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1.1 Introduction 
Nanoparticles (NPs) are defined as particles with at least one dimension smaller than 

100 nm. Although NPs in nanotechnology have been introduced formally only several 
decades ago, humankind has been using NPs for thousands of years.1,2 For example, the 
famous Lycurgus Cup from 4th century Rome uses metal NPs to produce dichroism.1 The 
glass cup appears to be green in reflected light. However, when light passes through, the 
cup seems to be red and purple. The color change is attributed to the dispersion of gold 
and silver NPs in the glass matrix that scatter the incoming light.1 

Compared to their bulk form, NPs possess an extremely high surface-to-volume ratio. 
Therefore, a high percentage of atoms/molecules are exposed at the NPs’ surface. As a 
result, NPs often have unique physicochemical properties, e.g., magnetism, 
thermal/electrical conductivities, mechanical properties, and antimicrobial activity.3,4 
Interestingly, since the percentage of surface atoms/molecules is strongly correlated to 
the particle size, NPs usually have size-tunable physicochemical properties (see Figure 
1.1).3,5  

 
Figure 1.1 Comparison of characteristics of bulk materials and corresponding NPs.6 

NPs are either made by breaking down bulk materials (top-down) or controlled 
assembly (bottom-up). Both natural phenomena and human activities can produce NPs.7 
For example, fire results in the formation of carbon NPs.7 Living organisms like bacteria 
and fungi are also masters in nanotechnology in NP fabrication. For instance, bacteria 
produce selenium NPs by reducing selenite in dairy products.8 Nowadays, a wide range 
of materials and methods are used to make NPs. 

Silicon is a particularly interesting material for nanotechnology. Si is the second most 
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abundant element, and when it is combined with the most abundant element on Earth, 
oxygen, silicon oxides are formed. Both silicon and silicon oxides have been used to form 
silicon-containing (Si-containing) NPs with exciting properties (see Figure 1.2). Si-
containing NPs have attracted considerable attention from scientists and engineers across 
multiple disciplines.9,10 These Si-containing NPs represent a highly active research field 
and they are used in several industrial sectors, e.g., electronics, cosmetics, and 
healthcare.9,11–14 In this Thesis, we focuse on designing and utilizing non-porous silicon 
NPs (SiNPs) and non-porous Silica (SiO2) NPs in emerging application areas, e.g., 
printable electronics, nanocellular foaming, and chemical applications reaction enablers.  

 

Figure 1.2 Representation of various Si-containing NPs.15 

SiNPs comprise one of the most abundantly used classes of Si-containing NPs. SiNPs 
are well-known for their photoluminescent properties and size-dependent bandgap.16 
SiNPs have been thoroughly studied in various application areas, e.g., light-emitting 
diodes (LEDs)17, drug delivery18, sensors19,20 and bio-imaging21–24. Printing of such 
SiNPs is considered one of the most promising techniques for the large-scale fabrication 
of electronic devices.25 However, SiNPs have not yet been widely utilized as electronic 

R
EV

IEW

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (3 of 51) 1604634

acid is also excreted in the urine, and its good bioavailability 
has been found to maintain bone health.[130,131] Silica has been 
“generally recognized as safe” by the FDA for over 50 years and 
is currently used as a food additive in various 
products. Silicon and silica-based NPs are 
thus especially attractive for their high bio-
compatibility, nontoxic degradation products, 
and tunable hydrolytic degradability in biore-
levant media from several hours to days or 
weeks.

Organic–inorganic siliceous NPs have 
also been designed to garner the properties 
of the siloxane matrix, such as a defined 
porous framework,[128,129,132–139] and specific 
organic functionalities for a given applica-
tion. Here, we will compare organically 
doped silica NPs with physical and chem-
ical doping,[129,140–142] and bridged silses-
quioxane (SiO1.5-R-SiO1.5)[132,133,143–146] NPs 
(Figure 2c,d). Porous and nonporous organo-
silica and silsesquioxane nanomaterials have 
been engineered with specific organic doping 
in order to degrade under biorelevant condi-
tions, such as in the presence of bioreducing 
agents or enzymes.[1,2,37,38,147,148] The last 
category that we will explore is inorganically 
doped mesoporous silica NPs (Figure 2e). 
This class of nanomaterials typically involves 
the doping of iron, or calcium, or zirconium 
oxides into the silica framework so as to tune 
the dissolution rate of silica. Siliceous nano-
materials hence demonstrate the state-of-
the-art biomedical applications due to their 
unique physicochemical properties, and their 

tunable degradability rates allow their controllable renal clear-
ance, which is thus envisioned to produce valuable pharmaceu-
ticals in the near future (Figure 3).

Adv. Mater. 2017, 1604634

www.advancedsciencenews.com www.advmat.de

Figure 1. a) Ideal disease targeting of biodegradable and/or renally clearable NPs in clinics when NPs specifically target the disease (in red) while 
untargeted ones are rapidly cleared out of the body through the urinary system. b,c) Representation of the kidney corpuscle (b), and of the glomerular 
filtration at the nanoscale which favors the clearance of biodegraded NPs products of sub-6 nm NPs (c). Adapted with permission.[30] Copyright, 2013, 
Elsevier.

Figure 2. Representation of various families of biorelated degradable siliceous nanomaterials: 
a) silicon, b) silica, c) organosilica, d) silsesquioxane, and e) inorganically doped mesoporous 
silica NPs.
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inks for printing like other metal NPs, even though bulk silicon is considered the 
cornerstone of modern electronics.26 To the best of our knowledge, only a few recent 
reports describe the use of SiNPs as components in inks to print electronic devices.26–29 

This is attributed to the highly reactive surface of SiNPs and the inefficient approaches 
to prepare stable SiNP suspensions in large quantities.30 Moreover, the influence of well-
established surface derivatization strategies for stabilizing these dispersions, e.g. by 
utilizing polymer grafts, on the printability and electrical performance of SiNP-based 
devices is not yet thoroughly understood. This Thesis contributes to gaining a detailed 
insight into these fundamentally interesting aspects of NP science and engineering. 
Firstly, we prepared SiNP suspensions with different organic solvents to evaluate the 
accuracy of preexisting methods to predict the long-term colloidal stability of non-ideal 
SiNPs. Secondly, we investigated the influence of polymer grafts on the stability and 
printability of SiNP hybrid-based inks for printing electronic devices, including assessing 
the functionality of the printed devices.  

SiO2 NPs form another exciting class of silicon-based NPs that received a 
considerable amount of attention from the nanotechnology community. SiO2 NPs can be 
formed in well developed synthetic approaches, and their properties can then be altered 
by a wide range of modification.31,32 They have been widely utilized in drug delivery, 
nano-structuring, and bioimaging applications.33,34 The Materials Science and 
Technology of Polymers (MTP) group has recently presented and discussed the 
utilization of hybrid SiO2 NPs as high-efficiency heterogeneous foam cell nucleation 
agents in CO2-based batch foaming of polymer nanocomposites.35,36 To date, the highest 
nucleation efficiency, i.e., the number of cells obtained per SiO2 NP added, reported by 
the MTP group was ~0.5 for poly(dimethylsiloxane) (PDMS) grafted spherical 80 nm 
SiO2 NPs.36 In this Thesis, we show that the utilization of surface roughness engineered 
PDMS grafted SiO2 NPs can further enhance the nucleation efficiency to values 
exceeding unity. This opens the possibility of applying new foaming strategies at 
relatively low saturation pressure (below 60 bar) while maintaining reasonable high cell 
densities and small cell sizes.  

In addition, chemically inert mesoporous silica nanoparticles (MSNs) have been 
widely implemented as catalyst support for metal-based catalysts.37,38 Moreover, it has 
been reported in literature that the pores of MSNs’ can act like nanometric reactors and 
encapsulate free radicals during polymer degradation.39 The encapsulation of radicals 
extend their lifetime, which was demonstrated to accelerate polymer degradation. 
However, the synthetic approaches to prepare MSNs typically involve complex chemical 
reactions, extended washing steps, and long-time calcination,40,41 hampering their low-
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cost industrial utilization. Compared to MSNs, Stöber SiO2 particles are typically 
obtained by mild reaction conditions.42 Moreover, the well-established Stöber process is 
easily and cost-effectively scaled to industrial levels. We will demonstrate that carbon 
quantum dots can be obtained by the thermal degradation of polyethylene at mild reaction 
conditions in the presence of agglomerated SiO2 NPs. We speculate that the SiO2 
aggregate pores prolong the lifetime of created PE radicals and, therefore, accelerate PE 
degradation to yield CQDs at modest reaction conditions.  

Overall we believe that the results obtain in this Thesis contribute to a better 
understanding of Si-containing NPs in the presented emerging application areas.  

1.2 Concept of this Thesis 
Si-containing NPs with different morphologies and surface functionalities have been 

thoroughly studied and widely implemented in multiple application fields during the last 
few decades. Among the broad diversity of reported Si-containing NPs, SiNPs and SiO2 
NPs are two promising examples with unique capabilities for several interesting 
applications. However, a challenge in utilizing the application potential of Si-containing 
NPs (SiNPs and SiO2 NPs) is related to the relative infancy of bridging advanced 
laboratory research and real technological use. With the swift progress in the enabling 
tools and methods in nanotechnology, new windows have been opened to tackle still open 
problems (or notoriously difficult challenges) in Si-containing NP research. In this 
Thesis, we address some of these challenges to ensure continuous progress in the field. 

The literature covering general aspects and synthetic strategies of Si-containing NPs 
is reviewed in Chapter 2. Moreover, recent developments of Si-containing NPs in the 
selected emerging application areas presented in the subsequent chapters are briefly 
discussed. This Chapter provides an outline to understand better the opportunities and 
challenges for integrating Si-containing NPs into real-life applications. 

In Chapter 3, we investigate the long-term colloidal stability of SiNPs with a complex 
geometry and broad size distribution. Theoretical (Stokes’ law) and experimental 
(analytical centrifugation and batch sedimentation testing) approaches are used to predict 
and measure the colloidal stability of SiNPs in different alcohols and glycols. The insights 
obtained serve as a first step towards formulating long-term stable complex SiNPs-based 
inks for printable electronic devices (e.g., RFID tags). Furthermore, the results 
highlighted the need for surface modification of SiNPs to enhance their long-term 
colloidal stability in glycols. 
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Based on the results obtained in Chapter 3, core-shell SiNP/polymer hybrids with 
poly (methyl methacrylate) and poly (ethylene glycol) methacrylate shells are 
synthesized through surface-initiated atom transfer radical polymerization (SI-ATRP) to 
enhance stability and printability of SiNP-based inks for printable electronic devices. The 
grafted polymer shells help reduce nozzle clogging during printing and prevent potential 
interactions between particles and solvent during storage. The I-V (current-voltage) 
characteristics of printed, electronic devices from SiNP/polymer hybrids are evaluated. 
Furthermore, the I-V characteristics of the printed devices point towards the need to 
develop the functional SiNP-based electronic inks further. 

In Chapter 5, surface roughness engineered SiO2 NPs (SiO2-R NPs) with PDMS 
shells are synthesized and exploited as heterogeneous nucleation agents for CO2 batch 
foaming of PMMA nanocellular foams. By combining the reduced free energy for foam 
cell nucleation inside nanocavities on the particle surface and the high CO2 absorption of 
the PDMS shell, multiple foam cells are nucleated from a single particle. This extremely 
efficient nucleation behavior renders SiO2-R NPs highly promising nucleation agents for 
polymer nanocellular foaming. 

In Chapter 6, carbon quantum dots (CQDs) fluorescent markers containing 
polyethylene (PE) are synthesized at mild reaction conditions using SiO2 NP aggregates 
as enablers. By taking advantage of the nano-pores residing on the surface of the 
aggregates, the PE chains that enter the pores can degrade and form CQDs at low 
temperatures (90-110 °C). Moreover, we demonstrate that PE/CQD composites and PE 
samples loaded with extracted CQDs could be visually separated from pure unmarked PE 
upon irradiation with 367 nm light. Thus this Chapter provides a facile solution to 
synthesize fluorescent markers that are readily used as labeling ingredients for component 
identification and plastic waste recycling.  

Finally, in Chapter 7, we provide an outlook for future directions of SiNPs in 
printable electronics and bioimaging. For SiNP-based inks, we present and discuss self-
immolating polymers and catalyst-free hydrosilylation as the next essential step to enable 
the large-scale production of hybrid SiNP-based inks with enhanced colloidal stability 
and printability, with a minimum impact on the performance of printed, electronic 
devices. In addition, some preliminary results on utilizing multi-crystalline SiNPs as a 
dual probe for magnetic resonance imaging and fluorescent imaging are presented. 
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Chapter 2  

Emerging Applications of  
Silicon-Containing Nanoparticles 

 
Silicon-containing nanoparticles are considered a promising class of materials with 

exciting physical properties and the potential to revolutionize many emerging application 
areas. This Chapter introduces the fundamental aspects of silicon-containing 
nanoparticles and their most common production approaches. In addition, we provide a 
comprehensive overview of the frontiers of silicon-containing nanoparticle research for 
the growing fields of printable Silicon-containing electronics, theranostics, nanocellular 
polymer foaming, and catalysis. We include an introduction to readily applicable particle 
surface modification strategies as well. Finally, the limitations and challenges for the 
successful commercialization of silicon-containing nanoparticles in the application fields 
mentioned are also presented and discussed. 

 

 

 

 

 

 

The contents of this Chapter will be published as: Yin, S.; Duvigneau, J.; Vancso, G. J. Emerging 
Applications of Silicon-Containing Nanoparticles. In preparation. 
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2.1 Silicon and Silica Nanoparticles: An 
Introduction 

Silicon (Si) is the second most abundant element on earth. It is a tetravalent 
semiconductor that is widely used in numerous fields.1,2 When combining Si with the 
most abundant element on Earth, oxygen, silicon oxides are formed, of which SiO2 is the 
most naturally occurring. Almost all electronic devices produced today contain Si-
containing components like integrated circuit chips, metal-oxide-Si field-effect 
transistors, or semiconductor memories.3 With the continuous downsizing of silicon-
containing (Si-containing) electronic components, the interest in structure-property 
relationships of nano-sized Si-containing compounds is swiftly increasing.  

Nanoparticles (NPs) are typically defined as microscopically small particles with at 
least one of their dimensions below 100 nm.4 Compared to their corresponding bulk form, 
NPs of the same material often possess unique properties that can open new application 
areas.4 Numerous research efforts have been dedicated to the investigation and utilization 
of Si- and SiO2-containing nanomaterials.5–8   

Upon entering the nanoscale realm, Si particles start to reveal new properties – like 
photoluminescence (PL), antimicrobial properties, and a size-dependent electronic 
bandgap9,10 – that are not observed for bulk silicon. Depending on the preparation 
method, silicon nanoparticles (SiNPs) are either amorphous or crystalline, with diameters 
ranging from less than one nanometer to a few hundred nanometers.9 Due to the highly 
active H-Si-Si-H surface structure, SiNPs tend to oxidize (aging) when stored in ambient 
conditions, which results in the formation of a surface-exposed inert SiO2 layer.11 

One of the most intriguing and studied properties of SiNPs is their luminescent ability 
in the visible spectrum.12 In the 1990s, Canham13 discovered visible red PL of 
electrochemically etched Si at room temperature. Nearly three decades after the first 
discovery of PL from SiNPs, the origin of the PL from SiNPs is still under debate.14–16 
The most popular explanation for the observed PL is that by reducing the size of the bulk 
crystal to nanocrystals or even nanoclusters, the electrons in the material experience 
quantum confinement, which increases the bandgap.17 In bulk materials, the band gaps 
are merged to form a conduction band. By decreasing the material’s size, the bandgap 
increases (see Figure 2.1), resulting in discrete energy levels, which eventually leads to 
size-dependent PL. The PL of SiNPs possesses several unique properties like i) a broad 
range of absorption and excitation wavelengths, ii) color (emission) tunability, and iii) 
monochromatic light emission.18  
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Numerous studies have been carried out to explore new application areas for PL 
SiNPs, such as in sensors19,20 and bio-imaging21,22. For example, Maier-Flaig et al.23 
reported multicolor Si-containing light-emitting diodes (Si LED) using well-defined, 
size-separated SiNPs. SiNPs are also promising candidates in the photovoltaic industry. 
For instance, the integration of ultrathin films of luminescent SiNPs in polycrystalline 
solar cells was demonstrated by Stupca et al.24 By incorporating 1 nm blue luminescent 
or 2.85 nm red luminescent SiNPs, they managed to enhance the power performance by 
60 – 70% in the UV region and 10% in the visible region. Similar to the origin of PL, the 
correlation between the size and PL for SiNPs is still not fully elucidated. However, based 
on the calculation of the quantum confinement effect, SiNPs need to be smaller than 5 
nm to be photoluminescent.25  

When looking at silica nanoparticles (SiO2 NPs), one learns that they are readily 
dispersed in aqueous solutions and even to some degree biodegradable.27,28 SiO2 particles 
with diameters across the nanometer length scale until tens of micrometers (see Table 
2.1) are prepared with flame pyrolysis and molecular condensation approaches. Unlike 
SiNPs, the SiO2 NPs’ surface is more chemically inert, and these particles are thus readily 
stored in ambient conditions without significant changes in surface composition. 

 

Figure 2.1 The size-dependent bandgaps of bulk material, nanocrystals, clusters, and 
atoms.26 

With their low toxicity, good chemical resistance, and optical transparency, SiO2 NPs 
are therefore interesting for utilization in drug delivery systems29–31, bio-sensors32,33, and 
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bio-imaging34,35. For instance, SiO2 NPs were reported to deliver drugs to specific 
locations in the body with a precisely controlled release rate profile.31 In addition, organic 
dye-doped SiO2 NPs have been extensively investigated as the viable imaging agents for 
nucleic acids, proteins, and pathogen detection.36–38 

Before presenting and discussing the emerging Si-containing NP-based applications 
that are the central topics of the following Chapters of this Thesis, we will first briefly 
introduce the most common SiNPs and SiO2 NP production methods. 

2.2 Silicon-Containing Nanoparticle Production 
During the past few decades, various procedures have been developed to synthesize 

SiNPs and SiO2 NPs with control over particle size, morphology and composition.39-60 
These methods can be categorized into either bottom-up or top-down approaches (see 
Figure 2.2). Si-contaning NPs can be synthesized either as individual particles (primary 
particles) or as agglomerated particles.39,45,53,60 Table 2.1 shows a detailed overview of 
the most commonly used methods to produce Si and SiO2 NPs, including their most 
important characteristics and advantages/disadvantages. Since it is not our scope to 
review the synthesis of Si and SiO2 NPs in detail, the interested reader is directed to the 
references shown in Table 2.1 for a more comprehensive overview.  

 
Figure 2.2 a) Top-down and bottom-up approaches for SiNP synthesis; b) schematic of 
the Stöber reaction for the synthesis of SiO2.61 

Nowadays, SiNPs can be fabricated via numerous routes, both bottom-up and top-
down, with various levels of success.53–60 Laser ablation is a physical procedure that has 
been commonly used to fabricate NPs from their bulk form, including SiNPs. Yoshida et 
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al.54 reported the preparation of nanometer-sized Si crystallites via excimer laser ablation 
under helium (He) gas atmosphere. They also found a linear dependence of average 
particle diameter to the inert gas pressure, which can be used to control the size of SiNPs 
in the nanometer regime. Ball milling is also a standard procedure to break down bulk 
materials.9 Lam et al.53 utilized ball milling of solid graphene with silicon oxide, followed 
by annealing at 150 °C to prepare SiNPs. The resulting SiNPs showed a broad size 
distribution and a 1 nm silicon oxide overlayer. Chemical procedures have also been 
applied to obtain SiNPs. Heath57 was the first to report the solution-phase synthesis of 
SiNPs. Heath successfully reduced silicon halides with sodium naphthalenide in a 
nonpolar organic solvent to produce hydrogen capped free-standing SiNPs. Recently, 
Hülser et al.60 introduced a cost-efficient and scalable synthetic method for SiNPs using 
a hot-wall reactor. By mixing diborane inside the reactor with silane, they managed to 
produce boron-doped SiNPs. They managed to achieve a production rate of 0.75 kg h-1 
and an energy efficiency of 1.4 kWh kg-1 for SiNP fabrication. The developments in 
large-scale and cost-efficient SiNP synthesis allow SiNPs to be transformed from lab-
scale research to real-life applications. Besides using bulk silicon or Si-containing 
molecules, there are also reports that present and discuss the use of low-cost, 
environmentally friendly raw materials like rice husk and wheat straws to produce PL 
SiNPs.62 

SiO2 NPs are mainly prepared via precipitation (precipitated silica), high-temperature 
flame pyrolysis (fumed silica) or by the molecular condensation of silanol in an aqueous 
solution and hydrothermal treatments (colloidal silica).39–52 Precipitated silica is 
commonly prepared by adding mineral acid (e.g., HCl, H2SO4) to the silicate solution. 
The properties of precipitated silica are strongly dependent on the agitation, pH, 
temperature, and other environmental parameters.41,42 For example, Musić et al.42 
reported using commercial sodium silicate solution with concentrated H2SO4 to prepare 
precipitated silica with a diameter of 15-30 nm. Furthermore, they demonstrated that their 
approach is ready for large-scale production without altering the properties of the 
precipitated silica nanoparticles. Fumed silica is typically fabricated at 1,200–1,400 °C 
by vapor-phase hydrolysis of silicon tetrachloride (SiCl4) in a hydrogen-oxygen flame 
followed by rapid quenching.63 Fumed silica consists of highly coalesced (agglomerated) 
NPs with a primary particle size ranging from 10–20 nm.64 Recently, Chen et al.40 
introduced a more economical and environmentally friendly approach for fumed silica 
synthesis by hydrolysis of SiCl4 with water vapor at a low-temperature range (150 °C to 
250 °C). Through this method, they prepared SiO2 NPs with an average surface area of 
418 cm2 g-1 and an average size of 141.7 nm at 150 °C.  
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Compared to fumed silica, colloidal silica particles synthesized via molecular 
condensation reactions have a narrower size distribution with almost no coalescence 
(primary particles),65 which is desirable for a wide range of application areas, such as bio-
sensing, bio-imaging, and drug delivery. The most widely used procedure for colloidal 
SiO2 NPs synthesis is the so-called Stöber reaction.43–47  This reaction was first reported 
by Werner Stöber in 1968.45 For a standard Stöber reaction, the particles are formed via 
a sol-gel process from the hydrolysis and condensation of alkyl silicates in the presence 
of ammonia as a catalyst (Figure 2.2b). One significant advantage of the Stöber reaction, 
as mentioned, is the ability to produce nearly monodisperse SiO2 NPs. In addition, the 
reaction can be easily scaled up and the products are readily transferred to aqueous 
solutions.45 Besides the Stöber reaction, other methods for the preparation of colloidal 
SiO2 NPs have been introduced. For example, Gorji et al.66 reported a synthetic procedure 
for the preparation of SiO2 NPs using tetraethyl orthosilicate (TEOS), polyethylene 
glycol, and hydrochloric acid. In addition, Zulfiqar et al.67 demonstrated the fabrication 
of SiO2 NPs using bentonite clay as the primary silica source. They successfully 
fabricated SiO2 NPs ranging from 70 nm to 1.4 µm in diameter through the thermal 
treatment of the bentonite clay in ethanol in the presence of nitric acid. 

Having introduced Si and SiO2 NPs as an interesting class of materials, and shortly 
reviewing their common production methods, we will focus in the remainder of this 
Chapter on exciting, emerging, and in our opinion, overlooked application areas of these 
NPs. Thus, in the following sections we present and discuss the frontiers of Si-containing 
NPs research and review the utilization of Si-containing NPs as ink for printable 
electronics (2.3), in biomedical applications (2.4), as nucleation agents for polymer foam 
cell nucleation (2.5), and as catalysts for chemical reactions (2.6). 
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Table 2.1 List of selected Si-containing NPs synthesis approaches with their advantages/disadvantages. 
Method Material Temperature Diameter (nm) Advantage Disadvantage 

SiO2 NP 

flame 
pyrolysis39 SiCl4, methane, propane 1500 °C   

High reaction speed, 

hydrophilic surface 
Particles are 
agglomerated flame 

pyrolysis40 SiCl4, N2, H2O 125 - 300 °C 
6.5-8.2 (P) 

141.7-186.1 (A) 

precipitated 
silica41 silica gel, HCl, NaOH, H2SO4 RT 50 nm (M) 

High solid content Long reaction time, 
corrosive substances. precipitated 

silica42 sodium silicate, H2SO4 80-90 °C 15-30 nm (M) 

modified 
Stöber43 TEOS, NH3, H2O, isopropanol 5, 20 °C 30-930 (M) High solid content  

 

 

 

 

 

 

modified 
Stöber44 

TEOS, NH3, H2O, ethanol 
(DMSO), Alexa Fluor 555 RT 13-64 (M) Adjustable luminescence 

Stöber45 TEOS, NH3, H2O, alcohols RT 50-2000 (M) 

Controllable size, short 
reaction time, good 
reproducibility 

Stöber46 TEOS, NH3, H2O, ethanol 30 °C 160-600 (M) 

seeded 
growth47 TEOS, NH3, H2O, ethanol 10, 25, 40 °C Up to 2 um (M) 
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Mesoporous SiO2 NP 

sol-gel48 TEOS, CTAB, CPC, ethanol, 
NH3 

RT 
400-1100 (particle) 

2.81-32.8 (pore) 
Controllable pore size and 
geometry, short reaction 
time 

Surfactants are hard 
to remove, usually 
requires long-time 
calcination 

sol-gel49 TEOS, C14CluA, NaOH, TMAPS, 
methanol, H2O 60 °C 2.2-4.7 (pore) 

sol-gel50 TEOS, NH3, H2O, HAD, 
isopropanol RT  

sol-gel51 TMOS, Pluronic P123, HCl 35 °C 
500-2000 (particle) 

4 (pore) No organic solvent, rod-
like/hexagonal prisms 
particles 

sol-gel52 TEOS, Pluronic P123, citric acid, 
trisodium citrate, H2O, RT 

500 (particle) 

5.8-9.8 (pore) 

SiNP 

ball milling53 Graphite, SiO2 powder RT 7 Low cost, scalable   

 

 

Typically have a 
broad size distribution 
and require an 

laser ablation54 Single crystalline Si wafer RT 10 Single crystalline SiNPs 

etching55 
Si wafer, HF, ethanol, 

isopropanol, allylamine, 
H2PtCl6 

RT 4.6±1.9 Resistant to aging 
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inverse 
micelle56 SiX4(X=Cl, Br, I) RT 1.8-10 

Solution-based 

inert/N2 atmosphere 

Some of the methods 
require high 
temperature and 
vacuum 

hydrothermal57 SiCl4, HSiCl3/C8H17SiCl3, Na, 
toluene, hexane 385 °C 5 

microwave 
pyrolysis58 SiH4, H2, Ar RT 6-11 Single crystalline 

laser pyrolysis59 SiH4 RT 2-7 Single crystalline  

hot-wall 
pyrolysis60 Silane, H2, N2 800-100 °C 150-450 Low cost, scalable 

 

* RT - room temperature; (M) – monodisperse; (P) – primary particle size; (A) – agglomerate size; TMAPS - N-
trimethoxylsilylpropyl-N,N,N-trimethyl-ammonium chloride; CTAB - n-Hexadecyltrimethylammonium bromide; C14CluA - N-
myristoyl-L-glutamic acid; TEOS - tetraethyl orthosilicate; TMOS – tetramethyl orthosilicate; C8H17SiCl3 - n-octyltrichlorosilane; HAD 
- n-hexadecylamine. 
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2.3 Silicon Nanoparticle-Based Electronic Ink 

SiNPs are a promising candidate for the fabrication of low-cost, large-area, 
lightweight, flexible electronic devices fabricated by printing techniques.  Therefore, 
section 2.3.1. will briefly introduce inkjet printing technology, set forth the requirements 
of SiNPs based electronic inks, and continue with an in-depth presentation of the 
oxidative stability (2.3.2), colloidal stability (2.3.3), and printing of SiNPs (2.3.4). 

2.3.1 Inkjet Printing 

Inkjet printing is considered to be a potential replacement for lithography by 
electronic component manufacturers.68,69 It can produce electronic devices on polymeric 
substrates or even on paper with improved quality, production speed, and cost-efficiency 
compared to traditional lithography approaches.70,71 The inkjet printing of electronic 
devices typically involves two steps. The first step is depositing and drying inks to form 
thin films/conductive patterns. The second is an annealing/sintering step to modify the 
printed layer microstructure and adjust electrical conductivity.68 Inkjet printing is 
considered to be an advanced and economical approach to manufacturing electronic 
devices. However, as for any printing technique, the most critical factors for success lie 
on the ink end. The quality and reproducibility of the inkjet printing process rely on the 
control of drop formation and the interaction between the deposited drops and substrates. 
In the last decade metal NPs,72,73 conductive polymers,74 and organic-metal hybrids75 
have been extensively studied as conductive inks for inkjet printing of electronic devices. 

 
Figure 2.3 Schematic drawing of a) continuous, b) thermal, and c) piezoelectric drop on 
demand inkjet printers.76 

Based on the mechanism of drop formation, inkjet printing can be divided into two 
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categories: drop on demand (DoD) and continuous inkjet (CIJ) printing (Figure 2.3).68 
The drop diameters for DoD and CIJ are in the range of 20-50 μm and 100 μm, 
respectively. The nozzle of a CIJ printer head continuously produces droplets. A charged 
deflector deflects the unwanted droplets for collection and allowing recycling to avoid 
ink waste. (We note that there is a risk that the ink gets polluted/altered during ink 
recycling when exposed to the atmosphere.) The advantage of CIJ printing is that through 
continuous jetting, the nozzles are continuously kept at a high moisture level, which helps 
to prevent undesirable nozzle clogging. In DoD printing, a droplet is only ejected from 
the nozzle when the pressure pulse propagating the ink reaches a certain threshold. This 
pressure pulse is usually generated by a current pulse that either boils a small portion of 
the ink in the nozzle chamber or introduces mechanical force to squeeze the chamber 
through a piezoelectric transducer.68 As such, the ink will only be released from the 
nozzle when needed. This avoids wasting ink and the unnecessary exposure of ink to 
ambient conditions, which may lead to ink pollution and/or degradation. One of the major 
disadvantages of DoD printing is the lower production speed compared to CIJ printing.  

Nowadays, inkjet printing has been successfully utilized to fabricate various 
electronic devices like flexible circuits77, memory devices78, displays79,80, sensors81–83, 
field-effect transistors (FET)84–88, batteries89, and solar cells90,91. For example, Sekitani et 
al.88 used an inkjet printer to manufacture an organic thin-film transistor. Using a 
subfemtoliter inkjet printer, they fabricated p-channel and n-channel transistors with 
single-micrometer resolution on rigid and flexible substrates that can operate with a very 
low voltage (3 V). Molina-Lopez et al.87 successfully utilized inkjet printing to build 
stretchable FET arrays and interconnections (see Figure 2.4). They used poly(3,4-
ethylenedioxygthiophene)-poly(styrenesulfonate) (PEDOT:PSS) as the source/drain/gate 
electrodes and interconnects, semiconducting single-walled carbon nanotubes (SC-
SWCNTs) as the semiconductive channel, and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) as the gate dielectric. They demonstrated that their 
printed FETs were able to operate at sub-volt conditions with the capability of 
maintaining electrical performance up to 20% applied strains.  
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Figure 2.4 Photo of a printed flexible transistor array bent over a hand.87 

The examples presented above clearly demonstrate the potential of inkjet printing as 
enabling technology for the mass production of electronic devices, but like mentioned 
before, its success is highly dependent on the development of the required inks. The 
influence of physical parameters like ink viscosity, density, and surface tension on the 
droplet formation and ink-substrate interactions, are well reported in the open literature.92 
An additional parameter that requires attention is the long-term stability of the electronic 
inks. This is considered a pivotal property to utilize inkjet printing as a tool in the 
industrial manufacturing of electronic devices/components. Therefore, the remainder of 
this section will provide a comprehensive discussion of factors related to long-term Si-
containing ink stability, such as the aging behavior and the colloidal stability of SiNPs, 
as one of the first steps towards formulating SiNP-based inks for inkjet printing of 
functional electronic devices.  

2.3.2 Surface Oxidation of Silicon Nanoparticles 

Most studies reporting on inducing long-term stability to NP suspensions can be 
categorized as using either steric stabilization or electrostatic stabilization 
approaches.93,94 For the steric stabilization approach, polymeric molecules are adsorbed 
onto or bonded to a NP’s surface to create steric repulsion (see Figure 2.5a). When the 
distance between two particles is less than twice the polymer layer thickness, the 
adsorbed/grafted polymers will generate a repulsive entropic force against each other and 
suppress van der Waals force-induced particle agglomeration.94 Electrostatic stabilization 
is another effective method to overcome van der Waals attraction between particles.94 It 
is based on the principle that the same sign electrically charged particles experience a 
mutual repulsive force. For the electrostatic stabilization approach, ionic groups are 
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adsorbed on the particle surface. Counter ions, introduced to the system to maintain 
electroneutrality, surround the NPs and form electrical double layers. When the electric 
potential of the double layer is sufficiently high, the van der Waals attraction between 
particles is suppressed by Coulombic repulsion (see Figure 2.5b). 

 
Figure 2.5 Schematic of a) steric stabilization and b) electrostatic stabilization. The 
image was adapted from reference 95. 

To successfully exploit the stabilization mechanisms on SiNP dispersions, we must 
first understand the surface chemistry of these particles in their initial and aged states. 
Upon formation, the surface of SiNPs mainly consists of Si-H and Si-Si bonds.96 Both 
these bonds are strong reducing agents that are able to reduce water to hydrogen while 
forming a surface exposed SiO2 layer at ambient conditions (see eq. 1-4).  

