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CATALYSIS 

With the growing world population there is an increasing demand for energy. As of today, 
the majority of this energy comes from fossil fuels: coal, natural gas and oil (Figure 1.1).1 
Moreover, the transportation sector is almost exclusively reliant on liquid transportation fuels 
produced from oil. However, oil is a finite resource, and at the current rate of production, the 
known oil reserves will be depleted in roughly 55 years.1 This does not mean that oil will be 
gone in 55 years; new reserves are still being found and techniques are constantly developed to 
more efficiently recover oil from known fields. Combined with more fuel efficient cars, 
reducing fuel consumption per distance travelled, the period in which oil is readily available is 
likely more extensive. However, reserves will eventually deplete. Natural gas and coal are 
equally or even more abundant, so that using these as a feedstock for fuels could extend this 
period significantly. Using biomass, preferably non-competing with the world food 
production, could even result in a renewable cycle. However, it is not possible to simply put 
these alternative feedstocks directly into the process plants currently used for oil, much less in a 
regular engine, and conversion of these alternative feedstocks to fuels is not facile. 

 

Figure 1.1. World energy consumption development over time in million tonnes of oil equivalent per 
annum. Currently, over 85% of the energy used comes from fossil fuels (coal, natural gas and oil), while 
about 7% comes from renewable energy (hydro, biomass, wind, solar, etc.).1 

This is where catalysis comes in. A catalyst is a material that can increase the rate of a 
reaction without being consumed itself, so that in the ideal case a catalyst can be used 
indefinitely without being renewed. It often permits reactions to take place under milder 
conditions, and allows one to steer the reaction products by increasing the rate of the desired 
reaction while secondary or side reactions, that would produce undesired byproducts, are not 
catalyzed. The most familiar example is the catalytic converter that controls exhaust emissions 
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from cars, converting toxic gasses to less harmful ones. However, catalysts are used in a huge 
variety of processes on an industrial scale. It has been estimated that roughly 70% of all 
chemical processes use heterogeneous catalysts,2 whereby a solid catalyst is used in combination 
with liquid or gas phase reactants and products, with applications not only in oil refining and 
(petro)chemical processes, but also in food, pharmaceutical, environmental, and fine chemical 
industries.3  

A specific and growing application of catalysis is the conversion of alternative feedstocks 
into transportation fuels. First, these feedstocks need to be converted into an intermediate gas 
composition called synthesis gas (in short syngas), which consists of H2 and CO. This is done 
at high temperatures by a process called gasification for coal and biomass4, or by steam 
reforming over nickel catalysts in the case of natural gas.5 Moreover, the H2 to CO ratio of 
syngas can be tuned by use of a so-called water-gas-shift catalyst, usually based on iron oxide or 
copper.6  

The resulting syngas can then be transformed into long chain alkanes via a process called 
the Fischer-Tropsch synthesis as by Equation 1.1. This synthesis method was already 
discovered in the early 1920s by Franz Fischer and Hans Tropsch to provide Germany with an 
alternative source of fuel, and was further developed in South Africa during the apartheid 
regime to meet the energy demands.7 More recently, with rising energy consumption and 
concurrent oil prices, it has received increased attention both academically and industrially, and 
has led to commercialization of the Fischer Tropsch process for the production of fuels from 
natural gas, often referred to as gas to liquids technology (GTL). Several large industrial plants 
have been constructed by companies such as Shell, Sasol, PetroSA, Petrolium and Chevron, 
reaching an approximate total capacity of 400 000 barrels per day in 2014, equivalent to about 
0.5% of the world daily oil consumption.8  

n CO + (2n+1) H2 -> CnH2n+2 + n H2O  (Equation 1.1) 

The Fischer-Tropsch process is mostly done over cobalt catalysts. Due to the 
polymerization nature of the reaction, the final product contains a broad range of products 
ranging from methane, CH4, to hydrocarbons with 50 or more carbon atoms, mostly parrafinic 
and unbranched. Because the raw feedstock is often natural gas, which consists mostly out of 
methane, formation of methane during the Fischer-Tropsch process is highly undesirable and 
catalysts and reaction conditions need to be tuned to shift the selectivity towards the long 
alkane side of the product spectrum, often expressed as the C5+ selectivity.9 The resulting long 
chain alkanes can be further processed (cracking, isomerization) for application as 
transportation fuels. The fuels thus obtained are much cleaner compared to conventional diesel 
fuels. They display a high cetane number, which may translate to a higher fuel efficiency, and 
contain virtually no sulfur, nitrogen compounds or aromatics, which is beneficial for the 
environment for example as lower soot emissions from diesel cars.10 Therefore, fuels produced 
via the GTL procedure, or blends of GTL fuels with conventional fuels, easily meet the 
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increased demand for cleaner fuels due to the global urbanization and the increasing trend 
towards clean and sustainable technologies. 

Other syngas based reactions are equally important industrially. For example, while nickel 
catalysts are used to form syngas from natural gas at high temperature, the reverse reaction is 
possible at lower temperatures, so that methane is produced from CO + H2, known as the 
methanation reaction. This reaction is highly important for purification of the H2 gas stream in 
ammonia plants, a huge industry for the production of fertilizer and other nitrogen containing 
compounds, and for which CO is detrimental for the catalyst stability. Moreover, the 
methanation reaction can potentially be used for the production of natural gas from other 
sources such as coal or biomass, to reduce the reliance of countries without natural gas on its 
import for domestic use.11 

Each of the catalysts described above are used in the form of so-called supported metal 
catalyst. These consist of an active metal, such as nickel or cobalt, supported on a mostly inert 
material that provides mechanical structure to the catalysts, and generally has a high thermal 
stability and high porosity but is often otherwise chemically inert.12,13 The catalytic reaction 
takes place at the interface between the reactants and the metal, on the surface of the metal. 
Because these metals are often expensive, and because reactor designs are often limited in size 
for practical reasons, maximal efficiency is desired to make reactions economically viable. This 
is done through use of very small metallic particles, of the order of a few nanometers, so that 
the surface area per gram of metal is maximized. Moreover, high metal loadings are often 
desired to increase the activity per unit of volume of catalyst, and thereby make maximum use 
of the available reactor space.  

Even though the catalyst itself is theoretically not consumed during the reaction, in 
practice catalysts do exhibit a loss of activity over their lifetime.14 This is highly undesirable, as 
it reduces the productivity of the catalytic process. Moreover, if the output of one chemical 
plant is reduced, all other processes that are reliant on it are also affected. Since industrial 
catalytic processes are often intensely integrated, this can have great implications for an entire 
chemical production site. In addition, taking down the chemical plant and replacing the 
catalyst is often complicated and can take weeks, an expensive endeavor. Thus, the stability of a 
catalyst is often just as important as its activity. 

Deactivation of catalysts can go via a multitude of ways.15 Unreactive carbon, also known 
as coke, can form on the support or the metal particles, blocking access to the nanoparticles. 
Even minute traces of certain compounds, such as sulfur, can poison many types of catalysts by 
adsorbing strongly on the metals, making them unavailable for the desired reactants. Attrition 
can take place, whereby support pellets or grains break up into smaller particles which are 
swept out of the reactor. Finally, an important deactivation mechanism is particle growth, 
whereby several small metal nanoparticles form one bigger particle (Figure 1.2), thereby 
reducing the metal surface area per gram of metal, resulting in a loss of activity. 
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Figure 1.2. Two possible 
mechanisms for particle growth. 
(a) migration and coalescence, 
also known as sintering, whereby 
two particles migrate across the 
surface of the support, forming 
one bigger particle when they 
meet. (b) Ostwald ripening, 
whereby monomeric species or 
small clusters migrate from small 
to large particles across the 
surface of the support or through 
the vapor phase. 

 

These deactivation pathways can often be partially mitigated by proper choice of the 
catalyst and reaction conditions. For example, attrition strongly depends on the choice of 
support and modifications made to it. Poisoning can often be reduced by purifying the reactant 
feed, or by synthesizing the catalyst such that active sites are deep inside the support grains or 
pellets, so they are difficult for the poison to reach. Particle growth was recently shown to be 
greatly dependent on the distance between particles for the synthesis of methanol from syngas 
over copper catalysts.16 However, all of these solutions greatly depend on the specifics of the 
catalytic reactions and conditions involved. For example, nickel supported on alumina in a H2 
atmosphere at 700 °C exhibited a relatively slow particle growth by migration of the particles 
across the surface, resulting in coalescence of smaller particles into one larger particle when they 
met. However, at 800 °C particle growth was much more rapid, and it was observed that apart 
from migration and coalescence, Ostwald ripening could also take place, whereby monoatomic 
species or small clusters transport from small to large particles, resulting in growth of the large 
particles at the expensive of smaller ones.17 Thus, the specifics of the reaction conditions 
determine the requirements of the catalysts.  

By now, it should be evident that the performance of the catalyst, in particular its activity, 
selectivity and stability, is highly dependent not only on the active metal(s) and reaction 
conditions, but on many aspects of the catalyst, such as the support, metal particle size, and 
their location. Because of this, preparation of a catalyst is extremely intricate. Obtaining the 
desired properties has long been achieved largely by trial and error, such that the field of 
catalyst preparation used to be regarded as an art rather than a science, and resulting catalysts 
are often not ideal (Figure 1.3). However, recent years have shown an exponential increase in 
the number of fundamental studies on the preparation of catalysts, so that rational synthesis of 
catalysts is increasing. 
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Figure 1.3. Examples of catalysts with inhomogeneous cobalt metal distributions on the support, which 
are often undesirable. (a) HAADF-STEM (cobalt bright) of Co/γ-Al2O3 (adapted from 18), (b) TEM 
(cobalt dark) of Co/γ-Al2O3 (adapted from 19) and (c) TEM of Co/SiO2 (adapted from 20). In each case, 
the small 5-10 nm cobalt particles are very closely together in aggregates of 50-300 nm, while large parts 
of the support are empty. 

OUTLINE 

In chapter 2chapter 2chapter 2chapter 2, the important aspects and recent developments in the field of support metal 
catalyst synthesis were reviewed. Techniques to prepare supported catalysts include 
synthesizing metal particles in solution followed by deposition on the support, deposition of 
the metal via the vapor phase, or precipitation of (a precursor of) the active metal from a 
solution, either in the presence of the support material (deposition precipitation) or by 
precipitating the support and metal from the same solution (coprecipitation). The most 
applied method in academia and industry alike remains impregnation of a precursor solution 
into the existing support material, followed by drying and a calcination or other activation 
treatment. While this method is simple in its execution, optimization of the catalyst is often 
difficult due to the complicated physiochemical processes involved in the process. 

Catalysts synthesized by impregnation and drying often result in inhomogeneous 
distributions of the metal particles on the nanoscale, so that the small particles are grouped 
together into large clusters or aggregates, while the majority of the support remains empty. 
This problem was investigated in chapter 3chapter 3chapter 3chapter 3, where freeze-drying was utilized to demonstrate 
the large importance of the drying step on the nanoscale aggregation of Co/SiO2 Fischer 
Tropsch catalysts made from a cobalt nitrate precursor. 

In chapter 4chapter 4chapter 4chapter 4, the drying step was further studied by drying impregnated silica supports in 
an N2 flow in a fluidized bed mode, which allowed for the synthesis of catalysts with differently 
sized aggregates of similarly sized cobalt particles. These catalysts were subsequently tested 
under industrially relevant Fischer-Tropsch conditions to study the effect of particle 
aggregation. Through use of imaging techniques at different length scales a relatively unknown 
deactivation mechanism was revealed, whereby particles migrated tens of micrometers to the 
external surface of the support grain, with the extent of migration highly dependent on the 
initial degree of cobalt particle aggregation. 
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A more fundamental insight in the cause of aggregation during drying was obtained in 
chapter 5chapter 5chapter 5chapter 5 by immobilization of the precursor after drying. This allowed for the distinction of 
two different aggregation pathways, between which an optimum existed whereby no aggregates 
were formed. Moreover, while drying in stagnant air, commonly used in literature, often results 
in aggregation, use of an N2 flow during drying provided a facile way to avoid aggregation for 
different support materials. 

In chapter 6chapter 6chapter 6chapter 6, the obtained knowledge on catalyst synthesis was utilized to prepare several 
nickel catalysts with different particle sizes and interparticle distances. These catalysts were 
subsequently tested in the synthesis of natural gas from syngas. During this reaction, catalysts 
often rapidly deactivate due to Ostwald ripening by nickel carbonyl species. We show that by 
controlling the initial Ni particle size, this deactivation can be greatly reduced. 

Finally, a summary and outlook are provided in chapter 7chapter 7chapter 7chapter 7. 
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1 

1. INTRODUCTION 

Heterogeneous catalysis, whereby a gas or liquid phase reaction is performed over a solid 
catalyst, is at the heart of the modern energy and chemical industries. Most chemical processes, 
both established1–3 and emerging4–7, are performed using functional nanomaterials as catalysts. 
Moreover, upcoming fields such as nanoelectronics and energy conversion and storage are 
based upon the application of similar nanomaterials. The catalytic activity for these materials 
often resides with metal(oxide, sulfide) surface sites, and efficient use of the metals and space 
available demands for small particles, located on a mostly inert support to enhance the thermal 
stability of the catalyst. The field of catalyst synthesis, also known as catalyst preparation or 
catalyst manufacturing, is aimed to establish the desired composition and structure of these 
materials. 

Catalyst synthesis has often been regarded as an art rather than a science. Recently an 
exponential increase of the number of scientific papers on supported catalysts greatly enhances 
the ability to rationally synthesize active, selective and stable catalysts.8 However, many of the 
fundamental mechanisms concerning catalyst synthesis are as yet not fully understood. For 
example, there is almost no knowledge on the  mechanisms and rates of particle formation in 
supported catalyst synthesis.9 

In this chapter, we review recent developments in the synthesis of supported catalysts 
reported over the last 5 to 10 years. First, the main requirements of solid catalysts are discussed. 
Next, recent developments of two main preparation methods, precipitation and impregnation, 
are highlighted. In both of these methods, a metal precursor, mostly an inorganic salt, is used 
in some form to deposit the active metal onto the support. With precipitation techniques, 
metal particle growth is stimulated by the induction of supersaturation of the precursor in 
solution, resulting in nucleation and growth of metal particles. This can happen in conjunction 
with the formation of the support (coprecipitation) or onto an existing support (deposition 
precipitation). With impregnation techniques, the support is contacted with a precursor 
solution. Low loadings, often for precious metals, are achieved by adsorption of the precursor 
molecules onto surface groups of the support (ion adsorption) or through the exchange of ions 
in for example zeolites (ion exchange), after which excess precursor is removed. When higher 
loadings are required, the washing step is skipped and the support is directly dried, so that all 
precursor ends up on the support (impregnation and drying). Impregnation can be performed 
to incipient wetness, whereby only the pores of the support are filled with precursor solution, 
as to prevent deposition on the external surface of the catalyst grains and limiting waste. 
Besides these traditional methods, emerging preparation techniques are discussed. Precursors 
with low melting points can be heated and contacted directly with the support, such that 
capillary forces suck up the precursor upon melting (melt infiltration). Particles can also be 
formed in solution (colloidal route) controlled through use of stabilizing agents or ligands, after 
which the formed particles are deposited on a support. Vapor deposition is used whereby 
gaseous metal atoms, clusters or organics are selectively reacted with support surface groups. 
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Finally, we provide an outlook on the anticipated developments in the field of supported 
catalyst synthesis. 

 

2. CATALYST REQUIREMENTS 

Catalysts come in a wide variety to accommodate the large differences in operating 
conditions, feedstocks and products. Even so, high activities and selectivity towards the desired 
product are always required. Moreover, stability of the catalyst is highly important and 
processes such as the irreversible growth of particles or poisoning of the active sites have to be 
prevented.10 The performance of the catalyst is determined by what we refer to as the DNADNADNADNA of 
the catalyst, that is the DDDDensity, NNNNature and AAAAccessibility of the active sites, with the 
accessibility largely determined by the support pore architecture. 

The density of active sites is important primarily for the activity through the number of 
particles on the support connected to the metal loading. Since industrial reactors are generally 
limited in size for practical reasons, it is often desirable to use a high density of active sites 
(high metal loading) to maximize the activity per unit volume. The local particle density, and 
so the distance between particles, can also be important for the stability of the catalysts. 
Maximizing the spacing between Cu particles on an SBA-15 support proved greatly beneficial 
for the stability of methanol catalysts.11 Similarly, reducing the size of aggregates of cobalt  
nanoparticles on silica gel in Fischer Tropsch catalysts has been shown to improve catalyst 
stability.12 

The nature of the active sites has direct bearing on the surface-specific activity, often 
referred to as Turn Over Frequency (TOF) and the catalyst selectivity. This nature is 
determined by the composition, size, and shape (i.e. type of metal and promoters or 
bimetallics) of the nanoparticles. Reduction of the size of the nanoparticles increases the 
amount of surface sites per unit weight of metal and generally results in more active catalysts. 
For structure sensitive reactions that require specific surface sites, such as a low-coordination 
sites found on defects, corners, steps or edges, reduction of the particle size may enhance 
TOF.13 However, maximum weight-based activities at a certain particle sizes have also been 
reported. In the dehydrocyclization of n-heptane over Pt catalysts a large increase in TOF was 
observed with decreasing particle size from 4 to 1.5 nm, whereas further reduction in size 
resulted in a large decrease.14 Similarly, the TOF of Fischer-Tropsch cobalt catalysts were 
found to be constant for particles larger than 6 nm, while below 6 nm it steeply decreased.15,16  

The catalyst stability is also greatly influenced by the nature of metal(s) and the support. 
For example, small Ag particles displayed a much higher adhesion energy when supported on 
reduced CeO2 compared to MgO,17 and 4 nm bimetallic PtRh particles exhibited higher 
thermal stability compared to individual Pt particles.18 The initial particle size might play a role 
as well, since 2 nm Pt nanoparticles in polymer electrolyte membrane fuel cells were found to 
be very unstable, while 5 nm particles exhibited almost no deactivation.19 Similarly, 3 - 4 nm 
Ni particles on silica gel used in the methanation reaction exhibited rapid particle growth 
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resulting in particles up to 100 nm in size, whereas 8 - 9 nm initial particles remained of a size 
similar to the pore diameter (10 nm) of the silica gel support.20 

Accessibility of active sites calls upon control of the catalyst porosity. This is key for the 
rate of mass transfer of reactants to and products from the active sites, and affects activity by 
diffusion rates, selectivity by the extent of secondary reactions, and stability via processes such 
as coke formation and poisoning. In academia, fine powder grains are often used to ensure 
good accessibility of the active sites to prevent mass-transfer-limitations. However, small grains 
cause a large pressure drop over a catalyst bed of significant height. Therefore, catalyst support 
bodies or pellets of a few millimeters in size are often used in industry. For these relatively large 
bodies, the macroscopic distribution of the active sites becomes important, and a useful tool to 
estimate the degree of mass-transfer limitations in a catalytic system is the Thiele modulus ϕ: 

� � ��
�� ∙ �

�	

�      (Equation 2.1) 

whereby Vp is the volume of the pellet, Ap is the external surface area of the pellet, kr is the first-
order rate constant, and De the effective diffusion coefficient. A ϕ greater than 0.3 is an 
indication that diffusion of the reactant through the pores is rate limiting. Thus, for large 
catalyst bodies a homogeneous distribution of the active phase is only preferential for relatively 
slow catalytic reactions, providing reactants time to diffuse to the active sites. If the reaction is 
fast or if secondary reactions are problematic, a different macroscopic distribution of the active 
phase might be preferred, such as an egg-shell distribution, or an egg-white distribution if the 
catalyst is prone to attrition. If the reactants contain poisons, an egg-yolk distribution may be 
favorable so that the poison can be captured at the edge of the catalyst body, where few active 
sites are present (Figure 2.1). 

Figure 2.1. Different types of 
macroscopic metal distributions 
across a support body. (a) 
homogeneous distribution, (b) 
egg-yolk distribution, (c) egg-
shell distribution, (d) egg-white 
distribution. (white: high 

concentration of metal, black: low concentration of metal) 

To maintain activity as well as for practical reasons, the support requires a high mechanical 
strength and the macroscopic bodies should be resistant to attrition if the catalyst is vigorously 
agitated such as in fluid bed or slurry bed reactors. Common support materials consist of 
refractory oxides such as SiO2, Al2O3 or TiO2. These materials exhibit high specific surface 
areas, high porosities, high thermal and mechanical stability and come in a variety of pore sizes, 
while they are mostly chemically inert. Carbon is also widely used, while zeolites are often 
applied in many oil refining and petrochemical applications. Recently, an increasing variety of 
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ordered mesoporous materials is used as model supports.21 Finally, metal organic frameworks 
are showing an increased use as catalysts or as support for metal(oxide) nanoparticles.22 

The surface of oxidic supports generally contains a significant concentration of hydroxyl 
groups when contacted with an aqueous solution, which act as adsorption sites for metal 
complexes and are key to many interactions between the precursor and solvent with the 
support. Depending on the type of support and the pH of the aqueous solution, these groups 
can become protonated or deprotonated.23 For each support, in water there exists a pH for 
which the net charge of these groups is zero, so that the net particle charge can be considered 
nil. Above this pH, more groups are deprotonated and the surface is negatively charged, 
whereas below the PZC the surface is positively charged due to protonation. Table 2.1 shows 
the PZC for several important supports. An extensive list can be found elsewhere.24 

Table 2.1. Point of zero charge for several important supports in aqueous solution.24 

Support PZC range 

SiO2 2-4 

Oxidized activated carbon 2-4 

TiO2 5-7 

γ-Al2O3 8-9 

Activated carbon 8-10 

 

3. PRECIPITATION 

Precipitation techniques have long been used to produce supported catalysts. Controlled 
precipitation from a precursor solution follows the principles of nucleation and growth. An 
initial nucleation boom of tiny crystallites followed by growth without the formation of new 
nuclei can result in small and quite monodisperse particles. This concept is known as “burst 
nucleation” and is not only important for precipitation techniques but is also key in the 
synthesis of colloids and plays a role in the synthesis of catalysts via impregnation.  

 

3.13.13.13.1 CoprecipitationCoprecipitationCoprecipitationCoprecipitation    
In Coprecipitation, salts of the active metal and support are dissolved and mixed such that 

nucleation and growth of a combined solid precursor of the active metal and support is 
obtained in a single step. Very high metal loadings of 70 wt.% and higher can be achieved 
while maintaining small particle sizes through creating a very high degree of supersaturation, so 
that all components nucleate at a high rate and at the same time. This is often realized by 
mixing two concentrated solutions, the components of which result in an insoluble material 
when combined. Highly soluble metal nitrates, chlorides or sulfides can be mixed with basic 
reagents like alkali carbonates or hydroxides so that metal carbonates or hydroxides are formed. 
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The low solubility of these compounds causes most of the precursor to precipitate. During 
coprecipitation, great care has to be taken to prevent local fluctuations in the conditions caused 
by for example temperature gradients, insufficient mixing or concentration gradients, which 
can cause additional nucleation events, different or inhomogeneous growth patterns, or the 
precipitation of different phases. New techniques such as spray-drying and continuous 
consecutive precipitation can help overcome these practical problems during synthesis.25,26 

 

Figure 2.2. Influence of the pH 
and temperature during the 
precipitation of Cu/Zn/Al 
catalysts on the final specific 
Cu(0) surface area. After 
precipitation, all catalysts were 
aged for 1 hour, calcined at 300 
°C and reduced at 300 °C. 
(Adapted with permission from 
ref 31. Copyright 2008 Elsevier) 

 

 

Coprecipitation can be utilized to produce catalysts such as nickel alumina for steam 
reforming27 or iron copper potassium for Fischer-Tropsch synthesis28, while most recent studies 
focus on Cu/ZnO/Al2O3 catalysts for the methanol synthesis. The active sites for this catalyst 
are metallic copper step sites which are in close contact with Zn.1 Molar Cu/Zn ratios of 70:30 
are most common, while the molar Al2O3 content is generally below that of Zn, and 
preparation is done by combining Cu, Zn and Al nitrates and precipitated using alkali 
(bi)carbonates.29 Titration experiments have shown that precipitation is preferably performed 
at constant pH. When the pH is slowly increased, sequential precipitation results, whereby Cu 
is first precipitated followed by Zn.30 Baltes et al. systematically studied the precipitation at 
different pH (4.5 to 10) and temperature (30 to 70 °C), while keeping the subsequent 
treatments the same (1 hour aging, calcination at 300 °C).31 The precipitation conditions had 
little effect on the Cu/Zn/Al ratio, which was similar in all precipitated samples, and close to 
that of the initial solution (60/30/10). However, large differences were observed in the BET 
and Cu(0) surface areas after reduction at 300 °C in H2 (Figure 2.2). The lowest Cu(0) surface 
areas were found at a very low pH, where XRD revealed large CuO crystallites and ZnO 
diffraction lines after calcination. High Cu(0) surface areas were generally found at higher 
temperatures, with a maximum at a pH of 6-7 at a temperature of >60 °C, in agreement with 
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previous studies. Under these conditions, small CuO particles and some residual zincian 
malachite, (Cu,Zn)2(CO3)(OH)2, was reported after calcination.31  

Figure 2.3. (a) Cartoon of the 
steps during coprecipitation of 
Cu/ZnO catalysts. During 
precipitation, an amorphous 
material is obtained, which is 
turned into a crystallite phase 
during aging. A subsequent 
calcination step forms small CuO 
and ZnO particles, the former of 
which can be reduced. (b) 
Evolution of the pH during 
precipitation and aging of a 
typical Cu/ZnO sample, along 
with the associated change in 
color and crystallinity during 
aging (inset). (Adapted with 
permission from ref 32. Copyright 2012 Royal Society of Chemistry) 

Zincian malachite has previously been reported to be the desired precursor for the 
formation of active methanol catalysts. The crystalline phase is formed during the aging process 
after initial precipitation, which generally forms an amorphous product due to the fast kinetics 
of the precipitation process (Figure 2.3).32 The resulting zincian malachite consists of thin 
needles 5-15 nm in width, and forms the general mesostructure of the catalyst. By 
incorporation of Zn, close Cu-Zn interactions enable the formation of small Cu particles 
during subsequent calcination and reduction.33 Zander et al. analyzed the aging process of 
Cu/Zn (molar ratio 70:30) in detail with in-situ EDXRD and UV-Vis measurements. The 
precipitate was formed at pH 7 at 65 °C, close to the previously found optimum, and 
immediately spray-dried to allow separation of the precipitation and aging steps. Subsequently, 
the aging step was studied in a pH range between 5 and 8, and at temperatures between 50 and 
70 °C.32 Two mechanisms were found for the formation of high Zn incorporation into zincian 
malachite. At pH > 7, a sodium zinc salt precipitated along with a low Zn content zincian 
malachite, followed by slow dissolution of the sodium zinc salt and incorporation of the Zn 
into the zincian malachite during aging. At pH between 5 and 6.5, direct co-condensation of 
copper and zinc caused direct formation of the zincian malachite, resulting in the highest 
amount of Zn incorporation (29.2%), close to the theoretical maximum.33 A study on different 
precipitation agents for Cu/Zn/Al precipitated at pH 6 and aged for 2 hours showed little 
difference in the obtained crystalline phases and final BET surface area between sodium, 
potassium or ammonium carbonate precipitating agents, although use of sodium hydroxide 
provided a notably lower surface area.34 

After aging, the zincian malachite precursor is converted into CuO and ZnO particles by a 
calcination step. Stepwise calcination at 100 °C intervals from 200 to 700 °C showed the best 
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result was usually obtained at 300 °C. At this point, most of the copper was present in the form 
of small CuO particles, while some degree of zincian malachite was still present. Although 
decomposition of these last traces was possible at higher temperatures, this also resulted in a 
sharpening of the CuO XRD diffraction line, corresponding to larger CuO particles due to 
sintering at the increased temperature.31 Other studies on Cu/Zn/Al coprecipitates also 
reported an increase in CuO particle size upon increasing the severity of the calcination 
procedure. Increasing the calcination time at 350 °C from 1 h to 3 h increased the CuO 
particle size from 3.0 nm to 3.7 nm, which increased further to 5.0 nm at 400 °C.35 Similarly, 
increasing the calcination temperature from 400 to 700 °C brought about a gradual increase 
from 5.3 nm to 15.8 nm, highlighting the importance of a relatively mild activation 
treatment.36 

Although water is normally used as solvent for precipitation techniques, high Cu surface 
areas have been obtained in a solvent mixture of ethylene glycol and water at a ratio of 4:1.37 
Cu/Zn/Al at a ratio of 3/3/1 was precipitated at pH 5 and 70 °C, aged for 2 hours and calcined 
at 350 °C. It was postulated that the ethylene glycol works as a surfactant that adsorbs on the 
surface of growing crystallites, thereby inhibiting further growth so that small particles and 
high surface areas were obtained. However, mixing other polar solvents with water, such as 
ethanol, tetrahydrofuran and 1,4-dioxane had a negative effect on the Cu surface area.37  

Microwave irradiation has been investigated as an alternative heat source during the 
precipitation and aging process of Cu/Zn/Al at a molar ratio of 64/32/4 at pH 7.5 - 8.38 
Although microwave irradiation had little effect on the precipitation process between 60 and 
80 °C, aging at 70 to 90 °C using microwave irradiation showed an increased incorporation of 
Zn compared to regular aging at the same temperature, eventually leading to more dispersed 
CuO particles after activation.38 

‘Greener’ Coprecipitation Methods‘Greener’ Coprecipitation Methods‘Greener’ Coprecipitation Methods‘Greener’ Coprecipitation Methods. . . . Coprecipitation methods generally require 
numerous washing steps after precipitation, which produces large amounts of waste water 
contaminated with nitrates. Although this is undesired, other precursor salts based on sulfate or 
chloride introduce poisons for the methanol catalyst. To circumvent this, metal formates have 
been investigated as a precursor replacement. Titration experiments revealed that Cu and Zn 
formates have a higher tendency to simultaneously precipitate, increasing the homogeneity of 
the metal distribution in the precipitate. In the absence of nitrates, zincian malachite is not 
possible and instead a phase with the general formula (Cu1-xZnx)2(OH)3HCO2 was formed.39 
Investigation of the crystal structure revealed a maximum Zn incorporation in the precursor 
phase of around 20% (x = 0.2), somewhat lower compared to the 20-30% generally found in 
zincian malachite when using nitrate precursors. Upon coprecipiatation of Cu/Zn from 
formate precursors, 12 nm CuO particles were found, somewhat larger than present in 
conventional systems. However, this was attributed to the lack of Al2O3 in the sample and 
relatively lower amount of Zn. Even so, the catalyst showed a relatively good activity, possible 
due to the good interaction of the Cu and Zn phases, showing formates are promising nitrate 
substitutes.39 
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Alternatively, altering the calcination treatment has been shown to circumvent the need 
for a multitude of washing steps to remove residual nitrates altogether.40 Cu/Zn/Al catalysts 
with a molar ratio of 55/30/15 were precipitated using Na2CO3 or (NH4)HCO3 at a pH of 7 
and a temperature of 70 °C and aged for 2 hours. If no washing was performed, very low BET 
surface areas of 15 m2/g were found after calcination in stagnant air for the sample precipitated 
with Na2CO3. This increased significantly with each washing step, to a maximum of 115 m2/g 
after 7 steps, illustrating the importance of removing nitrates to prevent agglomeration of the 
resulting copper particles. When (NH4)HCO3 was used as precipitating agent, the values 
varied from 70 to 100 m2/g after calcination in stagnant air depending on the number of 
washing steps. However, if the calcination was performed in a high flow of N2, 120 m2/g was 
obtained without performing a single washing step (Table 2.2). Moreover, although washing is 
normally needed to remove sodium from the sample, by using (NH4)HCO3 the need for a 
washing step was circumvented altogether, albeit at less than quantitative precipitation of 
copper.40 Alteration of the thermal treatment step has been rarely studied for precipitated 
catalysts, in contrast to catalysts prepared by impregnation and drying, which is discussed in 
detail in section 4.4. 

Table 2.2. Catalysts properties prepared using (NH4)HCO3 as precipitating agent. (Adapted with 
permission from ref 40. Copyright 2013 Elsevier) 

Number of 
washing steps 

Calcination gas 
composition 

Calcination 
gas flow  (h-1) 

B.E.T. surface 
area (m2/g) 

CuO 
crystallite 
size (nm) 

0 Air 0 70 12 

7 Air 0 100 9 

0 Air 1·103 105 8.8 

0 N2 1·103 110 8 

0 N2 12·103 120 7 

0 1% NO/N2 1·103 115 7.6 

0 1% NO/N2 12·103 120 7.2 

 

3.23.23.23.2 Deposition PrecipitationDeposition PrecipitationDeposition PrecipitationDeposition Precipitation    
Deposition precipitation concerns precipitation of the active metal onto an existing 

support material. Preferential precipitation on the support can be achieved because 
introduction of the support in the solution either causes a reduction of the surface free energy, 
or stabilization of the bulk precipitate, decreasing the energy barrier for nucleation. Because of 
this, conditions exist where nucleation can only occur on the support and not in the bulk 
solution, so that the support surface functions as a seed for nucleation.41  

Nucleation of the metal species is generally induced by changing the pH so compounds 
with a low solubility are formed. When this is done by injection of the precipitant, great care 
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has to be taken to prevent local concentrations exceeding the critical supersaturation, which 
would cause bulk precipitation. Because of this, homogeneous deposition precipitation 
methods are often preferred, whereby precipitation is induced homogeneously throughout the 
reaction vessel. This can be achieved by adding urea at room temperature, which when heated 
to 90 °C will slowly enhance the pH upon decomposition. Other popular precipitation 
techniques include the direct reduction of solvated metal ions to the metal42 or the removal of 
ligands such as ammonia via evaporation.43  

Classically, deposition precipitation was developed to produce catalysts with metal 
loadings that greatly exceed those obtained by a more simple impregnation method,44 however 
few recent studies it in this respect are noted. In one study, hexachloroplatinic acid was used as 
a precursor to deposit up to 60 wt.% Pt on a high surface area carbon black via deposition of 
PtClx(OH)y(H2O)z species formed by the decomposition of urea.45 Increasing the urea/Pt 
molar ratio from 0 to 80 showed a decrease in size of the Pt particles from 5 to 2 nm (Figure 
2.4) before reduction. Note that deposition was also possible without addition of urea, 
suggesting adsorption of Pt complexes also played a role (see section 4.2). It was postulated that 
the observed reduction in size was mainly due to electrostatic charge effects: at a higher pH, 
obtained by more urea addition, Pt complexes with larger negative charges were formed, so that 
their growth was limited by repulsion. The reduction step was also found to be important for 
the final metal particle size. When reduction was performed by addition of NaBH4 at room 
temperature, large particles and agglomerates were found related to its high reduction 
potential. When ethylene glycol was added at room temperature instead, small monodispersed 
Pt particles were obtained by in-situ formation of acetaldehyde at 120 °C, which functioned as 
a reducing agent.45 A separate study focused on the initial pH of the solution for the 
production of 40 wt.% PtRu (equal molar ratio) on carbon black. Through addition of 
NaOH, the initial solution was varied between pH 3 and 10 before the temperature was raised 
to 90 °C to start decomposition of urea (urea/PtRu molar ratio of 20). The metal particle size 
varied from 3.6 nm at pH 3 - 4 to 2.6 nm at pH 9 - 10 after reduction in a flow of H2.46  

Cobalt has been deposited on silica gel and carbon nanofiber (CNF) supports using 
deposition precipitation starting from cobalt nitrate and urea. At 15 wt.% loading of cobalt  
the resulting material consisted of mainly cobalt hydrosilicates on silica, whereas on CNF a low 
interaction with the precursor resulted in limited nucleation on the support, with both 
materials exhibiting large cobalt particles after reduction (40 and 25 nm, respectively). 
Uniform deposition was more successful when cobalt carbonate and a high initial pH were 
used instead, and precipitation was induced by evaporation of ammonia at 90 °C, slowly 
lowering the pH. Using this method, much smaller particles of 8 and 13 nm were obtained for 
CNF and silica, respectively.47 Similar results were obtained in a separate study on Co/TiO2 at 
loadings varying between 4 and 24 wt.%. Although some small 2 nm particles were found 
using urea and cobalt nitrate, unsupported particles were observed, resulting in an average of 
20 nm particles at 4 wt.% Co and 50 nm at 24 wt.% on titania. Deposition precipitation onto 
titania of cobalt carbonate by evaporation of ammonia resulted in a homogeneous distribution 
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of 9 nm particles at 4 wt.% Co, growing only to 15 nm for the sample prepared at 24 wt.%.48 
These results show the interaction of the precursor and the support is important to the method 
of deposition precipitation; when the interaction is too strong, such as with cobalt nitrate and 
silica, mixed metal-support phases are formed, whereas a too weak interaction, such as with 
cobalt nitrate and CNF or TiO2, results in large, unsupported particles. In all reported cases, 
deposition precipitation of cobalt carbonate by evaporation of ammonia resulted in a more 
optimal interaction. 

Figure 2.4. TEM of 60 wt.% 
Pt/C before reduction, showing 
the size of the Pt nanoparticle 
complexes dependent on the 
amount of urea used during 
deposition. (a) no urea, (b) 
urea/Pt molar ratio of 5, (c) 10, 
(d) 20, (e) 40, (f) 80. Scale bar: 
10 nm. (Adapted with permission 
from ref 45. Copyright 2009 
American Chemical Society) 

 

 
Gold CatalyGold CatalyGold CatalyGold Catalystsstsstssts. . . . Recently, deposition precipitation has frequently been used for the 

preparation of finely dispersed gold particles at relatively low loadings. A facile and common 
proceeding starts with an aqueous solution of HAuCl4 to arrive at 0.5-2 wt.% loading. The pH 
of the solution is raised using NaOH, followed by addition of the support under vigorous 
stirring, and heating to 70 °C.49 In general, not all gold is deposited from solution, and 
investigation on the effects of pH during deposition for Au/TiO2 revealed the uptake of gold 
was maximum at a pH around 6, close to the PZC of the TiO2 support. However, this resulted 
in the formation of large Au particles, while a good compromise between particle size and 
uptake was obtained at pH 9.50,51 This technique has been applied to deposit Au on a variety of 
supports such as a hydrotalcite,52 diamond,53 SiO2/TiO2,54 and Al2O3.55 However, several 
studies on the mechanism argue that it is technically not a deposition precipitation.50,56–59 
Moreau et al. proposed that electrostatic adsorption takes places at a pH below the PZC for 
gold deposited on titania, while above the PZC a neutral Au(OH)3·H2O species adsorbs on 2 
TiO- surface sites.59 Cellier et al. compared anion adsorption at pH 3 to deposition 
precipitation at pH 7 on two titania supports. In both cases, evidence of gold chloride 
complexes on the surface of the support was obtained, suggesting AuCl4-x(OH)x

-
 complexes had 

reacted with surface OH groups to form surface species, rather than forming a precipitate of 
the type Au(OH)xCl3-x. Moreover, when titania with a higher surface area was used a higher Au 
loading was achieved, corroborating the mechanism of surface adsorption rather than 
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precipitation. It has been argued that an adsorption equilibrium explains why not all Au 
precipitates from solution, although finite solubility of a precipitate offers an alternative 
explanation.58  

Zanella et al. already postulated a similar mechanism of gold surface complexation for the 
NaOH “deposition precipitation” method in 2002, and compared it with the more 
conventional deposition precipitation method using urea to slowly raise the pH for the 
preparation of Au/TiO2 catalyst with a nominal loading of 8 wt.% Au. Complete precipitation 
of gold was achieved using the urea deposition precipitation method, whereas maximum Au 
loadings of only 3 wt.% were obtained using the NaOH method, suggesting the two concern 
fundamentally different deposition pathways.57 Further study suggested AuCl(OH)3

-, the 
dominant species at pH 8, reacts with the surface hydroxyl species in the NaOH method. For 
the urea deposition method, a gold-urea or urea derivative complex formed with a high N 
content, although the exact nature of the complex was not reported. It was postulated that 
initially some AuCl4-x(OH)x

-
 anions adsorbed on the positively charged support surface 

hydroxyl groups at low pH, which serve as nucleation sites for the precipitation of the gold-
urea complex species in the first hour. These form relatively large particles, which fragment 
forming smaller particles upon aging as the pH rises further (Figure 5).60 

 

Figure 2.5. Time-evolution of the 
pH and the Au particle size 
estimated by TEM during the 
preparation of 8 wt.% Au/TiO2 
prepared by deposition 
precipitation using urea. 
(Adapted with permission from 
ref 60. Copyright 2005 Elsevier) 

 

 
The urea deposition precipitation method was further used to deposit Au on Al2O3, TiO2, 

ZrO2 and CeO2 at wt.% loadings between 1 and 7 wt.%. In each case, small particles of 
around 2 nm were found by TEM analysis, and the synthesis was readily scaled up to 50 grams 
without compromise. Moreover, it was concluded that at loadings of 1 wt.%, which was found 
to be below the absorption capacity of the supports investigated, all the gold was initially 
adsorbed by the support as AuCl4-x(OH)x

-
 species. This first adsorption step was then rapidly 

followed by a change of speciation by adsorbed gold-urea complex formation, so that again this 
technically is not a deposition precipitation.61 Using this method, 1 wt.% AuPd bimetallic 
particles were deposited on TiO2 and Al2O3 with different Au/Pd ratios and very good 
incorporation of Pd into the Au particles.62–64 
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A thermodynamic model has been proposed to rationalize the cluster size of Au particles 
during deposition precipitation using urea. A key part of the model is the dependency of the 
interfacial energy on the electrostatic interaction between nanoparticles and support, which was 
related to the PZC of the support and the pH of the solution. Experimental data of 2 wt.% Au 
deposited at a pH of 8 on different supports (Al2O3, PZC 8; TiO2, PZC 6; and SiO2, PZC 4), 
showed a decrease in particle size going from 2.3 to 1.6 nm with decreasing support PZC. This 
was in fair agreement with model predictions, even though further thermal treatment such as 
drying and calcination was not taken into account, and the authors acknowledged that the 
model provides only some qualitative tendencies, while the interactions involved are likely 
more complicated.65 

 

4. IMPREGNATION & DRYING 

 

4.14.14.14.1 ImpregnationImpregnationImpregnationImpregnation    
Impregnation and drying is the most frequently used preparation method amongst others 

due to its simple execution and low waste streams. The first step of obtaining supported metal 
catalysts via impregnation and drying is contacting a metal precursor solution with a porous 
support. Common precursors include inorganic metal salts, such as metal sulfates, carbonates, 
chlorides, nitrates or acetates, and organic metal complexes such as metal acetylacetonates. The 
most commonly used solvent for inorganic salts is water because of the high solubility of many 
precursors, whereas organic solvents are mainly used for organometallic precursors. To prevent 
premature deposition of the metal precursor in bulk solution, concentrations below 
(super)saturation are required. 

Two main impregnation methods are distinguished, namely wet impregnation (WI), 
whereby an excess amount of solution is used, and pore volume impregnation (PVI), in which 
an amount to just fill to the pore volume of the support is used. The latter method is also 
known as incipient wetness impregnation (IWI) or dry impregnation (DI), because the 
impregnated material keeps a dry character at a macroscopic scale. Uptake of the liquid into the 
pores of the support occurs due to the capillary pressure difference ∆p across a hemispherical 
meniscus in a pore with radius rp according to the Young-Laplace equation:66 

∆p = (2 γlv / rp) · cos θ   (Equation 2.2) 

whereby γlv is the surface tension between the liquid and vapor interface and θ is the wetting 
angle between the solid and the liquid. If θ < 90°, the liquid is considered as wetting and will 
penetrate the support spontaneously, which is the case with water in combination with most 
oxidic supports. If the liquid is non-wetting (θ > 90°), the pressure becomes negative and an 
external pressure is needed to force the liquid into the pores. This can occur for hydrophobic 
supports such as carbon materials, for which a less polar solvent such as ethanol or isopropanol 
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may be more appropriate, although this usually comes at the expense of a lower precursor 
solubility. From Equation 2 it is clear the pressure difference depends inversely on the pore 
size, so that liquid is preferentially sucked up by the smallest pores. The rate at which the liquid 
fills the pores is generally fast and often not considered critical for catalyst synthesis. According 
to the Washburn equation,67 infiltration of a wetting liquid into a porous body of a few 
millimeter can occur in seconds to minutes, as has been experimentally verified.68 However, 
when the support is prewetted with the same solvent before loading the precursor via wet 
impregnation, capillary forces do not play a role and the only driving force for the precursor to 
enter the support is diffusion, which can take significantly longer.69 

Pore FillingPore FillingPore FillingPore Filling. . . . Although pore filling occurs rapidly, whether or not all pores are filled after 
impregnation to incipient wetness has been questioned. Inhomogeneous MnO2 and Fe 
distributions have been observed after calcination on SBA-15 and MCM-41, respectively and 
attributed to inhomogeneous filling during impregnation.70,71 Direct imaging of the 
impregnated precursor solution is difficult, due to evaporation and decomposition induced by 
a high intensity beam of an electron microscope.  

