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General Introduction

After one century of intense use of non-renewable resources and the constant increase of energy consumption (~559.8 EJ in 2012) 1 and wastewater treatment demand, the global demand for energy by the year 2050 won't be completely fulfilled by available oil and gas reserves. The exhaustion of these reserves soon is the major challenge we are facing right now. The equitable distribution and universal accessibility of solar energy is an important aspect of utilizing solar energy for our daily energy needs. We are utilizing the sun's energy not only in direct forms such as by using photovoltaics for electricity production 2 or photocatalysis for waste treatment 3 etc. but also indirectly through biomass utilization 4,5 and harnessing wind power. 6 As we know that a large amount (~100,000 terawatts) of solar energy is insolated to the earth surface 7 and the maximum effective energy required to fulfil our daily needs is relatively small (18 TWyear). 8 So, to use solar energy to its maximum potential, we need to focus our attention more on either improving the light trapping optics or on the materials that can enhance the absorption spectrum of the devices.

In the current scenario, the solar photon energy conversion is still lacking the utilization of a major part of the solar spectrum. Therefore, the majority of the systems (photovoltaics, photocatalytic etc.) that convert solar energy for their utilization in application such as electricity production and wastewater treatment, waste a major portion of incident solar light that can be utilised otherwise. 9 Such devices which are based on the classical method of utilization of solar energy are somehow limited by their absorption threshold, which means that the incident photons which does not correspond to their bandgap energy cannot be harvested, rather they will either be converted into heat or lost due to some other processes such as cross-relaxation, back-transfer, non-radiative decay etc.. 10,11 To enhance the utilization of solar influx many strategies have been introduced which are still in a nascent state where many improvements are being currently implemented. Methods such as cosensitization with light-absorbing molecular complexes (dye sensitization), 12 surface Plasmon resonance induced by preparing Z-scheme heterojunction, 13,14 increasing the light collection by preparing hybrid single and multi-layered structures, 15 and by spectral conversion of currently unused light using upconverting nanostructures. 7,16,17 The use of upconversion for solar applications can eliminate the inability of conventional photocatalysts to harvest a broad range of solar irradiation. Semiconductor photocatalyst has achieved immense interest from past few decades due to their ability to directly utilize solar radiation, but due to their limited bandgap tunability, they are restricted to respond only to a small portion of solar light primarily ultraviolet (UV), therefore limiting them to gain maximum achievable efficiency. Out of many strategies for increasing the output efficiency of conventional solar energy-driven systems, only very few are utilizing one of the biggest regions of the solar spectrum, -Infrared, which consists of ~50% energy of the solar spectrum. Hence, for practical applications, this strategy to use IR photons (700-2500 nm) for solar-driven catalytic systems is desirable. Photon upconversion is a nonlinear, anti-Stokes optical process, that can make these conventional photocatalytic systems outperform by converting the otherwise unused low energy photons into high energy photons and channelling them properly into the different energy levels of the photo catalysts. 16,18,19 . This process is observed in many systems such as rare-earth-doped materials, organic dyes, quantum nanostructures etc. Out of which, upconversion in lanthanide-doped crystals has been most notably observed (see Figure 0.1), particularly due to their longer lifetimes (~microseconds to milliseconds), allowing sequential absorption of two or more excitation photons with lower energy and producing high-energy luminescence emissions. 7,9,12 In addition, the intra 4f transitions in the lanthanide ions makes electron transitions within themselves less susceptible to their surrounding environmental changes.

For solar photocatalytic applications, the most widely used conventional photocatalyst such as TiO2 has a bandgap of 3.2 eV (anatase), due to which its light absorption is limited to wavelengths below 365 nm only. To increase its efficiency there are many advances out of which major attention was caught by the use of upconverting materials with conventional and classical photocatalysis. 17,18,20 There are also numerous rare earth metals ions-based upconverting photocatalytic systems available, but since the spectral upconversion of NIR/visible photons into UV photons is not straightforward, their upconversion quantum yield is low, 21,22 hence making people reluctant about their actual use in NIR photocatalysis. 23 These findings are also justified by preliminary results by Ying Chen et al 19 justifying NIR driven photocatalysis under solar excitation. This doctoral thesis focuses on the upconversion-based approach for the extended utilization of the solar spectrum. To achieve this objective, this thesis is organized as an intermix of optimization of quantum efficiency upconverting nanomaterials using novel anhydrous precursors and preparation of UCNPs-TiO2 nanocomposite photocatalyst using metallogels and core-shell strategy.

Structurally, this thesis is divided into 7 chapters. The first chapter briefs the motivation behind this work and emphasizes the necessity of improving upconversion efficiency via different chemical routes by studying the existing literature on this subject. This state of the art survey of literature regarding the growth of solar photocatalysis and the role of upconversion nanomaterials in its applicability develops the premise for the coming chapters.

The second chapter focuses on sodium-based upconverting nanostructures and describes the importance of the use of anhydrous precursors over widely used hydrous precursors. In the first part of this chapter, the effect of combining different solvents during thermal decomposition of anhydrous precursors and their impact on the phase and purity of the resultant upconverting nanoparticles is studied. During this study, we also optimised the ideal concentration of the dopant ions. Following this, the optical output efficiency (upconversion quantum yield) of sodium-based upconverting nanostructures prepared using both anhydrous and hydrous precursors is measured. This chapter concludes with an important idea that the use of anhydrous precursors could be a benchmark for obtaining bright luminescent upconverting nanoparticles with improved optical throughput.

After establishing the importance of anhydrous precursors for obtaining brighter upconverting nanoparticles, we investigate other methods to obtain higher upconversion UV emission (< 380 nm).

With this objective, in chapter 3, Lithium-based upconverting nanostructures have been explored in detail. In this chapter, we started by explaining the synthesis of novel anhydrous monoglyme precursors for the upconverting nanoparticles. After thoroughly characterizing these precursors, we studied the synthesis of upconverting nanoparticles under different synthesis conditions. Starting with choosing lanthanide ions for the host matrix, we then varied numerous parameters such as i) Effect of ratio of dopant ions ii) The effect of the ratio of solvents, iii) Effect of concentration of precursors and iv) Effect of reaction time which affect the phase, morphology and optical output of the upconverting nanoparticles. This chapter encompasses a great number of factors for obtaining lithium-based upconverting nanoparticles with high optical emission. At the end of this chapter, a comparative study of the output emission intensity of the best performing upconverting nanoparticle with its bulk counterpart which has identical dopant concentration is performed.

Chapter 4, provides evidence concerning the use of near-infrared (NIR) photons for photocatalytic applications. In this chapter, we justified that if correct conditions exist, the sequential absorption of photons of different wavelengths even with non-laser sources (LED) can yield high energy UV photons. This study bridges the gap between different opinions towards the idea of NIR induced photocatalysis.

Chapter 5, presents two different strategies to prepare nanocomposites of upconverting nanoparticles with classical photocatalyst TiO2. Here, we followed two different strategies for preparing novel photocatalyst synthesis. First, active core-shell strategy, where two different ligands have been used as a functionalizing agent for the TiO2@UCNPs synthesis. The second strategy is based on the preparation of transparent UCNP-TiO2 metallogels, following which we performed dye degradation studies to assess the photocatalytic activity of these metallogels.

Chapter 6, describes in detail the experimental procedure for the preparation of novel anhydrous molecular precursors and upconverting nanoparticles and their composites with TiO2. The details about the experimental setup for upconversion and quantum yield measurement is also discussed.

Finally, chapter 7 concludes all the major findings regarding the techniques used for the improvement of upconversion emission of lanthanide-doped nanoparticles and their perspective for the improvisation of the photocatalytic activity of their respective nanocomposites with TiO2.

Chapter 1 Literature review

1 1.1.

Solar photocatalysis

With our current exponential increase in energy demands, it would be very difficult to meet all our energy needs by the end of this century with the currently used non-renewable energy resources. 1 Alternative source such as solar, wind or geothermal energy, which are reliable, consistent and more importantly renewable would play a major role shortly. This is particularly relevant for the case of solar energy where its conversion into chemical or electrical energy could be governed by natural photoassisted reactions. So, it would be a very important and sustainable solution for the energy and environmental problems if we could utilize solar energy for the generation of hydrogen energy or detoxification of organic pollutants by an eco-friendly route. 2 One of such photochemical reactions is photocatalysis, which is most widely studied and has a powerful influence in many industries such as hygiene and sanitation, environmental protection such as water treatment and air purification, architecture and construction etc. [3][4][5] In general, the whole idea of photocatalytic reaction could be briefly categorized into three steps as shown in Figure 1.1. The first step is the absorption of photons by the semiconductor photocatalyst and the subsequent generation of electron-hole pairs. Depending on the energy of incoming photons, If the energy of these photons is higher than the bandgap of these semiconductors (Ephotons>Egap) then these photogenerated electrons and holes can be separated. The second step involves the migration of these charge carrier species to the surface of the photocatalyst. The driving force is the internal electric field. It is a crucial process, as the tendency of these charge carriers to recombine is high.

Finally, after the successful transfer of these charge carriers to the surface of the catalyst, the already adsorbed molecules (or water from the solution) will react with these photo generated charge carriers. 6 It was in the mid-1990s that the photocatalytic products found their way to markets, first in Japan and later in America and Europe. By 2009, the total volume of solar photocatalysis based products was around $848 million, which increased greatly to $1.4 billion in 2013, $1.5 billion in 2014 and the forecast of compound annual growth rate (CAGR) equivalent to 12.6%, might take this market to $2.9 billion by the end of 2020. 7 1 1.2. TiO2 as a robust photocatalyst and its limitations.

A major share among these photocatalyst is held by titanium dioxide (TiO2), which is mainly a UV based semiconductor photocatalyst. TiO2 has three crystal structures i.e., anatase, rutile and brookite. The anatase phase of TiO2 generally has the highest photoactivity compared to other phases.

It has a band gap of 3.2 eV, which limits its absorption only to UV light (< 380 nm). With such a semiconductor-based photocatalyst, the utilization of direct sunlight is only feasible when the energy of incoming photons exceeds the bandgap energy between the conduction and valence band.

Therefore, for TiO2, only high energy solar photons ( < 380 nm), can activate the catalyst and trigger photocatalysis. Regrettably, more than 90% of the sunlight cannot be utilized for its activation, as the total share of UV light photons in the solar spectrum is only ~5% and out of it, ~1% is being utilized by TiO2 (Figure 1.2). In literature, many efforts have been devoted to tackling these issue of non-utilization of most of the solar spectra and higher probability of recombination by modifying the bandgap of TiO2. The reduction of the optical bandgap is one of the strategies to enable visible light photocatalysis with TiO2.

This reduction has been achieved by either introducing intermediate states in the bandgap using elemental doping or narrowing the bandgap itself. The introduction of some noble metals (such as Fe 3+ , V 5+ , Cu + , Ag + ), non-metals (such as N), low bandgap semiconductors (such as Cu2Se), or lanthanide ions (La, Ce, Nd etc) or even wrapping TiO2 with graphene layers has been proven efficient methods for enhancing the range of photocatalytic activity of TiO2. For example;

Navio et a.l 8 showed that doping of Fe 3+ into the TiO2 samples could provide a monophasic material without observing any separate iron oxide phases. This iron-doped titanium oxide has shown higher surface hydroxyl densities making them a potential candidate for photocatalysis.

A step further, Yuan et al. 9 showed that by co-doping of Zn 2+ and Fe 3+ into titania, cooperative enhancement in the photoactivity could be observed. Due to change in the morphology of nanoparticles, they achieved a two-fold increase in the photocatalytic decomposition of phenol under optimum conditions (pH = 7; 1.5 and 3 mol% of Zn and Fe, respectively).

Chao et al. 10 suggested that the addition of Ag + dopant into the TiO2 powder could accelerate the phase transformation from anatase to rutile, this reduces the grain size of the anatase phase however the specific surface area increases on this transformation. An optimum balance of the dopant concentration (2-6%) has a positive effect on photocatalytic activity. Also, as reported by Seery et al., 11 the slight doping of Ag + can significantly increase the absorption of TiO2 in the visible region. Silver ions can also enhance the electron-hole pair separation, leading to enhanced photocatalytic efficiency of TiO2.

The doping of V 5+ and Mn + has also a positive effect on the photocatalytic activity of TiO2 thin films towards propanol degradation as reported by Yamashita et al. 12 The implantation of these ions alters the electronic structure of the TiO2 surface layer, shifting its absorption band slightly into the visible region.

Copper being an effective electron trapper could reduce the probability of electron-hole recombination as reported by Tseng et al. 13 By reducing CO2 in NaOH aqueous solution under UV irradiation, they were able to produce methanol; showing the enhancement of photocatalytic efficiency of Cu loaded TiO2.

Choi et al., 14 in their research showed the redshift in the absorption of N-doped TiO2 up to 468 nm, with a significantly narrow bandgap of 2.65eV.

Many low bandgap semiconductors such as CdS, CdSe have also been used to enhance the photocatalytic activity of TiO2. One such semiconductor, Ag2Se, when doped with commercial TiO2 shows the much higher catalytic activity as reported by Mishra et al. 15 They showed great improvement in the degradation of formic acid by the addition of silver selenide nanoparticles with TiO2.

The use of rare-earth ions for photocatalytic reactions was first reported by Yu et al. 16 Back in 1998 they showed that La2O3 modified TiO2 shows promising photocatalytic activity for the oxidation of acetone in the gas phase.

In another study, Du et al., 17 used different lanthanide ions including Ce, Y, Pr, Sm to modify the commercial TiO2 and observed the effect of doping variable amount of lanthanide ions into TiO2 towards the degradation of methylene blue under UV irradiation.

Other studies including the degradation of phenol using Cerium doped TiO2 by Fan et al., 18 degradations of p-nitrophenol using europium and ytterbium-doped TiO2 by Ranjit et al. 19 are among the first few reports concerning the photocatalytic degradation of organics in solution.

But all these attempts were made to either enhance the utilization of UV or extend its absorption up to only visible radiation. Generally, the addition of such dopant ions or molecules enhances the photocatalytic activity in the visible region, but the activity in UV irradiation is compromised. A major portion of the solar spectra (~48%) was still not explored by these techniques.

1.3. Upconversion as a solution

In principle, the utilization of the invisible infrared region of solar spectra by these classical photocatalysts would only be possible if we could couple such photocatalytic systems with materials that could act as wavelength converters. In other words, a material that could absorb infrared radiation and emit light that is energetically higher than the incoming light. Such emissions were already discovered as of anti-Stokes band in Raman scattering, but these emissions were of the order of kT and quite often not observed (low efficiency) due to thermal quenching. Thankfully, the proposal of Bloembergen 20 regarding the addition of infrared photons with the visible photons to produce other visible photons of higher energy and the subsequent ground-breaking discovery of a phenomenon of sequential energy transfer of photons or APTE effect (French acronym: Addition de Photons par Transfert d'Energie) back in 1966 by F. Auzel made it possible to observe the anti-Stokes emission with energies 10-100 times greater than kT. He came up with a completely revolutionising idea regarding the transfer of energy in rare-earth ions. His understanding of energy transfers as the transfer of only the energy differences not the absolute energy in the Yb/Er and Yb/Tm couples indeed provided the evidence for sequential transfer of energy from more than two photons. 21 Before his discovery the sequential transfer of energy was a very less probable idea as the means such as laser excitation and optical fibre confinement were yet to be discovered at that time. This phenomenon was later termed 'upconversion', as the low energy photons are being converted to higher energy photons in this process.

Photon upconversion is essentially a non-linear optical process and could be observed primarily in lanthanide ions (lanthanide-based upconversion) and in some aromatic organic compounds (TTA-based upconversion). It is a process of sequential absorption of two or more photons by metastable, long-lived energy states. This sequential absorption leads to the population of a highly excited state from which upconversion emission occurs. Both these processes are based on the interaction of similar kind of excited states. For lanthanide-based upconversion, it is the transition between 4f energy levels and for TTA based upconversion it is the first excited state of the TTA emitter molecules. To understand more about the process of upconversion (both lanthanide and TTA based upconversion) and to realize its importance and applicability for our application in photocatalysis, we will now carefully look at the brief journey of upconversion in the past decades. We will talk about the evolution of both these approaches but our prime focus would be to observe lanthanide-based upconversion in great detail.

a). Upconversion in detail

The upconversion based on organic materials (TTA based upconversion) was first proposed back in 1962 by Parker et al. where they called it "anti-Stokes delayed fluorescence". They proposed that to observe such phenomenon in organic chromophores, two separate species are needed (a donor and an acceptor) and they successfully presented this phenomenon in two different molecular systems. First a combination of phenanthrene (donor), and naphthalene (acceptor), and second proflavine hydrochloride (donor) and anthracene as an acceptor. 22 The working principle of TTA based upconversion involves a series of steps:

absorption of low energy photons by sensitizer (Step 1), followed by an intersystem crossing (ISC, Step 2). The third step is the energy transfer between the triplet states of donor and acceptor ions (TET, Step 3). With the help of a second donor molecule, a second emitter molecule gets excited (triplet-triplet annihilation, Step 4) and the subsequent interaction between these emitter molecules could observe the delayed fluorescence. 23 A descriptive schematic to help visualize these step is shown in Figure 1.3 This scheme of upconversion, being very reliable and easily achievable has been explored for a long time in a variety of solar energy-based applications. In the domain of solar photovoltaics, the incorporation of TTA based up-convertors could revolutionize the solar cells by addressing the inefficacy of complex manufacturing and minimization of the series connections.

Even though this process was known to us for a long time, its first successful implementation was not done until 2006, when Baluschev et al demonstrated the photon upconversion with concentrated solar lights for a solution of DPA (diphenylanthracene) sensitized with 2 wt% PdOEP (palladium(II) octaethylporphyrin) with more than 1% external efficiency. 24 Furthermore, the research lead by Schmidt et al. 23,25 focuses a lot on increasing the efficiency of solar cells. In 2012, they came up with a proof of concept of the third-generation photovoltaic device by making the first integrated a-Si: H/TTA-UC device. A multi-layered device coupled by a-Si: H p-i-n cell and a TTA-solution with porphyrins (PQ4Pd and their derivatives) as sensitizers and a polycyclic aromatic hydrocarbon Rubrene (5,6,11,12-tetraphenyltetracene) as annihilator/ emitter was used as a model and was further improved by Schulze et al. 26 with an enhancement of 0.2% under 19 solar excitations.

In addition to the application in traditional photochemistry for photovoltaics, the application of TTA based upconverters in the domain of photocatalysis is also growing. In 2012, the first proof of concept photoelectrochemical device utilising the TTA based upconversion for water splitting has been given by Khnayzer et al. 27 They made a system by combining WO3 semiconductor (Eg = 2.7 eV) with benchmark upconversion composition of palladium(II) octaethylporphyrin (PdOEP) and 9,10-diphenylanthracene (DPA) in toluene and enables the utilization of sub-bandgap non-coherent photons at low power density.

Later that year Kim et al. 28 reported the first instance of aqueous phase photosensitization of Pt loaded WO3 semiconductor. In this system, they achieved the photon upconversion directly in the aqueous phase by encapsulating the solvent phase containing the DPA/platinum(II)octaethyl-porphyrin (PtOEP) (sensitizer/emitter) pair in a rigid polymer shell in the form of aqueous dispersible microcapsules.

After this proof of concept of encapsulated TTA based upconversion, significant focus has been given to the fabrication of more complex and robust samples using silica. Because the surface functionalization on the silica surface is easier along with its ease to be synthesized in nanoscale dimensions, such a structurally advanced system has found a wide range of applications. In this field, more detailed research has been done by Kim's group, including the decoration of such silica encapsulated TTA upconverters with CdS which resulted in aqueous phase photocatalytic oxidation. 29,30 Although the TTA based upconversion has shown a promising role in the domain of photocatalysis, they are still limited by the broadband utilization of the solar spectrum. 31 Most of the currently used TTA based upconversion system are limited to Vis-Vis or Vis-UV upconversion, so this is why lanthanide-based upconverting materials have attracted considerable attention during the past decade or so. They have excellent tunability from near-infrared to deep UV emissions. Even though the upconversion quantum efficiency of lanthanide-based upconverters is lower than TTA based upconverters, the wide applicability of such materials and their ease of incorporation with semiconductor nanocrystals of classical photocatalyst makes them more versatile for photocatalytic applications.

The upconversion based on lanthanoids (lanthanide-based upconversion) as briefly discussed before, has a different working principle than the upconversion from organic molecules. Since this thesis is primarily based on the use of lanthanide-based upconverting systems for the photocatalytic application, I would like to first describe very briefly the theory of such upconverting systems.

The upconversion luminescence in the lanthanides originates due to their very peculiar electronic property. They are most stable in trivalent form (Ln 3+ ) with an electronic configuration of 4f n 5s 2 5p 6 where n varies from 0 to 14. The inner filled 4f electrons in these trivalent ions are shielded by 5s 2 and 5p 6 subshells. This results in the reduction in electron and phonon coupling which is why the lanthanide ions show sharp and narrow emission bands. When these ions are present in a crystal matrix then due to the crystal field generation, a large number of the excited f states have a lifetime long enough so that the transition between the f-f energy levels become possible. Generally, these inorganic upconversion materials consist of a crystalline host matrix and a dopant ion (usually lanthanide ions in a small concentration). A very important parameter to be taken care of concerning such upconverting systems is the ion to ion distance and their spatial arrangement. The choice of crystalline host lattice is therefore very important as it determines the distance between the dopant ions and brings these luminescent centres to the optimal position. 32,33 From this essential requirement we can say that the property of the host matrix and its interaction with the dopant ion is a very crucial consideration for the upconversion process. An ideal host matrix should be a) optically transparent for the particular choice of dopant ions, i.e. there should be no optical transitions concerning the matrix itself; b) they should have very low phonon energy so that the excited states can have longer lifetimes, otherwise many electronic transitions will be lost in the form of lattice vibrations. 34 Many choices are available as the host matrices mainly including oxides and halides. Both of these matrices have their unique virtue depending on which ideal host matrix could be chosen. Oxides usually are more stable chemically and thermally but have relatively higher phonon energy (>500-1000 cm -1 ) than halides, whereas the halides which have very low phonon energies suffer from a lack of chemical stability.

Halides such as -chlorides, -bromides, and -iodides generally exhibit very low phonon energies (<300 cm -1 ), but they are hygroscopic, which limits their usage in many applications. Fluorides on the other hand are best compromise with lower phonon energy (~400 cm -1 ) compared to oxides and more stable than other halides. This is why our study is primarily focused on fluoride based matrices.

Regarding the doping of lanthanide ions, it can be either a single ion or co-doping of two lanthanide ions. For a single ion-doped the essential requirement of the lanthanide ion is to have a similar energy gap between three or more subsequent energy levels, so that sequential absorption with a single monochromatic source could be possible. The suitable choice of lanthanide ions fulfilling these criteria are Er 3+ , Tm 3+ and Ho 3+ , out of which the efficiency of Er 3+ is particularly higher than the other two choices. To have a clearer understanding the detailed energy level diagram for a codoped system is presented in figure xxx. For such systems, one of the dopant ion, called sensitizer, absorbs excitation light, then transfers it nonradiatively to a nearby dopant ion, called an activator. After multiple energy transfer, once the activator ion's excited states have enough build-up of energy, it emits light of a shorter wavelength than the excitation source. The most common choice for sensitizer ions is Yb 3+ ions primarily because of two reasons; a) it has single and relatively strong absorption in the visible-infrared spectrum and b) its 2 F7/2 2 F5/2 transition matches very well with electronic transitions in generally used activators such as Er 3+ and Tm 3+ . The concentration is an important factor because if the sensitizer concentration is too high then the cross-relaxation energy loss would overtake the average energy transfer to the activator ion, resulting in a decrease in upconversion emission. The concentration of sensitizer and activator usually should be not higher than 20-25 mol% (but X. Liu et al. 35 showed energy transfer even at higher doping percentage up to 50%) and 1-2 mol% respectively.

For the last two decades, the major number of papers published are related to rare-earth-doped nanofluorides. When compared with the bulk upconverting materials, the nanomaterials suffer a drawback of lower upconversion quantum yield due to greater availability of surface resulting in more surface defects. But the vast applicability of nanoparticles in a variety of domains including biological imaging, drug loading and releasing and photocatalysis etc. pushes the interest of the scientific community to have better upconversion quantum yields in nanostructures. 36 

i). Lanthanide trifluoride materials (LnF3)

In the late 1960s and early 1970s, the optical properties of bulk LaF3: Yb 3+ , Er 3+ 37 and bulk YF3:

Yb 3+ , Er 3+ 38 were studied. The first synthesis of LaF3 nanoparticles is reported in 2001 by Dang et al., 39 although for a completely different application. It motivated Stouwadam et al. 40 to synthesize a variety of combination with Er 3+ , Nd 3+ and Ho 3+ doped LaF3 nanoparticles and they proposed a modified method for their preparation that led to better re-dispersibility of these nanoparticles, which is an important property that finds potential applications in the telecommunication sector. Also, Chow, Yi et al. 41 in 2005, reported Yb/Er, Yb/Ho and Yb/Tm co-doped LaF3 with high redispersibility and fluorescence output. The synthesis methods for YF3, YbF3 have also been intensely investigated.

