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1. Introduction	
-   Two-dimensionality   - 

In his 2010 Nobel Lecture “Graphene: Materials in the Flatland,” Kostya S. Novoselov described: 

“Intuitively, one can easily discern the difference between two- and three-dimensional objects: restrict 

the size or motion of an object to its width and length and forget (or reduce to zero) its height, and 

you will arrive in “flatland”. The consequences of subtracting one (or more) dimensions from our 3D 

world are often severe and dramatic.”[1] These severe and dramatic changes lead to a multitude of 

outstanding and unique properties of two-dimensional (2D) nanomaterials that scientists of different 

disciplines around the world strive to understand and exploit. As such, ever since the discovery of 

graphene, ultrathin 2D nanomaterials represent a key class material in condensed matter physics, 

material science and chemistry.[2] For example transition metal dichalcogenides (TMDs, e.g., MX2; M 

= transition metal; X = chalcogen; e.g., M = Mo, W and X = S, Se, Te),[3] layered metal oxides,[4] 

layered double hydroxides,[5] hexagonal and graphitic boron nitrides,[6,7] metal organic-[8–10] and 

covalent organic frameworks,[11,12] MXenes,[13] and phosphorenes[14] extend the scope of layered 2D 

nanomaterials. Their versatile properties lead to many applications in for example biomedicine,[15] and 

electronics.[2,14,16] 

 

Figure 1. Schematic illustration of different typical 2D nanomaterials taken under an ACS AuthorChoice License from Ref [2].  

 

Due to their monolayered structure, 2D nanomaterials can combine maximal mechanical strength and 

flexibility with optical transparency.[17] They exhibit outstanding and tunable (opto)electronic 
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characteristics such as band gap[18–20] and conductivity properties.[21–24] Furthermore, they are very 

promising candidates for surface active applications due to their ultra-high surface area.[2,24,25] 

Additionally, these nanomaterials are very susceptible to external influences such as strain[26] or 

interacting molecules, which opens the possibility for e.g., (bio)sensing applications.[7,27–29] 

Furthermore the high surface area leads to increased reactivities and enables surface modifications, 

which can be used to tailor their properties.[30–32] 

As silicon is purported non-toxic,[33,34] abundantly found in the earth’s crust and represents the basis 

of current information technology, one of the important aims of recent “flatland” science is to explore 

2D silicon materials to a similar extent as their carbon or TMD counterparts. Silicon nanosheets 

(SiNSs) could contribute the unique and tunable properties of 2D nanomaterials without the need to 

change the current silicon -based status quo[35] and might thus boost the field of nanoelectronics. 

Within the last few years, great efforts have been made to explore the synthesis, characterization and 

applications of SiNSs and to determine if the many theoretical predictions could be met at an 

experimental level. Still, as they are very new and sensitive materials, many challenges remain. A first 

aim of current research is to tackle their sensitivity at ambient conditions that arises due to the strong 

oxophilicity of silicon. As this shortcoming can be tackled by introducing stabilizing surface 

modifications, the exploration of the surface chemistry most likely represents the basis of any further 

research on SiNSs and should enable the determination of their manifold properties and their use in 

further applications. 
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2. Silicon	Nanosheets	
Similar to their carbon homologue, silicon can appear in different hybridization states. The two-

dimensional, sp² hybridized carbon modification graphene is well examined and understood and of 

great importance in the scientific community.[36] By terminating the monolayer with hydrogen and 

thus changing the hybridization state of the carbon atoms, graphane is formed,[37] which also results 

in a drastic change of properties.[2] 

As the heavier homologue of carbon, similar structural differences and structure dependent properties 

can be observed for silicon. Two-dimensional silicon monolayers can be differentiated in its sp2 

hybridized form, silicene, as well as the sp3 hybridized silicon layer, silicane.[38] Both modifications 

exhibit a great potential for future applications in diverse fields (see below; e.g., field effect transistors 

(FET),[39] lithium ion batteries,[40–44] water splitting,[45] photocatalysis[45] hydrogen storage,[46] etc.), 

but differ strongly in their properties and syntheses.  

 

2.1 Synthesis	of	Silicon	Nanosheets	
 

Many syntheses exist to produce nanomaterials of different consistency and forms, but they can all be 

assigned to two different categories: bottom-up and top-down.[47] In bottom-up approaches smaller 

units are assembled into bigger and more complex systems. In nanotechnology these syntheses often 

start from molecular precursors that can self-assemble, or are brought to a reaction by different 

initiation methods[48–50] (e.g., laser, heat, etc.). In top-down procedures larger starting systems are used 

and separated into smaller (nanodimensional) components/segments. This is mostly done with 

conventional, mechanical methods such as grinding or attrition.[47] 

For SiNSs, several synthesis procedures have been published. Yu et al. reported the synthesis of silicon 

nanosheets by direct current (DC) arc discharge in an argon/hydrogen atmosphere and analyzed their 

electrochemical properties towards the suitability as Li-ion battery material.[51] Further publications 

describe the synthesis of SiNSs by magnesiothermic reduction of sand[52] or chemical vapor deposition 

(CVD).[53,54] In 2014 Kim et al. synthesized SiNSs of various thicknesses (1 – 13 nm) via dendritic 

growth and demonstrated a thickness dependent photoluminescence (1.6 – 3.2 eV).[55] However, in 

this work the emphasis lies on a different synthesis approach which will be discussed in the following 

in further detail.  

 

2.1.1 Silicenes	
Silicene does not exist in nature due to its instability in ambient conditions,[56] but as the silicon 

analogue of graphene, it awoke the interest of many scientists. Although first theoretical calculations 

demonstrated, that silicenes should be stable and gave the first insights into their potential structural 
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characteristics,[57] a successful preparative synthesis took another decade. In 2005 Léandri et al. 

reported the growth of Si nanostructures upon deposition of Si from a direct current heated silicon 

wafer (flashed at ~1250 °C) under ultra-high vacuum conditions on Ag(110).[58] This was the first step 

towards the successful synthesis of silicene. But only further experimental and theoretical elucidation 

in 2007 confirmed the effective synthesis of graphene-like honeycomb silicenes (in early works 

referred to as silicon nanoribbons) of ~1.7 nm width and varying lengths (1 nm – tens of nm).[59] 

Scanning tunneling microscopy (STM) measurements of these nanoribbons showed a Si–Si-distance 

of 2.24 Å[60] and thus confirmed DFT calculations showing that Si can exhibit stable, 2D, low buckled, 

honeycomb structures similar to graphene.[61–63] Further studies were performed on Ag(110),[64–69] 

which led to the first evidence of local silicene-like sp2 character.[66,67] In 2010 Aufray and co-workers 

presented silicene layers epitaxially grown on a Ag(111) single crystal via direct condensation of a 

silicon atomic flux onto the substrate.[70] In 2012 Vogt et al. then synthesized a one atom thick two-

dimensional silicon layer on Ag(111) with an extended width of 100 - 150 nm and a height of ~0.1 nm, 

giving experimental evidence for larger, graphene-like 2D silicon.[71] Ag(111) with its 6-fold 

symmetry is expected to favor the formation of the honeycomb silicon layer.[72] Figure 2 shows the 

STM image of the silicene surface on the substrate (Figure 2b) and the model of the arrangement of 

the silicon atoms (Figure 2c). Further morphological characterizations of the silicon layers show that 

the corrugated silicene domains grow with different preferential orientations and tend to cover the 

surface in patchwork-like patterns.[72] Temperature dependent examinations combined with 

calculations indicate that with increasing substrate temperatures, the silicon atoms on the substrate 

form some metastable structures (i.e., self-assembled honeycomb building block, incomplete silicene 

films), which eventually evolve into the most stable phase (i.e., monolayer or bilayer silicene films).[73]  

 

Figure 2 Construction of the atomic structure model for the 2D Si adlayer. Filled-states STM images of (a) the initial clean Ag(111) 
surface, (b) the silicene sheet and (c) the model of silicene on Ag(111). Si atoms sitting on top of Ag atoms are highlighted as larger 
orange circles, resembling the measured STM image. Bottom right corner: the ball-and-stick model for the freestanding silicene layer 
is shown with a Si-Si distance of 0.22 nm.[71] Reprinted with permission from P. Vogt, P. De Padova, C. Quaresima, J. Avila, E. 
Frantzeskakis, M. C. Asensio, A. Resta, B. Ealet, G. Le Lay, Phys. Rev. Lett., 108, 155501, 2012; copyright (2012) by the American 
Physical Society. 
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The synthesis of silicene-like structures is not confined to Ag surfaces. In 2012 the formation and 

characterization of silicene on ZrBr2
[74] was reported, to which in 2013 Ir(111)[75] and Au(110)[76] were 

added. Le Lay and co-workers also reported the synthesis of aligned multilayer silicene nanoribbons 

with a pyramidal cross section and their electronic properties.[77]  

Additionally, DFT calculations suggest 2D hexagonal boron nitride (h-BN) monolayer on a Cu(111) 

substrate[78] or solid Ar(111)[79] as a potential platform for silicene. In this case, due to the weak 

substrate-sample-interactions an influence of the substrate on the electronic properties of silicene 

should be minimized and detachment of silicene from the substrate should be possible. In another 

approach, first-principle works show that the separation of the silicon layer from the support can be 

chemically executed by e.g., hydrogenation or calcium intercalation, resulting in the desired 

monolayer.[80] Furthermore, Houssa et al. suggested the stabilization of silicene in a graphite-like 

nanolattice, maintaining its gapless-semiconducting character.[81] Such a stabilization approach was 

then executed experimentally, when silicene layers were successfully stabilized by encapsulation in 

Al2O3.[82,83] This encapsulation enables the detachment from the substrate, but does not render free 

standing silicenes. In contrast, for silicanes, no stabilizing substrate is needed and the free standing 

materials are stable for a limited time without encapsulation or modification. 

 

2.1.2 Silicanes	
Silicanesa are sp3 hybridized SiNSs and can be synthesized by a top-down approach from calcium 

disilicide CaSi2. This Zintl disilicide contains anionic puckered silicon layers (Si-)n which consist of 

interconnected Si6 rings. The layers are stabilized by a planar cationic monolayer of Ca2+ ions (Scheme 

1) which can be deintercalated, leading to the exfoliation of the silicon layers. The single layers tend 

to stack and form a silicon based graphite analogue, which, in literature, is mostly referred to as layered 

polysilane.[84]  

This approach was first shown in 1863, when Wöhler described the synthesis of siloxenes[85] by the 

treatment of CaSi2 with hydrochloric acid (Scheme 1a). Based on the work of Wöhler, in the 1920s 

Kautsky et al. described the synthesis and properties of these siloxenes in more detail.[86,87] 

 

                                                        
a In some theoretical publications the authors refer to silicanes as hydrogenated silicenes. Other publications 
refer to the material as hydride terminated SiNSs or when stacked as layered polysilanes. 
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Scheme 1. Schematic of the possible deintercalation reactions of Ca2+ from CaSi2. a) Reactions with HCl at moderate temperatures 
lead to siloxenes[85], while b) deintercalations in ethanol render siloxene derivatives with chlorine, ethoxy surfaces; or alkoxylated 
siloxenes[88,89] c) the treatment of  CaSi2 with HBr in molten AlBr3 is believed to render hydride/bromide terminated SiNSs[88] and d) 
reactions with iodo monochloride ICl were reported to yield the less well characterized (SiCl)n.[90] e) Reactions with concentrated HCl 
at low temperatures render silicanes.[91] 

 

Although the publications did not get much attention, this deintercalation approach was further 

developed by Schott and Hengge. In 1957 Schott et al. reported the reaction of CaSi2 with HCl in 

anhydrous ethanol, leading to the siloxene derivatives [Si]6H3Cl2OEt.[92] For similar reaction 

conditions Weiss et al. reported the formation of alkoxylated siloxene derivates (Scheme 1b).[89] In 

the same year the authors reacted CaSi2 in molten AlBr3 with HBr and found that the silicon layers 

were partially substituted with H and Br atoms respectively (Scheme 1c).[88] In the 1970s, Hengge 

used iodine monochloride ICl to synthesize (SiCl)n layers[90] (Scheme 1d), which can be reacted 

further with SbF3 to render (SiF)n or with LiAlH4 to synthesize (SiH)n
[93] layers respectively. For 

halogen substituted SiNSs (SiX)n, the more electronegative halogen substituents lead to absorptions 

in the regime of shorter wavelengths and thus colored products.[94] Hengge did not observe any PL for 

his (SiX)n (X = Cl, Br, I, F, H) silicon layers,[93] while for the siloxenes described by Wöhler and 

Kautsky, new experimental studies were published[89,95] in which e.g., PL properties were described.[96]  

The synthesis of hydrogen terminated silicanes required different reaction conditions. In 1993 Dahn 

et al.[84] reported a new approach to synthesize free standing hydride terminated silicon monolayers 

from CaSi2 via chemical exfoliation at very low temperatures (< -30 °C), which was improved in 1996 

by Yamanaka et al. (Scheme 1e).[91]  

Based on this procedure, Nakano et al. synthesized SiNSs from Mg doped CaSi2. The incorporation 

of Mg should facilitate the exfoliation of the nanosheets due to a decrease in negative charge on the 

silicon layers and the resulting weakening of the Ca-Si-interactions.[97]  

While for silicenes no large scale syntheses were reported so far, as the sp2-hybridized materials need 

stabilization from the (semi)metallic support, silicanes can be synthesized in the gram scale. 
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Additionally, for silicon the sp3 character is energetically favored,[56] leading to a higher stability of 

silicanes and many possibilities to alter their properties e.g., via surface functionalization. 