																																				"#$! + 2$"'	 → "#'" + 8*
# + 8$$	                                   eq. 1 

																																			"#$! + 2$"'	 → "#'" + 4$"                                                 eq. 2 

																																								"# + 2$"'	 → "#'" + 4*
# + 4$$                                     eq. 3 

																																									"# + 2$"'	 → "#'" + 2$"                                                eq. 4 

In addition to SiO2 formation, oxidation of Si-Si bonds at ambient conditions can lead 
to the generation of new Si-H species exposed at the SiNPs surface (see Figure 2.6).11 
First, a surface Si atom is attacked by a nucleophile (OH-) to produce a 5-coordinate Si 
intermediate, followed by Si-Si bond cleavage and Si-O bond formation. The Si-O 
surface-exposed layer prevents further oxidation of the Si-Si species beneath the surface. 
However, at higher pH values (i.e. >7), the exposed Si-O bonds disassociate in the 
aqueous solution, resulting in further, or even complete, oxidation/dissolution of the 
SiNPs.97 For instance, at elevated temperature Si wafers are readily etched in e.g. 10 wt% 
KOH solutions within tens of seconds to few minutes, depending on the crystallinity of 
the Si wafer.98,99 We note that based upon our experimental observations, SiNPs with a 
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diameter around 50 nm were dissolved entirely in less than 10 minutes when exposed to 
similar conditions (i.e. 5 wt% KOH), resulting in the formation of silicic acid species.100 

 
Figure 2.6 Schematic of the oxidation process for Si-Si/Si-O bonds in an aqueous 
environment.96 

Furthermore, Si-H and Si-Si species are also sensitive to oxygen. The oxidation 
products of these species depend on the oxidation temperature.5 Since the Si-Si bond 
(bond energy 255 kJ mol-1) is weaker than the Si-H bond (bond energy 395 kJ mol-1), the 
oxidation of SiNPs at room temperature tends to form an overlayer of SiO2 with the 
presence of surface-exposed Si-H bonds (Figure 2.7a).96 These Si-H species can exist for 
months or even longer when stored in air at ambient conditions. The long lifetime of Si-
H species in air opens the possibility of modifying SiNPs with hydrosilylation, which is 
one of the most commonly used techniques to attach unsaturated bonds to a Si surface. 
We will discuss hydrosilylation later in more detail (see Section 2.3.3).  

When raising the temperature to 60–100 °C, the oxidation process will break the Si-
H and the Si-Si bonds located at the SiNP surface, resulting in a surface with exposed Si-
O and Si-OH bonds (Figure 2.7b).101 At temperatures above 200 °C and in the presence 
of oxygen, the whole skeleton of the SiNPs is converted to silicon dioxide (Figure 2.7c). 
The time scale of this transformation depends on the type of SiNPs and the oxidation 
temperature. Microporous and macroporous SiNPs need approximately one hour and 
three hours, respectively, to achieve complete oxidation.96 
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Figure 2.7 Schematic of the oxidation process for Si-Si/Si-O bond in the oxygen-
containing atmosphere for various temperatures.96 

We note that SiNPs can also undergo chemical and electrochemical oxidation that is 
considered unlikely to occur during the storage of aqueous SiNP dispersions. As such, it 
is not expected to influence the long-term stability of Si NP-based inks. Therefore, we 
will not discuss the chemical and electrochemical oxidation of SiNPs in this Chapter. 
Instead, the interested reader is directed to references 96,102,103.Having established a 
comprehensive understanding of the surface chemistry of SiNPs, the following section 
introduces strategies to stabilize SiNP suspensions in more detail. 

2.3.3 Surface Modification of Silicon Nanoparticles to Fabricate 
Stable Colloidal Inks 

The complexity of the SiNPs’ surface chemistry (see section 3.2) makes it hard to 
estimate their colloidal stability when solvents are changed during ink formulation. Also, 
highly active surface moieties like Si-H and Si-O can cause unpredicted complications 
upon interacting with solvents (see Chapter 3), especially when considering long-term 
colloidal stability. Therefore, it is common practice to use surface modification strategies 
to protect the SiNPs, alter their dispersion stability, and even introduce new properties. 
Numerous efforts have been made to obtain long-term stability of SiNP inks.104–108  

As mentioned before, hydrosilylation is widely accepted as an efficient approach to 
modify surface-exposed Si-H groups. By reacting Si-H with double or triple C-C bonds 
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in the presence of heat,109 light,110, or Lewis acid catalyst,111 Si-C bonds can be formed 
on the surface of SiNPs. These surface-exposed Si-CH2-X moieties have demonstrated 
excellent stability in aqueous environments compared to Si-OC(O)CH2- bonds.112 This is 
ascribed to the low electronegativity of the carbon atom compared to the oxygen atom. 
Thus, the Si-C is less susceptible to associative attacks by nucleophiles. Hydrosilylation 
allows one to introduce various organic functional groups to the SiNP surface, for 
example, carboxylic acid, ester, and ether, which opens up possibilities for further 
reactions. However, the high sensitivity of hydrosilylation reactions to oxygen and water, 
and the commonly obtained relatively low surface coverage of functional groups, 
especially for alkyne-driven hydrosilylation, limit their use for the large-scale surface 
modification of SiNPs.113–115 

 
Figure 2.8 Schematic of the hypervalent surface interaction of silicon nanocrystals. The 
Cl terminated Si NCs have a lower LUMO energy compared to H terminated Si NCs. 
Molecule A represents a molecule with favorable energetic alignment for hypervalent 
interactions. B molecules are strong Lewis base donors, such as dimethylformamide and 
pyridine. C molecules are chemically inert molecules, such as hydrocarbon and 
chlorinated hydrocarbon solvents. D molecules represent protic solvents, such as 
alcohols containing acidic hydrogens, which hydrolyze the Si–Cl group. HOMO, highest 
occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.104 

Another approach to enhance the colloidal stability of SiNPs without binding carbon 
atoms/molecules to the NPs includes careful tuning of their surface composition. Holman 
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et al.116 reported the successful preparation of stable colloidal suspensions of H- and Cl-
terminated germanium (Ge) nanocrystals (NCs) in benzonitrile. Erogbogbo et al.117 
prepared stable colloidal suspensions of Ge, Si, and Ge/Si alloy (Si1-xGex) NCs in 
various solvents. They first prepared pure Si, Ge NPs, and alloyed NPs, subsequently, the 
NPs were dispersed in both benzonitrile and acetonitrile using extensive sonication 
without the need for any subsequent surface modification or ion addition. These organic 
surfactant-free NP inks possess the potential for the low-cost fabrication of functional 
optoelectronic, thermoelectric and photovoltaic devices. Another successful example of 
the preparation of stable free-standing colloidal Si nanocrystals (Si NCs) was presented 
by Kůsová et al.106 They used extended stirring of oxygen passivated PL Si NCs in xylene 
and showed that passivation of the particle surface resulted in long-term stability while 
maintaining the PL property. These PL colloidal Si NCs could be a valuable candidate in 
biological labeling and colloidal LED. Wheeler et al.104 reported the formation of free-
standing Si NCs and successfully exploited the Cl-termination of Si NCs surfaces to 
readily engage in hypervalent interactions with hard donor molecules to form a stable 
colloidal suspension (see Figure 2.8). By terminating the Si NCs’ surface with Cl, the 
acidic Si NCs’ surface favorably interacts with donor solvent molecules to create a layer 
of hard donor molecules immobilized around the particle surface. These thin layers of 
donor molecules around the Si NCs help to avoid direct contact between particles, 
therefore preventing agglomeration. By exploiting the hypervalent interaction between 
the Si NCs and solvent molecules, they successfully produced stable Si NC suspension 
without using ionic ligands or large organic molecules that could potentially hinder 
charge transport in the fabricated silicon devices. However, the preparation of free-
standing SiNP suspensions by these methods typically requires large amounts of volatile 
solvents, low reactant concentrations (ppm level), employing (unstable) surface 
functional groups and typically yield small particle sizes (typically below 10 nm).105,107,119 
These requirements and small Si-containing particle size limit the widespread application 
of SiNP dispersions in large-scale industrial applications, such as printing conductive 
patterns to fabricate functional electrical devices.68 

Grafting of polymers to the particle surface represents another efficient way to 
enhance the colloidal stability of NP dispersions.119,120 Depending on the type of polymer, 
grafting can either increase electrostatic repulsion, decrease van der Waals forces, or 
result in severe steric hindrance to avoid undesirable particle aggregation.121 In general, 
there are three methods to anchor polymer chains onto a (particle) surface, i.e. “grafting 
to”, “grafting through”, and “grafting from” (see Figure 2.9).122 The “grafting to” method 
is a classical approach to fabricate polymer-particle hybrids.122 A standard “grafting to” 
procedure involves the synthesis of polymers and NPs separately, followed by the 
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attachment of the polymer chains onto the surface of the particles. For the “grafting to” 
method, both the polymer molecular weight (Mn) and the polydispersity index (PDI) can 
be characterized before polymer attachment, which is not possible for the grafting 
through and grafting from methods (see below). The disadvantage of the “grafting to” 
method is that typically, low grafting densities are obtained, caused by the steric 
hindrance of the already attached polymer chains acting on the chains approaching the 
partly covered substrates.123  

“Grafting through” and “grafting from” have in common that polymers are attached 
to the particle surface during their polymerization.124,125 For the grafting through 
approach, also known as the “macromonomer” method, polymerizable units such as vinyl 
units are first immobilized at the particle surface (i.e the macromonomer). Then, 
depending on the employed polymerization method, monomers, initiators, catalysts, 
complexing agents are added to the particle suspension to start the polymerization 
process. During chain propagation, polymerizable units on the particle surface get 
incorporated in the backbone of the propagating chains, leading to propagating chains 
anchored onto the particle surface. In this manner, a polymer overlayer on the particle is 
formed. To date, the mechanism of the “grafting through” method is still not fully 
understood, even though it has been widely used in scientific research and industrial 
applications.126 In the “grafting from” method, also known as surface-initiated 
polymerization, functional initiators are covalently attached to the particle surface. In the 
subsequent step, these initiators are used to initiate polymerization. Due to the nature of 
this process, “grafting from” tends to give the lowest steric hindrance during 
polymerization, which results in relatively high grafting densities.  

Among the polymerization techniques used for the “grafting from” method, surface-
initiated controlled radical polymerization (SI-CRP) is considered one of the most 
effective approaches to synthesizing polymer-particle hybrids.127-129 In general, there are 
three controlled radical polymerization (CRP) methods that have been extensively 
studied: atom transfer radical polymerization (ATRP)130,131, reversible addition-
fragmentation chain transfer (RAFT) polymerization132,133, and nitroxide-mediated 
polymerization (NMP)134–136. The ATRP, RAFT, and NMP methods each have their 
specific requirements regarding available monomers, functional initiators, and polymer 
architectures. Compared to RAFT and NMP, ATRP has much more tolerance to 
functional groups and reaction conditions.130 Most importantly, the initiators, transition 
metal catalysts, and ligands used for ATRP are commercially available. Due to these 
advantages, surface-initiated ATRP has been extensively investigated for NP surface 
modification. Therefore in this Chapter, we will briefly introduce surface-initiated ATRP 
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and present some highlights for Si-containing NP modification via SI-ATRP. Readers 
interested in RAFT and NMP are directed to 132,133 (RAFT) and 134–136 (NMP) for more 
detailed information. 

 
Figure 2.9 Schematic of the “grafting to”, “ grafting through”, and “grafting from” 
approaches used for modification of particle surfaces. Circles: reactive groups to anchor 
on the surface or used as a chain-growth point (for the “grafting through” approach); 
lines: polymer chains; rectangles: monomer units (Image was adapted from reference 

137). 

In a classical surface-initiated ATRP reaction, alkyl halide initiators are anchored 
onto the NPs’ surfaces first, followed by activation by the catalyst system (e.g., CuI/ligand 
complex) to form living radicals and a corresponding metal complex in a higher oxidation 
state (e.g., CuII/ligand complex).128 During the chain propagation reaction, the radicals 
are deactivated reversibly by reacting with the CuII/ligand complex. This reversible 
activation/deactivation process establishes an equilibrium with most of the growing 
chains in the dormant state during the polymerization. Thus, growing chains have an 
equal chance to add one or more monomer units during a short period of active growth 
time (at the rate of kP), after which they return to the dormant state (see Figure 2.10). 
Compared to conventional radical polymerization, in which chains are grown for a very 
short time (typically 10-2 s to a few seconds), polymer chains from ATRP grow slowly 
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and continuously throughout the polymerization period. Because the living radicals grow 
with equal probability throughout the entire polymerization process and termination is 
essentially suppressed, ATRP tends to have relatively low PDI values (1.05-1.2) 
compared to conventional free-radical polymerizations. 

 
Figure 2.10 Schematic drawing of the ATRP equilibrium.138 Pn-X, Pn*, Mtm/L, and X-
Mtm+1/L represent alkyl halides/macromolecular species, growing radicals, transition 
metal complexes in their lower oxidation state, and halide ligands coordinated transition 
metal complexes in their higher oxidation state, respectively. kact, kdeact, and kt refer to the 
activation, deactivation, and termination rate constants, respectively. 

One of the first systematical studies utilizing surface-initiated ATRP with SiO2 NPs 
was reported by Patten and von Werne.138,139 They demonstrated the fabrication of core-
shell structured polymer-SiO2 NP hybrids with polystyrene and poly(methyl 
methacrylate) (PMMA). They also showed that the addition of sacrificial free initiators 
and deactivators (CuII) provided a sufficient deactivator concentration which avoided 
uncontrolled polymer chain growth and particle aggregation. Nowadays, various 
polymers have been grafted from SiO2 via surface-initiated ATRP, including PS139,141, 
PMMA139,140, poly(tert-butyl acrylate) (PtButA)140,141, and poly(oligo(ethylene 
glycol)methacrylate) (POEGMA)142. SiNPs typically form a surface-exposed oxide layer, 
when stored at ambient conditions,143 that can be readily modified with ATRP functional 
initiators by exploiting well-established silica-based chemical approaches. Thus, surface-
initiated ATRP seems promising to fabricate stable dispersions of polymer-SiNP hybrids 
as electroconductive inks suitable for printing functional devices.  

2.3.4 Inkjet Printing of Silicon Nanoparticle Inks 

Unlike its bulk form, not much work has been done to utilize SiNPs in electronic 
devices, including their deposition by inkjet printing. To the best of our knowledge, most 
of the reports about inkjet printing of SiNP-based inks were published in the last 
decade.144–147 Gupta and coworkers are among the pioneers in utilizing inkjet printing for 
SiNP-based inks.147 In their work, gas-phase synthesized SiNPs were functionalized with 
ethyl undecylenate to form stable colloidal suspensions in various organic solvents. 
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Moreover, they demonstrated using inkjet printing as a processing technique to print 
SiNP-based inks on glass substrates.147 Drahi et al. reported on the influence of SiNP 
surface chemistry and annealing procedure on the microstructure and thermal 
conductivity of inkjet-printed SiNP thin films.145 Furthermore, they demonstrated the 
successful utilization of photonic annealing for the sintering of inkjet-printed SiNP thin 
films. Compared to traditional thermal annealing, photonic annealing is faster and readily 
compatible with flexible and low-cost substrates.145 In a more recent paper, Lawes et al. 
present the fabrication of a lithium-ion battery anode via the inkjet printing of 
commercially available SiNPs.144 The SiNPs-based ink used in their study was 
formulated by mixing commercially available SiNPs, carbon black and polymer binders 
(poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), 
polyvinylpyrrolidone (PVP), carboxymethyl cellulose (CMC), and Na-alginate) in water 
with extensive sonication. The lithium-ion battery prepared with an anode printed from 
the as-prepared SiNP-based inks showed a capacity of over 1700 mA h g-1 for 100 charge-
discharge cycles. When the depth-of-discharge was limited to 1000 mA h g-1, the 
prepared lithium-ion battery has a stable performance over 1000 cycles. The presented 
and discussed examples clearly demonstrate that the inkjet printing of SiNPs has a bright 
full future as key enabling technology in printable electronics. 

2.4 Silicon Nanoparticles as the Next Generation 

“Magic Bullets” in Biomedical Applications  

More than 100 years ago, Ehrlich postulated the concept of targeting drugs to an 
intended pathogen and treat it without affecting the surrounding healthy tissue.146 In 
popular terms, this is referred to as a magic bullet.149 It took until the early nineties to 
develop targeted drug delivery as a popular and well-established research field. Since 
then, the number of scientific reports has continued to increase. The targeting of a drug 
to specific sites in the body is of interest since it potentially allows for the administration 
of effective drugs to diseased cells or tissue without affecting the adjacent healthy cells 
and tissue and allows to reach hard-to-reach tissue/diseases.150 Eventually, this 
contributes to higher drug efficiency at potentially a less drug dose, with lower adverse 
side effects for the patient, lower costs, and a lower acquired immunity. As we will 
present and discuss in this section, SiNPs have an established track record in drug 
delivery applications. However, when looking beyond the field of solely targeted delivery 
of drugs, it it worth noted that due to the intrinsic properties of Si-containing NPs, they 
offer a promising platform as theranostic agents. In theranostics, a therapeutic component 
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(e.g. a drug) is combined with (real-time) diagnostic functionalities.151–153 In the 
remainder of this section, we will present and discuss why SiNPs receive considerable 
attention as platform material in drug delivery and particularly in the emerging field of 
theranostics. 

2.4.1 Silicon Nanoparticles as Drug Delivery Carriers  

Since Si is known for its biocompatibility154–156 and is a naturally occurring element 
in various tissues in the human body (primarily present as orthosilicate (SiO44-)160), it 
is considered as a promising building unit for functional particles in biomedical 
applications. In addition, the degradation products of Si-containing NPs (mainly silicic 
acid) are non-toxic and readily renal clearable.155,157,158 These properties render Si-
containing NPs an interesting alternative to compete with NP-based systems for which 
toxicological and biodegradability concerns exist, like gold NPs, carbon NPs, and various 
quantum dots.159  

Besides being biocompatible and biodegradable, a targeted drug carrier must meet 
the following additional criteria to be effective for: i) high drug loading, ii) preservation 
of drug functionality, and iii) effective targeting. Among the various NP-based platforms, 
porous SiNPs have attracted considerable attention since they meet these criteria.160–163 
Therefore, in biomedical nanotechnology, SiNPs are abundantly reported as drug carriers. 
Since it is not the scope of this work to review the use of SiNPs as drug carriers in-depth, 
the reader is directed to some selected review papers that cover this in-depth and are 
considered to be of interest.164–168 

Porous SiNPs are produced mainly by the electrochemical anodization of 
monocrystalline Si wafers.5,13,164,169,170 This method uses hydrofluoric acid as the 
electrolyte in various organic solvents, such as ethanol or acetonitrile. The produced 
porous Si film is lifted from the Si wafer, and following sonication or milling treatments, 
micro and NPs are formed. This results in the formation of quasi-spherical porous SiNPs 
with a relatively broad particle size distribution.  
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Figure 2.11 Scheme for the preparation of SiNPs by electrochemical etching and TEM 
image of as-prepared SiNPs. (Picture was modified.)170 

The high porosity (up to 80%) of SiNPs then allows one to obtain high drug 
loadings.171 It is of pivotal importance to tailor the physicochemical properties of SiNPs 
to control their degradation time in the bloodstream/targeted tissues.162,175–177 It is well-
known that the pore size and porosity significantly affect the degradation rate of SiNPs 
under physiological conditions.159 In addition, without altering the surface chemical 
composition, SiNPs tend to degrade relatively quickly. The surface of porous SiNPs 
mainly consists of silanols, siloxanes, and silicon hydrides. These surface-exposed 
moieties are readily used in well-known surface chemical engineering processes160 to 
tailor surface chemistry and enhance affinity towards specific drugs (hydrophobic or 
hydrophilic) allowing controlled incorporation and release . In fact, carefully selecting 
the chemical composition allows one to prolong the SiNPs’ lifetime and incorporate a 
gating function that can control the release of the intended drugs.160 In addition, tuning 
the SiNPs surface chemistry facilitates a better dispersion in aqueous media as well as 
that targeting often required in vivo stealth functionalization.161,164,172–174 

For instance, to enhance the blood circulation time of SiNPs, Santos and coworkers175 

reported red blood cell membrane coated porous SiNPs that were loaded with radioactive 
155Tb atoms. The red blood cell membrane coating significantly enhanced the blood 
half-life compared to bare Si NPs. The authors concluded that the prepared 155Tb loaded 
SiNPs could be used in targeted radionuclide therapy combined with a chemotherapeutic 
payload within the porous SiNPs. In another report, Santos and coworkers176 showed that 
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the covalent attachment of a model cancer antigen TRP2, either expressed at the 
membrane surface or covered by membrane encapsulation, is promising for treating 
autoimmune diseases by inducing an autoantigen specific immune tolerance. Weitz and 
coworkers177 designed and prepared hybrid polymersomes as a versatile drug delivery 
system. Their design was based on utilizing porous SiNPs conjugated with gold nanorods 
encapsulated within a hybrid polymersome by using double emulsion templates on a 
microfluidic chip. This particle design allowed the incorporation of hydrophilic and 
hydrophobic drugs, and it was demonstrated that the in vivo drug delivery efficiency to 
tumors in mice improved. An exciting feature of this hybrid system is that the conjugated 
gold nanorods absorb near-infrared laser radiation, which triggered the increased release 
of doxorubicin hydrochloride and rapamycin under near-infrared laser irradiation during 
in vitro tests. This feature suggests that this hybrid polymer-based drug delivery system 
has the potential to be applied in photothermal therapy. 

Besides the relatively easy tunability of particle geometry and surface chemistry of 
Si-containing NPs to control the SiNPs drug release rate and biodegradability, they have 
interesting optoelectronic properties that allow the incorporation of multiple 
functionalities in one particle.177–180 This makes that SiNPs receive considerable attention 
during the last decade as a multimodal platform for theranostic applications.180 The 
following sections (2.4.2 and 2.4.3) will introduce the main concepts of SiNP based 
(enhanced) imaging in combination with local disease treatment.   

2.4.2 Photoluminescent Silicon Nanoclusters and Bioimaging 

The earlier discussed biocompatibility and unique optical properties make PL SiNPs 
a novel, high-quality, and biocompatible fluorescent probe for in-vivo imaging. Of 
particular interest is that SiNPs can be used in near-infrared laser two-photon-excited 
fluorescence imaging.181–184 This allows deeper tissue penetration, and it provides a better 
spatial selectivity with a reduced autofluorescence of the surrounding biological 
tissues.185,186  

Numerous synthetic strategies – physical, physiochemical, chemical, and 
electrochemical – have been proposed and developed to fabricate PL SiNPs with a high 
quantum yield and long-term photostability.6,187–190 For example, Zhong et al.191 reported 
a method to synthesize PL SiNPs with microwave irradiation. Using organosilicon 
molecules as precursors, they produced 0.1 g PL SiNPs with a quantum yield of 20-25% 
in less than 10 minutes. In addition, Zhong et al.192 later reported the fabrication of PL 
SiNPs by UV radiation of (3-aminopropyl)trimethoxysilane and 1,8-naphthalimide under 
ambient conditions with a high production rate (i.e. 10 g of PL SiNPs in 40 mins). 191,192 
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Figure 2.12 Photographs of deep red (740 nm), red (675 nm), yellow (592 nm), green 
(572 nm), and blue (441 nm) light emission from Si NCs when excited at 365 nm.193 

Besides being able to tune the (optical) properties of SiNPs towards specific in vivo 
applications, their interactions with living cells must be thoroughly understood as well. 
Of particular importance is that the foreign SiNPs do not induce any toxic effects on the 
surrounding tissue. Therefore, the cellular behavior of PL SiNPs has been investigated 
and monitored in living cells by various researchers.194–197 For instance, Cao et al.194 
described the detailed mechanism of SiNPs entering living cells. SiNPs were shown to 
be internalized into cells via clathrin-mediated and caveolae-dependent endocytosis. 
These authors also demonstrated that SiNPs showed no apparent toxic effects on cell 
metabolic activity. Recently, Zhou et al.197 studied the in-vivo behavior and molecular 
imaging of PL SiNPs inside Caenorhabditis elegans. They demonstrated that PL SiNPs 
could be used as nanoprobes for bioimaging inside living organisms.  

Various biocompatible molecules like sugar, transferrin, targeting peptides, and 
polyethyleneimine (PEI), have been used to decorate PL SiNP surfaces for cancer 
targeting,195,196 molecular trackings,197 and monitoring carbohydrate-carbohydrate 
interaction dynamics198. Pang et al.199 developed PEI-encapsulated SiNPs (PEI-SiNPs) to 
observe the behavior of gene carriers in living cells in real-time. Their long-term stable 
PEI-SiNPs showed a DNA-loading capacity of 97% and an adaptable efficiency of 35% 
for human cervical carcinoma cells, with the capability to maintain 90% of cell viability 
for 24 and 48 hours after treatment. By attaching peptides (cyclic arginine-glycine-
aspartic acid (RGD)) on the PL SiNPs surface, they demonstrated the use of SiNP-RGD 
as a suitable bio-probe to image cancer cells in real-time. These SiNP-RGDs also showed 
highly efficient anticancer properties. 

Recently, He and coworkers200 studied the use of vancomycin (i.e. a glycopeptide 
antibiotic) modified SiNPs as a theranostic component in eye drops to diagnose and treat 
Gram-positive bacteria-induced keratitis (an eye infection). They successfully exploited 
the high binding affinity of vancomycin to dipeptides on the cell wall of Gram-positive 
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bacteria to target the incorporated fluorescent SiNPs and by optically monitoring the 
fluorescence to diagnose keratitis within 10 minutes. In addition, the antimicrobial rate 
for vancomycin immobilized on SiNPs is 92.5%, which is nearly four times higher than 
free vancomycin at the same concentration. Therefore, the vancomycin-modified SiNPs 
are considered an excellent nano theranostics agent capable of simultaneously diagnosing 
and treating bacteria keratitis. 

Interestingly, SiNPs can act as photosensitizers in photodynamic therapy as well.201–

204 For instance, the in vitro PL visualization of SiNPs in living cells and the production 
of singlet oxygen in these cells was successfully demonstrated by Timoshenko and 
coworkers.203 Singlet oxygen is proven to be effective in the treatment of cancer.205 
Furthermore, SiNPs are exploited in photothermal therapy in which near-infrared 
irradiation is used to generate heat locally, resulting in targeted cell death without 
harming the surrounding tissue.206,207 Besides using near-infrared in photodynamic 
therapy, thermotherapy with SiNPs is possible with ultrasound169 and 
radiofrequency208,209 radiation. 

2.4.3 Silicon Nanoparticle and Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a non-invasive technique that is used, among 
others, for in-vivo studies and clinical diagnostics. However, the main challenge of MRI 
in molecular imaging is the inherently low sensitivity, especially when detecting nuclei 
with low gyromagnetic ratios and low natural abundancies like 13C, 29Si, and 15N. 
Hyperpolarization is a technique that temporarily increases the nuclear spin polarization 
of a material far beyond its thermal equilibrium, which enhances the detectability and 
shortens the MRI acquisition time for nuclei with low gyromagnetic ratios (see Figure 
2.13).210,211 However, small hyperpolarized 13C-labeled substrates like [1-13C]pyruvic 
often rapidly relax to their equilibrium states (i.e. within 120 s), making it hard to monitor 
slow biological processes like protein-cell binding and tissue perfusion.212,213 Si in the 
form of particles has a nuclear spin relaxation (T1) time up to several hours and coherence 
(T2) times up to several seconds at room temperature.214,215 The long T1 for Si is due to 
the existence of a small amount of spin -1/2 29Si nuclei in a nuclei-spin-free lattice. The 
extraordinary long T1 and the already mentioned outstanding biocompatibility make 
SiNPs a promising imaging agent for in-vivo hyperpolarized 29Si MRI.  
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Figure 2.13 Increase of MRI signal intensity of 13C nuclei via hyperpolarization. DNP = 
dynamic nuclear polarization, NMR = nuclear magnetic resonance.216 

The first demonstration of using hyperpolarized Si particles with diameters from 100 
nm to 1 µm as MRI agents was reported by Aptekar et al.217 The room temperature T1 for 
these particles ranged from tens of minutes up to hours depending on the particle size and 
doping. Inspired by their results, chemists and material scientists developed various 
synthetic procedures to fabricate Si particles with enhanced T1 values that could 
potentially monitor the biochemical reaction in-vivo. For example, Tonya et al.218 used a 
metathesis reaction of sodium silicide with silicon tetrachloride to fabricate 10 nm SiNPs, 
followed by surface modification with alkyl and aromatic ligands. The resulting particles 
showed T1 times greater than 600 s, which is five times longer than conventional ball-
milled (and larger) SiNPs. Their small particle size allows them to cross the blood-brain 
barrier and enables their utilization in intracellular studies with MRI.  

Whiting et al.219 exploited relatively low-cost commercial Si particles with a diameter 
of 2 µm to demonstrate the use of hyperpolarized 29Si MRI for in-vivo, real-time passive 
angiocatheter tracking in two and three dimensions for over 40 minutes. Advantages of 
using MRI guidance compared to currently used X-ray fluoroscopy are that MRI allows 
three-dimensional imaging, other physiologically relevant criteria can be monitored, and 
the clinical team is not exposed to ionizing radiation. Though promising to replace X-ray 
fluoroscopy guidance, the proof of concept MRI-based guidance suffered from a lack of 
spatial resolution (~1 mm for MRI guidance versus ~0.1 mm for X-ray fluoroscopy). 
According to the research team, moderate improvements to the 29Si hyperpolarization 
level, MR hardware, and pulse sequences are required to overcome this limitation. 
Interestingly, in a follow-up study Whiting and coworkers220 demonstrated that the 
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functionalization of commercial SiNPs with APTES, PEG, and oligonucleotide aptamer 
had little effect on the hyperpolarization buildup, or decay rates, for these particles. 

Overall, we can conclude that SiNPs are an exciting platform for multimodal imaging 
and/or therapeutic applications. Although the research field of theranostic is relatively 
young, it receives considerable attention, and it is believed that due to their unique 
properties in combination with good biocompatibility, SiNPs will play an essential role 
in this regard. Future directions to consider are the development of scalable and 
reproducible production methods of SiNPs at acceptable costs and to get regulatory 
clearance for these functional particles.221 

2.5 Surface-Engineered Silica Nanoparticles 

SiO2 NPs are another class of NPs that cannot be neglected when considering Si-
containing NPs. Unlike SiNPs, SiO2 NPs typically do not possess new properties 
compared to their bulk form. However, SiO2 NPs have the advantage of being cheap and 
available with a controlled and narrow size distribution. Furthermore, SiO2 NPs provide 
ample opportunities to adapt their morphology and are readily derivated by widely 
accessible surface functionalization strategies.222 Like other NPs, SiO2 NPs also have a 
large surface-to-volume ratio, which provides extremely large interface areas upon 
adding only a few wt% of particles to polymer composites.223–225 While most of the SiO2 
NP-based thermoplastic composites rely on the use of rather smooth particles, the 
introduction of particle surface roughness allows one to tailor and eventually enhance the 
surface/interface properties of the resulting composites. This section introduces common 
strategies to improve SiO2 NP surface roughness and subsequently we present and discuss 
how this can significantly enhance polymer foam cell nucleation. We recently introduced 
the latter as an emerging application area of surface engineered silica NPs.225 

2.5.1 Surface Roughness Engineering of Silica Nanoparticles  

Surface roughened SiO2 NP (SiO2-R NP) based layers are considered an effective 
coating material to mimic the structure of lotus leaves.226–228 The nanocavities that reside 
on the surface of the assembled NPs reduce the contact area between a droplet and the 
surface to minimize the adhesion, resulting in superhydrophobic surface behaviour.229,230 
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Figure 2.14 Schematic of a) the attachment approach227 and b) the etching approach97 
for the fabricating of SiO2-R NPs. 

Chemists and materials scientists have developed different synthetic strategies to 
prepare SiO2-R NP. The most common approaches to synthesizing SiO2-R NP are the 
attachment and etching methods (see Figure 2.14).226,227,231–234 The attachment method is 
usually a two-step reaction to attach smaller NPs to larger core particles, governed by 
various interactions, such as complexation, covalent bonding, and hydrogen bonding. For 
instance, Hu et al.231 reported the fabrication of stimuli-responsive raspberry-like hollow 
mesoporous colloids by utilizing host-guest complexation. The separately prepared 
viologen functionalized Fe3O4 NPs that were subsequently attached to azobenzene 
functionalized SiO2 core particles via the host-guest complexation of cucurbituril 
molecules. Upon UV-irradiation, the SiO2 core particles can grab or release the Fe3O4 
NPs. Alternatively, Blanckenberg et al.234 synthesized raspberry-like gold-decorated SiO2 
NPs (SSx-AMPS-Aun) by growing the secondary particles from the primary particle 
surface. A gold(III) chloride trihydrate (HAuCl4) solution was added to an amino-
functionalized SiO2 NP suspension to grow gold NPs on the silica surface. The particles 
were then used to catalyze the sodium borohydride reductive discoloration of methylene 
blue in the water. Ming et al.227 introduced the covalent bonding between two different 
sizes of SiO2 using either amino-functionalization or epoxy-functionalization to yield 
SiO2-R NPs. Subsequently, the SiO2-R NPs were deposited on an epoxy film, followed 
by coating the deposited particles with a PDMS layer to form a dual-sized structured 
superhydrophobic surface. Instead of coupling amino and epoxy groups to fabricate SiO2-
R NPs, Puretskiy et al.226 exploited poly(glycidyl methacrylate) polymer brushes as the 
coupling agent to achieve better mechanical stability and chemical resistance of SiO2-R 
NP (see Figure 2.15). They also reported poly(pentafluorostyrene) immobilization on the 
as-prepared SiO2-R NPs to obtain a superhydrophobic surface. The major advantage of 
the attachment approach is that SiO2-R NPs with a controlled surface roughness can be 
fabricated by simply adjusting the diameter and concentration ratio of large and small 
particles. However, the attaching approach typically requires multiple reaction steps. In 
addition, because the large and small particles are connected by large molecules or 
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polymer chains, small particles can be detached from the large particle under extreme 
conditions, like long-term sonication or extrusion.  

Another approach encompasses the etching method, which uses the dissolution and 
re-deposition (growth) of SiO2 to fabricate SiO2-R NP surfaces. For example, Du et al.97 
synthesized SiO2-R particles by etching nearly spherical SiO2 NPs with NaBH4. The 
dissociation and re-deposition of Si-O bonds on the surface of SiO2 NPs at high pH results 
in the formation of SiO2-R. Those particles were deposited on polycation and polyanion-
coated glass substrates. The particle deposition step was followed by calcination to 
remove the hydrophilic -OH group from the particle surface. Finally, the as-prepared 
glass substrates were coated with 1H,1H,2H-, and 2H-perfluorooctyltriethoxysilane to 
form superhydrophobic surfaces. Due to the nature of the etching process, the surface 
roughness of the SiO2-R is somewhat unpredictable, and according to our experience, it 
may vary from batch to batch, hampering its wide spread applicability.  

 
Figure 2.15 Schematic of SiO2-R NP synthesis. a-c) large particles were grafted with 
poly(glycidyl methacrylate); d) Small particles are modified with APTES; e) Coupling of 
large and small particles; f) Immobilizing polymer onto the SiO2-R surface.226 

Alternatively to the etching and attaching method, Chen et al.235 recently reported a 
one-step dialysis strategy to fabricate SiO2-R NPs at mild processing conditions. First, a 
homogeneous mixture of TEOS, H2O, and ethanol was added to a dialysis bag. This step 
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is followed by immersing the dialysis bag into a large reservoir filled with an 
ammonia/water mixture (10% volume ammonia) to react for four hours. The resulting 
temporal ammonia concentration gradient results in the formation of porous raspberry-
like SiO2 NP formation. This method is considered to be of particular interest since it 
does not use any other chemicals than typically used to synthesize SiO2 NPs.  