Yan and Li et al. 42 also in 2005, reported a two-step synthesis procedure for Yb 3+ , Er 3+ do-doped YF3 nanoparticles. They reported a unique sonochemistry assisted hydrothermal route for their synthesis and demonstrated red, green and even blue emission in such system when excited with infrared light.

Similarly, many other strategies for the synthesis of lanthanide-based upconverting nanomaterials have been reported in much detail by Wang et al. 43 , but one particular synthesis of a flexible polymeric display using YF3: Yb 3+ /Er 3+ system by Tsujiuchi et al. 44 has also attracted much attention.

Later on, the synthesis of LaF3 nanocrystals by Zhang et al. 45 using single-source precursors such as La(CF3COOH) in the mixture of oleic acid and 1-octadecene at high temperature opened up a new path towards the synthesis of sub-20 nm uniform upconverting nanoparticles.

ii). Lanthanide tetrafluoride nanoparticles (M(RE)F4; M=Li, Na, K; RE=Rare Earth)

Upconversion based on bulk, microcrystalline and NaYF4 has been extensively studied in the past decades and one of the very first few reports by Menyuk et al. 46 in 1972, showed great upconversion emission efficiency of a few per cent in NaYF4: Yb, Er phosphor. In the subsequent years when the demand and availability of means of producing nanoparticles increased, many groups devoted their research to the synthesis of lanthanide-doped NaYF4 nanoparticles. During the initial years, the most frequently studied was Ln 3+ : NaYF4 upconverting system.

The first synthesis of small luminescent NaYF4 nanocrystals was developed by Heer et al. 47 and was based on the co-precipitation method performed in the high boiling solvent N-(2hydroxyethyl) ethylenediamine (HEEDA). They observed good upconversion efficiency for the cubic phase of Yb, Er and Yb, Tm codoped NaYF4 nanoparticles. The size distribution however was rather broad (5-30 nm). In the same year Yi et al. 48 prepared cubic phase of Yb 3+ /Er 3+ codoped NaYF4 particles by co-precipitation of rare earth chlorides with NaF in the presence of EDTA (ethylenediamine tetraacetic acid). They obtained narrow size distribution but the size was ranging from 32-46 nm. Not only cubic but hexagonal phase (which has higher upconversion efficiency) of NaYF4: Yb 3+ , Er 3+ were prepared in acetic acid solution by Zeng et al., 49 their reported average particle size was 25 nm.

After 2005, considerable focus was given to the method based on thermal decomposition of metal trifluoroacetates (single-source precursors) given originally by Zhang et al. 45 The main advantage of utilizing single-source precursors of trifluoroacetates is the quick formation of fluorine compounds at a higher temperature. There were many reports which utilize a slightly modified method for the preparation of NaLnF4 than the one described by Zhang et al. 45 The first one after was given by Yi et al. 50 in 2006 where they prepared sub-10 nm NaYF4:Yb 3+ , Er 3+

nanoparticles by thermal decomposition in pure oleylamine at around 330°C. These particles had excellent dispersibility in organic solvents, were uniform in shape and also showed a narrow size distribution.

The following year, Boyer et al. 51 reported the synthesis of both Yb, Er and Yb, Tm doped monodispersible NaYF4 nanocrystals with an average size of ~27 nm via thermal decomposition in the mixture of octadecene and oleic acid. In 2009, Zhang et al. 52 reported a different method of preparation of hexagonal NaYF4 by replacing metal trifluoroacetates with in-situ produced rare-earth oleates, NaOH and NH4F.

However, in 2010, the synthesis of new single-source heterometallic precursors by Mishra et al. 53 opened up new prospects for the synthesis of sub-50 nm particles without the need of any surfactant or capping agent. His approach of controlled synthesis could result in either cubic or hexagonal phase NaYF4 nanocrystals just by varying the decomposition temperature.

The approach was unique also in the sense that since the reaction was carried out in an inert atmosphere and all the precursors chosen, were anhydrous, it significantly reduced the surface OH groups, as evident from their results. This thesis also presents some results (chapter 2)

emphasizing the improved quality of upconverting nanoparticles compared to identically doped nanoparticles prepared by other synthetic techniques. In 2012, Mishra et al. 54 and his group reported a detailed study about the synthesis of the novel heterometal organic complex as the first single-source precursors for upconverting nanoparticle synthesis. He reported the improved thermal response of such anhydrous hetero-metallic complexes over the widely used hydrated precursors. In 2014, using similar single-source precursors, Chen et al. 55 reported a direct synthetic method for Yb 3+ , Tm 3+ doped NaGdF4. The quality of nanoparticles prepared via this technique was very good, considering the results presented by them regarding their nanocomposite formation with TiO2 and the subsequent performance in direct sunlight.

In addition to these thermal decomposition methods, other synthetic procedures such as hydrothermal and microwave-assisted synthesis also gained interest in these years. Wang et al. 56 While in the last decade the majority of works have focused on NaYF4/ NaGdF4 or LnF3 hosts, 59,60 there have been some reports on other alternative hosts, such as LnOF, KYF4, BaYF3 and LiYF4. The LiYF4 can provide very large anti-Stokes emission up to the deep UV (265 nm), and hence can be used to overcome many challenges including undesirable non-radiative energy transfer, cross-relaxations etc. To the best of our knowledge, for the first time, Yi et al. 61 in 2007, reported the synthesis of LiYF4: Yb 3+ , Er 3+ nanoparticles using trifluoroacetate precursors. The ideal reaction temperature for the synthesis of crystalline LiYF4 as suggested by them was however very high (340 °C).

Later in 2009, Mahalingam et al. 62 synthesized tetragonal phase LiYF4 nanoparticles with diamond shape with a very narrow size distribution (average size ~80 nm). Another very detailed upconversion energy transfer analysis in Er 3+ , Yb 3+ doped LiYF4 nanocrystals was done by Secu et al. [START_REF] Secu | Up-Conversion Luminescence of Er 3+ /Yb 3+ Co-Doped LiYF4 Nanocrystals in Sol-Gel Derived Oxyfluoride Glass-Ceramics[END_REF] showing the effect of a high concentration of lanthanide ions ceramic glasses After going through the history of upconverting nanoparticle synthesis, we come back to our motivation behind the use of upconversion for photocatalysis. In the context of upconversion semiconductor-based photocatalyst, the upconversion materials could serve as the frequency converters that can harvest low energy sub-bandgap photons and convert them to UV or vis photons via an efficient fluorescent energy transfer process. Following this, the converted photons can be reabsorbed by the surrounding semiconductor and thus can induce the electron-hole pair separation in the semiconductor. A more efficient and direct transfer of energy from upconverting material to the surrounding semiconductor via non-radiative transfer could increase the yield of charge carriers in the classical semiconductor and therefore would be the potential solution of our problem of nonutilization of low energy photons of the solar spectrum. In other words, including upconversion materials with TiO2 will extend the absorption edge up to the NIR region and therefore higher photocatalytic efficiency could be achieved. By looking at the great virtue of upconverting materials a lot of work has been done in photocatalysis, most of which is devoted to pollutant removal (dye degradation). The recent World Bank data (2011) states that discharge from the textile industries accounts for nearly 20% of the total industrial pollution. [START_REF] Chan | Recent Developments of Metal Oxide Semiconductors as Photocatalysts in Advanced Oxidation Processes (AOPs) for Treatment of Dye Waste-Water[END_REF] Hence research community have taken some serious steps towards pollutant removal using eco-friendly strategies. Although, in the photocatalysis community, it is a matter of great debate about the similarity and dissimilarity between classical photocatalysis and photocatalytic degradation of organic pollutants. It is worth mentioning that the mechanism of absorption of photons and the charge carrier dynamics are very much identical in both of these cases. [START_REF] Pasternak | On the Similarity and Dissimilarity between Photocatalytic Water Splitting and Photocatalytic Degradation of Pollutants[END_REF] The core-shell nanostructures have been explored for many photocatalytic dye degradation studies due to the added benefit of size and morphological control. In this regard, Zhang et al. [START_REF] Zhang | Synthesis of Lanthanide-Doped NaYF4@TiO2 Core-Shell Composites with Highly Crystalline and Tunable TiO2 Shells under Mild Conditions and Their Upconversion-Based Photocatalysis[END_REF] in 2013, presented a facile hydrothermal route for the synthesis of NaYF4: Yb 3+ , Tm 3+ @TiO2 core-shell nanocomposites. The micro rods prepared by this method showed excellent photocatalytic activity towards methylene blue degradation (~90% degradation in 12h under 980 nm NIR laser irradiation). They emphasized the importance of optimal thickness of TiO2 coating on the upconverting material.

Another report concerning the degradation of methylene blue (MB) using near-infrared radiation was presented by Tang et al. 67 in 2013. They synthesized NaYF4: Yb 3+ , Tm 3+ @TiO2 composite via solvothermal route. They presented a NIR-responsive photocatalytic mechanism that could be helpful for the structural design and functionality of such composite materials.

The NIR induced photocatalytic mechanism for the degradation of Rhodamine B (RhB) was given by Wang et al. [START_REF] Wang | A Study on Upconversion UV-Vis-NIR Responsive Photocatalytic Activity and Mechanisms of Hexagonal Phase NaYF4: Yb 3+ , Tm 3+ @TiO2 Core-Shell Structured Photocatalyst[END_REF] They compared the photocatalytic activity of core-shell and physical mixture of the composite of upconverting nanoparticles and TiO2. The better utilization of NIR light for photocatalysis was observed in core-shell nanocomposites.

More studies on the decolouration of Methylene Blue, Methyl Orange and Rhodamine B was carried out under 980 nm laser irradiation by Xu et al., [START_REF] Xu | Advanced Near-Infrared-Driven Photocatalyst: Fabrication, Characterization, and Photocatalytic Performance of β-NaYF4:Yb 3+ , Tm 3+ @TiO2 Core@shell Microcrystals[END_REF] Chatti et al. [START_REF] Chatti | Near-Infrared Light Triggered Superior Photocatalytic Activity from MoS2-NaYF4:Yb 3+ /Er 3+ Nanocomposites[END_REF] In 2014, Chen et al. 55 reported the enhanced photocatalytic performance (towards methylene blue degradation) of upconverting nanoparticle modified TiO2 (14.5%) compared to classical TiO2 (4.5%) under direct sunlight. Their research focused more on maximizing the upconversion from the nanoparticles for their further utilization by TiO2. Their reports about the degradation of MB under direct sunlight shows potential for real-life photocatalytic applications.

Later on, in 2015, Su et al. [START_REF] Su | Directly Coat TiO2 on Hydrophobic NaYF4:Yb, Tm Nanoplates and Regulate Their Photocatalytic Activities with the Core Size[END_REF] reported the synthesis of uniform coating over hydrophobic NaYF4:

Yb 3+ , Tm 3+ nanoplates and demonstrated the photocatalytic activity under near-infrared as well as ultraviolet lights source. They emphasized the effect of both upconversion fluorescence of the core and surface properties of the shell on photocatalytic activities.

With continuous progress over years, researchers came up with enhanced upconversion and therefore higher photoactivity from ternary and even quaternary photocatalysts. Wang et al. 73 reported a new strategy of integrating NaYF4: Yb, Tm@core shell structures with graphene for demonstrating enhanced NIR driven photocatalysis. They reported significantly degradation of MB (81% in 12h), MO (46% in 12h) and phenol (30% in 12h) under NIR irradiation.

To summarize the key points from the state of the art, we can conclude that to achieve efficient solar photocatalysis using upconverting nanomaterials (as the frequency convertors) and their incorporation with classical photocatalyst such as titania (TiO2), there are several key points to be kept in mind. The primary concern to deal with should be to enhance and maximize the upconversion emission from the system as much as possible. Many strategies have been suggested to deal with this issue, but they still need improvement. The secondary concern that needed to be addressed is the interaction of these upconverting nanoparticles (UCNPs) with the photocatalyst. The energy transfer between UCNPs and TiO2 need to be optimized.

In this thesis, we tried to address some of these issues in details such as obtaining an upconverting nanomaterial system with its performance equivalent to the bulk upconverting phosphor. This is achieved by using anhydrous molecular precursors for their synthesis. The second issue we addressed is the optimization of the UCNPs-TiO2 junction. As we saw from the recent studies that the coupling between TiO2 and UCNPs should be efficient enough so that most significant losses could be overcome, we, in this thesis explored many different strategies that could potentially improve the UCNPs-TiO2 junction and thus our aim of direct utilization of sunlight would become feasible.

Chapter 2 Synthesis and upconversion studies of NaGdF 4 :Yb 3+ , Tm 3+ nanoparticles: A comparison of anhydrous versus hydrous synthesis and quantum dots for their potential applications in solar cells, 1,2 biological imaging labelling and sensing, [3][4][5][6][7] photodynamic therapy (PDT), 4,8,9 theranostic 10-14 and photo catalysis [15][16][17][18][19][20] etc. In this regard, the enhancement of the optical output of these lanthanide-doped luminescent materials is of utmost priority. General criteria for achieving this goal include i) selection of a suitable host matrix with low phonon energy (e.g., metal fluoride), ii) selection of an efficient crystal phase and iii) optimization of the concentration of doping lanthanide ions. 21 But compared to conventional phosphors, the quantum yields of these lanthanide-based UC nanoparticles are extremely low (typically <1%) and, in general, an order of magnitude lower than those of the corresponding upconversion bulk materials. 22 The insufficient emission intensity (due to weak absorption of excitation light by lanthanide ions) and transfer of energy via a non-radiative energy route (due to complex arrangement of energy levels), which are considered as a major cause for the low quantum yield of nanoparticles can be mitigated by carefully choosing the synthetic strategy for these UC nanomaterials, hence allowing better control over particle size, shape, dispersion and surface properties, which influence all upconversion emission properties. [23][24][25] Bottom-up synthesis of nanomaterials using a precursor that contains all the constituent elements in the required ratio (single-source precursor), facilitates better control over the composition, structure and morphology of nanomaterials. [26][27][28][29][30][31][32] The enhancement in the functionality of these nanoparticles does not come just by taking care of these aforementioned parameters but rather by avoiding the surface defects which might be induced due to the presence of ligands or solvents around the nanoparticles. One of the primary cause of luminescence quenching is -OH defects. 33 So the absence of water during the synthesis of upconverting nanoparticles is highly desirable to obtain nanoparticles with high emission luminescence. It is generally accepted that the construction of a shell of silica or undoped matrix (e.g., NaYF4, NaGdF4, etc.) around the upconverting core is an effective way to improve the upconversion luminescence of the UCNPs by confining Ln 3+ dopant ions to the inner core, thus reducing non-radiative transitions. [34][35][36][37] However, this strategy cannot be used universally for all types of applications, especially for those requiring construction of additional layers of another material or necessitating short distances given specific interactions with grafted species, e.g., in photocatalysis. 38 Since our interest in lanthanide-based UC materials is motivated by the potential application of TiO2@UCNPs type core-shell structure for IR-induced photocatalysis, 15 we have focused on the synthesis of smaller UC particles with strong emission without having a silica surface passivation layer or an undoped matrix.

The previous work from the laboratory has used anhydrous molecular precursors as a synthetic strategy to minimize -OH functionality at the surface of lanthanide-based UCNPs, [39][40][41][42][43] although no effort has been made to compare their up-conversion efficiency with UC materials produced through hydrous synthesis. Literature on the anhydrous synthesis of UC nanomaterials and its influence on upconversion intensity is scarce. 44 In this chapter, we report the synthesis of upconverting (UC) NaGdF4: Yb 3+ , Tm 3+ NPs by two different methods: thermal decomposition of anhydrous metal-organic single-source precursors [NaLn(TFA)4(diglyme)] (Ln = Gd, Tm, Yb) and room temperature co-precipitation using hydrated inorganic salts Ln(NO3)3.5H2O, NaNO3 and NH4F in ethylene glycol. After a detailed study of the influence of the solvents and the dopant percentage on the crystalline phase of the NPs obtained and their complete characterization, the UCNPs synthesized by these two strategies were studied for their upconversion efficiency. These results reveal that uniform nanospheres with an average size of 13 nm obtained from anhydrous single-source precursors (SSPs) had a higher upconversion intensity than agglomerated nanorods (~197 in length and ~95 nm in width) produced from hydrated inorganic salts. [NaTm(TFA)4(diglyme)] were prepared following the method as described in the articles from this laboratory. 39,40 To prepare NaGdF4: Yb 3+ , Tm 3+ nanoparticles, these precursors were taken in appropriate amounts and simultaneously decomposed in the mixture of 1-octadecene and oleic acid or 1-octadecene and oleylamine (Scheme 2.1). The details concerning the synthesis procedure, amount of reactants, solvents, etc. are summarized in Table 6.2 and Table 6.3 in Chapter 6.

Scheme 2.1: Synthesis of NaGdF4: Yb 3+ , Tm 3+ nanoparticles using anhydrous precursors.

Influence of solvents

The decomposition of the precursor [NaGd(TFA)4(diglyme)] in a non-coordinating solvent 1octadecene (ODE) at 290 °C, which afforded the -phase of the NaGdF4 NPs (ICDD # 04-018-8795), has been described by our group. 15 Although this precursor provides insitu the coordinating diglyme ligand, which acts as a surfactant for the NaGdF4 NPs, but it is less effective than widely used capping ligands such as oleic acid (OA) and oleylamine (OM) in controlling the nanoparticle size and dispersing them in the organic medium. We have, therefore, carried out here a systematic study on the thermal decomposition of this precursor in the mixed reaction medium containing different ratios of ODE, OM and OA. As observed for 1-octadecene, the decomposition of the Na-Gd heterometallic precursor in a 1:1 mixture of ODE + OA resulted in the -phase of NaGdF4 (bottom curve in Figure 2.1), although a small percentage of GdF3 NPs was also present, probably due to the partial destruction of the Na-Gd heterometallic into homometallic components by the possible replacement of the diglyme/TFA groups with oleate ligands. In situ substitution of the acetate group by the oleate ligand has previously been observed. 31 However, the presence of GdF3 could be suppressed if the decomposition was carried out in the presence of NaTFA (up to 0.25 equivalent). On the other hand, the bottom curve in Figure 2.2

shows that the Na-Gd precursor decomposed in a 1:1 mixture of ODE + OM to give the pure -phase of the NaGdF4 NPs (ICDD # 04-019-0931). This result is in contrasts with the previous observation where the addition of OM promoted the formation of the -phase over the -phase for NaYbF4

UCNPs. 45 

Influence of doping ratio of co-doped lanthanide ions (sensitizer and activator)

Effect on crystalline phase and surface properties

Another critical criterion that influences the UC efficiency is the doping ratio of co-doped lanthanide ions (sensitizer and activator), which needs to be optimized to maximize energy transfer but, at the same time, to minimize the loss of cross-relaxation energy. 46 To obtain the host matrix NaGdF4 NPs co-doped with different percentages of Yb 3+ and Tm 3+ cations, the precursors [NaLn(TFA)4(diglyme)] (Ln = Gd, Tm, Yb) were taken in appropriate amounts and then simultaneously decomposed in suitable mixture of solvents. These sets of up-converting nanoparticles obtained under strictly anhydrous conditions are collectively abbreviated as UC_anhyd NPs. In general, while the increase in the percentage of Yb 3+ favours the formation of the phase, no clear trend was obtained in the case of thulium. Thus, the mixed and -phases obtained for NaGd5/6Yb1/6F4: 1% Tm 3+ in the reaction medium ODE + OA are converted into pure α-phase when increasing the amount of Yb to 25% and more. The previous work from our laboratory has already reported that the tendency to get the phase increases for late lanthanides with smaller radii. 15,39,40 On the other hand, for a low percentage of Yb (17%), increasing the content of Tm 3+ ions increases the percentage of the phase of the matrix.

Thus, while a pure phase is obtained for NaGd5/6Yb1/6F4: 0.4% Tm 3+ in ODE + OM reaction medium, increasing the content of Tm 3+ to 0.8% introduces about 27% of the phase, which further increases to 37% by raising the amount of Tm 3+ to 1.2% (Figure 2.2). However, no such influence of Tm 3+ ions was present on doubling the amount of ytterbium in the matrix, as exemplified by NaGd2/3Yb1/3F4: 0.3% Tm 3+ and NaGd2/3Yb1/3F4: 0.6% Tm 3+ NPs which display about the same amount of the β-phase (~9%).

In short, the use of single-source precursors under different reaction media provides a robust and reproducible strategy for synthesizing a set of lanthanide-doped NaGdF4 UCNPs in pure or mixed + phases with defined ratios, the latter can be converted easily to pure β-phase by calcination at ~350 °C, with a slight agglomeration but without any significant change in the particle size (Figure 2.3).

Getting lanthanide-doped NaGdF4 UCNPs in pure , pure or mixed + phases is important given the different potential applications of the different polymorphs. 47 summarizes the relative ratio of and/or -crystalline phases, calculated after Rietveld refinement, and the crystallite size of the NaGdF4:

Yb 3+ , Tm 3+ _anhyd NPs obtained in different reaction media.

The surface property of these nanoparticles is analysed using FT-IR spectroscopic studies as shown in Figure 2.4. The peak around 3400cm -1 , which corresponds to the characteristic vibration of N-H bonds, confirms the presence of oleylamine as a capping ligand on these nanoparticles. Also, other characteristic peaks concerning C-H and C-N vibrational energy levels are present at around 2900 cm - 1 and 1450 cm -1 , respectively. To understand the relationship between the synthetic conditions and the structure and morphology of the nanoparticles and their influence over up-conversion efficiency, we have also synthesized the NaGdF4: Yb 3+ , Tm 3+ NPs from a modified co-precipitation method by reacting Ln(NO3)3.5H2O (Ln = Gd, Tm, Yb), NaNO3 and NH4F at room temperature in ethylene glycol. 48 The synthesis of NaGdF4 nanoparticles using hydrated inorganic salts like Ln(NO3)3.5H2O, NaNO3 and NH4F are progressed through co-precipitation of these inorganic salts in ethylene glycol at room temperature. The synthetic procedure and details of precursors used for the synthesis of NaGdF4 NPs doped with different amount of Yb 3+ and Tm 3+ ions are summarized in Table 6.4 in Chapter 6. The reaction followed is presented as follows.

(2.1)

Effect on the crystalline phase

In the powder XRD of the as-prepared powder, abbreviated as UC_hyd NPs, all peaks could be indexed with the b-phase of NaGdF4 (ICDD # 04-018-8795, Figure 2.8). Usually, nanostructures synthesized at low temperature are more likely to contain a higher amount of surface defects. 49 Since the synthesis was carried out at room temperature, the crystallinity of the as-obtained powders was slightly lower than that of the UC_anhyd NPs which were obtained by decomposition at elevated temperature. In contrast to the thermal decomposition method, the different dopant percentages did not affect the crystalline phase of the UC_hyd NPs in the co-precipitation method (Figure 2.8). 