 

2.2 Surface	Functionalization	of	Silicanes	
Due to the strong oxophilicity of silicon, hydride terminated silicon materials are merely metastable 

at ambient conditions and as such prone to oxidize. This results in a change of their properties, but can 

be suppressed by functionalization of the silicon surface,[98] as known for other silicon based 

nanomaterials (e.g., silicon nanocrystals,[99,100] porous silicon[101]). In addition to stabilization, 

functionalization influences the dispersibility of the nanomaterial[102–104] and might affect its 

(opto)electronic properties.[105,106] Silicanes tend to stack due to their 2D structure. Thus, surface 

modifications are also expected to promote the exfoliation of the single layers[107] and prevent them 

from stacking. 

Compared to silicon nanocrystals (SiNCs) or porous silicon (pSi), little is known about the surface 

chemistry of SiNSs. For silicanes Okamoto et al. reported the synthesis of amine functionalized SiNSs 

with N-decylamine (Scheme 2a).[108] In further studies the authors attached aromatic amines[109] and 

functional substrates (i.e., diamines and carboxylic acids)[110] to the SiNSs surface. 

In order to stabilize the sensitive Si surface, formation of stable Si-C bonds is desirable. This can be 

achieved through the reaction of SiNSs-H with the Grignard reagent PhMgBr[98] or via Pt catalyzed 

hydrosilylation with 1-hexene as published by Nakano et al..[111] When diluted in CHCl3, the products 

of the reaction render clear dispersions. 

 

Scheme 2. Functionalization of hydride terminated SiNSs a) through nucleophilic substitution with decylamine (m = 2,3,6,12; 
Ar = Ph, Np, Cz),[108–110] b) through reaction with the Grignard reagent PhMgBr[98] and c) through platinum catalyzed hydrosilylation 
reaction with 1-hexene.[111] 

Aside from the vast, potential chemistry of SiNSs, the only further reactivity besides surface 

functionalizaions that has been examined experimentally, is mechanochemical lithiation.[112] In 
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theoretical publications functionalization of hydride terminated SiNSs with aldehydes is 

suggested.[113] 

As known for nanomaterials, the nature (i.e., modification) of the SiNS surface has a strong influence 

on the properties due to their large surface area. This underlines the importance of the above described 

works, and also emphasizes the potential of further studies on surface functionalization. 

 

2.3 Properties	of	Silicon	Nanosheets	
2D nanostructures exhibit layer thicknesses in the nano regime and lateral sizes on the microscale. 

This anisotropic structural property is an important attribute in nanodevice fabrication[114] and one of 

the few characteristics that silicanes and silicenes have in common. Besides that, their properties (i.e., 

optic, electronic, magnetic, etc.) differ strongly from each other. 

 

2.3.1 Properties	of	Silicenes	
Silicene is often referred to as the silicon based graphene. However, in terms of stability, structure and 

properties, the materials exhibit many differences.[115] Some of its properties (i.e., stability) represent 

challenges that the scientific community needs to tackle before device fabrication is possible. Others 

offer reaction routes and possibilities, different from the ones explored with graphene or other 2D 

nanomaterials. Thus, silicene is regarded as a new and promising material for existing as well as unique 

future applications. 

 

Theoretically Determined Properties 

First principle calculations predicted the stability of silicene, its structural characteristics as well as its 

size- and orientation dependent magnetic and electronic properties such as the semi metallic character 

with crossing of the π and π* bands at the Fermi level.[63] Additionally, silicene exhibits very high 

intrinsic carrier mobilities[116,117] with charge carriers behaving like massless Dirac fermions.[63] 

Silicene was also determined to exhibit a giant magnetoresistance,[118] various exotic field-dependent 

states[119] and be able to realize the quantum spin Hall effect[119,120] whose significance can differ upon 

application of hydrostatic strain due to a change in gap size.[120]  

When grown on Ag(111) substrates, silicene exhibits a metallic character; thus it does not possess 

the Dirac cone electronic structure, characteristic of freestanding silicene or graphene. This theoretical 

change of properties emphasizes the need for experimental studies on this material, but also 

demonstrates that the band structure of SiNSs can be altered by external influences. As such, the 

Ag(111) support is not only predicted to stabilize silicene[121,122] but also changes its 

properties[121,123,124] due to the strong interactions with the silicon monolayers. When “inert” supports 
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are used that merely interact with silicenes via weak van-der-Waals-interactions (e.g., MoS2,[125,126] h-

BN,[121,127] SiC(0001),[127] hydrogen-passivated Si(111) and Ge(111) substrates[128] or silicane[129–131]), 

only minor influences on the silicene band structure occur.  

Besides the substrate, external influences, such as electrical fields can be used to tune the bandgap of 

silicene.[119,132,133] DFT calculations also reveal, that silicene, just like nanoribbons shows a strong size 

and geometry dependent electronic and magnetic behavior,[63] that can also be altered by introduction 

of defects.[134–136] Furthermore, chemical modifications can significantly alter the band structure 

characteristics (i.e., direct/indirect band gap, metallic/semiconducting features) of silicene. As such, 

the functionalization of the surface (e.g., halogenation,[137–139] hydrogenation[140]) can be used to alter 

the electronic properties (e.g., opening of the band gap[141]) and the physical properties (e.g., 

adsorption energy of hydrogen chemisorption,[142] optical absorption,[141] magnetic properties[63]) of 

silicene. Additionally, seemingly minor influences like the arrangement of the hydrogenated 

surfaces[140,143] and the crystallinity of the substrate[144] can have an effect on the band structure. 

Further studies show the band gap opening due small, electron donating molecules (e.g., 

tetrathiafulvalene) that interact with silicene, but do not covalently functionalize it.[145] This behavior 

indicates potential in sensing applications. However the behavior is also dependent on the interacting 

molecules themselves. For example, the adsorption of the ionic liquid choline benzoate does not affect 

the electronic properties of silicenes. On the other hand, a strong change in the HOMO/LUMO of the 

adsorbed molecules was observed, which could be valuable for the use of silicene as catalyst 

material.[146] 

Further calculations show that the formation of silicene bi- or multilayers is possible (e.g., by 

exploiting self-organization in confined systems),[147,148] wherein the interlayer distance influences 

their properties.[149,150] Silicene bilayers were found to exhibit a graphene-like semi metallic 

character[148] and were strongly affected by external influences (e.g., Ag support[151–153]). Despite the 

fact that monolayered silicene in some properties is similar to graphene, silicene multilayers strongly 

differ in geometry and electronic properties from graphene multilayers (e.g., stronger interlayer 

covalent bonds).[154]  

In summary, a vast number of theoretical works (in part based on different models) deal with the 

outstanding and often unique properties of silicene, as the material exhibits the potential to compete 

with or even overtake graphene, the key player in nanotechnology. Some of the results are very specific 

to each system (e.g., symmetry, conformation, considered number of atoms, used substrate, multilayer 

system, etc.) and may thus have (partly) different results from each other (e.g., metallic[155] vs. 

semiconducting[63] behavior). However, all publications underline the great potential of 2D silicon 

monolayers and some results have even been confirmed on an experimental level (vide infra). Thus, 

the calculations provide a good starting point for experimental scientists to further explore the silicon 

counterpart of graphene. 
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Experimentally Determined Properties 

Silicene-like nanoribbons of 1.6 nm width on Ag(110) show the expected honeycomb geometry[60] 

and the metallic, sp²-like character of the silicon orbitals.[67] The growth is mediated and influenced 

by the silver substrate. Angle-resolved photoemission spectroscopy (APRES) demonstrates one 

dimensional quantum confined electronic states and suggests a Dirac cone-like band structure, similar 

to graphene on different substrates.[60] Interestingly, these silicene stripes exhibit a stronger chemical 

stability than graphene (with its edge reactivity), whereby the oxidation process starts at the extremities 

in a “burning match” mechanism.[156] 

On Ag(111) silicene exhibits an unambiguously strong buckling of the honeycomb layer, as shown by 

the combination of non-contact AFM and STM measurements.[157] APRES measurements point 

toward the existence of Dirac fermions in the silicene band, similar to that in graphene,[71] with a Fermi 

velocity of 1.3 ∙ 10-6 ms-1. For freestanding silicene a zero band gap is expected, while the Ag(111) 

substrate for the here-mentioned material is thought to induce the measured band gap.[71] This likely 

occurs due to the hybridization of the interfacing Si pz orbital and the Ag d orbitals.[158] The samples 

exhibit a massive Dirac cone state with a large band gap between the π and π* bands at the K 

point.[71,73,159] However, the combination of experimental data (e.g., APRES) and DFT calculations 

also show that the substrate substantially influences the electronic structure of silicene, leading to 

different properties (e.g., absence of π and π* bands, loss of Dirac fermion characteristics, 

etc.).[123,124,160,161] Silicene multilayers were grown on the same Ag(111) substrate and the process was 

examined.[162] For few-layer-systems synchrotron radiation photoelectron spectroscopy shows a cone-

like dispersion at the Brillouin zone center due to band folding and gapless Dirac fermions can be 

detected.[163] Scanning tunneling spectroscopy (STS) studies furthermore demonstrate that for small 

voltages the system is in the direct tunneling regime, while the Fowler-Nordheim regime can be 

reached for tip voltages Vtip > 1.3 V.[72] Interestingly this is consistent with data collected on silicane 

type SiNSs (see 2.3.2.1).[164]  

Molle et al. studied the oxidation stability of silicene on Ag(111) and found, that the short term 

exposure of the material to small concentrations of pure oxygen (1 s at 10-6 Torr) does not lead to 

strong oxidations, coinciding with publications on Ag(110) substrates, sating the low reactivity.[165] 

When the system is exposed to air (here for 3 min), XPS data shows that the Si(0) signals decline 

clearly, while strong signals in the Si(IV) region appear. After one day the silicene monolayer is 

completely oxidized.[83] To tackle this problem, encapsulation in a stabilizing cover of Al or Al2O3 

can be used independent of the support, leading to stable, atomically sharp, chemically intact 

metal/silicene interfaces that allow the characterization of the system as well as its use for device 

fabrication.[83] 

Additionally, silicene was grown on ZrBr2, for which epitaxial strain was found to influence the 

electronic properties,[74] as confirmed by the combination of DFT calculations and Raman 

measurements that reflect the multihybridized nature of the nanoribbons, which is caused by the 

substrate induced strain and the resulting buckled/distorted lattice.[166] 
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While monolayered silicene was found to be highly unstable, multilayer silicene exhibits inert 

characteristics, even in the presence of oxygen. With a growing number of silicene layers, the silicene 

stacks are decoupled from the substrate[167] and an ultra-thin native oxide film is formed on the 

exposed surface region. This layer protects the silicene stack for ≥24 h at ambient conditions.[168] 

CaSi2, the starting material for silicane synthesis, can also be regarded as calcium intercalated 

multilayer silicene, as is the case for the heavier alkaline earth metal Sr in SrSi2.[169] High-resolution 

APRES studies of CaSi2 show massless Dirac cone μ-electron dispersions at the K(H) point in the 

Brillouin zone.[170] Nakano and co-workers further used CaSi2 and reacted it with the BF4
--based ionic 

liquid (1-butyl-3-methylimidazolium tetrafluoroborate) to observe the diffusion of F- ions into the 

Zintl salt and the subsequent formation of silicene bilayers with different symmetries.[44] The obtained 

material consists of silicene bilayers alternating with planar crystals of CaSi2 and/or CaF2 as observed 

with high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and 

STEM-energy-dispersive X-ray spectroscopy (STEM-EDX). Calculations suggest the formation of a 

new silicene allotrope with four-, five-, and six-membered sp3 silicon rings and the opening of the 

indirect band gap to 1.08 eV. 

