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In the past 100 years, catalysis has developed into one of the most impactful industries in 
the world, with manufacture of transportation fuels and chemicals ranging from plastics to 
medicines.[1] As the efficiency of a solid catalyst is dependent on the amount of catalytically active 
sites available on the surface, catalysts usually consist of small nanoparticles. However, in the 
harsh environments of a catalytic reaction (e.g. high temperature or pressures) these particles 
can sinter and the active surface area will decrease as a consequence.[2] Hence, to prevent growth 
during the reaction, a support material is often used to anchor the nanoparticles.[3,4]

As the catalytic activity is partially determined by the nanoparticle size, it is of vital 
importance to control the particle size and particle size distribution. For instance, having large 
particles will decrease the surface-to-volume ratio, therefore reducing the activity of the catalyst. 
If the synthesis methods are not conducted carefully, a broad particle size distribution can be 
obtained which leads to faster sintering of the particles and decreased activity.[5–8] Furthermore, 
a catalytic reaction can be shape- or size-sensitive, where the activity and selectivity are 
dominated by specific surface facets, corners and edges which are dependent on the particle size.
[9] To increase the control over particle sizes and shapes and thus get active, stable and selective 
catalysts, controllable synthesis methods need to be developed.

Many factors can contribute to catalyst deactivation, but a major cause is the loss of 
active metal surface area by nanoparticle growth.[10] In literature, two models are commonly 
distinguished to describe particle growth, namely Ostwald ripening and migration and 
coalescence. The first ensues due to the transport of atomic species from small nanoparticles to 
larger particles, over the support or through the gas or liquid medium. This results in the growth 
of larger particles at the expense of smaller ones.[5,11–14] Thus, to obtain stable and sinter resistant 
catalysts having a narrow size distribution is beneficial. The latter involves particle migration 
over the surface and their coalescence to form larger particles. Therefore, choosing the right 
combination of metal and support, in which particle-support interactions are strong enough to 
reduce particle mobility, as well as ensuring that the particles are maximally spaced is important 
to increase catalyst stability.[6,15,16]

Common synthesis methods to produce metal supported catalysts are incipient wetness 
impregnation (IWI), deposition precipitation (DP) and co-precipitation (CP).[3,4] These methods 
usually employ adding a metal precursor solution to a support material, after which several heat-
treatment steps are performed to obtain the final supported active metal nanoparticles (NP). 
Even though during the last decade many studies have focused on perfecting these synthesis 
methods to obtain as much control as possible, by for instance varying the drying procedure and 
the following heat-treatment steps, it remains challenging to fully control particle sizes, particle 
distances and to obtain narrow particle size distributions.[17,18] For instance, industrial catalysts 
still have a large variety in particle sizes, making them prone to sintering and consequently 
deactivation during the reaction.[8] These catalysts, therefore, are not ideal systems to investigate 
fundamental questions regarding catalyst structure-performance relationship. To obtain more 
control over the synthesis, recent research has focused on using model colloidal systems to 
investigate fundamental questions related to catalysis.[19–21]

Catalyst Preparation via Colloidal Approach

Colloidal synthesis is one of the few procedures that can execute the synthesis of metal or metal 
oxide NPs separately from the presence of a support. This not only enhances the control over 
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particle size and particle size distribution, but also enables the synthesis of different catalyst 
particle morphologies. The colloidal approach in catalyst synthesis can thus give more insight 
in catalytically active surfaces and sites, which is a subject of intense investigation nowadays.
[22–24] The synthesis of colloidal particles can be divided into two distinctly different mechanisms, 
namely the top-down or bottom-up methods, see Figure 1.[20,25,26]

In the top-down method a bulk metal(oxide) material is subdivided down into smaller pieces 
by, for instance ball milling.[27] This method has the advantage that a large number of small 
particles can be obtained relatively easily, but does make it difficult to control the uniformity 
of the particle size and shape. The bottom-up method uses metal precursors which are reduced 
to form metal atoms, followed by a controlled aggregation of these atoms into nanoparticles. 
The process is illustrated in Figure 2, where there are three stages in the growth process of 
nanoparticles as described by LaMer[28] depending on the concentration of monomers in solution. 
In stage I the monomer concentration is increased, supplied through either the generation of 
monomers in the system or fed from the outside, up to the critical saturation concentration. 
Once this concentration is reached, nucleation is initiated (stage II). When the monomer 
concentration decreases below Ccrit, stage II ends and no new nuclei are formed. The monomers 
are then added gradually to the nuclei already present and growth occurs, which is seen in the 

Figure 1. Preparation methods of colloidal nanoparticles represented schematically. This simplified scheme shows 
the top-down method (left) where bulk metal(oxide) is broken down into smaller nanoparticles and the bottom-up 
method (right) where a metal precursor is used to grow small nanoparticles.

Figure 2. Three stages of nucleation and growth of colloidal nanoparticles. Ccrit stands for the minimum 
concentration of monomers needed to start the nucleation of nanoparticles and C∞ shows the equilibrium situation 
where particles keep on growing as long as the solution is supersaturated. Adapted with permission from ref [29]. 
Copyright 2007 Elsevier.
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horizontal line in stage III.[29,30] The downside of this method is that upscaling is challenging, 
however, it has large control over the particle uniformity, size and shape.[19] By changing the 
heating rate, injection time, stabilizing agents used, stirring speed, precursor concentration and 
several other parameters, the size and shape of the particles can be readily controlled.[25,31] With 
this level of control, the bottom-up method is suitable to synthesize model catalysts, as only 
small amounts are necessary to carry out fundamental research. 

Whereas the effect of most of the above mentioned parameters is quite straightforward, 
the influence of the stabilizing agents is more complex. Stabilization can be obtained sterically, 
i.e. by organic ligands, or by inducing particle surface charge in relation to the point of zero 
charge of the material, see Figure 3.[19,32] Next to their effect on particle size, shape and stability, 
the stabilizing agents determine the particle dispersibility. Moreover, by making use of a post-
synthesis ligand-exchange process, stabilizing organic ligands can be exchanged for stabilizing 
inorganic ligands to improve the solubility or accessibility of the particle surface.[33,34] In 
catalysis ligands can play other significant roles, including shielding the particle surface from 
certain reactants or acting as promoters in specific reactions. Therefore, it is of vital importance 
to keep track of which ligands are present on the colloidal NPs and often to remove the ligands 
before a reaction takes place.[35]

The versatility of suspended colloids means that the particles can directly be used as catalysts 
in dispersion, which has been considered in previous literature as ‘quasi-homogeneous catalysis’ 
or ‘heterogeneous catalysis in solution’.[19,36] However, for stability reasons particles are usually 
deposited on a support material. For the attachment of the colloidal nanoparticles onto a support, 
a variety of methods are available including direct colloidal deposition (i.e. impregnation), 
surface modification deposition, ion exchange, flame spraying and the Langmuir-Blodgett 
technique.[19] These methods have been used to deposit a large range of metallic particles on 
different supports, however mostly noble metals have been researched in this respect.[37,38]

Another class of colloidal particles which have gained interest in literature are non-noble 
metal and metal oxide colloids such as, copper, cobalt, nickel and iron (oxides). Such synthesized 
colloidal oxides can be used directly for catalysis or reduced to their metallic state prior to 
catalysis. Furthermore, bimetallic materials directly synthesized using the colloidal approach 
are optional as well, obtaining colloids that are for instance core-shell type or mixtures of 
two metals.[26,39–45] Nickel model catalysts have been synthesized with organic ligands to form 
well defined metallic and oxidic nickel particles either in dispersion or on supports.[46,47] These 
model catalysts were used to study encapsulation in mesoporous silica of the particles for the 

Figure 3. Schematic representation of colloidal nanoparticles surrounded by stabilizing agents. Steric stabilization 
visualized by metal colloids with organic ligands (left) and electronic stabilization shown by negative charge repelling 
the particles (right).
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methanation reaction.[48] Copper colloids synthesized using a similar method were controlled 
to vary their size and shape to form rod-like colloids.[34,49] These particles have a wide range of 
applications from photocatalysis to cross-coupling reactions. However, the challenge remains 
to keep these particles metallic, as they are prone to oxidation at atmospheric conditions.[50] 
Cobalt catalysts were synthesized to investigate the Fischer-Tropsch synthesis (FTS) and have 
proven useful to identify the impact of their size, shape and support interaction.[51–53] Lastly, iron 
nanoparticles have been found useful for their magnetic properties as well for applications such 
as drug delivery.[54] Moreover, these particles can be useful for catalysis to investigate the FTS, 
where synthesis gas (a mixture of carbon monoxide and hydrogen gas) is converted into lower 
olefin products.[55]

Fischer-Tropsch Synthesis

During the last decades it has become important to find alternative ways to traditional cracking 
of crude oil for obtaining hydrocarbon products. Using a route involving synthesis gas (or 
syngas) as reactant is potentially more renewable as the CO and H2 gas can be derived from 
natural gas, coal, waste, CO2 plus renewable hydrogen gas, and biomass. The direct conversion 
of syngas towards a wide range of products via monofunctional and bifunctional catalysts is 
an interesting option by using Fischer-Tropsch synthesis (FTS).[56] Under FTS conditions, both 
olefins and paraffins are formed simultaneously, as described by the following reactions:

Olefins:     nCO + 2nH2 → CnH2n + nH2O (1)

Paraffins:    nCO + (2n + 1)H2 → CnH2n + 2 + nH2O (2)

