11. Appendix III - Statutory Declaration


1. [bookmark: _Toc491281578]Introduction

[bookmark: _CTVP0017bf90983cd94474d8c09842d553b047c][bookmark: _CTVP001797afa208a2e4c0092bc15b5e2102c57]Nanotechnology nowadays comprehends has matured into a widespread field of technologic and synthetic approaches for the production oftowards smaller and smaller materials and devices. In 1959, when Richard P. Feynman held his famous talk “There is plenty of room at the bottom”,[1] only a selective few number of scientists could imagine, how nanoscience could impact today’s processes. With his clear proposals, Feynman pioneered the turned out as a pioneer in this field and almost all his suggestions have been realized. High resolution microscopy instrumentsdevices such as like transmission Transmission Eelectron microscopes Microscopes or scanning Scanning tunneling Tunneling microscopes Microscopes became powerful tools for structure analyses with high magnifications and resolutions, and data storage devices have been prototyped using nanostructures in the sub-10 nm scale, just to name some examples.[2,3] 	Comment by Regina Sinelnikov: How does this relate to Feynman? Either related it back or make a better transition

Also, I would mention that STM and AFM are Nobel Prize winning techniques
[bookmark: _CTVP001f6eb102711794f06895a1f03b14e0dff][bookmark: _CTVP001893f7915bc5844c6ae7feb7b960162c8][bookmark: _CTVP001c3efeebb805a438998a5ec8fd7951d7f][bookmark: _CTVP001aa0d6ae13e684cd39026621a03dd8979]Since the 1970’s, researchers Chemists and Physicists have explored specialized in the nanoscience field and contributed to it by preparingthe preparation of materials with characteristics in the sub-100 nm regime and elucidating by the elucidation of general effects. Thus, several structures like mesoporous solids (e.g. mesoporous silica), cylindrical nanorods (e.g. carbon nanotubes), 2D sheets (e.g. graphene) and or particles with in various shapes were realized by the application of insulating, semiconducting, or conducting elements and chemical composites. Meanwhile nanoparticles have been widely tested and prototyped in various applications. For example, the insulating silica nanoparticles can be applied in fields likeused for drug delivery and release,[4] titan nanoparticles exhibit photocatalytic surface activities[5], metallic metal based Pt or Au nanoparticles are useful in catalysis,[6] and semiconductor nanoparticles of Ge or Si have been prototyped in photovoltaics.[7] 	Comment by Regina Sinelnikov: Clarify. Do you mean: by elucidating the origin of general effects observed only in the nanoscale?	Comment by Regina Sinelnikov: Do you mean: by the usage of...?	Comment by Regina Sinelnikov: Can elements be conducting? Or do you mean materials	Comment by Regina Sinelnikov: ? Titania (TiO2) or Titanium (Ti)?	Comment by Regina Sinelnikov: Consistency. Eithe name the material (e.g. gold) or use the symbol (Au). 
[bookmark: _CTVP001084e1541c3b04ea89dce8a72823c091f][bookmark: _CTVP001f47e790b4d0841e78e713b5cc1c6d7af][bookmark: _CTVP001f048d40763764097995d488f0a8763a3][bookmark: _CTVP001ad6c34dc2d534b1eb5393c730830b053][bookmark: _CTVP00166f85a09ca1245b281707e7721449142]In the broad field of nanoparticle sciences, semiconductor quantum dots consistent of group II‑VI, IV‑VI and III‑V elements (e.g. CdAs, CdS or InGaAs) are of special interest, since they exhibit unique optoelectronic properties (e.g. photoluminescence). The generation of excitons under irradiation is responsible for the characteristic features of several semiconductor materials. Thus, electron hole pairs form if the energy of the incident light is greaterhigher than the band gap between the semiconductor’s’ valence and conductionng band. In quantum dots, bandgap energies get discrete levels and the bandgap becomes size dependent, as the exciton mobility is strictly confined in the nanoscale by the Bohr radius of the electron-hole pair.[8] If smaller than the Bohr radius, particles emit exhibit photoluminescence in the visible region from recombination of the excitons. These properties make QDs suitable in a variety of applications: As promising alternatives to bulk materials, QDs have been probed tested in photon conversion devices such as like solar cells or solar fuels, since tunneling effects allow electron transfer to matrix materials (e. g. conducting polymers).[9] Furthermore due to their small sizes and PL, QDs can be useful forin in vivo cancer targeting and imaging agents[10] and as efficient sensors for the detection of chemicals and biochemical molecules.[11] However, binary semiconductor quantum dots such as like CdSe, CdS or CdAs exhibit acute cytotoxic behavior due to a low minor electrochemical stability and the consecutive release of toxic ions.[12] 	Comment by Regina Sinelnikov: The definition of quantum dots is semiconductor nanoparticles.	Comment by Regina Sinelnikov: Which features? Be more specific	Comment by Regina Sinelnikov: Consistancy. Bandgap vs. Band gap. Pick one and stick to it	Comment by Regina Sinelnikov: This is not accurate. It’s not the band gap energies that become more discrete, but the energy levels within the bands	Comment by Regina Sinelnikov: Define acronym first, before using it	Comment by Regina Sinelnikov: Define acronym	Comment by Regina Sinelnikov: QDs
[bookmark: _CTVP0010f56b793abe74df9a2b157cc39af7cc8][bookmark: _CTVP001c0cd1a206cf34e4a832333f8a25b7bac][bookmark: _CTVP0016003b9907de14988be38828fefee542c][bookmark: _CTVP0010633a4f92f744cd884d7d1baa9fba324]Silicon Nanocrystals (SiNCs) have emerged as non-toxic and electrochemically stable alternatives.[13] Although bulk Si is an indirect semiconductor and the bandgap optical transition is dipole forbidden,[14,15] exciton recombination in SiNCs below the Bohr radius (~5 nm) occurs through quantum confinement effects which results in photoluminescence PL in the visible region.[16] However, in an unmodified form, SiNC surfaces are prone to oxidation and aggregation, and PL quenching is likely to occur from external influences.[17,18] Hence, to adapt SiNCs to the requirements of their applications, surface functionalization is one of the major claims approaches to render them dispersible and to stabilize them. Modern approaches consider include the generation of SiNC hybrids and composite materials. In this thesis, the recent developments in the generation of a thermoresponsive and photoluminescent diethylvinylphosphonate coated SiNC hybrid material, and the attachment of SiNCs to silica aerogels as optical sensors, as well as in-situ IR studies regarding the radical grafting of SiNCs with vinylsilanes is summarized and set in the context of today’s SiNC fieldsciences.	Comment by Regina Sinelnikov: We can’t claim it’s non-toxic, just low-toxicity	Comment by Regina Sinelnikov: Aren’t hybrids and composites the same thing, or subsets of one another?

