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“I do not know what I may appear to the world; but to myself I seem to have been only 

like a boy playing on the seashore, and diverting myself in now and then finding a 

smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all 

undiscovered before me.” 

  Isaac Newton 
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‘Nature knows the big secret, and smiles’ 

Victor Hugo, 1802-1885 
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1.1 General introduction 
Silicon is the most abundant element found in the earth’s crust, mainly present 

in the form of silica. Silica (SiO2) has next to its amorphous form also several 

crystalline forms that, with the exception of stishovite, all involve linked 

tetrahedral SiO4 units. Due to its low processing costs, silica is used in many 

applications, from paint fillers to catalyst carriers.1 Furthermore, a variety of 

shapes (e.g., colloids, fibers and high surface area powders) can be obtained 

directly after synthesis, so that no further treatment is required.2 Fine-tuning of 

the silica synthesis process leads to more advanced shapes like, e.g., hollow 

spheres with shell thicknesses of several nanometers.3, 4 The ability to control 

sizes and shapes on the nanometer level (100-1000 nm) is also important in 

photonics, since wavelength-scale periodic structures strongly reflect light.5 The 

most pronounced examples of well-defined silica structures can be found in 

Nature. For example, the combination of size control and morphological 

arrangement as observed in the exoskeleton of the diatom leads to hierarchical 

silica shells (valves) with unique mechanical properties.6 Since this biogenic 

silica is produced without organic solvents or the need for elevated 

temperatures, a low-cost production route is at hand. However, despite the 

variety in applications of silica (bio)materials, a complete formation mechanism 

has not been presented to date.  

 

1.2 Silica chemistry 
Silica is the product of the condensation reaction of silicic acid, Si(OH)4, the most 

soluble form of all silica compounds. This water soluble precursor can be 

formed either through the hydrolysis of alkoxysilanes, Si(OR)4, where R is in 

general a methoxy or ethoxy group, or by acidifying an aqueous metal salt like 

K2SiO3, or its sodium equivalent, generally referred to as water glass. These 

silica precursors have different intrinsic properties, for instance, a much higher 

viscosity is obtained for the water glasses.7 Alkoxysilanes, and in particular 

SiOH4 (tetraethyl orthosilicate, TEOS), are preferred above the chloro-
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compound (silicon tetrachloride, SiCl4) in industry due to their advantages for 

further use. Silicon tetrachloride produces HCl upon condensation reactions, 

and is therefore first converted to alkoxysilanes (see Equation 1) through 

alcoholysis since this requires a minimum of purification.8 The resulting 

alkoxysilanes have higher boiling points and flash points as compared to the 

chloro-compounds, so they are more suitable for high temperature processes.  

SiCl4 + 4 ROH → Si(OR)4 + 4 HCl    (Eq. 1) 

Water glasses in general are prepared by autoclaving silica in highly alkaline 

media (Equation 2), but also the reaction of sodium carbonate with molten silica 

leads to a water soluble metal salt (Equation 3). The obtained water soluble 

silicate can then be acidified to monosilicic acid,9 see Equation 4.  

SiO2 + 2 NaOH → Na2SiO3 + H2O   (Eq. 2) 

Na2CO3 + SiO2 → Na2SiO3 + CO2    (Eq. 3) 

Na2SiO3 + H2O + 2 HCl → Si(OH)4 + 2 NaCl  (Eq. 4) 

Although monosilicic acid has been identified, it has never been isolated and 

could not be detected during the manufacturing process of commercially 

available water glasses.10 Monosilicic acid is a very weak acid (pKa ≈ 9.9) and 

exists only in very dilute solutions. Above its solubility limit, which increases 

with increasing pH,11 monosilicic acid spontaneously condenses to larger 

silicate oligomers, see Equation 5. In turn, these higher order species will form 

intermolecular cross-links to form cyclic and polymeric12-17 species and 

eventually colloidally stable particles, that can form a 3D structure by a process 

that is described by three well-defined stages.7  

Si(OH)4 (aq) → SiOx (OH)4−x x−  + x H+    (Eq. 5) 

These stages involve (i) the condensation reaction of the monomers into 

oligomers and polymers which will form (ii) particles of a few nanometers in 

size that will grow and eventually (iii) form branched particle networks. 
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However, the polymerization rate of these species highly depends on the pH,18 

but there are good arguments to consider only the basic (pH > 7) and the acidic 

(pH < 7) regimes, see Figure 1. At the isoelectric point of silica, i.e., the point of 

zero charge19 where no effective interaction is present, at approximately pH 2,20 

agglomeration of the smallest particles will occur even under diluted 

conditions. This effect will be stronger in the presence of salt ions, since now the 

small amount of negative surface charges will be screened by the formation of 

an electrostatic double layer. In addition, at the isoelectric point polymerization 

is orders of magnitude slower than at higher pH. At pH > 2, and especially at 

near neutral conditions, polymerization is maximized as indicated by the 

minimum in the gel time in the pH region 5-8.7 At basic pH, more surface 

silanols are deprotonated leading to increased colloidal stability, see Scheme 1.  

 
Figure 1: Two different routes in silica chemistry as described by Iler.7 At low pH less electrostatic 

repulsion is present, leading to network formation. Under basic conditions, the higher electrostatic 

repulsion stabilizes the formed colloids.  
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The mechanism as proposed by Iler for the condensation reaction between silica 

species involves the nucleophilic attack of silanolate groups on neutral silica 

species (see Equation 6), since this reaction is dominant anywhere above the 

isoelectric point.7 Since this silanol/silanolate is only sterically hindered when 

associating to neighboring atoms, multiple coordination states, e.g., penta-21 and 

hexa-coordinations,22 have been reported.  

  (Eq. 6) 

In this reaction mechanism, the extent of deprotonation is decisive for the yield 

of this reaction and depends on the acidity of the silanol groups. Since the 

electron density of a silicon atom decreases upon the replacement of the OH 

groups with OSi, the pKa drops from 9.8 for silicic acid to 6.7 for oligomers.7 

Hence, polymerization leads to more ionized, and at the same time more 

reactive species, and therefore this mechanism generates a bimodal population 

of larger, more condensed species and smaller, less condensed species. Since at 

(near) neutral pH both protonated and silanols exist, a maximum condensation 

rate is found near this point. For the same reason, a minimum condensation rate 

is observed near the isoelectric point, since now the amount of charged, reactive 

species is minimized.  

At slightly acidic conditions, however, the condensation mechanism involves 

protonation of the silanol groups (see Equation 7), thereby making the silicon 

atom more electrophilic and hence more reactive for nucleophilic attack. 

Condensation reactions in this regime are dominated by the nucleophilic attack 

of neutral species on protonated silanols of monomers or poorly branched 

oligomers, since these species have the highest pKa and therefore are most likely 

to be protonated.  

 (Eq. 7) 
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More bulky side groups attached to a silicon atom are likely to retard the 

process, while less bulky groups will increase the condensation rate. For the 

acid and base catalyzed systems different intermediates are involved, but in 

both cases the kinetics will be influenced by steric factors. On the other hand, 

the condensation kinetics are also influenced by the electron donating groups 

like -OH and -OSi. For example, the positively charged intermediate as 

proposed in the acid catalyzed system is more difficult to stabilize upon 

intensive condensation, leading to a retardation of further condensation in the 

later stages of the reaction.  

In addition, similar effects occur during the hydrolysis step. When electron 

donating alkoxy groups are removed during hydrolysis, protonation will 

become less favorable so that the first hydrolysis step is fast as compared to the 

remaining groups, eventually leading to chain elongation. In a base catalyzed 

system however, the removal of electron donating -OR groups makes the 

negatively charged intermediate more stable. This leads to further hydrolysis of 

the alkoxy substituents and hence results in highly cross-linked sol particles 

with large pores between them. 

 

1.3 Qualitative description of silica chemistry 
The analysis and quantification of the structure of the synthesized silicas 

formed is as complicated as it is important. A higher cross-link density is 

strongly correlated to higher thermal stability, which is of great importance for 

the efficiency and sustainability of zeolites and catalysts.23, 24 Probably the most 

simple technique to monitor the silicification reaction is with the so-called 

molybdenum-test, where silicic acid and silicate ions react with molybdic acid 

to form the yellow silicomolybdic acid.7 The yellow color formed by the acid is 

thus proportional to the concentration of soluble silica in solution, and careful 

calibrations with slight modifications of this method results in an accuracy of 

~1%.25 Although this method can be used to obtain kinetic data,26 it does not 
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allow to obtain quantitative information on the  species formed in solution, nor 

on the connectivity of the final structure.  

Nuclear magnetic resonance (NMR) spectroscopy gives quantitative data on the 

precise speciation and molar composition of the silicates27-29 and with recent 

technological developments, practical limitations such as measuring times and 

data processing can, to a certain extent, be overcome.30-32 The long measuring 

times required to obtain an acceptable signal to noise ratio are limiting the use 

of NMR in situ, and despite the development of more advanced measuring 

techniques,30, 32 or even cryogenic techniques,33 literature about silicate 

speciation in liquids as determined by 29Si NMR is scarce.15, 34-36 Nevertheless, 

NMR has been a unique tool to show that an increased pore wall density of 

mesoporous silicates increases the structural stability at elevated 

temperatures,37 and the increased silica condensation using anions under strong 

alkaline conditions.38 

Another route to obtain insights into the silica network connectivity is by 

determining the amount of unreacted silanols. Several methods such as 

thermogravimetric analysis39, 40 and Fourier transform infrared spectroscopy41, 42 

have been used to characterize the silanol density, but the easy absorption of 

water on the silanol sites due to hydrogen bond formation complicates the 

determination significantly due to signal overlap of the OH groups. Therefore, 

it is not surprising that many different silanol numbers, i.e., the amount of 

silanols per surface area, appear in the literature, even when similar post 

synthesis treatments were used as in the case for the common mesoporous 

silicate MCM-41.43-46 Moreover, recent publications where in particular infrared 

spectroscopy and NMR spectroscopy were combined, show that the silanol 

number is highly dependent on both synthesis and analysis parameters.47, 48  

Furthermore, the addition of organic compounds in the silica synthesis results 

in organo-silicon complexes,49 where the chemical shifts of the various species 

overlap and unambiguous peak assignment becomes impossible.50 This is taken 

to an extreme in biological samples, where numerous proteins are involved in 
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the mineralization process and become included in the final product.51 

Therefore, in many cases 29Si isotope labeling has been applied so that 2D  
1H-29Si heteronuclear correlation (HETCOR) experiments could be performed.52 

In these experiments polarization transfer takes place from the 1H to 

neighboring 29Si nuclei. Unfortunately, also adsorbed water molecules 

significantly contribute to this cross-polarization so that only qualitative 

information can be obtained.  

Overlap of signals also affect analysis of infrared spectra,53 but often the relative 

contributions of the Si-O-Si vibrations versus the Si-OH vibrations can be used 

to estimate the progress of the condensation reactions, in particular when 

complementary Raman spectroscopy is used since here the contribution of 

water is dramatically reduced.54-58 Nevertheless, the obtained spectra of 

dissolved silicates do not unambiguously fit the peak assignments used for 

structural identification59, 60 so that in-depth knowledge of silica formation at the 

molecular level is still not present to date.  

 

1.4 Biogenic silica: mineralization in diatoms 
Biogenic silica, or biosilica, is silica mineralized by living organisms and can be 

universally found in many different forms and sizes in natural waters. Silicic 

acid occurs in extremely low concentrations (typically a few parts per million)61 

and is the feedstock for silicifying organisms, such as diatoms,62 sponges63 and 

plants.64 To date, details of how silicic acid transportation from the exterior of 

the organism to the silica deposition site are still lacking.  

Most interesting are the diatoms species, for their wide variety of sizes and 

shapes.65 They are 5-200 micrometer in size and live in both fresh and sea water. 

Diatoms are unicellular, eukaryotic algae with a well-defined exoskeleton of 

silica (see Figure 2), in which the pore sizes are controlled on the nanometer to 

the (sub)micrometer level.66 Although interesting mechanical properties have 

been reported for diatoms’ highly structured frustus,6 its main functions are to 
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optimize the motility and to precisely secrete biomolecules.67 Diatoms’ silica 

uptake, however, is dictated by the internal and external silica concentrations, 

where maximum uptake rates are observed for starved cells.68 Monosilicic acid 

is expected to be the transported species since at seawaters’ pH (~8) these are by 

far the most abundant species present.69 Monosilicic acid is then transported 

through the membrane via silicic acid transporters (SIT’s), and different SIT’s 

with different capacities are responding to intracellular stimuli to control the 

silica transport.70  

Figure 2: SEM images of the silicified frustus of the diatom species Stephanopyxis turris. Scale bars 

are 20 μm in (a) and 2 μm in (b). 

 

The deposition of silica to form the shell, or frustus, of these species proceeds 

via the silica deposition vesicle (SDV), where the pH is constant at 5.5.71 Since 

the concentration of silica in these SDV’s is orders of magnitude higher than the 

solubility limit, this strongly indicates that silica is stored in concentrated 

pools72 and recently evidence has been found that silica is stored in a pre-

condensed state.73 In the frustus itself, different protein families were found by 

cell wall extraction using a hydrofluoric acid treatment. The first proteins 

isolated, pleuralines, were rich in proline and exhibited PSCD (proline serine 

cystein aspartic acid) repetitions,35, 36 but were not reported to induce silica 

formation. With the same purification procedure, Kröger and coworkers 

indentified new polypeptides, that had affinity for silica and were therefore 

named silaffins.74 The first two silaffins, Sil-1A and Sil-1B, had similar 

a) b)
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sequences bearing modified lysine groups and are phosphorylated on all 

hydroxyl groups, leading to a zwitterionic character.75 This zwitterionic 

behavior, combined with the presence of anions, causes the formation of 

aggregates that act as templates for silica deposition.76, 77 With a more mild 

extraction method, i.e., with NH4F/HF, the third silaffin, Sil-2, could be 

identified to be also phosphorylated but is additionally glycosylated and 

sulphated.78, 79 Also more simple polyamines, based on a N-methyl-propylamine 

building block, referred to as long chain polyamines (LCPA’s), were found in 

diatoms’ frustus and are also identified to be active in silica nanoparticle 

formation.80 Although also acidic phosphopeptides (called silicidines) have 

been found to play an inducing role in silica precipitation, kinetics support the 

hypothesis that they serve as the polyanion required for silica formation 

directed by polyamines and/or silaffins in vivo.81 In general, self-assembly of 

biomolecules strongly influences the obtained morphology and is therefore 

highly relevant in silica biomineralization.82 

In the following years, numerous articles were published on the role of 

poly(amines),83, 84 and in particular of poly(lysine),85-88 on the silica formation 

mechanism and their influence on the formed gels or particles. These studies 

were based on the packing of silica sol particles under mild conditions, and it 

was reported that electrostatic attractions between the negatively charged 

silicates and the positively charged amine groups were suspected to play a key 

role in the precipitation process. This is supported by the fact that this effect 

became stronger with increasing chain length of poly(lysine), since here more 

interactions are involved.25  

Most interestingly, Gröger and coworkers showed that ~70% of the silicon 

atoms present in the frustus of T. pseudonana are fully cross-linked in the silica 

network.73 This is a strong indication that the frustus formation is highly 

efficient, since these values cannot be achieved with typical sol-gel procedures.89 

Moreover, the observed degree of condensation was constant over time, 

indicating a well-defined mechanism for frustus formation on the molecular 
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level. To date, no mechanism has been proposed that completely describes the 

morphological and chemical control during the silica biomineralization process. 

 

1.5 Biomimetic silica  
The synthesis of biomimetic silica, i.e., silica with similar cross-linking densities 

and hierarchical morphologies as found in Nature, has been a topic of interest 

over many years. The isolation and analysis of the biomolecules involved in 

biomimetic silica mineralization in diatoms as discussed in the previous 

paragraph, was followed by studies on the size control of (spherical) silica 

micro/nano-particles and the directing capabilities of polymeric structuring 

agents to create more advanced morphologies. Templates provided by phase 

separation of surfactants in bulk solution have been studied in detail since the 

organization of these surfactants in solution could be used to pattern silica 

materials on the nanometer size level in, e.g., hexagonal or lamellar  

structures (see Figure 3).90-92 Chmelka and coworkers showed that the self-

assembly of the used surfactants was dependent on electrostatic interactions 

between the surfactants and the anionic silica species.93 Since silica research was 

mainly focused on the industrial implementation of these materials as 

molecular sieves or zeolites, new mineralization agents and fine-tuned  

reaction conditions for more efficient production processes were readily 

developed.92, 94-99  

 
 
 

Figure 3: The proposed formation mechanism of mesoporous silicates based on the electrostatic 

interactions between the positively charged surfactants and the negatively charged silicate species. 

The high surfactant concentration leads to the formation of micellar rods, which pack hexagonally 

upon silicification.  

Surfactant micelle Micellar rod Hexagonal array Mesoporous  material

Silicate Calcination
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In terms of developing silica materials, hollow silica particles became of 

particular interest because of their combination of low density with good 

thermal and mechanical properties, as used in insulators and catalysts. Hollow 

silica morphologies can be obtained via mineralization of e.g., vesicles24, 100 or 

block-copolymer mesophases.101 Although significant progress has been 

reported, control over the shell thickness is still a challenge.102 

Size control on different length scales was demonstrated in the presence of 

polyallylamine hydrochloride (PAH), where particles could be synthesized on 

both the nanometer and the micrometer length scale.103 Furthermore, to control 

the morphology of the silica product, shear forces were applied leading to fiber-

like structures.104 It was suggested that the induced shear alters the polymer 

orientation in solution, similar to the effect of the addition of a second, 

positively charged polymer to the reaction mixture.105 In addition, the 

conformation of polypeptide chains can be used to design the silica porosity.106 

Similar to the surfactant systems, first a molecular template is formed that 

silicifies after the addition of a silica precursor. A more detailed study on the 

role of block co-polypeptides on the morphology and porosity revealed that the 

solubility of the hydrophobic blocks can be used to manipulate the particle 

morphology.107 Furthermore, the surface of these silica nanoparticles can be 

covered by thin, nanostructured silica sheets in the presence of 

oligopropyleneamines, leading to a similar surface topology as observed for 

diatoms.108  

To obtain also kinetic and chemical control next to morphological control, 

abundant synthetic polymers have been used to study silica formation. 

Poly(amines) are known to stabilize silica sols109 and their electrostatically 

driven assembly is reported to obtain, e.g., spheres110, 111 or platelets.112-114 The 

attractive electrostatic forces between the cationic template and the anionic 

silica species seems to be crucial in structure formation,115, 116 albeit that also 

non-ionic polymers have been successfully used to obtain hybrid silica 

materials.117-119 Although different functional groups, including amines, have 
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catalytic activity in biomineralization,120 their precise role in silica chemistry is 

still under debate. DeYoreo and coworkers showed that amine-terminated 

surfaces do not promote silica nucleation and that cooperative interactions 

between oppositely charged surface species, i.e., NH3⁺ and COO− groups, 

increase silica nucleation significantly.121 Moreover, Kato and coworkers have 

shown that a charge-relay effect, i.e., alternating charges in a polymeric chain, 

increases the catalytic activity even further.122 Similarly, the role of hydroxyl 

groups has been studied, but their role on silica formation seems to be 

negligible.123 Strikingly, no reports exist on the effect of functional groups on the 

silica cross-link density.  

In summary, bio-silicification is a highly controlled process where aspects such 

as silica uptake, storage, transport and deposition are biologically regulated. 

The abovementioned studies have revealed the involvement of organic 

molecules in the silica formation process, but the use of, e.g., alkoxysilanes does 

not completely mimic biological systems due to the release of alcohols. 

Furthermore, it is likely that multiple organic/inorganic interactions are 

involved simultaneously, although the formation of Si-O-C, Si-C and Si-N 

bonds is yet to be experimentally confirmed in vivo. Therefore, the biochemical 

and biological studies on the silica formation process must be considered as 

simplified systems, which can only partially explain the steps involved in 

biogenic silica synthesis. 
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1.6 Scope of the thesis 
The aim of the work described in this thesis is to obtain molecular level insights 

into silica mineralization, in order to understand how morphology and 

chemistry are related, and how they can be tuned depending on chemical 

conditions and additives used.  

In Chapter 2, the formation of monodisperse nanoparticles is discussed 

in terms of the development of both chemistry and morphology. A system that 

involves the diffusion of an alkoxysilane in water under basic conditions is used 

as a model system, to study the formation of the particles in detail with quasi in 

situ high resolution cryogenic transmission electron microscopy (HR cryoTEM). 

These results, in combination with quantitative NMR data, lead to new insights 

into the silica formation mechanism and a deeper understanding of the stability 

of the produced nanoparticles.  

In Chapter 3, the integrity of silica primary nanoparticles is studied in 

more detail by enhancing the imaging contrast during HR cryoTEM analysis. 

Here, the specimen formation of ultrathin films on graphene oxide (GOx) 

supports is discussed, resulting in a reduction of background electron scattering 

events, increased contrast and increased image resolution. With this new 

imaging procedure under cryogenic conditions, not only does the size analysis 

of the primary particles become more accurate, but also gives insight into the 

integrity of the primary particles as discussed in Chapter 2.  

The addition of a concentrated solution of primary particles to an 

aqueous solution of constant pH 5.5 resulted in silica precipitates, which were 

studied in detail in Chapter 4 with solid state NMR. Here, the influence of bio-

macromolecules on the cross-linking density of the silica structure is discussed. 

Furthermore, the use of a titration set-up operating at biologically relevant 

conditions resulted in a silica precipitate with an identical cross-link density to 

the diatom ditylum brightwellii. 

In Chapter 5, emulsion droplets are mineralized with 5 nm silica 

nanoparticles. The colloidally stable nanoparticles are obtained from a diluted 

sodium silicate solution, and are used as small building blocks to obtain hollow 
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silica spheres. Depending on the surfactant composition at the oil-water 

interface of the emulsion droplet, different surface charges could be obtained to 

tune the amount of deposited silica on the interface. With this procedure, 

hollow silica particles with a thin shell could be obtained.  