Most of the literature on surface roughness modified SiO2 NP is focused on utilizing 
SiO2-R NPs to create dual-sized structures to induce superhydrophobicity or using SiO2 
NP as a support for other functional particles. However, by carefully examining the 
morphology of SiO2-R NPs and thoroughly investigating the heterogeneous foam cell 
nucleation theory, we have successfully designed and utilized SiO2-R as a highly efficient 
nucleating agent for polymer foam cell nucleation. This is presented and discussed in the 
following section.  

2.5.2 Foam Cell Nucleation by Surface Topology Engineered Silica 
Nanoparticles 

Nucleation is a process of creating a new thermodynamic phase with lower free 
energy incorporated within a metastable phase with a relatively high free energy. 
Nucleation can happen in the gas, liquid, and solid phases, e.g., rain, boiling, 
crystallization. In this part, we focus on gas-liquid nucleation. 

Gas-liquid nucleation processes can be either homogeneous or heterogeneous. For 
homogeneous nucleation, the free energy for critical nucleus formation is236 

																																																							∆-%&'( =	
)*+,!

-∆/"                                                         eq.5 

in which ∆/ is the pressure difference between two phases if assuming the partial 
molar volume of gas (e.g. CO2) in the polymer after full saturation is 0. 0 is the interfacial 
tension between the metastable phase and nucleating phase. However, since 0  is 
experimentally inaccessible, it is usually replaced by the surface tension of a flat surface 
on the macro scale.  
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Figure 2.16 Schematic illustration of nucleation a) on the spherical particle surface, b) 
on a flat surface, and c) inside a cavity. 

Heterogeneous nucleation is considered thermodynamically more favorable than 
homogeneous nucleation when the contact angle	(θ), as defined in Figure 2.16, is smaller 
than 180°.237 A relatively simple heterogeneous nucleation model was deduced and 
reported by Volmer in 1929.238 This model assumes that liquid clusters grow on a planar 
substrate as a spherical cap with a constant wetting angle. Fletcher took this model a step 
further and extended Volmer’s model to gas nucleation on a spherical particle surface.239 
In his work, the particle curvature plays a vital role in the nucleation energy: 
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-∆/" ∗ 5(6, 8)                                            eq.6 

where 5(6, 8) is the energy reduction factor, which depends on the curvature (x) and 
contact angle (θ). For spherical particles (i.e., a convex substrate, see Figure 2.16a), it is 
described as 
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The extension of Fletcher’s work to nanocavities (i.e. a concave surface, see Figure 
2.16c) was reported by Liu et al.240 By assuming that the nanocavity is a smooth hollow 
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sphere, they deduced that the influence factor f(m,x) for a nanocavity is described a 

5(6, 8) = 1 + C
)$23
4
D + 8- E2 − 3 C

3$2
4
D + C

3$2
4
D
-
G + 36H" C

3$2
4
− 1D								eq.8 

in which g is 

																																																							g = √1 + 8" + 268 . 

According to the results reported by Liu et al.,240 nucleation is energetically favorable 
inside the cavities compared to nucleation by convex and flat surfaces of the same 
material.241 A schematic illustration of a liquid bubble nucleating on the particle surface 
and inside nanocavity is shown in Figure 2.16. Based on their results for nucleation inside 
cavities, SiO2-R was considered a potentially efficient heterogeneous foam cell 
nucleation agent in nanocellular thermoplastic foaming.  

2.5.3 Polymer Nanocomposite Foams 

Polymer foaming is a high-profile research area. Low density, nanocellular polymer 
nanocomposite foams are promising candidates for several applications, especially high-
performance thermal insulation.241,242 Nowadays, polymer foams can be fabricated either 
by a continuous process, like extrusion foaming, or a non-continuous process, like batch 
foaming or injection molding foaming.243 Continuous foaming typically requires high 
temperature, high pressure, and high shear rates. Despite this, continuous foaming is 
widely accepted and applied in the industry since it is a quick, versatile and 
straightforward process.244 Compared to continuous foaming, non-continuous foaming is 
a more commonly used approach to prepare nanocellular polymer foams in the lab. In a 
typical batch foaming process, a polymer sample is saturated with a blowing agent like 
CO2 at a specific temperature and pressure. This is followed by releasing the pressure and 
increasing the temperature to oversaturate the dissolved blowing agent in the polymer 
matrix, which will induce foam cell nucleation and result in polymer foaming (see Figure 
2.17). The major downside of batch foaming is the often required long saturation time 
(up to weeks), making this method less desirable to be applied at an industrial scale 
compared to continuous foaming.244 However, due to the easily adjustable and precise 
process control for each step during batch foaming and the good foam reproducibility, 
batch foaming is considered a powerful tool to investigate the foaming behavior of 
polymers. 
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Figure 2.17 Schematic diagram of batch foaming process.242 

Nanofillers are extensively discussed as heterogeneous nucleation agents for polymer 
foaming.245 Typically, the addition of nanofillers can dramatically increase the cell 
density of polymer foams (see Figure 2.18) by rendering heterogeneous nucleation 
favorable over homogenous nucleation.246 Colton and Suh were the first to demonstrate 
the use of nanofillers in polymer foaming.247–249 They reported that a high cell density 
was achieved by adding zinc stearate as the heterogeneous nucleation agent in 
polystyrene (PS) foaming.250–252 In addition to increasing cell density, introducing well-
dispersed nanofillers to polymers prior to foaming also produces foam cells with 
narrower size distributions. For example, by adding 9 wt% of nano-silica to PS, the 
foaming density increased from 1011 to 1013 cells cm-1, and the cell size was reduced from 
0.7-6.0 μm to 0.1-0.8 μm compared to neat PS foams.253 Various polymer and nanofiller 
combinations have shown that the addition of nanofillers results in increasing nucleation 
efficiency as well as in increasing the cell density, e.g., low-density polyethylene 
(LDPE)-clay254, PS-carbon nanofiber (CNF)255, PS-clay256, PS-SiO2 NP257, polymethyl 
methacrylate (PMMA)-clay258, PMMA-multi-walled carbon nanotubes (MWCNTs)258, 
PMMA-SiO2 NP259, styrene acrylonitrile resin (SAN)-clay260, and polyurethane (PU)-
clay261.  
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Figure 2.18 SEM images of the cross-section of polystyrene foams batch foamed without 
(A) and with silica-based hybrid NPs as heterogeneous nucleation agents (B). The red 
arrows in (B) point at some hybrid SiO2 NPs.262 

In the last decade, Vancso and coworkers262–266 reported developing a series of silica 
core-shell NPs with different polymer shells to enhance the SiO2 particle dispersion in 
the polymer matrix and increase the foam cell nucleation efficiency. With PDMS-grafted 
silica core-shell NPs (SiO2-PDMS) dispersed in PS film at 4.0 wt%, the cell size and cell 
density of batched foamed nanocomposites were 600 nm and 4.6x1012 cells cm-1, 
respectively. The nucleation efficiency is approximately 0.33.264 For PMMA SiO2-PDMS 
nanocomposites foams, the highest nucleation efficiency achieved is approximately 
0.5.262 So far, this is the highest nucleation efficiency reported using smooth SiO2 NPs. 
To further increase the nucleation efficiency, it was anticipated that more than a grafted 
polymer shell on the SiO2 NPs was required.  
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Figure 2.19 Schematic representation of the nucleation of multiple cells from a PDMS 
coated SiO2-R. The saturation pressure and foaming temperature were 55 bar and 40 °C, 
respectively. Picture was adapted from reference 263. 

The thermodynamic model reported by Liu et al.,240 directed us towards lowering the 
critical nucleation energy of nucleating particles by introducing surface-exposed 
nanocavities. Recently, we successfully exploited SiO2-R NPs as nano-filler to boost the 
nucleation efficiency of nanoparticles in polymer foaming.263 We successfully 
synthesized PDMS coated SiO2-R NPs (SiO2-RP NPs) with a diameter ranging from 80 
to 200 nm. For the CO2-based batch foaming of PMMA, the added SiO2-RP NPs had a 
nucleation efficiency of up to 6.2, meaning that each particle was able to nucleate more 
than one foam cell. The significant increase in nucleation efficiency is ascribed to the 
capillary condensation of the physical blowing agent (CO2) inside the nanocavities with 
the presence of a thin PDMS shell (favorable for nucleation), resulting in locally 
increased concentrations of CO2 (see Figure 2.19). The increased blowing agent 
concentration in the energetically favorable concave nucleation sites is responsible for 
the significantly enhanced nucleation efficiency of SiO2-RP NPs. It is believed that 
further tailoring the morphology of surface-engineered SiO2 NPs in combination with 
different thermoplastic foam matrixes will open up new avenues for nanocellular foam 
morphology control.  
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2.6 Catalytic Effects of Silica Nanoparticles 

A catalyst is defined as a substance that is added to chemical reactions to increase 
the reaction rate without modifying the overall standard Gibbs energy change in the 
reaction.267 Usually, the catalyst provides an alternative reaction pathway/mechanism 
with lower activation energy while leaving the reaction equilibrium intact (see Figure 
2.20). Catalysts are generally classified into three categories: homogeneous, 
heterogeneous, and enzymatic.  

 
Figure 2.20 Energy profile of an endothermic reaction showing the reactants (X), 
products (Y), activation energy (Ea), and enthalpy (KH).268 

2.6.1 Catalytic Activities of Silica Nanoparticles 

NPs commonly have many unsaturated atoms at the surface and edge due to the 
unprecedented large surface/volume ratio. These unsaturated atoms can be easily 
coordinated with the surrounding species, making them ideal candidates for catalytical 
applications. NP catalysts can maximize exposure of active sites, like a homogeneous 
catalyst, while retaining the possibility to be separated, purified, and reused like a 
heterogeneous catalyst.  

Noble metal NPs (NMNs), just like noble metals, are a fascinating class of materials 
in catalysis science because of their outstanding properties.269–272 The NMN catalysts 
commonly suffer from sintering, which can severally influence the catalytic performance 
of NMN catalysts. Using a support material is an effective approach to prevent NMNs 
from sintering.  

As mentioned, SiO2 NPs are commonly used as support material for NMN. SiO2 NPs 
are well known for their unique properties, such as i) facile synthesis, even at room 
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temperature, ii) a size that can be easily tuned, iii) non-toxic and inexpensive, and iv) that 
they are stable in various organic solvents and at relatively high temperatures. Numerous 
efforts have been made to optimize the catalytic activity of NMN supported by SiO2 NPs. 
For example, Song et al.273 reported the synthesis of SBA-15 (mesoporous silica)-
supported 1-7 nm platinum (Pt) NPs via sonication and calcination at elevated 
temperatures. The resulting SBA-15 supported Pt NPs were tested for ethylene 
hydrogenation under variant conditions. The SBA-15 supported Pt NPs were stable under 
20 torr C2H4, 200 torr H2, and 658 K. 

 
Figure 2.21 The proposed mechanism of SiO2 catalyzed linear thioether fabrication.274 

As widely as SiO2 NP is used as a support material for NMN, the catalytic activity 
of SiO2 NP itself has rarely been presented and discussed in the literature. Banerjee et 
al.274 were among the pioneers to exploit the catalytic activity of SiO2 in organic 
transformations. They discussed that Stöber SiO2 NPs catalyzed anti-Markovnikov 
addition of thiols to alkenes and alkynes (see Figure 2.21). With the addition of 1 wt% 
SiO2 NPs, the thioethers can be produced at room temperature with a yield of up to 98% 
in 1.5 hours (see Figure 2.22). It usually takes more than 24 hours for the neat reaction to 
achieve the same yield. The same authors also utilized the catalytic activity of SiO2 NPs 
in the bis-Michael addition of active methylene compounds to conjugated alkenes,275 
which was considered possible only with a few catalysts, like ruthenium complex276 and 
basic ionic liquid catalyst277,278. Kundu et al.279 reported using a commercial silica gel for 
dithioethers synthesis. By controlling the moisture level of the silica gel (dry/moistened), 
the authors were able to conduct the regioselective synthesis of 1,2- and 1,3-dithioethers 
at room temperature by reacting a variety of aromatic thiols with alkyl bromide. 
Similarly, Nikoofar and Khalili used commercial SiO2 to catalyze the one-pot synthesis 
of symmetrical and unsymmetrical 3,3-di(aryl)indolin-2-ones.280 The synthesis was 
performed under solvent-free conditions with magnetic stirring or grinding at room 
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temperature. Ramazani et al.281 discussed using SiO2 NPs to prepare ketoamide 
derivatives at ambient temperature. The ketoamide derivatives were prepared via a one-
pot multicomponent condensation reaction catalyzed by SiO2 NPs.  

 
Figure 2.22 The silica NPs-catalyzed synthesis of linear thioethers. 274 

Besides the SiO2 catalyzed chemical synthesis, there is also literature that describes 
the use of mesoporous SiO2 to catalyze polymer degradation. The common catalysts for 
thermal degradation of polymers (e.g., polyethylene, polypropylene, polystyrene) into 
fuel oil are silica-alumina282–286, zeolites283,285,287–289, fluid catalytic cracking (FCC) 
catalysts290–292, metal-based catalysts293, and basic oxides294. 

In 1997, Sakata et al. reported using a non-conventional catalyst – mesoporous silica 
(KFS-16B) – to catalyze polyethylene degradation.295 The sodium silicate powder was 
calcined to form δ-Na2Si2O5, followed by suspension in water and subsequent filtration 
to form a wet Kanemite® paste. Then the paste was dispersed in 
hexadecyltrimethylammoniumbromide solution for ion exchange at the desired pH at 70 
°C, followed by calcination to form KFS-16B.296 The hexagonal pores (⌀ 3.6 nm) on the 
KFS-16B particles acted as nanometric reactor vessels. They could encapsulate free 
radicals and extend their active time, therefore accelerating the degradation of 
polyethylene. In later research, Sakata et al. compared the catalytic activity of 
mesoporous SiO2 NPs and a solid acidic catalyst to degrade polyethylene and 
polypropylene into fuel oil.285 Instead of participating in the chemical reaction (i.e. 
polyethylene degradation), mesoporous SiO2 NPs acted as a reaction flask. The role of 
mesoporous SiO2 NPs during these chemical reactions did not fit the classical catalyst 
description. However, the presence of mesoporous SiO2 NPs decreased the reaction 
temperature, increased the yield, and shortened the time to reach equilibrium. The 
examples presented and discussed above show the potential of Si-containing NPs as a 
non-conventional catalyst.  
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2.7 Concluding Remarks 

Si-containing nanoparticles are an exciting and promising class of materials with 
countless applications. This is mainly ascribed to their (size-dependent) unique 
properties, low toxicity, and well-established synthetic preparation and derivatization 
methods. This Chapter presented and discussed the emerging fields of printable silicon 
nanoparticle-based electronics, theranostics, nanocellular polymer foaming, and 
catalysis. We recognize that at the forefront in these areas, the use of SiNPs or SiO2 NPs 
offers distinguished advantages over existing competing particles. We also identified that 
the main bottlenecks to solve are their large-scale affordable and reproducible production 
and legislation to enable biomedical applications. Provided that these challenges will be 
tackled, SiNPs and SiO2 NPs are expected to become enabling platform particles that will 
enhance the development of the discussed emerging research areas to appropriate 
industrial levels. 
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  Chapter 3 

Dispersion Stability of Nonspherical 
Silicon Nanoparticles: Impact of Solvent 

Selection and Storage Time 
 

Long-term colloidal stability is of primary concern for numerous nanoparticle 
dispersion-based applications, such as inkjet printing. In order to assess printability of 
inks consisting of silicon nanoparticles (SiNPs) with complex agglomerated shapes in 
various alcohols and glycols, we studied the stability of the dispersions by several 
approaches. We utilized visual observations, optical turbidity profiling, analytical 
centrifugation (AC) and dynamic light scattering (for assessing hydrodynamically 
effective particle diameter values) to optimize colloidal stability under application 
relevant conditions.  Predictions derived from Stokes' law and from AC results were 
compared to results by traditional (time-consuming) batch sedimentation experiments. 
We showed that although promising, neither the theoretical prediction using Stokes' law, 
nor accelerated measurements such as AC, capture particle behavior when considering 
particle agglomeration, backflow effects on the local particle concentration, and the 
possible long-term interactions between particles and solvents. For printing applications, 
long-term dispersion stability of SiNPs is very essential, which underlines the necessity 
of time-consuming methods for more complex particle geometries. 

 

The contents of this Chapter will be published as: Yin, S.; Nguon, O. J.; Duvigneau, J.; Vancso, G. 
J. Dispersion Stability of Nonspherical Silicon Nanoparticles: Impact of Solvent Selection and 
Storage Time. Submitted 
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3.1 Introduction  

The materials chemistry field of colloidal nanoparticles covers an extensive and 
exciting area of nanotechnology, and therefore, colloidal nanoparticles have been 
extensively studied in the past few decades.1,2 This is mainly attributed to their unique 
and attractive properties compared to their bulk counterparts. On the one hand, colloidal 
nanoparticles can behave similarly to molecules in solution while possessing properties 
of bulk materials. On the other hand, when particles become small enough, quantum 
effects sometimes result in unexpected material properties.3 These properties give 
colloidal nanoparticles great potential in several application areas, such as biomedicine, 
catalysis, energy storage, solar cells, and light-emitting diodes (LEDs).4–6 

Colloidal nanoparticle synthesis traces back to the 1950s when Turkevich reported 
the solution-based synthesis of gold nanoparticles.7 In the 1960s, Werner Stöber8 and 
NASA9 reported the fabrication of colloidal silica and iron oxide suspensions, 
respectively. One of the first commercialization of colloidal nanoparticles was achieved 
in the 1980s when the cosmetics industry added zinc oxide and titanium oxide 
nanoparticles to sunscreen cream formulations.10 Currently, colloidal nanoparticles of 
various elements and compositions are readily prepared via solution-based bottom-up and 
solid-based top-down approaches.1,2,11 Additionally, colloidal nanoparticles are easily 
modified with different functional organic molecules or tethered polymers to either 
introduce new properties or enhance colloidal stability.12 For example, hydrosilylation 
has been widely used to introduce small organic molecules onto Silicon-containing 
nanoparticles.13  

Colloidal Silicon-containing nanoparticles are an exciting category of nanoparticles. 
Compared to its bulk form, nanosilicon possesses several new and exciting properties, 
such as photoluminescence (PL), antimicrobial activity, and size-dependent electronic 
bandgaps.14 These interesting properties make Silicon-containing nanoparticles a 
promising candidate as ink components for printing electronic devices.15,16 One crucial 
parameter for formulating silicon nanoparticle-based inks is the long-term colloidal 
stability.17 

Much effort by scientists and engineers worldwide has been applied to enhancing 
colloidal stability and better understanding nanoparticle sedimentation behavior.18–21 
Several factors influence colloidal stability, such as nanoparticle concentration, surface 
charge, particle size, size distribution, surface chemistry, solvent, and solvent 
viscosity.21,22 Stokes' law is a popular theory that is widely applied to predict nanoparticle 
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stability.23,24 It is commonly used to describe particle settling behavior in Newtonian 
fluids by simply monitoring the balance between the buoyant and gravitational forces. 
Stokes' law is only applicable to spherical particles and ignores the interaction between 
particles.  

 
Figure 3.1 Images of silicon nanoparticles in (a) dispersed, (b) flocculated, and (c) 
sedimented states after suspension in ethanol, 1-hexane, and water, respectively, with a 
schematic drawing of the corresponding states (d-f). 

Stable colloidal dispersions have great technological relevance in many application 
areas.25–27 In this study, we focused on Si nanoparticles dispersed in various solvents to 
obtain practical, relevant information about stability windows; such information includes 
choice of solvent, the influence of external fields (such as gravitational), and time. The 
targeted application area is the inkjet printing of Si nanoparticles on various substrates to 
form stable, patterned Si films for subsequent processing into electrical circuits, such as 
RF security tags. Here, we focus exclusively on colloidal stability as a key enabling 
parameter for inkjet printing approaches.17 

Due to the extensive number of factors, such as particle size28, shape, surface 
charge29, and viscosity24, that can influence colloidal stability and the constraints of the 
theories on colloidal stability, it is difficult to predict nanoparticle stability and 
sedimentation behavior accurately30,31. 

As a result, batch sedimentation testing is a commonly used method to address 
colloidal nanoparticle stability experimentally.32,33 In the batch sedimentation test, the 
settling behavior of particles with no influence other than the Earth's gravitational field 
is studied by storing the suspension in a vertical container. Several detection methods are 
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available to follow particles' sedimentation behavior in dispersion, e.g., photo/video 
capturing, UV-Vis spectroscopy, dynamic light scattering (DLS), and transmittance 
electron microscopy.33,34 One practical difficulty related to colloidal stability testing in a 
simple gravitational field is related to the (sometimes extremely) long time needed to 
obtain a result. 

 
Figure 3.2 Schematic of analytical centrifugation. Colloidal suspensions in a transparent 
cuvette rotate at several thousand rpm to generate a centrifugal force. While turning, the 
cuvette passes through a light beam. A detector below the cuvette measures the 
transmitted light as a function of position within the cuvette at specified time intervals 
during centrifuge runs. 

By applying a centrifugal field on colloidal suspensions, one can accelerate the 
sedimentation process and explore the effects of physical and chemical properties on 
nanoparticle colloidal stabilities. These methods can also help investigate the influence 
of additives, such as electrolytes and polymers, on colloidal stability.35 Analytical 
centrifugation (AC) (see Figure 3.2) is similar to the widely used analytical 
ultracentrifugation (AUC). Compared to AUC experiments, AC experiments typically 
run at a lower rotation speed (i.e., a lower gravitational force), and have been widely 
utilized to study the long-term stability of suspensions. Recently, AC has been extended 
for quantitative studies of colloidal nanoparticle sedimentation and particle-particle 
interactions.36–38 AC has the advantage of enabling explorations of nanoparticle colloidal 
stability on a short timescale compared to batch sedimentation testing (matter of hours 
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versus months). 

AC and the available theoretical sedimentation models are mainly used to study the 
particle sedimentation behavior of well-defined systems, i.e., particles with a narrow size 
distribution or known bimodal particle systems.36–38 Here, we explore the utilization of 
AC to study the stability of silicon nanoparticle dispersion with a much more complex 
shape and surface chemistry to evaluate its potential use and to speed up specific particle 
system stability tests. The motivation of this study, as previously mentioned, has been the 
development of silicon nanoparticle-based inks suitable for inkjet printing. Stability is 
defined here as a desirable shelf life exceeding two months. We investigate the 
sedimentation behavior of SiNPs in various alcohols and glycols by using Stokes' law 
and performing AC measurements. In addition, we report the results of batch 
sedimentation studies.  

3.2 Results and Discussion 

3.2.1 SiNP Characterization 

We determined the particle geometry and surface chemistry by transmission electron 
microscope (TEM), dynamic light scattering (DLS), X-ray photoelectron spectroscopy 
(XPS), and Fourier-transform infrared (FTIR) spectroscopy prior to performing the 
sedimentation studies. Figure 3.3a shows an TEM image of SiNPs deposited on a 
carbon/copper grid. The magnified TEM image (Figure 3.3b) shows that the primary 
particles contain amorphous and crystalline domains. The crystalline domains have 
various orientations, with prominent [111] (0.313 nm) and [220] (0.210 nm) planes, as 
observed in the TEM image.39 This results from the collisions of nucleating materials in 
the gas phase fusing to form primary particles during synthesis.40  

The TEM images reveal that at the edge of the SiNPs, there is a visible, thin 
amorphous shell with a thickness of approximately 5 Å. From complementary 
experiments (XPS and IR spectroscopy), we conclude that this layer consists of oxidized 
silicon, i.e., SiO2. Due to the high reactivity of SiNPs surface to oxygen, the pristine SiNP 
surface was instantly oxidized upon exposure to air, leading to the observed Si/SiO2 core-
shell structure. This thin SiO2 shell protects the SiNPs from further oxidation and 
maintains their chemical stability under ambient conditions.41 Furthermore, from Figure 
3.3a, it is clear that the primary particles are aggregated through necking (sintering 
bridges) to form secondary particles consisting of several tens of primary particles. The 
primary SiNPs have a sphericity close to unity and an average diameter of 50 ± 17 nm 
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(see Figure 3.3c). Due to the aggregated structure of the SiNPs, characterization of the 
secondary particle size and shape by microscopy imaging was challenging (see Figure 
3.3a and d). 

 
Figure 3.3 a) TEM image of SiNPs deposited on a carbon/copper grid, b) magnified 
image of the area in the red box shown in (a), the inset shows a fast Fourier transform 
pattern, c) particle size distribution of the primary SiNPs (n = 100) and d) SEM image 
of SiNPs placed on a graphite holder. 

Thus, alternative approaches for size determination, such as DLS, have been 
employed. Values of the hydrodynamic diameter of the SiNPs were obtained for aqueous 
dispersions. The diameters determined by TEM and DLS should not be the same value 
by definition, and we consider DLS data to be a good measure of the diameter of the 
agglomerated particles.  

For the DLS measurements, SiNPs were dispersed in Milli-Q water at a concentration 
of 25 ppm via intense sonication. The hydrodynamic diameter of the diluted SiNPs in 
water (see Figure 3.4) shows a distribution ranging from 110 to 550 nm, with an average 
hydrodynamic diameter of 287 nm (PDI 0.235). We note that for the other solvents used 
the hydrodynamic radius distribution of the SiNPs was in the same range. For reasons of 
simplicity we therefore used the values obtained for the water based dispersions in the 
following calculations.  
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Figure 3.4 Hydrodynamic diameter obtained by DLS measurements of SiNPs dispersed 
in water at a concentration of 25 ppm. 

Stokes' law was applied to calculate the sedimentation velocity (v) of SiNP in 
suspensions. The values of v of SiNPs in methanol, ethanol, 1-hexanol, isobutanol, 
ethylene glycol, and diethylene glycol under Earth's gravity (vg) and accelerated 
centrifugal field (1300*g) (vac) are presented in Table 3.1. Moreover, the times (t) for 
SiNPs to settle 1 cm are shown, as well.  

Table 3.1 The sedimentation velocity of SiNPs under the Earth's gravity (ve) and in AC 
(vac); and the corresponding time for SiNPs to settle 1 cm te and tac. The values of the 
average hydrodynamic diameter of SiNPs from the DLS measurements were used for the 
calculations. The parameters used to perform the calculations can be found in Table S3.1. 

 methanol ethanol 1-hexanol isobutanol 
ethylene 
glycol 

diethylene 
glycol 

!! (nm s-1) 40.6 27.6 1176 13.4 3.3 2.4 
"! (h) 69 100.5 237.0 206.8 853.5 1147.4 

!"# (μm s-1) 52.7 35.9 15.2 17.5 4.2 3.1 
""# (min) 3.2 4.7 10.9 9.5 39.4 53.0 

 

As previously mentioned, corresponding colloid stability theories often assume 
narrow (or even monomodal) size distributions. Due to the substantial width of the 
particle distribution functions obtained here, we speculate that the theory predictions such 
as Stokes' law could deviate from the actual sedimentation behavior. In sections 3.2 and 
3.3 we will compare the results from Stokes' law predictions with the AC and the batch 
sedimentation tests. 
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Figure 3.5 a) Single reflection ATR-FTIR spectrum and b) XPS overview spectrum of 
SiNPs. 

In addition to morphology, surface chemistry is also an essential factor that 
influences colloidal stability. We determined the surface composition of SiNPs' by FTIR 
spectroscopy and XPS measurements. Figure 3.5a shows an infrared spectrum of the 
SiNPs. The sharp peak observed at 1058 cm-1 in the FTIR spectrum corresponds to Si-O-
Si stretching absorption, which agrees with the presence of the SiO2 layer observed 
through the TEM analysis (see Figure 3.3a). The most interesting absorbance bands in 
Figure 3.5a are visible at 1970 cm-1, 2081 cm-1, 2098 cm-1, and 2270 cm-1, corresponding 
to the Si-H stretching vibrations of H-Si(Si3), H-Si(Si2O), H-Si(SiO2), and H-Si(SiO3) 
bonds, respectively.42  The presence of H-Si-O bonds indicates that not all the  Si-H bonds 
were oxidized. It is worth noting that the small peak observed at 2918 cm-1, ascribed to 
v(C-H) absorbance, indicates that organic contaminants are present at the particle surface. 

 
Figure 3.6 a) Si2p, b) O1s and c) C1s XPS core-level spectra of SiNPs. The dotted lines 
show the deconvolution fitting of the core-level spectra to identify the bonds present. 

The XPS spectrum (Figure 3.5b) confirms that SiNPs contain Si, O, and C. The boron 
dopant (~190 eV) is not visible in the XPS spectrum. The missing B peak is ascribed to 
the relatively low doping level (1018 atom cm-3) and the tendency of B atoms to migrate 
to the SiNPs' cores.43 In addition to the low B surface concentration, the overlap of the 
solid Si2s band with the B1s band makes it difficult to detect boron with XPS. According 
to the XPS analysis, the SiNPs consist of ~26.4% carbon atoms, ~18.6% oxygen atoms, 
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and 55.0% silicon atoms. We noted that the carbon content was too high to be ascribed 
to the organic contaminants typically observed solely in XPS measurements. Therefore, 
the C, O, and Si core-level spectra were examined in detail to determine the nature of the 
carbon content. 

Figure 3.6 shows the Si 2p, O 1s, and C 1s core-level spectra of the SiNPs. In the Si 
2p core-level spectrum (Figure 3.6a), the dominant bands observed are 99.16 eV and 
99.77 eV, corresponding to the characteristic binding energies for elemental silicon.44 
The band at 102.68 eV, which corresponds to Si-O bonds, is expected due to the presence 
of the oxidized silicon layer.44 This is confirmed by the peak at 532.27 eV in the O1s 
core-level spectrum (Figure 3.6b).45 The observed difference between the Si-Si and Si-O 
peak areas in Figure 3.6a indicates that only a small amount of Si-Si bonds was oxidized. 
This low degree of oxidation is in agreement with the observed thickness of the oxide 
layer (5 Å) in the TEM images (see Figure 3.3). In the C 1s core spectrum (Figure 3.6c), 
most of the C atoms present were in the form of C-C/C-H (binding energy 284.87 eV), 
which is typical for organic contamination on the particle surface.46 In addition, some C 
atoms were bonded to O (C-O/C=O binding energies of 286.48 eV, 289.09 eV, and 534 
eV, see Figure 3.6b and Figure 3.6c).46 The missing Si-C peak in both the Si and C 1s 
core-level spectra (100.4 eV and 283.1 eV) indicates that there is no tracible C-Si 
bonding. Based on these results, we conclude that the 26.4% carbon content measured in 
XPS originates from the presence of organic contamination that is presumably partially 
present at the particle surface.  

Thus, in addition to the irregular shape and broad size distribution, the complex 
surface chemistry of the SiNPs could make any theoretical prediction of their 
sedimentation behavior in different solvents deviate from the actual situation. Therefore, 
we employed AC and batch sedimentation measurements to assess the colloidal stability 
of the SiNPs in a selection of various alcohols and glycols. The results are presented and 
discussed in the next section.  

3.2.2 AC to Study SiNP Sedimentation Behavior in Various Solvents 

In this section, we discuss the results of the sedimentation experiments under 
centrifugal force and in the gravitational field. First, we discuss data obtained by an 
analytical centrifuge. Figure 3.7 shows the temporal evolution of the light transmittance 
of 0.5 wt% SiNP suspensions in methanol, 1-hexanol, ethylene glycol, ethanol, 
isobutanol, and diethylene glycol obtained by AC measurements. To quantify the particle 
sedimentation from the analytical centrifuge results, the instability indexes of SiNPs in 
different solvents were extrapolated from the light transmittance profiles of the 
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suspensions between r = 115 mm and r = 125 mm (see Figure 3.8). One can readily 
observe that the SiNP dispersion in ethylene glycol and diethylene glycol has the best 
colloidal stability among the tested solvents under the centrifugal force field used. The 
instability index for ethylene glycol and diethylene glycol suspensions is well below 0.02 
throughout the AC experiment. This means that even after 10 h of centrifugation, most 
of the particles remained well dispersed in ethylene glycol and diethylene glycol. 

 
Figure 3.7 Time dependent AC light transmittance profile measurements of SiNPs 
dispersed in methanol (a), 1-hexanol (b), ethylene glycol (c), ethanol (d), isobutanol (e), 
and diethylene glycol. For each dispersion, the SiNP concentration was 0.5 wt%. The r 
indicates the distance to the rotation center. To assist the reader, the red arrow in each 
graph indicates the evolution of time.  

Without the presence of electrolytes, van der Waals (vdW) attraction is one of the 
major causes of particle aggregation.47 The vdW attraction between two identical 
microbodies in a dense medium can be quantified via the Lifshitz theory of vdW forces.48 
According to the Lifshitz theory and the Hamaker equation, the vdW force intensity 
strongly depends on the polarizability of the embedding medium.49 From the Clausius-
Mossotti equation, it is known that the polarizability α∝(ε-1)/(ε+2) (ε is the relative 
permittivity/dielectric constant of the medium).50 Therefore, if we only consider vdW 
forces, the attractive forces between particles in ethylene glycol (ε=37.6 at 303 K) and 
diethylene glycol (ε=29.1 at 303 K) are weaker than those of 1-hexanol and isobutanol 
(ε=12.7 and ε=17.4 at 303 K, respectively).  This theory would predict that the particles 
in ethylene glycol and diethylene glycol are less susceptible to aggregation. Additionally, 
the relatively high viscosities of ethylene glycol and diethylene glycol (16.3 mPa·s and 
21.8 mPa·s at room temperature, respectively) reduced Brownian motion, i.e., reduce the 
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collision rate between particles. Thus, weak vdW attraction and a low collision rate 
between SiNPs reduce aggregation in these solvents.49 The high viscosity also results in 
a large friction drag force that acts on the settling particles against the settling direction. 
A considerable friction drag effectively reduces the sedimentation velocity for the 
particles in the suspension.24 Therefore, when suspended in ethylene glycol and 
diethylene glycol, the agglomeration rate and sedimentation velocity of the SiNPs should 
be significantly reduced in the centrifugal field (AC). These predictions corroborate the 
observations satisfactorily. Only a tiny fraction of the particles/agglomerates with large 
radii sedimented, and the small particles remained dispersed for a relatively long time. 