1. Introduction



2. [bookmark: _Toc491281579]Theoretical Background	Comment by Regina Sinelnikov: Is it theoretical? Or just Background 

2.1. [bookmark: _Toc491281580]Overview: Silicon-based Nanomaterials

[bookmark: _CTVP001a85d0e0165fc458c8bf05166d4275862][bookmark: _CTVP00172a930491e9847cab0cc1af762f44f01][bookmark: _CTVP00199107492ef5f499f8ce8519aafa5d0a8]Since For more than half a century silicon has been known as the dominating element for applications in photovoltaics, electronics and microelectronics.[19] The importance of this group IV element can be observed inis demonstrated by its world production of about 8 Mio tons.[20] Silicon in its elemental form is prepared from reduction of SiO2 with coal (Scheme 1). Due to several impurities, purification is performed by thermal oxidation with HCl and distillation of the HSiCl3 previous to the reduction step with pure hydrogen. Further purification by Czochralski process or zone melting gives highly pure and crystalline silicon.[19]	Comment by Regina Sinelnikov: Not a common notation in English


[bookmark: _Toc488593226][bookmark: _CTVP001232349cea5474f59b0e61cd684ffdf3c]Scheme 1. General strategy for the preparation of pure silicon a) Ttechnical reduction of SiO2, b) Synthesis of trichlorosilane from HCl and subsequent distillation, c) Fformation of pure silicon by hydrogen reduction of trichlorosilane.[19] 
[bookmark: _CTVP001eaa27e83b91c41f9a965dd6c2784718f]Although silicon wafers are technically incorporated in most of the electronic devices and solar cells, several drawbacks are attributedended to its bulk form: Silicon surfaces are prone to native oxidation and thus defect structures and passivation decrease device efficiencyies; Furthermore, due to  the inherent indirect nature of siliconindirect semiconductor properties, exciton recombination and transfer is dipole forbidden and the introduction of selected impurities (also known as doping) is required. In addition, a demand for smaller and smaller devices is hindered by technical top-down approaches (e.g. milling) and the selectivity to form uniform structures based on bulk silicon reaches its limits.[21] 	Comment by Regina Sinelnikov: This statement is not clear, you need to explain why	Comment by Regina Sinelnikov: For what?
[bookmark: _CTVP001df54827cb48a4115923b906f829b8e29][bookmark: _CTVP001aaae5ec5270d481e9a4d40c58bc773bc][bookmark: _CTVP001263d4df6343c4bb381574fa6f44c8fd4][bookmark: _CTVP00153748f45c1a246b8ae7dfbc31c8cf701][bookmark: _CTVP001e4f2b9c94b894944a3f03d9bc8da87cd][bookmark: _CTVP001106f2a18234f45e7aa5b3288a788a382][bookmark: _CTVP001c5e64fdc0d014ccfbce3e762eebf0403][bookmark: _CTVP0017afa9d777d904e5abe72e1dff162365d][bookmark: _CTVP0013aa9ddb30faa433a9a33ba104b0bee6b][bookmark: _CTVP001f19c02e6c4e14517a0c839d700ca3cfc][bookmark: _CTVP001831db370570847daab52ffaba0deab14][bookmark: _CTVP00197ebca97a3a7434fbe8dc613e8c6b592][bookmark: _CTVP00108c44c19799046e4a4178c1b81b9a99d][bookmark: _CTVP001274118f6035a49e9aeb147a381c463f5][bookmark: _CTVP001eb53c96d1b4c4d9b9e39bdd868b6c93c][bookmark: _CTVP001d6d3d4f49eb940e0b18956dde5c9b811]To overcome oxidation, surface functionalization strategies including catalyzed (Karstedt’s catalyst),[22] radically initiated,[23,24] electrochemical,[25] catalyst free (thermal, photochemical, Grignard- or organolithium compounds),[26,27] and halogenation methods[28,29] have been introduced.[21] The development of various silicon nano and nanostructured materials instigated provoked a boom in the fieldsciences with the aim to negotiate the limitations of the bulk material (Figure 1). For semiconductor nanomaterials, band gap transition occurs due to quantum confinement effects, which renders a modern pathway towards unprecedented optoelectronic properties.[16,21,30] Furthermore, sSilicon nanomaterials are proposed to close the gap towards the construction of smaller and more defined devices due to their small sizes.[18] Nanostructured 3 D and 2, 1 or 0 D Si nanomaterials have been prototyped in sensing (e.g. chemical or biological sensing),[31–33,34] bioimaging,[35–41] catalysis,[42,43] solar and photovoltaic applications,[44,45] light emitting diodes or other optoelectronic devices,[46,47,48] (thin film) transistors,[49] as anode material in lithium-ion batteries[50,51–54] and in many more promising applications.[18,21,55,56]	Comment by Regina Sinelnikov: Of what? Bulk silicon? Nano Si?	Comment by Regina Sinelnikov: What’s the difference between the two?	Comment by Regina Sinelnikov: Incorrect!	Comment by Regina Sinelnikov: What do you mean by this?	Comment by Regina Sinelnikov: You need to define this. What does D stand for? 