As the measurements also show a substantial charge transfer from the Ca atoms to the anionic 

“silicene” layers, as well as the substantial influence of the support of grown silicene layers (e.g., on 

Ag surfaces), further studies of uninfluenced, free standing silicenes would be of interest, but currently 

present a challenge for the scientific community. 

 

2.3.2 Properties	of	Silicanes	

2.3.2.1 Hydride	Terminated	Silicanes	
 

Theoretically Determined Properties 

As mentioned before, many theoretical publications deal with the difference between silicenes and 

silicanes as well as the transformation of one material into the other.  

For the conducting graphene, e.g., doping and the introduction of defects are used to disturb the 

conjugated sp² system and thus induce an electronic band gap for semiconductor applications.[171,172] 

Due to their sp³-character, silicanes are semiconducting by default and hence their electronic 

properties are of particular interest. Thus, calculations deal with the influence of the conformation,[129] 

the size and orientation dependency (also on magnetic properties)[63,173] and predict the band gap 

properties of silicanes. These range from indirect band gaps of 2.19 eV[141] or 2.2 eV[174] to almost 

direct band gaps of 2.75 eV[175] and direct band gaps,[173] depending on the used model and applied 

conditions. When looking at bilayers of (non-functionalized) silicanes, the band gap properties are 

influenced by the interactions with the second layer (almost direct band gap of 2.75 eV).[175] When 

looking at functionalized SiNSs the influence is strongly reduced.[176] Few-layer systems of hydride 
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terminated silicanes show increasing band gaps as well as formation energies with the reduction of the 

layer size, indicating a lower structural stability with fewer layers. This can be explained with the high 

surface/volume ratio of the SiNSs.[177]  

In further first-principle calculations silicanes were found to exhibit non-magnetic semiconducting 

behavior. This differs from “half-hydrogenated” silicenes, where only one side is terminated by  

Si–H groups, which exhibit localized, unpaired electrons of the silicon atoms, thus showing 

ferromagnetic semiconducting properties.[178] Time dependent DFT calculations show the 

fundamental potential of SiNSs for exploring the characteristics of excitons in confined dimensions 

due to the easy formation of self-trapped electron-hole pairs.[179] 

Other calculations show that silicanes are semiconductors whose indirect band gap can be influenced 

by physical strain, leading to an indirect-to-direct gap transition. Different models show that 

asymmetrical strain leads to direct-to-indirect transitions in (100) SiNSs, while symmetrical strain 

retains the indirect band gap characteristic.[180] Further DFT calculations confirm the sensitivity of the 

band gap of silicanes towards strain by looking at the Si–H- and Si–Si-bond lengths.[149] Thus, 

unstrained silicanes exhibit a considerably lower electron mobility (464 cm2/Vs) than silicon 

(1450 cm2/Vs), but when strain is applied, the band gap becomes direct and the mobility rises 

drastically (8551 cm2/Vs).[149] 

As determined for silicenes, silicanes also exhibit a strong dependency of their (opto)electronic 

properties on external influences (e.g., electric field, strain) and internal conditions (e.g., 

functionalization, zigzag vs. armchair configuration), leading to, in part drastic changes (e.g., direct 

vs. indirect band gap),[181] which demands for the experimental determination of their properties to 

understand which material is feasible and which properties accessible.  

 

Experimentally Determined Properties 

The structural properties of silicane are defined by its sp3 hybridized silicon atoms, forming 

honeycomb, buckled silicon layers mainly based on the Si(111) lattice.[38] The single layers show a 

stacking behavior similar to the anionic silicon sheets in the starting material CaSi2, but with much 

weaker van-der-Waals force-based interlayer bonding,[38] thus forming a graphite analogue structure 

with hexagonal layers with an in-plane lattice constant of 3.38 Å and a layer spacing of 5.4 Å.[84] 

The previously described Mg doped SiNSs were extracted from the supernatant over an insoluble, 

black, metallic solid. The oxygen capped SiNSs were found to have thicknesses of 0.37 nm and lateral 

sizes of 200-500 nm and exhibited blue PL (λmax = 434 nm at excitation wavelengths of 

λex = 350 nm).[97] Electron diffraction patterns show that the material is single crystalline. Absorption 

measurements show a peak at 268 nm (4.8 eV) corresponding to the L→L critical point of the silicon 

band structure.  
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Optical absorption measurements of hydride terminated SiNSs were executed by diffuse scattering 

method and show an absorption edge of ca. 2.4 eV,[91] which is similar to the almost direct band gap 

of 2.75 eV[175] and in accordance with the direct band gap (2.41 eV) of the boat like conformation[140] 

that density functional theory (DFT) calculations reported. 

Little is said about the origin of the PL of SiNSs: For CVDb grown SiNSs,[54,55] an enhanced direct 

band was found to be a potential reason for its occurrence.[54] 2D nanostructures are under compressive 

strain,[182] which is known to induce an indirect-direct band gap transition in Si materials.[183,184] 

Furthermore the PL of different silicon nanostructures was proposed to originate from excitonic 

recombination (i.e., exciton formation by recombination of electrons and holes) or charge carrier 

trapping at the surface and their subsequent recombination (i.e., recombination of surface state trapped 

electrons and holes).[55,185] Only in the former case, the size of Si nanostructures influences the 

wavelengths of the emissions, thus offering a good basis for further exploration.c 

 

2.3.2.2 Functionalized	Silicanes	
 

Theoretically Determined Properties 

First principle calculations show that the surface functionalization has a strong influence on the 

properties of the SiNSs. Hence, bromination influences the magnetic properties[178] and fluorination 

(or hydrogenation) of silicene was found to remove the conductivity at the Dirac point, causing band 

gap opening.[138,141] Band gaps of F-silicanes relative to H-silicane are reduced by at least 50%.[181] 

Other calculations show that the fluorination of silicene opens up a band gap whose values can be 

continuously tuned by physical strain.[186] Furthermore, external electric fields can induce a special 

separation in the electron and hole states and even render silicane self-doped.[181] Calculations starting 

from layered polysilanes show that the formerly indirect band gap turns direct upon fluorination, 

whereby the fluorine coverage determines the band gap width.[187] A study comparing the influence of 

the different halogen atoms F, Cl, Br and I on the silicanes, based on the DFT screened exchange local 

density approximation method, show a non-monotonic change of the material’s electronic features 

with increasing periodic number of the halogen atoms (Figure 3).[137] 

                                                        
b The publication refers to silicon nanosheets; the termination of the SiNSs is not further examined.  
c Experimental work on the origin of the PL of non- as well as functionalized silicanes is currently in 
progress and will be published soon.  
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Figure 3. Electronic band structures (left) and charge density distributions of the conduction band maximum (right top) and the 
valence band maximum (right bottom) states at the Г point for differently halogenated silicene. The dashed line indicates the Fermi 
level. Reproduced from Ref.[137] with permission of the PCCP Owner Societies.  

 

Theoretical works on the properties of phenyl-functionalized SiNSs demonstrate the potential of 

surface functionalization to tune the electronic properties of SiNSs. Modified SiNSs were found to 

exhibit a direct band gap of 1.92 eV. Additionally the calculations show, that the phenyl groups do not 

interact strongly on the surface, thus allowing reorientation.[188] The organic groups prevent individual 

layers from interacting strongly with each other, so that stacked layers can still be regarded as 

individual layers. 

DFT calculations for hexyl-terminated SiNSs show that a uniform distribution (periodicity of 7.17 Å) 

of the hexyl-groups on both sides of the silicon layers lead to the most stable structure, most likely due 

to electrostatic repulsion.[189] The authors additionally showed that the length of the alkyl group does 

not influence the direct band gap, but that physical strain can be used to tune the band gap 

continuously.[176] 

 

Experimentally Determined Properties 

Since the successful synthesis of silicane, Nakano and co-workers developed three different methods 

to modify the surface of SiNSs and were thus able to provide a first experimental glimpse into the 

outstanding properties of this new material.  

Amine-functionalized SiNSs consist of 7.5 nm thick layers that stack with interlayer distances of 

2.98 nm and exhibit blue PL (λmax = 350 nm).[108] When the solvent is slowly evaporated from a 

dispersion in toluene, the hybrid material turns into a gel, while the slow evaporation of a solvent 

mixture of toluene/chloroform leads to a sponge like material. The material was further examined by 
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looking at the electron transport properties perpendicular to the sheets by conductive atomic force 

microscopy (cAFM).[164] At voltages < 0.54 V, direct tunneling could be observed, while for voltages 

> 0.54 V Fowler-Nordheim tunneling was found to be dominant. These findings indicate that the 

tunneling barrier of the sheets are smaller than those of the organic molecules on the surface and 

introduce cAFM as a promising method for the electronic characterization of SiNSs, e.g., with 

different functionalities. 

Aryl-functionalized SiNSs synthesized by the treatment of SiNSs-H with phenylmagnesium bromide 

were found to exhibit layer thicknesses of 1 nm and a PL emission maximum of λmax = 350 nm.[98] 

When the hybrid material was deposited on a three-electrode-photochemical cell, photocurrents could 

be measured under direct irradiation with a xenon lamp for wavelengths < 420 nm[98] indicating, that 

the photocurrent forms via direct band gap transition. When aromatic groups were attached to the 

surface via Si–N-bonds, the PL emission maximum was λmax = 370 nm (λex = 250 nm) or 433 nm 

(λex = 350 nm) and photocurrents could be measured when the hybrid material was illuminated with a 

Xe-lamp.[109] According to the authors, photocurrent generation cannot be observed with alkyl 

functionalized SiNSs. 

Hexyl-functionalized SiNSs rendered clear dispersions in chloroform and a layer thickness of ca. 

3 nm.[111] The authors do not make any statement about PL properties, but published absorption 

associated band gap transitions at 4.2 eV. 

The functionalization of SiNSs was found to stabilize the SiNSs and facilitates the dispersibility of 

the inorganic materials in organic solvents and is therefore the starting point for the use of SiNSs in 

any of the various potential applications that could make use of the outstanding properties of SiNSs.  