These reactions show that both olefins (1) and paraffins (2) are possible products. However, 
the product distribution is determined by the catalyst used (iron or cobalt). Using cobalt catalysts 
will allow for an increased formation of long-chain paraffins and these reactions are usually run 
at low temperatures, in the so called low-temperature FT (LT-FT). Iron catalysts are used as well, 
creating a larger amount of lower olefins. These catalyst require higher temperatures to be active 
and the reaction is therefore called the high-temperature (HT-FT) process. Moreover, several 
byproducts are formed during these reactions, given in the equations below:

Methane:    CO + 3H2 → CH4 + H2O (3)

Boudouard reaction:   2CO → C + CO2 (4)

Methane formation (3) and the Boudouard reaction (4) are disadvantageous side reactions, 
since methane is sometimes used as reactant and the produced carbon from the Boudouard 
reaction can deactivate the catalysts due to the blockage of active sites by formation of coke. 
Moreover, in iron FT catalysis an additional reaction can take place:

Water-Gas-Shift:    CO + H2O → CO2 + H2 (5)

This water-gas-shift (WGS) reaction converts the CO from the syngas into CO2 and additional 
H2. Using coal or biomass to produce the syngas results in CO-rich syngas which means that the 
H2/CO ratios need to be adjusted to obtain a ratio for optimal product formation. However, 
as iron is a catalyst which has a high WGS activity, these catalysts can operate under CO-rich 
atmosphere meaning that these catalysts specifically are interesting for syngas derived from coal 
or biomass. 
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The hydrocarbon product spectrum of FTS usually follows the Anderson-Schulz-Flory 
(ASF) distribution, see Figure 4, which is a statistical distribution of the desired and undesired 
products.[57] Additionally, adding promoters to an iron-based Fischer-Tropsch catalyst can lead 
to a deviation from the ASF distribution, producing more olefins in the so-called Fischer-
Tropsch to olefins (FTO) process. The presence of both sodium and sulfur promoters on the 
iron catalyst is essential to minimize the selectivity to methane and increase the olefin/paraffin 
ratio. This allows the specific formation of C2-C4 olefins with 65%C selectivity, which is more 
than the ASF predicted distribution of 58%C selectivity for the total C2-C4 fraction (olefins plus 
paraffins), see Figure 4.[58–62] 

However, the FTO reaction is sensitive to the iron particle size which has been investigated 
previously using colloidal systems, see Figure 5.[63] It was found that when small colloidal particles 
were used, a higher activity of the catalyst was obtained. Unfortunately, the methane selectivity 
also increased while the olefin products decreased for smaller particles.[63,64] This shows that 
colloidal model systems can be beneficial in understanding size-performance relationship and 
that there are also many questions yet to be answered. 

Characterization of catalysts

As particle shape, size, and other structural properties of the catalyst are important factors for 
the catalyst performance, it is necessary to understand the catalyst structure and its formation 
on a fundamental level.[65] This is why, over the last decades, great developments have been made 
in the field of characterization techniques. Electron microscopy has become one of the most 
important tools in catalyst characterization due to its ability to resolve structures down to 
atomic scale and to perform elemental analysis.

Before reaching todays capabilities, microscopes underwent more than four centuries of 
development. It started with the light microscope, invented in 1590 by Hans and Zacharias 
Janssen. The light microscope is used until this day, however, even with modern-day lenses, it 
can only magnify as far as the wavelength of light allows. Therefore, the magnification cannot 
go further than 1500x which would theoretically allow to image objects of 200 nm. To image 
nanometer sized particles on support materials, other lenses would have to be used. Following de 

Figure 4. The product distribution of hydrocarbons obtained in the FT reaction. The weight percentage of 
hydrocarbon products is plotted against the chain growth probability, α, described by the Anderson-Schulz-Flory 
(ASF) distribution. Reprinted with permission from ref [57]. Copyright 2013 American Chemical Society.
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Broglie’s theoretical work (1925) on wave-like nature of electrons with wavelengths significantly 
shorter than that of visible light, and Busch’s discovery of magnetic lenses (1926) that can 
converge an electron beam, the first electron microscope was built in 1931 by Ernst Ruska and 
Max Knoll.[66,67] The electron microscope is based on the acceleration of electrons to 100-300 kV. 
Using these accelerations, electrons reach energies (in keV) that translate into wavelengths 
much shorter than the diameter of an atom. For instance, when using 1 keV accelerated 
electrons according to de Broglie’s equation (𝜆 = h/(2mE)1/2, where 𝜆 is the wavelength of the 
electron, h is the constant of Planck, m is the rest mass of an electron and E is the acceleration 
voltage) the electron wavelength is only 40 pm, which is well below atomic radius of hydrogen. 
The accelerated beam of electrons passes through several electromagnetic coils responsible for 
focusing the beam and a vacuum is used to ensure a minimal amount of electron deflection by 
gas molecules.[68] 

The electron beam then reaches and is transmitted through the sample where after the 
transmitted electrons are detected on a phosphor screen or CCD camera. Additionally, elastic 
and/or inelastic scattering occurs due to interaction with shell-electrons and nuclei of atoms. 
In elastic scattering, incoming electrons are scattered, but do not lose their energy as they pass 
through the sample. Inelastic scattering involves electrons that experience energy loss (energy-
loss electrons), and can also give rise to secondary signals, most important of which are X-rays, 
which are characteristic for each element.[65,68,69] 

There are two basic operation modes: transmission electron microscopy (TEM) and scanning 
transmission electron microscopy (STEM), see Figure 6. Bright-field TEM (BF-TEM) mode uses 
a spread parallel electron-beam to irradiate the sample, and the image is formed by detecting 
the transmitted electrons that have not undergone strong scattering events. Typically two types 
of contrast are contributing to an image, mass-thickness contrast and diffraction contrast. In 
the former, thicker regions or regions containing heavier elements scatter more electrons under 
high angles which are then blocked by the aperture and do not reach the detector, leading to 
these regions appearing dark in BF-TEM image. Diffraction contrast can arise when observing 
crystalline materials. When different crystal orientations are present, darker or lighter areas are 
observed in an image. For instance, when similar crystalline particles are randomly oriented, 
some particles may appear darker due to their crystal orientation under ‘Bragg angles’ (see 

Figure 5. Activity of an FTO catalyst containing colloidal iron particles on a carbon nanotube support. The activity 
is given in iron time yield (FTY) which shows the mol CO converted per gram of iron per second at 350 °C, 1 bar and 
H2/CO ratio of 1. Different particle sizes were evaluated and it was found that the smallest particles had the highest 
activity. This figure has been adapted with permission of reference [63]. Copyright 2015 Wiley-VHC.
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Figure 7A). In the case of STEM, the sample is analyzed by a focused beam of electrons which 
scans raster-wise over the sample. The electrons that are not scattered under high angles can be 
collected to form BF-STEM images, while electrons that are scattered with high angles can be 
detected with a high-angle annular dark field (HAADF) electron detector. Contrast formation 
in BF-STEM corresponds to that of BF-TEM, while in case of HAADF heavier elements and 
ticker regions of sample appear bright in the image (see Figure 7B). HAADF-STEM is highly 
suitable for detecting heavier elements within a matrix of lighter elements (such as iron 
oxide nanoparticles on an alumino-silicate support), as the HAADF detector detects electrons 
scattered under high angles. [69]

As mentioned above, while passing through the sample, electrons can also lead to ionization 
of elements present in the sample upon which X-rays are generated and are detected by energy 
dispersive x-ray (EDX) detectors. The x-rays are specific for each element and can therefore 
give information about the composition of the sample in an EDX spectrum. Modern TEM-
EDX systems provide multiple detectors which allow detection of light elements and low 
concentration of elements, as well as faster acquisition of EDX maps, see Figure 7C.[68] Combining 
these analysis techniques (TEM, STEM and EDX) provides a powerful approach to characterize 
nanostructured catalysts, revealing thus local catalyst structure, including metal nanoparticle 
size, shape, distribution on a support, support porosity and even elemental composition of metal 

Figure 6. Simplified schematic representation of the electron beam interactions with the samples. A) Representation 
of how the spread incident beam interacts with a thin specimen in TEM operation mode. B) Representation of how 
the focused e-beam interacts with a thin specimen in STEM operation mode.[69]

Figure 7. Example of iron oxide nanoparticles attached to an alumino-silicate support. A) Transmission electron 
microscopy image B) HAADF Scanning transmission electron microscopy image and C) an EDX map overlapping 
the HAADF-STEM image.

A B

A CB
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and support components .[16,70–72]

Besides many advantages, there also are limitations and downsides in using electron 
microscopy. As the sample is exposed to high-energy electrons, these electrons can cause damage 
to the sample. Figure 8A gives an overview of different types of radiation damage that can be 
caused by either inelastically or elastically scattered electrons.[73,74] Besides damage, the electron 
beam can cause electrostatic charging of particles which can make them unstable, i.e. lead to their 
movement and repelling, and thus making it hard to image. Furthermore, atomic displacement 
happens as electrons knock atoms (nuclei) out of the sample (knock-on effect), creating vacancies 
and interstitials.[75] A process called electron-beam sputtering happens when surface atoms are 
removed from a specimen. Inelastic scattering will cause specimen heating, especially in poorly 
conducting samples such as organic samples, which can produce local effects such as thermal 
degradation. In most metal specimen the local temperature rise was found to be insignificant, 
and in organic specimen it can be minimized by adding a conductive coating. Furthermore, 
structural damage and mass loss both occur due to inelastic scattering. This is usually caused by 
radiolysis (dissociation of molecules by ionizing radiation with usually the formation of radicals) 
of the sample and is a large problem with organic materials irradiated by the electron beam. In 
inorganic materials this is found when loss of crystallinity is observed due to the breaking of 
chemical bonds. Lastly, deposition of atoms such as hydrocarbon contamination will obstruct 
the field of view when amorphous carbon from residual carbonaceous species accumulate on 
the sample.[73] Additional to the beam defects, electron microscopy limits specimen imaging 
to vacuum conditions, thus requiring dry solid samples. To study dynamic processes which 
commonly take place in a liquid or a gas environment, research has focused on finding solution 
to enable so-called in situ transmission electron microscopy.