[image: C:\Users\Julian\Documents\Let's get Ready To Rumble\Images\Nanostructured Silicon.tif]
[bookmark: _Toc488593197][bookmark: _CTVP00100f8fd2c9bc04e9e9e196317028bc749]Figure 1. Overview ofver silicon nanostructures.[21,57,58]Reproduced and adapted with permission from references 21, 57, 58. Copyright 2002, 2015 American Chemical Society; 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
[bookmark: _CTVP001fea053651eb348749ab779bd47aac1a3][bookmark: _CTVP001f923152ca163440c902acc39c0884f27][bookmark: _CTVP00186a4f535eaba4bb79d9cba945ccff1be][bookmark: _CTVP001fbd7edabb7014021b92a18c06402bd0f][bookmark: _CTVP00105ea2f40f28c4d47a21feac52ef6ce59][bookmark: _CTVP001edc9f85144914cd48cfb351586471dff][bookmark: _CTVP001c812b2a3d54b44f0a49b39f870a3b6d6][bookmark: _CTVP00106f6a78f859c43718c8a2a7a70dd24f9]Porous silicon (p-Si) is one of the earliestoldest, and probably most examined example of a silicon nanostructure. It can easily be obtained by galvanostatic,[59] chemical[60] or photochemical etching[61] of Si (100) wafers, without changing the three dimensional macroscopic morphology.[62,63] By the discovery ofdiscovering visible photoluminescencePL from p-Si, Canham gave a kickkicked- off for the investigation of the fascinating properties of Si nanomaterials.[64] This unprecedented feature was later reported for 1-dimensional nanowires and 0-dimensional nanocrystallites (2 nm in diameter), which also undergo quantum confinement effects.[21,62,65] In addition to PL, the discovery of chemioluminescence and electroluminescence of p-Si hasve widened the range of possible applications towards sensing, chemical, biological or light emitting diodes (LED).[66] However, to prevent quenching of the p-Si luminescence by oxidation and defects, surface functionalization is of higher importance, than for bulk Si.[21] Passivation of p-Si requires similar protocols as the functionalization of bulk Si. Though, a general tendency towards higher surface reactivity of p-Si has been observed. 	Comment by Regina Sinelnikov: Consistency. 3 D or three-dimensional	Comment by Regina Sinelnikov: Consistency.	Comment by Regina Sinelnikov: Chemical, biological what? 	Comment by Regina Sinelnikov: Missing reference	Comment by Regina Sinelnikov: Missing/bad transition. How do these two paragraphs connect?
[bookmark: _CTVP001843a1f22bdc04055b3b8766f0b9fd04d][bookmark: _CTVP00142c6d88ee56c44869d5e5f0b7d51d069][bookmark: _CTVP0016c427c2d5eed4621a2c1311a088c8cad][bookmark: _CTVP0012e56078ec2d34990820eed52641f3aa2][bookmark: _CTVP001350dc5af286047d0818c3e053efa7013][bookmark: _CTVP0018e051d8021ab4ff799c7e516f8ecff57][bookmark: _CTVP001af951b87feaf4496aae2c0ba6afe3180]Magnesiothermic reduction has recently been presented as a very selective and efficient method for the transformation of various kinds of porous silica micro- and nanostructures to their three-dimensional silicon analogues. In 2007, Bao et al. succeeded in the preparation of silicon diatom frustules from their natural silica precursors.[67] In addition to the silica precursor, the reaction process requires magnesium as a reducing agent. During heating at 600 – 700°C, Mg merges in the vapor phase, penetrates the silica structure and reacts readily with the oxygen.[68] However, if Mg is added in high excess, Mg2Si, and (in the presence of carbon SiC) can form as side products; thus, the products require post-treatment with HCl (to remove Mg2Si) and HF (removal of unreacted silica).[67,69] Besides diatom frustules, several other porous, mesoporous, bioinspired and naturally abundant silica structures could be transformed/reduced transferred to silicon.[68,70,71] Also, some of the nanodomains emit PL in the visible region  due to from quantum confinement effects. Thus, the magnesiothermic reduction approach has high potential in the generation of customized solutions, as already shown in drug delivery,[71] sensing,[72] or the preparation of battery anode materials.[54] 	Comment by Regina Sinelnikov: Consistency	Comment by Regina Sinelnikov: With what?