Effect on size, shape and morphology

The TEM images show a very different shape, size and morphology of the UC_hyd NPs 

Comparative upconversion studies

A detailed and systematic study of up-conversion was performed on UC_anhyd and UC_hyd NPs obtained by thermal decomposition of anhydrous precursors in the mixture of 1-octadecene + oleylamine as well co-precipitation method using hydrated inorganic salts in ethylene glycol, respectively (Figure 2.14, Figure 2.15). We observed varying emission intensity profiles for different concentration of doping lanthanide ions (both sensitizer and activator). As up-conversion emission is highly geometry (phase) dependent, [50][51][52][53] we tried to observe a variation in the photoluminescence emission profiles and found a trend in the emission profiles by changing the composition of the nanoparticles one by one. From Figure 2.14, it is clear that doubling the doping amount of the sensitizer Yb 3+ quenches the overall up-conversion, probably because of energy transfer within the sensitizer ions themselves. At the same time, the increase in the concentration of activator Tm 3+ ions from 0.4% to 1.2% (in both NaGd5/6Yb1/6F4 and NaGd2/3Yb1/3F4 series) plays a role in the final up-conversion emission profile. It is, therefore, crucial to obtain an optimal ratio of dopant ions to achieve the highest upconversion efficiency. 54 A careful analysis of Figure 2.14 reveals that ~17% Yb 3+ and 0.8% Tm 3+ is the optimal ratio of sensitizer and activator to obtain the best up-conversion efficiency in the UC_anhyd NPs studied here. Therefore, this ratio was chosen to compare up-conversion emission for anhydrous and hydrous samples. It should be noted that spectra of all the anhydrous samples given in Figure 2.14

were measured under similar conditions, and hence are comparable. The same is true for spectra of the hydrous samples given in Figure 2.15. However, the spectra given in structure and hence changes the up-conversion emission response. 55 In our study also, we observed that the hydrous samples started decomposing at moderately higher intensities (>20 W/cm 2 ) while the anhydrous nanoparticles were quite stable even at high laser intensities. The less stability of the hydrous samples may be attributed to their significantly low quantum yield, which would convert most of the energy to heat and, therefore, overheat the samples and decompose them. The peaks in the spectra of Figure 2.16 can be ascribed to the different transitions that occur in the 4f energy levels of the lanthanide ions in the NaGdF4 matrix. 15 It can be seen that these two samples, NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd and NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd, exhibit emission peaks of significantly different intensity but at exactly similar positions centred around 362 nm in the UV region which is governed by the 1 D2 3 H6 transition, around 475 nm corresponding to the 1 G4 3 H6 transition and at longer wavelength such as around 650, 698 and 802 nm, representing the 1 G4 3 F4, 1 D2 3 H4 (or 3 F3 3 H6) and 3 H4 3 H6 transitions, respectively, from the Tm 3+ ions. Apart from these strong emission peaks, a few peaks were observed in the deep UV region. The peaks at 290 nm and 348 nm are due to electronic transitions in the Tm NaGd5/6Yb1/6F4: 0.8% Tm 3+ ions from 1 I6 to 3 H6 and 3 F4, respectively. These peaks were absent in the NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd sample. In addition, a very sharp emission at 312 nm corresponding to 6 P7/2 8 S7/2 of the Gd 3+ ions is present only in the NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd sample. As shown in , the upconversion emission for the NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd sample, even with its unfavourable characteristics such as mixed and -phase of the matrix and smaller particle size, is much higher than that of the NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd sample. It is well known that the UC emission intensity of -NaLnF4 is about an order of magnitude stronger as compared to the a-NaLnF4 host lattice due to longer Ln-F distances and a higher coordination number 56 and the smaller particles usually have lesser up-conversion efficiency owing to their high surface/volume ratio. 31 Compared to the UC_anhyd spherical nanoparticles, the significant reduction in the emission intensity for UC_hyd nanorods can be attributed to a) irregular surface that results in the generation of defect energy levels next to the Tm 3+ energy levels, [51][52][53] and b) the presence of a significant amount of OH ions on the surface, as confirmed by the FT-IR and TG-DTG curves (Figure 2.12 and Figure 2.13), competing with the emission of sensitizer Yb 3+ ions. 57,58 Following the qualitative evaluation of the up-conversion emission measurement, we also attempted to quantitatively measure the quantum yield of NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd and NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd samples with different excitation power densities under otherwise identical conditions to obtain optimal performance. The up-conversion quantum yield was measured using the method originally described by Boyer et al. 59 with a slight modification (described in detail in section 6.2.1). Measurements were made at three different intensities for each sample, which are summarized in Table 2.2 and Table 2.3. While the term quantum yield (φ) refers to the ratio of the number of photons emitted to the total number of photons absorbed (Eq. (2.2)), the energy conversion efficiency (ECE) at a particular wavelength is the measure of how much of the input energy (absorbed by the sensitizers) is converted to the output energy (emitted by the activators) (Eq. (2.3)). 60 (2.2)

Where is the wavelength of the photons at which the quantum yield is measured

(2.
3)

The power-dependent up-conversion quantum yield (φ total) values for the NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd sample, which range from 0.6% to 1.8% for the power density varying from 4.2 W/ cm 2 to 26.9 W/cm 2 , are superior to those of NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd sample by a factor of 100 (NIR-to-visible light conversion) or more (NIR/visible-to-UV conversion). As noted before, this can mainly be attributed to the presence of a significantly fewer amount of hydroxyl groups on the surface of the former sample. These up-converting NPs respond differently at higher power densities, particularly the hydrous ones, which show a considerable quenching of the up-conversion emission due to local heating of the sample. 55 Usually, the small size of nanoparticles has a very low quantum yield compared to their bulk counterpart. 61 So ideally, surface passivation via core-shell formation 62 or use of bulk counterparts is the key strategy to enhance the quantum efficiency, although it might limit their applications. This approach of synthesizing UC materials using anhydrous precursors thus enables the use of even smaller up-converting NPs for many applications like photocatalysis 15 where their use previously was highly limited. 1.5(3) x 10 -6 6.9 (14) x 10 -7 2.9(6) x 10 -6 0.10

2.3. Conclusions and perspectives

In this chapter, we reported the synthesis of upconverting NaGdF4 nanoparticles containing variable ratios of Yb 3+ and Tm 3+ ions by two different methods (thermal decomposition of anhydrous single source precursors and co-precipitation at room temperature using hydrated inorganic salts) and the influence of synthetic conditions on the structure and morphology of the nanoparticles as well as the comparative study of up-conversion efficiency. Bottom-up synthesis using anhydrous molecular precursors in appropriate ratio and suitable solvent(s) not only allows better control of the composition, structure and morphology of NaGdF4: Yb 3+ , Tm 3+ nanoparticles, including selective access to pure -, pure -or mixed + crystalline phases with defined ratios, but the anhydrous conditions also reduce -OH functionality on the surface to significantly enhance their up-conversion efficiency.

This study validates the anhydrous precursor approach as a strategy to obtain small but highly emitting up-converting particles without requiring silica or undoped matrix surface passivation layer, which would be beneficial for the applications that require the construction of additional layers of another material, e.g. TiO2@UC NPs type shell-core structure for IR-induced photocatalysis.

Chapter 3 Precursor-guided synthesis of LiYF 4 :Yb 3+ , Tm 3+ nanoparticles having comparable efficiency with single crystals

Introduction

The unconventional energy conversion properties (from low energy photons to high energy photons) of upconverting nanomaterials make them versatile for a variety of applications such as optical biosensors, 1,2 photocatalysis, 3-5 photodynamic therapy 6 etc. Among the commonly used host matrices such as oxides (Y2O3, YVO4), sulphides (ZnS, MoS2), and fluorides (NaGdF4, YF3, LiYF4) based matrix, the fluoride-based matrices enjoy the advantage of having relatively low phonon energy (<400 cm -1 ) and therefore, serve as an ideal host for lanthanide dopants like Yb 3+ and Tm 3+ . In particular, the LiYF4 matrix, being optically inactive (in the spectral range of interest) and also due to their ability to provide very large anti-stokes emission ranging from deep UV (265 nm) up to NIR (800 nm) region, could be used to overcome many challenges including undesirable non-radiative energy transfer, cross relaxations etc.

The availability of defect-free, less strained and anhydrous surface of these nanoparticles is of prime importance. As we know that getting UV emission from upconverting is very difficult and has a unique mechanism that is not very clear but it somehow requires sequential absorption of at least three or more photons which is highly unlikely. So the hindrance in energy transformation between lanthanide ions due to surface deactivations has adverse effects on the spectral conversion of NIR to UV photons. Literature on the anhydrous synthesis of upconverting nanomaterials and its influence on up-conversion intensity is limited. 7 As the major focus of our research is based on the premise of using these nanoparticles for IR induced photocatalytic applications, especially using the classical titania (TiO2) approach, which essentially requires UV radiation for their active participation in the photocatalytic process, the necessity of defect-free and surface OH -devoid upconverting nanoparticles is necessary. Therefore, our attempt to produce well crystalline, surface defect-free nanocrystals includes the use of anhydrous molecular precursors. As discussed in the previous chapter that the use of anhydrous molecular precursors has a definite edge towards the synthesis of brighter upconverting nanoparticles which have minimal availability of surface OH -groups. The inclusion of additional defect levels and competition with various energy level transitions in between lanthanide ions is the major drawback offered by surface -OH groups. The minimisation of -OH functionality on the surface can be achieved by surface passivation either using the core-shell strategy or by incorporating hydrophobic ligands on the nanocrystal's surface. The use of later strategy has been developed by our group and described to be very efficient for obtaining very luminescent upconverting nanomaterials. 5,8 This chapter reports the synthesis of novel anhydrous molecular precursors and their properties which are then further used for the preparation of high-quality upconverting nanoparticles.

These anhydrous precursors are prepared by a one-step process starting from oxides which is an improvement over previously reported anhydrous precursors in terms of the number of steps required for their synthesis. Further, these precursors are thermally decomposed in different conditions by varying temperature, concentration, solvents, time etc. Once the best performing upconverting nanoparticle configuration is chosen, we compare its upconversion emission performance with bulk single crystal with similar composition under similar excitation conditions.

3.2. Results and discussion

3.2.1. Synthesis and characterization of novel anhydrous molecular precursors

Synthesis

As mentioned in the Introduction section, there is a clear void in the literature for the wellcharacterized molecular precursors for LiLnF4-based up-converting nanomaterials. Metal trifluoroacetate complexes are the most easily available and the cheapest source for the metal fluoride/oxofluoride nanomaterials. 9 The hydrated Li(TFA)(H2O) and Ln(TFA)3(H2O)x are commercially available, but can also be synthesized easily by reacting LiOH or Ln2O3 with trifluoroacetic acid under reflux. However, the presence of water molecules is detrimental to the luminescent properties of UC nanomaterials. 10 As thermal dehydration of these hydrated complexes have proved difficult, 11 the use of an ancillary co-ligand seems to be a preferred strategy to make them anhydrous. We and some other groups have previously demonstrated that the acyclic polyether glyme ligands, CH3O(CH2CH2O)xCH3 [x = 1 (monoglyme), 2 (diglyme), 3 (triglyme), 4 (tetraglyme)], not only replace the water molecules of hydrated metal trifluoroacetates to afford anhydrous precursors, but also stabilize metal complexes by wrapping/shielding the metal cations efficiently and saturating their coordination spheres. 5,8,[12][13][14][15] Using this strategy, anhydrous glyme adducts of metal trifluoroacetates, such as 12 [Li5(TFA)5(tetraglyme)2], 13 [Ln(TFA)3(diglyme)] (Ln = Gd, Tm, Yb), 14 [NaLn(TFA)4(diglyme)] (Ln = Y, Gd) 5,8,15 and [Na2Y(TFA)5(tetraglyme)] 8 have been synthesized and characterized structurally. These glyme ligands also act as a surfactant during decomposition and, therefore, help to get nanoparticles with controlled size and desired dispersibility in organic media. In 

[Li3(TFA)3(diglyme)2],

Structural characterization

Structural characterization of the precursors is critical to understand molecule-to-material transformation and, therefore, to optimize the properties of the final materials. Since the trifluoroacetate ligand can bind to a metal centre in a variety of fashions (Scheme 3.3), it is difficult to predict the structure of metal trifluoroacetate complexes. Therefore, we have carried out single-crystal X-ray structural studies on some representative compounds among newly synthesized 1-6. Bond length 3.3 summarize their selected bond lengths (Å) and angles (°). For the sake of brevity, only the gadolinium(III) complex ( 4) is described in detail here. 
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Thermogravimetric analysis

The thermal behaviour of the new anhydrous lithium and lanthanide trifluoroacetate monoglyme precursors was investigated under an argon atmosphere in the 20-600 °C temperature range by thermogravimetric analysis (TGA) (Figure 3.5). The TGA curves of the lanthanide precursors (Ln(TFA)3(monoglyme)) show predominantly one-step decomposition, as indicated by a prominent endothermic DTG peak at ~300 °C. The remaining weight of the residues (37.2-37.7% at 350 °C) is consistent with the formation of LnF3 (theoretical values ~36.5 -38.2%) as the end product. The lithium derivative 1 also shows a similar 1-step decomposition, with an endothermic peak at 300 °C. The remaining residue weight (~18% at 350 °C) accounts for a little more than the expected yield of LiF materials (12.4%), indicating an incomplete decomposition due to the presence of argon atmosphere.

As compared to the starting hydrated complexes Li(TFA)(H2O) and Y(TFA)3(H2O)x, the newly synthesized monoglyme complexes not only show a better-defined decomposition pattern but also require a slightly lower temperature to decompose. These monoglyme complexes are also better than the THF adduct [Y(TFA)3(THF)2] which shows a clear 2-step decomposition. 11 More importantly, the good compatibility in the thermal behaviour of [Li(TFA)(monoglyme)] and [Ln(TFA)3(monoglyme)] suggests that these precursors can be decomposed simultaneously to afford the LiLnF4 matrix. 3.2.2. Synthesis of undoped and Yb 3+ , Tm 3+ co-doped LiYF4 nanoparticles from the thermal decomposition of anhydrous precursors

Synthesis of undoped LiLnF4 matrices

The upconversion process is significantly dependent on the choice of host matrix, as it can exert a crystal field around the dopant ions and modify the excitation energy of dopant through lattice vibrations. 16 Hence, it is necessary to choose a perfect host matrix that promises very low phonon energy and non-radiative relaxation emission. Many studies show the importance of fluoride matrices for obtaining high upconversion emission. 17 As noted in the introduction of this chapter, the lithium-based matrix LiLnF4 (Ln = Y, Gd) are promising host matrices for NIR to UV upconversion. As reported by Mahalingam et al. 17 and Panov et al., 18 the main advantage of the LiYF4 matrix is that due to the absence of any optically active ions, they This decomposition results in the formation of phase pure and well crystalline tetragonal LiYF4 nanoparticles as indicated by its powder XRD pattern that corresponds to ICDD# 04-007-5501 (Figure 3.7 (a)).

On the other hand, a similar reaction of Gd(TFA)3(monoglyme)] and [Li(TFA)(monoglyme)] under identical synthetic conditions afforded a mixture of LiF and GdF3 instead of LiGdF4 (Figure 3.7 (b)). The possible reason for the non-formation of LiGdF4 via this method may be that the thermodynamic barrier for the formation of tetragonal LiGdF4 is high compared to LiYF4 and therefore orthorhombic GdF3 which has a lower energetic barrier is readily formed. 19 Ya-Ping Du et al, 20 reported previously that heavier lanthanides (Dy to Lu including Y) tend to arrange themselves stoichiometrically into tetragonal LiLnF4 phase whereas a mixture of LiF and LnF3 is formed for lighter lanthanides (La to Gd).

To verify this hypothesis, we performed subsequently the reaction of Yb(TFA)3(monoglyme)] and [Li(TFA)(monoglyme)] under similar synthetic conditions and we obtained well crystalline LiYbF4 indexed with ICDD# 04-010-3625 (Figure 3.7 (c)) nanoparticles. Although the LiYbF4 matrix is isostructural to LiYF4, unlike the Y 3+ ion, the Yb 3+ ion could act as the sensitizer ion to transfer energy to the other active centres to enhance the luminescence of the upconverting nanoparticles. Hence, we can eliminate the limit of adding a small amount of sensitizer, which due to concentration quenching, reduces the upconversion luminescence. That is why they are considered as one of the brightest host matrices. 21 

Figure 3.7: powder x-ray diffraction pattern of undoped LiLnF4 (Ln = Y (a), Yb (c)) prepared by thermal decomposition of anhydrous molecular precursors in 1:1 ratio of ODE and OA. The synthesis using the Gd precursors yielded in the mixture of GdF3 and LiF (b) instead of LiGdF4. The ticks below the plot indicate the respective positions of the reflection

for that particular phase.

The TEM images presented show that both the LiYF4 and LiYbF4 matrices have similar crystallographic tetragonal phase and also there is no big difference in their morphology. In Figure 3.8(a)) we see that LiYF4 nanosheets are stacked over each other whereas Figure 3.8(b)) shows more nanoplate like morphology of LiYbF4. These nanostructures are well-crystalline as also observed from their higher X-ray diffraction intensities. 

Synthesis of Yb 3+ , Tm 3+ doped LiYF4 nanoparticles under different synthetic conditions

Influence of ratio of activator ions

The ratio of both sensitizer and activator ions play an important role in the final upconversion emission. In a codoped system like LiYxYbzF4: Tm 3+ , if the amount of dopants (Yb 3+ /Tm 3+ ) is less than the full potential of these nanoparticles cannot be observed, but on the other hand, a slight excess in the concentration of these dopant ions can reduce the upconversion emission to a great extent due to the phenomenon called concentration quenching. 21,22 So, a very well balance of concentration of both dopants (sensitizer Yb 3+ and activator Tm 3+ ) is needed to maximize the upconversion emission. The optimum amount of the sensitizer is necessary to both absorb and transfer as much light as we can before we start to observe quenching of upconversion due to a higher concentration of these ions.

Similarly, the amount of activator thulium ions is also a key factor to get higher upconversion emission.

From our previous chapter, we learnt that for efficient absorption and transfer of the infrared light the ideal concentration of sensitizer should be ~20%. Beyond that, due to the concentration quenching effect, we started losing the upconversion intensity. 21,22 Hence, on this basis we decided to fix the concentration of Yb 3+ ions to be ~20% for our study and in this section, we will study the effect of change of activator ion's concentration.

To find the optimum concentration of dopant activator ions for efficient upconversion, we conducted our study on the effect of activator ion (Tm 3+ ) with fixed sensitizer (Yb 3+ ) concentration. We kept the doping concentration of sensitizer (Yb 3+ ) to be 20 mol% of the host matrix and varied the concentration of activator (Tm 3+ ) as 0.4%, 0.8% and 1.2%. Generally, going beyond 2% of activator concentration leads to reduced upconversion emission due to cross-relaxation between different transitions. 21 The synthesis of these nanoparticles was achieved by thermal decomposition of appropriate amounts of [Ln(TFA)3(monoglyme)] (Ln = Y, Yb, Tm) and [Li(TFA)(monoglyme)] anhydrous molecular precursors in a 1:1 mixture of ODE and OA.

a) Effect on the crystalline phase

The effect of varying the concentration of activator on the crystalline phase of LiYF4 nanoparticles was studied by powder X-ray diffraction. Figure 3.9 shows the Rietveld refinement of a series of samples prepared by varying the doping ratio of activator ions while keeping the concentration of sensitizer (Yb 3+ ) fixed at 20 mol%. All these samples are well-crystalline and there is no major change in their crystal phase. They are phase-pure tetragonal LiYF4 and are indexed with ICDD database file # 04-004-5501. 

b) Effect on morphology/shape of nanoparticles

The morphology of these nanoparticles was studied by transmission electron microscopic studies. The TEM images, as shown in Figure 3.10, show that these nanoparticles tend to be arranged in a diamond shape. We performed TEM studies on samples doped with 20% of sensitizer ytterbium (Yb 3+ ) with a different ratio such as 0.4%, 0.8% and 1.2% of activator thulium (Tm 3+ ). In all these images (Figure 3.10 (a-c)), these diamond-shaped, platelike nanoparticles are stacked over each other. These diamond-shaped nanoparticles then stack in a way to form star-shaped agglomerated nanoparticles. 

c) Effect on upconversion efficiency

We performed upconversion studies on all these samples to find out the best concentration of dopants lanthanide ions at a power density of ~5 W/cm 2 . As reported, at a higher concentration of dopant ions, the average dopant-dopant separations become smaller, therefore increasing the rates and efficiencies of a variety of energy-transfer processes. 21 These processes not only include various essential energy transfer processes to achieve upconversion, but also undesired energy-loss pathways such as cross-relaxation and energy migration to the nanoparticle surface. The doping per cent of sensitizer (Yb 3+ ) and activator ions (Tm 3+ ) can range from 0-60% and 0.5-8%, respectively, before concentration quenching takes place. 21 On exciting these samples with 973 nm CW laser, we observed a very clear trend in the upconversion emission (Figure 3.11). All the characteristic Tm 3+ transitions can be observed. The spectra are dominated by NIR 3 H4 3 H6 transitions centred at 794 nm. Other transitions corresponding to 475 nm ( 1 G4 3 H6) and 364 nm ( 1 D2 3 H6) are also prominent in nearly all the samples. The only difference is their intensity values. At a 20% doping concentration of the sensitizer (Yb 3+ ) ions, we observed some deep UV emission arising from 1 I6 to the ground levels. This particular transition is very prominent in the sample doped with 0.4% of Tm 3+ ions. Out of all these samples, the highest upconversion emission we observed is for this particular sample. Also, all the other transitions are very efficient at this doping percentage of Tm 3+ . This suggests that to obtain high upconversion emission intensities from this series of nanoparticles doped with different amount of lanthanide ions, the optimum concentration of sensitizer Yb 3+ and activator Tm 3+ would be 20% and 0.4%, respectively. 

d) Response to temperature and its effect on upconversion emission intensities

The thermal response of these nanoparticles was studied by thermogravimetric analysis performed in the air in the range of 25 °C to 600 °C. The heat ramping rate was fixed as 5 °C/min. TGA curve (Figure 3.12) shows that these nanoparticles are quite stable at high temperature. There is a major weight loss of 1.5% starting after 225 °C, which corresponds to the loss of capped oleic acid ligands on the nanoparticle's surface. Since we found these nanoparticles to be quite stable at the higher temperature, and from the literature, we understand that the upconversion luminescence is highly dependent on the surrounding temperature, 23 therefore, we conducted a temperature-dependent upconversion response for the LiY5/6Yb1/6F4: 0.4% Tm 3+ nanoparticles, as we observed highest upconversion emission from this particular combination of dopant ions. The samples were placed on a DSC600 heating/cooling stage from Linkam Corporation equipped with a sapphire window. We recorded the response in the temperature range of -180 °C to 210 °C (Figure 3.13). As expected, with the increase in temperature, we observed a decrease in the upconversion emission from 1 I6, 1 D2, and 1 G4 energy levels. On the contrary, we see a clear switch in the emission behaviour of the sample where the increase in the emission intensity is observed for the transitions from 3 Fi and 3 H4 energy levels to the ground state (> 670 nm). This might be because cross-relaxation and non-radiative recombination steps may not necessarily lead to irreversible energy loss, but the energy may be used in the next energy-transfer upconversion step. 22 These results show the potential of these nanoparticles for their use in temperature sensing applications as well. 

Influence of ratios of ODE and OA a) Effect on crystalline phase and composition

The ratio of solvents during the decomposition of anhydrous precursors greatly affects the shape and size of LiY5/6Yb1/6F4: 0.4% Tm 3+ upconverting nanoparticles. To understand the effect of varying the ratio of solvent during the thermal decomposition, we chose three different samples having a nearly similar concentration of lithium (0.03 g/ml)/ or Yttrium (0.11 g/ml), but the different ratio of solvent (1-ocatdecene and oleic acid = 1:1, 1:3 and 3:1). The decomposition performed with these different conditions results in highly crystalline nanoparticles which show no major change in their phase, but a few extra peaks of YF3 and LiF were observed in the cases of 1:3 and 3:1 ratio of 1octadecene (ODE) and oleic acid (OA), respectively. All the indexed peaks from powder XRD can be associated with the tetragonal arrangement of LiYF4 (ICDD # 04-007-5501), cubic LiF (ICDD # 00-004-0857) and orthorhombic YF3 (ICDD # 00-032-1431) (Figure 3.14). On assessing the composition of these nanoparticles using Rietveld analysis (Table 3.4), we found that when the ratio of solvents is not 1:1 then apart from LiYF4, we also observe a small amount of either YF3 (5.2%), if the ratio of ODE and OA is 1:3 or LiF (5.6%) when this ratio is reversed to 3:1. From the careful analysis of the presence of a small amount of LiF and YF3 in the powder, it can be concluded that the formation of LiYF4 nanoparticles is achieved by the interaction of individual LiF and YF3 at high temperature. In bulk, LiF and YF3 binary systems usually result in a eutectic mixture of LiF-YF3, followed by the formation of single-crystal LiYF4; [24][25][26][27] whereas in nanoparticles they either form well crystalline LiYF4 single-crystal nanoparticles or a part of them may remain in the forms of LiF and YF3 depending upon the reaction conditions (temperature, duration and solvent ratio). 16,28 In our study, we found that when the amount of OA in the decomposition solvent is more than ODE (3:1; OA>ODE), it favours the formation of thermodynamically stable orthorhombic YF3 first, (due to feeble competition between Li + and Y 3+ ions to interact with F -ions in the solution) and then depending on the reaction conditions (high temperature, long reaction time, etc.) the slow diffusion of Li + ions causes the phase transformation from orthorhombic YF3 into tetragonal LiYF4. On the contrary, when the amount of OA is less than ODE 

b) Effect on morphology

From the TEM images (Figure 3.15), it is quite evident that the composition of solvents for the thermal decomposition of anhydrous precursors has a great impact on not only the morphology (size and shape) but also the phase of nanoparticles prepared. When the volumetric ratio of ODE and OA is kept at either 1:3 or 3:1, we observed agglomerated, unevenly distributed non-uniform nanoparticles, whereas well-crystalline diamond-shaped nanoparticles are observed for the ratio 1:1. The use of an optimum ratio of these solvents is of prime importance for the synthesis of these upconverting nanoparticles as it is one of the major factor deciding the morphology and composition of these upconverting nanoparticles. The fact that oleic acid becomes more sensitive towards the water at higher pH, 29 underline the importance of our upconverting nanoparticles synthesis approach using anhydrous precursors. 

c) Effect on upconversion efficiency

This agglomeration and uneven distribution of nanoparticles might result in higher surface defects on the nanoparticle surface, which can also be assessed by observing the intensity of upconversion. Under similar excitation conditions ( exc = 972 nm; power density = 10.9 W/cm 2 ), the samples prepared using different ratios of the solvents show varied photoluminescence emission profile. In Figure 3.16, for the nanoparticles prepared using 1:1 ratio, we can easily observe sharp and strong UV emission starting from 265 nm ( 3 P2 3 H6) up to 362 nm ( 1 D2 3 H6) including 290 nm ( 1 I6 3 H6), 312 nm ( 3 P2 3 F4), 347 nm ( 1 I6 3 F4). The emission intensity for the same transitions shows a strong reduction for the samples prepared using 1:3 and 3:1 ratio of solvents. The dip in the upconversion emission intensity can be attributed to the combination of the following factors -lower crystallinity, higher cross-relaxation due to the phase transformation from orthorhombic YF3 to the tetragonal LiYF4 16,28 , or higher surface defects. [30][31][32][33] Usually, the presence of -OH groups 34,35 on the surface is the major cause of upconversion intensity quenching. However, since all these syntheses were carefully carried out in the inert atmosphere under schlenk lines, so the probability of the presence of -OH groups on their surface is significantly lower. The important aspect of this study is that the UV component of the upconversion intensity is high and comparable to the near-infrared region, which is usually not observed in the case of small nanoparticles because of higher surface energies and defects. 36,37 This can be attributed to the high crystallinity of the nanoparticles prepared using thermal decomposition of anhydrous precursors (as discussed in the previous chapter 2). 