Chapter 6 describes the imaging and analysis of the same 20 nm 

particles with in situ TEM. Apparently, exposure to the electron beam leads to 

immobilization and deformation of the spherical nanoparticles used. The 

obtained results not only give insights into the further development of liquid 

TEM in colloidal systems, but also give rise to new potentials for creating 3D 

structures in liquid.  

Chapter 7 summarizes the results described in this thesis. Furthermore, 

an outlook is given on the use of 20 nm silica particles in Pickering emulsion 

systems. Preliminary results with cryoTEM and in situ SAXS show how the 

stability of these particles can be tuned, in order to assemble the silica particles 

on an oil/water interface.   
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2.1 General introduction 
While in nature silica is formed via the condensation of silicic acid, most 

synthetic silica is produced through the hydrolysis of alkoxysilanes and the 

concomitant condensation of the hydrolysis products.1 Of particular interest are 

highly monodisperse particles that can be obtained by the so-called Stöber 

method2 as well as by other procedures.3 However, despite many years of 

investigation, the mechanisms of nucleation and growth that lead to the 

formation of particles with such narrow size distribution have still not been 

fully resolved. Scattering experiments4-7 and simulations8, 9 have convincingly 

shown that the early stages of formation involve primary particles of ~2 nm in 

diameter,1 but no consensus has been reached on the mechanistic steps that lead 

to mature particles. To date, none of the different mechanisms proposed, 

including the two opposite ones, i.e. growth by monomer addition10 or by 

aggregation,11 comprehensively explains all experimental observations.  

In this chapter, the formation of silica is studied in time, on both the short 

(minutes) and the long (many months) time scale. Both stages are in detail 

studied with cryoTEM and quantitative analysis of the silicate species formed is 

obtained via solid state 29Si NMR. For this, TEOS diffusion in aqueous solutions 

as described by Yokoi and coworkers3 was used as a model system, since this 

procedure allows analysis of different stages in the nanoparticle formation 

depending on the reaction time. In the early stages, hydrolysis of the phase-

separated TEOS species was the dominant process, while in later stages 

condensation reactions were favorable. 

 

2.2 Formation of monodisperse silica nanoparticles via 

assembly of primary particles 
The monodisperse silica particles of which the formation is studied here, were 

synthesized according to the procedure of Yokoi et al.3 which involves the slow 

diffusion of tetraethyl orthosilicate (TEOS, final silica concentration: 16 mg/mL) 
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into a stirred aqueous, basic solution of lysine. After 24 h, cryo-TEM showed the 

formation of highly monodisperse, near-spherical assemblies with irregular 

surfaces (diameters of 24 ± 2.8 nm) consisting of small 1.3 ± 0.3 nm primary 

particles (Figure 1a). The assemblies remained stable in time (up to 18 months) 

with no observable changes in their internal morphologies, i.e., primary 

particles remain clearly recognizable inside the assembly (Figure 1b). 

Conventional TEM showed only minor morphological changes in the 

assemblies upon drying, apart from a densification of the primary particles, 

underlining their structural integrity (Figure 1c and Table 1). 3D analysis of the 

assemblies by electron tomography confirmed that they consist of primary 

particles (Figure 1d-e).  

 
Figure 1: Cryo-TEM images of the suspension taken after (a) 1 day and (b), 1 year aging.  

(c) Conventional TEM image of an assembly showing the structural integrity of the assembly upon 

drying, despite further densification of the ‘bound’ particles. The white arrows point at some 

‘bound’ primary particles inside the structure of the larger assemblies. (d, e) Numerical cross-

sections through an assembly in the dry state obtained by electron tomography. Scale bars are 10 

nm, the scale bar in the inset in (a) is 100 nm. 
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Table 1: Particle diameters and population standard deviations of the ‘free’ primary particles, the 

silica assemblies and their constituting ‘bound’ primary particles, as observed in cryogenic 

conditions using a defocus value of –500 nm. 

 

 
longest axis (nm) shortest axis (nm) average (nm) 

assembly 
primary 

particles 
assembly 

primary 

particles 
assembly 

primary 

particles 

30 min – 2.7 ± 0.5 – 2.0 ± 0.3 – 2.4 ± 0.5 

40 min – 2.5 ± 0.4 – 1.9 ± 0.3 – 2.2 ± 0.5 

ASSOCIATION EVENT 

45 min 5.9 ± 1.1 1.4 ± 0.3 4.3 ± 1.0 0.9 ± 0.2 5.1 ± 1.3 (26%) 1.2 ± 0.3 

50 min 10.1 ± 1.3 1.4 ±0.3 8.1 ± 1.1 1.0 ± 0.2 9.1 ± 1.6 (18%) 1.2 ± 0.3 

2 h 12.7 ± 1.2 1.4 ± 0.2 10.2 ± 2.1 1.0  ± 0.2 11.4 ± 2.1 (18%) 1.3  ± 0.3 

7 h 18.4 ± 1.7 1.4 ± 0.2 15.6 ± 1.9 1.1  ± 0.2 17.0 ± 2.3 (14%) 1.3  ± 0.3 

24 h 25.5 ± 2.2 1.5 ± 0.2 22.3 ± 2.3 1.1  ± 0.2 23.9 ± 2.8 (12%) 1.3  ± 0.3 

1 year 26.8 ± 1.7 1.4 ± 0.2 24.1 ± 2.5 1.1  ± 0.2 25.5 ± 2.5 (10%) 1.3  ± 0.3 

 

The progress of the reaction was monitored by measuring the pH of the 

solution (Figure 2a) and by cryo-TEM imaging at different time points. The 

initial pH of 9.1 measured directly after the addition of TEOS rapidly dropped 

to 8.6 due to its conversion into silicic acid. Concomitant with this pH decrease, 

cryo-TEM revealed the formation of monodisperse particles with diameters of 

2.3 ± 0.5 nm, which increased in number but not in size (Figure 2c-d). We will 

refer to these as primary particles.  
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Figure 2: pH monitoring of (a) the complete reaction  (final silica content: 16 mg/mL) and (b) during 

primary particle formation (final silica content: 0.54 mg/mL). Cryo-TEM images of the suspension 

after (c) 30 minutes, (d) 40 minutes,(e) 45 minutes, (f) 2 hours, (g) 7 hours and h, 24 hours. The white 

arrows in (g) points at a ‘free’ primary particle. The open, diffusively charged cloudy structures 

densify to ‘free’ primary particles (Regime I: primary particle formation) that collapse upon 

association into assemblies (Regime II: association of primary particles into assemblies). After 

association, no further new assemblies are formed and growth occurs via the addition of primary 

particles (Regime III: growth of assemblies). Scale bars are 10 nm. 
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After 40 minutes, the pH suddenly increased and over the course of 15 minutes 

reached pH 8.7, after which it slowly decreased again to show a second, more 

gradual, increase at 15 h, stabilizing at pH ~8.5 (Figure 2a). Cryo-TEM showed 

that the pH jump at 40 min corresponds to the sudden association of the 

primary particles to form assemblies, with diameters of 5.1 ± 1.3 nm on average 

(with the smallest observable ones being 3.5 nm), see Table 1. The assemblies 

grew further in time, with ‘bound’ primary particles still being discerned within 

their structure, although their diameter had decreased to 1.3 ± 0.3 nm  

(Figure 2e-h and Table 1). The presence of ‘free’ primary particles in solution in 

all stages implies that they are produced throughout the entire process and are 

the precursors of the growing assemblies, while the size difference between 

‘free’ and ‘bound’ primary particles indicates a collapse of their structure upon 

association. The second increase in pH after 15 h is ascribed to the on-going 

condensation of silicic acid monomers and oligomers, only observable after the 

hydrolysis reaction has consumed all the TEOS in the system, and no more 

acidic species are being generated. 

When the reaction was performed at a reduced silica concentration  

(0.54 mg/mL), a similar pH decrease was observed but no pH jump occurred. 

Cryo-TEM showed a decreased concentration of primary particles that were 

stable and could be stored for days, implying that under these conditions the 

critical concentration for the formation of assemblies was not reached. 

However, upon increasing the silica concentration of the suspension to  

25 mg/mL through controlled water evaporation, formation of assemblies with 

diameters of ~7 nm was observed (Figure 3).  
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Figure 3: cryo-TEM images of (a) freshly prepared primary particles (silica content: 0.54 mg/mL) 

and (b) after water evaporation (silica content: 25 mg/mL). The white arrows point at some ‘bound’ 

primary particles inside the structure of the larger assemblies. Scale bars are 10 nm. 
 

The stability of the assemblies was evaluated by aging suspensions, each 

containing two different size populations (5 and 15 nm, respectively, 15 and  

20 nm). Cryo-TEM images indicated colloidal stability over a period of  

3 months with no observable changes in morphology (Figure 4), indicating that 

exchange of primary particles, addition of soluble silicate oligomers and 

Ostwald ripening do not play a significant role. Reference experiments using 

ammonia and sodium hydroxide, also starting at pH ~9.0, showed that the 

association process was not specific for the use of lysine (Figure 5) and that no 

specific additives are involved in the stabilization of either the primary particles 

or the assemblies.  



Chapter 2 

28 

 
Figure 4: Cryo-TEM images of a mixture of assemblies with sizes of (a, b) 15 and 20 nm and (c, d) 5 

and 15 nm particles. Images (a) and (c) are taken immediately after mixing and images (b) and (d) 

after 3 months storage at room temperature. Scale bars: 10 nm. 
 

  
Figure 5: Cryo-TEM images of silica assemblies prepared in presence of (a) ammonia, (b) sodium 

hydroxide, (c) without base and (d) silica assemblies prepared from a sodium silicate solution at  

pH 8.8. The morphology of an assembly composed of ‘bound’ primary particles is shown in the 

inset. Scale bars are 10 nm. 
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When the reaction was carried out in pure water of pH ~6.5, similar primary 

particles were formed, but under these conditions, the primary particles were 

not stable and started to associate immediately; aggregates with undefined 

morphology resulted, demonstrating the importance of a basic pH in 

controlling the surface charge of the primary particles and thereby their 

association into monodisperse assemblies (Figure 5c). Moreover, monodisperse 

assemblies (diameters ~7 nm) were also obtained by titrating a sodium silicate 

solution into water of pH 8.8 (Figure 5d). The assemblies produced in water 

showed a coarse surface structure compared to the smooth appearance of silica 

nanoparticles prepared in alcohol-based media (Stöber method) (Figure 6). We 

attribute this effect to the difference in the silica condensation reactions that 

occur. While in water, the condensation of two SiOH groups results in an 

essentially irreversibly formed Si-O-Si bond, in an alcohol-based solution and 

with incomplete hydrolysis, condensations are less likely to occur, and the 

alcoholate (SiOR) and hydroxyl (SiOH) groups can exchange reversibly,12 

thereby creating a relaxation mechanism for further smoothening. 

 
Figure 6: (a,b) Cryo-TEM images and (c) conventional TEM image of the silica assemblies taken at 

various time points of the growth process in water. The white circles are a guide for the eye to 

visualize the smoothening of the assemblies while growing. (d) Conventional TEM image of silica 

assemblies prepared in ethanol. Scale bars are 10 nm. 
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2.3 Densification of primary particles upon assembly 
The observed difference in size between the ‘free’ (2.3 ± 0.5 nm) and the ‘bound’ 

(1.3 ± 0.3 nm) primary particles, representing a volume factor difference of at 

least 5, suggests a further densification of the silica network structure upon 

association, labeled as collapse (Figure 2e). Direct-excitation 29Si MAS NMR of 

freeze-dried solutions was used to provide quantitative information on the 

cross-linking of the silica network through the ratios between fourfold (Q4) and 

threefold (Q3) interconnected silicon atoms (Figure 7a). Comparing the Q4/Q3 

ratios of the primary particles formed at a silica concentration of 0.54 mg/mL 

(Q4/Q3 = 0.9), with those of the assemblies obtained just after the association 

(Q4/Q3 = 1.4) and after 24 h (Q4/Q3 = 1.6) indicated that the association of 

primary particles together with their further collapse occurs concomitantly with 

an increase in cross-linking.  

 
Figure 7: Single pulse solid state 29Si NMR (a) on freeze-dried samples of both the primary particles 

(t1) and the nanoparticle assemblies just after association (t2) and at the end of the reaction (t3). 

Cryo-TEM image (b) of the primary particles (t1) with (c) the particle size distribution. Cryo-TEM 

image (d) of the final assemblies (t3) with (e) the particle size distribution of the assemblies and 

their constituting primary particles. Scale bars are 10 nm. 

 

Interestingly, elemental analysis performed on these samples revealed that the 

carbon content throughout the reaction remains the same, suggesting that the 

hydrolysis is almost complete at all times (Table 2). Further, the fact that no 
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‘free’ primary particles of 1.3 nm diameter are observed in suspension shows 

that the collapse of the primary particles occurs exclusively upon their 

association into assemblies, or during their addition onto the assembly surface. 

These observations imply that the collapse is driven by extra cohesive 

interactions (including next-nearest neighbors) upon close approach of the 

primary particles and that condensation reactions must be associated with the 

expulsion of water from the highly hydrated ‘free’ primary particles. Moreover, 

while the size of a ‘free’ primary particle is mainly determined by surface 

charge, the size of a ‘bound’ one is determined by the balance of network 

flexibility versus the extra cohesive forces given the silica content of a primary 

particle.  

Table 2: Chemical analysis of freeze-dried silica assemblies. The composition is given in weight 

percentages. 
 % C % H % Si 

Primary particles 1.2 2.3 45.0 

Assemblies just after association 1.7 1.4 44.5 

Assemblies 2.0 1.1 43.8 

 

 

2.4 On the formation and behavior of primary particles 
The observation of well-defined primary particles with diameters of  

2.3 ± 0.5 nm is in line with the consensus that at pH > 9, the hydrolysis of TEOS 

and the subsequent condensation of the generated silanol groups lead to 

charged, highly hydrated, branched low density oligomeric structures12, 13 

which above a critical size become insoluble, leading to their densification 

through expulsion of some of the water contained in their structure (Figure 2, 

regime I).  
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For this stage of the process, there is consensus in literature that the 

polymerization of silicon oxide proceeds via dimers, trimers, etc. to form 

oligomers, including cyclic ones, which then form primary particles. However, 

with regard to the association regime (II), several theories were postulated to 

describe and explain the mechanisms involved. Two main models emerged, i.e., 

the ‘monomer addition model’14 and the ‘aggregation growth model’.15 Despite 

the fact that these models were developed by studying alcohol-based systems, it 

is interesting to scrutinize their postulates. In the ‘monomer addition model’, 

identical primary particles are nucleated within a short period of time. At the 

moment silicic acid supersaturation is reached, the identical particles grow 

further by the addition of silicon oxide monomers on the particle surface, 

preserving the monodispersity throughout the whole process. In the 

‘aggregation growth model’, however, primary particles with a broad size 

distribution ranging from 1 to 5 nm are generated in solution over a longer time 

frame; the continuously formed particles coagulate because of their colloidal 

instability to form larger and more stable particles, thereby obtaining a narrow 

size distribution at later stages of the process. 

2.4.1. A mechanism unifying disparate modes of silica formation  
Other models, where both mechanisms are involved, suggested that the 

formation of these assemblies proceeds through a controlled aggregation 

process while the growth proceeds through monomer addition, leading to 

smooth colloidal surfaces.16, 17 However, none of these models have fully 

explained all aspects of the formation mechanisms; the ‘monomer growth 

model’ mainly transcribes the findings of LaMer,18 originally developed to 

describe the formation of monodisperse sulfur sols, to the silica system, but 

lacks direct evidence for the mechanism. One of the arguments in favor of a 

monomer addition process is the fact that the number of particles present in the 

suspension, as determined by light scattering, is constant throughout the 

reaction, implying that nucleation is limited to the early stage of the process.14 

Our finding that at all stages the assemblies show internal structure is in line 

with these results, as it shows that nucleation occurs through the association of 
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the primary particles into assemblies, which later on grow by addition of 

particles produced through the reaction. These primary particles are so small 

and their concentration is so low that they fall under the detection limits of 

most light scattering devices. Although with intensity-enhanced light scattering 

hydroxyapatite clusters from 0.7 to 1.0 nm have been detected,19 the essential 

difference with those measurements is that in the case of silica two main sizes - 

a few nanometers and tens of nanometers - are present, rendering the detection 

of small particles much more troublesome while the density and refractive 

index of the small size silica primary particles may be expected to be much less 

than for the hydroxyapatite case. Tobler et al.7 have performed a DLS study in 

combination with in-situ SAXS measurements, but were unable to resolve the 

small particle sizes with DLS as detected with SAXS. This observation shows 

that it is easy to overlook the continuous supply of primary particles and the 

formation of the small aggregates. In addition, it was found that the electrical 

conductivity of the suspension, related to the concentration of silicic acid in a 

seeded growth experiment, was unaffected by the number density of particles, 

suggesting that silicic acid does not directly condense onto the silica particles, 

rendering the monomer addition growth model highly unlikely.15 Rimer et al.6 

also performed conductivity measurements of solutions of water and 

tetrapropylammonium hydroxide (TPAOH) with TEOS. They showed two 

different regimes, with first a fast decrease of the conductivity in the early stage 

of the reaction (regime I), which they relate to the deprotonation of monomeric 

silica and oligomeric species (with insignificant nanoparticle formation). After 

the critical aggregation concentration (CAC), the conductivity decreases less 

steep (regime II), corresponding to further condensation and formation of 

nanoparticles in solution. In view of our results, the first steep decrease in 

conductivity can also be explained by the formation of ionized, open cloudy 

structures that collapse to form primary particles with a high charge 

localization. Here, monomers are consumed fast to form primary particles and 

the total number of particles increases until association into assemblies occurs. 
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After this point, the number of particles does not change significantly leading to 

a slower decrease in conductivity, which the authors refer to as regime II.  

Meanwhile, Bogush and Zukoski15 postulated that growth occurs through 

aggregation of primary particles to produce larger particles. The authors 

assumed that the primary particles have a surface potential of about −13 mV 

independent of size (hypothesis), so that the particles attract each other 

continuously until some are large enough to repel each other and grow at the 

expense of the smaller ones, equivalent to Ostwald ripening. In contradiction 

with their argument, we showed that a suspension composed of two 

populations of particles, i.e., 5 and 15 nm, remains stable after 3 months, 

showing no changes in the sizes of either populations of particles, revealing that 

the surface potential is high enough for assemblies as small as a few nanometers 

to prevent them from aggregating together. Pontoni et al.5 have used SAXS to 

investigate the formation process of particles and showed a drastic decrease in 

number density of scattering objects in the initial stage of growth, after which 

the number density of growing spheres remained constant. This also fits with 

our proposed model, which includes a sharp decrease in number density of 

primary particles upon their association into assemblies. They also showed that 

the initial nuclei behave like spherical droplets, since the nuclei are better 

described by a polydisperse sphere than by a fractal form to fit their SAXS data. 

In their SAXS measurements, Boukari et al.13 also showed deviations from a 

single power-law in the scattering data obtained at later times, which can be 

attributed to the appearance of a distribution of particles of various fractal 

dimensions, corresponding to our formation of primary particles throughout 

the reaction. 

Similar SAXS profiles have been reported in water/arginine systems20 with the 

growth of a constant number of particles. Due to this monotonic increase of the 

nanoparticle volume fraction, the growth process was explained not to be 

governed by a coarsening or a coalescence process, but by a reaction-controlled 

addition of monomer species on the particle surfaces. The size of the primary 
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particles, that add onto the growing assemblies that we observed in our study, 

can also be overlooked at when analyzing the SAXS profiles. In a similar 

water/arginine system, Fouilloux et al.12 observed via SAXS that the surface-

volume ratio of the scatterers decreases faster than it would for a sphere of the 

same volume, and does not reach the value corresponding to a spherical object, 

showing that their final particles also have sharp edges at the end of the 

reaction. Others17, 21 analyzed the competitive growth of a dispersion of silica 

particles with a bimodal size distribution and showed that all particles grew at 

the same rate, demonstrating that the growth was surface reaction limited, as 

proposed in our mechanism. 

It has been suggested that for SiO2 particles with a size of a few nanometers to 

be stable, a high surface charge is required,6, 22 which leads to a high estimated 

surface potential ψ0 of about −120 to −170 mV. However, charge-potential 

considerations are usually based on the flat plate Gouy-Chapman solution of 

the Poisson-Boltzmann equation without considering curvature even though 

the latter has a strong influence.23, 24  

2.4.2. Charge-potential relation 
The defined size of the primary particles suggests a local thermodynamic 

minimum that limits their growth. The electric charge-potential relation for 

colloidal systems is usually based on the Poisson-Boltzmann equation. For 

spherical particles, an analytical solution is available for the linearized Poisson-

Boltzmann equation (Debye-Hückel approximation) while for the full equation, 

only a numerical solution is available.25, 26 Several approximate solutions have 

been offered, both for symmetric and non-symmetric electrolytes. A recent 

overview is given by Lamm and Pack.27 Here, a restriction is made to 

symmetrical electrolytes. For this case, Stokes28 offered a relatively simple 

approximation for the surface charge density σ reading: 

    (Eq. 1) 
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Here t = tanh (ze 0/kT) with z the valency of the ions, e the unit charge, 0 the 

surface potential, k Boltzmann’s constant and T temperature while  represents 

the inverse Debye length, a the particle radius and c the concentration of the 

ions. Limiting the approximation to two terms, a maximum error of about 26% 

results (the error peaks at a = 0.1 and ze 0/kT = 6).26 Generally the error is less 

than 10%. For a small particle diameter, say below 10 nm, the contribution of 

the second term cannot be neglected as compared with the first term, as it is in 

the same order of magnitude or, dependent on size, much larger than the first 

term. Finally, the charge density can be calculated from the zeta potential , i.e., 

the potential at the plane of shear. In that case the particle radius is an effective 

radius, being the minimum distance to which the center of an ion can approach 

the particle. 

Two particle sizes are used for the zeta potential measurements, namely the  

2.3 nm ‘free’ primary particles and 13 nm assemblies. The zeta potentials 

calculated according the Hückel theory are   71 mV and   42 mV, 

respectively. The counter ion being a hydrated lysine, we take for its radius 0.5 

nm29 as estimated from the radial distribution function of hydrated lysine 

calculated by molecular dynamics, so that the effective radii of the two types of 

particles are 1.7 nm and 7.0 nm, respectively.  

