SnO2 NPs[12]. 

Comparing various PL spectra recorded at 80 K and RT for an individual sample, the 

increased intensity of VP (peak above 2.28 eV) is also found to be stronger than that of the 

VB peaks at lower temperatures. This increase shows that VP defects create an energy band 

closer to the conduction band minimum (CBM)[8, 16]. Apart from VP and VB defects, as 

shown in Fig.4.1, there are two other obscured peaks, at 2.77 and 2.96 eV. Notably, PL peak 

above 2.6 eV of SnO2 NSs as a blue emission has attracted considerable research interest 

[19-21]. For instance, Zhou et al. have reported a very fast decay lifetime for a PL transition 

above 2.6 eV and slow decay for the PL emission below 2.6 eV[19-21]. The fast decay was 

assigned to a direct transition from the CBM to a level 0.9 eV above the VBM without the 

involvement of any trap state. This band is related to the loss of surface oxygen. However, 

the later transition with < 2.6 eV was interpreted with the help of traps states for electron 

transitions from a vacancy level slightly below the CB edge (shallow donor). Lettieri et al. 

have shown a similar PL feature at 2.75 eV from SnO2 NWs[18]. They have assigned this 

observation to the typical role of “extended to localized” and “localized to localized” 
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transitions between the surface and the projected band structure of SnO2. The extended to 

localized transition happens due to transitions from the bulk-like CB states to localized OV 

states at the ‘Γ’ point and results in a PL peak at around 2.75 eV with a feeble intensity[17]. 

One more point is a possible lift of degeneracy at the ‘Γ’ point in the band as described by 

Lettieri et al., who have considered a flat band structure everywhere above the VBM except 

at ‘Γ’ point. Thus, there are possible two transitions at the ‘Γ’ point due to lifting in the 

degenerate energy state of the band near the VBM. Such origin of two states is presumably 

the reason behind the observation of two distinct peaks at 2.77 and 2.96 eV in the current 

study. Noteworthy, Lettieri et al., have focused only on the flat band condition and have 

explained only the observed peak at 2.75 eV. Further, any role of the surface truncation of 

SnO2 NPs for the origin of these peaks is investigated and illustrated below. Generally, Sn 

in SnO2 is six-coordinated and surrounded by six O atoms[17, 22]. However, at surfaces, 

Sn has a reduced coordination number from six to five or four[23]. These five and four-

coordinated Sn atoms carry charge states in the form of Sn4+ and Sn2+, respectively, and it 

acts as surface traps for the photo-excited electrons, which can undergo non-radiative 

recombination later[10, 24]. Thus, a blue emission arises due to the presence of surface 

truncated Sn atoms, and the related lifetime is found to be less than other transitions (1.87-

2.45 eV)[19]. It is obvious that in the reduced particle size the truncated Sn atoms become 

huge in number, and hence features related to it are prevalent. Thus, QDs with the largest 

specific surfaces has the most dominant such features compared to 25 nm D (800 oC) 

particles. For further supports for above explanation and insights about the role of defects, 

EELS and XAS studies are carried out in the following section. 

4.1.4. Electron energy loss spectroscopy (EELS) 

EELS focuses on the assertion of the electronic states of both Sn and O atoms in 

SnO2[25, 26]. As certain OV is present in the metal oxide, EELS is, therefore, a relevant and 
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useful tool to provide information about the unoccupied electronic state of the metal oxide 

along with details about the prevalent surface defects. The typical role of the defects 

interacting with the absorbed molecule at room temperature is of high importance for the 

sensor study[15]. EELS investigation is performed on both the as-prepared A (100 oC), and 

the D (800 oC) samples, and the results are depicted in Fig.4.6. 

 
Figure 4.6 O K edge EELS for SnO2 NPs. 

Two major peaks observed at 532.2 and 538.4 eV represent the O K edges, arising 

from the transitions of electrons from the core to O 2p and O 2p-Sn 5p hybridization states, 

respectively. The difference between these two peaks,  6.2 eV, is considered as a fingerprint 

for the rutile tetragonal phase of SnO2[25]. However, the broadness of the peak, as observed 

for the as-prepared QDs, represents an increased surface defect state from the un-

coordinated atoms[27]. To obtain information regarding Sn M4,5 peaks, the X-ray absorption 

near-edge spectroscopy (XANES) is carried out and discussed in the following section. 

4.1.5. X-Ray absorption near-edge spectroscopy 

XANES measurement is performed at the XAS beamline (BL-1) in total electron 

yield (TEY) mode at INDUS-2 synchrotron source (2.5 GeV, 200 mA) of the Raja Ramanna 

Center for Advanced Technology (RRCAT), Indore, India. The Sn M5,4 edge is recorded for 

both A (100 oC) and D (800oC) and shown in Fig.4.7. 
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Figure 4.7 (a) Sn M4,5 edge XANES spectra of SnO2 NPs (b) Zoom of the 

encircled part of Fig (a). 

XANES probes the unoccupied density of states above the Fermi level via dipole 

selection rule that is d to p and d to f for the Sn 3d (M5,4) edge (spin-orbit splitting into 3d3/2 

and 3d5/2 levels giving rise to M4 and M5 edges, respectively) [Fig. 4.7(a)[28, 29]. Two 

distinct peaks at 498 and 500 eV are observed due to Sn M4 edges for both samples. Besides 

that, three distinct features of Sn M5 are observed at 489, 491, and 493 eV for both QDs and 

25 nm NPs. However, the relative decrease in intensity with a broadening effect in the peak 

is seen only for the SnO2 QDs except for a peak at 493 eV [Fig. 4.7(a)]. The peak at 493 eV 

increases in intensity compared to the 491eV peak for the QDs. Similar observation was 

reported and correlated to an increase in the specific surface area for smaller particles[29]. 

For deeper insights, Kucheyev et al. have estimated a partial density of state (PDOS) 

corresponding to Sn M5,4 edge to corroborate the increasing intensity of the 493 eV peak 

with the smaller size of particles[29]. It was concluded that the increased intensity of the 

493 eV feature was possible due to the overlapping of the original peak of SnM5 with another 

peak, which arose due to the spin-orbital-split of SnM4. This additional feature of SnM4 is 

surface-sensitive and more prominent for a smaller particle. The additional surface-related 

counterpart results in a weak peak at 486 eV due to the pre-edge of the Sn M component 



Chapter 4 PL based optical sensor  

90 

[Fig. 4.7(b)]. Zhou et al. have shown a similar pre-edge peak in SnO2  NWs in total electron 

yield (TEY) mode, which was absent in the bulk phase[19, 20]. They have correlated it to 

the under-coordinated surfaces with Sn atoms that have provided a 2.7 eV luminescence 

peak of a PL spectrum. As discussed earlier, transition-related to 2.77 and 2.96 eV should 

show a faster decay compared to the PL peak below 2.6 eV, and the following lifetime 

measurement supports that.  

4.1.6. Lifetime measurement 

Transitions above 2.6 eV in the PL spectrum do involve any initial trap state, and 

hence the transition is directly from the CBM to energy states created above the VBM. These 

states just above the VBM appear due to the un-coordinated surfaces of Sn atoms. However, 

the PL transitions below 2.6 eV occur involving the initial traps states, created by OV, mainly 

VP and VB [19].  The lifetime measurement of 2.27 eV peak is shown in Fig. 4.8 (a). The 

resultant spectrum is fitted with a tri-exponential equation, and lifetimes are estimated. 

Similarly, the lifetime of a peak at 2.8 eV is also recorded and fitted. The result is shown in 

Fig. 4.8 (b). It turns out that transition corresponding to 2.8 eV exhibits a lower lifetime than 

the peak at 2.27 eV to indicate a quicker decay in a predicted way. Thus, the clear role of 

Sn truncated defects for peaks above > 2.6 eV is illustrated. 

 
Figure 4.8 Lifetime measurements of SnO2 QDs for the emissions at (a) 2.27 

and (b) 2.8 eV. 
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4.1.7. Band diagram of SnO2 NPs 

Based on the above discussions, the probable PL transitions in the SnO2 NP are a 

combination of transitions involved with OV (VP and VB) and surface truncated or un-

coordinated Sn atoms. The former one, OV creates a band closer to the CBM and links to 

electrical conductivity. The later type of defects create energy states above the VBM. A 

schematic diagram is given to describe the band diagram of SnO2 NPs in Fig. 4.9, and the 

combined mechanism is summed up as follows: 

1. The excitation in SnO2 NPs starts with the creation of an electron-hole pair after the 

laser excitation. The electron is promoted to the CB, leaving a hole in the VB. 

However, the direct recombination electron-hole for the CB to the VB transition is 

dipole forbidden and is not seen as PL for SnO2 NPs. However, the active hole 

created can be trapped in the energy band created above the VBM[19]. 

2. The photo-excited electron comes back to the energy level created just below the CB 

due to VP or VB. The electrons from these states recombine with the holes trapped 

in the energy states above the VBM. The transitions from VB result in emissions at 

1.88, 1.99, and 2.14 eV, whereas transitions from VP result in emissions at 2.29 and 

2.45 eV. Due to the involvement of the trap states, these transitions possess a higher 

decay time. This feature is corroborated with the exhibition of a higher decay 

lifetime for 2.27 eV peak [Fig.4.9 (a)]. 