Influence of precursor's concentration a) Effect on crystalline phase and composition

In the previous section, we summarized how the formation of LiYF4 is progressed by the formation of YF3 seeds, followed by the intercalation of Li + into the YF3 crystal lattice. The study of variation of concentration of precursors further enhances our understanding of the formation of LiYF4

nanoparticles. Here, we prepared two different precursor solutions, one having a concentration of Li (or Y) equal to 0.520 mmol/ml and another with a concentration of 0.175 mmol/ml. These solutions were then decomposed separately in the mixture of 1:1 ODE and OA at 290 °C for 1h under an inert atmosphere. The powder XRD patterns confirm the presence of phase-pure LiYF4 for lower concentration (0.175 mmol/ml) and a mixture of LiYF4 and YF3 nanoparticles for higher concentration (0.520 mmol/ml) of precursors (Figure 3.17). The composition of different phases was then analysed using Rietveld refinement. The decomposition performed with a higher concentration of precursors results in a mixed-phase of ~19% orthorhombic YF3 and ~81% tetragonal LiYF4, whereas for a lower concentration of precursors, we obtained ~100% tetragonal LiYF4. The complete refinement data is provided in Table 3.5. During the thermal decomposition process, we mix all the precursors in the mixture of ODE and OA and homogenize the solution by heating it to 120°C for about an hour (as discussed in chapter 6 experimental). From the previously discussed section and available literature, we can say that formation of LiYF4 is achieved by the synthesis of YF3 nuclei seeds first and then incorporation of Li + ions into the crystal matrix leads to the formation of tetragonal LiYF4. 16,28,38 However, at a higher concentration of precursors in the decomposition solution the diffusion of Li + ions (being already slow) into the YF3 seeds now become more hindered (due to the presence of longer alkyl chains, which results in steric repulsion, therefore, keeping these particles well separated in the solutions) leading to precipitation of YF3. But if the reaction conditions are modified (e.g. prolonged reaction time), this problem of slow diffusion could be overcome. In other words, at higher concentration of these precursors, due to steric hindrance, the preferential growth of initial orthorhombic YF3 nuclei into tetragonal LiYF4 via Li + intercalation is limited, hence, leading to the mixture of tetragonal LiYF4 and some non-transformed orthorhombic YF3. The concentration of precursors during the synthesis of nanoparticles has a great impact on the morphology of these nanoparticles. From the transmission electron microscopy data (Figure 3.18), we observe that the more the concentration of precursors is, the more non-uniformity in their shape is observed. Also, the higher concentration of precursors leads to spherical nanoparticles (~15 nm), whereas at lower concentrations, we observe diamond-shaped (of varied sizes) nanoparticles. From the HRTEM analysis, we found that these particles are well-crystalline. 

c) Effect on upconversion efficiency

The upconversion emission intensity observed for the doped LiY5/6Yb1/6F4: 0.4% Tm 3+ nanocrystals, prepared by varying the concentration of precursors, are quite different (Figure 3.

19).

Under similar excitation conditions ( exc = 972 nm; power density = 10.9 W/cm 2 ), the decrease in the intensity by almost 1 order of magnitude can be accounted for differently shaped nanoparticles. The difference in the lattice energies of upconverting nanoparticles can lead to the different way the phonons are relaxed in the lattice. 39 Intense and very sharp UV and visible emissions are observed for both samples. These emissions justify that the prepared nanoparticles are of very good quality (high crystallinity, lower phonons cross relaxations) because these emissions require a transfer of at least 3 or more photons to the higher excited states, which is not usual for the particles synthesized in hydrated precursors using similar decomposition techniques. The absence of OH -ions during decomposition and optimum ratio of solvents during decomposition, helps us to analyse the effect of shape and morphology on the upconversion luminescence. Hence we can conclude that the optical properties of the nanoparticles can be tailored not only by changing the size of nanoparticles but also by varying their morphology. 

20: Rietveld refinement of powder X-ray diffraction pattern of different samples prepared by decomposition of anhydrous precursors at varied temperatures (from 270°C -315°C). These peaks have been indexed with tetragonal LiYF4 and orthorhombic YF3.

As we already discussed in section 3.2.1.4) about the properties of anhydrous monoglyme precursors that their decomposition starts at 270°C and completes at around 300°C. As we can see in Figure 3.20, that when the precursors are decomposed at 270°C, the composition of the resulting powder is not pure tetragonal LiYF4 but a small per cent of YF3 is also present. So, their decomposition and the formation of LiYF4 is not simultaneous. This further justifies that the formation of LiYF4 does not occur directly via the nuclei formation of LiYF4 and its growth further. Instead, it is formed by the interaction of LiF and YF3 individually at elevated temperature (section 3.2.2.2.2). 18 The absence of LiF in powder XRD can be justified due to its loss during the final step of washing with ethanol. However, at higher decomposition temperatures (290°C and onwards), we did not observe any impurity of YF3 or LiF. Hence, we can state that the formation of LiYF4 using these precursors is completed at 290°C and after. The size of these nanocrystals is also increased with the increase in decomposition temperature due to Ostwald ripening or to an arrangement of smaller nanoparticles in directions particularly favourable for the reduction in the surface energy and subsequent aggregation. During one particular synthesis at 295 °C, we observed a lot of temperature fluctuations (due to surrounding conditions) and we were not able to maintain the exact temperature. The fluctuation was ±5 °C. This variation in the synthesis conditions might have induced strain in the resulting nanoparticle system. As reported by A. Kar et al. that strain in any nanoparticle system varies with the temperature of heating and morphology of nanocrystals. 40 Supposedly, due to which we observe a shift of 0.1° in all the peaks of the powder diffraction pattern (Figure 3.23) for this particular sample.

Figure 3.21: Williamson-Hall (W-H) plot derived from powder X-ray diffraction data of different samples prepared by decomposition of anhydrous precursors at varied temperatures (from 270 °C -315 °C). The sample decomposed at 295 °C has negative strain (compression) whereas other samples have positive values of strain (tensile strain).

The W-H plot (Figure 3.21) also justifies our assumption of the addition of macro strain in the sample with its negative slope. We also calculated different unit cell parameters to understand more about the effect of decomposition temperature on the crystalline phase and the arrangement of ions within the unit cells. In Figure 3.22, we can see the arrangement of ions within the matrix. The packing within the system is consistent and we did not see any major difference in the unit cell parameters such as bond length (Li-F; Y-F) and bond angle (Li-F-Y) values of these systems.

However, the change in their morphology is significant at elevated decomposition temperature, which we will study in the following section.

b) Effect on morphology

The transmission electron microscopic studies of LiY5/6Yb1/6F4: 0.4% Tm 3+ prepared at At 290 °C we do see some small spherical YF3 nanoparticles but their number is not high enough to be detected by powder X-ray diffraction. At temperatures higher than 290 °C, we observe that the transformation of spherical nanoparticles into diamond-shaped particles is favoured and even smaller diamond-shaped nanoparticles arrange in a way to grow into larger particles (as shown in Figure 3.24). The sample decomposed at 295 °C has a very uneven surface. Such surface can induce defects at molecular levels of the nanoparticle system which can affect their optical performance. At 315°C, the decomposition leads to very high crystalline nanocrystals. The average size of these diamond-shaped nanocrystals is ~100 nm (length) and ~60 nm (width). 

c) Effect on upconversion properties

The upconversion phenomenon is very much dependent on the crystalline nature of nanoparticles. 41 The upconversion properties of the samples synthesized at different temperature shows how the crystallinity of the sample affects the upconversion emission. At lower decomposition temperature, the crystallinity of the upconverting nanoparticles is lower. In our results, we also observed variation in the upconversion emission intensity of nanoparticles. The assessment of the difference in upconversion emission intensity can be done based on the crystallinity of the powder sample. As we know that if the sample is more crystalline then there would be fewer defects levels induced into the matrix. The defect energy levels always compete with the intrinsic energy levels of material, leading to loss of energy as heat and unnecessary radiative losses. 42 As seen in Figure 3.25, the variation in the upconversion emission is consistent with the change in crystallinity of the sample.

As seen from the powder diffraction pattern (Figure 3.20), the peak width of the samples decomposed at higher temperature (315 °C) is slightly narrower than the samples decomposed at a lower temperature (270 °C) and, therefore, the upconversion emission of this sample is also higher than all the other samples. The effect on the upconversion intensity, however, is not only governed by the crystallinity but by other aspects also such as different morphology of nanoparticles or defects induced due to lattice strain. The interplay of many factors simultaneously increases the non-linearity of the sample. As we discuss in section 3.2.2.2.5 LiYF4 can exists in different shapes such as spherical and diamonds like morphologies. This can also be one of the factors for the varied upconversion emission of nanoparticles. Finally, the strain in the sample can significantly modify how the sample behaves optically. The strain induces more defect energy levels and thus alters the upconversion intensities.

These defect levels can be both beneficial or detrimental for upconversion, depending on the upconverting nanoparticle system. As mentioned by A. Kar et al (Figure 3.26), the upconversion intensity can be significantly enhanced if the tensile (positive) strain is decreased. However, if the compressive strain increases (towards more negative values), then also the upconversion intensity can be significantly enhanced. 40 Here in our LiY5/6Yb1/6F4: 0.4% Tm 3+ upconverting system, we observed strange behaviour of the sample having compressive (negative) strain values. We plotted the normalized upconversion intensity (at laser excitation, 973 nm) on the y-axis and the corresponding wavelength on the x-axis. At low excitation densities (0.5 W/cm 2 ) (Figure 3.25), this sample does only show weak Tm 3+ emission corresponding to 1 G4 3 H6 transitions. Similar behaviour is observed for the less crystalline and slightly impure sample prepared at 270 °C. For the sample prepared at 315 °C, we observe Tm 3+ emission corresponding to the transitions from 1 D2 3 H6 even at this low excitation density. At higher excitation power density (29 W/cm 2 ) (Figure 3.25 (d)), the trend of increase in upconversion emission with an increase in decomposition temperature is very clear (except for one particular sample prepared at 295 °C). A power-dependent upconversion study of these samples is shown in Figure 3.27 where except for the sample prepared at 295 °C, all other samples show a uniform trend of increase of upconversion emission with incident laser power. This laser power-dependent study shows that even at low excitation power densities, we can observe the UV emission from our upconverting nanoparticles. This shows that this LiY5/6Yb1/6F4: 0.4% Tm 3+ upconverting system if combined with an efficient UV photocatalyst (such as TiO2), can result in NIR based photocatalysis. 

Influence of reaction time a) Effect on morphology and suggested mechanism

The main objective of this study was to understand the growth mechanism of different morphology of LiY5/6Yb1/6F4: 0.4% Tm 3+ . During decomposition with a 1:1 ratio of solvent ODE and OA at 290 °C, we isolated different samples at different time (from 30 min to 2 h) intervals so that we can analyse the growth mechanism and formation of different morphology among these nanoparticles.

Interestingly, we found that the diamond-like morphology 17,[44][45][46] is not the only possibility while decomposing the anhydrous precursors at high temperature. It varies very much on the surrounding conditions of the nanoseeds. During 2 hours, starting from spherical seeds these nanoparticles grow in size, guided by the surface energy of a particular lattice plane into specific morphology of nanoparticles. It is well-known that understanding of surface energy (or ratio of surface-area-tovolume) of the growing nanoparticles is very crucial in determining the shape and morphology of nanoparticles. 28,29,36,38,39 In the initial 30 min of reaction (Figure 3.28 (a)) we observe the formation of very small nanoparticles (< 5 nm), which tend to grow into bigger size nanoparticles retaining a similar spherical shape (Figure 3.28 (b)) until 60 min of the reaction (Figure 3.28 (c)). These nanoparticles then start to grow/arrange themselves (Figure 3.28 (d)) into a particular (011) direction, leading to the formation of tetragonal diamond-shaped morphology of LiYF4 nanoparticles. After 2 h, the reaction was stopped and two samples were collected; One just after the reaction is completed, and the second when it was naturally cooled down at room temperature. The transformation from spherical-shaped nanoparticles to diamond-shaped nanoparticles is visible in Figure 3.28 (d). After two hours of decomposition, most of these nanoparticles are diamond-shaped. 

Comparative upconversion study of LiYF4:Yb 3+ , Tm 3+ nanoparticles and bulk single crystals

The process of upconversion luminescence in lanthanides originates from the intra 4f transitions, due to the availability of a large number of intermediate energy levels. Although, the process of upconversion itself is independent of any external factor such as particle size, surrounding ligands, solvent etc. but the overall emission luminescence (brightness of inorganic particles) depends very much on these external factors. It is quite evident from the previously reported results 47 that the quantum yield of the particles decreases drastically with lowering the size of particles. This is primarily due to the increase of surface area on reducing the size of particles. This exposes more number of dopants ions on the surface, leading to enhancement of non-radiative relaxations of emitting and intermediate levels. The increased surface area of smaller particles also increases the number of surface defects which could create additional defect levels, therefore leading to upconversion quenching. That justifies the use of bulk materials as an ideal material for quantitative measurement of the upconversion luminescence. But in many daily life applications such as biological imaging, photodynamic therapy, etc.. 2,48,49 the use of bulk materials is highly restricted. So there is a very big demand for highly bright and stable nanoparticles with nearly similar properties to that of bulk materials. In this work, we compared the upconversion efficiency of the nanoparticles prepared using anhydrous precursors with the bulk single crystal prepared using the modified Bridgman technique of nearly similar dopant concentration.

The upconversion intensities of these bulk and nanocrystals were then studied under similar excitation conditions. The intensity of upconversion has been compared to that of a single crystal of similar composition (see Figure 3.29). The overall intensity of the nanoparticles under the same excitation intensity and collection geometry corresponds to 78% of the one measured on the single crystal. Upconversion photoluminescence quantum yield (UC-QY) and energy conversion efficiencies (ECE) have also been measured and are reported in Table 3.6. While less intense (by a factor of 2)

than the one reported by the ref, 50 our nanoparticles are about 6 times smaller than theirs. The larger surface-to-volume ratio in our case suggests that our particles have only a small quenching at the surface, while they are well-crystallized and devoid of volume defects. The quantitative analysis of upconversion emission was performed by measuring upconversion quantum yield using the method described by Boyer and Van Veggel et al.. 47 An undoped LiYF4 sample prepared under similar conditions was used as a reference sample to estimate the absorption of the laser. The sample under study and the reference sample are placed alternatively in an integrating sphere (IS200-4 from Thorlabs). One port of the sphere is connected to the detection system described in the manuscript. This detection system has been calibrated thanks to a NIST traceable Oriel QT 63358 tungsten lamp over the range 250-1000 nm to obtain its absolute response at each wavelength. Thus, absolute emission from the sample and diffusion of the laser can be measured. The absorption of the laser by the sample is estimated by the difference between the diffusion by the undoped sample and the diffusion from the doped sample. Thus, an absolute number of absorbed photons (resp. energy absorbed), as well as an absolute number of emitted photons (resp.

emitted energy) at each wavelength range, is given. The UCQY (resp. energy conversion efficiency (ECE)) is then simply the ratio between these two values. The measurements are performed under five excitation intensities and reported in following Table 3.6. These measurements show that at a power density of 10 W/cm 2 the upconversion emission of nanoparticles is quite comparable to that of the bulk single crystal. There is a reduction of 28% of upconversion emission in contrast to a single crystal of similar composition. In Figure 3.30, we present comparative upconversion studies of upconversion efficiencies of nearly similar composition of LiY5/6Yb1/6F4: 0.4% Tm 3+ prepared using different methods at different laboratories. In black, the quantum yield of the sample prepared using anhydrous molecular precursors and other samples marked with an asterisk (*) are as reported by Meijer et al.. 50 Considering that the quantum yield measurements were performed on 6-month-old samples and the average size of our nanoparticles (15 ± 5 nm) is smaller compared to the one reported by Meijer et al. (87 ± 9 nm), 50 the total quantum yield of our sample, which is about 1.5%, can be considered good. In general, the quantum yield for such nanoparticles is expected to be in the range of 0.005% to 0.4%. 47 Hence, we can say that the strategy employed to prepare nanoparticles is very efficient as the absence of water molecules during synthesis is highly beneficial to avoid the risk of formation of oxyfluoride phases and, therefore, produces highquality nanocrystals (NCs) with enhanced upconversion intensity.

3.3. Conclusions and perspectives

Precursor-directed synthesis has an edge over other methods of synthesis of upconverting nanoparticles by having better control over many properties of the nanoparticles such as crystalline phase purity, size, morphology etc. In this chapter, we synthesized novel anhydrous molecular precursors for obtaining high performance-oriented upconverting nanoparticles. After their complete characterization using a range of Physico-chemical technique including single-crystal X-ray structure, these anhydrous precursors were decomposed to form upconverting nanostructures in a variety of different conditions. Many parameters have been examined to have a better understanding of LiYF4:

Yb 3+ , Tm 3+ upconverting system, which includes the understanding of the effect of i) varying the ratio of dopant ions, ii) ratio of solvents during thermal decomposition, iii) concentration of precursors and iv) reaction time over crystalline phase, size, shape, morphology and upconverting properties of nanoparticles. In comparison with their bulk counterpart, these nanoparticles have far better performance due to fewer surface defects. While comparing, the overall intensity of the nanoparticles under the similar excitation intensity and the collection geometry corresponds to 78% of the one measured on the single crystal.

Chapter 4 Synergistic UV upconversion mechanism in LiYF 4 : Yb 3+ , Tm 3+ nanocrystals (Dual Laser Excitation/ Excited-state absorption spectroscopic studies and sun-like excitation) As we already discussed in detail in chapter 1 that solar-driven photocatalysis is a steadily growing market and it has reached $2 billion in 2014. 1 Most of the applications are based on titania, but other inorganic compounds (ZnO, CeO2, etc.), metal complexes (tetrabutylammonium decatungstate, chromium carbenes, etc.), or organic compounds (acetone, etc.) are also used. 1 A common trend of these photocatalysts is that they are efficient mainly under UV excitation. Therefore, only a very small amount of solar spectrum photons is useful. For instance, only 1.5% of solar spectrum photons are exploited in the case of titania. Using upconversion materials to convert many more solar spectrum photons into useful ones could greatly enhance the production rate, provided that they demonstrate the ability to produce UV photons. Considering the nonlinearity of this effect, upconversion-enhanced photocatalysis has only been demonstrated with a relatively high excitation provided by an infrared laser. [2][3][4][5][6][7][8] It is generally considered that for the Yb 3+ -Tm 3+ codoped system (see Figure 4.1 for reference) the successive energy transfers by three NIR photons, which promotes the electrons to the 3 H5, 3 F2 and 1 G4 energy is the key mechanism for upconversion in such a system. 2 As it is difficult to directly populate the 1 D2 energy level by the absorption of the fourth photon, due to large energy mismatch between them, 9 cross-relaxation in between the Tm 3+ ions promotes the population of 1 D2 and higher energy levels. Nevertheless, our group previously demonstrated that upconverting NaGdF4:Yb 3+ , Tm 3+ nanocrystals can also enhance photocatalysis under solar irradiation. 10 This last result was counterintuitive if one considers that the addition of the energy of at least 3 photons in the IR is required to obtain one excitation in the UV. In this chapter, we demonstrate that at low power densities excitation this process of IR to UV conversion under broadband excitation is not a third-order process but it becomes a first-order process by a subtle intermix of energy transfer and excited-state absorption using the blue part of the solar spectrum, which also makes this process entirely comparable with natural light excitation. 
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Experimental setup

The samples are placed on a DSC600 heating/cooling stage from Linkam Corporation equipped with a sapphire window. They are therefore maintained at 25 °C at all times. The first laser with continuous wave (CW) excitation at 973 nm and with a power of 2 W is focused to a square spot of 1 × 1 mm 2 on the sample with quasi-top-hat energy distribution. Its power can be varied thanks to a set of neutral density filters allowing a variation of the intensity from 200 W/cm 2 down to 8.4 μW/cm 2 . A second laser, an optical parametric oscillator (OPO) from EKSPLA (model NT230-50-SH) with a fixed repetition rate of 50 Hz and a pulse width of 3 ns, is also shone on the sample. Its emission wavelength can be tuned from 211 nm up to 2.5 μm. The spot size has a 5 mm diameter on the sample with a Gaussian intensity distribution. The two lasers are collinear at the sample surface. Therefore, in the central 1 × 1 mm 2 square spot both laser excitations are almost homogeneous (meaning less than 10% variation over the central 1 × 1 mm 2 area for both lasers). The light emitted from this central spot is collected by an optical fibre placed as close as possible to the sample and fed to a monochromator from Jobin-Yvon (TRIAX 320) equipped with automatic order removing filters and coupled to an EMCCD (Newton 920U from Andor) or a cooled photomultiplier (Hamamatsu R943-02). The signal from the photomultiplier is sent to an SR400 counting module from Stanford Research Systems. A simple LED (M455L1 from Thorlabs) can be focused on the sample over a surface of 0.6 cm 2 , as an alternative to the OPO laser source excitation. The wavelength of the peak intensity of the LED has been measured to be 460 nm with a full width at half-maximum (FWHM) of 30 nm. Its intensity can be varied continuously from 0 to 15 mW/cm 2 . The emission can also be excited by an EQ99 Xe laser-driven light source from ENERGETIQ together with a YG12 coloured long-pass filter to mimic solar irradiation without its UV component. The schematic diagram (Figure 4.4) of the experimental setup is as follows: 

Upconversion studies

b). The luminescence intensity variations of the principal emission components for the excitation intensity of the IR laser (c).

We performed upconversion studies on LiY5/6Yb1/6F4: 0.4% Tm 3+ nanocrystals under a 973 nm excitation wavelength with an incidence power density of 4.32 W/cm 2 . As observed in Figure 4.5, this process is nonlinear; Figure 4.5(a) shows, in a semilog scale, a characteristic upconversion emission spectrum of LiYF4 nanoparticles with a doping concentration measured by EDS of 19 ± 1% Yb 3+ and 0.6 ± 0.5% Tm 3+ ions under a moderate density of excitation (4.32 W/cm 2 at 973 nm). The different emission lines can be easily ascribed to the f-f intra-configurational transitions of thulium as reported by Dulick and collaborators 11 and also by Bensalah et al. 12 for which the energy level diagram is presented in Figure 4.5(b). The spectrum is dominated by the emission around 800 nm coming from the 3 H4 → 3 H6 transition from Tm 3+ ions. At a shorter wavelength, the blue emission around 480 nm arises mainly from 1 G4 → 3 H6 and the UV region is dominated by the 1 D2 → 3 H6 transition at 360 nm.

Here in From a few tens of mW/cm 2 up to 30 W/cm 2 , the blue emission shows an almost quadratic behaviour, the UV emission depends on the third power of the excitation density, while the 800 nm emission is quadratic up to about 1 W/cm 2 and becomes linear afterwards.

The full description of the upconversion process in co-doped thulium-ytterbium systems is still a matter of debate, and essentially two different scenarios have been considered, both using Yb 3+

for each excitation step: either a sequential transfer or a cooperative sensitization by several Yb 3+ ions.

In the first hypothesis, 13,14 a Yb 3+ ion transfers its excitation to a Tm 3+ into its 3 H5 and/or 3 F4 level. Then a second transfer promotes Tm 3+ in a higher excited state ( 3 F2 or even 1 G4), and the process is repeated as long as the excited Yb 3+ ions can transfer some excitation. In the second hypothesis 15,16 two excited Yb 3+ ions that are sufficiently close to a single Tm 3+ ion transfer simultaneously by cooperative sensitization of their excitation to the Tm 3+ ion, promoting it directly to its 1 G4 excited state. Then some additional excitation from another excited Yb 3+ ion brings the Tm 3+ to a higher excited state.

To provide deeper insight into these two potential processes, we have performed excited state excitation spectroscopy.