To estimate the ionic strength, it is assumed that TEOS is converted into silicic 

acid only and that silicic acid is added to the system linearly with time, 

similarly to the 2-12 h region of the pH curve, meaning that the [Si(OH)4]total at 

2500 s is estimated to be 12.5 mM. Although the type of base chosen is 

obviously important, the calculations were performed by considering the lysine 

content in the medium, since the concentration of lysine is exactly known. The 

equilibrium of the acid group of the lysine molecule is neglected; the pKa of this 

group is ~2.1, far from the pH of the reaction of 8.8. This results in two 

equilibrium balances for lysine, 1 for water and 4 for silicic acid. The resolution 

of these equations results in an ionic strength of ~10 mM. As expected, 

practically all the lysine is protonated on the amine groups at this pH (~6.9 mM 
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of the 7 mM added) and the concentration of fully deprotonated silicic acid is 

negligible. 

This leads to σ ≅ 0.047 C/m2 (0.29 e/nm2) and σ ≅ 0.015 C/m2 (0.092 e/nm2) for the 

primary particles and the assemblies, respectively. These results are not very 

sensitive to the precise data used: changing the diameter or zeta potential by 

10%, changes the numbers obtained by about 5%. Monte Carlo simulations and 

the corrected Debye-Hückel self-consistent field (CDH-SCF) theory yield  

σ ≅ 0.032 C/nm2 for 2 nm radius SiO2 particles and σ ≅ 0.019 C/nm2 for 5 nm 

radius SiO2 particles at pH 8.5 and c = 10·10−3 mol/L, as estimated from the 

graph given in Abbas et al.22 Hence good agreement is observed. In particular, it 

is gratifying that a somewhat higher charge density is estimated for our 1.7 nm 

radius ‘primary particle’ as compared to the 2 nm size used in the simulation 

and a slightly lower charge density for our 7.0 nm radius ‘assembly’ as 

compared to the 5 nm size  used in the simulation. Estimates based on a 

condensation model for SiO2 using the surface density of the SiO− sites yield a 

surface density of about 1.0 C/m2 at pH 11.6 leading to a surface potential of 

about −170 mV. However, this estimate is based on using the Grahame equation 

(essentially the first term in eq. 1) which provides a significantly different 

estimate for the potential given the charge as the Stokes estimate, eq. 1. 

 

2.5 Overall formation mechanism of monodisperse silica 

nanoparticles 
For both the primary particles and the assemblies zeta potentials were obtained 

consistent with the aforementioned surface charge considering curvature, and 

well within the range normally obtained at that pH.30 Therefore, it is proposed 

that during the densification of the oligomeric structures, the majority of the 

charged silanolate groups become located at the particle surface. This will 

create thermodynamically stabilized primary particles of a defined size that 

balance their volumes and surface charges and have a strongly repulsive 



Chapter 2 

38 

electrical double layer that maintains their stability in solution up to the point 

where a critical aggregation concentration (CAC) is reached and the association 

to assemblies occurs (Figure 2, regime II).  

The formation of the assemblies with increasing monodispersity and persistent 

internal structure implies that i) association is confined to a small time window 

and ii) the subsequent growth occurs essentially by addition of individual 

primary particles. For this, a mechanism is proposed in which the electrostatic 

repulsive forces of the primary particles allow a build-up of a high 

concentration of primary particles in solution through the continuous 

generation of silica oligomers, which at nucleation rapidly drops below the 

CAC. After this point, the chemical potential is no longer high enough to 

overcome the repulsive barriers between two primary particles; however, it still 

allows them to add on to the less repelling surfaces of existing assemblies. From 

this point on, the number density of assemblies in the suspension remains 

constant; no new assemblies are formed. The absence of further nucleation also 

implies that the rate of generation of primary particles through the hydrolysis 

of TEOS is not higher than the rate of addition onto existing assemblies.  

In addition, no intermediate sizes between 1.3 nm for the primary particles and 

5.1 nm for the smallest assembly were noticed. From the diameter ratio of the 

‘bound’ primary particles and the assemblies, one can estimate the number of 

‘bound’ primary particles in the assembly. The smallest assembly observed in 

the cryo-image still contained several primary particles. It is highly unlikely 

that several particles associate in one event, so we infer that this association is a 

fast, stepwise reversible consecutive process that only stops because a 

particularly stable size is reached; the smallest assembly observed exhibited a 

diameter of ~3.5 nm, which can be considered as the first ‘stable’ assembly size. 

In fact after the ‘association’ event, the relative standard deviation of the size 

distribution for the assemblies decreases with time from 25% to 10% (Table 1), 

suggesting indeed a slow further growth towards more uniformly sized 

assemblies. The process is probably akin to the process of micelle formation, 
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where also a large number of ‘primary particles’, i.e. surfactant molecules, form 

an ‘assembly’, i.e. a micelle, with as difference that the silica primary particles 

are highly compressible. A similar reason as for the stability of micelles, namely 

a small Gibbs energy preference for a certain size range, explains the stability of 

the assemblies, while the slow continuous growth after assembly formation is 

likely due to the extra cohesive forces that arise during collapsing of the 

primary particles upon addition to the already existing assembly. 

Growth (Figure 2, regime III) then must occur through a surface reaction 

limited process which allows the primary particles to preferentially react at ‘hot 

spots’, so that upon occupation of such a site by a primary particle, 

homogeneity as well as surface smoothness of the growing assembly increases 

(Figure 6).  

 

2.6 Conclusions 
High resolution cryo-TEM observations combined with data from quantitative 

analysis techniques allowed us to clarify hitherto elusive aspects of silica 

formation and to present new insights into the formation mechanisms of 

monodisperse silica nanoparticles. The presence of primary particles in the 

early stage of the reaction has already been reported, but their behavior in 

solution, including their unusually stable nature, is now demonstrated. In 

addition, the stability of aged mixtures of two size populations of particles 

excludes a significant role for Ostwald ripening. The collapse of the primary 

particles upon association, both in terms of morphology and chemistry, as well 

as their persistence in the internal structure of the assemblies, are new elements 

leading to a revised formation mechanism. These results combined with 

previously reported observations indicate that this mechanism is largely 

independent of the reaction medium (water or alcohol) and the silica precursor 

(alkoxysilanes or sodium silicate), and applies for the most frequently applied 

approach for the preparation of uniform silica particles, the Stöber method, as 
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well as the early stages of zeolite.31 More generally, these results imply that 

colloidally stabilized primary particles can be part of a more general 

phenomenon in the nucleation of well-defined inorganic nanoparticles.  
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2.7 Materials and Methods 
 

Materials 
Tetraethyl orthosilicate (TEOS, > 99%), aqueous ammonia solution (25%) and 

sodium hydroxide (> 97%) were purchased from Merck and pure L-Lysine was 

obtained from Fluka. Deionized water was used for the synthesis. All chemicals 

were used as received without further purification.  

Reaction 
Lysine mediated silica assemblies were prepared as follows: first, regent grade 

lysine (0.1 g, Fluka) was dissolved in deionized water (100 mL) under magnetic 

stirring at 60 °C. Thereafter, TEOS (5.6 g, Merck) was added to the water-lysine 

solution at once. The molar composition of the reactants is 1TEOS: 0.03 lysine: 

206 H2O. The reaction was carried out at 60 °C for 24 hours under magnetic 

stirring (270 rpm). Alternatively, for the formation of primary particles only, 

TEOS (0.2 g) was added to the same water-lysine solution. Samples were taken 

at various time points from the water phase and vitrified for cryo-TEM 

imaging. 

Cryogenic Transmission Electron Microscopy  
Samples were vitrified on R2/2 Quantifoil TEM grids (Quantifoil Micro Tools 

GmbH, Jena, Germany) at various time points during the reaction using an 

automated vitrification robot (FEI Vitrobot™ Mark III, FEI Company). Before 

vitrification, the TEM grids were hydrophilized by glow discharge using a 

Cressington 208 carbon-coater. A 3 μL drop of the suspension of silica in water 

was applied to a Quantifoil grid in the environmental chamber (operating at  

25 °C with 99% relative humidity) of the Vitrobot and the grid was blotted with 

two filter papers to remove the excess liquid. Subsequently, the grid was 

plunged into liquid ethane which was maintained at approximately –183 °C. 

The vitrified sample was then transferred to the TU/e cryoTITAN (FEI, FEG,  

300 kV, Gatan Energy Filter, 2k × 2k Gatan CCD camera) and kept at liquid 
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nitrogen temperatures at all times. Imaging was performed using low dose 

mode at three defocus values of −250 nm, −500 nm and −1000 nm for particle 

size analysis. Images were acquired with an exposure time of 1 second at a dose 

rate of ~70 e–/Å2s. 

Particle size analysis 
Particle size measurements were performed manually using an in-house Matlab 

script. The script requires the long and short axes of particles to be defined by 

manually clicking at the corresponding edge of the particle in the image. 

Subsequently, the pixel positions are converted into distances using the 

magnification calibration of the corresponding Digital Micrograph image file. 

Analysis was performed on at least 100 particles for each synthesis step using a 

defocus value of −500 nm, the results being marginally dependent on the 

defocus value. The presented values reflect the arithmetic average between 

longest and shortest axes with the error given by the standard deviation of the 

sample. Extreme care was taken to use only clearly identifiable particles for the 

analysis implying the use of about 6 (high resolution) images per condition. To 

verify the quality of the counting statistics, we analyzed for two conditions 

more images resulting in about 200 particles used but no essential changes in 

numbers were obtained. Electron tomography. Tilt series were recorded 

between negative tilt angles of –70 to +68 degrees (magnification 81 kx, defocus 

–300 nm, total dose 150 e–/nm2) with tilt step 1°. Before acquisition, two images 

with an exposure time of 0.25 seconds were used for tracking and two images 

with an exposure time of 0.25 seconds were used for focusing. Images with an 

exposure time of 2 seconds were used to reconstruct the tomograms using 

IMOD software employing the simultaneous iterative reconstruction technique 

(SIRT). 

Monitoring pH in solution 
The pH of the solutions was followed using a Metrohm® commercial titration 

setup running the Tiamo 2.1 software, which controls a double junction micro 

pH glass electrode (Metrohm®). The pH electrode was calibrated before each 
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experiment using buffer standards at pH 4.0, 7.0 and 9.0. Measurements were 

performed with a 5 second interval time. 

NMR spectroscopy 
NMR experiments were performed in a magnetic field of 11.7 Tesla on a Bruker 

Avance DMX500 operating at 500 MHz for 1H and 99 MHz for 29Si. The NMR 

measurements were carried out using a 4-mm MAS probe head with a sample 

rotation rate of 6 kHz. Quantitative 29Si NMR spectra were recorded using a 

high power proton decoupling direct excitation (DE) pulse sequence with a 90° 

pulse duration of 5 μs and an interscan delay of 180 s. Tetramethylsilane (TMS) 

was used for 29Si NMR shift calibration. The intensities of the spectral 

components Q2, Q3 and Q4 were obtained by deconvolution of the DE 29Si MAS 

NMR spectra in terms of Gaussian line shapes using DMfit2011.2.  

Chemical analysis 
Elemental analysis was carried out in Microlab Kolbe Laboratories, Germany. 

CH analysis was performed by burning a sample in a CHNOS-analyzer and the 

elements were detected by a WLD. Si was detected by destructing a sample 

under high pressure and temperature, after which the sample was measured as 

a solution in a spectrophotometer. 

Zeta potential measurement 
The electrophoretic mobilities were measured using a Malvern ZetaSizer 

Nanoseries at 20 °C using the optimized conditions resulting from the 

automatic procedure of the equipment but keeping the applied voltage constant 

at 25 V. Data were converted to zeta potentials according the Hückel theory 

since for all conditions κa < 2, where κ represents the inverse Debye length and 

a the particle radius. 
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‘The first principle is that you must not fool yourself and you are the easiest person to fool’ 

Richard P. Feynman, 1918-1988 
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3.1 General introduction 
The assembly and stability of the primary particles as described in the previous 

chapter, are expected to be highly dependent on environmental conditions such 

as pH and ionic strength.1, 2 Therefore, the formation of these primary particles 

under varying conditions may influence their size and size distribution. In 

addition, it is proposed that concentrated sodium silicate solutions, even at 

extremely basic conditions, already contain clusters or colloidal particles in the 

nanometer size range.3 As the size differences under the different conditions are 

expected to be small compared to the typical particle sizes of ~2 nm, their 

analysis is hampered by the limitations of practically all high resolution 

equipment including cryoTEM. In addition, imaging conditions such as defocus 

values and applied dose might influence the interpretation of the acquired 

images.4 In this Chapter a new high resolution approach is explored for 

imaging these primary particles in cryoTEM using ultrathin vitrified films on 

graphene oxide (GOx) supports.  

 

3.2 Complications for imaging primary particles with 

cryoTEM 
Transmission electron microscopy is a key technique in the characterization of 

both organic and inorganic nanostructures providing information on size, 

structure and morphology on the (sub)nanometer length scale.5-10 For the TEM 

analysis of specimens dispersed in liquids, samples are conventionally dried 

from suspension onto a 30-50 nm carbon or polymer covered metal grid. For 

organic materials, which are relatively transparent to the electron beam, drying 

is often combined with negative staining to generate contrast. As both drying 

and the interaction with staining agents may affect the structure of the 

specimens under investigation, cryoTEM – which involves the vitrification of  

~100-200 nm thin volumes of liquid – has evolved as an important technique for 

the visualization of nanostructures in their near native dispersed state.11-14 
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However, to prevent radiation damage to the delicate specimens, cryoTEM is 

generally performed under low-dose conditions, which together with the often 

weak scattering of electrons in the vitrified solvent film, limits the resolution of 

the technique to the nanometer level. However, in a few cases high resolution 

images with sub-nanometer details15, 16 or even lattice resolution have been 

reported.17, 18 For dispersions of mechanically robust polymer-based 

nanoparticles – which do not compromise their structural integrity upon drying 

– it has been demonstrated that the use of graphene oxide supports, due to their 

low background signal, allowed for increased contrast and resolution of the 

suspended sample in conventional TEM imaging without the use of staining 

agents, thereby providing a convenient alternative for the more elaborate and 

infrastructurally more demanding use of cryoTEM.19-21 

One limiting factor in cryoTEM is the thickness of the solvent layer: thinner 

layers lead to less scattering of the electrons due to the vitrified solvent, and 

therefore to increased contrast and higher resolution imaging of the sample. In 

addition, in the 2D analysis of nanometer-sized features a decrease of the film 

thickness will reduce the number of superimposed objects and, hence, lead to a 

more precise determination of their size and to a more reliable analysis of their 

shapes. Decreasing the film thickness, however, is limited by the ability of the 

sample solution to form a mechanically robust freestanding film spanning the 

holes of the carbon support film, in particular for high surface tension liquids 

such as water.22  

Graphene oxide (GOx), which is hydrophilic due to the presence of epoxy, 

hydroxyl, carbonyl and ether groups23-25 and supersedes the more hydrophobic 

graphene in aqueous surface wetting behavior,26-29 would be a potential robust 

low contrast layer to stabilize ultrathin aqueous films for high resolution 

cryoTEM imaging through favorable GOx-liquid interactions and simultaneous 

mechanical support. In this chapter, we demonstrate the use of GOx to prepare 

and mechanically stabilize such ultrathin vitrified films suitable for high-
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resolution cryoTEM imaging of double strand DNA and primary silica 

particles.  

 

3.3 Proof of principle 
Sheets of GOx were deposited on Quantifoil® holey carbon grids via drop 

casting of a dilute (0.05 wt%) GOx solution. The GOx films were invisible in 

bright field TEM imaging, even at high defocus values. However, electron 

diffraction confirmed their presence by revealing the typical hexagonal spot 

pattern also observed for graphene with a d-spacing corresponding to a C-C 

distance of 1.42 Å (Figure 1).30 The spots in the diffraction pattern were slightly 

diffuse, which was attributed to a variation in the direction of the surface 

normal with respect to the electron beam due to local curvature in the GOx 

surface.31 By recording patterns under different tilt angles and comparing the 

relative spot intensities we could distinguish monolayers from multilayers (see 

Figure 2), and established that approximately 40% of the grid surface was 

covered with GOx monolayers.30, 32 By placing a 3 L droplet of the aqueous 

analyte solution on these GOx-covered TEM grids and subsequent automated 

blotting using a vitrification robot, thin vitrified water films were prepared on 

the TEM substrate. The films were characterized using low-dose electron 

diffraction (LDED) to prevent crystallization of the water layer under the 

influence of the electron beam. The LDED patters showed a broadening of the 

diffraction spots due to scattering of the electrons by the vitrified water film 

(Figure 1).  



Imaging and Analysis of Primary Silica Particles with HR cryoTEM 

49 

 

Figure 1: Analysis of GOx monolayers. TEM images of graphene oxide sheets under (a) dry and (c) 

cryo-conditions with the corresponding electron diffraction patterns (b,d), respectively. Scale bars 

are 500 nm in (a,c) and 5 nm−1 in (b,d). 

 

 
Figure 2: Tilting of a GOx monolayer in electron diffraction mode. Electron diffraction patterns of a 

GOx monolayer (a) at different tilting angles with (b) the corresponding intensity profiles and (c) 

the full width at the half-maximum of the intensities of the (0 −1 1 0) peak. 
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To quantify the thickness of the vitrified water films, their electron transmission 

(I/I0) was calculated from bright-field images (without energy filtering) using 

Lambert-Beer’s law and the inelastic mean free path (IMFP) of the electrons (see 

Section 3.6, Materials and Methods for details). The IMFP was calculated from 

the atomic inelastic cross-section, given the atomic numbers and the incident 

electron energy and amounted to 250 nm (see Materials and Methods).33, 34 As 

the GOx monolayer only reduced the electron transmittance by 0.25%, this 

contribution was neglected in the thickness calculations (Figure 3).  

 
Figure 3: Transmission measurements related to film thicknesses. (a) Dry and (b,c,d) CryoTEM 

images of aqueous films prepared on (b) a conventional TEM grid and (c,d) on graphene oxide 

substrates prepared with water and IPA/water vapors, respectively. (e) Thicknesses calculated from 

transmission measurements using an IMFP of 250 nm. The dashed line at 100% transmission 

(vacuum) is to guide the eyes. Scale bars are 500 nm in the cyoTEM images and 5 nm−1 in the  

inset in (a).  

 

For a regular cryoTEM sample the thickness of the vitrified water film was 

determined to be typically in the order of ~130 nm (I/I0 = 59%). When water 

films were prepared on a GOx substrate, strong or extended blotting led to 

breaking of the films and subsequent dewetting of the GOx sheet. For example, 

the vitrification of a suspension containing silica nanoparticles after extensive 

130 nm

e)a) b)

c) d)

10 nm

50 nm

130 nm

10
0%

99
.7

5%

59
%

60
%

86
%

97
%

Tr
an

sm
is

si
on

 (%
)

vacu
um

GOx m
onolay

er
reg

ular
 cr

yo
cry

o on G
Ox t

hick
cry

o on G
Ox t

hin

cry
o on G

Ox w
ith

 IP
A th

in

0

20

40

60

100

80



Imaging and Analysis of Primary Silica Particles with HR cryoTEM 

51 

blotting led to aqueous domains around these particles of ~50 nm (see Figure 4). 

Indeed, an intensity line scan shows a 1.3 fold increase in contrast as compared 

to conventional cryoTEM imaging. However, the observed dewetting process 

prevents complete spreading of the water film and hence hampers access to the 

increase in contrast required to obtain truly high resolution images. As this 

breaking of the water film can be attributed to the high surface tension of the 

water film, the addition of 2-propanol (isopropyl alcohol, IPA) was explored to 

lower the surface tension of the film.35 To ensure this additive did not influence 

the solubility and/or integrity of the features under investigation, a strategy was 

chosen to minimize the contact time of the surface active agent with the 

specimen. In this approach the GOx grid was exposed to the vapor of an 

IPA/H2O mixture (20:80, v/v) for a duration of 24 seconds immediately prior to 

blotting and vitrification (see Section 3.6 for details). This led to a dramatic 

increase of the electron transmission of the vitrified layer up to 97% for most of 

the specimen, which corresponds to a vitrified ice layer thickness of only 10 nm 

(Figure 3). 

 
Figure 4: CryoTEM images of silica nanoparticles prepared on (a) a conventional TEM grid and (b) 

on a graphene oxide substrate with (c,d) the corresponding FFT’s, respectively. The intensity 

profiles are given in (e) to illustrate the contrast enhancement. In (f) the power spectra of (c,d) are 

shown with the contrast transfer function (CTF) calculated for the FEI Titan operating at 300 kV at 

61,000x magnification, with a spherical lens aberration of 2.7 mm. Scale bars are 20 nm. 
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To test the advantages of the ultrathin water films for cryoTEM imaging, 

specimens prepared from a 0.25 wt% solution of double stranded salmon sperm 

DNA (~300 bp/molecule) were imaged at high magnification with both the 

regular cryoTEM method, as well as by using a GOx grid with the improved 

thin film procedure. Accurate analysis of specimens dispersed in liquids 

requires the identification and measurement of isolated particles in the cryo-

TEM images. As individual nanoscale objects, such as DNA, are much thinner 

than the typical water layers formed in conventional cryoTEM, there is a high 

likelihood of overlap of individual particles and hence their superposition in 

the resultant images, as shown schematically in Figure 5. This complicates 

quantitative analysis of the images and reduces the confidence with which they 

can be interpreted. The significant reduction in water film thickness on GOx 

thus gives an additional benefit; the chance of overlap is reduced so that the 

number of superimposed features that may complicate distinguishing 

individual objects are minimized. Hence, the images recorded from the GOx 

grid reveal the actual size and density of the DNA. 