[bookmark: _CTVP00130f035df740b41f591b752d449e1321f][bookmark: _CTVP001fcd7638e16e3493e95735782febfb83f][bookmark: _CTVP001a1ef7c7377b5477b8087830b707cf56f][bookmark: _CTVP001fb9d6eb5f97f4717a41f11e41391c573][bookmark: _CTVP00142b248b407a944d78b883db766977a1c][bookmark: _CTVP0010e8753d673134876b125ffed19806e82][bookmark: _CTVP00157fa39180cd74efb9fcff63f5aed7d1d][bookmark: _CTVP00171391073773048a8890994fb7fd4c31a]Going down the road of sizes, the two-dimensional silicon nanosheets (SiNSs) or layered polysilanes have emerged (Figure 1). SiNSs can be obtained from different methods, e.gsuch as. magnesiothermic reduction from SiO2,[73] growth on support by chemical vapor deposition (CVD),[74] or chemical exfoliation from CaSi2 (Scheme 2).[75,76] Structurally, SiNSs have characteristic layers with thicknesses in the nano-scale and sheet sizes up to the micro scale.[77] They consist of units of 6 membered ring structures with hydride atoms standing out of the plane (Si6H6).[78] The unique layered characteristics makes them promising for uses in field effect transistors,[79] photovoltaics[55] or as anode materials in Li-ion batteries.[80]	Comment by Regina Sinelnikov: Have emerged... as what? Weird sentecnce termination	Comment by Regina Sinelnikov: Characterisic to what? What is the characteristic?	Comment by Regina Sinelnikov: Unique how?
[image: ]
[bookmark: _Toc488593227][bookmark: _CTVP00109873d08f345466788eac05317f50a2a]Scheme 2. Chemical exfoliation of hydride terminated SiNSs from calcium silicide.[58,76] Reproduced and adapted with permission from reference 58. Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
[bookmark: _CTVP001fd2424d605914576b0babcd0b56bd453][bookmark: _CTVP0010afd4d1571814df98d8154151e1a7cde][bookmark: _CTVP001541e9681fe3d4996bc5cc704978add42][bookmark: _CTVP00148a2747ec1be42f18c2c8a971ca3e32e][bookmark: _CTVP0013f894e52a09246ee9c7cd59194c7bf0a][bookmark: _CTVP0017c4a0141b8ea48aa87c99b19299c37d3][bookmark: _CTVP001a4c8eca27bf745a38886dd5f57f061a1][bookmark: _CTVP0018dc2f300cc904e72b4d56737909ef674][bookmark: _CTVP0010e4a22e6a09d4db195e44e51f8e114c3][bookmark: _CTVP001dd6e8ed2e1b246a9842cd51cad31ca99][bookmark: _CTVP0011ffc609c0a1f4445b5001bd8c9f74c59]Compared to other Si nanomaterials, SiNSs exhibit different optoelectronic properties, like such as an absorption edge, which depends on the thickness of the SiNSs stacking,[81] or an enhanced direct bandgap transition.[55,82] Mainly Ttheoretical studies remark that SiNSs’ band gap is tunable have tunable band gaps by physical strain,[83] the degree of hydrogenation or functionalization with heteroatoms,[84] and surface passivation.[85] Although it is very important to prevent surface oxidation, enhance dispersibility in organic solvents and to break up the stacked structures,[58] only a few methods on surface functionalization of SiNSs have been presented so far. Attachment of n-alkylamines,[77,86] Pt catalyzed hydrosilylation[87] and surface reactions with phenylmagnesiumbromide[77] have been established to stabilize the SiNSs. However, these methods lead to blue- shifting or quenching of the PL. Recently, Helbich et al. have shown hydride terminated SiNSs reacting readily under thermal conditions (T = 130°C) or in the presence of a diazonium salt with alkenes and alkynes, with under stabilization of the PL at about 500 nm.[58] SiNS were furthermore surface grafted with polymers like polystyrene, poly(methyl methacrylate) and poly(acrylic acid), which protected them against from decomposition by UV light or bases.[88]
[bookmark: _CTVP001fea52a383f594afca4e8535588e8295a][bookmark: _CTVP0016554acf834c248f2a4972b46e2efdb16]1D structures have aroused generated scientific interest as further promising Si nanomaterials (Figure 1). They have cylindrical structures with diameters of a few nanometers and lengths of up to several micrometers. In general 1D Si nanostructures are classified as silicon nanorods (SiNR), silicon nanowires or -whiskers (SiNWs) and silicon nanotubes (SiNTs) with remarkable structural differences.[55] While SiNRs and SiNWs, which differ in the aspect ratios of diameter to length, have emerged as non-hollow structures with diameter of less than 100 nm, SiNTs have emergedaroused as carbon nanotube analogous silicon material.[55,89,90] 