 

2.4 Applications	
2.4.1 Silicenes	

 

Potential Applications based on Theoretical Calculations 

Currently, FET technology is approaching its performance limits as the miniaturization of the silicon 

based integrated circuitry reaches its limits (e.g., in lithography).[190] However, FETs with a thin 

channel region are supposed to suppress short channel effects, enabling the fabrication of FETs with 

very short gate lengths.[191] SiNSs with a monoatomic layer represent the thinnest channel possible 

and thus exhibit a great potential for information technology.[137] The electronic properties of silicene 

(i.e., Dirac fermion character of the charge carriers resulting in high carrier mobilities, tunable band 

gap, etc.) make it an ideal FET material.[63,137] 

As mentioned before, surface adsorption or functionalization of silicenes can be used to tune their 

band gap. Ni et al. showed that a sizeable band gap can be opened at the Dirac point of silicene without 

degrading the electronic properties. On the basis of Cu, Ag, Au, Ir and Pt adsorption the materials can 
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be doped and used for the fabrication of a p-i-n-tunneling FET with an on/off ratio of 103, a small 

threshold swing of 77 mV dec-1 and a large state current of 1 mA μm under a supply voltage of 

1.7 V.[39] 

Van-der-Waal corrected DFT calculations suggest strong potential of silicane/silicene bilayers in FET 

technology. The hydride terminated silicanes represent an ideal substrate, that opens the band gap of 

silicene. The properties of the bilayer can be modulated by strain or applying a bias voltage, making 

the material a good candidate for high-performance room temperature operating FETs.[131] 

Pristine silicene is impermeable to helium due to a high penetration energy barrier (1.66 eV), 

demonstrating its potential as a gas purification material.[192] Upon introduction of defects, the 

material becomes permeable for He, thus for example Ne or Ar can be separated from it due to the 

different atomic radii. These defects can also be used to separate H2 gas from common gaseous 

molecules (i.e., N2, CO, CO2, CH4, H2O), showing a potential application of porous silicene in gas 

separation and filtering applications,[193] e.g., in the chemical industries. First principle calculations 

show that metalized (i.e., K decorated) silicenes and silicanes can additionally act as a high capacity 

H2 storage medium with capacities of 6.13 wt%.[46] 

Furthermore, silicene shows potential for Na- or Li-ion batteries. First principle studies show that 

defects, which are more likely to occur for silicene than for graphene, lead to high Li-ion mobilities 

on the surface and low diffusion barriers. The layered structure of 2D materials, the large surface area, 

the short diffusion length and the space in between the layers should facilitate Li storage, as seen in 

the conventionally used graphite anodes.[194–196] Additionally, silicene exhibits large Li adsorption 

energies,[197] even when compared to graphene,[195] which may prevent the formation of lithium 

clusters.[194,195,198] Calculations on the Li-ion diffusion defines its pathways.[196,199] Together with 

adsorption energies of free standing mono- and bilayer silicenes, these calculations conclude that no 

structural changes should arise during the (de)lithiation. These studies could prove beneficial for the 

production of high energy density batteries with improved lifetimes.[198]  

Some gases, such as NH3, NO and NO2 were determined to adsorb on the surface of silicene via strong 

chemical bonds, thus changing the band structure and opening the band gap at the Dirac point of 

silicene. This demonstrates the potential of silicene as sensitive molecule sensors.[200]  

 

Potential Applications based on Experimental Work 

For the synthesis of silicene a support is necessary to stabilize the material, which simultaneously 

induces the band gap. This is essential for, for example, FET applications. In 2015 Alkinwande and 

co-workers reported the first silicene based transistor, operating at room temperature.[82] For the 

fabrication, the authors developed the “silicene encapsulated delamination with native electrodes” 

process (Figure 4). Here the silicene layer was first encapsulated in between a layer of Al2O3 and the 

Ag(111)/mica support. The Al2O3/silicene/Ag layers were then detached from the mica support and 
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the Ag film used as contact electrode material. The silicene based FET exhibits a transport behavior 

similar that of graphene based devices due to the analogous Dirac band structures. However, it 

possesses a lower residual carrier density and higher gate modulations, which suggests a small 

bandgap opening in the experimental devices. Alkinwande and co-workers additionally fabricated 

silicene multilayer based FETs, which were found to exhibit characteristic ambipolar charge carrier 

transport behavior.[162]  

 

Figure 4. Process of silicene encapsulated delamination with native electrode. Key steps herein are: epitaxial growth of silicene on 
crystallized Ag(111) thin film, in situ Al2O3 capping, encapsulated delamination transfer of silicene, and native contact electrode 
formation to enable back-gated silicene transistors.[82] Adapted by permission from Macmillan Publishers Ltd: Nature Nanotechnology 
Ref [82], copyright 2015.  

 

Despite the many theoretical applications of silicene, only its suitability in FETs was examined 

experimentally. The more the material is understood, the easier it will be to implement it in further 

devices and applications and thus evaluate its potential. One essential aim remains the stabilization of 

silicene on its support and the detachment of the monolayers from it.  

 

2.4.2 Silicanes	

Due to the different synthesis route, no detachment of the silicon layers is necessary for silicanes in 

order to examine their properties and function in different applications. As such a variety of 

possibilities have been determined theoretically and first experimental results are available as well. 

 

Potential Applications based on Theoretical Work 

Together with the sp3-hybridization of the silicon atoms, a band gap is expected to be induced in 

silicane, relative to silicene. Thus the semiconducting silicanes exhibits a large potential for FET 

applications, as 2D single silicon layers represent the thinnest possible channel. For example F- and I-

terminated SiNSs were suggested as possible channel materials for FETs as the material is stabilized 

strongly by negative formation energy values.[137]  
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Furthermore, hybrid DFT calculations show that the SiH/TiO2 heterojunction of a combination of 

silicanes with anatase TiO2(101) composite exhibits great potential as a visible light excited 

photocatalyst.[201] It possesses an ideal band gap of 2.08 eV, a favorable band alignment and a 

facilitated carrier separation at the interface region. The direct band gap makes the material a 

promising candidate for optoelectronic devices as it enables efficient light emission/absorption.[173]  

Additionally, DFT calculations show that the Na diffusion into silicane stacks is much higher than for 

bulk silicon, in which Na diffusion is energetically unfavorable.[202] Improved binding energies and 

the difference in activation energy for Na diffusion arise due to the large surface area and interlayer 

spaces. Thus silicane demonstrates potential as alkali-ion battery anode material. 

 

Potential Applications based on Experimental Work 

Nakano and co-workers investigated the potential of layered silicanes as anode material in lithium ion 

battery applications.[203,204] Silicon with the highest theoretical capacity (3579 mA h g-1 for 

Li15Si4),[42] is a much more promising material than the conventionally used carbon based anodes 

(372 mA h g-1), but in its bulk form increases its volume up to 300% when charged with lithium. This 

drastic change represents an up-to-now unmet challenge in the production of batteries with Si based 

anodes, as it leads to the degradation of the anode, loss of contact and thus a drop in performance of 

the battery after few cycles.[203,204] A layered structure with spaces might act as pathways for Li-ions[42] 

and buffer the potential change in volume. Layered polysilanes with their graphite-like structure thus 

possess ideal physical and structural properties for lithium ion battery applications. 

Nakano and co-workers tested silicane multilayers (i.e., layered polysilanes) as anode materials and 

found first charge capacities of 1677 mAhg-1 (as compared to a Si powder electrode 910 mAhg-1), a 

volumetric capacity of 2730 AhL-1 (graphite: 820 AhL-1) and apparent chemical diffusion coefficients 

of Li+ of 2.3·10-9 cm²s-1 (Si powder: 4.9·10-10 cm²s-1). With the absorption of the Li-ions, amorphous 

LixSi was formed and the volume increased by 150%. As a consequence, the capacity after the 10th 

cycle dropped to 817 mAhg-1.[42] To stabilize the SiNSs and increase the cycling performance, 

carbon/SiNSs composite materials were used as anode materials and characterized. They demonstrate 

a higher capacity retention than non-coated stacks of SiNSs and a higher conductivity than 

SiNSs/carbon powder mixtures.[40,41] Nakano et al. further fabricated a so called BF4 anion rocking-

chair-type secondary battery from the SiNSs based material [Si10H8(OCH2CH2NH(CH3)2)2](BF4)2 in 

which SiNSs are functionalized with 2-(dimethylamino)ethanol.[43] Upon protonation to 

alkylammonium groups, the counter ion BF4
- can be brought into the system. The anode material was 

found to be stable for repeated electrochemical reduction-oxidation steps. Additionally, in contrast to 

conventional Li-ion batteries that do not work at low temperatures, the here described battery exhibited 

energy densities of 40 Whg-1 at a current density of 100 mAg-1 at operating temperatures of -30 °C. 

Another work that deals with SiNSs as anode material for Li-ion batteries, uses SiNSs synthesized via 

magnesiothermic reduction of sand.[52] The electrochemical properties of an anode based on this type 
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of SiNSs are similar to commercial Si nanopowder. But when encapsulated with reduced graphene 

oxide, the electrode shows high-reversible capacity and excellent rate capability. 

Despite the vast possibility of potential applications for SiNSs, only their suitability for Li-ion batteries 

has been examined due to the novelty of the material. This leaves a big field of yet undiscovered 

reactivities, properties and applications for SiNSs and identifies the material as a playground for 

scientists of different disciplines.  
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3. Aim	of	this	Work	
The discovery of graphene opened a new era in nanotechnology and emphasized the vast potential of 

2D nanomaterials in future technologies. Since then, the scientific community has started to explore a 

variety of new two-dimensional materials. Amongst them silicon nanosheets play an important role 

for theoretical chemists and physicists, as in its 2D form, the carbon homologue silicon might exhibit 

similar potential as graphene. Although the performed theoretical work promises many outstanding 

properties and possible applications, for silicon nanosheets, not much experimental work has been 

published so far.  

The 0D counterparts of SiNSs, SiNCs are better studied and understood. Also in our group we built 

up expertise in this field. Thus, since we started to work with SiNCs in 2013 we could develop new 

methods for their surface functionalization. As such diazonium salt initiators were shown to offer mild 

and straight forward means of surface modifications[102] and alkylsilylchloride terminated, 

electrophilic core shell particles could be synthesized that were susceptible to nucleophilic 

compounds.[205] Additionally, organolithium reagents were demonstrated to enable the direct 

attachment of aromatic and conjugated systems on the nanocrystal, hence representing a stabilizing 

surface functionalization method that does not isolate the SiNCs, but instead guarantees access to their 

electronic properties.[206,207] Furthermore, the controlled polymerization of functional polymers from 

silicon nanocrystals was shown to lead to a stabilization of the SiNCs and combined properties of both 

materials (e.g., photoluminescent temperature responsive hybrid materials).[208,209] 

At the start of this thesis stood thus the question if the hydride terminated, 2D silicanes are also 

susceptible to such a rich surface chemistry and if their unique optic and electronic properties could 

be maintained by surface functionalization. The control over the surface chemistry of these new and 

promising materials depicts the first step towards a better understanding of their properties and 

potentials and should open possibilities in a broad field of applications. Additionally the combination 

of their properties with those of other materials (e.g., functional polymers), as shown for SiNCs, could 

open up new fields of application and might lead to first silicane-based devices. Therefore it is 

necessary to firstly investigate the characteristics and reactivity of the used SiNSs to determine if the 

materials keep up with their purported superiority over graphene. 

One research aim hence is, to characterize the materials and their properties and to determine their 

potential applications. In order to facilitate characterization, the SiNSs need to be modified, as surface 

functionalization of silicon nanomaterials protects the material against external influences and can 

additionally be used to tune their properties (e.g., dispersibility,[102–104] band gap,[105,106] etc.). Every 

method has its advantages and disadvantages (e.g., reaction conditions, influence on PL properties, 

substrate scope, etc.) and only little experimental data has been collected for SiNSs.[98,108,111] Thus, 

new surface modification pathways are needed that guarantee mild, broadly applicable and easy to 

execute conditions. Although one cannot easily suggest the same properties for (silicon) materials, 

when the dimensions are reduced to the nanoregime, a good basis for this work lies in the published 
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modification methods for SiNCs. Thermal reactions are the most common functionalization methods 

for silicon (nano)materials and thus represent first potential initiation conditions (see chapter 4). 

Furthermore Lewis acid catalyzed surface functionalization for SiNCs was shown to proceed fast and 

without any side product impurities[210] (see chapter 6). A further, commonly used method to 

functionalize bulk and nanostructured silicon surfaces is UV induced hydrosilylation, which might 

also be applicable for SiNSs (see chapter 5). The great functional group tolerance of diazonium salts 

and the straight forward reaction procedure underlines the potential of these compounds for SiNM 

surface modifications. Hence diazonium compounds could be examined for their applicability for 

SiNSs as well (see chapter 4), as they were shown to successfully initiate functionalization of pSi[211] 

and SiNCs[102] and can be used for electroreductive grafting on bulk silicon.[212] Although only one 

publication deals with the grafting of diaryliodonium salts on silicon surfaces,[213] these compounds 

might in this context be very promising materials as well and could potentially be used for grafting 

onto the SiNS surface or as hydrosilylation initiator for other substrates, similar to diazonium 

compounds (see chapter 7). 

Another research aim arises from the fact that nanomaterials are commonly used as a filler material in 

polymer composites. The resulting hybrid materials often combine the properties of both 

components,[209,214] or can drastically improve their properties (e.g., mechanical and electronical 

properties[215–217]), as was also shown for SiNCs. The combination of SiNSs and common polymers 

in nanocomposites might lead to new and interesting features (see chapter 5), which can contribute 

to the implementation of SiNSs in different nanoelectronic devices (see chapter 11.3). Hence the 

synthesis and characterization of a SiNSs based nanocomposite might be a rewarding aim. An 

important aspect of nanocomposite materials is the consistency of the filler material. As such, one 

distinguishes between covalent (i.e., the nanomaterial is functionalized) and non-covalent (i.e., a blend 

of filler and matrix) nanocomposites, which in the case of SiNSs might play an important role, as non-

functionalized SiNSs might not be stable, even in the polymer matrix. Investigations into this matter 

may be interesting and helpful for further applications. 