 
Figure 5: Schematic representation of the effect of film thickness. Superimposed DNA in a vitrified 

film on a holey grid (a) typically used in CryoTEM and (b) an ultra-thin water film with the same 

DNA on a GOx monolayer support. The loss of contrast due to electron scattering and the 

projection of multiple molecules make it more difficult to discriminate between individual particles 

in thicker films. 
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As Figure 6 shows, the thin film formation on GOx leads to immediate visible 

improvements in the quality of the images in terms of identifying discrete DNA 

duplexes. The reduction of the film thickness is beneficial for contrast 

enhancement, since fewer electron scattering events occur in the remaining 

water background. The electron transmission in the thicker water pools on 

GOx, indicated by a higher background contrast, is at least 95%, corresponding 

to a film thickness of 13 nm. Intensity profiles across the DNA indeed show  

an 1.6 fold increase in contrast on GOx compared to conventional cryoTEM 

(Figure 6).  
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Figure 6: Differences in contrast at −1600 nm defocus. CryoTEM images of DNA prepared on (a) a 

graphene oxide substrate (GOx) and (b) on a conventional TEM grid (Conv) with (c,d) the 

corresponding FFT’s. To compare the images, the gray values are scaled to the background. The 

intensity profiles over DNA double strands (represented by boxes in (a) and (b)) are given in (e) to 

illustrate the contrast enhancement. The spectral density curves in (f) correspond to the calculated 

contrast transfer function (CTF) for the TU/e Titan operating at 300 kV at 61,000x magnification at 

−1600 nm defocus, with a spherical lens aberration of 2.7 mm. Scale bars are 20 nm.  
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The reduced water film thickness is also advantageous for focusing. The 

relation between the reduction of the film thickness on GOx and the decrease in 

scattering events is also confirmed by the appearance of the easily recognizable 

Thon rings in the FFT’s of the images and by the electron diffraction pattern in 

which no significant peak broadening could be observed. Distinction of the 

Thon rings is highly beneficial in the focusing procedure, since these patterns 

can be used to determine the actual defocus value of the imaged area.34 In 

regular low-dose protocols, the thick ice layer prevents effective use of the 

FFT’s and so focusing is commonly done by determining minimum contrast in 

an area 3-5 μm away from the acquisition area. Hence, the actual defocus value 

used for acquisition is established remote from the imaging area and will be 

affected by the precise horizontal positioning of the grid with respect to the 

electron beam and the height differences in the sample surface, as well as by the 

ability of the operator to determine the point of minimum contrast. We 

established that this leads to an error of ± 500 nm on a target value of 750 nm 

(see Figure 7). Due to the clearly visible Thon rings in the FFT’s of these GOx 

grids, a focused electron beam of 600 nm diameter (“nanoprobe mode”) can be 

used in an area directly adjacent to the area of interest, leading to a negligible 

focus error while avoiding electron beam damage (see Materials and Methods 

for details). 
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Figure 7: Series of images of the focusing area with the determined defocus values - visually 

determined by the operator - as inset in the corresponding FFT’s. First, zero defocus was 

determined by the operator and two different images were recorded at lower defocus. The actual 

defocus (in brackets) was determined by the Thon rings in the FFT’s and the corresponding CTF. 

Due to the poor visibility of the Thon rings at lower defocus values, it was not possible to fully 

correct for astigmatism. Scale bars are 50 nm. 

 

Furthermore, the increase in contrast allows imaging closer to focus and hence 

to obtain higher resolution images, since at lower defocus the contrast transfer 

function (CTF) oscillates less strongly and the first zero cross-over (point 

resolution) shifts to higher spatial frequencies (Figure 8d). Extending the region 

until the point resolution, i.e., where negative phase contrast occurs (scattering 

objects appear with dark contrast at negative defocus), is of paramount 

importance since this information is directly interpretable. In cryoTEM imaging, 

the loss of contrast prohibits imaging closer to focus and thus limits the 

resolution that can be obtained. Lowering the absolute defocus value from 

−1600 to −500 nm results in a complete loss of contrast in conventional 
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cryoTEM, while on the GOx grid the DNA can easily be identified (Figure 8). 

Here, the contrast is still higher than in the cryo-samples in Figure 6, but with 

the major advantage that at this defocus value the point resolution decreases to 

~1 nm, significantly smaller than the dimensions of the DNA used.32 Indeed, a 

line scan over an individual DNA molecule shows a width of 2.3 nm, in 

agreement with the literature.36 Hence, this procedure does not require a series 

of cryoTEM images at different focal values, from which the real dimensions 

can be determined by extrapolation of the measured values to zero defocus, a 

known method to correct for the interference of Fresnel fringes.16, 17 This is not 

only beneficial for convenient size analyses of nanometer-sized features in cryo-

samples, but also reduces the amount of required data since fewer images have 

to be recorded and processed. Furthermore, the combination of avoiding object 

overlap, accurate focusing, and improved contrast allow high resolution single 

exposure imaging, which is crucial to obtain structural information from 

dispersions of unique objects, for which so-called single particle analysis, 

(which involves the averaging of large numbers of images from identical copies 

of objects as can be done for proteins37, 38 or well-defined assemblies39) is not an 

option. This might in particular be the case for dilute samples, where the 

prerequisite of a sufficient number of well-resolved objects corresponding to 

identical spatial orientations39 cannot be met.  
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Figure 8: CryoTEM images of DNA prepared on a conventional cryoTEM support grid at (a) −500 

nm defocus and (b) at −1600 nm defocus (see also Figure 4). (c) Is the same sample prepared on a 

GOx monolayer substrate imaged at −500 nm. (d) Shows that the contrast is lost in the conventional 

image upon decreasing defocus, while the contrast on the GOx substrate can still be used to identify 

the DNA. The dashed lines are a guide to the eye. The CTF’s plotted in (e) at −1600 nm and −500 nm 

defocus show the increase in resolution at lower defocus. Scale bars in (a-c) are 20 nm.  

 

3.4 Imaging primary silica particles 
This high resolution imaging procedure is of particular interest to study sizes 

and size distributions of nanoparticles present in high concentrations, since here 

particle overlap can severely hinder accurate size analysis. In particular, 

solutions that contain a wide variety of species such as ions, oligomers and 

particles are difficult to analyze since a combination of techniques has to be 

used to identify the individual species. For example, light scattering has been 

used to identify a distribution of oligomers,40 that could be quantified with gas 

chromatography−mass spectroscopy.41 Also, more than 20 different silicate 

species have been identified with 29Si NMR.42 Depending on the chemical 
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conditions, in particular pH and ionic strength, these (oligomeric) species 

condense to primary particles, as discussed in detail in Chapter 2. However, 

due to the high silica concentration of water glass solutions, these primary 

particles are expected to be the predominant species.43 The size and 

morphology of primary particles and their aggregates have been intensively 

studied for sodium silicate solutions,44-48 and recently the combination of 

spectroscopic and scattering techniques has shown that, depending on the Na:Si 

ratio, different size populations with average sizes of ~1 nm, exist in water glass 

solutions.49 Since water glass solutions are highly concentrated in silica, 

studying these samples with cryoTEM leads to dramatic overlap of particles. 

For example, a sodium silicate solution diluted to a final SiO2 concentration of  

3 mg/mL that contains particles of 1.5 nm in diameter, contains ~1300 particles 

in a typical area of 100 × 100 nm in a vitrified film of 150 nm thick, so that 

several overlapping particles may be expected.50 Reducing the film thickness to 

10 nm lowers the particles present in the same area to ~85 preventing overlap of 

particles, and thus more easy discrimination between particles can be achieved, 

see Figure 9. Here, a sodium silicate solution was diluted to a final pH of 10.5.  

Imaging on the GOx grids is performed at −500 nm defocus, corresponding to a 

point resolution of 1 nm (see Figure 8) so that the particle sizes can directly be 

determined from the image. Moreover, enough contrast is present in the image 

to identify the individual particles for the size analysis. In conventional 

cryoTEM, loss in contrast precludes imaging closer to focus, and a defocus 

value of approximately −750 nm is the practical limit to observe the particles in 

the image. Silica is less susceptible to the electron beam than DNA and can be 

imaged with an electron dose of 200 e−Å−2 without observable beam damage. 

The individual particles can be easily distinguished in the thin GOx support 

films, due to the far lower amount of particles present in the vitrified film, see 

Figure 9. The amount of particles that is present in a field of view of  

100 × 100 nm is smaller than estimated, and can be explained by the fact that 

these diluted sodium silicate solutions contain not only particles, but also 

anionic silicate species and even small oligomeric structures.51 Hence, a 
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significant amount of the silica is present in a soluble form. However, the sizes 

of these soluble species are a few Ångstroms, they are smaller than the point 

resolution (1 nm) and can therefore not be resolved from these images.  

 
Figure 9: Conventional cryoTEM images (a,c,) of primary silica particles present in a diluted sodium 

silicate solution (3 mg/mL) at pH 10.5 and 1.5, respectively. The same samples are also imaged in a 

~10 nm thin vitrified film on graphene oxide sheets (b,d) where the particles can be more easily 

distinguished since here particle overlap is not an issue. The black circles show examples of 

individual particles. All images were taken with an electron dose of 200 e−Å−2 and defocus values 

are −750 nm for (a,c) and −500 nm for (b,d). Scale bars are 10 nm.  
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Similar to the DNA samples in Figure 8, line scans over the individual particles 

demonstrated an increased contrast in the thin GOx supported films, even 

when they are imaged closer to focus, see Figure 10. These line scans can be 

used to estimate the particle sizes by determining the peak width, resulting in 

typical particle sizes of 1.41 nm for the basic sample and 1.32 nm for the acidic 

sample. Intrinsic to the sample preparation procedure, the amount of particles 

that can be analyzed is limited, so that a solid statistical size analysis is not 

possible without the acquisition and analysis of numerous images. Therefore, 

also a more concentrated solution is studied so that multiple particles can be 

analyzed from a single image. 

 
Figure 10: Line scans over individual particles present in a conventional cryoTEM sample (blue 

curve) and in a thin vitrified film on a GOx substrate (green curve). More contrast is present in the 

GOx sample, that is imaged closer to focus as compared to the conventional cryo image. 

 

When a more concentrated solution is used (15 mg/mL), significantly more 

particles are present in the field of view, see Figure 11. Similar to the previous 

experiments, samples were prepared at both acidic and basic conditions, and 

for size analysis 75 particles were analyzed by measuring the longest and 

shortest axis of these features. For the size analysis, only particles were used 

that could clearly be distinguished, e.g., the circled particles in Figure 11a,b. The 

still limited number of particles used in the size analysis does not allow a 

discussion on the size polydispersity in the samples, but it can be concluded 

that on average the particle sizes are not dramatically different. In both samples 
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the average particle size is ~1.5 nm, consistent with what is reported to be the 

critical size for a silica nucleus in dilute sodium silicate solutions.52 However, it 

can be observed that in the sample at pH 0.5, also particles can be found that are 

significantly bigger than the average particles, i.e., with an average particle size 

of ~2 nm, indicated by the black arrows in Figure 11a. These particles are 

present in small but significant amounts in the acidic sample, but could not be 

identified in the basic sample. Since the solubility of silica decreases with 

decreasing pH,43 it is easily understood that the polymerization reactions 

between ionic oligomeric species are enhanced upon acidifying the sodium 

silicate solution. Furthermore, at this highly acidic pH, the silicate species are 

highly protonated, so that electrostatic repulsive forces between the SiO− 

groups are absent, and condensation between multiple oligomeric species may 

occur. As a result, high molecular weight structures are formed via internal 

condensation reactions due to the close proximity of silanol groups. These 

structures are not only bigger in size than the majority of the particles, but also 

denser as indicated by their increased contrast.  

 

Figure 11: CryoTEM images of concentrated silica nanoparticles on GOx supports at (a) pH 0.5 and 

(b) pH 9.2 with the corresponding size distributions (c,d) after size analysis of 75 particles. Scale 

bars are 10 nm.  
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These results are in agreement with previous reports, which show the presence 

of 1.5 nm primary particles in sodium silicate solutions.44-48 Although high 

resolution imaging of diluted water glass solutions cannot resolve the 

speciation on the molecular level due to resolution limitations, unique results 

are obtained in the analysis of the colloidal particles. Specifically, where the 

combination of scattering techniques has shown the particle size distributions 

as a function of time for different SiO2 concentrations,53 our results are 

indicative of a bimodal distribution of colloidal particles at highly concentrated, 

acidified samples. Size analysis indeed shows a broad size distribution ranging 

from 0.5 - 2.5 nm for both acidic and basic samples, but the presence of bigger 

and denser particles has unambiguously been shown in the concentrated 

sample at pH 0.5. These particles are present in the solution in very small 

amounts, so that analysis of their average size and size distribution has practical 

limitations. However, from the high resolution cryoTEM images it can be 

directly observed that these bigger particles are partly overlapping the sizes of 

the majority of the primary particles, and that they thus would not have been 

easily observed with, e.g., in situ X-ray scattering.  

Furthermore, these results show that the sizes of stable primary particles, the 

proposed uniform precursors of silica materials,54 are dependent on the 

chemical conditions. In the previous chapter, the formation of these particles is 

discussed from an alkoxysilane precursor which hydrolyses and condensates at 

basic conditions. At these conditions, the silica concentration is low as 

compared to the diluted sodium silicate solutions. In addition, the silanol 

groups are mostly deprotonated at pH 8.5 so that electrostatic repulsion is not 

only present between oligomers, but also intramolecular. Therefore, upon 

increasing the hydrolyzed TEOS concentration, oligomers grow to higher 

molecular weights and their collapse is associated with less internal 

condensation, leading to particle sizes of 2.3 nm (see Chapter 2 for details). 

Sodium silicate solutions, however, are highly concentrated and highly basic 

solutions so that a high number of silicate ions and polyanions is present.42 

Even at highly basic conditions the silica concentrations used here (original 
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stock solution is 300 mg/mL) are still above the solubility level of approximately 

1 mg/mL at pH 10.5.55 Therefore, spontaneous condensation reactions occur and 

primary particles are formed. Due to the highly basic conditions, typically at 

pH > 11.5, the silanolates (SiO−) present at the surfaces of these particles are 

strongly electrostatic repellent, leading to a higher surface curvature and hence 

smaller particles. Since at lower pH values the silica solubility rapidly 

decreases,55 diluting the sodium silicate solution to final silica concentrations of 

30 mg/mL or even 3 mg/mL does not destabilize these particles but rather 

enhances particle formation. Since at acidic pH the electrostatic repulsion 

between oligomers is significantly reduced, here a second population of 

particles of 2 nm in size can be distinguished. These data support the postulate 

of Iler that the primary particles are unlikely to grow larger than 2-3 nm in 

diameter,43 albeit that different particle populations can be observed in different 

systems.  

 

3.5 Conclusions 
We have demonstrated the use of GOx monolayers as a support film for high-

resolution single dose cryoTEM analysis of aqueous samples. In combination 

with the exposure to a low molecular weight alcohol (IPA) to reduce the surface 

tension of the solution, vitrified water films as thin as 10 nm could be obtained. 

These ultrathin films reduce the superposition of objects in the water layer, 

leading to more precise size and shape analysis, and the reduced electron 

scattering events increase the contrast of the embedded objects. The increase 

allows imaging closer to focus, leading to higher resolution images, improving 

the accuracy of size analysis. The use of GOx can further be used to apply a 

more reliable focusing method, which also enhances the accuracy of the size 

analysis of the imaged objects, particularly at dimensions close to 1 nm.  

Using this procedure to image concentrated sodium silicate solutions with high 

resolution cryoTEM, individual particles can easily be distinguished on the 
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GOx sheets, and a direct size analysis can be performed on the data obtained. 

These unique observations are a direct result from the formation of ultrathin 

films on GOx supports, since now overlap of these primary particles can be 

prevented. Furthermore, the analysis on these images is not only conclusive in 

the size determination of the colloidal particles, but also gives insights into the 

different particle populations present, something which can be easily 

overlooked with e.g., scattering techniques. The presence of dense 2 nm 

particles in a concentrated solution of 1.5 nm particles is shown for a diluted 

sodium silicate solution, and gives new insights in the formation and sizes of 

the primary particles. Moreover, this procedure is complementary to, e.g., NMR 

studies and can be used for in-depth analysis on the integrity and behavior of 

these primary particles.  
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3.6 Materials and Methods 
 

Materials 
Sodium silicate (28 wt% in SiO2) was obtained from Merck and used as 

received. Salmon Sperm DNA (~300 bp/molecule; sodium salt) was kindly 

provided by Nichiro Corporation (Yokosuka shi, Kanagawa prefecture, Japan) 

and was used as-received without further purification. Solutions (2.5 mg/mL) 

were prepared using a phosphate buffer at pH 7.4 (8 gr NaCl, 1.4 gr Na2HPO4, 

0.2 gr KCl, 0.24 gr KH2PO4 were mixed in 1000 mL ultrapure water  

18 MΩ cm−1). All chemicals were used as-received without further purification. 

Graphene oxide (GOx) and the silica nanoparticles were synthesized as 

reported previously.20, 56 

Cryogenic Transmission Electron Microscopy 
Samples were vitrified on R2/2 Quantifoil TEM grids (Quantifoil Micro Tools 

GmbH, Jena, Germany) after 5 minutes of stabilization time using an automated 

vitrification robot (FEI Vitrobot™ Mark III, FEI Company). Graphene oxide 

layers were applied by diluting a 0.01 mg/mL solution 2 times prior to vigorous 

stirring. Before application of the GOx solution, the TEM grids were 

hydrophilized by glow discharge using a Cressington 208 carbon-coater for 40 

seconds. The TEM grids that were used without GOx monolayers were 

hydrophilized in a similar procedure before vitrification. A 3 μL drop of the 

solution (both for the DNA solution and the suspension of silica in water) was 

applied to a Quantifoil grid in the environmental chamber (operating at 25 °C 

with 99% relative humidity) of the Vitrobot and the grid was blotted with two 

filter papers to remove the excess liquid. For conventional cryoTEM images, 

ultrapure water was used in the humidifier and the blotting time was 3 seconds. 

Grids pretreated with GOx were used to image the silica nanoparticles and for 

these grids a mixture of 20% (v/v) IPA in ultrapure water was used in the 

humidifier. The grids were blotted twice for 7 seconds after a stabilization time 

of 5 seconds at 99% relative humidity. After blotting, another 5 seconds at 99% 
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relative humidity was used. Subsequently, the grid was plunged into liquid 

ethane which was maintained at approximately –183 °C. The vitrified sample 

was then transferred to the TU/e cryoTITAN (FEI, FEG, 300 kV, Gatan Energy 

Filter, 2k x 2k Gatan CCD camera) and kept at liquid nitrogen temperatures at 

all times. Imaging was performed using low dose mode, typically with defocus 

values of −1600 nm and −1000 nm. Images were acquired with an exposure time 

of 1 second at a dose rate of 100 e–Å−2s−1. Imaging on the GOx prepared grids 

was done using a parallel beam with an illuminated area between 550 – 600 nm 

(nanoprobe mode) at the same dose rate. The silica primary particles were 

imaged an exposure time of 1 second at a dose rate of 200 e–Å−2s−1.  

Contrast analysis 
Line scans were performed using intensity profiles in Digital Micrograph, using 

the same pixel dimensions (length × width is 80 × 20 pixels for DNA, 50 × 15 for 

silica primary particles) for all images. Analysis was performed on multiple 

molecules, but the presented values reflect only the clearly identifiable DNA 

molecules. 

Contrast transfer functions (CTF) Calculations.  
CTF’s were calculated by CTF Explorer v0.999a for the FEI Titan operating at 

300 kV, an energy spread of 0.6 eV (focal spread 3.61 nm) and a semi-angle 

convergence of 0.3 mrad. Lens instabilities were set to 0.5 ppm with a Cs 

aberration of 2.7 mm.  

Measuring the inelastic mean free path (IMFP).  
The elastic cross–section σel and inelastic cross–section σin (nm2) are given by34:   
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where β is the ratio between the velocity of the electron and light 

(β2=1−[mc2 (U0+mc2)]2), Z is atomic number, U0 is the incident electron energy, 

and mc2 is the rest energy of an electron. At U0 = 300 kV, the elastic cross–section 

and inelastic cross–section for hydrogen (ZH = 1) and oxygen (ZO = 8) are 

 Elastic σel  Inelastic σin  

Hydrogen (Z = 1) σHel= 2.32·10−6 σHin= 2.69·10−5 

Oxygen (Z = 8) σOel= 5.15·10−5 σOin= 7.60·10−5 

 

Therefore, the total elastic cross–section and inelastic cross–section for ice (H2O) 

are given by: 

σel = 2·σHel+σOel = 5.61·10−5 nm2 ;  σin = 2·σHin+σOin = 1.30·10−4 nm2 

The mean free path (inelastic Λin and elastic Λel) is related to the density ρ (ρH2O 

= 0.93 g/cm3), and the elastic and inelastic cross–section, 

Λel = Mw/ρNAσel= 572.80 nm, ; Λin = Mw/ρNAσin= 247.95 nm 

where Mw is the molar mass, and NA is Avogadro’s number.  
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4.1 General introduction 
While in nature silica is formed via the condensation of silicic acid, most 

synthetic silica is produced via sol-gel routes which involve the hydrolysis of 

alkoxysilanes and the concomitant condensation of the hydrolysis products.1 

The properties of the resulting material such as porosity but also chemical and 

mechanical resistivity are directly related to the density of the 3D silica network 

that is formed during the condensation process. To improve the materials 

properties, the cross-link density of silica can be increased, for example, by high 

temperature or chemical ageing,2-5 but these procedures often lead to limitations 

in the range of possible applications as they exclude the use of polymer 

substrates and of the inclusion of organic compounds in layered and composite 

materials.  