3. Further, the photo-exited electron may recombine directly from the CB to the hole 

above the VBM (created due to under coordinated Sn4c atom Sn2+) to provide PL 

peaks at 2.77 and 2.96 eV. However, Sn4+ acts as a surface trap for these electrons 

and affects the transition probability. In subsequence, obscured peaks with very 

weak intensity appear at 2.77 and 2.96 eV (as shown in scheme 4.9). As these 

transitions happen without the involvement of a first trap, they exhibit a lower decay 

time, and it is discussed in the previous section with Fig.4.8 (b) for the emission peak 
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at 2.8 eV. In this case, the passivation of Sn4+ can lead to an enhanced probability to 

allow an overall improvement in the intensities for peaks at 2.77 and 2.96 eV. 

 
Figure 4.9 Band diagram for SnO2 NPs showing different PL transition levels. 

Understanding the origin of PL spectra helps to decipher the enhancement of some 

selective PL peaks observed in certain NPs. For instance, the smallest particle [A (100 oC)-

QDs] shows the highest response in contrast to the biggest particle ~25 nm [D (800 oC)] 

with NH3 exposures. Thus, further detailed interpretation PL measurements are taken in the 

presence of different concentrations of NH3 for SnO2 QDs and discussed in the following 

section in detail. This exercise leads to develop a selective PL NH3 sensor at room 

temperature. 

4.1.8. Blue emission for selective ammonia sensor   

To enumerate the interaction of NH3 with SnO2 NPs, PL measurements are recorded 

from the SnO2 QDs with NH3 exposures. As a source of NH3, 50 l of different 

concentrations (3.125, 1.55, 0.781, 0.39, and 0%) of aqueous NH3 solution are introduced 

inside the quartz chamber. The concentrations of NH3 from solution are determined to be 

256, 128, 64, and 32 ppm, respectively, by using Eqn. 4.1[13]. The recorded PL is given in 

the following Fig. 4.10.   
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Figure 4.10 PL spectra collected in the presence of different concentrations of 

NH3. 

There is an increase in the PL intensity above 2.28 eV with NH3. This spectral region 

deals mostly with VP and direct transitions from the CBM to the band 0.9 eV above the 

VBM. However, the PL region associated with VB remains mostly unaffected. Further, with 

an increase of NH3 concentration, a gradual enhancement of the PL region is observed for 

QDs (Fig.4.10). The PL spectra collected for different concentrations of NH3 are 

deconvoluted further to access insights into the prevailing mechanism for sensor responses. 

The deconvoluted spectra are shown in Fig.4.11. 
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Figure 4.11 Convoluted PL spectra of the SnO2 QDs exposed to (a)0, (b)32, (c) 

64, (d)128 and (e)256 ppm of NH3. 

It is evident from the above plots that the presence of NH3 influences mostly the peak 

related to VP (2.28 and 2.45eV) and the undercoordinated Sn atom (2.77 and 2.96 eV). 

Furthermore, the obscured 2.77 and 2.96 eV peaks as shown in the inset of Fig. 4.11(a), are 

enhanced highly for QDs. Such enhancement serves as a sensor signal. The sensor response, 

R, is calculated for all deconvoluted peaks (1.85, 1.96, 2.11, 2.28, 2.45, 2.77, and 2.96 eV) 

using the formula R= (Igas-I0)/Igas. Where, Igas and I0 are the areas under the curve of a 

particular peak in the presence and absence of NH3. The results are depicted in Fig. 4.12[16]. 

Significantly, peaks corresponded to direct transitions from the conduction band (2.77 and 
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2.96 eV) show the strongest response [Fig.4.12(a)]. However, VP related transitions (2.45 

and 2.28 eV) display better performance than the VB related PL peaks (1.85,1.96 and 2.11 

eV) as seen from Fig.4.12 (b).  

 
Figure 4.12 (a) Sensor responses of QDs for all the peak positions, (b) zoomed 

version of the encircled part for peaks, VP and VB. 

4.1.9. PL sensing mechanism 

A strong rise in intensities of 2.77 and 2.96 eV peaks is observed in the presence of 

NH3 for smaller particles or, in other words, NPs with the higher surface to volume ratios. 

These transitions are connected to the under coordinated Sn atoms (Sn4+ and Sn2+) found on 

the truncated surfaces. Moreover, Sn4+ and Sn2+ act as Lewis acids[30-32], which can attract 

Lewis bases. So, acidic SnO2 surfaces can interact with NH3, a Lewis base, because of the 

presence of a lone pair of electrons. Marikutsa et al. have revealed the crucial impact of 

particle dimension on the distribution of acidic sites on the metal oxide surfaces[32, 33]. By 

elaborating the outcomes from thermal desorption profiles (TDP) of NH3, they have 

demonstrated that smaller SnO2 particle possesses a high amount of acidic sites. In a separate 

study on deep oxidation of toluene, the important role of acidic sites with the varying particle 

size of  SnO2 was also documented[34]. In that study, the active attachment of the acidic 

site occurs for toluene because of the presence of a delocalized  bond, which acts as a 

strong electron donor. The small particle with a large amount of acidic surface side was 

reported to act as the most efficient candidate for the deep oxidation of toluene. In the current 
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discussion (Fig.4.9), the un-coordinated metal cations (Sn4+) act as a trapping site also for 

the photogenerated electrons and make 2.77 and 2.96 eV related PL peaks less intense. On 

the other hand, during the exposure, NH3 is engaged with Sn4+ through acid-base interaction, 

and in this process, the site (Sn4+) is not then readily available to trap the photo-excited 

electrons. Consequently, the photo-excited electrons become free to make the transitions 

directly from the CBM to the acceptor level above the VBM and enhance the PL intensity 

in the region of 2.77 and 2.96 eV. A scheme highlighting the above process is illustrated in 

Fig. 4.13 for the proposed mechanism. However, with increased particle size, the available 

acidic sites decrease strongly on the SnO2 surface, and hence the big particles fail to show 

responses to NH3 exposures as good as the QDs.  

 
Figure 4.13 PL transitions in SnO2 NPs during interaction with NH3.  

4.1.10. Theoretical support for the sensing mechanism 

Based on the above-proposed mechanism, the presence of both Sn5c and Sn4c is 

equally vital. While the former acts as an adsorption site for NH3, and the latter helps in the 

creation of an energy state above the VBM. However, both the sites [Sn5c(Sn4+) and 

Sn4c(Sn2+)] are acidic and prone to attach with NH3.To find out the most favorable site for 

NH3 adsorption, first-principles density functional theory (DFT) based calculations are 

employed using VASP (Vienna ab-initio simulation package) with a plane-wave basis set 
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[35]. Interaction between electron and nucleus is described using the projector augmented 

wave method (PAW)[36]. For exchange-correlation energy, the generalized gradient 

approximation (GGA) based exchange-correlational revised Perdew-Burke-Ernzerhof 

(rPBE) functional is used[37]. The energy cut-off for the plane waves is chosen to be 500 

eV. Brillouin zone was sampled using 5×5×1, k-point mesh with a total energy tolerance of 

10-8 eV for reaching SCF. All structures are relaxed until the force on each atom was less 

than a value of 0.005 eV/Å. The simulation cell consists of a surface slab containing four 

SnO2 (110) layers with 48 atoms, and a vacuum separation of 12 Å is given in the Z 

direction. SnO2 (110) surface is chosen as it is the most stable site for rutile SnO2.  To find 

out the favorable adsorption site for Lewis base NH3 on the (110) surfaces of SnO2, two 

different sites [ Fig.4.15 (a) Sn5c (five coordinated Sn), (b) Sn4c (four coordinated Sn)] are 

chosen. The Sn4c site is created by removing the OB to mimic the real scenario of the reduced 

surfaces closely. For all sites, the adsorption energy is calculated using the equation: Eads= 

Etot-Es-Em[38]. Where, Etot, Es, and Em refer to the total energies of the SnO2 slab with 

adsorbed NH3 on the surface, the SnO2 slab alone before the NH3 adsorption, and the 

isolated NH3 molecule, respectively. Negative Eadd indicates that the adsorption is 

energetically favorable, or the reaction is exothermic. For the simulation of the slab and cell 

image, the VESTA program is utilized and shown in Fig.4.14. 
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Figure 4.14 Scheme of the adsorption of NH3 at different sites of SnO2 (110) 

surfaces. 

From the DFT calculation, Eads for the Sn5c and Sn4c are found to be -1.17 and -0.08 

eV, respectively [Fig.4.14 (a) and (b)]. The lower value indicates that Sn5c, which carries a 

+4 charge, is the most favorable site for NH3 adsorption. Further, the energy of adsorption 

is found to be negative, and hence it points to the feasibility of the reaction at room 

temperature without any external temperature. Additionally, other adsorption sites like Sn6c, 

OV, and Sn near to OV are tried for NH3 attachment and depicted in Fig.4.14. All other 

energies are found to be higher than that of the Sn5c adsorption site. 

4.1.11. Recovery study 

After each measurement, N2 is purged into the chamber to get rid of NH3 and to 

check the recovery of the sensor. PL intensity at 2.77 eV peak is constantly monitored during 

the presence and absence of different concentrations of NH3. The intensity of PL peak at 

2.77 eV is depicted in Fig. 4.15 to understand the recovery. 
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Figure 4.15 Sensor response and recovery time with reference to the intensity of 

2.77 eV peak of SnO2 QDs. The vertical line indicates the starting point of the 
recovery of a PL sensor with N2 purge.  