Excited-state excitation spectroscopic studies

Dual Laser [Continuous wave (CW) + optical parametric oscillator (OPO)] Excitation

A CW IR laser at a low enough excitation density (13 mW/cm 2 ) is used to populate the excited state of the Yb 3+ ions without any detectable upconversion emission. Under this excitation, we expect to have a significant amount of Yb 3+ ions in the excited state ( 2.2 × 10 15 cm -3 ) at all times and a small amount of Tm 3+ in the lower-lying excited states ( 3 F4 and 3 H5) excited through energy transfer from Yb 3+ 2 F5/2 at all times. Thus, when the Tm 3+ ions are brought to one of the 3 F4 or 3 H5 excited states by a second tunable laser, through energy transfer, the excited Tm 3+ ions can be brought to higher excited states if the correct conditions exist. The 3 H4 → 3 H6 upconversion emission at 800 nm is thus monitored as a function of the wavelength of the tunable excitation laser. As can be seen in Figure 4.6, the 800 nm emission is hardly detected when the two lasers are used as separate excitation sources, while a series of peaks appear around 1680 and 1210 nm when the two lasers are used simultaneously. These two excitation lines perfectly match the 3 H6 → 3 F4 and 3 H6 → 3 H5 transitions, respectively. This indicates that when the 3 F4 level is populated since the 3 F4 to 3 F2 energy difference is almost resonant with the ytterbium 2 F5/2 to 2 F7/2 energy difference, it is an extremely efficient means of obtaining the emission from the 3 H4 level. To confirm this hypothesis, lifetimes in the excited state have been determined with either a single excitation of Yb 3+ or a double excitation with a CW laser at 973 nm and a pulsed laser tuned at 1210 nm corresponding to the 3 H6 → 3 H5 transition. These data are presented in Figure 4.7 and confirms the process described above. under two different excitation schemes. The first one, in blue, is under excitation of the Yb 3+ ions, in a classical upconversion scheme. A build-up time appears at short time scales followed by a biexponential decay. The two components of the decay probably come from the lifetime of the emitting level ( 3 H4 with 1.8 ms) as well as from the 3 F3 (with 485 μs) level just above, from which part of the excitation passes through. The second measure, in red, is performed under double excitation of a continuous wave (W) IR laser at 973 nm with low power intensity (13 mW/cm 2 ) and a pulsed laser (3 ns) at 1210 nm corresponding to the 3 H6→ 3 H5 absorption of Tm 3+ . In this second case, a very weak build-up time is observed and the lifetime is dominated by a very long single monoexponential decay of 8.7 ms close to the lifetime of the 3 F4 level. 17 i. e. the pulsed laser populates the 3 H4 level that rapidly decays to the 3 F4 level. Because the other laser is continuous it populates, following the lifetime of the 3 F4, the 3 F2 level by cross-relaxation of excited Yb 3+ ions giving rise to the 3 H4→ 3 H6 emission. Similar behaviour is observed if exciting directly in the 3 F4 level with the OPO laser.

A similar study has been performed on the 1 G4 → 3 H6 emission of Tm 3+ , and the results are presented in Figure 4.8. The main result is that the most efficient way to excite this level is by cooperative sensitization. Indeed, the sequential excitation would involve a transition from the 3 H5 to 1 G4 levels of Tm 3+ , which is most unlikely since its energy corresponds to 125% of the 2 F5/2 → 2 F7/2 transition in Yb 3+ . levels by upconversion. In green the 3 H6→ 3 F2 transition in resonance with the 3 H4→ 1 D2 transition also allowing to populate the 1 D2 level by upconversion. For all these transitions the emission is similar with or without CW laser at 973 nm. On the contrary, the 3 H4→ 1 G4 transition in red only appears when the IR laser is present.

More interesting is the study of the 1 D2 to 3 H6 transition around 360 nm. As shown in Figure 4.9, increasing the IR laser excitation density up to 100 mW/cm 2 results in weak emission from the 3 H4 and the 1 G4 and undetectable emission from 1 D2. When excited at about 450 nm with a pulsed laser fluence of 50 mJ/cm 2 , this emission cannot be detected either. When the lasers are combined, a strong synergetic effect is demonstrated with an increase by more than 2 orders of magnitude of the 1 D2 → 3 H6 emission at 360 nm. The excitation spectrum of this phenomenon is presented in Figure 4.10, where the different transitions can be assigned. It demonstrates that excited state absorption from the 3 F4 to the 1 D2 or from the 3 H4 level to the 1 I6 or 3 Pi levels is a very efficient process, leading to a drastic increase of the emission of the 1 D2 level when the IR source helps to populate the 3 F4 level thanks to an energy transfer from the 2 F5/2 level of Yb 3+ . On the other hand, there is no effect on the 1 D2 emission with the addition of the IR source when the OPO source leads to a population of the 1 G4 level (direct excitation from the 3 H6). This means that an energy transfer from the 2 F5/2 level of Yb 3+ is not efficient for populating the 1 D2 level from the 1 G4 level. These results allow us to state that the most efficient processes leading to the excitation of the 1 D2 by classical upconversion are the sequential mechanisms involving a first step that populates the 3 F4 level and then the second step of cooperative sensitization from two excited Yb 3+ ions to generate a 1 D2 excited Tm 3+ ion. This result is consistent with the calculations of Carnall et al., 18 who showed that the 3 F4 → 1 D2 transition is hypersensitive (ΔJ = 2) and its squared U(2) matrix element is 0.5689, therefore one of the strongest absorptions of the Tm 3+ ions. Again lifetime in the excited state has been measured under single or dual excitation, and the results are presented in Figure 4.11. As before, this confirms the above-described process with the appearance of a single monoexponential decay for the 1 D2 → 3 H6 emission once the second laser is present, corresponding only to the lifetime of the 1 D2 level. A build-up time appears at short time scales followed by an exponential decay corresponding to the filling of the high excited level of Tm 3+ as classically observed in Yb 3+ , Tm 3+ codoped systems (see for instance 19 ). The second one, in red, is performed under double excitation of a CW IR laser at 973 nm with middle power intensity (128 mW/cm 2 ) and a pulsed laser (3 ns) at 446.5 nm corresponding to the 3 F4→ 1 D2 absorption of Tm 3+ . In this second case, no build-up time is observed and the lifetime is dominated by a single monoexponential decay of 103 μs, the lifetime of the 1 D2 level. 20 The pulsed laser pump directly from the 3 F4 level that is permanently being fed by the continuous wave laser through cross-relaxation of excited Yb 3+ ions.

Continuous wave (CW) + LED excitation

The above results were obtained with relatively high excitation densities far from daylight excitation. It allows an understanding of the different steps that can take place in the upconversion phenomena and for us to sort out which wavelength domains play a role in a broadband excitation scheme. However, by our admission, it is far from real-life applications such as a solar photocatalysis plant. In the following section, we aim to demonstrate that this process still occurs under continuous moderate sunlight-type excitation conditions. The OPO laser is replaced by a standard LED, as described before, that has its maximum in the range of the 3 F4→ 1 D2 excitation. Figure 4.12 presents spectra in the range of the 1 D2 → 3 H6 emission under separate and simultaneous blue and IR excitations, highlighting the same synergetic phenomena. These excitations correspond to a typical sun irradiance on the earth for these two ranges of wavelengths as described by the standard AM1.5. 21 As can be seen in this figure, as soon as the IR intensity is decreased below a few W/cm 2 , no UV light can be detected if no blue excitation is present. On the contrary, if the blue LED is turned on with rather low excitation intensities (9 mW/cm 2 ), UV emission can be detected even for very low intensities of the IR laser. To demonstrate the impact of the discussed mechanisms on the change of the power-law regime for the 1 D2 emission, we compared the UV intensity as a function of the IR laser intensity with or without the blue LED (3 mW/ cm 2 ). The results presented in Figure 4.13 with IR excitation alone follow a third-order dependence as expected and already presented. When the LED is turned on, the power-law shape is radically modified and becomes linear up to 1 W/cm 2 , indicating that the IR excitation switches from a three-photon to a single IR photon process. As described above, by energy transfer, the IR absorption of a single photon in Yb 3+ allows the excitation of the 3 F4 of Tm 3+ , and the blue excitation promotes Tm 3+ to the 1 D2 state. At higher excitation density, the third-order process is, as expected, dominant. Similarly, when varying the power of the LED while keeping the IR laser power constant, a linear behaviour is observed, as evidenced in 

Mimicking solar excitation

As the last demonstration, we simulated a solar illumination using a filtered Xe lamp with a spectrum shown in Figure 4.15. UV emission under such excitation is presented in Figure 4.12 as brown stars compared to the IR excitation through upconversion mechanisms or with the combination of LED and an IR laser. A clear band is obtained at 360 nm, and the band is slightly broader because the system resolution, in this case, was 2.5 nm instead of 1 nm. This excitation, similar to the sun, can promote high energy excitations in Yb 3+ , Tm 3+ co-doped LiYF4. It would enable the generation, by energy transfer, of electron-hole pairs compatible with standard photocatalysts. Combining upconverter and photocatalyst, a significant part of the solar spectrum that is unused can stimulate photocatalysis, which, after optimization and use of efficient energy transfer ions [22][23][24] , has the potential to improve the overall photocatalysis efficiency by a factor of 3, as we have shown in a previous work 10 . Such an approach would allow a significant decrease in the time of reaction that currently takes between hours and weeks in solar photocatalysis plants 1 and could also allow the use of photocatalysts that have been discarded since they need photons with an energy that is too high.

This exciting result comes from the simple addition of the energy of an IR and a visible photon, thus reducing the nonlinearity of the UV upconversion phenomena, which in part originates from the idea behind Auzel's original publication in 1966 to make a "quantum counter by energy transfer from Yb 3+ to Tm 3+ ". 25 In this chapter, we presented a detailed analysis of the multicolour excitation of LiY5/6Yb1/6F4: 0.4% Tm 3+ nanocrystals which leads to UV emission through upconversion. We demonstrated in particular that the combination of blue and IR light for generating upconversion UV emission is a linear mechanism that occurs at a rather low density of excitation (a few mW/cm 2 ). This upconversion efficiency is fully compatible with the broadband excitation from the sun, with a comparable density similar to daylight excitation. These results demonstrate that an appropriate design, combining photocatalyst and a dedicated upconverter could lead to drastic improvement of the photocatalytic effect.

Chapter 5 TiO 2 -LiYF 4 :Yb 3+ , Tm 3+ nanocomposites for near-IR driven photocatalysis Titanium dioxide (TiO2) as a non-expensive, chemically stable, renewable and non-polluting material, is the most widely used UV photocatalyst which constitutes above 60% of the overall photocatalyst industry. 1 However, it suffers from two major drawbacks: i) it has a bandgap of 3.2 eV (anatase), which limits its applications mostly in the UV region, and ii) a large number of electron-hole pair recombination dissipates energy in the form of heat and light, which reduces its efficiency further.

The IR region of the sunlight, which accounts for almost half of the energy of the sunlight radiation (as against only about 5% of the UV radiation), remains largely unused for photocatalysis (see Figure 5.1 for reference). In this context, we 2 and a few other groups [3][4][5][6][7][8][9][10][11][12] have previously shown that the nanocomposites of UCNPs with TiO2 in the form of a core-shell structure could be a very promising approach for near infrared-induced photocatalytic applications. These strategies exploit the ability of the upconverting nanoparticles (UCNPs) to convert IR photons to UV-visible, which in turn could be used by titania for photocatalysis. While the other teams obtained enhancement only under strong laser IR irradiation, we achieved enhancement under solar excitation using migration-assisted energy transfers allowing an efficient transfer from the UC nanoparticle to the photocatalyst. 2 So far, different surfactant ligands such as PVP, CTAB, etc. have been used majorly to facilitate the formation of TiO2 shell around UCNPs. However, the obtained core-shell structures lack homogeneity and it is difficult to obtain a sufficiently thick layer of titania. Besides, reproducibility, stability and scalability of these structures are also challenging tasks. These issues can be addressed by alternate strategies to obtain nanocomposites. Among these, the strategy to embed UCNPs in TiO2-based metallogels could lead to efficient composites with high surface area and intimate mixing of the two components. 13,14 This strategy could also be useful in introducing a suitable luminescent molecule in these UCNPs-TiO2 systems. These molecules, due to their antenna effect, 15 may allow a broad absorption and, therefore, further improve the optical properties of the composites. In this chapter, we describe our attempts to i) improve the core-shell synthesis of TiO2@UCNP by using oleic acid or amino alcohols as surfactants, and ii) prepare transparent UCNPs-embedded TiO2 metallogels as a precursor to UCNPs-TiO2 xerogels. As mentioned in the introduction of this chapter, few reports have already appeared on the synthesis of TiO2@UCNP shell-core structures using different capping ligands. [2][3][4][5][6][7][8][9][10][11][12] However, there are some major issues such as lack of homogeneity and sufficient thickness of the shell layer, difficulty in scaling up their synthesis as well as reproducibility and stability of these structures, which make their applications challenging. To prepare efficient TiO2@UCNP shell-core structures that can be used to harness a substantial amount of solar spectrum, the selection of an appropriate capping ligand is crucial. For this work, we chose LiYF4: Yb 3+ , Tm 3+ as core upconverting nanomaterial which is a great host for NIR to UV upconversion. The synthesis, structural, morphological and upconversion properties of oleic acid-capped LiY5/6Yb1/6F4: 0.4% Tm 3+ upconverting nanoparticles has been discussed in detail in Chapter 3. The orientation of the oleic acid ligand around the upconverting nanoparticles is such that the hydrophobic tail is extended outward, 17,18 which makes them dispersible, and therefore manipulative for further functionalization, in the organic medium. Given this orientation of the oleic acid around NPs, we decided to keep this ligand as a surfactant for the core-shell formation. For this, we also modified the Ti(OPri)4 by reacting it with oleic acid at 120°C for one hour. 19 The formed pale yellow titanium-oleate complex 20,21 was injected under argon flow into an isopropanol solution containing the as-prepared LiY5/6Yb1/6F4: 0.4% Tm 3+ UC NPs in dispersible form. After stirring for a few minutes, a calculated amount of hydrolysing solution was added to start the hydrolysis and condensation of the titanium precursor. After usual manipulation, the obtained TiO2@ LiY5/6Yb1/6F4: 0.4% Tm 3+ shell-core structures were isolated by centrifugation and characterized by transmission electron microscopy (TEM), which confirmed the formation of TiO2 shell around UC core nanoparticles (Figure 5.2). However, the obtained TiO2 layer was neither uniform nor sufficiently thick, probably due to weak steric interaction among the long carbon chain of the oleic acid/oleate ligand. As the interaction between the nanoparticles and the titanium precursor through the capping ligand is crucial for the formation of a uniform shell of sufficient thickness around NPs, we replaced oleic acid with sterically less hindered N-methyl substituted amino alcohols of different denticity as possible surfactants.

Use of N-methyl substituted amino alcohols as capping ligands:

The N-methyl ethanol-based amino alcohols, N, N-dimethylaminoethanol (dmeaH) and Nmethyl diethanolamine (mdeaH2) (Figure 5.3) have previously been shown to be excellent capping ligands which could not only control the size, shape and dispersibility of the NPs but also, due to their variable functionality, facilitate homogeneous shell formation of a metal oxide materials. [22][23][24] The general preparation of TiO2@LiY5/6Yb1/6F4: 0.4% Tm 3+ is demonstrated in Scheme 5.1 and briefly stated as follows: The as-synthesized LiY5/6Yb1/6F4: 0.4% Tm 3+ UCNPs were dispersed in isopropanol in the presence of either mdeaH2 or dmeaH ligand, followed by addition of calculated amounts of titanium isopropoxide (TIP) and a hydrolysis mixture of acetic acid and water in isopropanol. The hydrolysis and condensation of TIP lead to the formation of the Ti-O-Ti network around the core UCNPs. The purpose of the amino alcohol was two folds: to modify the titanium precursor by substituting some of the alkoxy groups with amino alkoxide and, therefore, decrease its hydrolytic reactivity, 25 and act as a capping ligand to facilitate shell formation around the UC core. [22][23][24]26 Acetic acid usually provides stability to the formed sol. 27 After general workup, the core-shell composite powders were isolated by centrifugation. Transmission microscopy is very useful when it comes to determining whether the core-shell is present or not. Although the coating around the nanoparticles is not very uniform, but concept-wise, the use of amino alcohols as a functional ligand could be an easy and efficient way to prepare TiO2@UCNPs shell-core nanostructure, provided we optimise certain parameters such as Ti/Y ratio, amount of water during the reaction, etc.

UCNPs-embedded transparent TiO2 metallogels for TiO2-LiYF4:Yb 3+ ,Tm 3+ nanocomposites with high surface area

Self-assembled hybrid materials containing both molecules and appropriately functionalized nanoparticles is a new exciting way of fabricating soft materials with significant advantages. 13,14,[28][29][30][31] This multi-scale self-assembly strategy makes it possible to obtain synergetic properties and to arrange the various components in a complex hierarchical architecture allowing, for example, the modulation of optical, electronic and mechanical performances. The possibility to enhance the upconversioninduced photocatalysis depends on the material's ability to absorb and transfer as much light as possible. Both of these necessary criteria can be achieved by embedding UCNPs in transparent TiO2 metallogel, followed by its soft drying. It is not only expected to provide highly homogeneous TiO2-UCNPs composites with a high specific surface area but may also allow the introduction of appropriate luminescent species in this UCNPs-embedded gel. These species would act as an antenna to boost the NIR absorption of the UCNPs, therefore hold great promise for improving the efficiency of photocatalytic performance of TiO2 in the visible and infrared region of the solar spectrum. Metallogels are exceptionally versatile, soft materials formed by the cooperation of covalent and selfcomplementary interactions of the low-molecular-weight species resulting in a self-assembled network capable of immobilizing the solvent, and therefore, yielding a solid-like appearance. 32 To achieve robust gels, usually organic ligands with different functionalities are introduced into gel networks. However, the presence of these ligands might be detrimental for photocatalysis.

Fortunately, monolithic TiO2 metallogels can be obtained via the sol-gel process in a controlled acidic medium without using any organic ligand. 33,34 In the present case, we prepared well-defined transparent TiO2 monolithic metallogel via controlled hydrolysis and polycondensation reactions using an optimized ratio of Ti(OEt)4 and HCl in EtOH.

The hydrolysis was carried out under controlled conditions using a calculated amount of water (hydrolysis ratio 2). This is crucial for getting the desired phase of the titania (i.e. anatase). It has been shown previously that with the higher water content, the chances of conversion of the anatase to the brookite phase becomes higher. 35 Also, If the water content during the reaction is high then due to the faster rate of hydrolysis, the embedding of the nanoparticles won't be effective and uniform. Moreover, the choice of HCl also favours the formation of the anatase phase, which is the most active phase for photocatalysis. Although the presence of the Cl -ions in the gel is undesired, it can be removed by washing the dried gel with water. 36 More importantly, we did not use any organic ligand for enhancing the interaction between the titanium precursors and the upconverting nanoparticles, which could be detrimental for photocatalysis. The photocatalytic mechanisms for the degradation of organic pollutants or water splitting are based on the utilization of UV light 8,37 and if the photo catalytically generated free radicals are utilized by the organics present around this catalytic system then it will reduce the overall efficiency of the catalytic system.

The incorporation of upconverting LiY5/6Yb1/6F4: 0.4% Tm 3+ nanoparticles in the solution of Ti(OEt)4 in EtOH before its controlled hydrolysis leads to the formation of TiO2 metallogel with the uniform embedding of UCNPs. We chose the different amount of UCNPs to be embedded in the TiO2 metallogel. The uniform embedding of these UCNPs into the metallogels and their transparency, particularly for the low amounts of NPs, can be seen from the naked eyes (Figure 5.6 a)). Expectedly, the transparency of these TiO2 metallogels decreases on increasing NPs contents. Following the above studies on undoped TiO2 xerogel, we performed a similar characterization on UCNPs-containing xerogels obtained by drying different UCNPs-embedded metallogels. The powder XRD pattern of the as-dried and calcined xerogel samples containing maximum UCNPs (i.e. 10% of LiY5/6Yb1/6F4: 0.4% Tm 3+ ) is given in Figure 5.8 a). As expected, the as-dried sample shows the diffraction peaks only for LiYF4: Yb 3+ , Tm 3+ due to the amorphous nature of TiO2, whereas the sample calcined at 400 °C /2 h exhibits XRD peaks characteristic of both LiYF4 and TiO2.

Interestingly, there is a small percentage of YF3 also in the sample, probably due to partial loss of volatile Lithium ions from the crystal sites. As compared to other alkali metals, lithium has a more covalent character and, therefore, more volatile. This is also one of the reasons why we took the lithium precursor in slight excess during the synthesis of LiY5/6Yb1/6F4: 0.4% Tm 3+ nanoparticles at high temperature (see Chapter 6 for experimental details). Interestingly, when the as-prepared LiY5/6Yb1/6F4: UCNPs-embedded TiO2 xerogels, particularly for those with a smaller % of NPs, are even higher than that of the undoped TiO2 sample. Thus, as compared to a surface area of 489 m 2 /g obtained for the asdried undoped TiO2, the as-dried TiO2 xerogels with 1, 2 and 5% of UCNPs show BET surface area of 581, 548 and 564 m 2 /g, respectively. The incorporation of the nanoparticles in the metallogel network provide additional surface and the total surface area of the embedded metallogel has a contribution from both the components. Because the gelification happens after the incorporation of UCNPs, there is no significant change in the characteristics of the NPs-embedded metallogels (as compared to undoped TiO2 metallogel). It also ensures the homogeneous distribution of the upconverting nanoparticles, even though the average particle size of UCNPs is larger than the average pore size in the metallogel. A slightly less surface area of 436 m 2 /g for the as-dried TiO2 xerogel with 10% UCNPs is probably due to partial blocking of the pores of the network.

TEM studies were performed on the as-dried TiO2 xerogels to understand the nature and stability of the interaction between the upconverting nanoparticles and TiO2. (Figure 5.8 c)) shows the TEM analysis and EDX spectroscopic studies on the as-dried 10% UCNP@TiO2 dried xerogel. The TEM images show the intimate mixing of amorphous titania and well crystalline upconverting nanoparticles.

While the HRTEM image confirms the presence of (112) planes corresponding to tetragonal LiYF4, the presence of titanium is further confirmed by the EDX spectrum. Figure 5.9: Up conversion emission studies for non-coated LiYF4:20% Yb 3+ ,0.5% Tm 3+ and titania coated LiYF4:20% Yb 3+ ,0.5% Tm 3+ using different ligands for functionalization, upon 972 nm CW laser excitation. These spectra are normalized with respect to 1 G4 3 F4 Tm 3+ transition.

We also performed some quick and preliminary upconversion studies on both undoped TiO2 dried gel and LiY5/6Yb1/6F4: 0.4% Tm 3+ doped TiO2 dried gel. Figure 5.10 shows the upconversion spectra measured at two different excitation power densities of 973 nm CW laser. As the nature of bonding between the upconverting nanoparticles and TiO2 can be varied after their thermal treatment, we calcined these dried powder in situ. At different power, we observe the characteristic thulium emission from UV to IR. At high power ( 20.8 W/cm 2 ), we even observe the deep UV emission at 290 nm corresponding to 1 I6 3 H6 transitions of Tm 3+ ions. We should note that this calcination was done in situ on a DSC600 heating/cooling stage from Linkam Corporation equipped with a sapphire window.

We performed the initial measurement and then calcined the powder at 300 °C (the maximum temperature that we can reach in situ in our system) for 30 min. we then recorded the upconversion of the sample again without disturbing the arrangement of powder to keep uniformity while recording the spectrum for the later comparisons. In these spectra (normalized for 1 G4 3 F4 transition ), we noticed the decrease of upconversion emission intensity after the calcination step. At higher power (20.8 W/cm 2 ), the emission intensity at 348 nm, representing 1 I6 to 3 F4 of Tm 3+ transition is reduced 2.9

times after the calcination of the sample. Also for 362 nm (concerning 1 D2 to 3 H6 of Tm 3+ transition), the intensity has been lowered by 1.4 times after calcination. We observed a similar trend at lower excitation power also. This reduction in the upconversion emission intensity shows that after the 

Conclusions and perspectives

These preliminary results show that the metallogel-strategy to obtain UCNPs-TiO2 composites with high surface area and the desired crystalline phases of the components is an efficient, easy-to-scale up and viable alternative to the core-shell approach to get IR-active photocatalysts.

These results also underline that small changes in the gelation conditions have a strong effect in terms of transparency of the metallogels as well as the surface area of the dried xerogels and that a subtle balance in terms of the ratio of the upconverting NPs and TiO2 must be found to get most efficient photocatalysts. More studies are required for better optimization of these results. Hence, future work will be devoted to strategies to improve further the efficiencies of these photocatalysts by using a wider range of the solar spectrum, for example, by introducing in metallogel a suitable luminescent molecule that absorbs in the IR-region and therefore allows a broad absorption by acting as an antenna.

For the measurement of temperature variation upconversion studies, the sample was placed on a heating/cooling stage from LINKAM Ltd. DSC600, which allowed one to vary the temperature from -190°C up to 300°C using liquid nitrogen and a small built-in furnace. The stage is well covered and sealed with a sapphire window, to reduce the interference of moisture and other impurities.

X-ray crystallography: Crystals of molecular complexes 2, 4 and 6 were obtained as described in the synthetic procedure. Crystal structures were determined using molybdenum radiation (λ = 0.71073 Å) on an Oxford Diffraction Gemini diffractometer equipped with an Atlas CCD. Intensities were collected at 200, 100 and 150 K for 2, 4 and 6, respectively, using CrysAlisPro software. 1 Reflection indexing, unitcell parameter refinement, Lorentz-polarization correction, peak integration, and background determination were carried out with CrysAlisPro software. 2 An analytical absorption correction was applied using the modelled faces of the crystal. 2 The resulting sets of hkl were used for structure solutions and refinements. The structures were solved with the ShelXT 3 structure solution program using intrinsic phasing and by using Olex2 4 as the graphical interface. The model was refined with version 2018/3 of ShelXL 5 using least-squares minimization. Some selected crystallographic and refinement data of the molecular complexes 2, 4 and 6 are listed in Table 6.1. The up-conversion studies were carried out using a homemade spectrofluorometer on dried and properly ground powders, which were placed on a sample holder with utmost care to ensure a flat and uniform deposition. The samples were irradiated with a continuous wave (CW) laser at 972 nm which was focused to a square spot of 1 × 1 mm 2 on the sample with quasi-top-hat energy distribution.

