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1 Abstract 

Today, bulk silicon is one of the best studied semiconductors. However, in its 

different nano-modifications, e.g. as porous silicon, totally new properties are 

exhibited. Despite the fact, that porous silicon is widely known and has been 

extensively studied since the 1990s, many unique features of this material are still 
unexplored. 

In this work, specific functionalities of porous silicon prepared, utilising both 

solid (via electrochemical or stain etching processes) and gas phase (from silane) 
syntheses, were investigated. Since this study was in-part industry oriented, the 

emphasis has been placed upon the investigation of porous silicon nanostructures, 
made from low cost metallurgical grade polycrystalline silicon powder. It has 

been previously demonstrated that porous silicon exhibits a very large, hydroge
nated internal surface area (up to 500 m2 g−1). It is verified in this work, that ·
morphological properties of this material result in a high reductive potential of its 

internal surface due to hydrogen passivation. Therefore, in this thesis, we would 

like to show that porous silicon-based reactive templates are promising for their 
applications in nanometal-supported catalysis. 

We used salts of platinum, gold, palladium, silver and their mixtures, which were 

reduced on the silicon nanocrystalline internal surface, resulting in formation of 
metal nanoparticles embedded into porous silicon matrix. Various experimental 
techniques were used to evaluate the morphology, size and composition of metal 
nanoparticles, as well as their growth rates. Hydrogen effusion experiments proved 

the crucial difference between porous silicon and other chemically inert supporting 

templates for the process of metal nanoparticles formation. 

The catalytic activity of the synthesised materials was evaluated in gas phase 

conversion of CO to CO2. Furthermore, the new porous silicon-based catalysts 

were tested in gas/liquid phase reactions as well, using hydrogenation, oxidation, 
dehalogenation and C-C coupling class reactions. Following the trends of “state 

of the art” current Si technology, we present the design of the developed flow 

microreactor, based on patterned Si wafer, which can be implemented in future 

work to catalyse selected reactions. 

Results obtained in this work suggest that porous silicon matrices are promising 

supports for metal nanoparticle based catalysis. 
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2 Introduction 

Catalysis constitutes a crucial part of our lives, much more, than one would 

probably realise. Firstly, we find catalysis existing within ourselves; enzymes 

being the catalysts of our body. Without them we would not be able to live 

because we catalyse reactions with every breath we take. Furthermore, about 
90 % of all materials and chemicals that we use everyday are manufactured using 

catalysis in one form or another. Catalysis is utilised to make food and medicine, 
to manufacture materials, like plastics, to produce fuel used in the cars we drive, 
and also to minimise the pollution coming from the engines of the same cars, as 

well as for many other applications [1]. 

Catalysis is a very old phenomenon. Humans utilised it thousands of years ago 

by using yeast for fermenting fruits to obtain alcoholic drinks. Here again, the 

catalysts are enzymes in yeast which transform sugars into alcohol. A closer look 

at this topic was already taken by Kirchhoff in 1814, who showed a catalysed 

hydrolysis of starch by acids. We can note here, that despite the fact catalysis 

was a much investigated area in the 19th century, its broad utilisation only began 

in the 20th century. The description of the phenomenon “catalysis” goes back to 

the invention of Berzelius in 1836 in his summary of the work of Davy (1817) [2]. 
Davy discovered a Pt safety lamp, noticing that hot Pt started to glow white in a 

mix of air and coal gas. In addition, Berzelius cited Döbereiner’s work (1823) [3], 
which describes the discovery of the so-called “tinderbox”. This device combined 

a hydrogen generator and spongy platinum to light pipes. Many other scientists 

were involved in these early developmental stages of the huge field of catalysis. In 

these days, catalysis was still regarded as something mysterious and had even an 

occult aura [1]. 

Today, when speaking about a catalyst, the meaning would be as follows: a 

substance that increases the rate in which a chemical system attains equilibrium, 
without itself undergoing a chemical change [4]. Each reaction needs a specific 

amount of energy to run. The minimum amount of energy required to initiate a 

reaction is called the activation energy (EA) of a reaction. Many thermodynami
cally possible reactions are inhibited kinetically because their activation energies 

are too high to overcome. Figure 1 sketches the basic principle of a catalysed 

reaction in comparison to one without a catalyst. We regard a simple reaction 

A + B C. Without a catalyst the reaction has a certain activation energy → 
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EA, indicated as a barrier in Figure 1, to overcome and obtain product C. In 

the presence of a catalyst the situation is different. The maxima in Figure 1 

indicate the formation of stabilised intermediate states of lower energies (complex 

behaviour of adsorption/desorption to and from the catalyst surface and the 

desired reaction itself) in comparison to the case without a catalyst. Thus, in the 

presence of a catalyst another path for the reaction, with a lower overall EA, is 

accessible (Figure 1). 

Figure 1: Scheme of lowering of the activation energy by a catalyst. 

The basic principle of catalysis is electron (charge) exchange interaction between 

the reactants and the catalyst. For these exchange interactions the transition-
metal atoms and ions seem to be ideal candidates due to unfilled d-shells. The 

prominent examples are the transition-metals Pd, Pt, Au, Ni and others. 

Catalytic processes by metals have become a very important factor in the chemical 
and petroleum industries. They are involved in many industrially important 
reactions, including the Fischer-Tropsch process of syn-gas to hydrocarbons and 

alcohols on iron (Fe) or cobalt (Co) or the synthesis of formaldehyde from methanol 
on silver (Ag) and many others [1, 4]. A big effort has been made to develop 

synthesis methods for highly dispersed metals to be obtained and involved in 

catalysis. In most of the catalysed reactions, the dispersed active metals are 

supported. In the majority, this support is an inert material, providing a high 

surface area for active sites and having good mechanical, thermal and chemical 
stability. Nevertheless, it was noticed that not all experimental results may be 

explained by the dispersion, the size and the active sites of the supported metals. 
It was outlined that the support may play an important role during a chemical 
reaction, it now being an active component of a catalytic cycle [5, 6]. The most 
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prominent examples for such supports are the reducible oxides, e.g. CeO2 or TiO2, 
which contribute to the electronic state of an active metal site during a catalytic 

reaction [5]. 

Although the effects of a support on catalytic reactions are normally secondary, i.e. 
through mass transport effects and the ability to disperse active component(s), and 

the primary focus of catalytic science is aimed at discovery and design of active 

catalytic sites, there is an increasing interest of the potential for systematic design 

of electronic interactions between semiconductor supports and metal catalysts [7]. 

Regarding this, porous silicon (PSi) is an interesting material, totally unexplored 

for catalytic applications. The potential interest of porous nanocrystalline silicon 

as a support for metal catalysts stems from (i) the nature of chemical surface and 

porous structure of the freshly prepared PSi and (ii) from the semiconducting 

properties of Si. In this thesis we explore the catalytic activity of noble metal 
nanoparticles formed in Si nanosponge structures. We demonstrate that this new 

material system is efficient in catalysing chemical reactions in gaseous and liquid 

phases. 

The following questions are foremost in importance: 

What is PSi? 

Is PSi a viable support for metals or metal nanoparticles?


Is it possible to stabilise metal particles and control their size in PSi?


How effective can these nanocomposites catalyse chemical reactions?


These and other questions will be tackled, discussed and answered in this thesis.
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3 Literature Review 

3.1 Supported metal catalysts 

In previous decades, catalysis brought a radical improvement to different aspects of 
our life; the environment and energy transformation, studied by different scientific 

disciplines, being two examples. Catalysis has made the development of new 

drugs possible, as well as providing us with more effective fuels and new polymers, 
alongside many other innovations. Without catalysis, the world of petroleum 

and chemical industry would not exist in the present form, nor would it have 

the capability to expand and develop further. Catalysis is a multidimensional 
and multidisciplinary science, constantly being brought forward by academia as 

well as industry. It can be classified into two main types - heterogeneous and 

homogeneous catalysis [8, 9]. 

In homogeneous catalysis, the catalyst exists and operates in the same phase 

(gaseous, solid or liquid) as the reactants. The heterogeneous catalysis, in turn, 
describes systems where the catalyst, which is usually a solid, and the reactants 

are in different phases. The majority of catalytic steps occur here at the interface 

between the two phases, the catalyst and the less-dense phase [1, 4]. Reactions 

containing gaseous or liquid phases, or even both, catalysed by metals, are 

prominent examples of heterogeneous catalysis in industry. 

Metals are widely utilised in catalysis in the form of nanoparticles, as liganded 

complexes (supported or dissolved), or even as aggregates. During a catalytic 

process the metal catalyst undergoes several transformation steps between different 
states to be recovered at the end of the reaction in the initial state, hence, defining 

a catalytic cycle [4]. In such reactions many complex processes are involved, like 

macro- and micro-kinetics, especially when we speak about catalysts supported 

on porous materials. Additionally, the processes, namely adsorption, desorption 

and diffusion of the reactants on, to and from a catalyst, respectively, are involved 

(see Figure 2). 

It is recognised that the precursor of a catalytic process is the adsorption of at 
least one reactant. This process is basically comprised of molecules (liquids or 
gases), which diffuse to the surface of a solid (porous or non-porous) material. 
Adsorption is the preferential concentration of molecules of a substance (adsorbate) 
at the surface of another substance (adsorbent). In general, it is possible to divide 
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Figure 2: Scheme of diffusion processes during a catalytic cycle of a chemical 
reaction on a porous support. 

the phenomenon of adsorption into two types, depending on forces between 

the adsorbate and the adsorbent: physical adsorption (also physisorption) and 

chemical adsorption (chemisorption) [1, 10]. 

3.1.1 Physical and chemical adsorptionin 

There are two fundamental mechanisms, which result in binding of the adsorbate 

on the adsorbent: physisorption and chemisorption. The physical adsorption 

is caused by the forces of molecular interaction, containing either a permanent 
dipole, an induced dipole (external or self-induced), or a quadrupole attraction. 
These forces, described by van der Waals, are usually weak and no covalent 
bonds are formed. The extent of physisorption increases with an increase in gas 

pressure and usually decreases with increasing temperature. The forces applied 

here are characterised by small changes in enthalpy, usually in the range of -10 to 

-40 kJ mol−1. In general, physisorption occurs only at temperatures close to the ·
adsorbate boiling point at the operative pressure [1, 8, 10]. 

Chemisorption, on the other hand, involves rearrangement of electrons of the 

interacting gas molecules and the surface of the solid, resulting in formation 

of strong chemical bonds. Thus, in comparison to physisorption, where no 

covalent bonds are formed and a multilayer adsorption is possible, in the case of 
chemisorption only an adsorption of a monolayer is observed. In chemisorption the 
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attraction forces are much stronger (2 orders of magnitude) than for physisorption, 
and usually temperatures higher than the boiling point of the adsorbate are 

required to modify the surface composition. Therefore, a greater heat (enthalpy) 
is released for the chemisorption process [1, 8, 10]. 

The adsorption (desorption) and its kinetics depend, at constant temperatures 

and pressures, on the morphological properties of the adsorbent, as well as on 

the chemical nature and size of the adsorbate. The structure of an adsorbent, 
as defined by the International Union of Pure and Applied Chemistry (IUPAC), 
could be non-porous, macro-porous (> 50 nm), meso-porous (2 nm > x > 50 nm) 
or micro-porous (< 2 nm) [11]. Porous structures act as an active adsorbent, or 
just as a support for active catalysts, like metals [1, 8]. 

Different metals can be introduced on metallic, metal oxide or on other supports 

(e.g. active carbon) to selectively catalyse a great variety of reactions. In order 
to increase both, the selectivity and the yield of a reaction, one can even use 

several types of metals, each of them being on a different support, in one catalytic 

system [12, 13]. For a long time people have attempted to reduce the size of the 

catalysts in order to embed them into and stabilise them in the support materials. 
Mainly, it is the size reduction that is useful to maximise the surface area of active 

components exposed to the reactants and therefore, to minimise the specific cost 
per function ratio [14]. 

3.1.2 Fundamental kinetic models 

The pioneering work in the area of kinetics was performed by Langmuir and 

then later transformed by Hinshelwood. These kinetic models were then further 
developed in the early 1940s by Eley and Rideal [1]. The proposed models are 

outlined as follows: 

(i) Langmuir-Hinshelwood model 

This model is based on the assumption that when a molecule hits the surface, 
there is a probability that it will bond to this surface. In order to achieve an 

equilibrium state one can describe it as: 

Ag + ∗ � Aa (3.1) 

where g stands for gas phase, a refers to the adsorbed state and ∗ (the asterisk) 
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stands for a surface site, free for adsorption; 

whereas the rate of the reaction would be given by: 

−d[Ag] = ka(1 − θ) P (3.2)
dt 

· 

where ka: kinetic constant based on sticking probability S and Knudsen collision 

factor Z, θ: fractional coverage of the surface by the adsorbate and P is the gas 

pressure. The sticking coefficient S is defined as the ratio of adsorbate molecules 

which actually are adsorbed (“stick”) on the surface of the adsorbent to the total 
number of molecules/atoms that approach the adsorbent in the same period of 
time. 

The key factor of the Langmuir-Hinshelwood model (L-H model) lies in the fact 
that the reactants have to be chemisorbed first at the surface of the catalyst to 

react on it and then, the product needs to desorb into the gas phase. If we now 

consider a bi-molecular reaction, such as A + B C, we can write down the →
mechanism as follows: 

Ag + ∗ � Aa (3.3) 

Bg + ∗ � Ba 

Aa + Ba Ca→ 

Ca Cg→ 

Based on this model one assumes that one of those reaction steps is rate-limiting. 
In this case we take step 3 as the rate-limiting step, as the previous ones are in 

equilibrium, which gives the L-H -equation : 

d[Cg] = 
kr · a·b · PA · PB (3.4)

dt 
= kr · θa · θb (1 + aPA + bPB)2 

where a, b: adsorption equilibrium constants of reactants A and B, θa, θb: frac
tional coverage of the surface by the adsorbates A and B and PA, PB stands for 
gas pressure of reactants A and B. This equation depends on the efficiency of the 

adsorbance of A and B. 

Figure 3 schematically represents L-H bi-molecular reaction, as e.g. CO oxidation, 
on a metal catalyst. 
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Figure 3: Sketch of possible events during a catalytic reaction in gas phase, obeying 
Langmuir-Hinshelwood kinetics. They include, as indicated, molecular adsorption 
of CO, dissociative adsorption of O2 molecule and further molecular diffusion 
of oxygen on the metal surface, as well as a surface mediated chemical reaction 
between CO and O and final desorption of the product (CO2) into gaseous phase 
(adapted from [9]). 

(ii) Eley-Rideal model 

In this specific model only one species of the reactants is considered to be chemi
sorbed. The second reactant can be reacting directly from the gas phase or being 

physisorbed. 

According to equation 3.4 a similar equation can be written for this kinetic model: 

d[Cg] = 
kr · a·PA · PB (3.5)

dt 1 + aPA 

This type of reaction is not that prominent compared to the L-H model, but is 

still found to be the correct model for specific cases. Both approaches, L-H and 

Eley-Rideal, with their equations, express the reacting system and its behaviour 
very well for a wide range of partial pressure conditions. Nevertheless, one should 

be cautious, as the diversity in mechanisms could give similar rate equations, 
presenting totally different kinetic constants. Despite these and other problems, 
both equations and therefore, both models are widely used for calculations and 
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reaction rate predictions [1, 9]. 

3.1.3 Nanometal catalysis and metal-support interaction 

Although the concept of high dispersion of catalytically active metals, aimed to 

increase their surface area and hence their specific activity, has been formulated 

since the 1960s [15, 16, 17], the main thrust devoted to research of catalytic metal 
nanoparticles (NPs) began only recently. It was inspired by the discovery of 
the catalytic activity of nano-sized gold and palladium particles in C-C coupling 

reactions. This discovery encouraged the development of understanding the 

influence of electronic and quantum size effects on the metals’ catalytic activity. 
As a result, first single-site catalysts were designed, see reviews [18, 19, 20]. 

Metal NPs can promote chemical reactions, which are otherwise impossible due 

to the diversity of provided reaction sites of their modified extended surface area 

[21]. There is a wide range of chemical reactions catalysed by metal NPs, such 

as hydrogenation (e.g. of olefins, arene rings and ketones), oxidation (e.g. of CO 

[22, 23, 24], alcohols, polyols and amines), amination, C-C cross-coupling (e.g. 
Suzuki, Sonogashira and Heck reactions) and many others, see reviews [18, 21] and 

references therein. Metal NPs are not only competing with common homo- and 

heterogeneous catalysts, regarding activity and selectivity, but can even replace 

them [4]. 

Nowadays, the challenges remain in the preparation of highly active and, at the 

same time, stable NPs, either in suspension or supported by certain materials. 
Furthermore, catalytic activity of metal NPs and the range of their applications 

depend not only on the type of the metal chosen, particle size and preparation 

method, but also on the supporting material. Metal oxides, namely TiO2, αFe2O3, 
Al2O3, Co3O4, CeO2, ZrO2, WO3, SiO2, as well as zeolites, carbon, polymers, 
dendrimers, ionic liquids, etc. are frequently utilised as NP -support or -media 

[13, 18]. 

In the 1970s it was found that some of the support materials, like TiO2 or CeO2 

are not only inert materials, stabilising the small metal NPs, but are capable of 
electronic and morphological interaction with the metals. The pioneering studies 

on these metal-support interactions were undertaken by Solymosi [25] and Schwab 

[26], who were able to show that altering the semiconducting properties, using ion 

doping, influenced the activation energies of several reactions. The first studies on 
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the so-called strong metal-support interaction (SMSI) were published by Tauster 

et al. [27, 28] in the case of Pt/TiO2 reduced at 773 K. Since then, a big effort 
was made to bring this research area forward and understand this effect. The 

SMSI effect can be described by a number of typical features summarised in [29]: 

1. SMSI is associated with reducible supports; 

2. SMSI is mostly induced by relatively “high temperatures”, typically Tred ≥
723 K, reduction treatments; 

3. The chemical properties of the dispersed metal phase are massively disturbed: 
observable strong inhibition of its chemisorptive properties and significant changes 

in its catalytic behaviour. 

4. SMSI effect is reversible, i.e. upon high temperature re-oxidation (Treox ≥
723 K), followed by a mild reduction treatment, the recovery of the supported 

metal phase and its conventional behaviour is observed. 

Two explanations are considered to describe SMSI in e.g. TiO2: (a) the first 
proposes that Ti3+ ions interact with the metal d-band and modify it; (b) the 

second assumes a migration of partially reduced TiOx species onto the surface of 
metallic particles [30]. A typical characteristic of strong metal-support interaction 

is assumed to be a suppression of chemisorption of standard probe molecules, like 

CO or H2, as mentioned in point 3 [30]. A major problem in the case of hydrogen 

chemisorption studies is the hydrogen spillover. The specific nuclear magnetic 

resonance studies on e.g. Pd/CeO2 [31] system show that even at 298 K, significant 
amounts of hydrogen can be transferred onto the ceria support. Unfortunately, by 

standard chemisorption measurements, in these cases apparent H/metal ratios 

provide often misleading metal dispersion data [29]. Another problem, observed 

on the supports considered for SMSI, is the alloying of the supported metal with 

its support, which can happen at high temperatures during the preparation [5, 32]. 
Despite these complications, SMSI has been proven, besides for titania and ceria, 
for alumina [33] and silica, see [5, 34, 35] and references therein. 

As mentioned earlier, the effects of the support on the catalysis is not primary, 
but still a relevant and considerable factor. Therefore, it is challenging to explore 

whether one of the most important semiconductors, silicon (Si), especially in its 

nanoform, could exhibit a similar effect to SMSI. In comparison with reducible 

oxides, which are also semiconductors, PSi has an extended (up to 500 m2 g−1 [36])·
hydrogen terminated surface. This material is hydrophobic, due to its hydrogen 
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passivation. Its H-terminated surface appears favourable for supporting catalysts 

e.g. enzymes [37, 38]. The most interesting property of PSi is that its hydrogen 

terminated surface can facilitate reduction of dissolved metal salts without any 

use of additional reducing agents, such as metal hydrides (LAH, NaBH4 etc.) 
or molecular hydrogen [39, 40]. This property has been used earlier to produce 

metal nanoparticles from aqueous metal salt solutions. The resulting metal–silicon 

(M/PSi) composites contain relatively large metal nanoparticles on the external 
surface of porous silicon or represent a fully metallised external surface of silicon 

[39, 40]. Such materials are of little interest for catalysis, due to too low metal 
dispersion and hence low specific catalytic activity. Metal nanoparticles on the 

surface of PSi can also be prepared by sputtering [41]. 

Suspended metal NPs, whose surface is stabilised by surfactants [42], polymers 

[43], ligands [44] or solvents, e.g. ionic liquids [45], have recently been developed, 
and have a wide range of synthetic applications. For this purpose, it is highly 

desirable to have supported catalysts, offering higher stability, easier recovery and 

reuse. Until now, synthesis of small and highly dispersed supported metal NPs is 

still challenging. 

There exists a number of methods to synthesise catalytically active metal NPs, 
which are widely studied and used by industry. They include the following: 
co-precipitation, deposition-precipitation, impregnation, co-sputtering, sol-gel, 
gas-phase grafting, liquid-phase grafting, sonochemical and others, see reviews 

[13, 18, 46] and references therein. Some of these methods utilise high temperatures 

and reducing agents to embed metal NPs in the supporting materials. Supported 

metal NPs often have low stability due to particle growth under reaction conditions 

[47] and/or leaching in the presence of strongly chelating molecules [48]. Therefore, 
stabilisation of metal NPs, embedded in supporting matrix for application in 

catalysis, requires utilisation of unique interaction mechanisms, as for example in 

the case of recently discovered ion-exchangeable titanate nanotubes [49]. It can 

also be realised through embedment of NPs into highly ordered nanostructured 

supports, such as carbon nanotubes [50] or porous, partially ordered solids [51], 
or through ionic stabilisation in ionic liquids [45]. 

Semiconducting catalyst supports have already been investigated extensively, due 

to their potential to directly influence the electronic state of a metal active site, see 

an overview in [6] and references therein. Recently, more experimental evidence of 
the importance of electronic interactions between supported metal nanoparticles 
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and with the support was acquired, using well-defined nanoparticle structures 

obtained by a laser electrodispersion method [52]. 

Thus, semiconducting properties of Si and the ease of modification of its surface 

from conducting to nonconducting by oxidising to controlled thickness SiOx layers 

is potentially very interesting from the viewpoint of model well-defined catalytic 

systems. Up to now, bulk Si and its nanoforms have never been considered as a 

support for catalysis, despite the fact that its properties have been studied for 
a long time. Before concentrating on the nanostructured Si, we would like to 

consider basic properties of bulk Si. 

3.2 Silicon - properties and applications 

Silicon is the second most abundant element in the earth’s crust after oxygen. Si 
can be found naturally, mainly as silicon oxide or in various forms of silicates [53]. 
To produce polycrystalline Si, several precursors are utilised in the industry. One 

of the main precursors is trichlorosilane, SiHCl3, but also other similar forms of 
this precursor are used, described by the following formula: SiHnCl4−n (n: number 
of H atoms), including silane (SiH4) itself. Silica (SiO2) is in turn the original 
source for all precursors used in Si production [53]. Metallurgical-grade Si (MG-Si) 
(containing Al, B, Cr, Fe, C, Ca and other impurities) is produced mainly by the 

so-called carbothermic reduction: 

SiO2(s) + C(s) Si(l) + CO2(g)→ 

where s is the solid phase, l liquid phase and g gaseous phase. 

This reaction runs at high temperatures (~2300 K), resulting in molten Si and 

CO, which is further oxidised to CO2 [53, 54]. This process yields MG-Si of 98 % 

purity [54]. MG-Si is widely used e.g. in the aluminium industry, where it is added 

(only a few percent) to improve such parameters as machinability and corrosion 

resistance. The main application of Si is, however, in microelectronics, where 

high purity Si is required. For this purpose several high purification processes 

and single crystal growth techniques have been developed. Nowadays over 85 % 

of single Si crystals are produced via the Czochralski (CZ) method and the rest 
via the float-zone (FZ) method [53, 54, 55]. CZ and FZ Si differ mainly in their 
oxygen and dopant (B, Al, P) content. Out of single Si crystals one can then 
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produce monocrystalline Si wafers, which build a basis for a large number of 
devices. 

Today, Si is used mainly in microelectronics or “chip” industry, e.g. in compu
ters, wireless telecommunications and solar cells [36, 56]. It is one of the most 
utilised semiconductors in electronics. This is because its electrical properties are 

controllable by impurities, it has a high temperature stability and the controllable 

growth of oxide leads to good Si/dielectric interfaces. There are many reasons 

to combine electrical and optical interactions together on a single Si wafer. Si is 

the major material of microelectronics, whereas its application in optics is limited. 
Despite this fact, already several applications of Si in optoelectronics have been 

demonstrated. This includes research into devices, which provide the emission 

and modulation of light, e.g. optical fibres, photonic crystals, waveguides, sensors 

and detectors [56, 57]. The advantages of using optical fibres in comparison to 

conventional electrical cable signal transmission are: multiple signal transmission, 
lower power, higher speed and reduced interference with foreign signals. 

3.2.1 Indirect band-gap structure 

The lattice structure of crystalline-bulk silicon is diamond-like (face centred cubic, 
fcc). There are specific optical and electronic properties resulting from the Si 
structure itself in comparison with binary semiconductors, like CdS or GaAs. The 

band structure in semiconductors is dependent on the chemical bonding between 

the atoms and the length of the bonds. It is then derived from the relationship 

between the momentum of a charge carrier and its energy [56]. Silicon is an 

indirect band-gap semiconductor (Figure 4) with a band-gap energy of 1.12 eV at 
298 K [56, 58]. As the result, bulk Si has a weak band-to-band emission in the 

near-infrared region, first observed by Haynes and Briggs, using visible light as 

excitation [59]. 

In bulk Si the valence band (VB) is centred in the Brillouin zone with the 

wave vector k = 0. The minimum of the conduction band (CB) energy has a 

different wave vector (value of k), leading to indirect transitions. As during 

electronic transitions the momentum and the energy have to be conserved, a 

third particle (e.g. phonon) is either absorbed or emitted in Si to preserve the 

momentum (Figure 4). This phonon has to have a wave vector k, which equals 

the momentum difference between the VB maximum and CB minimum. This 
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Figure 4: Scheme of the indirect band-gap structure of bulk silicon (adopted from 
[60]). 

makes radiative recombination processes inefficient, which results in a very long 

lifetime of electronic excitations. As the result, the radiative decay time in Si is 

very long (µs −ms range) due to its indirect band-gap structure. In comparison to 

direct band-gap semiconductors, Si’s long exciton lifetime allows the separation of 
charge carriers (electrons and holes) using p-n junctions, formed by doping. This 

is the case when photons are adsorbed with energies larger than the band-gap of 
Si. Moreover, it is possible to separate the photo-generated charge carriers on a 

p-n junction, which induces a difference in the electrical potential across the layer 
[61]. This effect is used e.g. for the detection of light (in charge coupled devices 

(CCDs) in cameras) or for solar cells. 