[bookmark: _CTVP001990a2e54de3d4dc0a30a81222e0c2526][bookmark: _CTVP0010460f39efad54be2a3ff0b1e728fa7ed][bookmark: _CTVP001f500de2c884048828f83a32822905a9a][bookmark: _CTVP0017f7fc5ee119d48bcb48b253dc61959dd][bookmark: _CTVP001862c06cb0973487da6bce66295a5fe27][bookmark: _CTVP0010407534b38bd49b983a3f56650360e3c][bookmark: _CTVP00157585915ca1e412c8133cd8384d2b70b][bookmark: _CTVP0015b7588d7f4884b8a8065c56c5e6d99de][bookmark: _CTVP001fedffa26f8cb4a37b07ab0ee373de6c1][bookmark: _CTVP001022a510e63db4706bcfbad91cac81295][bookmark: _CTVP001f2f1873d98a641f989425f1e6afa5d61][bookmark: _CTVP00167a86f557d4a4725bd7c92c117cf7b01]Most challenging for the preparation of 1D Si nanostructures is the directed growth along one axis.[91] Thus, several procedures follow templated or catalytic pathways with metal particles.[55,92] Vapor-liquid-solid (VLS)[93,94] and vapor-solid-solid (VSS)[95] syntheses have often been applied for the preparation of SiNWs. The procedure follows adsorption of a silicon precursor (e.g. SiH4) to a surface of molten metal nanoparticles, diffusion of Si through the liquid alloy to a sink, crystallization at the liquid solid interface and finally lateral SiNW growth.[93,94] As further preparation methods, high temperature laser ablation,[96] oxide-assisted growth[97], molecular-beam epitaxy growth[98] and solution-based methods (e.g. supercritical-liquid-solid method)[93,99,100,101,102] have been discussed in literature. More convenient solution-based methods for SiNR preparation have recently been shown by Korgel et al.[57,90,103,104] Thereby, syntheses were conducted in squalane using silanes as substrates, Au or Sn nanocrystals as seeds and dodecylamine as ligand at 420°. Although gold seeds could be removed by aqua regia, SiNRs have been obtained with high amounts of surface oxide.[103] Sn particle based synthesis of SiNRs and removal of Sn particles and dodecylamine, and subsequent hydrosilylation of the Si-H surface with octadecene yielded in photoluminescent 1D nanomaterials.[57,104] 
[bookmark: _CTVP001d05add7d709e4308b9ee0a65572c522a][bookmark: _CTVP0013519f2b0dbfe452595d2faffb69a3dfa][bookmark: _CTVP001d427222c4e744e76804fc84b563cd6a4][bookmark: _CTVP00177835b925a9044a0af7eb6679a9c0ee4][bookmark: _CTVP00170847cada1bc4d1eac7f98d0d3e43b28][bookmark: _CTVP00112bc558a77574c418962e1025a5aa85e][bookmark: _CTVP0016f6f18839330402daa4e1138b144c8d8][bookmark: _CTVP00146608d5076784d0bb6aaa128300a0c83]Emerging from their hollow structure, synthetic pathways for SiNTs follow complex protocols, especially since single wall SiNTs could not be obtained from roll up of the graphene analogue SiNSs yet.[55] Thus, a more precise dedefinition claration of SiNTs would be hollow SiNWs.[91] SiNTs are attractive materials in science, as they are proposed predicted to exhibit very intense PL in comparison to SiNWs.[105] Although theoretical calculations highlighting possible structures and properties for single wall SiNTs have been examined by several authors,[106] practical preparation approaches are very challenging compared to other silicon nanostructures.[55] Hence, closed-capped SiNTs have been obtained from self-organized, catalyst- free synthesis under high pressure and temperature conditions using silicon monoxide as precursor,[107] thin SiNTs were obtained from high purity Si-powder in gas phase under arc discharge conditions,[108] and templated or template replication methods resulted in SiNTs with various characteristics.[109] However, SiNTs could not find a good way into practical approaches so far.	Comment by Regina Sinelnikov: This sentence is not very clear to me
[bookmark: _CTVP0015284500a83a24f7fb143c84cd7e0fa92][bookmark: _CTVP001ad3b5771cfe34d64bcfbcf5348929f2b][bookmark: _CTVP0011e434fde89a343d1b9240b17d5a89558]Silicon Nanocrystals (SiNCs), which are also referred to as Si quantum dots,[56] are most promising amongst the Silicon nanomaterials due to their size- dependent optoelectronic properties. Emerging fromDue to their small sizes, they are categorized as 0 D silicon with crystalline arrangement in diamond lattice (Figure 1). A variety of preparation[16] and surface functionalization methods have been presented in the literature with the aim to prevent oxidation, tune the PL photoluminescence properties and render them dispersible in various solvents.[18,56] SiNC preparation, surface chemistry as well as the preparation of hybrid and composite materials will be discussed more preciselyin more detail in this thesis.