The emitted signal was then collected using Jobin-Yvon (TRIAX 320) monochromator equipped with automatic order removing filters and coupled to a cooled photomultiplier (Hamamatsu R943-02). The To measure the upconversion quantum yield, the chosen Ln 3+ -doped NaGdF4 and LiYF4 samples were placed in an integrating sphere (IS200-4 from Thorlabs) and excited from above with one end of the sphere connected to the detection system. To ensure that the detection system obtains the absolute response at each wavelength, it was calibrated using an Oriel QT 63358 tungsten lamp traceable by NIST over the range 250-1000 nm. To determine the absorption of 972 nm photons by the above samples, an undoped NaGdF4 and LiYF4 were prepared under identical conditions. The difference in laser scattering compared to doped and undoped samples gave us an estimate of the actual absorption of the laser by the sample. Thus, the actual number of absorbed photons (respective energy absorbed) and the actual number of emitted photons (respective energy emitted) were measured over the wavelength range from 250 nm to 1000 nm. The quantum up-conversion efficiency (energy conversion efficiency) is the ratio of emitted photons (emitted power) to absorbed photons (absorbed power).

Photocatalysis setup

Photocatalysis measurement for the degradation of methylene blue was done under only visible and only infrared radiation using different filters on a standard Xenon lamp from CEAULIGHT CEL-S500 which has the spectral distribution ranging from 300 nm to 2500 nm. We used the HWB-800 filter for infrared only transmission. For the photocatalytic degradation, as shown in Figure 5.11, the sample was placed beneath the lamp in a glass beaker with continuous stirring in the air. The distance between the source and the sample was always kept constant for all the measurements, to make it easy for comparison. The setup was well covered with a black box in a dark room to limit the interference of any other source of light. The sample was placed on a water-jacketed glass platform to keep the temperature of the solution constant during the photocatalysis reaction. During the photocatalysis experiment, a small amount (1 ml) of sample is taken out at different time intervals and their UV-Vis spectra were measured using Agilent 8453 spectrometer.

6.3. Synthesis of anhydrous precursors

The single-source precursors [NaLn(TFA)4(diglyme)] (Ln = Gd, Tm, Yb; TFA = trifluoroacetate), were prepared using the method presented in the previous publications by our group 6,7 . The anhydrous lithium and lanthanide trifluoroacetate precursors for lithium-based upconverting nanoparticles were synthesized using two different strategies. The first strategy involves ligand exchange of the water molecules in Li(TFA)(H2O) and Ln(TFA)3(H2O)3 with monoglyme ligand (method A). The second method of the synthesis involves refluxing of lanthanide oxides in monoglyme (for Y) 6 6.4. Synthesis of sodium-based UCNPs

Using anhydrous precursors

A typical method of preparing undoped NaGdF4 nanoparticles involved taking the precursor [NaGd(TFA)4(diglyme)] in 4 ml of 1-octadecene (or a mixture of 2 ml each of ODE + OM or ODE + OA) to obtain solution A, which was then kept at 120 °C for 1 h to obtain a clear and homogeneous solution.

In parallel, 6 ml of 1-octadecene (or a mixture of 3 ml each of ODE + OM or ODE + OA) was purged with argon and heated to 290 °C (solution B). When the temperature became constant at 290 °C for solution B, the pre-heated solution A (at 120 °C) was injected all at once. The reaction mixture was then stirred at 290 °C for 1 h. It was then gradually cooled down to room temperature under a constant flow of argon. To collect the nanocrystals, ethanol was added as a precipitating agent, followed by centrifugation at 4500 rpm for 5 min. The resulting powder was washed three times with ethanol to remove any organic impurities and then air-dried at room temperature for 24 h.

To prepare doped NaGdF4 nanoparticles, the precursors of Gd, Tm and Yb were taken in an appropriate amount and decomposed simultaneously. Table 6.2 and Table 6.3 summarize the amount of precursors used to synthesize NaGdF4: x% Yb, y% Tm_anhyd in the mixture of 1-octadecene and oleylamine (Table 6.2) and 1-octadecene and oleic acid (Table 6.3), respectively. As discussed in chapter 3, we continued all the following studies for a particular ratio of dopant ions. This section presents the amounts of anhydrous precursors used for the study of LiY5/6Yb1/6F4: 0.4% Tm 3+ with varying the solvent composition during thermal decomposition (Table 6.7). [Tm(TFA) 3 (monoglyme)] 0.006 g (0.010 mmol) 0.010 g (0.017 mmol) 0.10 (0.017 mmol)

Influence of precursor's concentration

For this particular study, the total amount of mixture of oleic acid and 1-octadecene was varied. For the precursor concentration of 0.175 mmol/ml and 0.512 mmol/ml, we took 20 ml and 10 ml of this mixture, respectively (Table 6.8). [Tm(TFA) 3 (monoglyme)] 0.010 g (0.017 mmol) 0.17 (0.028 mmol)

Influence of decomposition temperature

For this study, we took 5 ml each of 1-octadecene and oleic acid during the thermal decomposition. The following Table 6.9 presents the amounts of precursors used for this temperaturedependent study. It is to be noted that, for the decomposition at higher temperature (such as 295 °C and 315 °C), we took 1.5 equivalent of the lithium complex for the reasons mentioned in chapter 3. 0.006 g (0.010 mmol)

Influence of reaction time

The amount of precursors used for studying the effect of reaction time on LiY5/6Yb1/6F4: 0.4% Tm 3+ nanoparticles is presented in Table 6.10. A total of 10 ml solution mixture of 1-octadecene and oleic acid is used for decomposition.

systemically studied. This contributed enormously to our overall understanding of various aspects of these UCNPs, and in particular, the mechanism of formation of diamond and spherical shaped LiYF4:

xYb 3+ , yTm 3+ UCNPs. Another sub-objective of this thesis was to determine the upconversion efficiency both qualitatively and quantitatively. In this regard, we compared the upconversion of these nanocrystals with their bulk counterpart and further prioritized the need for anhydrous precursors for synthesizing higher quality upconverting nanoparticles.

To understand how this upconversion-based approach is beneficial for improving the photocatalytic activity of the catalyst, we presented a thorough study to show that this method is fully suitable for solar light photocatalysis. We demonstrated, using excited state excitation spectroscopic studies, that the process of broad light to UV upconversion is the addition of one IR and one visible photon and not necessarily a successive addition of IR photons which, in the literature, is generally considered a mechanism for such upconversion. In other words, we showed that under broadband and low power excitation it becomes a first-order process for the IR photons. This study essentially made the necessary ground for the use of upconverting nanoparticles based approach for NIR-induced photocatalysis.

Finally, we synthesized the nanocomposites of the most efficient LiY5/6Yb1/6F4: 0.4% Tm 3+

UCNPs with TiO2. We used two different approaches for nanocomposite formation, namely, core-shell and transparent metallogel strategy. We performed some preliminary upconversion and photocatalytic studies on these nanocomposites and showed that the metallogel strategy to synthesize UCNPs-TiO2 nanocomposite is a good way to obtain nanocomposites with high surface area and uniform distribution making them a suitable candidate for photocatalytic applications.

Overall, we presented strategies and materials to improve the upconversion emission of nanoparticles by mainly focusing on the anhydrous synthetic methods and, later on, we investigated the methods to obtain UCNPs-TiO2 nanocomposites for their application in NIR-induced photocatalysis.

7.2. Perspectives

The above-presented results opened up a wide range of possibilities for many lateral projects which were not possible to be completed within the stipulated time of the project. Some of these are presented below:

Optimization of energy transfer between UCNPs and TiO2 for efficient photocatalysis

For photocatalytic and some biological applications, the energy transfer process becomes very crucial. In most such studies the energy transfer process is partly based on non-radiative transfer, but often also contains contributions from reabsorption. 1,2 For example, In photocatalytic processes, the upconverting nanoparticles need to transfer the upconverted UV to the classical photocatalyst (such as TiO2) so that its performance can be enhanced. This energy transfer can rely on radiative transfer (re-absorption) or non-radiative energy transfer. The former is inefficient and competitive with many other non-radiative processes. As the transfer of excitation from UCNPs to the photocatalyst is highly dependent on how they interact, 3 this aspect of energy transfer could be addressed by optimizing the distance between the upconverting nanoparticle and photocatalyst.

In this regard, we designed an experiment to have a systematic study of the transfer of energy from single layers of GdF3 and TiO2 grown using the atomic layer deposition technique (ALD). We chose this system because the Gd 3+ excited states show good resonance with the energy band of TiO2. These Then to observe the energy transfer between them we performed some basic fluorescence spectroscopic measurements on a homemade apparatus. The detailed experimental setup is described as follows. The deposited thin films were kept with GdF3 side facing to the illumination from an optical We then excited these samples with 272.5 nm excitation (corresponding to 6 IJ 8 S7/2 transition in Gd 3+ ) with GdF3 side facing upwards and recorded the emission spectra (Figure 7.2).

Interestingly, the samples with different buffer layer thickness showed different emission intensities.

As expected, the samples with greater separation between GdF3 and TiO2 showed a higher emission peak at 312 nm, corresponding to 6 P7/2 8 S7/2 transition in Gd 3+ transition. When the separation between these layers is 1 nm, the transfer of energy from Gd to the nearby Ti layer is more probable compared to when the distance is 4 nm (see Figure 7.2). Hence, we can say that the more separated these layers are the less will be the probability of transfer of energy from Gd to Ti layer, which has been also been shown theoretically (via modelling the energy transfer process between these ions in similar fluoride-based systems) by Ledoux et al. 3 in 2018. From this study, we can speculate that further exploration of the system comprising Gd 3+ and Tm 3+ ions (e.g. NaGdF4: Yb 3+ , Tm 3+ ) and their composite with TiO2 would open a new gateway to understanding the energy transfer mechanism between UCNPs and photocatalysts, which indeed increase our understanding towards solar-driven photocatalysis. Unfortunately because of the COVID pandemic, I could not return to Oslo to pursue this study but it would be interesting in the future to study more thoroughly the energy transfer between the different component of our system to optimize it.

Photocatalytic experiments under direct sunlight

In the real world situation, such as degradation of organic pollutants or water splitting, the photocatalyst is needed to be robust as well as optically efficient. In this regard, heterogeneous photocatalysis has proved to be an efficient tool. The performance of classical and most widely used photocatalyst, TiO2, which works only under UV irradiation (due to its large bandgap (~3.2 eV for anatase)), could be enhanced by the incorporation of upconverting nanoparticles with such photocatalyst. Some preliminary (dye degradation) results based on this strategy has already been shown in chapter 5, where we evaluated the performance of such modified catalyst under only IR irradiation.

From a future perspective, it would be interesting to extend these studies step-by-step, by performing dye degradation under only UV, only visible, and then complete solar spectrum. This would give us an understanding of how the process of upconversion is accelerating the remediation of environmental contaminants under sunlight. We tested our samples for photocatalytic dye degradation under only visible light (420 -780 nm) using UVIRCUT 420 filter on a standard xenon lamp from CEAULIGHT CEL-S500 (which has spectral distribution from 300 nm to 2500 nm). In Figure 7.3, the change in concentration of methylene blue with only TiO2 and 10% mixing ratio of UCNPs in TiO2 is represented. Here we observed a significant reduction (~35%) in the concentration of methylene blue for the 10% UCNPs-TiO2 sample. These and the results presented in chapter 5, supports the idea of having an overall enhanced photocatalytic performance under the full solar spectrum.

It would also be interesting to introduce in the above UCNPs-TiO2 photocatalyst a luminescent molecule that absorbs in the near IR region (e.g., IR-806), which would improve further the efficiencies of these photocatalysts by acting as an antenna to widen the absorption range. The metallogel strategy may be useful in achieving this as the luminescent molecule can easily be incorporated during the gelation stage. 4 Furthermore, in a broad view, these UCNPs-TiO2 composite could also serve as an efficient photocatalyst for water splitting application. It was originally planned to be included in this thesis but it had to be postponed for the future because of a delay in the delivery of a gas chromatograph.

Finally, I would
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 01 Figure 0.1: The absorption and emission range of three types of upconversion materials concerning AM 1.5 spectrum (QN-UC (purple): upconversion in quantum nanostructures; TTA-UC (purple): triplet-triplet annihilation upconversion; RED-UC (green): rare-earth-doped upconversion materials). 7

Figure 1 . 1 :

 11 Figure 1.1: Schematic diagram of the photocatalytic reaction 6 .

Figure 1 . 2 :

 12 Figure 1.2: Solar spectrum showing the useful share of photons for TiO2 based photocatalysis.

Figure 1 . 3 :

 13 Figure 1.3: Working principle of triplet-triplet annihilation upconversion (TTA-UC).23 

Figure 1 . 4 :

 14 Figure 1.4: Energy level diagram for codoped Tm 3+ and Yb 3+ system; adapted from Dulick et al. (Journal of Luminescence 1991, 48-49, 517-521) and Bensalah et al. (Optical Materials 2004, 26 (4), 375-383)

  have studied extensively the solvothermal synthesis of lanthanide fluoride-based materials LnF3 and NaLnF4. When they reacted Ln(NO3)3 and NH4F at pH 4-5 in the temperature range of 80-180 °C, they obtained hollow structures. The pioneering work by Wang et al. 43 in 2005, for synthesizing a new method based on liquid-solid-solution (LSS) growth for the synthesis of lanthanide fluoride materials is also worth mentioning. Their synthesis was based on a phase transfer and separation occurring at the interfaces of the liquid-solid and solidsolution phases. Using microwave synthetic method, Wang, Nann et al. 57,58 synthesized oleate capped nanoparticles of NaYF4, Na(Li)YF4, and LiYF4 at 290 °C in only 5 min under microwave irradiation. The nanoparticles obtained are of cubic phase with a particle size of 10 nm. They further extended this study and investigated the effect of reaction parameters such as time, concentration etc.
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 21 IntroductionLanthanide-doped up-converting nanocrystals are proven to be very efficient luminescent materials primarily because of their narrow and sharp emission bands along with a longer lifetime of excited states. These properties give them a distinct advantage over conventional organic fluorophores

2 2 . 2 .

 22 Results and discussion2.2.1. Anhydrous synthesis of NaGdF4: Yb 3+ , Tm 3+ nanoparticles from thermal decomposition of designed precursors [NaLn(TFA)4(diglyme)] (Ln = Gd, Tm, Yb): influence of solvents and dopant percentage on the crystal phase of up-converting NPs The isostructural anhydrous precursors [NaGd(TFA)4(diglyme)], [NaYb(TFA)4(diglyme)] and

Figure 2 . 1 :

 21 Figure 2.1: Powder XRD of NaGdF4: Yb 3+ , Tm 3+ NPs obtained from the thermal decomposition of SSPs in a 1:1 mixture of ODE + OA (a).

Figure 2 . 2 :

 22 Figure 2.2: Powder XRD of NaGdF4: Yb 3+ , Tm 3+ NPs obtained from the thermal decomposition of SSPs in a 1:1 mixture of ODE + OM (b).

Figure 2 . 3 :

 23 Figure 2.3: Conversion of as-prepared mixed-phase NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs ) to pure -phase after calcination at 350 °C.

Figure 2 . 4 :

 24 Figure 2.4: FT-IR spectra of NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs obtained from a) thermal decomposition of the single-source precursors [NaLn(TFA)4(diglyme)] (Ln = Gd, Yb, Tm) at 290° C in a 1:1 mixture of 1-octadecene + oleylamine.

Figure 2 . 7 (

 27 decomposed in the mixture of 1octadecene and oleic acid)}. These figures correspond to the TEM, HR-TEM and associated FFT of the sample NaGd5/6Yb1/6F4: 0.8% Tm 3+ containing the two phases and . These images exhibit nearly spherical morphology and controlled size distribution (13.7 ± 3.5 nm) for these nanoparticles (Figure2.5 (f)). The observed morphology is comparable to that of NaGdF4 reported by the microwave-assisted decomposition of [Ln(TFA)3], although the particle size in this study was smaller due to a short reaction time (10 min in the microwave-assisted decomposition vs. 1 h in the thermal decomposition).31 The presence of a mixture of phases ( + ), as shown by the XRD, was confirmed by HR-TEM analysis. The HR-TEM image in Figure2.5 (b) shows two particles with and phase, respectively. While the central particle with an interreticular spacing of 0.302 nm is related to the phase (Figure2.5(c)), the FFT of the second particle displayed in Figure2.5 (d) shows the diffraction pattern of a cubic crystal structure ( phase) in the zone axis [011] ((e)). The spots corresponding to the {111} planes with an interreticular spacing of 0.318 nm (zone axis [011]) confirm the presence of the phase. The spots corresponding to other plane families such as {200}, {022}, {222}, {311}, etc. are also observed.

Figure 2 . 5 :

 25 Figure 2.5: TEM, HR-TEM and associated FFT of the NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs obtained from the thermal decomposition of the single source precursors (SSP) [NaLn(TFA)4(diglyme)] (Ln = Gd, Yb, Tm) at 290°C in a 1:1 mixture of 1octadecene + oleylamine. The HR-TEM image in (c) shows an interreticular spacing of 0.302 nm related to the -phase, whereas the FFT of the second particle in (d) corresponds to the diffraction pattern of a cubic crystal structure (α-phase) in the zone axis [01-1] (e). Size distribution of these nanoparticles (f).

Figure 2 .

 2 Figure 2.6 shows TEM (a) and HRTEM (b) of hexagonal particles obtained by the decomposition of anhydrous precursors in the mixture of 1-octadecene and oleylamine. Figure 2.6 b) showing the high-resolution TEM presents the lattice planes (0.318 nm) corresponding to (111) planes of cubic NaGdF4 (ICDD# 04-019-0931) also justified by FFT in Figure 2.6 c). Figure 2.7 shows the cubic NaGdF4 (ICDD# 04-019) synthesized in the mixture of 1-octadecene and oleic acid.

Figure 2 . 6 :

 26 Figure 2.6: TEM (a), HRTEM (b) FFT analysis (c) and EDX analysis (d) of NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs obtained from high temperature decomposition of NaLn(TFA)4(diglyme) (Ln = Gd, Tm, Yb) in the mixture of 1-octadecene and oleylamine. The crystal structure corresponds to cubic NaGdF4 (ICDD file # 04-019-0931).

Figure 2 . 7 :

 27 Figure 2.7: TEM (a, b), HRTEM (c) and corresponding FFT analysis (d, e) of NaGd2/3Yb1/3F4: 1% Tm 3+ NPs obtained from the high temperature decomposition of NaLn(TFA)4(diglyme) (Ln = Gd, Tm, Yb) in the mixture of 1-octadecene and oleic acid. The crystal structure corresponds to cubic NaGdF4 (ICDD file # 04-019-0931).
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 22 Hydrous synthesis of NaGdF4: Yb 3+ , Tm 3+ NPs from the co-precipitation reaction of hydrated inorganic salts at room temperature

Figure 2 . 8 :

 28 Figure 2.8: Powder XRD of NaGdF4: Yb 3+ , Tm 3 + NPs obtained from co-precipitation reaction of hydrated inorganic salts at room temperature

(

  agglomerated nanorods with an average size of 197 ± 29 nm in length and 85 ± 10 nm in width vs. uniform spherical anhydrous NPs of less than 15 nm, (Figure2.9, Figure2.10, Figure2.11)). This agglomeration and formation of large particle size can be attributed to the absence of any effective capping ligand during the room temperature synthesis. Although the presence of ethylene glycol ligand on the surface of the NPs has been confirmed by IR spectra and TG-DTG studies (Figure2.12 and Figure2.13), it is less efficient in controlling the nanoparticle size than the capping ligands such as oleic acid (OA) or oleylamine (OM) used in the thermal decomposition method. In Figure2.9 (d), the FFT pattern of a representative sample i.e. NaGd5/6Yb1/6F4: 0.8% Tm 3+ shows the diffraction pattern of a hexagonal crystal structure ( -phase) in the zone axis[001]. The spots correspond to the {110} plane family with an interreticular distance of 0.29 nm and confirm the -phase.

Figure 2 . 9 :

 29 Figure 2.9: TEM images of NaGd5/6Yb1/6F4: 1.2% Tm 3+ (a) and NaGd5/6Yb1/6F4: 0.8% Tm 3+ (b) NPs obtained from room temperature co-precipitation using hydrated inorganic salts Ln(NO3)3•xH2O (Ln = Gd, Tm, Yb), NaNO3 and NH4F in ethylene glycol. HR-TEM (c) and associated FFT analysis (d) of -NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs. The FFT corresponds to the diffraction pattern of a hexagonal crystal structure ( -phase) in the zone axis [001] (e)

Figure 2 . 11 :

 211 Figure 2.11: Size distribution curves along with the length (a) and width (b) of NaGd5/6Yb1/6F4: 1.2% Tm 3+ nanorods obtained from room temperature co-precipitation using hydrated inorganic salts Ln(NO3)3•5H2O (Ln = Gd, Tm, Yb), NaNO3 and NH4F in ethylene glycol.

Figure 2 .

 2 Figure 2.12: FT-IR spectrum of NaGd5/6Yb1/6F4: 0.8% Tm 3+ nanorods obtained from room temperature co-precipitation using hydrated inorganic salts Ln(NO3)3•5H2O (Ln = Gd, Tm, Yb), NaNO3 and NH4F in ethylene glycol.

Figure 2 . 13 :

 213 Figure 2.13: Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) analysis of NaGd5/6Yb1/6F4: 0.4%Tm 3+ NPs obtained from the room temperature co-precipitation using hydrated inorganic salts Ln(NO3)3•5H2O (Ln = Gd, Tm, Yb), NaNO3 and NH4F in ethylene glycol.

Figure 2 .

 2 14 and Figure 2.15 should not be compared with each other without taking into account the experimental details, notably the slit width.

Figure 2 .

 2 Figure 2.14: Up-conversion studies ( exc = 972 nm CW Laser, and slit width = 0.5 mm for entry and exit) of NaGdF4: Yb 3+ , Tm 3+NPs obtained from the thermal decomposition method.

Figure 2 . 15 :

 215 Figure 2.15: Upconversion emission spectra for NaGdF4: Yb 3+ , Tm 3+ _hyd synthesized using hydrated inorganic salts Ln(NO3)3•5H2O (Ln = Gd, Tm, Yb) with 972 nm CW laser excitation (slit width = 2 mm for both entry and exit), showing classical Tm 3+ emission for samples with different ratio of sensitizers and activators. Up-conversion emission spectra of NaGd5/6Yb1/6F4: 0.8% Tm 3+ NPs synthesized under anhydrous and hydrous conditions were measured in the solid-state under 972 nm CW laser excitation (power density = 16.5 W/cm 2 ). Usually, at high laser intensities, the up-conversion response of the material changes. The local photothermal heating causes modulation in the crystal

Figure 2 . 16 :

 216 Figure 2.16: Up-conversion studies comparing the emission intensity of NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd and NaGd5/6Yb1/6F4: 0.8% Tm 3+ _hyd samples.

  Scheme 3.1: Synthesis of anhydrous lithium precursors 1 and 2.

3 . 3 :

 33 Scheme 3.3: Common bonding modes observed for the trifluoroacetate ligand in metal complexes.

Figure 3 . 1 :

 31 Figure 3.1: (a) Perspective view of [Li(TFA)(THF)]∞ (2) with displacement ellipsoids drawn at the 30% probability level. (b) One-dimensional structure of 2. H-atoms on the THF ligand have been omitted for clarity. Symmetry codes: (i) 2-x, 1-y, -z; (ii) 2+x, -1+y, z;

2 )

 2 Symmetry codes: (i) 2-x, 1-y, -z; (ii) 2+x, -1+y, z; (iii) 3-x, 1-y, -z. The lanthanide complexes [Ln(TFA)3(monoglyme)] ∞ [Ln = Gd (4) and Yb (6)] are isostructural, which crystallize in the monoclinic space group C2/c and form 1D zig-zag polymer. The perspective and extended structures of 4 and 6 are shown in Figure 3.2 and Figure 3.3, respectively, whereas Table 3.2 and Table

The gadolinium centres in 4

 4 are bridged by two and four TFA ligands alternatively, all bonded in μ,η 1 :η 1 fashion. The Gd•••Gd distance [5.5644(10) Å] is significantly longer when bridged by only two TFA ligands, as against 4.4526(7) Å for Gd atoms bridged by four TFA ligands. Each Gd atom bears one bidentate monoglyme ligand to attain an 8-coordination number, the geometry being square antiprismatic. The Gd-O (η 2 -monoglyme) and Gd-O (μ-TFA) bond lengths range from 2.316(5) to 2.501(5) Å. As expected, the Gd-O (η 2 -monoglyme) bonds (av. 2.50 Å) are longer than the corresponding Gd-O (μ, η 1 :η 1 -TFA) ones (av. 2.357 Å). The structure of 4 and 6 can be related to that of [Y(TFA)3(THF)(H2O)]∞, where the metals are bridged by four and two μ,η 1 :η 1 -TFA ligands alternatively. 11

Figure 3 . 2 :Figure 3 . 4 :

 3234 Figure 3.2: (a) Perspective view of [Gd(TFA)3(monoglyme)] (4) with displacement ellipsoids drawn at the 50% probability level. (b) One-dimensional structure of 4. H-atoms on monoglyme ligand have been omitted for clarity. Atom colour scheme same as shown in Figure 3.1.
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 35 Figure 3.5: TGA (a) and DTG (b) curves of anhydrous monoglyme complex of metal trifluoroacetate.