The process of electron-hole recombination has low probability of succeeding in 

bulk Si, which makes it a very poor light source [56, 57, 62]. In comparison, in a 

direct band-gap semiconductor, e.g. GaAs, the electron-hole radiative recombina
tion times are very short (nanosecond range), which makes the direct band-gap 

semiconductors very good light emitters. 

3.2.2 Excitons and importance of their lifetime 

In semiconductors and insulators the excitation of electrons from the valence into 

the conduction band results in electron-hole pairs, which are frequently called 

excitons [58]. Impurity atoms within the periodic crystal structure of Si affect 
the motion of the excitons and influence the decay path of the electron-hole 

recombination process, thus affecting their measured lifetimes. There are two 
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recombination processes possible: radiative and non-radiative. The non-radiative 

recombination in Si takes place at foreign atoms, mismatches in the crystal lattice 

or at the surface dangling bonds via phonon emissions. The radiative exciton 

lifetime in bulk Si is very long, compared to other semiconductors, because a 

third quasi-particle (phonon) is involved in the recombination process (indirect 
semiconductor). If charge carriers reach non-radiative centres (e.g. Pb-centre) they 

recombine there very quickly (nanosecond range) via charge trapping without the 

emission of a photon [56, 63]. Due to this fact, even at very low temperatures (4 

K), bulk Si is a very inefficient light emitter [60]. In bulk Si, excitons can also 

be bound to doping atoms, hence, bound excitons cannot move to non-radiative 

centres. The local charge density gets very high in this case, due to the localisation 

of three charge carriers in only ~100 Å large sphere. Thus, the energy, from an 

electron and hole recombination, is transferred to the third charge carrier (Auger 
process) [64]. Non-radiative Auger effect was found to be important for the 

inefficiency of the photoluminescence (PL) emitted by bulk Si [64]. 

3.2.3 Porous silicon (PSi) 

Nanocrystalline material can be produced in two ways: (i) top-down method, by 

removal of material from a bulk crystal resulting in a nanostructured network 

via e.g. etching [65, 66], or (ii) bottom-up method by growing particles e.g. via 

chemical self-assembly methods, epitaxy, growth in solutions or breakdown of 
plasma, which can be realised using various techniques [67, 68]. 

The first known Si nanostructures were made by Uhlir [69] in the mid 1950s by 

electrochemical etching of Si wafers. This finding was followed by the work of 
Turner [70]. Since that time most studies were devoted to electrical isolation of Si. 
However, in the 1980s, Pickering and co-workers observed near-infrared PL of PSi 
at cryogenic temperatures [71]. Nevertheless, a huge effort in studying chemical 
and physical characteristics of PSi was made only after the observation of strong 

visible PL and a blue-shift of the PSi absorption band [72, 73]. The explanation 

for the origin of the PL and its spectral position was delivered in reports on visible 

light emission by Canham [72] in 1990 and on nanosilicon wires by Lehmann and 

Gösele [73] in 1991. Several other groups tried to explain this phenomenon in 

the early 1990s [74, 75] and this topic remains controversial [76, 77]. However, 
the initial explanation given by Canham and Gösele, that for Si crystals at nano 

scale, the quantum size effects increase the band gap energy of the Si nanocrystals, 
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is still the most experimentally supported argument. Then, a PSi “revolution” 

took place and much work has been carried out. These studies revealed that 
the properties of PSi are strongly dependent on the treatment of bulk Si wafers 

[36, 73, 78, 79, 80, 81, 82]. It has been demonstrated that the photoluminescence 

of different nano-sized Si structures can be varied from bulk Si band-gap (1.12 

eV) up to the green spectral range (2.5 eV), due to quantum confinement effects 

[83, 84, 85]. Depending on the application, the size of Si nanocrystals can be 

tuned, defining the resulting emission spectra (Figure 5). 

Figure 5: Tunable emission of PSi nanostructures, dependent on the mean size of 
Si crystallites. Different preparation criteria were utilised to achieve the spectra. 
All spectra are normalised to unity (Eex= 2.54 eV, adapted from [60]). 

As we now understand, bulk Si is a highly inefficient light emitter. However, in 

its nanoform it can exhibit light emission properties, which are related to the 

quantum confinement effects. The diameter of a Si crystallite is reduced and 

when it gets smaller than the free exciton Bohr radius (4.3 nm in bulk Si), the 

confinement effects become pronounced [58, 72, 86]. We would like to demonstrate 

that effect with Figure 5, where the tunability of nano Si PL bands, depending 

on mean size of nanocrystal assembly, is demonstrated. In recent years several 
technological approaches were developed, dedicated to improving the efficiency of 
light emission from different systems containing Si nanocrystals, quantum wells, 
wires and dots. 

According to the quantum mechanical “particle in the box” problem, the decrease 
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in the size of the quantum box confining particle should result in the increase 

in energy of the ground state of the particle and between the discrete particle’s 

energy levels. The same is true for electron and hole, confined in Si nanocrystals. 
Therefore, with size reduction of Si nanocrystals a blue shift of the emission is 

observed. Additionally, as follows from the uncertainty principle 

Δk Δx ≥ � (3.6)· 

localisation in geometrical space, as Δx decreases, results in delocalisation in quasi-
momentum space. The wavefunctions of electron or hole, in the momentum space, 
in bulk Si are delta-like (Figure 6). Therefore, due to the quantum confinement 
effect the electron-hole wavefunctions in the k-space become broad and their 
overlap is increased (see Figure 6). This aspect results in reduction of the wave 

vector difference between CB minimum and the VB maximum, increasing the 

probability of electron band-to-band transitions and thus enhancing the probability 

of the light emission. This means therefore, that for a nanocrystal, as its size is 

decreased, the quasi-momentum uncertainty for electrons and holes increases and 

their wavefunctions in the momentum space overlap better and better. Therefore, 
the band structure becomes more direct, due to the overlap of electron and hole 

wavefunctions (Figure 6), whereas the nanocrystals still retain the diamond-like 

lattice structure of bulk crystalline Si [87]. However, even small Si nanocrystals 

retain some of the indirect band-gap nature of bulk Si [88]. 

Thus, one can alter the indirect nature of bulk Si towards optically more efficient 
direct band-gap structure simply via reduction in size. Other methods exist to 

overcome the indirect band-gap structure of Si and poor light emission efficiency, 
e.g. band-gap altering (Brillouin zone folding) or band structure engineering 

(alloying) [56]. All of them rely on the lifting of the bulk Si lattice periodicity, 
hence, inducing an uncertainty in the crystal momentum space and, therefore, 
altering the indirect nature of this material. 

The quantum yield in a Si nanocrystalline interconnected system after excitation 

is defined by the ratio between two components: a radiative and a non-radiative 

decay channel, respectively: 

Pd = Pr + Pnr (3.7) 
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Figure 6: Scheme of wavefunctions for Si electrons and holes in the k-space. They 
are delta-like in the momentum space representation for bulk Si. They further 
broaden for nanocrystals due to quantum confinement effects, which leads to an 
overlap of the electron and hole wavefunctions. 

This formula describes the excitonic decay probability P d per unit time, combined 

from the probability of radiative (Pr) and non-radiative (Pnr) decay channels. 
The combination of both components can be measured experimentally, which is 

defined as the decay of the PL intensity: τd = 1/Pd . The non-radiative decay 

rate is increased at high temperatures, due to thermally enhanced charge carrier 
(electron, hole and exciton) mobility. 

There are several reasons for the rather high PL quantum yield of PSi (a few 

percent). The porous nanostructure of Si eliminates the transport of excitons 

from one nanocrystal to the other, hence, most excitons recombine within the 

nanocrystal where they were created (geminate recombinations). The overall 
concentration of surface defects in PSi is reduced by passivation of the Si surface 

either by hydrogen or by oxygen atoms [89]. The probability of finding a surface 

defect for big nanoparticles is larger than for the small ones due to their surface 

area difference. Thus, the quantum yield is normally larger for small nanoparticles. 
A decent surface passivation diminishes trapping of photo-generated charge carriers 

on defects such as, dangling Si surface bonds, leading to a non-radiative decay 

of the exciton, so that a high PL quantum yield can be achieved [60, 90, 91, 
92]. The radiative recombination processes of confined excitons are faster in 

small Si nanocrystals than in larger particles due to a better overlap of electron-
hole wavefunctions. As shortly mentioned, the radiative exciton lifetime in Si 
nanocrystals is long and is in a timescale of µs-ms. For PSi with a good surface 

passivation, i.e. if it is an assembly of defect-free nanocrystals, the efficiency of 
radiative recombination can be as high as 100 % [90]. 
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3.3 Preparation of silicon (Si) nanostructures 

The achievement of new material functionalities through the development of 
novel nano-sized structures is the driving force in nanotechnological industry. In 

the case of Si, it can be obtained by etching of Si using different chemical and 

electrochemical techniques [69, 70]. Etching of Si is frequently used for production 

of chips for computers and for microelectronic/micromechanic devices based on Si 
[63]. 

Si nanocrystal assemblies can be prepared in different ways. Some of the examples 

are plasma enhanced chemical vapour deposition [93], aerosol procedure [91, 
94], thermal precipitation of Si atoms implanted in SiO2 [95, 96, 97] or Si-SiO2 

superlattices [98]. Recently, a laser pyrolysis technique has been introduced 

to achieve relatively narrow size distribution of Si nanocrystals [99]. Several 
spectroscopic studies demonstrated that all these systems show strong near infrared 

and visible PL with characteristics very similar to those of PSi. 

In the literature, PSi is the most widely discussed system [69, 72, 73]. To obtain 

PSi, one of the most utilised methods is the electrochemical etching of bulk Si 
wafers. The anodisation of bulk Si wafers is performed in HF-based solutions 

[82, 100]. Depending on the type of wafer doping (p- or n-type), the doping level, 
etching solution, etching time and the etching current, the sizes of pores and 

remaining Si fragments can be varied from micrometres to nanometres [82, 101]. 
The Si wafers utilised in this work were all p-doped with the following difference 

in doping level: 

Table 1: Doping level and the resistivity of Si wafers with resulting mean pore 
sizes. 

Type Resistance Mean pore size 
p− 1-5 Ω cm 7 nm ·
p+ 15-30 mΩ cm 15 nm 
p++ 

·
10-15 mΩ cm 20 nm ·

This method has attracted much interest due to the simplicity of the preparation 

procedure, without resorting to either the lithographic or the epitaxial tech
niques that were, at the time, the conventional approaches to realise nano-sized 

semiconductor structures. 
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3.3.1 Electrochemical etching of Si 

Generally, the dissolution of Si is initiated by a hole injection, due to the applied 

electric field, so the nucleophilic attack of fluoride ions on Si can take place (Figure 

7A). This attack is the rate-limiting step of the reaction and shows the importance 

of holes, inside Si, for pore formation. Hence, Si fragments containing no holes 

cannot be etched efficiently. 

Figure 7: Proposed reaction scheme for anodic dissolution of Si in ethanol HF-
solution (redrawn from [100]). 

The attacking species HF−
2 are formed from the dimer of HF : (HF)2 and mainly 

drive the etching process. Interestingly, F− ions seem to be inactive in the etching 

[102]. The strong polarisation, induced by Si-F bonds, is supposed to be the 

reason for the weakening of the Si-Si back-bonds. These can be attacked by OH−or 
HF−

2 , so that all Si-F species are removed almost immediately from the surface. 
This is confirmed by FTIR measurements, which demonstrate the lack of any Si-F 

vibration modes, although the Si-F binding energy (6 eV) is much higher than that 
for Si-H (3.5 eV) [100]. The next nucleophilic attack, induced by the polarisation 

of the Si-F bonding, occurs under injection of an electron from the attacking 
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species (Figure 7A). After further attacks on Si, gaseous hydrogen is released 

(Figure 7B). The last two steps, C and D in Figure 7, show the release of the SiF4 

gas, the reaction product, resulting in hydrogen terminated Si surface: Si-Hx (x = 

1, 2, 3), which is confirmed by FTIR measurements [36, 82, 103]. Unfortunately, 
the H-terminated surface of freshly prepared PSi is not always stable, so that 
other surface termination methods were developed [82, 104]. Another important 
morphological property of PSi layers is that their pores are interconnected, which 

enables incorporation of foreign substances into the pores so that they can be in 

direct contact with the its H-terminated surface [82, 105]. 

After the desired porosity and depth of PSi layer structure is reached, the porous 

layer can be detached from the Si substrate. Before that step, the current density 

applied to the system must be below a critical value. This is crucial as the 

dissolution is limited by mass transfer in the electrolyte. Above this parameter, 
dependent on type and level of doping, holes are present at and close to the 

surface. The excess of positive charge carriers leads to a smoothing effect, which 

results in the so-called electropolishing step. Electropolishing is the technique, 
used to detach the formed PSi layers from the Si substrate to obtain free-standing 

PSi layers. In contrast to the mechanism described above, during electropolishing 

all four Si electrons should be electrochemically active, hence, giving rise to the 

smoothing effect. To realise these conditions, high current densities (up to 500 

mA cm−2) are required. The following chemical mechanism has been proposed for ·
this electropolishing step [82]: 

Si + 6HF H2SiF6 + 4H+ + 4e− (3.8)→ 

The size of pores and the inner morphology of Si depend on the doping type and 

level of the starting material. In p-type wafers, Si is doped with electropositive 

atoms, e.g. boron (B) or aluminium (Al), creating higher conductivity via holes. 
For p− type etched Si both the inter-pore spacing and pore size are relatively small, 
typically between 2 - 10 nm, presenting a uniform homogeneous and interconnected 

pore network throughout the porous layer (Figure 8). 

N-type silicon, in contrast, has an electronegative doping, e.g. phosphorus, which 

provides an excess of electrons. The holes, which are required for the etching 

process are typically provided by a back-side illumination [100]. 

The structure of Si layers, obtained by electrochemical etching depends also on the 
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Figure 8: Schematic demonstration of the cross section of p− type PSi layer. (1) 
represents the porous layer, which can be up to several hundreds µm thick with 
interconnected porous network in nm range and (2) represents the Si substrate. 

doping level of the anodised wafers and the applied etching current, respectively 

(Figure 9). The advantage of this method of etching is its controllable conditions, 
resulting in well defined PSi layers. The procedure allows a preparation of Si 
nanocrystals and pores, respectively, in macro-, meso- and nanometre porous 

dimensions (Figure 9) [36, 82]. 

Figure 9: SEM images of electrochemically etched Si: (A) macroporous PSi [82], 
(B) mesoporous PSi (p++) and (C) nanoporous Si structure [106]. 

3.3.2 Stain etching of Si 

Electrochemical etching of bulk Si wafers has some disadvantages, (i) the produc
tion of final material is not scalable, meaning that one cannot produce it in large 
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amounts and (ii) the production of PSi from monocrystalline Si wafers is expensive 

and takes a relatively long time. Therefore, other methods were established. 

Stain etching of bulk crystalline or polycrystalline Si wafers, films and powders is a 

frequently used technique in PSi production. Here, an oxidising agent, e.g. aqueous 

solution of nitric acid mixed with hydrofluoric acid is utilised. The overall reaction 

is comprised basically of two steps, oxidation of Si (e.g. by HNO3), followed 

by a removal of this oxide by HF. In this process several alternative oxidising 

compounds can be used, for instance H2O2, Fe(III), V(V), MnO−
4 , NH4HF2, 

NaNO2, CrO3 and others [107, 108, 109, 110]. For the stain etching procedure 

no external current is required, hence, the driving force is the oxidation of Si 
and removal of the grown oxide in e.g. HF : HNO3 : H2O based solutions [111]. 
Generally, the formation of PSi has to be similar in both cases for electrochemical 
and stain etching. This means that a local current has to be maintained to enforce 

the etching by existing separated cathodic and anodic sites on the interface of 
Si and pores [112]. In the case of stain etching, the quality of the initial Si is 

not really crucial, therefore, relatively cheap metallurgical grade, polycrystalline 

powder was utilised. 

Chemical reactions describing the mechanism during the stain etching of Si with 

HF and HNO3 are shown below [113, 114]: 

Si + 2h+ Si2+ (hole injection) (3.9)→ 

HNO3 + HNO2 + H2O � 2HNO2 + 2OH− + 2H+ 

Si2+ + 2OH− Si(OH)2→ 

Si(OH)2 + 6HF H2SiF6 + H2O + H2→ 

The presence of doping with B or Al atoms (acceptors) in the Si crystal lattice 

allows hole injections. The hole injections polarise the Si bonds, making them 

weaker, and enabling an attack of hydroxide ions to be possible. This is the 

initiation step of the stain etching procedure. Then the oxidation of Si surface 

layers by nitric acid takes place resulting in Si-OH-termination and back bonded 
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oxygen in Si. Finally F−or HF−
2 ions attack the polarised Si-OH bonds, resulting in 

the release of hydrogen and H2SiF6 from Si structures. Therefore, the Si structure 

remains partially H- and F- passivated when the amount of HNO3 is limited 

[111, 113, 114]. During the etching process the presence of nitrite ions (NO−
2 ) in 

the etching solution is required (see equations above). This can be achieved by 

adding NO−
2 directly, e.g. in the form of a previously used etching solution or by 

initially adding small amounts of concentrated HNO3 to the etching mix. The 

nitrite ions are then continuously, auto-catalytically, generated during the etching. 

Figure 10 demonstrates typical PSi structures produced via a stain etching pro
cedure of Si grains. The resulting PSi is actually comprised of undulating and 

interconnected pores and Si nanocrystals (Figure 10A). In the case of large Si 
particles (4 µm) stain etching results in porous layers, up to 2 µm having also 

unetched Si cores (Figure 10B). 

Figure 10: TEM images of stain etched Si grains. (A) Sponge-like structure of 
PSi. (B) Cross-section of a 4 µm PSi grain showing a porous layer thickness of 
approximately 1.5 µm. (C) Single Si nanocrystal produced from gas phase, with 
its size reduced via stain etching. It retains the diamond-like crystal structure of 
bulk Si with lattice fringes in (111) plane. 

Si nanostructures can be also produced from the gas phase [115], which results in 

formation of Si nanoparticles of spherical form in the range of tens of nanometres 
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[116]. The size of this nanosilicon powder can be further reduced using similar 
stain etching technique (Figure 10C). The lattice fringes of the (111) planes of 
nanosilicon powder can be identified, which proves that etched Si retains the 

crystalline diamond-like lattice structure of bulk Si (Figure 10C). 

Energy dispersive X-ray spectroscopy was used to reveal the elemental composition 

of the commercially available (Vesta Ceramics) µm sized Si powder, which was 

utilised in this work: Si: 99.0 %, O: 0.2 − 0.1 %, C:< 0.1 %, Al: 0.07 %, Fe: 0.07 %, 
Ca:< 0.01 %. The powder used here was polycrystalline with a typical grain size 

of about 4 µm. It is important to note, that the Al impurities ensure the presence 

of positive charges at the etching surface, which are essential for the PSi formation 

process [112]. 

Figure 11: FTIR absorption spectra of differently surface terminated PSi grains. 
The green curve shows hydrogen terminated PSi powder (after two weeks in 
air ambient). The blue curve shows larger back-bonded oxygen content, due to 
tempering of PSi powder at 160 ◦C for 15 minutes in air ambient. At 350 ◦C a 
large amount of hydrogen atoms are removed from the PSi surface, and strong 
Si−O absorption emerges (black curve). The inset shows details of the spectrum 
taken on powder annealed at 200 ◦C for 15 minutes. Vibration bands are indicated 
according to reference [103]. 

These two rather simple production methods (electrochemical and stain etching) 
for bulk forms of Si result in an undulating network of Si NPs or for Si produced 

from gas phase in size reduced nanosilicon spheres. For both preparation methods 

a hydrogen terminated surface can be realised. As we will see, H-termination, is 

very important for further applications. 
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Oxygen molecules can also be bound to the surface and passivate it. With both, 
hydrogen and oxygen, as mentioned above, one can passivate surface defects, like 

dangling bonds, to obtain high PL intensities. At ambient conditions or even at 
higher temperatures, in the presence of air, PSi oxidises slowly and Si-O bonds 

become increasingly pronounced due to the strong interaction with oxygen and 

a high binding enthalpy (Figure 11). However, at temperatures above 350 ◦C 

in air full effusion (desorption) of hydrogen from the extended Si surface can 

be realised, thus H-termination is replaced by oxygen. Above 900 ◦C, due to 

successive oxidation of Si, even full transformation of Si nanostructures to quartz 

nanostructures can be achieved. 

3.4 Plasmonics 

H-termination is crucial for the formation of noble metal nanoparticles inside the 

PSi matrix for different applications. The control over the growth of NPs in PSi 
can be realised via measuring the plasmon resonance of the metal. 

In previous decades noble metal NPs have been intensively studied mainly because 

of the implementation of their catalytic properties, e.g. nano-gold [13, 23]. These 

properties arise from their band structure, surface-to-volume ratios and active 

sites. They were, furthermore, recently considered to play a major role in a 

revolution that is pushing optics below the diffraction limit and pretty much into 

the nanometre size regime [117, 118, 119]. 

Plasmonics is a growing field covering the manipulation and control of light at 
nanometre scale when light interacts e.g. with metal NPs. This interaction is 

described by the so called Localised Surface Plasmon Resonance (LSPRs) [120]. 
Plasmons are collective oscillations of the electron gas at a metal or semiconductor 
specific frequency, called plasma frequency [121]. From simple considerations we 

can derive that any wave which oscillates can form an intrinsic electronic wave, 
defined by certain boundary conditions and system properties. These intrinsic 

electronic waves define the resonance of the system which can interact with 

electromagnetic radiation. This occurs, for instance in the ionosphere or in the 

case of metals, where free electrons oscillate. In the case of the metal, the free 

conduction band electrons are allowed to move under the influence of an external 
electric field. Therefore, a displacement of electrons from the positive atomic 

cores occurs. This motion results in a retarding coulomb force within the metal, 
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which is affected by collisions damping the oscillator. Optical waves can couple to 

these electron oscillations in the form of propagating surface waves or localised 

excitations, depending on the geometry. 

Each material has its specific plasma frequency which can be derived from the 

Drude model [121]: 

2 

ωp = 
ne (3.10)
�0m 

where, n: number of electrons, e: elementary charge, �0: electric permittivity of 
vacuum and m: mass of an electron. 

The specific plasma resonance should be corrected according to the following 

equation, which takes into account the dielectric effects: 

ω = 
ωp (3.11)√

1 + �m 

where, ω: effective plasmon resonance in the medium, ωp: plasmon frequency 

of a free electron gas and �m: effective dielectric function of the surrounding 

medium. With the help of the equation 3.11, one can describe the generation 

of electromagnetic waves in metals. The wave defines a surface plasmon in a 

material. Therefore, each metal has its own characteristic plasmon frequency. 

Gold and silver have been most closely associated with the field of plasmonics, as 

their plasmon resonances lie in the visible spectral range. Its spectral position also 

depends on the size and shape of NPs [121]. Hence, their plasmon excitation can be 

measured by standard optical methods. Whereas for platinum and palladium the 

plasmon frequency lies in the UV range [122]. Plasmonics is based on exploiting 

plasmons for a variety of tasks, by designing and manipulating the geometry of 
metallic structures, and consequently their plasmon-resonant properties. There 

is a large variety of shapes (cubes [123], spheres [124], triangles [125], rods [126] 
and others) of metal NPs, which are widely used in biological or surface enhanced 

spectroscopy [127, 128], near-field optical microscopy [129, 130] or now even in 

catalysis as optical probes [131]. 
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The aim of this work is to exploit the reduction potential of Si nanostructures 

for the formation of noble metal nanoparticles and the application of developed 

nanocomposites in catalysis. Since the morphology of Si nanostructures can be 

controlled using different types of starting materials and chemical and electrochemi
cal etching methods we should be able to achieve desired noble metal nanoparticle 

sizes and concentrations. In comparison to discussed “passive” supports, such 

as metal oxides, zeolites or carbon, we will demonstrate that Si nanostructures 

behave as active matrices for noble metal nanoparticle formation, due to their 
extended hydrogen-terminated surface. Moreover, the catalytic activity of synthe
sised nanocomposites based on Si nanostructures, using gaseous and liquid phase 

reactions will be analysed. 
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4 Experimental 

4.1 Preparation of PSi layers and powders 

In order to prepare porous layers on bulk Si substrates and free-standing PSi 
layers, electrochemical etching procedure was utilised [36, 82, 100]. As templates, 
B-doped (100) or (110) Si substrates with a typical resistivity of 2 - 5 Ω cm and ·
20 - 30 mΩ cm were used. The electrochemical etching was performed in a Teflon ·
cell, containing ethanol hydrofluoric acid solution, with a Pt wire as a cathode 

(Figure 12). 

Figure 12: Scheme of an electrochemical etching cell. 

A 1:1 (v/v) mixture of hydrofluoric acid (49 % wt. in water) and ethanol was 

used as an electrolyte with an etching current density of 30 - 50 mA cm−2. In·
order to obtain different layer thicknesses, ranging from 3 µm to 400 µm, the 

anodisation time and “etching pauses” were altered. The “etching pauses” were 

introduced in order to release hydrogen from the pores, which is produced during 

this process. The “etching pauses” are interruptions in the procedure, where no 
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current is applied, whereas the etching can continue with a much lower rate. After 
the etching step, some of the PSi layers were detached from the substrate by a so-
called electropolishing step [132], where a high current density of ~ 500 mA cm−2 ·
is applied and rapid hydrogen evolution releases the stable porous layer. The 

porosity of the free-standing layers was determined using gravimetric measurement 
(weight of samples with known volume), showing a porosity of 60 - 80 %. 

(i) The top-down approach: 

To prepare hydrogen-passivated nanocrystalline PSi powder, the stain etching 

technique was applied [113, 114]. As a starting material we used a standard 

metallurgical grade, polycrystalline Si powder (Vesta Ceramics) having a mean 

particle size of 4 µm. The powder was immersed into a solution of HF(aq) (25 % 

v/v in water), then HNO3 was added gradually until the ratio by volume of 
the chemicals used was about 4:1:20 v/v/v of HF : HNO3 : H2O. Continuous 

mixing during the etching procedure was required to assure a homogeneous pore 

formation. This was important, since, due to the hydrophobic nature of PSi, the 

powder persisted on the surface of the etching solution in form of a foam. The 

etching was finished when the initially brown metallic colour of the powder was 

changed to light brown-yellow and simultaneously an efficient red-orange emission, 
under illumination by ultraviolet light, appeared. This PL emission, caused by 

the quantum confinement effect, indicates in this case nanocrystal sizes below 10 

nm [82]. 

(ii) The bottom-up approach: 

For production of hydrogen-terminated nanosilicon powders from silane gas (SiH4), 
gas-synthesis and a further stain etching step were utilised. Si NPs in spheri
cal form, having no interconnection to each other, were produced in Duisburg 

(Germany) with help of the group headed by Dr. Wiggers [115]. Si NPs were 

synthesised in a microwave reactor schematically shown in Figure 13. 