2.2. [bookmark: _Toc491281581]Properties of Silicon Quantum Dots

[bookmark: _CTVP0018436df1a500a4a639b1804dd586622cb][bookmark: _CTVP001354c13d6543b4ef7a14df29d1462fbd7][bookmark: _CTVP001d7a39055da264b7bac21777966d6b93f][bookmark: _CTVP0015fc41816c47c4707a090700095170dc9][bookmark: _CTVP001c846822514eb4c8886b19334723ce1e0]As mentioned in the previous sectionabove Silicon nNanomaterials and in particular Silicon quantum dots exhibit unique optoelectronic properties, like namely photo- and electroluminescence, making them promising materials in semiconductor industries, sensing or in biomedical applications.[16,18,56] SiNCs are well suitable for such uses due to their low toxicity,[110] good biocompatibility,[41] and electrochemical stability[111] and a low rate of photobleaching.[35]	Comment by Regina Sinelnikov: What does that mean? Quantify
[bookmark: _CTVP00146614b18e18740639be5af71d712c79a][bookmark: _CTVP00195aadda6ce364118a1226405b967b24a][bookmark: _CTVP001e147a5d4446847838fd2adb78e227e5c][bookmark: _CTVP001bc510bf61ad04d67aa44bc411964f2c0]Silicon is generally known as indirect semiconductor – whereby the minimum of the conducting band and the maximum of the valence band are shifted along the k-axis - with a band gap energy difference of ~1.1 eV.[19,112] Band gap transition in an indirect band gap semiconductor is only possible by the contribution of a momentum change in the k-space induced by a phonon.[113] This momentum change cannot be achieved by a photon, since its momentum is negligible. Thus, for bulk silicon the direct band gap transition is only possible by crystal lattice defects emitting or absorbing a phonon. Such lattice defects in many cases can be created by doping of silicon by various elements (e.g. B, N, P, Li, Sb…).[114] However, photoluminescence from radiative recombination of excitons is not likely to can most likely not be induced and non-radiativeemissionless recombination mechanisms have higher probabilities.[113]	Comment by Regina Sinelnikov: Already discussed in the thesis
[image: C:\Users\Julian\Documents\Let's get Ready To Rumble\Images\Band Gap.tif]
[bookmark: _Toc488593198][bookmark: _CTVP001a7707ef3768a4032ba60cce55dddd026]Figure 2. Schematic illustration of the band structure of bulk silicon (a) and nanosilicon regarding quantum confinement effects (c). Development of the band gap and illustration of the change in the band structure towards pseudo concrete levels with decreasing size of the silicon structure (b). VB: valence band; CB: conducting band; k: reciprocal space/; E(k): energy.[112,115]	Comment by Regina Sinelnikov: ?
[bookmark: _CTVP001fe1843aaa9fd490293cae56242d108c3][bookmark: _CTVP0011bf141d9921849dd987a74798eab6919][bookmark: _CTVP001566aa029dfc04871b577f140f9857948]Although SiNCs are also indirect semiconductor materials, they emit exhibit PL without the presence/addition of dopants. dopants present. Electron transfer from the valence band into the conductioning band and recombination does not require the generation of a phonon in the k-vector (Figure 2 c). This arises is due to from the confinement of the excitons in a nanoscale semiconductor with a diameter below the Bohr exciton radius (~ 4.3 nm).[8,116] Hence, the band gap energies get discrete energy levels and exciton recombination is allowed to take place by radiative recombination. Furthermore, due to the quantum confinement effect, band gap energies become size dependent, e.g. they increase with decreasing SiNC sizes (Figure 2b).[16] This can be seen inis evidenced by the size dependent reactivity and PL exhibited (Figure 3).[16,117–119]	Comment by Regina Sinelnikov: Ref? 	Comment by Regina Sinelnikov: Again, the bands, not the band gaps
[image: Normalized emission spectra of different sizes of hydride terminated silicon nanoparticles (λex = 350 nm). Size controlled particles were isolated from nc-Si/SiO2 prepared by thermally processing hydrogen silsesquioxane upon timed etching in ethanol–water solutions of HF (red 250 min, orange 85 min, yellow 115 min).]
[bookmark: _Toc488593199][bookmark: _CTVP001630718d332844e7ba5dd50052bebabe6]Figure 3. H-SiNC size dependent PL emission spectra (excitation wavelength is 350 nm).[16] Reproduced and adapted with permission from reference 16. Copyright 2006 The Royal Society of Chemistry. 
[bookmark: _CTVP001c85f0e49730343198be1ca2ba2c2fbde][bookmark: _CTVP0017d54c0e3e267487c8bf8c56d2478bac6][bookmark: _CTVP00153dd0b203631475dbe7bdb250f40da72][bookmark: _CTVP0011d8aa27e45a741f0981237b5a65d7b2e]Another important property is the high surface to volume ratio. Avramov et al. were recentlylately able to calculate the amount of surface atoms of a 2 nm Si icosaeder, which consistednt of 280 atoms with 120 surface atoms, a ratio of 43 %.[120] As generally known, surfaces and interfaces have a higher free energy, than the materials’ cores or bulks.[121] Thus, energies of nanoparticle surfaces, like from SiNCs, are tremendously enhanced with an increasing ratio of surface to bulk Si atoms (and vice versa). Both, surface chemistry and size of the SiNCs can influence the final properties independently.[17,122] Hence, upon alkyl passivation band gap energies can slightly change or surface engineering with heteroatoms can greatly influence have big influences on the final optoelectronic properties.[123,124] Therefore, an understanding of surface chemistry and physics is highly important and needs to be carefully evaluated for surface engineering. 	Comment by Regina Sinelnikov: ??? Not an English word