Figure 2.6. Cryo HAADF-STEM 
images of SBA-15 pore volume 
impregnated with an aqueous 
nickel nitrate solution and frozen 
to -196 °C, showing several pores 
remained empty after 
impregnation. (Adapted with 
permission from ref 72. 
Copyright 2008 American 
Chemical Society) 

 

Using Cryo-TEM, SBA-15 impregnated with a nickel nitrate hexahydrate solution was 
frozen to -197 °C and imaged by Sietsma et al..72 Many pores were found empty after 
impregnation (Figure 2.6), which was performed to incipient wetness of the pore volume as 
determined by N2-physisorption. This inhomogeneous filling was attributed to the relatively 
low hydroxyl density of SBA-15 compared to that of regular silica, resulting in incomplete 
wetting. It is also possible N2-physisorption underestimated the total pore volume of the SBA-
15, so that there was not enough liquid to fill all the pores. A more detailed Cryo-TEM 
tomography study was performed by Eggenhuisen et al. on SBA-15 impregnated with cobalt 
nitrate or nickel nitrate solutions. Although a few empty pores were found mainly on the 
external edge of the support particles, the majority was filled, and it was concluded that 
impregnation does lead to an almost homogeneous and complete pore filling.73 Measurements 
on larger samples by differential scanning calorimetry (DSC) have also provided evidence on 
the complete filling of porous supports (Figure 2.7).74 Due to the downward shift in the 
melting point of liquid confined in nanopores, a distinction was made between extra-porous 
and intra-porous liquid in the material. Incipient wetness impregnation of several ordered 
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mesoporous silicas and silica gels with a eutectic nickel nitrate solution resulted in fillings 
between 90-100%, while additional liquid was no longer accommodated inside the pores but 
present outside the pores instead.74 

Figure 2.7. DSC measurements 
during the heating of a silica gel 
with 16 nm pores filled with a 
eutectic nickel nitrate solution 
(EuNi(NO3)2). The theoretical 
filled fraction f is defined by f = 
VEuNi(NO3)2 / VSiO2. Due to 
confinement, the solution in the 
pores melts (endothermic peak) 
at a lower temperature compared 
to the extra-porous or bulk 
solution. Even at a theoretical 
filling of 1.00, no bulk melting 
was detected, indicating all of the 
impregnation solution was 
located inside the pores. (Adapted with permission from ref 74. Copyright 2009 American Chemical 
Society) 

The two-solvent impregnation method, also known as the double solvent technique, offers 
an alternative to ensure no material ends up at the outer surface of the support particle.70 In 
this method, the support is first dispersed in an apolar solvent such as pentane or cyclohexane. 
Subsequently, an aqueous solution containing the metal precursor is added. Due to the 
favorable wetting properties of the aqueous solvent, i.e. the aqueous phase has a lower contact 
angle θ, it replaces the apolar solvent in the mesopores of the support. However, 
inhomogeneous distributions inside the catalyst grains are often reported after drying and 
calcination when using this method,75–78 which is at least partly influenced by the choice of the 
apolar solvent. Van der Meer et al. studied pentane, hexane, heptane, and cyclohexane as apolar 
solvent for the production of Co3O4/SBA-15 from an aqueous solution of cobalt nitrate, 
followed by drying and calcination. Use of cyclohexane resulted in large aggregates of cobalt 
particles of a few hundred nanometers, whereas pentane resulted in relatively small aggregates 
of several tens of nanometers.78 It was proposed that the aggregate size is influenced by the size 
of the aqueous droplets that form in the alkane phase, which is influenced by the interfacial 
tension between the polar and apolar solvent. This was lowest for pentane, resulting in the 
smallest droplets and subsequent aggregates.79 Comparison of nickel actetate and nickel nitrate 
on MCM-41 (Ni loading of 1 and 5 wt.%) showed more homogeneous distributions were 
obtained using nickel acetate, suggesting the thermal treatment after impregnation plays a 
significant role in the distribution of the precursor. In this case, it was postulated that nickel 
acetate exhibited stronger adsorption on the support surface thereby limiting redistribution, 
whereas nickel nitrate redistributed during further treatment due to a weak interaction with the 
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support, as will be discussed in the following sections.76 Also note that organic material present 
during subsequent thermal treatments can greatly affect the final dispersion of the catalyst, as 
discussed in section 4.4. 

 

4.24.24.24.2 AdsorptionAdsorptionAdsorptionAdsorption    
In general, adsorption of metal ions from aqueous solution onto a support plays an 

important role when low metal loadings are applied. Electrostatic adsorption requires the pH 
of the solution to be different from the PZC of the support in order create adsorption sites in 
the form of charged surface hydroxyl groups. This ability of support surface hydroxyl groups in 
water to become protonated or deprotonated also allows them to function as a pH buffer. 
When a γ-alumina with a surface area of 200 m2/g, pore volume of 0.5 mL/g and surface 
hydroxyl density of 8 groups/nm2 is impregnated to incipient wetness with an acidic solution 
of pH 3, only 1/5000 surface groups become protonated so that the surface will be negligibly 
charged. However, the pH of the solution will rise from 3 to that close to the PZC charge of 
the γ-alumina, about 8 to 9.80 Therefore, adsorption is often low upon incipient wetness 
impregnation, especially with high precursor concentrations, and when adsorption is desired 
wet impregnation is generally applied. It should be noted that the change in pH of the 
impregnating solution upon impregnation to incipient wetness is often not considered, even 
though many transition metals are hydrolyzed at high pH, which may result in premature 
precipitation of metal hydroxides.  

Varying names are used for adsorption techniques, such as strong electrostatic adsorption 
(SEA), ion adsorption (IA), and equilibrium deposition filtration (EDF). All these methods are 
based on the same general principle. To achieve adsorption, wet impregnation is performed 
with a large excess of solution, low concentration of the precursor, and a predetermined pH. 
The modes of deposition can be globally divided into two main modes of adsorption. Outer 
sphere complex formation concerns non-specific, coulombic or electrostatic interactions of the 
precursor with the support, whereby the support surface charge is compensated by a layer of 
charged metal ion complexes in solution. Inner sphere complex formation occurs when support 
surface groups become directly involved in binding the complex, e.g. when a surface oxygen or 
hydroxyl group enters the first coordination sphere of the metal complex. A detailed review on 
the fundamentals of adsorption can be found elsewhere.81 

Outer and Inner Sphere Complex FormationOuter and Inner Sphere Complex FormationOuter and Inner Sphere Complex FormationOuter and Inner Sphere Complex Formation. . . . Adsorption via outer sphere complex 
formation concerns mainly electrostatic interactions, and has been formulated into a relatively 
simple model.82 In general, multivalent ions preferentially adsorb over monovalent ions.83 This 
type of adsorption is highly pH dependent; at a pH at the PZC, the net charge of the surface is 
zero and very limited or no adsorption takes place. Anions are adsorbed at a pH below the 
PZC, while cations are adsorbed when the pH is higher. Care should be taken not to use 
extreme pH values, whereby high ionic strength of the solution diminishes the adsorption 
equilibrium constant, so that adsorption is actually reduced instead of improved.  
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Recently, Regalbuto et al. used Pd, Cu, Co, Ru and Ni ammine complexes to obtain silica 
supported catalysts at loadings between 1 and 3 wt.%. After deposition at a pH of 12, the 
catalysts were dried and directly reduced. Small particles between 1 and 3 nm were found, and 
calculations showed that these metal loadings were close to the maximum obtainable by 
electrostatic adsorption for the used silica with a surface area of 180 m2/g and a PZC of 4.0. It 
was postulated that the maximum loading mainly depends on the surface area of the support.84 
A follow up study focused on SBA-15 supports with different surface areas. Ammine complexes 
were used to deposit Pd nanoparticles of 1.3 nm at a relatively high loading of 8.7 wt.% on a 
1000 m2/g SBA-15, and 1.9 nm Pt particles were synthesized on an SBA-15 with 600 m2/g 
with a loading of 9.2 wt.%, showing high surface areas were indeed beneficial for adsorption.85 
Co particles were also synthesized using this method but larger particles of 7 nm at a loading of 
5.1 wt.% resulted. This was attributed to particle growth that occurred during the high 
reduction temperature of 800 °C needed to reduce the strongly adsorbing cobalt complexes, 
whereas the Pt and Pd catalysts were reduced at 350 °C or lower.85 

Recent studies have focused on adsorption on high surface area carbon supports to obtain 
high metal loadings. Hexachloroplatinate was deposited on several carbon xerogels with BET 
surface areas of 650 m2/g (at pH 11, PZC 9.4), while platinum tetraamine was deposited on 
oxidized carbon (at pH 2.5, PZC 2.4). The maximum loading of hexachloroplatinate was 
found to be 9.2 wt.%, while that of platinum tetraamine was only 4 wt.%, and scaled linearly 
with the mesoporous surface area of the support. It was hypothesized that the Pt ammine 
complexes, which retain two hydration sheaths, were too large to enter the micropores of the 
carbon, which was not a problem for the smaller hexachloroplatinate. In each case, small Pt 
particles between 1.1 and 1.3 nm were obtained.86 2 nm Pt particles at very high loadings of 28 
wt.% were obtained on a carbon black material with 1500 m2/g using hexachloroplatinate at 
high pH.87 Regalbuto et al. have shown for support material with a lower surface area that high 
loadings can be achieved by successive impregnation and reduction steps. On carbon xerogel 
with a surface area of about 600 m2/g, hexachloroplatinate was deposited at loadings of 7.5, 
15.0 and 22.3 wt.% for the first, second and third step, respectively. Thus, it appeared the 
adsorbed metal ions formed small particles during reduction, thereby fully regenerating the 
adsorption sites, as has also been observed during atomic layer deposition (see section 5.3). 
Moreover, the particle size did not increase significantly upon additional treatments, but stayed 
constant at 2.0 nm, resulting in an increased particle density upon multiple deposition cycles.88 

Although short contact times (1 h) resulted in outer sphere complex formation, longer 
contact time between platinum tetraammine and oxidized carbon at low pH gave rise to 
reduction of Pt concurrent with oxidation of the carbon surface.87 Similarly, when trying to 
deposit cobalt on a carbon support at high pH, it was found that the cobalt ammine complex 
was completely converted to Co3O4 after 1 h, which did not occur on silica.89 Reductive 
ammination of the precursor took place, forming different precipitates depending on the pH 
(CoO at pH 9.2, Co3O4 at pH 9.8 and Co(OH)4

2- at pH > 11 when NH4OH was used as a 
base), so that the process is better described as a deposition precipitation. Moreover, at higher 
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pH the cobalt ammine reacted to [Co(NH3)5Cl]Cl2, which did not adsorb at all.90 Nonetheless, 
particles of 5 nm were obtained at a Co loading of 6.7 wt.% at a pH of 10. 

While in each of the previously discussed studies diluted slurries of a powdered support in 
a large excess of solvent were used, it was recently shown that significant adsorption is also 
possible during incipient wetness impregnation, in a modified method called charge enhanced 
dry impregnation (CEDI).91 To overcome the buffering effect and charge the support, very 
high or low pH values were required (Figure 2.8). While dissolution of the support could be an 
issue at such extreme pH, it was reasoned that the buffering effect of the support would result 
in relatively fast pH equilibration, so that the pH drops to a value where the surface is charged 
but dissolution is less problematic. Using this method, 2 wt.% Pt was deposited on carbon 
(PZC 2, pH 13), silica (PZC 4, pH 13), and alumina (PZC 8, pH 1). Small particles between 
1.5 and 3 nm were obtained, much smaller compared to a conventional dry impregnation 
whereby the pH of the impregnating solution was not optimized. Thus, CEDI provides the 
advantage of obtaining high dispersions without high amounts of waste water, albeit at 
relatively low metal loadings. 

 

Figure 2.8. Estimation of the pH needed to obtain maximum cation adsorption for a material with PZC 
2. (a) Difference in initial pH of the solution and the final pH caused by buffering of the support, 
dependent on the surface loading (SL, defined as the amount of support surface area present in the slurry 
per liter). (b) Cation uptake, dependent on the final pH and surface loading. Dashed blue line in (b) 
shows maximum uptake around a final pH of 9. In (a), it can be seen that to obtain this final pH, the 
slurry should be at an initial pH of 9 for very low SL (highly diluted slurry), whereas at high SL, such as is 
the case for incipient wetness impregnation, an initial pH of 13 can be required (SL at incipient wetness 
for a material with surface area of 200 m2/g and pore volume of 1 mL/g is 200 K). (Adapted with 
permission from ref 91. Copyright 2013 American Chemical Society) 

The principles of strong electrostatic adsorption have also been used to selectively deposit 
metals on specific surface sites. Using the difference in PZC between Co3O4 (PZC 8) and TiO2 
(PZC 4), manganese was selectively deposited on cobalt in a Co3O4/TiO2 catalyst by using 
KMnO4 at a pH of 1, whereby the TiO2 was negligibly charged.92 STEM-EELS showed MnO 
was located preferentially on the Co3O4, (Figure 2.9) while samples prepared by conventional 
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incipient wetness impregnation whereby the pH was not regulated resulted in MnO dispersed 
all over the TiO2 support.93 However, reduction of the catalyst resulted in migration of the 
MnO in both cases to the Co/TiO2 interface, which appeared to be thermodynamically 
favorable. Similar results were obtained for MnO/Co/SiO2 and MnO/Rh/SiO2, where MnO 
was preferentially adsorbed on Co3O4 or Rh2O3, respectively, However no MnO migration was 
observed after reduction on the silica support.94,95 

 

Figure 2.9. STEM-EELS map for 
Mn/Co/TiO2. Strong 
electrostatic adsorption resulted 
in manganese (green) deposited 
on the cobalt (red) after 
calcination (a), which moved to 
the cobalt titania (blue) interface 
after reduction (b). By deposition 
via IWI MnO was present on the 
TiO2 support after calcination 
(c), which after reduction also 
migrated to the Co/TiO2 
interface (d). (Adapted with 
permission from ref 93. 
Copyright 2010 Wiley)  

 
 

Inner sphere complex formation concerns a chemical adsorption, whereby metal 
complexes are covalently coordinated to the hydroxyl groups (Figure 2.10). Because a charged 
complex is bonded to the support, this is generally compensated through the release or 
accumulation of protons by the support for a positive or negative metal complex, respectively, 
leading to a change in the pH of the impregnating solution. Therefore, to optimize procedures 
whereby inner sphere complex formation occurs, it is often important to actively regulate the 
pH during the equilibration procedure. In addition, adsorption can occur at a pH similar to 
the PZC, as described for Au on Al2O3 or TiO2 (see section 3.2). The exact nature of 
adsorption depends on the support, precursor and conditions, and often both inner and outer 
sphere complex formation can occur simultaneously.  

In a series of papers, Lycourghiotis et al. investigated the method of adsorption on titania 
(PZC 6.5, BET surface area 50 m2/g) supported chromium, molybdenum, tungsten, cobalt 
and nickel at various pH ranging from below to above the PZC.96–100 It was found that CrO4

2-, 
HCrO4

- and CrO7
2- mainly adsorb through electrostatic forces to form outer sphere complexes, 

at a maximum of 1 wt.% at pH 4.5.99 However, the other metals all showed some form of 
covalent bonding of the metal precursor complex and the titania support. Mo and W 
complexes showed the highest adsorption of 3 and 10 wt.%, respectively, at pH 4. Mainly 
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mononuclear MoO4
2- and WO4

2- species were observed, whereby the complexes were formed 
via hydrogen bonds or substitution of one or two oxygen ligands with terminal oxygen groups 
of the titania. Polymeric species were also found in both cases when high initial concentrations 
and low pH were used, which adsorbed mainly through electrostatic forces. Co(H2O)6

2+ and 
Ni(H2O)6

2+ species preferentially adsorbed as mononuclear species, whereby one water ligand 
was replaced by a surface oxygen group, at a maximum of about 2 wt.% at pH 7.5. In addition, 
one or more water ligands not bonding with the support could be hydrolyzed. 

Figure 2.10. Schematic 
representation of various 
deposition possibilities of 
Co(H2O)6

2+ on (101) anatase. (a) 
hydrogen bonding, (b) outer 
sphere complex formation via 
electrostatic adsorption, (c) inner 
sphere complex formation via 
mono-substitution of a H2O 
ligand with a terminal surface 
oxygen atom, (d) mono-
substitution with a hydrolyzed 
compound, (e) mono-substituted 
complex with a bridging surface 
oxygen, (f) di-substituted 
complex with one briding and 
one terminal surface oxygen, (g) 
di-substituted complex with two 
terminal oxygen groups. Ti in 
gray, H in yellow, O in red, Co 

in pink, oxygen of hydrolyzed group in blue. (Adapted with permission from ref 96. Copyright 2009 
Wiley) 

The knowledge of the type of species adsorbed at different pH has allowed for the rational 
synthesis of supported catalysts. In the synthesis of 1.5 wt.% MoO3/TiO2 catalysts, it was 
found that deposition at a constant pH of 6 resulted in much better dispersed catalysts as 
determined by XPS, which showed a Mo/(Mo+Ti+O) ratio of 2.2 compared to 1.3 for the 
catalyst prepared at pH 9. It was postulated that the di-substituted MoO4

2- that formed at pH 
6, whereby two oxygen ligands of the precursor are replaced with terminal oxygen groups of 
the TiO2, was more stable to sintering during subsequent calcination compared to the mono-
substituted species which dominated at pH 9.101 Studies on Co/Al2O3 and Mo/Al2O3 
illustrated the technique is not always easy, as deposition of large crystals or too strongly 
interacting species which were difficult to reduce also occurred depending on the 
conditions.102,103 Nonetheless, Kordulis et al. showed Co/Mo (2/17 wt.%) bimetallic catalysts 
can be synthesized on a Al2O3/SiO2 mixed support. Co-adsorption of ammonium 
heptamolybdate and cobalt nitrate at pH 5 resulted in the selective deposition of MoO4

2- on 
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the positively charged alumina while the silica was negatively charged. Alternatively, Co was 
preferentially deposited on the silica surface, which resulted in fewer irreducible Co/Al2O3 sites. 
The resulting catalyst was over 10% more active for the hydrodesulphurization of thiophene 
compared to a similar one prepared via regular impregnation.  

In the synthesis of 1 wt.% Ni/SiO2 catalysts using nickel ethylenediamene (en) complexes 
from nickel nitrate and ethylenediamene, the NiO species were controlled via different grafting 
of the nickel precursor complex. Both Ni(en)(H2O)4 and Ni(en)2(H2O)2 were grafted onto the 
support via replacement of two H2O ligands with surface hydroxyl groups. After calcination, 
grafted Ni(en)(H2O)4 gave rise to nickel phyllosilicate formation, eventually resulting in large 
nickel particles after reduction. However, grafted Ni(en)2(H2O)2 brought about isolated Ni2+ 
ions after calcination, resulting in very small particles after reduction. This was attributed due 
to the lack of free H2O ligands in the adsorbed complex, so that it no longer reacted with other 
complexes or silicon containing species.104 

Metal DistributionMetal DistributionMetal DistributionMetal Distribution. . . . Adsorption also plays a significant role on the metal distribution 
across macroscopic support grains or pellets. Although the pore filling with liquids of larger 
bodies occurs within a few seconds or minutes, adsorption on support sites often slows down 
penetration of the precursor significantly. After short equilibration times it is possible that 
metal precursor complexes are mostly adsorbed in the outer shell of the support body, resulting 
in an egg-shell distribution. The details of an egg-shell distribution will strongly depend on the 
equilibrium between adsorbed and solvated species. Longer equilibration time leads to 
diffusion of the metal complex towards the center of the catalyst body due to concentration 
gradients if the adsorption is at least to some extent reversible, so that eventually the system will 
converge to a homogeneous distribution.  Addition of a second component that adsorbs more 
strongly than the precursor can result in egg-white or egg-yolk distributions (Figure 2.1). The 
additional component adsorbs in the outer shell leaving no sites available for the metal 
precursor complex, which diffuses inwards where more adsorption sites are available.105,106 
Although this has been known for a long time, the subsequent drying step is also reported to 
have a large impact on the distribution, and direct monitoring of the distribution during 
impregnation is now possible by advanced spectroscopic techniques that have recently been 
developed.107 

Using Raman spectroscopy, the impregnation of 3 mm γ-Al2O3 pellets (PZC 9) with 
ammonium heptamolybdate (AHM) solutions at pH 5 or 9, leading to 15 wt.% Mo, was 
followed over time.108 Because of the equilibrium between heptamolybdate and mono-
molybdate, Mo7O24

6- was the predominant species at pH 5 while at pH 9 mainly MoO4
2- was 

found. Upon impregnation with the solution at pH 9, close to the PZC of the γ-Al2O3, the 
surface was minimally charged and almost no interaction took place between precursor and 
support, which led to a homogeneous MoO4

2- distribution across the pellet after 10 minutes. 
With an impregnation solution of pH 5, the γ-Al2O3 was positively charged, and electrostatic 
adsorption of Mo7O24

6- took place at the outer edges of the surface. At the same time, the 
buffering effect of γ-Al2O3 resulted in an increase in the pH and MoO4

2- formation, which 
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more easily diffused towards the inside of the pellet. Moreover, (NH4)3[Al(OH)6Mo6O18] 
precipitated on the external surface, preventing a large part of the Mo to diffuse into the pellet 
altogether. When a γ-Al2O3 with a lower PZC of 8 was used, areas of high Mo concentrations 
were found throughout the pellet at long equilibration times with diagonally offset Raman 
spectroscopy and X-ray absorption tomography. 109,110 These were attributed to the formation 
of Al(OH)6Mo6O18

3- species throughout the support due to the lower buffering capacity of the 
alumina with PZC 8 instead of 9 as with the previous study. This was be mitigated by co-
impregnation of a species that forms stable complexes with Mo6+, such as citrate or H3PO4, 
which resulted in homogeneous distributions after sufficient time for equilibration.108,110 

The concentration of the precursor has also been found important, which can be explained 
by the limited adsorption capacity of a support surface. For Co(H2O)6

2+ complexes 
impregnated on alumina, little interaction is expected between the positive complex and the 
protonated or neutral surface hydroxyls. Nonetheless, impregnation of a 3.85 mm γ-Al2O3 

pellet with a low concentration of 0.2 M Co(NO3)2 took 4 hours for equilibration, as followed 
with 1H MRI111, while in a different study impregnation of a 3 mm γ-Al2O3 pellet with a 1.35 
M Co(NO3)2 solution showed a homogeneous distribution already after 5 minutes.112 
Bergwerff et al. further studied the impregnation of 0.2 M Co2+ by varying the pH and citric 
acid concentration using 1H MRI.113 If no citric acid was added, a homogeneous distribution 
was obtained after 160 minutes at pH 1. Addition of citric acid at pH 1 did not lead to the 
formation of cobalt citrate complexes, so that competitive adsorption between Co(H2O)6

2+ and 
free citric acid resulted in more rapid transport of Co2+ to the center of the 3.85 mm pellet, 
producing egg-yolk catalysts after 90 minutes of equilibration ( 

Figure 2.11). At pH 5 and 9, cobalt citrate complexes formed which strongly adsorbed on 
the surface of the γ-Al2O3, resulting in egg shell distributions of varying degrees even after 48 
hours. However, addition of extra citrate to these solutions again resulted in competitive 
adsorption, so that the Co2+ complexes migrated towards the center more rapidly. 

Nickel combined with ethylenediamene (en) showed similar results. Upon impregnation 
of a 3 mm γ-Al2O3 pellet with 0.5 M Ni(H2O)6

2+ and en at different Ni/en molar ratios (0, 1, 2 
and 3), homogeneous Ni(H2O)6

2+ and Ni(en)3
2+ distributions were found after 5 minutes for 

Ni/en ratios of 0 and 3, respectively. At other ratios, Ni(en)x(H2O)6-2x
2+ complexes formed 

which strongly adsorb, resulting in eggshell formations after 5 minutes, and a 2 hour 
equilibrium period was necessary to obtain homogeneous distributions.114 On a 3.85 mm 
pellet, 5 minutes was not sufficient to obtain a homogeneous distribution upon impregnation 
of a  0.5 M Ni(H2O)6

2+ solution. This relatively slow equilibration of weakly interacting species 
was attributed to partial hydrolysis and subsequent re-dissolution of nickel nitrate.115 While the 
PZC and surface area of this pellet was similar to the one used in the previous study, the 
difference might be attributed to the lower pore volume of the pellet, so that the amount of 
surface area per volume of impregnating solution doubled, allowing for more interaction with 
the support. Regardless, after 1 hour a homogeneous distribution was found. Combined with 
ethylenediamenetetraacetic acid (EDTA) at a molar ratio of Ni/EDTA of 6 at pH 1 or 6, slight 
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eggshell formations were found due to the formation and electrostatic adsorption of 
Ni(EDTA)2- and Ni(EDTA-H)- complexes in the external shell, while the remaining 
Ni(H2O)6

2+ was homogeneously distributed throughout the rest of the pellet. Equilibration was 
faster at pH 1, for which less hydrolysis of Ni(H2O)6

2+ species occurred.115 This difference in 
equilibration time based on pH was even more pronounced for Cr(H2O)6

3+ complexes, where 
very defined eggshell profiles were formed at pH 4.5 due to hydrolysis of the precursor, while 
uniform distributions were obtained at pH 1.116 When CrO4

2- complexes were used as 
precursor, the roles were reversed. Strong electrostatic adsorption at low pH led to egg-white 
structures, while high pH led to limited interaction and therefore a homogeneous distribution. 
In this case, citric acid was found to limit hydrolysis of the Cr3+ complexes, while it also caused 
reduction of Cr6+ to Cr3+, so that in most cases homogeneous distributions were obtained. 

 

Figure 2.11. 2D 1H MRI images recorded on an Al2O3 extrudate after impregnation with 0.2 M 
Co(NO3)2 (aq) at pH 1 with different molar ratios of cobalt/citrate. Blue color indicates low cobalt 
concentration, yellow indicates medium cobalt concentration, and red indicates high cobalt 
concentration. The higher the amount of citric acid, the faster cobalt migrated to the inside of the pellet, 
resulting in more concentrated egg-yolks, while the egg-shells with only medium cobalt concentrations 
(yellow) became larger. (Adapted with permission from ref 113. Copyright 2008 Wiley) 

In the previous study, competitive adsorption was also studied using H3PO4. This led to 
egg-yolk catalysts upon co-impregnation with Cr6+ species.116 Another example of competitive 
adsorption is Cl- and PdCl42-. 5 minutes after impregnation, all PdCl42- had hydrolyzed to 
PdCl2(OH)2

2- at the edge of the γ-Al2O3 pellet due to the basic surface OH groups, regardless 
of Cl- concentration and pH. After two hours, egg white distributions were obtained at pH 1 
because many sites at the edge of the pellet were protonated followed by adsorption of Cl-, so 
that the PdCl2(OH)2

2- moved deeper into the pellet for adsorption on free sites. At pH 5, Cl- 
adsorption was less favorable so that eggshell distributions were still detected. After 96 h each 
of the four main distributions (Figure 2.1) could be obtained depending on the conditions 
used. An egg-white distribution was obtained by strong and competitive Cl- adsorption at low 
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pH, which was limited to the outer shell of the pellet at low Cl- concentration, while at higher 
Cl- concentration more competitive adsorption resulted in an egg-yolk profile. At higher pH 
and low Cl- concentration, limited competitive adsorption resulted in an egg-shell catalyst, 
while increasing the Cl- concentration resulted in a more homogeneous distribution.117 

 

4.34.34.34.3 DryingDryingDryingDrying    
The drying step has long been known to have a strong influence on the final catalyst.106,118 

Drying can be separated into three main stages; the increasing rate, constant rate and falling 
rate periods. The increasing rate period concerns the time it takes for the system to attain the 
equilibrium drying temperature, which is slightly lower than the temperature set on the drying 
oven because evaporation is an endothermic process, but a pseudo steady state is generally 
achieved relatively rapidly. In the constant rate period, drying mainly occurs on the external 
surface of the drying grain or pellet. The system is in what is called a pendular state, whereby a 
continuous liquid exists throughout the particle, such that the solvent can be transported 
towards the external surface of the catalyst grain via capillary forces. If the precursor has a weak 
interaction with the support, it may be transported towards the external surface along with the 
solvent, resulting in a concentration buildup on the external rim of the support. As a 
consequence of the resulting concentration gradient, back diffusion towards the inside of the 
grain can occur. At a certain time, the amount of solvent has been reduced to such an extent 
that capillary flow towards the external surface of the catalyst grain can no longer keep up with 
the rate of drying, and the drying front moves inwards. As this happens, the drying rate slows 
down as transport via the vapor is slower than via the liquid, and the liquid inside the pores 
becomes discontinuous, called the funicular state, so that isolated patches of liquid can form 
and macroscopic redistribution at this stage becomes very limited. 

As the solvent is removed during drying, the concentration of the precursor will rise and 
once it reaches the critical supersaturation, precipitation will take place. Moreover, a chemical 
change of the precursor induced by dehydration, temperature, or a gas atmosphere can result in 
precipitation. As systems likely go through severe macroscopic redistribution across the catalyst 
grain or pellet during drying, precipitation can be important for the final macroscopic 
distribution of the active phase. It should be noted that many organic molecules such as citric 
acid or ethylenediamene tetraacetic acid (EDTA) have previously been reported to change the 
viscosity of the impregnating solution.119 This was recently shown in the preparation of 1-20 
wt.% Fe catalysts on α-Al2O3 by Torres et al., who compared the effect of iron nitrate and 
ammonium iron citrate on the iron distribution of the final catalysts. Iron particles of around 
20 nm were found regardless of the precursor at loadings of 5 and 10 wt.% Fe. However, iron 
nitrate resulted in high local loadings while other parts of the support remained empty, whereas 
ammonium iron citrate led to a homogeneous distribution. This was attributed to the 
formation of a gel-like phase for the citrate precursor, thereby preventing redistribution.120 
Addition of ethylene glycol (EG) in the preparation of 20 wt.% Ni/MCM-41 catalysts 
prepared from nickel nitrate has been shown to prevent redistribution of nickel to the external 
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surface during thermal treatment, which happened to a great extend when EG was not co-
impregnated.121 However, few other recent studies have been performed on the effects of the 
viscosity, although the addition of organic molecules has been used extensively to obtain a 
higher metal dispersion, which is discussed in the section on activation (4.4). 

Drying of Strongly or Weakly Adsorbing SpeciesDrying of Strongly or Weakly Adsorbing SpeciesDrying of Strongly or Weakly Adsorbing SpeciesDrying of Strongly or Weakly Adsorbing Species. . . . Since drying concerns movement of 
solvated species on a large scale, it is important to consider the degree of adsorption of the 
metal species in solution. Recently, Liu et al. modelled the effects of drying on porous bodies 
with different metal profiles after impregnation. Although 0.25 M nickel nitrate was used as a 
case study, the developed methodology presented was not limited to specific active components 
or supports, and the interaction between the two could be parametrically varied. By varying the 
strength of adsorption of nickel nitrate to the support, and varying the nickel nitrate 
distribution after impregnation from homogeneous to egg-shell, the effect of drying was 
studied. For a high adsorption strength, drying had little effect on the distribution, so that the 
main determining factor for the distribution was the impregnation step. A homogeneous 
distribution after impregnation remained homogeneous after drying, while egg-shell 
distributions remained largely unchanged when the adsorption strength was high.  

Recent improvements on spectroscopic techniques have enabled imaging of distributions 
after impregnation and drying, providing experimental evidence of the limited effect of drying 
on strongly adsorbing species. UV-Vis and IR microspectroscopy showed nickel 
ethylenediamene complexes (0.5 M) with 1 or 2 en ligands grafted on γ-alumina did not 
redistribute during drying, whereas non-adsorbing Ni(en)3

2+ migrated towards the outside of 
the support.114 Strongly adsorbing Pd species (0.1 M PdCl41- solution) on alumina were studied 
with UV-Vis microspectroscopy, and were also found to retain the distribution they had 
obtained during impregnation after drying.117 Using magnetic resonance imaging, Cobalt 
nitrate at low concentration (0.2 M, pH 4) was found to adsorb sufficiently strongly to a y-
alumina surface to retain its egg-shell distribution obtained during impregnation after 
drying.122 Thus, these studies confirm that for strongly adsorbing species, the drying step does 
not alter the macroscopic distribution of the precursor to a large degree. 

For weakly adsorbing species and high concentrations, convection and back-diffusion 
during the drying step become very important. In the model of Liu et. al., when the adsorption 
strength of nickel nitrate was reduced to a moderate value and assuming a homogeneous 
distribution after impregnation, drying could result in severe redistribution of the 0.25 M 
nickel nitrate solution on γ-alumina depending on the conditions.69 Drying at 70 °C resulted 
in an almost homogeneous distribution. However, increasing the drying temperature to 300 °C 
resulted in egg-shell distributions, because back-diffusion of nickel nitrate was not fast enough 
to compensate for the high drying rate. Similar results were obtained upon altering the 
humidity of the drying air; at 0.5% humidity, drying was relatively fast resulting in an egg-shell 
distribution, while drying in 10% humidity resulted in an almost homogeneous distribution. 
Finally, the size of the support pellet had a great influence on the distribution. A pellet 
diameter of 1 mm resulted in a moderate egg-shell distribution whereby the concentration of 
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nickel nitrate in the shell was 1.5 times higher than in the center of the pellet. For a 10 mm 
pellet, the concentration in the shell was almost 3 times higher compared to the center.69 The 
model was recently extended to a 3 mm γ-alumina pellet impregnated with nickel nitrate 
concentrations ranging from 0.005 M to 4.0 M (Figure 2.12), and many of the results were 
compared to experimental data.123,124 Very low nickel nitrate concentrations (0.005 M) resulted 
in homogeneous distributions after drying at 80 °C because most of the nickel nitrate remained 
adsorbed on the γ-alumina. At slightly higher concentrations (0.06 M), the amount of nickel 
nitrate exceeded the adsorption capacity of the support, and an egg-shell distribution was 
obtained due to convective redistribution towards the edge of the pellet. Although back-
diffusion gave rise to partial mitigation of this redistribution, the system entered the falling-rate 
period relatively rapidly, so that film-breakage occurred and material was no longer transported 
across large distances. At even higher concentrations (3 M), the precursor was also initially 
transported towards the outer edge of the pellet, but the concentration was so high that film 
breakage did not occur, so that sufficient back-diffusion time resulted in a homogeneous 
distribution. It should be noted that in these model systems, only the solvent water was 
removed leaving the nickel nitrate hexahydrate, which melts in its own crystal water above 56 
°C, intact. Nonetheless, good agreement was found between the model predictions and real 
experiments, suggesting macroscopic distribution occurs mainly during the removal of the 
solvent, not removal of the crystal water of metal nitrates.123,124 

 

Figure 2.12. Simulated effect of the initial Ni(NO3)2 (aq) concentration on the final metal profile across a 
3 mm γ-Al2O3 pellet after drying at 80 °C, starting from a homogeneous distribution after impregnation. 
(a) low metal loadings, (b) high metal loadings. The loading of nickel is plotted as a function of the 
normalized radial distance r/R, whereby r is the distance from the center of the pellet and R is the pellet 
radius. (Adapted with permission from ref 124. Copyright 2012 Elsevier) 

An interesting consequence of these considerations is that precursor material present on 
the external surface of the catalyst grain or pellet does not necessarily mean it will be deposited 
there during drying. If material is on the outside after impregnation, capillary flow could pull it 
in when part of the pore volume becomes accessible again due to (partial) evaporation of the 
solvent, assuming the material on the outside is still dissolved or can be molten. The latter case 
closely resembles melt infiltration, which will be discussed in detail in section 5.1.   
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Other experimental evidence on redistribution of the precursor during drying has been 
reported in recent years. Impregnation of a basic ammonium heptamolybdate (AHM) solution 
(1.8 M, pH 9) onto gamma alumina resulted in little interaction with the support, so that 
redistribution towards the external of the pellet resulted in egg-shell distributions.125 
Alternatively, addition of H3PO4 to an impregnation of γ-alumina with AHM resulted in 
surface adsorption of PO4

3-, so that the support surface was not significantly charged even at 
pH 2, together with complex formation of the form HxP2Mo5O23

6-x-. While normally AHM 
would adsorb to the alumina surface at this low pH, the negatively charged complex only 
weakly interacted with the PO4 surface groups, so that redistribution of the complexes also 
resulted in egg-shell distributions.110 As mentioned earlier, weakly interacting Ni(en)3 
complexes redistributed during drying resulting in egg-shell profiles.114 Clearly, weakly 
interacting species can migrate over macroscopic distances during the drying step. 

MMMMetal Redistribution at the Nanoscaleetal Redistribution at the Nanoscaleetal Redistribution at the Nanoscaleetal Redistribution at the Nanoscale. . . . Macroscopic distributions can be largely 
avoided by reducing the grain size of the support. This is often done in academia to rule out 
the effect of macroscopic distributions on the catalyst performance. However, even though 
support grains might be homogeneously distributed on the macroscale, inhomogeneities are 
frequently reported on the nanoscale. The active metal is often located in large clusters or 
aggregates, while a large part of the support remains empty. These aggregates can be much 
larger than the average pore diameter, and the nanoparticles often form an intricate network 
throughout the pore structure.126 Moreover, the crystallites inside these aggregates have been 
observed to have an overall crystallographic alignment, suggesting they are closely linked to 
each other or were at some point during their synthesis.127 Methods to prevent this include 
modification of the support or co-impregnating organic molecules.128,129 However, recent 
studies revealed these inhomogeneous distributions can be circumvented by careful control of 
the drying step.  

Using Stöber silica spheres impregnated with nickel nitrate solutions, Banerjee et al. used 
environmental TEM to study the distribution of the nickel phases during preparation. It was 
shown that inhomogeneous distributions obtained after in-situ drying of an aqueous solution 
largely remained after calcination and reduction, while use of ethanol as a solvent resulted in 
more homogeneous distributions, which was attributed to the lower surface tension of 
ethanol.130 As described in chapter 4, Munnik et al. used a silica gel (38 - 75 µm grains) 
impregnated with a 4.2 M aqueous cobalt nitrate solution, close to saturation, and opted for 
drying in an N2-flow in a fluidized bed reactor at different temperatures instead of often 

practiced stagnant drying in a muffle oven, followed by calcination at 350 °C in an N2 flow.12 
While all of the samples displayed uniform cobalt distributions on the macroscale, drying at 25 
°C followed by calcination resulted in 8 nm cobalt oxide particles clustered together in 
aggregates of 40 nm in size. Increasing the drying temperature gradually reduced the aggregate 
size until at 100 °C the 8 nm particles were homogeneously distributed over the support and 
no aggregates were found. However, further increase of the drying temperature to 150 °C 
resulted again in aggregate formation, which were up to 80 nm in size (Figure 2.13).12  
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Figure 2.13. TEM of calcined Co3O4/SiO2 after drying treatments in a N2 fluidized bed at different 
temperatures. (a) 25 °C, (b) 50 °C, (c) 75 °C, (d) 100 °C, (e) 125 °C, (f) 150 °C. Different extent of 
cobalt aggregation (black) was observed located on the silica support (grey) depending on the drying 
temperature. The size of the primary cobalt oxide nanoparticles was ~9 nm in all cases. (Adapted with 
permission from ref 12. Copyright 2014 American Chemical Society) 

This behavior was further studied by performing a calcination in a gas flow of 1% NO/N2 
after the drying treatment, which results in immobilization of the cobalt nitrate precursor via 
cobalt hydroxynitrate formation, so that further redistribution after drying was not possible.131 
As described in chapter 5, after drying at 25 °C and calcination in an NO/N2 gas flow, 3 - 4 
nm cobalt oxide particles were found in large irregularly shaped aggregates of up to 200 nm in 
size. Increasing the drying temperature reduced the size of the aggregates, until at 100 °C a 
homogeneous distribution of 3 - 4 nm cobalt particles was obtained. Further increase of the 
temperature resulted in 8 nm cobalt particles in increasingly large aggregates.132 It was 
postulated that aggregation originated from two separate mechanisms. At low temperature, 
precipitation of a cobalt nitrate species occurred when the concentration reached the 
supersaturation. If the drying rate is low, nucleation of this species is relatively slow so that 
growth becomes very significant, resulting in large cobalt nitrate islands while other areas on 
the support become depleted. Raising the temperature increased the drying rate, so that the 
nucleation rate increased and smaller islands were formed, eventually resulting in a 
homogeneous distribution at 100 °C. This behavior shows resemblance to what is observed in 
the drying of colloidal wet films133,134 and suggested that at low temperature aggregate 
formation was mainly a physical process. At temperatures above 100 °C, nucleation and growth 
of cobalt oxide due to decomposition of cobalt nitrate was found to occur during drying. As 
this mainly occurred still in the presence of a large amount of water, either in liquid or vapor 
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form, the cobalt nitrate was highly mobile and nucleation and growth of cobalt oxide resulted 
in increasingly larger aggregates.132 

The effect of precursor support interactions was also investigated for a γ-alumina support. 
While stagnant drying in a muffle oven between 60 to 120 °C always resulted in 8 nm cobalt 
particles located in 30 - 60 nm aggregates after calcination in N2 flow, drying in a fluidized bed 
between 25 and 100 °C resulted in the 8 nm particles uniformly distributed throughout the 
support after calcination. At 150 °C, aggregates of 30 - 40 nm were found, somewhat smaller 
than on silica. Thus, it appeared that the increased support-precursor interactions of the 
γ-alumina inhibited aggregate formation. Moreover, although drying in stagnant air always 
resulted in aggregates, drying using an N2 flow resulted in uniform distributions, showing the 
importance of rapid removal of water during the drying process. It should be noted that fast 
drying can have a negative effect on the macroscopic distribution across catalyst grains when 
precipitation occurs without sufficient time for back-diffusion, as mentioned in the previous 
section and was observed for silica with larger pores of 23 nm.132 

Aggregate formation due to a long retention time of water vapor has also been used for the 
synthesis of nanocast materials. Starting from iron nitrate, large iron oxide aggregates up to 
2000 nm in size were synthesized on an ordered mesoporous silica support by covering up the 
sample container during a heat treatment to 150 °C. Similar results were found for cobalt, 
nickel, indium, manganese, cesium and chromium oxides when starting from the respective 
metal nitrates, showing the importance of the water pressure during drying and decomposition 
of metal nitrate hydrates in general.135        

Alternative Drying MethodsAlternative Drying MethodsAlternative Drying MethodsAlternative Drying Methods. . . . While drying is most often performed in stagnant air in a 
regular muffle oven, other alternatives besides fluidized bed drying are available that alter the 
rate of drying or the drying process, and so influence the distribution of the active metal phase. 
In freeze-drying the precursor is frozen after impregnation, followed by sublimation of the 
immobilized solvent at reduced temperature and pressure. Eggenhuisen et al. performed freeze 
drying on SBA-15 impregnated with nickel or cobalt nitrate by freezing in liquid nitrogen and 
drying at -55 °C under reduced pressure. Using Cryo-TEM tomography to visualize the dried 
samples, it was shown that freeze drying resulted in homogeneous distributions of cobalt 
nitrate after drying, whereas inhomogeneous distributions were obtained after conventional 
drying at 60 °C (Figure 2.14). This difference in nanoscale distribution was largely maintained 
after performing a thermal activation, illustrating the drying step is highly important for the 
final metal distribution at the nanoscale.73 As described in chapter 3, the method was also 
shown to work on a silica gel for cobalt nitrate and nickel nitrate.20,136 However, freezing the 
precursor required great care. When a liquid is confined in nanometer sized pores, the freezing 
and melting point can be greatly depressed. While a 4.2 M cobalt nitrate solution froze at 
about -30 °C, confinement in a silica gel with 8 nm pores caused a freezing point depression 
to -90 °C. Thus, to properly freeze and dry the impregnated sample a temperature of -90 °C or 
lower should be applied. Therefore, although liquid nitrogen temperatures were sufficient to 
freeze the confined precursor, -45 °C was not sufficient to solidify the precursor and 
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redistribution was observed over the macroscopic catalyst grains, creating distinct egg-shell 
distributions.136  

 

Figure 2.14. Cryo-TEM tomography results of Co(NO3)2 salt distribution in mesoporous SBA-15 after 
different drying treatments. (a) dried at 60 °C in a muffle oven, showing an inhomogeneous distribution 
after drying(trial and rectangle in B and C indicate examples of pores with inhomogeneous fillings), (b) 
dried by freeze-drying, showing a homogeneous distribution after drying. All scale bars are 50 nm. Lines 
A, B and C indicate the positions of the cross-sections. Bright dots and lines are empty pores; dark areas 
are filled pores. (Adapted with permission from ref 73. Copyright 2013 American Chemical Society) 

Microwave drying provides another alternative since it has the potential to speed up drying 
drastically due to the volumetric heating of the material, removing the need for heat transport 
from the outer edge of the particle towards the center. Liu et al. studied microwave drying on 3 
mm pellets impregnated with different concentrations of nickel nitrate solutions from 0.1 to 2 
M.124 In all cases, homogeneous macroscopic distributions across the pellet were obtained. 
Moreover, the drying step was completed in a relatively short amount of time. It was proposed 
that uniform drying reduced convection so that more homogeneous distributions were 
obtained.124 

 

4.44.44.44.4 ActivationActivationActivationActivation    
In the activation step the deposited metal precursor is converted into the active phase. 