In contrast to most synthetic procedures,6, 7 silica formation in biology, e.g., the 

biomineralization of the frustus of diatoms, occurs at mild, ambient conditions 

and requires neither elevated temperatures nor strongly acidic or alkaline 

media to produce highly cross-linked silica with excellent mechanical 

properties.8 Although the precise mechanism of biogenic silica formation is still 

unknown, quantitative analysis of the silica speciation on the developing 

diatom frustus shows that the degree of cross-linking is constant during the 

valve formation process.9 For the diatom Thalassiosira pseudonana 29Si MAS NMR 

showed that the cross-link density of the silica network - defined as the ratio 

between fourfold (Q4) and threefold (Q3) connected silicon atoms - is relatively 

high (Q4/Q3 ~2.7),9 even compared to synthetic silicas prepared at elevated 

temperatures (Q4/Q3 ~1.9)10 or embedded in a rubber matrix (Q4/Q3 ~2.0).11  

In diatom biomineralization soluble silicate species are harvested from seawater 

and accumulated in a precondensed state under slightly acidic conditions  

(pH 5.5) in the silica deposition vesicle (SDV).12, 13 Due to these acidic 

conditions, it is believed that the strong ion pumps present in the membrane of 

the SDVs are proton pumps.13-15 During valve formation, peptides, proteins and 

long chain polyamines guide the silicification process and contribute to the 
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structuring of silica on different length scales.16, 17 Also the presence of salts has 

an important influence on the kinetics of the condensation reaction, as well as 

on the morphology of diatomaceous silica.18 Interestingly, both negatively and 

positively charged biopolymers catalyze silica precipitation, but generally the 

presence of salts is required.19-21 In particular polyamines - both synthetic and 

biogenic - have been used in biomimetic silicification studies,22-30 while less 

attention has been paid to the role of anionic (bio)macromolecules21 or the effect 

of salt concentrations.31, 32 Moreover, to date the influence of these additives on 

the silica chemistry, in particular their effect on the cross-link density of the 

silica formed has not been investigated in detail.33, 34  

 

4.2 Biomimetic titrations 
To mimic the diatoms’ silica mineralization process, we use a dedicated 

titration set-up to precipitate silica under conditions that mimic those in the 

silica deposition vesicles (SDV) of diatoms, i.e., in water, at ambient 

temperature and at pH 5.5, starting from a silicate solution. We use sodium 

silicate as the silica source, a water soluble precursor of silicate ions, rather than 

the commonly used alkoxysilanes that upon hydrolysis produce alcohols which 

are known to affect the condensation process.35, 36 The silica concentration is 

gradually increased by titrating a concentrated sodium silicate solution  

(30 000 ppm SiO2, 500 mM SiO2) into an aqueous solution at a constant pH of 5.5, 

mimicking the diatoms’ uptake of silicate species from seawater, see Figure 1. 

The final silica concentration of 5500 ppm SiO2 (~90 mM SiO2) is well above the 

silica solubility limit (2 mM below pH 9) and in the range of silica 

concentrations observed in marine diatoms (~10-200 mM).37, 38 The anionic 

silicate species are basic and consume protons to form silicic acid derivatives, 

thereby increasing the pH, see Equation 1.  

SiO32− + H2O + H+ → Si(OH)4   (Eq. 1) 
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Although bulk silica is negatively charged at pH > 2 due to (partial) 

deprotonation of the surface silanols,1 silicic acid has a pKa of ~9.8 and is 

therefore assumed to be fully protonated at pH 5.5.39 Accordingly, the pH is 

controlled through the addition of HCl to maintain the slightly acidic 

conditions as present in the SDV. 

Figure 1. Schematic representation of the titration experiments performed at constant pH. The 

sodium silicate solution and the solution containing macromolecules were dosed to an aqueous 

solution of constant pH with a control unit, operating at constant addition rates to maintain similar 

kinetics throughout the reaction. Protons are added via the addition of 100 mM HCl, and the 

addition rate is adjusted every 2 seconds, depending on the pH read-out. The bumps in the pH 

curve are a result from refilling the dosing unit containing HCl.  

 

Simultaneously with the addition of the silicate solution, macromolecular 

additives can be co-dosed to investigate their effect on both the precipitation 

rate and on the cross-link density. To study the role of additive net charge on 

the silica formation process, polypeptides were synthesized of which the 

average composition determines the overall physical properties.40 Two 

polymers were selected: a positively charged copolymer with a monomer 

composition of 80 mol% lysine (K), 20 mol% glutamic acid (E) and 10 mol% 
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alanine (A) (referred to as K80) and a negatively charged copolymer with a 

composition of 80 mol% E, 20 mol% K and 10 mol% A (referred to as E80). For 

comparison, also a commercially available poly(ethylene imine) (PEI) was used 

as its affect on silica precipitation is well described.41, 42 By dosing these 

synthetic polymers in parallel with the sodium silicate solution, the polymer-

silica ratio can be predetermined and kept constant throughout the reaction. 

Furthermore, reference experiments were performed to isolate the effect of the 

polymers. Since the ionic strength of the solutions is known to play a significant 

role in the morphology of diatoms’ frustus,18 experiments without polymer 

additives were performed in both ultrapure water (UPW, low ionic strength) 

and in artificial seawater (AS, high ionic strength). 

When the sodium silicate was titrated in ultrapure water, the solution became 

more turbid over time and a precipitate started to form after 16 hours. 

CryoTEM showed that the primary particles (see Chapters 2 and 3) present in 

the sodium silicate feed solution, form extended assemblies due to the lower 

pH in the reaction vessel, see Figure 2. As these primary particles become less 

negatively charged due to the protonation during the pH decrease from 11.3 to 

5.5, less electrostatic repulsion is present between them and random 

aggregation occurs. Upon increasing the SiO2 concentration, the agglomerates 

continue to grow until precipitation occurs, see Figure 2.  

 
Figure 2: CryoTEM images of (a) the Na2SiO3 stock solution (30 000 ppm in SiO2, pH 11.3) 

containing primary particles of ~1.5 nm in diameter used for the biomimetic titrations and (b) the 

random assembly of these particles at a concentration of 2000 ppm in SiO2 at pH 5.5 (approximately 

corresponding to ~4 hours of reaction time in Figure 1). The obtained product is imaged with SEM 

(c) and is typical for all products. Scale bars are 20 nm in (a,b) and 1 μm in (c).  
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A constant HCl addition rate of 0.55 mmol/mmol SiO2 was observed to 

maintain the pH at 5.5, see Figure 3. It should be noted that at this pH most 

silanols are deprotonated since the point of zero charge (PZC) is typically 

around pH 2.43 These silanolate groups are reactive towards the electrophilic 

silicon atom of protonated silanols, see Equation 2.  

  (Eq. 2) 

Furthermore, the formation of siloxane bonds leads to a decrease in acidic 

silanol groups and thereby a further increase of the pH. Hence, at higher 

condensation rates, a higher acid addition rate is required to prevent a pH 

increase. This means that, to keep a constant pH, a proportional influx of 

protons is required and that thereby the titration set-up mimics the proton 

pumps in the SDV.14 Consequently, by monitoring the H+/SiO2 ratio during the 

reaction one can obtain information on the degree of cross-linking achieved and 

use this to compare the influence of different reaction conditions.  

The co-addition of the polymers K80 and PEI during the mineralization process 

had a significant effect on the precipitation rate. In the case of the positively 

charged PEI and K80, a white precipitate started to form in the first 7 hours. In 

the case of the negatively charged polymer E80 no effect on the precipitation 

rate was observed, meaning that no precipitate formed in the first 16 hours. 

Moreover, the co-addition of E80 led to a decrease in the acid addition rate 

implying that this polymer actually partially inhibits the silica cross-linking. 

Interestingly, although the addition of K80 and PEI catalyzed the precipitation 

of silica, this did not lead to a change in the acid addition rate, indicating that 

they do not affect the cross-linking of the silica (Figure 3). However, when the 

reaction was performed in the absence of polymers, but in artificial sea water, 

i.e., in a solution of NaCl, NaSO4, KCl and NaHCO3 with an ionic strength of 

500 mM adjusted to pH 5.5, a significant increase in the HCl addition rate as 
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compared to all other experiments was observed (see Figure 3) indicating a 

dramatic increase in cross-linking density of the produced silica. 

 

Figure 3: The ratio of the added amount of protons in millimole per millimole SiO2 dosed to 

maintain the pH constant at 5.5. Ratios are given for different polymeric additives as compared to 

the reference. AS and UPW abbreviate artificial seawater and ultrapure water, respectively.  

 

To exclude the effects of the acidity/basicity of the polymers on these proton 

addition rates, the net charge of the polymers was determined to calculate their 

effect on the pH.44 To this end an acid-base titration experiment was performed, 

from which was derived that at pH 5.5 the net charges of the E80 and K80 

polymers are −4 and +18, respectively, see Figure 4.40 In case of E80 this 

corresponds to an additional proton influx of 0.0106 mmol per mmol SiO2 

added, and for K80 to an additional proton adsorption of 0.036 mmol per mmol 

SiO2 added. As these values are small compared to the measured acid addition 

rates (2% and 6.5% of the measured values respectively) the effect of the 

polymer charge on the HCl addition slopes was neglected and the differences in 

addition rates were attributed solely to the silica chemistry according to 

Equations 1 and 2. 
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Figure 4: Titrations of the polymers used to determine their net charges. Data reprinted, with 

permission, from reference 37.  

 

4.3 Quantification of the cross-link density 
After 24 hours the precipitates were isolated and analyzed with single pulse 

solid state 29Si magic angle spinning solid state nuclear magnetic resonance 

(MAS ssNMR) to obtain quantitative information on the cross-link density. 

Analysis of the spectra with Gaussian peak fits revealed typical Q4/Q3 ratio’s ≥ 2 

for all samples prepare with the biomimetic titration procedure, regardless of 

the addition of polymers. Moreover, these ratios are significantly higher than 

for Stöber silica (Q4/Q3 ratio = 1.8, see Table 1 and Chapter 2 for details) and 

thus a clear distinction can be made between typical sol-gel silica (Stöber-like) 

and biogenic silica (diatomaceous silica).  
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Figure 5: Quantitative 29Si NMR spectra of different silicas prepared with a biomimetic titration set-

up and with the Stöber procedure. A comparison is made with the diatom species Ditylum 

Brightwellii. An example of peak fitting (sample: ultrapure water) is shown on the right with pure 

Gaussian line shapes. The significance of the peak area determination is approximately ± 1% due to 

the combination of the peak fitting, the low receptivity of the 29Si nucleus and the long spin-lattice 

relaxation time.45, 46 

 

Table 1: Q-speciation of differently prepared silica precipitates determined by single pulse solid 

state 29Si mas NMR. Errors of the peak areas are ± 1%, see Figure 5. 

 Q2 (%) Q3 (%) Q4 (%) Q4/Q3 (± 0.1) 

Diatoms    

Extracted cell walls47 5 26 69 2.7 

Untreated 4 28 68 2.4 
    

Biomimetic titrations    

Artificial Seawater 3 26 71 2.7 

Ultrapure water 4 28 68 2.4

PEI 4 29 67 2.3 

K80 4 30 66 2.2 

E80 5 32 63 2.0 
    

Sol-gel    

Stöber particles7 4 35 61 1.8 

Yokoi particles48 5 34 61 1.8
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Comparing the Q4/Q3 ratios determined for the biomimetic silica samples, it 

appears that the presence of amine-rich macromolecules (PEI and K80) has no 

significant effect on the degree of cross-linking of the silica formed. The sample 

prepared in ultrapure water shows a Q4/Q3 ratio of 2.4 ± 0.1, similar to the 

samples prepared in the presence of PEI and K80 (2.3 ± 0.1 and 2.2 ± 0.1, 

respectively). However, a Q4/Q3 ratio of 2.0 was determined for E80, showing a 

slight inhibiting effect of this polypeptide on the cross-linking density. This is in 

agreement with the slower H+ addition rate shown in Figure 3. As Figure 3 

shows the highest proton addition rate for the sample prepared in a solution at 

high ionic strength and in the absence of polymers, a higher degree of cross-

linking was expected here. Indeed solid state NMR confirmed the increased 

cross-linking in artificial seawater; a Q4/Q3 ratio of 2.7 was determined  

(Figure 5, Table 1). This value is higher than determined for complete cells of 

ditylum brightwellii and comparable to what has been reported for extracted cell 

walls of diatoms.9, 47 This Q4 contribution of 70% is the highest value reported to 

date for silica synthesized in aqueous systems. Interestingly, it even competes 

with several high temperature methods.49, 50  

 

4.4 Factors influencing the cross-linking density 
Many (biomimetic) studies have investigated the influence of (bio)polymers on 

silica formation51 and a variety of mechanisms has been proposed for their role 

in the mineralization process.52-54 It is important to note, however, that although 

these macromolecular additives have been ascribed a catalytic effect on silica 

condensation,18, 19, 26, 54-57 the majority of these studies has only monitored the 

silica precipitation rather than the formation of Si-O-Si bonds. Furthermore, 

from different experiments Demadis55 and DeYoreo56 conclude that amine 

groups are not directly involved in the condensation process. More specifically, 

the observed catalytic effect of amines on the precipitation process has been 

attributed to the activation of silanol bonds through a tandem action of 

hydrogen bond accepting and donating groups.19, 20 In this mechanism, amines 
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are considered partially protonated at near-neutral pH, where the protonated 

amine is associated to the leaving group of the nucleophilic substitution 

reaction, and the uncharged amine is activating another silanol to become more 

nucleophilic, see Figure 6. 

 

Figure 6: Schematic representation of a possible cross-linking mechanism catalyzed by partially 

protonated amine groups. This mechanism involves the (a) hydrogen bonding of both silicic acid 

molecules with amine groups. Subsequently, the positively charged amine will activate the H2O 

leaving group (b), while the neutral amine makes the oxygen of a neighboring silanol more 

nucleophilic. As a result, a silane bond is formed (c) under the exclusion of water. 

 

At the pH present in the SDV of diatoms (pH 5.5), most amine groups of the 

polyamines are protonated and indeed may form hydrogen bonds with silanol 

(SiOH) groups providing the leaving groups in a nucleophilic attack of a second 

silanol group. However, as almost no neutral (deprotonated) amines are 

present, activation of the nucleophile is not possible. Hence, cross-linking will 

not be catalyzed at low pH. In contrast, negatively charged polymers such as 

E80 will be strong proton acceptors interfering with the formation of leaving 

groups (i.e., the protonation of silanol groups), thereby decreasing the cross-

linking and resulting in a slightly lower Q4/Q3 ratio, see Table 1. The increase in 

cross-linking density at high salt concentrations can be explained by 

considering that Na+ and K+ ions compete with H+ ions to associate with 

accessible silanolate groups.57 This makes the nucleophilic silanolate group 

more reactive towards electrophilic silicon atoms, thereby catalyzing the 

condensation reaction. This accelerates the initial oligomerization leading to a 

faster consumption of silicic acid species,58 and results in a higher degree of 

condensation in the later stages (Table 1).  
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Although the cationic polymer additives do not extensively participate in the 

condensation mechanism, the hydrogen bonding interactions between their 

ammonium groups and the silanolate groups will lead to partial screening of 

the surface charges, which colloidally destabilizes the silica and causes the 

observed increased precipitation rates. Of course, processes such as growth and 

particle aggregation may proceed concurrently and the contribution of 

individual functional groups may be difficult to assess, but the quantification of 

the cross-link density with solid state NMR gives unique results on the bulk 

chemistry of the obtained silica precipitates. 

Interestingly, the degree of cross-linking for Stöber silica - which is prepared by 

the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) at 60 °C and 

at high pH - is significantly lower compared to both diatomaceous silica and all 

the biomimetic silicas that were prepared at ambient conditions (Table 1). This 

is particularly notable as elevated temperatures are known to have a profound 

effect on the degree of cross-linking.59 As it was demonstrated that the 

hydrolysis of TEOS under Stöber conditions occurs very rapidly59 it is unlikely 

that the choice of the precursor plays a major role in inhibiting the cross-linking 

reaction. To investigate whether ethanol - which is the reaction solvent in the 

Stöber reaction - plays a role here, a comparison is made with the Yokoi 

reaction,48 in which silica is formed by the hydrolysis and condensation of TEOS 

in an aqueous solution of lysine (pH 9.1) and in which the role of the ethanol 

released by TEOS hydrolysis was shown to be negligible (see Chapter 2 for 

details). Also in this case solid state NMR indicated a relatively low degree of 

cross-linking (Q4/Q3 ratio = 1.8, see Figure 7 in Chapter 2), comparable to that 

observed for the Stöber silica, implying that not the use of ethanol as the 

solvent, but more likely the high pH at which the TEOS-based reactions are 

performed determines the degree of cross-linking. 

At pH > 9, most of the silicate species are in their anionic state and condensation 

occurs under general base catalysis,64, 65 whereas at pH = 5.5 - the pH of the 

diatoms silica deposition vesicle13 - the silicate species are significantly 
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protonated and polymerization is acid catalyzed. A pH of 9 is well known to 

lead to more randomly growing polymeric structures, in which, due to steric 

crowding, the formation of cross-links will be hampered and higher 

temperatures will be needed to reach the same Q4/Q3 ratio as for silica grown at 

lower pH.35 Hence, it is easily understood that the biomimetic formation of 

silica at pH 5.5 leads to more densely cross-linked silica than at pH > 9, 

although it is surprising to see that at high pH even synthesis temperatures of 

60 °C are not high enough to match the levels of cross-linking in 

biomimetic/biogenic silica samples.  

 

4.5 The role of polymers as structure directing agents 
The insignificant role of the polymers used on the silica cross-linking density 

can be understood if the polymers are considered as structure directing agents. 

Screening of the electrostatic repulsion forces by using high salt concentrations 

(high ionic strength) did not lead to the same increased precipitation rate 

observed for the amine-rich polymers, indicating that electrostatic interactions 

alone cannot explain the precipitation behavior. When using polyelectrolytes, in 

particular E80 and K80, it is likely that a combination of hydrogen bond 

formation, proton sharing between adjacent groups and charge repulsion in the 

chain influence the physical properties of the polyelectrolyte significantly,60-62 

and may thus play a more complex role in the mineralization process. 

Thermogravimetric analysis (TGA) showed organic contents of 0.5-1.5 wt% for 

all polymer containing samples, see Figure 7. Here, the weight loss is 

determined in the temperature range 150-300 °C and compared with the 

reference experiment that had no polymer included. In the TGA traces, three 

regimes can be observed that are typical for silica, and are corresponding to 

both physical and chemical changes.63 In the first regime (I), physisorbed water 

is released upon heating, resulting in dehydrated silanols at the surface. 

Secondly, above 100 °C (II) where most of the water is released and the mobile 
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silanols at the surfaces of the bulk material convert into silane bonds, thereby 

isolating the remaining SiOH groups. In the third region (III) above 250 °C, this 

process also occurs in the bulk material leading to shrinkage of the network. 

Due to the higher cross-link density of the precipitate formed at high ionic 

strengths (AS), less free silanols are available for the physisorption of water, 

leading to a significant lower weight loss in the first region. 

 

Figure 7: TGA data of the silica precipitates where the release of physisorbed and water released 

from condensation reactions can be distinguished. 

 

To determine the porosity of the materials, nitrogen adsorption measurements 

were performed. During such measurements, the adsorption isotherm shows 

the relationship between the amount of N2 molecules taken up at a constant 

temperature and the equilibrium pressure of the gas. The amount of gas is 

expressed as the gas volume reduced to standard temperature and pressure 

(STP), while the pressure is expressed as a dimensionless relative pressure, see 

Figure 8a. Here, typical class IV isotherms are observed,64 indicative of capillary 

condensation in mesopores. The hysteresis, however, shows a different profile 

for the materials synthesized in the presence of polymers as compared to the 

samples were no polymer additive was used. The profiles as observed for the 

samples synthesized in the presence of polymers indicate more disordered 
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materials, while the more steep profiles observed for the samples without 

polymers are indicative of agglomerates of uniform spheres,65 in line with our 

findings in cryoTEM. Although the surface areas of these samples showed 

values typical for silica materials, significantly smaller pore sizes were observed 

for the polymer containing samples (Figure 8b). Although the Brunauer, 

Emmett and Teller (BET) and Barret-Joyner-Halenda (BJH) models used here do 

not necessarily apply for materials in the small (< 5 nm) mesoporous regime,66 

the disorder as observed in the isotherms also indicates a broad pore size 

distribution, which is tentatively attributed to the inclusion of the polymers. 

 

Figure 8: Nitrogen absorption isotherms (a) and the pore sizes and surface areas (b) according to the 

BJH and BET models. 

 

To obtain more structural information on the silicas formed, 2D solid-state 1H - 
29Si heteronuclear correlation (HETCOR) experiments were performed. 