The setup mainly consists of a quartz reactor tube with 70 mm inner diameter 
and a nozzle mounted within the tube. Microwave energy at a frequency of 2.45 

GHz and a maximum power of 6 kW was applied through a slot antenna with 

a CYRANNUSÒ-I plasma source, which operates in the pressure range from 

10−2 to 1 bar. With this kind of source it was possible to obtain a homogeneous 

plasma density without too much thermal load into the quartz wall, even at an 

atmospheric pressure and for different gases. The setup is operated in the mean 

pressure region between 10 and 200 mbar, where no plasma-wall interactions, 
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Figure 13: Schematic view of the plasma reactor (with kind permission of Dr. 
Wiggers). 

but gas-phase interactions dominate. Hence, the kinetics are not controlled by 

diffusion-dominated processes, but by the gas flow dynamics within the reactor. 
The use of a slot antenna enables the formation of a large volume plasma with 

homogeneously distributed power coupling. Therefore, a precursor gas beam of 
several centimetres in diameter can be guided through the plasma without gradient 
in temperature and residence time. Downstream of the reactor is an expansion 

chamber equipped with a quadrupole mass spectrometer, a TEM sampling system 

and a filter device to collect the Si particles. The Si precursor silane, diluted in 

argon, was introduced into the reaction chamber through a centered nozzle. The 

additional plasma gases, argon and hydrogen enter the reactor through several 
nozzles which are evenly distributed along the circumference of the quartz glass 

tube. The plasma is formed by the introduction of microwave energy into the 

system. The gas temperature within the plasma, as well as the specific properties 

of the plasma with its high concentration of active species, causes decomposition 

of silane and a subsequent formation of Si particles. In the expansion chamber 
the composition of the residual gases is analysed to ensure that silane has been 

completely decomposed. During the powder production, samples of silicon can 

be taken by means of a pneumatic sampling system. The size distribution of the 

produced Si particles was varied by the precursor concentration, the pressure inside 

the reaction chamber, and the microwave power. Particles, collected from the 

embedded filter element feature, according to standard Brunauer-Emmett-Teller 
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(BET) [133] analysis present a surface area from 170 to 78 m2 g−1, corresponding to ·
particle diameters from 15 to 50 nm. To reduce the size of Si NPs with a prevailing 

hydrogen termination instead of oxide and hydroxide multilayer covering, the 

plasma prepared powder was stain etched as described above. 

4.2	 Preparation of metal/PSi and metal/PSiOx nanocom
posites 

Directly after the etching procedure, PSi powders or layers were washed with 

ethanol and dried. Then they were evacuated (1 10−2 mbar) for 2 hrs at 150 ◦C·
to evaporate etching residues such as HF and SiFx and possible moisture from 

the pores. The prepared samples were stored under nitrogen. Then, noble metal 
salts, such as PtCl4, HAuCl4, Au(NO3)3 and PdCl2, respectively, partially with 

addition of HCl (32 %) if needed (like for PtCl4 + 2 HCl : hexachloroplatinic acid 

H2PtCl6), dissolved in alcohol, were used as precursors for metal NP formation 

in PSi. Since the H-terminated surface of PSi is hydrophobic [82, 114], alcohol 
solvents were used to attain wetting. Metal salts were diluted during a sonification 

step in an ultrasonic bath (Branson 1510 ) in ethanol for 10 - 120 min, dependent 
on the metal salt used. The hydrogen passivated PSi matrix provides a reduction 

potential for noble metal salts, as their electropotential is higher than the one 

of hydrogen. In these experiments, we utilised methanol, ethanol or 2-propanol, 
respectively, with salt concentrations between 0.1 and 20 mM, resulting in different 
metal loadings. In the case of Pt, for example, the loadings were between 0.1 

and 5 % wt. with respect to the amount of PSi. PSi samples were introduced 

to the salt solutions at low temperature in the range between -15 and 0 ◦C to 

keep the reduction rate low at first to let the solution penetrate the substrate 

homogeneously and stirred for 20 min. The suspensions were then kept for 20 

min in an ultrasonic bath and left to reach ambient temperature under gentle 

mechanical stirring. HCl vapour evolution upon immersion of as-prepared PSi 
layers into an alcohol–metal salt solution was detected. Completion of the metal 
reduction reaction was monitored by a wet universal pH indicator paper brought in 

contact with the evolved gas. Following the metal NP formation, reaction samples 

were heated to 40 ◦C, while being stirred to ensure slow solvent evaporation. The 

obtained metal/PSi (M/PSi) materials were further filtered and washed several 
times with the respective alcohol (3x) and then warm water (50 ◦C) with small 
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amounts of alcohol to dissolve and wash out possible remnant salts from the pores. 
The pH of the residual alcohol solutions was monitored after each washing step 

until the supernatant solution was pH neutral. Some of the prepared Pt/PSi 
samples were not filtered, but separated by centrifugation for 10 min at 5000 rpm. 

The Pt/PSiOx (x = 1-2) samples were prepared by annealing of the as-prepared 

Pt/PSi composites in a tubular oven at 1100 ◦C for a set period of time: 1, 2, 3, 4, 
6 and 12 hours in air. The samples were mounted in a ceramic boat and heated to 

1100 ◦C at a rate of 20 ◦C / min in air. The brown colour of PSi powder changes 

to grey after treatment, indicating an almost complete oxidation to SiOx. 

4.3 Characterisation of studied materials: Methods 

4.3.1 Structural characterisation techniques 

To determine the surface area of the prepared PSi samples the following expe
riments were performed. Batches of the prepared PSi powders, M/PSi nano
composites and M/PSi after their usage in catalysing different reactions were 

characterised by measurements of the BET surface area. The surface area of 
the samples was obtained via the adsorption-desorption isotherm of nitrogen at 
77 K on a Micromeritics ASAP-2010 instrument. The samples were evacuated 

for 3 hours at 150 ◦C to remove all adsorbed species, like moisture. Then, they 

were cooled down slowly to 77 K by liquid nitrogen in a U-shaped quartz tube. 
Afterwards, nitrogen in gaseous form was introduced to the sample, while the 

relative pressure P P0
−1 was varied from 10−4 to 1 and back, at fixed pressure ·

points. This procedure allows the adsorbate (nitrogen) to adsorb on the adsorbent 
(examined material) and then to desorb again. These data are represented by the 

obtained adsorption/desorption isotherm. The BET surface area was calculated 

from adsorption isotherms between 0.08 and 0.4 P P0
−1 (where P is the equili·

brium gas pressure, P0 is the saturation vapour pressure) [133]. The pore size 

distribution was calculated by Barrett, Joyner and Halenda (BJH) method from 

the desorption isotherm between 0.8 and 0.9 P P0
−1 [134].·

A Micromeritics PulseChemisorb 2700 surface area analyser was used to determine 

metal dispersions (fraction of surface Pt atoms) using hydrogen chemisorption, 
performed by Dr. K. Wilson at the University of Cardiff. Samples were reduced 

at 400 ◦C under flowing H2 for 1 h prior to dispersion measurements. 
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For the characterisation of the sample topology, high resolution Transmission 

Electron Microscopy measurements (HR-TEM) were performed on as-prepared, 
diluted PSi samples from PSi powder and M/PSi catalysts, using a JEOL (JEM
2010) apparatus operated at 200 kV, which was partially done at the Boreskov 

Institute of Catalysis, Novosibirsk, Russia. TEM measurements were performed 

on a JEOL (JEM-1200 EXII) device operated at 120 kV. 

For lower resolution characterisation of different PSi, M/PSi and M/PSiOx samples, 
scanning electron microscopy (SEM) on a JEOL (JEM 6480 LV ) device was used. 

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Kratos 

Axis HSi instrument employing a Mg Kα X-ray source and charge neutraliser in 

a collaboration with Dr. K. Wilson at the University of Cardiff. Survey scans 

and high resolution scans were acquired at normal emission using analyser pass 

energies of 160 and 40 eV, respectively. Pt and Pd 4f spectra were deconvoluted 

with components having an asymmetrical ‘‘Doniach–Sunjic” line shape [135]. 

The amount of deposited metal in a PSi matrix was determined by analysing the 

dissolved in acids as-prepared catalysts and the collected supernatant solutions by 

the Atomic Absorption Spectroscopy (AAS, Varian AA-275 ) directly after M/PSi 
preparation under acetylene gas flow. Respective hollow cathode lamps were used 

for selected metals. The surface fraction of metals was calculated from AAS and 

metal dispersion data, obtained from H2 chemisorption experiments. 

X-Ray Diffraction was used to verify and control the crystalline structure of 
produced porous silicon and later M/PSi nanocomposites. These measurements 

were performed on a Phillips PW1730 X-ray generator equipped with a Cu Kα 

X-ray source (1.5417 Å) and a Philipps PW1710 Diffraction Control Unit at the 

university of Bath. 

To determine the chemical surface composition of PSi, the Fourier Transform 

Infrared (FTIR) technique has been used. For FTIR measurements PSi samples 

(2 mg) were mixed with KBr (200 mg) to give a homogeneous powder. Then, this 

mix was pressed at 20 bar for 3 min to result in KBr – presslings. These were 

mounted in an optical path of a FTIR device (Bruker Equinox 55 ), equipped with 

a nitrogen cooled detector (MIR-DTGS), to obtain the respective spectra. 

To assure a metal particle presence in PSi it was necessary to determine the 

temperature dependence of the particle formation and obtain a penetration depth 

of metal salt solutions in the PSi matrix (compare Figure ). To define the formation 
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depth of metal NPs inside the PSi matrix, 150 - 400 µm thick mesoporous PSi 
layers (substrate: p+ doped, ~ 60 % porosity) have been used. After weighting of 
the PSi templates and determining their porosity the required volume of solvent 
(twice the pore filling volume or more), the amount of Au (loading) and solution 

concentration was calculated. These PSi layers were covered by a pre-sonicated 

(30 min in Branson 1510 ultrasonic bath) ethanol HAuCl4 solution (60 mM) 
having a 2 % wt. ratio with respect to PSi. The samples were made at varying 

temperatures from -15 to 85 ◦C. According to the required temperature they were 

placed either on a hot plate (T > 25 ◦C) or in an ice bath (T < 25◦C) for 20 min 

during the exposure to the metal salt solution. The samples were then heated in a 

tubular oven and allowed to oxidise at 1100 ◦C for three hours. Afterwards, metal 
penetration depth was measured on the cleaved edge of the PSiO2 layers to reveal 
the cross section, using an optical microscope in reflection mode. To study the 

morphological properties of M/PSi nanocomposites, the formed Au particles were 

then observed via a scanning near-field microscope (Multiview 2000, Nanonics) 
equipped with a dark field lens (Olympus) and beam splitter. 

4.3.2 Photoluminescence measurements 

Figure 14: Experimental setup for measurements of the photoluminescence. 

In order to monitor the transformation of bulk Si starting material to nano-size 

regime, photoluminescence (PL) measurements have been performed. In this 

regime the PSi and other nanosilicon materials exhibit efficient, visible PL. A 
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continuous wave Ar+ laser (emission: 488 nm) was used to obtain the PL spectra 

of different Si samples (experimental setup is shown in Figure 14). The emitted 

photons are detected with a spectrometer and CCD camera (Princeton instruments 

CCD 512TK, detection energy: 1.1 - 2.2 eV) and monitored by a PC. The laser 
light is filtered out from the spectrum by a cut-off (low pass) filter (OC11 ). The 

response of the system and sensitivity of the CCD camera to the wavelength is 

also taken into consideration when gathering the PL spectra. All spectra have 

been normalised on the spectral response of the detection system. 

Black body radiation from a 3500 K incandescent lamp can be collected and 

compared to the theoretical black body curve at this temperature, using Planck’s 

law of black body radiation. Equation 4.1 is used to calculate the spectral radiance 

per unit wavelength, I (λ, T ) for T = 3500 K in the range 400 nm < λ < 800 nm. 

2hc2 1 
I(λ, T ) = 

λ5 exphc/λkT −1 
(4.1) 

P lanck’s constant h = 6.626 10−34Js · 
Speed of light c = 3.0 108ms−1 ·
Boltzmann’s constant k = 1.38 10−23JK−1 · 

Dividing the experimentally obtained black body radiation spectrum by the 

theoretical black body radiation spectrum, calculated using equation 4.1, the 

resulting spectrum represents the combined sensitivity of the spectrometer and 

CCD camera to a certain wavelength. For all measured spectra, the so-called 

background spectra were taken, whereby the laser beam is not aligned on the 

sample, but all the noise is collected. After the background spectra have been 

subtracted from the PSi spectra, a division by the response of the system gives the 

real dependence of light emission to the wavelength. Finally, normalising the PSi 
spectra to unity allows direct comparison between different samples. Normalised 

PL spectra of Si nanocrystals were obtained according to this procedure. In order 
to experimentally verify a relatively long lifetime of charge carriers in PSi and 

nanosilicon structures and prove the statistical assumptions, the exciton lifetime 

has been measured. 

Generation of photoexcited excitons in Si-nanocrystals via an excitation of valence 

band (VB) electrons by a pulsed laser, the emitted light from the electron-hole 
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recombination process can be detected. Hence, the information about the lifetime 

of excitons can be obtained. For measurements of exciton lifetimes of various 

PSi samples a pulsed nitrogen laser (Spectra-Physics, λ = 337 nm, pulse duration: 
1 ns) and a photomultiplier (Hamamatsu 928, time resolution of 2 ns) was utilised 

(Figure 15). 

Figure 15: Experimental setup for exciton lifetime measurements. 

In order to measure PL kinetics, a monochromator was adjusted to the appropriate 

wavelengths. The signal from the photomultiplier is amplified and then passed 

to an oscilloscope, which is triggered by the laser pulse using a photodiode. The 

accumulated time-resolved PL intensity is then read out by a computer. The 

photomultiplier is used to amplify the photon signal and create an avalanche of 
electrons to be detected as an electrical signal at the output that is proportional to 

the PL intensity of Si nanocrystals. The oscilloscope displays that this electrical 
signal decays exponentially. Excitons are created with each laser pulse and 

decay (in µs range) producing a decay curve, to which the curve constant can 

be found, correspondent to the lifetime of the excitons. An exciton lifetime 

versus temperature curve can then be obtained using measurements at a certain 

wavelength. 
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4.3.3 Plasmon resonance experiments 

As introduced earlier, plasmon resonance is an optical “fingerprint” of metals and 

hence, of metal nanoparticles as well. We have chosen Au, as a representative for 
our studies, as the plasmon resonance of Au lies in the visible range of light and 

the contrast between gold and silicon/silica is better than that of Pt, Pd or Ag. 

To monitor the formation of metal NPs in-situ, plasmon resonance frequency 

measurements were performed. As we could not utilise PSi powder for optical 
plasmon resonance experiments because of the scattering by the particles, we 

used electrochemically etched PSi layers (substrate: p− doped, ~ 67 % porosity, 
thickness: d = 21 µm). These layers have a very similar morphology to used PSi 
powders in this study. A copper metal piece with a 1 mm diameter hole (was later 
replaced by chemically inert Teflon plates to avoid any interaction with copper), 
drilled in to the centre, was used as a mounting plate. A sample with approx. 6 

mm2 was then glued to the mounting plate over the pin hole using epoxyresin. 

Figure 16: Scheme of the experimental setup for measurements of the plasmon 
resonance for in-situ monitoring measurements. 

Figure 16 shows schematically the experimental setup for these measurements. 
The mounting plate was then attached inside and a second similar sample outside 

of a cuvette. The outside sample was used as a reference for transmission spectra. 
The cuvette was held in place on a platform to allow a vertical motion only. 
Pinholes were made either side of the cuvette to prevent any internal reflection 
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of the signal and a lens was used behind the sample to intensify a transmission 

signal. Solutions of gold salt in ethanol (c = 10, 1 and 0.1 mM) were prepared 

and mixed using an ultrasonic bath for 30 mins. A large volume of the HAuCl4 

solution, 3.5 ml, was used in order to reduce the possible influence of concentration 

fluctuations during the measurement. To prevent evaporation of the solution the 

cuvette was closed by a lid. Transmission spectra were then taken at regular 
time intervals of both the solution and the p-type deposit sample. As a light 
source a standard halogen lamp was used. The light intensity was chosen to be 

small to avoid possible photoactivated metal nanoparticle formation during these 

experiments. To detect and record the transmission spectra a CCD (Princeton 

Instruments) and a spectrometer (ARC SpectroPro 275, 150/blz 500 grating) were 

utilised. Firstly, reference spectra of the solution and the reference sample were 

measured. Secondly, the extinction spectra were obtained during the measurement 
itself. The real extinction spectra were then corrected for the reference signal by 

division of the respective reference spectrum by the extinction spectrum. The 

spectra were then smoothed and differentiated to find the maximum peak and 

intensity and integrated to find the spectral area. 

For the plasmon resonance measurements of both as-prepared or oxidised templates, 
prepared from p+ or p++ doped silicon wafers the technique presented in Figure 

17 was utilised. 

Figure 17: Optical setup for the measurements of extinction spectra in case of 
as-prepared or oxidised samples. 

A halogen lamp was used as the light source here as well. The transmission signal 
is retrieved and analysed using a spectrometer coupled with a CCD. For increase 

of signal intensity, if needed, optical lenses were used. The samples were prepared 
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in the following way. First, Si wafers with different doping layers were etched 

electrochemically, as described in Section 4.1, detached and dried. After the 

measurement of the thickness via SEM or an optical microscope the porosity of 
the layer was calculated from a gravimetric measurement. Typical surface areas 

utilised for each sample were 15 - 30 mm2. The pore volume of the samples was 

then calculated from their porosity and volume. Once the required solvent volume 

was estimated, a 1.5 to 3 times excess of solvent was used to achieve homogeneous 

penetration. For each sample the corresponding metal loading was calculated. In 

case of the experiments with several metal solutions for alloy NPs, the overall 
desirable metal loading was estimated and both metal salts were mixed together in 

the respective alcohol. Taking the loading and the solvent volume in account, the 

metal salt concentration for each sample for a specific deposition solvent volume 

was defined. The sample was exposed to the metal salt solution, which was then 

pipetted onto one side of the sample. The volumes used were typically 8 to 22 

µl of ethanol metal salt solution. The solvent was allowed to evaporate before 

the mass was measured. Thus, the actual loading of deposited metal can be 

calculated. The sample was mounted onto a thin copper plate with a pin hole 

of 1 mm diameter. Extinction spectra were obtained by the normalisation of the 

sample signal with a reference sample, which does not contain metal NPs. 

4.3.4 Residues and hydrogen desorption experiments on PSi powders 

It is of great importance to understand the quantity of hydrogen which covers the 

PSi surface and qualitatively analyse other residues after the stain etching step 

of bulk Si. Therefore, desorption experiments were performed in closed reactors 

with defined volume. 

Experiments at the University of Bath: 

The quantitative analysis of the chemisorbed hydrogen on the PSi surface was 

performed as follows (see Figure 18). The PSi samples were pre-heated in vacuum 

(1 10−2 mbar) at 200 ◦C for 2 hrs. Then the PSi sample was weighted (10 - 14 ·
mg) in a quartz tube (15 mm), which was placed in a coiled Chromel (chrome 

20% nickel 80% alloy) wire. The Chromel coil with the sample was mounted 

in a vacuum chamber and connected to a power source. The vacuum system 

(pumped with Leybold PT 70-F-compact) had a base pressure of 1 10−5 mbar. ·
The chamber was evacuated first to reach the base pressure and then the valve 
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(Figure 18) was closed. When the pressure in the chamber came to the equilibrium 

(between 5 10−3 to 3 10−2 mbar) the Chromel wire and so the sample was heated · ·
to approx. 800 ◦C by the passing current provided by the power source (I = 4.7 

A) for 60 seconds. After cooling and pumping of the chamber, the sample was 

once again heated up for 60 seconds to obtain the starting pressure during the 

experiment. The pressure difference, direct after the heating, corresponds to the 

partial pressure of hydrogen in the chamber. 

In order to desorb hydrogen fully from the surface of as-prepared (without fluorine 

residues) PSi samples, they were heated at 300 - 400 ◦C for 3 hours in flow of inert 
gases (nitrogen or argon was used). The surface composition was verified by FTIR 

measurements. 

Figure 18: Schematic diagram of the rig used for hydrogen desorption experiments.
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Experiments conducted at the Technical University of Munich: 

The content of different physisorbed or chemisorbed species on PSi samples was 

qualitatively analysed. For this purpose a vacuum system (Leybold 20 l/s ion 

pump and 200 l/s turbo-molecular pump TI1J 240 by Pfeiffer-Balzers) equipped 

with a quadrupole mass spectrometer (MS) (Hiden Analytical, HAL 201 ) for 
residual gas analysis was used. The system has a base pressure of 2 10−7 mbar. A ·
small quartz tube (15 mm) was filled with PSi sample (7-8 mg) and mounted in a 

large quartz tube (300 mm), attached horizontally to the vacuum system. After 
evacuation, the quartz tube (sample) was heated up continuously (10 K/min) in 

a round oven to 850 ◦C. The changes in the gas content, during the heating, were 

monitored by the MS, connected to a computer. Several masses were selected 

to be tracked, 1 (H), 2 (H2), 16 (O), 17 (OH), 18 (H2O), 20 (HF), 30 (SiH2), 31 

(SiH3), 66 (SiF2) and 85 (SiF3). The temperature was measured by a K-type 

thermocouple linked with a digital temperature controller (programmable by PC). 

4.4 Catalytic experiments 

4.4.1 Gas phase continuous CO oxidation 

CO oxidation experiments were performed in the temperature range 25 - 300 ◦C, 
using 1 % CO / 20 % O2 (v/v) balanced by helium as the reaction mixture. In 

all experiments, the gas flow rate was 75 cm3(STP) min−1. Catalysts (350 mg), 
mixed with 150 mg crushed quartz, were supported on a glass wool bed in a 

quartz U-tube reactor (see Figure 19), which is a part of the whole experimental 
rig shown in Figure 20. 

The tested catalysts were pre-treated in a hydrogen flow at 5 cm3(STP) min−1 ·
at 290 ◦C (P = 1 barg) for 2 hours immediately prior to catalytic experiments. 
Pre-treatment was performed in order to activate metallic or partially oxidised Pt 
or Pd nanoparticles, respectively, reduced by surface protons of fresh PSi powders. 
Similar pre-reduction procedures were used by other groups [136]. All catalysts 

were pre-treated in the same way. 

A gas-sampling mass spectrometer (Micromass, European Spectrometry Systems) 
was utilised to trace the C, CO, O2, CO2 output of the monitored reactions. The 

turnover frequency (TOF) was calculated at 10 % CO conversion, as well as at a 
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Figure 19: Scheme of the reactor used for CO oxidation reaction. 

specified temperature and for variable conversions. The turnover frequency (TOF) 
was determined from the following formula: 

T OFexp = 
c(CO2, 10%) · F · NA (4.2)

NM DM· 

where c[CO2] is the concentration of produced CO2 at specified conversion 

(mol cm−3), F is the total gas flow rate (cm3 min−1), NA is the Avogadro’s number, · ·
NM is the total number of metal atoms in a M/PSi catalyst derived from AAS 

measurements and DM is the dispersion of M, measured using H2 chemisorption 

from a M/PSi catalyst. 
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Figure 20: Schematic flow sheet of CO oxidation catalytic rig demonstrating 
different valves (VX, X = 1 - 7). Two valve configurations with different flow 
paths are shown, changes in V4 and V5. Input gases are on the far left side, mass 
flow controllers (MFC 1 - 4) are adapted to control the gas flow rate through the 
system. There are two possibilities for gases to escape a leak free rig: first through 
the “exhaust” (Vent) and second through the mass spectrometer (MS) where they 
are tracked and analysed by a program (PC). 
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4.4.2 Batch slurry reactions 

All batch slurry reactions were performed in a batch reactor, schematically shown 

in Figure 21, where the pressure and temperature for the gas/liquid phase reactions 

was controlled and monitored. The appropriate amount of the M/PSi catalyst, 
depending on the molar percentage chosen, was introduced to 10 - 15 ml of the 

correspondent solvent in a glass container. Methanol, ethanol, NMP, dioxane, 
water or their mixtures were utilised here as solvents. The respective suspension 

was first sonicated for 5 min and then the reactant was added. The glass beaker 
was placed inside the reactor, containing a magnetic stirring bar, prior to its 

closure. The reactor was closed under continuous flow of nitrogen and placed 

in a water or oil bath on a magnetic stirrer till the mixture reached the desired 

reaction temperature. Then the reactor was flushed four times alternatively with 

hydrogen and nitrogen to make sure no oxygen was present in the reactor. After 
that, the selected hydrogen pressure was set, which marked the zero time point of 
the reaction. During the reaction, aliquots were taken via the nozzle (Figure 21) 
at selected time points with prior wasting of a small amount of reaction mixture 

every time before a sample was taken. These aliquots were filtered through a 

nylon filter (Millipore, d = 13 mm, pore size: 0.45 µm) and 200 µl were taken for 
gas chromatography (GC) analysis. The samples were diluted with 500 µl of the 

respective solvent and analysed by two different GC devices (Agilent Technologies 

6890N (AT) and Varian 3900 ) dependent on the used method. In Agilent GC 

silica coated fibre, HP-5 (30 m length, I.D. 0.32 mm, film 0.25 µm) and in Varian 

device a CP-Sil5 CB (15 m length, I.D. 0.25 mm, film 0.25 µm) were utilised as 

columns. Two general methods were used in Agilent GC instrument in order to 

analyse the aliquots, the so-called DMIT and HECK methods (see Tables 2 and 

3). 

Table 2: DMIT method 

start 60 ◦C heating rate ramp temperature hold time 
ramp 50 ◦C/ min 100 ◦C 0.5 min 
ramp 40 ◦C/min 300 ◦C 1 min 

Table 3: HECK method 

start 80 ◦C heating rate ramp temperature hold time 
ramp 40 ◦C/ min 320 ◦C 3 min 
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In Varian GC apparatus two other methods were applied to follow the pro
ducts of hydrogenation reactions, dehalogenation (Table 4) and hydrogenation of 
nitrobenzene (Table 5). 

Table 4: Dehalogenation methods 

in DMF 
start 100 ◦C heating rate ramp temperature hold time 

ramp 10 ◦C/min 140 ◦C 1 min 

start 100◦C heating rate ramp temperature hold time 
in Ethanol ramp 20 ◦C/min 105 ◦C 0.5 min 

ramp 10 ◦C/min 130 ◦C 1 min 

Table 5: GC Method for hydrogenation of nitrobenzene 

start 80 ◦C heating rate ramp temperature hold time 
ramp 20 ◦C/min 160 ◦C 0.2 min 
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Figure 21: Batch slurry reactor scheme, top and side view. All dimensions are in 
mm. 
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4.5 Microchannel reactor 

For the work with catalytic systems based on M/PSi, design of a gas/liquid phase 

microchannel reactor was performed. A scheme of a reactor of this kind has been 

produced on the base of a silicon wafer with d = 62.7 mm (Figure 22A). Silicon 

wafers with crystal orientation in (110) plane were etched with KOH solutions, 
according to the procedure described in [137] and references therein. An iron 

oxide (Fe2O3) or silicon nitride (Si4N3) mask according to the reactor sketch was 

prepared to obtain desired structures during the KOH etching, one of which is 

presented in Figure 22. By zooming in a one of those 8 arrays of channels one 

can see its structure and the dimensions inside (Figure 22B). The etched reactor, 
made according to our design, was commercially obtained from St. Petersburg, 
Russia. 