Generally this is done by a calcination step, resulting in the metal oxides, followed by a 
reduction if metallic particles are required. Next to metals common active phases include metal 
oxides or metal sulfides. As the activation treatment leads to the formation of the nanoparticles, 
they often have a large influence on the final particle size. Moreover, although most treatments 
remain below the melting point of the active materials, the temperatures used can easily exceed 
the Hüttig temperature (THüttig = 0.3 TMelt), around which defect sites on metal particles 
become mobile, or even the Tammann temperature (TTammann = 0.5 TMelt), whereby surface 
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atoms become mobile, which can lead to particle growth via migration and coalescence of the 
particles or via Ostwald ripening.  

Although direct reduction of many precursors can lead to well dispersed catalysts, direct 
reduction is often highly exothermic and can lead to mixed metal-support phases. Moreover, it 
can produce a pyrophoric catalyst that needs to be passivated, often making it impractical for 
use on an industrial scale. Therefore, a calcination procedure is usually performed to form the 
pure metal oxide particles before further treatment such as reduction. Both the heating rate and 
air flow during calcination have been shown to be highly important for the preparation of 23 
wt.% Co/γ-Al2O3 catalysts for the Fischer-Tropsch synthesis. Heating rates between 0.1 and 1 
°C/min resulted in similarly active catalysts, however higher heating rates of 4 and 8 °C/min 
significantly reduced the activity when calcined to 250 °C. Air flows of 1 m3/(kgCo(NO3)2·h), 
roughly corresponding to a gas hourly space velocity (GHSV) of 2000 h-1, and higher during 
calcination resulted in similar catalysts with a cobalt surface area of 11 m2/g, however at lower 
flows cobalt surface areas as low as 6 m2/g were obtained.137 In a separate study, flows higher 
than the above mentioned 1 m3/(kgCo(NO3)2·h) were used to investigate the gas composition and 
calcination temperature in the synthesis of 20 wt.% Co/γ-Al2O3. Although calcination at 
temperatures between 150 and 500 °C for 10 h showed almost complete decomposition of the 
cobalt nitrate regardless of the temperature, dispersions of around 9% were found at 150 °C 
whereas at 400 °C this was slightly lower (7.5%). Upon testing gas composition, only 50% 
steam/air produced lower cobalt dispersions, whereas little difference was observed between N2 
and air.138 

Sietsma et al. studied the calcination of nickel nitrate on SBA-15 (24 wt.% Ni). After 
drying at 120 °C, the precursor was found only inside the pores of the SBA-15 support, in the 
form of 9 nm crystallites of Ni3(NO3)2(OH)4, similar to the pore size of the support. Thermal 
decomposition of this phase in stagnant air resulted in severe redistribution and large particles 
on the external surface of the support (Figure 2.15). In a flow of air, the particle size was 
decreased, and a further improvement was obtained in a flow of He, suggesting decomposition 
in a flow and an O2 free environment was beneficial for the metal dispersion. The highest 
dispersion was obtained in a flow of 1% NO/He, which resulted exclusively in small 4 nm 
NiO particles inside the mesopores of the support.139 Further investigation on Ni/SBA-15 
showed that addition of NO2 or O2 to the gas stream, both decomposition products of 
Ni3(NO3)2(OH)4, was detrimental for the metal dispersion and resulted in large particles and 
migration towards the external surface of the SBA-15 particles.72 Moreover, NO concentrations 
as low as 0.1 %vol were already enough to reduce the NiO particle size from 11 to 4 nm at a 
gas hourly space velocity (GHSV) of 24,500 h-1. Reduction of the GHSV at a concentration of 
1 %vol NO showed little impact until a GHSV of 7000 h-1, while further reduction resulted in 
gradually larger particles.140 Additional IR, MS and isotopic labelling studies revealed that NO 
scavenges oxygen radicals from the nitrate during decomposition. It was proposed that when a 
nitrate group becomes unstable during the thermal treatment, NO reacts with the formed 
oxygen radical, thereby shifting the equilibrium toward NiO and so creating an NiO nucleus. 
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As this occurs at lower temperatures and because a larger number of nuclei are present, many 
small particles result, and extensive sintering or migration is prevented. If NO is not present 
during decomposition, oxygen radicals will combine to form O2. This was proposed as the rate 
determining step, and moreover was postulated to be catalyzed by the formed NiO so that 
nucleation would start an autocatalytic process, causing the entire Ni3(NO3)2(OH)4 crystallite 
to rapidly decompose resulting in large particles.141 

 

Figure 2.15. HAADF-STEM images of Ni/SBA-15 after drying at 120 °C (center) and after calcination 
in different gas atmospheres at 450 °C. After drying, nanowires of basic nickel nitrate were observed 
exclusively inside the mesopores of SBA-15. Calcination in stagnant air resulted in large NiO crystals on 
the external surface of the support particle. Calcination in  in air or helium flow gave rise to smaller NiO 
particles while  calcination in 1% NO led to very small particles of about 4 nm. (Adapted with permission 
from ref 139. Copyright 2007 Wiley) 

Wolters et al. further investigated the decomposition of Sc, Mn, Fe, Co, Ni, Cu, and Zn 
nitrates impregnated onto silica gel and SBA-15 at metal loadings between 6 and 16 wt.%. 
After impregnation with the 3 M metal nitrate solution samples were dried in a dessicator at 
RT to prevent premature decomposition of the nitrates, followed by thermal treatment in Ar or 
1% NO/Ar at 1 °C/min. For all metals, addition of NO was found to lower the decomposition 
temperature significantly by about 50 °C. However, for Sc, Mn, Fe and Zn, no crystalline 
phases were detected by XRD in either Ar or NO/Ar flow. For Co, Ni and Cu, addition of 
NO resulted in rapid hydrolysis of the metal nitrate to its respective metal hydroxynitrate, 
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which resulted in significantly lower metal oxide particle sizes of 5, 4 and 7 nm after 
decomposition, respectively, compared to averages of 10, 12 or 23 nm obtained in air.142 By 
varying the pore size of the ordered mesoporous support between 2.5 and 10 nm, it was shown 
that the formed nickel hydroxynitrate crystallites obtained after drying were of a size similar to 
that of the pores, and that the size of the final NiO particles obtained after calcination 
depended on the original size of these crystallites.143 Quick X-ray absorption spectroscopy on 
cobalt nitrate impregnated on silica at a Co loading of 10 wt.% also revealed rapid formation 
of cobalt hydroxynitrate below 100 °C in the presence of 5% NO/He, which further 
decomposed to Co3O4 between 110 and 170 °C.144 Furthermore, temperature programmed 
calcination on cobalt nitrate melt infiltrated (see section 5.1) on γ-Al2O3, followed by drying at 
85 °C in air revealed the hydrolysis of cobalt nitrate during an NO thermal treatment and 
subsequent improved particle size after decomposition also occurred on γ-Al2O3. However, the 
resulting increase in cobalt specific surface area of up to 33% for catalysts prepared using NO 
was less compared to the increase with silica.145 Using TPR-XAFS, Jacobs et al. also observed 
that the effect of NO on the dispersion is larger on silica compared to γ-alumina, and 
attributed this to the strong interaction between γ-alumina and cobalt nitrate, which already 
results in relatively small particles. Therefore, it was postulated that the effect of NO would 
work best on supports such as silica that exhibit a weak interaction with the precursor.146 

Further study on the decomposition of copper nitrate impregnated on SBA-15 and silica 
gel (18 wt.% Cu) confirmed the formation of copper hydroxynitrate at temperatures below 
100 °C in the presence of 2%vol NO, which subsequently decompose directly into CuO at 
200 °C leading to small 6 - 8 nm particles. However, when NO was not present, a higher 
copper dispersion was obtained in air flow with GHSV as low as 250 h-1. Although large 30 
nm CuO crystallites were detected by XRD, N2O-chemisorption for the reduced catalyst 
revealed a relatively high Cu surface area of 90 m2/gCu, indicating small particles dominated. 
From DRIFT measurements during calcination, it was concluded that the high dispersion 
originated from the mobilization of Cu(NO3)2 anhydride, which rapidly redispersed over the 
support surface anchored by silanol groups ultimately resulting in very small CuO particles. 
The large CuO particles were the result of a small amount of poorly dispersed copper 
hydroxynitrate which formed even in the absence NO.147 Such premature hydrolysis during the 
initial stages of the thermal treatment may be largely avoided by vacuum-drying at room 
temperature. When this was performed on SBA-15 impregnated with a 4 M copper nitrate 
solution for 12 hours, no large crystallites were found after calcination at 500 °C in an N2 flow 
(GHSV 1000 h-1).11 

Chelating Additives and other OrganicChelating Additives and other OrganicChelating Additives and other OrganicChelating Additives and other Organic----Containing PrecursorContaining PrecursorContaining PrecursorContaining Precursorssss. . . . Organic precursors or 
additives are frequently used for the synthesis of supported catalysts, in particular for 
hydrodesulphurization (HDS) catalysts such as alumina-supported CoMoS, NiMoS, CoWS 
and NiWS. For these catalysts the active phase consists of MoS2 or WS2 slabs decorated with 
Co or Ni atoms located at the edges, which are commonly prepared by co-impregnation of the 
metal precursors followed by drying, calcination and sulfidation. However, during standard 
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conditions sulfidation of cobalt or nickel occurs prior to that of molybdenum or tungsten, 
resulting in undesired Co9S8 or Ni2S3 phases. Chelating agents are used amongst others to 
retard sulfidation of cobalt and nickel, so that they are only sulfidized after MoS2 or WS2 
phases have formed and they efficiently deposit at the edges of the slabs. For CoMoS catalyst, a 
moderately strong chelating agent such as nitrilotriacetic acid (NTA) offers sufficient 
retardation,148 whereas NiMoS catalysts require slightly stronger complexing agents such as 
ethylenediamenetetraacetic acid (EDTA).149 Because tungsten is sulfidized at a higher 
temperature than molybdenum, formation of CoWS and NiWS catalysts generally requires 
even stronger complexing agents.150,151 

Figure 2.16. Relationship 
between the CO conversion in 
the Fischer Tropsch synthesis of 
reduced Co catalysts and the 
complex formation constant of 
the organic acids and chelating 
agents used during the catalyst 
preparation. The CO conversion 
was proportional to the 
dispersion after reduction, which 
exhibited a similar relationship 
with log KCO. (Adapted with 
permission from ref 154. 
Copyright 2009 Elsevier)  

 

 

More recently, research has focused on the use of chelating agents for the preparation of 
cobalt Fischer-Tropsch catalysts. In an extensive study 5 wt.% Co/SiO2 catalysts were prepared 
by incipient wetness impregnation of cobalt nitrate and NTA, EDTA or trans-1,2-
diaminocyclohexane-N,N,N’,N’-tetraacetic acid (CyDTA) at equal nitrate/chelate molar ratios 
and a pH of 9 - 10 to ensure chelation of Co2+(aq). After impregnation, samples were dried at 
120 °C, calcined in stagnant air at 450 °C and reduced at 500 °C. When no chelate was used, a 
degree of reduction of 85% was found with 17 nm Co particles. Catalysts prepared with NTA 
exhibited a similar degree of reduction, but much smaller particles of 5.3 nm were obtained. 
However, although even smaller particles were formed with EDTA and CyDTA, the degree of 
reduction dropped to 12 and 8%, respectively. XPS revealed EDTA and CyDTA resulted in a 
mainly α-Co2SiO4-like phase after calcination, whereas a CoOx with unknown stoichiometry 
was formed when NTA was used.152 Glycine, citric acid, asparatic acid and 
triethylenetetraamine-N,N,N’,N’,N’’, N’’-hexa-acetic acid (TTHA) were also tested, but 
exhibited lower Co dispersion compared to NTA. Combining the results, the catalytic activity 
of Co was correlated to the complex formation constants of the organic additives with Co2+ in a 
volcano type plot (Figure 2.16), suggesting a moderately strong complexing agent offers the 
best compromise of obtaining small yet reducible particles.153 Further investigation on NTA 
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showed a Co2+/NTA molar ratio of 1 resulted in the highest dispersion, and that a calcination 
temperature of 450 °C was optimal.154  

Due to the presence of chelating agents the concentration of the impregnation solution 
and thereby the resulting metal loading is relatively low. To cope with this challenge stepwise 
impregnation was proposed, whereby silica was first impregnated with the chelating agent 
(NTA or CyDTA) and dried at 120 °C, after which cobalt nitrate was impregnated with 
weight loadings between 5 and 20 wt.%. At 5 wt.% Co, corresponding to a Co/chelate molar 
ratio of 1, similar results were found as when co-impregnation was used. At Co loadings up to 
20 wt.% (Co/chelate molar ratios up to 4), both NTA and CyDTA prepared catalysts 
exhibited very good and similar activities.155 Further investigation of 20 wt.% Co catalyst with 
Co/chelate ratios of 4 showed only about one fourth of the CyDTA was complexed with Co2+ 
in the dried material, resulting in the suppressed particle growth of Co3O4 during calcination 
through stabilization of small cobalt clusters that served as nuclei.156 

 

Figure 2.17. Impact of the amount of 
atomic carbon relative to Co2+ present in 
the impregnating solution for the 
preparation of 20 wt.% Co/SiO2. Closed 
symbols represent Co3O4 measurements 
after calcination, open symbols metallic 
Co after reduction. Circles: EG, triangles: 
DEG, squares: TEG. (Adapted with 
permission from ref 159. Copyright 2011 
Elsevier) 

 

 

Glycols are a popular alternative to improve the dispersion of cobalt catalysts. Borg et al. 
prepared γ-alumina and α-alumina supported catalysts with Co loadings of 12, 20 and 30 
wt.% by impregnation with cobalt nitrate and different ratios of water/ethylene glycol as 
solvent. After impregnation, samples were dried at 110 °C and calcined in air at 300 °C. On 
both supports, Co3O4 particles became smaller upon increasing the amount of ethylene glycol 
relative to water, from 16 nm to as low as 4 nm. Moreover, while samples without EG 
exhibited large aggregates of particles, addition of EG resulted in more uniform particle 
distributions. It was postulated by the authors that EG works as a surfactant resulting in better 
wetting of the support, although impact of EG on the drying and calcination steps was not 
excluded in this work.129 This glycol method was subsequently used to prepare a wide range of 
particle sizes on γ, δ, θ, and α-aluminas.157,158 Furthermore, the difference between straight 
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chains (ethylene glycol, diethylene glycol, triethylene glycol (TEG)) or branched (glycerol, 
pentaerythritol) glycols has been investigated for the preparation of 10 and 20 wt.% Co/SiO2 
catalysts at different Co/glycol molar ratios between 0 and 1. After impregnation, samples were 
dried at 120 °C and calcined in stagnant air at 450 °C. A reduction in crystallite size from 35 
up to 10 nm was observed. Moreover, it was found that the resulting Co3O4 crystallite sizes did 
not depend on the specific glycol, but rather on the atomic ratio of carbon/Co2+ (Figure 2.17), 
while no further improvement was found above a carbon/Co ratio of 2. Further FTIR 
investigation of TEG samples suggested a polymer complex-like species was formed during 
calcination through ester polymerization of TEG with its derivatives, thereby preventing 
excessive grow of particles.159,160 

Other additives and precursors have been used with mixed success. Co-impregnation of 
sorbitol for the preparation of 10 wt.% Co/SiO2 samples with Co/sorbitol molar ratios 
between 2 and 10 showed an improvement in the particle size, going from 10 nm in the 
catalyst without sorbitol to 4 nm in the material with a ratio of 2. It was found that sorbitol 
caused the cobalt nitrate to decompose at higher temperatures, however the resulting material 
was much more difficult to reduce at 400 °C due to the formation of a large amount of cobalt 
silicates.161 Addition of sucrose at molar ratios of 10 for the synthesis of 6 - 8 wt.% Co/SiO2 
also showed an increase in the decomposition temperature of the metal nitrate. In this case, 5 
nm particles found after addition of sucrose exhibited a similar reducibility at 400 °C 
compared to the 12 nm particles that formed without sucrose. However, it should be noted Ru 
or Re was added as a reduction promoter here, which was not the case in the previous study.162 

Cobalt nitrate and acetate have been compared for the preparation of 10 wt.% Co/SiO2 
catalysts by incipient wetness, dried at 90 °C and calcined at 400 °C. Cobalt nitrate exhibited 
endothermic calcination, favoring the formation of agglomerated 20 nm Co3O4 crystallites, 
while acetate decomposed exothermically during calcination, resulting in the formation of 
cobalt silicates, which hamper reduction.163 Comparison of cobalt nitrate, acetate and chloride 
for the synthesis of 20 wt.% Co/AlPO4 by impregnation, drying at 110 °C and calcination at 
500 °C showed similar results; cobalt acetate mainly resulted in an amorphous phase that was 
not reduced at 400 °C, while, cobalt nitrate resulted in 15 nm particles with good reducibility. 
Cobalt chloride gave rise to 35 nm crystallites as determined by XRD, while H2-chemisorption 
suggested particles were as large as 160 nm.164 Nickel nitrate and acetate have been compared 
for the deposition of 1 or 5 wt.% Ni/MCM-41 by the two-solvent impregnation. After drying 
at 90 °C and calcination in an airflow at 500 °C, nickel acetate was shown to produce smaller 
NiO particles compared to nickel nitrate, while only a limited amount of nickel silicate was 
found.76 Wet impregnated nickel glycinate on γ-alumina at a nickel loading of 15 or 28 wt.% 
resulted in 5 - 30 nm nickel particles after drying at 80 °C and calcination at 500 °C in an 
argon flow. Using the glycinate precursor both HCP and FCC Ni phases were detected, 
whereas normally FCC is the dominant phase.165 Incipient wetness impregnation of γ-alumina 
has been performed with nickel ethylenediamine nitrate or nickel nitrate hexahydrate (14 - 15 
wt.% Ni), followed by drying at 100 °C, calcination at 500 °C, and reduction at 500 °C. The 
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Ni(en) precursor resulted in a metallic nickel surface area of 13 m2/gcat, whereas nickel nitrate 
resulted in 6 m2/gcat. Moreover, Ni(en) did not lead to formation of nickel aluminate, whereas 
this was found in significant amounts for nitrate samples.166 These results show that although 
organic precursors can result in smaller particles, the conditions during thermal treatment and 
the nature of the support have a large influence on the formation of mixed metal support 
phases which are difficult to reduce, which was more severe for cobalt than for nickel 
precursors. 

Plasma ActivationPlasma ActivationPlasma ActivationPlasma Activation. . . . Although thermal activation treatments are conventionally used to 
decompose and reduce the metal precursors, cold plasma techniques are receiving increased 
attention. Especially glow discharge plasma is of interest, due to its ability to provide reduced 
catalysts when working with noble metal precursors without the need of a reducing agent. In 
glow discharge plasma, the sample is loaded in a special reactor, followed by evacuation of the 
reaction chamber to around 100 Pa. After this the gas is introduced, often H2, Ar, or N2, a 
voltage is applied to generate the plasma. Using this method, 2 - 3 wt.% Pt, Pd, Ag, or Au was 
prepared on TiO2, γ-Al2O3 or HZSM-5 following impregnation with an aqueous solution of 
H2PtCl6, PdCl2, AgNO3, or HAuCl4. Directly after impregnation, Ar glow discharge plasma 
was performed to produce the reduced materials. The treatment led to Pd, Pt and Ag particles 
of 2, 4 and 6 nm, respectively, a factor 2 to 3 smaller compared to samples reduced in H2 at 
300 °C. Systematic study on 2 wt.% Pt/TiO2 revealed it took 60 minutes to fully reduce the 
sample, and even O2 usage led to a net reducing plasma, although some oxides were also 
formed.167 Ar Glow discharge plasma has also been used to produce 3.5 wt.% Pd/γ-Al2O3 after 
impregnation and drying at 110 °C. Compared to a regular calcination and reduction 
treatment at 500 °C, a factor of two smaller particles were obtained (3.2 vs 7.5 nm).168 1 wt.% 
Ir/γ-Al2O3 was prepared after impregnation with H2IrCl6 followed by Ar glow discharge 
plasma. Even after annealing at 600 °C in Ar, only 1 nm particles were found, while 
conventional reduction in H2 resulted in 3 nm particles.169 AuPd bimetallic particles on SBA-
15 have also been prepared using this method by incipient wetness impregnation of HAuCl4 
and Pd(NO3)2 at a total metal loading of 4 wt.%. After impregnation, Ar glow discharge 
plasma was used to decompose the precursors. The resulting material exhibited nanoparticles 
with Pd rich shells and Au cores, whereas conventionally prepared samples contained 
homogeneous PdAu alloy particles, showing the potential for producing tailored bimetallics.170 

Succession of N2 and H2 plasmas has also been used after impregnation and drying. 
Unpromoted and Pt promoted 15 wt.% Co/γ-Al2O3 catalysts were prepared by impregnation 
and drying at 100 °C. Even though a H2 plasma was used, XANES and EXAFS data showed 
that the cobalt nitrate decomposed not into metallic Co but rather into Co3O4, suggesting the 
type of gas only plays a minor role, however no crystallinity was detected by XRD. Upon 
subsequent thermal reduction, 6 - 7 nm Co particles were obtained related to improved 
reducibility of the plasma treated sample as compared to a conventionally calcined sample that 
led to 10 nm particles.171 Unpromoted and Ru promoted 10 wt.% Co/SiO2 have also been 
prepared via this method after impregnation and drying at 90 °C. It was found that the 
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resulting Co3O4 particles depended on the power used during glow discharge. At 60 V, 8.5 nm 
particles formed, with good reducibility and performance in the Fischer-Tropsch reaction. 
Particles as small as 5.7 nm were found after treatment at 120 V, however this was 
accompanied by formation of cobalt silicate, which led to catalysts with lower activity. It was 
proposed that the plasma promotes crystal nucleation, so that a relatively high nucleation to 
growth ratio can be achieved resulting in relatively small particles.172 Slightly smaller nickel 
particles have also been reported in 8 wt.% Ni/MgO-Al2O3 materials after impregnation and 
drying at 110 °C.173  

Glow discharge plasma has also been used as an additional pretreatment step to improve 
catalysts. 5 wt.% Ni/γ-Al2O3 has been prepared by impregnation, drying at 110 °C, followed 
by decomposition in Ar plasma and a subsequent thermal calcination step. An improved 
stability was found during the dry reforming of methane, which was attributed to a stronger 
metal-support interaction induced by the plasma treatment.174 A similar improved interaction 
was also suggested for the production of up to 2 wt.% Pt/TiO2 by including an Ar glow 
discharge plasma step in between drying and thermal calcination.175  

Other cold plasma techniques have been investigated. Dielectric barrier discharge (DBD) 
plasma under atmospheric conditions was used in the synthesis of 20 wt.% Co/SiO2 after 
incipient wetness impregnation and drying at 100 °C. However, the resulting catalyst exhibited 
similar activity in the Fischer-Tropsch synthesis compared to conventionally calcined catalysts, 
and TEM images showed 50 nm aggregates were formed in the DBD method.176 Microwave 
plasma has been used for the preparation of 5 or 10 wt.% Ni/CeO2 by wet impregnation and 
drying at 100 °C. Catalysts prepared with a power of 250 W exhibited a similar dispersion as 
samples conventionally prepared by calcination. The samples formed by microwave plasma 
exhibited a greatly increased stability, which was again attributed to enhanced metal support 
interactions. However, during the microwave treatment a large decrease in support surface area 
and a large increase in pore diameter were observed, which was more severe for higher 
microwave power, and did not occur during conventional thermal calcination. This was 
attributed to removal of residual carbon that remained after synthesis of the CeO2 support. 
However, this may significantly influence the formed phase.177 

 

5. EMERGING TECHNIQUES 

 

5.15.15.15.1 Melt InfiltrationMelt InfiltrationMelt InfiltrationMelt Infiltration    
In melt infiltration, a metal or metal salt is physically mixed with the support structure, 

and subsequently heated above the melting temperature of the metal (salt). This results in the 
melt being pulled into the pores of the support by capillary forces, whereby an important 
condition is that the melt and decomposition temperatures should be sufficiently different. As 
such, this preparation method exhibits many similarities to impregnation and drying (section 
4), and similar physical principles of support wetting and capillary pressure and flow are 
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extremely important.178 In specific cases melt infiltration can provide an attractive alternative 
due to the relatively simple procedure and no need of solvent. Besides melt infiltration, the 
method is known by other names such as the solid-solid method, solid state impregnation, and 
the solvent-free method.  

Table 2.3. Example of melting temperatures of several metal precursors.179 

Precursor Tmelt (°C)a 

Co(NO3)2·6H2O 55 

Ni(NO3)2·6H2O 56 

Cu(NO3)2·3H2O 114 

Cr(NO3)3·9H2O 66 

Fe(NO3)3·9H2O  47 

Ag(NO3) 210 

Fe(acac)2 190 

(NH4)2Cr2O7 n/ab 

aIt is noted that many metal nitrates start to lose part of the crystal water at temperatures slightly above 
the melting temperature. bDecomposes before melting. 

 

Melt infiltration for the synthesis of catalysts has been mostly performed with transition 
metal nitrate hydrates. These exhibit low melting points since melting occurs as dissolution in 
their own crystal water, generally between 50 and 100 °C (Table 2.3), while use of metal 
precursors without crystal water is generally less successful. For example, physical mixing of 
MCM-41 and nickel nitrate followed by heating to 500 °C caused infiltration of the nickel 
nitrate into the pores of the support, resulting in small NiO particles. However, when nickel 
acetate and MCM-41 were physically mixed, no infiltration was observed during thermal 
treatment, and all the acetate remained outside of the pores.76 Care has to be taken to prevent 
decomposition of the precursor prior to entering the pores. Physical mixing of a hydrated 
Fe(NO3)3 salt (hydration not specified) and MCM-41, followed by heating to 400 °C at 5 
°C/min and further heating to 700 °C resulted in sharp XRD patterns related to crystallites 
over 40 nm present the external surface of the MCM-41 primary particles. It is likely that the 
high temperature ramp applied caused decomposition of the iron nitrate before it completely 
filled the mesopores of the support. However, many small particles were also observed, 
indicating melt infiltration was partly successful.180 1 mmol Co(NO3)2·6H2O, 
Ni(NO3)2·6H2O, Ce(NO3)3·6H2O, or Cr(NO3)3·9H2O physically mixed with 0.15 g SBA-15 
or KIT-6 and heated to 500 °C at a rate of 1 °C/min resulted in large interconnected networks 
inside the pores of the support, which formed porous single crystal networks after removal of 
the silica. A similar procedure attempted with Pb(NO3)2 and (NH4)2Cr2O7 revealed these 
precursors did not infiltrate the silica supports, which was explained by decomposition of the 
precursor without melting.181 Physical mixing of Ce(NO3)3·6H2O, Ni(NO3)2·6H2O, or 
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Co(NO3)2·6H2O with SBA-15 at lower loadings (0.3 mmol for 0.1 g) followed by calcination 
to 450 °C did not result in large interconnected networks but rather in small 4 - 7 nm particles. 
This suggests the loading may be relevant for the formation of large crystals, or that there was a 
significant difference between the interconnectivity of the used SBA-15 supports.182 

Figure 2.18. Amount of 
intraporous Co(NO3)2·6H2O per 
gram of SBA-15 as a function of 
the amount added in the physical 
mixture. Squares were prepared 
in-situ in DSC measurement 
cups, while triangles were 
prepared ex-situ in a closed 
autoclave at 60 °C. Up to 1.4 g of 
added Co(NO3)2·6H2O, all was 
found inside the pores after melt 
infiltration, whereas further 
addition did not increase the 
intraporous loading. (Adapted 
with permission from ref 183. 
Copyright 2010 American 
Chemical Society)  

 

 

In the previous studies, infiltration and decomposition of the metal nitrate hydrate 
precursors was performed in a single step. However, when decomposition starts while 
infiltration is still ongoing, it is possible material decomposes on the external surface of the 
support, or that the formed metal oxide nuclei are continuously supplied with additional metal 
nitrate hydrate, causing the grow of large crystals forming a network throughout the pores of 
the support. As this is undesirable for catalysis, the infiltration and decomposition step should 
ideally be separated. In a detailed study, three different SBA-15’s, MCM-41 and a silica gel 
were melt infiltrated with Co(NO3)2·6H2O by heating to 60 °C in a sealed Teflon lined 
autoclave for 24 h. Afterwards, XRD did not detect any crystalline material, suggesting all the 
Co(NO3)2·6H2O was taken up by the pores of the support. In contrast, when the same 
procedure was performed in an open crucible, sharp Co(NO3)2·4H2O peaks were observed 
indicative of partial decomposition of Co(NO3)2·6H2O, which then remained on the external 
surface of the support. After calcination in a flow of N2, large Co3O4 particles were found on 
the external surface when an open crucible was used for infiltration, while no such particles 
were observed after melt infiltration in a closed autoclave.183 Due to the difference in melting 
point between intraporous (5-20 °C) and extraporous (53 °C) Co(NO3)2·6H2O the maximum 
loading was also studied by DSC. Up to a loading of 1.4 gCo(NO3)2·6H2O/gSBA-15, only intraporous 
Co(NO3)2·6H2O was observed, whereas above this both extraporous and intraporous 
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Co(NO3)2·6H2O was found (Figure 2.18). This amount corresponded to a pore filling of 75% 
assuming the density of crystalline Co(NO3)2·6H2O. However, due to a lack of XRD signal, it 
was proposed that the Co(NO3)2·6H2O was not crystalline but rather an amorphous phase 
with a lower density, so that a close to 100% filling was more likely.183 This methodology of 
melt infiltration in an autoclave was subsequently utilized to produce a variety of highly loaded 
Co/SiO2 (20 wt.%) and Ni/SiO2 (21 wt.%) catalysts by using calcination in N2 or 1% NO/N2 
gas flows,20,136 and a similar method was used to form a bimetallic Co/Rh catalyst on γ-Al2O3 

(20 and 1 wt.%, respectively).145 
Cu-Ce bimetallic materials have also been synthesized using melt infiltration. 

Cu(NO3)2·2.5H2O and Ce(NO3)3·6H2O were first mixed at 120 °C in a closed vial, after 
which silica hollow spheres were added for infiltration at 120 °C in a closed system followed by 
calcination at 550 °C. The molar ratio between the copper-ceria nitrates was varied, while in 
each case the total salt volume was kept below the pore volume of the support. However, when 
Cu:Ce ratios higher than 1 were used, large Cu(NO3)2·2.5H2O crystals were detected after 
infiltration, suggesting extraporous Cu(NO3)2·2.5H2O was still present. This was also 
evidenced after calcination, where large 100 nm CuO crystallites were detected. When the 
ratios were reversed, no extraporous salt was found.184 Another similar study successfully 
prepared Cu-Ce/SBA-15 using melt infiltration, which exhibited an increased interaction 
between copper and ceria compared to wet impregnation.185 

Besides metal nitrates, acetylacetonate (acac) precursors have also been used for melt 
infiltration. Mo(acac)3 and Fe(acac)3 were used to prepare Fe/KIT-6, Mo/KIT-6 and Mo-
Fe/KIT-6 at loadings between 0.3 and 1.5 wt.% by physically mixing the salt and support and 
heating to 500 °C for 5 h. However, this may have caused a large amount of pores to be 
blocked, as a reduction in BET surface area from 600 to 60 was observed accompanied by a 
reduction in pore volume from 0.8 to 0.15 mL/g, suggesting the melting point and 
decomposition temperature of these precursors are too close to each other for an efficient melt 
infiltration procedure.186 Pt(acac)2 has also been introduced into an Al-SBA-15 material by 
physical mixing, followed by a thermal treatment at 100 °C for 24 h, 180 °C for 0.5 h (5 
°C/min) and 400 °C for 6 h (10 °C/min). A homogeneous distribution of the 1 wt.% Pt was 
obtained, with small 1 nm particles similar to preparation by wet impregnation. However, 180 
°C is close to the boiling point of Pt(acac)2, so that this form of solid state impregnation 
concerns vapor deposition rather than melt infiltration.187 

Due to the absence of solvent that needs to be removed and the increased viscosity of 
molten metal salts compared to aqueous solutions, melt infiltration can have an effect on the 
distribution of the active phase during the loading step. For example, although the surface 
tension of a cobalt nitrate solution and a Co(NO3)2·6H2O melt at 60 °C was found to be 
similar, the viscosity of the melt was over 10 times higher. Melt infiltration of a 2.7 mm silica 
pellet by (NO3)2·6H2O at 60 °C for 30 seconds resulted in penetration of the outer 0.1 - 0.2 
mm, whereas solution impregnation resulted in a homogeneous distribution.188 Similarly, melt 
infiltration of Ni(NO3)2·6H2O into a 3 mm alumina pellet for 2 - 5 min, followed by cooling 
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down to room temperature resulted in distinct egg-shells as determined by micro-XRF, while 
infiltration over 10 or 30 minutes, or an aging step at 65 °C, resulted in more homogeneous 
distributions. Some inhomogeneities did remain, attributed to the precipitation of nickel 
tetrahydrate on the alumina, which has a higher melting point.189 

Figure 2.19. TEM of 
Co3O4/SiO2 prepared via 
incipient wetness impregnation 
(a) or melt infiltration (b) 
followed by freeze drying at -45 
°C and calcination in N2 flow at 
350 °C. The impregnated sample 
was not fully solidified resulting 
in severe aggregation and 
redistribution of the metal nitrate 
towards the external surface of 

the silica grain, whereas the melt infiltrated sample exhibited a homogeneous distribution due to the fully 
frozen precursor. (Adapted with permission from ref 136. Copyright 2013 Elsevier) 

The absence of additional solvent can limit redistribution during subsequent thermal steps 
if enough time is allowed for a homogeneous distribution during melt infiltration. As 
mentioned in section 4.3 and described in detail in chapter 3, freeze-drying of a 4 M aqueous 
solution of cobalt nitrate inside the pores of the silica gel required temperatures below -90 °C 
to freeze. At -45 °C, the material was not completely frozen and extensive redistribution was 
observed in the form of egg-shell catalysts and large aggregates. However, when 
Co(NO3)2·6H2O was melt infiltrated, a freezing temperature of only -20 °C was required to 
solidify the confined precursor. Thus, when freeze-drying was performed at -45 °C, a 
homogeneous distribution was obtained after melt infiltration (Figure 2.19).136 As shown in 
appendix B, a more homogeneous distribution was also obtained after drying of Co/SiO2 with 
large pores in a N2 flow at 150 °C, which resulted in egg-shell catalysts after incipient wetness 
impregnation but in homogeneous distributions after melt infiltration.132 

 
5.25.25.25.2 Colloidal SynthesisColloidal SynthesisColloidal SynthesisColloidal Synthesis    
Colloidal synthesis provides unique opportunities to control the size, shape and 

composition of nanoparticles in the liquid phase and has been reviewed earlier.190,191 The 
nanoparticles are generally formed by stepwise induction of a change in conditions in an 
otherwise homogeneous solution of the metal precursor. This results in a nucleation burst, 
followed by growth of the nanoparticles from the remaining precursor in solution. Ligands 
present in the solution play an essential role to stabilize the nanoparticles against aggregation, 
coalescence and growth, while they may also influence the shape of the nanoparticles.192 Even 
though the synthesis of colloidal nanoparticles has been studied extensively also for catalysis193 
(see also reviews on electrocatalysis194, the oxygen reduction reaction195, or size and shape 
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selectivity196), few studies focus on deposition of the preformed particles on a support, even 
though this step is crucial for obtaining active and stable heterogeneous catalysts. Here we do 
not repeat earlier reviews on nanoparticle synthesis but rather focus on recent studies that 
address the challenge of deposition on nanoparticles on a support. 

Due to the relatively low nanoparticle concentrations in colloidal solutions necessary to 
prevent  aggregation and precipitation, wet impregnation is commonly applied to deposit the 
colloids onto a support. However, diffusivity of colloidal nanoparticles is relatively slow so that 
it can take a long time for all particles to migrate into the pores of the support, which can be 
stimulated through use of sonication. When particles are not strongly bound to the support, 
the drying step can have a large influence in the distribution of the nanoparticles, as has been 
demonstrated for the drying of colloidal wet films.134 Since evaporation of the solvent in porous 
bodies usually occurs on the external surface (see section 4.3), it is possible that significant 
redistribution towards the external surface of the grains occurs. Even so, few studies report on 
the distribution of nanoparticles at the nanoscale and even less on the macroscopic distribution 
across support grains. Co nanoparticles deposited on SBA-15 by wet impregnation followed by 
extensive washing resulted in aggregation of particles in some areas while other areas of the 
support remained empty.197 Similarly, iron oxide particles of 2 - 10 nm deposited by wet 
impregnation on γ-Al2O3 showed similarly inhomogeneous distributions with particles 
aggregated and preferentially deposited on the external surface of the support. Particles 
deposited on MCM-41 with a pore size of 3 nm exhibited homogeneous distributions, but 
were exclusively deposited on the external surface, not surprisingly considering the relatively 
small pore size in relation to the nanoparticles.198  

Deposition of nanoparticles often occurs through electrostatic interactions, Van der Waals 
interactions, or polar bonds involving the stabilizing ligands of the particles on the one hand, 
and the support surface groups on the other hand. Deposition of Pt and Pd particles has been 
shown to depend greatly on the surface of carbon nanofiber (CNF) supports. Pd colloids of 4 
nm stabilized with polyvinylpyrrolidone (PVP) were found to be negatively charged between 
pH of 2 and 8. When deposited by a wet impregnation at pH 3 on differently treated CNFs 
with PZCs ranging from 2.2 to 7.7, it was found a maximum uptake (3.9 wt.%) occurred for 
CNFs with high PZC, whereas supports with a PZC around 2 - 3 exhibited almost no uptake 
(0.5 wt.%). This suggested electrostatic interactions played an important role during 
deposition of the particles, as supports with a low PZC and concomitant high surface oxygen 
content are negatively charged at pH 3, repelling the negatively charged colloids, whereas the 
high PZC carbon supports with low oxygen content attracted the colloids.199 The uptake of 
PtO2 colloidal particles stabilized by glycolate prepared by the polyol method has also been 
shown to greatly depend on the carbon support. Uptake of PtO2 nanoparticles varied greatly 
from 1.5 to 19 wt.%. However, since deposition of the oxidic particles was performed at pH 9-
10, electrostatic interaction was unlikely. It was proposed that the particles adsorbed 
preferentially on carbine-type or surface defect sites. Moreover, similar to the Pd metal 
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particles, uptake was improved by removing oxygen groups from the support, which were 
thought to weaken the adsorption strength.200,201  

Adsorption of Pt particles stabilized with PVP has been shown to greatly depend on the 
chemical nature of the support. Kimura et al. found the adsorption capacity of TiO2 to be very 
high, good for Al2O3 and MgO but poor on SiO2. However, adsorption on TiO2 was 
independent on the pH of the solution between pH 2 and 10, suggesting non-specific 
interactions (Van der Waals or polar) played an important role. At high loadings (10 wt.%), an 
increase in particle size was observed, suggesting the support did not directly bind with all 
particles at these high loadings, leading to aggregation.202 Similar results have been reported for 
other Pd and Pt particles, which started to form aggregates at higher loadings. Moreover, extra 
addition of the used stabilizing agent hexadecyl(2-hydroxyethyl)dimethyl ammonium 
dihydrogenphosphate reduced the uptake of the metal nanoparticles likely due to competitive 
adsorption, suggesting the adsorption of ligands was competing with the surface deposition of 
nanoparticles.203 

Immobilization of Au11
3+ particles with 0.8 nm diameter stabilized with 

triphenylphosphine (TPP) has been found to be greatly dependent on the solvent. The highest 
uptake was observed when pure dichloromethane was used, whereas a gradual decrease in 
uptake occurred upon mixing with ethanol. It was proposed that the binding with the TPP 
ligands occurred via weak interactive forces between the permanent dipole of the silica OH 
surface groups and the induced dipole within the ligand layer. At increasing ethanol 
concentration, the attractive force between the two became weaker due to the increased 
electrical permittivity caused by ethanol. However, although uptake was less when a 
DCM/ethanol mixture was used, smaller particle sizes were also obtained, which was attributed 
to a more homogeneous distribution due to the weaker interaction in the presence of 
ethanol.204 Stability of Au particles has also been demonstrated to depend on the stabilizing 
ligand. When the electrostatic stabilizer tetrakis(hydroxypropyl)phosphonium chloride 
(THPC) was used, smaller particles were deposited on a carbon support compared to 
poly(vinyl alcohol) (PVA), a steric stabilizer. However, when Pd was subsequently added from 
a Na2PdCl4 solution in the presence of PVA and H2, THPC stabilized particles exhibited more 
extensive growth compared to the PVA stabilized particles.205 

The charge of the stabilizing agent also plays a large role. For the deposition of 10 nm Ag 
particles stabilized with 3-mercatopropionic acid (MPA) on γ-Al2O3, the final particle size 
greatly depended on the pH of the impregnating solution. At pH 3.7, MPA was negatively 
charged causing repulsion between nanoparticles, whereas attraction with the positively 
charged support caused direct deposition of the nanoparticles. However, at a pH of 2.9, MPA 
was almost negligibly charged, causing particles to assemble together due to hydrogen bonding 
and resulting in average particles of 26 nm after calcination at 550 °C (Figure 2.20).206 Others 
have reported removing the stabilizing agent before deposition can be detrimental for the 
dispersion of 1 wt.% Cu/Al2O3 catalysts.207 However, the stabilizing agent can also be difficult 
to remove after deposition. A low temperature treatment was not found to be sufficient to 
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remove a mixture of oleic acid, trioctylamine and trioctylphosphine from 5 nm Ni particles 
deposited on SiO2, whereas high temperature treatments led to particle growth.208 

Figure 2.20. TEM of Ag particles 
deposited on γ-Al2O3 at different 
pH, followed by calcination at 
550 °C and reduction at 200 °C. 
(a) pH 3.7, (b) pH 2.9. At pH 
3.7, the originally 10 nm Ag 
colloids are unchanged after 
deposition due to the electrostatic 
repulsion of the MPA ligands, 
whereas at pH 2 severe sintering 
occurred due to the negligible 
charge of MPA at this pH. (Adapted with permission from ref 206. Copyright 2009 American Chemical 
Society) 

Microemulsions provide a different way to produce finely dispersed colloidal 
nanoparticles, whereby nanoparticles are synthesized in the aqueous cores of the surfactant 
reverse micelles. Deposition of these nanoparticles can often be done by destabilizing the 
microemulsion in the presence of a support by addition of for example THF. However, the 
resulting supported metal dispersion can greatly suffer compared to that of the nanoparticles in 
solution. Moreover, synthesis of reverse micelle Co3O4 particles directly in contact with a γ-
Al2O3 support resulted in large amounts of cobalt aluminate which gave rise to cumbersome 
catalyst activation.209 A study on neutral (sodium bis(2-ethylhexyl) sulfosuccinate, AOT) or 
ionic (polyoxyethylene (8) octylphenyl ether, TT) surfactants for the production of Co3O4 
particles showed the particle size was only slightly influenced by the surfactant. However, a 
great improvement in dispersion was observed when the silica support was first silylated. This 
resulted in a decrease in Co particle size from 16 to 6.5 nm (TT) or 15 to 5 nm (AOT), 
respectively, after reduction. It was concluded that the increased interaction between the 
hydrophobic silylated support and the micelles reduced the degree of aggregation in the liquid 
medium, thereby greatly improving the dispersion and possibly the distribution.210 

Although investigation on the kinetics of particle formation is difficult and rarely 
attempted, Finke et al. elucidated the kinetics of Pt nanoparticle formation from an H2PtCl6 
solution in the presence of γ-Al2O3 for the synthesis of 1 wt.% Pt/Al2O3. By using the 
hydrogenation activity of Pt, the nanoparticle formation was inferred from the simultaneous 
hydrogenation reaction of cyclohexene with hydrogen. Through use of a high precision 
pressure transducer, real-time information on the loss in H2 pressure provided unique kinetic 
data on the nanoparticle formation, assuming the reaction was structure insensitive. H2PtCl6 

was first impregnated using ethyl acetate as solvent, dried at room temperature in vacuum, and 
subsequently added to a solution of cyclohexene in ethanol. By applying a H2 pressure at 22 
°C, the Pt precursor was reduced to Pt(0), forming supported nanoparticles which immediately 
started to convert cyclohexane to cyclohexane. The rate determining step was assumed to be 
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formation of the growing nanoparticle, so that the catalyzed reaction was used as a probe for 
the rate of formation.211 A sigmoidal growth behavior was observed that fit a two-step 
mechanism for nanoparticle formation of slow nucleation and autocatalytic surface growth first 
discovered for nanoparticle formation in solution.212 Because of the good fit to the two-step 
mechanism, it was proposed that many of the insights obtained for nucleation and growth in 
solution also hold in the presence of a support. 