Due to the outstanding properties of SiNSs, functionalized SiNS as well as the nanocomposite hybrids 

could be used for the fabrication and characterization of devices, which is another attractive target 

that needs to be tackled once the SiNSs and their properties are better understood (see chapter 6). Their 

semiconducting character and the tunable band gap[180] make them very promising targets for 

nanoelectronic, and especially field effect transistor applications. Functionalized SiNSs as well as 

SiNSs blends with semiconducting polymers might represent good materials for this purpose. Similar 

FET applications were for example shown for carbon nanotubes.[218] Additionally, with phenyl-

functionalized SiNSs, photocurrents could be measured. This observation depicts their potential in 

applications as photonic sensors due to the photosensitive behavior and is another desirable aim for 

this thesis (see chapter 11.3).  

As some 2D nanomaterials (e.g., graphene) were found to be catalytically active,[219] and theoretical 

works suggests the same for silicon nanomaterials,[45] a further appealing aspect would be to examine 
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the role of SiNSs as catalysts or reaction initiators (see chapter 7 and chapter 8). If SiNSs were 

found to activate compounds, the big surface area of the nanomaterial could additionally enhance the 

reaction. The above mentioned applications in photocatalysis could be a starting point for 

examinations into “chemical applications” of SiNSs. Furthermore molecular silanes are commonly 

used as reduction reagents, which means, if applicable, SiNSs could reductively activate other 

molecules. 

In conclusion, the aim of this work is to investigate the surface reactivity of silicane type SiNSs, their 

functionalization under different reaction conditions and their use as catalytic material. Another aspect 

is the characterization of their unique properties and their application as functional filler materials in 

nanocomposites as well as first nanoelectronic devices.   
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Content: 

On various 3D and 0D silicon materials high temperatures as well as diazonium salts have been used 
to initiate surface functionalizations. Due to the novelty of 2D silicon nanomaterials, these methods 
have not yet been explored for SiNSs. The communication deals with this matter. Both methods have 
been shown to efficiently functionalize the surface of hydride terminated SiNSs with a broad variety 
of substrates. While diazonium salts could not be used for protic substrates on SiNCs, for SiNSs 
unsaturated acids as well as alcohols could be used, thus emphasizing the different reactivity of SiNCs 
and SiNSs. The diazonium salt initiated hydrosilylation is executed at room temperature and thus 
represents a very mild way of surface functionalization, rendering photoluminescent, two-dimensional 
silicon nanomaterials.  
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In our previous work we could show, that radical induced hydrosilylation is an efficient way to 
functionalize the surface of SiNSs. In this publication we report the use of the classical radical 
polymerization initiator azobisisobutyronitrile for surface functionalization with different functional 
substrates. Additionally, the publication deals with UV light induced decomposition of SiNSs, which 
was observed during the studies on the radical induced surface functionalization of SiNSs, as UV light 
is another commonly used initiation method. While UV-induced hydrosilylations are broadly used to 
functionalize pSi or SiNCs,[220,221] the here used monolayered SiNSs decompose upon irradiation, most 
likely due to homolytic Si–Si-bond cleavage. This sensitivity against UV light needs to be tackled if 
SiNSs should find their way into further applications. Thus, we next reported the synthesis of SiNS 
based nanocomposites. The nanocomposite is synthesized in one step by radical polymerization of 
different monomers and the simultaneous radical induced surface functionalization of SiNSs. We 
could demonstrate this covalent character of the nanocomposite by the combination of different work-
up procedures with GPC measurements. Lastly, we look into the properties of the SiNSs 
nanocomposites and demonstrate that they combine the processing properties of the organic polymer 
matrix with the (opto)electronic properties of the inorganic SiNSs. Additionally, the polymer matrix 
successfully contributes to the desired stabilization of the SiNSs against external influences such as 
UV light and bases.  
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Content: 

Due to the large surface of nanomaterials, their surface character is of decisive important for the 
material properties (e.g., stability, dispersibility) and applications (e.g., biological, electronic). 
Different methods of surface modification exhibit their own advantages and disadvantages. It is 
therefore important to examine different conditions of introducing surface groups to being able to 
choose from a bigger repertoire depending on e.g., sensitivity of substrates, intended application, etc. 

In our work we functionalized hydride terminated SiNSs via Lewis acid catalyzed hydrosilylations to 
induce reactions with alkenes and alkynes. In contrast to other silicon based nanomaterials, different 
aluminum and borane based Lewis acids can be used for the reaction, demonstrating a higher reactivity 
of the SiNSs. The method can be applied on a variety of functional alkenes and alkynes. The different 
reactivity of the substrates gives information about the potential reaction mechanism which is different 
from other silicon based nanomaterials (e.g., SiNCs, pSi). 

The functionalized materials show improved dispersibility of the SiNSs while still maintaining their 
electronic features. As such we could use the hybrid nanomaterials to, for the first time, fabricate Field 
Effect Transistors (FET) based on P3HT/SiNS composites. The combination of the two materials 
enabled us to enhance the sensitivity of the solution-gated FETs and increase the transconductance gm. 
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Content: 

Since diazonium salts were found to initiate hydrosilylation on SiNCs, the method became one of the 
most important surface modification methods in our group. The chemical similarity of iodonium salts 
and their use in grafting experiments on silicon wafers hence motivated us to look into their properties 
as initiators for silicon nanomaterial surface functionalization.  

In this work, the potential of diaryliodonium salts in hydrosilylation reactions on the surface of silicon 
nanosheets as well as silicon nanocrystals of different sizes is examined. A variety of different 
functional substrates can be used to stabilize the surface of the photoluminescent materials. 
Additionally, the combination of hydride terminated silicon nanomaterials with diaryliodonium salts 
was found to initiate cationic ring opening polymerization, demonstrating the potential of silicon based 
nanomaterials as coinitiators and enabling a mild, straight forward reaction method.  
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8. Silicon	Nanosheets	as	Initiators	for	Diaryliodonium	
Induced	Radical	and	Cationic	Polymerization	

 

Based on the findings of our previous works on iodonium salt initiated hydrosilylations and the therein 

made observation of poly(THF) formation, the system of SiNS/diaryliodonium salt was investigated 

further. The polymerization seems to rely on a collaborative effect between the silicon nanomaterial 

and the diaryliodonium salt. The silicon nanomaterial acts as co-initiator, inducing the decomposition 

of the diaryliodonium salt, thereby enabling the mild and straightforward polymerization of a variety 

of cationically and radically polymerizable monomers. This work emphasizes the potential role of 

silicon nanomaterials as an activator or in catalytic applications and is further described in the 

appendix (see chapter 13.1). 
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9. Summary	and	Outlook	
At the beginning of this PhD thesis, the synthesis of SiNSs from CaSi2 (Figure 5) was implemented 

based on the work of Okamoto et al..[108] The developed etching/extracting procedure allowed to 

produce photoluminescent, reactive, hydride terminated SiNSs in large amounts. 

 

Figure 5. Schematic of SiNS-H synthesis by chemical exfoliation from the Zintl salt CaSi2 and a subsequent etching step with aqueous 
HF.  

 

As the first project of the PhD thesis, high temperatures and diazonium salts were explored as new 

reaction procedures to induce hydrosilylation on the surface of hydride terminated SiNSs. These 

conditions were proven to be applicable to a broad variety of functional substrates and render the 

photoluminescent material, which is dispersible in organic solvents (Figure 6). 

 

Figure 6. Schematic of the radical induced surface functionalization of SiNSs with a broad variety of substrates and pictures of the 
resulting SiNS-C12H25 dispersion under visible (left) and UV light (right).[222] 

 

The next project extended the concept of radical induced functionalization through the use of classical 

radical polymerization initiators and illuminated some fundamental properties of SiNSs. As such, we 

examined the UV induced decomposition of SiNSs. To stabilize them, we suggested the encapsulation 

of the material in a polymer matrix. In a single reaction step, the SiNSs were functionalized and a 

polymer matrix was formed (Figure 7), as shown by the combination of different work up methods 

with GPC and FTIR measurements. The synthesized nanocomposite exhibits the processing properties 

of the organic polymer matrix and the (opto)electronic properties of the inorganic SiNSs. Additionally, 

the SiNSs are stabilized against external influences such as bases and UV light.  
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Figure 7. Schematic of different work-up procedures leading to either SiNS based nanocomposites or functionalized SiNSs. Pictures 
top: SiNS-PAA@PAA composite under visible (top) and UV light (bottom); pictures bottom: Dispersion of SiNS-C12H25 in toluene 
under visible (left) and UV light (right).[223] 

 

The third project of this thesis deals with the Lewis acid catalyzed functionalization of SiNSs. Here, 

different Lewis acids were used to catalyze the hydrosilylation on the SiNS surface with different 

functional substrates (Figure 8a). On this basis, the differences of SiNSs and SiNCs towards the 

hydrosilylation reaction and the corresponding mechanism were elucidated. In the second part of the 

project, the synthesized hybrid materials were used to fabricate solution gated Field Effect Transistors 

(FET) based on P3HT/SiNS composites (Figure 8b). The combination of the two materials enabled 

the enhancement of the device’s sensitivity and an increase in the transconductance gm. 

 

Figure 8. a) Schematic of the Lewis acid catalyzed functionalization of SiNSs. Different Lewis acids and functional substrates could 
be used to modify the SiNSs surface. b) Schematic of the solution gated FET setup and corresponding AFM picture (inset) of SiNS-
C12H25/P3HT hybrid films show good dispersibility of functionalized SiNSs in the polymer.[224] 
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In another project of this PhD thesis, we use diaryliodonium salts to induce hydrosilylation on SiNSs 

and SiNCs of different sizes. This new class of initiators was found to be vastly applicable on different 

functional substrates for the used silicon based nanomaterials. We were additionally able to show an 

unprecedented collaborative effect of the studied silicon nanomaterials and the diaryliodonium salt. 

The nanomaterials act as co-catalysts by inducing the decomposition of the iodonium salt, which 

results in an efficient initiation of ring-opening polymerizations e.g., with THF. 

 

 

Figure 9. Schematic of the explored reaction pathways of SiNMs (i.e., SiNSs, SiNCs with d = 3 nm and 5 nm) with diaryliodonium 
salts. a) Iodonium salts act as initiators of hydrosilylation reactions when unsaturated substrates are present in the reaction mixture. 
Hence a variety of different functional substrates could be used for surface functionalizations on SiNSs and SiNCs. b) In the absence 
of unsaturated reactants, monomers (e.g., THF) can successfully be polymerized by ring opening polymerization.[225] 

 

This concept was then extended to different monomers (e.g., cyclohexene oxide, trioxane, cyclohexene 

sulfide, MMA, tBuMA, Vinylacetate) and the underlying mechanism was examined in more detail 

(Figure 10).  

 

Figure 10. Schematic of the SiNM co-catalyzed polymerization of different monomers with iodonium salts and the underlying 
mechanism via a single-electron-transfer (SET) and possible effects of the decomposition products.  
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The methods and concepts presented in this PhD thesis lay the foundation for further studies and 

applications. The established surface functionalization method could be extended to other 0D or 2D 

materials such as germanium nanocrystals and nanosheets.  

The SiNS based nanocomposites are promising candidates for applications in Li-ion batteries. The 

replacement of the presented polymer with an electron and ion conductive polymer (additive blend) 

could result in a promising anode material for Li-ion batteries. Thus the capacity of the anode is 

expected to be very high due to the high theoretical lithium storage capacity of silicon. Furthermore, 

the nature of the nanocomposite might enhance the cycling stability of silicon anode due to its 

flexibility. 