The prepared reactor parts of Si were cut into several pieces by a diamond saw to 

obtain single arrays of channels in one piece for training purposes. Later, when the 

tests were finished, the reactor was cut into shape, having all 8 arrays of channels. 
After that, they were stain etched in different conditions in order to porosify the 

channel walls and bottom. Various conditions for etching in gaseous phase, in 

saturated vapours, were tested and some of them are described as follows: 1. HF 

(49 %) /HNO3 - mix (1 : 1 ratio, V = 5 ml) for 3 hours, 2. HF (49 %) / HNO3 

- mix (1 : 1 ratio, same volume) with addition of 4 µm sized Si powder (m = 3 

mg) for 3 hours, 3. HF and HNO3 (1 : 1, V = 5 ml each) for 10 hours in different 
flasks, 4. HF (49 %) / HNO3 - mix (20 : 1 ratio, V = 10 ml) for different selected 

periods of time (3 - 25 hours). Si reactor or its parts were mounted on or glued to 

the bottom side of an electrically pre-heated aluminium bar. This bar was fully 

covering a Teflon container with the correspondent plastic beakers inside, so that 
it was isolated from the ambient to achieve gas vapour saturation, as it is shown 

in Figure 23. After the etching, the reactor parts were dried and analysed by 

SEM. 

When the desired structure was obtained, the channels were treated with either 
HAuCl4, PtCl4 or PdCl2 solutions, having different concentrations 5 - 20 mM and 

different metal loading 0.1 - 5 % wt. for 20 mins at room temperature and heated 

to evaporate the respective solvent. After that the reactors are ready to be sealed 

by glass via e.g. anodic bonding [138]. 
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Figure 22: Drawing of a Si based microchannel reactor. (A) Overview of the Si 
wafer, containing 8 channel arrays. All dimensions are in mm. (B) One magnified 
reactor channel. All dimensions are in µm. 

Figure 23: Scheme of Si-microrchannel eactor etching in HF/HNO3 vapours. 
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5 Results and Discussion 

5.1 Preparation and characterisation of nanostructured Si 

In this chapter Si nanostructures will be prepared by different methods. They 

will be compared and analysed by several techniques in order to understand their 
morphology, surface chemistry and photoluminescence characteristics. 

5.1.1 Stain etched Si wafers 

Bulk Si can be chemically etched using the stain etching technique [113, 114] with 

different etchants (e.g. HF and HNO3) under various conditions. Two examples 

for stain etched bulk Si wafers are demonstrated in Figure 24, which underlines 

an important fact: independently on the type and doping level of the wafer, using 

this procedure, one cannot obtain porous silicon layers thicker than 2 - 3 µm. The 

layer thickness is limited by continuous dissolution of upper PSi layer. Hence, PSi 
is mainly prepared from bulk Si wafers electrochemically, as described in Section 

3.3.1. 

Figure 24: Transmission Electron Microscopy (TEM) images of cleaved edge of 
bulk silicon wafers after stain etching. (A) n-type silicon wafer. (B) p-type silicon 
wafer. The light grey areas correspond to the PSi layers [139]. 
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5.1.2 Stain etched Si powder 

To realise cheap and scalable production of PSi, meaning that the material can be 

produced in large amounts, we selected the cheapest available starting material. 
This is the milled, metallurgical quality powder, comprised of polycrystalline 

silicon grains (see Figure 25). This powder contains various residual impurities 

(as mentioned before in literature review). The aluminium impurity plays an 

important role for the etching of Si, as it provides positive charge carriers in Si, 
required for the etching (see etching mechanism, Section 3.3.2). A simple wet 
chemistry procedure, stain etching process, has been chosen to obtain PSi. The 

mean size of utilised bulk Si grains was 4 µm. After the etching, no significant 
variation of mean grain size was observed (see Figure 25A). Thus, stain etching of 
micrometre-large Si powders results mainly in porosification of the Si grains. 

The stain etching procedure was finished, when the initially grey coloured powder 
turned to brown-yellowish and a red-orange or even greenish light emission appea
red under ultraviolet light illumination. This change of the powder colour during 

the stain etching indicates the size reduction of Si particles, assembling porosified 

Si grains, to the nanometre range. The photoluminescence of the as-prepared 

PSi powder was shown to be due to the quantum confinement effects, since the 

reduction of NPs size below the exciton Bohr radius is accompanied by widening 

of their band-gaps [72, 100]. This allows us to conclude, that nanometre-sized Si 
particles are formed [36]. The PSi powder has H-terminated surface so that it is 

hydrophobic. Therefore, during the etching procedure it floats as foam on the 

HF/H2O surface. Images in Figure 25B and 25C present the porous structure of 
a single, stain etched bulk Si grain and show that PSi is actually a nanosponge 

of undulating and interconnected Si nanocrystals. As it can be seen from Figure 

25D, the Si nanosponge retains the crystalline diamond-like structure of bulk Si 
with the lattice fringes of the (111) planes. 

Since the reduction potential of the PSi powder depends on its surface composition, 
Fourier Transformed Infrared (FTIR) spectra of as-prepared stain etched Si powder 
(1 week old) were taken (Figure 26). These measurements demonstrate that the 

as-prepared PSi samples have an H-terminated surface, the importance of which 

will be highlighted in future discussions. Hydrogen termination of silicon has three 

different surface compositions, Si-H, Si-H2 and Si-H3 (Figure 26), whereas Si-H 

and Si-H2 bonds dominate. 
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Figure 25: (A) SEM image of porosified silicon powder. (B) High Resolution 
Transmission Electron Microscopy (HR-TEM) image of stain etched silicon single 
grain. (C) Enlarged image of (B) showing a network of Si nanowires. (D) Magnified 
image of (C) where PSi, is shown to retain the crystalline structure of bulk Si 
lattice, seen as fringes of (111) plane. 
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Figure 26: Transmission of infrared light in an as-prepared PSi sample made by 
stain etching. FTIR spectrum shows an almost complete hydrogen termination. 
All surface bonds are indicated by arrows. 

The stain etched Si powder oxidises slowly in air [72, 140], and the surface oxide 

formation can be revealed by FTIR measurements (Figure 26). A feature related to 

the Si-O-Si asymmetric stretching mode (1072 cm−1), caused by surface oxidation 

of PSi powder in air, can be clearly seen in the spectrum. Its magnitude is 

larger than the Si-Hx-related absorption features due to the much higher oscillator 
strength of Si-O bonds. Other examples of the slow oxidation process are features, 
like O2-Si-H2 or H-SiO3, whose bond strength is above the 2200 cm−1 area of the 

spectrum in Figure 26 are attributed to the so-called back-bonded oxygen. Table 

6 shows the previously assigned FTIR bands of PSi in comparison to our data for 
stain etched Si powder. 
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Table 6: Assignment of IR absorption peaks for porous silicon powder. Absorption 
peak positions, measured for PSi powders, are compared to the data known from 
the literature [82, 103] for PSi prepared from Si wafers. 

Peak measured / cm−1 Peak lit. [103] / cm−1 Bonds involved

625 628 Si-H bending

662 667 Si-H2 wagging

909 916 Si-H2 scissors bending

1072 1050 Si-O-Si antisymmetric stretching 
2084 2087 Si-H stretching 
2105 2108 Si-H2 stretching 
2145 2142 Si-H3 stretching 
2198 2200 Si-H stretching of O2-Si-H2 

2252 2256 Si-H stretching of H-SiO3 

The oxidation level of this PSi powder is very low at room temperature, but can 

be increased by heating in air/oxygen atmosphere. Freshly prepared PSi powder 
was heated for 10 minutes at 200 ◦C and 400 ◦C, respectively. 

Figure 27: Detailed FTIR absorption spectra of PSi powder in the range of 500 to 
1350 cm−1. Red: as-prepared (1 week old) PSi powder kept at ambient conditions. 
Green: PSi powder kept for 10 minutes at 200 ◦C in air. Violet: PSi powder kept 
at 400 ◦C for 10 minutes. Assignment of IR peaks from [82, 103]. 

Oxidation of the PSi surface at high temperature in air (400 ◦C) is shown in 

the FTIR spectra (Figure 27). A selected fragment of the spectrum of the PSi 
sample in Figure 26 is represented by the red curve in Figure 27 and shows a 

55




hydrogen-rich PSi surface. After heating of the PSi powder up to 200 ◦C Si-O 

vibrations can be identified on the surface. This feature corresponds to a minor 
oxidation, as the Si-O oscillator strength is much stronger than Si-H oscillator 
strength (Figure 27, green curve). When the treatment temperature of PSi powder 
is increased to 400◦C, full hydrogen desorption takes place. Clear evidence for the 

absence of surface bound hydrogen and a progressive oxidation of the PSi surface 

comes from the presented FTIR data (Figure 27, violet curve). 

5.1.3 Electrochemically prepared PSi 

PSi layers, electrochemically etched from Si wafers, were produced, as they can 

easily be applied in optical experiments. One of their advantages is the homoge
neous structure of porous layers with tunable pore sizes and depth. Furthermore, 
PSi layers of very similar porous structures to PSi powders can be achieved. Due 

to very strong light scattering by PSi powder in the visible range, we were unable 

to use this material in optical plasmon resonance experiments to monitor metal 
NP formation in-situ. Therefore, PSi layers were chosen as a substitute. Their 
parameters can be adjusted to achieve the desired material properties, namely 

by a proper choice of the etching current, doping level of the etched wafer, HF 

concentration and etching temperature [82, 60]. PSi layers on bulk Si substrates, 
as well as free-standing (detached from the Si substrate) layers, have been prepared 

via electrochemical etching of boron doped (100) Si substrates with an average 

resistivity of 2 - 5 Ω cm (p− Si) or 20 - 30 mΩ cm (p+ Si, Figure 28). Boron doped · ·
Si substrates are also known as “p - doped”, which stands for a supplement of 
positive (p) charge carriers (holes) into bulk Si, in contrary to phosphorus doping, 
called “n - doping”, which results in an addition of negative (n) charge carriers 

(electrons), respectively. 

As shown in Figure 28A, SEM technique cannot resolve the porous structure 

of an electrochemically etched p+ doped Si wafer. Since the pores are in a 

nanometre range (10 - 20 nm, Figure 28B) and are spread homogeneously over 
the PSi structure, only a TEM technique can reveal the real morphology of 
the layers. As one can adjust the morphology of PSi free-standing layers by 

choosing the etching conditions (etching current: 30 - 50 mA cm−2, 20 ◦C, HF : ·
ethanol 1 : 1 mixture) and p− wafer doping, they can be produced with pore sizes 

similar to those of the stain etched PSi powder. The surface termination and the 

overall morphology of electrochemically etched and stain etched PSi and their PL 
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Figure 28: (A) SEM image of an electrochemically etched p+ doped (20 - 30 
mΩ cm) wafer. (B) TEM image of the same sample. ·

properties are almost identical [141]. Therefore, electrochemically etched PSi (p− 

and p+ doped substrates) layers were used for plasmon resonance experiments to 

monitor metal nanoparticle formation. The porosity of the samples was obtained 

using gravimetric measurements (determining the porosity by obtaining the weight 
and volume of PSi layers and knowing the density of Si), showing an average 

porosity of ~ 70 % for p− type and ~ 65 % for p+ type layers. 

I would like to mention that one of the disadvantages of the electrochemical 
etching procedure is that the mono-crystalline Si wafers are expensive (each costs 

about 20 to 30 Pounds). Another disadvantage is the long duration of etching: in 

order to obtain thick porous layers, and thus, the maximal amount of PSi from 

a single Si wafer, one needs to etch a wafer for a very long time (up to 5 hours) 
with periodic “etching-pauses”. The reason for the “etching-pauses” is to allow 

hydrogen release from the porous network of PSi, as hydrogen is evolved during 

the etching procedure. Furthermore, to maximise the PSi output, which is not a 

trivial procedure, one requires the know-how to perform these pauses during the 

etching. Hence, the PSi production from bulk Si wafers in big batches, e.g. for 
industrial applications, is complicated and expensive. 

5.1.4 A new system - Si nanospheres 

The Si nanospheres were produced from silane (SiH4) using a microwave-supported 

plasma reactor [115]. In comparison to the etching of bulk Si material resulting in 

a nano-sized crystalline matrix (“top-down” method) this approach is completely 

different. This method of production of nano-sized material is based on assembly 
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of Si atoms into a crystalline structure. This method is commonly called “bottom
up” synthesis. The gas-phase synthesis, carried out by the group headed by Dr. H. 
Wiggers (University of Duisburg, Germany), results in formation of Si particles in 

a size range of 15 - 50 nm with a broad size distribution [116]. The BET analysis 

of differently prepared samples reveals that the surface area of this material 
varies between 80 and 170 m2 g−1. This implies the size tunability of this system, ·
as it can be controlled by the variation of preparation parameters (e.g. silane 

concentration). Freshly prepared NPs are rapidly oxidised in air and a monolayer 
of back-bonded oxygen is formed. Interestingly, the PL of synthesised nanosilicon 

spheres is absent in the visible range compared to stain or electrochemically etched 

samples, as the Si particles are too large and their surfaces are not intentionally 

passivated. The quantum confinement effects are responsible for an efficient PL of 
PSi, but there are also effects of surface termination involved, such as passivation 

of dangling bonds, lattice mismatches or breaking of Si-Si double-bonds at the 

surface [36, 60, 72]. The PL properties of PSi are crucially dependent on the 

passivation of the dangling bonds: the non-radiative decay centres, by hydrogen 

or oxygen. Thus, the PL from the freshly prepared, unetched Si nanospheres is 

very weak due to their size and efficient non-radiative recombination processes 

[82, 142]. 

For further reduction of NP size and to assure an H-terminated surface of Si 
nanocrystals, the stain etching of nanosilicon powder was performed. There are 

two major effects of the stain etching procedure. Firstly, the size of Si particles 

can be reduced to 5 nm or even smaller. As the starting material has a certain size 

distribution, the resulting stain etched Si nanospheres are ranged between 2 - 10 nm 

[142]. Secondly, the concentration of non-radiative centres is statistically reduced 

due to the reduction of nanocrystal area and H-termination of the dangling bonds. 

The produced material was characterised by TEM measurements, which prove 

the spherical shape of the obtained stain etched Si NPs and their crystalline 

structure (Figure 29A). It reveals also their separation from each other and their 
size distribution. 

The sample of an as-prepared Si powder in Figure 29A contains predominantly 

spherically-shaped Si nanocrystals having a mean diameter of 25 nm. After the 

stain etching step, the the size of the Si nanospheres is within the range of a 

few nanometres (2 - 10 nm, Figure 29B). However, some of them are not etched 

or slightly etched, large (10 - 20 nm) Si nanocrystal spheres (Figure 29B). The 
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Figure 29: TEM images of Si nanospheres. (A) Freshly prepared Si nanospheres 
from silane precursor. (B) Si nanospheres after stain etching procedure. (C) Single 
Si nanosphere, demonstrating its crystalline structure. 

observed large particles could remain as a result of crystalline lattice mismatches, 
which cause stress and therefore, can be etched with a significantly slower etching 

rate [82]. 

The regular crystalline structure of nanosilicon powder is also observed for the 

etched Si nanospheres, showing that they retain the crystalline diamond structure 

of bulk Si (Figure 29C). Performed FTIR measurements demonstrate hydrogen 

termination of surfaces of Si nanospheres (not shown). 

5.1.5 Preparation of Si-based microchannel reactors 

Microchannel reactors, being a form of microreactors, are today fully acknowledged 

as a new branch of chemical reactor technology and chemistry [143, 144] and the 

application of micro-structured chemical reactors has been widely investigated 

for a variety of reactions [145]. Just to name a few advantages and benefits of 
microreactors being achieved by reduced characteristic lengths, where a chemical 
reaction happens, which leads to better performance in terms of effective heat 
management, fast mixing, better mass transfer and narrow residence time, in 

comparison with conventional batch or semi-batch reactors. 

We discussed stain etching of Si nanostructures, produced from Si powders. This 

procedure allows us also to shape microchannel reactors, based on a single Si wafer. 
Si wafer - based microstructures can be manufactured in a relatively simple way. 
Firstly, it includes making a Si nitride (Si3N4) mask, by using photo-lithography, 
which allows the creation of a pattern on the surface of a Si (110) wafer by KOH 

etching [146, 147]. To create channels, vertical to the wafer surface by KOH 
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etching, one needs to select (110) Si wafers and cannot utilise (100) ones due to 

the anisotropic nature of etching. Then, secondly, a stain etching step is applied 

to porosify the designed channels. This “2 step-technique” results in a complex Si 
microstructure, having desired configuration, which otherwise cannot be produced 

mechanically. Those PSi structures can be treated now by noble metal salts so 

that the metal NPs can be embedded to catalyse different chemical reactions in 

gaseous, liquid or mixed phases. 

Based on the drawings in Figure 22, Si structures (straight channels) with 75, 
50 or 30 µm thick walls and 25, 50 or 75 µm wide channels, respectively, were 

prepared by standard KOH etching technique (Figure 30A and 30B). A number 
of channels are assembled into a large flow section (d = 3.75 mm). There is space 

for 8 arrays of channels on one Si wafer of 67 mm diameter (see Figure 22). 
These structures were then cut into desired microchannel reactor shape and stain 

etched in HF/HNO3 vapour, as the direct exposure to an etching solution is far 
too vigorous and less controllable. The problem of liquid phase etching is the 

formation of hydrogen bubbles on the Si surface, which makes the wet etching 

inhomogeneous. Therefore, PSi samples were etched in saturated vapour of mixed 

aqueous hydrofluoric acid and nitric acid solutions having different ratios 1:1, 10:1, 
20:1, 40:1 (to obtain homogeneous etching and avoid (NH4)2SiF6 formation [148]). 
The stain etching of Si depends here again on the exposure time and the ratio of 
etching components in gaseous phase. A very mild and homogeneous etching of 
channels was observed, when, however, HF and HNO3 solutions were in separate 

beakers (Figure 30C and 30D). The image presented in Figure 30C shows the top 

view of the channels and walls, which are covered by the residues of Si3N4 mask. 

The etching rate can also be controlled via addition of PSi powder to the etching 

solution. This is found to be more reactive due to created oxidising agents (like 

NO radicals), while the added powder is dissolved in the mixture. This process is 

exothermic, and the rise in temperature increases the concentration of reactants 

in the closed volume. Thus, the oxidation reaction and hence the etching itself 
starts earlier because of the increased NOx vapour pressure and increased etching 

rate. 

The etching procedure allows the formation of porous layers of limited thickness 

independent of the chosen reaction parameters. This is due to the fact that as the 

porous layer is itself being etched further and microchannel reactor walls can be 

dissolved completely if the reaction is prolonged (see Figure 30E and 30F and for 
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details of the mechanism of stain etching procedure in Section 3.3.2). By selecting 

the stain etching parameters, the etching time and relative concentration, one can 

further control the width of the walls and channels as well as the thickness of PSi 
layer. Hence, Si structures prepared by KOH etching can be further varied in size 

by stain etching, dependent on, for example desired flow of gaseous reactants in 

catalytic reactions. 

Figure 31 demonstrates Si templates, etched for a longer time (up to 25 hours, 
compared to an etching procedure for only 3 hours in Figure 30) and at a lower 
etching rate. The shrinking of walls and widening of the channels, respectively, 
is shown. The SEM images revealed a typical depth of stain etched PSi layers 

of ~2 - 3 µm (Fig 31D and 31F). In Figure 31A - 31D one can see parts of the 

stain etched Si microchannel reactor after 13 hours etching in vapour. In Figure 

31B the porous Si layer can be already distinguished, but it is attached to the Si 
wall of the channel. During the analysis in SEM vacuum is applied. After several 
minutes, probably due to extraction of all the etching residues, these PSi layers 

become loose and detach from the wall (Figure 31C). Interestingly, they are highly 

mechanically stable, as they do not disintegrate, but instead, break away from 

the walls as a whole unit. After 25 hours of etching the remaining microchannel 
reactor walls are very thin (Figure 31E), but as mentioned, the porous layer is 

still very similar to the one presented in Figure 31D (see Figure 31F). 

By variation of etching conditions, etching time, temperature and the etching rate, 
one can obtain channels of different thickness with a maximum homogeneous PSi 
layer of approx. 3 µm. 
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Figure 30: SEM images of microchannels in (110) silicon wafer. (A) Top view 
of KOH etched Si microchannel structure, masked with silicon nitride on the 
top of silicon walls (channel width: 75 µm, wall width: 30 µm). (B) Cleaved 
edge view of the channels of starting KOH etched Si wafer. (C) Top view of a Si 
channel structure (initial channel/wall width: 50 µm), stain etched by a separated 
HF(aq) and HNO3 solutions in gaseous phase for 3 hours. (D) Cleaved edge view 
of the channels of etched Si wafer presented in image (C). (E) Top view of a Si 
channel structure (initial channel/wall width: 50 µm), stain etched by a mixture 
of HF/HNO3 (20 : 1) from gaseous phase for 3 hours. Si powder was added to 
the etching solution prior to the etching. (F) Cleaved edge view of the channels 
shown in image (E). 
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Figure 31: SEM images of stain etched microchannels. Channels in (110) Si wafer 
etched in vapour 20:1 HF(aq)/HNO3 mix (initial channel width: 50 µm, wall: 50 
µm) measured after different etching times. (A) Cleaved edge view on the channels 
of stain etched Si channel structure after 13 hours of etching. The Si3N4 mask 
and its residues can be clearly seen on the top of the walls. (B) Different part of 
the wafer of the same sample presented in (A), broken by cleavage. (C) Sample 
shown in image (A) after prolonged evacuation. (D) Width of a porous layer in 
sample presented in image (A), when still attached to the wall. (E) Cleaved edge 
view on the channels of stain etched Si channel structure after 25 hours of etching. 
(F) Width of a porous layer of sample presented in (E), when still attached to the 
wall. 
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5.1.6 Desorption of H2 and other species from PSi 

As mentioned, PSi prepared electrochemically or via stain etching has a hydrogen 

terminated surface [82, 73]. One of the aims of this work was to reduce noble 

metal salts to metal NPs inside the PSi matrix. For a full reduction of even tiny 

amounts of noble metal salts, like PtCl4, HAuCl4, PdCl2 and others, in the PSi 
matrix, it is important to assure a sufficient quantity of hydrogen on the PSi 
surface, as no additional reduction agents are added during the reaction. 

Therefore, physisorbed and chemisorbed compounds of as - prepared and aged 

PSi powders were qualitatively analysed in a mass spectrometer connected to a 

vacuum system. Evacuated PSi samples were continuously heated (10 K / min) 
up to 850 ◦C in a tubular oven. This procedure was controlled by a thermocouple 

connected to a computer. 

Figure 32: Relative intensity of desorbed species from as-prepared PSi versus 
temperature. Indicated molecules and radicals were monitored at respective 
masses by a mass spectrometer. 

Figure 32 shows a temperature dependent desorption (effusion) diagram of a several 
weeks old PSi sample (further denoted as S1). This sample is hydrogenated, as 

the blue curve indicates (Figure 32, H2), presenting two characteristic peaks 

related to hydrogen. The first peak at 568 ◦C corresponds to hydrogen from 

Si-H2 groups and the second peak at 698 ◦C represents hydrogen desorbed from 

Si-H bonds. In literature, lower temperatures, 300 - 400 ◦C for these hydrogen 
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peaks were reported [149, 150], having a similar shape as presented in Figure 

32. The measured temperature and shape of the peaks depend on the position 

of the thermocouple and the heating rate, respectively. We could not scale the 

temperature-axis of our graph, even knowing the position of hydrogen desorption, 
as it is hard to correlate the real temperature of the sample to the measured 

temperature. This measurement also shows the fluoride containing compounds, 
like HF, SiF2 and SiF3, which remain in the PSi matrix after the etching procedure 

(see Figure 32). The presence of the compounds could be very problematic for 
potential further applications e.g. in catalysis (poisoning) or for biomedical assays 

(cell death). Hence, further washing steps were employed to remove these etching 

residues from the porous network. 

In order to analyse the composition of surface hydrogen of PSi samples following 

experiments were performed. S1 was “refreshed” [151] in HF / alcohol solution for a 

short time (further denoted as S1ref) and a desorption spectrum, tracing the same 

mass ensemble of analysed species, was taken. The ratio of Si-H surface bonds 

to Si-H2 can be compared for both samples (Figure 33). The lower temperature 

peak corresponding to hydrogen atoms desorbed from Si-H2 also contains a part 
of hydrogen atoms leaving from Si-H3 groups (not identified here). In turn, a 

major part of the second, higher temperature peak (Si-H) contains hydrogen from 

already “half-effused” Si-H2 groups. Thus, the ratio between Si-H2 and Si-H can 

be expressed by a simple integration of the area under each peak (e.g. Gaussian 

fit): 

p2 − p1 (5.1) 
p1 

where 
p1 = area under the Si − H2 peak 

p2 = area under the Si − H peak 

For PSi sample S1 the ratio of Si-H : Si-H2 surface bonds is 1 : 2 (blue curve, 
Figure 33), whereas for the PSi sample S1ref this calculated ratio is 1 : 2.5. Hence, 
we observe the following effect: after a refreshment step the amount of the surface 

Si-H2 species increases. Therefore, we can conclude that these centres tend to 
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Figure 33: Hydrogen desorption spectrum of PSi samples S1 and S1ref. Tempera
ture has to be disregarded due to uncertainty in the measurements. 

dominate the surface of both freshly made (as - prepared) and HF “refreshed” 
chemically etched PSi powders. To confirm this effect, FTIR measurements of 
as-prepared (see Figure 26), effused and “refreshed” PSi samples were performed 

(Figure 34). 

Figure 34: FTIR transmission spectrum of as-prepared PSi powder. (A) Mag
nification of the 600 cm−1 area for selected samples. (B) Magnification of the 
2100 cm−1 area for selected samples. The type of selected PSi samples is indicated. 
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The insets A and B in Figure 34 show the presence of the surface Si-Hx groups 

in three different samples: (1) the as-prepared PSi powder, (2) the PSi powder 
after hydrogen desorption (effusion) and (3) the PSi sample immersed in the HF-
containing solution following hydrogen effusion (identified as ‘‘refreshed” in Figure 

34). The second sample lacks Si-Hx groups; the absence of the corresponding bands 

is evident in the insets A and B in Figure 34. However, an annealed sample partially 

regains hydrogen passivation after immersion in the HF-containing solution with 

prevailing Si-H2 bonds in comparison to as-prepared PSi sample [152]. 

In order to estimate quantitatively the hydrogen content on the surface of PSi, 
desorption experiments in an isolated vessel with known volume were performed 

(see Figure 18). Prior to the experiments, PSi powder was pre-heated to get rid 

of the etching residues. Then, small quantities of PSi powder were rapidly heated 

up (800 ◦C) and the change of the partial pressure was measured to calculate 

the diffused hydrogen volume, using the ideal gas equation. The results of these 

experiments show that nearly all Si atoms on the surface in a PSi matrix are 

hydrogenated. The amount of hydrogen on the PSi surface is ~ 5 10−3 mol g−1.· ·
This means that there is enough hydrogen on the extended surface of PSi to 

reduce a high amount of noble metal salts to form nanoparticles. 