Figure 2.21. Schematic 
representation of the four-step 
mechanism for nanoparticle 
formation and agglomeration. 
Ir(1,5-COD)Cl is first reduced to 
Ir(0) nuclei, which subsequently 
grow autocatalytically by addition 
of more Ir(1,5-COD)Cl to form 
Ir(0)n. Two such Ir(0)n clusters 
can aggregate to form one larger 
cluster, while further growth of 
such large clusters is limited to 
autocatalytic growth via addition 
of Ir(1,5-COD)Cl. (Adapted 
with permission from ref 216. 
Copyright 2014 American 
Chemical Society) 

 

 

A more detailed study was subsequently performed for the synthesis of 1 wt.% Ir/γ-Al2O3 
catalysts. Similarly, [Ir(1,5-COD)Cl]2 was first deposited on γ-alumina using ethyl acetate and 
dried, followed by formation of the Ir nanoparticles in acetone at 22 °C under hydrogen 
pressure, which was monitored by the hydrogenation reaction of cyclohexene. Again, the 
system showed an excellent fit to the two-step mechanism of nucleation followed by 
autocatalytic surface growth, producing 3 nm iridium particles with a relatively narrow particle 
size distribution.213 Further investigation showed nucleation occurred bimolecularly from 
precursor in solution, followed by rapid capture of the nuclei by the γ-Al2O3 surface and 
further autocatalytic growth of the supported particles.214,215 However, when a five-fold 
decrease of the Ir(1,5-COD)Cl/γ-Al2O3 precatalyst was used a different growth behavior was 
observed, resulting in iridium particles of 1.7 nm with a relatively broad particle size 
distribution.216 This led to the development of a new four-step mechanism, whereby Ir(0) 
nuclei are first formed, which subsequently either grow autocatalytically from additional 
precursor in solution to form larger Ir(0)n clusters, but can also aggregate. These larger 
aggregated clusters can again grow autocatalytically from precursor from solution, but will 
likely not aggregate with other nuclei due to their limited mobility when they are deposited on 
the support surface (Figure 2.21). The new model showed an excellent fit with experimental 
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data, however whether the individual steps occur in solution or on the support surface was not 
reported, and the reason for the change from a two-step to a four-step mechanism at lower 
concentration is subject to further research.216 

Finally it is noted that in recent years colloidal techniques have been used for synthesizing 
a porous support shell around preformed nanoparticles. While these are highly interesting for 
catalysis and catalyst preparation, discussion of these is beyond the scope of the present review, 
and recent developments217 as well as application of such nanostructured gold catalysts218 have 
recently been reviewed.  

 

5.35.35.35.3 Atomic Layer DepositionAtomic Layer DepositionAtomic Layer DepositionAtomic Layer Deposition    
Although conventional chemical vapor deposition generally does not offer adequate 

deposition control, atomic layer deposition (ALD) has shown increased used for the 
preparation of catalysts.219 ALD, also known as atomic layer epitaxy (ALE) or molecular 
layering, is based on the irreversible and saturating reaction between a gas phase and a surface, 
so that a uniform monolayer is formed. In general, it entails reaction of a gas phase metal 
precursor with support surface groups such as terminal hydroxyls, followed by purging and a 
second reaction, often with oxygen or hydrides of the non-metal elements such as water, 
ammonia or hydrogen sulphide, for the formation of metals, metal oxides, nitrides or 
sulphides. This second reaction also regenerates surface sites, often in the form of hydroxyl 
groups, so that multiple ALD cycles can be performed successively to deposit more material in 
a layer by layer fashion to produce increasingly thick films.220 The technique principally 
deposits sequential (mono)layers of material, however especially noble metals tend to 
agglomerate to form small particles even after one cycle due to the stable metal-metal bonds. 

Early detailed studies on atomic layer deposition for catalyst preparation mainly concerned 
2,2,6,6-tetramethyl-3,5-heptanedionato (thd) ligands for precursors such as Cu(thd)2

221, 
Pd(thd)2

221,222, and Rh(thd)2,
222 while acetylacetonate (acac) precursors such as Ni(acac)2

223, 
Co(acac)2

224, Co(acac)3
224,225, Cr(acac)3

226, and VO(acac)2
227 were also used. Selective adsorption 

on SiO2 and Al2O3 surfaces occurred via an exchange reaction between surface OH groups and 
ligands, although recently steric hindrance was found to play a role in the deposition of 
Co(acac)2 and Co(acac)3.228 The remaining ligands were decomposed in oxygen, hydrogen or 
water vapor. Multiple cycles were mainly used for Co and Ni, which exhibited a linear increase 
in metal loading along with an increase in particle size for increased number of cycles. Multiple 
cycles of VO(OC3H9)3 on silica were less successful, because V catalyzed decomposition of the 
VO(OC3H9)3 precursor complex caused uncontrolled deposition in later cycles.229  

ALD can be an efficient deposition method for the production of finely dispersed metal 
particles for catalysis due to the self-limiting deposition reaction allowing for a homogeneous 
distribution even in highly porous and heterogeneous support bodies, which would not be 
possible with other, non-self-limiting methods. However the actual penetration depth of the 
gas is highly dependent on the support material and partial pressure of the precursor. For 
example, on a very low density silica aerogel, ZnO was deposited from Zn(C2H5)2 
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homogeneously penetrating hundreds of micrometers,230 while a copper layer formed by 
[Cu(SBu-Me-amd)]2 penetrated only up to 10 microns due to the 2 order of magnitude lower 
partial pressure of the Cu precursor.231 Similar results were also obtained for deposition of Pt 
on carbon aerogel from (Methylcyclopentadienyl)-trimethylplatinum (MeCpPtMe3).232 It was 
postulated that next to diffusion, adsorption-desorption equilibrium of the precursor and 
reaction product molecules also plays an important role depending on the support. 

Feng et al. used silica with a grain size between 75 - 200 µm as a support for deposition of 
Pd. Prior to Pd deposition, the silica was first coated by a 0.5 nm thick layer of Al2O3 using 
trimethyl aluminium (TMA), or ZnO using diethyl zinc at 200 °C, while water was used to 
decompose the precursors. Subsequently, 1.5 - 2.5 wt.% Pd was deposited by 1 or 2 cycles of 
palladium hexafluoroacetylacetonate (Pd(hfac)2) and formalin (formaldehyde and methanol in 
water). Based on a time-dependent deposition study, it was concluded that diffusion of the 
precursor into the support was the limiting step for these materials and conditions. On the 
Al2O3 coated silica, 1 - 2 nm Pd particles were found distributed uniformly across the support 
particles by SEM EDX, while no particles were detected on ZnO, suggesting an alloy 
formation.233 Using up to 25 cycles, it was found that the Pd particle size increased almost 
linearly from 1.1 to 2.9 nm on Al2O3 coated silica.234 Moreover, an induction time was 
observed for the uptake of Pd, which increased after several cycles. It was postulated that when 
Pd(hfac)2 is deposited, Al(hfac)* species are formed which are not removed during subsequent 
formalin exposure, and thus are poisoning the surface.235 The formalin treatment only removed 
hfac ligands on the Pd and replaced it with hydrogen adatoms, which formed new nucleation 
sites for further Pd cycles, resulting in an increased Pd uptake as particles became larger due to 
an increasing amount of nucleation sites for additional Pd(hfac)2. A similar growth behavior 
was observed on MgO and TiO2 layers, however no Pd particles were observed on pure silica, 
suggesting a limited reactivity of the Si-OH hydroxyl groups with Pd(hfac)2.234 

A study of the deposition of Pt on γ-Al2O3, TiO2 and SrTiO3 using MeCpPtMe3 and H2 
or N2 cycles showed the Pt precursor can be adsorbed on oxidic supports at temperatures as low 
as 100 °C, and is decomposed at 200 °C in H2 or 300 °C in N2 to form metallic Pt particles. 
Even though a prolonged time was necessary for adsorption of MeCpPtMe3 at 100 °C, at 300 
°C premature decomposition resulted in Pt deposition throughout the reactor. During 
decomposition of the precursor in H2 or N2, mobile Pt species formed that aggregated into 
small clusters, forming Pt particles of 1 - 2 nm. The hydroxyl groups during these treatments 
were also regenerated, so that additional cycles may be performed. It was observed that the 
MeCpPtMe3 precursor preferentially adsorbs on surface hydroxyl groups and not on metallic 
Pt, and that the Pt particle size did not increase much upon subsequent cycles. When O2 was 
used to decompose the precursor, PtO formed, which interacted with MeCpPtMe3 via 
reductive adsorption, resulting in an increase in Pt particle size. However, this only occurred 
when MeCpPtMe3 already occupied most of the surface hydroxyls, and was less noticeable for 
high surface area supports under the used conditions.236  Pt on silica gel (30 - 75 µm grain size) 
has also been prepared while keeping the substrate at 325 °C. Even though the previous study 
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mentioned 300 °C as an upper temperature, homogeneous distributions were reported on 
cross-sectioned silica particles. 3, 5, or 10 cycles of Pt precursor and O2 were used to deposit 
1.6, 2.3 or 12 wt.% Pt, respectively, with particle sizes between 1 and 2.5 nm.237  

Mixed PtRu particles on Al2O3 were synthesized using alternating cycles of MeCpPtMe3 
and 2,4-(dimethylpentadienyl)(ethylcyclopentadienyl) ruthenium (Ru(DER)), decomposing 
the precursor with oxygen in between. 2 cycles Ru(DER)/O2 were followed by 1 cycle 
MeCpPtMe3/O2 and 1 cycle Ru(DER)/O2 for a final 1:1 molar ratio, and resulted in 1 - 2 nm 
particles with good mixing of Ru and Pt as determined by EXAFS.238 PtPd bimetallic particles 
have also been synthesized using ALD on SiO2 covered with Al2O3 or TiO2 supports, creating 
1 - 2 nm particles. However, as soon as a reduction treatment was performed, the particles 
rearranged to a Pt core Pd shell nanostructure independent of the deposition sequence.239  

Although most studies have been performed on noble metal nanoparticles, non-noble 
metal particles can also be synthesized. Co3O4 was deposited on Al2O3 coated and uncoated 
silica gel to 25 wt.% using bis(cyclopentadienyl)cobalt and ozone. Some samples were also 
promoted with Pt by ALD afterwards. Using ALD, the particle size was reduced 2 fold 
compared to incipient wetness impregnation, from 10 - 11 nm to 5 - 6 nm with ALD. 
However, IWI prepared catalysts were more active for the Fischer-Tropsch reaction. This was 
attributed to retarded reduction of Co3O4 to Co for catalyst prepared by ALD, which was 
mitigated somewhat by Pt addition.240  

ALD for Nanoparticle StabilizationALD for Nanoparticle StabilizationALD for Nanoparticle StabilizationALD for Nanoparticle Stabilization. . . . Next to the active metal, a novel method was 
developed in which an additional support layer was deposited by an extra step during ALD, 
referred to as ABC atomic layer deposition. The nature of Pd deposition from Pd(hfac)2 was 
especially suitable for this. In step A, Pd(hfac)2 was adsorbed on Al2O3, whereby some (hfac) 
ligands dissociated and adsorbed on the alumina to prevent total coverage of Pd. Next, step B 
entailed ALD of tri methyl aluminum (TMA), which did not adsorb on the Pd precursor but 
did decompose the Al(hfac)* species, and deposited a new layer of alumina on the support. In 
step C, the adsorbed TMA was decomposed by water, creating new surface sites for Pd 
adsorption in the next ABC cycle while keeping the existing adsorbed Pd(hfac) intact, so that 
further growth of these was not possible (note Pd(hfac)2 was decomposed by formalin, not 
water). This resulted in a very narrow size distribution of 1 nm particles for up to 15 cycles and 
6.6 wt.% Pd.234,241 However, this method is only possible if the precursor in step A does not 
adsorb on all sites, and reactants in step B and C do not react with the precursor from step A 
but do create new adsorption sites.  

Deposition of a separate support layer after synthesis of the supported metal particles has 
been completed is also possible. Feng et al. deposited Pd by ALD on an Al2O3 covered silica 
gel, and subsequently coated this with additional Al2O3 by several ALD cycles using TMA and 
water at 200 °C. The resulting catalysts were tested in the decomposition of methanol, and 
showed significantly more active catalysts after 1 - 16 Al2O3 ALD cycles. This was attributed to 
more stable catalysts already after 1 cycle; whereas the uncoated catalyst exhibited particle 
growth from 1.4 to 2.3 nm, the Al2O3 coated catalysts did not exhibit any particle growth. 
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When more than 16 cycles were used, the activity greatly reduced, attributed to coverage of the 
entire Pd particle by Al2O3. It was found that initial Al2O3 cycles preferentially adsorbed on the 
Pd edge, step and corner sites, whereas the catalytic activity comes from Pd(111), which was 
left unchanged.242 Further investigation showed that the Pd remained accessible because CH3 
species were adsorbed on Pd after the first ALD cycle, blocking it for further adsorption of 
TMA in the subsequent cycle, and so preventing formation of a monolayer (Figure 2.22).243 
One study showed that even after 45 ALD cycles with a resulting Al2O3 layer of 8 nm 
thickness, the Pd was still largely accessible and very resistant to coking and sintering in the 
dehydrogenation of ethane to ethylene at 650 °C.244,245  

Figure 2.22. Schematic 
representation of the deposition 
of a porous alumina layer on Pd 
particles supported on an oxidic 
support, and TEM images of 
spherical alumina supported Pd 
particles with different numbers 
of Al2O3 layers deposited on top, 
represented by the number of 
cycles (#c). An increasingly thick 
layer was observed with 
increasing cycles, however the 
particles remained accessible for 
catalysis. (Adapted with 
permission from ref 243. 
Copyright 2012 American 
Chemical Society) 

 

 
The principle of blocking part of the nanoparticle by adsorption of a specific molecule so 

that a porous rather than solid layer is formed was further investigated on Pd deposited on 
theta-Al2O3 by ALD. After investigating several blocking agents, octadecanethiol was chosen 
due to its relatively strong binding to the Pd particles and relatively large 2 nm length, while it 
does not react with TMA so should remain on the surface of the Pd nanoparticles during ALD 
deposition of Al2O3. CO adsorption after 21 cycles showed that Pd remained accessible when 
the blocking agent was used during ALD, whereas unprotected nanoparticles were completely 
covered in the sample prepared without octadecanethiol.246 

Coating of 1.7 nm Pt particles deposited by ALD on mesoporous silica has also been 
performed. 10, 20, 30, or 40 cycles of TMA and ethylene glycol were performed for layers of 1, 
2, 3, or 4 nm thickness, respectively. After 20 cycles, all Pt was found to be covered. However, 
an oxidation step at 400 °C in air created porosity in the Al2O3 layer. The resulting material 
had a Pt dispersion of 38%, significantly lower than the original material (65%). However, 
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when the materials were exposed to 800 °C, the uncoated Pt catalyst exhibited significant 
sintering and a reduced dispersion of 4%, whereas the Pt sample coated with 20 cycles of Al2O3 
exhibited much better stability and 27% dispersion. When 40 cycles were used, sintering was 
even almost nil (Figure 2.23).247 

Figure 2.23. HAADF-STEM 
images of Pt/silica catalysts after 
calcination for 4 h at 400 (a,d), 
600 (b,e) and 800 °C (c,f).The 
uncoated catalyst exhibited 
significant sintering, especially at 
higher temperatures (d,e,f), 
whereas the Al2O3 coated catalyst 
prepared using 40 ALD cycles 
exhibited negligible particle 
growth (a,b,c). (Adapted with 
permission from ref 247. 
Copyright 2011 American 
Chemical Society) 

 

It should be noted that ALD of a stabilizing layer can also be realized on existing materials 
which have not been created by ALD. For example, ALD was used to deposit an Al2O3 layer on 
a 3 nm Cu/γ-Al2O3 catalyst prepared by incipient wetness impregnation of copper nitrate. 
After reduction, the catalyst exhibited 86 µmol/g surface Cu sites. After deposition of an Al2O3 
layer by 45 cycles of TMA and water, no Cu surface sites were found. However, a thermal 
treatment at 700 °C in air created porosity in the layer, resulting in 23 µmol/g Cu surface sites. 
During the liquid phase hydrogenation of furfural, this catalyst did not exhibit any particle 
growth, whereas the uncoated catalyst showed particle growth from 3 to 5 nm after catalysis.248 
A similar improvement in nanoparticle stability was obtained for a Cu/SiO2 material coated by 
application of 30 cycles of TMA and water, followed by calcination at 700 °C in air. Prior to 
the alumina coating, the catalyst displayed 34 µmol/g Cu surface sites. After coating, no sites 
were detected, whereas 15 µmol/g surface sites were recovered after accessibility was recreated 
by calcination at 700 °C.249 To image the pores in the alumina overcoat, a layer of NbOx was 
applied by 20 alternating ALD cycles of Nb(OCH2CH3)5 and H2O, which was previously 
shown to provide a uniform 1 nm thick niobia layer in the pores of SBA-15.250 Using STEM-
EELS, the penetration depth of NbOx was found to be significantly larger after calcination of 
the overcoat at 700 °C, indicating the presence of pores before NbOx deposition.249 Similar 
deposition of a 0.2 nm thick Al2O3 layer by 2 ALD cycles has been performed to coat LiCoO2 
for lithium-ion battery electrodes, which also exhibited a greatly improved stability after 
extensive charge-discharge cycling compared to the untreated material.251 
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6. CONCLUSION AND OUTLOOK 

In this chapter, we have reviewed the growth in the fundamental understanding of 
conventional techniques for the synthesis of supported catalysts that has been obtained in 
recent years. Detailed studies of coprecipitation have provided new insights in the precipitation 
mechanism and effect of subsequent thermal activation treatments, while alternative precursors, 
precipitating agents, and thermal treatments provide promising alternatives for ‘greener’ 
coprecipitation methods. Deposition precipitation is used to produce highly loaded metal 
catalyst, but is showing an increased usage for the preparation of low loaded, highly dispersed 
(noble) metal catalysts. However, research has revealed that the physicochemical processes that 
take place at low loadings resemble adsorption rather than precipitation.  

Impregnation and drying remains the most used and studied preparation technique. 
Detailed study of impregnated ordered materials have shown complete pore filling with 
aqueous solutions and oxidic supports, and an enhanced understanding of adsorption on 
support surfaces has improved the ability to rationally synthesize well dispersed supported 
metal catalysts. The development of microspectroscopic tools enabled the study of (the 
development of) gradients and chemical speciation in macroscopic catalysts bodies during 
impregnation and drying processes, whereas models have been developed and experimentally 
verified that predict the distribution of the metal precursor across catalysts grains for both high 
and low precursor loadings. In addition, the development of the nanoscale metal distribution, 
which has been a long standing challenge in the synthesis of catalysts, was recently studied and 
controlled. Thermal decomposition of the metal salt precursor, in particular the role of the gas 
composition or use of chelating agents, have also been systematically studied to elucidate the 
effects on particle size and particle distribution. 

Besides these, several new or rejuvenated approaches were noticed. First, melt infiltration 
is a promising and facile technique for the preparation of catalysts with high metal loadings 
that bears many similarities to impregnation and drying, and as such could benefit from the 
extensive knowledge obtained recently on this method. Second, the synthesis of colloids in 
solution leads to unique control over particle size, shape and composition and is based on 
extensive literature. However deposition of the formed colloids onto a support has been less 
studied but remains highly important for the synthesis of supported catalysts, and elicits further 
study. Third, the kinetics of particle growth in the presence of a support have been studied in 
real time for the first time using in situ catalytic measurements of the emerging catalyst. 
Fourth, atomic layer deposition is showing promise especially for deposition of nanoparticles, 
but also for deposition of a stabilizing layer onto supported catalysts, for which further insight 
in the stabilizing effect and ability to obtain porous layers are desired.  

Based on the literature described in this review, it is clear that single (monometallic) 
particle properties can be largely controlled. To further advance the field of catalyst 
preparation, more detailed studies on the kinetics of particle formation9 for each of the 
preparation methods, as well as systematic studies to control the collective properties of the 
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nanoparticles11, and the controlled formation of bimetallic and core-shell particles252 is greatly 
desired. To achieve this, the development of many in-situ spectroscopic and microscopic 
techniques will be critical. In particular, X-ray based techniques253 and liquid-cell TEM254 offer 
possibilities to study the genesis of particles in real time, while other advanced electron 
microscopy techniques such as Cryo-TEM73 and electron tomography255 offer information on 
the distribution of the precursor at different stages during preparation. Furthermore, surface 
science studies provide increased understanding of the influence of support hydroxylation and 
preparation method256,257, while X-ray258 and microbalance259,260 techniques offer increasingly 
accurate information on the adsorption of complexes on flat surfaces. Model supports are also 
essential since 2D model supports provide an excellent platform to study morphological and 
compositional changes of nanoparticles,261 while 3D model supports are excellent to study the 
synthesis73, distribution, and stability262 of metal nanoparticles in a more realistic environment. 
Combination of these and other techniques will provide key insights to further the 
rationalization of the synthesis of supported catalysts. 
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Chapter 3 
 

Freeze-Drying for Controlled Nanoparticle 

Distribution in Co/SiO2 Fischer-Tropsch Catalysts 
 
 
Controlling the 

nanoparticle distribution over 
a support is considered 
essential to arrive at more 
stable catalysts. By developing 
a novel freeze-drying method, 
the nanoparticle distribution 
was successfully manipulated 
for the preparation of 
Co/SiO2 Fischer-Tropsch 
catalysts using a commercial 
silica-gel support. After loading the precursor via a solution impregnation or melt infiltration, 
differential scanning calorimetry was used to study the phase behavior of the confined cobalt 
nitrate precursor phases to ascertain suitable freeze-drying conditions. When a conventional 
drying treatment was utilized, catalysts showed inhomogeneous cobalt distributions, with 8 nm 
nanoparticles grouped in aggregates of up to 400 nm. In contrast, by utilizing freeze-drying 
starting at liquid nitrogen temperatures, homogeneous distributions of 4 to 6 nm nanoparticles 
were obtained. Raising the temperature at which the freeze drying process takes place resulted 
in either uniform or strongly non-uniform nanoparticle distributions across the catalyst 
support grains, depending on the specific conditions and precursor loading method. After 
reduction, all catalysts showed high activity for the Fischer-Tropsch reaction at 1 bar. The 
effective immobilization of freeze-drying emphasizes the importance of the drying step during 
the synthesis of supported catalysts. 

 
 
 
 
 
 

Adapted with permission from: P. Munnik et al. J. Catal. 2013201320132013, 297, 306. 
P. Munnik and T. M. Eggenhuisen contributed equally to this chapter therefore it is part of 

both PhD Theses. 
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INTRODUCTION 

Migration and coalescence of nanoparticles is an irreversible deactivation pathway with 
detrimental effects on the activity and life time of supported catalysts.1,2 Many innovative 
pathways have been developed to improve the stability of heterogeneous catalysts, such as 
encapsulation by a metal oxide shell around colloidal nanoparticles3,4 or by a porous metal 
oxide layer covering supported nanoparticles,5 and restriction of nanoparticle mobility by using 
cage-like support materials6 or by alloying with a metal with a higher melting point.7 
Nevertheless, for supported nanoparticles maximizing nearest neighbor distances or, in other 
words, achieving a uniform nanoparticle distribution is essential to improve catalytic stability. 
Indeed, non-uniform nanoparticle distributions have been observed in many metal-support 
systems and showed to be prone to sintering.8,9 On the other hand, a non-uniform distribution 
of the active phase over micrometers or even millimeters in macroscopic catalyst bodies may be 
preferred depending on the catalysis conditions.10 For example, deposition of the active phase 
in the outer rim of a macroscopic support body, a so-called egg-shell configuration, is favorable 
for fast reactions combined with diffusion constrictions of substrates and products.11 Therefore, 
active control over metal or metal oxide nanoparticle distribution on a support on different 
lengths scales is crucial to the rational synthesis of supported catalysts.  

Impregnation and drying is a convenient catalyst preparation method and is commonly 
applied in industry and academia. With the use of highly soluble transition metal nitrate salts, 
waste streams are low and high metal loadings can be obtained in a single impregnation step. 
Nevertheless, controlling dispersion and distribution by this synthesis route has remained 
challenging.12-15 Especially at high metal loadings16 and low support-salt interactions,17 
agglomeration of nanoparticles after calcination is difficult to prevent. Drying has been 
recognized as a major influence on the distribution of the active phase over macroscopic 
bodies.18-20 Although alternatives have been developed,21-24 a method preserving the advantages 
of impregnation and drying is desirable. In this chapter, we will explore in detail the potential 
of freeze-drying for controlled nanoparticle distribution on an industrially relevant silica-gel 
support for the preparation of Co/SiO2 Fischer-Tropsch catalysts. 

Freeze-drying is a drying method often encountered in food-processing25,26 as well as in the 
pharmaceutical industry,27-29 usually for preservation purposes. By freeze-drying a solvent can 
be removed without exposing the matrix to tensile forces of a receding meniscus. Therefore, it 
is a suitable drying technique for the cryo-preservation of biological tissues30,31 or to develop 
porous aerogels based on soft templates from polymeric materials.32,33 For catalyst preparation, 
freeze-drying has been suggested to reduce precursor solution mobility during drying and 
therefore control the location of deposition of the precursor phase. Nevertheless, few 
applications have been reported.34-37 

Freeze-drying generally consists of three steps: freezing, primary drying and secondary 
drying.38,39 Freeze-drying processes for complex solutions most often result from experimentally 
based considerations and seems an art rather than a science.40 Freezing is actually the most 
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important step, as it determines the ice crystalline structure, which is affected by the cooling 
rate, degree of supercooling and annealing.41-43 During primary drying, ice sublimates due to 
the reduced pressure. The rate depends on the heat transfer determined mainly by the ice 
structure, pressure and temperature.44 However, several experimental details have a large 
influence on this step, even the sample vial configuration.45 Finally, non-freezing or amorphous 
water can be removed in the secondary drying step, during which the temperature is raised 
under reduced pressure.46 

Due to its long history and industrial relevance, literature on freeze-drying of 
(bio)pharmaceutical formulations and food is extensive. In this chapter we aim to obtain the 
first fundamental insight into freeze-drying for the preparation of Co/SiO2 Fischer-Tropsch 
catalysts. To develop a suitable freeze-drying method, The phase behavior of Co(NO3)2 (aq) 
solution and Co(NO3)2·6H2O salt confined within a mesoporous silica matrix was studied with 
DSC. The phases present after freeze-drying were identified and compared to those resulting 
from conventional drying treatments. Detailed assessment of the distribution of the cobalt 
oxide nanoparticles after decomposition of the nitrates was done using ultramicrotomy and 
TEM. The fundamental insights on precursor phase behavior combined with freeze-drying led 
to control over the nanoparticle distribution on an industrially relevant silica gel support, 
emphasizing the importance of the drying step during catalyst preparation. 

EXPERIMENTAL 

Catalyst Catalyst Catalyst Catalyst SSSSynthesis. ynthesis. ynthesis. ynthesis. Co/SiO2 catalysts were prepared using a commercially available silica 
gel as support (Davicat 1404, Grace-Davidson). The support was sieved to a grain size of 38 - 
75 µm and the porous properties were characterized with N2-physisorption at -196 °C (Tristar 
3000, Micromeritics): Vp = 0.87 cm3/g, SBET = 443 m2/g, dp = 8 nm. Solution impregnation 
(SI) was performed to incipient wetness using a saturated Co(NO3)2 (aq) solution (4.2 M, 
Co(NO3)2·6H2O, >99% Sigma-Aldrich), leading to a nominal cobalt metal loading of 17 
wt.%. For melt infiltration (MI), for example, 929 mg of Co(NO3)2·6H2O and 754 mg of 
SiO2-gel were physically mixed in a mortar with a pestle. The physical mixture was then heated 
overnight at 60 °C in a Teflon-lined steel autoclave (~6 mL). A nominal cobalt metal loading 
of 20 wt.% was obtained.  

Different drying treatments were applied to the as-prepared SiO2-SI and SiO2-MI 
precursor loaded catalysts. Conventional drying (CD) for SiO2-SI was performed in a crucible 
in a preheated muffle oven at 60 °C overnight, after which the sample was handled under 
ambient conditions. Melt infiltrated samples were used as-prepared. Freeze-drying (FD) was 
performed using a Sublimator 400 Freeze-dryer (Zirbus) and using the conditions summarized 
in Table 3.1. Samples were freeze-dried in 2 mL glass vials. The two freeze-drying procedures 
are denoted by their freezing temperature and the shelf temperature during the primary drying 
step. In the method FD(-45/-30), samples were frozen on the shelf by cooling to -45 °C (1 
°C/min, 5 hours). Primary drying was started by reducing the chamber pressure, after which 
the shelf temperature was increased to -30 °C. For FD(LN2/-45), quench freezing with liquid 
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N2 was applied. The glass vials containing the samples were cooled down in a reservoir 
containing liquid nitrogen, after which the reservoir was placed on the precooled shelf at -45 
°C in the freeze-dryer. Subsequently, the chamber pressure was reduced to start the primary 
drying step. Both methods included secondary drying by step-wise heating to 20 °C under 
reduced pressure. The condenser temperature was between -65 and -70 °C and the condenser 
chamber pressure was 0.02-0.03 mbar.  

Calcination of all precursor loaded catalysts was performed by heating to 350 °C (1 
°C/min, 1 hour) in a flow of N2 or 1% v/v NO/N2 at a gas hourly space velocity (GHSV) of 
30000 h-1. Freeze-dried pre-catalysts were transferred under dry nitrogen atmosphere to a 
fluidized-bed reactor.  

Table 3.1. Summary of experimental freeze-drying conditions. 

 FD(-45/-30) FD(LN2/-45) 

Freezing temperature (time) -45 °C (5 h) ~ -170 °C (15 min) 

Shelf temperature primary 
drying (time) 

-30 °C (82 h) -45 °C (48 h) 

Primary drying pressure 0.02 - 0.03 mbar 0.02 - 0.03 mbar 

Shelf temperature secondary 
drying (time) 

-10 °C (3 h), 20 °C 
-30 °C (12 h), -15 °C  

(12 h), 20 °C 

Secondary drying pressure < 0.02 mbar < 0.02 mbar 

 
Catalyst Characterization.Catalyst Characterization.Catalyst Characterization.Catalyst Characterization. The phase behavior of cobalt nitrate present during the 

different stages of catalyst preparation was analyzed using differential scanning calorimetry 
(DSC, Q2000, TA Instruments). The temperature and heat flow were calibrated with a 
certified indium sample and measurements were performed with hermetically sealed aluminum 
pans (~40 µL, Tzero, TA Instruments) under a flow of N2 (50 mL/min). Sample masses were 
typically between 5 - 15 mg and heat flows were recorded between -90 °C and 75 °C at a rate 
of 1 °C/min.  

Thermogravimetric analysis (TGA, Q50 TA Instruments) was used to determine the 
residual water after different drying treatments by measuring the weight loss after heating to 
500 °C for 30 min, at a heating rate 10 °C/min and an N2 flow of 60 mL/min. The weight loss 
was corrected for the loss of water by condensation of silanol groups from the pristine silica gel, 
which was experimentally found to occur between 150 °C and 500 °C. Thus, the rest of the 
weight loss could be attributed to the loss of any residual water and the decomposition of 
Co(NO3)2 to Co3O4. The amount of residual water was calculated in moles H2O/mole Co 
from the resulting corrected weight loss (mloss).  

Diffuse Reflectance Spectroscopy (DRS) was used to obtain the UV/VIS absorption 
spectra of dried samples. Measurements were obtained on a Varian Cary 500 
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spectrophotometer from 800 to 250 nm in diffuse reflectance mode. Samples were held in an 
air tight sample holder with a quartz window to prevent rehydration during measurements. 

XRD patterns were recorded between 30 and 60 °2θ with a Bruker-AXS D2 Phaser X-ray 
Diffractometer using Co-Kα12 radiation (λ = 1.790 Å). The volume averaged Co3O4 crystallite 
size was determined using the Scherrer equation with a shape factor k = 0.9 and line 
broadening analysis on the (220), (311) and (400) peaks by a fitting procedure in Eva2 
software (Bruker AXS). 

The calined catalyst grains were embedded in a two component epoxy resin (Epofix, 
EMS) and cured at 60 °C overnight. The embedded catalysts were then cut into thin 
sections  with a  nominal thickness of 50 nm  using  a Diatome Ultra 35° diamond 
knife mounted on a Reichert-Jung Ultracut E microtome and collected on a TEM grid. Bright 
field TEM images were obtained on a Tecnai 12, operated at 120 keV. High angle annular 
dark field (HAAFD) STEM was performed on a Tecnai 20 equipped with a field emission gun 
and operated at 200 keV.  

Catalytic Testing.Catalytic Testing.Catalytic Testing.Catalytic Testing. Fischer-Tropsch synthesis was performed at 220 °C and 1 bar with a 
H2/CO ratio of 2 v/v. Typically, a plug-flow reactor was loaded with 10 mg of catalyst diluted 
with 200 mg SiC (200 µm). The catalysts were reduced in-situ at 500 °C for 2 h (heating rate 5 
°C/min) under a flow or H2/Ar (20/40 mL/min). C1-C15 products were analyzed by online gas 
chromatography (Varian 430 GC, CP sil-5). The catalytic activity, expressed as cobalt-time-
yield (10-5 molCO/gCo/s) and C1/C5+ selectivity, expressed in wt.%, were determined after 20 h 
reaction time and a CO conversion of 2%.  

RESULTS AND DISCUSSION 

FreezeFreezeFreezeFreeze----Drying Methods.Drying Methods.Drying Methods.Drying Methods. To develop suitable freeze-drying methods, the phase behavior 
of cobalt nitrate confined in the mesoporous silica gel support was studied with differential 
scanning calorimetry (DSC). Figure 3.1 shows the freezing and melting behavior observed for 
silica gel after solution impregnation (SI) with Co(NO3)2 (aq) and after melt infiltration (MI) 
with Co(NO3)2·6H2O. Different freezing and melting point depressions were observed for the 
confined cobalt nitrate solution and for the cobalt nitrate salt. For SiO2-MI, a single freezing 
and a single melting event were detected, indicating a uniform composition and structure of 
the confined salt. Bulk Co(NO3)2·6H2O melts at 55 °C, therefore, the confinement in the silica 
matrix caused a melting point depression of 35 °C. The solution impregnated on silica gel 
displayed more complex phase behavior with several crystallization and melting events. A 
saturated aqueous Co(NO3)2 solution melts at -31 °C. Therefore, the broad melting peak with 
a maximum at -35 °C was ascribed to residual extraporous solution. The melting peak with 
maximum at -54 °C was tentatively attributed to the confined solution, which would 
correspond to a melting point depression of 23 °C. The melting peak at 10 °C as well as the 
freezing peak at -30 °C were tentatively ascribed to melting and freezing of confined 
Co(NO3)2·6H2O, indicating that some phase separation of the solution occurred inside the 
pore system. The amount of water present in the sample has a huge impact on the absolute 
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freezing and melting point; comparing SI and MI shows a 55 °C difference which will be 
important for subsequent drying treatments.  

Two freeze-drying conditions can be deduced from the DSC thermograms. Firstly, the 
closed arrows in Figure 3.1 indicate the minimum freezing temperature to solidify all cobalt 
nitrate. For SiO2-SI, exotherm peaks are observed at -62 °C and -75 °C indicating that a 
freezing temperature of at least -85 °C is needed, while for SiO2-MI -30 °C would suffice as 
freezing temperature. Second, the sample temperature during drying should not exceed the 
onset at which the precursor begins to melt. Therefore, as indicated by the open arrows, freeze-
drying conditions should be chosen such that SiO2-SI remains below -65 °C and SiO2-MI 
below -10 °C.  

 

 

Figure 3.1. DSC thermograms 
recorded for precursor loaded 
silica gel prepared via (a) solution 
impregnation (SI) with 
Co(NO3)2 (aq) or (b) melt 
infiltration (MI) with 
Co(NO3)2·6H2O. Closed arrows 
indicate minimum freezing 
temperature, open arrows 
indicate maximum sample 
temperature during freeze-drying. 
Thermograms are offset for 
clarity. 

 

 

Based on the results from DSC, two freeze-drying methods were developed within the 
boundaries set by experimental equipment. The first method, denoted by FD(LN2/-45) 
involved quench freezing by liquid nitrogen, which should solidify both the confined cobalt 
nitrate solution (SI) as well as the salt (MI). Samples were then placed on a precooled shelf at -
45 °C for the primary drying step. In the second freeze-drying method, FD(-45/-30) a higher 
freezing temperature (-45 °C) and a higher shelf temperature during primary drying (-30 °C) 
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were applied. By this method, the confined cobalt nitrate solution will not freeze, but the 
cobalt nitrate salt will. In both methods, the pressure range during primary drying was 0.02-
0.03 mbar, which corresponds to an ice (Ih) equilibrium temperature of -55 °C to -53 °C. This 
temperature is low enough during primary drying in both methods to keep SiO2-MI frozen. 
However, for SiO2-SI the DSC data suggests this temperature is too high, and thus this sample 
will only remain frozen in FD(LN2/-45) by self-cooling at sufficiently high freeze-drying rates. 
While it was not possible to measure the actual drying rate, an indirect indication is the 
resulting cobalt distribution over the support. A homogeneous distribution will indicate the 
drying rate was sufficiently high to keep the sample frozen, while an inhomogeneous 
distribution will indicate mobility of the precursor. In both methods, the heat for sublimation 
is provided by the shelf temperature, while the actual sample temperature is dependent on the 
rate of freeze-drying, the structure of the ice, the chamber pressure and the condenser 
temperature (see Table 3.1 for experimental details). Thus, the mobility of the precursor phase 
is expected to be restricted by FD(LN2/-45) for both SiO2-SI and SiO2-MI. With FD(-45/-30), 
precursor immobilization is expected for SiO2-MI, while for SiO2-SI mobility of the solution is 
likely.  

Precursor Phase after DryingPrecursor Phase after DryingPrecursor Phase after DryingPrecursor Phase after Drying. . . . TGA, DSC and UV/VIS were measured after drying and 
the results are summarized in Table 3.2. The conventional drying was performed in a muffle 
oven to simulate the static nature of the freeze dryer. The drying was performed at 60 °C to 
prevent preliminary decomposition of the precursor. The residual water was quantified using 
TGA analysis. After conventional drying, 6 to 8 moles of H2O per mole of cobalt remained. 
The samples were handled under ambient air conditions, and therefore rehydration of the salt 
could have occurred. Indeed, for SI-CD a sample transferred directly from the muffle oven at 
60 °C to the drybox contained only 5 residual water molecules per mole of Co. Thus, some re-
adsorption had occurred due to the hydrophilic nature of cobalt nitrate. However, this did not 
affect the final metal distributions as was observed with TEM. After melt infiltration, the water 
to cobalt ratio was slightly higher than for the Co(NO3)2·6H2O from stock. This is partly due 
to the presence of physisorbed water in the silica gel, as the support was not dried prior to melt 
infiltration. After both freeze-drying treatments, water contents below 1 H2O/Co were found 
in each case. Clearly, the different hydration states of cobalt nitrate depended on the drying 
method. This was also clearly observed in the derivative weight change profiles during 
decomposition, as shown in Figure 3.2. For Si-CD, decomposition occurred in two steps: 
dehydration and decomposition of the nitrate, as reported previously.47 For the samples 
obtained after freeze-drying, dehydration was virtually absent and decomposition occurred in a 
single step.  

Further information on the precursor phase after drying was deduced from the phase 
behavior observed with DSC. Figure 3.3 shows the melting behavior of the precursor loaded 
silica gel after the different drying treatments. SI-CD and MI showed a single melting peak at 
20 °C, which has been ascribed to confined cobalt nitrate hexahydrate before.48 Thus, both SI-
CD and MI resulted in confined, liquid cobalt nitrate hexahydrate salt at room temperature. 
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No melting transitions were observed after freeze-drying. The hydration state was also studied 
by UV/VIS spectroscopy, as after conventional drying both SI and MI samples were pink, 
while after freeze-drying they had turned purple. Indeed, the main UV/VIS absorption band 
shifted from 510 nm, which corresponds to octahedral cobalt nitrate hexahydrate, to 540 nm 
for freeze-dried samples (Table 3.2). This suggests exchange of H2O ligands for NO3

- or a 
surface hydroxyl group, which both have a smaller ligand-field splitting parameter and 
therefore cause a shift of the absorption to lower energy.49 

 

Figure 3.2. Weight loss 
determined with TGA for 
precursor loaded silica gel 
prepared via solution 
impregnation (SI) with 
Co(NO3)2 (aq). (a) After 
conventional drying at 60 °C 
(CD) and (b) after freeze-drying 
(FD(LN2/-45)). 

 

 

Table 3.2. Hydration state of precursor loaded silica gel prepared via solution impregnation (SI) with 
Co(NO3)2 (aq) and melt infiltration (MI) with Co(NO3)2·6H2O after conventional drying (CD) or 

freeze-drying (FD). 

Precursor 
loading 

Drying  
method 

Residual watera 
(moles H2O 
/mole Co) 

DSC melting peak 
maximumb (°C) 

UV-VIS absorption 
maximum  

(nm) 

SI CD 6.5 19 514 
SI FD(-45/-30) 0.1 none 540 
SI FD(LN2/-45) 0.7 none 538 
MI none 7.8 20 510 
MI FD(-45/-30) 0.9 none 539 
MI FD(LN2/-45) 0.7 none 542 

a determined by TGA, b maximum of melting point 
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Figure 3.3. DSC thermograms 
recorded for precursor loaded 
silica gel prepared via solution 
impregnation (SI) with 
Co(NO3)2 (aq) and melt 
infiltration (MI) with 
Co(NO3)2·6H2O after 
conventional drying at 60 °C 
(CD) and after freeze-drying 
(FD(LN2/-45)). 

 

 

Macroscopic DistributionMacroscopic DistributionMacroscopic DistributionMacroscopic Distribution. . . . The effect of the drying method on the cobalt oxide 
distribution after calcination was imaged by TEM. Preparation of 50 nm thick slices by 
ultramicrotomy allowed detailed TEM analysis of nanoparticle size and distribution over the 
support. First, the macroscopic distribution of Co3O4 over the silica gel grains is discussed, 
while the next section addresses the dispersion and distribution of individual Co3O4 
nanoparticles on the nanometer scale.  

 

Figure 3.4. TEM micrographs of ultramicrotomed slices of Co3O4/SiO2 prepared via different drying 
treatments followed by calcination in a flow of N2 prepared via solution impregnation (SI, top row) or 
melt infiltration (MI, bottom row) and conventional drying (left column, CD), freeze-drying (middle 
column, FD(-45/-30)) and freeze-drying (right column, FD(LN2/-45)). 

Figure 3.4 shows micrographs recorded for catalysts prepared by different drying 
treatments followed by calcination in a flow of N2. In most cases aggregates were observed with 
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sizes ranging from 10 to 40 nm. Note that the aggregates appeared to consist of a (large) 
number of individual nanoparticles of about 8 nm in size (vide infra). Three types of cobalt 
oxide distributions over the support grains were identified. After conventional treatment of 
both SI and MI (Figure 3.4a and d), 40 nm clusters were distributed homogeneously over the 
whole support. Second, freeze-drying by liquid nitrogen freezing (Figure 3.4c and f) as well as 
FD(-45/-30) for MI (Figure 3.4e) led to a homogeneous distribution of very small Co3O4 
aggregates below 20 nm. Last, by solution impregnation and FD(-45/-30) shown in Figure 
3.4b, aggregates up to 140 nm were observed. Surprisingly, an egg-shell configuration was 
apparent for this catalyst at lower magnification and cobalt aggregates were only observed in 
the 5 µm outer rim, while the body of the support grain was mostly empty (Figure 3.5). Thus, 
FD(-45/-30) caused extensive redistribution of the cobalt nitrate solution to the surface of the 
macroscopic support grain, while for the sample melt infiltrated with Co(NO3)2·6H2O this 
drying method led to a homogeneous distribution after calcination.  