HETCOR is a 2D NMR experiment that identifies proton-silica correlations via a 

contour map, where the Si spectrum is plotted on the x-axis and the proton 

spectrum is plotted on the y-axis. The peaks thus indicate which protons are 

correlated to specific Si species. In cross-polarization (CP) mode, the cross peaks 

originate from hydrogen bonds, e.g., SiOH with water molecules, but also water 

molecules in the sites near to silanols will be visible. Since polar cross-

polarization is used to obtain the signal, high intensities either correspond to 

the proximity of protons or by the immobilization of protons. The fully cross-

a) b)
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linked Q4 Si atoms are intrinsically less correlated to protons, so that the 

intensity of this signal will decrease as compared to the quantitative single 

pulse measurements in Figure 5. Furthermore, a polar environment will cause 

the protons to shift to higher fields.67  

Next to the different Q species in the silicon spectra (see Figure 5), two different 

protons can be distinguished in the 1H proton spectra. The strong peak at 5 ppm 

is present in all samples prepared at low ionic strength and is assigned to bulk 

water.68 The small shoulders at ~3 ppm are assigned to silanols since they are 

also present in dehydrated diatomic cells,69 although this signal may be 

superimposed with aliphatic CH2 or CH3 moieties.70 This signal becomes more 

visible at high ionic strength (AS), where hydrogen bonds are suppressed and 

thus less overlap occurs. This silanol peak is less visible in the samples E80, PEI 

and the ultrapure water sample, most likely due to peak broadening caused by 

the stronger interaction between 1H species. This may very well be caused by 

the slightly higher water content (~0.5 wt%) of these specimens, as confirmed 

by TGA (see Figure 7). Interestingly, in the case of artificial seawater the whole 
1H spectrum is shifted with approximately 2 ppm down field as compared to 

the samples prepared at low ionic strengths. Since this sample has a higher 

cross-linking density, this results in a more hydrophobic character and thus less 

adsorbed bulk water (only 3% according to TGA measurements, see Figure 7) is 

present. In addition, again due to the higher network densification, the silanols 

are more isolated leading to a lower 1H shift.71 In the spectra of the diatom, 

however, a shoulder can be observed at ~7 ppm in the 1H spectrum that is not 

clearly present in the other samples. This signal indicates strongly hydrogen 

bonded species, and since larger shifts are observed for stronger hydrogen 

bonds, this signal can be attributed to silanols interacting with O atoms of, e.g., 

siloxane groups in the silica network, or strongly intercalated water.72  

In the sample prepared in ultra pure water, a strong OH correlation is observed 

between both Q3 and Q4 groups, which indicates the presence of a high surface 

area with a distribution of both geminal and single surface silanols.73 The strong 
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correlation between the bulk-OH and the Q4 groups as observed for the diatom 

and K80 may indicate the presence of hydrogen bonded OH groups within the 

silica network, possibly originating from water inclusions. No signals related to 

the amino acid polymers, e.g., CH2-Si, could be detected, most likely due to a 

combination of undetectable organic moieties and overlapping signals with, 

e.g., the SiOH groups at 3 ppm in the 1H spectra.74 In the samples prepared in 

the presence of E80 and PEI less correlation is present between 1H and Q4 Si 

atoms, indicating isolation of these species. Almost no correlations between 1H 

and Q4 Si atoms are present in the sample prepared in artificial seawater. Most 

likely, this is due to the increased distances between the correlated atoms, 

indicating that the Q4 species are further away from the surface. A strong 

correlation is observed between the isolated silanols and the Q3 silicon atoms, 

since fewer Q2 species are present in the AS sample and that thus more silanols 

are related to the Q3 silicon atoms.   
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Figure 9: 1H-29Si HETCOR spectra of silicas prepared with the biomimetic titration set-up, 

compared with the diatom Ditylum Brightwellii. The colors in the spectra range from blue to red, 

where red corresponds to the strongest correlation. The 1H at ~5 ppm in the diatom and K80 are 

stronger correlated to the Q4 species as compared with PEI and E80. Under high salt conditions (AS) 

almost no 1H-29Si correlation is found with this peak to the Q4 species, indicating a less hydrated 

structure. 
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4.6 Conclusions 
With an automated titration set-up, the reaction conditions as present in silica 

deposition vesicles were mimicked and cryoTEM shows that this leads to the 

random assembly of primary particles. After precipitation of these assemblies, 

samples were collected and analyzed with solid state NMR. Quantitative 

analysis showed that at the ionic strength of seawater biomimetic silica can be 

synthesized with the same high degree of cross-linking as found in the frustules 

of diatoms. Our results indicate that the biomimetic conditions (pH 5.5, ionic 

strength 500 mM) are crucial for driving the cross-linking reaction, and that 

neither positively charged, nor negatively charged amino acid based polymers 

can significantly influence the process under the conditions used. In agreement 

with previous studies,75 PEI and K80 increase the precipitation rate, however, 

they do not catalyze the condensation of silica. Although thermogravimetric 

analysis revealed that only small amounts of polymers are included in the silica 

structures, significant structural changes can be observed in N2 adsorption 

measurements as well as in the 2D HETCOR NMR spectra. Adsorption 

measurements clearly show different hysteresis profiles for the polymer 

containing samples, indicating a different packing of the primary particles. 

From this we propose that the biopolymers in the SDVs of diatoms (sillafins, 

silicidine, long chain polyamines) are not involved in catalyzing silica 

condensation, but that, in agreement with previous scattering studies,54 their 

role lies primarily in controlling the silica morphology through interacting with 

the silica sols formed. This is also indicated by the 1H-29Si correlation spectra, 

which show significant structural differences between the diatom and the 

sample prepared in artificial sweater, although similar cross-linking densities 

were obtained.  
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4.7 Materials and Methods 

Materials 
Sodium Silicate (28 wt% SiO2), aqueous HCl solution (37%) and sodium 

hydroxide (> 97%) were purchased from Merck. Polyethylene imine  

(MW = 2500 g/mol) was obtained from Sigma Aldrich. Ultrapure water  

(18 MΩ cm−1) was used for the synthesis and dilutions. All chemicals were used 

as received without further purification. The polymers E80 and K80 were 

synthesized following the fluorenylmethoxycarbonyl (Fmoc) strategy in a solid 

phase peptide synthesis (SPPS) method, as described in detail elsewhere.40 

Briefly, the synthesis was performed using standard Fmoc-derivatized amino 

acids on a fully automated parallel peptide synthesizer, type Syro I 

(Multisyntech, Witten, Germany), using Rink Amide resin (Iris Biotech, 

substitution 0.53 mmol/g) as solid support.  

Biomimetic titrations 
Titration experiments were performed with a commercial Methrom 905 

Titrando titration setup that included 4 titration units. The Na2SiO3 solution  

(28 wt% SiO2, MERCK, Germany) was 12× diluted (final pH = 11.3) and 

gradually added to a 30 mL aqueous solution of constant pH = 5.5. The addition 

rate was kept constant at 0.015 mL/min and a total volume of 20 mL was added. 

In the experiments were E80 and K80 were used, 20 mL of a 3 mg/mL solution 

was added (0.015 mL/min) simultaneously with the sodium silicate, similar as 

for the PEI solution (2 g/L). The pH was kept constant by using 100 mM HCl 

and 10 mM NaOH solutions. After the reaction, the precipitates were filtered 

and washed three times with 50 mL ultrapure water before freeze-drying 

overnight.  

Solid state 29Si NMR 
29Si solid state NMR spectra were recorded on a 300 MHz Agilent spectrometer 

operating at a field of 7.05 T using a 9.5 mm pencil type MAS probe resonant at 

59.596 MHz for silicon and 300.15 MHz for protons. Magic angle spinning at  
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4 kHz was employed, the 9.5 mm rotors have a sample volume of 0.68 mL. All 

spectra were recorded using spinal decoupling at 25 kHz rf-field strength (pulse 

duration 20 s and 6° phase). Chemical shifts were referenced with respect to 

trimethyl silane (TMS) using the resonance of zeolite A at −89.7 ppm.  

To ensure quantitative results, a Si T1 measurement via cross polarisation (CP) 

was recorded using the Torchia experiment.76 Ramped cross polarisation at a 

proton rf-field strength of 25 kHz and a 29 kHz rf-field on silicon was employed 

with an 8 ms contact time. Then, a single pulse spectrum with sufficient waiting 

time (150 to 1200 s) at 4 kHz MAS and 25 kHz proton decoupling (SPINAL 

20 s, 6°) was acquired. The amount of sample ranged from 0.2 g to 0.5 g and the 

number of scans varied from 122 to 581. The intensities of the Q2, Q3 and Q4 

lines were obtained by fitting the data with a Gaussian lineshape (estimated  

accuracy ± 0.5 %). 

The 2D 29Si-1H HETCOR spectra were obtained using CP at 8 ms with an offset 

of 17.7 kHz. The 29Si rf-field strength was adjusted to obtain a Hartmann-Hahn 

match.77 To enhance the signal to noise ratio, detection of the silicon signal was 

done with a CPMG echo sequence. Here 12 echoes were acquired in total, each 

with an echo time of 8 ms. Proton decoupling was applied during the entire 

CPMG sequence. In processing the CPMG echoes, the echoes were co-added 

with a weighing factor determined by the echo intensity prior to Fourier 

transformation. States TPPI was used to obtain pure absorption line shapes in 

the 2D Si-H correlation spectra.  

Cryogenic Transmission Electron Microscopy  
Samples were vitrified on R2/2 Quantifoil TEM grids (Quantifoil Micro Tools 

GmbH, Jena, Germany) using an automated vitrification robot (FEI Vitrobot™ 

Mark III, FEI Company). Before vitrification, the TEM grids were hydrophilized 

by glow discharge using a Cressington 208 carbon-coater. A 3 μL drop of the 

suspension of silica in water was applied to a Quantifoil grid in the 

environmental chamber (operating at 25 °C with 99% humidity) of the Vitrobot 

and the grid was blotted with two filter papers to remove the excess liquid. 
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Subsequently, the grid was plunged into liquid ethane which was maintained at 

approximately –183 °C. The vitrified sample was then transferred to the TU/e 

cryoTITAN (FEI, FEG, 300 kV, Gatan Energy Filter, 2k × 2k Gatan CCD camera) 

and kept at liquid nitrogen temperatures at all times. Imaging was performed 

using low dose mode at typical defocus values of −1000 nm and −1500 nm. 

Images were acquired with an exposure time of 1 second at a dose rate of  

~70 e– Å−2 s−1. 

Thermogravimetric analysis 
TGA was performed on a TA instruments high resolution TGA Q500 V6.7 

apparatus. Per sample 10 mg was used and the measurements were conducted 

at a heating rate of 10 °C/min from 20 °C to 750 °C using a nitrogen flow of  

50 mL/min.  

Nitrogen sorption measurements 
Nitrogen sorption isotherms were measured at −196 °C on a Micromeritics 

TriStar II 3020 V1.03 system in static measurement mode. The Brunauer-

Emmett-Teller (BET) equation was used to calculate the specific surface area 

from the adsorption data obtained (p/p0= 0.05-0.25).78 The mesopore volume and 

mesopore size distribution were calculated using the Barrett-Joyner-Halenda 

(BJH) method on the adsorption branch of the isotherm.79 
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‘Science, my lad, is made up of mistakes, but they are mistakes which it is useful to make, 

 because they lead little by little to the truth’ 

Jules Verne, 1828−1905 
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5.1 General introduction 
The growth of silica occurs through the assembly of primary particles, with the pH 

being a key parameter of this process (see Chapter 2). Since these primary particles 

are formed by the collapse of charged, hydrated polymeric silica species, variations 

in chemical conditions (pH, ionic strength) may influence this process. In the 

previous chapters, primary particles of 1.5 nm and 2 nm have been reported. Since 

the net charge and charge density of the polymeric silica species is expected to play 

a key role in the formation of the primary particles, the degree of protonation must 

be an important parameter. Hence, the pH, the silica concentration and the ionic 

strength of the solution are expected to influence the size of the primary particles. 

For example, at basic conditions, the dissolved silicates are negatively charged and 

repel each other. Increasing the silica concentration then leads to particle growth 

without aggregation.1 Furthermore, at low ionic strengths primary particles of 

several nanometers can be detected with AFM in diluted sodium silicate solutions.2 

Since the primary particles are the smallest silica building blocks, they can possibly 

be used to control the thickness of the silica layer on, e.g., colloidal particles. This 

has applications in, e.g., the coating of nanoparticles with silica, which prevents 

these particles from coalescing and at the same time renders them chemically inert 

and optically transparent.3  

Hollow nanoparticles are of particular interest for their potential in, e.g., controlled 

drug delivery systems4 and anti-reflective coatings,5 and are typically obtained by 

the silicification of various templates, such as poly-electrolyte assemblies6 and 

vesicles.7-9 However, silicification of vesicles can result in multi-lamellar structures 

so that control over the thickness of the shell of the hollow particle is lost. The use 

of emulsion systems as templating agents10 has led to nanometer-sized silica 

particles11, 12 with control over the shell thickness on the sub-micrometer length 

scale.13, 14 This coating procedure is generally described by either the electrostatic 

interactions between negatively charged silica species and positively charged 

moieties on the template surface, or by the hydrogen bonding interactions 

between, e.g., amine groups and the negatively charged silica species present in 
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solution.15 Furthermore, surface modifications with, e.g., amine groups resulted in 

silica deposition on the surface only, and 60−120 nm thin coatings could be 

obtained on different organogels.16 Although morphological control has been 

achieved on the nanoscopic (< 10 nm) level,17 dynamic, self-assembled templates 

are important to obtain hierarchical features18 or materials on the macroscopic  

(> 1 μm) length scale.19 Here, the underlying principle is the neutralization of 

Coulomb interactions, similar to that reported for positively charged amines and 

negatively charged silanolates.20, 21 However, the results of Chapter 4 strongly 

indicate that this results merely in a precipitation rate enhancement due to the 

assembly of primary particles with the additive, rather than influencing the 

condensation reactions between silicate species. Hence, the deposition of these 

primary particles onto a template to obtain ultrathin shells may not be 

straightforward.  

Here, we discuss the potential of a mini-emulsion system to be mineralized via a 

biomimetic mineralization procedure to obtain robust, hollow silica nanospheres 

under mild aqueous conditions. To study the particle assembly as a function of the 

net surface charge of the emulsion droplet, different surfactant compositions are 

used. Similar to Chapter 4, a water soluble silicate (sodium silicate) is used as silica 

precursor in an aqueous environment of constant pH 5.5 for the mineralization 

procedure. 

 

5.2 Emulsion templates 
A model system of both cationic and anionic surfactants in different ratios is used 

to study the effect of charge on the silica deposition process. To obtain a mixture of 

charges on the emulsion droplets, sodium dodecylsulfate (SDS) and cetyl 

ammonium bromide (CTAB) are used as emulsifiers in an oil-in-water (O/W) 

system. The molar ratio of the surfactants was varied while keeping the total 

surfactant concentration constant. Both surfactants have a different solubility, and 

the surface charge of the emulsion droplets varies with the surfactant ratio. For 
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amphiphilic molecules, above a certain concentration called the critical micelle 

concentration (CMC), the surface tension does not decrease significantly anymore

because any added surfactant goes into micelles and not to the liquid-gas interface. 

The CMC of the surfactants was determined with surface tension measurements, 

and is determined to be 8 mM for SDS and 0.9 mM for CTAB, see Figure 1. 

 

Figure 1: Surface tension measurements to determine the CMC of (a) SDS and (b) CTAB.  

 

Emulsions were obtained via ultrasonication of a 15% (w/w) 1-heptanol/water 

solution. The final, milky solution was brought to pH 5.5 to check the stability of 

the emulsions at mineralization conditions. The droplets were ~100 nm in diameter 

with a size distribution ranging from 80-500 nm in all cases, see Figure 2. The 

stability of the emulsions was checked after 24 hours and showed no significant 

differences in either the size of the emulsion droplets or in their surface potential. 

At pH 5.5, a 50:50 ratio of SDS:CTAB surfactants leads to slightly positively 

charged emulsion droplets, while a slight excess of SDS leads to slightly negatively 

charged emulsion droplets. This effect is attributed to the lower solubility of CTAB 

as indicated by its lower CMC, meaning that at equal amounts of surfactant, CTAB 

molecules will be more concentrated at the oil-water interface as compared to SDS. 

However, since the emulsions with 50% and 55% SDS had -potentials of less than 

± 30 mV, they were instable and were not used in the mineralization procedure.  



Assembly of Nanoparticles on Emulsion Templates 

101 

 
Figure 2: Cryo-TEM image (a) of a typical emulsion prepared with 80% SDS. The size distributions (b) 

and the -potentials (c) of the emulsions are determined with DLS at pH 5.5 where the dashed lines 

indicate the same sample measured after 24 hours. The -potentials of the emulsion showed no 

difference after 24 hours. Scale bar is 100 nm. 

 

5.3 Mineralization procedure 
For an oil-in-water emulsion, the attractive van der Waals forces between oil 

droplets destabilize the emulsion, while the electrostatic double-layer repulsion 

forces stabilize the droplets. Ions, however, compress the double layer by screening 

the electric charges leading to less repulsion between the droplets. Therefore, a 

highly diluted sodium silicate solution is used to reduce the amount of Na+ and K+ 

ions present in the stock solution. Upon diluting in ultrapure water, the pH of the 

solution decreases which induces the polymerization reaction between silicate 

ions.1 Here, a 4000 ppm SiO2 (~80 mM in SiO2, pH 10.3) solution is used, that 

contains 5 nm silica nanoparticles, see figure 3a. These particles are significantly 

larger than the primary particles as discussed in Chapters 2 and 3, again indicating 

that the average size of these particles is highly dependent on the chemical 

conditions, e.g., silica concentration and ionic strength. However, since the 

majority of the primary particles seems to be unaffected by pH (see Chapter 3), it is 

most likely that gradual condensation of ionic, low molecular weight species leads 

to the formation of assemblies of these primary particles, as also observed in 

Chapter 2 for sodium silicate solutions at pH 9.2. Since the presence and formation 

of these structures has also been reported to occur even at highly alkaline solutions 

that were stored for several days,22 it is likely that in our case thermodynamically 
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stable 5 nm particles in equilibrium with soluble species have been formed, i.e., 

silicic acid derivatives.   

This solution of 5 nm particles is titrated into an aqueous solution of pH 5.5, and 

kept at this pH via the addition of HCl. A typical pH profile is given in Figure 3b. 

Here, hydrochloric acid is co-dosed almost linearly with sodium silicate to prevent 

a pH increase, so that the pH is kept at 5.5 ± 0.2 at all times.  

 
Figure 3: Cryo-TEM image (a) of the sodium silicate stock solution (4000 ppm SiO2) containing 5 nm 

silica particles. This basic solution is titrated into a solution that is kept constant at pH 5.5 (b) with the 

use of 10 mM HCl. The pH spike at ~1.2 × 105 seconds is a result of the filling of the dosing unit and not 

an artifact in the measurement. Scale bar is 20 nm. 
 

It is worth noting that when the same volume of an aqueous solution of pH 10.3 

would be used instead of the sodium silicate solution, a volume of less than 0.5 mL 

HCl would be required to maintain the pH at 5.5.23 Hence, the extra addition of 

HCl in this case is attributed to the formation of silicic acid from basic silicate ions. 

When dosing the sodium silicate solution into the reactor, the silica concentration 

drops significantly below its solubility limit of ~120 ppm (see Figure 4a) driving 

the equilibrium towards soluble silicic acid species. On the other hand, the sodium 

silicate stock solution contains already a significant amount of small silicate ions,24 

that may form higher molecular weight silica species through several condensation 

reactions upon dosing into the slightly acidic solution. During the condensation 

process, polymers are formed in such a way that there is a minimum of 
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uncondensed silanol groups, so that also cyclic structures are formed.1 During this 

process, the Si:OH ratio decreases as the degree of polymerization increases. To 

follow the extent of condensation, the solutions are studied by in situ HATR-FTIR 

spectroscopy (Figure 4b), during which we focused on the relevant 800-1300 cm−1 

region only, due to the strong absorption of water at higher wavenumbers. The 

shoulder at 1150 cm−1 is a complex composite band of the coordination of sodium 

to the silicate species as typically observed in sodium silicate solutions.25, 26 Similar 

to complete cells of cyanobacteria as measured by Benning et al.27, 28 the Si-O-Si 

bending vibration at 800 cm−1 could not be detected.22, 23 This vibration is usually 

correlated with fully condensed Si-O-Si linkages,29 which are only present in very 

low concentrations in the solution and might easily be missed with FTIR. 

Therefore, we use the relative intensity and position of the Si-OH vibration at  

950 cm−1 as an indication for the amount of silica condensation. However, it must 

be noted that this vibration cannot univocally be assigned to Si-OH modes,30, 31 

although subtle changes are observed for sol-gel systems.32  

The FTIR spectra are normalized with respect to the 1120 cm−1 peak, after 

subtraction of the water spectrum. At the first two time points, the spectra show 

identical intensities in the Si-O-X shoulders at 1120 cm−1 and in the 950 cm−1 silanol 

vibration, indicating that no significant condensation reactions occur. At t3, it 

seems that the peak at 950 cm−1 has increased slightly. However, since this band is 

susceptible to changes in the silica concentration33 and H-bonding with water31 the 

difference with the other two spectra is considered to be within the error of the 

measurements. This is confirmed by cryoTEM (Figure 4c), that shows that the silica 

nanoparticles, as present in the stock solution, remain stable even at high dilutions. 

As can be seen in Figure 4d, upon increasing their concentration, the nanoparticles 

seem to agglomerate. Due to the pH decrease, significantly more silanolates are 

protonated as compared to the stock solution, leading to less repulsion between the 

nanoparticles. However, although pH 5.5 is well above the isoelectric point of silica 

(pH 2-2.5),34, 35 overall the surface of the nanoparticles is still negatively charged.36  
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Figure 4: Silica concentration profile (a) of the sodium silicate stock solution dosed to a solution of 

constant pH 5.5 with corresponding in situ FTIR spectra (b) and HR cryoTEM images (c,d) at different 

time points. Scale bars are 20 nm. 

 

5.4 Mineralization of emulsion droplets 
The combination of the stable emulsion droplets with the integrity and stability of 

the silica nanoparticles at pH 5.5 leads to interesting perspectives in the formation 

of hollow nanoparticles. Since no smaller silica precursors can be obtained in 

solution at concentrations where silica condensation takes place, the nanometer-

sized particles are the smallest building blocks possible to obtain hollow particles 

with a thin shell. However, due to the stability of the 5 nm particles and the low 

concentration of remaining silicate species, the assembly of these particles on the 
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emulsion droplet surface may result in a porous silica layer rather than a 

continuous shell. Regardless of the state of the deposited silica, the particles on the 

surface of the emulsion droplet screen the stabilizing electrostatic repulsive forces 

between the emulsion droplets. Therefore, the emulsions are diluted prior to the 

mineralization procedure to prevent droplet agglomeration.  

 
Figure 5: CryoTEM images of mineralized emulsion droplets with (a) 80% CTAB, (b) 60% CTAB,  

(c) 40% CTAB and (d) 20% CTAB and (d) corresponding –potentials. Scale bars are 50 nm. 

 

CryoTEM analysis shows that the 5 nm silica nanoparticles indeed deposit on the 

emulsion droplet surfaces. In all cases, the 5 nm particles are clearly visible 

although different degrees of coverage can be observed. When the surface charge 

of the emulsion droplets is highly positive, i.e., in case of 60% and 80% CTAB, the 

surfaces are fully covered with particles. Interestingly, even with overall negatively 

charged surfaces the particles cover the emulsion droplets significantly, although 

in case of 80% SDS a small part of the droplet surface is exposed to the bulk water. 

Driven by electrostatic forces, in the latter case a small part of the nanoparticles is 

not attracted by the emulsion droplets and stays freely dispersed in solution.  

The surface coverage of the emulsion droplets by the 5 nm silica particles is 

indicated by the -potentials, which are all negative after mineralization, see  

Figure 5d. The negative surface potentials are a direct result of the assembly of the 

negatively charged silica nanoparticles onto the (partly) positively charged 
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emulsion droplets. Since the droplets are homogenously and almost completely 

covered, further addition of silica nanoparticles did not result in further deposition 

on the droplets, but simply led to an increased particle concentration in solution. 