5.1.7 Photoluminescence characteristics 

Previous studies on the origin of the PL of Si nanocrystals have demonstrated that 
the light emission of PSi arises from photogenerated excitons, affected by quantum 

confinement effects. The energy of electron-hole pairs should therefore correlate 

with the size of silicon nanocrystals [36, 73, 82]. In order to confirm that the size 

of Si fragments is reduced due to stain etching procedure to nanometre range, PL 

from different samples of PSi powders was measured at room temperature (one 

example is presented in Figure 35). 

Only one type of Si powder (4 µm mean particle size) was stain etched. At 
different etching times three samples were removed from the main reaction batch. 
They were all washed immediately after removal to prevent further etching by 

remaining HF/HNO3 solution. These samples have different exposure time to the 

etching solution and, hence, different size distributions of Si crystallites, indicated 

by blue shifted maxima of their PL spectra (red and blue curves, Figure 35). In 

experiments with a longer etching time the amount of added HNO3 to the etching 
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Figure 35: PL spectra of three different PSi powders at 300 K in vacuum (Eex. = 
2.54 eV). Etching time is indicated. 

solution (HF : H2O) is increased. The etching procedure continues until the nitric 

acid is consumed and all surface Si-O bonds are removed by the HF. This assures 

the H-termination of the surface. The sample represented by the blue curve was 

etched for 2.30 hours, black for 2.45 hours and red for 3.20 hours, respectively, at 
continuous drop-wise addition of nitric acid. The Si nanocrystal sizes, estimated 

from energies of the PL maxima, are between 3 and 10 nm [36]. This value is in 

good agreement with HR-TEM images (Figure 10A) and with at a later point 
discussed BJH data, calculated from nitrogen adsorption isotherm. 

At lower temperatures the PL efficiency of PSi increases. This is due to the 

longer exciton lifetime, as the movement of electron-hole pairs (excitons) at lower 
temperatures (4 - 200 K, data not shown) is restricted. These excitons cannot 
reach non-radiative centres of neighbouring silicon nanocrystals (e.g. defects, 
dangling bonds) to recombine non-radiatively, so that their lifetime is controlled 

to a larger extent by the radiative decay time. This results generally in a higher 
PL quantum yield. 

In order to compare Si nanostructured systems, prepared either by top-down 

or bottom-up methods, the PL characteristics of Si nanospheres were measured. 
These samples demonstrated typical red-orange PL, indicating small particle sizes 

and a high level of their H-termination (Figure 36). 
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Figure 36: PL intensity of a Si nanosphere sample at indicated temperatures 
(Eex. = 2.54 eV, Iex. = 1 W cm−2).·

Si nanospheres are different to PSi not only in their morphology (see Figure 

29), but also in their PL properties. As Figure 36 shows, the PL intensity of Si 
nanospheres varies by a factor of 1.5 in the indicated temperature range (270 - 90 

K). However, in interconnected Si nanocrystal systems the charge carrier transport 
results in a strong temperature dependence: 4 - 10 -fold PL increase for PSi from 

300 - 80 K [60]. Due to thermally activated transport, the charge carriers are 

no longer strictly confined in the crystallites, where they were generated and, 
therefore, can reach non-radiative centres of neighbouring nanocrystals [153]. This 

comparison leads to the conclusion that in Si nanospheres the probability of charge 

carrier transport between the nanocrystallites is much smaller, than in PSi. 

In the recombination statistics of bulk semiconductors, it is assumed that each 

created exciton can recombine non-radiatively at each non-radiative centre. Here, 
the measured PL decay time τ meas is defined by the relative rates of radiative 1/τr 

and non-radiative 1/τnr transitions: 

1/τmeas = 1/τr + 1/τnr (5.2) 

where τr is the radiative lifetime of excitons and τnr is the non-radiative lifetime 

of excitons. 
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The non-radiative lifetime τnr is inversely proportional to the number of non-
radiative centres (Nnr) and both times can be affected by temperature. The same 

is true for the value of the PL quantum yield η: 

η = τnr/(τr +τnr ) (5.3) 

Therefore, in bulk semiconductors or interconnected Si systems a correlation 

between the values of η and τmeas is usually observed. 

In order to confirm the finding, that the charge carrier transport in Si nanospheres 

is different to the known interconnected Si systems, lifetime measurements were 

performed at various temperatures (Figure 37). 

Figure 37: Exciton lifetime of stain etched Si nanospheres versus temperature. 
The temperature was varied from room temperature down to 90 K (Eex. = 3.67 eV, 
Edet. = 1.7 eV). 

The measured PL-lifetime of photo-excited excitons confined in Si nanospheres, 
between 273 K and 140 K differs by a factor of 1.8 (see Figure 37). In an 

interconnected system of PSi one expects a stronger rise in the exciton lifetime 

(PL-lifetime) as reported by Kovalev et al. [60], where a 10-fold increase of the 

PL-lifetime for PSi, in the respective temperature range, is demonstrated. 

For freestanding Si nanospheres, as it can be seen from Figure 36, the variation 

of temperature from 270 K to 90 K results only in a 1.5-fold increase of the PL 

intensity. Since for this system a six-fold increase of the PL lifetime is observed 
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for the same temperature range (see Figure 37), there is no direct correlation 

between PL quantum yield and PL lifetime. Hence, the bulk exciton recombination 

statistics is not valid for Si nanospheres. 

The stain etched Si nanospheres have, even at room temperature, a negligible 

amount of charge carriers, tunnelling between the nanospheres, due to a relatively 

high potential barrier present. Thus, the charge carriers cannot travel from 

one Si sphere to another, e.g. one which contains non-radiative centres. These 

experiments show as well that the Si nanospheres are well separated from each 

other. Therefore, the measured PL-lifetime represents only the radiative part in 

Si nanospheres. The Si nanospheres either always luminesce albeit a neighbouring 

Nnr-centre or never, if they have a Nnr-centre themselves. 

There is another method to demonstrate that η and τmeas do not correlate for Si 
nanospheres. To reach hydrogen desorption from the surface for our system it 
is well known that one has to apply elevated temperatures (300 - 400 ◦C), which 

leads to high Nnr numbers (e.g. Pb-centre value i.e. number of Si dangling bonds) 
[154]. 

Figure 38: Spectral dependence of PL lifetime of H-terminated Si nanospheres 
(black circles) and of Si nanospheres after hydrogen desorption (red circles) mea
sured at T=300 K. 

The desorption of surface hydrogen has been performed at 400 ◦C in air. Contrary 

to PSi, where, due to thermal energy induced transport of charge carriers, the 

lifetime of excitons depends strongly on the amount of Nnrs [153], we cannot expect 
a correlation between the PL-lifetime and the amount of Pb-centres for isolated 

71




Si nanospheres. Figure 38 shows the spectral dependencies of the PL-lifetime of 
hydrogen passivated, as-prepared Si nanospheres, (black circles) and thermally 

annealed Si nanospheres (red circles) measured at room temperature. Indeed, 
while η is reduced by a factor of 100 (low PL-intensity) after the annealing, τmeas 

becomes even slightly longer, probably due to reduction of triplet-triplet exciton 

annihilation rate. From these experimental results one can conclude that for 
freestanding Si nanocrystals τmeas can be considered to a large extent as radiative 

time. To understand that we can again simply assume that our Si nanospheres 

consist of two different type of nanocrystals, the luminescent, having no Nnrs and 

the non-luminescent having at least one of them. 

Figure 39: Kinetics of the PL of Si nanospheres at different temperatures. From 
fastest kinetics to slowest: T=300 K, T=70 K, T=40 K, T=4 K (Eex. = 3.67 eV, 
pulse duration 1 ns, Edet. = 1.62 eV). 

It is a known fact from the literature that PL kinetics of PSi are strongly non-
mono-exponential [36]. This phenomenon is due to the morphological background 

of PSi. As we know, PSi is an interconnected system and migration of excitons 

towards non-radiative centres in neighbouring nanocrystals is possible. On the 

contrary, due to the random shape of Si nanocrystals, there is no direct correlation 

between exciton energy and its oscillator strength: excitons, which emit at the 

same energy can have different lifetimes. In the case of Si nanospheres these 

arguments are wrong. Indeed, as can be seen from Figure 39, the PL decay of Si 
nanospheres is almost mono-exponential for a wide range of temperatures. 
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5.1.8 Surface area measurements 

In order to estimate the value of hydrogenated surface area of different Si na
nostructures a surface area analysis was performed. After the initial work of 
Langmuir in 1916 [155] on the interaction between the gas phase and adsorbed 

monolayer of foreign atoms/molecules on solid surfaces, investigation of this topic 

raised interest within the scientific community. This method allowed one to mea
sure extended surface areas of solids having complex morphologies (for example, 
zeolites or activated carbon). An extension of that theory was introduced by 

Brunauer, Emmett and Teller in the 1930s as a multilayer adsorption mechanism 

on surfaces [133]. This, so-called BET model, which is still widely used today, 
served afterwards as the theoretical background for a method of characterisation 

of solid surface areas [156]. 

It is based on the BET-equation: 

p = 1 + 
c − 1 p (5.4) 

x(p0 − p) xmc xmc 
· 

p0 

where, x, xm: fraction of adsorbed atoms/molecules per gram of adsorbent, 
subscript m: denotes to the adsorption of one monolayer, p: equilibrium pressure 

of the adsorbate, p0: saturation pressure of the adsorbate, p/p0: relative pressure 

and c: material-specific constant, defined by physisorption efficiency. 

PSi powder samples, prepared by stain etching, were characterised via adsorption 

and desorption of nitrogen at 77 K (one example is given in Figure 40). From these 

data, the BET surface area of PSi could be derived using procedures described in 

[133, 156]. 

The isotherm in Figure 40 represents a characteristic shape typical for 2 to 50 

nm pore sized porous material, as so-called type IV isotherm [156]. A significant 
hysteresis loop indicates that the relative pressure p/p0 is always lower for the 

desorption, for any amount of gas absorbed, than for adsorption. The explanation 

for that phenomenon is most likely the capillary condensation, indicating different 
pressures in the pores involved during adsorption and desorption, respectively 

[156, 157]. We used the obtained isotherms as a base for calculation of the pore 

size distribution of several PSi samples via the BJH - method [134]. Figure 41 

demonstrates the results of the procedure described in reference [134]. These 

calculations indicate mean pore sizes of stain etched PSi samples below 10 nm in 
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Figure 40: Adsorption-desorption isotherm of a stain etched PSi sample (S1), 
measured at 77 K. Nitrogen was used as the adsorbate gas. 

diameter. It is very useful to know the pore size distribution of the respective PSi 
powder, as it is important for any further application, like catalysis, where the 

size of the formed metal NPs is limited by the pore diameter. 

Figure 41: Pore size distribution of four different PSi samples obtained by BJH 
method from the desorption isotherms. Mean pore sizes: orange curve 4.4 nm 
(148 m2 g−1), red curve 7 nm (S1, 160 m2 g−1) , green curve 4.9 nm (170 m2 g−1)· · ·
and blue 4.8 nm (211 m2 g−1).·
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To summarise this chapter: 

Si nanostructures, prepared either by stain or electrochemical etching were de
monstrated. They retain the crystalline structure of bulk Si, are interconnected 

and hydrogen terminated. After the etching procedure, PSi retains some residues 

which were characterised, such as SiFx or HF, and have to be washed out prior to 

further experiments. Desorption experiments show a high content of hydrogen on 

extended surfaces of PSi after preparation. BET surface area of the PSi powders 

varies in our case between 150 and 210 m2 g−1 with mean pore size distributions ·
of 4.4 - 7 nm. Si nanospheres, obtained from gas phase, using silane as a precursor, 
exhibit a different morphology and specific PL characteristics. Different etching 

techniques, for instance a combination of KOH and stain etching, allow the design 

of flow microchannel reactors based on single Si wafers. 
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5.2	 Formation and characterisation of metal nanoparticles 

in PSi 

In the previous section we characterised the morphology and properties of Si 
nanostructures and obtained all relevant information for the formation of noble 

metal nanoparticles in chemically active PSi supports, which will be studied in this 

chapter. Moreover, the characterisation of new synthesised M/PSi nanocomposites 

will be elucidated in detail in this chapter. 

5.2.1	 Metal deposition in PSi matrices 

After the production and characterisation of the porous materials of different 
types of PSi, the next experimental step was performed to reduce metal salts 

in a PSi matrix. Noble metal salts, like HAuCl4 and PtCl4 were used here as 

precursors for metal particle formation. These metal salts were selected because 

of the wide utilization of Au and Pt in catalysis (see introduction and literature 

review). Initial experiments were made on PSi powders, produced by stain etching. 
PSi was exposed to high concentration ethanol solutions of these noble metal salts 

at relatively high temperatures (60 ◦C). The weight percentage used, with respect 
to the amount of PSi, was about 20 % wt. (Figure 42). 

Figure 42: TEM images of noble metal NPs on PSi formed at 60 ◦C. (A) Au 
particles on PSi obtained from a concentrated HAuCl4 solution. (B) Pt particles 
on PSi formed after introduction to PtCl4 solution at high metal content. 

These experiments show that H-terminated PSi powder surfaces can also reduce 

noble metal salts to metals in nano dimensions (Figure 42). However, most of the 

particles are too large to fit the pores of PSi or are mostly reduced on the surface 

of PSi powder. This is due to the parameters involved in the formation of metal 
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NPs in PSi matrix. All these factors - temperature and metal salt concentration 

are crucial, as we will see in this chapter. Already here we need to think that for 
further development of this system towards applications, e.g. in catalysis, small 
amounts of noble metals are required. 

Hydrogen passivation of PSi surfaces is one of the most important factors for 
specific properties of PSi materials. To prove this assumption, PSi powder was 

heated in an oven to achieve desorption of surface hydrogen. To emphasise the 

importance of hydrogen termination of the PSi support for metal salt reduction, a 

comparison of H-terminated PSi templates and those lacking H-termination after 
thermal hydrogen desorption was performed. A short heating time was selected 

in order to produce one or two oxide monolayers during this hydrogen effusion. 
Then, a metal salt solution was introduced to the pre-treated PSi powder. The 

lack of hydrogen evolution and HCl formation indicates that reduction of the 

metal salt does not occur. When HAuCl4 was used as a precursor, no Au plasmon 

resonance response (as will be discussed in the following subsection) was detected 

when PSi layers were lacking the H-termination. 

We can conclude that an H-terminated PSi structure is not only an adsorption 

support with high surface area, but rather a reductive template for e.g. metal 
salt solutions. While for the H-terminated samples, efficient metal nanoparticle 

formation was observed, no reductive activity was detected for the samples lacking 

hydrogen. This evidences that the surface Si-Hx groups act as reductive agents 

in the metal nanoparticles formation in a hydrogen passivated PSi matrix. This 

is a crucial difference between PSi and the most non-reactive supports used in 

catalysis [152]. 

5.2.2	 In-situ observation of metal nanoparticle formation using plas
mon resonance technique 

5.2.2.1 Gold nanoparticles in PSi To monitor and control in-situ the 

dynamics of metal NPs formation we used plasmon resonance measurements. 
They were performed on PSi samples using variation of experimental parameters 

(concentration, temperature and metal loading). The plasma resonance frequency 

ω of metals results from oscillations of the electron gas and is usually dependent 
on the type of a metal, metal particle size and shape and the dielectric surrounding 

(see literature review, plasmonics). 
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Gold NPs have a distinct peak plasmon response in the region of 530 - 600 nm, 
dependent on the described parameters. We shall further investigate the plasmon 

response dependence on the metal concentration in PSi and PSiO2 matrices. The 

plasmon resonance shall be monitored via the extinction spectra, taken from light 
transmission response, using the setup described in the Experimental section. Free 

standing PSi layers (p+ doped substrates, layer thickness: 47 µm, porosity: ~ 63 

% ) were exposed to different concentrations of HAuCl4 in ethanol for 20 min. 
The plasmon response during the increase of the loading of Au (in weight percent: 
% wt.) with respect to PSi results in an increase in the extinction, which can be 

seen in Figure 43. 

Figure 43: Extinction spectra of PSi samples prepared with various loading of Au 
with respect to PSi. Used Au loading (in % wt.) for different samples is indicated 
(conditions: HAuCl4 20 mM, 20 ◦C). 

We can see that for increased Au loading, the plasmon resonance peak shifts 

towards longer wavelengths. The peak of the extinction spectra shifts from 600 

to 620 nm. There are two possibilities to explain this observation: whether the 

size or the shape of formed Au NPs changes with increase in Au loading. We 

believe that the spherical shape of metal NPs is being the most probable one, 
but a small elongation of particles in the pores is possible as well. This implies 

that, assuming the spherical shape of Au NPs, their size has to change. Evidence 

of the formed spherical Au NPs is provided by HR-TEM images, presented in 

Figure 49, where slightly different PSi layers are implemented as a matrix for the 

formation of Au NPs. The increase of extinction values shows the increase in 
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particle density and is due to the increased concentration of Au particles, further 
decreasing the intensity of the transmitted light. As Au concentration increases 

we also observe that the full width at half maximum (FWHM) of the extinction 

spectra increases slightly. Hence, the particles grow and their size distribution 

also becomes broader. 

In order to understand and verify how a different dielectric surrounding would 

affect the plasmon response of the formed Au NPs, further experiments were 

conducted. Au NPs were formed in free-standing PSi layers, however the samples 

were oxidised in air following the metal salt deposition. These were placed in an 

oven at 1100 ◦C for 2 hours to end up with Au/PSiO2 substrate. The obtained 

extinction spectra are shown in Figure 44. 

Figure 44: Extinction spectra of PSiO2 samples prepared with various loading of 
Au with respect to PSi. The loading (in % wt.) is indicated (conditions: HAuCl4 

20 mM, 20 ◦C). 

In comparison with Au NPs in PSi samples (Figure 43), the maxima of the 

extinction spectra in Figure 44 are blue shifted. This can be explained by the 

change of the refractive index from PSi (~ 1.9 - 2.2, depending on its porosity) 
to PSiO2 (~ 1.2). This effect is predicted by equation 3.11 (Section 3.4) and as 

one can expect it is due to the influence of the properties of the surrounding 

medium. This effect of varying the refractive index can be useful for exploring 

a plasmon resonance of given metal nanoparticles, which can be achieved by 

placing the sample for example in ethanol. Substitution of air by ethanol in the 
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pores will increase the effective refractive index of the matrix and red shift the 

plasmon response by ~ 25 nm, dependent on PSi sample porosity. Furthermore, 
we can observe in Figure 44 an anomalous plasmon resonance shift for the 4 % wt. 
sample compared to that of 3.7 % wt. sample. This shift in plasmon resonance 

is believed to be an effect of Au sintering at high temperatures. This effect on 

metals at high temperatures is well known from literature [13]. Sintering effects, 
driven by reduction of surface tension of Au particles, change their morphology. 
If we assume Au nanoparticles to be a spherical shape, sintering would melt and 

elongate particles on the surface, giving rise to the red shift in plasmon resonance, 
due to the change in their shape. 

Figure 45: Normalised extinction spectra of PSi layers containing Au and Ag NPs. 
Black spectrum: Ag NPs in a SiO2 matrix. Blue spectrum: Ag NPs in a Si matrix. 
Green spectrum: Au NPs in a SiO2 matrix and the red curve: Au NPs in a Si 
matrix. 

It was shown that depending on the surroundings of the metal particles, the 

plasmon resonance spectrum shifts. In this case, as shown in Figure 45 (black and 

blue curves), Ag plasmon resonance exhibits a red shift when the surroundings 

(dielectric function, see Section 3.4) change from porous silica (lower dielectric 

function) to porous silicon (higher dielectric function). The same shift is true for 
Au (Figure 45, green and red curves). Now, in the same surroundings we find that 
two different metals, like Au and Ag, have different plasmon frequency and, hence, 
different plasmon resonance response, compare black and green as blue and red 

curves in Figure 45. The full width at half maximum (FWHM) of the spectra can 

be assigned to size distribution of metal nanoparticles, as they change in size and 
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only slightly in shape, as mentioned in the earlier discussion. 

One can imagine that plasmon resonance is a fingerprint of Au NP formation. 
Since the extinction spectra of Au NPs in PSi depend on their concentration and 

sizes, optical measurements allow monitoring of the particle formation in real time. 
Free-standing PSi layers (p− doped substrates, layer thickness: 20 µm, porosity: 
~ 64 %) were exposed to two different concentrations of HAuCl4 (0.1 and 10 mM) 
in ethanol. Continuous formation of gold particles was traced in-situ via the 

measurement of extinction spectra (in transmission mode) of Au/PSi samples 

immersed in HAuCl4 solution at different times. 

Figure 46: In-situ plasmon resonance measurement of PSi layers in a 10 mM 
ethanol HAuCl4 solution. (A) Extinction spectra of formed Au particles at different 
exposure times of PSi layers to the solution. Starting time is the immersion of the 
PSi in Au salt solution. (B) Integrated area under the extinction spectra measured 
at different exposure times, indicated in (A). Saturation of the deposition rate of 
Au on PSi with time can be seen. Reaction temperature: 20 ◦C. 

In solutions with high HAuCl4 concentration (10 mM), Au NP formation is 

observed already after several seconds, as its plasma frequency can be detected 

(Figure 46A). The extinction spectra of the Au/PSi samples exhibit a spectral 
strong red-shift and a higher value of extinction at longer reaction times (Figure 

46A). The shift in the plasmon frequency ω of gold can be explained by the 

formation of larger/elongated NPs within the PSi matrix. The spectra broaden due 

to overlapping plasmon extinction features of particles of slightly different shapes 

and sizes as the amount of formed particles increases. At high Au concentration 

the measured change in the extinction values and in the area under respective 

extinction spectra decreases with the exposure time of PSi layers to the Au salt 
solutions (Figure 46B). A possible explanation for this observation could be that 
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no further Au ions can be reduced in the PSi matrix or the increasing Au particle 

size does not affect the extinction significantly. This results in a saturation of the 

extinction from gold NPs on PSi, which is reached after ~ 5 minutes, according to 

evaluation of the area under the extinction spectra (Figure 46B). 

At lower concentrations (0.1 mM), Au particles are formed more slowly in PSi 
templates. At this condition, the plasmon resonance of gold only slightly shifts 

to longer wavelengths with time, implying a smaller particle size and a more 

homogeneous metal particle formation (Figure 47A). The area under extinction 

spectra rises linearly with time during the first hour of the reaction, showing that 
a uniform formation of relatively small particles can be realised (Figure 47B), 
meaning that the amount of Au NPs increases. 

Figure 47: In-situ plasmon resonance measurements of PSi layers in a 0.1 mM 
ethanol HAuCl4 solution. (A) Extinction spectra of formed Au particles at different 
exposure times of PSi layers to the solution. Starting time is the immersion of 
the PSi in Au salt solution. (B) Integrated area under the respective extinction 
spectra measured at different exposure times. Reaction temperature: 20 ◦C. 

Only after two hours of the exposure of PSi matrix to HAuCl4 solution the 

extinction spectra show saturation of the PSi template with Au, implying larger 
particles in higher quantity (Figure 48). 

In order to obtain an idea about the size and shape of the formed Au NPs, HR-TEM 

images of the Au/PSi samples were taken. We took as an example the Au/PSi 
sample, of which plasmon resonance was observed in-situ and demonstrated in 

Figure 47A. A small piece was taken after 60 min of exposure of PSi layers to 

the 0.1 mM HAuCl4 solution for the HR-TEM analysis. These images show, that 
even after 60 min we obtain relatively small Au NPs of diameters < 20 nm. They 
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Figure 48: Red-shift of the wavelength of maximum extinction values of spectra 
shown in Figure 47A for Au particles, dependent on the exposure time of PSi 
layers to Au salt solution. 

as well suggest that at shorter exposure times (shorter reaction time) the formed 

particles are smaller and their growth can be controlled. 

Figure 49: TEM images of Au/PSi samples, being exposed for 60 min to HAuCl4 

solution in ethanol. (A) Overview of Au NPs in PSi. (B) Magnified view, showing 
relatively small, spherical Au NPs in the PSi matrix. 

From these experiments we can estimate that the time of Au NP formation is 

dependent on the concentration of the metal salts within the solution. The metal 
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NP size is, therefore, dependent on reaction time and the concentration of the 

metal salt solution. The exact size definition from plasmon resonance experiments 

is not possible due to the influence of several effects: fluctuations of dielectric 

surrounding, local increase in particle size and change of shape and particle 

concentration. However, it is a useful technique to monitor and control the metal 
particle formation in-situ and one can use analytical methods to estimate their 
size with the aid of mathematical algorithms and models. These calculations 

are currently performed by Dr. Susannah Heck from Imperial College London, 
working within the group of Dr. Stefan Maier, which allow to correlate the size of 
Au NPs in PSi and PSiO2 matrices with the plasmon resonance response. 

5.2.2.2 Bimetallic nanoparticle formation in PSi matrices It has al
ready been shown for some bimetallic materials that the plasmon resonance 

frequency is tunable by the ratio of metals used [158]. We investigated this effect 
on PSi for different metal couples, e.g. for Au and Ag, which have a tunable 

extinction in the range from 480 nm to 600 nm (Figure 45). 

Firstly, the alcoholic solutions of Ag and Au chlorides were mixed and then 

deposited onto PSi layers (p+ doped, layer thickness: 55 µm, porosity: ~ 63 %). 
Secondly, these samples were annealed (to form porous silica) and such extinction 

spectra as those shown in Figure 50 were obtained. The orange curve in Figure 

50 is expected to correspond to an Ag/Au alloy, as its plasmon resonance peaks 

between that of pure Ag or pure Au (green curve, Figure 50 and black curve 

Figure 45). The spectrum is broad, hence, the sample might have several different 
types of alloys if one could model the possible deconvolution. This might cause a 

broad size distribution within the pore size restriction. A broad shape distribution 

can be almost ruled out, as we expect an overall spherical nanoparticle formation 

(see HR-TEM in Figure 49). 

After experiments with Ag and Au, platinum and gold mixtures were further 
investigated aimed at their possibility of an alloy formation. PSi layers (p+ doped, 
layer thickness: 55 µm, porosity: ~ 63 %) were prepared using a PtCl4 and 

HAuCl4 salts dissolved in one ethanol solution. They were further oxidised to 

be transparent in the visible range and therefore, gave the ability to observe the 

plasmon resonance. In the earlier experiments (not shown) we have determined 

that three hours of annealing of these PSi layers at 1100 ◦C was insufficient for 
complete oxidation. Therefore, the procedure was changed and the duration of 
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Figure 50: Extinction spectra of gold/silver alloy nanoparticles (orange curve) 
and of gold nanoparticles (green curve) in meso-porous silica layers. Both spectra 
were normalised to unity independently. 

annealing was increased to four hours. For any further investigations 2 % wt. of 
total metal loading with respect to PSi was used at various molar ratios, if not 
stated differently. According to the literature, Pt has a typical plasmon response 

in air around 280 nm and Au around 520 nm [122, 159]. When selecting the metal 
ratios we kept in most cases the Au content higher than the Pt one in order to 

shift the expected plasmon resonance response to longer wavelengths. 