 

Figure 3.5.    TEM micrograph of 
ultramicrotomed slice of 
Co3O4/SiO2 prepared via 
solution impregnation (SI) and 
freeze-drying (FD(-45/-30)) 
followed by calcination in a flow 
of N2. 

 
 

The different distributions are attributed to the mobility of the precursor and the rate of 
drying. During conventional drying at 60 °C, the precursor is liquid (either in solute state or 
molten) allowing for mobility and redistribution, resulting in an inhomogeneous distribution. 
However, the drying rate at this temperature will be relatively high, limiting the timespan in 
which redistribution occurs and causing limited agglomeration. For SI-FD(-45/-30), a similar 
principle holds: if the precursor is not frozen mobility is expected. However, the drying rate 
will be relatively low due to the low vapor pressure, and redistribution can occur over a 
substantially longer period of time. We tentatively propose that due to the low support-
precursor interactions and low drying rate, the precursor moved towards a drying front at the 
surface of the support grain, resulting in an egg-shell distribution. For SI-FD(LN2/-45), a 
homogeneous distribution was observed throughout the particle. This confirms that the 
precursor was completely immobilized during freezing, and that the drying rate was sufficiently 
high to keep the precursor frozen. The MI samples respond in a similar way to the drying 
procedures. However, the infiltrated cobalt nitrate hexahydrate of the MI samples has a higher 
freezing and melting point than the SI samples. Therefore, in the case of MI-FD(-45/-30) a 
temperature of -45 °C was enough to solidify and thereby immobilize the precursor, preventing 
redistribution. 
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Figure 3.6.    TEM micrographs of 
ultramicrotomed slices of 
Co3O4/SiO2 prepared via 
solution impregnation (SI) and 
different drying treatments 
followed by calcination in a flow 
of 1% NO/N2: (a) conventional 
drying (CD) or (b) freeze-drying 
(FD(LN2/-45)). 

By calcination in a flow of N2, mobility of cobalt during decomposition is expected.50 By 
the addition of 1% v/v NO during calcination, aggregation is mostly prevented during 
decomposition of hydrated transition metal nitrates.13,51 Here NO calcination was applied to 
confirm the footprint of the salt distribution obtained after different drying treatments. TEM 
showed that the Co3O4 aggregate distribution followed the same general trend as was observed 
after calcination in N2 flow. Both SI and MI resulted in similar cobalt oxide aggregate 
distributions after conventional drying or very homogeneous distributions after freeze-drying 
starting at liquid nitrogen temperatures. By FD(-45/-30), solution impregnation again led to 
an egg-shell configuration, while melt infiltration resulted in a homogeneous distribution. This 
similarity shows that the cobalt distribution on the macroscale was mainly determined by the 
precursor phase distribution after drying. Only the aggregate sizes after conventional drying 
differ; Figure 3.6a shows aggregates obtained after NO calcination can be substantially larger 
compared to those obtained after calcination in an N2 flow, however this is in line with 
previous results.52,53 Regardless, it is clear that after conventional drying the cobalt distribution 
is very inhomogeneous. In contrast, freeze-drying starting at liquid nitrogen temperatures 
(Figure 3.6b) again led to a homogeneous distribution of cobalt oxide. 

Table 3.3. Average crystallite size determined with XRD and average particle size determined with 
HAADF STEM for catalysts after calcination in a flow of N2 or a flow of 1% NO/N2, prepared via 

solution impregnation (SI) with Co(NO3)2 (aq) and melt infiltration (MI) with Co(NO3)2·6H2O and 
conventional drying at 60 °C (CD) or after freeze-drying (FD). 

Catalyst Preparation Calcination in N2 Calcination in 1% NO/N2 

 dXRD (nm) dTEM (nm) dXRD (nm) dTEM (nm) 

Co3O4/SiO2-SI-CD 8.0 7.9 ± 1.9 5.4 6.4 ± 1.7 
Co3O4/SiO2-SI-FD(-45/-30) 7.9 7.4 ± 1.8 4.7 5.5 ± 1.5 
Co3O4/SiO2-SI-FD(LN2/-45) 7.8 6.6 ± 1.5 4.4 4.2 ± 0.8 
Co3O4/SiO2-MI 7.9 6.8 ± 1.5 6.2 6.0 ± 1.3 
Co3O4/SiO2-MI-FD(-45/-30) 7.9 7.3 ± 1.5 6.0 5.0 ± 1.1 
Co3O4/SiO2-MI-FD(LN2/-45) 7.9 6.8 ± 1.4 4.2 4.6 ± 1.1 
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Nanoscale Nanoscale Nanoscale Nanoscale DistributionDistributionDistributionDistribution. . . . For a more detailed analysis of the nanoparticle size and local 
distribution, micrographs at higher magnifications are shown in Figure 3.7 for catalysts 
prepared by solution impregnation. In this case, the cobalt nanoparticles were imaged in dark 
field mode, and appear as light spots on the darker background of the silica matrix. 
Furthermore, Table 3.3 shows the results for average crystallite size as determined by XRD and 
average particle size from analysis of high angle annular dark field (HAADF) STEM images. 
After calcination in a flow of N2, SI-CD led to the formation of 10-40 nm large aggregates as 
can be seen in Figure 3.7a. However, the aggregates appeared to consist 8 nm nanoparticles, 
which corresponded to the average crystallite size from XRD. After calcination in 1% NO/N2, 
larger aggregates up to 400 nm were formed by SI-CD (Figure 3.6b). However, in Figure 3.7c 
it is clear that the large aggregates consisted of smaller, 6 nm individual nanoparticles. By 
freeze-drying (Figure 3.7b and d), nanoparticles were found distributed uniformly over the 
support. Furthermore, by both calcination methods smaller Co3O4 nanoparticles formed after 
freeze-drying, i.e. 7 nm by N2 calcination and 4 nm by NO calcination. 

 

Figure 3.7. HAADF-STEM 
micrographs of ultramicrotomed 
slices of Co3O4/SiO2 prepared via 
solution impregnation (SI) and 
conventional drying (left column) 
or freeze-drying (right column) 
followed by calcination in a flow 
of N2 (top row) or a flow of 1% 
NO/N2 (bottom row): (a) CD-
N2, (b) FD(LN2/-45)-N2, (c) CD-
NO, (d) FD(LN2/-45)-NO. 

 

 

FischerFischerFischerFischer----Tropsch Tropsch Tropsch Tropsch Catalysis.Catalysis.Catalysis.Catalysis. The Co3O4/SiO2 catalysts prepared by different drying 
methods were tested for the Fischer-Tropsch synthesis. Table 3.4 shows the results of the 
catalytic tests at 1 bar and 2% conversion. The catalysts prepared by calcination in N2 were 
activated by reduction at 450 °C. The smaller particles obtained after calcination in NO/N2 
were reduced at 550 °C, as these are more difficult to reduce than larger particles.54,55 They 
showed catalytic activities comparable to earlier reported highly active catalysts treated at the 
same reduction temperature.55 The N2 calcined catalysts exhibited a slightly lower Fischer-
Tropsch activity, which is ascribed to the larger Co3O4 nanoparticle size.56 The freeze-dried 
catalysts showed slightly higher activity as compared to the catalysts prepared by conventional 
drying. This indicates that the cobalt oxides formed after calcination and different drying 
treatments had similar reducibility and excludes the formation of large amounts of cobalt 
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(hydro)silicates. Due to the mild reaction conditions catalyst deactivation during reaction was 
not significant. Therefore, industrially relevant reaction conditions, i.e. pressures of 20 bar and 
high conversions should be applied to study the effect of the Co3O4 nanoparticle distribution 
on deactivation by sintering.  

Table 3.4. Catalytic activity for the Fischer-Tropsch synthesis at 220 °C and 1 bar of various catalysts 
prepared by solution impregnation (SI) and conventional drying (CD) or freeze-drying (FD) and 
calcination in different gas flows. 

Catalyst 
Preparation 

Calcination 
atmosphere 

Reduction 
temperature 

(°C) 

CTYa,b  

(10-5 
molCO/gCo/s) 

C1
a,c 

(wt.%) 
C5+

a,c 

(wt.%) 

SI-CD N2 450 3.70 19.9 51.5 
SI-FD(LN2/-45) N2 450 4.09 23.0 44.9 
SI-CD NO/N2 550 5.20 20.9 49.9 
SI-FD(LN2/-45) NO/N2 550 6.20 23.3 44.0 

acatalytic properties were determined after 20 hrs time-on-stream, bcobalt-time-yield, cselectivity. 
 

CONCLUSION 

The cobalt oxide nanoparticle distribution in Co/SiO2 Fischer-Tropsch catalysts was 
successfully manipulated by varying the drying treatments. More specifically, this was achieved 
for a system with weak support-precursor interaction and at high metal loadings, using a 
commercially available silica-gel support and cobalt nitrate as precursor. Freeze-drying was 
applied to restrict precursor mobility during the drying step. Based on the different freezing 
point depressions of confined cobalt nitrate solution and cobalt nitrate hexahydrate salt, two 
freeze-drying methods were developed. DSC showed that by freezing at liquid nitrogen 
temperatures, both solution and salt solidified, while by freezing at -45 °C only the confined 
cobalt nitrate salt crystallized.  

The Co3O4 distribution after decomposition of the nitrate largely represented the 
distribution of the precursor phase obtained by drying. Conventional drying led to the 
formation of aggregates of individual nanoparticles, while freeze-drying starting at liquid 
nitrogen temperatures led to a uniform distribution of nanoparticles over the support. An egg-
shell catalyst was obtained after solution impregnation and freeze-drying starting at -45 °C, 
which is above the crystallization temperature of confined cobalt nitrate solution. An average 
particle size of 8 nm was obtained after calcination in a flow of N2 and 4 - 6 nm particles were 
obtained by decomposition in 1% NO/N2. All catalysts showed high activity for the Fischer-
Tropsch reaction at 1 bar, showing similar reducibility of the oxides formed after the different 
drying treatments and calcination. The effect of freeze-drying on the macroscale and nanoscale 
distributions of cobalt nanoparticles emphasizes the importance of the drying step in the 
synthesis of supported catalysts.  
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Chapter 4 
 

Control and Impact of the Nanoscale Distribution 

of Supported Cobalt Particles in Fischer-Tropsch 

Catalysts 
 
 
Short interparticle 

distances may affect the 
stability of supported metal 
catalysts and often arise 
during catalyst preparation by 
formation of aggregates. The 
cause of aggregation of cobalt 
nanoparticles during the 
synthesis of highly loaded 
silica-supported catalysts was 
found to originate from the drying process after impregnation of the silica grains with an 
aqueous cobalt nitrate precursor. Maximal spacing of the Co3O4 nanoparticles was obtained by 
fluid-bed drying at 100 °C in an N2 flow. Below this temperature, redistribution of liquid 
occurred before and during precipitation of a solid phase, leading to aggregation of the cobalt 
particles. At higher temperatures, nucleation and growth of Co3O4 occurred during the drying 
process also giving rise to aggregation. Fischer-Tropsch catalysis performed under industrially 
relevant conditions for unpromoted and Pt-promoted cobalt catalysts revealed that the size of 
aggregates (13 - 80 nm) of Co particles (size ~ 9 nm) had little effect on activity. Larger 
aggregates of Co particles gave rise to extensive migration of cobalt (up to 75%) to the external 
surface of the macroscopic catalyst grains (38 – 75 µm). Although particle size did not increase 
inside the silica support grains, migration of cobalt to the external surface partly led to particle 
growth, thus causing a loss of activity. This cobalt migration over macroscopic length scales 
was suppressed by maximizing the distance between nanoparticles over the support. Clearly, 
the nanoscale distribution of particles is an important design parameter of supported catalysts. 

 
 

 
 
 

Adapted with permission from: P. Munnik et al. J. Am. Chem. Soc. 2012012012014444, 136, 7333. 



Chapter 4 
  

100 

 

INTRODUCTION 

Supported metal nanoparticles are at the center of many existing as well as new and more 
sustainable processes, such as energy conversion and storage, nanoelectronics and the catalytic 
production of fuels and chemicals.1–3 Unfortunately, degradation of these functional 
nanomaterials during usage is a major concern. Small metal particles often grow to larger 
crystals, either via particle migration and coalescence or through Ostwald ripening, whereby 
monomeric species are transported from small to large particles.4–7 In specific cases crystal 
growth may be moderated by tuning properties of the nanoparticles such as their size8, 
composition9 and interaction with the support.10 Particles being close together may lead to 
increased deactivation11, and recently, the interparticle distance was shown to have a large effect 
on the stability of copper catalysts for methanol synthesis.12 However, the nanoscale 
distribution of particles is rarely studied and difficult to control. It has been noted that many 
materials, used both in academic and industrial context, exhibit non-uniform distributions of 
metal particles grouped together on the support as s0-called aggregates or clusters of 
nanoparticles.13–15 

Aggregates are often formed during the synthesis of the desired supported nanoparticles. 
Here we consider a widely used method of synthesis; impregnation of macroscopic support 
grains followed by drying and subsequent thermal decomposition. Research has focused on 
circumventing the formation of aggregates through the choice of precursor16–18, addition of 
organic additives19–22 and changing the solvent.23,24 However, systematic knowledge of 
aggregate formation of nanoparticles is lacking. The drying step has long been known to have a 
large impact on the macroscale distribution25,26, while recently it was also shown to have a large 
impact on the nanoscale distribution by studying conventional drying versus freeze drying, as 
discussed in Chapter 3.27–29 

Cobalt catalysts are often used for Fischer-Tropsch synthesis, whereby CO and H2 are 
converted into long chain alkanes for the production of ultra-clean transportation fuels. For 
industrial applications, the deactivation of these catalysts is a large problem.30–35 However, the 
role of aggregation of nanoparticles on performance in general, and stability in particular, is not 
well known. Changes in selectivities to long chain alkanes have been reported for catalysts with 
different degrees of aggregation, but this was always accompanied by a change in cobalt particle 
size36,37, support pore size38, support type39 or promoter addition40, factors which can also 
influence the selectivity. In this chapter, we use silica-supported cobalt catalysts as a case study, 
elucidate the cause for nanoparticle aggregation by an extensive study of the drying step, show 
how to control the extent of aggregation, and report the effect on Fischer-Tropsch catalysis. 

 

EXPERIMENTAL 

Catalyst Catalyst Catalyst Catalyst SSSSynthesis. ynthesis. ynthesis. ynthesis. Co/SiO2 catalysts were prepared using a commercially available silica 
gel as support (Davicat 1404, Grace-Davidson). The support grains were sieved to a fraction of 
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38 - 75 µm and the porosity was characterized with N2-physisorption at -196 °C (Tristar 3000, 
Micromeritics): Vp = 0.87 cm3/g, SBET = 443 m2/g, dp = 8 nm. Solution impregnation was 
performed to incipient wetness using a 4.2 M Co(NO3)2·6H2O (Sigma-Aldrich, >99%) (aq) 
solution leading to a nominal cobalt metal loading of 16.2 wt%. Pt promoted samples were 
impregnated with a 4.2 M Co(NO3)2·6H2O, 0.03 M (NH3)4Pt(NO3)2 (Alfa Aesar, 99.99%) 
(aq) solution to obtain 0.5 wt% Pt and 16.2 wt% Co. 

Different drying treatments were applied by transferring 100 or 400 mg of the 
impregnated grains into an upflow fluidized bed reactor (internal diameter of 1 or 2 cm, 
respectively). After the oven reached the drying temperature the reactor was placed in the oven 
and an N2 flow with a gas hourly space velocity (GHSV) of 5000 h-1 was applied. Catalysts 
were dried at 25, 50, 75, 100, 125 and 150 °C for 48, 24, 16, 3, 3 and 2 hours, respectively. 
Calcination of all dried catalysts was performed by further heating the fluidized bed reactor to 
350 °C (1 °C/min, 1h) in a flow of N2 (GHSV 30000 h-1).  

Catalyst Characterization.Catalyst Characterization.Catalyst Characterization.Catalyst Characterization. The phase behavior of cobalt nitrate present during the 
different stages of catalyst preparation was analyzed using differential scanning calorimetry 
(DSC, Q2000, TA Instruments). The temperature and heat flow were calibrated with a 
certified indium sample and measurements were performed with hermetically sealed aluminum 
pans (~40 µL, Tzero, TA Instruments) under a flow of N2 (50 mL/min). Sample masses were 
typically between 5 - 15 mg and heat flows were recorded between -90 °C and 120 °C at a rate 
of 1 °C/min.  

Thermogravimetric analysis (TGA, Q50 TA Instruments) was used to determine the 
residual water content after different drying treatments by measuring the weight loss after 
heating to 500 °C for 30 min (10 °C/min) under a 60 mL/min N2 flow. The weight loss was 
corrected for the loss of water by condensation of silanol groups from the pristine silica gel, 
which was experimentally found to occur between 150 and 500 °C. The rest of the weight loss 
was attributed to residual water, or the decomposition of Co(NO3)2 to Co3O4 after drying at 
125 and 150 °C as was evident from the black color of the samples.  

The degree of reduction was measured using TGA (Pyris 1 TGA, Perkin Elmer) in a flow 
of 10% H2/He. 10 Mg of sample was heated at 2 °C/min to 350 or 500 °C for the Pt 
promoted and unpromoted samples, respectively, and held there for three hours. While this 
was shorter compared to the reduction prior to catalysis experiments, no significant weight loss 
was observed after this time. 

H2-Chemisorption measurements were performed on a Micromeretics ASAP 2020 
instrument. Samples were dried at 100 °C for 1 h in dynamic vacuum followed by a reduction 
in H2 at 350 or 500 °C (5 h, 2 °C/min). Isotherms were measured at 150 °C. Apparent cobalt 
surface areas were calculated assuming H:Co = 1 and an atomic cross-section of 0.0662 nm2. 
The corrected particle sizes were deduced from the cobalt surface areas using the amount cobalt 
per gram of catalysts multiplied by the degree of reduction. 

XRD patterns were recorded between 20 and 90° 2θ with a Bruker-AXS D2 Phaser X-ray 
Diffractometer using Co-Kα12 radiation (λ = 1.790 Å). The volume averaged Co3O4 crystallite 
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size was determined using the Scherrer equation with a shape factor k = 0.9 and line 
broadening analysis on the (220), (311) and (400) peaks by a fitting procedure in Eva2 
software (Bruker AXS). 

N2-physisorption isotherms were measured at -196 °C using a Micromeritics Tristar 3000 
apparatus. Prior to analysis, samples were dried in He flow for 16 hours at 200 °C. For the 
spent catalysts, several samples were measured before and after heat treatment in a muffle oven 
at 500 °C in air to remove all the waxes present in the pores. 

Catalyst grains were embedded in a two component epoxy resin (Epofix, EMS) and cured 
at 60 °C overnight. The embedded catalysts were then cut into thin sections with a nominal 
thickness of 50 nm using a Diatome Ultra 35° diamond knife mounted on a Ultracut E 
microtome (Reichert-Jung) and collected on a TEM grid. Bright field TEM images were 
obtained on a Tecnai 12 (FEI), operated at 120 keV.  

Dark field images were taken to study the crystallinity of the aggregates at 80 KeV by 
tilting the incoming electron beam 1.2°. The smallest objective aperture was used so that only 
diffracted electrons in a small rotational range were selected, allowing for the imaging of 
crystallites which were crystallographically aligned. The incoming electron beam was then 
rotated 10° for each subsequent image so that a semicircle of 180° was measured. 

EDX analysis was used to measure the cobalt weight loading of the spent catalysts in a 
Technai 20-FEG (FEI) electron microscope operating at 200 keV. For each sample, EDX was 
performed on large areas (>100 µm2) of the microtomed sections of 5 – 10 catalyst grains to 
measure the average Co/Si atomic ratio of the grains. 

Low-resolution SEM was performed on a PHENOM SEM (Phenom World) equipped 
with a backscatter detector operated at 5 keV. For high resolution SEM, samples were coated 
with a thin layer of Pt, after which the measurements were performed on a XL30SFEG (FEI).  

Catalytic Testing.Catalytic Testing.Catalytic Testing.Catalytic Testing. Catalysis was performed on a Flowrence (Avantium) 16 parallel reactor 
unit. 50 mg or 70 mg of the Pt-promoted or unpromoted catalyst (38 - 75 µm), respectively, 
was mixed with 200 mg SiC (100 - 200 µm) and loaded into a stainless steel reactor. Catalysts 
were reduced in-situ in 25 vol.% H2/He by going to 350 or 500 °C, respectively, at 1 °C/min 
and held for 8 hours. Afterwards, the reactors were cooled to 180 °C at which the pressure was 
increased to 20 bar under H2. Next, the feed was changed to an H2/CO ratio of 2.0 with 5 
vol.% He, which functioned as internal standard for the on-line GC (Agilent 7890A). After 1 
hour, the temperature was increased to the reaction temperature of 220 °C at 1 °C/min. All 
catalysts started at a CO conversion around 80%. After 240 hours on-stream at high CO 
conversion levels, the catalysts were flushed with argon, and subsequently the reactors were re-
pressurized to 20 bar under H2 at 180 °C, after which syngas was reintroduced and the 
temperature was returned to 220 °C. Next, the conversion was lowered by increasing the 
GHSV, to measure the selectivity of all catalysts at a CO conversion of 65% after 10 h. The 
C5+ selectivity was calculated by subtracting the amount of CO used for the formation of C1 to 
C4 products, as determined via on-line GC using He as an internal standard, from the total 
amount of CO converted.  
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RESULTS AND DISCUSSION 

Effect of DryingEffect of DryingEffect of DryingEffect of Drying.... Co/SiO2 catalysts with a 16 wt.% Co loading were synthesized by 
incipient wetness impregnation of silica gel grains with a saturated Co(NO3)2·6H2O solution. 
Subsequently, N2 fluidized bed drying treatments were applied at six different temperatures to 
different batches of the impregnated catalysts, followed by calcination at 350 °C in N2 flow. 
Table 4.1 shows the Co3O4 crystallite size after drying and calcination obtained from XRD, 
averaging around 8.5 nm regardless of the drying treatment. This is close to the average pore 
diameter of the support, and suggests particles grew in confinement of the pores, as has been 
reported before.41  

Figure 4.1 shows TEM micrographs of the same catalysts. Drying at 25 °C resulted in 
cobalt aggregates with an average size of 25 nm. These aggregates became smaller as the drying 
temperature increased, until at 100 °C most of the crystallites were isolated instead of 
aggregated. Further increase in temperature resulted in an increase in aggregate size, as large as 
50 nm after drying at 150 °C. 

 

Figure 4.1: TEM of calcined Co3O4/SiO2 after different drying treatments, showing different aggregate 
sizes (black) on the silica support (grey) depending on the drying temperature. (a) Dried at 25 °C, (b) 50 
°C, (c) 75 °C, (d) 100 °C, (e) 125 °C, (f) 150 °C. 

Figure 4.2 shows dark field (DFTEM) analysis of the catalyst dried at 150 °C and 
subsequently calcined, which allows imaging of electrons diffracted by only a specific Co3O4 
lattice plane depending on the orientation of the crystallite. Many aggregates were observed as a 
single color or not at all, suggesting they consisted of a single crystalline domain of multiple 
nanocrystals. These crystalline domains likely grew around the support grains, as has previously 
been observed for cobalt on γ-alumina39,42, and which was confirmed by removing the silica, 
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leaving aggregated cobalt particles with the size of the aggregates with well-defined pores (see 
Appendix A, Figure A.5).  

Figure 4.2. DFTEM of 
Co3O4/SiO2 dried at 150 °C, 
followed by calcination. (a) 
Bright field image, showing large 
cobalt oxide aggregates (black). 
(b) Superposition of 18 dark field 
images separated by a beam 
orientation of 10° each. The 

crystal lattice orientation of the aggregates is represented by different colors (inset). 

TGA was performed to study the water content of the catalyst precursor after drying 
(Table 4.1). After drying at 25 °C, 4 mol H2O/mol Co remained. Higher drying temperatures 
resulted in less residual water, and at 100 °C the sample was almost completely dehydrated. 
Temperatures above 100 °C resulted in partial conversion of cobalt nitrate into cobalt oxide 
during drying. At 150 °C, 55% of the cobalt nitrate was decomposed during the drying 
treatment. Phase analysis was performed for each sample after drying by DSC, however no 
melting peaks were observed between -90 and +120 °C for any of the samples, suggesting the 
remaining precursor had precipitated as solid cobalt nitrate or cobalt oxide species. These 
results, along with samples obtained by varying the drying time and gas hourly space velocity 
and the subsequent temperature ramp during calcination (see Appendix A, Figures A.1-A.3), 
allowed us to tentatively propose two different mechanisms for the formation of cobalt oxide 
aggregates. 

 

Table 4.1: Precursor properties obtained after drying and after calcination of the cobalt nitrate 
impregnated silica grains 

Drying 
Temperature 
(°C) 

H2O content 
after drying 

(molH2O/molCo)a 

Co(NO3)2 converted 
to Co3O4 during 

dryinga 

Co3O4 crystallite 
size (XRD) after 
calcination (nm) 

Aggregate size 
(TEM) after 

calcination (nm) 

25 4.5 0% 8.7 25 (± 6) 

50 1.4 0% 8.5 18 (± 4) 

75 0.6 0% 7.8 14 (± 2) 

100 0.4 0% 8.5 11 (± 2) 

125 0 17% 8.7 26 (± 6) 

150 0 55% 9.4 44 (± 10) 

aDetermined by TGA after drying. 
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At temperatures below 100 °C aggregation is attributed to the slow drying process. At a 
certain point during drying, the water content becomes so low that a solid cobalt nitrate phase 
precipitates. When such a transition is slow, severe redistribution of remaining liquid may take 
place on a nanoscale, as is well known for the drying of colloidal films.43 Nucleation of the 
precipitated phase combined with extensive growth could result in the formation of cobalt 
nitrate rich and poor areas, the sizes of which depend on the mobility of the precursor while 
still in solution and the allowed time for redistribution. These cobalt nitrate rich areas are then 
the basis to form Co3O4 aggregates upon further heat treatment. Thus, at 25 °C, when drying 
takes long and the transition is presumed to be slow, aggregation was observed, whereas 
increasing the temperature to 100 °C gradually reduced the aggregation. Macroscopically, the 
drying rate was recently shown to influence the distribution of low melting point metal nitrates 
at high concentration.44 However, by utilizing ultramicrotomy, the distribution for each 
catalyst was verified to be uniform throughout the 38 - 75 µm catalyst grains, suggesting our 
system was not sensitive to macroscopic redistribution effects under the used conditions. 

The most uniform distribution at the nanoscale obtained after drying at 100 °C is 
explained from fast drying that restricts redistribution of viscous liquids.44 Above 100 °C, 
nucleation and growth of Co3O4 from cobalt nitrate becomes possible. This already occurs 
before the sample is completely dried, while cobalt nitrate has not yet precipitated and due to 
reduced viscosity has high mobility. Indeed, a high water partial pressure during high 
temperature drying, or insufficient removal of water during calcination, is known to result in 
severe agglomeration.45–47 We postulate that this interplay between temperature, viscosity and 
water partial pressure leads to the formation of the observed aggregates, whereby growth from 
capturing cobalt from solution is favorable over nucleation of Co3O4, leading to large 
aggregates of crystallographically-aligned cobalt oxide particles which originate from a single 
nucleation point.48 

Reduced Catalysts.Reduced Catalysts.Reduced Catalysts.Reduced Catalysts. To study the effect of aggregation on Fischer-Tropsch catalysis, 
catalysts with four aggregate sizes between 10 and 80 nm were synthesized using four drying 
temperatures between 100 and 175 °C, indicated after the D in the sample name. In one set of 
catalysts, 0.5 wt.% Pt was added as a reduction promoter.49 Table 4.2 shows the average 
aggregate size of each catalyst as determined by TEM, as well as the Co surface area, degree of 
reduction and corrected cobalt metal particle size. 

To ensure a high degree of reduction, the unpromoted catalysts were reduced at 500 °C 
while the Pt promoted catalysts were  reduced at 350 °C. This resulted in an average degree of 
reduction of 80% and average cobalt surface area of 55 m2/gCo for the unpromoted catalysts, 
while the promoted catalysts showed almost complete reduction and averaged around 80 
m2/gCo regardless of aggregate size. Consequently, the particle sizes of all catalysts were similar, 
between 8 and 10 nm, close to the support pore diameter (Table 4.2). 

TEM on reduced and passivated CoPt catalysts (Figure A.4) showed that the aggregates 
were still present, but now also distinct Co particles within the aggregates were observed. 
DFTEM (Figure 4.3) showed many particles in a single aggregate to have different crystal 
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orientations. This indicated that after reduction the aggregates had broken up into smaller 
non-aligned crystallites, similar to what was previously reported for large cobalt oxide particles 
in model systems.50,51 Thus, during the initial stages of catalysis the aggregates consisted of 
many individual particles with very small but finite interparticle distances. 

Table 4.2. Catalyst aggregate size, properties after reduction and catalytic activity, selectivity and 
deactivation rate constant obtained after 240 hours on stream at 20 bar, 220 °C, H2/CO 2.0; activity and 

selectivity reported at 65% CO conversion 
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Co 
D100 

13  
(± 3) 

57 78% 9.2 4.6 6.5 8.6 83.3 14.7 

Co 
D125 

22  
(± 6) 

55 76% 9.3 4.1 5.8 8.5 83.5 16.0 

Co 
D150 

37  
(± 9) 

55 83% 10.1 4.4 5.6 8.5 84.1 17.3 

Co 
D175 

77  
(± 18) 

55 84% 10.3 3.9 5.3 8.4 84.5 19.3 

CoPt 
D100 

11  
(± 4) 

80 105% 8.4 3.9 7.9 9.5 82.9 5.3 

CoPt 
D125 

18  
(± 5) 

74 103% 9.1 4.5 8.2 8.9 83.6 9.4 

CoPt 
D150 

38  
(± 10) 

85 96% 8.0 4.3 8.9 8.6 83.6 11.0 

CoPt 
D175 

74  
(± 18) 

75 93% 8.3 4.3 8.2 7.9 85.0 13.6 

aThe deactivation rate constant was defined as anorm1-n = (n-1)·kD·t+1 whereby anorm is a measure for the 
normalized activity assuming first order kinetics so that a is proportional to -ln(1 - conversionCO) and n = 2 

(see Appendix A). 

 

Figure 4.3. DFTEM of 
CoPtD150 after reduction and 
passivation. (a) Bright field 
image, showing large cobalt 
aggregates. (b) Superposition of 
18 dark field images separated by 
a beam orientation of 10° each. 
The crystal lattice orientation of 

the individual nanoparticles is represented by different colors (inset). 
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FischerFischerFischerFischer----Tropsch Catalysis.Tropsch Catalysis.Tropsch Catalysis.Tropsch Catalysis. The catalysts were tested at 220 °C, 20 bar and an H2/CO 
ratio of 2.0. Table 4.2 shows the catalytic data after 240 h on-stream. An average TOF of 4.2 · 
10-2 s-1 was found with no significant difference between the promoted and unpromoted 
samples, as expected for cobalt particles larger than 6 nm.52 Consequently, the promoted 
catalysts were 40% more active on average (CTY, see Table 4.2), due to their slightly smaller 
cobalt particles and higher degree of reduction. Little effect of aggregation on activity was 
found. Only for the unpromoted catalysts an effect of the aggregate size was observed, the most 
uniformly distributed catalyst being 25% more active compared to the highly aggregated 
catalyst. Also an increasing C5+ selectivity for increasing aggregate size was apparent, 
accompanied by a decrease in the methane selectivity (Table 4.2). An increase in olefin 
production was also observed for catalysts with larger aggregates (see Appendix A, Figure A.8a). 
This suggests that enhanced formation, re-adsorption and secondary chain growth of olefins 
inside aggregates is the cause of the increased selectivity. The olefin production for all Pt 
promoted catalysts was lower than for the corresponding unpromoted catalysts, attributed to 
the additional hydrogenation activity of the platinum. 

All catalysts were observed to deactivate (Figure A.7a) and second-order deactivation rate 
constants, which are a measure of the decrease in activity per hour (see Appendix A), are shown 
in Table 4.2 and Figure 4.4. CoPtD100 exhibited the lowest deactivation rate constant of 5.3 
10-4 h-1, which increased up to 13.6 10-4 h-1 for CoPtD175. All unpromoted catalysts had 
higher deactivation constants, ranging from 14.7 to 19.3 10-4 h-1 for CoD100 and CoD175, 
respectively. Thus, two effects were found to influence the stability of the catalysts. First, 
introducing Pt lowered the deactivation rate for each catalyst, and catalysts containing larger 
aggregates of cobalt particles were found to deactivate faster.  

  

Figure 4.4. Deactivation rate 
constants measured during 240 
hours of Fischer-Tropsch activity 
as a function of the cobalt 
aggregate size in Co/SiO2 (black 
squares) and Co/Pt/SiO2 (grey 
circles) catalysts. 

 

 

Catalyst Deactivation.Catalyst Deactivation.Catalyst Deactivation.Catalyst Deactivation. Deactivation in Fischer-Tropsch catalysts can occur via several 
different pathways, such as poisoning, carbon deposition and particle growth, often occurring 
simultaneously to some degree.30 In addition, a high steam pressure, such as found at the 
bottom of the reactor, could affect the SiO2 support. N2-physisorption experiments (see 



Chapter 4 
  

108 

Appendix A, Table A.1) excluded the latter as significant for the conditions and time frame 
studied, and no evidence of large amounts of cobalt silicates was found in TEM micrographs of 
spent catalysts.53 Carbon deposition has previously been reported to cause long term 
deactivation, and is difficult to avoid.54 Noble metal promoters can prevent extensive formation 
of polymeric carbon,55–57 which could explain the difference in deactivation between 
unpromoted and Pt promoted catalysts observed in Figure 4.4. The particles within aggregates 
have very short interparticle distances, so that particle growth likely contributed to 
deactivation.  

Figure 4.5 shows TEM images of CoPtD100 and CoD175 after reduction and after 
catalysis from the top half and bottom half of the reactor respectively. Aggregates of cobalt 
nanoparticles were found to have fragmented into more isolated nanoparticles upon catalysis, 
as shown, for example, by comparison of Figures 4.5d with 4.5e and 4.5f. This breakup of 
aggregates was more apparent for larger aggregates and had occurred more extensively in the 
bottom of the reactor where the CO conversion was highest (see also Appendix A, Figure 
A.12). Surprisingly, the cobalt particles did not exhibit a significant increase in size, as shown 
by TEM histogram analysis (see Appendix A, Table A.2).  

 

Figure 4.5. TEM comparison of fresh and spent Co/SiO2 catalysts. (a) CoPtD100 after reduction, (b) 
CoPtD100 after reaction from the top half and (c) CoPtD100 from the bottom half of the reactor. (d) 
CoD175 after reduction, (e) CoD175 after reaction from the top half and (f) CoD175 after reaction from 
the bottom half of the reactor. 

Although no increase in cobalt particle size was observed after catalysis, a decrease in 
particle density on the support is apparent from Figure 4.5. EDX analysis of the Co/Si atomic 
ratio of the microtomed sections of the spent catalysts was used to investigate this apparent 
cobalt mass loss. Fresh catalysts showed to have a weight loading of 16.2 wt.%, whereas all 
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spent catalysts contained less cobalt. A correlation was found between the loss of cobalt inside 
of the catalyst grains and the loss in activity (Figure 4.6); the higher the loss in cobalt, the 
higher the loss in activity. The cobalt loading inside the catalyst grains could be as low as 
4wt.% for CoD175 after catalysis, 75% less than the nominal loading. However, the activity 
decreased only by about 30%, less than half of what was expected given the observed loss in 
cobalt and the similar particle size. Clearly, the question comes up – what is the fate of the 
cobalt that is lost from the interior of the catalyst grains? 

Figure 4.6. Loss of cobalt (from 
EDX) inside promoted and 
unpromoted Co/SiO2 catalyst 
grains after catalysis taken from 
the top half (open symbol) or 
bottom half (closed symbol) of 
the reactor, related to the loss in 
activity of the corresponding 
catalyst assuming first-order 
kinetics. The black line illustrates 
the expected activity loss if the 
cobalt was lost from the reactor 
or sintered into very large 
particles. 

SEM images of macroscopic catalyst grains before and after catalysis are shown in Figure 
4.7a and 4.7b. Before catalysis, no cobalt was observed on the external surface of CoD175 
(Figure 4.7a). However after reaction large cobalt rich areas were found on the exterior surfaces 
of catalyst grains (Figure 4.7b). This was observed for each catalyst, whereby the largest 
amount of cobalt was observed on the exterior surface of catalysts originally with the largest 
aggregates, such as CoD175 and CoPtD175, while CoD100 and CoPtD100, the catalysts with 
homogeneously distributed nanoparticles, had much less cobalt on the outer surface (see 
Appendix A, Figure A.15). Thus, it was concluded that the difference in deactivation between 
homogeneously distributed and aggregated catalysts coincided with the migration of cobalt 
over macroscopic distances to the outside of the catalyst grains.  

HAADF-STEM tomography revealed that aggregates on the external surface of the grains 
consisted of large solid particles of ~ 300 nm in size on top of small particles (Figure 4.7c, d 
and e). See the Supporting Information of the published article for movies of the full 
tomogram and tilt series. Histogram analysis on the small particles showed the average particle 
size within these aggregates was 9.7 nm (± 2.2), identical to the size of the fresh and spent 
catalysts (Figure A.14). Thus, the cobalt that migrated to the external surface was deposited as 
many small particles that still contributed to the catalytic activity, however sintering also 
occurred on the external surface, forming huge particles. This explains the difference between 
the observed loss of cobalt and loss of activity in Figure 4.6.  
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Migration of cobalt over macroscopic distances has been previously observed on γ-Al2O3 
by Khodakov et al. and attributed to high temperature effects or low H2/CO ratios and low gas 
flow rates.58,59 However, here we show for the first time that the degree of redistribution on the 
macroscale was greatly influenced by the nanoscale cobalt distribution. The exact mechanism 
for this long-range migration is as yet unknown. Because the cobalt particles found inside the 
catalyst grains and those that migrated towards external surface were similar in size, Ostwald 
ripening is an unlikely candidate, since this concerns transport from small to larger particles. 
Partial oxidation during Fischer-Tropsch conditions and migration of entire particles has been 
proposed as a mechanism for sintering by Khodakov et al.60, and evidence for (surface) 
oxidation of cobalt particles has been observed in some studies.61–63 Catalysts with a low 
deactivation rate exhibited a relatively high hydrogenation activity, as observed from the 
propene/propane ratio, which could support this mechanism (see Appendix A, Figure A.8). 
However, calculations based on literature data60,64,65 suggest classical random-walk diffusion of 
(oxidized) Co particles over the surface of the support can be excluded for transport over 
macroscopic distances. The diffusion coefficient of nanoparticles in a colloidal state is orders of 
magnitude higher, so that diffusion of the particles in liquid phase is a possible transport 
mechanism. Moreover, because particles are collected in aggregates at the external surface we 
tentatively propose entrainment of particles by reaction products to be responsible for the 
observed migration. At high conversion, confinement in the small silica pores and the presence 
of a hydrophobic liquid phase of long-chain alkanes, could lead water vapor to condense into 
small droplets. Droplets expelled to the outside surface of the catalyst particle by the formation 
of new reaction products will transport the cobalt particles in the liquid phase by entrainment. 
If the water droplets evaporate on the outside of the catalyst grains once no longer confined, 
deposition of the entrained cobalt particles at the external surface takes place. 

Figure 4.7. (a, b) SEM 
comparison of the external 
surface of Co/SiO2 grains from 
CoD175 after reduction (a) and 
after catalysis (b). Before catalysis, 
little cobalt was observed on the 
external surface of the grains, 
whereas after catalysis a huge 
amount of cobalt was observed 
indicated by the bright spots. (c, 
d, e) Slices from an HAADF-
STEM Tomography 
reconstruction of an aggregate at 
the external surface of a grain of 
the spent CoD175, separated by 

75 nm in the z direction, illustrating the aggregate consisted of  large solid cobalt particles of 100 - 300 
nm (c), on top of many smaller cobalt particles of about 10 nm (d,e). 
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CONCLUSION 

Aggregation of supported metal nanoparticles during the synthesis of ex-nitrate catalysts 
was strongly affected by the drying step after impregnation of a silica support with a metal 
nitrate precursor solution. At low temperatures, aggregation occurred as dissolved metal nitrate 
species were given ample time to redistribute before and during precipitation of the solid phase. 
At high temperatures, aggregation was caused by decomposition of the metal nitrate into the 
metal oxide during the drying process, which was aggravated by the mobile precursor at high 
water vapor pressures. At intermediate temperature (100 °C), aggregation could be largely 
prevented and by utilization of a fluid bed drying process isolated nanoparticles on the support 
were obtained. 

After calcination, the aggregates consisted mainly of crystallographically aligned 
nanoparticles throughout the porous network. During reduction these aggregated crystallites 
fragmented into smaller particles with small interparticle spacing. Large aggregates of cobalt 
nanoparticles exhibited somewhat higher C5+ selectivities in Fischer Tropsch catalysis, 
attributed to higher olefin formation, re-adsorption and consecutive chain growth. A difference 
in deactivation between unpromoted and platinum promoted catalysts could indicate carbon 
deposition as a relevant deactivation mehanism. Moreover, an additional form of deactivation 
occurred not via direct nanoparticle growth, but via the migration over macroscopic distances 
of cobalt nanoparticles to the external surface of the catalyst grains. Only once on the surface of 
the catalyst grains, particles could sinter together into very large cobalt particles. This migration 
likely resulted from nanoparticles being entrained over distances of many micrometers from 
their original location, and was found to be more extensive for large initial aggregate sizes. By 
creating more uniformly dispersed catalysts, the degree of migration to the external surface of 
the catalyst grains was greatly reduced. These results are not only highly important for the 
rational design of supported cobalt catalysts, but point to the general relevance of nanoparticles 
distribution and spacing as an important design criterion of functional nanomaterials.66–69  
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Chapter 5 
 

Effects of Drying Conditions on the Synthesis of 

Co/SiO2 and Co/Al2O3 Fischer-Tropsch Catalysts 
 
 
The nanoscale 

distribution of the supported 
metal phase is an important 
property for highly active, 
selective and stable catalysts. 
Here, the nanoscale 
redistribution and aggregate 
formation of cobalt nitrate 
during the synthesis of 
supported cobalt catalysts 
were studied. Drying over a range of temperatures in stagnant air resulted in cobalt particles (8 
nm) present in large aggregates (30 - 150 nm). However, drying in an N2 flow resulted in 
cobalt nanoparticles distributed either in aggregates or uniformly on various SiO2 and γ-Al2O3 
supports, critically dependent on the drying temperature. The mechanism of aggregation was 
studied through chemical immobilization of the precursor on a silica support after drying in an 
N2 flow. The aggregation behavior upon drying in a gas flow at temperatures below 100 °C 
showed a remarkable similarity to distributions obtained upon the dewetting of colloidal films, 
suggesting a physical process. Alternatively, by inducing decomposition of the cobalt nitrate 
above 100 °C before drying was complete, aggregation was brought about through a chemical 
process that occurred both in stagnant and flowing gas. A γ-alumina support exhibited 
increased precursor-support interactions and displayed little cobalt aggregation upon drying in 
a gas flow, but extensive aggregation upon drying in stagnant air. The aggregation behavior was 
further studied on silica supports with pore sizes between 3 to 15 nm and tested under 
industrially relevant Fischer-Tropsch conditions, which revealed that uniform cobalt 
nanoparticle distributions were up to 50% more active compared to aggregated systems. Thus, 
hydrodynamics and temperature of the gas phase are critical parameters to control nanoscale 
distributions during drying of functional nanomaterials such as supported catalysts. 

 
 
 

 
Adapted with permission from: P. Munnik et al. ACS Catal. 2012012012014444, 4, 3219. 
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INTRODUCTION 

Supported transition metal nanoparticles are used as catalysts in many industrial processes. 
The size, composition and chemical environment of these particles as well as their distribution 
over the support greatly influences the activity, selectivity and stability of the catalysts.1–4 
Therefore, control over the synthesis of these nanomaterials is of utmost importance.5–7 
However, although the number of fundamental studies on catalyst preparation is increasing, 
the physiochemical processes that take place during synthesis are often not understood. 