Already in early stages of development of the electron microscope, scientists started to wonder 
about the possibilities of imaging samples under more “realistic conditions” and therefore 
applying a gas or liquid atmosphere and apply heating. The earliest attempts of imaging biological 
samples (in their hydrated state) in an electron microscope were by L. Marton (1934). Marton 
made use of a 0.5 µm aluminium foil (to cool his sample) and osmium tetroxide impregnation 
to observe the organic skeleton in the electron microscope. With this technique he was able to 

Figure 8. Examples of electron beam damage within an electron microscopy. A schematic overview of the possible 
beam damage induced by the electron beam can be observed. This figure has been adapted with permission of reference 
[73]. Copyright 2004 Elsevier Ltd.
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get a resolution of about 1 µm and visualize the cell wall and nucleus of an orchid.[76–78] In 1944 
Abrams and McBain designed a closed chamber consisting of platinum discs sealed with wax. 
This cell could withstand the vacuum of the microscope, although the authors reported that 
“water one micron thick is practically opaque to electrons of usual voltage”. This meant that 
colloidal gold particles could be observed in a sufficiently thin liquid layer, but Brownian motion 
was not observed due to the lack of fast and continuous recordings.[79-80] The first nanoscale 
experiments in a gas atmosphere were measured in situ using a customized TEM containing an 
environmental chamber, whereby gases are differentially pumped nearby the sample stage while 
keeping the rest of the column under vacuum, much later in the 1980s.[81–83]

Modern ‘in situ cell systems’ are composed of two silicon chips with electron transparent 
windows (SiN are most commonly used), which are placed in a specialized holder containing 
two O-rings to ensure the gas or liquid is sealed in, see Figure 9. The holder also contains an inlet 
and outlet for the gas or liquid to move through giving the option of working under a flow. The 
distance between the two chips can be regulated by gold spacers, so imaging of different sized 
specimen is possible. However, if the specimen sizes get too large, the signal to noise ratio of 
the images will decrease, particularly in the liquid cells, as the electron beam has to go through 
thick layers of liquid before reaching the detector. Moreover, in situ cells are designed to host a 
wide range of liquids (or gasses), with composition and concentration restrictions to those that 
are not reactive with cell, windows or other parts of holder that can be damaged. For example, 
in liquid-phase electron microscopy, liquids can compose of organic to inorganic specimen 
and bases and acids have also been used for reactions.[84–93] Next to this, cells can be heated 
up to 90 °C in case of liquid-phase holders and 1000 °C in case of gas-phase holders.[9,94] All 
these capabilities create unprecedented opportunities for TEM studies of catalyst synthesis and 
reactions, that had not been possible until recently.

Beam effects are problematic in in situ microscopy and are more complex compared to those 
taking place when a sample is in a vacuum only (described above). Therefore, early studies have 
mostly focused on understanding and mitigating the electron beam effects as much as possible.
[95] In gas-phase electron microscopy, carbon contamination can be an issue as well as beam 
and gas-induced reactions with small amounts of water due to residual species in the measured 
specimen.[65,92,96] In liquid-phase electron microscopy radiolysis takes place upon electron 

Figure 9. A simplified schematic representation of an enclosed cell environment in liquid-cell electron microscopy. 
Two SiN chips hold the liquid in place while the specimen is either attached to the window or dispersed in the liquid. 
The liquid can be changed by flowing new liquids through the system.
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beam-liquid interaction, causing radicals and charged species to form, such as H•, OH-, OH•, 
e-

aq, H3O+, H2 (g) and H2O2 when water is used.[97–100] These radicals can then react with the 
sample and cause a great amount of damage, from reshaping to complete dissolution. Especially 
the hydroxyl radical is destructive for materials such as metal oxides and carbon.[96,99,101–103] 
Moreover, the formation of hydrogen gas bubbles can ‘dry’ the cell locally and formation of 
hydronium and hydroxide can locally increases or decreases the pH.[100] Efforts have been made 
to reduce beam damage by adding radical scavengers, reducing electron the beam dose, choosing 
TEM over STEM or choosing relatively stable materials such as gold or titania.[95,104] However, 
each specimen in combination with each fluid come with unique challenges and therefore has 
to be researched separately.

Scope

The work in this thesis explores fundamental questions regarding model systems consistent of 
iron oxide colloidal nanoparticles for the Fischer-Tropsch to olefins reaction. Using different 
support materials and various characterization techniques, mostly focused around electron 
microscopy, the interaction of these colloidal particles was investigated with support materials, 
under FTO reaction conditions and during the reduction.

In Chapter 2 the iron oxide nanoparticles are attached to two different supports, carbon 
nanotubes and oxygen functionalized carbon nanotubes. These catalysts are used in the FTO 
reaction to answer the question if support functionalization has an impact on the particle-
support interaction, stability and activity. The interaction with these two supports appears 
fundamentally different, which is further investigated in Chapter 3 by using in situ electron 
microscopy with a liquid-cell. In this work, the particle attachment to either pristine carbon 
nanofibers or oxygen functionalized carbon nanofibers is for the first time visualized in real time 
and at nanometer scale. In situ imaging showed large effects of functionalization on attachment. 
Chapter 4 focusses on exploring why particles attach differently to carbon nanotubes and 
carbon nanofibers. Extensive ex situ TEM studies were performed to elucidate this behavior, and 
the differences seem to be related to support structure and defects and only indirectly to oxygen 
groups on the surface. In Chapter 5 efforts are made to anchor the iron particles to a zeolite 
support (H-ZSM-5) to extend the product spectrum in the FTO reaction from olefins towards 
aromatics. Interesting growth phenomena were found for particles with inorganic ligands 
compared to organic ligands, which seem to stabilize the particles better. Lastly, Chapter 6 looks 
at these growth phenomena in more depth, by attaching the iron colloids to a titania support, 
prone to growth in the FTO reaction when using incipient wetness impregnation to deposit 
iron. By using EDX analysis combined with x-ray photoelectron spectroscopy and Mössbauer 
spectroscopy, an Ostwald ripening process was reported, by the diffusion of Fe2+ species on or 
through the titania support.
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Abstract
Attachment of colloidal iron oxide nanoparticles (designated FexOy-NP) 
to pristine and surface-oxidized carbon nanotubes (CNT and CNT-Ox, 
respectively) was investigated. The loadings of FexOy-NP (size 7 nm) on the 
CNT and CNT-Ox supports amounted to 3.4 and 2.3 wt.%, respectively, 
where the difference was attributed to weaker Van der Waals interaction 
between the colloidal FexOy-NP and the surface of CNT-Ox. Fischer-Tropsch 
to Olefins (FTO) synthesis was performed to investigate the impact of support 
functionalization on the catalyst performance. Weak interaction between 
the FexOy-NP and the CNT-Ox support facilitated particle growth and 
led to substantial deactivation of FexOy/CNT-Ox catalysts. The addition of 
promoters, sodium and sulfur, to FexOy/CNT provided remarkable activity, 
selectivity to lower olefins and stability, making colloidal iron nanoparticles 
on pristine CNT suitable catalysts for FTO.
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Introduction

Catalyst synthesis methods, such as incipient wetness impregnation and precipitation, are 
commonly used to obtain industrial supported catalysts.[1–3] Controlling the size, composition 
and shape of metal (oxide) nanoparticles, however, is limited with these methods. Colloidal 
synthesis has been successfully applied to obtain well-defined model catalysts suitable for 
fundamental studies.[4–6] For example, Fischer-Tropsch to Olefins (FTO) is one of the catalytic 
reactions particularly sensitive to particle size  in which colloidal model systems can be beneficial.
[7,8] FTO involves iron based catalysts and is becoming increasingly important as an alternative 
to traditional cracking of crude oil fractions for lower olefins (C2-C4) and aromatics production 
from syngas (CO/H2).[9–13]

 In addition, colloidal particles have shown to be relatively stable and 
obtained comparable catalytic properties to conventional catalysts, making them interesting model 
systems for fundamental studies of FTO.[14,15] 

To increase the activity and selectivity of an FTO catalyst addition of promoters is of vital 
importance, as unpromoted iron catalysts usually show high selectivity towards methane.[16–19] 

By promoting iron particles with Na and S promoters, low methane and high olefin selectivity 
can be obtained.[16,18] Moreover, colloidal particles can be promoted by using an organic ligands 
exchange which targets the promoters on the catalytically active particles specifically.[15,20]

In FTO catalysis, choosing the support material is of importance as well, as strongly 
interacting supports such as silica and alumina can incorporate the iron, making reduction 
and carbidization to the active iron carbide phase difficult.[21–23] Nevertheless, there are many 
porous carbon materials that can be used as catalyst supports such as activated, graphitic and 
templated carbon.[24–26] Carbon nanotube (CNT) supports are of growing interest in research 
due to their chemical inertness and mesoporosity.[27–29] More importantly, it was found that 
functionalization of carbon supports could suppress particle growth by anchoring particles, 
thereby increasing stability of impregnated catalysts.[30–34] The attachment of colloidal particles 
to support materials has so far not been researched abundantly, however it has been found that 
the support material can alter the particles behavior during catalysis.[35–38]

In the present work, the impact of carbon surface oxidation on colloidal iron oxide 
nanoparticle (FexOy-NP) attachment to CNTs and their subsequent promotion with Na and 
S was investigated. It was found that functionalizing the CNT support by oxidation (CNT-
Ox) impeded the colloidal particle attachment and led to growth of the nanoparticles, which 
decreased catalytic activity. This shows that functionalization of the support is not always 
beneficial, but can have a detrimental effect when colloidal particles are used.