Based on the fabricated nanoelectronic FET, studies on SiNSs with different functional groups could 

be of high interest. Hence, SiNSs with an organic surface cover of conjugated π-systems (e.g. 

phenylacetylene functionalized SiNSs) might exhibit different electronic (e.g., band structures) or 

physical properties (e.g., dispersibility, interaction with matrix material) and thus change the 

characteristics of the devices. Additionally, it would be appealing to examine the electronic properties 

of these functionalized SiNSs with scanning tunneling spectroscopy (STS) or conductive AFM and 

try to understand the underlying mechanism. Here electron spin resonance studies at different 

conditions might be of use. 

Especially SiNSs with functional groups that can interact with molecules in the surrounding 

environment (e.g., carboxy groups via hydrogen bonds), might be useful for the use as gas or humidity 

sensors.  
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10. Zusammenfassung	und	Ausblick	
Aufbauend auf den Arbeiten von Okamoto et al. wurde zunächst die Synthese von SiNSs aus CaSi2 

etabliert (Abbildung 1) und hierbei speziell die Behandlung der SiNSs mit HF und der anschließenden 

Extraktion verbessert. Damit können reaktive, Hydrid-terminierte SiNSs in großer Menge hergestellt 

werden.  

 

Abbildung 1. Schematische Darstellung der SiNSs-H Synthese aus dem Zintl Salz CaSi2 und anschließendem Ätzen mit HF (aq.).  

 

Im ersten Teilprojekt der Doktorarbeit wurde die radikalische Initiation von Hydrosilylierungs-

reaktionen untersucht, welche erfolgreich für die Funktionalisierung der Hydrid-terminierten SiNSs 

angewendet werden kann (Abbildung 2). Hierbei konnten Substrate mit unterschiedlichen 

funktionellen Gruppen verwendet werden und photolumineszente, dispergierbare SiNSs erhalten 

werden. 

 

Abbildung 2. Schematische Darstellung der radikalisch induzierten Funktionalisierung von SiNSs-H mit unterschiedlichen Substraten 

und Bildern der resultierenden SiNSs- C12H25 Dispersionen unter sichtbarem Licht (links) und UV Licht (rechts).[222] 

 

In einem weiteren Projekt wurde das Konzept der radikalisch induzierten Funktionalisierung durch 

Verwendung von klassischen Radikalinitiatoren für Polymerisationen erweitert und weiterhin einige 

grundlegende Eigenschaften der SiNSs untersucht. Zum Beispiel die UV Instabilität der SiNSs, 

welche auf die Spaltung von Si–Si-Bindungen zurückgeführt werden konnte. Weiterhin wurde eine 

Ein-Topf Synthese von SiNS-basierten Nanokompositen beschrieben, in welcher die SiNSs 

funktionalisiert werden und gleichzeitig die Polymermatrix gebildet wird (Abbildung 3). Im 

Kompositmaterial bleiben die (opto)elektronischen Eigenschaften der Nanomaterialien erhalten, die 
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SiNSs werden gegen äußere Einflüsse (z.B. UV Licht, alkalische Bedingungen) stabilisiert und die 

Komposite können mit herkömmlichen Polymermethoden verarbeitet werden. 

 

Abbildung 3. Schematische Darstellung der SiNS Nanokomposit Synthese und deren Aufarbeitung zum Nachweis des kovalenten 

Charakters. Bilder oben: SiNS-PAA@PAA Komposit unter sichtbarem (oben) und UV Licht (unten); Bilder unten: SiNS-C12H25 

Dispersionen in Toluol unter sichtbarem (links) und UV Licht (rechts). [223] 

 

Das dritte Teilprojekt der Arbeit beschäftigt sich mit der Lewis Säure katalysierten Funktionalisierung 

von SiNSs. Hierbei wurden die Unterschiede von Hydrosilylierungsreaktionen auf SiNSs und SiNCs 

untersucht und der ablaufende Mechanismus beleuchtet. Im zweiten Teil wurden die synthetisierten 

Hybridmaterialien verwendet, um im Elektrolyt betriebenen Feldeffekttransistoren (SGFET) 

herzustellen (Abbildung 4), welche auf P3HT/SiNS Mischungen basieren. Die Kombination der 

beiden Materialien ermöglicht die Verbesserung der Sensitivität der FETs und der Transkonduktanz 

gm. 
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Abbildung 4. a) Schematische Darstellung der Lewis Säure katalysierten Funktionalisierung von SiNSs. Verschieden Lewis Säuren 

und funktionelle Substrate konnten verwendet werden, um die Oberfläche zu modifizieren. b) Schematische Darstellung des FET 

Aufbaus und das zugehörige AFM Bild (rechts) des SiNS-C12H25/P3HT Films. Gute Dispergierbarkeit der funktionalisierten SiNSs 

im Polymer ist ersichtlich.[224] 

 

In einem weiteren Teilprojekt wurden Diaryliodoniumsalze verwendet, um Hydrosilylierungs-

reaktionen auf SiNSs und SiNCs unterschiedlicher Größe durchzuführen. Diese neue Klasse an 

Initiatoren ist für alle SiNMs mit unterschiedlichen Substraten anwendbar und führt unter milden 

Bedingungen und kurzen Reaktionszeiten zu funktionalisierten Hybridmaterialien (Abbildung 5). 

Weiterhin konnte ein bisher nicht bekannter Effekt zwischen Diaryliodoniumsalz und SiNM 

beobachtet werden. Die Silicium Materialien induzieren den Zerfall des Iodoniumsalzes, was in der 

Initiation von Ringöffnungspolymerisationen von z.B. THF resultiert.  

 

 

Abbildung 5. Schematische Darstellung der untersuchten Reaktionswege der SiNMs (SiNS, SiNC mit d = 3 nm and 5 nm) mit 

Diaryliodoniumsalzen. a) In der Gegenwart ungesättigter Substrate fungieren Iodoniumsalze als Initiatoren für Hydrosilylierungs-

reaktionen. Eine Vielzahl an unterschiedlichen, funktionellen Substraten konnte somit genutzt werden, um die Oberfläche der SiNMs 

zu funktionalisieren. b) In Abwesenheit von ungesättigten Reagenzien tritt ein kollaborativer Effekt durch SiNM/Iodoniumsalz auf, 

welcher die Ringöffnungspolymerisation von Monomeren (z.B. THF) auslöst.[225] 
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Das Konzept wurde anschließend auf andere Monomere (z.B. Cyclohexenoxid, Trioxan, 

Cyclohensulfid, MMA, tBuMA, Vinylacetat) erweitert und der zu Grunde liegende Mechanismus 

wurde genauer untersucht (Abbildung 6).  

 

Abbildung 6. Schematische Darstellung der SiNM co-katalysierten Polymerisation von unterschiedlichen Monomeren mit 

Iodoniumsalzen und dem zu Grunde liegenden Mechanismus via Einzel-Elektronen-Transfer und die durch die gebildeten 

Reaktionsprodukte möglichen, eröffneten Reaktionspfade. 

 

Die Methoden und Konzepte, welche in dieser Doktorarbeit beschrieben werden, bilden die Grundlage 

für weitergehende Studien und Anwendungen. So kann die entwickelte Funktionalisierungschemie 

auf weitere 0D oder 2D Materialien wie zum Beispiel Germanium Nanokristalle oder Nanosheets 

angewendet werden.  

Weiterhin können die SiNS basierten Nanokomposite vielversprechende Materialien zur Anwendung 

in Lithium-Ionen-Batterien sein. Durch Ersatz des verwendeten Polymers durch ein elektrisch und 

Ionen-leitfähiges Polymer (oder einer Kompositmischung) könnte ein vielversprechendes 

Anodenmaterial entstehen. Durch die hohe theoretische Li Speicherkapazität sollten diese Materialien 

die Kapazität der Anode sehr stark erhöhen und die Flexibilität des Nanokomposits sollte zur 

Zyklenstabilität der Si Anode beitragen. 

Basierend auf den hergestellten nanoelektronischen FETs wäre es interessant SiNSs mit 

unterschiedlichen funktionellen Gruppen zu untersuchen. So könnten SiNSs mit einer organischen 

Oberflächenfunktionalisierung, basierend auf konjugierten π-Systemen (z.B. Phenylacetylen 

funktionalisierte SiNSs) andere elektronische (z.B. Bandstruktur) sowie physikalische Eigenschaften 

(z.B. Dispergierbarkeit, Wechselwirkung mit Matrixmaterial) aufweisen und somit die Eigenschaften 

der Geräte beeinflussen. Zusätzlich wäre es interessant die elektronischen Eigenschaften der 

funktionalisierten SiNSs mittels Rastertunnelspektroskopie oder leitfähigem AFM zu untersuchen und 
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die zugrunde liegenden Mechanismen zu erforschen. Hierfür könnten Elektronspin Resonanz 

Messungen bei unterschiedlichen Bedingungen verwendet werden.  

Speziell modifizierte SiNSs mit unterschiedlichen funktionellen Gruppen, die mit Molekülen in ihrer 

unmittelbaren Umgebung wechselwirken können (z.B. Carbonylgruppen mittels 

Wasserstoffbrückenbindungen), könnten sich für Anwendungen in Gas- oder Feuchtigkeitssensoren 

eignen.  
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11. Publications	Beyond	the	Scope	of	this	Thesis	
 

The publication “Diazonium Salts as Grafting Agents and Efficient Radical-Hydrosilylation Initiators 

for Free Standing Photoluminescent Silicon Nanocrystals” was the first work our group published on 

the functionalization of silicon based nanomaterials. It expands the use of diazonium salts, which are 

commonly used for monolayer assembly on silicon wafers, to free standing silicon nanomaterials. This 

new class of initiators is fast, applicable on a broad scope of substrates and suppresses homogeneous 

side reactions in the reaction mixture. 

In “Thermoresponsive and Photoluminescent Hybrid Silicon Nanoparticles by Surface Initiated Group 

Transfer Polymerization of Diethyl Vinylphosphonate”, we extended earlier works of our group on the 

surface initiated group transfer polymerization.[226] We were thus able to synthesize water-soluble, 

SiNC based hybrid particles that combine the thermoresponsive behavior of the polymer and the 

optoelectronic properties of the nanomaterial. 

As theoretical works already postulate the many promising properties and potential applications of the 

new 2D silicon monolayers. Together with Alina Lyuleeva and Prof. Lugli we took the first step to 

prove and exploit these unique properties. As such, we looked into the electronic properties and were 

able to build the first silicane based devices in form of photonic sensors in our publication 

“Polymer−Silicon Nanosheet Composites: Bridging the Way to Practical (Opto)electronic 

Applications”. 

In our accepted publication “In-situ Infrared Spectroscopy as Tool for Monitoring the Radical 

Hydrosilylation Process on Silicon Nanocrystal Surfaces”, we could give experimental evidence for 

the mechanism underlying the radical induced surface functionalization of SiNCs. Our findings could 

thus prove formerly postulated steps and gave new insights into AIBN induced reactions. 
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11.1 Diazonium	Salts	as	Grafting	Agents	and	Efficient	
Radical‐Hydrosilylation	Initiators	for	Free	Standing	
Photoluminescent	Silicon	Nanocrystals	

 

 

Status Published online September 8, 2014 

Journal Chemistry – A European Journal, 2014, Volume 15, 4212 – 4216. 

Publisher Wiley-VCH 

DOI 10.1002/chem.201400114 

Authors Ignaz M. D. Höhlein, Julian Kehrle, Tobias Helbich, Zhenyu Yang, 

Jonathan G. C. Veinot, Bernhard Rieger 

 

 

Abstract reproduced by permission of John Wiley and Sons (license number 4078170368913). 

 

Abstract 

The reactivity of diazonium salts towards freestanding, photoluminescent silicon nanocrystals (SiNCs) 
is reported. It was found that SiNCs can be functionalized with aryl groups by direct reductive grafting 
of the diazonium salts. Furthermore, diazonium salts are efficient radical initiators for SiNC 
hydrosilylation. For this purpose, novel electron-deficient diazonium salts, highly soluble in nonpolar 
solvents were synthesized. The SiNCs were functionalized with a variety of alkenes and alkynes at 
room temperature with short reaction times. 

© 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 
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11.2 Thermoresponsive	and	Photoluminescent	Hybrid	
Silicon	Nanoparticles	by	Surface‐Initiated	Group	
Transfer	Polymerization	of	Diethyl	Vinylphosphonate	
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Authors Ignaz M. D. Höhlein, Julian Kehrle, Tobias Helbich, Zhenyu Yang, 

Jonathan G. C. Veinot, Bernhard Rieger  

 

 

Abstract reproduced by permission of John Wiley and Sons (license number 4078170450409). 