A facile and cost-effective preparation method is the impregnation of a metal precursor 
solution onto a porous support, such as alumina, silica or titania. The impregnation can be 
done to incipient wetness, whereby the impregnating volume is equal to the pore volume of the 
support, eliminating the need for a filtration step. Evaporation of the solvent, followed by 
decomposition of the precursor via a thermal treatment, leads to supported metal oxides. Metal 
nitrates precursors are often used, as their high solubility allows for high metal loadings in a 
single impregnation step. However, poor metal oxide dispersions and inhomogeneous 
distributions of the metal oxide are frequently obtained. Many studies report on improvement 
by changing the solvent or precursor8–15, co-impregnation with organic molecules7,16–19 or 
modifying the drying or calcination procedure.20–28 However, fundamental knowledge on, and 
control over, inhomogeneous metal oxide distributions and precursor redistribution is lacking. 

The drying step has long been known to have a large impact on the macroscopic 
distribution of the active phase, especially for impregnations with diluted precursor 
solutions.29,30 Recently, models have shown that at high nickel nitrate concentrations, 
homogeneous macroscopic distributions can be obtained after impregnation and drying.31 In 
chapter 3, using freeze-drying it was shown that the drying step can also have a large influence 
on the nanometer scale distribution of cobalt nitrate on silica gel supports.32,33 In chapter 4, the 
nanoscale redistribution was further controlled by drying in an N2 fluidized bed reactor at 
different temperatures.34 Both low and high drying temperatures resulted in the formation of 
agglomerates, and an optimum temperature of 100 °C was found whereby homogeneous 
distributions were obtained. 

When silica is used as a support, the low point of zero charge (PZC), generally between a 
pH of 3 to 4, results in little electrostatic interaction between the support and cobalt ions of 
the metal nitrate precursor solution, which has a similar pH. In contrast, electrostatic 
interactions5,35 could start to play a role in the drying and agglomeration process on γ-alumina, 
also a widely used support in academia and industry but which has a higher PZC of 8-9. 
Alternatively, metal nitrates can be immobilized through the use of nitric oxide (NO), which 
stimulates the hydrolysis of several metal nitrates at low temperature, leading to the formation 
of metal hydroxynitrate phases (Mx(OH)y(NO3)z, whereby M=Cu, Ni or Co).23,28,36,37 This 
phase is immobile, and further heat treatment leads to oxygen scavenging by NO during the 
decomposition of cobalt (hydroxy)nitrate and the formation of small cobalt oxide 
particles.20,23,38  
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In this chapter, we further study the mechanism and compounds involved in the nanoscale 
redistribution of cobalt nitrate during drying. We first show that the formation of cobalt 
hydroxynitrate is possible for an impregnated and dried Co(NO3)2/SiO2 sample with low water 
content. This precursor immobilization technique was subsequently used to study the drying 
imprint on the nanoscale distribution of cobalt on silica gel at different temperatures. Next, a 
γ-alumina support was studied, and finally the effect of pore size on the nanoscale distribution 
was studied using different silica gels, as well as the impact of the cobalt nanoscale distribution 
on the activity and selectivity in the Fischer-Tropsch synthesis. 

EXPERIMENTAL 

Catalyst Catalyst Catalyst Catalyst SSSSynthesis. ynthesis. ynthesis. ynthesis. Commercially available silica gels (SG) and γ-alumina (GA) were used 
as supports (Table 5.1. Davicat, Grace-Davidson and Puralox, Sasol). Before precursor loading 
the support was sieved to a grain size of 38 - 75 µm. Solution impregnation was performed to 
incipient wetness using a saturated Co(NO3)2 (aq) solution (4.2 M, Co(NO3)2·6H2O, >99% 
Sigma-Aldrich) at room temperature under static vacuum.  

Table 5.1. Physical properties of the supports and final cobalt loading for the corresponding catalysts. 

Supporta 
BET surface area  

(m2/g) 

Pore volume (P/P0 
= 0.93) (mL/g) 

Average pore 
diameter (nm) 

Co loading 
(wt.%) 

SG3 720 0.5 3 10 

SG8 500 0.9 8 16 

SG15 330 1.2 15 21 

GA9 250 0.5 9 17 

*SG = silica gel, GA = γ-alumina; number refers to the average pore size (nm). 

 
Different drying treatments were applied to 100 - 400 mg of the impregnated grains in a 

fluidized bed reactor. The oven was first brought to a temperature of 25, 50, 75, 100, 125 or 
150 °C after which the sample was introduced and an N2 flow was applied with a gas hourly 
space velocity (GHSV) of 5000 h-1 for 48, 24, 16, 3, 3 or 2 hours, respectively. As reported 
previously, these drying times were sufficient to induce precipitation of the precursor, while 
greatly extended drying times did not alter the nanoscale distributions of the final catalysts.34 
Alternatively, the sample was cooled to -45 °C for 5 hours under N2 and drying was performed 
at -30 °C at reduced pressure (0.02 - 0.03 mbar) for 3 days,32 or drying was performed at room 
temperature in a dynamic vacuum (~50 mbar) or in a muffle oven at 90 °C for 1 day or 8 
hours, respectively. Calcination of all dried catalysts was performed by transfer to or further 
heating of the fluidized bed reactor to 350 °C (1 °C/min, 1 hour) in a flow of pure N2 or 1% 
v/v NO/N2 (GHSV 30000 h-1). In this study, NO was used to immobilize the precursor after 
drying by formation of cobalt hydroxynitrate. However, this also led to very small particles, 
which can be difficult to image and are undesirable for the Fischer-Tropsch synthesis. Because 
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calcination in an N2 flow results in somewhat larger particles, it was used for the γ-alumina 
samples and the samples that were used for catalysis. For γ-alumina, after calcination the 
sample was impregnated, dried and calcined a second time to increase the metal loading.  

CatalystCatalystCatalystCatalyst    Characterization.Characterization.Characterization.Characterization. N2-Physisorption measurements were performed at -196 °C 
using a Micromeritics Tristar 3000 apparatus. Prior to analysis, samples were dried in He flow 
for 16 hours at 200 °C. Average pore diameter was calculated using the BJH desorption 
isotherm. 

Thermogravimetric analysis (TGA, Q50 TA Instruments) was used to determine the 
residual water content of impregnated samples after different drying treatments by measuring 
the weight loss after heating to 500 °C for 30 min (10 °C/min) under a 60 mL/min N2 flow. 
The weight loss was corrected for the loss of water by desorption and condensation of silanol 
groups from the pristine silica gel, which was experimentally found to occur between 150 and 
500 °C. The rest of the weight loss was attributed to the loss of any residual water and the 
decomposition of Co(NO3)2 to Co3O4. 

TGA-MS was measured on a Pyris 1 TGA, (Perkin Elmer). 10 Mg of the impregnated 
silica was heated at 5 °C/min to 800 °C. Above 300 °C, no significant weight loss or MS signals 
were detected. 

In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 
measurements were performed on a Bruker Tensor 27 apparatus utilizing a HVC-DRP-3 
diffuse reflectance reaction chamber with CaF2 windows and a high-sensitivity liquid N2-
cooled MCT detector. To minimize temperature gradients the bottom of the bed was filled 
with SiC, which was separated from the sample by a grid. 1% v/v NO in N2 or pure N2 was 
flown through 10 mg of sample at 10 ml/min from top to bottom while the chamber was 
heated to 300 °C at 2 °C/min. Spectra were taken at a resolution of 4 cm-1 at 2 min intervals.  

X-ray diffraction (XRD) patterns were recorded between 20 and 90 °2θ with a Bruker-
AXS D2 Phaser X-ray Diffractometer using Co-Kα12 radiation (λ = 1.790 Å). The volume 
averaged Co3O4 crystallite size was determined using the Scherrer equation with a shape factor 
k = 0.9 and line broadening analysis on the (220), (311) and (400) peaks by a fitting procedure 
in Eva2 software (Bruker AXS). 

The catalyst grains were embedded in a two component epoxy resin (Epofix, 
EMS) and cured at 60 °C overnight. The embedded catalysts were then cut into thin 
sections with a nominal thickness of 50 nm using a Diatome Ultra 35° diamond 
knife mounted on a Reichert-Jung Ultracut E microtome and collected on a copper grid. 
Bright field transmission electron microscopy (TEM) images were obtained on a Tecnai 12, 
operated at 120 keV. High angle annular dark field (HAAFD) STEM was performed on a 
Tecnai 20 equipped with a field emission gun operated at 200 keV.  

Catalytic Testing.Catalytic Testing.Catalytic Testing.Catalytic Testing. Fischer-Tropsch synthesis was performed on a Flowrence (Avantium) 
16 parallel reactor unit. Each stainless steel reactor was loaded with the same amount of cobalt, 
resulting in a weight loading of 80, 50 or 40 mg for catalysts made from SG3, SG8 or SG15, 
respectively. Catalysts were mixed with 200 mg SiC, and reduced in-situ in 25 vol.% H2/He at 
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500 °C for 8 hours (1 °C/min). Afterwards, the reactors were cooled down to 180 °C at which 
the pressure was increased to 20 bar under H2. Next, the feed was changed to a H2/CO ratio of 
2.0 with 5 vol.% He, which functioned as internal standard for the on-line GC (Agilent 
7890A). After 1 hour, the temperature was increased to the reaction temperature of 220 °C at 1 
°C/min. After 100 hours on-stream, the conversion was lowered by increasing the gas hourly 
space velocity (GHSV) so that the performance of all catalysts could be reported at 30 - 35% 
conversion, eliminating effects of conversion on selectivity.  

 

RESULTS AND DISCUSSION 

Hydroxynitrate Formation.Hydroxynitrate Formation.Hydroxynitrate Formation.Hydroxynitrate Formation.    To study the cobalt nitrate distributions on a silica gel with 
8 nm pores (SG8) after different drying treatments, samples were subjected to a thermal 
treatment in 1% v/v NO/N2 after drying. This treatment is known to induce the formation of 
cobalt hydroxynitrate,23,28,36,37 an immobile phase that prevents further redistribution upon 
thermal decomposition into cobalt oxide. NO-assisted decomposition of cobalt nitrate also 
results in smaller particles compared to decomposition in stagnant air or an N2 flow.20 To 
ensure hydrolysis of cobalt nitrate did occur after drying, an In-situ Diffuse Reflectance 
Infrared Fourier Transform Spectroscopy (DRIFTS) study was performed in 1% v/v NO/N2 
on a cobalt nitrate loaded SG8 sample impregnated and dried at 100 °C in N2. Figure 5.1 
shows the spectrum evolution during heat treatment. The initial broad -OH stretching 
vibration band between 3100 and 3600 cm-1 accompanied by a sharp H-O-H bending 
vibration band at 1630 cm-1 indicated some water was still present after drying. These bands 
gradually decreased, and at 150 °C a sharp -OH band formed at 3585 cm-1, accompanied with 
a shift in the -O-N-O2 stretching vibration band from the nitrate group from 1580 to 1540 
cm-1. These bands were previously attributed to cobalt hydroxynitrate species,23,36 and 
disappeared simultaneously above 200 °C, when Co3O4 was formed. 

 

Figure 5.1. In-situ DRIFTS of 
cobalt nitrate loaded SG8 during 
calcination in 1% NO after 
impregnation and drying at 100 
°C in N2. Formation of an OH- 
peak at 3585 cm-1 combined with 
an NO3

- peak at 1540 cm-1 is 
characteristic of the formation of 
cobalt hydroxynitrate. Above 200 
°C, the peaks disappear in a single 
step, indicating direct 
decomposition to Co3O4. 
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The mass loss upon heating was investigated by Thermogravimetric Analysis (TGA). The 
SG8 sample after impregnation and drying at 100 °C in N2 showed a remaining water content 
of about 0.4 molH2O/molCo(NO3)2. This suggests a phase with an OH:Co ratio of at most 0.5 was 
formed (Co2OH(NO3)3), whereas previous studies reported hydroxynitrates with higher 
hydroxyl content (Co3(OH)4(NO3)2 or Co2(OH)3NO3).23,28 However, TGA results might 
underestimate the remaining water content, and it is possible that surface hydroxyl groups of 
the silica or strongly adsorbed water contributed to the formation. Moreover, the formation of 
cobalt hydroxynitrate need not be quantitative. Regardless, it was clear that even after drying, 
hydroxynitrates were formed via the NO assisted hydrolysis of cobalt nitrate.  

Precursor Immobilization.Precursor Immobilization.Precursor Immobilization.Precursor Immobilization. The nanoscale distributions of six SG8 supported Co3O4 
catalysts calcined in 1% NO at 350 °C with a ramp of 1 °C/min are shown in Figure 5.2. The 
drying temperature before calcination was varied between 25 and 150 °C. The sample dried at 
25 °C exhibited cobalt as small 3 to 4 nm particles in large irregular aggregates. These 
nanoparticle aggregates were 100 to 200 nm long and 50 to 100 nm wide, many times the 
average support pore size of 8 nm. Increasing the drying temperature resulted in gradually 
smaller aggregates until at 100 °C a homogeneous distribution of similarly sized 3 to 4 nm 
cobalt crystallites was observed. Drying at 125 °C resulted in a bimodal distribution of the 
small homogeneously distributed particles and aggregates of 15 - 20 nm, consisting of 8 nm 
particles. After drying at 150 °C most of the cobalt was located as 8 nm particles in 50 nm 
spherical aggregates, whereas few small particles were found. 

 

Figure 5.2. HAADF-STEM images of SG8 supported Co3O4 catalysts after calcination in 1% NO at 350 
°C, whereby the drying temperature in an N2 flow (before calcination) was varied between 25 and 150 
°C. Different aggregates of cobalt nanoparticles (white) were found on the silica SG8 support (black) 
depending on the drying temperature. (a): Dried at 25 °C (b): 50 °C, (c): 75 °C, (d): 100 °C, (e): 125 °C, 
(f): 150 °C.  
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These results illustrate the two possible ways of aggregate formation previously 
postulated.34 At temperatures between 25 °C and 100 °C, a difference in the drying rate 
resulted in a different degree of aggregation during the precipitation of cobalt nitrate species. 
This aggregation occurred in the form of irregular domains as large as 200 nm, more than 20 
times the size of the average pore. During the subsequent heat treatment in 1% NO, this 
precipitated phase was converted into cobalt hydroxynitrate, which decomposed into small 
cobalt oxide nanoparticles at higher temperatures. Since one immobile phase was converted 
into another, little redistribution occurred, so that the resulting patterns are the imprint of 
where the cobalt nitrate precipitated during drying.  

At drying temperatures above 100 °C, part of the cobalt nitrate started to decompose into 
Co3O4 during the drying process. Previously it was shown that 20% of the cobalt nitrate 
decomposed into Co3O4 during drying at 125 °C.34 This decomposition occurred in the 
absence of NO, but in the presence of H2O, which induces mobility and leads to larger 
particles and aggregation,20,23,39 forming small (15 – 20 nm) aggregates of 8 nm particles. The 
remaining 80% of the cobalt nitrate which did not decompose during drying was subsequently 
exposed to NO during further heat treatment which resulted in small (3 – 4 nm) nanoparticles, 
explaining the bimodal distribution. At a drying temperature of 150 °C, more cobalt nitrate 
decomposed during drying, resulting in many 8 nm particles located in 50 nm spherical 
aggregates that formed during drying, while little unreacted cobalt nitrate remained to form 3 – 
4 nm cobalt particles via NO-assisted decomposition. Although drying can affect the 
macroscopic distribution across pellets or grains, homogeneous distributions were observed on 
these larger length scales. 

Similar patterns to those observed after drying between 25 and 100 °C have been found in 
different fields of physics and chemistry, most noticeably in the drying of colloidal wet films.40–

44 The drying of colloidal systems has been extensively studied, and models have been proposed 
that explain the patterns found experimentally for a wide variety of colloids, solvents and 
substrates. In those models, the drying temperature, and so the drying rate, was found to be 
key in obtaining differently sized aggregates and patterns. At a high drying rate, solvent 
evaporation is thought to occur throughout the entire film within a very short time window, 
called spinodal dewetting, resulting in deposition of the colloids close to where they were in 
solution. At lower rates, dewetting does not occur homogeneously or as rapidly, so that colloids 
can move and gather in patches, which increase in size with decreasing temperature. Despite 
the fact that a colloidal dispersion on a flat surface is very different from a dissolved salt in a 3D 
porous network, such as in the present work, the similar temperature dependency is 
remarkable. (For an example, compare the results obtained here after drying at 25 and 50 °C 
with the 3rd and 4th column of Figure 1 in reference 43). It appears that in both cases, 
redistribution of the liquid phase, which is determined by the rate of drying determines the 
final distribution of particles.  

At very low drying rates, the colloidal dewetting models predict the formation of large 
cellular networks, whereby the cell walls are made up of colloids whereas the cell bodies are 



Chapter 5 
  

124 

empty. Very slow drying is thought to lead to isolated gas bubbles that nucleate and 
subsequently grow, entraining the colloidal rich phase along in the meniscus surrounding the 
growing gas bubble. Deposition of colloids occurs when two menisci meet, at which point all 
the material is deposited in the thin strands forming the cell walls, enclosing mostly empty cells 
where the gas bubble used to be. A similar mechanism could be envisioned in porous media, 
whereby growing gas bubbles inside the impregnated support45 force the dissolved precursor 
into increasingly concentrated areas, until the menisci of two bubbles meet and the salt 
concentration suddenly exceeds the supersaturation, causing precipitation. To investigate this, 
cobalt nitrate impregnated on silica gel (SG8) was dried at -30 °C under reduced pressure, 
followed by calcination in 1% NO. It should be noted that this drying temperature was 
previously found to be insufficient to freeze the precursor, such that redistribution was 
possible.32 The resulting material exhibited a cellular network whereby the cells were made up 
of empty silica, while the cell walls were cobalt rich and connected to other cells (Figure 5.3a). 
It is remarkable that a relatively simple 2D model of colloidal particles in a liquid film behaves 
very similar to a complicated 3D system in which a salt precursor precipitates from a solution.  

An alternative explanation may be found in capillary flow phenomena. Capillary flow can 
lead to inhomogeneous distributions, especially in supports with bi- or multimodal pore size 
distributions, whereby the meniscus at the drying front recedes from larger to smaller pores, 
entraining the dissolved precursor with it.29 Figure B.4 shows the pore size distributions of all 
support materials, which were relatively narrow and monomodal. Nonetheless, for drying at 
low temperatures such as at 25 °C, capillary flow may be significantly faster than the drying 
rate, so that capillary flow could play a role in the redistribution of the precursor phase. At 
higher temperatures, drying may be faster relative to capillary flow, especially if highly viscous 
cobalt nitrate tetra- or di-hydrates form, so that redistribution may be limited. Regardless of 
the mechanism, it is clear that aggregate formation at 100 °C can be limited by applying an N2 
flow leading to a fast drying rate based on physical processes.  

Figure 5.3. Bright field TEM 
images of two Co3O4 (in black) 
catalysts on SG8 created by heat 
treatment in a 1% NO 
atmosphere. (a) Dried at -30 °C 
in vacuum, whereby a cellular 
network was formed, followed by 
calcination in NO. (b) Directly 
calcined in an NO/N2 flow 

without prior drying in an N2 flow, resulting in large nanoparticle islands. 

Drying at higher temperatures showed aggregation can also occur via a chemical process, 
through nucleation and growth of cobalt oxide from a cobalt nitrate solution. To explore 
whether a similar effect could be created at lower temperatures, a sample was directly dried and 
heat treated in a 1% NO/N2 flow after impregnation, without a drying step in an N2 flow. 
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Figure 5.3b shows this led to the formation of large islands of a few hundred nanometers, 
separated by large empty areas. This behavior is understood by the nucleation and growth of a 
hydroxynitrate phase from a liquid precursor. As soon as nucleation of the precipitate occurs, 
further growth resulted in large cobalt hydroxynitrate patches, which are subsequently 
converted to small cobalt oxide particles at higher temperature. These patches could even 
become several micrometers in size (see Appendix B, Figure B.1). Thus, although aggregate 
formation can occur through a physical process, whereby it is mainly dependent on the drying 
rate, the chemistry of the system remains highly relevant and can dominate aggregate 
formation. 

γ----Alumina Support.Alumina Support.Alumina Support.Alumina Support. Compared to silica, which has a PZC of 3 - 4, γ-alumina shows a 
stronger interaction with the precursor solution of pH 3 because of its high PZC (8 - 9). This 
could affect the impregnation and drying step, and adsorption of Co2+ complexes onto the 
support via a ligand exchange between water and surface hydroxyl groups has been observed.46–

48 To investigate whether such support precursor interactions influence the aggregation 
behavior of cobalt nitrate, a γ-alumina with 9 nm pores (GA9) was impregnated and dried at 
different temperatures. Again, heat treatment in 1% NO/N2 after drying resulted in very small 
particles, as is known from literature.37,49 However, these particles were very difficult to image, 
even after a double impregnation to increase the loading from 9 to 17 wt.% (see Appendix B, 
Figure B.2). For this reason, the heat treatment after drying was performed in N2 rather than 
NO. In an N2 flow, hydroxynitrates do not form despite the high pH of the support, so that 
larger particles were obtained that allowed clear visualization of the spatial distribution.  

On γ-alumina, aggregate formation is often reported in the context of Fischer-Tropsch 
catalysts.50,51 Attempts to avoid the formation of aggregates include modification of the 
support52 or co-impregnation with organic molecules.16 However, these strategies only apply in 
specific cases. Conventional synthesis of such catalysts includes drying the impregnated 
material in stagnant air, often between 60 and 120 °C, before performing a calcination 
treatment. Figure 5.4a shows a sample dried at 90 °C in stagnant air followed by calcination in 
N2. Cobalt particles of 8 nm were observed in irregularly shaped aggregates between 30 - 60 
nm throughout the sample, similar to what is described in literature. Drying at 60 and 120 °C 
showed comparable results, and drying at 150 °C resulted in even larger aggregates of 100 - 
150 nm (see Appendix B, Figure B.3).  

A large difference was observed upon drying in an N2 fluidized bed. After drying at 25 and 
100 °C, no aggregates were found at all (Figure 5.4b-c); the 7 - 8 nm sized particles were 
homogeneously distributed throughout the support. Even drying at 150 °C in an N2 flow only 
resulted in small 20 - 30 nm aggregates (Figure 5.4d). Thus, although aggregates formed upon 
drying in stagnant air regardless of temperature on γ-alumina, a procedure whereby the sample 
was dried in an N2 fluidized bed reactor completely prevented aggregation when a temperature 
between 25 and 100 °C was used, resulting in uniform nanoparticle distributions. 

Upon comparing γ-alumina with silica, discussed in the previous section, the 
homogeneous distribution observed on γ-alumina after drying at 25 °C is remarkable, and 
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suggests the increased precursor-support interactions suppressed the formation of aggregates at 
low temperatures. Although N2 was used during heat treatment, so that some redistribution 
might be expected, previous results on SiO2 heat treated in N2 showed aggregation were also 
present at low temperature on SiO2,34 so that the difference cannot be explained by the 
alternative heat treatment. Even at 150 °C, aggregates were smaller than those found on SiO2. 
However, removing the gas flow during drying greatly increased the size of the aggregates (see 
Appendix B), underlining the importance of a gas flow regardless of the temperature. 

 

Figure 5.4. HAADF-STEM 
images of Co3O4 (white) on γ-
alumina (GA9) using different 
drying treatments, followed by 
calcination at 350 °C in an N2 
flow. (a) dried at 90 °C without a 
gas flow. (b) dried in N2 fluidized 
bed at 25 °C, (c) 100 °C and (d) 
150 °C.  

 

 

Influence of Pore Size.Influence of Pore Size.Influence of Pore Size.Influence of Pore Size. To further investigate aggregate formation, three different silica 
supports with pore sizes of 3, 8 and 15 nm were impregnated and dried in a N2 flow at 25, 100 
and 150 °C. To study the effect of drying on Fischer-Tropsch catalysis, subsequent calcination 
was performed in N2 rather than NO to form larger 7 - 11 nm sized particles, which are more 
favorable for the Fischer Tropsch synthesis.53–55 Figure 5.5 shows the nanoscale cobalt 
distribution of silica with 3 nm pores (SG3, top row), 8 nm pores (SG8, middle row) and 15 
nm pores (SG15, bottom row). For each silica, drying at 25 °C led to the formation of medium 
sized aggregates (left column), drying at 100 °C resulted in homogeneous distributions (middle 
column) while after drying at 150 °C (right column) large aggregates were observed. The 
average sizes of the aggregates and average Co3O4 crystallite sizes as determined by TEM and 
XRD, respectively, are shown in Table 5.2. For the catalysts dried at 25 °C, a trend towards 
smaller aggregate sizes for larger pore sizes was observed, while this trend is less evident after 
drying at 150 °C. The Co3O4 crystallite sizes ranged from 8 to 12 nm regardless of pore size, 
even for SG3. While this could indicate extensive deposition of cobalt on the external surface, 
this was not observed. Thus, it appeared cobalt was either preferentially deposited in larger 
pores or the growth of Co3O4 crystallites deformed or locally broke up the silica structure.  

The decrease in aggregate size for larger pore silicas obtained after drying at 25 °C 
indicated that also the support pore structure played an important role in the formation of 
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aggregates when the drying rate was low. This is tentatively attributed to the increased drying 
rate that is possible for larger pore silicas45, thereby reducing the extent of redistribution. At 
100 °C, this effect was less noticeable because a relatively fast drying rate was already achieved. 
Since drying at 150 °C concerned aggregate formation via decomposition, it was not affected 
significantly by the pore size. Finally, we note that a larger silica pore size (23 nm) exhibited 
macroscopic redistribution effects upon drying (Figures B.5 and B.6). This could be suppressed 
by using melt infiltration rather than solution impregnation (Figure B.7), so that a reduced 
amount of solvent limited redistribution. 

 

Figure 5.5. TEM of Ex-nitrate cobalt catalysts synthesized using 3 different silica gels and 3 different 
drying temperatures, followed by calcination in N2. Top row) silica gel with 3 nm pores. Middle row) 
silica gel with 8 nm pores. Bottom row) silica gel with 15 nm pores. Left column) dried at 25 °C. Middle 
column) dried at 100 °C, right column) dried at 150 °C. 

 Catalysis.Catalysis.Catalysis.Catalysis. To investigate the influence of the interplay between pore size and spatial 
distribution on catalytic performance, the nine catalysts shown in Figure 5.5 were tested in the 
Fischer-Tropsch synthesis reaction, whereby hydrogen and carbon monoxide are converted 
into long chain hydrocarbons, at industrially relevant conditions (20 bar, H2/CO ratio of 2.0, 
220 oC). After 100 hours, the gas flow was adapted such that for each catalyst the CO 
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conversion was between 30 and 35%. The results are summarized in Table 2. Although the 
degree of aggregation is also known to affect the stability of the catalysts, this has been 
described in detail in a separate paper.34 The cobalt-weight based activities varied between 4.3 
and 7.7 (10-5 molCO·gCo

-1·s-1), while the selectivity to long hydrocarbons chains with 5 carbons 
or more (C5+) varied between 75 and 85 wt.%. Comparison of the most homogeneous 
(obtained after drying at 100 °C) and the most aggregated (obtained at 150 °C) catalysts shows 
that in each case the uniform catalyst was most active, while the aggregated catalyst was most 
selective. Catalysts prepared by drying at 25 °C, which had intermediate aggregate sizes, 
generally lay in between these values. The catalysts based on SG3 showed the lowest activity 
and selectivity, averaging around 4.5 and 75.5 wt.%, respectively, with little variation caused 
by the degree of aggregation. For SG8, medium activities and selectivities were found. The 
homogeneously distributed catalyst was 10% more active compared to the aggregated one, 
which in turn showed a 2% higher selectivity, similar to what was reported previously.34 With 
SG15, the highest activities and selectivities, and largest influence of the degree of aggregation 
was found. The homogeneously distributed catalyst was 50% more active than the aggregated 
one, which was 4% more selective. 

Table 5.2. Catalyst properties after calcination and catalytic results during Fischer-Tropsch synthesis, 
measured after 100 h on-stream at 20 bar, H2/CO ratio of 2.0, 220 oC, 30 - 35% CO conversion. 

Silica 
support 

Drying 
Temperature 

(°C) 

Crystallite 
size (XRD) 

(nm) 

Aggregate 
size (TEM) 

(nm) 

CTY 
(10-5 

molCO·gCo
-1·s-1) 

C1 

(wt.%) 
C5+ 

(wt.%) 

 25 8 50 4.3 13.1 75.5 

SG3 100 8 - 4.6 13.8 74.9 

 150 7 65 4.7 13.1 75.9 

 25 8 20 5.2 10.0 81.5 

SG8 100 8 - 5.6 10.1 81.5 

 150 9 60 5.0 8.9 83.3 

 25 10 16 7.2 9.1 84.1 

SG15 100 10 - 7.7 10.9 81.6 

 150 11 55 5.2 8.6 85.2 

 
It is clear that in general a larger pore size was favorable for the Fischer-Tropsch reaction, 

as has been studied and explained in detail before.56–59 However, for the first time we show that 
the larger the pore size, the more important the role of the nanoscopic distribution in 
determining the activity and selectivity of the catalyst. Whereas the nanoscopic distribution in 
SG3 and SG8 only caused a maximum difference in activity of 10%, this difference could 
become as high as 50% in SG15. Although a comprehensive understanding of these effects 
would require more thorough investigation of the reduced catalysts, it is clear that the 
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distribution of the metal oxide plays a large role in determining the final activity, selectivity 
and stability.34 

 

CONCLUSION 

The mechanism of the nanoscale redistribution and aggregate formation of cobalt nitrate 
during the synthesis of supported cobalt catalysts was studied. On silica gel, heat treatment in a 
1% NO gas flow was used after drying in an N2 flow to immobilize cobalt nitrate via the 
formation of cobalt hydroxynitrates. Upon drying the impregnated sample in a nitrogen gas 
flow at 25 °C, small particles (3 - 4 nm) were located in large irregularly shaped aggregates (100 
- 200 nm), many times the size of the pore diameter of the support (8 nm). Increasing the 
drying temperature in a gas flow reduced the size of the aggregates found after calcination in an 
NO-containing gas flow, until at 100 °C homogeneously distributed cobalt particles (3 - 4 nm) 
were found. This aggregation behavior greatly resembled the patterns observed in literature for 
the dewetting of colloidal films. This similarity was extended towards very slow drying at -30 
°C, resulting in the formation of a cellular network type distribution, whereby small particles (3 
- 4 nm) made up the walls of large (200 - 500 nm) cells empty of cobalt. Moreover, although a 
relatively narrow support pore size distribution was used, capillary flow could play a role in the 
formation of aggregates. Regardless of the mechanism, these results strongly suggest aggregate 
formation at these temperatures is the result of physical processes. Large cobalt aggregates (100 
- 1000 nm) could also be formed by chemical processes at temperatures above 100 °C, which 
caused the deposition of Co3O4 from solution, or by hydroxynitrates precipitation during a 
heat treatment in a 1% NO flow without prior drying in N2. 

The role of the chemical nature of the support on the aggregation of cobalt nitrate was 
investigated using a γ-alumina, which exhibits stronger support-precursor interactions. Drying 
in stagnant air between 60 and 120 °C resulted in medium sized cobalt aggregates (30 - 60 nm) 
after calcination in N2, similar to what is often found in literature. However, drying at 25 and 
100 °C in an N2 flow resulted in homogeneous distributions, showing the importance of using 
a flow during drying and suggesting that increased precursor-support interactions suppressed 
the formation of aggregates. Even at 150 °C, only small aggregates (20 - 30 nm) were found 
upon drying in an N2 flow, whereas drying in stagnant air at  150 °C resulted in large 
aggregates (100 - 150 nm), underlining the importance of drying in an N2 flow regardless of 
the temperature.  

The role of pore size on the aggregate formation upon drying in an N2 flow was studied 
using silica gels with 3, 8 and 15 nm pores. Larger pores resulted in slightly smaller aggregates, 
possibly related to faster drying rates in larger pores. Testing these catalysts under industrially 
relevant Fischer-Tropsch conditions revealed that homogeneously distributed catalysts could be 
up to 50% more active compared to aggregated catalysts. Thus, the hydrodynamics of the gas 
phase and temperature during the drying process are critical for controlling the nanoscale 
distribution during the synthesis of nanomaterials, and supported catalysts in particular.  
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Chapter 6 

 

Nanoparticle Growth in Supported Nickel 

Catalysts during Methanation Reaction – Larger is 

Better 
 
 
A major cause of 

supported metal catalyst 
deactivation is particle growth 
via Ostwald ripening. Nickel 
catalysts, used in the 
methanation reaction, may 
suffer greatly from this via the 
formation of Ni(CO)4. By 
analyzing catalysts with 
various particle sizes and spatial distributions, the interparticle distance was found to have little 
effect on the stability, because formation and decomposition of nickel carbonyl rather than 
diffusion was rate limiting. Small particles (3 - 4 nm) were found to grow very large (20 - 200 
nm), involving local destruction of the support, which was detrimental to the catalyst stability. 
However, medium sized particles (8 nm) remained confined by the pores of the support 
displaying enhanced stability, and an activity 3 times higher than initially small particles after 
150 h. Physical modeling suggests that the higher Ni(CO)4 supersaturation in catalysts with 
smaller particles enabled them to overcome the mechanical resistance of the support. 
Understanding the interplay of particle size and support properties related to the stability of 
nanoparticles offers the prospect of novel strategies to develop more stable nanostructured 
materials, also for applications beyond catalysis. 

 
 
 
 

 
 

Adapted with permission from: P. Munnik et al. Angew. Chemie Int. Ed. 2012012012014444, 53, 9493. 
Detailed information on the mathematical model used in this work can be found in the 

Supporting Information of the published article. 
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INTRODUCTION 

Supported metal catalysts are of great importance for many processes related to the more 
sustainable production of fuels and chemicals.1–6 Because the catalytic reactions take place on 
the surface of the active metal, the latter is generally dispersed in the form of nanoparticles, the 
size, shape and composition of which controls the activity and selectivity of the catalysts.7–9 
Much less is known about the relationship between a catalyst structure and its stability, even 
though it is pivotal to understand and to abate its irreversible deactivation. 

A major cause of catalyst deactivation is nanoparticle growth, a process thermodynamically 
driven by the surface energy of the active metal. Nanoparticles may migrate over the support 
and coalesce to form larger particles. Alternatively Ostwald ripening may occur, whereby 
monoatomic species or small clusters diffuse from small to large particles.10–13 Reactive gasses 
such as H2, CO and H2O, present in many industrial reactions, can accelerate growth of metal 
particles such as Pt, Pd, Co and Ni by lowering the diffusion barrier of whole particles through 
surface modification, or via the formation of mobile species such as metal carbonyls.14–17 
Recently, maximizing the distance between copper particles was shown to greatly stabilize 
catalysts for the synthesis of methanol.18 Other factors that affect nanoparticle growth include 
the size, the composition as well as the metal-support interaction.19–21 In this contribution, we 
study how the particle spatial distribution and particle size affect the stability of supported 
nickel catalysts for methanation.  

Nickel catalysts are often used for hydrogenation reactions such as that of CO into CH4 
and H2O, for the production of synthetic methane or to remove CO from feed gasses of 
industrial ammonia plants.22 In this process deactivation can occur by deposition of carbon on 
the active metal surface and by Ostwald ripening via the formation of Ni(CO)4 species.23–27 
The influence of the nickel particle size and spatial distribution on the nanoparticle stability 
remains poorly understood, which hampers the optimization of these catalysts. In this chapter, 
we study the effect of nickel particle size and spatial distribution through use of four catalysts 
with a nickel loading of ~20 wt.% that were synthesized on a silica gel support using the 
knowledge obtained in the previous chapters and previously reported in literature.28–32 

 

EXPERIMENTAL 

CatCatCatCatalyst alyst alyst alyst SSSSynthesis. ynthesis. ynthesis. ynthesis. Loading the nickel nitrate precursor for Ni-D8, Ni-C4 and Ni-C3 
was performed via melt-infiltration by taking 0.5 g silica gel (Grace-Davidson, Vp = 0,87 
cm3/g, dp = 8 nm, grain sieve fraction 38 - 75 µm), which was mixed with 0.66 g of 
Ni(NO3)2∙6H2O and transferred to a Teflon-lined steel autoclave of 25 ml. The sample was 
heated in the closed autoclave to 60 °C and kept overnight to allow capillary forces to suck the 
molten Ni(NO3)2∙6H2O into the pores of the support, leading to a nickel loading of 21 wt.%.  

Ni-D8 and Ni-C3 were freeze-dried as per the method described in chapter 3 to get a 
homogeneous distribution of the active metal phase. Briefly, the melt infiltrated sample was 
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flash-frozen in liquid nitrogen, and subsequently transferred onto a precooled shelf at -45 °C in 
a Zirbus Sublimator 400 Freeze-dryer. The pressure was immediately reduced to 0.02 mbar for 
72 h, followed by a steps at -30 °C for 24 h and at -15 °C for 12 h. Before removal, the 
chamber was filled with nitrogen and the samples were sealed to prevent readsorption of 
ambient water. Ni-C4 was not dried prior to calcination. DSC measurements on melt 
infiltrated samples were performed to ensure the freeze-drying temperatures were sufficient to 
freeze the confined precursor (see Appendix C, Figure C.1). 

The precursor was subsequently decomposed by transferring 200 mg of the sample to a 
fluidized bed reactor, in which calcination was carried out at 350 °C for 1 hour (1 °C/min). 
Calcination either was done in a 100 mL/min N2 (Ni-D8) flow or in 100 mL/min 1% v/v 
NO/N2 flow (Ni-C4 and Ni-C3). By employing an NO flow, smaller particles were obtained, 
which became even smaller when preceded by freeze drying. By not drying the sample prior to 
the NO calcination, inhomogeneous distributions were obtained of still relatively small 
particles. Alternatively, for Ni-C9 the silica gel was prepared via solution-impregnation to 
incipient wetness with a 4.2 M Ni(NO3)2 (aq) solution and dried at 60 °C in stagnant air to get 
a highly aggregated system after calcination in a flow of N2 (Ni loading 16.6 wt.%). 

Reduction was done in-situ in the methanation setup at 500 °C for 2 hours (1 °C/min) in 
a flow of 60 mL/min 33% v/v H2/He after mixing 10 mg of catalyst with 200 mg SiC. The 
high temperature of 500 °C was used to ensure complete reduction of the nickel oxide phase. 

Catalyst Characterization.Catalyst Characterization.Catalyst Characterization.Catalyst Characterization. To study the behavior of the Ni(NO3)2 during freeze drying, 
the samples were analyzed using differential scanning calorimetry (DSC; Q2, TA Instruments) 
with hermetically sealed aluminum pans (~40 µL, Tzero, TA Instruments) under a flow of N2 
(50 mL/min). Sample masses were typically between 10 - 15 mg and heat flows were recorded 
between -90 °C and 80 °C at a rate of 1 °C/min.  

Catalyst grains were embedded in a two component epoxy resin (Epofix, EMS), which was 
subsequently cured at 60 °C overnight. Samples were then cut in sections with a nominal 
thickness of 50 nm using a Diatome Ultra 35° diamond knife mounted on a Reichert-Jung 
Ultracut E microtome. The 50 nm sections were collected on a TEM grid and bright field 
TEM micrographs were obtained with the use of a Tecnai 12 operating at 120 keV. EDX on 
large areas of the sliced support grains was measured with the use of a Technai 20-FEG 
operating at 200 keV. 

XRD patterns were recorded between 20 and 90° 2θ with a Bruker-AXS D2 Phaser X-ray 
Diffractometer using Co-Kα12 radiation (λ= 1.790 Å). The average crystallite size of NiO was 
determined using the Scherrer equation with a shape factor k = 0.9 and line broadening 
analysis on the (220), (111) and (200) peaks in Eva2 software (Bruker AXS). 

N2-Physisorption measurements were performed at -196 °C using a Micromeritics Tristar 
3000 apparatus. Prior to analysis, samples were dried in He flow for 14 hours at 300 °C.  

Catalytic Testing.Catalytic Testing.Catalytic Testing.Catalytic Testing. Methanation was studied in a fixed bed reactor at 230 °C and an 
H2:CO volume ratio of 2:1 (6 mL(STP)/min total flow, resulting in a GHSV of 18000 h-1) at 
1 bar total pressure for either 15 or 150 hours. 10 Mg of catalyst was mixed with 200 mg SiC 
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and reduced in-situ (see above). The reactor had an internal diameter of 2 mm, resulting in a 
bed length of 1.5 cm. A thermocouple was inserted in the middle of the catalyst bed, and the 
local temperature was controlled within 1 °C. The C1-C5 products were analyzed by on-line 
GC analysis (Varian CP 3800 GC, CP sil-5 column). The degree of conversion was 
maintained low (< 1%) to ensure differential and isothermal conditions.  

 
 

RESULTS AND DISCUSSION 

Catalyst SynthesisCatalyst SynthesisCatalyst SynthesisCatalyst Synthesis.... The four nickel catalysts Ni-D8, Ni-C9, Ni-C4 and Ni-C3 were 
named by their volume-averaged Ni particle size of 7.5, 9.0, 4.2 and 3.2 nm, respectively, after 
reduction (Figure 6.1 and Table 6.1). The difference in particle size was obtained through 
varying the calcination method. Ni-D8 and Ni-C9 were calcined in N2, resulting in 7 to 9 nm 
nickel oxide particles, while Ni-C4 and Ni-C3 were calcined in 1% NO/N2, so that 3 to 4 nm 
nickel oxide particles were obtained.  

 

Figure 6.1. Bright Field TEM of 
50 nm thick slices of Ni/SiO2 
catalysts after reduction: (a) 
Ni-D8, (b) Ni-C9, (c) Ni-C4 and 
(d) Ni-C3. 

 

  
The difference in spatial distribution was obtained by different drying methods, and was 

characterized quantitatively in terms of the percentage of support that was covered by nickel 
particles using low-magnification TEM (Figure 6.2). The coverage varied between 95% for 
Ni-D8 to 15% for Ni-C9, resulting in different surface-to-surface interparticle distances. For 
Ni-D8, Freeze-drying resulted in well dispersed particles (indicated with a D) with an average 
distance of 16 nm between nearest neighbors. For Ni-C9 and Ni-C4, conventional drying at 
60 °C in a muffle oven or not drying at all resulted in similarly sized particles being very close 
together (indicated with a C), with interparticle distances of 7 nm. For Ni-C3, freeze-drying 
again resulted in homogeneously distributed particles, however due to their small size the 
interparticle distance was nonetheless 7 nm (see also Appendix C, Table C.1). 
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Figure 6.2. Low magnification bright-field TEM images of microtomed catalyst particles after reduction 
showing the distribution and coverage of nickel over the support. (a) Ni-D8, (b) Ni-C9, (c) Ni-C4 and 
(d) Ni-C3. Bottom row shows digital contrast versions of the original images. Dark areas represent 
support covered with nickel particles, white areas represent silica devoid of nickel. 

Table 6.1. Structural and catalytic properties of silica-supported nickel catalysts. 

 NiO sizea  
Ni  

size  
Nickel 

coveragec 
particle 

distanced  
Initial 
activity 

Activity 
at 150 h 

Deactivation 
constante 

 (nm) (nm) (%) (nm) (10-5 molCO gNi
-1 s-1) (10-2 h-1) 

Ni-D8 7.7 7.5 95 (±5) 16.0 1.1 0.46 2.5 

Ni-C9 8.7 9.0 15 (±5) 7.1 1.0 0.35 2.7 

Ni-C4 3.9 4.3 55 (±5) 6.9 1.5 0.12 9.0 

Ni-C3 3.2 3.2 95 (±5) 6.8 2.2 0.14 29 

aVolume average crystallite size from XRD after calcination. bVolume average particle size from TEM 
histogram analysis after reduction. 

cPercentage of support covered with nickel particles (Figure 6.2). 
dNearest surface-to-surface distance calculated from the nickel loading, particle size, pore volume and 
nickel coverage assuming hexagonal packing. eSecond-order deactivation rate constant (see Appendix C). 