A quick response is observed. To attain 90% of saturation value for a concentration, 

it responds within 5 s. The recovery of the sensor is found to be relatively slow, and it takes 

nearly 15 s to attain 90% of the base value from the saturation point. Quick response and 

recover indicate good practical efficiency of the PL based sensor. 

4.1.12. Selectivity study 

For selectivity studies other than NH3, analytes like methanol, ethanol, and propanol 

are also investigated separately, and PL data are collected from the QDs. The results are 

shown in Fig.4.16.  
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Figure 4.16 Displaying changes observed in PL signals after exposing to (a) 

methanol, (b) propanol, and (c) ethanol. 

A marked difference from NH3 is that no enhancement is observed in the region of 

2.77 and 2.96 eV for other analytes. Moreover, overall PL intensity reduces. This reduction 

in intensity is due to the scavenging of electrons of the analyte molecule, as reported with 

regard to the presence of the hydroxyl group (-OH)[1, 23]. The analyte interacts with the 

SnO2 surfaces to withdraw electrons from them, instead of selective reaction with the Lewis 

sites of the SnO2 surfaces. This aspect affects the PL intensity as there is a lack of electrons 

for photoluminescence transitions. A schematic presentation is given in Fig. 4.17 to describe 

the interaction mechanism for a typical analyte like different alcohols with SnO2 NPs. 
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Figure 4.17 Scheme of the active and dead region of SnO2 NP as created before 

and after exposure to alcohol. 

Hydroxyl group (-OH) present in alcohol can interact with SnO2 surfaces. The -OH 

group acts as an electron scavenger by withdrawing electrons from the SnO2 surface. The 

very fact may lead to a dead region that is an electron-deficient region, as explained by 

Yadav et al[1]. Being insensitive to the PL transition, the dead region does not contribute to 

PL transitions as opposed to the observation for NH3, which interacts with Lewis acid sites 

efficiently. In brief, alcohol by possible adsorption facilitates the formation of a dead region 

and decreases the PL intensity of SnO2 drastically. 

A series of experiments are conducted to realize the PL based ammonia detection 

starting from 32 to 256 ppm by utilizing SnO2 QDs at room temperature.  The abundance of 

acidic sites present on the smaller particle size is found to be responsible for the NH3 

sensing. With increasing particle size, reduction of acidic size results, and thus bigger 

particles fail to respond efficiently towards the PL based NH3 sensor. Further, among other 

volatile analytes, the Lewis base ammonia is effectively detected in a selective manner. 

4.2. PL based waveguide of 1-D NSs 
The current section is pursued to realize the importance of 1-D NSs as a 

waveguide. In general, waveguides are known to guide the light sent from one end to 

another[6, 39]. However, here the PL guided waveguide behavior of different SnO2 

1-D NSs will be discussed.  
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1-D SnO2 NWs of different morphology are grown in horizontal quartz tube 

furnace by using catalytic VLS and self-catalytic VS methods as described in 

Chapter-2. In both cases, synthesized SnO2 QDs of size 2.4 nm is used as a precursor 

material. It is worth mentioning that VLS grown samples comprise NWs of two 

different dimensions based on the growth temperature. It is noted in the previous 

chapter 950 and 1000 oC growth temperature results in square and cylindrical shape 

NWs, respectively. Further, it is found that square-shaped NWs have a bigger width 

than the width of cylindrical shape NWs[40]. Additionally, NWs samples grown by 

VS technique possess random NSs. A few of them are μB, and a few of them of beak 

shape. All these 1-D NSs are employed for waveguide study. Prior to that, PL spectra 

are collected from all these 1-D NSs to analyze the defect induced luminescence 

spectra. 

4.2.1. PL of SnO2 1-D NSs 

Room temperature PL is collected for all the 1-D NSs using 325 nm laser 

excitation and shown in Fig.4.18 (a). Irrespective of the morphology, the PL spectrum 

is similar for all the NSs at RT with the highest intensity at 2.1 eV. As discussed for 

SnO2 NPs, this 2.1 eV peak corresponds to the presence of OV. For further insight 

into defects distribution, a temperature-dependent PL study is carried out to probe the 

luminescence properties of the SnO2 1-D NSs using a liquid N2 controlled Linkam 

stage. Figure 4.18 (b) and (c) show the temperature-dependent PL measurements of 

the VLS process grown cylinder and square-shaped NWs, respectively. Fig.4.18 (d) 

shows the temperature-dependent PL emissions for the VL grown μB. It is clear that 

for all NSs, there are six peaks positioned at 1.84, 1.97, 2.1, 2.3, 2.5, and 2.75 eV, 

which overlap with each other to give a broad peak. An increase in PL intensity with 

decreasing temperature [Fig.4.18 (b)-(d)] indicates transitions from shallow donor 
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levels, as described in section 4.1.9. However, the highest intensity at room 

temperature found at 2.1 eV corresponds to yellow color. The next section discusses 

the guiding of this defect induced PL light through the 1-D NSs. 

 
Figure 4.18 (a) PL spectra collected from all 1-D NSs, temperature-

dependent PL studies of (b) cylindrical, (c) square-shaped nanowire, and 

(d) μB. 

4.2.2. SnO2 1-D NSs for waveguide application 

The NWs are excited with 325 nm to observe the waveguide nature, as 

depicted in the schematic Fig.4.19. 
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Figure 4.19 Schematic view for the waveguide study of 1-D SnO2 NSs. 

Optical images of the 1-D NSs waveguides are captured with the help of the 

same optical microscope using a long working distance 50x objective with a 

numerical aperture (N.A.) of 0.45. The images are in RGB format with the spectral 

response (gamma) and light intensity corrected. 

Fig.4.20 (a) and (b) show the waveguide nature of the square-shaped NWs of 

thickness around 200 to 250 nm, where emitted yellow-red light travelled for 50 μm. 

Fig.4.20 (c) and (d) show the waveguide nature of the cylinder-shaped NWs of 

thickness around 100 to 150 nm. Light has travelled through almost 180o bent NW 

[Fig.4.20(c)]. In Fig.4.20(d), apart from the tip of the exciting wire, the tip of the next 

wire is also glowing with intense yellow-red light. It is interesting to observe that 

though 325 nm laser is shined on 1-D NSs, a yellow color light is coming out from 

both the end of NSs. This indicates luminescence of the wires is guided by the NWs. 

As we have discussed earlier, the PL spectra show the highest intensity at 2.1 eV, 

which corresponds to yellow light.  
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Figure 4.20 Waveguide nature of (a) and(b)square-shaped NWs, (c)and(d) 

cylinder-shaped NWs and (e)Tapered μB and (f) ‘V’ shaped μB. 

Similarly, Fig. 4.20(e) shows the tapered SnO2 NB waveguide. The width of 

the wire at the excitation point is around 2 μm, whereas, at the tip, the width is around 

500 nm only. Tapered waveguide focuses the light at a small point efficiently. 

Importantly, tapered SnO2 waveguide is used in endoscopy of micron-sized cells, 

single-photon sources, and strongly entangled photon pairs. Fig. 4.20(f) shows a ‘V’ 

shaped nano waveguide having an angle of 52o between two handles. In this case, 

one of the ends ‘1’ was excited with 325 nm laser. Consequently, emitted visible light 

travelled through the wire and came out at a sharp corner, ‘2’. Some parts of this light 

still travelled through the other handle and came out at position ‘3’. It is observable 

that the loss of the light at a sharp edge is high. The loss of a major amount of light 
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at a sharp edge can be attributed to the defects and the sudden change in the 

waveguide direction. 

4.2.3. Guiding mechanism and cut-off frequency of 1-D NSs 

SnO2 1-D NSs are proved to be very good waveguides among the metal oxides[40, 

41]. Well-faceted NWs majorly support axial Fabry–Pérot waveguide modes[42, 43]. High 

difference in the refractive index value with air (η = 1) and SnO2 (η = 2.1) enables photonic 

confinement in the NW cavities. The observed waveguide nature arises from defects 

controlled luminescence in the visible range of SnO2 as detailed in the PL study section. In 

all of the cases, the highest intensity of PL peak at 2.1 eV corresponding to yellow colour is 

found to be guided through 1-D NSs.  

For understanding the propagation of luminescence through the NWs, cut-off 

width is deduced. Cut-off width for cylindrical shaped NWs to guide yellow light 

(2.2 -2.10 eV) is found to be around 140 nm (Eqn.4.2) width of the cylindrical NWs. 

Similarly, for the square-shaped NWs, the cut-off width is found to be around 160 

nm  (Eqn. 4.3)[44]. 

 4.2

 4.3

Where fc and fb stand for the cut-off frequencies of cylindrical and square-

shaped NW, respectively. Whereas c is the velocity of light and  η (= 2.1) is the 

refractive index of SnO2. ‘a’ and ‘b’ being the cut-off radius of cylindrical NW and 

cut-off width of the square-shaped NW, respectively. Importantly, these dimensions 

are within the scope of the cut-off dimension of NWs, as deduced in the earlier 

chapter-2. [ experimentally obtained value for cylinder ~ 150 nm and square-shaped 
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NW is 200 nm]. Hence theoretical approach suggests that the propagation of 

luminescence is a possible phenomenon.  