Figure 51 shows one of the first measurements of Au/Pt ethanol solution exposed 

to PSi and then annealed at 1100 ◦C for four hours. The first set of experiments 

performed in the range of 350 - 650 nm, using standard CCD for detection, showed 

to have little or no recognisable plasmon response. As Pt has its plasmon resonance 

in the UV, we would expect the plasmon resonance of an alloy most probably 

to lie in between pure Pt and pure Au NPs, so it might be further in the blue 

range than the detectable region of the CCD (350 nm). Thus, a technique using a 

photomultiplier, coupled with a monochromator and a lock-in amplifier was used 

to detect the plasmon resonance response up to a wavelength of 250 nm. The 

results, which do show a plasmon response at around 280 nm and 370 nm, are 

given in Figure 52. 

Figures 51 and 52 taken together represent the whole spectral range for Au/Pt in 

PSiO2 matrices. The peaks at ~280 nm and ~525 nm can be attributed to pure 

metals, Pt and Au, respectively. They could also correspond to coated particles, 
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Figure 51: Extinction spectra of Au/Pt bimetallic mix in porous silica prepared 
with 2 % wt. loading. Samples were annealed for four hours. Ratios of the content 
of Au and Pt in ethanol solutions are indicated. 

Figure 52: Plasmon response spectra of Au/Pt bimetallics in PSiO2 prepared with 
2 % wt. loading at indicated Au : Pt molar ratios. 
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core shell particles (Au with Pt coating and Pt with Au coating), where the shell 
dictates the position of the peak. The peak at ~370 nm could be then attributed 

to an Au/Pt alloy or large Pt particles. To have a plasmon response at around 

370 nm, Pt NPs must be larger than 75 nm (obtained from Mie theory [160, 161]). 
This is by far too large for the mean pore size of the utilised PSi layers, which 

is about 25 nm. Therefore, we can assume that this is a plasmon response of a 

formed Au/Pt alloy. 

In order to understand the spectral response of the metal growth, if there is a 

linear increase of the extinction with time, which was true for pure metal particles 

(see Figure 47), it was decided to investigate the increase of metal loading. Figure 

53 shows that with increasing the loading at a 1 : 1 Au : Pt ratio, a non-linear red 

shift in the plasmon response occurs (see right panel of Figure 53), suggesting 

that we might deal with alloys. Another explanation of this red shift might be an 

elongation of the formed NPs with higher loading. We also see that the plasmon 

response peak of 15 % wt. loaded sample shows peaks inconsistent with plasmonics. 
These arise from the normalisation of the lamp and can be seen due to the high 

extinction of the sample. We can assume from the red curve in Figure 53A that 
for a well detectable plasmon response in this case a minimum of 4 % wt. of the 

molar ratio is required. Therefore, the experiment presented in Figure 51 was 

repeated with higher loading. Results are presented in Figure 54. 

Figure 53: Left hand panel: the plasmon response of PSiO2 samples (after four 
hours of annealing) prepared with 1 : 1 molar ratio of Au : Pt with different loadings. 
The right panel highlights the non-linearity of the metal loading increase on the 
plasmon resonance response. 

Extinction spectra of samples with different molar ratios of metals, but all at 4 % 
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wt. total metal loading with respect to PSi templates were then measured. Figure 

54 shows a blue shift of plasmon resonance response from 1 : 1 to 1 : 3 molar ratio 

of Au : Pt with a rising Pt contribution. This is an expected behaviour, as the 

plasmon response of Pt is known to be blue shifted in this surrounding. Moreover, 
this result is quite different to reports by Kim et al. [162] on platinum colloid-
adsorbed gold nanospheres, where no alloy formation is shown. Interestingly, no 

pure Au plasmon response is observed in those measurements, which should be 

visible in the covered spectral range. 

Figure 54: The plasmon response of oxidised PSi samples prepared with Au/Pt 
methanol solution at different, indicated, Au : Pt ratios at 4 % wt. total metal 
loading with respect to PSi after four hours of annealing. 

To understand better if an alloy formation takes place in these samples, the 1 : 1 

Au : Pt sample was measured by X-ray photoelectron spectroscopy (XPS). The 

results are shown in Figure 55. The peaks of pure Au and pure Pt in PSiO2 are 

shown on the bottom and on the top of the Figure 55, respectively. The spectrum 

in the middle of the Figure 55 shows that both metals are present in a 1 : 1 ratio. 
From these results it is still very hard to distinguish if an alloy is formed, as a 

shift of 0.5 eV for Au would be expected in case of an alloy formation [163]. We 

might get an idea from modelling of this system whether one could argue here 

against an alloy formation. 
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Figure 55: X-ray photoelectron spectra of Au, Pt and 1 : 1 mix of Au and Pt in 
PSiO2. 

To summarise these findings: 

We demonstrate the usage of plasmon resonance technique to verify and monitor 
the Au metal NP formation in real time. For this purpose, we employ the high 

reduction ability of the extended H-terminated surface of PSi layers. Moreover, we 

demonstrate that NPs, formed from a Au salt, can be synthesised in PSi matrix 

in a controllable way. The NP growth can be accurately controlled via proper 
choice of PSi template (pore size), temperature, NP growth time and metal salt 
concentration in the solution. 

Furthermore, the mixtures of metal couples can result, as in the case of Au and 

Ag or Au and Pt, in formation of bimetallic alloys in the PSi layers. This was 

also observed by the plasmon resonance experiments, but its formation could not 
directly be confirmed by XPS measurements. 

5.2.3	 Temperature dependence during formation of metal nanopar
ticles and their penetration depth 

It is common for any chemical reaction that its rate depends on the temperature. 
The same should be true in our case for the reduction reaction of noble metal 
salts. It was found that when the reaction rate is high, most metal NPs would 
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be formed on the surface of PSi, while only a small amount of metal salt would 

penetrate the matrix to be reduced in the interior of the PSi. The penetration 

depth of metal NPs in PSi can be measured using an optical microscope. The 

fact that PSi powder has a very high light scattering efficiency in visible range 

makes it impossible to be used in plasmon resonance measurements. It is also very 

hard to cleave one PSi powder grain to analyse the penetration depth of metal 
NPs using optical experiments. Therefore, PSi layers, attached and free-standing, 
were used in those experiments, as a substitution. As mentioned, the wetting and 

reducing characteristics of the electrochemically etched PSi layers and of the stain 

etched PSi powders are almost identical due to the similar pore morphology and 

surface termination. 

Formation of metal NPs in PSi matrices by in-situ reduction of aqueous metal 
salt solutions was reported previously [39, 40]. However, since H-terminated PSi 
surface is strongly hydrophobic [164], aqueous metal salts cannot penetrate into 

the pores of PSi, and nanoparticles are formed exclusively on the outer surface 

of a PSi support. This procedure negates one of the advantages of the material: 
its extended surface and accessible pores in the mesoporous range. Furthermore, 
metal nanoparticles formed on the outer surface of PSi tend to be large due to the 

lack of the size restriction by the pores. In order to obtain highly active catalytic 

systems, we have chosen alcoholic solutions of metal precursors to assure wetting 

of the extended H-terminated surface within the PSi matrix. 

In order to examine the NP formation in PSi, an optical microscope in reflection 

mode was used. For these measurements Pt, for example, cannot be utilised, as 

Pt and Si have both a metallic colour and so the Pt particles cannot be easily 

distinguished from PSi or PSiO2 by the optical microscope. Therefore, Au was 

chosen for the visualisation of the penetration depth of NPs, as its plasmon 

frequency response lies in the visible range (~ 520 nm) [165, 159]. Au NPs appear 
reddish in an optical microscope. HAuCl4 ethanol solutions were introduced into 

optically uniform PSi wafers or free-standing layers at various temperatures to 

observe the penetration depth of metal NPs. We would like to ensure a formation 

of NPs uniformly, throughout the PSi network. 

The experiments, defining the depth of metal NPs were carried out at temperatures 

in the range from -15 to 80 ◦C. Identical free-standing PSi layers, fabricated from 

(100) orientation wafers, were immersed in an ethanol HAuCl4 solution at specified 

temperatures. These (100) oriented Si wafers were chosen, as their preferential 
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pore alignment is perpendicular to the surface, as it was demonstrated in references 

[82, 100]. After the reaction, as PSi adsorbs light in visible range, the samples 

were annealed at 1100 ◦C in order to obtain PSiO2, which is transparent in visible 

range, and finally examined in an optical microscope. To define the penetration 

depth of metal NPs, which is a crucial parameter for filling the interior of PSi 
matrix, thick layers of PSi, impregnated with Au NPs, were cleaved and edge 

images were taken using an optical microscope and a camera. Penetration depth 

experiments were also performed with aqueous metal salt solutions for comparison, 
using the same technique for the visualisation of formed metal. 

Figure 56: Images of PSi layers containing Au NPs formed at different temperatures 
from HAuCl4 (60 mM, 2 % wt.) dissolved in ethanol. (A) 65 ◦C, (B) 45 ◦C and 
(C) -10 ◦C, respectively. (D) Cleaved edge image of the sample shown in (C) 
after oxidation, demonstrating the penetration depth. The scale bar is suited for 
(A)-(C). 

As found during numerous experiments, the reaction temperature is a key para
meter, determining the size and homogeneity of distribution within PSi matrix of 
the formed metal nanoparticles. Figure 56A demonstrates that at high tempe
ratures, micrometre-sized metal islands, which are shown as bright spots in the 

image, are formed mainly on the surface of PSi layers. Hence, the reduced Au 

persists on the surface of PSi. Similarly, at high salt concentration, the Au salts 

appear to be reduced before penetrating into the PSi matrix, which results in 

the formation of large Au surface islands (images are not shown). Furthermore, 
even a complete surface metallisation can be achieved at sufficiently high salt 
concentrations or temperatures. At a lower temperature, 45 ◦C, shown in Figure 

56B, gold islands are still present on the surface, however, with a lower density 

and larger conglomerates than in Figure 56A. At these temperatures (40 - 50 ◦C) 
the noble metal salt reduction rate is very high, so the formed NPs are believed to 

partially “block” the nano-porous structure of PSi. This indicates the importance 

of the so-called “bottleneck effect” during the fast formation of metal NPs in pores 
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of PSi layers [82]. This effect is caused by the undulating porous structure (pores 

with changing diameter in depth) of PSi and describes the fact that if a metal 
NP is formed in such a pore it could be blocked by this NP. Only at the lowest 
temperatures presented (-10 ◦C), due to a very slow reduction rate, no visible 

macroscopic surface Au aggregates could be detected (see Figure 56C). At this 

temperature the PSi matrix is filled homogeneously with the salt solution, which 

is then reduced uniformly throughout the layers. In this case a homogeneous 

distribution of Au NPs in the PSi matrix is achieved. This is clearly seen in the 

cleaved edge image (Figure 56D). The horizontal lines in Figure 56D are due 

to the inhomogeneity in porosity of the PSi layers. Under these conditions, the 

maximum depth at which Au NP formation was observed within the PSi layers is 

120 µm. In a similar experiment at a low deposition temperature (-10 ◦C), which 

employed an aqueous precursor salt solution, the maximum formation depth of 
metal NPs inside the support layer was found to be 2 µm. 

Here I summarise the main observations which can be made from these experi
ments: 

1. At low temperatures, the alcoholic metal salts solutions can uniformly penetrate 

PSi layers to be then reduced inside the PSi matrix. 

2. The penetration depth can be varied, dependent on the concentration of the 

metal salt solutions. The penetration depth in these cases can be as large as 

120 µm. This is more than enough for complete and uniform filling of 4 µm large 

stain etched PSi powder grains and porosified microreactor channels. 

5.2.4 As-prepared metal/PSi nanocomposites 

Learning from these results (and verifying that the PSi powders behave in the 

same way as the PSi layers), one of the characterised PSi powders (S1) was selected 

in order to study the influence of the weight percentage and temperature on the 

particle size. The Pt/PSi nanocomposites were prepared at low temperatures, as 

it was shown to be a crucial parameter in metal NP formation in our system. Due 

to the obtained results from catalytic experiments on the samples based on S1 

and other PSi powders we were able to understand the ongoing processes and 

learn how to make viable catalysts. S1 PSi powder has a BET surface area of 
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160 m2 g−1 and the BJH calculated mean pore size is 7 nm (see Figure 41). In ·
contrast to the previous experiment (Figure 42), various loadings of platinum salt 
(0.1 to 5 % wt. with respect to the support) were introduced to PSi in ethanol. 

Figure 57: High Resolution TEM images of Pt particles (1 % wt.) reduced in 
the PSi matrix. (A) Overview of an ensemble of Pt NPs. (B) Magnified area 
marked in (A) by a black rectangular. (C) Further magnified particle, up to 
atomic resolution, marked by black square in (B). (D) Electron diffraction pattern 
of the same NP as the image in (C). 

The concentration of the Pt particles is much lower in this sample (Figure 57A) 
than in the previously presented experiment (Figure 42). Several nanoparticles 

of a very similar size can be observed in Figure 57A and B, illustrating the 

homogeneity of the formed Pt NPs. We can observe representative images from 

a large collection showing the statistical significance of the determined particle 

sizes. According to HR-TEM images, the mean size of the nanoparticles was 

found to be ca. 5 - 8 nm, which are formed during reduction of Pt salt in the PSi 
matrix (Figure 57B and C). This corresponds well with the suggested size-range 

of metal nanoparticles on the basis of nitrogen sorption, due to the pore size 

distribution in the PSi matrix. Moreover, these metal NPs exhibit a crystalline 
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structure, and are resolved with atomic resolution, as it can be seen in Figure 

57C. The measured lattice constant corresponds to crystalline Pt. In Figure 57D, 
an electron diffraction pattern of a single Pt particle shows the crystalline nature 

of formed NPs with several well-defined crystal directions: [1 1 1], [2 0 0], etc. 
The temperature during the reduction reaction was -10 ◦C and a 10 mM PtCl4 

concentration in ethanol was used. 

Salts of Pd, such as PdCl2, were also reduced in PSi powders at low temperatures. 
Figure 58A demonstrates a TEM image of a Pd/PSi nanocomposite (3 % wt.) as 

an example. It shows small particle sizes, corresponding to the pore sizes of the 

PSi support, which is in agreement with the assumption of the pore restriction 

of metal NPs. An energy-dispersive X-ray (EDX) spectrogram in Figure 58B 

confirms the presence of Pd in the presented sample. 

Figure 58: Pd particles in PSi. (A) TEM image of Pd particles (3 % wt.), reduced 
in the PSi matrix. (B) EDX spectrum of a small area in (A), showing presence of 
Pd. 

At the same stage, initial experiments of metal particle formation at the walls and 

bottom of the channels of Si microchannel reactor (Figure 30) were performed. 
The channels were first stain etched and then wet by an ethanol HAuCl4 solution 

(20 mM, 5 % wt. Au) for 30 minutes. The upper layers of the reactor channels, 
the porous structure on the walls and the bottom, were removed to be analysed 

by HR-TEM. Gold nanoparticles, reduced from HAuCl4 solution, are present in 

the etched interface of the structured microreactor (Figure 59). 

The observed distribution of metal NPs is homogeneous, with Au nanoparticles of 
the mean diameter of ca. 20 nm (Figure 59B). 
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Figure 59: HR-TEM images of nano-sized Au particles on stain etched PSi surface 
- a Au/PSi nanocomposite. (A) Overview of Au particles on PSi. (B) Magnified 
view of gold particles with mean diameter of 20 nm. 

5.2.5 Oxidised metal/PSi nanocomposites - temperature stability 

In comparison to activated carbon, as a support, which is stable only up to 400 ◦C, 
oxidised PSi seems to be stable even after heating to 1100 ◦C for several hours. 
This treatment results in formation of porous SiOx (x: 1-2), but what happens 

to metal NPs? Do they build agglomerates, like in most other cases of catalytic 

supports? Is the porous structure still accessible? 

In order to answer these questions, HR-TEM images were taken and catalytic 

experiments on oxidised Pt/PSi nanocomposites (Pt/PSiOx) were performed. To 

verify the structural stability of PSi with embedded Pt NPs, Pt/PSi nanocompos
ites were oxidised in an oven in air. As-prepared Pt/PSi nanocomposites were 

annealed for four hours at high temperatures (1100 ◦C). Afterwards, the samples 

were characterised via HR-TEM. 

Figure 60A shows, that a small number of Pt nanoparticles are relatively large. 
An explanation for this is a minor formation of Pt NPs on the PSi surface - not in 

the pores and some of those might have agglomerated on the outer surface of PSi 
during the oxidation. Nevertheless, most of the Pt NPs in this sample are below 

15 nm in diameter. Firstly, this is due to pore restriction, capping the growth of 
Pt NPs. Secondly, another big advantage of PSi is its undulating porous structure, 
which can enclose Pt NPs within the matrix. This is a kind of “bottleneck-effect”, 
where pores are changing their width with length. Hence, once a metal NP is 

built in a pore - it cannot escape or grow larger than the pore diameter. Most 
of the particles, which were reduced from the metal salt solution in the pores, 
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Figure 60: HR-TEM images of Pt/PSiOx nanocomposites. (A) Overview of Pt 
particles in oxidised PSi template. (B) Small and stable Pt NP in SiOx matrix 
with an oxide over-layer. 

are trapped in the undulating structure of PSi. Therefore, no agglomeration of 
particles occurs even at such high oxidation temperatures. This property makes 

PSi a promising support for catalysis. What happens to the particles though, will 
be discussed in the application oriented part of my work (see Section 5.3.4). 

Another interesting feature of oxidation at high temperatures is the growth of 
Si/SiOx nanowires. Surprisingly, nanowire-like structures in the size range of 20 

to 50 nm were observed on the surface of Pt/PSiOx nanocomposites, see Figure 

61. 

Figure 61C shows amorphous SiO2 wires with Pt “nano-heads” (black dots). 
It seems that SiO2 nanotubes/nanowires are grown at the surface of porosified 

powder aduring the oxidation. Most probably the growth of these structures is 

due to the formation of an eutectic between Pt and Si at high temperatures. This 

phenomenon requires further investigation and will not be discussed here. 
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Figure 61: HR-TEM micrographs of oxidised Pt/PSi nanocomposites containing 
nanowires. (A) Nanowire structures on the surface of an oxidised PSi particle. 
(B) Magnified image of these structures shown in (A). (C) Further magnification. 
(D) Single “nanorod” growth at its starting point. 

5.2.6 BET surface area analysis and X-ray Photoelectron Spectroscopy 

Figure 62A shows the nitrogen adsorption isotherm measured for an as-prepared 

PSi powder, as-prepared Pt/PSi catalyst and Pt/PSiOx catalyst, measured at 
-196 ◦C. The isotherms show a hysteresis in the area of 0.65 - 0.85 P P0

−1 char· 
acteristic for mesoporous materials. The hysteresis of the parent material PSi is 

relatively narrow along the x-axis, which indicates that the pore network is open 

and pores are easily accessible. For comparison, in the case of the ordered meso
porous silica, like SBA-15, having nearly straight, open pores, a similar hysteresis 

was observed, whereas in the case of an amorphous porous silica obtained by a 

sol–gel synthesis route, the desorption curve is considerably more shallow [166]. 
The estimated BET surface area of the stain etched PSi powder is 160 m2 g−1,·
similar to values measured for PSi prepared from bulk Si wafers [36]. The pore 

volume of mesopores is ca. 0.3 cm3 g−1, calculated using the BJH method. ·

The pore-size distribution of the PSi powder is shown in Figure 62B. The mean 

pore diameter is estimated to be 7 nm, which is similar to the pore sizes of 
some other mesoporous catalyst supports, such as SBA-15 or some mesoporous 

carbons [166], whereas the pore size distribution of PSi powders appears to be 

broader. Deposition of Pt nanoparticles inside the porous silicon support results in 
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Figure 62: Low temperature nitrogen sorption on ‘as-prepared’ PSi, fresh 1 % 
wt. Pt/PSi and oxidised 1 % wt. Pt/PSi (Pt/PSiOx) nanocomposites. (A) 
Adsorption–desorption isotherms. (B) Pore-size distribution. 

a significant reduction of the specific surface area determined by nitrogen sorption: 
from 160 to 92 m2 g−1and the pore volume reduces from 0.3 to 0.23 cm3 g−1. This · ·
is clearly seen also by the lower position of the isotherms, see Figure 62A. The 

mean pore size is also slightly reduced to ca. 6 nm. This suggests that metal is 

deposited inside the mesopores, reducing specific surface area and the amount of 
larger pores is reduced, shifting distribution of pore sizes to more narrow sizes. 
Thus, the size of metal nanoparticles should be in the order of 6 - 8 nm. Following 

the high-temperature oxidation process of Pt/PSi catalyst (loading is attributed 

with respect to PSi), there is only a small structural change detected by nitrogen 

sorption data. Specific surface area calculated using the BET model is reduced 

from 92 m2 g−1 for the Pt/PSi sample to 70 m2 g−1 following oxidation, and the · ·
pore volume of mesopores reduced from 0.23 to 0.15 cm3 g−1, although the mean ·
pore diameter effectively does not change. There is only a minor further shift of 
pore size distribution to the more narrow sizes (see Figure 62B). This suggests 

a reduction in the number of pores, rather than a change in morphology. The 

HR-TEM data, presented in the previous paragraph, show the growth of SiOx 

over-layers in the oxidised sample on top of Pt nanoparticles (see Figure 60), 
suggesting that these structures lead to pore blockage and the corresponding 

reduction in the number of pores, detected by nitrogen sorption [152]. 

X-ray Photoelectron Spectroscopy (XPS) allows to monitor surface composition 

of e.g. embedded noble metals in PSi. X-rays are electromagnetic waves with a 

wavelength from 0.1 Å to 100 Å, which is about the same size as an atom ~ 1 Å. 
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XPS is based on the photoeffect [167]. This is a surface analysis method, where a 

monochromatic X-ray source (Al Kα or Mg Kα) is used to emit photoelectrons 

out of the sample. Depending on the kinetic energies of the photoelectrons, a 

spectrum is created. If there is enough quantum energy, one can observe the 

structure of all electronic states, beginning with the inner and ending with the 

valence shell. The energy conservation rule is described here with the Einstein 

equation: 

hν = Ekin + Eb (5.5) 

where, Ekin: kinetic energy of the photoelectrons and Eb: binding energy of the 

electrons in an atom. So that, when we measure Ekin it can be subtracted from 

the known hν of Mg Kα to obtain Eb and identify the material and their electronic 

state. 

Figure 63 shows Pt 4f XP spectra of a series of Pt/PSi samples (0.1 -4.6 % 

wt.), which reveal that at low Pt loadings two peaks are observed at 73 and 

76.3 eV, which are attributed to the spin–orbit splitting of Pt 4f7/2 and 4f5/2 

states, respectively. Pt 4f spectra were deconvoluted with components having 

an asymmetrical Doniach–Sunjic line shape, which is represented in Figure 63 

by dotted lines [135]. Concentration of these states increase steadily with metal 
loading up to ca. 1 % wt. Pt. Higher Pt loadings result in the appearance of a 

new set of doublets at a lower binding energy with 4f7/2 and 4f5/2 components at 
71.7 and 75 eV, respectively. The decrease in binding energy from PtO and PtO2 

to metallic Pt is expected to be 1.3 and 2.7 eV, respectively [168]. In contrast, 
binding energy associated with PtSi or Pt2Si bonds should show the increases 

of 1.4 and 0.9 eV relative to metallic Pt [169]. The observed shift of 1.3 eV is 

believed to correspond to the transition from PtO to Pt0. Given that the Pt/PSi 
catalysts were not heated above 100 ◦C during preparation, the formation of the 

Pt silicide is unlikely. 
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Figure 63: Pt 4f XP spectra of as-prepared Pt/PSi catalysts with indicated metal 
loadings. Dotted lines correspond to asymmetrical Doniach–Sunjic lineshape 
deconvolution for 4f Pt and PtO states. Higher energy (73.0 eV and 76.3 eV) 
correspond to 4f PtO states and the lower energy (71.7 eV and 75.0 eV) to 4f Pt 
states, respectively. 
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Distributions of the oxide and metal states as a function of Pt loading for Pt/PSi 
samples, as well as for an oxidised 2.1 % wt. Pt/PSiOx sample, are shown in 

Figure 64. We consider in this case the relative composition of Pt in the PSi 
template at different metal loadings. One can see that at low weight percentages of 
metal, the oxide state of Pt is mostly prevailing, see orange columns in Figure 64. 
Whereas, for the higher Pt loading the Pt0 signal grows stronger (blue columns, 
Figure 64). 

Figure 64: Variation of surface Pt composition of as-prepared Pt/PSi and 
Pt/PSiOx catalysts having different metal loadings. Data were determined from 
deconvolution and quantification of XPS Pt 4f spectra. Pt loading was adjusted 
according to Atomic Absorpsion Spectroscopy (AAS) measurements. 

Following high-temperature oxidation, a significant decrease in Pt-related signal is 

observed. Simultaneously, an increase in the relative intensity of the oxide-related 

feature can be noticed. Attenuation of the Pt-related signal can be attributed 

to the formation of silicon dioxide and platinum oxide capping layer following 

high-temperature oxidation as evidenced by HR-TEM (see Figure 60B). During 

oxidation, it is clear that when two oxygen atoms are added to a silicon atom, the 

surface becomes approximately three times larger. Correspondingly, the relative Pt 
concentration on the surface drops by a factor of three. This cannot be attributed 

to the growth of metal NPs, since this would not explain the increase in oxygen 

signal. However, we cannot completely exclude the formation of platinum silicide. 
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5.2.7 X-Ray Diffraction measurements 

This is another technique, utilised in this work, using X-rays. X-rays were dis
covered in 1895 by Röntgen and thus enabled the scientists to probe crystalline 

structure at the atomic level. X-ray diffraction was used here mainly for char
acterisation of silicon and metals, as it is known that each crystalline solid has 

its unique characteristic X-ray pattern which may be used as a “fingerprint” for 
its identification. To analyse and understand the results we need the Bragg 
Equation: 

nλ = 2 d sinθ (5.6)· · 

n: order 

λ: wavelength of light 

d: spacing between the diffracting planes 

θ: incident angle of light 

The here utilised X-ray radiation is emitted by Cu, having a Kα at 1.542 Å. 
The incident beam strikes a sample, upon which a diffraction occurs in different 
orientations of 2 theta (2θ). Now knowing λ from Cu and θ one can calculate the 

spacing d to identify the crystals or compare the results with known measurements 

of theta values from available database. 

First of all we were interested in identifying and verifying the crystalline structure 

of PSi: 

The measured sample of PSi powder (S1), which was used in the most of our 
experiments, shows a crystalline Si structure. The same result was observed in 

HR-TEM images: a crystalline structure retains after the stain etching procedure 

of Si (Figure 65). To verify the presence of metals not only by XPS, HR-TEM 

and in-situ plasmon resonance, XRD patterns of M/PSi catalysts were taken. As 

an example, we present here Pd/PSi samples. 

The spectrum in Figure 66 shows the presence of metallic Pd in a 3 % wt. Pd/PSi 
sample, with the strongest signal at 2 theta of 40.15◦ as stated in literature [171]. 
The obtained data from the XRD measurements were compared with the database 
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Figure 65: XRD pattern of PSi with identified 2 theta and corresponding crystal 
planes, according to literature [170]. 