 

Each catalyst was tested for the methanation reaction (230 °C, H2:CO = 2:1, 1 bar). The 
gas hourly space velocity and the temperature were  chosen such to keep the conversion below 
1%, ensuring differential and isothermal conditions, and to prevent significant loss of nickel 
from the reactor.26,27 The conservation of the nickel loading was also confirmed by EDX and 
calculations (see Appendix C and Table C.1). Note that under these reaction conditions the 
rate determining step of the methanation is the hydrogenation of surface carbon species and 
that the reaction is structure insensitive.24,33,34 

Figure 6.3 shows the nickel weight-based activities of the catalysts. The initial activity, the 
activity after 150 hours and the second-order deactivation rate constants are summarized in 
Table 6.1. The initial activities of the four catalysts were proportional to the surface area of the 
metal, with an average turnover frequency (TOF) of 4·10-3 s-1 (Figure 6.4). After 150 h, Ni-C9 
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and Ni-D8 both lost 60 - 65% of their activity with similar deactivation rate constants, despite 
different interparticle distances. On the other hand, Ni-C4 and Ni-C3 both lost 90 - 95% of 
their initial activity. It therefore appeared that the deactivation was controlled by the particle 
size rather than by the interparticle distance. After 150 h, the activity of the catalysts with small 
particles was three times lower than that of the catalysts with medium sized particles, which 
were more active in the long term. The observation that interparticle distance has no effect on 
the deactivation suggests that Ostwald ripening is the dominant mechanism for particle growth 
rather than migration and coalescence. This is in line with earlier observations that in presence 
of CO, migration and coalescence is significant only at temperatures above 500 °C, where 
nickel carbonyl species are unstable.35–37  

 

Figure 6.3. Nickel weight-based 
activity during 150 hours 
on-stream at 230 °C with a 
H2/CO feed ratio of 2:1. The 
inset shows a close-up of the first 
6 hours. Although Ni-C4 and 
Ni-C3 start very active, they 
rapidly deactivate and cross the 
activity curves of Ni-D8 and Ni-
C9. 

 

 

The main intermediate species in Ostwald ripening is nickel carbonyl, which may exists 
both as an adspecies and as a gaseous molecule.27 Independently of its dominant physical form, 
the equilibrium pressure of the carbonyl depends on the particle radius R via the following 
Kelvin-like equation 

������� � ��e	�/�����   (Equation 6.1)    

where K0 is the equilibrium constant over a flat nickel surface, PCO is the partial pressure of 
CO, and λ = 3.9 nm under the reaction conditions (see Appendix C). Using these values and a 
conservative estimate for the diffusion coefficient of Ni(CO)4 between two nanoparticles, the 
lifetime of 3 to 9 nm particles was found to be of the order of milliseconds to seconds, much 
shorter than the observed deactivation time. Thus, it is not diffusion but the formation and 
decomposition of the nickel carbonyl that controls the rate of Ostwald ripening. This explains 
why the spatial distribution of the nanoparticles only played a minor role in the deactivation 
and justifies using a mean-field approximation, in which the nickel carbonyl concentration is 
uniform throughout the catalyst.12,17,38 
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Figure 6.4. Nickel weight-based 
activity plotted against the 
calculated nickel surface area 
from TEM particle size 
distributions. Dotted lines show 
the linear fits for different times 
on-stream. The slope of these 
lines corresponds to the TOF of 
the catalysts. No dependency of 
TOF on particle size was 
observed. However, the slopes of 
the fits become lower for longer 
times on stream, suggestive of 
carbon buildup. 

 

 
From metallurgy, the decomposition of nickel carbonyl is known to proceed via 

competitive adsorption of carbonyl and carbon monoxide on the nickel surface, followed by 
the successive chemisorption of the carbonyl groups on neighboring empty surface sites.39 
From transition-state theory, the time-evolution of the radius of a spherical nickel particle 
obeys 

��
�� � ��� � e	�/��   (Equation 6.2) 

where v is a velocity that depends on the kinetic constants of the reaction as well as the 
partial pressure of CO, which was estimated at v = 0.87 nm/h from literature data40 (for more 
information on the mathematical model, see the Supporting Information of the published 
article). S is the nickel carbonyl supersaturation ratio defined as PNi(CO)4/(K0 PCO

4). Equation 6.2 
assumes unhindered growth, so that the particles are free to grow larger than the pores of the 
support, which has been observed for noble metals in zeolites.41,42   

Figure 6.5 compares the experimental activities of Ni-C3 and Ni-D8 with the predictions 
of Equation 6.2, assuming an activity proportional to the surface area of the nanoparticles with 
the TOF measured on the fresh catalysts (solid grey lines) or on the spent catalysts (dashed grey 
lines). The deactivation of Ni-C3 was well accounted for by the unhindered Ostwald ripening 
model, limited by the rate of formation and decomposition of nickel carbonyl. Interestingly, in 
the case of Ni-D8, the experimental deactivation was much slower than predicted by the 
present model. Similar conclusions hold when comparing Ni-C4 to Ni-C9 (Figure C.10). 

Figure 6.6 shows TEM of the catalysts after 150 h on-stream, and the particle size 
distributions derived from TEM are presented in Figure C.4. A remarkable feature of Ni-C4 
and Ni-C3 is the presence of particles that can be as large as 100 nm (Figure C.4). In both 
cases, the volume-averaged particle size is around 20 nm (Table C.1), much larger than the 10 
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nm average pore size of the support. Studying a Ni/SBA-15 catalyst with 4 nm initial Ni 
particles for comparison, electron tomography confirmed that similar large nickel particles had 
grown much larger than the pores of the support, locally breaking up the silica walls to do so 
(Figure C.5). These results show that the unhindered growth mechanism is a valid assumption 
for catalyst with initially small particles. By contrast, Ni-D8 and Ni-C9 exhibited only a minor 
increase in particle size, from 7.5 to 9.0 nm and 9.0 to 11.1 nm, respectively, suggesting that 
the particles were confined in the pores (Figure C.4).  

Figure 6.5. Modelling the 
deactivation of catalysts Ni-C3 
(left, grey triangles) and Ni-D8 
(right, black squares). The 
symbols represent the 
experimental data, the lines the 
model predictions: unhindered 
particle growth (grey) and 
confined growth (black). The 
solid and dashed lines are 
obtained using the TOF of the 
fresh and spent catalysts, 
respectively. In the inset, the 
unhindered growth model is used 
for Ni-C3 and the confined 
model for Ni-D8. 

The conditions for a growing nanoparticle to break a pore wall or to stay confined is a 
problem familiar to engineers interested in the weathering of construction materials.43 The 
quantitative criteria depend on the specific microstructure of the material, its mechanical 
properties, and the surface energies of the interfaces.44 Qualitatively, however, the criterion is 
universal: if the supersaturation of the reservoir from which the nanoparticle grows is high 
enough, the free energy released by the growth is sufficient to overcome the mechanical 
resistance of the confining material. In the present context, the supersaturation is controlled by 
the particle size via the area-weighted average of eλ/R. The values calculated from the 
experimental size distributions of the fresh catalysts are S = 19 and 8 for Ni-C3 and Ni-C4, 
and S = 3 and 2.5 for Ni-D8 and Ni-C9. The absence of very large particles in Ni-D8 and Ni-
C9 suggests that the critical value of the supersaturation for the silica gels used in the present 
work lies between 3 and 8. 

To further test the confinement of particles in Ni-C8 and Ni-D9, Equation 6.2 was solved 
again while limiting the growth of particles to the pore size, approximately 10 nm. The results 
are plotted as black lines in Figure 6.5. By contrast to Ni-C3, the activity of Ni-D8 was well 
accounted for by the confined growth model. The agreement was almost quantitative for short 
times, but the activity progressively dropped below the prediction of the confined model over 
150 h. This was explained by carbon buildup on the nickel surface. Although the TOF did not 
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depend on particle size, an approximately 50% reduction in TOF was apparent for all catalysts 
over 150h (Figure 6.4). This suggests that unreactive carbon coated half of the nickel surface, 
in line with previous studies.24,27,37 Using the initial and final TOF as upper and lower bounds 
(solid and dashed lines in Figure 6.5), the deactivation of Ni-C3 and Ni-D8 were well 
described by Equation 6.2; unhindered growth was dominant in the former, while confined 
growth applied to the latter.  

 

Figure 6.6. TEM of microtomed 
50 nm slices of catalyst particles 
after 150 hours on-stream. (a) 
Ni-D8, (b) Ni-C9, (c) Ni-C4 
and (d) Ni-C3. 

 

 
A similar observation was made when considering the particle size distributions (Figures 

C.4 and C.9). The unhindered model was in fair agreement with the experimental particle size 
distributions of Ni-C3 and Ni-C4, but only the confined growth model could account for the 
particle stability in Ni-C9 and Ni-D8. Interestingly, the very large particles in Ni-C3 and Ni-
C4 coexisted with smaller particles that were not predicted by the unhindered growth model 
(Figure 6.4 and C.4). These results suggest that unhindered growth applied only for a short 
time during which the supersaturation was sufficiently high (Figure C.10). This was followed 
by a hybrid regime where the particles smaller than the pores remained confined, while the 
larger particles grew unhindered. After a few hours, the average particle size of Ni-C3 reached 
the same value as Ni-D8 resulting in identical activities (inset of Figure 6.5). However, the 
presence of the few particles that broke early though the pores was responsible for the faster 
and more extensive deactivation of Ni-C3. 

 

CONCLUSION 

The stability of Ni/SiO2 catalysts with different particle sizes and interparticle distances 
was studied during the methanation reaction. The distance between neighboring particles was 
found to have only a minor influence on the stability. The deactivation via Ostwald ripening 
was limited not by diffusion but by the formation and decomposition of nickel carbonyl on the 
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metal surface. The main determinant of the catalyst stability was the particle size. Catalysts 
with smaller particles deactivated faster and to a larger extent than catalysts with medium sized 
particles. This counter-intuitive finding resulted from qualitatively different mechanisms. In 
the case of small particles, the nickel carbonyl supersaturation was sufficiently high for the 
particles to break the pore walls, resulting in very large nanoparticles. By contrast, the 
supersaturation was low in catalysts with medium sized nanoparticles, which limited the 
possible extent of their growth to the pore diameter. The large difference in stability between 
particles that differ only by a few nanometers in size is very relevant not only for durable 
catalysis, but also for other fields such as that of nanostructured materials for energy conversion 
and storage devices.45  
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SUMMARY 

Supported metal nanoparticles are at the center of many existing as well as new and more 
sustainable processes, such as energy conversion and storage, nanoelectronics and the catalytic 
production of fuels and chemicals. For rational development of these materials, a 
comprehensive understanding of the processes that play a role during their synthesis is of 
utmost importance. Moreover, degradation of such materials by growth of nanoparticles under 
process conditions is detrimental for their functionality. Therefore, understanding the method 
of degradation and devising strategies to prevent these is paramount. 

One group of nanomaterials, heterogeneous catalysts, consists of many metal 
nanoparticles, supported on highly porous, mechanically strong and chemically inert supports. 
Because the catalyzed reaction occurs on the surface of the metal, typically 1 - 20 nm particles 
are desired to maximize the activity of the often expensive metals. The support provides a 
structure to help keep the particles separated from each other. Nonetheless, deactivation occurs 
via the growth of particles, causing a loss of metal surface area and thereby often a loss of 
activity. 

In general, two mechanisms can be distinguished for particle growth. Entire particles can 
migrate over the surface of the support, and coalesce when they meet to form one bigger 
particle. Alternatively, monomers and clusters can detach from one particle and deposit on 
another, so that large particles grow larger at the expense of smaller ones. Methods to reduce 
these mechanisms include changing reaction conditions or modifying the catalyst by adding 
additional compounds, or altering the support material. However, these strategies can also have 
undesirable consequences for the activity and selectivity of the catalysts. The initial particle size 
and interparticle distance also have an influence on the stability, although these effects are less 
well known and difficult to control during catalyst preparation. 

The synthesis of catalysts can be done in many different ways. However, the more 
complicated the technique, the more difficult and expensive they become to perform on a large 
scale, which is necessary if the catalyst is ever to be used on an industrial scale. Because of this, 
the method of impregnation and drying is often preferred, whereby a metal precursor dissolved 
in water is impregnated onto a premade porous support, which is subsequently dried to remove 
the solvent and calcined to decompose the precursor into the desired metal (oxide). Because 
metal nitrates have a high solubility in water, high loadings can be easily obtained in a single 
step. Moreover, by impregnating only the pores of the support, no filtration or waste water is 
produced. Unfortunately, the resulting size and distribution of the metal nanoparticles are 
often difficult to control, for example as large particles or small particles clumped together into 
large aggregates. 

Catalysts that often suffer from aggregation are those used in the conversion of syngas, a 
mixture of H2 and CO, to more useful products. In Fischer-Tropsch synthesis, syngas is 
converted into long hydrocarbon chains for the production of clean and more sustainable 
transportation fuels and lubricants from feedstocks other than crude oil. Cobalt is often the 
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desired metal for Fischer-Tropsch synthesis, and is commonly prepared on an industrial scale 
via impregnation of a porous support with cobalt nitrate solution. However, aggregates of 
cobalt nanoparticles are often reported, although their effect on the activity, selectivity and 
stability of the catalyst performance is not well understood. Alternatively, syngas can be 
converted into methane known as the methanation reaction, used to clean up the hydrogen 
feed for industrial ammonia plants and for the production of synthetic natural gas. This 
reaction is performed over nickel catalysts, which exhibit a high activity but suffer from 
Ostwald ripening via nickel carbonyl species, leading to rapid deactivation.  

The present work focuses on the synthesis of cobalt and nickel catalysts from their 
respective metal nitrate precursors via impregnation. Of main interest was to achieve control 
over the degree of aggregation and the particle size by studying the synthesis, in particular the 
drying step, and to elucidate the effects of particle size and nanoscale distribution on the 
performance of the Fischer-Tropsch and methanation reactions. 

Chapter 2 Chapter 2 Chapter 2 Chapter 2 provides a review on the aspects and recent developments of important catalyst 
synthesis methods. Deposition precipitation is showing an increased use in the preparation of 
gold catalysts, while greener coprecipitation techniques are sought after to make the technique 
more viable on a large scale. Upcoming synthesis methods include melt infiltration, whereby 
the metal precursor is molten and taken up by the support without the need of a solvent. 
Colloidal methods can produce nanoparticles with almost any size and shape, but depositing 
them on a support material needs further research. Preparation via impregnation and drying is 
still one of the most discussed and used methods in both academia and industry. An intricate 
interplay exists between impregnation, adsorption of solvated species, redistribution during 
drying on a nano- and macroscale, and thermal treatment of the metal precursor.  

In chapter 3chapter 3chapter 3chapter 3, freeze drying is used to study the effect of the drying step on nanoscale 
aggregation of cobalt nitrate impregnated onto silica gel. The phase behavior of a concentrated 
cobalt nitrate solution confined in the pores of the mesoporous silica was investigated using 
differential scanning calorimetry (DSC). Based on the resulting freezing and melting points, 
two freeze drying methods were developed, and compared to a regular drying method in a 
muffle oven at 60 °C. While the latter resulted in cobalt aggregates between 40 to 200 nm, 
freeze drying starting from liquid nitrogen temperatures resulted in uniform distributions for 
all catalysts. However, drying at -45 °C was insufficient to freeze a solution impregnated 
catalyst, resulting in severe redistribution of the active phase towards the outside of the support 
grains during the drying step, creating an egg-shell catalyst. To circumvent this, melt 
infiltration was used, which led to a higher melting and freezing temperature due to a lower 
water content, so that the precursor could be frozen at -45 °C. This led to uniformly 
distributed catalysts with both freeze drying methods. To control the particle size, a heat 
treatment was performed in either N2 or NO, which resulted in 8 or 5 nm particles, 
respectively. The resulting catalysts were highly active for the Fischer-Tropsch synthesis at 1 
bar. Thus, through the use of freeze drying it was shown that the drying step in the preparation 
of supported metal catalysts is of utmost importance in regulating the degree of aggregation.  
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The drying step was further studied in chapter 4chapter 4chapter 4chapter 4. Silica gel impregnated with a 
concentrated cobalt nitrate solution was dried in an N2 gas flow in a fluidized bed at different 
temperatures. Two different mechanisms for aggregate formation were found. At temperatures 
below 100 °C, aggregation occurred during the precipitation of a cobalt nitrate species. At a 
low drying rate, caused by a low N2 flow or low temperature, larger aggregates were formed. At 
temperatures above 100 °C, direct decomposition of cobalt nitrate to cobalt oxide during 
drying led to the nucleation and growth of large aggregates. An optimum was found by drying 
at 100 °C in an N2 flow, whereby a uniform distribution of nanoparticles was obtained.  

The effect of aggregation was studied in the Fischer-Tropsch synthesis under industrially 
relevant conditions at 20 bar pressure. All aggregate sizes exhibited similar activities and 
selectivities, attributed to the similarity in particle size for all samples. However, significant 
differences in the deactivation behavior were observed. Although particle growth inside the 
pores of the support was not apparent, particles could move tens of micrometers towards the 
external surface of the catalyst grains, where they were deposited into large aggregates and some 
coalesced into large solid cobalt particles. This migration was found to occur much more 
extensively for catalysts with larger initial aggregates. Thus, the degree of aggregation was found 
to play a large role in the stability of Fischer-Tropsch catalysts. 

Fundamental insights in the mechanisms of aggregation are provided in chapter 5chapter 5chapter 5chapter 5. Using 
an NO atmosphere during the heat treatment after drying, the cobalt nitrate was hydrolyzed to 
cobalt hydroxynitrate, which was immobile, so that the distribution after drying could be 
imaged. Aggregates that formed by drying between -45 and 100 °C strongly resembled those 
obtained by the drying of colloidal films, suggesting redistribution originates form a physical 
process. Drying at higher temperatures, or performing a direct heat treatment in NO without a 
previous drying step, resulted in aggregates via the chemical deposition of cobalt oxide or 
cobalt hydroxynitrate, respectively, from solution. Thus, under these conditions, chemistry 
dominated aggregate formation.  

On γ-alumina, which exhibited higher precursor-support interactions compared to silica 
gel, aggregation via a physical process was greatly reduced. By using a fluidized bed drying 
process, no aggregates were found between 25-100 °C, whereas conventional drying in stagnant 
air resulted in large aggregates regardless of temperature also for alumina. No major impact of 
pore size was found for the nanoscale distribution of cobalt oxide on silica. However, studying 
these catalysts in the Fischer-Tropsch reaction under industrially relevant conditions revealed 
homogeneous catalysts were up to 50% more active compared to aggregated ones. 

In chapter 6chapter 6chapter 6chapter 6, nickel catalysts with different particle sizes and particle distributions were 
used by combining freeze-drying, regular drying, melt infiltration, solution impregnation, N2 
calcination and NO calcination. Catalysts were tested for the methanation reaction, which 
suffers greatly from Ostwald ripening via nickel carbonyl species. Two catalysts with similar 
particle sizes but different interparticle distances revealed that the nanoparticle distribution was 
of only minor influence for this reaction. Formation and decomposition rather than diffusion 



Summary, Concluding Remarks and Outlook 
  

153 

of nickel carbonyl was rate limiting, so that the distance between particles was of little 
importance.  

The initial nickel particle size played a large role in the deactivation behavior. Starting 
with small particles resulted in rapid and extensive deactivation, with particles growing up to 
100 nm in size, many times larger than the pores of the silica gel support. Alternatively, when 
starting out with medium sized particles, only minor particle growth occurred; particles 
remained of a size similar to the support pores, resulting in more stable catalysts. Modeling 
revealed that the nickel carbonyl supersaturation in catalysts with medium sized particles was 
relatively low, so that the crystallization pressure of the growing particles did not exceed the 
mechanical strength of the support, keeping the particles confined. For small particles, the 
supersaturation was so high that growing particles could break the support, becoming much 
larger and leading to extensive deactivation. 

CONCLUDING REMARKS AND OUTLOOK 

The implications of this work are numerous. Metal nitrates are often used in both 
academia and in industry, not only for cobalt or nickel but for many other metals, so many of 
the results obtained here could apply to a broader range of metals and supports. 

Freeze drying is a well-known technique in the pharmaceutical and food processing 
industries. Therefore, knowledge on process optimization and upscaling of this technique is 
available and could be integrated into catalyst synthesis by an interdisciplinary approach. 
Application of freeze-drying for the synthesis of many different catalysts could be possible 
regardless of the precursor and support, although rational synthesis via investigation of the 
melting and freezing point of the confined precursor is necessary to prevent the redistribution 
of the precursor material on a macroscopic scale and to arrive at realistic rates of drying. 

More generally, since the aggregation mechanism during drying in a gas flow at 
temperatures below 100 °C was mainly the result of a physical process, it is likely this also plays 
an important role in the aggregation of other metal nitrates. The exact temperature behavior 
will depend on the specifics of the metal nitrate, such as the temperature at which 
decomposition starts, and needs further investigations. When drying in a fluidized bed, an 
optimal distribution is expected at a temperature that allows rapid drying without altering the 
chemical nature of the precursor. It is also possible that other metal precursors, such as metal 
chlorides, behave in a similar manner. 

Because of the physical nature of aggregate formation, a similar behavior is also expected 
on other supports that exhibit a relatively low interaction with the precursor. However, care 
should be taken that macroscopic drying effects do not start to play a dominant role. For silica 
gel with 23 nm pores, egg-shell catalysts were obtained upon drying in fluidized bed due to 
redistribution of the material on a macroscopic scale. This could be mitigated by applying melt 
infiltration instead of solution impregnation to load the cobalt nitrate precursor, which 
reduced the time available for macroscopic migration due to a lack of solvent. 
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Fluidized bed drying was used extensively in this research, which might not be the 
preferred method of drying on an industrial scale, where larger grain sizes or other reasons 
might make fluidized beds impractical. However, most important is the efficient removal of 
water during the drying process for a fast drying rate. Thus, while this can be efficiently done 
by drying in fluidized bed, this might also be achieved in a different apparatus, such as a rotary 
kiln with a gas flow going through, which might be easier to apply on a large scale.  

These ways to create uniform nanoparticle distributions on both the macro and nanoscale 
could contribute to highly stable catalysts and other nanomaterials whereby the distance 
between particles is of importance. In addition, the new insights in catalysts deactivation could 
aid in creating more efficient catalysts.  

The large scale migration of cobalt towards the outside of the catalysts grains has almost 
never been reported. By the use of ultramicrotomy, we could efficiently show the extent of this 
aggregation. However, the method by which these particles migrate to the outer surface is yet 
unclear and elicits further investigation. Regardless, the fact that a homogeneous distribution 
resulted in less migration is of great importance to the catalysis and nanomaterials 
communities. 

Moreover, the fact that medium sized particles deactivated much less than small particles is 
highly important for nanomaterials in general. While we always strive for the smallest possible 
particles to obtain the highest possible activity, this shows it can be highly beneficial to produce 
slightly larger particles, so that they can remain confined in the pores of the support material. 
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SAMENVATTING 

Metaaldeeltjes met afmetingen van enkele nanometers zijn erg belangrijk voor een groot 
aantal processen en technologieën, en worden onder andere gebruikt bij de opslag van energie, 
in de nano-elektronica, en als katalysator voor de productie van een breed scala aan 
chemicaliën. Voor elke toepassing zijn er specifieke en unieke eisen waaraan het materiaal moet 
voldoen. Hierdoor is kennis van de processen die spelen tijdens de synthese van de materialen 
essentieel. Bovendien verliezen nanodeeltjes bij gebruik veelal langzaam hun functionaliteit, 
ook wel deactivatie genoemd, wat erg onwenselijk is en vaak voorkomen kan worden door 
beter inzicht in de synthese en het gebruik. Het is dan ook cruciaal om er achter te komen hoe 
de deactivatie verloopt, waardoor die veroorzaakt wordt en hoe dit voorkomen kan worden. 

Een belangrijke groep nanomaterialen zijn diegene die functioneren als katalysator. Deze 
worden gebruikt om chemische reacties sneller te laten verlopen en bestaan uit een groot aantal 
nanodeeltjes, meestal van metaal, die afgezet zijn op een dragermateriaal. De drager heeft veelal 
een hoge porositeit en is mechanisch sterk maar levert geen bijdrage aan het versnellen van de 
reactie. Nanodeeltjes met een grootte tussen de 1 tot 20 nm zijn vaak gewenst omdat de 
gekatalyseerde reactie plaatsvindt aan het oppervlak van het veelal dure metaal en er zo 
maximaal gebruik van wordt gemaakt. Het is dan ook belangrijk de deeltjes uit elkaar te 
houden tijdens gebruik van de katalysator voor behoud van activiteit, waarbij het 
dragermateriaal een grote rol speelt. Toch vindt deactivatie vaak plaats via groei van 
nanodeeltjes zodat het metallisch oppervlak per gram metaal afneemt. 

Er zijn twee mechanismen bekend die zorgen voor de groei van nanodeeltjes. Deeltjes 
kunnen in hun geheel migreren over het oppervlak van het dragermateriaal. Als deeltjes met 
elkaar in contact komen kunnen ze samensmelten tot één groter deeltje. Ook kunnen 
monomeren of kleine clusters van atomen van het ene deeltje naar het andere migreren, zodat 
de grote deeltjes groeien ten koste van de kleine. Welk mechanisme het belangrijkst is hangt 
sterk af van het metaal en de reactie (condities). Soms is deeltjesgroei tegen te gaan door andere 
reactiecondities te kiezen of de katalysator te modificeren met andere metalen of moleculen. 
Echter zijn deze methoden vaak gecompliceerd en kunnen ook negatieve consequenties hebben 
voor de activiteit en selectiviteit. Minder bekend is het effect van deeltjesgrootte en de afstand 
tussen deeltjes op de stabiliteit van de katalysator, mede omdat deze parameters vaak moeilijk 
te sturen zijn tijdens de synthese van de katalysator. 

Er bestaan veel verschillende manieren om katalysatoren te synthetiseren. Hierbij geldt 
vaak dat hoe gecompliceerder de techniek, hoe moeilijker en duurder het is uit te voeren op 
industriële schaal. Hierdoor is het juist een relatief eenvoudig uit te voeren techniek die het 
meest gebruikt wordt zowel in academia als in de industrie. In deze techniek, die vaak 
“impregnatie en drogen” genoemd wordt, begint men met een poreus dragermateriaal waarvan 
de poriën gevuld worden met een oplossing van een metaalzout, meestal een metaalnitraat 
vanwege de hoge oplosbaarheid in water. Het oplosmiddel wordt vervolgens verdampt in een 
droogstap, waarna het metaalnitraat wordt omgezet in het bijbehorende metaaloxide in een 
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calcinatiebehandeling gevolgd door reductie met waterstof tot het betreffende metaal. Hoewel 
deze methode eenvoudig is in de uitvoering, zijn de resulterende materialen vaak ver van 
optimaal. De gevormde nanodeeltjes zijn soms groter dan beoogd of variëren onderling erg veel 
in grootte en zijn vaak niet homogeen verspreid over het dragermateriaal maar bevinden zich in 
groepjes of aggregaten. 

Aggregaten van nanodeeltjes komen veel voor bij katalysatoren die gebruikt worden bij het 
omzetten van synthesegas, een mengsel van H2 en CO, naar brandstoffen of chemicaliën. Zo 
worden kobaltkatalysatoren, gemaakt vanuit impregnatie met een oplossing van kobaltnitraat 
in water, veel gebruikt voor de Fischer-Tropsch synthese. Hierbij wordt het synthesegas 
omgezet in lange koolstofketens, die gebruikt kunnen worden voor ultraschone dieselbrandstof 
van hoge kwaliteit. Hoewel deze katalysatoren op industriële schaal gebruikt worden, zijn er 
vele voorbeelden in de literatuur te vinden van katalysatoren waarbij voornamelijk aggregaten 
van kobaltnanodeeltjes op de drager voorkomen, en is de invloed van deze aggregaten op de 
prestatie van de katalysatoren nog niet bekend. 

Synthesegas kan ook worden gebruikt in de methanatie reactie, waarbij het wordt omgezet 
naar methaan. Dit wordt veel gebruikt om H2-gas verontreinigd met CO te zuiveren voordat 
het gebruikt wordt in de synthese van ammoniak. De reactie kan ook gebruikt worden om 
synthetisch aardgas te produceren. Deze reactie wordt veelal uitgevoerd met gebruik van 
nikkelkatalysatoren, waarbij deeltjesgroei plaats vindt via de vorming van nikkelcarbonylen die 
zich kunnen verplaatsen van kleine naar grote deeltjes.  

Dit proefschrift richt zich op de synthese van nikkel- en kobaltkatalysatoren door middel 
van impregnatie van een dragermateriaal, voornamelijk silica, met kobaltnitraat of 
nikkelnitraat. Hierbij is in detail gekeken naar de oorzaak van aggregatie en hoe dit gestuurd 
kan worden tijdens de synthese, in het bijzonder tijdens de droogstap. Ook zijn de effecten van 
aggregatie en deeltjesgrootte bestudeerd voor de Fischer-Tropsch en methanatie reacties. 

Een literatuuroverzicht van belangrijke aspecten en recente ontwikkelingen in de synthese 
van heterogene katalysatoren is beschreven in hoofdstuk 2hoofdstuk 2hoofdstuk 2hoofdstuk 2. Bekende methoden ondergaan 
continu ontwikkeling door wetenschappelijk onderzoek. Precipitatie van een precursor op het 
dragermateriaal vanuit een oplossing wordt steeds vaker gebruikt voor het afzetten van 
edelmetalen met een hoge dispersie. Bij precipitatie van het gewenste metaal en het 
dragermateriaal in één stap zijn de vele parameters die een rol spelen tijdens synthese uitvoerig 
onderzocht, alsook manieren om milieuvriendelijkere precipitatiemethodes te ontwikkelen. 
Nieuwe en innovatieve methodes worden steeds verder ontwikkeld, zoals smeltinfiltratie, 
waarbij het metaal of een precursor daarvan door middel van smelten direct opgenomen wordt 
in de poriën van het dragermateriaal zonder toevoegen van een oplosmiddel. Echter de meest 
gebruikte methode blijft impregnatie en drogen. Hoewel de uitvoering hiervan in de basis 
eenvoudig is, spelen veel fysisch chemische aspecten een belangrijke rol, zoals 
precursoradsorptie, herverdeling tijdens drogen en decompositie in samenspel met migratie van 
de precursor tijdens calcinatie, waardoor het verkrijgen van een goed inzicht niet eenvoudig is 
maar er in de laatste tien jaar een veel beter begrip is opgebouwd. 
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In hoofdstuk 3hoofdstuk 3hoofdstuk 3hoofdstuk 3 is vriesdrogen gebruikt om het effect van de droogstap te bestuderen op de 
verdeling van kobaltnitraatprecursors over een commercieel gebruikte silica drager. Van groot 
belang was het fasegedrag van de gedragen precursor, dat werd bestudeerd met differentiële 
scanning calorimetrie (DSC). Op basis van deze gegevens werden twee vriesdroogmethodes 
ontwikkeld, die werden vergeleken met een standaard droogmethode waarbij gedroogd werd 
op 60 °C in een elektrische heteluchtoven. Waar de standaardmethode na calcinatie resulteerde 
in kobaltnanodeeltjes gelokaliseerd in aggregaten van tussen de 40 en 200 nm, resulteerde 
vriesdrogen, waarbij ingevroren werd op -196 °C, in homogene distributies. -45 °C was echter 
niet voldoende om een ge-impregneerde kobaltnitraatoplossing in te vriezen, zodat tijdens de 
droogstap een grote herverdeling van het materiaal naar de randen van de macroscopische 
deeltjes van het dragermateriaal plaatsvond. Dit kon vermeden worden door het kobaltnitraat 
op het dragermateriaal af te zetten door middel van smelt-infiltratie, waarbij het smelt- en 
vriespunt van het gedragen zout hoger lag wegens gebrek aan oplosmiddel.  

De deeltjesgrootte werd gevarieerd door verschillende thermische behandelingen toe te 
passen na drogen. Door het kobaltnitraat te laten ontleden in een gasstroom van N2 
ontstonden 8 nanometer deeltjes, en bij ontleding in een gasstroom van 1% NO/N2 werden 5 
nm deeltjes verkregen. De katalysatoren vertoonden allemaal een hoge activiteit in de Fischer-
Tropsch synthese bij 1 bar gasdruk. Met het gebruik van deze vriesdroogtechniek is duidelijk 
laten zien dat de droogstap van groot belang is voor de vorming van aggregaten en hoe dit kan 
worden verminderd. 

De droogstap werd nader bestudeerd in hoofdstuk 4hoofdstuk 4hoofdstuk 4hoofdstuk 4. Dit werd gedaan door silicagel na 
impregnatie met een kobaltnitraatoplossing te drogen in een N2 gasstroom bij verschillende 
temperaturen. Hierbij werden twee oorzaken gevonden voor de aggregatie van 
kobaltnanodeeltjes. Onder de 100 °C kon aggregatie plaats vinden tijdens de precipitatie van 
een vorm van kobaltnitraat. Door de langzame precipitatie kon een groot deel van de oplossing 
zich herverdelen, resulterend in grote aggregaten. Bij temperaturen boven de 100 °C ontleedde 
kobaltnitraat in kobaltoxide tijdens de droogstap terwijl het grootste deel van het kobaltnitraat 
nog in vloeibare vorm was. Doordat de groeiende kiemen gevoed werden door de oplossing 
konden ook hier grote kobaltaggregaten vormen. Een optimum werd gevonden bij 100 °C, 
waarbij een hoge droogsnelheid bereikt kon worden zonder dat ontleding van kobaltnitraat 
voortijdig plaatsvond. 

Het effect van de grootte van de aggregaten werd bestudeerd voor de Fischer-Tropsch 
reactie onder industrieel relevante condities. Alle aggregaten vertoonden een gelijke activiteit en 
selectiviteit, wat te verklaren was door de gelijke grootte van de grootte van de primaire 
kobaltdeeltjes van ~10 nm in alle katalysatoren. Een groot verschil werd echter geobserveerd in 
de deactivatiesnelheid. Deactivatie gebeurde niet door de groei van kobaltdeeltjes in de poriën 
van de silicadrager, maar door de migratie van nanodeeltjes over tientallen micrometers, 
waarbij deze zich verzamelden aan het extern oppervlak van de macroscopisch deeltjes (circa 
0.07 mm) van het dragermateriaal en pas daar soms groeiden tot deeltjes van circa 300 
nanometer maar veelal tot opnieuw aggregaten van dezelfde afmeting. De migratie van 
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nanodeeltjes kon deels voorkomen worden door de nanodeeltjes homogeen te verdelen over het 
intern oppervlak van het dragermateriaal. Dit laat zien dat de verdeling van de nanodeeltjes op 
de nanoschaal en de grootte van de aggregaten een belangrijke rol speelt bij het verkrijgen van 
stabiele katalysatoren. 

Meer fundamenteel inzicht in de vorming van aggregaten tijdens drogen werd verkregen in 
hoofdstuk 5hoofdstuk 5hoofdstuk 5hoofdstuk 5. Door een thermishe behandeling in een gasstroom van 1% NO/N2 na het 
drogen werd kobaltnitraat gehydroliseerd naar kobalthydroxynitraat, een vaste stof die niet 
mobiel is tijdens verdere behandeling en direct ontleedt naar kobaltoxide, zodat de distributie 
van kobaltnitraat na drogen in beeld kon worden gebracht. De aggregaten die werden gevormd 
tijdens drogen bij temperaturen tussen de -45 en 100 °C vertoonden overeenkomst met 
aggregaten die verkregen werden door het drogen van een dunne laag vloeistof met colloïden, 
wat suggereert dat deze vorm van aggregatie voortkomt uit een fysisch proces. Bij drogen op 
hogere temperatuur veroorzaakte een chemisch proces juist de vorming van aggregaten. 

Op γ-alumina werd aggregatie via dit fysische proces onderdrukt door een hogere 
interactie tussen de kobaltnitraatprecursor en hydroxylgroepen van het alumina-oppervlak. 
Door gebruik te maken van een N2 gasstroom tijdens het drogen werden uitzonderlijk 
homogene verdelingen van de nanodeeltjes verkregen bij 25 en 100 °C, terwijl drogen op de 
conventionele manier in stilstaande lucht op 60, 90 en 120 °C resulteerde in aggregaten. De 
poriegrootte van verschillende silicagels had echter weinig invloed op de grootte van de 
aggregaten. Wanneer de katalysatoren getest werden voor de Fischer-Tropsch reactie onder 
industrieel relevante condities werd duidelijk dat homogeen verdeelde katalysatoren tot 50% 
meer actief konden zijn in vergelijking met katalysatoren met grote aggregaten, afhankelijk van 
de poriegrootte. 

In het onderzoek beschreven in hoofdstuk 6hoofdstuk 6hoofdstuk 6hoofdstuk 6 werden nikkelkatalysatoren gemaakt met 
verschillende deeltjesgroottes en -distributies door middel van verschillende combinaties van 
vriesdrogen, conventioneel drogen, smeltinfiltratie, impregnatie en verschillende 
calcinatiemethodes. De katalysatoren werden getest voor de methanatiereactie, waarbij 
deactivatie via Ostwaldrijping door nikkelcarbonyl veelvuldig voorkomt. Twee katalysatoren 
met gelijke deeltjesgrootte maar verschillende afstanden tussen de deeltjes vertoonden 
vergelijkbare deactivatie, wat suggereerde dat de afstand tussen deeltjes niet belangrijk is voor 
deze reactie. Dit wordt verklaard doordat de formatie en decompositie van nikkelcarbonyl de 
snelheidsbepalende stap is in plaats van diffusie van de monomeren. 

De initiële grootte van de nikkeldeeltjes was zeer belangrijk voor de deactivatie. 
Katalysatoren met kleine deeltjes van 3-4 nm aan het begin van de reactie deactiveerden snel en 
verloren bijna 95% van hun activiteit na 150 uur. Dit kwam door de groei van sommige 
deeltjes tot wel 100 nm groot, veel groter dan de poriegrootte van het dragermateriaal. 
Wanneer er met middelgrootte deeltjes van 8-9 nm werd begonnen deactiveerde de 
katalysatoren minder snel. Na 150 uur waren deze katalysatoren een factor drie actiever 
vergeleken met katalysatoren met initieel kleine deeltjes, en de groei van de deeltjes was beperkt 
tot 10-11 nm, vergelijkbaar met de poriegrootte van het dragermateriaal. Het modelleren van 
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de reactie toonde aan dat de concentratie van nikkelcarbonyl in katalysatoren met middelgrote 
deeltjes relatief klein was, terwijl deze in katalysatoren met initieel kleine deeltjes exponentieel 
hoger was. Hierdoor was er een groot verschil in de druk die door de groeiende nikkeldeeltjes 
werd uitgeoefend op de poriën van de silicagel. Deze druk was veel groter was voor kleine 
deeltjes, waardoor deze de poriën konden openbreken en zo ongehinderd konden groeien. Als 
echter met middelgrote deeltjes werd begonnen, was de druk niet hoog genoeg om het 
dragermateriaal open te breken en bleven de deeltjes van een grootte gelijk aan de poriegrootte, 
wat leidde tot stabiele katalysatoren. 

VOORUITBLIK 

Er kan veel uit dit werk worden afgeleid. Niet alleen kobalt- en nikkelnitraat, maar vele 
andere metaalnitraten worden vaak gebruikt voor de bereiding van katalysatoren in zowel 
academisch onderzoek als de industrie. Veel van de huidige conclusies zijn dan ook toepasbaar 
op een breed scala aan materialen. 

Vriesdrogen is een techniek die op grote schaal gebruikt wordt in de farmaceutische- en 
voedselindustrie. Er is veel kennis over het opschalen van vriesdroogprocessen, en 
samenwerking met deze sectoren is cruciaal voor optimaliseren van deze techniek voor 
katalysatorbereiding. De techniek is potentieel toepasbaar op veel verschillende soorten 
katalysatoren, ongeacht de metaalprecursor en dragermateriaal. Hierbij zijn de faseovergangen 
van de precursor die geïmpregneerd wordt in het dragermateriaal van groot belang en zullen 
van te voren bestudeerd moeten worden om herverdeling door een niet-bevroren precursor te 
voorkomen.  

Omdat het mechanisme van aggregatie tijdens drogen onder de 100 °C in een gasstroom 
een fysisch proces betreft, zou dit ook kunnen spelen bij andere metaalnitraten. Hoe het 
metaalnitraat zich exact gedraagt zal mede afhangen van de temperatuur waarbij deze ontleedt 
en eventuele nevenreacties. In het algemeen kan een optimale distributie verwacht worden bij 
een zo hoog mogelijke temperatuur, waarbij ontleding van het metaalnitraat nog niet 
plaatsvindt. Ook zouden andere metaalprecursors, bijvoorbeeld metaalchloriden, een 
soortgelijk gedrag kunnen vertonen. 

Het proces van aggregatie zou ook voor andere dragers kunnen gelden, mits er een relatief 
kleine interactie bestaat tussen het dragermateriaal en het metaalnitraat. Er moet echter wel 
rekening gehouden worden met macroscopische droogeffecten, die afhankelijk van de 
specificaties van het dragermateriaal een belangrijke rol kunnen spelen. Voor een silicagel met 
23 nm poriën gebeurde dit door middel van migratie van de precursor tijdens drogen naar de 
buitenste schil van de macroscopische silicageldeeltjes. Dit zou ook kunnen gebeuren als 
grotere dragerdeeltjes worden gebruikt. Voor de silicagel met 23 nm poriën kon 
macroscopische migratie worden voorkomen door smeltinfiltratie te gebruiken in plaats van 
impregnatie, waarbij de kleinere hoeveelheid oplosmiddel herverdeling tijdens de droogstap 
verminderde. 
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In dit werk is uitvoerig gebruik gemaakt van wervelbedreactoren, waarbij een gas van 
onderaf door het dragermateriaal (een poeder) wordt geleid, zodanig dat de deeltjes gaan 
bewegen (wervelen) en eigenschappen vertonen die gelijk zijn aan een vloeistof. Deze techniek 
is niet altijd praktisch voor alle soorten deeltjes of op grote schaal en is niet noodzakelijkerwijs 
essentieel. Het behalen van een hoge droogsnelheid en een vlotte afvoer van water en 
decompositieproducten zijn de belangrijkste factoren, welke ook behaald zouden kunnen 
worden door gebruik te maken van alternatieve reactoren, zoals een zogeheten “rotary kiln” 
reactor, waarbij gassen horizontaal kunnen stromen door een reactor die om een horizontale as 
draait, zodat het materiaal continu in beweging is.  

Deze nieuwe inzichten in het sturen van de aggregatie van metalen op een dragermateriaal 
tijdens katalysatorpreparatie zijn essentieel bij het verkrijgen van stabiele katalysatoren en 
andere nanomaterialen waarbij de afstand tussen metaalnanodeeltjes belangrijk is. Ook zijn de 
nieuwe inzichten die zijn behaald op het gebied van katalysatordeactivatie van groot belang. 

De migratie van kobaltnanodeeltjes over vele micrometers naar het extern oppervlak van 
het dragermateriaal is zelden gerapporteerd. Door middel van ultramicrotomie kon het 
resultaat van deze migratie op zowel de nano- als de macroschaal uitvoerig bestudeerd worden. 
Echter is de exacte reden voor deze migratie vooralsnog onbekend en vereist verder onderzoek. 
Desalniettemin is de conclusie dat een homogene distributie voor significant minder migratie 
zorgde een belangrijke vinding. 

Ten slotte is de bevinding dat middelgrote nikkeldeeltjes stabieler waren voor methanering 
vergeleken met kleine deeltjes erg belangrijk voor nanomaterialen in het algemeen. Het laat 
duidelijk zien dat, hoewel er vaak gestreefd wordt naar de kleinst mogelijke deeltjes, iets grotere 
deeltjes in sommige gevallen stabieler kunnen zijn. 
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Appendix A 

 

Control and Impact of the Nanoscale Distribution 

of Supported Cobalt Particles in Fischer-Tropsch 

Catalysts 
 

 

 

ADDITIONAL DRYING EXPERIMENTS 

Flow and Ramp Variation. Flow and Ramp Variation. Flow and Ramp Variation. Flow and Ramp Variation. During synthesis, the rate of drying could also be controlled 
by changing the gas space velocity, allowing further control of the degree of aggregation. 
Drying at 150 °C in a 6 times higher flow reduced the aggregate size significantly, while drying 
in stagnant air increased the aggregate size (Figure A.1). It should be noted that a higher 
GHSV could also translate to a lower temperature due to the ‘wet bulb effect’; a higher flow 
has a higher capacity of water removal per unit of time, so more evaporative cooling could take 
place keeping the sample at a lower temperature. Regardless, this illustrates the significance of 
the drying rate. 

Figure A.1. TEM of calcined 
Co3O4/SiO2 after drying at 150 
°C under different flows. (a) 
GHSV of 30000 h-1 and (b) 
GHSV of 0 h-1. While no flow 
resulted in large aggregates, a 
high flow greatly reduced the 
aggregate sizes. 