 

Abstract 

We present a method to combine the functional features of poly(diethyl vinylphosphonate) (PDEVP) 
and photoluminescent silicon nanocrystals. The polymer-particle hybrids were synthesized in three 
steps through surface-initiated group transfer polymerization using Cp2 YCH2 TMS(thf) as a catalyst. 
This pathway of particle modification renders the nanoparticle surface stable against oxidation. 
Although SiNC properties are known to be sensitive toward transition metals, the hybrid particles 
exhibit red photoluminescence in water. The temperature-dependent coiling of PDEVP results in a 
change of the hydrodynamic radius of the hybrid particles in water. To the best of our knowledge, this 
is the first example of controlled catalytic polymerization reactions on a silicon nanocrystal surface. 

© 2014 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 
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11.3 Polymer−Silicon	Nanosheet	Composites:	Bridging	the	
Way	to	Practical	(Opto)electronic	Applications		
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Abstract reproduced by permission of IOP Publishing (license number 4078180811332). 

 

Abstract 

The fabrication of electronic devices from sensitive, functional, two-dimensional (2D) nanomaterials 
with anisotropic structural properties has attracted much attention. Many theoretical and experimental 
studies have been performed; however, such materials have not been used in applications. In this 
context, the focus has shifted toward the study and synthesis of new materials. Freestanding hydrogen-
terminated silicon nanosheets (SiNSs) are a new class of material with outstanding (opto)electronic 
properties (e.g. photoluminescence at approximately 510 nm) (Nakano 2014 J. Ceram. Soc. Japan 122 
748). SiNSs are promising candidates for use in nanoelectronic devices and flexible electronics. 
Additional reasons for interest in such nanomaterials are their structural anisotropy and the fact that 
they are made from silicon. Here, we present examples for the application of functionalized SiNS-
based composites as active materials for photonic sensors. The implementation of SiNSs in a covalent 
nanocomposite not only improves their stability but also facilitates subsequent device fabrication. 
Thus, SiNSs can be used in a straightforward setup preparation procedure. We show that the 
modification of novel Si-based 2D nanosheets with selected organic components not only opens a new 
field of photosensitive applications but also improves the processability of these nanosheets (Niu et al 
2014 Sci. Rep. 4 4810, Chimene et al 2015 Adv. Mater. 27 7261). 

© IOP Publishing. Reproduced with permission. All rights reserved.  
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11.4 In‐situ	Infrared	Spectroscopy	as	Tool	for	Monitoring	
the	Radical	Hydrosilylation	Process	on	Silicon	
Nanocrystal	Surfaces	
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Nanoscale, 2017, Accepted Manuscript – Abstract reproduced by permission from the Royal Chemical 
Society. 

 

Abstract 

Among the variety of SiNC functionalization methods, radical initiated grafting is very promising 
due to its straightforward nature and low propensity to form surface oligomers. In the present study, 
we employed in-situ IR spectroscopy in combination with visible light transmittance measurements 
to investigate the radical induced grafting process on the welldefined SiNCs. Our findings support 
the proposed model: Unfunctionalized hydride-terminated SiNCs form agglomerates in organic 
solvents, which break up during the grafting process. However, clearing of the dispersion is not a 
valid indicator for complete surface functionalization. Furthermore, radical-initiated grafting 
reactions in which azobisisobutyronitrile (AIBN) is the initiator are strongly influenced by external 
factors including initiator concentration, grafting temperature, as well as substrate steric demand. 
The monomer concentration was proven to have a low impact on the grafting process. Based on 
these new insights an underlying mechanism could be discussed, offering an unprecedented view on 
the functionalization of SiNC surfaces via radical initiated hydrosilylation. 

 

 

 

© 2014 RSC Publishing, Cambridge. 
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13. Appendix	
13.1 Silicon	Nanosheets	as	Initiators	for	Diaryliodonium	

Induced	Radical	and	Cationic	Polymerizationh	
 

Based on the findings of our previous works on iodonium salt initiated hydrosilylations and the therein 

made observation of poly(THF) formation, the system of SiNS/diaryliodonium salt was investigated 

further.  

Hence, a mixture of diphenyliodonium hexafluorophosphate (PIP) and SiNSs was stirred in THF 

(Scheme 1). After 2 hours a yellow, solid composite material was formed. After purification by 

precipitation, the proton nuclear magnetic resonance spectrum (1H-NMR, Figure 13a), the Fourier 

transformed infrared (FTIR) spectrum (Figure 11a) and the gel permeation chromatogram (GPC, see 

chapter 8.1 Figure S1a) exhibit the expected signals of the excess of polymer. The solid composite 

shows hardly any photoluminescence (PL), but when dissolved in THF, PL can clearly be detected 

(Scheme 1 right inset and Figure S2).  

 

Scheme 1. Reaction scheme of the SiNSs/diaryliodonium system and corresponding monomers. Insets show SiNSs@pTHF composite 
under visible light (left) and dissolved in THF under UV light (right). 

 

Although SiNSs have been shown to participate in radical polymerizations,[227] no cationic 

polymerization in presence of SiNSs has been observed before. This finding thus exhibits the first 

proof, that besides physical applications (i.e., photonic sensors,[228] FETs[224]), chemical applications 

are possible for SiNSs. Hence they might serve as catalyst or activator in chemical reactions. The 

described polymerization reaction is straight forward and proceeds under mild conditions (i.e., no UV-

light, rt), which emphasizes the potential once more. 

To better understand the system and its potential in further reactions, the underlying mechanism was 

studied. Hence, the SiNSs were separated from the polymer matrix by centrifugation, as described 

previously[227] and both components analyzed individually. In contrast to the nanocomposites formed 

with radical polymerization reactions, the isolated SiNSs were not functionalized, as shown by FTIR 

                                                        
h The work described in this chapter was prepared together with Marc J. Kloberg with equal contribution. 
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spectroscopy: No signal corresponding to the potential surface functionalization could be detected, 

while the Si–O stretching (~1100 cm-1) and O–H stretching band (~3300 cm-1) are strongly visible 

(Figure 11b) This demonstrates surface oxidation during the work up process. Although SiNSs in this 

reaction act as activators, they seem not to take part in the reaction themselves.  

The lack of surface functionalization after the reaction was furthermore confirmed by 1H-NMR 

spectroscopy and thermogravimetric analysis (TGA, Figure S3a), as neither signal corresponding to 

organic groups nor significant weight-loss could be detected. These results indicate that the species 

which initiates the cationic ring-opening polymerization of THF is not located on the SiNS surface, 

but seems to rather be generated in its periphery. 

 

Figure 11. FTIR spectra of a) FTIR spectra of a) SiNS@PTHF composite, b) SiNSs separated from the SiNS@PTHF composite, c) 
SiNS-PtBuMA@PtBuMA composite and d) SiNS-PtBuMA separated from the SiNS-PtBuMA@PtBuMA composite. 
 

Further experiments were conducted to better understand the role of the SiNSs in the polymerization 

reaction. As such, under otherwise identical reaction conditions, the iodonium salt was replaced with 

seemingly similar diazonium salt 4-decylbenzene diazonium tetrafluoroborate (4-DDB), but no 

polymer formation could be observed. Typically iodonium salt initiated polymerization reactions are 

initated with UV light. In the presence of SiNSs the reaction could even be started in the complete 

absence of light. The addition of the radical inhibitor hydroquinone on the other hand lead to the 

successful inhibition of the polymerization reaction, indicating the involvement of radical pathways 

during the mechanism. Nalli and coworkers stated that in this reaction type, light merely serves as free 

radical source.[229] This agrees with the fact, that the decomposition of diaryliodonium salts can be 

induced by radical initiators, such as AIBN and dibenzoyl peroxide.[229] It is therefore likely that the 

silicon nanomaterial acts as a source of free radicals. 

Different works with SiNMs have suggested, that the materials are capable of a spontaneous single 

electron transfer (SET).[102,211,222] A SET can also explain the here described reactivity, as the electron 
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transfer from the nanomaterial to the iodonium salt would induce the decomposition to iodobenzene 

and a phenyl radical. Additionally a Brønsted acid is formed as side product, which can then initiate 

the cationic polymerization. (Figure 12a). Due to the spontaneous SET, no external activation (e.g., 

light, heat, catalyst) is required. 

 

 

Figure 12. a) Proposed mechanism of the SiNM/diaryliodonium initiated polymerization. b) 1H-NMR spectra in CDCl3 of PIP without 
SiNS (1) and after the addition of SiNSs, depending on the time (2-3). 

With the postulated SET and the subsequent decomposition of the diaryliodonium salt, its deterioration 

products should be detectable during the reaction. Hence PIP was dissolved in CDCl3 in a NMR tube 

and 1H-NMR measurements were conducted. In the absence of light, the reagent was shown to be 

stable (Figure 12b (1)). However, when SiNSs were added into the NMR tube, the formation of 

iodobenzene and benzene could be observed, proving the decomposition of PIP (Figure 12b (2,3)).  

The postulated mechanism also explains how the SiNS/PIP system can initiate cationic 

polymerizations while no surface functionalization occurs: The formed super acid HPF6 can easily 

initiate the ring opening polymerization of THF in the reaction mixture, but no active SiNSs surface 

species occurs. The mechanism further explains the role of diaryliodonium salts in SiNSs surface 

functionalizations by radical induced hydrosilylation: The surface silyl radical reacts with unsaturated 

substrates, leading to the formation of stable Si-C-bonds. This also suggests a difference in reactivity 

when, instead of cationically polymerizable monomers, radically polymerizable ones are used. For 

radically polymerizable monomers, homopolymerization in solution can be initiated by both, the 

formed free radicals and the SiNS silyl radical. The surface radical should simultaneously lead to the 

functionalization of the SiNSs. We thus tested the initiation system with the radically polymerizable 

tert-butyl methacrylate (tBuMA). After 1 hour reaction time, the monomer was completely 

polymerized. After dissolution and purification, the 1H-NMR spectrum of the composite depicts the 

characteristic signals of PtBuMA (Figure 13) and GPC measurements clearly show the presence of 

polymer (Figure S1d). 
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Figure 13. 1H-NMR spectra of the synthesized polymers. a) PTHF, b) PCHO, c) PCHS, d) PtBuMA, e) PMMA, f) PVAc. 
 

After separation of the nanomaterial from the polymer matrix, both components were analyzed 

individually. Like for the nanocomposite, FTIR spectra of the isolated SiNSs show bands, such as 

υ(C–Hx) (~2900 cm-1), δ(C–Hx)   (1460 cm-1) and υ(C=O) (1700 cm-1), corresponding to those of 

PtBuMA (Figure 11d), demonstrating the successful functionalization of SiNSs. The absence of any 

υ(H–Csp2) (~3050 cm-1) and υ(C=C) (1640 cm-1) bands show, that the double bond of the monomer 

has been consumed during the reaction and any excess of monomer was removed successfully. TGA 

measurements of the isolated SiNSs additionally show a significant weight loss and for the tBuMA 

functionalized SiNSs the characteristic step-wise weight loss, demonstrating, that the surface of the 

SiNSs is functionalized during the polymerization reaction (Figure S3e). All these results are in 

accordance with the proposed mechanism. 

To demonstrate the significance of the SiNS/diaryl iodonium system, a broader applicability was 

shown. Hence we successfully polymerized the cationically polymerizable monomers cyclohexene 

oxide (CHO), cyclohexene sulfide (CHS) and 1,3,5-trioxane. After separation of the nanomaterial, the 

resulting polymers were analyzed by 1H-NMR (Figure 13), FTIR (Figure S6-8), GPC (Figure S1) 

and TGA and the isolated SiNSs by TGA (Figure S3). As expected, the isolated SiNSs showed no 

significant mass loss in TGA measurements.  

Next, the scope of radically polymerizable monomers was examined. Methyl methacrylate (MMA) 

and vinyl acetate (VAc) can successfully be used in the reaction. After 1 hour the reaction mixture 

was completely polymerized and the resulting polymers were analyzed by 1H-NMR (Figure 13), FTIR 

(Figure S9-11), GPC (Figure S1) and TGA (Figure S3). In accordance with the observations made 

before and the mechanisms, the FTIR spectrum and TGA measurement of the isolated SiNSs show 

evidence for surface functionalization, as characteristic PMMA/PVAc signals occur in the spectra and 
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weightloss can be detected upon heating. After the polymerization, the composite materials exhibit 

the characteristic yellow color of the SiNSs which can easily be removed if only the polymer is needed.  