4.3. Summary 
PL based sensor with 325 nm laser allows selective detection of trace amount of NH3 

for the first time at room temperature. Two nearly obscured PL peaks of SnO2 at 2.77 and 

2.96 eV are found to evolve significantly in the presence of the NH3. Enhancement of these 

two peaks is taken as sensor output and it offers detection up to ~ 32 ppm of NH3 with a 

high recovery rate at room temperature. Dipole forbidden rule outlawed band to band 

transition in SnO2. Hence, the presence of the defect is the sole reason for luminescence. 

The enhancement of obscured peaks in the presence of NH3 indicates the importance of 

certain defects. To explore the origin of the defect, X-ray absorption spectroscopy (XAS) is 

carried out with synchrotron radiation. From XAS, the spectral presence of pre-edge 

resonance peak at the SnM5 edge is detected for SnO2 QDs and indicates surface states due 

to the existence of a larger fraction of un-coordinated surface Sn atoms due to surface 

reconstruction and oxygen vacancies. The selectivity of NH3 over alcohol is further tested. 

Besides, waveguide application of 1-D SnO2 NSs by utilization of PL property under the 

325 nm laser excitation on a single nanowire is demonstrated. During this process, PL is 

generated and guided through the 1-D NS is observe to transit in NWs under an optical 

microscope.  
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Chapter 5 

Electrochemistry and photocatalysis applications 

Defects in metal oxides have a tremendous influence on the electrical property. The 

present study highlights the critical role played by oxygen defects of SnO2 QDs in 

electrochemical supercapacitor applications. A simple preparation method is used to 

incorporate the SnO2 QDs in a carbon paper. This hybrid electrochemical capacitor shows 

improved capacitance value over the carbon paper electrode. Raman spectroscopy, TEM, 

and PL, EELS are also used to provide evidence for the presence of VP in SnO2 NPs. Further, 

the study is extended with GO as a hybrid electrochemical electrode. The main objective is 

to understand the typical role of functional groups of GO, a widely used starting material 

for rGO, in electrochemical applications. Notably, very large surfaces of GO can act as a 

suitable EDLC material for supercapacitor whereas, SnO2 with variable oxidation states 

emerge as an excellent choice for pseudo-capacitor.  In that regard, GO-SnO2 nanocomposites 

are grown by in-situ and ex-situ growth procedures. The chapter details the impact of the 

functional groups of GO in the growth of in-situ SnO2, the difference in the electrochemical 

results between two hybrid materials, and the possible explanation for the obtained 

electrochemical performances.     

In the second section, the study focuses on the utilization of SnO2 as a photocatalyst. 

A homemade photocatalysis reactor is used to demonstrate dye degradation by exciting light 

ranging from visible to UV wavelengths. For improving performance under the visible light, 

which forms the maximum part of the solar light, the utility of GO-SnO2 composite is 

discussed. In general, carbonaceous materials like rGO are widely investigated for catalytic 

efficacy with SnO2 NPs. The pristine GO was not chosen as a suitable photocatalyst because 

of its low conductivity. With a favorable work function from the GO, such composite 

appears to be a good candidate as a photocatalyst for dye degradation. An in-depth study 
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with GO-SnO2 composite is largely missing. In fact, the conductivity issue of GO can be 

addressed with SnO2 QDs, which is proven to be an excellent candidate for charge carrier 

migration. Localized structural analysis is also done with the XANES investigation. Charge-

transfer from SnO2 to GO, which occur due to proper work function alignment, is examined 

by the PL and EIS.  

5.1. SnO2 QDs on carbon paper for electrochemical application       
A hybrid electrode of SnO2 QDs with carbon paper (CP) is made to realize the 

combined effect of pseudo-capacitance and EDLC. Firstly, the proper incorporation route 

of the QDs in a carbon paper is examined by various techniques before utilizing it as an 

electrode material. 

5.1.1. Electrode preparation for electrochemical application 

A white colored gel is prepared by adding 0.05M NH4OH to SnCl4 (Alfa Aesar) 

under continuous magnetic stirring at 80 oC as a source of SnO2 QDs. For preparing the 

electrode, the white gel is used, which incorporates SnO2 NPs in the CP, and electrochemical 

behaviour is studied. Prior to this, CPs of dimension 2×1 cm are cut and cleaned with DI 

water, alcohol, and acetone, respectively. Finally, these CPs are dipped in the washed gel 

for 5, 10, 15, and 20 min followed by a heat treatment at 100 oC, and they are referred to as 

CP-5, CP-10, CP-15, and CP-20, respectively. For the comparison purpose, the white gel is 

dried overnight at 100 oC and ground to obtain as-prepared SnO2 QDs. The same sample is 

referred to as sample A (100 oC), as discussed in Chapter-2. 

5.1.2. Structural analysis of electrode material 

TEM images of SnO2 NPs and SnO2 in carbon paper are shown in Fig. 5.1 (a) and 

(d), respectively. For the preparation of the TEM sample of SnO2-CP, a little amount is 

scratched to mix with propanol solvent. A few drops of the solution are cast on a copper 

grid for TEM analysis. TEM image indicates the average particle size is ~ 2.4 nm. It also 

provides further information on the crystalline phase. The lattice spacing ‘d’ is found to be 
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0.36 nm [Fig.5.1(b) and (e)] for both samples, and it matches the inter planner spacing of 

(110) plane of the rutile SnO2 phase[1]. The SAED study indicates short-range order with 

ring-like patterns that correspond to (110), (101), and (211) planes of rutile SnO2, as shown 

in Fig. 5.1(c) and (f). The crystallite size of 2.4 nm is smaller than the Bohr exciton radius 

of 2.7 nm for SnO2[2], and hence it is treated as QDs.  

 
Figure 5.1 (a) TEM images, (b) lattice spacing, and (c) SAED patterns of SnO2 

QDs. (d) TEM image (b) lattice spacing and (f) SAED patterns of SnO2 QDs in 
carbon paper matrix. 

5.1.3. EELS analysis of SnO2 QDs in a carbon electrode 

EELS study offers rich information on structural aspects. EELS is collected from the 

electrode during TEM measurement and is shown in Fig.5.2. This EELS feature is quite 

similar to the EELS data obtained for SnO2 QDs, as described in Chapter-4. 

 
Figure 5.2 EELS of SnO2 QDS in the carbon matrix. 
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Two major peaks found at 532.2 and 538.4 eV with a difference of 6.2 eV indicate 

a presence of Sn4+ state. A reduced intensity of the first peak is observed, and it is ascribed 

to low coordination of neighboring transition metal atom and subsequent formation of OV. 

Mostly, this OV can be VP and VB. Thus, a formation of the non-stoichiometry layer can be 

hypothesized due to surface arrangement and structural relaxation, which create a different 

symmetry compared to the bulk [3]. Peaks above 540 eV arise due to the multiple scattering 

resonance of SnO2 NPS[4]. 

5.1.4. Vibrational property of SnO2 QDs in carbon electrode 

Raman spectra collected with 514.5 nm laser from both SnO2 QDs and SnO2 

decorated CP are shown in Fig.5.3.  

 
Figure 5.3 (a) Raman spectrum of SnO2 QDs with Lorentzian fitting (b) 

schematic view of SnO2 NPs with the depiction of non-stoichiometric layer (c) 

Raman spectra of CP and CP-20 (d)Zoomed version of the defect-related peak in 
SnO2 from CP-20. 

Raman spectrum of QDs displays a broad feature [Fig.5.3(a)]. Four Lorentzian peaks 

at E1g (475 cm-1), S1 (526 cm-1), S2 (573 cm-1), and A1g (621 cm-1) are fitted where E1g and 

A1g are Raman allowed modes[5, 6]. Importantly, a redshift of A1g mode is observed with 
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respect to the reported value at 633 cm-1 due to the reduced dimension effects. Other S1 and 

S2 modes are correlated to VP that gives rise to a non-stoichiometry (SnOx) layer 

[Fig.5.3(b)]. Peaks at D (1350 cm-1), G (1580 cm-1), and G  (2700 cm-1) are observed from 

carbon paper only [Fig.5.3 (c)][7, 8]. The C-20 sample shows a carbon-related peak along 

with (S2) 573 cm-1 [Fig. 5.3 (c) and (d)]. The presence of  S2 peak indicates the presence of 

VP vacancies in SnO2 and helps improving conductivity[9-11]. 

Detailed studies, as discussed in Chapter-4, with the help of temperature-dependent 

PL measurements and in upcoming chapter 6, solid-state ac-conductivity measurement and 

Cole-Cole plots, an active role of VP in contributing to enhanced conductivity can be 

concluded [9, 12]. To look forward into the importance of the VP in supercapacitor 

applications, detailed electrochemical analysis is done and discussed in the following 

section. 

5.1.5. Electrochemical property of SnO2 QDs 

Electrochemical measurements are carried out in three-electrode configurations 

(Metrohm-Autolab model PGSTAT302N). SnO2 coated carbon papers (CP-5,10,15 and 20), 

platinum electrode, and Ag/AgCl are used as the working electrode, the counter electrode, 

and the reference electrode, respectively, in 1M H2SO4 electrolyte. A schematic description 

to describe the three-electrode system is given in Fig. 5.4.  