Experimental

Catalyst preparation

Fabrication of 7 nm iron oxide nanoparticles (FexOy-NP). All chemicals were purchased 
from Aldrich, unless stated otherwise, at highest purity available, and were used as received. The 
following solvents and ligands were weighed and mixed in a 100 mL three-neck round-bottom 
flask: 0.43 g oleic acid (90% purity), 0.21 g oleylamine (70% purity), 0.35 g 1,2-hexadecanediol 
(≥ 98% purity) and 10 mL 1-octadecene (90% purity). A Schlenk line set-up was used to degas 
the reactants for 30 minutes under vacuum at 120 °C while magnetically stirring at 650 rpm. 
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The suspension was subsequently purged with nitrogen gas, after which the temperature was 
lowered to 90 °C and a solution of 0.21 g iron pentacarbonyl (99.99%) in 1 mL 1-octadecene 
was injected. The temperature was then increased to 290 °C in 10 minutes and the mixture was 
refluxed for 1 h. Subsequently, the obtained suspension of iron nanoparticles (FexOy-NP) was 
cooled down to room temperature and further processed in air. Washing of the iron FexOy-
NP suspension was done in three cycles where the suspension was precipitated in isopropanol 
by centrifugation at 2700 rpm for 15 min, and re-dispersed in five drops of toluene. Finally, 
particles were suspended in approximately 1 mL of toluene and sonicated for 5 minutes to make 
a suspension.

Oxidation of the carbon nanotube support. Commercially available multiwalled carbon 
nanotubes (Baytubes C 150 HP, Bayer Material Science) were functionalized using liquid-phase 
oxidation. Typically, 2 g of CNT material (sieve fraction 212 – 425 µm) was added to a 1 L one-
neck round-bottom flask and suspended in 150 mL nitric acid (Merck, 65% purity). The round-
bottom flask was connected to an Allihn condenser and the suspension refluxed for 2 h. The 
suspended CNTs were cooled down to room temperature and washed by Büchner filtration 
with demineralized water until pH neutral. The material was then dried overnight in a static-
air oven at 120 °C. The oxidized support material is hereafter referred to as CNT-Ox, while the 
pristine tubes are referred to as CNT.

Anchoring the iron FexOy-NP on CNT and CNT-Ox supports. As-synthesized FexOy-NP 
were diluted with 10 mL 1-octadecene. 800 mg of the support material (CNT or CNT-Ox) 
was added to a 100 mL three-neck round-bottom flask, which was connected to a Schlenk line 
through a reflux cooler. The suspended nanoparticles were added to the support by pipetting 
while simultaneously magnetically stirring at 400 rpm. The mixture was brought under vacuum 
for 30 minutes at 120 °C to evaporate the toluene, and subsequently purged with nitrogen. The 
temperature was increased to 200 °C in 10 minutes under nitrogen flow and maintained for 
30 min. Afterwards, the mixture was cooled down to room temperature and further processed 
in air. Finally, the iron FexOy-NP supported on the carbon materials were washed five times with 
hexane and acetone (ratio 1:3) and dried at 60 °C for 1 h under static air, at 120 °C for 3 h under 
static air, and at 80 °C for 3 h under vacuum. These samples are referred to as FexOy/CNT and 
FexOy/CNT-Ox.

Adding sodium and sulfur promoters. A 0.05 M sodium sulfide stock solution was 
obtained by sonicating 0.24 g sodium sulfide nonahydrate (≥98% purity) in 20 mL formamide 
(≥99.5% purity) for 1 h. In order to achieve a molar ratio of Na2S/Fe = 0.5, 2.2 mL of the stock 
solution was added to 350 mg of 3 wt.% catalyst and stirred at 400 rpm for 10 minutes. To 
remove the excess ligands, the promoted catalysts were first washed with ethanol, followed by 
four times washing with consecutively ethanol and acetone (ratio 1:3), and finally washed with 
solely acetone. In every step, the supernatant was decanted carefully and the final supernatant 
was pipetted off. Finally, catalysts were dried at 60 °C for 1 h under static air, at 120 °C for 3 h 
under static air and at 80 °C for 3 h under vacuum. Promoted samples are designated as FexOy/
CNT-P and FexOy/CNT-P-Ox.

Catalyst characterization

Nitrogen physisorption measurement. N2-physisorption was performed by using a 
Micromeritics Tristar 3000 setup. Samples were degassed at 155 °C for 20 h with a ramp of 
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10 °C/min before the measurement. Measurements were done at -196 °C from 0 to 0.995 P/P 0, 
where the BET approach was used to calculate the surface area and the BJH method from the 
adsorption branch of the isotherm was used to estimate the total pore volume.

Titration. To analyze the acidity of the CNT-Ox support, titration curves were measured 
using a Radiometer Analytical TitraLab TIM880 titration manager. From each support, 25 mg 
was grinded in a mortar and 30 mL 0.1 M KCl (aq) was added, after which the sample was 
sonicated for 30 minutes. Before titration, the sample was diluted with 0.1 M KCl (aq) to 
reach a total volume of 65 mL. The sample was titrated up to pH 9 using an aqueous solution 
containing 0.01 M NaOH and 0.1 M KCl. To calculate the acidity of the support material, the 
first derivative was taken from the obtained curve, to find the inflection point as was done in 
previous published article.[27]

Inductively coupled plasma (ICP) spectrometry. The specific Fe, Na and S weight loading 
was determined with a Thermo Jarrell Ash model ICAP 61E trace analyzer inductively-coupled 
plasma atomic emission spectrometer (ICP-AES). 

Transmission electron microscopy. To determine the size distribution and the spatial 
distribution of iron nanoparticles on the support, before and after catalytic testing, transmission 
electron microscopy (TEM) was used. Bright field images were recorded with a FEI Talos 
F200X transmission electron microscope, operated at 200 kV in bright field mode. TEM 
samples were prepared on either Formvar carbon film, 200 mesh copper grids (for the iron 
oxide nanoparticles) or on Lacey carbon film, 300 mesh copper grids (for the CNT supported 
particles). The samples were dispersed in either hexane (FexOy-NP) or pure ethanol (CNT 
supports) and drop-casted on the TEM grids.

X-ray diffraction measurements. X-ray diffraction (XRD) spectra were recorded between 
15 °2θ and 80 °2θ with a Bruker-AXS D2 Phaser X-ray Diffractometer in Bragg-Brentano mode, 
equipped a Lynxeye detector (Co Κα1,2,λ = 1.790 Å) with an increment of 0.3-1.0 °2θ and a scan 
speed of 5 s/°2θ. Samples were prepared by crushing the support materials into a fine powder.

Mössbauer spectroscopy. Transmission 57Fe Mössbauer spectra were collected at -268.8 °C 
(for the unpromoted catalysts) and -153 °C (for the promoted catalysts) with a sinusoidal velocity 
spectrometer using a 57Co(Rh) source. Velocity calibration was carried out using an α-Fe foil 
at room temperature. The source and the absorbing samples were kept at the same temperature 
during the measurements. The Mössbauer spectra were fitted using the Mosswinn 4.0 program.
[39] The experiments were performed in a state-of-the-art high-pressure Mössbauer in-situ cell 
recently developed at Reactor Institute.[40] The high-pressure beryllium windows used in this 
cell contain 0.08% Fe impurity whose spectral contribution was fitted and removed from the 
final spectra.

Catalytic performance

Fischer-Trosch to Olefins reaction. Catalytic tests were performed using a Flowrence setup 
(Avantium) equipped with a 16 parallel fixed-bed reactors. Each reactor contained 20 mg catalyst 
and 200 mg SiC as diluent (both with a sieve fraction of 212 – 425 µm). In-situ reduction was 
done with a mixture of He/H2 = 2 for 2 hours (GHSV = 2300 h−1), at 3 bar pressure and at 340 °C 
(with 5 °C/min heating ramp). Synthesis gas diluted with helium (H2/CO/He = 60/30/10) 
with GHSV ~3500 h−1 was introduced without changing pressure at 280 °C, subsequently the 
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temperature and pressure were increased to 340 °C (with a heating ramp of 2 °C/min) and 
10 bar. The product stream was analyzed using online gas chromatography (Agilent 7890A). 
Hydrocarbons (C1-C9) were separated on an Agilent J&W PoraBOND Q column, detected using 
an FID detector and quantified against the TCD signal of the internal standard He. Catalytic 
activity, in terms of iron time yield (FTY), was expressed as moles of CO converted per gram of 
Fe per second. Product selectivity was calculated based on carbon atoms and measured up to C9.