 

Figure A.2. TEM of Co3O4/SiO2 
calcined with a temperature ramp 
of 10 °C/min after different 
drying treatments. (a) Dried at 
25 °C and (b) 100 °C. A high 
temperature ramp led to larger 
aggregates. 
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Increasing the rate at which the temperature was increased during calcination further 
increased the aggregate size (Figure A.2). This shows careful control of the calcination is also 
highly important. The drying time was not found to be of influence, as long as enough time 
had passed for a solid cobalt nitrate species to precipitate (Figure A.3). Thus, it is the drying 
rate that is the most important factor in controlling the nanoscale distribution of cobalt. 

Figure A.3. TEM of calcined 
Co3O4/SiO2 after different drying 
treatments at longer drying times. 
a) Dried at 100 °C for 72 h and 
b) 150 °C for 8 h. These samples 
are similar to those found at 
shorter drying times (see Figure 
6.1), showing the drying time is 

of little influence to the aggregation. 

 

Figure A.4. TEM of reduced and 
passivated CoPt/SiO2 after 
different drying treatments. (a) 
Dried at 100 °C, (b) 125 °C, (c) 
150 °C and (d) 175 °C. 
Aggregates were observed to 
fragment into small individual 
nanoparticles 8-10 nm in size. 

 

 
Aggregate Structure.Aggregate Structure.Aggregate Structure.Aggregate Structure. To investigate the structure of the aggregates after calcination, the 

silica of one sample with 50 nm aggregates was removed by 2M NaOH treatment at room 
temperature overnight. The sample was subsequently washed and centrifuged, leaving 50 nm 
cobalt oxide particles, the same size as the original cobalt oxide aggregates were in the catalyst 
body (Figure A.5a). Taking a slice from the middle of an electron tomogram, reconstructed 
from 13 images with tilts between -55 and 45°,  the inner structure was observed to be porous 
(Figure A.5b) while dark field imaging showed large parts or entire aggregates could still consist 
of single crystal domains (Figure A.5c).  

N2-physisorption showed a well-defined adsorption/desorption isotherm (Figure A.5d) 
with an exceptionally large pore volume (0.5 mL/g) and high BET surface area (170 m2/g) for 
such nanocast materials, and a bimodal pore system consisting of primary pores of 5 nm 
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located inside the Co3O4 particles and larger mesopores of up to 40 nm located between the 
particles (Figure A.5e). At the same time, XRD before and after silica removal showed to be 
almost identical with the exception of the missing broad amorphous SiO2 band, with 
corresponding Co3O4 crystallite sizes of 8.4 and 8.7 nm, respectively, much smaller than the 
size of the particles but close to that of the original pore size of the silica template (Figure A.5f). 
These results show the cobalt oxide grew to confinement of the pores creating large 50 nm 
aggregates of crystallographically aligned Co3O4 nanocrystals growing around and throughout 
the silica support structure. 

 

Figure A.5. Analysis of aggregates after removal of the silica support. (a) Bright field image, (b) slice from 
the middle of tomogram reconstruction, (c) superposition of 18 dark field images separated by a beam 
orientation of 10° each, using a different color for each orientation (inset), (d) N2-physisorption isotherm, 
(e) BJH desorption pore size distribution, (f) XRD before (black) and after (red) silica removal, showing 
the Co3O4 crystallites do not change upon removal. 

 

CATALYSIS 

Initial Activity Loss.Initial Activity Loss.Initial Activity Loss.Initial Activity Loss. Each catalyst showed a high apparent drop in activity in the first 25 
hours. To investigate this, the catalysts were flushed with argon for two hours after 240 hours 
on-stream. The reactors were subsequently re-pressurized to 20 bar under H2 at 180 °C, after 
which syngas was reintroduced and the temperature was returned to 220 °C at t = 255 h 
(Figure A.6). After this, an increased activity was observed compared to before the reactors 
were flushed, but it rapidly dropped back to the baseline level it was at before the treatment. A 
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difference between the initial activity at t = 0 and t = 255 h was observed, which was similar to 
the loss in activity found between t = 25 and t = 240 h. Thus, the initial drop in activity was 
attributed to the filling of the catalyst pore structure with waxes rather than any form of 
structural deactivation. After t=25 h, it was assumed the pores were filled and any further 
deactivation was attributed to a different process. 

 

Figure A.6. Catalytic activity of 
CoD150. An initial drop in 
activity is observed in the first 25 
hours. This could be recovered 
after removal and reintroduction 
of syngas, without any 
regeneration treatment. 
Permanent deactivation was 
observed over the course of 240 
hours (arrowed lines). All 
catalysts behaved similarly. 

 
 

 

Figure A.7. (a) Catalyst activity plotted as a function of time on-stream. Green: dried at 100 °C, cyan: 
125 °C, blue: 150 °C, red: 175 °C. Closed symbols: unpromoted catalysts, open symbols: Pt promoted 
catalysts. (b) CO conversion (a(t) proportional to -ln 1 - x (t)) normalized at t = 25 h as a function of time 
on-stream, fitted with a PLE (Equation A.2) with n = 2, showing a good fit from which the deactivation 
constants were obtained. 

    
Deactivation.Deactivation.Deactivation.Deactivation. The activity of each catalyst as a function of time on-stream is shown in 

Figure A.7a. The experimental activities were fitted with a Power Law Expression (PLE) of the 
form1: 
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da/dt = -kD · a(t)n     (Equation A.1) 

where a(t) is the normalized activity as a function of the time-on-stream, kD is the 
deactivation rate constant and the exponent n usually ranging from 2 to 10. Simple first-order 
kinetics were assumed such that a(t) is proportional to the first order rate constant - ln (1 - 
x(t)), whereby x(t) is the CO conversion. Equation A.1 can be integrated and rewritten to yield 
a linear relationship between the normalized activity a(t) and time-on-stream: 

a(t)1-n = (n - 1) · kD · t + 1     (Equation A.2) 

such that the slope of a1-n gives the deactivation rate constant. Catalyst activities were 
normalized at t = 25 h, at which time a steady decline of activity was observed. Figure A.7b 
shows this relation plotted assuming a second-order deactivation for each catalyst so that n = 2.  

 

 

Figure A.8. (a) Propene/propane ratio as a function of aggregate size for the unpromoted (black squares) 
and Pt promoted (grey circles) samples, showing Pt reduces the propene/propane ratio for all aggregates 
sizes. (b) Propene/propane ratio related to C5+ selectivity, illustrating the reported reduction in (a) is not 
related to the selectivity. (c) Deactivation constant of promoted and unpromoted Co/SiO2 catalysts 
related to the propene/propane ratio, showing a linear correlation. 

 

Figure A.9. C5+ selectivity as a 
function of CO conversion for 
each catalyst. An increase in 
selectivity is observed for 
increasing CO conversion, while 
the difference between catalysts 
remains similar throughout the 
entire CO conversion range. 
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Selectivity Dependency on Conversion.Selectivity Dependency on Conversion.Selectivity Dependency on Conversion.Selectivity Dependency on Conversion. After the 240 h deactivation test, the CO conversion 
was varied between 30 and 80% by varying the GHSV. For every CO conversion in the range 
studied, larger aggregates resulted in higher C5+ selectivities (Figure A.9). In general, higher CO 
conversions resulted in higher C5+ conversions for each catalyst, as has been reported before.2 
However, this increase appeared unrelated to the aggregate size, as can be observed by the 
similarities in the slopes of the linear fits (dashed lines). No significant difference in activity was 
found by changing the conversion. 

ANALYSIS ON SPENT CATALYSTS 

Large Scale Aggregates.Large Scale Aggregates.Large Scale Aggregates.Large Scale Aggregates. To further investigate aggregates during the Fischer-Tropsch 
catalysis, catalysts with very large aggregates of  about 1000 nm were synthesized by drying an 
impregnated sample at 150 °C in a closed environment (Figure A.10a).44 The catalyst was 
transferred into a stainless steel reactor in layers (SiC, 10 mg catalyst, SiC, 80 mg catalyst, SiC, 
10 mg catalyst, SiC) so that the top and bottom catalyst layers could be easily separated after 
reaction while a total conversion of about 80% was achieved at 240 °C.  

 

 

Figure A.10. TEM of microtomed 
catalysts with 1000 nm sized 
aggregates. (a) After reduction 
and passivation, (b) after reaction 
from the top of the reactor and 
(c) from the bottom of the 
reactor. (d) HAADF-STEM 
image of a ring and a linescan 
across the edge of it (inset). 

 

 
Thus, the top of the reactor (Figure A.10b) encountered a large concentration of reactants 

but relatively low concentrations of hydrocarbons and water, whereas the bottom layer (Figure 
A.10c) encountered a high concentration of water and products but relatively little H2 and 
CO. After 200 h, the top layer showed little change with respect to the reduced state, whereas 
the bottom layer changed drastically, showing 1000 nm cobalt egg-shells with a thickness of 
about 50 nm rather than aggregates. An EDX line-scan (Figure A.10d) showed most cobalt was 



Control and Impact of the nanoscale Distribution of Supported Cobalt Particles in FT Catalysts  
  

169 

located in the shell, with only a small amount found on the inside of the shell. Simple 
calculations show that if a 1000 nm aggregate were to transform into a 50 nm shell, this shell 
should have a diameter of about 1900 nm. However, this was not observed. Thus, this suggests 
the cobalt had not only moved from the core of the aggregate to the outer shell, but had moved 
to a different location entirely, such as the outside of the catalyst grain as evidenced by SEM 
(see Chapter 4, Figure 4.7).    

Table A.1. N2-physisorption on fresh, spent and calcined spent catalysts. 

Catalyst 
BET surface area 

(m2/gcat) 
Pore volume 

(mL/gcat) 
Average pore diameter 

(nm) 

Fresh 350 0.63 6.0 

CoPtD100 Spent 250 0.49 5.4 

CoPtD175 Spent 210 0.43 5.4 

CoD100  Spent 180 0.35 5.0 

CoD175   Spent 165 0.32 4.9 

CoPtD100 Wax removed 350 0.66 6.2 

CoD175     Wax removed 340 0.64 6.1 

    
Porosity of Spent Catalysts.Porosity of Spent Catalysts.Porosity of Spent Catalysts.Porosity of Spent Catalysts. Four spent catalysts taken from the bottom half of the 

reactors were analyzed more extensively. N2-physisorption illustrated a decrease in BET surface 
area and pore volume with increasing deactivation, suggesting increased deactivation was 
associated with a loss of silica integrity. However, a decrease in pore diameter was also 
observed, whereas an increase in pore diameter might be expected if the deactivation had been 
related to destruction of the silica. Since the catalysts were only stripped with H2, it was 
assumed heavy waxes were still gathered in the pores. Because of this, two of the spent catalysts 
were additionally heat treated at 500 °C in air to burn off the waxes, and then re-measured. 
After this treatment, structural values almost identical to the original fresh catalyst were found, 
suggesting the destruction of the silica support was minimal.    

Table A.2. TEM cobalt particle sizes of fresh catalysts, and after 240h on-stream. 

Catalyst Particle size fresh catalyst (nm) Particle size spent catalyst (nm) 

CoPtD100 9.0 (± 2.4) 9.6 (± 2.6) 

CoPtD175 8.6 (± 2.6) 8.9 (± 2.3) 

CoD100 8.7 (± 2.0) 9.7 (± 2.5) 

CoD175 9.5 (± 2.3) 9.8 (± 2.9) 
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XRD Analysis on Spent Catalysts.XRD Analysis on Spent Catalysts.XRD Analysis on Spent Catalysts.XRD Analysis on Spent Catalysts. XRD analysis of the four spent catalysts before the 
calcination treatment is shown in Figure A.11. All catalysts exhibited very small CoO 
crystallites, likely in the form of passivated layers around the original Co particles. In addition, 
an increasing amount of metallic Co (fcc) was found for increasing deactivation rate constants, 
which could indicate large aggregates on the outside of the catalyst grains. However, the 
intensity remained low and the peak broadening was not significantly different for the different 
catalysts. Thus, while a trend was observed, it was inconclusive. 

 

Figure A.11. XRD analysis on 
spent catalysts. An increase in 
metallic Co is observed for 
catalysts with increasingly larger 
deactivation constants. 

 
 

 

 

Figure A.12. TEM comparison of fresh and spent catalysts. (a) CoPtD175 after reduction, (b) CoPtD175 
after reaction from the top of the reactor and (c) CoPtD175 after reaction from the bottom of the reactor. 
(d) CoD100 after reduction, (e) CoD100 after reaction from the top of the reactor and (f) CoD100 after 
reaction from the bottom of the reactor. 
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Additional Microscopy.Additional Microscopy.Additional Microscopy.Additional Microscopy. The same four catalysts were analyzed using TEM to investigate 
a change in particle size before and after catalysis. Catalysts showed an initial particle size of 8.5 
to 9.5 nm in good agreement with the H2-chemisorption measurements (see Chapter 4, Table 
4.2), which became 9 to 10 nm after catalysis (Figure 4.5 and Figure A.12). Due to the large 
standard deviations of 2 to 3 nm for each catalyst, this increase was found to be insignificant. 
In addition, the catalyst that showed the highest deactivation (CoD175) showed the smallest 
increase of 0.3 nm, showing there was no correlation between the deactivation and an increase 
in cobalt particle size (Table A.2 on page 155). 

 

Figure A.13. High magnification SEM of CoPtD100 before (a) and after catalysis (b) taken from the 
bottom half of the reactor, and an example of an aggregate from CoD175 (c) after catalysis from the 
bottom half of the reactor, which appears to consist of many smaller particles suggesting it is porous. 
Comparison of the external surface of the catalyst before and after reaction (a and b) suggests silica might 
have been altered during reaction conditions. However, N2-physisorption data shows that this is a local 
effect, and could also be due to residual carbon left on the support. 

SEM analysis of the four catalysts is shown in Figure A.15. In each case, the fresh catalysts 
showed no cobalt on the external surface of the catalyst grains. Samples from the top half and 
bottom half of the reactor taken after catalysis exhibited large aggregates of cobalt on the 
external surface in each case, more so for the catalysts with large initial aggregate sizes 
(CoD175 and CoPtD175). 

 

Figure A.14. Histogram analysis 
on the cobalt particle sizes found 
within aggregates located on the 
external surface of CoD175 
(Figure 4.7 from Chapter 4). An 
average of 9.7 nm was obtain (± 
2.2), which is equal to the size of 
the particles found on the inside 
of the catalyst grain before and 
after catalysis (Table A.2). 
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Figure A.15. SEM comparison of 4 catalysts. Left column) CoPtD100, middle left) CoPtD175, middle 
right) CoD100, right column) CoD175. Top row) After reduction, middle row) from the top half of the 
reactor, bottom row) from the bottom half of the reactor. 

Tomography.Tomography.Tomography.Tomography. Tomography was performed on CoD175 catalyst particles taken from the 
bottom of the reactor after catalysis. Particles were directly transferred to a TEM grid without 
further treatment, so that micrometer sized silica particles could be observed. From the edge of 
such a sample, an aggregate was identified and a tilt series was taken in HAADF-STEM mode 
from -60° to +60° at 2° interval at the highest tilt angles, and at 3° interval for the rest (between 
-50° and 50°). The corresponding movies can be downloaded from the Supporting 
Information of the published article. Alignment of the tilt series was performed in IMOD 
software using a feducialless alignment, and can be viewed in Video_S1_tiltseries. The tilt 
series was reconstructed using the back projection method, which can be viewed in 
Video_S2_reconstruction. In both the tilt series and reconstruction, cobalt is shown as white 
(high contrast). 

ADDITIONAL REFERENCES 

(1)  Bartholomew, C. H. Appl. Catal. A Gen. 1993199319931993, 107, 1–57. 

(2)  Bukur, D. B.; Pan, Z.; Ma, W.; Jacobs, G.; Davis, B. H. Catal. Letters 2012201220122012, 1382–1387.  
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Appendix B 

 

Effects of Drying Conditions on the Synthesis of 

Co/SiO2 and Co/Al2O3 Fischer-Tropsch Catalysts 
 

 

 

ADDITIONAL TEM CHARACTERIZATION 

Micrometer Sized Aggregates after Direct NO Calcination. Micrometer Sized Aggregates after Direct NO Calcination. Micrometer Sized Aggregates after Direct NO Calcination. Micrometer Sized Aggregates after Direct NO Calcination. A direct heat treatment in 
1% NO/N2 flow after impregnation without a drying step in an N2 flow led to a wide 
distribution of aggregate sizes. While Figure 5.2b of the main chapter shows an image 
representative of the average aggregate size, the aggregates were as large as several micrometer, 
as shown in Figure B.1. High magnification of such an aggregate revealed it nonetheless 
consisted of individual 4 - 7 nm particles. 

Figure B.1. Low (a) and high (b) 
magnification TEM of 
Co3O4/SG8 obtained by direct 
NO calcination after 
impregnation without a drying 
step, showing an aggregate of 
several micrometer in size 
supported on otherwise mostly 
empty silica. 

γ----Alumina Alumina Alumina Alumina ––––    NO Calcination. NO Calcination. NO Calcination. NO Calcination. On    γ-alumina (GA9), applying an NO calcination led to 
such small particles that their contrast against the γ-Al2O3 background was very small, even for 
ultramicrotomed slices of the catalyst particles. A examples are shown in Figure B.2, whereby 
the sample was impregnated, dried at 75 °C and calcined in NO, after which the procedure was 
repeated to increase the cobalt weight loading. No convincing distinction can be made between 
the γ-Al2O3 support needles, which can lie at random angles including pointing at the reader, 
and Co3O4 particles, which were about 3 - 4 nm according to XRD (not shown). 
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Figure B.2. Examples of bright 
field TEM images obtained for 
Co3O4/γ-Al2O3 (GA8) after a 
double impregnation, drying (75 
°C in N2) and calcination (350 
°C in NO), illustrating the 
difficulty in distinguishing the 
support from the 3 - 4 nm cobalt 
oxide particle. 

γ    ----AluAluAluAlumina mina mina mina ––––    Alternative Drying. Alternative Drying. Alternative Drying. Alternative Drying. Drying on γ-alumina (GA8) was also performed at 60, 
120 or 150 °C in stagnant air, or in a semi-enclosed contained to inhibit the removal of water. 
Drying at 60 and 120 °C resulted in medium sized aggregates of 30-60 nm in size (Figure B.3a 
and b), similar to drying at 90 °C in stagnant air described in chapter 5. Drying at 150 °C in 
stagnant air resulted in larger 100 - 150 nm aggregates (Figure B.3c), whereas drying while 
inhibiting the removal of water resulted in aggregates up to 1000 nm in size (Figure B.3d). 
This underlined the importance of efficiently removing water and decomposition products 
during the drying step. 

 

Figure B.3. HAADF-STEM (top, 
cobalt in white) and bright field 
TEM (bottom, cobalt in dark) of 
Co3O4/ γ-Al2O3 (GA8) using 
different drying treatments, 
followed by calcination in N2. (a) 
dried at 60 °C in stagnant air, (b) 
dried at 120 °C in stagnant air, 
(c) dried at 150 °C in stagnant 
air, (d) dried at 150 °C while 
inhibiting the removal of water. 
(note the different scale bars) 

 

 
Pore Size Distributions.Pore Size Distributions.Pore Size Distributions.Pore Size Distributions. The BJH pore size distributions based on the desorption branch 

of the N2-physisorption measurements of the various support materials are provided in Figure 
S4. For SG3, the adsorption branch was used instead of the desorption branch due to the 
forced closure of the desorption branch at p/p0 = 0.42, wrongfully indicating a sharp peak at a 
pore size of 4.3 nm. All catalysts exhibited relatively narrow pore size distributions, with no 
pores larger than 50 nm. 
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Figure B.4. BJH pore size 
distributions based on the 
desorption branch obtained from 
N2-physisorption measurements 
of the used support materials. For 
SG3, the adsorption branch was 
used instead. 

 

 

MACROSCALE REDISTRIBUTION 

Large Pore Silica. Large Pore Silica. Large Pore Silica. Large Pore Silica. A silica gel with even larger 23 nm pores was also investigated (BET 
300 m2/g, Vp 1.7 mL/g, final cobalt weight loading 27 wt.%). SG23 showed similar results on 
a nanoscale; drying at 100 °C followed by calcination in N2 flow resulted in cobalt particles 
homogeneously distributed, whereas after drying at 150 °C 50 - 100 nm aggregates were 
found. However, for this large pore silica an additional effect was observed. Figure B.5 shows 
low magnification TEM and SEM micrographs of SG23 after different drying temperatures 
and subsequent N2 calcination. Drying at 25 °C resulted in a homogeneous macroscopic 
distribution across the catalyst grain (Figure B.5a and d), as observed for all other supports 
with smaller pore sizes. However, drying at 100 °C (figure B.5b and e) resulted in an egg-shell 
distribution, exhibiting a macroscopic inverse cellular network, whereby the cells were filled 
with cobalt while the cell walls were mostly silica depleted of cobalt. At 150 °C (figure B.5c 
and f), an egg-shell distribution was also observed, but in this case a branching structure was 
evident. 

To study this change in macroscopic distribution, the decomposition of cobalt nitrate in 
the pores of SG23 was compared to that in SG8, where no macroscopic effects were apparent. 
To this end, TGA-MS and DRIFTS measurements during a heat treatment from 25 to 300 °C 
were performed (Figure B.6). TGA-MS on SG8 showed initial dehydration, followed by a 
single decomposition step starting around 150 °C after most water had been removed (Figure 
B.6a). DRIFTS measurements showed a change in the –O-N-O2 band from 1480 to 1600 cm-

1 corresponding to dehydration and a change in ligand going from water to nitrate, before final 
decomposition occurred above 150 °C after all the water was removed. For SG23, a similar 
initial dehydration was observed. However, TGA-MS showed a two-step decomposition at 150 
and 180 °C. DRIFTS showed that this two-step decomposition was accompanied by a large 
and broad band between 1480 and 1600 cm-1, which is where nitrate bands are located. Thus, 
it was concluded that an intermediate species was formed in the pores of SG23. 
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Figure B.5. TEM (top, cobalt as black, showing the inside of the grains) and SEM (bottom, cobalt as 
white, showing the external surface) of different macroscopic distributions obtained for ex-nitrate cobalt 
catalysts on a silica gel with 23 nm pores. (a,d) dried at 25 °C, resulting in a homogeneous distribution. 
(b,e) dried at 100 °C, showing a cellular network of cobalt islands. (c,f) dried at 150 °C, which led to a 
branching network. 

 

Figure B.6. TGA-MS (top) and DRIFTS (bottom) of two silica gels impregnated with a 4.2M cobalt 
nitrate solution. (a) SG8, (b) SG23. For TGA, the ramp rate was higher resulting in the shift in 
temperature. A similar behavior is observed at low temperature, while at 150 °C SG23 exhibits the 
formation of an additional intermediate, before decomposing completely. 
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While this intermediate was difficult to assign, its formation could have implications for 
the macroscopic distribution. Through modelling studies it was previously shown that the 
drying of low melting point transition metal nitrates goes through several stages.1 Initially, 
convection causes redistribution of the precursor towards the outside of the catalyst grain. As 
the water content decreases, drying slows down and back-diffusion becomes more dominant. 
As long as the concentration of the initial solution was high enough, enough molten metal 
nitrate remains to keep the entire catalyst grain wetted, so that back-diffusion results in a 
homogeneous redistribution. We postulate that the formation of the intermediate species 
found in large pores interrupted the process of back-diffusion and equilibration. Instead, the 
intermediate species precipitated at a point when most of the precursor had just moved to the 
outside. It appears the rate of this process depended on the temperature, resulting in a cellular 
network when the process was relatively slow, while a branching pattern was developed at a 
higher temperature when the process was somewhat faster, similar to what was found for low 
and intermediate drying temperatures (see Figures 5.2a and 5.3a of the main chapter). 

The water content of the precursor was previously shown to play a large role in the 
synthesis of supported catalysts when using freeze drying.2 There, melt infiltration was used to 
load the precursor directly without the need for a solvent, reducing the water content. Thus, an 
attempt to minimize the macroscopic redistribution was made by using melt infiltration of the 
cobalt nitrate into the SG23 support, whereby the amount of cobalt nitrate used per gram of 
support was equal to that used in the impregnation method. Subsequently, the material was 
dried at 100 °C or 150 °C in a N2 fluidized bed and further heated to 350 °C in N2, in the 
same way as the impregnated samples. Results showed the cobalt oxide was mostly 
homogeneously distributed across the catalyst grains (Figure B.7). Thus, reducing the amount 
of water in the precursor greatly reduced the macroscopic redistribution. It was postulated that 
reducing the water content while keeping the amount of cobalt nitrate similar reduced the time 
needed between the start of drying and the precipitation of cobalt nitrate species or the 
formation of the observed intermediate. This reduced the time available for macroscopic 
redistribution towards the outside of the catalyst grain. 

Figure B.7. (a) TEM (cobalt as 
black, showing the inside of the 
grains), and (b) SEM (cobalt as 
white, showing the external 
surface) of a sample melt 
infiltrated, dried at 150 °C and 
calcined at 350 °C in N2. Neither 
the inside nor the outside of the 
grain showed inhomogeneities on 
the macroscale. 
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Appendix C 

 

Nanoparticle Growth in Supported Nickel 

Catalysts during Methanation Reaction – Larger is 

Better 
 

 

 

ADDITIONAL CATALYST CHARACTERIZATION 

 

Figure C.1. DSC of (a) nickel nitrate hexahydrate and (b) silica melt infiltrated with nickel nitrate 
hexahydrate.  

Precursor Phase BehaviorPrecursor Phase BehaviorPrecursor Phase BehaviorPrecursor Phase Behavior. . . . To ensure the freeze-drying conditions would be sufficient to 
solidify the precursor and keep it frozen during the freeze-drying process, DSC measurements 
were performed. Figure C.1 shows that nickel nitrate hexahydrate had a melting point of 54 °C 
in bulk, but exhibited a depressed melting point after melt infiltration into the silica pores. 
Intraporous nickel nitrate hexahydrate started melting below 0 °C, with the main peak around 
25 °C. Because of this broad melting peak, samples were cooled to liquid nitrogen temperatures 
and the first freeze-drying step was performed at -45 °C to prevent any redistribution during 
drying. In addition, a small peak at 54 °C after melt infiltration was evidence that about 4% of 
the added nickel nitrate was still present in bulk, likely located in large pores or on the external 
surface of the macroscopic silica grains. This resulted in some large particles of several hundred 
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nanometers on the outer surface of the silica grains for each catalyst, as is often observed for 
samples impregnated or melt infiltrated.· 

Interparticle Distance Interparticle Distance Interparticle Distance Interparticle Distance Calculations.Calculations.Calculations.Calculations. All the particles in several high magnification 
images were identified to measure the distances between neighboring particles (Tables 6.1 and 
C.1. See Figure C.4 and Table C.2 for the full histograms, average sizes and number of 
particles measured). This method provided the surface to surface distance in a 2D projection of 
the 50 nm thick section. A 2D projected distance of 4 nm was found for Ni-D8, whereas the 
other catalysts showed a 2D projected distance of below 1 nm. Calculated values using the 
volume averaged particle size, nickel loading and support coverage, showed expected 2D 
projected distances of 6 nm for Ni-D8 and distances of below 1 nm for the other catalysts, in 
good agreement with the experimentally measured data (Table C.1). Subsequently, the 
Euclidian distance, reported in Table 6.1, was calculated by assuming the particles were 
maximally spaced throughout the covered support pore volume using hexagonal packing. 
While these were simplified estimates, they showed the Euclidean surface-to-surface distances 
for Ni-C9, Ni-C4 and Ni-C3 were similar at 7 nm. The particles in Ni-D8 were further apart, 
calculated at 16 nm. For Ni-C9, measurements could not be made due to the nature of the 
aggregates making it extremely difficult to get reliable values, thus only the Euclidean values 
were calculated. 

Table C.1. Measured nickel particle sizes and EDX nickel weight loadings of fresh and spent catalysts and 
the measured and calculated nearest neighbor surface to surface distance of fresh catalysts in a 2D 

projection. 

 
Volume-weighted nickel 

particle size (TEM) 

2D projected nearest 
neighbor distance (fresh 

catalyst)a 

Nickel weight loading inside 
catalyst grains (EDX) 

Catalyst Initial 15 h 150 h Measured Calculated Fresh 15 h 150 h 

 (nm) (nm) (nm) (nm) (nm) (wt. %) (wt. %) (wt. %) 

Ni-D8 7.5 8.2 9.0 4.1 (±2.7) 6.3 
20.8% 
(±1.5) 

20.3% 
(±1.1) 

16.9% 
(±1.5) 

Ni-C9 9.0 9.9 11.1 n.d. n.d. n.d. n.d. n.d. 

Ni-C4 4.3 13.9 19.8 0.6 (±1.2) 0.3 
21.7% 
(±1.2) 

18.3% 
(±4.5) 

23.0% 
(±2.7) 

Ni-C3 3.2 16.6 22.4 0.9 (±1.2) 0.6 
18.7% 
(±2.4) 

20.1% 
(±0.9) 

15.6% 
(±3.0) 

aThe resulting Euclidean distances in 3D space are found in Table 6.1 from chapter 6. 

 
Elemental Analysis.Elemental Analysis.Elemental Analysis.Elemental Analysis. Elemental analysis was performed for the ‘inside’ of the catalyst 

grains by EDX from thin sections obtained by ultramicrotomy by placing the objective 
aperture such that the electron beam only illuminated the inside of the catalyst grain. By doing 
this, the nickel to silica ratio was measured and converted into the nickel weight loading for the 
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fresh catalysts, as well as for the spent catalysts after 15 and 150 h. Between 5 and 10 catalyst 
grains were measured, resulting in the average values shown in Table C.1. For the fresh 
catalysts, averages between 19 and 22 wt.% were found, in good agreement with the nominal 
loading of 21 wt.%. After catalysis, the grains showed more variation, with nickel weight 
loadings lying between 16 and 23 wt.%. Whenever the loading was much lower than the 
nominal value, large nickel particles of a few hundred nanometers were also found on the 
external surface of the catalyst grain. If the EDX spot was enlarged to encompass both the 
inside and the outside of the grain, Ni/Si ratios that corresponded closely to 21 wt. % were 
found again. Thus, this could indicate that some nickel had migrated from the inside to the 
outside of the grain, but did not leave the reactor. Moreover, due to the preparation of the 
catalysts some heterogeneity is expected in the metal loading which would result in a grain-to-
grain variability. Statistical fluctuations are therefore expected in the EDX measurements. This 
could explain the reason for which Ni-C4 exhibited more nickel than expected after 150 h on 
stream (23 wt.% compared to the 21 wt.% nominal loading). 

Because volatile Ni(CO)4 species play an important role in the present paper, independent 
calculations were performed to find the maximum possible loss via vapor phase nickel carbonyl 
from the reactor. Assuming a nickel particle size of 8 nm in diameter, the Ni(CO)4 partial 
pressure was found be around 0.1 Pa (see Equation C.8). Thus, the maximum nickel carbonyl 
that can be carried away by 6 mL(STP)/min, which was the flow through the reactor, was 
about 5 10-12 molNi(CO)4 s-1. However, 10 mg of catalyst with 20 wt.% of nickel contains 3.4 10-

5 mole of nickel, so that during 150h on stream the catalyst can lose at most about 8 wt.% 
nickel. This value over-estimates the actual loss of nickel for the following two reasons. First, it 
assumes that the diffusion of the nickel carbonyl from the catalyst grains to the gas flow is 
infinitely rapid. Second, the assumed value of 8 nm corresponds to a supersaturation of 2.6, 
which is larger than the one prevailing during most of the time on stream (see Figure C.10). 
Therefore, the amount of nickel lost from the reactor via nickel carbonyl must have been less 
than 8 wt.%, and was considered insignificant compared to the observed deactivation of 50 to 
90%. 

Additional TEMAdditional TEMAdditional TEMAdditional TEM,,,,    PPPParticle article article article SSSSize ize ize ize and Pore Size Dand Pore Size Dand Pore Size Dand Pore Size Distributions. istributions. istributions. istributions. TEM of the spent catalysts 
after 15 h are provided in Figure C.2 (TEM of the fresh catalysts and spent catalysts after 150 
h can be found in Figures 6.1 and 6.xxx of chapter 6, respectively). The pore size distribution 
of the silica gel support is shown in Figure C.3, calculated from both the BJH adsorption and 
desorption isotherms. Because the BJH method was developed for ideal cylindrical pores and is 
known to underestimate the actual pore size of highly heterogeneous materials such as silica 
gels, the pore size distribution was estimated between 5 and 15 nm.  
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Figure C.2. TEM of microtomed 
50 nm slices of catalyst particles 
after 15 hours on-stream. (a) 
Ni-D8, (b) Ni-C9, (c) Ni-C4 and 
(d) Ni-C3. 

 

 

 

Figure C.3. BJH pore size 
distribution plotted from the N2-
physisorption desorption 
isotherm (black squares) and 
adsorption isotherm (grey 
circles). Close inspection shows 
pores up to 15 - 20 nm exist 
(inset). 

 
 

  

This estimate is added as a guide to the eye in Figure C.4, which shows the area-weighted 
particle size distributions of each catalysts at the various stages. Note that the particle sizes from 
which the distributions in Figure C.4 were obtained were likely overestimated due to 
projection effects, whereby several overlapping particles are mistaken for one large particle. 
This measurement bias is particularly evident in the samples with medium particles Ni-C9 and 
Ni-D8, in which the tails of the size distributions in the fresh catalysts erroneously extend 
beyond the pore size. These few outlier particles, however, have no significant effect on the 
average particle sizes. The total number of particles measured, and the number-, area- and 
volume-weighted averaged particles sizes for each catalyst are reported in Table C.2. The large 
difference observed between the number-weighted and volume-weighted average for Ni-C3 
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and Ni-C4 is indicative of many small particles that still exist, while the majority of the nickel 
was located in large particles. 

 

Figure C.4. Area-weighted particle size distributions of catalysts (a) Ni-C9, (b) Ni-C4, (c) Ni-D8 and (d) 
Ni-C3, obtained from TEM for the fresh catalyst (black), after 15h on stream (blue) and after 150h on 
stream (red). The distributions have been normalized to the total area of the particles. The insets plot the 
same distributions over a wider range of particle diameters. The grey area is a guide to the eye extending 
from 5nm to 15nm in diameter, suggestive of the probable pore size distribution of the support. 

Table C.2. Total number of particles measured for each catalyst at various times on–steam, and the 
corresponding number-, area- and volume-weighted average particle sizes. 

 Ni-C9 Ni-D8 Ni-C4 Ni-C3 

Time (h) 0  15  150  0  15  150  0  15  150  0  15  150  

Measured 316 365 333 472 478 465 1895 1988 2043 2682 1329 904 

Number 8.3 9.0 10.3 6.8 7.5 8.3 3.7 7.7 8.8 2.5 8.4 14.2 

Area 8.7 9.4 10.7 7.2 7.9 8.6 4.0 10.1 12.8 2.9 12.0 18.0 

Volume 9.0 9.9 11.1 7.5 8.2 9.0 4.3 13.9 19.8 3.2 16.6 22.4 

 

Ordered Mesoporous Catalyst.Ordered Mesoporous Catalyst.Ordered Mesoporous Catalyst.Ordered Mesoporous Catalyst. SBA-15 with a pore size of 8.3 nm was synthesized 
following the procedure outlined elsewhere.1 Melt infiltration with nickel nitrate was followed 
directly by a calcination in 1% v/v NO/N2 resulting in a catalyst similar to Ni-C4 with no 
large particles on the in- or outside. The catalyst was reduced in-situ and tested for the 
methanation reaction for 15 h. Afterwards, a tilt series of 11 images from -55° to +55° was 
taken from which a low resolution 3D reconstruction was made, showing many large particles 
with a volume-weighted average particle size of 29.6 nm (number average 22.4 nm, area-
weighted average 25.6 nm, 204 particles measured) inside the SBA-15 grain and a few on the 
external surface. 
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Figure C.5. Five slices from the reconstructed tomogram of Ni/SBA-15 after 15 hours on-stream. Many 
large nickel particles are observed inside of the ordered mesopores, the particles being much larger than 
the pore diameter of the support. 

 

CATALYST DEACTIVATION 

The experimental activity versus time curves were fitted with a General Power Law 
Expression (GPLE) of the form2: 

da/dt = -kD · (a-as)n      (Equation C.1) 

where a(t) is the normalized activity as a function of the time-on-stream, as is the normalized 
activity at equilibrium when t → ∞, kD is the deactivation rate constant and the exponent n is 
either 1 or 2. Equation C.1 can be integrated and rewritten to yield a linear relationship 
between the normalized activity and time-on-stream: 

 (a-as)1-n = (n-1) · kD · t + 1     (Equation C.2) 

such that the slope of (a-aeq)1-n gives the deactivation rate constant. Figure C.6 shows this 
relation plotted assuming a second-order deactivation for each catalyst (n = 2). The values of as 
were fitted as a parameter using Equation C.1, finding values of 0.25, 0.20, 0.03 and 0.06 for 
D8, C9, C4 and C3, respectively. The observed fits do not go through a(0) = 1, which was 
attributed to fast initial deactivation in the first few hours, which has previously been 
tentatively attributed to carbon buildup occurring in the initial stages of catalysis.3 Due to this 
anomaly, the fits were taken starting at t = 5 hours. 
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Figure C.6. Normalized activities 
a minus the activities at 
equilibrium as as a function of 
time-on-stream, fitted with a 
GPLE (equation C.2) with n = 2. 

 

 

 

NICKEL CARBONYL PRESSURE AND DIFFUSION 

The global reaction for the formation of Ni(CO)4 is the following 

 !�"#�� ↔  ! % 4"#     (Equation C.3) 

which, at a given temperature, results in the following equilibrium condition 

������� � �����     (Equation C.4) 

where the equilibrium constant is expressed in the usual way in terms of the chemical 
potentials of the various species 

� � 	'() * +,�-. /		0������� � 		0� � 4	0��� 12          (Equation C.5) 

the superscript 0 refers to atmospheric pressure. In the case of nanometer-sized nickel particles, 
the chemical potential µNi has to be corrected for the Laplace pressure. In other words 

0� � 0�� %Ω 45
�       (Equation C.6) 

where Ω is the volume of a nickel atom, γ is the surface tension, and R is the radius of 
curvature of the metal surface. This results in the following size-dependent relation 

������� � ��e	�/�����      (Equation C.7) 
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where K0 is the equilibrium constant corresponding to a macroscopic nickel particle, and λ = 2 

γ Ω / (kB T). Equation C.7 is sometimes referred to as Kelvin’s equation, or as the Gibbs-
Thomson equation. 

The value of K0 at 500 K was calculated using thermodynamic data from the literature and 

HSC Chemistry 7.1,4 namely ΔH = -1.61 105 J/mol and ΔS = -4.10 102 J/mol/K (at a pressure 
P = 1 atm), which led to K0 = 2.784  10-5 atm-3. As for λ, the following values were used.  From 
the density and molar mass of nickel (ρ = 8.908 g cm-3 and M = 58.7 g mol-1) the atomic 

volume was found to be Ω = 10.94 63/atom. Combining that volume with the surface tension 
of nickel γ = 2.45 J m-2,5 one finds λ = 7.8 nm at 500 K. However, the surface tension of 
metals is significantly reduced in presence of chemisorbing molecules; the order of magnitude 
of the reduction is a factor 2.6 Applying that corrective factor to the surface tension of nickel 

led to λ = 3.9 nm. This is the value used in the main chapter. 

 

Figure C.7. The Ni(CO)4 partial 
pressure as a function of particle 
size according to the Kelvin 
equation. Dotted lines indicate 
the Ni(CO)4 partial pressure at 
the particle size ± the standard 
deviation as determined by TEM. 

 

 
 

The black curve in Figure C.7 shows the dependency of the equilibrium pressure of 
Ni(CO)4 at 500 K with PCO = 33 kPa, as a function of the particle size. This shows that the 
pressure can become 50 times larger for particles of 3 nm due to their large curvature, such as 
found in Ni-C3. From this, the flux between two particles with a size plus and minus one 
standard deviation as found in TEM was calculated for each fresh catalyst using the average 
interparticle distances (Table 6.1). Even assuming a conservative gas diffusion coefficient of 
0.01 cm2/s the time it would take for a particle with a size daverage - dstdv to be completely 
volatized and transferred to a particle with size daverage + dstdv varies from 0.2 s for Ni-C9 to 0.1 
ms for Ni-C3. These timescales are much shorter than the observed deactivation timescale. 
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CALCULATED ACTIVITIES AND SIZE DISTRIBUTIONS 

Two different growth models, based on unhindered growth and hindered growth were 
used to calculate the expected time-dependent activity behavior and expected particle sizes. 
More information on these models can be obtained in the Supporting Information of the 
published article. The time-dependent activities of all catalysts predicted from the unhindered 
growth model are shown in Figure C.8. This model predicted a rapid deactivation for all 
catalysts in dependent of their initial particle size distributions. After about 3 h on-stream, the 
model predicted all the catalysts should have the same activity (see inset).  

Figure C.8. Calculated 
deactivation curves of catalysts 
Ni-C3, Ni-C4, Ni-D8 and Ni-
C9 assuming unhindered growth 
of the nanoparticles. The inset is 
a magnified view of the early time 
behavior showing that the effect 
of the initially different particle 
size distributions is short-lived: 
after about 3 h, the four curves 
are indistinguishable. 

 

 

Figure C.9 shows the same distributions non-normalized. Note that the predicted size 
distributions were identical for each catalyst after 15h on-stream. The distributions predicted 
by the unhindered growth model were in fair agreement with the experimental distributions of 
Ni-C3 and Ni-C4. Expectedly, the model was unable to account for the stable particle size 
distributions of Ni-C9 and Ni-D8. 

The right side of Figure C.9 shows the particle size distributions predicted by the confined 
growth model. As expected the latter distributions converged to a narrow function centered on 
the pore size (assumed to be exactly 10 nm for the calculation). The finite breadth of the 
distribution resulted from both the elastic deformation of the support and from the numerical 
dissipation of the finite-volume scheme used to integrate the equations numerically. The 
agreement of the confined model was fair for Ni-C9 and Ni-D8, but not for Ni-C3 and Ni-
C4. The slight increase in particle size that was experimentally observed for Ni-C9 and Ni-D8, 
and which was not accounted for by the model, could result from a variety of phenomena. For 
example, nickel could be transported from the particles confined in smaller pores towards those 
confined in larger pores. Another possible explanation would be the viscoelasticity of silica, 
which may lead to a slow deformation of the support under constant pressure.  
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The unhindered growth model alone did not account for the presence of small particles in 
the experimental distributions of Ni-C4 (around 10 nm, see Figure C.4), which coexisted with 
the large particles that were predicted by the model. This hinted at the succession of 
unhindered and confined growth modes for the catalysts with small particles.  

 

Figure C.9. From top to bottom: calculated area-weighted particle size distributions of catalysts Ni-C9, 
Ni-D9, Ni-C4 and Ni-C3. Black line: starting experimental distribution of the fresh catalyst, identical to 
Figure C.4 but cut to the assumed pore size of 10 nm. Blue line: Calculated distribution after 15 h on 
stream. Red line: Calculated distribution after 150 h on stream. The distributions have been normalized 
to the total area of the particles. The distributions on the left assume unhindered growth, while confined 
growth is assumed on the right. The insets plot the same distributions over a wider range of particle 
diameters. The grey area is the same guide to the eye as in Figure C.4.  
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Figure C.10.  Top row: comparison of the experimental activities of catalysts Ni-C3, Ni-C4, Ni-D8 and 
Ni-C9 (from left to right) with the predictions of the unhindered (grey line) and confined (black line) 
growth model. The solid lines are calculated from the TOF of the fresh catalysts and the dashed line from 
the TOF of the spent catalyst. The insets are close-up view on the first 6 hours. Bottom row: 
corresponding supersaturation ratio S calculated in the case of unhindered growth (grey (bottom) line) 
and of confined growth (black (top) line). The same data is plotted on semi-logarithmic scales in the 
insets to highlight the short-time variation of S(t).  

The activities corresponding to the discussed particle size distributions are shown in Figure 
C.10 (top row), which is similar to Figure 6.5 of chapter 6, only extended to all catalysts. The 
corresponding time-dependent supersaturation ratios are plotted on the bottom row, for both 
the unhindered and the confined growth models. The supersaturation was found to depend on 
the initial particle size distribution mainly during the first hour on-stream. For longer times, 
the supersaturation only depended on the growth regime, unhindered or confined. Whether 
the nanoparticles were able to break the support or not depended on the supersaturation 
during that short initial period. Even though the average particle size of Ni-C3 and Ni-C4 may 
become similar to that of Ni-D8 and Ni-C9 at a later point in time, it was the presence of the 
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few particles that broke though the pores that was responsible for the further deactivation of 
Ni-C3 and Ni-C4. This notably explains the crossing of the activity curves shown in the insets 
of Figures 6.3 and 6.5. 
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