Figure 66: XRD pattern of Pd/PSi sample with a Pd loading about 3 % wt.
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notices from Daresbury Laboratory (Chemical Database Service). No signals of 
PdSi/Pd2Si or PdO/Pd2O/Pd3O4 in the sample by comparing the given 2 theta 

data could be detected. It can be stated that the pure metal is observed. This 

correlates indeed with XPS data on Pt, that at loadings higher than 1 % wt., both 

states are present, but the metallic state prevails (Figure 64). If palladium oxide 

is present, its intensity is very low and thus, not detectable, as a fragment of the 

XRD spectrum of 2 % wt. Pd/PSi represents (see Figure 67). 

Figure 67: Part of the XRD pattern of Pd/PSi sample with a Pd loading of 2 % 
wt. with corresponding crystal planes [171]. 

In conclusion to this part: 

Here, the preparation of metal NPs in PSi matrices is presented and the criteria 

of this procedure are highlighted. Important parameters in this case were found 

to be: reaction temperature, metal salt concentration, exposure time, pore size 

distribution and the H-termination of PSi templates. It was observed that in order 
to achieve small particle sizes low reaction temperature, low salt concentrations, 
small pore size distribution and H-terminated PSi supports are necessary. The 

developed M/PSi and M/PSiOx nanocomposites were then characterised by HR
TEM, BET, XPS and XRD to verify and control the formation of metal NPs, 
gain information about their morphology, and evaluate their size distribution. We 

found that not all the deposited metal is completely reduced in the PSi matrix, as 

presented for Pt. This depends on the metal loading, whereas with higher loading 

the metallic fraction increases. Now, the catalytic activity of prepared M/PSi 
nanocomposites in different chemical reactions will be discussed. 
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5.3 Gas phase CO oxidation using Pt/PSi and Pt/PSiOx 

The aim of this chapter is to demonstrate the catalytic activity of M/PSi nano
composites and understand how to make most efficient, optimised catalysts on the 

basis of PSi and metal NPs, formed within the matrix. We therefore investigate 

which parameters might be important for their catalytic activity. To achieve 

this, a standard reaction was selected to be catalysed by Pt/PSi nanocomposites: 
carbon monoxide (CO) oxidation. 

CO is poisonous for humans due to a 200 times stronger binding to Fe (II) in 

the haemoglobin than oxygen. This leads, dependent on exposure time and 

concentration, to a lethal result [172, 173]. CO is not only dangerous for humans, 
but it is also poisonous for noble metal catalysts in combustion systems and fuel 
cells e.g. such as those, based on proton exchange membrane [174, 175]. CO 

oxidation is a well studied reaction with a low-temperature reactivity using Pt 
and Au catalysts, which is widely reported [13, 18, 46, 176]. In order to study the 

catalytic effect of the PSi based hybrid nanocomposites, the conversion of CO to 

CO2 was monitored by a mass spectrometer. 

5.3.1 CO oxidation by Pt/PSi catalysts 

All M/PSi nanocomposites discussed in this section, were made from the stain 

etched PSi powder S1 (160 m2 g−1, 7 nm mean particle size) followed by the ·
introduction of metal salts at different temperatures and with different metal 
loadings, as demonstrated in the previous section. 

The “first generation” nanocomposites were prepared in a concentrated solution 

(20 mM) at room temperature and stirred in the PtCl4 solution for 10 hours. 
Afterwards, the nanocomposites were dried in air and no washing step was 

performed. After analysing the results of the “first generation” catalysts via 

the catalytic activity for CO oxidation reaction (not shown here), we concluded 

the following: the particle size distribution in the sample, the concentration and 

temperature have to be controlled in a better way. However, it is also known that 
ionic metal clusters can be the catalysing agent for different reactions, as it is the 

case in homogeneous catalysis. The existence of such ionic species could occur, 
when the whole amount of the metal salt is not fully reduced by the PSi support. 
The performance of plasmon resonance experiments gave us an idea about the 

required parameters for metal NP formation and IR and MS results suggested 
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several washing steps to clean the PSi matrices. We decided to include several 
washing steps with ethanol and warm water in the preparation procedure to wash 

out the remnant, non-reduced metal ions. 

To compare and analyse the catalytic activity we should address the question 

about the real amount of metal embedded in the PSi matrix. Therefore, after 
the preparation of Pt/PSi catalysts with an anticipated loading of Pt, the real 
loading was identified via Atomic Absorption Spectroscopy (AAS). A sample of 
each catalyst, dissolved in aqua regia, and its washing solutions were analysed. 
The real metal loading of the samples is indicated in all following relevant Figures 

and Tables. 

Figure 68: CO oxidation efficiency dependent on temperature for Pt/PSi nano
composites with indicated metal loading. As-prepared PSi, containing no metal 
serves as a negative control. Sample weight: 350 mg. Gas flow rate: 75 cm3 min−1, 
P = 1 barg. The error bars represent 3 % experimental accuracy. 

The samples were cooled (held at a temperature in the range from -15 to -5 ◦C) 
for the first 20 min of the reaction to let the solution penetrate inside the PSi 
matrix. Then it was allowed to warm up to room temperature or higher (40 ◦C) 
to increase the reduction reaction rate. The exposure time to Pt salt solution for 
these samples (Table 7 and Figure 68) was kept constant. 

The Pt/PSi nanocomposites present a different behaviour after the preparation 

procedure was optimised and several washing steps were included. Figure 68 

shows a sharp CO conversion step in the samples with Pt loading above 0.9 % wt. 
when the so-called light-off temperature is reached. Here, ‘light-off’ denotes the 
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temperature point of the maximum change in the reaction rate, corresponding 

to infinity in the derivative of conversion with respect to temperature. It is 

obtained graphically by locating the steepest gradient of the CO conversion curves 

and extending it to intercept with the temperature-axis. The observed light-off 

temperature (TL) was found to be between 110 and 130 ◦C. At temperatures below 

the light-off, some catalytic activity can be observed in all the samples, indicating 

a certain size distribution of formed metal nanoparticles due to activity of several 
active reaction sites and mass transfer effects of reactant gases. The ‘as-prepared’ 
PSi support without metal was used as a negative control to demonstrate the 

absence of CO conversion (black curve, Figure 68). A negligible conversion of 
CO was registered above 300 ◦C, which most probably results from hydrogen 

desorption taking place at these temperatures [150]. Due to the presence of 
unsaturated bonds in the peripheral PSi sites formed after hydrogen effusion, a 

small amount of CO and O2 molecules can be adsorbed at these sites and further 
react to form carbon dioxide. 

High conversion was achieved already with the 0.9 % wt. Pt/PSi sample (see 

Figure 68). This observation is in agreement with XPS data: metallic Pt is present 
in the catalysts only at metal loading above 0.9 % wt. (see Figure 64). The 

sharpness of the light-off curves for these catalysts is indicative of good uniformity 

of metal active sites. This is most likely associated with the narrow distribution of 
Pt NPs’ sizes achieved through their controlled synthesis at low temperatures and 

assisted by the pore restriction. These results correlate with nitrogen adsorption 

measurements and HR-TEM data, which confirm narrow particle size distribution. 

For the catalysts with low Pt loadings, only low catalytic activity is observed, which 

is consistent with the metal being primarily in the oxide state. This correlates with 

the literature data: platinum oxides have been reported to be only partially active 

in CO oxidation, with a much lower activity in comparison with metallic Pt [177]. 
Table 7 summarises values of metal dispersion, turn over frequency (TOF) and 

TL for different samples. In this context metal dispersion describes the fraction of 
metal atoms exposed to the surface, hence actively taking part in catalysis, to its 

total amount of atoms present in the catalyst. It is measured by e.g. hydrogen 

chemisorption. TOF, describes the catalytic activity and was calculated using 

equation 4.2 for different temperatures and the same conversion (10 %) as well 
as for different, but always low, conversions at the same temperature. The latter 
series of data allow more reliable comparison within the series of catalysts. 

107




Table 7: Characteristics of selected Pt/PSi samples. 

Sample (see Fig. 68) Dispersiona /% TOFb /h−1 TOFc /h−1 (◦C, %) TL/◦C 
0.1 % wt. Pt/PSi (S1c) - - - 200 
0.9 % wt. Pt/PSi (S1a) 6.2 193 63 (110, 4%) 130 
2.3 % wt. Pt/PSi (S1b) 1.4 344 399 (110, 14%) 115 
4.6 % wt. Pt/PSi (S1d) 2.6 41 41 (110, 10%) 110 

a Measured by hydrogen chemisorption. 
b TOF calculated at 10 % CO conversion.

c TOF calculated at a given temperature and different conversions; temperature

and conversion are specified in brackets.


The observed data are comparable to those reported in literature for Pt nanopar
ticle catalysts tested under similar conditions. TOF values in the range of 108 - 36 

h−1 were reported for 0.96 % wt. Pt/SiO2 catalysts at 177 ◦C, values decreasing 

upon catalyst deactivation [136]. This value of TOF is lower than for our Pt/PSi 
0.9 % wt. catalyst, for which a value of 193 was measured at 130 ◦C. Similar 
or higher light-off temperatures were observed in the case of 1 % wt. Pt/ZrO2 

catalysts, with the TOF values in the order of 360 h−1 at 127 ◦C in 1.5 times 

excess oxygen conditions [178]. This is better than the results for our 0.9 % wt. Pt 
catalyst and very close to the TOF values obtained with the 2.3 % wt. Pt catalyst 
at a slightly lower temperature, see Table 7. 

The reported TL curves for well defined Pt/ZrO2 catalysts also exhibit a very 

sharp increase [178], which was observed in this thesis for the Pt/PSi catalysts. 
Pt nanoparticles synthesised via a conventional chemical reduction in solution and 

stabilised on SiO2 particles or on glass surface, as well as reduced radiolytically 

were active only above 150 ◦C [179]. The reported volumetric flux rate of 0.13 

mol l−1 h−1 (175 ◦C, O2: CO = 16 : 1) corresponds to a TOF value of 510 h−1.· ·
The TOF value is higher, but the catalyst was active only at a much higher 
temperature. In the case of Pt/Al2O3 catalysts in an excess of carbon monoxide 

(10 % CO conversion, 207 ◦C, O2/CO = 1:4), a TOF value of 180 h−1 was reported 

[180]. The 2.3 % wt. Pt/PSi catalyst system for which a complete CO conversion 

is reached at 120 ◦C with a TOF (at 14 % conversion, 110 ◦C) of 399 h−1 is the 

most active catalyst synthesised in this study (see Table 7). 

The 0.9 % wt. Pt/PSi catalyst attains complete CO conversion at slightly higher 
temperatures and shows a lower activity, with a TOF of 63 h−1 at 4 % conversion, 
110 ◦C (see Table 7), compared with the 2.3 % wt. Pt/PSi catalyst. This is 
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consistent with the XPS data (Section 5.3.3), which show a considerably higher 
proportion of PtO surface species in the catalyst sample containing 0.9 % wt. Pt. 
Further increase in Pt loading to 4.6 % wt. does not result in a higher catalytic 

activity despite the continuing trend to the increasing metallic character of surface 

Pt species, as it was demonstrated in Figure 64. In fact, the TOF at the same 

temperature is much lower for the 4.6 % wt. Pt/PSi sample. This is due to the 

lower dispersion of Pt in the highly loaded samples. Whereas, the catalysts with 

Pt content below 0.9 % wt. show a very low catalytic activity due to lack of 
metallic Pt species, see Figures 64 and 68. 

These data allow us to conclude: 

Besides their almost identical light-off temperatures the samples with 2.3 % and 

4.6 % wt. Pt loading are very different in their catalytic activity (TOF, Table 7). 
This could mean that, despite a very small Pt dispersion on its surface the 2.3 % 

wt. sample is far more reactive due to the optimal particle sizes, or their narrow 

distribution, and hence, highly reactive sites for catalysing the CO oxidation. In 

the case of the sample with 0.9 % wt. Pt loading the most active reaction sites 

are not present or the optimal particle/cluster size is not reached. Dependent on 

the reaction and the support material the smallest particles are not necessarily 

the most active ones. Another explanation for the observed results would be a 

possible blockage of the pores by reduced metal particles or conglomerated ion 

clusters. To avoid the second alternative, special care was taken using several 
washing steps, described earlier and in the experimental part. A pore blockage 

would mean that the rest of the reduced metal, being in the pores, does not take 

part in catalysing the reaction, as it cannot be reached by the reactant gases. 

5.3.2	 Catalytic activity of systems prepared from diluted PtCl4 solu
tions 

Plasmon resonance experiments gave evidence that a much shorter time is required 

for the reduction reaction than used in preparation of “first generation” catalysts. 
In subsequent experiments the reaction rate was controlled by pH measurements 

and there was a clear evidence for shorter reaction times (45 - 60 min) resulting 

in very similar catalytic activity. During the reduction reaction, hydrochloric acid 

is formed and the pH of the solution and vapour is therefore acidic and can be 

monitored. From the plasmon resonance experiments we also learnt that, the 
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concentration of the metal salt solution influences the particle size. Thus, much 

smaller PtCl4 concentrations than 20 mM were tested. The results of the CO 

conversion on Pt/PSi catalysts prepared in such a way are shown in Figure 69. 

Figure 69: CO conversion efficiency for Pt/PSi nanocomposites with initial 1 % 
wt. Pt loading. 0.1 mM PtCl4 ethanol solution was used and the exposure time 
(duration of the reaction) was varied as indicated. As a comparison Pt/PSi S1a 
(0.9 % wt. Pt, 20 mM) is presented. 

The ethanol solutions after the washing step of Pt/PSi nanocomposites, during 

its preparation, and the Pt/PSi powders were analysed via AAS. The results of 
this analysis are represented in Table 8. This analysis shows that the anticipated 

1 % wt. Pt/PSi samples have different real Pt loadings. Thus, their very similar 
behaviour in the catalytic activity is not a consequence of the similar amount 
of metal on the support. Interestingly, not all the Pt from the PtCl4 solution is 

taken up by the PSi matrix, which could mean the following: (i) saturation of 
pores with Pt (may be blockage) or (ii) not enough reduction potential of PSi 
or (iii) the exposure time to Pt salt solution is too short. The second argument 
can be almost ruled out, as we know from previously presented experiments that 
we have a very high hydrogen coverage of the PSi surface to reduce the metal 
salts. The third argument can be also excluded due to observations made during 

plasmon resonance experiments. 
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Table 8: AAS analysis of the content of Pt in Pt/PSi nanocomposites


Pt/PSi (colour in Figs. 68 and 69) Initial Pt load/ % wt. Real Pt load (AAS)/ % wt. 
S1a (blue) 1 0.9 
S1b (green) 2.5 2.3 
S1c (red) 5 4.6 

S1d (black) 1 0.5 
S1e (grey) 1 0.6 

S1f (magenta) 1 0.6 

The samples, presented in Figure 69, have a very similar catalytic activity, despite 

the fact that there is almost twice as much Pt in S1a than in the other three 

samples (Table 8). These Pt/PSi catalysts show that it is possible to achieve 

relatively high (over 80% conversion) catalytic activity after an exposure of PSi 
to the metal salt solution for much shorter times compared to S1a. There is even 

no crucial difference in catalytic activity between 45 and 150 minutes of reaction 

time, implying that already 45 minutes are long enough to form active Pt NPs. 
The absence of a strong effect of the metal salt concentration on the catalytic 

activity of the nanocomposites could mean that the optimal metal particle size is 

defined by the PSi pore size, as anticipated in earlier discussions. 

The procedure of metal NP formation at low temperatures using diluted (low 

concentration) PtCl4 solutions seems to be almost ideal due to its uniform pene
tration into the PSi matrix and optimal metal NP size distribution, as has been 

demonstrated earlier. This can be confirmed on the basis of studies of catalytic 

activity of the Pt/PSi nanocomposites, prepared from salt solutions with concen
tration varying over two orders of magnitude (200 times). Contrary to previously 

described Pt/PSi catalysts, the efficiency in CO conversion of these systems is 

found to be quite similar, besides a much smaller loading of Pt. Therefore, a much 

lower amount of Pt is required to achieve high CO conversion rates. This feature 

seems to be very promising for application of these Pt/PSi catalysts. 

5.3.3 Stability of Pt/PSi catalysts 

For every catalyst the stability during long-term working phases is a crucial 
parameter. A catalyst with high activity and selectivity for a reaction would be 

useless if it is chemically unstable, e.g. degrades with time under the influence of 
the reactants or their by-products [1, 4]. This means that a catalyst would lose 

its activity to catalyse a reaction with time. 
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Figure 70: Steady-state CO conversion extended and repeated runs with the 0.9 % 
wt. Pt/PSi catalyst. First and third 20 hours cycles are shown. Gas flow rate: 75 
cm3 min−1 at T = 150 ◦C, P = 1 barg. Error bars represent 3 % experimental ·
accuracy. At first two points shown the desired temperature was not reached. 

Overall stability of the Pt/PSi catalysts was tested in continuous runs over 20 

hours in the U-shaped microreactor system at maximum conversion (see Figure 70 

and Figure 19). Repeated experiments were performed with one of the catalysts 

(0.9 % wt. Pt/PSi). Results for the first and third runs with the same catalyst 
are demonstrated in Figure 70. No decrease in the steady-state CO conversion 

efficiency over 20 hours and no change in the level of conversion between the runs 

is observed. This suggests that even if there is a loss of catalytic activity, it is 

very slow and undetectable over the 60 hours in permanent gas flow conditions. 
It should be mentioned that some loss of activity could be compensated by the 

reaction exotherm, more significant at high conversion rates. However, under 
constant reaction flow at steady-state condition, the gradual decrease in conversion 

should still be noticeable where catalyst deactivation is appreciable. Deactivation 

of supported Pt catalysts in CO oxidation has been studied previously in great 
detail, see reference [136] and references therein. The conditions used in this study, 
a 30-fold excess of oxygen relative to reaction stoichiometry, would ensure the 

dominance of oxygen-sorbed species and would limit the effect of rearrangement 
of sorption sites and the increase in CO coverage, which has been identified 
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as a dominant deactivation mechanism in the case of a near stoichiometric gas 

composition [136]. In our case the ratio of CO to O2 is 1 : 20, hence we have 

an excess in oxygen, and we also observe a stable reaction under the presented 

conditions. 

5.3.4 CO conversion by Pt/PSiOx catalysts 

Let us now concentrate on the behaviour of the oxidised Pt/PSi - Pt/PSiOx 

catalysts in comparison to their as-prepared counterparts. Half of the amount 
of the Pt/PSi nanocomposites (S1a and S1b, see Table 8) was taken to proceed 

with CO oxidation directly after their preparation. The as-prepared and annealed 

samples differ in colour (brown vs. grey) and in their catalytic activity. S1a and 

S1b were treated in the oven at high temperature (1100 ◦C for 6 hours) to almost 
fully oxidise the PSi to porous SiO2 matrices and, hence, form Pt/PSiOx (S1a 

to S1g and S1b to S1h, respectively). High-temperature oxidation of Pt/PSi was 

performed in order to study thermal stability of the catalysts. If we now take as 

an example S1b and compare its catalytic activity to the oxidised catalyst S1h we 

can see the following data presented in Table 9. 

Table 9: Comparison of the catalytic activity of Pt/PSi (S1b) and Pt/PSiOx(S1h) 

Sample (see Fig. 71) 2.3 % wt. Pt/PSi (S1b) 
Dispersiona /% 1.40 

TOFb /h−1 344

TOFc /h−1 (◦C, %)
 399 (110, 14%) 

TL/◦C 115 
a Measured by hydrogen chemisorption. 
b TOF calculated at 10% CO conversion. 

2.3 % wt. Pt/PSiOx (S1h)

1.54

363


482 (180, reaction15%)

180


c TOF calculated at a given temperature and different conversions; temperature 
and conversion are specified in brackets. 

The CO conversion involving both as-prepared and oxidised catalysts is presented 

as well in Figure 71. Here the as-prepared 0.9 and 2.3 % wt. (blue and green 

curves, Figure 71) Pt/PSi catalysts were compared with their oxidised versions 

(orange and violet curves, Figure 71). What we realise is, that despite such a high 

temperature treatment the oxidised catalysts are still active (see Table 9). The 

only difference is in their shifted light-off (by ~ 60 ◦C) to higher temperatures. 
Notably, the light-off temperatures for the Pt/PSi catalysts with 0.1 % and 0.45 % 
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Figure 71: Comparison of CO oxidation efficiency for Pt/PSi and Pt/PSiOx nano
composites with indicated metal loading. Error bars represent 3 % experimental 
accuracy. 

wt. Pt (see Table 7) are similar to those for the oxidised catalysts with the higher 
metal loading. This suggests that active species in such catalysts could be similar, 
and the oxidised catalysts contain PtOx species. The oxidised catalyst shows a 

reasonable activity with TOF of ca. 482 h−1, but at a much higher temperature 

of reaction. The higher catalytic activity (TOF) might come as well from the 

slightly higher dispersion of the metal. 

We ask how can we explain this shift in the light-off temperature and what 
happened to the catalyst after the oxidation. The difference in the catalytic 

activity of oxidised samples could be explained when we assume that during the 

heating process larger/elongated metal particles, than in non-oxidised Pt/PSi 
samples, are formed. This means that we observe the phenomenon of sintering 

(agglomeration) of metal particles during a high temperature treatment, as shown 

for many other catalytic systems [181, 182]. If that would be true, the reaction 

sites for the reactants would change and higher temperatures would be required 

to catalyse the CO oxidation. We therefore explore if this is true for our catalytic 

system. 

An image of a single Pt particle located at the surface of oxidised PSi crystallite 

and an image of a particle inside the oxidised PSi matrix are shown in Figure 72A 

and B. A Pt nanoparticle located on the surface of a silicon particle is seen with a 
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better contrast between silicon oxide and Pt. This particle is significantly larger 
than the nanoparticles inside the PSi matrix. The majority of Pt particles are 

within the silicon structure, where an oxide layer can also be seen in the TEM 

image in Figure 72B, but with a less clear contrast. 

Figure 72: HR-TEM images of Pt NPs in a PSiOx matrix, formed via oxidation 
of 0.9 % wt. Pt/PSi in air at 1100 ◦C for 6 hours. (A) An image of a Pt NP on 
the outer surface of a PSi particle. (B) Pt NP inside the porous structure of PSi. 
(C) EDX spectrum of the sample shown in (B). 

The size of metal NPs inside the matrix is almost unaffected, in comparison with 

the mean Pt nanoparticle size of the original catalysts, shown in Figure 57, and in 

contrast to the Pt particle shown on the surface of PSiOx matrix. This suggests 

that inside the pores, there is very little metal sintering or agglomeration even at 
such high temperatures and extended exposure. That proves the advantage of 
the undulating pore structure of PSi, in comparison with the majority of other 
catalytic supports. If a metal NP is created inside the pore it cannot escape 

it or grow larger than the pore itself. However, there is clear evidence of an 

oxide over-layer covering metal nanoparticles. The visibly different structure of 
amorphous material around Pt nanoparticles may correspond to SiOx, Pt oxide or 
potentially a Pt silicide layer. The EDX image demonstrated in Figure 72C shows 
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signals of oxygen, silicon, platinum and iron. The presence of iron is attributed 

to the impurities in the raw material, MG-Si. Resolution of the EDX instrument 
(130 eV) does not allow direct identification of the layer covering Pt nanoparticle 

as SiOx or PtOx. 

A short summary of this part: 

Pt/PSi catalysts, having various Pt loadings, were tested in CO oxidation reaction 

to evaluate their catalytic activity. It was found, that already the 0.9 % wt. Pt/PSi 
sample shows high catalytic activity and fully converts CO at temperatures ~ 130 
◦C. The most active catalyst tested in this study for this reaction is 2.3 % wt. 
Pt/PSi with a turnover frequency of ~ 400. Moreover, we present the approach of 
low concentrated metal salt solutions for formation of Pt/PSi catalysts and their 
relatively high catalytic activity. Furthermore, the tested catalyst was shown to 

be stable for over 60 hours under permanent flow conditions. The Pt/PSi catalysts 

show high thermal stability when annealed at high temperatures (oxidation to 

Pt/PSiOx) and are still very active for CO oxidation, but at higher temperatures. 
These could be utilised in catalysis where high temperatures are involved. 
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5.4 Screening of chemical reactions 

In order to understand which fine chemical reactions in liquid phase are the most 
suitable for the developed M/PSi catalysts, several classes of reactions were scree
ned and are described in this chapter. These are carbon-carbon coupling reactions, 
hydrodehalogenations, oxidations and hydrogenations. All these reactions were 

tested in a batch reactor. For all tested reaction classes effective homogeneous ca
talysts are known, but easier handling, catalyst reuse, separation and regeneration 

make heterogeneous catalysts interesting and industrially attractive. 

5.4.1 Carbon-Carbon coupling reactions 

One of the most important reactions in organic synthesis is the carbon-carbon 

(C-C) coupling reaction. These reactions give us a chance to combine small 
building parts to larger units in relative simple ways and they play an important 
role in industry. Such reactions are Suzuki, Stille, Heck, Sonogashira and others. 
A very interesting and important reaction amongst them is the Heck reaction 

also called Mizoroki-Heck reaction [183, 184]. It is a reaction between a halide 

(aryl, benzyl or vinyl) and an alkene, mostly an electron-deficient one, such as an 

acrylate. 

In this study a Heck reaction was performed between 1-bromo-4-nitrobenzene (1) 
and n-butylacrylate (2) using our Pd/PSi catalyst (Figure 73). 

Figure 73: Scheme of the Heck reaction used in this study. 

As a base we used potassium acetate (KOAc) and the molarities utilised were 

1 equivalent (1) : 1.2 equivalents (2) and 2 eq. of the base. The reaction was 

run at 130 ◦C in N-methylpyrrolydone (NMP) as solvent for a maximum of 24 

hours. Two different catalysts were tested in this reaction, both had a 1 % wt. Pd 

loading, but one (PdCl) was prepared from palladium dichloride PdCl2 on PSi 
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and the other (PdAc) from palladium acetylacetonate Pd(C5H7O2)2 precursor on 

PSi. In all reactions 2 mol % Pd catalyst was used. Selected results are presented 

in Table 10. 

Table 10: Results of the Heck reaction catalysed by Pd/PSi. 

Reaction time Product (3) /% (PdCl) Product (3) /% (PdAc) 
0 h 0 0 
1 hr 3 4 
3 hrs 5 7 
24 hrs 21 37 

mass balance for all GC-experiments: 98.0 

On the one hand, these results show that the reaction runs and the desired product 
is obtained with up to 37 % yield. On the other, in comparison with the literature, 
already tiny amounts of the homogeneous catalyst are sufficient for complete 

conversion. As Beletskaya et al. [185] show, 0.0005 mol % of Pd is sufficient to 

catalyse this reaction. Other groups, as e.g. Reetz et al. [186] confirmed the usage 

of “homoeopathic doses” of Pd catalysts in homogeneous reactions to be effective. 
In the case of heterogeneous Pd catalysed Heck reactions we can compare our 
findings with the work of Mehnert et al., who used Pd on mesoporous materials 

(MCM-41) [187]. His group used the same starting materials, but obtained 100 % 

of the product already with 0.1 mol % Pd and in a shorter time (90 min), showing 

high turn over numbers (~1000) [188]. Other groups, as Papp et al. [189], using 

Pd supported on SiO2, also obtained high selectivity and activity with similar 
starting materials (instead of butylacrylate methylacrylate was used). 