Results and Discussion

The size and shape of the FexOy-NP prepared using colloidal method described above were 
investigated by transmission electron microscopy (TEM) which showed that 7 nm spherical 
FexOy-NP with a narrow size distribution were obtained (Figure 1). Subsequently, the impact 
of oxidation on the acidity and pore volume of the CNT supports was investigated by N2-
physisorption in combination with acid-base titration (Table 1). CNT-Ox displayed significantly 
higher acidity, with the number of acidic groups being 1.7 nm-2 indicating successful oxidation. 
The FexOy-NP were then anchored to both CNT and CNT-Ox which hereafter are named FexOy/
CNT and FexOy/CNT-Ox. After attachment of the FexOy-NP, sodium and sulfur promoters were 
added via a ligand exchange method[15,20] which are hereafter referred to as FexOy/CNT-P and 
FexOy/CNT-P-Ox (P denoting the Na and S promoters). The particle size and distribution of 
FexOy-NPs attached to the carbon supports, before and after the addition of promoters, were 
studied with TEM (Figures 2). The iron particles were well distributed on the supports, with no 
indications of aggregation or particle growth. In contrast to FexOy-NP on CNT, the particles 
were less abundant on CNT-Ox (Figure 2B and F) which implied a weaker interaction between 

Figure 1. Transmission electron microscopy images of iron oxide nanoparticles. The 7 nm particles (dried on a TEM 
grid) are well dispersed and sterically stabilized by the oleic acid and oleylamine ligands. The inset histogram shows 
the narrow size distribution.

Table 1. N2-physisorption and titration data of pristine and functionalized supports. The data showed the 

influence of oxidation on the carbon nanotube support. To calculate the acidity of the support material, the first 

derivative was taken from the obtained curve, to find the inflection point.

Support Material BET Surface Area 
(m2/g)

Total pore 
volume (cm3/g)

Acidic Groups 
(nm-2)

Basic Groups (nm-2)

CNT 233 1.6 <0.01 0.02

CNT-Ox 309 1.2 1.7 <0.01
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CNT-Ox and the nanoparticles. This was also inferred from particle growth during TEM imaging 
(Figure 2D), induced by the electron beam, which led to a broader particle size distribution in 
comparison with the other three samples. The more direct interaction of the FexOy-NP and 
CNT-Ox once the ligands were exchanged (Figure 2F and 2H) with smaller Na2S molecules, 
likely caused FexOy/CNT-P-Ox to be more stable during electron microscopy measurements.

 XRD analysis (Figure 3) showed that all catalysts contained mixed γ-Fe2O3 and Fe3O4 phases, 
which is in agreement with previous findings.[14] Furthermore, ICP-AES (Table 2) showed that 
Fe loading in both FexOy/CNT and FexOy/CNT-P samples was 3.4 wt.% while a significantly 
lower Fe loading of 2.3 and 2.0 wt.% was detected in FexOy/CNT-Ox and FexOy/CNT-P-Ox 
respectively. This is in agreement with the TEM results in Figure 2 revealing a lower number of 
iron particles attached to CNT-Ox supports, indicating weaker attachment. 

The difference in Fe loading observed with TEM as well as with ICP-AES is tentatively 
ascribed to a different interaction between the iron FexOy-NP and the supports. This interaction 
difference is linked to the Van der Waals forces between particles and support that relate to the 

Figure 2. Transmission electron microscopy images of fresh catalysts. A) FexOy/CNT, B) FexOy/CNT-Ox, E) 
FexOy/CNT-P and F) FexOy/CNT-P-Ox. C-D and G-H) show the particle size histograms of all catalysts.

Table 2. Iron, sodium and sulfur weight loading on the different supports measured by ICP-AES. a

Support Material Fe (wt.%) Na (wt.%) (S wt.%) Atomic ratio Na/S

FexOy/CNT 3.4 0.04 <DL

FexOy/CNT-P 3.4 0.16 0.06 2

FexOy/CNT-Ox 2.3 0.05 <DL

FexOy/CNT-Ox-P 2.0 0.73 0.08 12

CNT <DL 0.07 0.04

CNT-Ox <DL 1.11 0.07

a After correcting for blank CNTs with an average amount of 0.06 wt.% Na and 0 wt.% S. DL = Detection Limit

A B

E F

C D

G H
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Hamaker constants, which is larger for graphitic CNT than for graphene-oxide like CNT-Ox.
[41,42] Additionally, the apparent particle growth during TEM imaging, shown in the histograms 
in Figure 2, of iron FexOy-NP in FexOy/CNT-P-Ox compared to FexOy/CNT-Ox, is explained by 
particle growth induced by the electron beam due to this weaker interaction. The more direct 
interaction of the FexOy-NP surface towards CNT-Ox once the ligands were exchanged with 
smaller Na2S molecules, caused FexOy/CNT-P-Ox to be more stable during electron microscopy 
measurements.

ICP analysis confirmed that ligand exchange was successful as both promoted catalysts 
exhibited an increase in Na and S (Table 2). The Na/S atomic ratio in FexOy/CNT-P was 2, 
equal to the precursor Na2S, but the amount of sodium was much higher in FexOy/CNT-P-Ox 
than in FexOy/CNT-P catalyst. This is attributed to ion exchange of Na ions with the surface 
acidic groups present on the CNT-Ox, suggesting that most of the Na was present on the 
support. To verify this hypothesis, we exposed both CNT and CNT-Ox to the same amount of 
S and Na promoters used for the catalyst preparation. As expected, the amount of sodium was 
significantly higher in CNT-Ox support compared to pristine CNT (Table 2). 

Next to the expected positive impact of the sodium and sulfur promoters,[43,44] the impact of 
the observed interactions between the iron particles and promoters with the support on catalyst 
activity, selectivity and stability for FTO was studied. As expected, the promoted catalysts 
showed higher iron time yield (FTY) compared to the unpromoted catalysts (Figure 4), as well 
as a decrease in the CH4 and an increase in the C2-C4= selectivity (Table 3). CO conversions 
were measured between 13-26% conversion, not including FexOy/CNT-Ox, which had a CO 
conversion of 2%. However, after a 100 h on stream, FexOy/CNT-P-Ox displayed lower iron-
normalized activity than FexOy/CNT-P, most possibly due to particle growth during catalysis. 
Moreover, FexOy/CNT-Ox showed no activity after the first 20 hours, leading to contrasting 
results compared to literature. Although the literature points to the beneficial effect of 
functionalized groups on CNTs for impregnated iron catalyst,[30] it is clear that when colloidal 
iron FexOy-NP are used the effect is adverse. Used catalysts were analyzed by TEM as shown in 

Figure 3. XRD measurements of the fresh catalysts. Red stars indicate the peaks specific for γ-Fe2O3/Fe3O4. Due 
to the exposure to air during sample preparation, FexOy-NP were oxidized, and XRD analysis showed that both 
γ-Fe2O3 and Fe3O4 phases are present which are difficult to distinguish due to the overlap with the graphite peaks 
at 29 °2θ and 51 °2θ. The presence of the iron oxide peaks in the diffractogram indicates that the particles were 
crystalline.
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Figure 5. Due to conversion of the iron oxide FexOy-NP into the active carbide phase, core-shell 
particles had formed and were observed in all catalysts however mostly in the promoted ones.
[17] From quantitative analysis of TEM images it appears that 35% of such core-shell particles 
are present in FexOy/CNT, while FexOy/CNT-Ox had 75%. This nicely matched the Mössbauer 
spectroscopy results (Tables S1-S2 and Figure S1 in the supporting information) that the same 
amount of iron oxide FexOy-NP had converted into ε-Fe2.2C and χ-Fe5C2 phases, which are 
considered active in FTO.[45] Interestingly, it was observed that only the core-shell particles 
had grown, suggesting that carbidization coincides with particle growth. Even though FexOy/
CNT-Ox was inactive after only 20 h on stream this catalyst seemed to have more activated 
particles than FexOy/CNT. Further investigations will be necessary to explain the cause of such 
low activity.

Both promoted catalysts were fully carbidized as indicated by Mössbauer, which matched 
the TEM results showing 100% of core-shell particles. More importantly, CNT-Ox supported 
catalysts showed noticeable particle growth (Figure 5B and 5D), most probably as a consequence 
of the weaker attachment of the FexOy-NP to the oxidic surface which led to sintering during the 
FTO reaction. These results are comparable to previous results from our group for impregnated 
catalysts on an ordered mesoporous carbon support, where poor catalytic activity was attributed 
to growth and encapsulation of the particles by carbon.[34] Finally, these findings indicated that 

Table 3. FTO catalysis activity and selectivity. Catalytic activity and selectivity of pristine and oxidized support 
materials. (10 bar, 340 °C, H2/CO = 2, TOS = 100 h) FTY of the promoted samples clearly show in an increase 
due to the Na + S promoters, as well a decrease in methane and increase in lower olefin and C5+ selectivity. The 
CH4, C2-C4= and C5+ selectivities are given CO2 excluded.

Support Material FTY 
10-4(molCO/
gFes)

CO 
conversion 
(%)

CH4 
selectivity

(%C)

C2-C4= 
selectivity 
(%C)

C5+ 
selectivity 
(%C)

CO2 
selectivity 
(%C)

FexOy/CNT 3.5 17 40 26 10 28

FexOy/CNT-Ox 0.5 2 N.D. N.D. N.D. N.D.

FexOy/CNT-P 6.0 26 11 48 34 38

FexOy/CNT-Ox-P 4.5 13 8 51 37 38

Figure 4. Activity of all catalysts plotted against the time. Iron-time yield (FTY) for CNT-supported iron catalysts, 
FexOy/CNT (closed squares) and FexOy/CNT-P (open squares) are shown in black, while FexOy/CNT-Ox (closed 
circles) and FexOy/CNT-P-Ox (open circles) are shown in orange.
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attaching the colloidal particles to an oxidized carbon nanotube support caused deactivation 
during the catalytic reaction due to the poor interaction of the FexOy-NP to the surface.