 
Figure 3.8 Instability index values of SiNPs dispersed in methanol, ethanol, 1-hexanol, 
isobutanol, ethylene glycol, and diethylene glycol between r = 115 mm and r = 125 mm 
plotted against time. 

Methanol and ethanol (ε=31.7 and ε=23.6 at 303 K, respectively) have dielectric 
constants comparable to those of glycols, indicating relatively weak vdW attraction 
between particles compared to 1-hexanol and isobutanol. We observed a fast and nearly 
uniform concentration decrease along the length of the test tubes for methanol and ethanol 
suspensions during the AC measurements. The light transmittance for methanol and 
ethanol increased to more than 80% within one hour and remained constant for the rest 
of the AC measurements. Therefore, most of the particles in methanol and ethanol 
sedimented within one hour after the centrifugal force field was applied and these 
dispersions were considered to be unstable. Similar to those of glycols, the high dielectric 
constants of methanol and ethanol result in insufficient repulsive forces to successfully 
stabilize the respective SiNP dispersions. The relatively low viscosities of methanol and 
ethanol (0.6 mPa·s and 1.2 mPa·s at room temperature, respectively) are ineffective in 
reducing Brownian motion. As a result, the SiNPs in methanol and ethanol have more 
frequent collisions, eventually leading to particle aggregation. Additionally, the relatively 
low viscosities of ethanol and methanol result in a smaller friction drag force. The low 
friction drag results in an increased sedimentation velocity for the particles dispersed in 
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methanol/ethanol compared to those dispersed in ethylene glycol and diethylene glycol. 
From the transmittance and instability index profiles of the SiNP methanol and ethanol 
dispersions, it is obvious that the particle concentrations (light transmittance) decreased 
much more slowly at the early stages of the sedimentation process and decreased at a 
faster rate as time proceeded. This observation is explained by realizing that smaller 
particles and solvent molecules behave similarly to an effective viscous fluid.51 This fluid 
provides a higher friction drag force that slows down sedimentation and generates a 
backflow when large particles/aggregates move towards the bottom.52 As a result of the 
backflow, smaller particles flow upwards together with the solvent molecules, resulting 
in a uniform decrease in particle concentration over the sample length instead of hard-
sphere sedimentation.52 For ethylene glycol and diethylene glycol-based SiNP 
suspensions, we did not observe a uniform decrease in particle concentration due to the 
high effective viscosity, which suppressed the backflow.52 

For 1-hexanol and isobutanol SiNP suspensions, the temporal evolution of light 
transmittance profiles suggests that the particle sedimentation process in these 
suspensions can be interpreted by a combination of the effects that govern the settling 
behavior in ethylene glycol/diethylene glycol and methanol/ethanol. At early stages of 
particle sedimentation, the effective viscosity of the suspensions is high enough to 
suppress/reduce backflow, resulting in a sedimentation profile similar to that of 
glycols.51,53 As the particle concentration decreases and large particles settled to the 
bottom during the AC measurement, the suspension's effective viscosity decreases, 
resulting in an increased backflow that reduces particle sedimentation. Therefore, for 1-
hexanol and isobutanol SiNP dispersions, the sedimentation shifts from glycol-like 
behavior during the early stages of the experiment to methanol-like behavior, and uniform 
particle concentration decreases during the later stages of the measurement. 

The AC results shown here suggest that solvents such as ethylene glycol and 
diethylene glycol provide the best colloidal stability for the SiNPs, which is in good 
agreement with Stokes' Law predictions (see Table 3.1). Therefore, AC is a useful tool 
for analyzing the colloidal stability of particle suspensions related to viscosities and 
densities. However, to determine the shelf life of particle suspensions, other factors like 
aggregation, chemical stability are also crucial and should not be ignored.  In the next 
section, we will compare the AC stability tests with batch sedimentation tests. 

3.2.3 Batch Sedimentation Evaluation of SiNP Dispersions  

Figure 3.9 shows a series of images of the batch sedimentation measurements of 
SiNPs dispersed in methanol, ethanol, 1-hexanol, isobutanol, ethylene glycol, and 
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diethylene glycol recorded over 90 days. During these experiments, only gravitational 
forces were present. For the SiNP dispersions in isobutanol and 1-hexanol, the layer near 
the liquid-gas interface became brighter at days 5 and 10, respectively. Following these 
initial changes, the SiNP dispersions in isobutanol and 1-hexanol remained unchanged 
until day 40. After 40 days, clear sedimentation was observed and progressed over time. 
We note that the camera could not capture particle sedimentation at the bottom of the 
vials for isobutanol and 1-hexanol and that these results reflect observations made during 
our regular visual inspections. For the isobutanol and 1-hexanol SiNP dispersions, we 
explain these results by observing the initial sedimentation of larger particles (< 10 days), 
after which the smaller NPs were relatively stable for a few weeks (< 40 days) until they 
eventually agglomerated and the dispersion became unstable (> 40 days). 

 
Figure 3.9 Images of batch sedimentation measurements of SiNP suspensions in 
methanol, ethanol, 1-hexanol, isobutanol, ethylene glycol, and diethylene glycol recorded 
with a surveillance camera for 90 days. 

For the SiNP dispersions in methanol and ethanol, we noticed no significant 
sedimentation of particles or changes in the dispersions' appearance during the 
observation interval. Due to the relatively low viscosity of methanol and ethanol 
(compared to the other solvents used), the larger particles in methanol and ethanol 
sedimented much faster, transitioning from the more homogenous, stable dispersion at 
the start of the experiment.51 In addition, it is known that the drag force is proportional to 
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the solvent viscosity,24 i.e., the particles that remain in the ethanol and methanol 
suspensions should have smaller hydrodynamic diameters than those in isobutanol, 1-
hexanol, ethylene glycol, and diethylene glycol after the larger particles settled. These 
smaller particles need more time to agglomerate and reach a critical size before the 
dispersion becomes unstable.24 According to Stokes' law predictions (see Table 3.1), even 
the smallest particles in methanol and ethanol should have settled at least 1 cm after 16 
and 23 days, respectively. However, Stokes' law is only applicable for spherical particles, 
and as shown in Figure 3.3, the SiNPs used in this study are clearly not spherical. Due to 
the aggregated morphology of the SiNPs, the real gravitational force and drag force can 
deviate from the theoretical values. Moreover, the alcohol molecules like methanol and 
ethanol can bond (hydrogen bonding) with their constituent oxygen atoms to the particle 
surface to form a solvation shell.54 This solvation shell could raise the solvation force 
between particles and effectively reduce the agglomeration rate. This explains why the 
dispersions of SiNPs in methanol and ethanol were stable for the entire duration of the 
batch sedimentation experiments.  

The results obtained from the batch sedimentation experiments seem to also differ 
from the results of the AC measurements of the methanol and ethanol SiNP dispersions. 
When the suspensions are in a centrifugal field, the gravitational force and friction drag 
increase, resulting in increased sedimentation velocity. However, the excess pressure 
applied to the suspension from AC could promote particle aggregation, especially for 
low-density solvents like methanol and ethanol.54 Moreover, we speculate that the 
Brownian motion, which solely depends on particle size and fluid properties, was not 
influenced by the centrifugal field.24 Thus, in AC measurements, particle collision and 
agglomeration resulting from Brownian motion are not enhanced. As such, the influence 
of Brownian motion on colloidal stability is not captured by the AC measurements in the 
RPM range we used. 

The ethylene glycol and diethylene glycol SiNP suspensions were stable during the 
first 15 and 30 days of the batch sedimentation experiments, respectively. For ethylene 
glycol, the first trace of sedimentation was observed on day 15, followed by relatively 
rapid clearance of SiNPs from the dispersion in the following days. On day 40, which is 
only 25 days after the first trace of sedimentation, most of the SiNPs in ethylene glycol 
settled at the bottom of the test vial as a thick layer of SiNPs. The supernatant of the 
suspension was almost transparent. We observed similar behavior for SiNPs dispersed in 
diethylene glycol, for which the first signs of particle sedimentation were observed at day 
30, and most of the particles were sedimented at day 50.  
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A striking difference that was observed in the SiNP dispersion stability in ethylene 
glycol and diethylene glycol during AC and batch sedimentation experiments was not 
expected based on the initial observations of the AC measurements and the 
accompanying explanation for the high dispersion stability.23,24 In addition, unlike for 
methanol and ethanol suspensions, Stokes' law overestimated the particle stability in 
ethylene glycol and diethylene glycol. According to Stokes' law predictions, the smallest 
particles in the ethylene glycol and diethylene glycol will take 197 and 265 days to settle 
over 1 cm under the Earth's gravity. Two hydroxyl groups in the glycol molecules may 
bond to different particles (e.g., via hydrogen bonding) and act as a bridging agent. The 
bridging effect would accelerate particle aggregation and sedimentation. In the next 
section, the colloidal dispersion stability is investigated in more depth to explain the 
observed poor stability of the SiNP dispersion in ethylene glycol and diethylene glycol.  

3.2.4 Ethylene Glycol and Diethylene Glycol Stability in the Presence 

of SiNPs 

The supernatants from ethylene glycol and diethylene glycol SiNP suspensions were 
diluted 10 times with Milli-Q water and measured with a pH meter at days 30 and 90. 
The pH decreased from 5.9 to 5.2 and 6.1 to 5.5 for ethylene glycol and diethylene glycol 
supernatants, respectively. The changes in pH over time indicated a possible change in 
the supernatant composition, i.e., the solvent composition, which could explain the 
unexpected sedimentation behavior for the SiNPs in ethylene glycol and diethylene 
glycol. To further elucidate the reason behind the abnormally fast sedimentation of the 
ethylene glycol and diethylene glycol suspensions during the batch sedimentation 
experiments, the supernatants of ethylene glycol and diethylene glycol suspensions were 
collected and characterized by FTIR and ion chromatography (IC). 

Figure 3.10a shows FTIR spectra of the ethylene glycol and diethylene glycol 
supernatants collected on day 90. For comparison, FTIR spectra of the pure solvents 
stored in glass vials for 90 days are also shown. From the FTIR spectra, it is readily 
observed that for both ethylene glycol and diethylene glycol, the spectra of the 
supernatants and the corresponding pure solvents are almost identical except for the 
presence of two small peaks at 1650 cm-1 and 1720 cm-1, which correspond to C=C and 
C=O stretching absorbances, respectively.55 The presence of the C=C and C=O groups 
could be ascribed to the oxidation products of ethylene glycol and diethylene glycol, such 
as formic acid, glycolic acid, and acetaldehyde.56 
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Figure 3.10 Single reflection ATR-FTIR spectra of a) ethylene glycol and b) diethylene 
glycol supernatants collected on day 90 of the SiNP dispersion batch sedimentation 
experiment. FTIR spectra for the pure solvents stored in a glass bottle for 90 days are 
also shown. 

To further clarify the potential presence of oxidation products in the supernatant, ion 
chromatography was applied. According to literature, the main oxidation products of 
ethylene glycol are oxalic acid, glycolic acid, and formic acid.56 Therefore, the ion 
chromatograph was calibrated to look for the presence of the anions from the 
corresponding degradation products. The resulting chromatographs are shown in Figure 
3.11. 

 

Figure 3.11 Ion chromatography anion analysis for the supernatants of a) ethylene glycol 
and b) diethylene glycol collected at day 90 of the SiNPs dispersion batch sedimentation 
experiments. 

In Figure 3.11, the presence of glycolic acid and formic acid in the supernatants of 
ethylene glycol and diethylene glycol is clearly visible. The chemical structure of formic 
acid and glycolic acid also explains the C=O and C=C absorbances observed with FTIR 
spectroscopy (see Figure 3.10). We note that no evidence of oxidation was observed with 
FTIR spectroscopy for the pure solvent stored in its original vial for the duration of the 
batch sedimentation experiments. These results confirm that ethylene glycol and 
diethylene glycol were partially oxidized/degraded in the presence of SiNPs during the 
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batch sedimentation experiment on a relatively short time scale. Consequently, the acidic 
degradation products that release free ions can be absorbed onto the SiNP surface and 
form an electric diffusion layer around the SiNPs. Through the degradation process, the 
increase in ion concentration decreases the electric double layer thickness, resulting in 
fast aggregation and sedimentation of the SiNPs.57 In a simple control experiment, we 
slightly acidified freshly made SiNP dispersions in ethylene glycol and diethylene glycol 
dispersions, resulting in rapid destabilization of the respective dispersions. The reason 
why the SiNPs induced partial degradation of ethylene glycol and diethylene glycol 
remains unclear. 

   Overall, in combination with the previously mentioned limitations of AC to study 
complex particle dispersion stability, we conclude that although AC is a valuable and 
proven technique for reducing the time required for colloidal stability studies in research 
and product development,36–38 it has limitations. In particular, shortcomings must be 
considered when evidence of particle/solvent system chemical instability is sought for, 
that occurs on time scales that substantially exceed those of the AC measurements. 
Without prior knowledge of such processes, the more time-consuming batch 
sedimentation experiments remain of pivotal importance. 

3.3 Conclusion 

The colloidal stability of nonspherical SiNPs in various solvents was investigated by 
AC and batch sedimentation measurements. Due to the complex geometry and surface 
chemistry of SiNPs, differences in dispersion stability from Stokes' law predictions, AC 
and batch sedimentation measurements were observed for SiNP dispersions in various 
alcohols and glycols. These differences result from the applicability of Stokes' law and 
AC measurements on particles with complex geometry and surface chemistry. Both 
Stokes' law and AC focus on/magnify the influence of viscosity and density on the 
colloidal stability of particle suspensions. Other factors like i) the influence of Brownian 
motion on particle agglomeration and sedimentation, ii) the effect of backflow on local 
particle concentration, and iii) the possible long-term chemical interactions between 
particles and solvents are underestimated when using Stokes' law predictions or AC 
measurements. These results underline the importance of conducting time-consuming 
batch sedimentation experiments to determine the shelf life of colloidal dispersions. 
Furthermore, future efforts to speed up dispersion stability tests for more complex 
nanoparticle dispersions must be directed toward identifying accelerated test conditions 
where the impact of these effects are neglectable.  
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3.4 Materials and Methods 

Materials. Boron-doped silicon nanoparticles with a boron doping level of 5*1018 
atoms cm-3 were a gift from University Duisburg-Essen, Germany. The particles were 
kept under ambient conditions and used as received. The nanopowder was synthesized 
via a gas-phase route in a hot-wall reactor, allowing the large-scale production of 
nanomaterials. A detailed description of the synthesis was reported by Hülser et al.58 
From now on, we will refer to these nanoparticles as SiNPs. Analytical-grade absolute 
methanol, absolute ethanol, isobutanol, and acetonitrile were purchased from Merck 
(Darmstadt, Germany). 1-Hexanol (anhydrous, 99%), ethylene glycol (anhydrous, 
99.8%), and diethylene glycol (ReagentPlus, 99%) were purchased from Sigma Aldrich 
(St. Louis, MO, USA). Milli-Q water was prepared by a Millipore Synergy System 
(Billerica, MA, USA). Unless otherwise mentioned, all chemicals were used as received. 

Preparation of Colloidal Suspensions. Methanol, ethanol, isobutanol, 1-hexanol, 
ethylene glycol, and diethylene glycol were selected as solvents to prepare the SiNP 
dispersions to cover a broad range of dielectric constants and viscosities. The dispersions 
were prepared by dispersing 0.05 g of SiNPs in 9.95 g of each solvent mentioned above, 
followed by 3 h of sonication (BRANSON 2510, Canada) to form uniform suspensions. 
The dynamic viscosities of the prepared particle suspensions and viscosity of the pure 
solvents were measured by a digital viscometer (LVTDV-I, Brookfield Engineering, 
AMETEK, Berwyn, Pennsylvania, U.S.). Prior to the measurements, the solvents and 
suspensions were sealed in the bottle and place in the fume hood for an hour to reach 
thermal equilibrium.  

Characterization of Silicon Nanoparticles. Transmission electron microscopy 
(TEM) was performed by an FEI Tecnai 20 system (FEI, Eindhoven, the Netherlands). 
A few drops of diluted particles dispersed in ethanol were deposited on the carbon side 
of a carbon/copper grid (HC200-Cu) (EMS, Germany) before imaging. Scanning electron 
microscope (SEM) was performed by a JEOL Field Emission JSM-633OF system (JEOL 
Benelux, Nieuw-Vennep, the Netherlands). Fourier transform infrared (FTIR) spectra 
were collected with a Bruker ALPHA single attenuated total reflection (ATR) FTIR 
spectrometer equipped with an ATR single reflection diamond crystal (Bruker Optic 
GmbH, Ettlingen, Germany). FTIR spectra were collected in the range of 400-4000 cm-1 
(spectral resolution of 4 cm-1, 512 scans). The background spectra were recorded against 
air. The hydrodynamic radius of the SiNPs in Milli-Q water was determined using 
dynamic light scattering (DLS) with a Malvern Zetasizer Nano-ZS (Malvern Instruments, 
Malvern, United Kingdom). A PHI Quantera II (Physical Electronics, Minnesota, US) 
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equipped with a monochromatic Al Kα X-ray source (1486.6 eV) was used to perform 
X-ray photoelectron spectroscopy (XPS). The angle for the X-ray beam and detector was 
set at 45°.  

Stokes' Law Prediction. Stokes' law for spherical objects was applied to estimate 
the sedimentation velocity of SiNPs in as-prepared suspensions: 

M =
2>"(N" − N))

9P
(1) 

Where r is the average hydrodynamic radius of SiNPs (measured with DLS), N) and 
N" are the density of solvent and SiNPs, respectively. P is the dynamic viscosity of the 
suspensions.  

Analytical Centrifugation. The centrifugal sedimentation experiments were 
performed using a low-velocity AC (LUMiFuge, LUM GmbH, Germany). The particle 
concentrations of the suspensions were monitored qualitatively by obtaining the 
transmitted light intensity against time and position over the sample length (see Figure 
3.2). The particle suspensions were transferred into a disposable polycarbonate cell 
followed by insertion into the LUMiFuge. The LUMiFuge was set at 3000 rpm (~1300 
g), and the data collection time was 12 h. The transmission profiles were collected every 
5 minutes. 

Instability Index. The value of the instability index can be calculated from the AC 
results.59 The light transmittance of the sample at t=0 is defined as T1(r). r is the distance 
between a given position and the rotation center. The value of clarification (change of 
particle concentration) Q'

5'66 is defined as Ti-T1. The total clarification ∆Q' 	is defined as 

the sum of Q'
5'66 from rmin to rmax,  

∆Q7 =! Q7,9
:7;;

<%&'

9=<%()
(2) 

Where rmin=115 mm and rmax=125 mm. 

The maximum clarification ∆Q2>3 is defined as  

∆Q2>3 = RS Q1?5,@
&*+,

@A&*-.
− Q),@T ∗ UV&*+, − V&*-.W (3) 

Where Tend is the light transmission of the cell with water. In our case, Q1?5 is 1. 
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The instability index is defined as the change of the clarification divided by the 
maximum possible clarification.  

XY;Z[\#]#Z^	#Y_*8 = 	
∆Q7

∆QBCD
(4) 

Batch Sedimentation Testing. The prepared particle suspensions were stored in 
glass vials with polypropylene caps. Subsequently, the vials were sealed with Parafilm to 
avoid evaporation and water absorption. The glass vials were stored in a fume hood and 
recorded with a surveillance camera at 24 fps to observe the sedimentation behavior of 
the prepared suspensions under standard gravity for 90 days. 

Analysis of Supernatants. The supernatants from the SiNP/ethylene glycol and 
SiNP/diethylene glycol suspensions were collected and filtered with a 200 nm glass filter 
(Merck Millipore, US) to remove the suspended SiNPs. Then, the supernatants were 
analyzed with ATR FTIR spectroscopy as described above. The supernatants were 
diluted with Mili-Q water 1:1 v/v. The pH of the diluted supernatants was measured with 
a pH meter (S20 SevernEasyTM pH, METTLER TOLEDO, Columbus, Ohio, US). In 
addition, an ion chromatograph (ICS 90, Dionex/Thermo Fischer, Waltham, 
Massachusetts, US) equipped with CS 12A (cations) and AS 12A (anions) columns was 
used for the identification of degradation products in the supernatants. The eluent's 
working pressure was set to ~ 2000 psi with a flow rate of 0.5 ml min-1. Before injection 
for ion chromatography, the supernatants were diluted 10 times with Milli-Q water to 
avoid overloading the columns. 
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3.5 Supporting Information 

Table S3.1 Physical properties of the solvents and SiNPs used in this study. Dynamic 
viscosity is the viscosity of a 0.5 wt% SiNPs suspension in the respective solvent.  

 density 

(kg m-3) 
dielectric 

constant (303 k) 
viscosity 

(mpa) 
dynamic 

visocosity (mpa) 
methanol 79260 31.760 0.6 1.7 
ethanol 78960 23.660 1.2 2.5 

1-hexanol 81461 12.762  4.7 5.8 
isobutanol 80263 17.464 4.0 5.1 

ethylene glycol 111065 37.665 16.3 16.8 
diethylene glycol 112065 29.165 21.8 22.4 

SiNPs 2328 N/A N/A N/A 
 

Table S3.2 The sedimentation velocity range of SiNPs under Earth's gravity (ve) field and 
AC (vac); and the corresponding time for SiNPs to settle 1 cm te and tac. The 
minimum/maximum hydrodynamic diameter of SiNPs obtained by DLS measurements 
were used to calculate the range of v and t. The parameters used to perform the 
calculation are shown in Table S3.1. 

 
methanol ethanol 

1-

hexanol 
isobutanol 

ethylene 

glycol 

diethylene 

glycol 

!! (nm s-1) 7.3-138.8 5.0-94.6 2.1-40.1 2.4-46.0 0.6-11.1 0.5-8.3 

"! (h) 20-379 
29.4-
556.3 

69.2-
1311.8 

60.4-1144.5 
249.3-
4723.3 

335.2-6349.8 

!"# (μm s-1) 9.5-180.5 6.5-123 2.8-52.1 3.2-59.8 0.8-14.5 0.6-10.8 

""# (min) 0.9-17.5 1.4-25.7 3.2-60.5 2.8-52.8 
11.5-
218 

15.5-293.1 
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Chapter 4  

Polymer Brush Stabilized Silicon 
Nanoparticle Inks for Printed electronics: 
Effect on Colloidal Stability, Printability, 

and Diode Functionality 
 

Formulating stable nanoparticle-based conductive inks is a crucial step for 
successfully utilizing printing technologies in the low-cost, large-scale manufacturing of 
thin-film (electronic) devices (TFD). During ink formulation, both the long-term stability 
and printability of the ink need to be carefully adjusted. In this Chapter we present an 
approach to tackle both issues for the development of silicon nanoparticle-based inks by 
employing polymer brush coatings based on poly(methyl methacrylate) and 
poly(ethylene glycol) methacrylate. The polymer-coated nanoparticles show increased 
colloidal stability when using ethylene glycol and diethylene glycol as solvents. The 
printability of the polymer decorated silicon nanoparticle-based inks display 
improvements, especially nozzle clogging is significantly reduced. Finally, we 
demonstrate that the polymer coating negatively affects the device performance of printed 
silicon-based TFD. This we attribute to the inclusion of conductive SiC layers that form 
during device manufacturing when a polymer brush coating is present on the silicon 
nanoparticles. We suggest several strategies to avoid the formation of the SiC layers for 
future work. 

 

Results described in this Chapter from parts of a (confidential) project “DruIDe” funded by the 
Interreg V project. 
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4.1 Introduction 

Silicon-based thin films are essential components in electronic devices used in our 
daily lives, e.g. in transistors or solar cells.1,2 With significant advances in 
nanotechnology, new avenues to fabricate devices with silicon-based thin films as 
functional components have become available.3,4 The use of well-established solution-
based high throughput printing methods to deposit silicon nanoparticle inks in a spatially 
controlled manner is considered the first step towards producing thin film (electronic) 
devices (TFD). Compared to conventional lithography, solution-based processing is 
advantageous due to its low cost and homogeneous layer formation, especially for large 
scale manufacturing of TFDs.5,6 

Our research was part of a collaborative project, with the objective to supply our 
collaborators with printable Si nanoparticle containing, stable inks. The project partners 
(Duisburg University) were then supposed to use these inks in thin printed films and 
prepare elements for integrated circuits, such as diodes. Thus were interested in 
developing long-term stable silicon nanoparticle inks that enable the printing of silicon 
nanoparticle layers and their subsequent laser modification to fabricate functional Si µ-
cones layers in printed Schottky diodes on various substrates. At the start of this project, 
the silicon nanoparticle layers in proof-of-concept devices were prepared by spin 
coating,7 followed by laser treatment to form Si µ-cones. The high crystallinity of the 
formed Si µ-cones enabled a high operating frequency (switching speed up to 2.84 GHz) 
for the resulting Schottky diodes. Ultra-high-frequency (UHF) diodes are essential for 
applications like flexible targeted radio frequency identification (RFID) tags. To enable 
low-cost and large-scale manufacturing of flexible RFID tags with silicon nanoparticle 
inks, printing is considered as the processing technique of choice. So far, the RFID tags 
were built using laboratory processing techniques and the formulation and stability of 
silicon nanoparticle inks for printing have not been optimized yet. 

Spin coating is considered the most straightforward solution processing technique 
for lab-scale research and development of thin films.8,9 Spin coating can produce layers 
with thicknesses from few nanometers to few micrometers by adjusting the solution 
viscosity, particle concentration, rotation velocity, and spinning duration.10,11 However, 
spin coating is not scalable to high throughput production and suffers from a high product 
to waste ratio (approximately 95% is waste). Therefore spin coating is considered 
unsuitable for large-scale manufacturing of thin film-based devices.12 
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Figure 4.1 Schematic of SiNPs based Schottky diode manufacturing.  

Essential for the successful transformation from spin coating to inkjet printing-based 
production approaches is the formulation of printable silicon nanoparticle-based inks that 
possess long-term stability. Several factors, like viscosity, density, surface tension, 
colloidal stability, will influence nanoparticle film formation and reproducibility.10,13 The 
project partners identified control over long-term colloidal stability (storage) to be 
essential to tackle early on prior to moving to industrial-scale production technologies. 
In our research we focused on two strategies: i) developing a broad understanding of 
silicon nanoparticles (SiNPs) colloidal stability in various solvents (see Chapter 3) and 
ii) utilizing steric stabilization to obtain long-term colloidal stability. The latter approach 
is presented and discussed in the remainder of this Chapter.  

Steric stabilization of colloids can be achieved by various approaches, including 
surface charge stabilization mechanisms, and attachment of chain molecules (oligo- and 
polymers) that repel by an entropic spring effect. Here we focus on polymer chain 
attachment. Physical or covalent attachment of polymer chains to nanoparticle surfaces 
can create steric hindrance and eventually avoid particle agglomeration.14 In general, 
there are three ways to anchor polymer chains to nanoparticle surfaces, namely "grafting 
to", "grafting from", and "grafting through".15 Among these methods, "grafting from" by 
surface initiated-atom transfer radical polymerization (SI-ATRP)  is recognized as a 
convenient approach for synthesizing polymer/particle hybrids which receives 
considerable attention (see also Chapter 2).16–18  

Although colloidal stabilization by employing surface grafted polymers is a well-
established technique, there are, to the best of our knowledge, little details in the literature 
to utilize SI-ATRP for enhancing colloidal stability of conductive nanoparticle inks for 
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the printing of TFDs. Here we report on the preparation and use of the SI-ATRP based 
fabrication of PMMA/silicon and poly(ethylene glycol)methyl acrylate (PEGMA)/silicon 
nanoparticle hybrids and the effect of the polymer shell on the colloidal stability of their 
respective inks. In the last section of this Chapter, we discuss the effect of the polymer 
shell on the performance of a diode, followed by an outlook suggesting further 
developments. 

4.2 Results and Discussion 

4.2.1 Printing Test of SiNP-Based Inks 

Using the colloidal stability data acquired from previous experiments (see Chapter 
3), SiNP based inks were prepared by suspending 2 wt% of SiNPs in ethanol or diethylene 
glycol monobutyl ether (DGBE). Before printing, the inks were diluted to a particle 
concentration of 1 wt% using ethylene glycol (EG). The addition of EG increased the ink 
viscosity from 1.23 mPa to 4.02 mPa and from 6.25 mPa to 17.2 mPa for ethanol and 
DGBE based inks, respectively. This increase in ink viscosity was required to enhance 
the printability.  

 
Figure 4.2. Images of inkjet-printed SiNP layers on glass (left) and Kapton (middle) 
substrates. On the right optical microscopy images of SiNP lines on Kapton are shown.  

Images of printed SiNP layers are presented in Figure 4.2. When SiNP layers were 
printed on glass substrates, we see that for ethanol/EG as the ink solvent, the SiNP layer 
was non-uniform due to the coffee ring effect. When DEGB/EG was used as the solvent, 
the edges were distorted due to non-optimal ink wetting. Upon changing from glass 
substrates to Kapton substrates, the layer boundaries were much sharper, and the layers' 
interior appeared visually homogenous. However, numerous lighter spots inside the 
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printed areas for both inks deposited on Kapton are visible in the optical microscopy 
images. These brighter spots could be the result of particle agglomeration upon ink 
deposition and/or solvent evaporation. Also, shortly after starting to print, the flow-
induced aggregation of SiNPs at the contraction zone in the printhead caused 1/3 of the 
nozzles to clog. This observed printer blocking is attributed to the broad size distribution 
of SiNPs used in this study (i.e. the hydrodynamic diameter in water ranges from 110 nm 
to 550 nm). (We note that the SiNPs are aggregates consisting of primary particles with 
a diameter of ~50 ± 17 nm. See Chapter 3 for more details about the SiNPs size 
distribution.) During printing, larger SiNP agglomerates act as heterogeneous nuclei for 
aggregation when passing the contraction zone and, consequently, induce nozzle 
clogging.19 

Thus, our preliminary print tests suggested that pristine SiNPs are unsuitable for the 
inkjet printing of uniform thin SiNP films. To overcome irreversible particle clogging 
during printing and obtain more control over substrate wetting, we grafted PMMA and 
PEGMA from SiNPs. 

4.2.2 Surface Modification of SiNPs 

Thin polymers shells were grafted from the SiNP surface using SI-ATRP of MMA  
and EGMA. We selected PMMA and PEGMA to cover a range of suitable ink solvents, 
i.e. from polar to non-polar. The complete particle modification reaction scheme is 
presented in Figure 4.3. First, HCl was used to hydrolyze the SiNPs' surface to introduce 
surface-exposed silanol moieties, followed by their amino functionalization with (3-
Aminopropyl)triethoxysilane (APTES). Then the exposed amino functional groups on 
the particle surface were functionalized with α-Bromoisobutyryl bromide (BiBB) to form 
SiNP based macroinitiators. Finally, PEGMA and PMMA brushes were grafted from the 
as-prepared nanoparticle macroinitiator surfaces via SI-ATRP of their respective 
monomers.  
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Figure 4.3 Schematic drawing of polymer grafting strategies. SiNPs were hydrolyzed (a) 
by diluted HCl, followed by amino functionalization (b) to introduce amine groups to the 
particles' surface. Then, the bromine terminated ATRP initiator (BiBB) was covalently 
immobilized (c) on the SiNP surface. Subsequently, MMA and PEGMA monomers were 
grafted from the particles' surface (d) via SI-ATRP to form core-shell polymer/SiNP 
hybrids. 

4.2.3 Characterization of Polymer-Nanoparticle Hybrids 

Figure 4.4 shows transmission electron microscope (TEM) images of pristine SiNPs, 
PMMA grafted SiNPs (SiNPs-PMMA), and PEGMA grafted SiNPs (SiNPs-PEGMA). 
The TEM images show a core-shell structure for the polymer decorated SiNPs (Figure 
4.4b, 4.4c, 4.4e, and 4.4f). The dry shell thickness is approximately 1.8 ± 0.5 nm and 1.7 
± 0.3 nm for the SiNPs-PMMA and SiNPs-PEGMA, respectively. 

Next to TEM, Fourier transform infrared (FTIR) spectroscopy and 
thermogravimetric analysis (TGA) were employed to confirm the successful grafting of 
polymer shells on SiNPs. Figure 4.5 a shows single reflection FTIR absorbance spectra 
of the pristine SiNPs, SiNPs-PMMA, and SiNPs-PEGMA. The absorbance bands located 
at 1970 cm-1, 2081 cm-1, 2098 cm-1, and 2270 cm-1 in the FTIR spectrum of the SiNPs 
correspond to Si-H stretching vibration of H-Si(Si3), H-Si(Si2O), H-Si(SiO2), and H-
Si(SiO3), respectively.20,21 After polymer grafting, Si-H absorbances remain visible in the 
FTIR spectra of SiNPs-PMMA and SiNPs-PEGMA. This indicates that a significant 
amount of the surface exposed Si-H groups were preserved during the surface 
modification process. Furthermore, the bands observed at 1715 cm-1 and near 2900 cm-1 
in the FTIR spectra of the core-shell SiNPs are ascribed to carbonyl (C=O) absorbances 
of the ester and C-H absorbances in the grafted polymers, respectively.22 The appearance 
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of the C-H and C=O absorbances in the FTIR spectra of the hybrid SiNPs confirm the 
successful grafting of PMMA and PEGMA shells.  

 
Figure 4.4 TEM images of pristine SiNPs (a and d), SiNPs-PMMA (b and e), and SiNPs-
PEGMA (c and f). The red arrows point to the grafted polymer shells around the SiNPs.  

 
Figure 4.5 a) Single reflection FTIR absorption spectra of SiNPs, SiNPs-PMMA, and 
SiNPs-PEGMA. b) TGA thermograms for SiNPs, SiNPs-Br, SiNPs-PMMA, and SiNPs-
PEGMA. 

TGA was used to determine the amount of grafted polymer to the SiNPs. The non-
isothermal thermograms for SiNPs, initiator, immobilized (SiNPs-Br), and 
PMMA/PEGMA grafted SiNPs are shown in Figure 4.5b. From these thermograms, we 
determined that approximately 2.1 wt% of ATRP functional initiator was coupled to the 
surface of the SiNPs. The grafted amount of PMMA and PEGMA to SiNPs was 
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approximately 8.2% and 11.9%, respectively. Based on the shell thickness values 
determined by TEM analysis, the amounts of grafted polymers are in qualitative 
agreement with what we expected. Overall, we conclude that SiNPs-PMMA and SiNPs-
PEGMA were successfully prepared. 

4.2.4 Surface Modification of SiNPs 

Following SiNPs-PMMA and SiNPs-PEGMA preparation, SiNPs based inks were 
formulated with EG and DGBE as ink solvents. EG and DGBE were selected as a good 
starting point to develop the SiNPs hybrid inks due to their relatively high boiling point 
and suitable viscosity for inkjet printing. Both PMMA and PEGMA coating enhance the 
colloidal stability for SiNPs. In batch sedimentation evaluation, both SiNPs-PMMA and 
SiNPs-PEGMA remained dispersed in EG for more than 90 days. On the contrary pristine 
SiNPs revealed the first signs of particle sedimentation after 15 days already.   