2.3. [bookmark: _Toc491281582]Strategies for the Preparation of Silicon Nanocrystals 

[bookmark: _CTVP00160a57b1684fb4a89bb06de923e27b601][bookmark: _CTVP001da80907c577e47b483438e1666d5e769][bookmark: _CTVP001ea62750ebc394a0dae34dce57c74a8fe][bookmark: _CTVP00148bc858b869645e899da1b18f112fcf8]Silicon nNanocrystals can be obtained from by various methods, which basically differ from the preparation of other Si nanomaterials. In principle properties such aslike size, morphology, control over crystallinity as well as surface functionalities play a major role for in the choice of the appropriate syntheticsis route.[16,18] The most common procedures can be classified into: a) silicon halide or alkoxide reduction; b), metal silicide oxidation;, c) silane decomposition and d) thermal disproportionation of silicon rich oxide.[18] Furthermore, several top-down approaches regarding for the preparation of Si nanoparticles from p-Si by sonication or pulverization have been described.[125] However, by physical approaches, nano- and micrometer particles are often obtained in have broad size distributions. In addition, such procedures allow low morphology-control and PL arises from 0D and 1D structures embedded in these porous Si nanoparticles,[16] which are not discussed in detail. 	Comment by Regina Sinelnikov: This statmenent is not very clear. Do you mean that the preparation of SiNCs is different than other SiNMs or that umlike other SiNMSs, SiNCss can be prepared in more than one way?


[bookmark: _Toc488593228]Scheme 3. General preparation strategies for SiNCs. 	Comment by Regina Sinelnikov: Ref. to this figure in text?

2.3.1. [bookmark: _Toc488050634][bookmark: _Toc491281583]SiNC -Preparation in Solution and Dispersion

[bookmark: _CTVP0019042214958a04dbe80ede35ed43f4f92][bookmark: _CTVP00112131bf56ce0420e80c857a9f0a61e97][bookmark: _CTVP001bc32d53157fa4c2e9d5c5fb1c189bcfd][bookmark: _CTVP001754572e7034f408fab9b55b5df5b8630]Solution based protocols describe attractive methods for the preparation of SiNCs, with comparatively high yields and promising control over particle sizes and surface chemistry.[16] In 1992, Heath investigated a method for the reduction of a mixture of SiCl4 and RSiCl3 (R = H or n-octyl) by heterogeneously dispersed sodium (Scheme 4).[126] Reaction conditions required high temperatures (385 °C), high pressures (>100 atm) and long reaction times (5-7 d). This preparation procedure resulted in crystalline Si nanoparticles with broad size-distribution (3-9 nm) and mixed surfaces (Si-H, Si-O and Si-Cl). Using ultrasonication Dhas et al. simulated the high pressure conditions and could achieve a reduction of tetraethylorthosilicate (TEOS) and SiCl4  to Si(0) by colloidal Na-dispersion in toluene at -70 °C.[127] Subsequent annealing yielded in agglomerated silicon nanoparticles with 2-5 nm sizes and diamond lattice. Furthermore, the co-reduction of a silicon precursor (SiCl4) in the presence of PCl3 by magnesium powder and surface functionalization via a Grignard reagent can be used to obtain 2-12 nm phosphorus doped and alkyl terminated Si nanoparticles.[128]
[bookmark: _CTVP00133fbc041e9e14de5a33acc26164e2fa9][bookmark: _CTVP001a6083509a2ba4d0984834232fa4861ab][bookmark: _CTVP00119880c3ef7a84c0e88c0ed80a94b61b1]Besides the heterogeneous conditions, the use of LiAlH4 has promisedresulted in a more homogeneous dispersions for the preparation of silicon nanoparticles (Scheme 4). Similar to the generation of pyrophoric silanes by reduction of SiCl4 with LiAlH4,[129] Wilcoxon et al. yielded 2-10 nm crystalline Si nanoparticles in an inverse micellar emulsion; however, no evidence of surface functionality of the nanoparticles has been given.[130] Later, an adaption of the LiAlH4 reduction allowed Tilley et al. to prepare small and monodispersed SiNCs, probably equipped with hydride surface groups, as was proposed evidenced by Si-H reactivities.[37,131–133] 	Comment by Regina Sinelnikov: Not very clear. Are the final SiNPs more monodisperese?	Comment by Regina Sinelnikov: ??? You don’t know for sure?	Comment by Regina Sinelnikov: 