Figure 3 . 6 :

 36 Figure 3.6: TGA (a) and DTG (b) curves of hydrated trifluoroacetate of lithium and yttrium.

  of any internal energy transfer between them, which can otherwise affect the upconversion efficiency or alter the upconversion mechanisms. Therefore, we synthesized LiYF4 by simultaneous thermal decomposition of a 1:1 mixture of [Y(TFA)3(monoglyme)] and [Li(TFA)(monoglyme)] anhydrous precursors in the mixture of 1-octadecene (ODE) and oleic acid (OA).
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 38 Figure 3.8: Transmission electron microscopy images of a) undoped LiYF4 and b) undoped LiYbF4 prepared by thermal decomposition of anhydrous molecular precursors.

Figure 3 . 9 :

 39 Figure 3.9: Rietveld refinement performed on X-ray diffraction pattern of a series of doped LiYF4 with fixed ratio of sensitizer (Yb 3+ ) but different ratio of activators (Tm 3+ ) (Yb = ~20%; Tm = 0.4%, 0.8%, 1.2%. The ticks below the plot indicate the respective positions of the reflection for that particular phase.
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 310 Figure 3.10: Transmission electron microscopy images of LiY5/6Yb1/6F4: 0.4% Tm 3+ (a), LiY5/6Yb1/6F4: 1.2% Tm 3+ (b) and LiY5/6Yb1/6F4: 0.8% Tm 3+ (c).

Figure 3 . 11 :

 311 Figure 3.11: Difference in the upconversion emission intensities of the samples prepared with a different doping concentration of activator ions (Tm 3+ ) while keeping sensitizer (Yb 3+ ) at a fixed concentration. These spectra were measured from dry powder under similar excitation condition for all the samples.
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 312 Figure 3.12: TGA and DTG curves of LiYF4 doped with 20% Yb 3+ and 0.4% Tm 3+

Figure 3 .

 3 Figure 3.13: Temperature-dependent upconversion response of LiY5/6Yb1/6F4: 0.4% Tm 3+ .
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 13314 Figure 3.14: Rietveld refinement performed on X-ray diffraction pattern of three different samples prepared using different ratios of ODE and OA. The ticks below the plot indicate the respective positions of the reflection for that particular phase.
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 315 Figure 3.15: Transmission electron microscopy images of different LiY5/6Yb1/6F4: 0.4% Tm 3+ samples prepared by varying the ratio of ODE to OA as a) 1:3, b) 3:1, and c) 1:1

Figure 3 . 16 :

 316 Figure 3.16: Difference in the upconversion emission intensities of the samples prepared using three different ratios of solvents (ODE and OA). These spectra were measured from dry powder in the same excitation condition for all three samples.
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 31735 Figure 3.17: Rietveld refinement performed on X-ray diffraction pattern of three different samples prepared by taking different concentrations of precursors. The ticks below the plot indicate the respective positions of the reflection for that particular phase

Figure 3 . 18 :

 318 Figure 3.18: Transmission electron microscopy images of different LiY5/6Yb1/6F4: 0.4% Tm 3+ samples prepared by varying the concentration of precursors and their size distribution. a) 0.520 mmol/ml; b) 0.175 mmol/ml.

Figure 3 . 19 :

 319 Figure 3.19: Difference in the upconversion emission intensities of the samples prepared using different concentration of precursors. These spectra were measured from dry powder in the same excitation condition for all three samples

Figure 3 .

 3 Figure 3.20: Rietveld refinement of powder X-ray diffraction pattern of different samples prepared by decomposition of anhydrous precursors at varied temperatures (from 270°C -315°C). These peaks have been indexed with tetragonal LiYF4and orthorhombic YF3.

Figure 3 . 22 :

 322 Figure 3.22: Unit cell, bond length and bond angle values for the crystal structure of different samples decomposed at different temperature (270 °C-315 °C).

Figure 3 . 23 :

 323 Figure 3.23: Powder diffraction pattern showing a shift in the peak position for one sample decomposed at 295 °C.

  different temperatures helps us to understand the key mechanism of formation of diamond-shaped upconverting tetragonal LiYF4 nanoparticles. On combining our understanding about the formation of LiYF4 nanoparticles from previous sections (Section 3.2.2.2.2) and the from Figure 3.24, we can say that at lower decomposition temperature (270°C) the spherical YF3 and LiF nuclei are formed first which arrange/ organize themselves in a particular thermodynamically favourable direction to get transformed into tetragonal LiYF4 nanoparticles. The inter-planer spacing values (d-values) calculated by HRTEM analysis (Figure 3.15) of these spherical nanoparticles reveals that they are indeed orthorhombic YF3 which act as an intermediate product during the formation of LiYF4 nanoparticles.
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 324 Figure 3.24: Transmission electron microscopy images of LiY5/6Yb1/6F4: 0.4% Tm 3+ samples prepared by decomposing anhydrous precursors at different temperature (from 270 °C -315 °C).

Figure 3 . 25 :

 325 Figure 3.25: Variation of upconversion emission intensity of samples prepared at different temperatures (270 °C-315 °C).

Figure 3 .

 3 Figure 3.26:A plot of upconversion fluorescence peak intensity (green) against lattice strain of doped particle/ rod and coreshell particle/rod and Yb doped LaPO4 nanorod (reported by P. Ghosh et al and A. Kar et al).40,43 

Figure 3 . 27 :

 327 Figure 3.27: Incident power-dependent upconversion studies of LiY5/6Yb1/6F4: 0.4% Tm 3+ prepared by decomposing anhydrous molecular precursors at different temperatures (270 °C, 290 °C, 295 °C, and 315 °C). These samples are excited by a 973 nm CW laser.

Figure 3 . 28 :

 328 Figure 3.28: Transmission electron microscopy images of LiY5/6Yb1/6F4: 0.4% Tm 3+ samples taken at a different course of reaction from 30 min to 2 h. These images clearly show the formation of diamond morphology of nanoparticles is guided through small spherical seeds which aligns themselves in accordance to their minimum surface energy to get the most thermodynamic stable phase and morphology.
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 329 Figure 3.29: Upconversion emission spectra obtained under 10 W/cm 2 for the nanocrystals studied (black line) and for a single crystal (red) of the similar composition obtained by a modified Bridgman method. The doping concentrations have been measured by EDS

  the final digit are presented in parentheses b u. : undetectable
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 330 Figure 3.30: Comparative upconversion quantum yield of the sample prepared using anhydrous molecular precursors versusthe quantum yield of samples prepared at different laboratories as already reported (*) by Meijer et al.50 
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 41 Figure 4.1: Energy level diagram for Tm3+ and Yb 3+ as reported by Dulick and collaborators11 and also byBensalah et al. 12 .4 4.2. Results and discussion 4.2.1. Synthesis and characterization (structural and morphological) of upconverting nanoparticles The LiY5/6Yb1/6F4: 0.4% Tm 3+ nanocrystals were synthesized via thermal decomposition of anhydrous metal trifluoroacetate derivatives [Ln(TFA)3(monoglyme)] (Ln = Y, Tm, Yb) and Li(TFA)(monoglyme) (where TFA = trifluoroacetate) as molecular precursors at high temperature in high boiling solvents like 1-octadecene (ODE) and Oleic acid (OA). The detailed procedure is discussed in chapter 6. The crystalline phase and morphology of these nanoparticles have been characterized by an X-ray diffraction pattern (Figure 4.2) of the dried powder showing that they crystallize in the Scheelite structure space group I 41/a, and transmission electron microscopy images (Figure 4.3) in

Figure 4 . 4 :

 44 Figure 4.4: Experimental setup for excited state emission spectroscopic measurements.

Figure 4 . 5 :

 45 Figure 4.5: Upconversion spectra of LiY5/6Yb1/6F4: 0.4% Tm 3+ nanocrystals under a 973 nm excitation wavelength with an incidence power density of 4.32 W/cm 2 (a). Energy level diagram for Yb 3+ -Tm 3+ codoped system (b). The luminescence intensity variations of the principal emission components for the excitation intensity of the IR laser (c).

Figure 4 .

 4 5 (a) the black lines show the emission transitions going down to the ground level of Tm 3+ ( 3 H6), while the blue lines represent the transitions going down to the first excited multiplet of Tm 3+ ( 3 F4). The arrows in Figure 4.5(b) indicate the three transitions presented in panel (c) with the same colour code.

Figure 4 .

 4 Figure 4.5(c) presents the evolution of luminescence intensity of the three main emissions as a function of the excitation source intensity. From a few tens of mW/cm 2 up to 30 W/cm 2 , the blue

Figure 4 . 6 :

 46 Figure 4.6: Various Tm 3+ transitions under different excitation conditions. Description: Upper panel: In blue, excitation (right) and emission (left) of the 3 H4 → 3 H6 transition of Tm 3+ ions in LiYF4 nanocrystals at 805 nm with the OPO laser alone. In red, excitation (right) and emission (left) of the same transition with the CW laser alone. Lower panel: for the same transition in black, excitation spectra under a combined excitation of a CW laser at 973 nm with an intensity of 13 mW/cm 2 and a variable-wavelength OPO pulsed laser after subtraction of the IR laser contribution. On the left, in green, the corresponding emission spectra with the OPO centred at 1210 nm.
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 47 Figure 4.7: lifetime in the excited state 3 H4→ 3 H6 under different excitation schemes (continuous wave and pulsed laser).

Figure 4 .

 4 Figure 4.7 presents lifetime in the excited state measurements of the 3 H4→ 3 H6 (805 nm)

Figure 4 . 8 :

 48 Figure 4.8: Excitation spectra of the 1 G4→ 3 H6 transition with (black) or without (red) the CW IR laser at 100 mW/cm 2 .Description: Below have presented the different transitions in Tm3+ and Yb 3+ ions. In orange, the 2 F7/2→ 2 F5/2 absorption of Ytterbium can generate blue emission of Tm 3+ by sensitive cooperation. In dark green the 3 H6→ 3 H4 transition is almost resonant with the 3 H5→ 1 G4 (in blue) transition allowing a two-photon upconversion up to the 1 G4 manifold. In magenta, the 3 H6→ 3 F3 transition is in close resonance with the 3 F3→ 1 D2 transition (dotted magenta arrow) allowing to populate the 1 D2

Figure 4 . 9 :

 49 Figure 4.9: Emission spectra of Tm 3+ ions in LiYF4:Yb 3+ , Tm 3+ nanocrystals under dual excitation (black line) of a CW IR laser ( 1 W/cm 2 ) at 973 nm and an OPO laser at 446.45 nm or simple excitation with the IR laser (dashed red line) or with the OPO laser (thick green line).

Figure 4 . 10 :

 410 Figure 4.10: Excitation spectra of the 1 D2 → 3 H6 transition of Tm 3+ ions in LiYF4: Yb 3+ , Tm 3+ nanocrystals. Description: The black curve corresponds to the dual excitation with a CW IR laser at 973 nm and the OPO laser of varying wavelength. The green curve corresponds to the excitation spectrum using only the OPO laser source. The red curve corresponds to the average emission intensity when using only the IR excitation (the clear red band being the ±2σ intensity fluctuation over time). In the upper part, the different possible transitions for thulium ions 11 are plotted with their intensities normalized to their expected relative population from the starting levels according to a simple Boltzmann distribution at room temperature. The colours of the transition are the text tag colours of the bottom figure.

Figure 4 .

 4 Figure 4.11: lifetime in the excited state of the emission at 360 nm ( 1 D2→ 3 H6) under two different excitation schemes.

Figure 4 .

 4 Figure 4.11 presents lifetime in the excited state measurements of the 1 D2→ 3 H6 under two different excitation schemes. The first one, in blue, is under excitation of the Yb 3+ ions, in a classical upconversion scheme. A build-up time appears at short time scales followed by an exponential decay

Figure 4 . 12 :

 412 Figure 4.12: Emission spectra of Tm 3+ ions in LiYF4:Yb, Tm nanocrystals under dual excitation. Description: The red lines represent the dual excitation of an SCW IR laser at 973 nm and the LED or by the LED alone is shown by blue stars and black lines represent the IR laser alone. The brown stars correspond to excitation with sun-like excitation (lamp + filter). The inset is a close-up in a linear scale of the weaker spectra. The noise of the detector is around 3 counts/s.

Figure 4 . 14 .

 414 It demonstrates that the overall mechanism involves 1 photon in the blue and 1 photon in the IR, which satisfies the energy conservation law to obtain UV light at 360 nm.

Figure 4 . 13 :

 413 Figure 4.13: Emission intensity of the 1 D2→ 3 H6 of Tm 3+ ions in LiYF4:Yb 3+ , Tm 3+ nanocrystals under dual excitation (black line) of a CW IR laser at 973 nm and an LED centred at 460 nm. Description: The red line represents the excitation of the CW IR laser alone and the blue line represents the excitation from LED alone (together with its ±2σ variation) as a function of the IR intensity. The black line represents the total emission of Tm 3+ ions in LiYF4: Yb 3+ , Tm 3+ nanocrystals in the range of 360-370 nm ( 1 D2→ 3 H6 of Tm 3+ ions) under dual excitation (IR + LED). The LED is kept at 3 mW/cm 2 . The dashed lines are a guide for the eyes showing a variation following a linear relation with intensity (black) or following a power law with a factor of 3 (red).

Figure 4 . 14 :

 414 Figure 4.14: Total emission in the range 360-370 nm Tm 3+ ions in LiYF4:Yb, Tm nanocrystals ( 1 D2→ 3 H6) under dual excitation of a CW IR laser at 973 nm and a LED centred at 460 nm (M455L1 from Thorlabs) with varying intensity.

Figure 4 . 15 :

 415 Figure 4.15: Measured spectra of the Xe lamp and filter used to excite the nanoparticles under sun-like excitation.
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 511652 Figure 5.1: Contribution of different radiation in the solar spectrum.16 
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 52 Figure 5.2: TEM images of TiO2@ LiY5/6Yb1/6F4: 0.4% Tm 3+ NPs using oleic acid as a capping ligand.

Figure 5 . 3 :

 53 Figure 5.3: N, N-dimethylaminoethanol (dmeaH) (a) and N-methyl diethanolamine (mdeaH2) (b) ligands used as capping ligands in the present study.

Figure 5 .

 5 4 and Figure5.5 show the TEM images of the as-prepared core-shell particles (before calcination) obtained using the upconverting nanoparticles functionalized by the N, Ndimethyl ethanolamine and N -methyl diethanolamine as capping ligands, respectively. We observe the presence of an amorphous TiO2 layer around the upconverting nanoparticles. The line profiling from the HRTEM analysis further confirms the presence of (101) planes of tetragonal LiYF4. To further investigate the composition of the amorphous coating around these nanoparticles, we performed STEM analysis and EDX mapping which clearly shows the presence of Ti and O around these nanoparticles.

Figure 5 . 4 :

 54 Figure 5.4: Transmission electron microscopy images of TiO2 coated LiY5/6Yb1/6F4: 0.4% Tm 3+ samples when N, N-dimethyl ethanolamine was used as functionalizing ligand. The top left image clearly shows the coating of amorphous TiO2 on well crystalline LiYF4 nanoparticle which is further confirmed by calculating d spacing of 0.46 nm corresponding to (101) planes of tetragonal LiYF4. The STEM image on the top right and subsequent EDX mapping data show a nearly uniform coating of TiO2 around LiYF4 nanocrystals.

Figure 5 . 5 :

 55 Figure 5.5: STEM imaging and EDX mapping of TiO2 coated LiY5/6Yb1/6F4: 0.4% Tm 3+ upconverting nanoparticles using Nmethyl diethanolamine as a functionalizing ligand.

Figure 5 .

 5 6 b) shows the digital images of these UCNPs-embedded metallogels being irradiated with the 973 nm laser excitation thus confirming further the even distribution of upconverting nanoparticles.

Figure 5 . 6 :Figure 5 . 7 :

 5657 Figure 5.6: Blank and UCNPs-embedded TiO2 metallogels synthesized using controlled hydrolysis and condensation of Ti(OEt)4 in the presence of varying amounts of LiY5/6Yb1/6F4: 0.4% Tm 3+ NPs (a). The varied intensity of Tm 3+ luminescence with different doping percentage of up-converting LiY5/6Yb1/6F4: 0.4% Tm 3+ nanoparticles in TiO2 metallogels (b). The nanoparticles are uniformly embedded in TiO2 gel as observed from the output blue luminescence.

  Tm 3+ nanoparticles were calcined alone at 400 °C, they did not yield any YF3 impurity (Figure5.8 a)). This underlines the importance of the surrounding environment during the synthesis and treatment of lithium-based upconverting nanoparticles. The N2 adsorption-desorption isotherms (Figure 5.8 b)) of these as-dried UC NPs-embedded TiO2 xerogels are quite similar to the isotherm obtained for the undoped TiO2 xerogel. Even though the basic features of the obtained type IV isotherms remain unchanged, the BET surface area of these

Figure 5 . 8 :

 58 Figure 5.8: Characterization of UCNPs embedded TiO2 metallogels. Powder X-ray diffraction pattern of Pure LiY5/6Yb1/6F4: 0.4% Tm 3+ and it's composite with TiO2 metallogel with and without heat treatment (a). N2 adsorption and desorption isotherms of undoped TiO2 dried gel and TiO2 gels embedded with different percentages of LiY5/6Yb1/6F4: 0.4% Tm 3+ (b). TEM and EDX spectroscopic studies of 10% UCNP-TiO2 sample before calcination of the dried gel. The HRTEM image shows lattice fringes corresponding to the (112) plane of tetragonal LiYF4 (c).

Figure 5 . 12 :

 512 Figure 5.12: Photodegradation study of methylene shown by the relative change in concentration blue using Xe lamp under infrared irradiation band (above 800nm) (a). Natural logarithm of the ratio of initial concentration (C0) and final concentration (C ) for understanding degradation kinetics (b). UV-Vis absorption spectra showing degradation of methylene blue c) 10% UCNPs-TiO2 and d) 5% UCNPs-TiO2 nanocomposites. First-order rate constants, k (hour -1 ), of different UCNPs-TiO2 catalyst for the degradation of MB (e).

6 6 . 5 .

 65 Synthesis of lithium-based UCNPsIn this section, we first present the general method of synthesis of lithium-based upconverting nanomaterials (UCNPs). We will describe the detailed synthesis methodology for undoped LiYF4 nanoparticles, which could be extended to synthesize LiY5/6Yb1/6F4: x%Tm 3+ by mixing the appropriate amounts of Y, Yb and Tm precursors during the reaction. For this, we prepare two different solutions, A and B. Solution A was prepared by taking equivalent amounts of [Li(TFA)(monoglyme)] (1.76 g, 3.4 mmol)) and [Y(TFA)3(monoglyme)] (0.71 g, 3.40 mmol), in a round bottom schlenk containing 2 ml each of oleic acid (OA) and 1-octadecene (ODE). This solution was maintained at 120 °C for 30 min under an inert atmosphere to obtain a clear homogeneous and transparent solution. Solution B was prepared in another round bottom schlenk containing 3 ml each of OA and ODE. Unless specified otherwise, the ratio of OA and ODE was kept 1:1 for all the

  studies were performed in collaboration with Dr Per-Anders Stensby Hansen from the Department of Chemistry, University of Oslo, who welcomed me for three weeks in his team. During this study, we varied the separation (from 1 nm to 4 nm) distance between these monolayers by introducing the buffer Y layer (which is optically inactive). These samples were denoted as Y-G-Yx-TiO2, where x is the separation distance between these layers in nm. The Experimental setup and representative figure are shown here (Figure 7.1).

Figure 7 . 1 :

 71 Figure 7.1: Experimental setup a) and representative figure for the different sample prepared by varying the thickness of the yttrium layer using atomic layer deposition (ALD) technique b).

  parametric oscillator (OPO) from EKSPLA (model NT230-50-SH) with a fixed repetition rate of 50 Hz and a pulse width of 3 ns. The spot size has a 5 mm diameter on the sample with a Gaussian intensity distribution. The emitted light from the sample is collected by an optical fibre connected to a Jobin-Yvon TRIAX320 monochromator equipped with a cooled CCD detector. At the entrance of the monochromator, various long and bandpass filters were chosen to eliminate the excitation light.

Figure 7 . 2 :

 72 Figure 7.2: Emission spectra for different thin film samples with varying separation layer (YF3) thickness.
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 21 Different crystalline phases and crystallite size of the NaGdF4: Yb 3+ , Tm 3+ NPs obtained from the thermal decomposition of SSPs [NaLn(TFA)4(diglyme)] (Ln = Gd, Yb, Tm) at 290 °C in 1:1 mixture of 1-Octadecene + Oleic acid or 1-Octadecene + Oleylamine.

	Composition, crystalline phase and crystallite size (from Scherrer equation) of UCNPs
	ODE + OA	ODE + OM
	NaGdF4	NaGdF4
	(~19 nm)	(~7 nm)
		NaGd5/6Yb1/6F4: 0.4% Tm 3+	nm
	NaGd5/6Yb1/6F4: 1% Tm 3+	NaGd5/6Yb1/6F4: 0.8% Tm 3+
		nm
	(~13 nm)	
		NaGd5/6Yb1/6F4: 1.2% Tm 3+
		nm
	NaGd3/4Yb1/4F4: 1% Tm 3+ (~6 nm)	
		NaGd2/3Yb1/3F4: 0.3% Tm 3+
		nm
	NaGd2/3Yb1/3F4: 1% Tm 3+	NaGd2/3Yb1/3F4: 0.6% Tm 3+
	(~18 nm)	

nm 2.2.1.2.2. Effect on size, shape and morphology TEM images of these nanoparticles produced by the thermal decomposition method show that they are almost spherical and less than 20 nm in size {Figure 2.5 and Figure

2

.6 (decomposed in the mixture of 1-octadecene and oleylamine) whereas

Table 2 .

 2 2: Upconversion quantum yield (QY) and energy conversion efficiency(ECE) of NaGd5/6Yb1/6F4: 0.8% Tm 3+ _anhyd at different power densities of the IR laser for different spectral regions: the under-script UV represents the region between 250 and 375nm, 475 corresponds to the region 430-530 nm, 648 corresponds to 635-665 nm, 700 corresponds to 670-720 nm, 802 corresponds to 730-870 nm. Finally, the total stands for the whole 250-900 nm region.

							Φ802
	Intensity	Φtotal	ΦUV	Φ475	Φ648	Φ700	
	(W/cm 2 )	ECEtotal	ECEUV	ECE475	ECE648	ECE700	ECE802
		0.018(3)	1.3(2) x 10 -5	3.4(7) x 10 -4	1.1(2) x 10 -4	1.5(3) x 10 -4	0.017(3)
	26.9						
		0.023(4)	3.5(7) x 10 -5	7(14) x 10 -4	1.7(3) x 10 -4	2.1(4) x 10 -4	0.021(4)
		0.011(2)	2.7(5) x 10 -6	2.2(4) x 10 -4	5.9(12) x 10 -5	2.5(5) x 10 -5	0.010(2)
	10.3						
		0.013(2)	7.3(14) x 10 -6	4.6(9) x 10 -4	8.9(18) x 10 -5	3.6(7) x 10 -5	0.013(2)
		0.005(1)	2.9(6) x 10 -7	5.4(10) x 10 -5	1.6(3) x 10 -5	8.2(16) x 10 -6	0.005(1)
	4.2						
		0.006(1)	8.1(16) x 10 -7	1.1(2) x 10 -4	2.4(5) x 10 -5	1.1(2) x 10 -5	0.006(1)

Table 2 .

 2 8% Tm 3+ _hyd at different power densities of the IR laser for different spectral regions: the under-script UV represents the region between 250 and 375nm, 475 corresponds to the region 430-530 nm, 648 corresponds to 635-665 nm, 700 corresponds to 670-720 nm, 802 corresponds to 730-870 nm. Finally, the total stands for the whole 250-900 nm region.

	Intensity	Φtotal	ΦUV	Φ475	Φ648	Φ700	Φ802
	(W/cm 2 )	ECEtotal	ECEUV	ECE475	ECE648	ECE700	ECE802
		0.0004(1)	9.0(18) x 10 -9	4.1(8) x 10 -7	6.4(12) x 10 -7	1.8(4) x 10 -5	0.00034 (7)
	29.4						
		0.00049(10)	2.4(5) x 10 -8	8.5(17) x 10 -7 9.5(20) x 10 -7	2.5(5) x 10 -5	0.00040 (8)
		0.00073(15)	4.2(8) x 10 -9	7.0(14) x 10 -7 5.2(10) x 10 -7 6.2(12) x 10 -6 0.00070 (14)
	10.9						
		0.00089(18)	1.1(2) x 10 -8	1.4(3) x 10 -6	7.8(16) x 10 -7 8.7(17) x 10 -6 0.00085 (17)
		0.00085(17)	2.4(5) x 10 -9	7.4(15) x 10 -7	4.6(9) x 10 -7	2.0(4) x 10 -6	0.00083 (17)
	4.2						
		0.00103(2)	7.1(14) x 10 -9				

3: Upconversion quantum yield (QY) and energy conversion efficiency (ECE) of NaGd5/6Yb1/6F4: 0.
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1: Selected bond lengths (Å) and angles (°) for 2.
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 3 6: upconversion Quantum yield (QY) and energy conversion efficiency(ECE) at different intensities of the IR laser fordifferent spectral regions: the under-script UV represents the region between 250 and 375nm, 451 corresponds to the region 440-460 nm, 480 to the region 461-507 nm, 649 to the region 620-732 nm, 794 to the region 733-880 nm. Finally, the total stands for the whole 250-900 nm region.
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 6 1: Crystallographic and refinement data for complexes 2, 4 and 5.