We adjusted the ink viscosity during printing trials by reducing the particle loading 
and/or mixing in various other solvents. Table 4.1 shows the composition of the 
optimized inks we prepared for the printing trials.  

Table 4.1 The composition of SiNP, SiNPs-PMMA, and SiNPs-PEGMA based inks. 

 Ink 1 Ink 2 Ink 3 

Particle SiNP SiNPs-PMMA SiNPs-PEGMA 
Particle load 4 wt% 3 wt% 5.5 wt% 

Solvent DGBE EG/DCM/acetone (2:5:3 v/v) DGBE 
 

Contrary to SiNPs based inks (see section 3.1), the formulated hybrid SiNPs based 
inks enabled us to print patterns on titanium/tungsten coated glass substrates, as is shown 
in Figure 4.6, without significant nozzle clogging (<10% of the nozzles). In addition, 
when nozzles did clog, they were easily opened by wiping them clean with a tissue and 
modest rinsing. The reduced nozzle clogging was a significant improvement compared 
to printing with pristine SiNPs. Figure 4.6b, 4.6d, and 4.6f show confocal microscopy 
images of 10 pL droplets printed in the drop-on-demand mode on titanium/tungsten 
coated glass. Table 4.2 presents the drop dimensions and coffee ring ratios for drops 
printed with the SiNPs, SiNPs-PMMA, and SiNPs-PEGMA based inks.  
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Figure 4.6. Photos of printed patterns (top) and confocal microscopy images (bottom) of 
drop-on-demand deposited SiNPs layers on titanium/tungsten coated glass substrates for 
SiNPs (a and b), SiNPs-PMMA (c and d), and SiNPs-PEGMA (e and f) based inks. The 
composition of the inks is shown in Table 4.1. 

It is noteworthy to point out regarding data shown in Table 4.2 that printing with the 
SiNPs-PMMA based ink resulted in reduced droplet sizes and silicon layer thicknesses 
in the order of a few hundred nanometers. A decreased drop size and increase in drop 
thickness point at a better thin-film quality obtained by printing on the used 
titanium/tungsten coated glass substrates (compare Figure 4.6b, 4.6d, and 4.6f). In 
addition, the coffee ring ratio for the SiNPs-PMMA ink was reduced to ~2.0 as well. 
Considering the project objectives we note that the effect of the increased edge thickness 
compared to the interior of the printed droplets on the final quality of a printed silicon 
layer was not of primary interest. The project partners considered to elucidate the effect 
of a polymer shell around the SiNPs on Si µ-cone formation and Schottky diode 
performance of higher priority, which is presented in the next section of this Chapter. 

Table 4.2 Droplet characterization for Ink 1, Ink 2, and Ink 3. The coffee ring ratio is 
defined as the ratio of the edge thickness to the interior drop thickness. 

 Ink 1 Ink 2 Ink 3 
Drop diameter (without edge) 53 μm 43 μm 70 μm 

Drop thickness 32 nm 645 nm 70 nm 
Edge diameter 126 μm 56 μm 122 μm 
Edge thickness 95 nm 1285 nm 260 nm 

Coffee ring ratio 3.0 2.0 3.7 
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4.2.5 Spin-Coating and Diode Fabrication 

To investigate the effect of a polymer shell around the SiNPs on deposited silicon 
layers, cone formation, and Schottky diode performance, our project partner at the 
University Duisburg-Essen, Prof. Bensons' team followed a reported23 protocol to 
construct thin-film diodes on titanium/tungsten coated glass substrates as a first step. This 
protocol utilizes spin-coating of SiNP based inks in ethanol with a relatively high particle 
loading, i.e. 16.6 wt%, to obtain SiNP layers with a thickness of approximately 450 nm. 
This thickness is required to have good Si µcone formation during the laser modification 
step (See Figure 4.1).  

SiNPs and SiNPs-PEGMA were dispersed in ethanol easily. For SiNPs-PMMA 
dispersions in the tri-solvent mixture, initial spin-coating trials revealed poor film 
formation, which we ascribed to the complex evaporation behavior of the solvent 
mixture. Few trials with various other solvents resulted in selecting DMF as a solvent for 
SiNPs-PMMA inks, giving visually homogeneous layers by spin-coating.  

 
Figure 4.7. SEM images of a) SiNPs, b) SiNPs-PEGMA, and c) SiNPs-PMMA layers 
deposited on titanium/tungsten coated glass substrate via spin coating. SEM images of Si 
μ-cones fabricated from laser annealing of the d) SiNP, e) SiNPs-PEGMA, and f) SiNPs-
PMMA thin particle layers. 

The as-prepared suspensions were deposited on the titanium/tungsten-coated glass 
substrates via spin coating. From the corresponding SEM images of the different systems 
shown in Figure 4.7, it is clear that SiNPs/ethanol and SiNPs-PEGMA/ethanol suspension 
formed smooth particle layers. The SiNPs-PMMA films after drying contained large 
particle agglomerates and the layers were not uniform. We attributed the formation of 
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larger agglomerates to the relatively slow drying of the N,N-dimethylformamide-based 
(DMF-based) ink.  

From the SEM images (Figure 4.7d-f), cone formation is observed for laser-treated 
SiNP, SiNPs-PEGMA, and SiNPs-PMMA layers. The values of the surface cone 
densities observed are 1.1*106, 1.1*106 and 9.1*104 cones mm-2, and the average cone 
widths are 430 ± 60, 470 ± 50, and 490 ± 130 nm for the treated SiNP, SiNPs-PEGMA, 
and SiNPs-PMMA layers, respectively. The cone density and width for SiNPs-PEGMA 
are in the same order as values of the bare SiNP based µ-cone layers. The Si µ-cones 
formed for the SiNPs-PMMA layers have a much lower surface density, and cracks in 
the layer are visible. These observations are attributed to the melting of the larger 
agglomerates, resulting in forming of a thick silicon layer instead of Si µ-cones, which, 
upon cooling due to thermal expansion differences between the coating and substrate, 
result in crack formation. Therefore only the SiNPs and SiNPs-PEGMA based layers 
were used to construct Schottky diodes. 

 
Figure 4.8. I-V characteristic of prepared Schottky diodes from SiNPs (red) and SiNPs-
PEGMA (blue) spin-coated layers 

Figure 4.8 shows representative I-V (current-voltage) characteristics of devices build 
with SiNPs and SiNPs-PEGMA particle layers. The rectification ratios were 10.5 and 1.1 
(at |V| = 1 V) for diodes constructed with Si µ-cones based on SiNPs and SiNPs-PEGMA, 
respectively. The low rectification ratio for the diode based on the hybrid silicon particles 
means that we can hardly classify these devices as a diode. Below we provide a possible 
explanation for the low rectification ratio of the polymer grafted SiNPs based diodes.   

X-ray photoelectron spectroscopy (XPS) analysis of the particle-based thin films and 
the Si µ-cones were used to obtain their composition and identify possible contaminants 
that could explain the poor rectification behavior of the SiNPs-PEGMA µ-cone based 
diodes. Table 4.3 presents the atomic concentration of C, O, and Si for SiNP and SiNPs-
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PEGMA thin films together with their corresponding µ-cone layer. It is readily observed 
that the carbon content increased from 11.8% to 30.3% for Si µ-cone after PEGMA 
grafting. A large amount of C presented in the SiNPs-PEGMA µ-cone could form 
nitrogen doped silicon carbide, resulting in poor rectification behavior. To further 
investigate the poor rectification behavior, Si2p core-level spectra were measured for all 
samples as well. These are shown in Figure 4.9. 

For the as-deposited SiNP and SiNPs-PEGMA layers, the dominant bands in the Si2p 
core-level spectra (Figure 4.9a and 4.9c) are ascribed to the characteristic binding energy 
for monoatomic Si (97.7 eV and 98.9 eV), Si2+ (101.2 eV), and Si3+ (102.6 eV).24,25 The 
Si2+ and Si3+ are most likely originating from the oxidized surface of the silicon 
nanoparticles (SiO and Si2O3, respectively). Following laser modification, the dominant 
Si2p bands for SiNP µ-cone (Figure 4.9b) are Si1+ (Si-OH and Si2O, 100.4 eV) and Si4+ 
(SiO2, 103.5 eV), indicating that elemental Si was oxidized.24 The peak located at 100.9 
eV in the Si2p core-level spectrum of SiNPs-PEGMA µ-cones (Figure 4.9d) is ascribed 
to Si-C, which is not observed in any other samples.25,26 The formation of Si-C is 
explained by C atoms (from the polymer shell) bonding with Si atoms to form silicon 
carbide during the carbonization of the polymer chains.27  

Table 4.3 Atomic concentrations of C, O, and Si for SiNP thin film, SiNP µ-cone, SiNPs-
PEGMA thin film and SiNPs-PEGMA µ-cone from XPS analysis. 

 SiNP film SiNP µ-cone SiNPs-PEGMA film SiNPs-PEGMA  µ-cone 

C 13% 11.8% 55.9% 30.3% 
O 40.3% 52.7% 35% 45.3% 
Si 46.8% 33.6% 9.1% 23.4% 

 

Furthermore, we speculate that the SiC impurities present on the Si µ-cones surfaces 
can interact with nitrogen during diode fabrication, resulting in nitrogen-doped silicon 
carbide.28 Nitrogen doping typically increases silicon carbide conductivity, leading to a 
metallic behavior instead of the needed semiconductive behavior of the formed Si µ-
cones. This can explain the low rectification ratio of the diodes based on SiNPs-PEGMA 
layers.  
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Figure 4.9. Si2p core-level spectra of SiNP thin film (a), SiNP µ-cone (b), SiNPs-PEGMA 
thin film (c) and SiNPs-PEGMA µ-cone (d). The dotted lines show peak deconvolution of 
the core-level spectra to identify the bonds present. 

To minimize the influence of polymer grafts on the diode performance, we need to 
reduce the C content during diode fabrication. Using polymers that rapidly depolymerize 
into volatile small molecules upon certain triggering events can effectively reduce the C 
content. Polymers to consider are poly(isobutylene) and poly(α-methylstyrene). 
Moreover, the molecules used to attach the surface-active ATRP initiators (APTES and 
BiBB) contain a large amount of C atoms, as well. This could be avoided by exploiting 
an alternative grafting approach with minimal use of carbon-containing coupling 
molecules. One of the promising directions for this future work would be to use earth-
abundant species catalyzed or catalyst-free hydrosilylation.29  

Based on the results presented and discussed, we believe that inkjet printing of hybrid 
SiNPs based inks with an optimized brush coating is a feasible approach for the large-
scale manufacturing of flexible electronic devices, but further research and progress is 
needed. 
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4.3 Conclusion 

SiNPs-PMMA and SiNPs-PEGMA with a core-shell structure were synthesized via 
SI-ATRP of their respective monomers. The polymer brush coating reduced the coffee 
ring effect and nozzle clogging for inkjet printing of thin particle layers on various 
substrates. Following laser sintering, spin-coated PEGMA grafted SiNP layers were able 
to form substrates with a uniform Si µ-cone layer with a cone density of 1.1*106 and an 
average cone size of 470 ± 50 nm. The cone density and cone size of SiNPs-PEGMA 
layers are comparable to that of Si µ-cones prepared from pristine SiNP ink. However, 
the SiNPs-PEGMA µ-cone-based diodes had a rectification factor of 1.1 (at |V| = 1 V), 
while for pristine SiNPs µ-cone-based diodes, the rectification factor is 10.5. Based on 
XPS analysis of the formed µ-cone layers, we attributed the low rectification factor for 
PEGMA modified SiNPs based µ-cones to the formation of nitrogen-doped SiC during 
diode fabrication. The inclusion of SiC is expected to result in more metallic 
characteristics instead of semiconductor behavior for the prepared diodes. Though a 
working diode was not produced, we conclude that polymer grafting is a powerful tool to 
improve the printability and stability of SiNP inks for large-scale implementation in the 
production of TFD. Furthermore, we recommend that future research focuses on selecting 
alternative polymers and coupling strategies for SiNPs to avoid SiC formation in the laser 
ablation step.   

4.4 Materials and Methods 

Materials. Boron-doped silicon nanoparticles with a boron doping level of 5*1018 
atoms cm-3 were a gift from University Duisburg-Essen, Germany, and they were used 
as received. Hereinafter, we refer to these nanoparticles to as SiNPs. Dichloromethane 
(DCM) ≥99.5% was purchased from VWR International (Germany). Copper(I) bromide 
(CuBr) 98% and (3-aminopropyl)-triethoxysilane (APTES) 97% were received from 
Aldrich (Milwaukee, WI, USA). Hydrofluoric acid (48%) (HCl), α‐bromoisobutyryl 
bromide (BiBB) 98%, methylmethacrylate (MMA), poly(ethylene glycol) methacrylate 
(Mn ~500) (PEGMA500), copper (II) bromide ≥99%, aluminum oxide (for 
chromatography), triethylamine (TEA), ethylene glycol (anhydrous, 99.8%), and 
diethylene glycol (ReagentPlus, 99%) were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). Butylated hydroxytoluene (BHT) stabilized tetrahydrofuran (THF) for 
analysis, and N,N-dimethylformamide AR (DMF) were acquired from Biosolve 
(Valkenswaard, the Netherlands). N,N,N',N",N"‐pentamethyldiethylenetriamine 
(PMDETA) 98% was purchased from Acros Organics (Geel, Belgium). Acetic acid 
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≥99% and diethylene glycol monobutyl ether (DGBE) for synthesis was obtained from 
Merck (Darmstadt, Germany). Ethylene glycol (EG) was purchased from VWR (Radnor, 
PA, USA). MMA and PEGMA were run over an aluminum oxide column to remove the 
inhibitor. Copper (I) bromide was purified by stirring in glacial acetic acid, followed by 
filtration and drying in a vacuum oven overnight at 60 °C. Milli-Q water was produced 
by a Millipore Synergy system (Billerica, MA, USA). Unless specified, all other 
chemicals were used as received.  

Hydrolysis of Silicon Nanoparticles. 5 g SiNPs were suspended in a mixture of 680 
ml Mili-Q water and 20 ml ethanol in a 1 L round bottom flask using intense sonication 
for 1 hour. While stirring at 500 rpm at room temperature, HCl was added dropwise to 
the suspension until the pH value of the suspension reached approximately 1. 
Subsequently, the suspension was left to stir at room temperature for 16 h, followed by 
centrifuging at 13,000 rpm for 30 min to collect the hydrolyzed SiNPs (SiNPs-OH). The 
SiNPs-OH were redispersed with ethanol and centrifuged. This washing process was 
repeated two more times.  

Amino-Functionalization of Silicon Nanoparticles. The as-prepared SiNPs-OH 
were redispersed in 700 ml Ethanol in a 1 L round bottom flask by sonication for 1 hour, 
followed by the addition of 30 ml APTES. Next, the suspension was left to stir at 500 
rpm at room temperature for 17 hours. The amino-functionalized SiNPs (SiNPs-NH2) 
were collected by centrifugation at 13,000 for 30 min, redispersed in ethanol, and 
centrifuged again. This washing process was repeated two more times and particles were 
immediately treated with an ATRP functional initiator in the next step.  

ATRP Initiator Immobilization on Silicon Nanoparticles. Freshly prepared 
SiNPs-NH2 were dispersed in DMF and centrifuged at 13,000 rpm for 30 min. Next, the 
collected SiNPs-NH2 were dispersed in 600 ml DMF in a 1 L round bottom flask using 
intense sonication for 1 hour. The suspension was cooled in an ice bath to 0 °C, followed 
by the dropwise addition of 45 ml TEA and 15 ml BiBB for 30 min while stirring at 500 
rpm. Subsequently, the mixture was left in the ice bath while stirring for 1 hour. The 
temperature of the reaction mixture was raised to room temperature and stirring continued 
for another 16 hours. Following the reaction, the particles were collected by 
centrifugation at 13,000 rpm for 30 min. The collected initiator immobilized SiNPs 
(SiNPs-Br) were redispersed in ethanol and centrifuged again to remove unreacted TEA, 
BiBB, and the salts formed by TEA and HBr. This washing step was repeated two more 
times. Finally, the as-prepared SiNPs-Br were dispersed in DMF and centrifuged at 
13,000 rpm for 30 min. Samples were used immediately for SI-ATRP.  
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SI-ATRP of PEGMA, or PMMA, from Initiator Immobilized Silicon 

Nanoparticles. As-prepared SiNPs-Br were dispersed in 400 ml DMF in a 1L round 
bottom flask by sonication for 1 hour. After sonication, 40 ml PEGMA500 was added to 
the suspension. Simultaneously, 80 mg CuBr, 25 mg CuBr2, and 15 ml DMF were added 
to a 25 ml round bottom flask (flask B). Both flasks were sealed with a rubber septum 
and bubbled with nitrogen for 30 min. Next, 0.14 ml PMDETA was added to the 
CuBr/CuBr2 mixture, followed by 30 min nitrogen purging, after which the mixture in 
flask B was transferred to the flask containing the SiNPs-Br/PEGMA500 suspension. 
Subsequently, the reaction flask was submerged into a 70 °C thermostated oil bath and 
stirred at 500 rpm for 1 hour under a nitrogen atmosphere. The polymer-modified 
particles were collected by centrifugation at 13,000 rpm for 30 min. Then, the collected 
PEGMA grafted SiNPs (SiNPs-PEGMA) were redispersed in DMF and centrifuged 
again. The washing process was repeated 2 more times. Finally, the as-prepared SiNPs-
PEGMA were dispersed in ethanol, then centrifuged at 13,000 for 30 min. The collected 
SiNPs-PEGMA were stored in ethanol. 

 To prepare PMMA grafted SiNPs (SiNPs-PMMA), we used the same procedure, 
except that 42.65 ml MMA, 455 mg CuBr, 304 mg CuBr2, and 0.946 ml PMDETA were 
employed. In addition, the final solvent transfer of the SiNPs-PMMA was to DCM. 

Batch Sedimentation Testing of Inks. SiNPs-PEGMA were suspended in ethylene 
glycol and diethylene glycol at a concentration of 0.5 wt%, respectively. The suspensions 
were stored in glass vials with polypropylene caps. Subsequently, the vials were sealed 
with Parafilm to avoid evaporation and water absorption. The glass vials were stored in 
ambient conditions and recorded with a surveillance camera at 24 fps to observe the 
sedimentation behavior of the suspensions.  

Particle Characterization. Transmission Electron Microscopy (TEM) was 
performed by an FEI/Philips CM300 system (FEI, Eindhoven, the Netherlands). Few 
drops of diluted particle dispersion in ethanol were deposited on the carbon side of a 
carbon/copper grid (HC200-Cu) (EMS, Germany) before imaging. The typically used 
electron acceleration voltage was between 3 to 5 keV. Fourier Transform Infrared (FTIR) 
spectra of the pristine and modified SiNPs were collected with a Bruker ALPHA single 
attenuated total reflection (ATR) FTIR Spectrometer equipped with an ATR single 
reflection diamond crystal (Bruker Optic GmbH, Ettlingen, Germany). The spectra were 
collected in the range of 400-4000 cm-1 (spectral resolution of 4 cm-1, 512 scans). 
Background spectra were recorded against air. A Malvern Zetasizer Nano-ZS (Malvern 
Instruments, Malvern, UK) was used to determine the values of the effective 
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hydrodynamic radius of SiNPs dispersed in Mili-Q water. The weight loss of the pristine 
and modified SiNPs was monitored with a TGA400 (PerkinElmer, Inc., Waltham, MA, 
USA). A sample weighing ~6-10 mg was loaded into a platinum pan and set to 50 °C to 
stabilize. Subsequently, the sample was heated to 800 °C at a heating rate of 10 °C/min 
with an N2 flow of 25 ml min-1. 

Inkjet Printing of Silicon Nanoparticles. A PiXDOR R&D printer equipped with 
a 30 pL printer head (128 nozzles) (Meyer Burger, Eindhoven, the Netherlands) was used 
to print SiNPs ethanol and DGBE dispersions. To prepare the SiNPs based inks, 0.2 g 
SiNPs were suspended in 4.9 g ethanol or DGBE via sonication (BRANSON 2510, 
Canada) for 1 hour. Following particle dispersion, 4.9 g of EG was added to the 
suspension, and the residual mixture was sonicated for 30 minutes. Then the as-prepared 
SiNPs inks were printed on glass and Kapton substrates. Polymer grafted SiNP based 
inks were printed with a Dimatix Piezo inkjet 2831 printer (FUJIFILM Dimatix Inc., 
Santa Clara, CA) PIXDRO LP 50, featuring a DMP-2850 print head and a DMC 11610 
cartridge (16 nozzles having a 23 μm diameter, 10 pL nominal drop volume). Inks were 
prepared by suspending SiNPs or SiNPs-PEGMA in DGBE at a concentration of 4 and 
5.5 wt%, respectively, via sonication. SiNPs-PMMA were suspended by sonication in 
EG/DCM/acetone (2:5:3 v/v) or DCM at a concentration of 3.0 wt% and 2.0 wt%, 
respectively. The as-prepared inks were printed on glass substrates (15x15 mm) modified 
with sputter-deposited titanium and tungsten layers (1 µm and 120 nm, respectively). 

Spin Coating of Polymer-Modified Silicon Nanoparticles. SiNPs-PEGMA and 
SiNPs-PMMA were suspended in ethanol and DCM at a concentration of 16.6 wt%, 
respectively. The as-prepared suspensions were filtered with a 700 nm glass filter (Merck 
Millipore, US) before being cast on a titanium/tungsten coated glass substrate (15x15 
mm), followed by spin coating at 6000 rpm for 30 s (acceleration 6000 rpm/s). To remove 
residual ethanol in the deposited polymer grafted SiNPs layers, spin-coated substrates 
were placed on a hotplate thermostated at 80 °C for 5 minutes. Images of the spin-coated 
thin films were obtained with an optical microscope (Olympus BH-2, Olympus, Tokyo, 
Japan) and a scanning electron microscope (JEOL Field Emission JSM-7500F, JEOL 
Benelux, Nieuw-Vennep, the Netherlands). 

Schottky Diode Formation. As-deposited SiNP thin films were annealed with an 
ATLEX-300SI KrF excimer laser (ATL Lasertechnik GmbH, Wermelskirchen, 
Germany) to form Si µ-cones. The laser's emitting wavelength and pulse duration were 
248 nm and 4-6 ns, respectively. The annealing process was performed under a nitrogen 
environment to avoid oxidation of Si-melt. During the process, the repetition frequency, 
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the scanning speed, and the effective energy density for the laser were set to 100 Hz, 9.3 
mm min-1 and 5 mJ, respectively. SU-8 2000.5 was used as the insulator layer between 
anode and cathode. It is applied to cover the annealed Si µ-cones on the sample via 
lithography, followed by 30 s plasma etching to expose the top of the Si µ-cones 
eventually. The as-prepared sample was dipped in 5 % hydrofluoric acid solution for 20 
s to remove the oxidized layer from the top of the Si µ-cones. Then a layer of aluminum 
(200 nm) was deposited via evaporation to form Schottky contact. The IV characteristics 
of as-prepared diodes were measured with a KEITHLEY 4200-SCS (Keithley 
Instruments GmbH, Ohio, U.S.). 
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Chapter 5  

Bubble Seeding Nanocavities: 
Multiple Polymer Foam Cell Nucleation 

by Polydimethylsiloxane Grafted 
Designer Silica Nanoparticles 

 
In this Chapter we describe a successful strategy to substantially enhance cell 

nucleation efficiency in polymer foams by using designer silica nanoparticles as 
nucleating agents. Bare and poly(dimethylsiloxane) (PDMS) grafted surface roughness 
engineered silica nanoparticles with diameters from ~ 80 nm to ~ 200 nm were 
synthesized and exploited as highly efficient cell nucleants in CO2-blown nanocellular 
poly(methyl methacrylate) (PMMA) foaming. The successful synthesis of core-shell 
nanoparticles was confirmed by Fourier transform infrared (FTIR) spectroscopy, 
thermogravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) measurements, and 
transmission electron microscopy (TEM). The cell size and cell density of the PMMA 
micro- and nanocellular foams obtained were determined by scanning electron 
microscope (SEM). The results show that increased surface roughness enhances the 
nucleation efficiency of the designer silica particles. This is ascribed to a decreased 
nucleation free energy for foam cell nucleation in the nanocavities at the melt-nucleator 
interface. For PDMS grafted surface roughness engineered silica nanoparticles with a 
diameter of 155 nm and 200 nm multiple cell nucleation events were observed. These 
hybrid particles had nucleation efficiencies of 3.7 and 6.2, respectively. The surprising 
increase in nucleation efficiency to above unity is ascribed to the significant increase in 
CO2 absorption and capillary condensation in the corresponding PMMA during 
saturation. This results in the presence of large amounts of the physical blowing agent 
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close to energetically favorable nucleating points. Additionally, it is shown that as a 
consequence of cell coalescence the increased number of foam cells is rapidly reduced 
during the first seconds of foaming. Hence, design of highly efficient nucleating particles, 
as well as a careful selection of foam matrix materials seem to be of pivotal importance 
to obtain polymer cellular materials with cell dimensions at the nanoscale. These findings 
contribute to the fabrication of polymer foams with high thermal insulation capacity, and 
have relevance in general for the area of cellular materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of this Chapter has been published in: Liu, S.; Yin, S.; Duvigneau, J.; Vancso, G. J. Bubble 
Seeding Nanocavities: Multiple Polymer Foam Cell Nucleation by Polydimethylsiloxane-Grafted 
Designer Silica Nanoparticles. ACS Nano 2020, 14 (2), 1623–1634. Yin and Liu both contributed 
to the particle synthesis, corresponding composite preparation, and subsequent batch foaming of 
the samples. Yin focused more on the particle synthesis and Liu later focused more on the 
elucidation on the nanocavity induced multiple bubble seeding mechanism.  
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5.1 Introduction  

Nanocellular polymer foams are receiving considerable for a variety of reasons.1–6 
The thermal conductivity of nanocellular foams is significantly reduced as a result of the 
Knudsen effect provided that the foam density is sufficiently low.3,7 In addition, the 
mechanical performance in terms of, e.g., the Young’s modulus, impact properties and 
shore hardness is significantly improved compared to microcellular foams with similar 
foam densities.8–10 Thus nanocellular polymer foams with low thermal conductivity can 
offer great alternative options when considering new classes of materials for instance to 
achieve reductions in, for instant, fuel consumption and CO2 emissions in transportation 
as well as the thermal energy management of buildings.  

Nanocellular polymer foam structures can be obtained by various strategies, selective 
extraction/decomposition,11,12 templating/imprinting,13–15 chemical/physical 
foaming,2,8,16–19 etc. Among these methods, CO2 based batch foaming is of particular 
interest, which is ascribed to good control over the foaming conditions, as well as to the 
low cost and environmental friendliness of CO2 as a physical blowing agent.10 However, 
nanocellular foams fabricated via batch foaming with high porosities (> 85%) and cell 
densities (> 1014 cells cm-3) have rarely been reported.1,20–22 This is ascribed to the fact 
that it is difficult to nucleate the needed  high cell densities in the early stages of foaming. 
In addition, on the timescale of foaming, cell coalescence is hard to avoid. Frequently 
used strategies to increase the nucleated cell density rely on increasing the physical 
blowing agent saturation pressure and/or increasing the pressure release rate.4,20,23 The 
introduction of nanostructured heterogeneous phases to polymers as heterogeneous 
nucleation sites prior to foaming has been considered a promising approach to 
obtainnanocellular foams. Examples utilized phase separated block copolymers 24–27 and 
inorganic nanofillers as nucleating agents.6,17,28–32 

SiO2 NPs are of particular interest to be employed as heterogeneous nucleation agents 
in polymer foaming because of their low cost, easy preparation and the simplicity of 
employing various surface decoration strategies.33,34 For instance, Zhai and coworkers30 
demonstrated that the incorporation of silica nanoparticles (SiO2 NPs) in polycarbonate 
prior to foaming resulted in a higher cell density and more uniform cell size distribution 
compared to the polycarbonate foams containing no SiO2 NPs as nucleating agents. Yang 
and coworkers35 reported that the decoration of SiO2 NPs with CO2-philic poly(ionic 
liquid) significantly enhances the cell nucleation in CO2 assisted polystyrene foaming 
compared to the polystyrene foams prepared with bare SiO2 NPs as nucleating agents. 
Despite these promising results we note that the nanoparticles (NPs) utilized so far for 
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nucleation suffered from low nucleation efficiencies, i.e. the number of foam cells 
obtained per number of NPs per cm3 added to the polymer matrix prior to foaming was 
small. Nucleation efficiencies for these inorganic particle based nanofillers are typically 
far below 0.01.17,35–37 This means that hundreds of added particles result in the formation 
of only 1 foam cell during foaming. In these calculations it is assumed that homogenous 
nucleation and cell coalescence can be neglected.4 Liu and coworkers 28 reported on the 
successful utilization of poly(dimethylsiloxane) (PDMS) grafted SiO2 NPs with a silica 
core diameter of 80 nm with a nucleation efficiency of approximately 0.5 for the 
preparation of CO2 batch blown poly(methyl methacrylate) (PMMA) foams. The good 
efficiency of these particles is ascribed to i) the low surface energy of the PDMS shell, 
which reduces the nucleation energy barrier, and ii) the higher local CO2 concentration 
in the PDMS shell (~ 75 wt%)38 compared to the PMMA matrix (~ 18 wt%).39 
Furthermore, they demonstrated that the contribution of line tension significantly reduces 
the nucleation efficiency of PDMS grafted NPs with a silica core diameter below 40 nm 
for the used foaming conditions (i.e. CO2 saturation pressure of 55 bar and foaming at 40 
°C).28 Thus the use of smaller particles, e.g., 10 nanometer in diameter, is considered 
unfavorable while it would in principle allow for the addition of the required high number 
of potential nucleation sites (> 1015 cm-3) at relatively low weight percentages of particle 
loading. In fact, increasing the weight percentage of particle loading for particles with 
large enough diameters (> 60 nm) to incorporate the required number of potential 
nucleation sites renders the resulting particle filled polymer matrix barely foamable. 

Recently, Yang and coworkers40 established that cells nucleated from a concave 
surface have a lower nucleation free energy compared to the free energy of nucleation 
from flat or convex surfaces (e.g. spherical particles).41,42 Inspired by this work, we 
realized that the surface roughness is an often ignored, but important design parameter 
for nucleating hybrid particle designs to enhance nanocellular foaming. 

One of the most commonly applied techniques to fabricate surface roughness 
enginnered silica nanoparticles (SiO2-R NPs) includes attachment of NPs with 
substantially smaller radius. This method includes a two-step approach that relies on 
assembling smaller particles onto larger core particles via chemical or physical 
interactions, to result in the formation of SiO2-R NPs.43–46 By fine-tuning the diameter 
and concentration ratio of smaller and larger particles, NPs with a desired surface 
roughness values can be prepared. Puretskiy and coworkers46 succesfully exploited the 
attaching approach by first synthesizing poly(glycidyl methacrylate)-covered core SiO2 
NPs, followed by the attachment of amino-functionalized smaller SiO2 NPs. Wu and 
coworkers45 reported covalently bonding 70 nm and 700 nm SiO2 NPs that were 
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functionalized with amino and epoxy groups, respectively, resulting in SiO2-R NPs with 
a diameter of 850 nm. Polymer particles have also been used as the core particles to 
prepare SiO2-R NPs with core-shell structure.47–49 For example, Xia et al.48 reported on 
the fabrication of poly(styrene)-silica core-shell particles via emulsion polymerization to 
form a polystyrene (PS) core followed by a sol-gel reaction to coat a rough silica shell. 
Instead of a sol-gel reaction to attach the silica shell, Wang and coworker47 used an 
attaching approach to achieve better surface topology. By covalently attaching smaller 
hydrolyzed SiO2 NPs onto poly(ethyleneglycol dimethacrylate-co-4-vinylpyridine) core 
particles, they fabricated surface roughened hybrid NPs.  

Another possibility to obtain designer NPs with surface roughness control includes 
using etching method. Recently, Du and coworkers50 reported on the synthesis of SiO2-
R NPs by etching of nearly spherical SiO2 NPs with sodium borohydride (NaBH4). The 
surface exposed Si-O bonds dissolve at high pH, resulting in the dissolution of silicate 
species. Upon supersaturation of the nanoparticle dispersion, silica domains are re-
deposited on the SiO2 NPs surface to form a rough surface. Compared to the above 
discussed attaching methods, the etching method offers a simpler approach for SiO2-R 
NPs fabrication. 

In this Chapter we use both the attaching and the etching methods, respectively, to 
prepare surface roughness engineered SiO2 NPs for their possible exploitation in a new 
application area, i.e. as foam cell nucleating agent in nanocellular foaming Of particular 
interest is to evaluate the nucleation efficiency of surface roughness engineered particles 
in the CO2 blown batch foaming of PMMA and compare the obtained nucleation 
efficiency values to various other silica nanoparticle based highly efficient nucleating 
particles. 

We show that the SiO2-R NPs are efficient foam cell nucleators with nucleation 
efficiencies that are comparable to their PDMS grafted nearly spherical counterparts. 
Upon decorating the SiO2-R NPs with a few nanometer thick PDMS shell, multiple foam 
cell nucleation was observed from a single designer nanoparticle, and the value of highest 
nucleation efficiency obtained was 6.2 for particles with an overall core diameter of ~ 
200 nm. This nucleation efficiency is nearly 40 times higher compared to that of a 
pristine, nearly spherical silica nanoparticle with a similar diameter. We show 
qualitatively that the high nucleation efficiency obtained for PDMS grafted SiO2-R NPs 
is ascribed to a significantly increased absorption of CO2 during saturation. This process 
results in a higher CO2 concentration close to the PDMS decorated, and contributes to 
forming energetically favorable nanocavities at the nucleating surface. The utilization of 
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surface cavities combined with optimized surface chemistry for efficient heterogeneous 
nucleation at the macromolecular length scale is of interest for the production of 
nanocellular foams with high cell densities, and thus with superior thermal insulation 
properties. 

5.2 Results and Discussion 

5.2.1 SiO2-R NPs Synthesis 

Two different methods, i.e., attaching and etching, were investigated as methods to 
control the surface roughness of SiO2 NPs. Both of these methods use Stöber SiO2 NPs 
as the starting material(s).  