Conclusions

In conclusion, colloidal iron oxide nanoparticles (FexOy-NP) were attached to two supports, 
i.e. pristine CNTs and oxidized CNTs (CNT-Ox), to investigate the impact on the attachment 
and promoter addition on the catalyst activity, selectivity and stability for FTO catalysis. It 
was found that the oxidation of the support led to lower weight loading of FexOy-NP because 
of a weaker interaction between the CNT-Ox and the particles. Addition of Na + S promoters 
resulted in a highly active catalyst for pristine CNTs, while particle growth impeded the FexOy/
CNT-P-Ox activity. Our hypothesis is that the lower activity of CNT-Ox supported catalysts is 
due to insufficient attachment of iron FexOy-NP to the support, causing particle growth under 
FTO conditions. Finally, it can be concluded that colloidal FexOy-NP interact differently on 
surface-oxidized carbon supports related to different Van der Waals forces, which can have a 
big impact on the catalyst performance.
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Supporting Figures

Figure S1. Mössbauer spectra of all catalysts. A) Spectra for FexOy/CNT (obtained at -268.8 °C), B) FexOy/CNT-
Ox (obtained at -268.8 °C), C) FexOy/CNT-P (obtained at -153 °C), D) FexOy/CNT-Ox-P (obtained at -153 °C). 
The spectra for the reduced and FTO reacted are both shown with the reaction parameters shown in the graphs. Data 
can be found in Tables S1 and S2.
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Supporting Tables

Table S1. Mössbauer data of catalysts after reduction. The data of the unpromoted iron nanoparticles on 
pristine CNTs and oxidized CNTs measured at -268.8 °C, 3 bar for 2 h. The data of the samples promoted iron 
nanoparticles on pristine CNTs and oxidized CNTs at -153 °C, 3 bar for 2 h. 

Sample Name IS  
(mm s-1)

QS  
(mm s-1)

Hyperfine 
field (T)

Γ  
(mm s-1)

Phase Spectral 
Contribution 
(%)

FexOy/CNT 0.00 - 34.8 0.52 Fe0 5

Ar/H2 = 2 0.00 0.02 52.7 0.42 Fe3+ 13

340 °C 0.41 -0.01 48.5* 0.59 Fe3+ 82

3 bar, 2 h

FexOy/CNT-Ox 0.00 - 34.3 0.32 Fe0 27

Ar/H2 = 2 0.41 -0.01 53.0 0.40 Fe3+ 9

340 °C 0.33 -0.01 48.0* 0.59 Fe3+ 64

3 bar, 2 h

FexOy/CNT-P 0.01 - 33.7 0.39 Fe0 33

Ar/H2 = 2 0.19 - 20.6 0.70 FexC 18

340 °C 1.15 -0.41 33.4 1.12 Fe2+ 49

3 bar, 2 h

FexOy/CNT-Ox-P 0.01 - 33.9 0.38 Fe0 50

Ar/H2 = 2 0.21 - 19.7 0.62 FexC 13

340 °C 1.13 -0.25 31.4 0.86 Fe2+ 37

3 bar, 2 h

Experimental uncertainties: Isomer shift: I.S. ±0.02 mm s-1; Quadrupole splitting: Q.S. ±0.02 mm s-1; Line width: Γ ±0.03 mm s-1; 

Hyperfine field: ± 0.1 T; Spectral contribution: ±3%.

*Average magnetic field.
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Table S2. Mössbauer data of catalysts after reaction. The data of the unpromoted iron nanoparticles on pristine 
CNTs and oxidized CNTs measured at -268.8 °C, 10 bar for 60 h. Both catalysts show partial carbidization, 
where FexOy/CNT has 36% ε-Fe2.2C and FexOy/CNT-Ox has 32% ε-Fe2.2C and 44% χ-Fe5C2. This difference in 
carbidization levels were confirmed by counting the number of core@shell particles in TEM, which matched these 
Mössbauer results. The data of the samples promoted iron nanoparticles on pristine CNTs and oxidized CNTs at 
-153 °C, 10 bar for 60 h. Both promoted samples showed fully carbidized particles after 60 h of FTO catalysis. 
FexOy/CNT-P-Ox had slightly more Hägg carbides compared to FexOy/CNT-P.

Sample Name IS  
(mm s-1)

QS  
(mm s-1)

Hyperfine 
field (T)

Γ  
(mm s-1)

Phase Spectral 
Contribution 
(%)

FexOy/CNT 0.26 - 18.2 0.54 ε-Fe2.2C 36

CO/H2 = 2 0.28 -0.05 50.9 0.59 Fe3+ 30

340 °C, 0.58 0.22 42.0 0.76 Fe3+ 9

10 bar, 60 h 0.87 -0.14 50.8 0.56 Fe3+ 11

1.22 -0.73 37.9 0.75 Fe2+ 14

FexOy/CNT-Ox 0.26 - 18.2 0.40 ε-Fe2.2C 32

CO/H2 = 2 0.26 - 25.6 0.40 χ-Fe5C2 (I) 19

340 °C, 0.15 - 21.7 0.40 χ-Fe5C2 (II) 16

10 bar, 60 h 0.23 - 12.8 0.40 χ-Fe5C2 (III) 9

0.33 -0.01 50.8 1.04 Fe3+ 16

1.08 -0.60 38.2 1.04 Fe2+ 8

FexOy/CNT-P 0.25 - 18.2 0.54 ε-Fe2.2C 63

CO/H2 = 2 0.27 - 18.3 0.40 χ-Fe5C2 (I) 13

340 °C, 0.27 - 25.2 0.35 χ-Fe5C2 (II) 14

10 bar, 60 h 0.016 - 20.2 0.35 χ-Fe5C2 (III) 10

FexOy/CNT-Ox-P 0.25 - 17.9 0.37 ε-Fe2.2C 54

CO/H2 = 2 0.26 - 25.1 0.33 χ-Fe5C2 (I) 16

340 °C, 0.17 - 19.8 0.33 χ-Fe5C2 (II) 17

10 bar, 60 h 0.18 - 9.9 0.33 χ-Fe5C2 (III) 13

Experimental uncertainties: Isomer shift: I.S. ±0.02 mm s-1; Quadrupole splitting: Q.S. ±0.02 mm s-1; Line width: Γ ± 0.03 mm s-1; 

Hyperfine field: ±0.1 T; Spectral contribution: ±3%.
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Chapter 3

Attachment of Iron Oxide Nanoparticles to 
Carbon Nanofibers Studied by In Situ Liquid 

Phase Transmission Electron Microscopy

Based on: N. A. Krans, N. Ahmad, D. Alloyeau, K. P. de Jong and J. Zečević, Micron. 2019, 117, 40–46.
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Abstract
By using liquid phase transmission electron microscopy (LP-TEM), the 
dynamics of iron oxide nanoparticle (FexOy-NP) attachment to carbon 
nanofibers (CNFs) and oxygen functionalized CNFs (CNF-Ox) were studied 
in situ. The beam effect on the stability of the sample in various liquids was 
examined, and it was found that toluene provided the highest stability and 
resolution to image both CNF supports and FexOy-NPs. Flowing particles 
dispersed in toluene through the liquid cell allowed direct monitoring of the 
attachment process at ambient temperature. Using CNF-Ox as a support led 
to a large extent and irreversible attachment of iron nanoparticle compared 
to a lower extent and reversible attachment of FexOy-NPs to pristine CNF, 
indicating the influence of surface functionalization on colloidal particle 
attachment. The results were confirmed by lab-scale experiments as well as 
experiments performed with the electron beam switched off, verifying the 
notion that beam effects did not affect the attachment. This study revealed 
previously unknown phenomena in colloidal particle-support interactions and 
demonstrates the power of LP-TEM technique for studying such nanoscale 
processes.
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Introduction

Heterogeneous catalysis plays a key role in many chemical processes.[1] Heterogeneous catalysts 
usually comprise of catalytically active metal nanoparticles attached to a high surface area 
support. The properties such as the size, shape and composition of the metal nanoparticles, 
the structure of the support material, as well as the metal-support interaction are crucial for 
catalytic performance and can be controlled by adjusting several synthesis conditions.[2–9] 
Typically synthesis starts with bringing support material in contact with metal ion or metal 
colloid solution, followed by liquid or gas phase heat-treatments to transform metal ions or 
colloids into the final supported metal nanoparticle catalyst.[9–12]

Transmission electron microscopy (TEM) imaging is frequently used to obtain quantitative 
and qualitative information about the nanoscale and even atomic structure of catalysts.[13] Due 
to the vacuum condition under which conventional TEM operates, the sample has to be dried 
prior to imaging. As a consequence, dynamic processes taking place in the liquid, such as the 
attachment of metal ions or colloids to a support during catalyst synthesis, cannot be imaged. 
Owing to the recently developed liquid-phase (LP-)TEM holder, whose tip incorporates two 
silicon chips with electron transparent SiN windows between which liquid can be contained, 
this limitation has been removed. Several important processes taking place in the liquid have 
already been successfully imaged using the LP-TEM approach.[14–20] 

However, LP-TEM is challenging as the high-intensity electron beam causes liquid 
radiolysis, in which radicals can form and chemically interact with, and therefore damage, the 
sample.[21–23] The influence of electron beam-liquid interactions on sample stability has already 
been investigated in quite some depth, with the focus on water as the most commonly used 
liquid medium in material synthesis and manipulation.[24–31] Aside from beam effects, LP-TEM 
research has focused on topics such as material behavior in an electrochemical environment, as 
well as growth and movement of nanoparticles in liquids.[26,32–36] Catalyst synthesis is another 
important field that can greatly benefit from LP-TEM, as metal deposition onto supports is one 
of the crucial steps that determines catalyst structure and performance.[12,13,37]

Recently, it was shown that model catalysts composed of colloidal iron nanoparticles (FexOy-
NPs) on a carbon nanotube (CNT) support can be successfully used to study the catalytic Fischer-
Tropsch to Olefins reaction (FTO).[12,38–41] As discussed in Chapter 2, it was observed that the 
amount of colloidal FexOy-NPs attached to oxygen functionalized (CNT-Ox) and pristine CNTs 
differed, which was ascribed to weaker Van der Waals interaction between the FexOy-NPs and 
CNT-Ox, which in turn influenced the catalyst performance.[42] However, such a conclusion was 
derived only upon examining already prepared samples.