Since the positive charges present on the emulsion surface are now screened by the 

silica nanoparticles, there is no preferred assembly of the particles onto the 

emulsion surface anymore. In the case of 80% CTAB, the emulsion droplet 

oil/water interface most likely consists only of CTAB molecules due to the lower 

solubility as compared to SDS. The added SDS is therefore not significantly 

incorporated at the oil/water interface but is molecularly dissolved in the bulk 

water or even present as micelles. As a result, the -potential measurement is not 

only influenced by the silica nanoparticles present in solution, but also by the 

presence of SDS, regardless of its state.  

The slopes of the H+ addition curves during mineralization of the emulsion 

droplets are not considered to be significantly different, since the maximum 

difference between the samples is less than 3%, see Figure 6. According to 

Equation 2 in Chapter 4, a higher proton addition rate required to keep the pH 

constant at 5.5 would indicate a higher degree of cross-linking. Since here a more 

diluted sodium silicate solution is used as compared to Chapter 5, the pH of the 

stock solution is lower and thus fewer silanolate groups are present. As a result, a 

lower proton addition rate is observed per mole SiO2 added. Consistent with the 

FTIR results shown in Figure 4b, no significant differences in cross-linking are 

observed between the samples, confirming the integrity of the nanoparticles.  
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Figure 6: The ratio of the added amount of protons in mmol per mmol SiO2 dosed to maintain the pH 

constant at 5.5. Ratios are given for different emulsion droplets as compared to the reference. For 

comparison, the same experiment in ultrapure water with a more concentrated sodium silicate solution 

(30 000 ppm in SiO2, pH 11.3) from Figure 3 of Chapter 4 is presented in this graph.  
 

Similar to other reported systems,37 introducing a calcination step may significantly 

densify the film leading to robust, hollow silica spheres. Moreover, calcination of 

the mineralized emulsion droplets may cause the particles to sinter together, 

leading to a dense, continuous silica shell. To this end, the precipitates were air 

dried overnight and subsequently calcined in oven at 450 °C for 24 hours. Indeed, 

after calcination of the particles that were fully covered (see Figure 5), hollow silica 

nanoparticles were obtained as shown in Figure 7. The emulsions with > 50% SDS 

collapsed upon the drying process resulting in a gel. Emulsions with sufficient 

particle coverage, i.e., for > 50% CTAB, showed a typical shell thickness of  

10-25 nm, corresponding to several layers of assembled particles. 

 
Figure 7: Conventional TEM image of a hollow silica nanoparticle after calcination of the emulsion 
template of 80% CTAB. Scale bar is 50 nm.  
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5.5 Discussion 
The successful deposition of a thin layer of silica nanoparticles is an important step 

towards the synthesis of hollow nanoparticles with a thin shell. However, since the 

low molecular weight silicate ions in solution do not significantly contribute to the 

condensation process, the silica nanoparticles are not chemically tethered with 

each other as observed with, e.g., a template-free approach.38 However, it is 

important to note that generally alkoxysilanes are hydrolyzed in an aqueous 

reaction mixture containing pre-modified templates, e.g., with silane coupling 

agent,39 because silica deposition with the Stöber method is not very successful 

since new particles are formed.40 With such a alkoxysilane procedure, primary 

particles are not present in the initial stage but form gradually over time until full 

hydrolysis is reached. During this process, the (partially) hydrolyzed species 

interact electrostatically or chemically with the modified templates molecules, 

leading to a homogeneous, cross-linked silica layer with accurate size control.41, 42   

The dilute sodium silicate solution that is used here contains negatively charged, 

5 nm silica particles. In the presence of positive charges on the emulsion droplets 

surface, the particles assemble on this surface due to attractive electrostatic 

interactions and hence the thinnest possible silica shell around the emulsion 

templates can be formed. The soluble silicic acid derivatives that are also present in 

the stock solution do not condensate on this surface, but are expected to form new 

5 nm particles in solution through primary particle assembly, as discussed in 

Chapter 2. Possibly, this is observed as flocculation at higher silica concentrations.43 

As a result, the shells are formed by the 5 nm particles and are poorly defined and 

highly porous, as schematically shown in Figure 8.  

After synthesis, the mineralized particles are collected, washed and dried before 

calcination. During this drying step, residual silica species present in solution are 

concentrated, leading to further condensation and deposition on the mineralized 

particles. Therefore, the final silica layer thickness may be larger than in solution.  
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Figure 8: Schematic representation of the assembly of 5 nm silica nanoparticles on emulsion droplets 

before and after calcination. 

 

The use of smaller primary particles in this procedure, e.g., by using a more 

concentrated sodium silicate solution at higher pH (see Chapter 3), may lead to 

thinner layers but would also drastically complicate the system. Such a silica stock 

solution contains more silicate ions due to the higher silica solubility at higher pH,1 

and thus more reactive species are present upon acidification during the 

mineralization process. As a result, the assembly of these particles may not be 

limited to the template surface only, and random assembly of these particles in 

solution may occur (see Chapter 4, Figure 2b). Also, using a more concentrated 

silica stock solution leads to a higher Na+ content, resulting in more screening of 

the repulsive electrostatic forces. Increasing the pH during the mineralization 

process to increase the amount of negative surface charges and thus the total 

electrostatic interactions between the positively charged template surfaces, is not 

preferable since also assembly of the primary particles in the bulk solution is likely 

to occur (see Chapter 2). Furthermore, due to the increase in surface charge of the 

primary particles, they might repel each other when in close proximity near or at 

the surface so that a homogeneous coverage is hampered. In addition, thinner 

deposited layers (< 10 nm) around a template surface reduces the robustness of 

these particles, eventually leading to a structural collapse upon drying as observed 

for mineralized surfactant vesicles.9 
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5.6 Conclusions 
In this chapter the possibility to assemble silica particles on emulsion droplets is 

investigated, by using colloidally stable silica nanoparticles, obtained from a 

diluted sodium silicate solution. Dilution of sodium silicate solutions leads to 

colloidally stable nanometer-sized particles, which can be used to assemble on an 

emulsion template. By lowering the pH to 5.5, part of the silanolate groups of the 

silica nanoparticles are protonated so that their electrostatic repulsive forces are 

reduced. By tuning the surface charge of the emulsion template by varying the 

surfactant composition, the surface coverage of the emulsion droplets can be 

tuned. Key is the stability of the obtained emulsion, specifically during the 

mineralization process. When the surface coverage is sufficient, i.e., full coverage 

of at least a monolayer of silica nanoparticles, these particles can be calcined to 

yield hollow silica nanoparticles of 100 nm in size with a shell thickness of 

typically an order of magnitude smaller. However, since with this procedure a 

thermal post-synthesis treatment is required, this synthesis route may not be 

attractive for industrial applications, despite that the hollow silica particles are 

produced in an aqueous environment from a cheap water glass precursor.  
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5.7 Materials and methods 

Materials 
Sodium silicate (28 wt% SiO2), sodium hydroxide (> 97%) and hydrochloric acid 

(32%) were purchased from Merck and n-octadecane (> 90%) 1-hepetanol was 

obtained from Alfa Caesar. Ultrapure water was used for all dilutions and 

reactions. All chemicals were used as received without further purification.  

Emulsions  
Emulsions were prepared via ultrasound with a total surfactant concentration of  

14 mM. The composition of the surfactants was varied by changing their molar 

ratios. The surfactants were mixed with water before adding the oil. A mixture of 

2.82 g of 1-heptanol with 0.12 g octadecane was added to the water phase with a 

final oil content of 20 wt%. Then, the whole solution was mixed using an 

ultrasound probe operating at 750 W. The solution was placed in an ice bath to 

prevent heating during sonication. The total sonication time was 15 minutes, 

leading to a white, milky solution. Before mineralization with Na2SiO3, the 

solutions were diluted by adding 0.5 mL of the emulsion solution into 30 mL of 

ultrapure water. The obtained solution was then brought to pH 5.5. 

Silica mineralization procedure 
Silica mineralization experiments were performed with a commercial Metrohm 905 

Titrando titration setup equipped with 4 dosing units. A diluted Na2SiO3 solution 

(4000 ppm SiO2) of initial pH 10.3 was titrated to 30 mL ultrapure water  

(18 MΩ·cm−1) or to the emulsion solution and brought to pH 5.5. The constant 

addition rate was 0.015 mL/min and a total volume of 20 mL was added. The pH 

was kept constant with 10 mM HCl and 10 mM NaOH (if necessary) solutions. 

After the reaction, the precipitates were air dried overnight before calcined in oven 

at 450 °C. The sample was warmed up at a heating rate of 5 °C/min and kept at the 

calcination temperature for 24 hours.  
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cryoTEM 
Sample vitrification was carried out in liquid ethane as cryogen on an automated 

FEI Vitrobot™ Mark III vitrification robot. For vitrification, 3 μL droplets were 

applied on the cryoTEM grids inside the vitrobot chamber which was conditioned 

to 100% humidity at 22 degrees. Prior to use, cryoTEM CU R2/2 Quantifoil Jena 

Grids (Quantifoil Micro tools GmbH) were surface plasma treated using a 

Cressington 208 carbon coater. The samples were imaged on a FEI Tecnai G2 

Sphera equipped with a LaB6 filament operating at 200 kV. Images were recorded 

on a 1k × 1k Gatan CCD camera.  

Infrared spectroscopy 
Fourier transform infrared (FTIR) was performed on a Varian 670 spectrometer 

equipped with a DLaTGS detector. Samples were measured in horizontal 

attenuated reflective (H-ATR) mode using an ATRMAXII™ (PIKE Technologies) 

crystal holder (incident angle of 45°) with a ZnSe crystal. For each measurement, 

1000 scans were made with a resolution of 2 cm−1. To diminish the contribution of 

water, background scans were made with ultrapure water and subtracted from the 

sample data using GRAMMS AI spectroscopic software.  
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‘Millions saw the apple fall, but only one asked why’ 
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6.1. General introduction 
Conventional and cryogenic transmission electron microscopy (TEM) are key 

techniques for the real-space imaging of soft matter at the nanometer scale.1, 2 

Still, these techniques can only produce snapshots, and not reveal the true 

dynamics of a system that will give insight into the dynamic interactions 

between the different components.3-5 In contrast, the application of liquid phase 

TEM (LP-TEM), using 200-500 nm thick cells with electron transparent 

(generally silicon nitride, SiNx) windows allows the dynamic monitoring of 

events in liquid samples, thus avoiding the need for specimen preparation at 

every time point.6, 7 To trigger (electrochemical) reactions in a closed 

environment liquid cells can contain electrodes,8 or reactions can be initiated by 

slow evaporation.9 Also the electron beam can be used to initiate reactions, e.g., 

by the reduction of metal precursors.10, 11 Recently, commercial flow cells have 

become available that allow to inject a reaction mixture, or even mix reactants in 

the liquid cell. As the electron mean free path in TEM is ~200 nm for water and 

organic samples, LP-TEM can probe thin specimens with sufficient resolution 

and contrast.12 Samples of up to several micrometers in thickness can be studied 

with high angle annular dark field (HAADF) STEM,13 e.g., for the tracking of 

nanoparticles in biological structures.14  

Currently LP-TEM still has some limitations,6, 7, 15-17 e.g., the interaction of the 

electron beam with the fluid is a matter of concern as it may induce free 

electrons in the liquid and also gradients in temperature and pH (due to water 

decomposition), and beam induced deposition of nanoparticles is also often 

observed. Indeed, many of the reported experiments so far have either a) used 

the electron beam to drive the processes under investigation,6, 18-24 b) have 

imaged objects rather than processes,25-28 or c) reported on the effects of the 

electron beam on the events observed.16, 17, 26  

Here, these beam-sample interactions are exploited to write silica 

nanostructures in an aqueous medium. By applying a focused electron beam in 

STEM mode, the localized deposition of fused silica nanostructures, with a 
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defined thickness, can be controlled directly from a solution of monodisperse 

silica nanoparticles, see Figure 1. The observed process could be useful in future 

work for the direct writing of three-dimensional nanoscale silica structures in 

liquid. 

 

Figure 1: Schematic of the liquid cell for scanning transmission electron microscopy (STEM). A 
liquid containing silica nanoparticles is enclosed between two silicon nitride (SiNx) membranes 
forming a liquid cell. The focused electron probe of STEM scans over the sample.  

 

6.2 Silica nanoparticles imaged in situ in STEM mode  
Monodisperse silica nanoparticles with a diameter of 20 ± 2 nm (Figure 2) were 

synthesized by lysine-catalyzed hydrolysis and condensation of teraethyl 

orthosilicate (TEOS) in water at 60 °C.29 CryoTEM analysis, as described in 

Chapter 2, demonstrated that these nanoparticles are stable colloidal 

dispersions in water with concentrations of up to 5 vol%, without any signs of 

agglomeration, clustering or Ostwald ripening for periods exceeding one year.30 

Samples for in situ liquid cell STEM were prepared by placing a 0.5 μL droplet 

of the nanoparticle suspension on a silicon microchip supporting a SiNx 

membrane window.31 The microchip was positioned in a slot in the tip of a 

dedicated specimen holder for liquid samples.32 A second microchip was then 

placed with the SiNx membrane facing down on the droplet. The second 

microchip contained a spacer layer of 0.5 μm in thickness, such that a liquid-
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filled gap was obtained between the two microchips. The tip of the specimen 

holder was then closed by a lid and tightening screws in the lid.

 
Figure 2: Cryogenic transmission electron microscopy (cryo-TEM, FEG, 300 kV) of 20 nm-diameter 

silica nanoparticles imaged (a) at low (6,500x, 4 e– Å−2 s−1, scale bar 200 nm), and (b) at high 

magnification (61,000x, 70 e– Å−2 s−1, scale bar 20 nm). Images were acquired with an exposure time 

of 1 second on a 2k × 2k Gatan CCD camera. 

 

Immediately following sample loading, the liquid specimen holder was inserted 

into the electron microscope, the stage was set to eucentric height, and the 

STEM probe was focused. The microscope stage was then moved so that the 

electron beam illuminates a fresh/non-radiated area of the sample, and the 

magnification was increased to 110,000× such that individual silica 

nanoparticles became visible. Subsequently, the STEM probe was refocused and 

the stage again moved to a fresh position. Finally, the STEM probe was 

continuously scanned over an area of interest, with a pixel dwell time of 38 μs, 

and a frame time of 3 seconds. Under these conditions most of the observed 

individual nanoparticles were moving while a few were stationary (see  

Figure 3a). Interestingly, the field of view became increasingly filled with silica 

nanoparticles upon continued exposure to the electron beam (see Figure 3a-c). 

Switching to lower magnifications (9,900×, see Figure 4) made clear that 

nanoparticles that were initially freely dispersed became immobilized on the 

SiNx membrane within the area exposed to the electron beam. To study the 

influence of the electron beam on the deposition of the nanoparticles, the 

growth of the silica deposits in time within the irradiated area is analyzed. The 
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contrast of these deposits in STEM is approximately proportional to the  

mass × thickness of the material within the path of the electron beam,12 and 

therefore forms a direct measure for the amount of silica deposited in the 

observed area. This allowed us to use the integrated signals from the individual 

frames of the recorded data to accurately monitor the rate of the deposition 

process. For dose calculations, a flat field image was recorded (i.e., without the 

sample present) under the same STEM imaging conditions from which the 

electron dose (28 e−/nm2/frame) and the total amount of electrons per image per 

second was determined (see Materials and Methods). Analyzing these data 

showed that the silica deposition rate linearly depended on the exposure time, 

and hence on the cumulative applied electron dose only (Figure 3d). 
 

 
Figure 3: Electron beam induced immobilization of silica nanoparticles on a silicon nitride (SiNx) 

membrane observed in situ with liquid cell scanning transmission electron microscopy (STEM) 

using an annular dark field (ADF) detector). Probe current 2 pA, 200 kV, magnification 110,000x, 

pixel size 4.1 nm, pixel dwell time 38 μs, 28 electrons/nm2/frame, image size 256 × 256 pixels. Scale 

bars represent 200 nm. (a) Selected image from a continuously recorded time lapse image series. 

The image was recorded 21 seconds after this region was first imaged. (b) Image recorded  

39 seconds after image (a) showing an increased number immobilized number of nanoparticles. (c) 

Image recorded 42 seconds after image (b). Integrated total intensity per image frame (d) from the 

time-lapse series as a function of the applied total dose.   
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6.3 Effect of the applied electron dose 
The electron dose effects inducing deposition of the silica were further studied 

by applying various electron doses by imaging at different magnifications while 

keeping the dwell time of 38 μs constant. A first patch was created by exposing 

an area of the cell to an electron dose of 7 e−/nm2/frame at a magnification of 

56,000x (pixel size 8.1 nm). Subsequently the magnification was increased to 

79,000x visualizing the newly deposited layer (Figure 4a (i)). By moving the 

sample and using various magnifications and exposure times during several 

repeated scans, three further patches of different dimensions were created 

(Figure 4a (iii-v)).  

 
Figure 4: Visualizing the formation of silica deposits in liquid using correlative Liquid STEM, 

scanning electron microscopy (SEM), and atomic force microscopy (AFM) (a) Liquid cell STEM 

images (9,900x, pixel size 11.4 nm, frame size 1024×1024, pixel-dwell time 20 μs, frame time  

25.2 seconds, scale bar 1 μm) of five patches deposited by several repeated scans during STEM 

irradiation at higher magnifications using different electron doses; (i) total dose 315 e− nm−2 

(56,000×), (ii) total dose 420 e− nm-2 (79,000×), (iii) total dose 952 e− nm-2 (110,000×), (iv) total dose  

960 e− nm−2 (160,000×) and (v) total dose 5280 e− nm−2 (320,000×). For more details, see Materials and 

Methods. (b) AFM semi-contact (scan velocity 7.23 μm/s, pixel size 17.61 nm) topography of 

corresponding areas shown in (aiii-iv) (Scale bar 1 μm) with (d) corresponding height profiles and 

(c) SEM image (scale bar 200 nm).  
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For a further investigation of the deposited structures, the sample was removed 

from the liquid specimen holder, the two microchips were separated, dried, and 

imaged with both SEM and AFM. The topology of the same deposits shown in 

Figure 4 were located and then imaged with semi-contact mode AFM  

(Figure 4b) and SEM (Figure 4c). Figure 4 thus represents a correlative study of 

a sample with liquid cell STEM, and dry SEM and AFM. Both the top and 

bottom membranes were investigated. As expected, SEM showed that the silica 

nanoparticles were mostly deposited on the top window of the liquid cell 

membrane where the intensity of the electron beam was the highest. The SEM 

image in Figure 4c taken from a top membrane shows details of the edge of a 

deposited silica patch and the background. Although silica had deposited on 

both the background and the exposed areas, a clear difference in density and 

size of the deposits between the two regions was observed. Whereas the sizes of 

the nanoparticles deposited just outside the exposed areas had similar sizes and 

shapes as the original 20 nm nanoparticles in solution, the objects in the 

exposed area reached diameters of up to 5 times this size (50-100 nm), 

suggesting that they originate from the merging of deposited nanoparticles.  

 

The observed spatial control over the silica deposition on the top SiNx 

membrane contrasts what has been observed on the bottom membrane (see 

Figure 5). Here, the features appeared similar to those observed in unexposed 

areas of the top membrane with only a few agglomerated structures that are 

spatially not well correlated to the exposed areas. This effect is ascribed to the 

electron scattering within the liquid cell: when the electron beam is focused on 

the top membrane the electrons will scatter through the liquid to giving rises to 

a broadened electron beam at the bottom with a lowered current density. The 

difference in morphology between the deposits in the exposed areas of the top 

membrane and those in the background and on the bottom membrane suggests 

that the deposition and subsequent merging of the silica nanoparticles depends 

on the local electron dose rate/current density. 
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Figure 5: SEM images of not directly exposed areas on the top and bottom SiNx membranes. After 

the liquid cell experiments, on the bottom windows deformed silica structures can be observed due 

to electron scattering in the cell.  

 

Using an unexposed area as a reference, AFM provided information about the 

height of the deposits (Figure 4b, d). Line scans revealed a low surface 

roughness for the unexposed area and a very a high roughness for two patches 

(Figure 4b (iii and iv)) which were prepared with the same total electron dose 

(~950 e−/nm2), by applying different exposure times at different magnifications 

(dose rates per exposed area: 28 e−/nm2/frame and 60 e−/nm2/frame, respectively, 

see also Materials and Methods). Indeed, AFM showed that the two deposits 

had similar heights: 39 ± 10 nm and 45 ± 13 nm, respectively. However, AFM 

images also showed that the high surface roughness of the patches was mainly 

due to the presence of non-spherical features covering the upper surface of the 

deposits. These flattened features were more pronounced on the patch 

generated at 60 e−/nm2/frame and not observed in the unexposed areas of the 

silicon nitride top membrane, supporting the above proposition that the 

morphologies of the deposits depend on the applied electron dose rate and the 

associated merging of the original silica nanoparticles. 
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6.4 Patterning of silica structures 
The electron beam induced deposition of silica structures from a solution of 

nanoparticles can be readily employed to construct well-defined patterns by 

controlling the local distribution of the electron dose. Figure 6 demonstrates 

that silica nanoscale structures can be generated by a pre-defined movement of 

the electron beam writing on the SiNx membrane in the liquid phase. The letters 

were written by moving the focused beam in spot mode slowly over the 

sample. During this procedure, the magnification was held constant (28,000×, 

pixel size 17.2 nm) and the beam was located on each spot for several seconds 

until deposition became visible. The immobilized and deformed silica particles 

agglomerate according to the applied electron dose pattern. Interestingly, the 

letters deposited in this manner had dimensions of 100 nm in width and 500 nm 

in length, while the diameter of the STEM beam was only 3.5 nm (see  

Figure 6a). By locating the beam, the exposure time per pixel increased from 

microseconds to seconds. Consequently, the dose per area increased six orders 

of magnitude and electron scattering effects by both the membrane and the 

liquid played a more significant role. As a result, silica deposition is 

significantly extended beyond the irradiated area.  