Figure 5.1a depicts the reaction scheme for the attaching method to prepare SiO2-R 
NPs. First, the small (80 nm) and large (600 nm) SiO2 NPs were functionalized with (3-
aminopropyl)-triethoxysilane (APTES) and (3-Glycidyloxypropyl)trimethoxysilane 
(GPS) to form amino- and epoxy- functionalized particles, respectively. Subsequently, 
the amino-functionalized SiO2 NPs (SiO2-NH2) were covalently bonded to the epoxy-
functionalized SiO2 NPs (SiO2-GPS) by the ring-opening of the epoxy group under 
nitrogen atmosphere, resulting in the formation of SiO2-R NPs with a diameter of 
approximately 750 nm. Figure 5.1b shows a scanning electron microscope (SEM) image 
of SiO2-R NPs prepared by the attaching method. From the SEM image in Figure 5.1b it 
is readily observed that the smaller particles attached tend to form large clusters on the 
larger SiO2 NPs. Despite multiple attempts we did not obtain full surface coverage by 
using this approach. In addition, the multiple reaction steps, the relatively long reaction 
time, and the required dry atmosphere directed us towards using the etching method to 
produce surface roughened SiO2 NPs.  

 
Figure 5.1 (a) Scheme of the SiO2-R NP preparation process via the attaching method. 
(b) SEM image of SiO2-R NPs with a particle diameter of ~ 750 nm.  

For the etching method, NaBH4 was used to adjust the pH of the SiO2 dispersion to 
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eventually yield rough particle surfaces. The reaction scheme is depicted in Figure 5.2a. 
During the surface roughening reaction, the high basicity of the dissolved NaBH4 results 
in the dissociation of Si-O bonds from the surface of nearly smooth Stöber SiO2 (SiO2-
S) NPs and subsequently in the formation of soluble mono- and polysilicate species. 
Eventually the dissolved silicate species in the solution become supersaturated, which 
leads to the redeposition of small SiO2 NPs on the surface of the remaining silica NPs 
(Figure 5.2a, step 1).51–53 

SEM images of SiO2-S NPs and SiO2-R NPs with a diameter of approximately 155 
nm are shown in Figure 5.2b and c, respectively. The diameter of the SiO2-R is defined 
as the diameter of a circle just large enough to enclose the SiO2-R NPs outer surface. 
Particles with diameters between 80 nm and 200 nm were prepared (see Figure S5.1). 
Hereinafter, the numbers preceeding the name SiO2 refer to the apparent particle 
diameter. For instance, 155SiO2-S refers to an nanoparticle with an average diameter of 
155 nm. 

From Figure 5.2c it is obvious that small silica domains (with diameters of ~ 20 to 
30 nm) are present at the surface of the NPs after treatment with NaBH4, which is in 
agreement with the etching and subsequent deposition of silicate species at the silica 
particle surface during the reaction.52  

Following the successful synthesis of SiO2-R NPs with diameters of ~ 200 nm, ~155 
nm , ~ 120 nm and ~ 80 nm, PDMS shells were grafted to each type, yielding the 
corresponding hybrid (SiO2-RP) NPs (Figure 5.2a). In brief, SiO2-R NPs were derivatized 
with APTES, resulting in the formation of amine functionalized NPs (SiO2-R-NH2) (step 
2). The NPs were functionalized by PDMS employing the “grafting to” approach of 
monoglycidyl ether terminated PDMS (step 3). We note here that prolonged sonication 
or even melt blending did not destroy the surface roughness of the (hybrid) SiO2-R NPs 
i.e. the NPs are stable enough for utilization as nucleating particles in nanocellular 
foaming.  

Figure 5.2d shows the Fourier transform infrared (FTIR) absorbance spectra of SiO2, 
SiO2-R, SiO2-R-NH2, SiO2-RP and nearly smooth PDMS grafted (SiO2-SP) NPs with a 
(silica core) diameter of ~ 155 nm. The remaining ethoxy groups after the Stöber reaction 
of tetraethyl orthosilicate (TEOS) are clearly observed in the FTIR spectra of the 
155SiO2-S particles, i.e. the CH2/CH3 bending absorbance band at 1452 cm-1 and the 
CH2/CH3 absorbance band at 2980 cm-1.54 After NaBH4 etching to yield surface 
roughened NPs these absorbance bands disappear, which indicates quantitative 
hydrolysis of the remaining ethoxy groups of the 155SiO2-R NPs.52 The reappearance of 
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bands at 2980 cm-1, 1450 cm-1 and 1380 cm-1 in the FTIR spectrum of 155SiO2-R-NH2 
are assigned to CH2 groups of the propyl spacer of surface tethered APTES. The presence 
of absorption bands ascribed to CH3 stretching at 2967 cm-1 and to C-H bending at 1263 
cm-1 in the FTIR spectrum of 155SiO2-RP NPs confirm the successful grafting of 
PDMS.55 The same absorbances are observed in the FTIR spectrum of SiO2-SP NPs; their 
synthesis is described in the experimental section. 

 
Figure 5.2 (a) A schematic of the SiO2-RP NPs preparation process. In (b) and (c) SEM 
images of SiO2-S and SiO2-R NPs with a silica particle diameter of ~ 155 nm are shown, 
respectively. (d) Single reflection ATR-FTIR absorbance spectra of 155SiO2-S, 155SiO2-
R, 155SiO2-R-NH2, 155SiO2-RP and 155SiO2-SP NPs. The black arrows in the FTIR 
spectra indicate characteristic FTIR absorbance values of the (modified) NPs. (e) Non-
isothermal TGA thermograms of the 155SiO2-S-NH2, 155SiO2-R-NH2, 155SiO2-SP and 
155SiO2-RP NPs. 

To determine the amount of PDMS grafted to the NPs, thermogravimetric analysis 
(TGA) was employed. Figure 5.2e shows the weight loss versus temperature curves for 
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non-isothermal TGA measurements of SiO2S-S and SiO2-R, amino-functionalized and 
PDMS grafted NPs with silica (core) diameters of approximately 155 nm. The results 
clearly show that the amount of PDMS covalently bound to the SiO2 NPs with a rough 
surface is significantly higher, i.e. ~ 10.3 wt%, compared to that of spherical NPs, i.e. ~ 
3.0 wt%. This nearly 3.4 fold increase in PDMS grafted weight is ascribed to the 
increased specific surface area for the SiO2-R NPs as shown in Figure S5.1. For the NPs 
with a diameter of 155 nm the surface area increased from 33 m2 g-1 to 116 m2 g-1 for the 
spherical and SiO2-R NPs, respectively (see Figure S5.1). The nearly 3.6 fold increase in 
surface area is in good agreement with the 3.4 times higher grafted amount of PDMS. For 
the SiO2-R NPs with diameters of 200 nm and 120 nm the increase in PDMS grafting 
wt% were in good agreement with the corresponding increase in surface area as well. 

 

 
Figure 5.3 TEM images of (a) 155SiO2-S, (b) 155SiO2-SP, (c) 155SiO2-R and (d) 155SiO2-
RP NPs. 

Based on the grafted PDMS mass obtained by TGA measurements, the molar mass 
of the grafted PDMS chains (i.e. 1,000 g mol-1) and the Brunauer-Emmett-Teller (BET) 
surface area of the NPs the PDMS grafting densities were calculated to be ~ 0.6 chains 
nm-2 for the 155SiO2-SP and 155-SiO2-RP NPs. This number is lower compared to the 
earlier reported value of 0.9 for SiO2-SP NPs with diameters of 12 nm to 120 nm, 
respectively.56 This difference is ascribed to the known overestimation of the surface area 
of SiO2 NPs determined by BET measurements57–59 compared to the simple arithmetic 
estimation of the nanoparticle surface area used, based on the particle diameters. When 
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using this simple arithmetic method,grafting density values close to 0.9 chains nm-2 were 
obtained. This is in good agreement with values for SiO2-SP NPs reported in our previous 
work.60 Based on these results we note that BET analysis is used here only to qualitatively 
show the significant differences in surface area of the particles before and after 
roughening their surface. 

Finally, transmission electron microscope (TEM) was used to confirm the core-shell 
structure of the PDMS grafted NPs. Figure 5.3a-d shows TEM images of 155 nm bare 
and PDMS grafted spherical and SiO2-R NPs. From these TEM images it is clear that 
there is a thin PDMS shell around the 155SiO2-SP (Figure 5.3b) and 155SiO2-RP (Figure 
5.3d) NPs. The tickness of the PDMS shell on the NPs was estimated to be around 6.0 ± 
1.5 nm, which agrees well with previous results reported for SiO2-SP NPs with silica core 
diameters from 12 nm to 120 nm.60 

Following successful synthesis and characterization of the NPs we employed them 
as nucleating agents in CO2 assited batch foaming of PMMA as presented and discussed 
in the next sections. 

5.2.2 Nanocomposite Foaming and Multinucleation 

Prior to foaming, SiO2-R and SiO2-RP NPs were melt blended in a PMMA matrix 
and pressed to films with thickness values of around 200 μm. SiO2-S and SiO2-SP NPs 
were incorporated in PMMA matrix via the same procedure as control group. For 
comparison of the nucleation efficiency, NPs with the same volume number density (i.e. 
1.07 x 1013 particles cm-3) were used for each nanocomposite film were used. Thus 
assuming a good particle dispersion in the PMMA films and that each particle can 
nucleate the same amount of foam cells, all nanocomposite films had the same volume 
number density of potential nucleation sites prior to foaming. The particles were well 
dispersed in PMMA prior to foaming as was observed from SEM images of cross 
sectioned PMMA nanocomposite films (See Figure S5.3). 

The CO2 saturation pressure used for foaming was 55 bar and following quick 
depressurization (i.e. within 2 seconds), foams were prepared at a foaming temperature 
of 40 °C for 1 second. This relatively short foaming time was chosen since we were 
primarily interested in the nucleation efficiency of the prepared particles and not in the 
well developed foam morphology at the end stages of foaming (i.e. after several tens of 
seconds to minutes). Figure 5.4a-d show SEM images of cross sectioned PMMA foams 
nucleated by 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP NPs. It is clear that 
for the 1 second foaming time the PMMA foams have thick cell walls and struts. 
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Furthermore, the 155SiO2-S, 155SiO2-SP and 155SiO2-R NPs are present at the polymer 
foam cell wall surface. The 155SiO2-S NPs are more embedded in the PMMA cell wall 
compared to the 155SiO2-SP, which can be attributed to the low surface energy and high 
CO2-philicity of the decorated PDMS shell compared with the bare particles, resulting in 
variations in the strength of the interfacial interactions between the NPs and the polymer 
gas mixture.60 This is in good agreement with the reported results for the nucleation 
behavior of pristine SiO2 and corresponding PDMS grafted core shell NPs with (core) 
diameters up to 120 nm.28,60 

Interestigly, when examining the 155SiO2-RP NPs embedded in the PMMA foams 
we observed that most of these particles are surrounded by a few primary polymer foam 
cells (see Figure 5.4d). Of particular interest is that the cell walls in between these primary 
foam cells are much thinner compared to the non nucleated/expanded PMMA matrix 
surrounding them and that the size of the cells around the 155SiO2-RP particles is fairly 
uniform. This points towards simultaneous multiple heterogeneous nucleation events per 
added particle. In addition, the thin wall between some foam cells appears to be ruptured, 
or partly disappeared. This indicates that cell coalescence occurs during the initial stages 
of nucleation. An explanation for this behavior is provided later. 

The presence of multiple nucleation events per 155SiO2-RP particle is promising for 
developing nanocellular foams with increased cell densities. To exploit this option, it is 
of pivotal importance to obtain a deeper understanding of cell nucleation as a function of 
the surface roughening feature sizes. Therefore, we have prepared SiO2-R and SiO2-RP 
NPs with a diameter of ~ 80 nm, ~ 120 nm and ~ 200 nm to explore this idea. Figure S5.2 
shows SEM images of 80SiO2-R, 120SiO2-R and 200SiO2-R NPs. It is clear that the 
feature sizes of the roughened surfaces are different for the particles with different 
diameters, i.e. 80SiO2-R has only a few small protrusions at its surface, while 200SiO2-
R reveals numerous larger protruding features (Figure S5.2). It turned out that for the 
etching method used the initial SiO2 NP size has an impact on the particle roughness.52 

The SEM images of the cross sectioned PMMA foams nucleated by 80SiO2-RP 
(Figure 5.4e) and 200SiO2-RP (Figure 5.4f) NPs reveal distinct differences in the foam 
morphology, as well. For instance, 200SiO2-RP clearly shows the presence of multiple 
cells around single nucleating particles, however, no multiple cell nucleation events are 
observed around single 80SiO2-RP NPs. 
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Figure 5.4 SEM images of cross sectioned PMMA foams nucleated by (a) 155SiO2-S, (b) 
155SiO2-SP, (c) 155SiO2-R, (d) 155SiO2-RP, (e) 80SiO2-RP and (f) 200SiO2-RP NPs. The 
white arrows in (d) and (f) point towards the particles showing multiple cell nucleation 
events per particle. The insets show higher magnification images of nucleating NPs in 
cross sectioned PMMA foam cells. The saturation pressure, foaming temperature and 
foaming time were 55 bar, 40 °C and 1 second, respectively. 

Below we present quantitatively how the nucleation efficiency of SiO2-RP NPs 
depends on the particles surface roughness for a PMMA foamed in 1 second. Figure 5.5 
shows the cell size (4a), cell density (4b) and nucleation efficiency (4c) values for foams 
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nucleated by SiO2-S, SiO2-SP, SiO2-R, and SiO2-RP NPs as a function of the silica 
particle diameter. 

 
Figure 5.5 (a) Foam cell size, (b) cell density and (c) cell nucleation efficiency for PMMA 
foams nucleated by SiO2-S, SiO2-SP, SiO2-R and SiO2-RP with diameters of ~ 80 nm, 
~120 nm, ~ 155 nm and ~ 200 nm, respectively. The saturation pressure, foaming 
temperature and foaming time were 55 bar, 40 °C and 1 second, respectively. The inserts 
in Figure 5.5c show SEM images of cross sectioned PMMA foam cells showing the 
presence of multiple cells around single 155SiO2-RP and 200SiO2-RP NPs. 

As can be clearly seen from Figure 5.5a, the average cell size nucleated with SiO2-R 
and SiO2-RP NPs are smaller compared to SiO2-S and SiO2-SP NPs with the same 
diameter, respectively. In addition, upon increasing the particale diameter from 80 to 200 
nm, the average cell size decreases and the cell size distribution becomes narrower. SEM 
images of cross sectioned PMMA foams nucleated by 80SiO2-RP particles did not reveal 
any multiple cell nucleation events per particle (see Figure 5.4e), while for 120SiO2-RP 
this was observed for some particles (Figure S5.4). The decrease of multiple nucleation 
events is ascribed to a lower surface roughness of the 80-SiO2-RP and 120SiO2-RP NPs, 
resulting in a reduced number of effective nanocativities. However, for PMMA foams 
nucleated by 155SiO2-RP and 200SiO2-RP particles multiple cell nucleation events were 
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observed, which resulted in a higher CO2 consumption during cell growth compared to 
the foams without multiple cell nucleation events occuring. This explains the reduction 
in cell size to 160 ± 50 nm and 110 ± 60 nm for foams with 155SiO2-RP and 200SiO2-
RP particles, respectivley.  

The occurance of multiple cell nucleation events for SiO2-RP NPs with various 
roughnesses has, as expected, a significant effect on the cell density and nucleation 
effciency values (Figure 5.5b and c). The use of 200SiO2-RP NPs results in, similar to 
the 155SiO2-RP NPs, a significant boost in cell density and cell nucleation efficiency 
compared to the other particle types. In fact, for the 200SiO2-RP NPs the nucleation 
efficiency was ~ 6.2, which is the highest nucleation efficiency reported so far. 

In addition, 120SiO2-R and 120SiO2-RP particles have a higher nucleation efficiency 
compared to 120SiO2-S and 120SiO2-SP, respectively, as well (see Figure 5.5c). This is 
again qualitatively explained by the presence of the nanocavities. However, 80SiO2-RP 
show a comparable nucleation efficiency with 80SiO2-SP, which is ascribed to presence 
of mainly convex surface domains at its particle surface. Compared to concave surface 
roughness, convex structures have a higher cell nulceation free energy.41,42 

From Figure 5.5 it is obvious that for the particle sizes evaluated the SiO2-R NPs 
have nucleation efficiencies comparable to SiO2-SP NPs, while the SiO2-S particles are 
the least effective nucleating agents. Overall it is shown that NPs designed with a concave 
surface roughness are more efficient when used as nucleation agents compared to the 
nearly spherical ones and that a combination of roughness with a CO2-philic low surface 
energy PDMS shell has a very large synergetic effect on PMMA foam cell nucleation. 

5.2.3 Multiple Foam Cells Nucleation Mechanism  

The synergetic effect of a PDMS shell with the presence of cavities on the nucleation 
efficiency of SiO2-RP NPs was much higher than expected. In fact, we reason that for the 
higher number of cells to grow, more CO2 as a blowing agent must be available. Thus the 
CO2 absorption of PMMA films containing SiO2-S, SiO2-SP, SiO2-R and SiO2-RP 
particles with diameters of ~ 80 nm, ~ 120 nm, ~ 155 nm and ~ 200 nm were determined 
in order to further elucidate the cell nucleation efficiency as a function of the particle type 
and size. The results are shown in Figure 5.6a. As is obvious, PMMA films containing 
SiO2-S and SiO2-SP have no significant differences in CO2 absorption regardless of the 
particle diameter as compared to PMMA without NPs. The same is observed for 80SiO2-
R and 80SiO2-RP NPs. Hence for these particles the overall CO2 concentration is not 
altered while locally in the PMMA films the CO2 concentration may vary due to the 
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presence of the PDMS shell. Upon increasing the surface roughness of the particles, e.g. 
for the 120SiO2-R, 155SiO2-R and 200SiO2-R NPs, the amount of CO2 absorbed is 
expected to significantly increase. The presence of a PDMS shell increases the amount 
absorbed even more for these NPs. For instance, for 200SiO2-R and 200SiO2-RP the 
increase in CO2 absorbed was ~ 4.7 wt% and ~ 8.8 wt%, respectivley, compared to the 
PMMA containing no particles (~ 18.2 wt%).  

This increase in CO2 absorption for the rough particles is ascribed to capilary 
condensation of CO2 in the nanocavities.62–64 The even larger increase in CO2 absorption 
for the rough particles with a PDMS shell with diamers of ~ 120 nm, ~ 155 nm and ~ 200 
nm compared to their bare counterparts is ascribed to the presence of CO2-philic 
molecules attached to the nanocavity surfaces, which is known to potentially enhance the 
absorption of CO2.65–67  

The higher physical blowing agent concentration close to the particle surface is 
favorable for increasing the nucleation rate and combined with the presence of a low 
surface energy PDMS shell in the nanocavities the foam cell nucleation efficiency of 
these particles is significantly enhanced. Figure 5.6b shows a schematic representation of 
the proposed mechanism leading to multiple cell nucleation events for PDMS grafted 
SiO2-R. Upon saturation of PMMA films containing SiO2-RP NPs, CO2 capillary 
condensation in the cavities results in the presence of significantly increased amounts of 
CO2 in close proximity of the nucleating particle surface. The nanocavities are 
energetically favorable nucleating sites and together with the increased amount of 
available CO2, result in more than 1 nucleating event per particle (step A), subsequent 
cell growth (step B), and cell coalescence (step C). This is further experimentally 
confirmed by the development of the foam cell morphology as a function of the foaming 
time for PMMA foams nucleated by 155SiO2-RP NPs, as shown in Figure 5.6c-f. Upon 
increasing of foaming time, the cell walls in between these primary foam cells nucleated 
from the same single 155SiO2-RP appears to be ruptured or partly disappeared, leading 
to the cells coalescence. In addtion, the cell size and cell nucleation efficiency for PMMA 
foams, obtained with 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP NPs, were 
also determined as a function of the foaming time (see Figure S5.5). 
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Figure 5.6 (a) CO2 absorption for PMMA films containing SiO2-S, SiO2-SP, SiO2-R and 
SiO2-RP particles with diameters between 80 nm to 200 nm. The saturation pressure and 
time were 55 bar and 4h, respectively. The dashed line shows the CO2 absorption of 
PMMA containing no NPs. (b) Schematic representation of the nucleation of multiple 
cells from PDMS grafted SiO2-R NPs. SEM images of cross sectioned PMMA foams 
nucleated by 155SiO2-RP NPs for (c) 10 seconds, (d) 5 second, (e) 1 seconds and (f) 0.3 
seconds. In the insets, the foam cell wall around a single nanoparticle is shown. The 
saturation pressure and foaming temperature were 55 bar and 40 °C, respectively. 

Overall, we presented that by incorporating PDMS decorated SiO2-R NPs in PMMA 
matrix, multiple cell nucleation events per nanoparticle can be achieved. The designer 
NPs we developed and prepared in this Thesis exhibit significantly higher cell nucleation 
efficiency in PMMA nanocellular foaming compared to their bare and nearly spherical 
counterparts. We have also exploited 155SiO2-RP NPs in the CO2 assisted batch foaming 
of polystyrene and the corresponding SEM images revealed the occurrence of multiple 
cell nucleation events as well (see Figure S5.6). Hence, these hybrid core shell NPs are 
very promising as highly efficient cell nucleation agents in polymer nanocellular foaming 
in general. 

To fully exploit the high nucleation efficiency of SiO2-RP particles it is of pivotal 
importance to find foaming strategies and foam matrices that allow both the introduction 
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of a high number of cell nuclei and also ensure early cell stabilization during the foaming 
process to prevent cell coalescence. For instance, without optimization of any of the 
foaming parameters and or composition of the PMMA nanocomposite matrix we have 
obtained a high cell density of ~ 6.6 × 1013 cells cm-3, which is already very close to the 
order of magnitude of interest for superior thermal isolation (i.e. 1014 cells cm-3). Future 
work must be directed to developing new strategies for sufficiently increasing the surface 
roughness of NPs with a particle diameter < 100 nm. This is essential since at the same 
weight percentage of particle loading a higher number of effective nucleation agents is 
available when smaller particles are used. 

5.3 Conclusion 

In summary, SiO2-R NPs were synthesized via attaching and etching approaches. 
Particles synthesized via the attaching method showed unevenly distributed smaller 
particles on the larger core particles. The fact that the attaching method can only achieve 
partial coverage and the long reaction time required, directed us towards exploring the 
etching method to prepare SiO2-R NPs. The etching method resulted in the uniform 
formation of small (20-30 nm) silica domains covering the surface of SiO2-R NPs. The 
SiO2-R NPs synthesized via the etching method were successfully exploited as efficient 
nucleation agents in CO2-blown PMMA nanocellular foaming. Compared to nearly 
spherical SiO2 NPs, SiO2-R NPs exhibit a higher nucleation efficiency after being 
incorporated in the PMMA matrix due to the lower critical nucleation energy. Multiple 
nucleating events per particle were observed for SiO2-RP NPs with core diameters of 155 
nm and 200 nm, respectively. The highest nucleation efficiency obtained was 6.2 for 
200SiO2-RP NPs. The significantly higher nucleation efficiency (well above unity) of the 
core-shell surface roughed silica NPs is attributed to the synergetic effect of the thin 
PDMS shell combined with the presence of nanocavities on the NPs' surface as well as 
the higher CO2 absorption. This results in an increased physical blowing agent 
concentration available for nucleation close to the energetically favorable nanocavities as 
nucleating sites. Hence, PDMS decorated, core-shell surface roughed silica NPs are very 
promising to be used as an interesting class of highly efficient nucleation agents. To 
increase our understanding of multiple cell nucleation events by PDMS decorated core-
shell surface roughed silica NPs, future work should be directed to the quantification of 
the relationship between nucleation energy barrier and surface cavity structure 
dimensions, as well optimization of foaming conditions to stabilize the nucleated multiple 
cells during the early stages of foaming.   
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5.4 Materials and Methods 

Materials. PMMA was obtained  from Arkema (VM100, i.e. a PMMA-co-EA 
polymer, ρ = 1.18 g cm-3) (La Garenne-Colombes, France). Absolute ethanol for analysis 
was purchased from Merck (Darmstadt, Germany). Absolute tetrahydrofuran (THF), 2-
propanol 99.8% and chloroform 99.9% were acquired from Biosolve (Valkenswaard, the 
Netherlands). Monoglycidyl ether terminated poly(dimethylsiloxane) (PDMS-G) (Mw = 
1000 g mol-1), ammonium hydroxide solution 28  ̶ 30%, (3-aminopropyl)triethoxysilane 
≥ 98% (APTES), Sodium borohydride purum p.a., ≥ 96% (gas-volumetric) (NaBH4), 
polyvinylpyrrolidone with a molar mass of 40,000 g mol-1 (PVP40), (3-
Glycidyloxypropyl)trimethoxysilane ≥98% (GPS), and tetraethyl orthosilicate (TEOS) ≥ 
99.0% were purchased from Sigma-Aldrich (St. Louis, MO, USA). Milli-Q water was 
produced by a Millipore Synergy System (Billerica, MA, USA). Unless otherwise 
mentioned, all other chemicals were used as received. 

Stöber Silica Nanoparticle Synthesis. Nearly smooth Stöber silica nanoparticles 
(SiO2-S NPs) with a diameter of ~ 80 nm, ~ 120 nm, ~ 155 nm, ~ 180 nm ~ 200 nm, ~ 
310 nm and 600 nm were prepared by the Stöber method. To prepare SiO2-S NPs with a 
diameter of ~ 155 nm, 100 ml ethanol was mixed with 8 ml Milli-Q water and 10 ml 
TEOS in the presence of 5 ml ammonium hydroxide while stirring at 500 rpm at 50 °C. 
After 4.5 hours the SiO2-S NP dispersion obtained was centrifuged at 10,000 rpm for 30 
min. Subsequently, the collected SiO2-S NPs were redispersed in ethanol and centrifuged 
again. This washing step was repeated 2 more times followed by vacuum drying the 
collected SiO2-S NPs at room temperature for 12 hours. To prepare SiO2-S NPs with a 
diameter of ~ 80 nm, 168 ml ethanol was mixed with 28 ml Milli-Q water and 30 ml 
TEOS in the presence of 2 ml ammonium hydroxide while stirring for 1.5 hours at 500 
rpm at room temperature. To synthesize the ~ 120 nm particles 100 ml ethanol was mixed 
with 8 ml Milli-Q water and 5 ml TEOS in a round bottom flask stirring at 500 rpm and 
subsequently 5 ml of ammonium hydroxide was added and reacted for 3 hours at 50 °C. 
To synthesize the ~ 180 nm particles 100 ml of ethanol was mixed with 8 ml Milli-Q 
water and 10 ml TEOS in the presence of 5.3 ml ammonium hydroxide in a 250 ml round 
bottom flask while stirring at 500 rpm. The reaction was conducted for 4.5 hours at 50 
°C. To synthesize the ~ 200 nm particles 100 ml of ethanol was mixed with 8 ml Milli-Q 
water and 10 ml TEOS in the presence of 5.6 ml ammonium hydroxide in a 250 ml round 
bottom flask while stirring at 500 rpm. The reaction was conducted for 4.5 hours at 50 
°C. To synthesize the ~ 310 nm particles 100 ml ethanol was mixed with 8 ml Milli-Q 
water and 10 ml TEOS in a round bottom flask stirring at 500 rpm and subsequently 7.0 
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ml of ammonium hydroxide was added and reacted for 4.5 hours at 50 °C. To synthesize 
the ~600 nm particles 75 ml 2-propanol was mixed with 25 ml methanol and 10 ml TEOS 
in a round bottom flask stirring at 270 rpm and subsequently 21 ml of ammonium 
hydroxide was added and reacted for 24 h at room temperature. The collecting, washing 
and drying steps of NPs were the same as described for NPs of ~155 nm. 

Silica Nanoparticle Hydrolysis. To introduce silanol groups on the surface of the 
prepared SiO2-S NPs, these were redispersed in Milli-Q water by sonication (BRANSON 
2510, Canada) for 1 hour. Subsequently, hydrochloric acid was added to the dispersion 
while stirring at 500 rpm until the pH of the solution reached a value of approximately 1. 
After 4 hours the dispersion was centrifuged at 10,000 rpm for 30 min. The collected NPs 
were redispersed in Milli-Q water and centrifuged again. This washing step was repeated 
2 more times followed by drying the silanol functional NPs (SiO2-OH) under vacuum at 
room temperature for 12 hours.  

Amino-Functionalization of Silica Nanoparticles. 1.5 g SiO2-OH NPs were 
redispersed in 50 ml ethanol followed by the addition of 7.5 ml APTES. The dispersion 
was left to stir at 500 rpm at room temperature for 17 hours. The APTES functionalized 
NPs (SiO2-NH2) were collected by centrifugation at 10,000 rpm for 30 min and 
redispersed in ethanol and centrifuged again. This washing step was repeated 2 more 
times followed by drying the collected SiO2-NH2 NPs under vacuum at room temperature 
for 12 hours.  

Epoxy-Functionalization of Silica Nanoparticles. 1.5 g of SiO2-S (600 nm) were 
re-dispersed in 40 mL dry toluene, followed by addition of 0.2 g GPS in 5 mL dry toluene 
in dropwise under vigorous stirring. The suspension was stirred at 50 °C under N2 
atmosphere for 24 h. The GPS grafted SiO2 NPs (SiO2-GPS) were collected by 
centrifugation and washed with toluene twice, then vacuum dried at 50 °C for 12 h. 

Grafting to of PDMS-G to Silica Nanoparticles. 1.0 g of SiO2-NH2 NPs were 
redispersed in 20.5 ml THF and 15 g PDMS-G while stirring at 500 rpm for 1 hour 
followed by sonication for 1 hour. Subsequently, THF was removed by rotary 
evaporation and the resulting silica nanoparticle dispersion in PDMS-G was immersed in 
an oil bath thermostated at 80 °C for 17 h. Following cooling to room temperature the 
reaction mixture was washed with THF and centrifuged at 10,000 rpm for 30 min. This 
washing step was repeated 2 more times, followed by vacuum drying the PDMS-G 
grafted silica NPs (SiO2-SP) at room temperature for 12 hours. 

Synthesis and Modification of Surface Roughness Engineered Silica 
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Nanoparticles via the Attaching Method. 0.3 g SiO2-NH2 (80 nm) were suspended in 
20 mL ethanol. Next, 0.6 g of SiO2-GPS (600 nm) were suspended in 15 ml ethanol, 
which were then added dropwise to the SiO2-NH2 suspension. The suspension was 
refluxed at 70 °C for 24 h under N2 flux. The SiO2-R were collected by centrifugation 
and washed with ethanol twice, followed by vacuum drying at 50 °C for 16 h.  

Synthesis and Modification of Surface Roughness Engineered Silica 

Nanoparticles via the Etching Method. To synthesize NPs with enhanced surface 
roughness of ~ 80 nm, 0.3 g SiO2-S NPs of ~ 80 nm and 0.25 g PVP were redispersed in 
10 ml Milli-Q water by sonication for 30 min. Subsequently, 0.6 g NaBH4 was added to 
the dispersion while stirring at 500 rpm at room temperature for another 30 min. The 
resulting mixture was reacted at 50 °C for 1 hour and 15 min. Stöber silica NPs with 
diameters of ~ 155 nm, ~ 180 nm and ~ 310 nm were used to synthesize rough surface 
NPs of ~ 120 nm, ~ 155 nm and ~ 200 nm, respectively, and the reaction were conducted 
for 3 hours and 20 min, 3.5 hours, and 6 hours, respectively. The other steps for synthesis 
of these surface rough NPs (with diameters from 120 to 220 nm) were the same as 
described for the synthesis of rough surface NPs of ~ 80 nm. Subsequently, The obtained 
NPs featuring rough surfaces were collected by centrifugation at 10,000 rpm for 30 min 
and redispersed in Milli-Q water and centrifuged again. This washing step was repeated 
2 more times followed by drying the collected NPs in vacuum at room temperature for 
12 hours. The process of amino-functionalization and grafting to of PDMS-G to the rough 
surface NPs were the same as described for the Stöber silica NPs. 

Nanocomposite Preparation. Nanocomposites were prepared by dispersing the 
same amount  of (functional) silica NPs (1.07 x 1013 cm-3) in PMMA with a mini extruder 
(DSM Xplore, the Netherlands). In a typical procedure a dry blend of NPs and PMMA 
was fed to the extruder followed by internal mixing for 3 minutes. The barrel temperature 
was set to 155 °C and the screw speed was 100 rpm. Subsequently the PMMA 
nanocomposite was collected and left to cool to room temperature.  

Film Preparation. A hot press (Fontijne, the Netherlands) was used to press ~ 0.2 
mm thick nanocomposite films in a mold (4 × 3 cm). The press temperature, applied load 
and press time were 180 °C, 250 kN and 10 minutes, respectively.  

Batch Foaming of Nanocomposite Films. The nanocomposite PMMA films were 
saturated with CO2 (55 bar) in an autoclave for 4 hours at room temperature followed by 
rapid depressurization. Subsequently, the PMMA nanocomposite films were immersed 
in a water bath thermostated at 40 °C for different foaming time (0.3 second, 1 second, 5 
second, 10 second and 30 second) after which the samples were quenched in an ice bath 
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for 30 minutes. The samples were left to dry in air for at least 12 hours prior to further 
analysis. 

Fourier Transform Infrared Spectroscopy. FTIR spectra were collected with a 
Bruker ALPHA single attenuated total reflection (ATR) FTIR Spectrometer equipped 
with an ATR single reflection crystal (Bruker Optic GmbH, Ettlingen, Germany). The 
spectra were collected in the range of 400  ̶  4000 cm-1 (spectral solution of 4 cm-1, 128 
scans). Background spectra were recorded against air. 

Thermogravimetric Analysis. The weight loss of the (modified) particles as a 
function of temperature was measured with a TGA400 (PerkinElmer, Inc., Waltham, 
MA, USA). A sample weighing ~ 3  ̶  6 mg was loaded into the platinum pan and the 
temperature was set to 50 °C to stabilize. Subsequently the sample was heated to 900 °C 
at a heating rate of 20 °C min-1. The applied air flow was 20 ml min-1. 

Transmission Electron Microscopy. TEM was performed by a FEI/Philips CM300 
system (Eindhoven, the Netherlands). Diluted particle dispersions in THF were deposited 
on the carbon side of a carbon/copper grid (HC200-Cu) (EMS, Germany) prior to 
imaging. Images were obtained in the bright field mode with a 300 kV acceleration 
voltage. 

Scanning Electron Microscopy. For SEM a high-resolution scanning electron 
microscope (JEOL Field Emission JSM-633OF, JEOL Benelux, Nieuw-Vennep, the 
Netherlands) was employed using an acceleration voltage of 5 keV. Prior to analysis the 
nanocomposite foams were freeze fractured following cooling in liquid nitrogen for 5 
minutes. 