	6 6.2. Experimental setup
	6.2.1. Upconversion measurements
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 6 2: Synthesis of NaGdF4: x% Yb 3+ , y% Tm 3+ _anhyd in the mixture of 1-octadecene and oleylamine

	Sample	Reagents	Amount taken (g)	Millimoles taken
		[NaGd(TFA) 4 (diglyme)]	1.780	2.30
	NaGd5/6Yb1/6F4: 0.4% Tm	[NaYb(TFA) 4 (diglyme)]	0.362	0.46
		[NaTm(TFA) 4 (diglyme)]	0.009	0.011
		[NaGd(TFA) 4 (diglyme)]	1.220	1.59
	NaGd5/6Yb1/6F4: 0.8% Tm	[NaYb(TFA) 4 (diglyme)]	0.250	0.32
		[NaTm(TFA) 4 (diglyme)]	0.012	0.015
		[NaGd(TFA) 4 (diglyme)]	1.025	1.33
	NaGd5/6Yb1/6F4: 1.2% Tm	[NaYb(TFA) 4 (diglyme)]	0.201	0.25
		[NaTm(TFA) 4 (diglyme)]	0.015	0.019
		[NaGd(TFA) 4 (diglyme)]	0.827	1.07
	NaGd2/3Yb1/3F4: 0.3% Tm	[NaYb(TFA) 4 (diglyme)]	0.430	0.55
		[NaTm(TFA) 4 (diglyme)]	0.004	0.005
		[NaGd(TFA) 4 (diglyme)]	0.620	0.80
	NaGd2/3Yb1/3F4: 0.6% Tm	[NaYb(TFA) 4 (diglyme)]	0.316	0.40
		[NaTm(TFA) 4 (diglyme)]	0.006	0.007

Table 6 .

 6 4:The amount of precursors used to synthesize NaGdF4: x% Yb 3+ , y% Tm 3+ _hyd in ethylene glycol at room temperature.

	Sample	Reagents	Amount taken (g) Millimoles taken
		Gd(NO 3 ) 3 .6H 2 O	0.2	0.44
		Yb(NO 3 ) 3 .5H 2 O	0.04	0.089
	NaGd5/6Yb1/6F4: 0.4% Tm	Tm(NO 3 ) 3 .5H 2 O	0.0010	0.002
		NaNO 3	0.075	0.88
		NH 4 F	0.361	9.7
		Gd(NO 3 ) 3 .6H 2 O	0.2	0.44
		Yb(NO 3 ) 3 .5H 2 O	0.04	0.89
	NaGd5/6Yb1/6F4: 0.8% Tm	Tm(NO 3 ) 3 .5H 2 O	0.0019	0.004
		NaNO 3	0.75	0.88
		NH 4 F	0.361	9.7
		Gd(NO 3 ) 3 .6H 2 O	0.2	0.44
		Yb(NO 3 ) 3 .5H 2 O	0.04	0.089
	NaGd5/6Yb1/6F4: 1.2% Tm	Tm(NO 3 ) 3 .5H 2 O	0.003	0.006
		NaNO 3	0.075	0.88
		NH 4 F	0.361	9.7
		Gd(NO 3 ) 3 .6H 2 O	0.2	0.44
		Yb(NO 3 ) 3 .5H 2 O	0.1	0.22
	NaGd2/3Yb1/3F4: 0.3% Tm	Tm(NO 3 ) 3 .5H 2 O	0.0010	0.002
		NaNO 3	0.075	0.88
		NH 4 F	0.361	9.7
		Gd(NO 3 ) 3 .6H 2 O	0.2	0.44
		Yb(NO 3 ) 3 .5H 2 O	0.1	0.22
	NaGd2/3Yb1/3F4: 0.6% Tm	Tm(NO 3 ) 3 .5H 2 O	0.0019	0.004
		NaNO 3	0.075	0.88
		NH 4 F	0.361	9.7

Table 6 .

 6 6: The amount of precursors used to synthesize doped LiYF4 with varying ratio of Tm 3+ using anhydrous precursors by thermal decomposition at 290°C.

	Sample	Reagents	Amount taken (g)	Millimoles taken
		[Li(TFA)(monoglyme)]	1.075	5.12
		[Y(TFA) 3 (monoglyme)]	2.650	5.11
	LiY5/6Yb1/6F4: 0.4% Tm	[Yb(TFA) 3 (monoglyme)]	0.617	1.02
		[Tm(TFA) 3 (monoglyme)]	0.017	0.028
		[Li(TFA)(monoglyme)]	0.365	1.73
		[Y(TFA) 3 (monoglyme)]	0.90	1.74
	LiY5/6Yb1/6F4: 0.8% Tm	[Yb(TFA) 3 (monoglyme)]	0.20	0.34
		[Tm(TFA) 3 (monoglyme)]	0.010	0.017
		[Li(TFA)(monoglyme)]	0.41	1.95
		[Y(TFA) 3 (monoglyme)]	1.01	1.95
	LiY5/6Yb1/6F4: 1.2% Tm	[Yb(TFA) 3 (monoglyme)]	0.234	0.39
		[Tm(TFA) 3 (monoglyme)]	0.016	0.028
	6.5.1.2. Influence of ratios of ODE and OA		

Table 6 .

 6 7:The amount of precursors used to synthesize LiY5/6Yb1/6F4: 0.4% Tm 3+ in a decomposition mixture containing a different ratio of 1-octadecene and oleic acid.

		ODE: OA		
	Precursors	1:1	1:3	3:1
	[Li(TFA)(monoglyme)]	0.447 g (2.12 mmol)	0.737 g (3.50 mmol)	0.796 g (3.8 mmol)
	[Y(TFA) 3 (monoglyme)]	1.097 g (2.11 mmol)	1.812 g (3.51 mmol)	1.957 g (3.77 mmol)
	[Yb(TFA) 3 (monoglyme)]	0.255 g (0.42 mmol)	0.422 g (0.70 mmol)	0.455 g (0.75 mmol)

Table 6 .

 6 8: The amount of precursors used for studying the effect of their concentration on the resultant LiY5/6Yb1/6F4: 0.4% Tm 3+ UCNPs.

		Precursor's concentration variation	
	Precursors	0.175 mmol/ml	0.512 mmol/ml
	[Li(TFA)(monoglyme)]	0.734 g (3.5 mmol)	1.075 g (5.11 mmol)
	[Y(TFA) 3 (monoglyme)]	1.80 g (3.49 mmol)	2.65 g (5.12 mmol)
	[Yb(TFA) 3 (monoglyme)]	0.42 g (0.70 mmol)	0.617 g (1.02 mmol)

Table 6 .

 6 9: The amount of precursors used for studying the effect of decomposition temperature on the resultant LiY5/6Yb1/6F4: 0.4% Tm 3+ UCNPs.

		Decomposition temperature variation	
	Precursors	270°C	290°C	295°C	315°C
	[Li(TFA)(monoglyme)]	0.606 g (2.88 mmol)	0.447 g (2.12 mmol)	0.988 g (4.70 mmol)	0.66 g (3.14 mmol)
	[Y(TFA) 3 (monoglyme)]	1.49 g (2.87 mmol)	1.097 g (2.11 mmol)	1.626 g (3.13 mmol)	1.08 g (2.09 mmol)
	[Yb(TFA) 3 (monoglyme)]	0.346 g (0.57 mmol)	0.255 g (0.42 mmol)	0.382 g (0.635 mmol)	0.252 g (0.42 mmol)
	[Tm(TFA) 3 (monoglyme)]	0.008 g (0.014 mmol)	0.006 g (0.010 mmol)	0.009 g (0.016 mmol)	

2.4. References

Table 3.4: Rietveld refinement parameters of powder X-ray diffraction pattern of different samples prepared with different ratio of solvents during thermal decomposition.

(°) LiY 5/6 Yb 1/6 F 4 : 0.4 % Tm
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Spectroscopic characterization

The FT-IR spectra of 1-6 account for anhydrous species (absence of νOH absorptions in the region 3000-3500 cm -1 ). The asymmetric and symmetric vibrations of the ν(CO2) group are indicative of binding modes of a carboxylate ligand (Scheme 3.3). The stretching frequency of the C=O bond differs for solely bridging, chelating or both bridging and chelating TFA ligand. The position of this frequency is affected also by the number and type of donating atoms of the coordinating ligand on the metal centre.

The appearance of a single but relatively broad peak in the region 1550-1800 cm -1 for the monoglyme complexes 1-6 is consistent with only one type of TFA ligand present in these precursors (Figure 3.4).

The frequencies around 1110-1210 cm -1 confirm the presence of C-F and C-O bonds. Some low-frequency peaks around 410-650 cm -1 are characteristic vibration peaks for νM-O bonds.

The 1 H NMR spectra of the diamagnetic complexes 1 and 3 show peaks of the coordinated monoglyme moiety at δ 3.28 and 3.46 ppm for CH3 and CH2 protons, respectively, whereas in the spectrum of 2, the coordinated THF appears as two triplets at δ 1.81-1.89 and 3.66-3.70 ppm for the β-and α-hydrogens, respectively. A single peak at δ -76.9-77.0 ppm in the 19 F NMR spectra of 1-3 confirmed the presence of TFA groups. These spectroscopic results, along with the elemental analysis data, indicate that the bulk powders of 1-6 are consistent with the single-crystal structures described in the previous subsection. 

Characterization and surface properties of dried TiO2-UCNPs xerogel

The obtained metallogels were dried by leaving them in the open air for 2 days. The as-dried undoped TiO2 xerogel was amorphous as indicated by its powder XRD (Figure 5.7 a)). Its thermogravimetric analysis, performed in the air in the range of 25°C to 600°C with a heating rate of 5°C/min (Figure 5.7 b)), shows one step dehydration process. This loss in the mass (25.9%) can be attributed to the removal of coordinated/weakly adsorbed surface water and alcohol molecules as well as condensation of the hydroxyl groups to TiO2. There is no further mass loss observed in the TGA curve after 300°C. The N2 adsorption-desorption isotherm of this as-dried sample, pre-treated for 24 h at 100 °C under 10 -3 Torr, is typical of mesoporous materials, with a significantly high BET surface area of 489 m 2 /g (Figure 5.7 c)). Subsequently, the as-dried undoped powder was calcined at different temperature (with a heating rate of 10°C/ min for 2h, following the natural cooling) to study the effect of calcination temperature on its crystallinity as well as surface properties. The powder XRD studies on these samples show that the powder remains amorphous till 200 °C, starts crystallizing before 300 °C and is completely crystallized at 400 °C. All the XRD peaks are indexed to the ICDD database file number 04-001-7641, which corresponds to the anatase phase of TiO2. From the BET analysis of the noncalcined sample, it is evident that the amorphous gel network possesses small micro/mesopores, whose average size is found to be less than 4 nm. As expected, the calcined samples show relatively less surface area (336 m 2 /g and 127 m 2 /g for the samples calcined at 300°C and 400°C, respectively) due to shrinkage of the amorphous gel network into a well-arranged and dense crystalline arrangement of metal oxide nanoparticles. These changes also result in well-defined isotherms of type IV with the range of hysteresis increasing gradually with the calcination temperature (in the region 0.4<P/P0<0.8 for the sample calcined at 400 °C). The way the solvent molecules are removed from the TiO2 molecular gels can significantly change the surface area of the sample. Similar to isotherms, the pore size distribution in the calcined samples also becomes more symmetrical, and shifted towards a larger size (Figure 5.7 d)). Also, some of the micropores observed in the as-dried xerogel are eliminated in the calcined samples.

Upconversion studies

We performed upconversion studies on these UCNPs-TiO2 nanocomposites to evaluate their performance for their application for photocatalysis. In this regard, we first studied the upconversion properties of shell-core upconverting nanostructures (TiO2@ LiY5/6Yb1/6F4: 0.4% Tm 3+ ) synthesized using different capping ligands (using CW laser excitation at 973 nm). These composites showed reduced upconversion emission intensity as compared to the non-coated LiY5/6Yb1/6F4: 0.4% Tm 3+ in the UV region of the upconversion spectrum. Here in the sample marked (a) was prepared using mdeaH2 ligand whereas (b) was prepared using dmeaH ligand. The modification of bare upconverting nanoparticles with these ligands has certainly an impact on how the Ti precursor get attached to these nanoparticles. These spectra are normalized for 1 G4 3 F4 transition. All the classical peaks for 4f-4f intra-band Tm 3+ transitions are observed in the spectra but, the characteristic UV emission from 1 I6 to 3 H4 (290 nm) was very prominent in the non-coated sample is completely absent in both of the TiO2coated samples. Also, the emission intensity at 348 nm, representing 1 I6 to 3 F4 Tm 3+ transition has been quenched significantly for both (a) and (b). On careful analysis of the coating of both the ligands (mdeaH2 (a) and dmeaH (b)), as the distribution of TiO2 on the surface of nanoparticle is more uniform in the case of coating using dmeaH (b), the probable transfer of energy to the TiO2 is more efficient and this is evident by 5.1 times reduction in the emission intensity (Figure 5.9) compared to 2.8 times for mdeaH2 (a). The other major peaks in the UV region (362 nm, concerning 1 D2 to 3 H6 transition) have also observed reduced emission intensity (around 2.1 times for (a) and 2.4 times for (b)).

The reduction in the upconversion emission depends not only on the presence of titanium dioxide around them but also on the other phenomena such as i) presence of defects on the surface 38- 40 ; ii) presence of competing -OH groups on the surface 41 and hence the quality of the nanoparticles can also be estimated by analysing the relative intensity of upconversion emission between different samples 42 . However, the absence of peaks at around 290 nm and the quenching of upconversion emission in other UV regions (348 nm ( 1 I6 3 F4) and 362 nm ( 1 D2 3 H4)) as well in the titania-coated samples justifies i) the relatively uniform presence of titania around the samples, and ii) the systematic non-radiative energy transfer from Tm 3+ to titania 2 .

calcination step the interaction between the UCNPs and TiO2 becomes more efficient for the nonradiative transfer of energy from UCNPs to TiO2. 

Photocatalytic studies

We chose methylene blue dye as a model pollutant to evaluate the photocatalytic activities of undoped and LiY5/6Yb1/6F4: 0.4% Tm 3+ UCNPs-doped TiO2. For all these measurements, we chose a volume of 60 ml of an aqueous solution of methylene blue (15 mg/L) containing 30 mg of the catalysts (TiO2 or UCNPs-TiO2 NPs calcined previously at 400 °C) (0.5 g/L). The solution was first stirred for 12 h in dark to reach an adsorption-desorption equilibrium between the nanoparticles and the solution. 43 The extent of degradation of aliquots at different time interval was determined by analysing the UV-Vis spectra by measuring the solution's concentration using Beer-Lambert law.

From Figure 5.12 a), we observe the degradation behaviour of methylene blue aqueous solution under Xe lamp with infrared irradiation band (800 nm -2500 nm) using HWB-800 filter. First, we performed a blank experiment without any catalyst just to see the behaviour of methylene blue under only IR irradiation and, as expected we did not see any decrease in the MB concentration. Then photocatalytic behaviour of TiO2 alone was observed and unexpectedly, we did see some reduction in MB concentration in the solution. Furthermore, with a different mixing ratio of UCNPs in TiO2, we observe a significant reduction in the concentration of methylene blue. Figure 5.12(b) shows the relationship between ln(C0/C) and time for 5% UCNPs-TiO2, 10% UCNPs-TiO2 and pure TiO2 sample along with the reference MB dye sample, where C0 is the initial concentration of MB and C is the concentration of the dye at time t. The curve for UCNPs-TiO2 is nearly linear and the ratio of ln(C0/C) increases at a nearly constant rate with increasing time. We can observe faster kinetics for methylene blue dye degradation compared to pure TiO2. The performance of catalysts towards the degradation of methylene blue dye could be demonstrated by the respective rate constant considering the firstorder kinetic degradation of MB. The first-order rate constants were calculated using the following equation:

(5.1)

Figure 5.12(e) shows the rate constant values for different catalysts. The 5% UCNPs-TiO2 sample has a k value of 0.034 hour -1 which is higher than 10% UCNPs-TiO2 sample (k = 0.021 hour -1 ). In 12h duration, 5% UCNPs-TiO2 shows the degradation of nearly 35% of the dye concentration as against ~20% degradation by 10% UCNPs-TiO2. These values show an enhanced photocatalytic activity for the 5% UCNPs-TiO2 sample, probably due to its higher surface area (564 m 2 /g for as-dried sample) than that of the 10% UCNPs-TiO2 sample (436 m 2 /g). Sigma Aldrich), ahydrous ethanol (EtOH; Carlo Erba), oleic acid (C18H34O2; 90%, Alfa Aesar), Oleylamine (C18H35NH2; Alfa Aesar), 1-Octadecene (C18H36; 90%, Acros organics), ethylene glycol ((CH2OH)2; Sigma Aldrich) were used without any further purification. These chemicals were opened carefully around the argon atmosphere to minimize the risk of contamination due to moisture and then sealed with parafilm after use.

Chapter 6 Experimental

1 H NMR spectra were recorded in CDCl3 on a Bruker AC-300 spectrometer. The infrared spectra were obtained as Nujol mulls on a Bruker Vector 22 FT-IR spectrometer at room temperature and registered from 4000 to 400 cm -1 . TEM experiments were performed using a JEM-2100HT at 200 kV. We used a Bruker D8 Advance A25 with Cu Kα1 + 2 (λ = 0.154184 nm) to measure the X-ray diffraction (XRD) patterns of the powdered crystals. During XRD, for the gadolinium sample, we used a special discrimination window to reduce the autofluorescence. The nitrogen adsorption and desorption isotherms were measured using an ASAP 2020 system. We employed the linear part of the Brunauer-Emmett-Teller (BET) method to calculate the specific surface area of these nanocomposites, while the Barrett-Joyner-Halenda (BJH) method provided their pore size distribution.

Thermogravimetric analyses (TGA) were performed with a TGA/differential scanning calorimetry 1

STARe system from Mettler Toledo. For anhydrous precursors, around 5-10 mg of the sample was sealed in a 100 μL aluminium crucible in the glovebox and heated under an argon atmosphere at a heating rate of 5 °C/min, whereas for the powder samples, around 5-10 mg sample taken in an alumina crucible and heated in air or argon at a constant heating rate of 5°C/min. decompositions. This solution was first degassed with constant stirring under argon flow and then heated to 290 °C. Once the temperature became stable at 290 °C, we injected then pre-heated precursor solution A into the decomposition solution B all at once. This solution was kept under constant stirred at 290 °C for 1 h, after which it was gradually cooled down to room temperature under argon flow. The nanocrystals were then precipitated out by adding ethanol and were separated using centrifugation (4500 rpm, 5 min). The powder obtained was washed three times with ethanol to remove any organic impurities and then dried under air at room temperature for 24 hours. The nanocrystals obtained were phase-pure tetragonal (ICDD# 04-007-5501). A similar method was adopted to prepare undoped LiYbF4 also (ICDD# 04-010-3625). To obtain the host matrix LiYF4 NCs codoped with x mol% Yb 3+ and y mol% Tm 3+ cations, the derivatives 1, 3, 5 and 6 were taken in appropriate amounts and then decomposed simultaneously. The details of each synthesis are summarized in the following tables. This section details the synthesis of Yb 3+ and Tm 3+ doped LiYF4 matrices under different synthesis conditions.

Influence of ratio of activator ions.

The following table presents the amounts of precursors used for the synthesis of Yb 3+ and Tm 3+ doped LiYF4 matrices. The suitable amount of precursors (as mentioned in Table 6.6) were also decomposed in a 1:1 mixture of 1-octadecene (5 ml) and oleic acid (5 ml). For this study, we started with the modification of titanium precursor with oleic acid. In a round bottom schlenk, we took 10 mmol of oleic acid (OA) and heated it to 120 °C in an inert atmosphere for one hour. After 1 hour, we cooled this solvent up to 100 °C. and injected 2 mmol (0.6 ml) of titanium isopropoxide (TIP) under vigorous stirring. This solution is then brought to room temperature with continuous stirring in an inert atmosphere. The obtained pale-yellow solution of titanium oleate was dissolved in 5 ml of anhydrous hexane. This resultant solution was then injected into another solution containing 8 mmol of core UCNPs in 7 ml of isopropanol and stirred the resulting solution for 20 minutes. This was followed by the addition of a hydrolysis mixture of 0.02 ml acetic acid, 0.14 ml H2O and 1.9 ml isopropanol, which resulted in a white solution. After stirring for about 40 minutes, the obtained transparent sol solution was heated for 2 hours at 98 °C. The obtained TiO2@LiY5/6Yb1/6F4: 0.4%Tm 3+ core-shell NPs were isolated by centrifugation, washed three times with ethanol and then dried in the open air for further use.

6.6.2. Aminoalcohols modified TiO2@UCNPs nanocomposites

We followed a modified sol-gel approach for the synthesis of UCNPs-TiO2 nanocomposites using amino alcohols. Two different solutions were prepared. In solution A, we prepared surfacemodified UCNPs by treating 0.020 g (10 mmol) of UCNPs with 0.23 ml mdeaH2 under continuous stirring in 10 ml of chloroform. Solution B contains 0.6 ml (2 mmol) of titanium isopropoxide (TIP) mixed with 0.23 ml of mdeaH2 ligand in 10 ml of isopropanol. After 10 minutes of stirring, solution A (containing UCNPs) was taken by a syringe under argon flow and was added to solution B (containing titanium isopropoxide) under magnetic stirring at 750 rpm. Then a hydrolysis mixture of 0.1: 2.7: 2 ml acetic acid (CH3COOH), deionized water (H2O) and isopropanol (iPrOH), respectively, was added dropwise under vigorous stirring to the above mixture resulting in a suspended solution which was further refluxed for 2 h under constant stirring to produce a core-shell solution. This final product was washed with ethanol and centrifuged three times at 5000 rpm to isolate UCNPs-TiO2 nanocomposites.

The precipitate was then dried in the air for 24 h. We used the same protocol for the synthesis of UCNPs-TiO2 nanocomposites capped with dmeaH ligand also. The only difference was that we used chloroform instead of isopropanol as a solvent.

UCNPs embedded TiO2 metallogels

We synthesized transparent metallogel of TiO2 by hydrolysing Ti(OEt)4 with H2O/EtOH hydrolysis solution (h=2) in the presence of HCl (R = 0.04). As the hydrolysis rate of Ti(OEt)4 is high, the formation of TiO2 can be chemically controlled by adding HCl. 8 For the preparation of pure TiO2, we prepared 1M solution of titanium ethoxide (Ti(OEt)4) in anhydrous ethanol (EtOH). 2 ml solution of 1M Ti(OEt)4 is then mixed with 0.1 ml of 1M HCl solution. After 30 minutes of this addition, a transparent solid gel-like network is formed. We dried this gel at room temperature to obtain a powder. For the preparation of UCNPs-TiO2 doped transparent gel, we chose a different ratio of UCNPs to be added in the initial 1M solution of titanium ethoxide (Ti(OEt)4). The remaining process is similar to used for the preparation of pure TiO2 gel.

Chapter 7: Conclusions and perspectives To use solar energy for real applications, the main objective of this thesis was to design materials that allow the conversion of the solar photons that are not used by classical TiO2-based photocatalyst to useful ones. We addressed this objective using an upconversion-based approach: by combining upconverting nanomaterial with TiO2.

Structure-wise, we broadly divided this thesis into two parts. The first part emphasizes the enhancement of upconversion emission intensity, whereas the second part presents the ideas and strategies of incorporation of upconverting nanostructures into titania to synthesize novel composite catalysts for NIR-induced photocatalytic applications.

In the scope of this thesis, initially, a detailed emphasis has been given to the necessity and usefulness along with the synthetic techniques for anhydrous precursors to prepare upconverting nanomaterials based on MLnF4 (M = Li, Na; Ln = Y, Gd) matrices. In comparison with the widely used hydrous precursors, these precursors possess definite advantages concerning the higher upconversion emission from identically doped nanoparticles. The detrimental role of OH -ions on the upconversion performance is addressed by comparing quantitative study of emitted upconversion light. The upconversion quantum efficiency of 1.8% and 0.04% of the NaGd5/6Yb1/6F4: 0.8% Tm 3+ UCNPs synthesized using anhydrous and hydrous precursors, respectively, further justified that the anhydrous method of synthesizing UCNPs is indeed significantly better than those prepared via hydrous precursors.

After establishing in sodium-based UCNPs that to get brighter upconverting nanoparticles, the key is to avoid OH -ions during the reactions as much as possible, we switched to lithium-based UCNPs, which are more effective in the absorption range of TiO2 i.e., UV-region. To achieve this objective, we first prepared novel anhydrous molecular precursors directly from oxides in a one-pot reaction and characterized them thoroughly using physicochemical techniques such as single-crystal X-ray structure, Thermo-gravimetric analysis (TGA), Fourier Transform Infrared Spectroscopy (FTIR), etc. . These well-defined anhydrous molecular precursors were then decomposed to obtain upconverting LiYF4:xYb 3+ , yTm 3+ NPs in a variety of different conditions. The influences of reaction conditions such as the ratio of solvents, precursor's concentration, reaction time, temperature, etc.

over crystalline phase, size, shape, morphology and upconverting properties of nanoparticles were