 
Figure 5.4 Three electrode system for electrochemical measurement. 
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5.1.5.1. Cyclic voltammetry  

The CV measurements are carried out for all the electrodes (CP-5,10,15&20) along 

with CP at a scan rate of 500 mV/s with a potential window of 0.5 V. The results are shown 

in Fig. 5.5 (a).   

 
Figure 5.5 (a) CV and (b) specific capacitance for varied dipping time for all 

the electrodes. 

For all the samples, the areal capacitance was calculated using the following formula 

[13, 14]: 

 5.1

Where I is the current (A), s is scan rate (mV/s), V is the potential window (V), and 

A is the active area (1 cm2) of the electrode. The numerator of the right-hand side of Eqn. 

5.1 stands for the area under the CV curve, as shown in Fig.5.5(a). The calculated areal 

capacitances are depicted with respect to dipping times in Fig.5.5(b). Pristine carbon paper 

possesses an areal capacitance of value 0.11 mF/cm2. The increased capacitance value is 

observed for all SnO2 loaded samples compared to the CP. However, the highest capacitance 

value of 1.92 mF/cm2 is recorded for the C-10 sample, which is seventeen times more than 

that of the CP. This result indicates that a 10 min dip is an optimum time for loading the 

uniform SnO2 on the CP. The excess load at 20 min possibly leads to large particulate 

depositions and reduces an effective surface for electrochemical interaction with electrolytes 

to result in a low capacitance value.  
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5.1.5.2. Charging discharging 

Charging-discharging (CD) measurement is carried out for all the samples at a 

current density of 0.1 mA/cm2, and the obtained results are shown in Fig.5.6.  

 
Figure 5.6 Charging discharging plots for CP and SnO2 decorated CP. 

Areal capacitance (C) is also calculated from the charging discharging curve using 

the following relation [13, 14]: 

 5.2 

Here, I is the current density (0.1mA/cm2), tc is discharging time, A is the active 

area (1 cm2), and V is the potential window. The calculated value is depicted in Fig. 5.7(a). 

It is clear from the figure that the capacitance value obtained from charging-discharging 

measurement follows a similar trend for values obtained from CV measurements of Fig 

5.5(b). Importantly, CD analysis also shows the highest specific capacitance for CP-10. 
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Further retention of capacitance is tested by running a thousand cycles of CD with a current 

density of 0.1 mA/cm2 for the C-10. High retention of capacitance up to 98% is obtained 

[Fig.5.7(b)], and it indicates the strong stability of SnO2 QDs in the carbon matrix. 

 
Figure 5.7 (a) Specific capacitance with respect to dipping time calculated from 

charging-discharging plot (b) Cyclic stability of CP-10. 

5.1.5.3. Electrochemical impedance spectroscopy study 

High capacitance value for the CP-SnO2 may arise from both EDLC and pseudo-

capacitance. Further elucidation of electrochemical capacitance is carried out using EIS 

measurements for a frequency range of 0.01 Hz to 105 Hz with an ac excitation voltage of 

10 mV. Nyquist plot obtained for CP [Fig.5.8 (a)] and CP-10 [Fig.5.8 (b)] show two 

semicircles [Fig.5.8]. The semicircles in high-frequency and in low-frequency regions 

represent kinetic and diffusion-controlled phenomena, respectively. The whole Nyquist plot 

can be simulated as an outcome of the two parallel circuits. Each parallel circuit contains 

resistance and capacitance. The high-frequency part is represented with charge transfer 

resistance (Rct) and capacitance phase element (CPE) [Fig.5.8(b) & (c) inset]. The deduced 

values from the simulation are given in Table. 5.1. The extremely low value of Rct of C-10 

refers to a pseudo-capacitive contribution from the SnO2 QDs. Impedance equivalent to CPE 

is defined as ZCPE=Zo(j )-n, 0  n 1. Where two extreme limits, 0 and 1, refer to the pristine 

form of resistance and capacitance, respectively. Thus, the value of n approaching 1 

indicates a strong contribution of capacitance [15]. The low-frequency part represents a 
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parallel combination of leakage resistance (R1) and double-layer capacitance (Cdl) [Fig 5.8 

(b) & (c) inset]. The simulated Cdl is slightly high for the CP compared to the CP-10, and it 

indicates a decoration by SnO2 QDs prohibiting the EDLC contribution.  

 
Figure 5.8 (a) Nyquist plot for CP and CP-10, Fitted Nyquist plots for (b) CP, 

and (c) C-10 with equivalent circuits. 

  

Table 5.1 Fitting parameters from EIS measurements for CP and CP-10. 

Name Cdl(mF) R1(���) Rct(���) CPE (nF) n1 
CP 0.2 2214 11093 0.8 0.773 

CP-10 0.05 100 1559 0.5 1 

The above study demonstrates the utility of CP as EDLC and defects induced 

conductivity of SnO2 to achieve an enhanced electrochemical behavior. In the experiment, 

dipping time plays a decisive role. Obviously, after a certain time, the surfaces provided by 

CP is not sufficient to accommodate more amount of SnO2 NPs and thus restricts further 

improvement in capacitance value. Graphene, like GO with a very high surface area along 
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with layer structure, can be a potential choice to improve capacitance value. However, it 

may have associated issues, as discussed below.  

5.2. Electrochemical application of GO-SnO2 composite 
The efficacy of defects laden SnO2 as an electrochemical component for pseudo-

capacitance is found in the above discussion. For further usefulness, it is investigated with 

GO, which has a skeletal structure of graphene with a very high surface area and layered 

structure. It is chosen as an EDLC candidate to make GO-SnO2 composite. Two types of 

GO-SnO2 (in-situ) and GO-SnO2 (ex-situ) are prepared. The details of synthesis and 

characterization are described in Chapter-2. The ex-situ sample contains a functional group 

(epoxy, hydroxyl, and carbonyl) of GO along with SnO2 NPs of 2.4 nm. However, the in-

situ composite has bigger NPs than the as-prepared NPs with a certain reduction in 

functional groups in GO. The presence of functional groups in GO and the variation in size 

of NPs can influence electrochemical properties. Hence, the electrochemical studies with 

both in-situ and ex-situ samples are carried out. 

5.2.1. Electrode preparation  

The working electrodes are prepared by mixing active materials [pristine SnO2 QDs 

/GO-SnO2 (in-situ)/GO-SnO2 (ex-situ) samples] and polyvinylidene fluoride (PVDF) in a 

mass ratio of 80:20 in N-methyl-2-pyrrolidone (NMP) solution. The resulted thick slurry is 

used for coating on conductive carbon paper. It is dried at 60 oC overnight in a vacuum oven. 

The loading mass of the active material is calculated to be ~ 5 mg/cm2 for each of the 

electrodes.  

Electrochemical measurements are done in three electrodes configuration using 

Metrohm-Autolab model PGSTAT302N. Carbon paper coated with active materials, 

platinum electrode, and Ag/AgCl is used as the working electrode, the counter electrode, 
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and the reference electrode, respectively, in 1M H2SO4 electrolyte. A scheme of electrode 

configuration is given in Fig.5.4.  

5.2.2. Cyclic voltammetry  

For a comparative study, CV curves obtained for all three samples, in-situ, ex-situ, 

and as-prepared SnO2 QDs at 50 mV/s are shown in Fig. 5.9. The electrode with QDs 

demonstrates the lowest current density. The ex-situ sample shows a current density of 2 

A/g against only 0.6 A/g for the in-situ sample at a scan rate of 50 mV/s.  

 

 
Figure 5.9 CV of in-situ, ex-situ, and as-prepared SnO2 QDs at a scan rate of 50 

mV/s.  

The CV performance of GO-SnO2 at different scan rates (10-50 mV/s) for a potential 

window of 1 V is evaluated and depicted in Fig.5.10.  

 
Figure 5.10 Cyclic voltammetry study of GO-SnO2 (a) ex-situ and (b) in-situ at 

various scan rates. 
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As seen from Fig.5.10 (a) and (b), both ex-situ and in-situ samples have nearly 

rectangular CV curves. However, the ex-situ sample exhibits additional features, oxidation, 

and reduction peaks at 0.43 and 0.36 V, respectively, at a scan rate of 10 mV/s [Fig. 5(a)]. 

Gradually they shift to 0.47 and 0.31V at 50 mV/s, respectively. Such behavior was 

observed earlier and was correlated to a transition between quinine/hydroquinone groups in 

carbonaceous material [16, 17], and it is noticeable due to the presence of abundant hydroxyl 

groups in carbonaceous materials. Thus, the observed transition indicates the availability of 

similar functional groups in GO for the ex-situ sample.  On the other hand, a drastic decrease 

of such peaks in the in-situ sample points less availability, possibly due to the participation 

of functional groups during the growth GO-SnO2 composite. Subsequently, it reduces the 

GO structure of the composite sample. This observation is in line with the evidence 

described in Chapter 2, Fig. 2.23, and 2.25 using the Raman and FTIR spectroscopic 

measurements, respectively. 