Surface Area Measurements of Nanoparticles. The specific surface area of the 
NPs was measured by determining nitrogen adsorption isotherm obtained at 300 °C using 
an ASAP 2010 Sorptometer (Micromeritics). Around 100 mg nanoparticle powder was 
used for each measurement. 

CO2 Absorption Measurement. To measure the absorption of CO2 PMMA 
nanocomposite films containing the same amount of the respective NPs were saturated 
in CO2 at 55 bar for 4 hours. The weight of the PMMA (nanocomposite) films before and 
after CO2 saturation were measured. 

Calculation of PDMS Grafting Density. The grafting density (D ) of PDMS 
decorated NPs surface was determined according to equation 1. 
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																																																											D =
E∗(2/I)

K
                                                            eq.1 

K = 6.02	 ∗ 10"-  mol-1 which is Avogadro’s number, m is the weight of PDMS 
grafted per gram NPs (determined from TGA). M = 1,000 g·mol-1, which is the molar 
mass of the used PDMS. S is the surface area per gram NPs, which was determined by 
BET. 

Calculation of Cell Density and Nucleation Efficiency. The cell size and cell 
density were obtained by analyzing the obtained SEM cross sectional images. Cell 
density ( hL ) of the foams was calculated according to Kumar's theoretical 
approximation.68 No direct measurements of cell dimensions over the micrograph are 
required in this method, only the micrograph area (i) and the total number of cells (Y) 
contained therein are measured. Together with the magnification factor of the micrograph 
(j), hL can be calculated according to equation 2. 

																																																							hL = k
M?I"N
O
l
- "⁄

                                                     eq.2 

By combining NV with the volume expansion ratio (m) of nanocomposite films after 
foaming, the cell numbers per cm3 of unfoamed materials (h) can be calculated according 
to equation 3. 

																																																										h = hL ∗ m                                                          eq.3 

The mentioned cell density in the main text are all refer to h . In addition, the 
nucleation efficiency (5 ) of NPs during foaming can be calculated as:  

																																																															5 = h n⁄                                                          eq.4 

Where n is the number of NPs per cm3 (i.e., 1.07 x 1013) used for foaming. 

Figure S5.7 shows how we calculated the amount of cells in the occasion of multiple 
cell nucleating events occurring around a particle.  
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5.5 Supporting Information 

 
Figure S5.1 The specific surface area determined by BET measurements of SiO2-S and 
SiO2-R NPs with a diameter of ~ 80 nm, ~120 nm, ~155 nm and ~ 200 nm.  

BET measurements were used to determine the surface area of the prepared silica 
NPs. The results are shown in Figure S5.1. It is obvious that the surface area of NPs was 
significantly increased after NaBH4 treatment. For the NPs with a diameter of 155 nm the 
surface area increased from 32.4 m2 g-1 (155SiO2-S) to 116.0 m2 g-1 (155SiO2-R). Nearly 
3.6 fold increase in surface area is in good agreement with the 3.4 times higher grafted 
amount of PDMS to these particles.  

 
Figure S5.2 SEM images showing SiO2-R NPs with a diameter of (a) 80 nm, (b) ~120 nm, 
and (c) ~ 200 nm.  

Figure S5.2 shows the SEM images of the SiO2-R NPs with diameters of ~ 80 nm, ~ 
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120 nm and ~ 200 nm. Figure S5.3 shows cross sectional SEM images of the 80 nm series 
of particles melt blended in PMMA as a representative case to demonstrate the particle 
disperion in the composite. From Figure S5.3 it is clear that a good particle dispersion 
was obtained by melt blending.  

 
Figure S5.3 Cross sectional SEM images showing the dispersion of (a) 80SiO2-S, (b) 
80SiO2-SP, (c) 80SiO2-R and (d) 80SiO2-RP NPs in PMMA. 
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Figure S5.4 SEM images of cross sectioned PMMA foams nucleated by 120SiO2-RP NPs. 
The saturation pressure, foaming temperature and foaming time were 55 bar, 40 °C and 
1 second, respectively. The white arrows point towards the particles showing multiple 
cell nucleation events per particle. 

Figure S5.4 shows the SEM images of cross sectioned PMMA foams nucleated by 
120SiO2-RP NPs. The multiple cells nucleation events were observed for some of the 
particles. 

 
Figure S5.5 (a) Foam cell size and (b) cell nucleation efficiency as a function of foaming 
time for PMMA foams nucleated by 155SiO2-S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP 
NPs. The used saturation pressure and foaming temperature were 55 bar and 40 °C, 
respectively. 

The cell size and cell nucleation efficiency for PMMA foams nucleated by 155SiO2-
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S, 155SiO2-SP, 155SiO2-R and 155SiO2-RP NPs were determined as a function of the 
foaming time. The results are shown in Figure S5.5. It is obvious that regardless of the 
type of NP used cell size of the corresponding PMMA foams increases as a function of 
foaming time up to 10 seconds after which it reaches a plateau value with a size value 
that depends on the nucleating particle type used.  

The cell nucleation efficiency of PMMA foams containing 155SiO2-SP NPs is higher 
compared to those containing 155SiO2-S NPs for the same foaming time (as shown in 
Figure S5.5b), which is ascribed to the high CO2-philicity and low surface energy of the 
thin PDMS shell of the 155SiO2-SP NPs.56 Interestingly, the SiO2-R NPs, i.e. 155SiO2-R 
NPs, show a higher cell nucleation efficiency compared to that of 155SiO2-S NPs, as 
well. This is ascribed to the presence of cavities on the SiO2-R NP surfaces, resulting in 
energetically favorable cell nucleation.40 The nucleation efficiency of 155SiO2-RP 
decreases upon increasing the foaming time. This is due to the observed cell coalescence 
occurring during the early stages of foaming (see Figure 5.5c-f). Notably, the nucleation 
efficiency of 155SiO2-RP NPs is well above 1 within the first 10 seconds of foaming, 
which is ascribed to the multiple cell nucleation events occurring per nucleating 155SiO2-
RP NPs. The excellent nucleation performance of 155SiO2-RP NPs is ascribed to the 
energetically favorable cell nucleation from the particles surface cavities combined with 
the presence of a CO2 philic PDMS layer around the 155SiO2-RP NPs.40–42 

 
Figure S5.6 SEM images of cross sectioned polystyrene foams nucleated by 150SiO2-RP 
NPs. The saturation pressure, foaming temperature and foaming time were 55 bar, 100 
°C and 1 second, respectively. The white arrows point towards the particles showing 
multiple cell nucleation events per particle. 
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Figure S5.7 SEM image showing multiple nucleating events at individual 200SiO2-RP 
NPs. The white arrows point at the cells we included in the calculation of the cell density. 
We counted cells only when the cell walls were clearly visible.  
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Chapter 6  

Fluorescent Polyethylene by In-Situ  
Facile Synthesis of Carbon Quantum Dots 

Facilitated by Silica Nanoparticle 
Agglomerates 

 

 
 

We describe an in-situ facile synthetic approach to prepare carbon quantum dot 
(CQD) fluorescent markers (FMs) for polyethylene in the presence of agglomerated silica 
nanoparticles (SiO2 NPs), under mild reaction conditions. First SiO2 NPs, prepared by 
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the Stöber method, were dispersed in toluene. This dispersion was added to a 
polyethylene (PE) solution in toluene. After heating (either in air or under Ar) a 
fluorescent mixture was obtained. After drying, PE films were obtained by compression 
molding, which showed strong blue fluorescence, attributed to CQDs. SiO2 NPs loading 
values varied between 0.5 and 4 wt %. Subsequent to isolation, the fluorescent CQDs 
were characterized by TEM, UV-VIS and fluorescence spectroscopy. TEM imaging 
unveiled a lattice spacing value of 0.21 nm of the isolated fluorescent particles that is 
typical for (100) graphite plane lattice spacing in CQDs. UV spectroscopy and 
fluorescence measurements show characteristic absorption and excitation spectra for 
aromatic core and oxidized surface defects typically observed for CQDs. The emission 
maximum for PE/CQD samples increased from 394 nm to 408 nm when the reaction 
temperature was decreased from 110 °C to 90 °C, which is attributed to increasing oxygen 
content in the reaction mixture upon decreasing the reaction temperature. When the 
reaction was performed under Ar, the PE/CQD samples emitted in the ultraviolet region 
(286 nm). Finally, we demonstrated that PE samples marked with CQDs can be easily 
visually identified upon irradiating with 367 nm light. Thus the marked PE can be used 
e.g. as a labelling ingredient in master batches for component identification, and in 
recycling.  
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6.1 Introduction  

To decrease the environmental impact of plastic waste and consumption of fossil 
resources employed in the production of plastics, recycling plastic waste is an essential 
practice. However, plastic sorting efficiency and component identification remain a 
technological challenge.1–3 To increase the recycling rate for plastic waste, one needs to 
improve the sorting accuracy and speed. To this end, adding fluorescent markers (FMs) 
to enable high-efficiency sorting is one of the most promising approaches. 

Currently, there are three main approaches to plastic waste management. These are 
landfilling, incineration, and chemical/mechanical recycling.3 In general, plastic waste 
streams are treated with other municipal waste streams for landfilling and incineration. 
More than 80% of the waste plastic is disposed in the landfill.3 Due to plastics' usually 
high resistance to degradation, it can take more than 50 years for a piece of plastic to 
degrade after being buried.4,5 Degradation of landfilled plastic waste can damage the 
environment by, e.g., releasing large amounts of greenhouse gasses (CO2), accelerating 
global warming, and forming microplastics/nanoplastics that may eventually accumulate 
in humans.6,7 Besides these environmental concerns, landfilling is getting increasingly 
expensive in highly-populated areas, like in Western Europe and in Southern China.8 
Incineration is also a standard method for plastic waste management.3 Its most significant 
advantages are that upon incineration, the waste volume is reduced and that 
simultaneously, the heat of combustion can be used for electricity generation. In 2015, 
approximately 12% of the global plastic waste was incinerated.9 However, the toxic gases 
released by incineration pose a significant health and environmental concern, especially 
when the incineration plants are operated in densely populated areas.10 Furthermore, the 
incineration of plastic waste is accompanied by a relatively high CO2 emission. 
Incineration of 1 kg plastic waste can release up to 4.6 kg of CO2, which for 1 kg 
municipal solid waste (MSW) is only 1.2 kg.11 Typically, MSW contains approximately 
10-12% of plastic. Thus sorting plastic waste from MSW before incineration will 
substantially decrease greenhouse gas emissions.10 

Compared to landfilling and incineration, recycling is an eco-friendlier way to deal 
with plastic waste.11–13 Recycling plastic reduces the above-mentioned environmental 
issues and decreases the required amount of fossil fuel to produce new plastic by reducing 
the demand for virgin materials. It is widely accepted that recycling plastics is an essential 
step towards creating a circular economy.14 There are two main approaches for recycling 
plastics, i.e. by using chemical or mechanical methods.2 Depending on the composition 
of the plastics to recycle, each method has its strengths and weaknesses.1  
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The sorting of plastic waste typically consists of three steps.1 First, Fourier transform 
near-infrared (FTNR) spectroscopy and a color recognition camera are used to pre-sort 
various plastic types from waste streams. The second step consists of milling the plastic 
waste into small pieces and removing the non-plastic residuals. The final step is to further 
sort the milled plastics by type. Various techniques are in place for sorting plastic waste 
streams, like sink/float separation,15 electrostatic separation,16 air elutriation,17 froth 
flotation,18 and selective degradation.19 Each of the above-mentioned techniques has its 
strengths and weaknesses; for more details, the interested reader is directed to references 
20,21. 

The use of FMs, as an accurate and cost-effective approach to identify and sort 
specific polymers from plastic waste streams, has received considerable attention in 
recent years.21–25 FMs can be incorporated in polymer matrices via masterbatches, e.g., 
by extrusion or injection molding. They can even be applied as a thin fluorescent coating 
onto the finished plastic products or intermediates.26,27 For instance, Massardier et al. 
reported the incorporation of 0.1 wt% of lanthanide complex particles into a 
polypropylene (PP) matrix under a high shear rate (N = 800 rpm) to prepare a fluorescent 
polypropylene that is detectable with UV-ray fluorescence spectrometry within 10 
milliseconds.23 Langhals et al. reported using organic dyes, i.e. perylene ester, perylene 
carboxylic bisimide, and terylene carboxylic bisimide FMs to identify polymers by 
measuring the time constant of autofluorescence decay values.25 They also demonstrated 
that the polymer type (styrene-polyacrylonitrile copolymer, polyoxymethylene, or 
polyamide) alters the fluorescence lifetime values of the incorporated markers. This 
observation opened the path towards using the difference in the time constant values of 
the autofluorescence decay in sorting of different types of plastics. Recently, Woidasky 
et al. reported adding oxide crystals, doped with rare earth elements, as up-conversion 
inorganic FMs to the polymer matrix for marking and identification.28 By utilizing the 
up-conversion fluorescence of the FMs, the authors were able to generate 
photoluminescence (PL) in the visible light range upon near IR (NIR) excitation and, as 
such, eliminate the influence of background emission from plastics and additives.  

Despite promises, there are numerous open challenges when considering the use of 
fluorescent particles/dyes at industrially relevant scales. For instance, fluorescent 
particles/dyes usually suffer from high cost, toxicity, and poor photostability.29–32 These 
drawbacks currently limit their use as FM labeled plastics on a large scale. Thus, if 
progress is to be made in this area, additional efforts are needed. Keeping this in mind, 
we decided to tackle the problem of loading polyethylene (PE) by carbon quantum dots 
(hereinafter CQDs) and explored facile reaction routes to obtain fluorescent labelled PE.  
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CQDs are considered as a viable alternative for fluorescent dyes and inorganic QDs 
because of their low toxicity, low cost, good solubility, and high photostability.33 A 
variety of techniques have been deployed to synthesize CQDs. These methods can be 
classified into two categories, i.e. top-down and bottom-up approaches.34–36 

The 'top-down' method usually involves chemical, electrochemical and physical 
approaches to break down large carbon-based materials, i.e. carbon soot, carbon 
nanotubes, graphite, etc.37,38 The 'bottom-up' approach typically utilizes 
solvothermal/hydrothermal carbonization, laser ablation, electrochemical oxidation, 
microwave irradiation, or pyrolysis to grow CQDs from organic molecules.39 Many 
organic compounds have been reported to be used to synthesize CQDs via the bottom-up 
method, for instance, polybasic acid, glucose, sucrose, glycol, glycerol, chitosan.40–44 
Among the techniques used to synthesize CQDs, solvothermal/hydrothermal 
carbonization is considered one of the simplest, most direct, and most efficient 
pathways.43 However, the complicated chemical reactions, time-consuming purification, 
and harsh synthesis conditions pose serious challenges for large-scale applications.36,45 

 
Figure 6.1 Schematic of CQD formation through thermal PE degradation inside the 
cavities/pores of silica nanoparticle aggregates. The method does not require extensive 
particle purification; upon removing the solvent, the particles are readily used as FMs in 
PE.  

In this Chapter we introduce a facile 'bottom-up' route that uses silica nanoparticles 
(SiO2 NPs) as enablers to fabricate fluorescent CQDs from polyethylene (PE). The 
reaction scheme is captured in Figure 6.1. One of the most beneficial features of this route 
is that upon removing the solvent, the CQD, silica, and PE mixture is present in a 
concentrated FM blend, which can be used as a masterbatch to add to (virgin) PE. Hence 
extensive and costly CQD collection and purification are not required. This opens new 
avenues to the widespread applicability of CQDs as FM for plastic waste recycling, which 
we will demonstrate in the last part of this Chapter. 
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6.2 Results and Discussion 

6.2.1 SiO2 Synthesis and Characterization 

First, we employed a modified Stöber procedure to synthesize SiO2 NPs.46 Figure6.2a 
and Figure6.2b show a scanning electron microscope (SEM) image and the size 
distribution of the SiO2 NPs, respectively. The nearly spherical SiO2 NPs have an average 
particle size of 114 ± 11 nm and most of the particles have a diameter between 100 and 
130 nm. Figure6.2c shows a Fourier-transform infrared (FTIR) absorbance spectrum of 
the SiO2 NPs. In the FTIR spectrum, the SiO2 signature absorption bands ascribed to the 
asymmetric vibration of Si-O, the asymmetric vibration of Si-OH, and the symmetric 
vibration of Si-O are clearly observed at 1063 cm-1, 940 cm-1, and 803 cm-1, respectively. 
The broad absorption band with a maximum at 3431 cm-1 and the small peak located at 
1635 cm-1 are ascribed to O-H stretching absorbances by Si-OH bonds and to physically 
absorbed water.47 The small absorption bands located at 2980 cm-1 and 1452 cm-1 indicate 
the presence of CH2/CH3, which is attributed to residual ethoxy moieties.47 

 
Figure 6.2 a) SEM image and b) size distribution of SiO2 NPs used in this work. c) Single 
reflection ATR-FTIR absorbance spectrum of the as-prepared SiO2 NPs. 

6.2.2 PE/SiO2 Composites and Fluorescence Microscopy 

In Figure 6.3, fluorescent microscope images (λex 360-370 nm and λem >460 nm) of 
2.5-PE/SiO2 thin films obtained by employing varying reaction times up to 72 h are 
shown. From this figure, it is clear that upon increasing the reaction time, the observed 
fluorescent emission intensity increases (see also later). Additionally, for separate 
PE/toluene and SiO2/toluene samples heated for 24 hours in air at 110 °C, no fluorescence 
was observed. Thus, we conclude that the combination of SiO2 NPs and PE together is 
required for the reaction that results in fluorescent material. In the following sections, we 
will first confirm that CQDs are formed and explain the role of the SiO2 NPs in the 
reaction. In the last part of this work, we show that modest shifts in the emission 
wavelengths are obtained upon changing the reaction conditions (from air to Ar). 
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Figure 6.3 Fluorescent microscopy images of 2.5-PE/SiO2 thin films prepared as a 
function of the reaction time up to 72 hours in air.  

6.2.3 The Origin of the Observed Fluorescent: CQD Isolation and 
Characterization 

During preparation, as mentioned, liquid nitrogen quenching of the toluene solution 
containing 2.5-PE/SiO2 and CQDs was used to suppress PE crystallization and leave the 
particles (SiO2 NPs and CQDs) in the toluene phase. Following the removal of the 
residual PE and subsequently the SiO2 NPs by filtration, the residual toluene fraction was 
dried to isolate the fluorophores. Subsequently, small quantities of a yellowish paste were 
formed at the bottom of the container. This paste was used to prepare samples for 
transmission electron microscope (TEM) analysis. Figure 6.4a shows an TEM image of 
the residual paste, revealing crystalline nanoparticles (dark, circular objects). The arrows 
in Figure 6.4a point at single fluorophores. From zoomed-in images (such as shown in 
the top right inset) and following a Fast Fourier Transform (FFT) analysis of the TEM 
intensities (bottom right inset), a lattice spacing of 2.1 Å for the nanoparticles was 
determined. This value agrees well with the (100) plane graphite lattice spacing typically 
observed for CQDs.48–51 While we expected clear TEM images of the CQDs, the particle 
edges appear slightly blurred. We attribute this to the presence of residual polymer that 
the isolation process did not remove, combined with curvature effects. The residual 
polymer promoted particle agglomeration during TEM sample preparation. The average 
diameter for the CQDs was 2.3 ± 0.5 nm, which agrees with the particle height measured 
by atomic force microscope (AFM) (2.2 ± 0.7 nm, see Figure 6.4c) 
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Figure 6.4 a) TEM image, b) single reflection ATR-FTIR absorbance spectrum and c) 
AFM image. d) Normalized UV-Vis absorption (blue), excitation (λem=386 nm) (red), 
and emission spectra (λem=286 nm (orange) and 340 nm (green)) of the isolated CQDs 
and the polymeric residue suspended in toluene.  

The residual polymer and the fact that the samples for TEM imaging were retrieved 
as a yellowish paste indicate the presence of degraded polymer that remained in the 
toluene during liquid nitrogen quenching and was not removed by filtration and drying. 
Figure 6.4b shows an FTIR spectrum of the yellowish paste obtained. The spectrum has 
all the representative peaks of PE with additional peaks located at 1712 cm-1 and 1736 
cm-1 corresponding to absorbances of C=O from carboxylic acids and aldehyde, 
respectively.52 Those peaks typically indicate thermooxidative degradation of PE.53 There 
is also a noticeable small peak located at 1660 cm-1, indicating that C=C bonds were also 
formed.54 We note, that as described in the literature, oxidation of PE is required for the 
formation of CQDs.45 The sharp peak (289 nm) and the small shoulder (330-340 nm) 
from the Ultraviolet–Visible (UV-Vis) spectrum of the CQD suspension (Figure 6.4d) 
are ascribed to the π-π* transition of aromatic ring structures (C=C) and the n-π* 
transition of oxidized groups (C=O), respectively.55,56 The presence of C=C (π-π* 
transition) and C=O (n-π* transition) absorbance in the UV-Vis spectrum are in 
agreement with the structures observed in the FTIR spectrum, shown in Figure 6.4b. The 
normalized excitation spectrum exhibits a peak and shoulder combination that is similar 
to the UV-Vis spectrum. The excitation at 286 nm and 330-340 nm correspond to the 
CQD core (aromatic ring structure) and surface defects (C=O containing groups).57 The 
emission bands located at 337 nm and 383 nm are ascribed to the surface defects of 
CQDs. It is worth noting that when excited at 286 nm, the emission spectrum shows a 
small shoulder around 320 nm. This small shoulder is attributed to the photon emitted 
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directly from the CQD cores without being trapped by surface defects.58 

The absence of fluorescent and degradation products of PE heated without dispersed 
SiO2 NPs confirms that the SiO2 NPs play a role in forming the fluorescent CQDs. 
Therefore, to better understand the mechanism behind CQDs' formation during thermal 
treatment, one must first understand the role that the SiO2 NPs play in the reaction, which 
we elucidate in the following section.  

6.2.4 Role of SiO2 NPs in CQD Formation in Heated PE/SiO2 Solutions 

Dynamic light scattering (DLS) was used to investigate the dispersion of the SiO2 
NPs in toluene. Additionally, the morphology of SiO2 was observed by SEM in the PE 
matrix at room temperature. For DLS, the hydrodynamic radius of SiO2 NPs in water was 
also determined. Figure 6.5a and Figure 6.5b show the hydrodynamic particle size of 
SiO2 NPs suspended in water and in toluene, respectively.  

 
Figure 6.5 The hydrodynamic particle size of SiO2 NPs dispersed in a) water and b) 
toluene. 

The range of hydrodynamic particle diameter values of the SiO2 NPs in water is 
around 110 ± 3 nm, which agrees with the determined dry particle size by SEM (Figure 
6.6b). This confirms that after drying, the SiO2 NPs did not irreversibly aggregate. The 
hydrodynamic particle diameter values of the SiO2 NPs in toluene, however, varied in the 
range of 750 ± 45 nm, which is nearly seven times larger than the primary particle size, 
pointing at severe particle agglomeration in toluene. Figure 6.6 shows SEM images of 
the cross-sections of 1-, 2.5- and 4-PE/SiO2 films prepared after only 10 minutes of 
reaction time from the respective SiO2 PE solutions. Figure 6.6 shows that almost all SiO2 
NPs are present as part of large agglomerates (with sizes exceeding 1 μm) in 1- and 2.5-
PE/SiO2 films, while in 4-PE/SiO2 thin film, the observed SiO2 NPs formed a large 
number of smaller agglomerates with a diameter in the sub-micrometer range. Based on 
these results, we conclude that the SiO2 NPs agglomerated during the thermal treatment 
process. Like in mesoporous SiO2 particles (aerogels), the silica agglomerates in the 
PE/toluene mixture have an open porous structure. According to the literature, these pores 
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may act as nanometric size reactors that prolong the lifetime of radicals produced from 
the thermal degradation of polyolefins.59 These long-lived radicals confined in the pores 
have more chance to react with other PE molecules, accelerating the thermal degradation 
of PE. The confinement effect on the kinetics of enzymatic reactions has been shown 
earlier by us and presumably can be extended to the radical activities of degraded PE.60 
Typically, the thermal degradation rate for PE is low at 110 °C.61 When these nanometric-
sized reactors are present, we increased the PE degradation reaction rate at lower 
temperatures and prepared CQDs from the degradation products within few hours. 

 
Figure 6.6 SEM images of cross-sectioned a) 1-PE/SiO2, b) 2.5-PE/SiO2, and c) 4-
PE/SiO2 thin films after 10 minutes of thermal treatment. The red circles indicate SiO2 
NP agglomerates. 

Heat is a known physical factor that triggers the formation of macroradicals when 
accompanied by oxygen62: 

=$ + '" → [=$'"]
∆
→=∗ +$'"

∗ 

RH represents the monomer units of PE (CH2). Typically, the free radicals in solution 
at elevated temperature have a very short half-life time, in the range of 10-9 to 10-6 s. 
However, the pores/cavities accessible from the surface of SiO2 NP agglomerates can act 
as nanometer-sized reaction vessels that prolong the half-life of free radicals and 
therefore accelerate the degradation of PE.59 Consequently, the HO2* radicals formed in 
the nanocavities remain active for a longer time and have a higher chance of reacting with 
RH units to produce more R* radicals. Subsequently, the free radicals R* react with 
adjacent RH units to form vinyl groups resulting in chain-scission and the formation of 
C=C bonds: 

~n∗$ − n$" − n$"~ → ~n$ = n$" + n
∗$"~ 

This mechanism is supported by the appearance of the observed C=C absorbance 
band at 1660 cm-1 in the FTIR spectrum (Figure 6.4b), indicating the presence of vinyl 
groups in CQDs and in the polymer residue.63 During CQD formation, the initially 
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degraded polymer forms C=C/C-C frameworks inside the porous agglomerated SiO2 NPs 
during the thermal degradation/oxidation, thereby acting as skeletons/nucleus. As 
degradation progresses, these nuclei grow to nanometer-sized CQDs.64 

Free radicals R* can also undergo oxidation with oxygen to form peroxide radicals 
(RO2*), followed by reacting with neighboring monomer units to form hydroperoxides 
(ROOH)62: 

=∗ + '" → ='"
∗ 

='"
∗ + =$ → =''$ + =∗ → ='$ + ='∗ 

The presence of carboxylic acid (ROOH) and aldehyde (ROH) moieties formed by 
the thermal oxidation are also supported by the observed sharp peaks (C=O) located at 
1712 and 1736 cm-1 in the FTIR spectrum (Figure 6.3), respectively. The formation of 
C=O can occur either on the CQDs resulting in the presence of impurities and surface 
defects in the CQDs, or on the polymer chains resulting in the formation of carbonyl 
groups. As it was not among the objectives of the scope of this study, we cannot confirm 
whether the CQDs do or do not have these defects. This requires more extensive 
purification and characterization of the CQDs. 

6.2.5 Effect of SiO2 NPs Concentration of Fluorescent Intensity of 
PE/SiO2 Thin Films 

To further investigate the influence of SiO2 NPs on the fluorescent properties, 
PE/SiO2 composites with particle concentrations of 1, 2.5, and 4 wt% were prepared with 
up to 24 hours of thermal treatment at 110 °C in air. The as-prepared composites were 
proceeded into thin films and measured with a fluorescent microscope. Figure 6.7 shows 
the grey values of the fluorescence of 1-, 2.5-, and 4-PE/SiO2 against reaction time. We 
note that the PE/SiO2/toluene mixture needed the first 10 minutes to homogenize due to 
its high viscosity. As a consequence, 10 minutes is the first experimentally available 
reaction time for taking aliquots for further study. Furthermore, we note, that the 
differences in baseline grey value intensities of the PE films with different SiO2 NP 
loading (resulting from the differences in particle loading) lead to changes in the 
refraction of the excitation/emission light beams. 

Interestingly, there is no significant change in the measured fluorescent intensity 
during the first few hours of the reaction for 1- and 2.5-PE/SiO2. However, the fluorescent 
intensity gradually increases for the 4-PE/SiO2 film right after the start of the reaction. In 
fact, for 1-PE/SiO2 films, even after 24 hours of thermal treatment, there is no noticeable 
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change in the fluorescence intensity. However, the fluorescent intensity increased 
significantly for 2.5-PE/SiO2 films after 8 hours of thermal treatment. 

 
Figure 6.7 Grey value intensity of as-prepared 1-PE/SiO2, 2.5-PE/SiO2, and 4-PE/SiO2 
films as a function of the reaction time. The reaction was performed at 110 °C in air. 

This remarkable difference is explained by the relatively high concentration of SiO2 
agglomerates present in 4-PE/SiO2 (Figure 6.6c). The increased amount of smaller SiO2 
agglomerates results in an increased specific contact area between the SiO2 NPs and PE 
chains. Consequently, the relative number of accessible nanocavities to accelerate the 
CQD formation increases. For 1- and 2.5-PE/SiO2, the relatively low particle surface area 
available for promoting the CQD formation results in a reduced rate of CQD formation. 
The observed dependence of CQD formation on the concentration and size of SiO2 
agglomerates confirms that the SiO2 agglomerates play a crucial role in forming CQDs 
at relatively low temperatures and that their exploitation as an enabling platform in the 
facile synthesis of CQD based FM is of interest for further exploration. For spectral 
engineering, we eventually need to be able to tune the emission wavelengths of the CQDs 
by varying the size of the emitters. The following sections show the first attempts to 
control the emission wavelengths of the CQDs and a proof of concept showing their 
potential as FMs in polymers to aid in sorting. 

6.2.6 Fluorescent Spectra of PE/SiO2 Thin Films and the Influence of 

the Reaction Temperature 

In a first attempt to show the potential utilization of the CQDs as FMs, we examined 
their emission spectra as a function of particle concentration and reaction time upon 
excitation with 360 nm and 380 nm light, respectively. Figure 6.8a and 6.8b show the 
fluorescent emission spectra of 2.5- and 4-PE/SiO2 thin films with an excitation 
wavelength of 360 nm and 380 nm, respectively.  
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Figure 6.8 Fluorescent emission spectra of a) 2.5-PE/SiO2 and b) 4-PE/SiO2 thin films 
prepared in air with 20 hours (dashed lines) and 24 hours (solid lines) reaction times 
upon excitation with 340 nm, 360 nm, and 380 nm wavelengths. c) Fluorescent emission 
spectra of thin films of 4-PE/SiO2 upon excitation with 340 nm light, fabricated at 
reaction temperatures of 90°C, 100 °C, and 110 °C for 24 hours in air. 

The observed fluorescent emission maxima for the PE/SiO2 samples fall into the blue 
emission range (380 nm to 500 nm), which is typically the result of the radiative 
recombination of e-h pairs in the sp2 cluster and surface defects of CQDs.65 A clear 
redshift of a few nm in the fluorescent emission is observed in the fluorescent spectra by 
increasing the excitation wavelength from 340 to 380 nm. Although the exact mechanism 
for CQDs fluorescent emission is still under debate, it is generally agreed that the CQDs' 
size and surface status significantly influence the fluorescent properties of CQDs.66 We 
consider that the excitation-dependent fluorescence behavior of our thin films is a 
combination of CQDs size dispersity, impurities, and surface defects.67 Furthermore, a 
modest redshift was also observed in the fluorescent emission spectrum when the reaction 
time increased from 20 to 24 h. The observed redshift can be tentatively explained by the 
longer time available for the CQDs to grow, resulting in larger CQDs that typically have 
a redshift in their emission spectrum.43 

Figure 6.8c shows normalized fluorescent emission spectra of 4-PE/SiO2 samples 
fabricated at different temperatures. One can observe in Figure 6.8c that upon increasing 
the reaction temperature from 90 °C to 110 °C for the 4-PE/SiO2 mixture, the emission 
peak shifts from 408 nm to 394 nm upon excitation with 340 nm light. It is known that 
upon increasing the reaction temperature, the oxygen solubility decreases.68 Therefore, it 
is reasonable to assume that upon increasing the reaction temperature from 90 °C to 110 
°C, fewer oxygen molecules were present in the reaction mixture, which reduced the 
chance for free radicals to be involved in oxidation reactions and the formation of C=O 
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species. This could decrease the number of surface traps and impurities (C=O) present in 
the formed CQDs leading to less energy loss for the fluorescent emission, resulting in 
higher emission energy for the CQDs prepared at higher temperatures.69 

 
Figure 6.9 Fluorescent excitation and emission spectra of 4-PE/SiO2 thin films prepared 
with 24 h reaction time in air (solid line) and Ar (dashed line) atmosphere. 

To further elucidate the role oxygen during the CQD synthesis, the reaction was 
performed in Ar atmosphere for 4-PE/SiO2 mixtures at 110 °C. The corresponding 
fluorescent excitation and emission spectra of the 4-PE/SiO2 samples are shown in Figure 
6.9. The maximum excitations for 4-PE/SiO2 synthesized in air and Ar are located at 240 
nm and 260 nm, respectively. These excitation peaks are ascribed to the photon 
absorption of C=C (aromatic structure) in the CQD core.70 The corresponding emission 
centers are located at 350 nm and 285 nm.57 The blueshift in emission wavelength upon 
substituting air with Ar is ascribed to the reduced presence of surface defects (surface 
oxidation) of the CQDs when prepared without the presence of oxygen. This means that 
the photons are directly emitted from the aromatic ring structure (C=C) upon excitation 
and that without the presence of surface defects to trap these photons, they can maintain 
a higher energy level, therefore, emitting at a shorter wavelength.58 

Overall, these results demonstrate that with minor modifications to the reaction 
conditions, changes in the CQD emissions are accessible, rendering our system a valuable 
designer platform for the controlled synthesis of PE-based FMs at mild reaction 
conditions. 

6.2.7 Solution Blending CQDs and PE/SiO2 Composites with Pure PE 

We used solution blending to prepare CQD containing PE films to demonstrate the 
applicability of the CQD as fluorescent markers in virgin polymers. As-prepared CQD 4-
PE/SiO2 (114 hours reaction at 110 °C in air) and isolated CQDs (extracted from 4-
PE/SiO2 after 24 hours reaction in air) were used as tracer batches to prepare PE films 
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with a tracer loading of 10 wt% (meaning the actual CQD concentration is unknown). 
Following compression molding, film samples were cut to easily recognizable shapes, 
i.e. circles and triangles, respectively. In addition, pristine PE films were prepared and 
cut to rectangular shapes for comparison. Five pieces were placed together from each PE 
film type, and photos were taken in daylight (Figure 6.10a) and upon excitation with 360 
nm light (Figure 6.10b). 

 
Figure 6.10 Photos of pure PE (rectangle), PE/CQD (triangle), and CQD 4-PE/SiO2 
(circular) films in a) daylight and b) upon excitation with 367 nm light. 