[bookmark: _Toc488593229][bookmark: _CTVP0016028fc37a92948119367f6bea83f2810]Scheme 4. Schematic illustration of the SiNC formation by metal or hydride reduction of silicon halide precursors.[16,18,56]
[bookmark: _CTVP001963d396a6ba7472fb9b4f2f15938781c][bookmark: _CTVP00127a7456be5aa461eace35a323bdc2ca8][bookmark: _CTVP0014d7ae2c7064044a9a4b9e003525336d2][bookmark: _CTVP001ed24a3915cda4d219649cf0aa7ed6e2d][bookmark: _CTVP001f1fe458eb2fe48d69b2ee35f82702ed7]Sodium naphthalenide as reducing agent for SiCl4 in glyme gave promising results with regard to varied sizes, surface chemistry and shape control for of SiNCs.[134–136] By this pathway chloro- terminated SiNCs could be obtained, which were readily reacted with methanol[136] or octanol.[135] Thus extracted 4.51 nm (standard deviation, σ = 1.1) SiNCs had alkoxy surface groups and could undergo further surface functionalization.[136] Additionally, alkyl terminated tetrahedral SiNCs in the size ranges of 40 – 80 nm could be prepared by Na-naphthalenide reduction and post modification by n-butyllithium.[137]	Comment by Regina Sinelnikov: If the STD is 1.1, can they report 4.51 nm sizes with accuracy?


[bookmark: _Toc488593230][bookmark: _CTVP001b305f32a89fd4600abb62329be201940]Scheme 5. Schematic illustration of the SiNC formation by metal silicide oxidation reaction.[16,18,56]
[bookmark: _CTVP0015c6b883b63654fdeb250a89871300215][bookmark: _CTVP0016d8ea8c980df4b11844c1debf634fe6c][bookmark: _CTVP001c770e759c13b4c3fa5aff0b111d183e3][bookmark: _CTVP001876ae0a849bf4723b37528e7cd301489][bookmark: _CTVP0017c700f37811c4a738bfa41492fc3b7a0][bookmark: _CTVP001a5ca0bdde8cb4adc88a79455e9b78190][bookmark: _CTVP001c804cad0a9214a79b87e7b54f33a74eb][bookmark: _CTVP00113291fd9f882495ea5a819bd3414a1de]Yet another solution- based approach towards the generation of SiNCs is the application of Zintl salts of the form ASi (A = Na, K, Mg) obtained from high temperature reactions of metals with silicon (Scheme 5).[16] Zintl salts can either be used for the reduction of SiCl4 or directly be converted into SiNCs. In 1996 Bley et al. reduced SiCl4 by KSi in glyme to generate small amounts of freestanding SiNCs.[138] The powder obtained by this reaction consisted of amorphous material containing several silicon nanoparticles with diamond lattice properties. It was found, that such SiNCs bear chloride surfaces, which could be reacted with methanol. Kauzlarich et al. further demonstrated could furthermore demonstrate, that besides KSi, NaSi[139] as well as the less reactive Mg2Si[140,141] are also suitable precursors for the preparation of SiNCs, although no size distribution data and limited information was given regarding their surface chemistry. Subsequently, Liu et al. proposed, that Br2 oxidation of Mg2Si gave crystalline silicon particles,[141] which was later confirmed by Pettigrew et al.[142] Although isolation of particles could not be reported, transmission electron microscopy (TEM) analysis revealed SiNCs of about 4.8 nm in diameter with crystalline cores. A direct preparation of SiNCs from ultrasonication of NaSi could be was investigated by Lee et al.[143] SiNC particle sizes were at about 1-5 nm and blue or white light emission could be adjusted by the ultrasonication time. As further precursor method, reductive thermolysis of N,N´-di-tert-butyl-1,3-diaza-2,2-dichloro-2-silacyclopentane by elemental lithium in trioctylphosphine oxide (TOPO) gave TOPO-capped SiNCs (5.2 nm ± 1.2 nm). By using this method, SiNC surfaces could not be liberated from the surface ligand and the surface could not be tailored further.[144]
[bookmark: _GoBack]
image1.emf
SiO

2

2 C Si

2 CO

Si

2 HCl

+

HSiCl

3

+

H

2

HSiCl

3

H

2

Si

3 HCl

+

+

a)

b)

c)

2000°C

1000°C

+ +



image2.tiff
SiNCs SiNTs/SiNRs SiNSs porous silicon

i

nanopores (< 5 nm)

pum

/"
3D

pum





image3.emf

image4.tiff
a)

E®

e

bulk silicon

photon

Bhongn

VB

B e

band gap | 1.1 eV

VB
bulk

6 nm

~2.1eV

3nm

SiNC

E ()
A

CB

VB




image5.gif
°
450 500 550 600 650 700 750 800 850
‘Wavelength (nm)




image6.emf
R

R

R

R

R

R

R

R

Si

R = O, Cl, Br, H

Molecular 

Si(IV)-Precursor

bottom-up top-down

Si(0)-Precursor

(p-Si, Si wafer...)



image7.emf
SiX

4

X = Cl, Br

X

X

X

X

X

X

X

X

Si

H

H

H

H

H

H

H

H

Si

metal reducing

agent (e.g. Na)

hydride (e.g. LiAlH

4

)

surfactant



image8.emf
X = Cl, Br

X

X

X

X

X

X

X

X

Si

H

H

H

H

H

H

H

H

Si

Metal- 

silicide

SiX

4

NH

4

Br