 

Figure 6: Dark field STEM image (28,000x, pixel dwell time 20 μs, pixel size 4.05 nm, frame size 

1024 1024 pizels) of patterning with silica deposits by controlling the electron beam position in 

lateral direction. The electron beam was located on each position for several seconds until 

deposition became visible. Scale bars are 50 nm in (a) and 500 nm in (b).  
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6.5 Mechanistic considerations 
Depending on the manufacturing and pre-treatment procedure of the SiNx 

membranes, silanol and silanolate groups are present on the surface of these 

membranes.33 This will certainly be the case in our experiments, in which the 

membranes were made hydrophilic by oxygen plasma treatment. Such surface 

activation leads to a high affinity of the membrane for the surface silanols on 

the silica nanoparticles. In addition, electron beam exposure will cause the local 

reduction of water to form hydroxide ions (2 H2O + 2 e−  H2 + 2 OH−), leading 

to a local pH increase. As a result, locally the silica solubility increases and bond 

rearrangement at the nanoparticles’ surface will take place, aiding the adhesion 

of the particles to the membranes as well as to neighboring particles through 

the formation of siloxane (Si-O-Si) bonds. Through the use of STEM the water 

reduction is a highly localized process, which explains why no hydrogen 

formation was observed. In addition, the generation of secondary electrons 

from the interaction of the electron beam with the SiNx membrane is known to 

lead to local reduction sites, as is commonly used for the immobilization of 

different materials in traditional electron beam induced deposition (EBID) 

techniques.34-36 Most likely, the secondary electrons produced in the liquid 

generate reactive, charged silicate species such that chemical bonds can be 

formed37 and the nanoparticles become chemically linked both to each other as 

well as to the SiNx membrane. This results in agglomeration of the 

nanoparticles into the observed solid deposits.  

These results indicate that the observed smoothing of the silica structures is a 

result of the fusion of the deposited nanoparticles due to their interaction with 

the electron beam. Rearrangement of the siloxane bonds broken under the 

influence of the electron beam will lead to surface smoothening as the system 

will try to reduce the total surface energy. Moreover, it is likely that this 

rearrangement of bonds also increases the mechanical properties of the silica 

structures.38, 39 The observation that the silica deposits formed at lower electron 

doses have smoother surfaces than those formed at higher electron doses may 
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be due to a continuous deposition of new nanoparticles at higher dose rate that 

render these surfaces rough compared to the situation at lower dose rates 

where smoothening successfully competes with the deposition of new material. 

Hence the shape of the structures is determined by the path of the electron 

beam at the (sub-)micrometer scale, but also by the amount of clustering 

nanoparticles and the rate at which they agglomerate and rearrange their 

chemical bonds at the nanoscale. This process is limited by the area over which 

the hydroxyl ions can diffuse while still being able to induce silanolate 

formation and the area over which the silica nanoparticles can diffuse before 

being immobilized on the surface. Since the patterning process involves the 

immobilization, assembly and merging of individual nanoparticles, as induced 

by exposure to the electron beam, the smallest possible dimensions are ~100 nm, 

i.e., the size of several nanoparticles. 

 

6.6 Conclusions 
The interactions of colloidally stable silica particles with the electron beam in 

liquid were studied during imaging in STEM mode. It was demonstrated that 

the exposure of a dispersion of 20 nm silica nanoparticles in water to a focused 

electron beam leads to the deposition of silica structures on one of the liquid 

enclosing SiNx membranes. The thickness of the observed deposits depends 

linearly on the cumulative electron dose, while their surface roughness 

depended on the electron dose rate. Using correlative STEM, SEM, and AFM it 

was found that the silica nanoparticles first immobilized on the SiNx membrane, 

and then fused upon the exposure to an increased electron dose. Silica 

structures can be written on the SiNx membrane in the liquid phase by 

controlling the electron dose as a function of the lateral position. Depending on 

the irradiated area, structures can be obtained in the sub-micrometer range. The 

formation of silica deposits directly in a liquid might open new possibilities for 

creating three dimensional nanoscale structures. 
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6.7 Materials and Methods 

Materials 
Tetraethyl orthosilicate (TEOS, > 99%), aqueous ammonia solution (25%) and 

sodium hydroxide (> 97%) were purchased from Merck and pure L-Lysine was 

obtained from Fluka. Deionized water was used for the synthesis. All chemicals 

were used as received without further purification. 

Preparation of silica nanoparticles 
Silica nanoparticles were prepared by the slow diffusion of 6 mL tetraethyl 

orthosilicate (TEOS , Merck Honenbrunn, Germany) in 100 mL distilled water 

in presence of 0.1 g lysine (SigmaAldrich). The mixture was continuously 

stirred for 7 hours at 60 °C. After completion of the reaction, the pH was 8.5 and 

the final concentration of SiO2 was 16 mg/mL. At these conditions, an aqueous 

solution of colloidal silica particles was obtained since the solubility limit of 

Si(OH)4 is ~130 ppm with a ethanol content of at most 5 wt%.  

Cryo TEM 
Analysis of silica nanoparticles was performed using cryo TEM (TU/e 

cryoTITAN) at 300 kV with a Gatan 2k × 2k CCD camera. The sample 

vitrification procedure was performed using a freezing device (Vitrobot Mark 

III, FEI, OR, USA). A 3 μL drop of the suspension of silica in water was applied 

to a this foil grid (Quantifoil, Germany) in the environmental chamber (100% 

relative humidity) of the freezing device, and the grid was blotted with two 

filter papers to remove the excess liquid. Subsequently, the grid was plunged 

into liquid ethane that was maintained at approximately −180 °C using liquid 

nitrogen. The vitrified sample was then transferred to the electron microscope, 

and maintained at cryogenic temperature during observation. Images were 

taken at 6,500× (defocus: −30 micrometer) and 61,000× (defocus: −1 micrometer) 

with an exposure time of 1 second.  
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Liquid cell STEM  
STEM experiments were carried using a liquid flow TEM/STEM sample holder 

(Protochips Inc., NC, USA). The liquid cell consisted of two silicon microchips 

(Protochips Inc., NC) supporting electron transparent silicon nitride (SiNx) 

membrane windows of 50 nm thickness. The dimensions of the window were 

20 × 200 μm2. One microchip had a spacer structure of 0.5 μm thickness made of 

epoxy-based material (SU8) to create a sample space between the SiNx windows 

once the microchips were assembled together. The windows on both chips were 

oriented perpendicularly, such that an overlapping window area of 20 × 20 μm2 

was available once both microchips were assembled as liquid cell.  

The sample was loaded in the specimen holder with the following procedure. 

One microchip was placed in in the specimen holder with its SiNx surface facing 

up. A 0.5 μL droplet of the silica nanoparticles suspension was placed on the 

SiNx surface with a micropipette (Eppendorf). The second microchip, one with a 

spacer of SU8 material of 0.5 μm thickness, was positioned on top of the first 

chip but with its SiNx surface facing downward. The tip of the specimen holder 

was then closed, and inserted in the microscope within 2 minutes. 

STEM (FEI Tecnai G2 TEM/STEM) experiments of liquid specimens were 

carried out at 200 kV. Images were recorded using the annular dark field 

detector (ADF) with a camera length of 52 mm. The image size was  

256 × 256 pixels with pixel sizes varying between 4.1 nm and 16.2 nm. Time-

lapse image series were acquired with a pixel dwell time of 38 μs and a frame 

time of 3 seconds.  

The patches as indicated in Figure 4 were deposited with a pixel dwell time of 

38 μs and a frame size of 256  256 pixels. Dose rates and exposure times are  

(i) 7 e-/nm2/frame (45 frames, exposure time 1710 μs/pixel), (ii) 15 e-/nm2/frame 

(28 frames, exposure time 1064 μs/pixel), (iii) 28 e-/nm2/frame (33 frames, 

exposure time 1245 μs/pixel), (iv) 60 e-/nm2/frame (16 frames, exposure time  

608 μs/pixel) and (v) 240 e-/nm2/frame (22 frames, exposure time 836 μs/pixel). 
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The electron dose was determined in two different ways. First, a flat field image 

of the STEM beam was taken (probe size 4.2 nm) were the total photon counts 

on the CCD camera were directly measured and related to the total electrons on 

the camera. This is resulted in 475 electrons per pixel per frame, corresponding 

to a probe current of 2 pA. The fluorescent screen was used for direct current 

measurements under STEM imaging conditions at lower spot sizes (1 – 5) and 

extrapolated to the used spot size 9, since spot sizes >5 were not measurable in 

this way directly on account of the low probe current. This resulted in the same 

value. 

AFM 
Measurements of the height profiles were performed on dismantled microchips 

with dried SiNx membranes after liquid cell STEM with AFM (SMENA-

NTEGRA, NT-MDT, Russia) with a gold-coated NSG 03 tip from (NT-MDT, 

Limerick, Ireland) in semi-contact mode with a scan velocity of 7.23 μm/s and a 

pixel size of 17.61 nm.  

SEM 
After AFM analysis, the stubs were sputter-coated with chromium to prevent 

beam damage. After the dismantling of the liquid cell, the microchips with SiN 

membranes were glued onto aluminum stubs with conductive carbon tape. The 

Cr layer was deposited with a lower grain size than the SEM resolution with a 

Turbo Sputter Coater K575X (Quorum Technologies, United Kingdom) dual for 

20 seconds at 100 mA. Dried samples were studied with SEM (Quanta 3D FEG, 

FEI, OR, USA) at an acceleration voltage of 5 to 15 kV.  
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7.1 Summary 
The control over the morphology and chemistry of silica as shown by Nature in 

plants, sponges and in particular diatoms has intrigued researchers for a long 

time, due to the many potential applications this control may enable. Structural 

control on both the micro- and the nanometer level results in specific surface 

properties, most importantly in the design and use of, e.g., costly catalysts. 

Catalysts are often used at elevated temperatures so that sufficient thermal 

stability is required. Generally, this is achieved by thermal treatments, e.g., 

calcination of the silica-based catalyst carrier to obtain a higher degree of 

network condensation. However, diatomaceous silica, obtained at mild 

temperature and pH conditions, shows a significantly denser cross-linked 

network as compared to synthetic silicas like, e.g., Stöber particles. The silica 

industry is interested in the combination of well-defined nanopores with highly 

cross-linked silica networks that can be produced at ambient conditions. The 

main goal of this research project was to investigate how the silica chemistry 

and morphology evolve under different preparative conditions, and how 

additives influence this process.  

In Chapter 2, the formation of silica nanoparticles under basic, aqueous 

conditions is studied in detail with cryo-TEM. Primary particles of ~2 nm in 

diameter with an exceptional colloidal stability are directly observed, and their 

involvement in a two-step nucleation process is discussed. In combination with 

quantitative NMR analysis an association mechanism is proposed, and 

discussed in view of recent literature on silica primary particles.  

The integrity and size distributions of the primary particles are studied 

in detail in Chapter 3, where a new route to high resolution imaging in cryo-

TEM is explored. This approach uses ultrathin vitrified films on graphene oxide 

supports, so that particle overlap in images of concentrated sodium silicate 

solutions is prevented. Furthermore, the formation of these ultrathin films leads 

to less electron scattering events in the aqueous layer so that a higher contrast is 

observed in the images obtained. With this procedure, we were able to show the 
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presences of denser primary silica particles in a bulk solution of less dense, 

smaller particles.  

The formation of biogenic silica precipitates from a dilute sodium 

silicate solution is discussed in Chapter 4. With the use of both quantitative and 

2D NMR techniques, unique results are obtained on the final cross-linking 

density, which show that silica precipitates were obtained that are chemically 

identical to diatomaceous silica. The role of polymeric additives and ionic 

strength in the mineralizion process, i.e., the primary particle assembly process, 

is discussed. Here, it was shown that polymeric additives do not play a 

significant role in the silica cross-linking, and that high ionic strength, as 

present in seawater, enhances the network density.  

In more dilute sodium silicate solutions, these primary particles 

assemble, similarly as described in Chapter 2, and form ~5 nm colloidal 

particles. The assembly of these 5 nanometer particles on a mini-emulsion 

template is discussed in Chapter 5. The assembly of these particles leads to 

(partially) covered emulsion droplets with a porous, electrostatically bound 

silica layer. Here, electrostatic forces play a key role in the surface coverage of 

the mini-emulsion droplet. When an emulsion droplet with a positive zeta 

potential was used, hollow silica nanoparticles could be obtained after 

calcination. 

Larger silica nanoparticles, i.e., 20 nm in diameter, were studied in 

Chapter 6 with liquid cell TEM. The particle solution was placed between to 

SiNx membranes and imaged in STEM mode. The influence of the electron 

beam on the immobilization and the deformation of the silica nanoparticles on 

the SiNx windows is explored, so that 3D structures can be directly obtained 

from the liquid phase.  
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7.2 Outlook 
The direct imaging of silica primary particles with the high resolution cryoTEM 

technique (see Chapter 3) allows a systematic study on the integrity of these 

particles. In addition to the different pH values and concentrations as described 

in Chapter 3, (quasi) time resolved studies of these solutions are interesting to 

perform imaging of e.g., gelling behavior. For example, it is not unlikely that 

under acidic conditions, the population of the denser particles grows due to 

their slow formation. Furthermore, the influence of ionic strength is directly 

related to the colloidal stability of these primary particles, so that new insights 

on the gelling or particle network formation process could be obtained at 

different concentrations of mono- and multivalent ions. Imaging these primary 

particles with the procedure as described in Chapter 3 is relatively easy, 

especially since high-quality GOx grids are commercially available. For 

example, imaging these primary particles at high ionic strengths (artificial 

seawater) and high silica concentrations at different time points can give unique 

insights in the processes that take place in the SDV of diatoms. 

On the other hand, the ability to control the size of ‘mature’ silica nanoparticles, 

i.e., silica particles > 10 nm, has also led to a growing interest in their properties 

for functional devices.1-4 This interest originates from the observation that the 

size of nanoparticles plays a crucial role in their physical properties. 

Interestingly, the properties of nanoparticles may also be completely different 

from the properties of the bulk material,5, 6 as reported for the coherent 

vibration of silver nanoparticle crystals.7 The use of silica nanoparticles, and in 

particular the formation of both 2D and 3D structures in situ via self-assembly 

routes, is both challenging and interesting. These materials offer potential 

applications in, e.g., opto-electronics8 and biosensing.9 Despite promising 

attempts, controllable or predictable long-range organization is not 

straightforward10, 11 and often leads to densely packed systems, especially at 

interfaces.12  



Summary and Outlook 

135 

Research on nanoparticle self-assembly has developed in many directions, and 

generally the analogy with molecules is exploited.13 Since numerous reports 

describe examples of colloidal self-assembly, it becomes more and more 

important to characterize the formation process more quantitatively. With the 

use of cryoTEM, imaging under different chemical or physical conditions may 

enable the construction of phase-diagrams, similar to those reported for 

polymeric self-assembled systems.14 Furthermore, from these images the 

possible co-existence of different types of nanostructures or assemblies could be 

evaluated, and information on the aggregation numbers and dimensions can be 

obtained quantitatively. Hence, cryoTEM cannot only be used to study the 

formation, but also the assembly process of silica nanoparticles. 

 

From colloidal stability to colloidal crystals? 
The process of assembling larger structures from individual nanoparticles with 

both a specific order and shape is complex, since numerous interactions 

between templates and colloids are present simultaneously.15 Derjaguin, 

Landau, Verwey and Overbeek derived a theory that describes the stability of 

colloidal systems.16, 17 This so-called DLVO theory is based on the balance 

between the competing attractive van der Waals force and the repulsive 

electrostatic Coulomb interactions. This theory predicts increasing colloidal 

stability with increasing surface charge; this means that screening of the surface 

charges with the addition of salts leads to destabilization.  

The colloidal stability of the silica nanoparticles therefore is determined by their 

mutual electrostatic repulsion and hence by the degree of deprotonation of the 

silanol groups. Especially under basic conditions, more silanol groups are 

deprotonated, increasing the charge density on the particle surface. The 

nanoparticles as prepared in Chapter 2 are stable for more than one year. On 

the other hand, by decreasing the pH to 5.5, less electrostatic repulsion occurs 

due to the protonation of the silanolate groups. Indeed, exploratory 



Chapter 7 

136 

experiments show that the ζ-potential of these particles increases to ≤ −10 mV, 

suggesting that the nanoparticles may assemble at this pH (Figure 1).  

 

Figure 1: Zeta-potentials (a) of 20 nm silica nanoparticles at different pH values. CryoTEM images 

(b,c) represent the interparticle distance at pH 5 and pH 7, respectively.  

 

The decrease in electrostatic repulsion between the silica nanoparticles at pH 5 

can be monitored with cryoTEM. At pH 5, more particles are present in the field 

of view as compared to pH 7, where the interparticle distance is significantly 

larger due to more electrostatic repulsion (see Figure 1), but no aggregation was 

observed. However, screening the charges through the addition of 100 mM KCl 

leads to a denser packing of the particles, especially in the more concentrated 

samples (Figure 2). This effect can be counter acted by dilution of the sample 

and at a SiO2 concentration of 0.1% (w/w), the interparticle distance becomes so 

large that the effect of salt addition is almost lost and only some doublets can be 

distinguished.  
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Figure 2: CryoTEM images of 20 nm silica nanoparticles at different concentrations without the 
addition of KCl (left column) and with the addition of 100 mM KCl (right column). Scale bars are 
200 nm.  
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Most interestingly, particle assembly seems to be in the lateral direction only. 

This is confirmed by in situ X-ray scattering measurements on the bulk solution. 

The SAXS scattering profiles of the 20 nm nanoparticles with and without the 

addition of 100 mM KCl of both cases are overlapping (Figure 3), and can be 

described by a spherical particle model with a diameter of 20 nm and a 

polydispersity index (PDI) of 0.096. This demonstrates that no particle assembly 

is present in the bulk solution. 

Although the assembly occurs only in 2D, it is expected that by varying the 

ionic strength or the pH of the solutions, the particles may be driven to self-

assemble in 3D and this may lead to new routes in the formation of, e.g., 

colloidal crystals.18, 19 Nevertheless, from the cryoTEM images the interparticle 

distances can be determined and compared with theoretical values. This 

interparticle distance, representative of the Debye length, can be used to 

validate modeling of the overall interaction potential between the silica 

nanoparticles, and is thus a key parameter in the further development of self-

assembled silica structures directly from solution.  

 

Figure 3: SAXS data of (a) 20 nm silica nanoparticles with and without the addition of  

100 mM KCl and (b) the same data with a fit for spherical nanoparticles freely dispersed in solution.  

 

Pickering emulsions 
An interesting application of the assembly of silica nanoparticles at interfaces is 

the formation of Pickering emulsions. A Pickering emulsion is an emulsion 

stabilized by solid particles and this way of stabilizing has several advantages 
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over classical emulsions. For example, the layer of solid particles prevents the 

droplets to merge via surface reorganizations. Generally, Pickering emulsions 

are in the micrometer range, but also larger droplets have been reported.20 In 

terms of Pickering emulsion stability, aspects such as particle penetration depth 

and wetting contact angles are important to describe the thermodynamics of the 

system. When a droplet size in the 100-200 nanometer range can be achieved so 

that sample preparation for cryoTEM is possible, this process could be 

elucidated with cryo electron tomography. The emulsification of a silane oil 

with nanometer-sized colloidal particles is known to lead to a stable Pickering 

emulsion with droplet sizes < 200 nm,21, 22 and is thus suitable for first pilot 

experiments. 

Preliminary experiments with a hydrolysable silane oil such as  

(3-methacryloxypropyl) trimethoxysilane (TPM), in combination with 

negatively charged silica particles under basic conditions leads to an emulsion, 

but the formation mechanism cannot be explained with the stabilizing action of 

the silica nanoparticles on the oil/water interface only. In this system, the 

hydrolyzed oil molecules can chemically link with the free silanol groups on the 

silica nanoparticles through a condensation reaction. Grafting of such 

mercaptopropyl functional groups on the silica surface will make the particles 

more hydrophobic and thus migration of the particles into the oil phase may be 

expected. Indeed, cryogenic electron tomography data show that a significant 

amount of particles has migrated into the oil phase, although after three weeks 

still particles on the oil water interface could be distinguished, see Figure 4.  



Chapter 7 

140 

 
Figure 4: Slices of different planes from the reconstruction of an silane emulsion droplet in an 

aqueous suspension of silica nanoparticles. From the different planes it can be observed that 

particles are inside and outside the droplet, as well as on the oil/water interface. The red cross 

indicates the centre of the particle that is used for tracking the particle throughout the tilt series.  

 

The 3D analysis of Pickering emulsions with cryo electron tomography gives 

insightful results, and may lead to a better understanding of the particle surface 

wetting and the thermodynamic stability of these emulsion systems. However, 

from the reconstructions it is clear that the gradually increasing grafting of the 

silica nanoparticles with the hydrolyzed silane oil does not lead to a classical 

Pickering emulsion stabilized by the silica nanoparticles, but rather forms a 

more complex system where particles are mobile in both the water and the oil 

phase. Preferably, these studies should be performed with an oil chemically 

inert towards the silica particles, so that specifically the hydrophilic and 

hydrophobic interactions between the particles and the oil can be studied. In 

this respect also the hydrophilicity, i.e., the amount of SiOH groups on the 

nanoparticle surface should be considered as an important parameter in terms 

of emulsifying capabilities. From such experiments contact angles could be 
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determined from the particles at the oil/water interface so that the interfacial 

tensions of the oil/particle/water can be derived. The combination of these 

results may fill gaps in the thermodynamic understanding of these systems, and 

hence in practical routes to obtain monodisperse Pickering mini-emulsions. 

Furthermore, silica surfaces can easily be modified so that a variety of specific 

emulsion systems may be developed, e.g., for encapsulation purposes.  

Looking back at the initial aim of this project, i.e., obtaining insights into the 

chemistry and morphology of the (bio)silica mineralization process, electron 

microscopy has been essential in understanding the primary particle association 

mechanism. The observations contribute to revealing the details on the 

nanometer level, but with the current advances in the electron microscopy field 

it is tempting to speculate about near-atomic resolution that is complementary 

with spectroscopic techniques, so that remaining questions can be answered.  
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