In Figure 6.10a (photo taken in daylight), all pieces are visible and their shape is 
clearly identifiable. Upon excitation with 367 nm light, only the CQD-loaded pieces are 
visible by their emission in the blue range. The color difference (not intensity) between 
triangular (darker blue) and circular (lighter blue) pieces under 367 nm excitation is due 
to differences in thermal treatment time, resulting in the presence of larger CQDs in the 
circular PE films, as discussed earlier. The observed modest redshift is in agreement with 
this observation.43 Also, from this simple visual experiment, we learn that the embedded 
SiO2 NPs do not affect the PE samples' detectability. Overall, we conclude that the simple 
preparation method at mild reaction conditions of CQD FMs in SiO2/PE mixtures 
described here is a promising approach for fluorescence marking. Further in-depth 
exploration to enhance the CQD traceability is needed and is underway to explain details 
of the fluorescence. In addition, upon expanding the variations and control of emission 
wavelengths, our simple preparation method without requiring extensive purification 
methods opens a broad range of novel applications, e.g., counter faking, sorting, tracing, 
etc. 

6.3 Conclusion 

PE, containing CQDs markers with tunable fluorescence was prepared by a facile 
thermal approach operated at mild conditions. For the reaction employed, solvent-
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induced SiO2 NP aggregation provided surface-exposed nanocavities that were assumed 
to function as nanoreactors, enabling CQDs to form at relatively low reaction 
temperatures. TEM imaging of isolated CQD particles, UV spectroscopy, and fluorescent 
measurements confirmed the successful preparation of CQDs. The emission maximum 
for PE/CQD samples was tunable between 394 nm to 408 nm by decreasing the reaction 
temperature from 110 °C to 90 °C. PE/CQD samples prepared in the absence of oxygen 
only emitted in the ultraviolet region (286 nm). Finally, we successfully exploited CQDs 
with a different emission maximum as FMs in PE compression molded films. Upon 
irradiating with 367 nm light, the different PE samples were readily visually identified.  

6.4 Materials and Methods 

Materials. Tetraethyl orthosilicate (TEOS) ≥ 99.0%, toluene 99.5%, and 2-propanol 
99.5% were purchased from Aldrich (Milwaukee, WI, USA). Ammonium hydroxide 
solution 28-30%, triethylamine (TEA) 99.5%, and PE (medium density, MQ 200) were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (EtOH) absolute for 
analysis was purchased from Merck (Darmstadt, Germany). Milli-Q water was produced 
by a Millipore Synergy system (Billerica, MA, USA). Unless otherwise mentioned, all 
chemicals were used as received. 

Stöber Synthesis of Silica Nanoparticles. SiO2 NPs with a diameter of ~ 110 nm 
were prepared by the Stöber method.46 In a typical reaction, 168 ml EtOH was mixed 
with 28 ml Milli-Q water and 30 ml TEOS in the presence of 2 ml ammonium hydroxide 
in a round-bottom flask by stirring for 1.5 hours at 500 rpm at room temperature. 
Subsequently, the SiO2 NP dispersion was centrifuged at 10,000 rpm for 30 min. Then, 
the collected SiO2 NPs were redispersed in 2-propanol and centrifuged again. This 
washing step was repeated twice, followed by vacuum drying of the purified and 
collected SiO2 NPs at room temperature for 12 hours. 

Silica Nanoparticle Characterization. A high-resolution scanning electron 
microscope (JEOL Field Emission JSM-7610F Plus, JEOL Benelux, Nieuw-Vennep, the 
Netherlands) was used to study the morphology of the SiO2 NPs particles. The electron 
acceleration voltage was typically between 3 to 5 keV. Fourier Transform Infrared (FTIR) 
spectra were collected by a Bruker ALPHA single attenuated total reflection (ATR) FTIR 
spectrometer equipped with an ATR single reflection crystal (Bruker Optic GmbH, 
Ettlingen, Germany). The spectra were collected in the range of 400-4000 cm-1 (spectral 
resolution of 4 cm-1, 1280 scans). Background spectra were recorded against air. The as-
prepared SiO2 NPs were dispersed in water and toluene at a concentration of 2.5 wt% via 
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intense sonication over 30 min. The hydrodynamic radius values of the particles in water 
and toluene were measured by Dynamic Light Scattering (DLS) (Malvern Zetasizer 
Nano-ZS, Malvern Instruments, Malvern, UK). 

Synthesis of Fluorescent Polyethylene Silica Nanocomposites in Air. We used 
two pathways to obtain FM containing PE, i.e., in air and under Ar atmosphere. First, we 
describe the preparative steps in air. We started with 0.4 g 110 nm SiO2 NPs, which were 
suspended in 10 ml toluene in a round-bottom flask and exposed to 30 min intense 
sonication, followed by heating the suspension formed under vigorous stirring to 110 °C 
by immersing the flask in a thermostated oil bath. Simultaneously, 9.6 g PE was dissolved 
in 30 ml toluene employing vigorous stirring in a round-bottom flask, which was 
immersed in a thermostated oil bath at 90 °C. Subsequently, the PE/toluene mixture was 
transferred to a reflux setup, followed by adding the SiO2 NPs to the toluene suspension. 
After adding the SiO2 NPs suspension, the reaction mixture was refluxed at 110 °C for 
24 hours. Finally, the excess toluene was removed by drying the reaction mixture under 
a gentle nitrogen flow for 5 hours. The PE/SiO2 was dried to constant weight by vacuum 
drying at 40 °C for 24 hours. This resulted in a PE/SiO2 composite with a SiO2 NP loading 
of 4 wt%. This composite is abbreviated as 4-PE/SiO2. The same procedure was followed 
to produce 1.0 wt% and 2.5 wt% PE/SiO2 (1-PE/SiO2 and 2.5-PE/SiO2) in which 0.1 and 
0.25 g SiO2 NPs and 9.9 and 9.75 g PE, were used, respectively. The amount of toluene 
used was not changed. Additionally, 4-PE/SiO2 composites were prepared at 90 °C and 
100 °C, as well. (Unless otherwise mentioned, we refer to PE/SiO2 prepared at 110 °C in 
the main text.) The pure PE sample was prepared by refluxing in toluene at 110 °C for 
24 hours and dried using same procedure mentioned before as the control group. 

Fluorescent Polyethylene Silica Nanocomposite Synthesis Under Argon. In order 
to test the influence of air on the reaction and on the reaction products, for comparison, 
synthesis was also performed in Ar atmosphere. For this process 0.04 g 110 nm SiO2 NPs 
and 0.96 g PE were dried in a vacuum oven at 40 °C for 48 h, then the mixture was 
transferred into a 50 ml Schlenk tube with a magnetic stirring bar under a nitrogen 
environment (in a glove box). 4 ml anhydrous toluene was added to the Schlenk tube. 
The Schlenk tube was sealed with a Teflon cap before it was removed from the glovebox. 
Next, the Schlenk tube was connected to a Schlenk line and flushed with Ar for10 mins. 
Subsequently, the Schlenk tube was heated under vigorous stirring by a thermostated oil 
bath at 90 °C. After the PE was fully dissolved in the toluene, the Schlenk tube was 
disconnected from the Schlenk line and removed from the oil bath, followed by 15 min 
sonication in 90 °C water. After sonication, the Schlenk tube was reconnected to the 
Schlenk line under Ar and immersed into a thermostated oil bath at 110 °C. The reaction 



Chapter 6 

166 

 

was allowed to proceed under Ar with vigorous stirring for 24 hours. Next, the reaction 
mixture was extracted from the Schlenk tube and cooled in an ice bath, followed by 
drying under a gentle nitrogen flow for 5 hours to remove the excess toluene. Finally, the 
PE/SiO2 mixture was dried to constant weight by vacuum drying at 40 °C for 24 hours. 

Film Preparation. A hot press (Fontijne, the Netherlands) was used to press 200 µm 
thick PE/SiO2 films in a stainless-steel mold (4 x 3 cm). The processing temperature, 
applied load, and press time were 110 °C, 200 kN, and 5 minutes, respectively. 

Thin Film Characterization. An inverted Olympus IX71 fluorescence microscope 
equipped with an IX2-RFAC reflector turret filter cube (Olympus, Germany) and a 
PerkinElmer LS 55 fluorescence spectrometer (PerkinElmer, Waltham, MA, USA) were 
used to study the optical properties of the PE/SiO2 films. The filter cubes' excitation and 
emission cut-offs were 360-370 nm and 460 nm, respectively. The emission spectra were 
recorded by a fluorescence spectrometer with an excitation wavelength of 340, 360, and 
380 nm, respectively. In addition, Scanning Electron Microscopy (SEM) was performed 
by a JEOL Field Emission JSM-7610F Plus instrument (JEOL Benelux, Nieuw-Vennep, 
the Netherlands) to study the cross-section of the PE/SiO2 thin films. Before analysis, the 
thin films were freeze-fractured after cooling in liquid nitrogen for 15 min. 

Carbon Quantum Dot Extraction. 1 gram of 4-PE/SiO2 was dissolved in 10 ml 
toluene thermostated at 90 °C in an oil bath. Following the complete dissolution of the 4-
PE/SiO2, the mixture was quenched into liquid nitrogen and left to cool down to below 
ambient for 15 mins to avoid PE crystallization. Subsequently, the excess liquid nitrogen 
was removed, and the sample was left on the bench to heat up slowly to room temperature. 
Next, the supernatant was filtered with a 200 nm pore size glass filter (Merck Millipore, 
USA) to remove the suspended agglomerated SiO2 NPs, followed by collecting the CQDs 
by solvent removal of the filtrate via evaporation under a gentle nitrogen flow, which left 
a yellowish paste as residue for analysis.  

Carbon Quantum Dot Characterization. Transmission Electron Microscopy 
(TEM) was performed by a FEI/Philips CM300 system (FEI, Eindhoven, the 
Netherlands). Diluted CQD dispersions in toluene were deposited on the carbon side of 
a carbon/copper grid (HC200-Cu) (EMS, Germany) before imaging. Images were 
obtained in the bright field mode at a 300 kV acceleration voltage. Ultraviolet/Visible 
(UV-Vis) spectroscopy was performed by a LAMBDA 850 UV-Vis spectrometer 
(PerkinElmer, Waltham, MA, USA). The CQDs were dispersed in toluene via 10 mins 
intense sonication. The CQD suspension was measured against pure toluene. The 
excitation and emission spectra were recorded by a PerkinElmer LS 55 fluorescence 
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spectrometer (PerkinElmer, Waltham, MA, USA) with an emission wavelength of 384 
and excitation wavelengths of 286 and 340 nm. 

Solution Blending. 20 mg of CQDs (extracted) was solution blended with 180 mg 
PE in 5 ml toluene under vigorous stirring in a round-bottom flask, while thermostated in 
an oil bath at 80 °C. After 30 min, the excess toluene was removed by drying the reaction 
mixture under a gentle nitrogen flow for 5 hours. The PE/SiO2 composite was dried to 
constant weight by vacuum drying at 40 °C for 24 hours. The same procedure was used 
to blend 20 mg of 114 h thermal treated PE/SiO2 (non-extracted) with 180 mg of PE. The 
as-prepared nanocomposites were pressed to films (see section Film Preparation) and 
cut to different shapes before being observed under daylight and a 360 nm light source to 
identify the respective PE samples. 

6.5 Supporting Information 

 
Figure S6.1 TEM image of as-prepared isolated CQDs embedded in PE polymeric 
residue after liquid nitrogen quenching and filtration. 

 
Figure S6.2 Emission spectra of isolated CQDs suspended in toluene after 0 min (solid 
line), 10 min (dash-dot line) and 30 min (dash line) sonication with 340 nm (red) and 360 
nm (green) excitation.  
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7.1 Introduction  

As part of the rapid developments in nanotechnology, silicon-containing 
nanoparticles (Si-containing NPs) have become an exciting class of materials holding 
great promise to serve as enablers in emerging application areas.1–3 In this Thesis, we 
have presented and discussed our efforts to extend the utilization of Si-containing 
nanoparticles as active ink components for the printing of flexible electronics; as highly 
effective nucleation agents in polymer foaming; and as nanometric reactors for carbon 
quantum dot synthesis at relatively mild reaction conditions. However, to move Si-
containing nanoparticles from laboratory research to real-life applications, work remains 
to be done. This Chapter will briefly introduce and discuss some directions for future 
research towards the large-scale implementation of silicon nanoparticle-based (SiNP-
based) inks for printable electronics. In addition, we present preliminary results for the 
utilization of the SiNPs used in this Thesis as a promising dual probe in magnetic 
resonance and fluorescent biomedical imaging.  

7.2 Long-Term Stability and Printability of SiNP-

Based Inks 

In Chapter 4, we demonstrated that grafting polymers from SiNP surfaces effectively 
enhanced the colloidal stability of SiNP inks. With the core-shell hybrid silicon 
nanoparticles, we successfully prolonged the shelf life of SiNP-based inks and reduced 
nozzle clogging during inkjet printing. Finally, we demonstrated that the polymer shell is 
probably responsible for the poor I-V (current-voltage) characteristics of a printed diode. 
To circumvent this issue, future research must be directed to identify polymer coatings 
that can stabilize SiNPs-based inks and enhance their printability without leaving too 
much carbon residue after processing (i.e. annealing) that can negatively affect the 
electrical properties of printed devices. 
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Figure 7.1 Schematic drawing of a self-immolative polymer that undergoes head-to-tail 
depolymerization upon applying an external stimulus.4 

Using self-immolating polymers (SIPs) to modify SiNPs could be a promising 
approach to reduce carbon contamination in printed devices. SIPs can readily 
depolymerize from end-to-end into small molecules with a relatively low boiling point 
(~300 °C) upon applying an external stimulus (See Figure 7.1).5 Therefore, we believe 
that the grafted SIPs can be depolymerized after printing by applying a stimulus and the 
residue can subsequently be vaporized during the sintering process, which effectively 
reduces carbon contamination in the printed devices while still possessing a prolonged 
shelf life and enhanced printability for the SiNP-based electronic inks. There are multiple 
potentially interesting polymers for this purpose, e.g., poly(benzyl carbamates)5, 
poly(carbamates)6, poly(benzyl ether)s7, poly(phthalaldehyde)8 and poly(α-methyl 
styrene)9. For example, Hernandez et al. recently reported the fabrication of transient 
electronics using a metastable 2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-
triazine/poly(phthalaldehyde) (MBTT/cPPA) substrate.8 When triggered by UV-
irradiation, the MBTT releases HCl, which depolymerizes the cPPA and destroys 
electronic devices on the substrate without the need of solvents. When the polymer chains 
are removed, their surface-immobilized anchoring layers can potentially affect printed 
devices' performance. Therefore the next section provides a suggestion to consider as 
alternative polymer shell coupling strategy. 
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7.3 Strategies for Polymer Immobilization on SiNP 

Surfaces 

In Chapter 4, we have demonstrated the use of surface-initiated atom transfer radical 
polymerization (SI-ATRP) to synthesize core-shell silicon nanoparticles with a shell of 
poly(methyl methacrylate) (PMMA) and poly(ethylene glycol) methacrylate (PEGMA) 
brushes. However, the complex reaction steps and harsh reaction conditions limit the 
capability of these materials for large-scale production. Moreover, the chemicals (e.g., 
(3-aminopropyl)-triethoxysilane (APTES) and α-bromoisobutyryl bromide (BiBB)) used 
to attach the surface-active ATRP initiators increase the risk of contaminating the printed 
electrical devices and potentially negatively affect their performance. Therefore, it is 
essential to select new surface derivation strategies to prepare polymer SiNP hybrids. 

 
Figure 7.2 Schematic drawing of SiNP surface derivatization strategies to introduce a) 
ATRP initiator moieties for subsequent SI-ATRP and b) functional groups (R) by 
hydrosilylation. The R groups are used to attach polymer chains.  

Hydrosilylation is a common approach used in organosilicon synthesis.10 The recent 
developments in catalyst-free hydrosilylation make this technique more accessible for the 
large-scale modification of silicon nanoparticles.11–13 Compared to SI-ATRP, the 
hydrosilylation approach normally introduces less carbon content to the particle surface 
(see Figure 7.2). Therefore, this method is considered of interest to modify SiNP surfaces 
before anchoring polymers. However, at the moment, the reaction efficiency for catalyst-
free hydrosilylation is relatively low compared to Pt-catalyzed hydrosilylation. 
Increasing the reaction rate is an essential step to enable large-scale utilization of catalyst-
free hydrosilylation for SiNP modification.  
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7.4 SiNPs as Dual Probe for Magnetic Resonance 

and Fluorescent Imaging 

Besides the application areas mentioned in this Thesis, Si-containing NPs have also 
been thoroughly studied in biomedicine (see Chapter 2). Their outstanding properties 
made SiNPs a promising candidate as magnetic resonance imaging (MRI) contrast 
agents. Through dynamic nuclear polarization (DNP), a process that temporarily creates 
a non-equilibrium nuclear spin to enhance MR signal by several orders of magnitudes,14 
hyperpolarized 29Si MRI allows obtaining positive-contrast background-free imaging 
since the human body only contains a small amount of silicon. SiNPs also possess a 
relatively long spin-lattice relaxation time (T1, range of few minutes to hours at room 
temperature).15–17  

In addition to their promising MRI contrast characteristics, SiNPs are also well 
known for their photoluminescence (PL). Compared to other toxic heavy metal 
nanoparticles like CdS and CdSe, SiNPs are ideal for in-vivo fluorescence imaging.18 
Ruckenstein and coworkers19 were one of the first that reported biological imaging with 
SiNPs. They demonstrated in-vitro imaging of Chinese hamster ovary cells using 
polyacrylic acid-terminated SiNPs. To date, numerous efforts have been reported that 
utilize SiNPs for in-vitro and in-vivo fluorescence imaging.20–22  

Inspired by the exciting SiNPs material characteristics mentioned above, we made 
some first attempts to utilize the obtained SiNPs (boron doped, 1018 atoms cm-3) as a dual 
probe for hyperpolarized 29Si MRI and fluorescent imaging. 

Excitation Dependent Photoluminescence. The SiNPs used in Chapter 3 and 
Chapter 4 were suspended in ethylene glycol at a concentration of 120 ppm, and then 
emission spectra of the suspension were measured with a photoluminescent spectrometer. 
Figure 7.3 presents the emission spectrum of the SiNPs for excitation wavelengths 
between 440 nm to 540 nm. All spectra were recorded under identical conditions. Thus, 
the measured intensities are directly comparable. From Figure 7.3, it is clear that the 
SiNPs show a strong excitation-wavelength-dependent fluorescence emission. Upon 
increasing the excitation wavelength (λex) from 440 to 540 nm, the emission peaks 
gradually shift from 590 to 700 nm. The highest emission intensity is observed at λem = 
620 nm with λex = 460 nm. The intensity of the emission peaks decreases upon increasing 
λex from 460 nm to 540 nm. 
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Figure 7.3 Excitation-dependent PL emission of SiNPs. The excitation wavelength 
increased from 440 nm to 540 nm. 

The exact mechanism for silicon nanoparticle fluorescence is still under debate. 
However, it is widely agreed that the fluorescence emission is originated from the 
recombination of excited electron-hole pairs in the quantum-dimensional nanocrystalline 
core. Those nanocrystalline cores behave as direct bandgap materials during excitation. 
The excitation-dependent fluorescence is likely due to the size dispersity of the crystal 
domains embedded in the primary particles.23 Since the bandgap of the silicon 
nanoparticles is directly related to the size of the nanocrystalline cores, only the 
crystalline core with the corresponding diameter (bandgap) will contribute to the 
luminescence emission.23,24 The maximum emission intensity (λem = 620 nm) corresponds 
to a nanocrystalline core with a diameter of 3.74 nm.23  

29Si Magnetic Resonance Imaging. Long T1 time is critical for targetable DNP MRI 
agents. In this part, we focused on measuring the T1 time of our SiNPs using DNP. Prior 
to DNP, the electron paramagnetic resonance (EPR) of the SiNPs was measured to 
confirm the presence of free electrons that can be directly hyperpolarized. The EPR 
spectrum at 4.2 K (Figure 7.4a) shows one resonance peak with a g-value of 2.0055, 
corresponding to paramagnetic point defects at the interface of crystalline Si and SiO2.25 
Therefore, the free electrons in the SiNPs are primarily located in the surface defects 
between the crystalline Si and SiO2 phase. The DNP profiles from frequency modulated 
(FM) microwave irradiation and continuous wave (CW) irradiation at 4.2 K are shown in 
Figure 7.4b. It can be observed that the FM irradiation shows considerably higher DNP 
enhancement compared to CW irradiation. The observed intensity difference between 
FM and CW irradiation for SiNPs is because FM irradiation can prevent dephasing and 
relaxation effects during hyperpolarization.26  The DNP build-up curve of SiNPs is shown 
in Figure 7.4c. DNP build-up curves were recorded with a series of pulse-acquire 
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experiments with a repetition time of 60s and a low ~15 degree flip angle. The DNP 
build-up time for SiNP is 937 ± 33s, which is considerably shorter than the value reported 
for SiNPs in the literature.27 The magnetization decay of polarized SiNPs was measured 
at 4K (Figure 7.4d). The T1 extrapolated from the magnetization decay for SiNPs at 4 K 
is approximately 570 s. As a next step, we note that the SiNPs' T1 at physiological 
conditions must be determined before we can conclude that these particles are useful as 
a probe in dual imaging. 

 

Figure 7.4 a) EPR spectrum of SiNPs. The g-value is 2.0055. b) DNP profiles of SiNPs 
with (FM microwave irradiation (red) and CW irradiation (green) at 4.2 K. c) DNP build-
up curves of SiNPs at 4.2 K using FM irradiation. d) The magnetization decay of the 
SiNPs at 4.2 K after 4 hours of hyperpolarization. 

Overall, these preliminary results show that the SiNPs are magnetic and visually 
responsive, rendering them a promising candidate to serve as a dual probe for 
hyperpolarized 29Si MRI and fluorescent biomedical imaging. Future work should focus 
on i) SiNPs surface modification with organic molecules/polymers to improve the 
solubility and stability in biofluids, ii) extrapolate the relation between size, T1, and an 
optimal MRI signal at room temperature, and iii) perform laboratory as well as in-vivo 
tests to evaluate the combined hyperpolarized 29Si MRI and fluorescent imaging 
capabilities. 
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Summary 
Due to the swift progress in nanotechnology new and exciting opportunities have 

become within reach for nanoparticles. Great progress has been made in utilizing silicon-
containing nanoparticles in various applications, e.g., in drug delivery, bio-sensing, 
energy (solar cell) utilization, and energy storage. The work presented in this Thesis aims 
at exploiting the frontier of silicon-containing nanoparticles from the application 
perspective. Both silicon (Si NPs) and silica (SiO2 NPs) nanoparticles have formed target 
systems. 

In Chapter 2, a literature review, introducing the general aspects and synthetic 
strategies of silicon-based nanoparticles are provided. In addition, a detailed overview of 
the utilization of silicon-based nanoparticles in emerging application areas, including 
printing of electronic devices, biomedical imaging, nanocellular foaming, and catalysis, 
are also reviewed. The limitations and challenges hampering the successful integration 
of silicon-based nanoparticles into real-life applications are presented and discussed, as 
well.  

As the first step of formulating Si NPs-based printable electronic inks, in Chapter 3, 
the long-term colloidal stability of SiNPs with complex geometry and broad size 
distribution are studied in detail,combining theoretical and experimental approaches. The 
colloidal stability of SiNPs in different alcohols and glycols is evaluated by applying 
Stokes' law. In addition, the long-term colloidal stability of SiNP dispersions is 
investigated with experimental approaches, i.e. analytical centrifugation and batch 
sedimentation. Furthermore, the limitations of using theories and analytical 
centrifugation to predict the long-term colloidal stability of SiNPs with complex 
geometries and broad size distributions are elucidated. Eventually, based on the results 
presented and discussed in this Chapter, we conclude that surface modification of the 
SiNPs is needed to obtain SiNP inks with the required dispersion stability.  

In Chapter 4, core-shell SiNP/polymer hybrids are prepared to enhance the 
printability of SiNP-based inks introduced in Chapter 3. The SiNP/polymer hybrid-based 
inks are tested with inkjet printing and spin coating. Moreover, the influence of the 
grafted polymer on the electrical properties of the printed electronic devices' is also 
thoroughly investigated. Using core-shell SiNP/polymer hybrids is shown to constitute 
an effective approach to reduce nozzle clogging during inkjet printing. Furthermore, the 
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polymer shell prevents undesirable chemical reactions between particle and solvent from 
occurring, which broadens the range of solvents suitable for ink formulation. However, 
the grafted polymer shell around the SiNPs has a negative impact on the performance of 
the printed electronic devices fabricated with these NPs. This points out the urgency to 
search for alternative polymers and immobilization strategies to reduce the influence of 
polymer grafts on the functionality of printed devices, while maintaining enhanced 
colloidal stability and improved printability of the SiNP-based inks. 

Besides SiNPs, SiO2 are a fascinating class of silicon-containing nanoparticles, and 
they are investigated in two applications at the frontiers of nanoparticle science in this 
Thesis, as well. Surface roughness engineered SiO2 (SiO2-R) NPs with 
poly(dimethylsiloxane) (PDMS) shells are presented in Chapter 5 as nucleating agents 
in the CO2 batch foaming of poly(methyl methacrylate) (PMMA) nanocellular foams. 
We showed that the nanocavities (concave surfaces) on SiO2-R NPs can act as 
heterogeneous nucleation centers. We concluded that the concave surface effectively 
reduces the free energy for foam cell nucleation. The PDMS decorated SiO2-R NPs can 
nucleate multiple foam cells from a single particle. Due to capillary condensation inside 
the nanocavities, SiO2-R NPs can absorb more CO2 during saturation than their nearly 
smooth counterparts. Moreover, the PDMS shell boosts the CO2 uptake, resulting in 
multiple nucleation sites on a single particle. This results in a nucleation efficiency of 6.2 
for 200 nm PDMS coated SiO2-Rs, which is 40 times higher than their nearly smooth 
counterparts. 

In Chapter 6, SiO2 NP aggregates are used as enablers to fabricate carbon quantum 
dot (CQD) fluorescent markers containing polyethylene (PE). The SiO2 NP aggregates 
are obtained by suspending monodispersed SiO2 NPs in toluene. The pores on the 
aggregates act as nanometric reactors and facilitate CQD formation when PE chains enter 
while the solution is heated. Strong blue fluorescence is observed from the resulting 
PE/CQD composites. Upon decreasing the reaction temperature from 110 °C to 90 °C, 
the maximum emission wavelength shifts from 394 nm to 408 nm for PE/CQD 
composites. This shift in emission wavelength is attributed to the increased oxygen 
content in the reaction mixture upon decreasing the reaction temperature. The CQDs can 
be extracted from PE/CQD composites via a simple freeze-melt process. The extracted 
CQDs have an average diameter of 2.3 ± 0.5 nm, as is obtained by TEM image analysis. 
Finally, we demonstrate that PE/CQD composites and extracted CQDs marked PE 
samples could be visually separated from pure unmarked PE upon irradiation with 367 
nm light. 
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In Chapter 7, we suggest future research directions for SiNP-based inks. We exploit 
the possible use of self-immolating polymers and catalyst-free hydrosilylation as the next 
essential step to reduce the impact of polymer coating on the performance of printed 
electronic devices. Moreover, we present preliminary results on utilizing multi-
crystalline SiNPs as a dual imaging agent for magnetic resonance imaging and 
fluorescent imaging. 
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Samenvatting 
Vanwege de snelle vooruitgang in de nanotechnologie zijn er allerlei nieuwe en 

interessante mogelijkheden binnen handbereik gekomen voor nanodeeltjes. Er is veel 
vooruitgang geboekt om silicium-houdende nanodeeltjes in verscheidene toepassingen, 
zoals medicijnen, biosensoren, energie opwekking (zonnecellen), en energie opslag, te 
gebruiken. Het in dit proefschrift uiteengezette werk richt zich er op om vanuit een 
toepassingsperspectief het uiterste uit silicium-houdende nanodeeltjes te halen. Zowel 
silicium (SiNPs) als silica (SiO2 NPs) nanodeeltjes zijn hiervoor gebruikt. 

In Hoofdstuk 2, een literatuur overzicht, worden algemene aspecten en synthese 
strategieën voor op silicium gebaseerde nanodeeltjes gegeven. Hiernaast wordt een 
gedetailleerd overzicht voor het gebruik van op silicium gebaseerde nanodeeltjes, 
waaronder het printen van elektronica, biomedisch imaging, nanocellulair schuimen, en 
katalyse, gegeven. De beperkingen alsook de uitdagingen die de succesvolle toepassing 
van op silicium gebaseerde nanodeeltjes in de weg staan, worden ook uiteengezet en 
besproken. 

In Hoofdstuk 3 wordt als eerste stap voor de op SiNPs gebaseerde printbare, 
elektronische inkt-formulering, de colloïdale stabiliteit van SiNPs met complexe 
geometrie en brede distributie van de deeltjesgrootte, in detail bestudeerd, waarbij 
theoretische en experimentele benaderingen worden gecombineerd. De colloïdale 
stabiliteit van SiNPs in verschillende alcoholen en glycolen wordt hier geëvalueerd door 
middel van de Wet van Stokes. Daarnaast wordt de colloïdale stabiliteit van SiNP 
suspensies op de lange termijn onderzocht met behulp van experimentele benaderingen, 
d.w.z., analytisch centrifugeren en batch sedimentatie. Ook worden de beperkingen van 
het gebruik van theorieën alsook analytisch centrifugeren om de colloïdale stabiliteit van 
SiNPs met complexe geometrie en brede distributie van de deeltjesgrootte op de lange 
termijn te bepalen, verder uitgediept. Uiteindelijk, gebaseerd op de resultaten die 
gepresenteerd en uitgelegd zijn in dit Hoofdstuk, concluderen we dat oppervlakte 
aanpassingen van SiNPs nodig is om een SiNP inkt te kunnen maken met de vereiste 
dispersie stabiliteit. 

In Hoofdstuk 4 worden core-shell SiNP/polymer hybride deeltjes gemaakt om de 
printbaarheid van op SiNP gebaseerde inkt, zoals geïntroduceerd in Hoofdstuk 3. De 
SiNP/polymer hybride inkten zijn getest door middel van inkjet printen en spin coating. 
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Hiernaast wordt ook de invloed van de geënte polymeer op de elektrische eigenschappen 
van de geprinte elektronische apparaten uitvoerig bestudeerd. Van het gebruik van core-
shell SiNP/polymer hybride deeltjes wordt aangetoond dat het een effectieve manier is 
om verstopping van printmkoppen tijdens het printen te voorkomen. Verder voorkomt de 
polymeer schil dat ongewenste chemische reacties tussen de deeltjes en de oplosmiddelen 
plaatsvindt. Echter, de geënte polymeer schil rondom de SiNPs heeft een negatieve 
impact op de prestatie van de met deze nanodeeltjes gemaakte, geprinte elektronische 
apparaten. Dit benadrukt de noodzaak om in volgende stappen te zoeken naar alternatieve 
polymeren en immobilisatie strategieën om de invloed van geënte polymeren op de 
functionaliteit van geprinte apparaten met behoud van de verbeterde colloïdale stabiliteit 
en verbeterde printbaarheid van de op SiNPs gebaseerde inkten te verminderen. 

Naast SiNPs zijn ook SiO2 deeltjes een interessante groep van silicium houdende 
nanodeeltjes. Deze groep wordt ook in dit proefschrift onderzocht door middel van twee 
toepassingen op de grenzen van het nanodeeltjes-vakgebied. Het gebruik van SiO2 
deeltjes met ruwe oppervlaktes (SiO2-R) met polydimethylsiloxaan (PDMS) schillen als 
cel nucleatiekernen wordt gedemonstreerd in Hoofdstuk 5 door middel van het CO2 
batch schuim proces van polymethyl methacrylate (PMMA) nanocellulaire schuimen. 
We laten zien dat de nanoholtes (met concaaf oppervlak) op de SiO2-R NPs kunnen 
dienen als heterogene nucleatie kernen. We concluderen dat het concave oppervlak de 
vrije energie, benodigd voor schuim cel nucleatie, verlaagd. De, in PDMS gehulde, SiO2-
R NPs kunnen meer CO2 absorberen tijdens de verzadigingsstap dan de gladde 
tegenhangers. Ook verbeteren de PDMS schillen de CO2 opname waardoor meerdere 
nucleaties kunnen plaatsvinden op één enkel deeltje. Dit leidt tot een nucleatie efficiëntie 
van 6.2 voor met PDMS gehulde SiO2-R NPs, wat maar liefst 40 keer hoger is dan voor 
de gladde tegenhangers. 

In Hoofdstuk 6 worden SiO2 NP aggregaten gebruikt als platform om fluorescente, 
polyethyleen bevattende carbon quantum dot (CQD) markers te maken. De SiO2 NP 
aggregaten zijn verkregen door middel van de suspensie van monodisperse SiO2 NPs in 
tolueen. De poriën op de aggregaten dienen als nanoreactoren en faciliteren CQD 
formatie wanneer de polyethyleen ketens zich hierin bevinden terwijl de oplossing wordt 
verhit. Intense blauwe fluorescentie wordt geobserveerd in de PE/CQD composieten. 
Wanneer de reactie temperatuur van 110 °C naar 90 °C verlaagd wordt, verschuift de 
emissie golflengte van 394 nm naar 408 nm voor de PE/CQD composieten. Deze 
verschuiving in emissie golflengte wordt toegedicht aan het verhoogde zuurstof gehalte 
in het reactie mengsel wanneer de temperatuur verlaagd wordt. De CQDs kunnen uit het 
PE/CQD composiet gehaald worden door middel van een simpel vreis-smelt proces. De 
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geëxtraheerde CQDs hebben een gemiddelde diameter van 2.3 ± 0.5 nm, zoals gemeten 
met TEM analyse. Concluderend, we hebben van PE/CQD composieten en met 
geëxtraheerde CQDs gemarkeerde PE monsters laten zien dat ze op visuele basis 
onderscheiden kunnen worden van schone, ongemarkeerde PE onder bestraling met licht 
van 367 nm golflengte. 

In Hoofdstuk 7 stellen we voor op SiNPs gebaseerde inkt, een aantal potentiële 
onderzoeksrichtingen voor. We verkennen het potentieel gebruik van zelf-verbrandende 
polymeren en katalysatorvrije hydrosilylatie als de volgende essentiële stap om de 
invloed van polymeer coatings op de prestatie van geprinte elektronische apparaten. 
Hiernaast presenteren we ook de voorlopige resultaten voor het gebruik van multi-
kristallijne SiNPs als een tweezijdig imaging agent voor magnetic resonance imaging 
(MRI) en fluorescentie imaging. 
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