The increment of cathode current to the potential value of the in-situ sample is found 

to be sluggish at a higher scan rate [Fig 5.10(b)]. Low current and sluggishness generally 

occur due to the poor charge transport in low conducting samples[16]. Notably, the ex-situ 

sample with QDs SnO2 is markedly different from the in-situ sample with the bigger SnO2 

crystalline particles. This difference is an important aspect as the abundant surface defects, 

mainly rich with the VP in QDs[12], contribute to the improved conductivity by creating 

donor levels close to the conduction band. Moreover, the conductivity is found to decrease 

for the bigger particle size, and thus a poor conductivity might occur in the in-situ samples, 

which has bigger crystals in the GO matrix. Such inference is supported further from the 

EIS study, as discussed later part in the chapter.  

For quantitative analysis, specific capacitances are calculated using the following 

formula [7]: 
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 5.3 

Where I is the current (A), s is scan rate (mVs-1), V is the potential window (V), and 

m is the active mass of electrode (g). Specific capacitances for both GO-SnO2 calculated for 

various scan rates are shown in Fig.5.11.  

 
Figure 5.11 The specific capacitance of GO-SnO2 composites at various scan 

rates. 

Both GO-SnO2 samples have shown higher specific capacitance values than the as-

prepared SnO2 NPs. EDLC and pseudo-capacitance arising from the oxidation and reduction 

of the active material contribute to the total capacitance value [18, 19]. The enhanced EDLC 

contribution can result from the presence of an increased surface area due to GO. Further, 

the GO layers can enhance the effective area by intercalation of NPs, which help to prohibit 

the multi-stacking of GO layers. Thus, significant improvement in the capacitance value 

compared to the pristine NPs is observed. 

5.2.3. Charging discharging 

Galvanostatic charging-discharging (CD) measurements for GO-SnO2 samples are 

also carried out for various current densities ranging from 0.5 to 1.5 A/g and are shown in 

Fig.5.12. Fig. 5.12(a) depicts the CD of the ex-situ sample for various current densities. The 

ex-situ sample possesses a non-linear response during discharge with a plateau in the 

potential region of 0.4-0.6 V. Such plateau is not prominent in the in-situ sample shown in 
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Fig.5.12 (b). The origin of it is ascribed to the oxidation-reduction[16, 17] peaks of the 

functional groups present in the ex-situ sample, and it is in line with the CV results [Fig. 

5.10(a)].  

 
Figure 5.12 Charging discharging of GO-SnO2 (a) ex-situ (b) in-situ at different 

current densities; (c) CD of the in-situ and the ex-situ samples at a current density 
of 1.5 Ag-1 (d) specific capacitance vs. current density. 

CDs of both samples at a current density of 1.5 A/g are depicted in Fig.5.12(c) for 

the comparative evaluation. A reduced discharging time (td) is observed for the in-situ 

sample [Fig.5.12(c)]. The specific capacitance is dependent proportionately to td value, as 

seen in Eqn.5.4. The obtained specific capacitances using the relation in Eqn. 5.4 are 

depicted in Fig.5.12(d)[7].  

 5.4

Here, I current density, td discharging time, m is the active mass, and V is the 

potential window. Clearly, a lower capacitance value is obtained for the in-situ sample than 

the ex-situ sample, and this result matches well with the CV measurements (Fig. 5.11). 
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To verify the capacitance retention of both in-situ and ex-situ samples, CD is carried 

out for the 1000 cycles with a current density of 0.5 A/g and is displayed in Fig.5.13. The 

ex-situ and in-situ samples show retention of 99% and 88%, respectively. In fact, an earlier 

study has pointed out that QDs are electrochemically stable [20], while the bigger SnO2 

particle suffers from the volume change during the electrochemical process. Thus, the better 

retention of the ex-situ is assigned to the stability of particles. 

 

Figure 5.13 Retention of the capacitance of GO-SnO2 composites. 

5.2.4. Electrochemical impedance spectroscopy study 

For further understanding, the effect of small and bigger particles as decorated in the 

ex-situ and the in-situ samples, respectively electrochemical impedance spectroscopy (EIS) 

measurements are carried out in a frequency range from 10-2 to 105 Hz with an AC excitation 

voltage of 10 mV and the results are depicted in the Fig.5.14. For both the samples, two in-

complete semicircles are obtained. However, a smaller radius is observed for the ex-situ 

sample than that for the in-situ sample. This feature conveys a better conductivity of the 

smaller particle[21]. Smaller particle leads to better conductivity, and its implication 

enhanced dielectric value is reported in reference 9[9].  Thus, improved conductivity and 

stability by QDs are important aspects for GO-SnO2 composites to provide superior 

electrochemical performance. 
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Figure 5.14 Impedance spectra for GO-SnO2 composite. 

Furthermore, the presence of functional groups in GO is also a crucial factor as they 

influence electrochemical performance. In the above description, the distribution of 

functional groups varied based on the synthesis techniques (in-situ or ex-situ), and a clear 

deviation in the electrochemical performance is elaborated.  

5.3. Photocatalysis Application of SnO2 and GO-SnO2 Composite 
For viable photocatalytic activity, nanostructured metal oxides like TiO2, SnO2, 

ZnO, V2O5, Fe2O3 are hugely investigated and utilized in the last two decades as frontier 

materials [22-24]. Among them, direct bandgap semiconductor, SnO2 with easy 

processability, and non-toxic characteristics attract enormous attention[1]. Additionally, 

lowering the dimension from the bulk phase to the quantum confinement domain yields 

distinct properties along with a tremendous increase in specific surfaces. Besides, inherent 

OV in SnO2 NPs modulating the electronic band structure present it as a frontline candidate 

for photocatalysis. SnO2 is a wide bandgap material, can be utilized under UV irradiation as 

a photocatalyst. In the current chapter, the efficacy of SnO2 is elaborated under UV light. 

However, UV contribution in the natural solar spectrum reaching to the surface of the earth 

is limited to ~ 4% only. Thus, harvesting a large part of the visible sunlight would be a target 

for an organic pollutant for photocatalytic degradation. To overcome the limited utility of 
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wide bandgap SnO2, composite with GO is proposed. It provides large surfaces, induces 

hydrophilicity, and has the potential for suitable interfacial engineering with SnO2 to hold 

the electron-hole recombination [25-28]. Moreover, SnO2 QDs improves the conductivity 

of the system. In recent decades rGO is used in many cases for metal oxide composite; 

however, it lacks certain benefits of GO arising from functional groups. 

5.3.1. Photocatalysis experiment  

 For the evaluation of the photocatalysis property of SnO2 QDs, degradation of 

methylene blue (MB, 250 ppm) is investigated. A UV lamp of 2.21 mW/cm2 (258nm, 9W, 

PL-S, PHILIPS, Poland) is utilized as a light source. A stock solution of the dye and catalyst 

(concentration of 0.05 mg/ml of SnO2 QDs is made in the dark and is kept for desorption-

adsorption equilibrium. Then it is exposed to the desired light source for different intervals 

of time. 4 ml of irradiated solution is analyzed using a UV-Visible (AVANTES) 

spectrometer. Degradation of MB is monitored by recording the absorption peak of MB at 

664 nm. To test the photocatalysis behavior under the visible light, the UV-C light source 

is replaced by a white lamp (28.4 mW/cm2, 11W, PL-S, PHILIPS, Poland) that covers a 

visible wavelength from 400 to 750 nm. 

5.3.2. Photocatalysis under UV light irradiation 

Photodegradation of MB dye under the UV light irradiation is studied using QDs as 

a catalyst. The characteristic changes of the UV-Vis absorption spectra of MB dye during 

the process is collected and shown in the Fig.5.15.  
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Figure 5.15 Time-dependent UV-Vis absorption spectra of MB with SnO2 QDs 

under the UV irradiation. 

The UV-Vis peaks between 600 to 700 nm, arising due to the hetero-poly aromatic 

linkage in MB dye is monitored as a reference point for the progression of dye degradation 

[29, 30]. The unique feature is that the corresponding MB dye peak around 664 degrades 

completely within < 3 minutes. Recent results on dye degradation under the UV light 

irradiation are enlisted in Table-1. Obviously, QDs SnO2 shows the best performances 

among others for MB degradation under UV-light degradation. 

Table 5.2 Comparison between degradation time of dyes in the presence of the different 
catalysts  

S/N Sample Dye Degradation 
time (min) 

(Degradation%) 

Ref 

1. SnO2 MB 120 (80%) [31] 
2. V doped SnO2 MB 120 (98%) [31] 
3. SnO2 MO 100 (52%) [32] 
4. CdS-SnO2 MO 100 (95.2%) [32] 
5. SnO2 MB 50 (90%) [33] 
6. SnO2 QDs RhB 70 (99%) [34] 
7. PEGME-SnO2 

QDs 
RhB 40 (99%) [34] 

8. SnO2 MB  180 (73%) [29] 
9. SnO2  Rhodamine B 105 (99%) [35] 
10. SnO2 MB 600 (99%) [36] 
11.  Zn doped SnO2 MB 80 (99%) [36] 
12. SnO2 QDs MB <3(99%) Present work 
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5.3.3. Mechanism for dye degradation by SnO2 QDs 

Photocatalyst performance depends on the efficient routes of production of charge 

carriers and their availability for the generation of active radicals, in particular. To achieve 

a better performance, two basic criteria need to be fulfilled (1) close matching or tuning of 

the light source with the bandgap of catalyst and (2) delay in recombination process of 

photogenerated electron and hole (e-h), possibly by the presence of sufficient defect sites to 

trap it. 