In this study, we used LP-TEM as a unique tool which allowed us to observe for the first time 
the attachment of colloidal nanoparticles onto a support in real time and to gain insights into the 
dynamics of this process. We focused on catalysts consisting of colloidal FexOy-NP and a pristine 
and functionalized carbon nanofiber support (CNF and CNF-Ox, respectively). Importantly, 
LP-TEM imaging conditions to minimize electron beam-liquid-sample interactions and thus 
allow higher stability of the samples during LP-TEM experiments were identified. The in situ LP-
TEM experiments showed interesting differences between FexOy-NPs attachment to a CNF-Ox 
support compared to CNF support, in terms of reversibility and duration. These observations 
were further supported by lab-scale experiments.
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Experimental

Fabrication of FexOy-NPs. All chemicals were purchased from Sigma-Aldrich at highest 
purity available, unless stated otherwise, and were used as received. 18 nm FexOy-NPs were 
made following the previous procedure.[12] In a glovebox, 0.71 grams (2 mmol) of iron (III) 
acetylacetonate (≥99.9% trace metals) was weighed after which the powder was further handled 
outside in air and mixed with 5 mL 1-octadecene (90% purity). The mixture was subsequently 
added to a 100 mL round bottom flask containing 2.5 g oleic acid (90% purity). A Schlenk 
line set-up was used to degas the reactants for 30 minutes under vacuum at 120 °C while 
magnetically stirring at 650 rpm. The solution was subsequently purged with nitrogen gas at 
90 °C. The temperature was then increased to 320 °C in 15 minutes and the mixture was refluxed 
for 1 h. Subsequently, the obtained suspension of iron nanoparticles was cooled down to room 
temperature and further processed in air. Washing the FexOy-NP suspension was done in three 
cycles where the suspension was precipitated in isopropanol by centrifugation at 2700 rpm for 
10 min, and re-dispersed in five drops of toluene (Acros, 99.85% purity, acroseal, extra dry). 
Finally, particles were suspended in 2.4 mL of toluene. 

9 nm FexOy-NPs were made according to the previously reported procedure[12] where the 
following solvents and ligands were weighed and mixed in a 100 mL three-neck round-bottom 
flask: 0.43 g oleic acid, 0.21 g oleylamine (70% purity), 0.35 g 1,2-hexadecanediol (≥ 98% purity) 
and 10 mL 1-octadecene. A Schlenk line set-up was used to degas the reactants for 30 minutes 
under vacuum at 120 °C while magnetically stirring at 650 rpm. The solution was subsequently 
purged with nitrogen gas at 90 °C and a solution of 0.21 g iron pentacarbonyl (99.99 %) in 1 mL 
1-octadecene was injected. The temperature was then increased to 290 °C in 10 minutes and 
the mixture was refluxed for 1 h. Subsequently, another injection of 0.21 g iron pentacarbonyl 
in 1 mL of octadecene was added to the reaction mixture which was refluxed for an additional 
hour. The obtained suspension of iron nanoparticles was cooled down to room temperature and 
washed following the same steps described above.

Functionalization of the CNF support. Commercially available Pyrograf®-III carbon 
nanofibers (PR-24-XT-HHT, powder) with low iron content levels were functionalized using 
liquid-phase oxidation following an approach similar to reported.[43] 2 g of CNF material was 
added to a 1 L one-neck round-bottom flask and suspended in 150 mL of nitric acid (Merck, 
65% purity). The round-bottom flask was connected to an Allihn condenser and the suspension 
refluxed at 120 °C for 5.5 h. The suspended CNFs were cooled down to room temperature and 
washed by Büchner filtration with demineralized water until pH neutral. The material was then 
dried overnight in a static-air oven at 120 °C. The oxidized support material is hereafter referred 
to as CNF-Ox, while the pristine fibers are referred to as CNF.

Lab-scale attachment of the FexOy-NPs on CNF support. 4 mL of a ten times diluted 
suspension of as-synthesized (about 2 g/L iron oxide) 9 nm FexOy-NPs in toluene was added 
to 50 mg of CNF or CNF-Ox and stirred for 30 minutes at 200 rpm at room temperature. The 
mixture was washed five times by dispersing the support in 20 mL acetone combined with 
1 mL of hexane after which the suspension was centrifuged, the supernatant was decanted and 
the remaining support was re-dispersed. Finally, the obtained FexOy/CNF and FexOy/CNF-
Ox samples were dried in stagnant air at 60 °C overnight. Transmission electron microscopy 
(TEM) images of samples prepared in the lab were acquired using an FEI Tecnai T20 microscope 
operated at 200 kV in bright field TEM mode.
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Characterization

In situ LP-TEM measurements. 

Chip preparation. About 1-2 mg of carbon nanofibers or nanotubes was suspended in 0.5 mL 
dichlorobenzene and sonicated for 30 min.[44] After following the standard cleaning procedure 
of Protochips, Inc. to remove the photoresist film, both the top and bottom chips were plasma 
cleaned for 2 min with 20% O2/Ar. A 0.2 µL drop of the CNF or CNT suspension was added to 
a large E-chip (Protochips, EPT-55-W, 50x550 µm size SiN windows) and left to dry in stagnant 
air. Chips assembly into a so-called LP-TEM cell was done according to standard Protochips, Inc. 
procedure: firstly, all tubes of the holder were flushed with the liquid in which the experiment 
was to be performed, namely water (Sigma-Aldrich, sterile-filtered extra pure water), ethanol 
(Acros, 99.5% purity, AcroSealTM extra dry) or toluene (Acros, 99.85% purity, AcroSealTM, 
extra dry). Subsequently, a clean perfluorelastomer (PFE) gasket was fitted in the Protochips 
210 Poseidon holder. Then, a small E-chip (Protochips, EPB-55DF, 50x550 µm size SiN windows, 
150 nm gold spacer) was fitted on the gasket. Without adding any liquid onto the small chip, a 
large E-chip with the sample was placed on top with the SiN window being parallel to the SiN 
window of the small chip and sample facing down. The holder was leak tested by a HiCUBE 
Pfeiffer Vacuum pump until the vacuum reached 1.2 10-6 bar. While testing, the inlet was left 
open until 1.2 10-5 bar was reached, thereafter the liquid (water, ethanol or toluene, depending 
on the experiment) was flown through with a flow rate of 5 µL/min (Harvard Apparatus Pump 
11 Elite). The vacuum test was performed for 30 minutes to ensure no leaking occurred. 

LP-TEM imaging of CNF and CNF-Ox supports and FexOy-NP attachment. The CNF and CNF-
Ox stability tests, as well as the attachment of FexOy-NPs, were performed using an FEI Talos 
F200X transmission electron microscope, at 200 kV in bright field STEM mode. Imaging 
was performed using an electron dose rate of 1035 e nm-2 s-1, and images of 1024x1024 pixels 
were continuously acquired with the pixel dwell time of 2.375 µs (one pixel being 1.4 nm). 
During CNF(-Ox) stability experiments imaging was performed with a liquid flow of 2 µL/
min. Furthermore, no extra purification steps were taken to ensure that the liquids were dried, 
therefore some water and oxygen could be present in the liquids. For the FexOy-NPs attachment 
experiments, toluene was first flown through the holder to ensure that the tubing and cell 
containing CNF support is fully in contact with the toluene. Imaging was started at the same 
time the flow of FexOy-NPs suspension was started (2 µL/min). Particles flow was kept for 
30 minutes, after which the cell was once again flushed with toluene for 1 hour (10 µL/min) 
to remove the excess of particles. The current was measured on the fluorescent screen and was 
continuously 0.165 nA. Afterward, the cell was thoroughly cleaned by flushing with a hexane/
HCl mixture (0.1 M, 0.5 mL, 5 µL/min) and ethanol (5 mL, 10 µL/min). The program ImageJ 
was used to analyze images and count the number of FexOy particles attaching to the CNFs. The 
Fe particle counting was performed every 15 frames for the attachment of FexOy-NP to CNF 
and every 5 frames for FexOy-NP attachment to CNF-Ox. As the resolution of the images was 
insufficient for automated particle segmentation, the counting was performed manually.

Moreover, an experiment was performed to rule out the influence of the reducing effect of 
hydrogen radicals in the cell. Certain regions with CNF-Ox were scanned for prolonged times, 
after which the beam was blanked and particles were attached to the fibers. Particles were 
removed by a steady flow of toluene for an hour (10 µL/min). Thereafter, the “scanned regions” 
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were compared with the “non-scanned regions” for difference between the amount of attached 
particles.

Attachment of the FexOy-NPs in the Liquid Cell without the electron beam on. Chips were prepared 
as described above and the cell was leak tested while flowing toluene through the cell with 5 µL/
min. Subsequently, the as-synthesized and toluene suspended iron oxide particles (about 20 g/L) 
were flown through with a flow rate of 2 µL/min for half an hour. Thereafter, the cell was 
flushed with 0.5 mL toluene (10 µL/min) for an hour to remove the excess of particles. Finally, 
the previously synthesized CNF and CNF-Ox supported FexOy-NPs samples were imaged in the 
liquid cell in a toluene environment, to investigate whether the electron beam had impact on the 
FexOy-NPs loading on the supports.