There are two major mechanisms of Heck reaction being proposed in the literature. 
One is the heterogeneous mechanism, where a reaction takes place on the supported 

solid Pd surface, as described in [190] and references therein. The second is a quasi-
homogeneous mechanism, where Pd is dissolved as complexes, leached from the 

substrate [191, 192], or as colloids [193, 194]. The quasi-homogeneous mechanism 

and thus the idea of the soluble Pd complex is believed to be correct, see [195] 
and references therein. On the contrary, in our case, no leaching was detected 

when reaction solutions were tested via AAS measurements post reaction (less 

than 1 ppm was not detectable). It has to be noticed that AAS was performed 

on solutions at room temperature, so we may not have detected leached Pd that 
could exist under reaction conditions. The reason for the low activity might be 

an interaction of PSi substrate and the base, as they can react to form Si(OH)x. 
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In Heck reactions the base is used to effect the elimination of the hydrogen halide 

(acid) from an intermediate Pd complex. This regenerates Pd for use in further 
catalytic reaction cycles. However, with PSi, the catalyst support would get slowly 

dissolved and its surface properties would dramatically change from a hydrophobic 

surface to a hydrophilic one. This would change the surface wetting and may 

render the catalyst inaccessible for reactants. 

5.4.2 Hydrodehalogenation reactions 

Organic halides are widely used as solvents, reagents and starting materials in 

research, as well as deodorants, dyes, reagents etc. in industry [196, 197, 198]. 
Plenty of organic halides are non-toxic compounds, nevertheless some of them have 

raised environmental issues and are considered a danger to living species. The most 
prominent examples are the carcinogenic insecticide DDT and the highly toxic 

dioxins, see [196] and references therein. Hence, it became necessary to get rid of 
halogenated organic waste. Incineration is one of the technological choices used 

to accomplish this task [199]. However, dioxins or furans can be produced from 

incomplete combustion [200, 201]. As one of the promising alternatives, catalytic 

hydrodehalogenation reaction is considered, being low in costs and energy efficient 
[202]. This reaction comprises basically a chemical reduction of organic halides, 
which involves a replacement of halogen by hydrogen without the formation of 
dioxin. 

The reaction tested in this study, hydrodehalogenation of halogenated benzenes, 
is shown schematically in Figure 74. It deals with reagents, which are relatively 

harmless for humans. As a hydrogen source molecular hydrogen was used. 

Figure 74: Scheme of the hydrodehalogenation reaction with described reaction 
conditions. The conditions under the reaction line were varied. 

The data reported in the literature, e.g. by Marques et al. [203] on Pd/C catalysts, 
where 5 mol % catalyst was used in atmospheric pressure of hydrogen at 303 K. 
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They state reaction times of less than 30 min of all three tested reagents to yield 

full conversion to benzene. The results of our experiments, all performed at 30 ◦C 

on Pd/PSi catalyst are summarised in Table 11: 

Table 11: Experimental results of hydrodehalogenation. 

Reagent (1) Solvent Base Reaction time Yield (2) /% 
X = Cl EtOH/H2O Na2CO3 4.5 hrs 15 
X = Br NMP/H2O Na2CO3 4.5 hrs 96 

EtOH/H2O Na2CO3 4.5 hrs 100 
EtOH NEt3 4.5 hrs 33 

EtOH/H2O - 4.5 hrs 40 
X = I EtOH/H2O Na2CO3 4.5 hrs 23 

In the literature it has been reported for hydrodehalogenation of aryl halides that 
the order of reactivity would be: PhI > PhBr > PhCl in the case of homogeneous 

Pd catalysts [204]. Interestingly there are papers, which state the exact opposite 

behaviour of aryl halides when catalysed on supported, heterogeneous Pd/C 

catalysts, as Baltzly et al. [205] and Wiener and co-workers suggest [206]. On 

the other hand Marques et al. [203] show that the previous order PhI > PhBr > 

PhCl is true for the supported Pd/C catalysts. When all three compounds are 

in competitive reaction, PhI is the most reactive one, as it gets absorbed better 
by Pd/C. It also makes sense energetically, that PhI is the fastest compound 

to reduce, as this has the weakest bond to break, looking on C-X (X: halogen) 
dissociation energies C-I (53 kcal mol−1) in comparison with C-Br (67 kcal mol−1)· ·
and C-Cl (81 kcal mol−1) [207]. In our case the most reactive compounds are ·
PhBr with Na2CO3 as a base, independent of the tested solvent. With NEt3 used 

as the base the reaction is even worse than without a base (Table 11). When 

NEt3 was utilised, it seemed even before the start of the hydrodehalogenation 

to interact with the support. As mentioned earlier, PSi reacts with bases, which 

can cause its dissolution. The PhBr is followed by a relatively slow reacting PhI 
with low yields and even worse reacting PhCl, showing as well very low yields 

at the tested conditions (Table 11). It is not really clear why in our case PhBr 
on Pd/PSi was found to be the most reactive. To explain and fully understand 

the activity of Pd/PSi in hydrodehologenations further experiments have to be 

conducted. 
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5.4.3 Oxidation reactions 

Oxidations, and in particular in our case, selective oxidations of alcohols to 

aldehydes or ketones belong to the basic reactions in organic chemistry [208, 209]. 
In former times this reaction was performed using oxidants, like e.g. chromate 

[209] or permanganate [210] in stoichiometric amounts. The problem of these 

methods are the cost, the waste production and toxicity, hence, they become 

undesirable. The aerobic alcohol oxidations have been reported to be catalysed by 

transition metal nanoparticles, presenting high catalytic activities and selectivities 

[211, 212, 213, 214, 215, 216]. 

We performed oxidation of benzyl alcohol, which is schematically shown in Figure 

75. For this reaction 2 mol % Pt/PSi and Pd/PSi catalysts were used. 

Figure 75: Reaction scheme of benzyl alcohol oxidation on Pt/PSi or Pd/PSi. 

In our experiments, conducted at room temperature and utilising Na2CO3 as a 

base, we obtained maximum 10 % conversion of benzyl alcohol (1) to benzaldehyde 

(2) after 4 hours for both catalysts, whereas Pd/PSi was more active. When the 

temperature was increased to 80 ◦C the outcome did not change significantly, 
showing a 14 % conversion rate at 4 hours after the start of reaction for Pd/PSi 
and 8 % for Pt/PSi. 

Choi and co-workers [217] report a supported Pd nanocluster catalyst (2.5 mol %) 
for this reaction with a 95 % conversion after 14 hours and 45 % conversion after 
4 hours in water. The same group presents as well catalysts which fully convert 
(1) into (2) in 2 hours with high selectivity. Karimi et al. [216] shows results for 
0.4 mol % Pd catalyst supported on SBA-15, where almost complete conversion 

(99 %) is reached after 3.5 hours. Another work of Uozumi et al. [211] presents 97 

% yield of (2) after only 1.5 hours using 1 mol % Pd catalyst. Pt catalysts are 

shown to be active by Yamada and co-workers [218] at 60 ◦C in water, using 1 
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mol % Pt and reaching 100 % conversion after 24 hours. Hou et al. [215] show on 

the other hand, when using 5 mol % Pd catalyst at 80 ◦C, a 83 % conversion only 

after 13 hours in super critical CO2. Mostly water was selected as the solvent for 
these reactions. 

In our case, water could not be selected as the solvent because PSi is hydrophobic 

and would not disperse in water. Hence, dioxane/water mixture was used. However, 
these conditions did also show a low catalytic activity of our catalysts in this 

oxidation reaction, in comparison to the catalysts discussed in the literature. 
There can be several reasons which may explain such low activity of our catalysts 

in this reaction. Firstly, it can be again the interaction of PSi substrate with 

the base yielding in formation of Si(OH)x and therefore changing of the surface 

wetting, as mentioned for C-C coupling reactions. In this case it should not 
disturb the reaction, but if the active sites are affected, it might change the 

reactivity of the catalyst. To clarify this hypothesis, first of all, the nature of 
the active centres should be determined. Secondly, the product of this reaction, 
benzaldehyde, seems to be better adsorbed on the catalyst than the starting 

material, benzyl alcohol. This was found by performing sorption experiments. 
This finding could be also explained by electronic interactions of an active support 
and a Pd catalyst with C=O group of an aldehyde as proposed in [219]. Thus, 
due to high local concentration of benzaldehyde and high reductive potential of 
the support (H-termination of PSi) a reverse reaction, benzaldehyde reduction, 
possibly takes place. There are as well reported differences between catalysis of 
aromatic, aliphatic, primary or secondary alcohols. It might be that this particular 
reaction is not a representative example for its class in the case of our catalysts, 
and other alcohols have to be tested in future. 

5.4.4 Hydrogenation reactions 

Hydrogenation reactions are another very important class of reactions in pharma
ceutical and speciality chemical industries [220, 221, 222]. In the food industry 

hydrogenation reactions are utilised to completely or partially saturate the un
saturated fatty acids in vegetable oils to convert them into solid or semi-solid 

fats (e.g. margarine). These latter compounds offer different cooking or taste 

characteristics that are more satisfactory for consumers. The oil industry uses 

hydrogenations to convert unsaturated compounds, containing plenty of double 

bonds, to saturated ones [223]. 
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We have tested the catalytic activity of our Pd/PSi and Pt/PSi catalysts with three 

reagents: (i) benzaldehyde (hydrogenation of a carbonyl group), (ii) nitrobenzene 

(hydrogenation of a nitro compound) and (iii) dimethyl itaconate (hydrogenation 

of a C=C double bond) using molecular hydrogen as the hydrogen source. 

(i) Hydrogenation of benzaldehyde


The reaction is schematically shown in Figure 76.


Figure 76: Reaction scheme of benzaldehyde hydrogenation. 

With both tested catalysts neither toluene nor benzene was formed during the 

reaction, which was confirmed by gas chromatography (GC) and makes this 

hydrogenation selective. For each reaction 1 mmol (1) and 0.4 mol % Pd/PSi in 

2-propanol was used. The results are summarised in Table 12 showing the yield 

of benzyl alcohol (2). 

Table 12: Results of benzaldehyde hydrogenation by Pd/PSi catalyst. 

Temp. /◦C Reaction time /hrs Yield (2) /% 
50 6.0 100 
40 7.5 100 
25 14.0 83 

Figure 77 shows how a typical reaction proceeds, monitored by GC measurements, 
under the conditions shown in Figure 76 and mentioned in the text. 
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Figure 77: GC analysis of a typical benzaldehyde hydrogenation reaction on 
Pd/PSi. The error bars represent 2 % experimental accuracy. 

From such kinetic data, as shown in Figure 77, with a combination of different 
reaction temperatures one can calculate an approximation of the activation energy 

(EA) of the chemical reaction. We use Arrhenius equation: 

k = A e−EA/RT (5.7)· 

where k is the reaction constant, R the gas constant, T absolute temperature 

in Kelvin, EA the activation energy and A is a pre-exponential factor. If one 

transforms equation 5.7 by taking the natural logarithm we obtain the following: 

ln(k) = ln(A) − 
EA 1 (5.8)
R T 

From equation 5.8 we can clearly see a linear dependence of ln(k) on 1/T . The 

slope of the reaction rate is proportional to the activation energy EA. For 
the hydrogenation of benzaldehyde over Pd/PSi we obtain an activation energy 

EA = 57.4 kJ mol−1. Other groups, like Divakar et al. [224] report about a · 
lower activation energy of ~16 kJ mol−1 for benzaldehyde over supported Pd · 
NPs, whereas the reaction goes over benzyl alcohol to toluene. Rosales and 

co-workers [225] mention an activation energy of ~ 25 kJ mol−1 for benzaldehyde · 
hydrogenation by homogeneous Ru complex. 
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As we can see, low activation energies, shown in literature, allow the formation 

of an undesired product, toluene. It might be that in our case a relatively high 

apparent EA prevents the production of toluene during the observed reaction 

time under used conditions. Hence, this high energy barrier makes our catalyst 
selective for this reaction. An explanation could be a mass transfer effect. Low 

activation energies are often recorded when reactions are performed under mass 

transfer limiting conditions. It was reported that for some systems, when the 

apparent activation energy is high, like in our case, it is likely to be a combination 

of mass transfer and kinetics [226]. In case of our catalysts the mass transfer 
limitations are considered to be small, due to the morphology of PSi, which most 
probably enables an easy mass transport of reactants and products through an 

open interconnected porous network, while retaining a reasonably high surface area, 
due to the mesopore range of pore diameters. Another fact is that benzaldehyde 

adsorbs better than benzyl alcohol on the reactive sites, thus the reaction can be 

enhanced. This clearly explains a very low oxidation efficiency from benzyl alcohol 
to benzaldehyde, discussed in the previous subsection. In this case our catalyst 
shows a high selectivity and activity at moderate pressures and temperatures. 

(ii) Hydrogenation of nitrobenzene 

Catalytic hydrogenation of nitrobenzene is an industrially important reaction for 
the production of aniline. More than 85 % of aniline in the world is produced by 

catalytic route [227]. The reaction scheme is shown in Figure 78. Both, Pt/PSi 
and Pd/PSi catalysts were used in the reaction of nitrobenzene (1) reduction into 

aniline (2). 

Figure 78: Reaction scheme of nitrobenzene hydrogenation. 

The obtained product was >98 % aniline, which was controlled and verified by GC. 
Some of the results are summarised in Table 13, whereas the changed parameters 

are shown. 
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Table 13: Results of nitrobenzene hydrogenation.


Catalyst Temp. /◦C H2 pressure /barg Time /min Yield (2) /% 
Pt/PSi 1 mol % 80 9 2 99 

Pt/PSi 0.5 mol % 60 4 12 98 
Pd/PSi 0.5 mol % 60 4 15 98 

conditions: 10 ml ethanol, 0.5 mmol nitrobenzene, mass balance: 98.0 

This reaction appears to be very quick at applied conditions (9 barg) with complete 

conversions. Even at lower pressures of hydrogen this reaction is still very effectively 

and relatively quickly catalysed by the used catalysts (Pt/PSi and Pd/PSi). Table 

13 shows that the Pt/PSi catalyst is a bit more active for this reaction than the 

Pd/PSi one under the same reaction conditions. As the yield of reaction was not 
100 %, e.g. azobenzene or phenylhydroxylamine could be reasonable candidates 

for by-products in this reaction. However, the analysis of reaction products by GC 

has revealed that the major identifiable product is only aniline. In the literature 

the catalysts, mostly described for the hydrogenation of nitro compounds are 

noble metals, like Pt and Pd, supported on carbon or Raney nickel [228]. Zhao 

et al. [229] demonstrate hydrogenation of nitrobenzene on Pt/C and Pd/C in 

ethanol at comparable conditions. They demonstrate at 35 ◦C and 40 barg H2 

pressure a 63 % conversion on 0.5 mol % Pt/C catalyst 10 min after the start of 
reaction with a 58 % selectivity for aniline. For 0.5 mol % Pt/C catalyst only 21 % 

yield was found with 68 % selectivity for the desired product at the same reaction 

conditions. His group also applies scCO2 as a solvent, demonstrating much better 
results in terms of activity and selectivity for the same reaction. Macías Pérez 

and co-workers [230] could show that Pt supported on charcoal cloth was active 

for nitrobenzene hydrogenation at atmospheric pressure of hydrogen at 0 ◦C. 
The presented results identified that the reaction was not very selective at those 

conditions (nitrosamine and phenylhydroxylamine as intermediates) and aniline 

was obtained in 75 % yield only 10 hours after the start of the reaction. Other 
groups, like Wang et al. [231], showed that on silica gel supported Ni catalysts are 

also is globallyhighly active in this reaction. His group obtained 100 % conversion 

of nitrobenzene to aniline with high selectivities (> 98 %) after 5.5 hours at 10 

barg hydrogen pressure. It was recently demonstrated that Pt-Pd bi-metallic NPs 

(ratio 1 : 1), stabilised by imine groups and supported by SBA-15, exhibit high 

activity (100 % conversion) and selectivity (>99 %) in nitrobenzene hydrogenation 

after 2 hours at 60 ◦C and 1 barg hydrogen pressure [232]. 
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The hydrogenation of nitrobenzene on our developed catalysts Pt/PSi or Pd/PSi 
runs with high selectivity and activity. Zhao et al. argue that a very poor activity 

and selectivity stems from low solubility of hydrogen in ethanol in comparison 

with scCO2 as a solvent at their conditions [229]. In our case the solubility of 
hydrogen is 5 to 10 times worse (~ 0.002 mol fraction), due to lower partial 
pressures applied, but we still observe such results. We could explain this fact 
by taking into account the partially hydrogenated surface of the support (PSi). 
It might be that this surface hydrogen adds to the fast reduction reaction of the 

nitrobenzene. Another reason for this finding can be a possible SMSI effect of PSi 
for such kind of reactions - hydrogenations. This means that PSi support itself is 

actively taking part in the reaction and the catalysis occurs at and around Pd 

or Pt NPs, involving different oxidation states of the utilised noble metal. It is 

possible, as PSi surface is still partially hydrogen terminated after the metal NP 

formation. The SMSI effect was already shown to be the reason for high activity 

and selectivity in e.g. hydrogenation of p-chloronitrobenzene, supported on TiO2 

[233]. Further studies on this topic, in order to understand the ongoing effects, 
have to be conducted. This particular reaction seems to be very favourable and 

less demanding in terms of support morphology or active site geometry, than the 

other tested hydrogenation reactions. The nitrobenzene hydrogenation is relatively 

fast and could be promising for further studies in a Si based microreactor, as the 

retention time on the catalyst is drastically reduced in this system. 

(iii) Hydrogenation of dimethyl itaconate 

This reaction is interesting because it serves as an example of a carbon-carbon 

double bond hydrogenations of alkenes to alkanes, which is very important in 

different industries, e.g. the oil industry. However, the study of itaconate hy
drogenation attracts interest, as the product of this reaction, the succinic acid 

derivatives, are valuable intermediates for several pharmaceutical preparations 

including potent renin inhibitors [234]. 

This reaction is schematically shown in Figure 79. For most reactions Pd/PSi 
catalysts were used, but also Pt/PSi catalysts were tested. 

Results of the hydrogenation study of dimethyl itaconate (1) to dimethyl 2
methylsuccinate (2) are shown in the Table 14. In Table 14 only the conditions, 
which were changed in comparison to standard conditions, indicated in Figure 79, 
are shown. 
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Figure 79: Reaction scheme of dimethyl itaconate hydrogenation showing standard 
conditions used in this work. 

Table 14: Results of dimethyl itacontate hydrogenation. 

Catalyst Temp. /◦C (1) /mmol H2 /barg Time /min Yield (2) /% 
0.2 mol % Pd/PSi 50 0.4 4 100 100 

40 0.4 4 100 100 
30 0.4 4 110 100 
20 0.4 4 120 100 
40 0.4 2 120 100 
40 0.4 6 90 100 
40 0.2 4 90 100 
40 0.6 4 120 100 
40 1.0 4 100 32 

0.2 mol % Pt/PSi 40 0.4 4 100 26 
Conditions: 12 ml methanol, 0.4 mmol dimethyl itaconate (if not stated differently) 

Beside these measurements negative controls were performed. Both controls, 
PSi lacking Pd metal loading and reaction without molecular hydrogen input, 
showed no activity. As mentioned earlier, we know that Pd/PSi still has hydrogen 

passivation of the PSi surface where the metal was not reduced. 

When we first look on the temperature dependence of this reaction, we can use 

the transformed Arrhenius equation 5.8 to plot ln(k) versus 1/T and obtain the 

apparent activation energy EA. This plot is shown in Figure 80. The slope of 
this plot is -2.88 and hence, the activation energy EA = 23.9 kJ mol−1. This· 
result is comparable and similar to ca. 20 kJ mol−1measured in the study of the · 
hydrogenation for non-coordinated alkenes, see [235] and references therein. 

The pressure dependence of this reaction on Pd/PSi catalysts is relatively small (see 

Table 14), whereas the effect of methanol saturation pressure at these conditions 

was considered. An explanation for that might be the mentioned H-terminated 

surface of PSi and/or a strong adsorption of hydrogen on the catalyst. If we look 

on the concentration dependence of dimethyl itaconate in the reaction (Table 14) 
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Figure 80: Rate of reaction versus temperature for dimethyl itaconate hydrogena
tion. 

one can see that at high concentrations the yield falls. This suggests that this 

hydrogenation on Pd/PSi could follow 2nd order kinetics. 

Interestingly, after the desorption of hydrogen from Pd/PSi catalyst at 400 ◦C in 

argon the desorbed catalyst was tested in the hydrogenation of dimethyl itaconate 

under the standard conditions shown in Figure 79 and no catalytic activity was 

detected. XPS measurements of the catalyst before and after desorption revealed 

a 20 % difference in Pd weight percentage (see Table 15), so that drastic change in 

activity is unexpected. The measured difference in Pd content might be attributed 

to carbon contamination during the sample preparation prior to XPS analysis. 

Table 15: XPS dataa of Pd/PSi catalyst before and after hydrogen desorption. 

Sample O 1s Pd 3d C 1s Si 2p wt% Pd/Si 
Pd/PSi as-prepared 49.09 2.98 5.81 42.12 0.07075 

Pd/PSi w/o hydrogen 49.15 2.24 9.48 39.13 0.057245 
a : XPS data are presented in weight percentage. 

The experiment of the desorption of hydrogen shows how critically the catalytic 

activity of our system depends on the hydrogen termination of the extended PSi 
surface. Therefore, it might be indeed a very interesting interaction, such as an 

SMSI effect, between the support and the noble metal NPs during hydrogenation 

reactions. For all these reactions we have two possible sources of hydrogen: an 
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external source (molecular hydrogen from cylinder) and an internal source (H
terminated PSi surface). In order to understand where the hydrogen mainly 

comes from in the product of a hydrogenation reaction, an isotope experiment 
with deuterium, instead of hydrogen (as external source), has to be carried out. 
Furthermore, it would be important to know what happens to the surface of PSi 
during the reaction, which can be monitored in-situ by an FTIR spectrometer. 
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6 Conclusions and future work 

Silicon is an elemental semiconductor of the IVth group. Most of the studies 

devoted to this material concentrated on its application in semiconductor industry. 
It also has many other applications, for instance in micromachining. However, after 
decades of work on silicon, it seems that this material shows, indeed, new properties 

and functionalities in its nanoform. There exist many forms of nanosilicon: porous 

silicon, planar silicon nanostructures, silicon nanocrystals in SiO2 matrix and 

silicon nanospheres. There are also many recipes how the extended surface of 
nanosilicon can be controlled. 

In this work several forms of silicon nanocrystals were developed and investiga
ted for application in the field of catalysis. It was demonstrated that due to 

unique morphological properties this material has many functionalities beyond 

microelectronics. 

(I) Three different methods were applied in this study to obtain nano-structured 

silicon: 

- electrochemical etching of bulk Si wafers, which results in formation of PSi layers. 
Despite this procedure is well known, it cannot be accepted by industry for this 

purpose due to its complexity and extreme costs. 

- stain etching of low cost Si grains yielding in a material similar to PSi layers (PSi 
powder). To reduce the production costs of the PSi powder, simple wet etching 

technique of metallurgical grade Si powder was utilised. 

- gas phase synthesis of Si nanosphere systems from silane by a so-called “bottom
up” method. This material presents after a stain etching procedure rather specific 

photoluminescence dynamics, slightly different from other known PSi systems. 

PSi and Si nanospheres are characterised by a rather broad nanocrystallite size 

distribution. After the preparation process, we could show that the extended 

surface area of PSi is hydrogen passivated, which makes it in comparison to 

other widely utilised catalytic supports rather chemically reactive, having a high 

reduction potential. 

(II) We used the reductive properties of the well-controlled extended surface of Si 
nanostructures to develop a new method of forming noble metal nanoparticles 

within the undulating pore structure of PSi without addition of any reducing 

agents. Metals and their nanoforms have a specific optical response called plasmon 
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resonance. Plasmon resonance response is dependent on the metal, its size, shape 

and dielectric surroundings. We showed in this work, that by using plasmon 

resonance technique, we are able to trace and control in-situ the formation of 
noble metal nanoparticles (NPs), for instance Au, in PSi from alcohol salt solutions. 
This method allowed us to optimise the process of NP formation in chemically 

active PSi matrices. With the help of this technique we learnt that NP growth can 

be accurately controlled via proper choice of PSi template (pore size), NP growth 

time and metal salt concentration in the solution. Moreover, we presented the 

formation of bimetallic alloys in chemically active PSi layers from the mixtures 

of salts of metal couples, as in the case of Au and Ag or Au and Pt. This was 

demonstrated in this thesis by the plasmon resonance experiments and verified by 

XPS measurements. Using plasmon resonance experiments we derived the criteria 

for the incorporation of metal NPs into PSi matrices. The reaction conditions were 

optimised in order to obtain noble metal nanoparticles inside the porous structure 

of silicon and having a well-controlled size distribution. We also demonstrated in 

this work a high thermal stability of the noble metal nanoparticles formed in PSi 
matrix. This can potentially be attributed to the effect of the pore morphology. 
However, this may also result from the formation of a silicon oxide over-layer, 
protecting individual metal nanoparticles from sintering. 

(III) The catalytic activity of the synthesised nanocomposites, discussed in this 

study, were first tested in a gas phase reaction: CO oxidation. Pt/PSi catalysts, 
with ca. 1 % wt. of Pt, have shown high catalytic activity in the selected reaction. 
The catalysts synthesised in this work, as it was demonstrated, can compete with 

known systems in terms of their activity and stability. The Pt/PSi catalysts were 

shown to be stable in continuous reaction cycles over cumulative 60 hours on 

stream. 

(IV) Furthermore, developed Pd/PSi and Pt/PSi catalysts with low metal loading 

were tested in catalysing liquid/gas phase reactions in a batch reactor. Four 
fundamental classes of reactions were studied, hydrogenation, oxidation, C-C 

coupling and hydrodehalogenation. It was found that the most suitable reaction 

class for our catalysts is hydrogenation. In this work it was shown that the tested 

catalysts are highly active and selective in this type of reactions. 
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The findings of this thesis provide the opportunity to embark on the following 

work: 

1. In this thesis we present a new form of Si nanostructure, Si nanospheres. The 

next step is to embed the noble metal NPs and test this particular system in 

catalysis. Furthermore, one can compare it to the catalysts based on PSi. 

2. We show that based on the findings in this work, a microreactor on a single Si 
wafer can readily be produced. This microreactor can be utilised for testing of 
different kinds of fine chemical reactions. As the results of the reaction screening 

in the batch reactor show, these reactions might be hydrogenations for the start. 
Additional screening, aimed at reactions requiring different oxidation states of 
noble metals, has to be performed. 

3. An interesting feature, found after oxidation of noble metal/PSi samples at 
high temperatures, is the growth of Si/SiOx nanowires. We observed nanowire-like 

structures in the size range of 20 - 50 nm with Pt “nano-heads” in HR-TEM 

measurements. It would be very interesting to understand this phenomenon for 
possible applications in energy accumulation systems. 

4. Another interesting topic could be the investigation of the SMSI effect of 
PSi matrices on the catalytic activity. One of the possible routes could be the 

preparation of supports with a different grade of oxidation: PSiOx (x= 0-2). 
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