UV-Vis and PL spectroscopic measurements provide information on the bandgap 

and presence of defects in SnO2 QDs respectively. Tauc’s plot from UV-Visible absorption 

data is deduced and is shown in Fig. 5.16 (a). The detailed discussion of PL is corroborated 

in the earlier chapters Chapter-4.  

 
Figure 5.16 (a)UV-Vis spectrum of SnO2 QDs (b) MB degradation in the 

presence of SnO2 QDs with UV illumination. 

From the Tauc’s plot shown in Fig.5.16 (a), the bandgap of QDs is found to be 4.2 

eV, which is lesser than the exciting radiation (4.8 eV). Based on the results from PL and 

UV-Vis measurements, a schematic presentation of the photocatalysis effect is given in Fig. 

5.16 (b).  When a metal oxide photocatalyst is illuminated by the light with energy higher 

than a metal oxide bandgap, electron/hole pairs are generated. Some of these pairs can 

migrate to the surface, and the migrated electrons react with the dissolved O2 to make 
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superoxide radical[37]. On the other hand, the hole reacts with water to produce hydroxyl 

radicals. Both these radicals are highly reactive and break the dye down. Through this 

process, the degradation is accomplished. However, after the formation of the electron-hole 

pair after the UV-light irradiation, there is a high probability of the recombination, and it 

leads to a decreased availability of electron and hole for the catalytic performance. However, 

due to the creation of energy states closer to CBM as revealed in earlier PL studies, the 

photo-generated electrons can get trapped in defects and prolong the recombination process. 

Thus, increasing the lifetime of electrons makes them available for catalytic action. 

Importantly, due to limitations as manifested by a wide bandgap in the photocatalyst 

performance, dye degradation under a visible light remains elusive. Thus, to achieve the 

degradation under the visible light irradiation with QDs as a catalyst, the addition of GO is 

attempted. It is worth noticing that GO enjoys structural similarity with the graphene 

structure and possesses both -conjugated sp2 domains and sp3 character along with 

oxygenated functional groups, present both in basal and edge through covalent type bonds 

with graphene carbon atoms[25]. Obviously, the presence of graphene-like characteristics 

in GO provides a high surface area [25, 38], and most importantly, it exhibits brilliant 

adsorption affinity to various dye [27, 28]. Thus, higher hydrophilicity than the graphene 

can lead to an improved dispersion and catalytic efficiency through close proximity by an 

adsorption mechanism [39]. Additionally, the functional groups of GO influence surface 

potential and hence the work function [40-42]. Indeed a higher work function was recorded 

for GO than the rGO using techniques like kelvin probe force microscopy (KPFM) or 

ultraviolet photoelectron spectroscopy(UPS) by various groups[43, 44]. The high work 

function creates a favorable strong band bending with a lower work function of 

semiconductor. In consequence, it leads to improved spatial charge separation in the GO 
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matrix to enable increased performance for the semiconductor catalysis. The above decisive 

qualities make GO as one of the impeccable candidates for photocatalyst with SnO2 QDs. 

5.3.4. Photocatalysis under visible light irradiation 

Photodegradation of MB dye under visible light irradiation is investigated, and 

characteristic changes of the UV-Vis absorption spectra of MB dye are collected in the 

presence of three different samples, namely SnO2 QDs, GO-SnO2, and GO. The comparative 

results obtained for the dye degradation are shown in Fig. 5.17(a), (b), and (c) for SnO2 

QDs, GO-SnO2, respectively.  

 
Figure 5.17 Time-dependent UV-Vis absorption spectra of MB in the presence of 

(a) SnO2 QDs (b) GO-SnO2 and (c) GO. 

The peaks around 650, arising due to the hetero-poly aromatic linkage in MB dye is 

monitored as a reference point for the progression of dye degradation[37]. A nominal 

reduction is observed for the GO as a catalyst [Fig 5.17(c)]. SnO2 QDs with a bandgap value 

~4.2 eV degrades MB nearly by ~65% in about 150 min of visible light exposure 

[Fig.5.17(a)]. Comparatively, the composite of the above components, GO-SnO2 QDs, does 
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a brilliant job by near complete degradation of the dye (about 94% of MB) under the same 

light illumination. Most importantly, such degradation is achieved within 30 mins of light 

exposure [Fig.5.17(b)].  

The degree of photocatalytic MB degradation as a function of time (Ct/C0: C0 and Ct 

are the initial and concentration at the time (t) is calculated for each catalyst with a 

considerate note of the maximum absorbance peak of MB at 664 nm. The MB degradation 

results are shown in Fig. 5.18(a). The quickest degradation is obvious for the 

nanocomposite. For further insight into the reaction kinetics for different catalysts, Fig. 

5.18(b) depicts plot -ln (Ct/C) vs. t [45]. The linear plot for all catalysts supports pseudo-

first-order kinetics for dye degradation. The rate of the reaction is then calculated by fitting 

the plot with the equation lnCt= -kt +lnC0. The rate constants ‘k’ thus obtained for different 

catalysts such as GO, SnO2 QDs, and GO-SnO2 are 0.0003, 0.007, and 0.08 min-1, 

respectively. The highest value for the GO-SnO2 nanocomposite indicates its highest 

efficiency of dye degradation, among others. 

 
Figure 5.18 (a) Ct/C0  vs. irradiation time for photo-degradation of MB while the 

inset shows color of MB before (top) and after (bottom) degradation and (b) 
photocatalytic reaction kinetics. 

5.3.5. Mechanism for visible-light-driven photocatalysis 

In the current scenario, the visible light excitation with less energy than the bandgap 

energy of QDs (4.2 eV) is not sufficient to excite an electron from the valence band (VB) to 
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the conduction band (CB) of SnO2. Hence the traditional mechanism of photo-generation of 

electron-hole pairs, from the VB to the CB, cannot hold as a process with the UV-irradiation. 

Hence an intermediate energy route operates for dye decay. A possible mechanism for the 

degradation of MB under the visible light irradiation is shown in Fig.5.19. The following 

diagram demonstrates the energy position of the dye and the catalyst based on the respective 

work functions (qΦ) [qΦMB (-5.67 eV), excited MB_qΦMB* (-3.81 eV), qΦGO (-5 eV), 

qΦSnO2 (-4.55 eV)][42, 44]. It is noteworthy that the work function is shown against the 

reference of GO. Moreover, the work function of GO is found to be always higher than rGO, 

and the transfer of an electron from SnO2 to GO is thus possible[42, 43].  

 
Figure 5.19 Energy diagram showing possible electron transfer mechanism from 

MB to SnO2 and GO-SnO2. 

Comprehending the redox potential of MB (1.86 eV), MB is easily excited to MB* 

under the visible light irradiation[46]. However, in the presence of QDs, this electron from 

the excited state (MB*) is transferred favorably to the CB of the metal oxide, leaving behind 

a hole in MB (Fig.5.19). These separated electrons and holes can be trapped by the dissolved 

O2 in the MB solution and form reactive oxygen species (O•-) and hydroxyl radical (OH•), 

which are responsible for the dye degradation. However, a slow decomposition is observed 

only for SnO2 QDs. This is due to a lack of spatial separation of photogenerated electrons 

and holes. Similarly, a feeble response is observed for only GO. Noteworthy, the poor 
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conductivity of GO can restrict the migration of charge carriers inside the GO from MB* 

and subsequently prohibits the formation of active radicals to initiate the dye degradation. 

The excellent performance is observed for the composite sample, and it becomes possible 

because of the strong adsorption of dye molecules with GO. The giant π-conjugated plane 

present in graphene-like GO might adsorb the dye strongly via π-π stacking with face to 

face orientation [28]. Besides, the strong electrostatic attraction in the aqueous medium is 

also possible between a positively charged MB and negatively charged functional groups 

present in GO. A schematic is given in Fig. 5.20 to describe this kind of interaction: 

 
Figure 5.20 Schematic illustration for the adsorption mechanism of MB on the 

GO surface. 

This leads to the availability of MB in the close proximity of QDs in GO-SnO2 

composite. Followed by such adsorption, the photocatalysis process begins with the 

absorption of visible light by the dye to result in an excited state of MB (MB*) with an 

electron. In the next process, the electron is transferred from the excited MB to the CB of 

SnO2 because of the relatively low value of the work function of the metal oxide (Fig.5.19). 

Subsequently, the electron is transferred from QDs to GO owing to the work function 

difference. This leads to a spatially separated electron and hole. Such an arrangement delays 
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the recombination procedure and enables availability for the degradation process. The 

possible reaction pathways during the photocatalytic degradation process of MB by the GO-

SnO2 composite are as follows: 

MB + hν→ MB* + e- (e- passes to GO through SnO2) 
 

e-
(GO) + O2→O2

•- (formation of superoxide radical) 
 

O2
•-+ H2O→HO2

• + OH- 
 

 

HO2• + H2O → HO•+ H2O2 (formation of hyoxide-oxide radical) 
 

H2O2→ 2HO•  
OH•+ MB → Degradation product  

To verify the charge transfer from the SnO2 to GO, PL spectra are taken from both 

SnO2 and GO-SnO2. The results are depicted in Fig.5.21(a). A broad peak is observed for 

both samples at 2.1 eV with a very strong intensity for QDs. This enhanced intensity arises 

due to the abundance of OV present in the SnO2. However, the PL intensity is reduced 

drastically in the case of the GO-SnO2 [Fig. 5.21(a)]. This reduction in intensity is an 

indication of a photo-excited electron transfer from the SnO2 QDs to the GO matrix [Fig. 