As the SiNSs act as co-initiators, they can be used as “heterogeneous” activators for cationic 

polymerizations reactions, if a solution of diaryliodonium salt and monomer is brought in contact with 

them. To exemplify this potential, a syringe was charged with SiNSs. A stock solution of PIP in THF 

is then drawn into the syringe, shaken together with the SiNSs and afterwards pressed through a filter 

in a reaction flask. The activated reaction mixture will then polymerize completely, even in the absence 

of SiNSs (Figure S15). This simple experiment indicates the potential of SiNSs in heterogeneous 

catalysis and represents a very mild reaction procedure for performing cationic polymerizations.  

The polymerization system was additionally tested with silicon nanocrystals (SiNC, d = 3 nm). Under 

the same conditions as with SiNSs, freshly etched, hydride terminated SiNCs were dispersed in THF 

and PIP added. The reaction mixture turned solid after 2 hours, producing a turbid, orange composite. 

The same results can be observed, when tBuMA is used as monomer. As expected, in the case of THF, 

no surface functionalization of the SiNCs could be observed. For the reaction with tBuMA, no isolation 

of the SiNCs from the surrounding matrix is possible as functionalized SiNCs are well dispersed in 

organic solvents and cannot be separated by centrifugation. FTIR (Figure S11, S13) and 1H-NMR 

(Figure S12, S14) depict the expected signals for polymer formation for both composites, indicating, 

that the described system is not restricted to SiNSs only. This observation is in accordance with the 

expected mechanism as SiNCs are capable of SETs (e.g. diazonium induced surface 

functionalization)[102] as well. 

In summary, this chapter describes, that the system consisting of a diaryliodonium salt and a silicon 

nanomaterial can be used for not only cationic, but also radical polymerizations without further 

activation by e.g., UV light. A variety of monomers were polymerized and the underlying mechanism 

investigated. The collaborative effect presents the first proof that SiNSs can be used for activating or 

catalytic purposes, thus opening up the possibility of using SiNMs not just in physical applications 

(e.g. photonic sensor, anode material), but also in chemical applications (e.g. initiator, catalysis). 
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13.2 Supplementary	Information	
 

Experimental Procedures 

General Methods All experiments were performed under Schlenk conditions. Reactants and reagents 
were purchased from Sigma-Aldrich if not stated otherwise and used without further purification. Prior 
to use tetrahydrofuran, cyclohexene oxide, cyclohexene sulfide, tert-butyl methacrylate, methyl 
methacrylate, vinyl acetate and acetone were dried over molecular sieves and stored under argon. A 
MBraun solvent purification system, MB SPS-800, was used to dry THF, whereby argon 5.0 
(99.9990%, Westfalen AG) was used as inert gas. For polymerization reactions and storage of 
exfoliated SiNSs, a LABmaster 130 (MBraun) glove box was used with argon 4.8 (99.998%, Westfalen 
AG). 

Analytical Methods A Bruker Vertex 70 FTIR using a Platinum ATR from Bruker was used to 
measure Fourier transform infrared spectra (FTIR). NMR spectra were measured on an ARX-300 from 
Bruker at 300 K. Chemical shifts (d) are calibrated to the rest proton signal of the deuterated solvent 
and given in ppm. PL spectra were recorded on an AVA-Spec 2048 from Avantes in toluene with the 
light source Prizmatix (LED current controller). TGA was performed on a Netzsch TG 209 F 1 Libra 
by heating the sample to 800 ◦C at a heating rate of 10 K/min and argon flow of 20 ml/min.A Varian 
PL-GPC 50 Plus was used to perform GPC measurements. The measurments were performed at 30 
◦C with a constant flow rate of 1 ml/min THF, to which 220 mg/L BHT were added for stabilization. 

Synthesis of CaSi2 The synthesis was performed according to procedures described beforehand.  

Synthesis of Silicon Nanosheets The procedure was performed as previously described. 

Etching of Silicon Nanosheets The etching process was performed as described in the previous 
chapters. 

Cationic and Radical Polymerization with SiNSs and PIP 15 mg SiNSs are etched with dilute HF 
according to the procedure above. The resulting hydride-terminated SiNSs are dispersed in 2 mL 
benzene, freeze-dried and transfered to a glove box (freeze-dried SiNSs can be stored for later use). 
The freeze-dried SiNSs are dispersed in 1 mL dry and degassed monomer and transfered to a vial. 15 
mg diphenyliodonium hexafluorophosphate is added and the mixture stirred until completely solid. 
The resulting composite is dissolved in an appropriate solvent and precipitated in an antisolvent. 
Centrifugation (9000 rpm/5 min) yields the SiNS/polymer composite, denoted as SiNS@polymer. 

1.7 Polymerization of 1,3,5-Trioxane with SiNSs and PIP 15 mg SiNSs are etched with dilute HF 
according to the procedure above. The resulting hydride-terminated SiNSs are dispersed in 2 mL 
benzene, freeze-dried and transfered to a glove box (freeze-dried SiNSs can be stored for later use). 
The freeze-dried SiNSs are added to vial charged with 1.00 g 1,3,5-trioxane and 15 mg 
diphenyliodonium hexafluorophosphate. The vial is placed in an oil bath and heated to 70 ◦C. After 
30 min of stirring, the solidified reaction mixture is cooled to room temperature. The composite is 
washed with ethanol, yielding SiNSs in a polyoxymethylene (POM) matrix, SiNS@POM. The SiNSs 
can be removed from the polymer matrix by treating the base stable POM with a slightly alkaline 
solution (NaOH (aq.), pH = 8). 

Isolation of SiNSs from a Polymer Composite The nanocomposite, SiNS-polymer@polymer, is 
dissolved in an appropriate solvent and centrifuged at 9000 rpm for 10 minutes. The supernatant 
contains the polymer and is separated from the SiNS residue. Centrifugation of the supernatant is 
repeated, to ensure removal of all SiNSs. The homopolymer is then obtained by precipitation in an 
anti-solvent. The (combined) SiNS residues are washed three times with a polymer dissolving solvent, 
removing excess homopolymer and resulting in polymer-free SiNSs. 
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Synthesis of Silicon Nanocrystals Silicon nanocrystals were synthesized according to the procedure 
described in chapter 7.  

1H-NMR Study on the Decomposition of Diaryliodonium Salts In a glove box a heat dried NMR 
tube with a Young valve is charged with 10 mg diphenyliodonium hexafluorophosphate and dissolved 
in 0.5 mL CDCl3. While shielding the NMR tube from light, 1H-NMR measurements are performed. 
The NMR tube is then transferred back into the glove box and 5 mg SiNSs-H are added. 1H-NMR is 
then measured in the given time intervals. 
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Gel Permeation Chromatography 

 

Figure S1. Gel permeation chromatograms of a) PTHF, b) PCHO, c) PCHS, d) PtBuMA, e) PMMA and f) PVAc. 
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Photoluminescence 

 

Figure S2. Photoluminescence spectra of SiNS/polymer composites directly after synthesis. 
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Thermogravimetric Analysis 

 

Figure S3. TGA measurements of a) PTHF, b) PCHO, c) PCHS, d) POM (isolation of SiNSs not possible due to bad solubility), e) 
PtBuMA and f) PVAc, as well as isolated SiNSs from the respective composite. 
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FTIR Spectra 

THF based Reactions 

 

Figure S4. FTIR spectra of a) tetrahydrofuran (THF), b) SiNS/polytetrahydrofuran composite (SiNS@PTHF), c) polytetrahydrofuran 
(PTHF) and d) SiNSs isolated from the composite. 

 

tBuMA based Reactions 

 

Figure S5. FTIR spectra of a) tBuMA, b) SiNS-PtBuMA@PtBuMA, c) PtBuMA homopolymer and d) isolated SiNS-PtBuMA. 
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CHO based Reactions 

 

Figure S6. FTIR spectra of a) SiNS@PCHO, b) isolated SiNSs, c) isolated homopolymer PCHO. 

 

CHS based Reactions 

 

Figure S7. FTIR spectra of a) cyclohexene sulfide (CHS), b) SiNS@PCHS, c) isolated homopolymer PCHS and d) isolated SiNSs. 
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Trioxane based Reactions 

 

Figure S8. FTIR spectra of a) 1,3,5-trioxane and b) SiNS@POM. 

 

MMA based Reactions 

 

Figure S9. FTIR spectra of a) MMA, b) SiNS-PMMA@PMMA, c) isolated SiNS-PMMA and d) isolated PMMA. 
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Vinylacetate based Reactions 

 

Figure S10. FTIR spectra of a) vinyl acetate (VAc), b) SiNS-PVAc@PVAc, c) isolated homopolymer PVAc and d) isolated SiNS-
PVAc 
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SiNC based Reactions 

SiNC@pTHF 

 

Figure S11. FTIR spectra of a) THF and b) SiNC@PTHF. 

 

 

Figure S12. 1H-NMR spectra of a) THF and b) SiNC@PTHF. 
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SiNC-ptBuMA@ptBuMA 

 

 

Figure S13. FTIR spectra of a) THF and b) SiNC@PTHF. 

 

Figure S14. 1H-NMR spectra of a) THF and b) SiNC@PTHF. 
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Heterogeneous Initiation of Cationic Polymerization 

 

Figure S15. a) A syringe filter is charged with H–SiNSs. b) A solution of BIP in THF is drawn into the syringe dispersing the 
SiNSs. The dispersion is shaken for 5 min. c) The solution is filtered into a vial, resulting in a clear solution with no SiNSs. d) The 
solution is stirred for ca. 2 hours to obtain polyTHF (Vial I). The syringe reaction vessel can be reused for multiple polymerizations 
(Vial II). 

A stock solution of diphenyliodonium hexafluorophosphate in dry THF (35.2 mmol/L) is prepared in 
a glove box. A syringe with a cake filter is then filled with 15 mg H–SiNS. 1  L of the stock solution 
is drawn into the syringe and shaken for 5 min. The solution is then slowly pushed out of the syringe 
into a vial charged with a stir bar and stirred for 2 hours to obtain polyTHF. To remove the iodonium 
salt and reaction byproducts, the polymer is dissolved in THF and precipitated in methanol to obtain 
polyTHF. The syringe is washed with ethanol and subsequently toluene and can be stored for further 
use. 

 

Mechanism of the Diaryliodonium Induced Cationic Polymerization  

Diaryliodonium salts can be activated in various manners to initiate the cationic polymerization. In 
the UV-induced polymerization the diaryliodonium salt is photoexcited to a singlet state, which 
subsequently decays with homolytic and heterolytic cleavage of the carbon–iodine bond, resulting in 
free-radical, cation-radical and cationic fragments (Scheme S1). These are highly reactive and react 
with impurities, solvent or monomer to form a protonic acids, e.g. HPF6, which initiates the 
polymerization.[230]  

 

In the redox radical-chain mechanism a free radical source, such as AIBN, initiates the fragmentation 
of the diaryliodonium salt (Scheme S2). The cations resulting from the electron transfer and from side 
reactions initiate the cationic polymerization.[229] 
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13.3 Licenses	for	Copyrighted	Content	
 

Figure 2 
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Figure 3 
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Figure 4 
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Radical Induced Hydrosilylation Reactions for the Functionalization of Two-
Dimensional Hydride Terminated Silicon Nanosheets 
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One-Step Synthesis of Photoluminescent Covalent Polymeric Nanocomposites from 2D Silicon 
Nanosheets 
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Lewis Acid Induced Functionalization of Photoluminescent 2D Silicon Nanosheets for the 
Fabrication of Functional Hybrid Films 
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Abstract - Diazonium Salts as Grafting Agents and Efficient RadicalHydrosilylation Initiators 
for Freestanding Photoluminescent Silicon 
Nanocrystals 
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Abstract - Thermoresponsive and Photoluminescent Hybrid Silicon Nanoparticles by Surface-
Initiated Group Transfer Polymerization of Diethyl Vinylphosphonate 
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Abstract - Polymer-silicon nanosheet composites: bridging the way to optoelectronic 
applications 

 