5.21(a)inset], and subsequent prevention of the recombination of electron and hole to lead 

to a photoluminescence effect. Efficient charge transfer takes place in the GO-SnO2 

composite to make it an efficient catalyst compared to only the QDs. Thus, heterostructure 

formation with favorable engineering of interfacial properties between QDs and GO 

provides the most efficient performance. This understanding has a unique significance to 

utilize the GO, a poor conductor, as an efficient photocatalyst under visible light irradiation. 
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Figure 5.21 (a)PL spectra of SnO2 QDs and GO-SnO2 with an inset to show an 

electron transfer from QDs to GO (b) EIS spectra of GO and GO-SnO2 composite. 

Improved dispersion of GO-SnO2 over SnO2 QDs can take place because of the 

functional groups in GO. Moreover, the stacking of SnO2 on the GO surfaces improves 

immobilization of the NPs, which enhances the conductivity of the composite altogether. 

Improvement in conductivity is investigated by EIS measurements, and results are shown 

in Fig. 5.21(b). A relatively small radius is obvious for the composite, as seen from the 

Nyquist plots of GO and GO-SnO2 nanocomposite. The feature indicates a decrease in the 

solid-state interface layer resistance of GO after the addition of QDs into the GO matrix, 

which helps better charge transport by lowering the resistance at the surface[47, 48]. Thus, 

the interface between GO and SnO2 becomes a novel feature to corroborate sufficient charge 

transfer through tailoring the defects chemistry of QDs and functional graphene, GO. 

In summary, the combined effects and improved conductivity provided by SnO2 

QDs and benefits of the functional group present in the GO for modulation of work function 

and dye adsorption synergistically enhance the photocatalytic process to show an excellent 

performance for the dye degradation.  

5.4. Summary 
1. The role of SnO2 QDs for supercapacitor application is elaborated. Improved 

conductivity, because of the presence of VP, is described as a reason behind the 

excellent supercapacitor behavior. For that purpose, SnO2 QDs decorated CP are 
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examined. Further, to improve the loading of metal oxide in the electrode, GO is 

utilized. A very high surface area of GO is found as a proper choice to make a 

composite with SnO2 for electrochemical applications. Apart from the EDLC nature 

of GO, the presence of a functional group is exploited as pseudo-capacitance, and 

the result is compared with another composite of GO-SnO2 (in-situ), which has less 

amount of active functional groups. Interestingly the conductivity issue of the 

unreduced GO due to the presence of functional group is countered back by the 

presence of better conductive SnO2 QDs.  

2. In the photocatalysis study, the critical role of defect is projected for the excellent 

UV-light drove photocatalysis of MB using the SnO2 QDs. The accomplishment of 

the degradation process within three minutes is one of the best results until now. 

Further, to explore the utility of this metal oxide for visible-light-driven catalysis, 

GO is incorporated to obtain proper interfacial engineering. This composite shows a 

brilliant performance of 94% degradation of MB within just 30 min. Observation of 

such outstanding results is possible because of efficient charge transfer from SnO2 

to GO which is proved by PL and EIS spectroscopy. 
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Abstract  

With excellent success as a resistive-based sensing material, tin oxide (SnO2) is well-

studied among other metal oxides for the last four decades. However, with the recent 

progress in theoretical understanding and advancement in experimental amenities, SnO2 is 

again in the limelight of research. Thanks to the presence of various defects present in this 

metal oxide like oxygen vacancies (OV) includes in-plane oxygen vacancy (VP) and bridging 

oxygen vacancy (VB), which influences n-type conductivity in SnO2 and make it a 

technically important material. However, clear demarcation of such defects in SnO2 and 

their influences in various optical, electrical, and vibrational properties need further 

attention. Additionally, the inclusion of lower dimensions and improved understanding in 

the synthesis process opens up prominent areas of applications. Hence bringing two 

important factors, (i) synthesis and understanding the defect in lower dimension SnO2 and 

(ii) utilizing these for various applications like resistive and optical-based gas sensing, 

supercapacitor, waveguide, photocatalysis motivates the current dissertation.   

Primarily, a simple chemical route is followed to synthesis SnO2 QDs, which are 

further used to obtain different sizes of nanoparticles (NPs) and defects distributions by 

annealing process in air atmospheres at various temperatures. For morphological and 

structural characterization of NPs, X-ray diffraction (XRD), transmission electron 

microscopy (TEM), and field emission secondary electron microscopy (FESEM) are carried 

out. Further, various spectroscopic investigations such as Raman, photoluminescence (PL), 

Fourier transfer infrared (FTIR), X-ray absorption spectroscopy (XAS), and electron energy 

loss spectroscopy (EELS) are carried to elaborate the presence of various defects in SnO2 

NPs and provide explanations for critical properties. Similar techniques are also employed 

for 1-D SnO2 nanostructures (NSs) grown by chemical vapor deposition (CVD) by both 

gold assisted vapor-liquid-solid (VLS) and self-catalytic vapor-solid (VS) process. VLS 



 

x 

technique-grown 1-D NSs is found to hold a strong correlation with the growth temperature 

and the final shape of the NSs, which is also theoretically established by Gibb’s free energy 

minimization process. Further, for the very first time, the critical role of the functional group 

of GO in controlling the shape of metal oxide during the growth process is demonstrated 

and well supported from TEM, FTIR, and Raman spectra.   

The current thesis further discusses the impact of a strong plasmonic field on the 

vibrational properties of low dimensional SnO2. Optimized SERS substrate obtained by 

using Ag nanonet enables the first-time observation of Raman allowed A1g mode, which is 

otherwise hidden underneath defect induced D peak in SnO2 QDs. Prior to that, the 

efficiency of this Ag nanonet is proven by single-molecule detection of rhodamine6G (R6G) 

molecule. Further, “Not mutual exclusion principle,” rather the “strong plasmon from Ag 

nanonet resulted in gradient field Raman (GFR) induced enhancement in infrared (IR) peak” 

is proposed to be the reason behind the observation of IR allowed Eu(TO) mode during 

Raman spectra acquisition from 25 nm SnO2 NPs. Though such GFR effect is profoundly 

discussed for organic molecules, rarely reported for inorganic molecules like SnO2. 

To overcome the various shortcoming of the resistive-based sensor, an alternative 

optical-based PL sensor using SnO2 QDs is proposed. This quest for PL based sensing also 

helps to solve a long-standing problem regarding the presence of blue emission in the PL 

spectra for low-dimensional SnO2 NPs. A rise of two obscured PL peaks in the blue emission 

region at 2.77, and 2.96 eV is observed in the presence of NH3. Using this observation SnO2 

QDs detect up to 32 ppm of NH3 very selectively even at room temperature. The critical role 

of cationic defects in selective ammonia detection is highlighted experimentally and 

theoretically. Additionally, PL induced waveguide characteristics of 1-D NSs are also 

demonstrated. Temperature-dependent PL, along with XAS experiments, is carried out for 

drawing a suitable band diagram for SnO2 NSs.  
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Owing to the surplus surface to volume ratio, the presence of multiple oxidation 

states (Sn2+ and Sn4+) SnO2 QDs are utilized for electrochemical capacitance application. A 

gel mediated method is operated for the decoration of QDs on a carbon paper to be utilized 

as a working electrode. After a successful demonstration of the experiment, graphene oxide 

and SnO2 (GO-SnO2) composite is utilized as electrochemical capacitance by exploiting 

both electric double-layer capacitor (EDLC) form GO and pseudocapacitance from SnO2. 

Along with this, the participation of a functional group of GO for pseudocapacitance adds 

extra value to the capacitance value. Similarly, for environmental remediation, UV-light 

driven catalysis study is inspected using SnO2 NPs. A rapid degradation (< 3 min) of 

methylene blue by QDs is one the finest result till now using UV-light. While for utilizing 

the visible light for catalytical dye degradation, GO-SnO2 composite is adopted. The 

purpose behind choosing such a composite is also explained, such as exploitation of the 

higher work function of GO to ensure proper electron transfer. Crucial role defects in 

improving conductivity are examined by electrochemical impedance spectroscopy (EIS). 

Two different types of SnO2 NPs with different defect distributions but with similar 

dimensions (~25 nm) are synthesized by annealing the as-prepared QDs in Air and Ar 

atmospheres. Detailed investigations using Raman spectroscopy and temperature-dependent 

photoluminescence (PL) measurements propose a strong presence of the in-plane oxygen 

vacancy in the Ar annealed SnO2 sample. Despite the similarity in dimensions, Ar annealed 

sample shows ten times higher dielectric than the air annealed sample. Furthermore, the role 

of such defects is effectively utilized for near room temperature (50 oC) CH4 sensors in a 

restive way. A detailed explanation for low-temperature performance is presented. 
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