LP-TEM imaging of CNT and CNT-Ox supports (an additional experiment exploring smaller 
CNT material). The CNT and CNT-Ox stability experiments were performed in water on a JEOL 
ARM 200F transmission electron microscope equipped with a CEOS aberration corrector for 
the objective lens and a cold FEG. The experiments were performed with an 80 kV acceleration 
voltage, in dark field STEM imaging mode with a dose rate of 4.3 e nm-2 s-1, taking an image of 
1024x1024 pixels every 5 minutes. 

N2-Physisorption. N2 -physisorption was performed by using a Micromeritics Tristar 3000 
setup. Samples were degassed in He flow at 155 °C for 20 h with a ramp of 10 °C/min before the 
measurement. Measurements were done at -196 °C from 0 to 0.995 P/P0, and the BET method 
was used to calculate the specific surface area. 

Titration. To analyze the acidity of the CNF and CNF-Ox supports, titration curves were 
measured using a Radiometer Analytical TitraLab TIM880 titration manager. 25 mg of each 
support was ground in a mortar and 30 mL 0.1 M KCl (aq) was added, after which the samples 
were sonicated for 30 minutes. Before titration, the samples were diluted with 0.1 M KCl (aq) to 
reach a total volume of 65 mL. The samples were titrated up to pH 9 using an aqueous solution 
containing 0.01 M NaOH and 0.1 M KCl. The acidity of the support material was calculated 
from the first derivative of the obtained curve, by finding the inflection point as was done in 
previously published work.[43]

ICP-AES. The iron weight loading was determined with a Thermo Jarrell Ash model ICAP 
61E trace analyzer inductively-coupled plasma atomic emission spectrometer (ICP-AES). 

Raman Spectroscopy. Raman spectroscopy was performed with a Horiba XploRA plus 
confocal Raman microscope equipped with a 532 nm laser. Measurements were taken at 
8.41 mW with a 50x LWD objective, an exposure time of 1/10 s and 1200 l/mm grating using 
Labspec 6.0 software.

Results and Discussion

Stability of Carbon Nanofibers in Different Liquids

In view of the known adverse effects of the electron beam on the sample and surrounding liquid 
in LP-TEM experiments, we first assessed several common liquids used in colloidal and catalyst 
synthesis, namely water, ethanol and toluene. The points to consider were the liquids’ ability to 
disperse the FexOy-NPs, the stability of both the FexOy-NPs, the CNF and CNF-Ox supports in 
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the respective liquid under the electron beam, and the achievable image resolution considering 
that contrast between the liquid and the sample depends on their molecular weights, liquid layer 
thickness and size of the sample. 

Physicochemical properties and morphology of CNFs and CNF-Ox used in this study are 
presented in Table 1 and Figure 1. Nitrogen physisorption and TEM showed that upon oxygen 
functionalization of the CNFs (Figure 1A) by liquid phase oxidation (CNF-Ox, Figure 1B) the 
specific surface area increased as a consequence of surface roughening. The degree of surface 
oxidation was studied by titration which indicated that the number of acid sites strongly 
increased compared to the pristine CNF. Raman spectroscopy confirmed the introduction 
of defects in CNF as the contribution of the G-band, indicative of ideal graphitic lattice, 
decreased going from CNF to CNF-Ox (Figure 1C). Distinct bands can be found at ~1350 cm-1 
for disordered graphitic lattice (D1 with A1g symmetry), at ~1580 cm-1 for a graphitic lattice 
(G) with and a shoulder on the G peak at 1620 cm-1 which can be assigned to the disordered 
graphitic lattice as well (D2 with E2g symmetry). The amount of disorder was further shown by 
calculating the ID/IG ratio (Table 1) as the addition of oxygen groups increase the ratio from 0.09 
to 0.12, which was well in agreement with previous literature.[43,45]

Following the approach from earlier work of Elgrabli et al. LP-TEM imaging of carbon 
nanofibers (CNFs) and oxygen-functionalized fibers (CNF-Ox) was first performed in a water 
environment. Figure 2 shows a set of bright field images recorded over 30 min in several liquids 
in scanning (S)TEM mode (200 kV) with a dose rate of 1035 e nm-2 s-1. The size of the gold spacers 
on the chips was 150 nm, however, it should be noted that due to clustering and entanglement 
of CNFs, the liquid layer thickness can be larger than expected based on the chip spacers. As 
observed in Figure 2, CNF-Ox fibers (Figure 2A) significantly degraded and even disappeared 

Figure 1. TEM images of A) pristine CNF (blue), B) oxygen functionalized CNF-Ox (red) and C) Raman spectra 
of both pristine (blue) and oxidized (red) CNF. Peaks were normalized to 1 on the D1 band to observe a change in the 
G band and to indicate if the lattice disorder had increased with functionalization. 

Table 1. Nitrogen physisorption and titration data of CNF support materials. The average outer diameter size 

was measured counting >100 fibers in TEM images. The standard deviation for the average outer diameter in the 

fibers is 30 nm. 

Support Material BET Surface Area 
(m2/g)

Average outer 
diameter (nm)

Acidic Groups 
(nm-2)

ID1/IG

CNT 24 75 0.2 0.09

CNT-Ox 33 75 0.8 0.12

A B C
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after 30 min of imaging in water, while with pristine CNFs (Figure 2B) this degradation was 
more gradual and only led to reduction in outer diameter from 170 to 130 nm within 30 min. 
Since imaging was performed in a water environment, which is known to undergo radiolysis 
under electron beam irradiation[21,46], this degradation can be ascribed to the formation of OH• 
radicals that break C-C bonds leading to perforation of the graphite walls possibly starting on 
defect sites.[20] These effects are in good agreement with the study of Elgrabli et al. which was 
performed at 80 kV on (100 nm diameter, ~30 nm wall thickness) CNTs in water, which shows 
the same adverse effects of the beam, where CNT walls would decrease in thickness over time 
and holes would appear in the walls. Considering that the CNF-Ox fibers have more structural 
defects and a higher specific surface area compared to CNF, they are likely more prone to 
damage by radicals, which can explain the faster degradation. The observed breaking of the 
CNF-Ox fiber in Figure 2A can be ascribed to its bamboo-like structure and likely increased 
number of defects at junctions of adjacent cones.[47,48] The degradation of CNF and CNF-Ox 
was quantitatively assessed by measuring the changes in the inner and outer wall diameter 
over time. While the CNF-Ox outer diameter reduced faster than the CNF outer diameter, the 

Figure 2. In situ bright field STEM imaging and its effect on the stability of CNF-Ox (left column, red) and CNF 
(right column, blue) in various liquids. The dose rate was measured as 1035 e nm-2 s-1. In water (A and B) both supports 
degraded over time, however, CNF-Ox was less stable compared to CNF. In ethanol (C and D) CNF and CNF-Ox 
were both stable over time. In toluene (E and F) and in vacuum (G and H) both supports were stable as well. The 
graphs on the rightmost side show the changes of both CNF (blue) and CNF-Ox (red) outer (full symbols) and inner 
(open symbols) diameter (measured where contrast was sufficient).

A B

C D

E F

G H
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inner diameters of both CNF and CNF-Ox remained unchanged, suggesting that no radicals are 
present inside the fibers that could lead to their degradation. This would mean that the inner 
part of the fibers was not filled with water and that the fibers are largely closed by carbon films 
formed during the synthesis of the fibers.

In contrast to imaging in a water environment, CNF and CNF-Ox showed excellent 
stability in ethanol (Figure 2C-D) under the same LP-TEM imaging conditions as used in the 
above experiments with water. As can be seen, no degradation occurred over the 30 minutes 
of electron beam irradiation in either of the support materials and a quantitative assessment 
of their outer diameters showed no change over time. The stability of the carbon in ethanol 
can be explained by the absence of OH• radicals, as they are not formed in ethanol radiolysis.
[20,49,50] Unfortunately, due to a thick liquid layer and relatively small tubes diameter, the inner 
diameter could not be resolved and measured. Furthermore, FexOy-NPs were found to flocculate 
in ethanol, most likely due to the non-polar ligands surrounding the particles. Therefore, a non-
polar liquid was needed to disperse the FexOy-NPs.

Toluene was used to disperse the FexOy-NPs and to image both CNF and CNF-Ox (Figure 2E-
F). Aromatic hydrocarbons, such as toluene, have a high probability of radical recombination,[31] 

yielding radical products such as H2 gas and benzyl radicals, and are therefore relatively 
resistant to the electron beam.[51,52] Measurements performed under the same conditions as 
used in above experiments, showed excellent stability for both carbon supports. Moreover, the 
resolution was relatively high compared to both water and ethanol most possibly due to a thin 
liquid layer, making toluene an excellent liquid environment to study the interactions between 
nanoparticles and support. Moreover, Figure 2G-H shows the stability of both supports in a 
vacuum environment, to verify that no additional beam damage occurred apart from the damage 
by radical formation.

Attachment of FexOy-NPs to CNF and CNF-Ox

In our earlier study (Chapter 2), TEM and ICP analysis showed that the degree of attachment 
of colloidal FexOy-NPs differed depending on whether pristine or oxygen-functionalized carbon 
nanotube (CNT) support was used, which as a consequence had a great impact on the activity of 
these catalysts in Fischer Tropsch reaction.[42] This has motivated us to investigate the dynamic 
aspects of the particle attachment using LP-TEM and correlate them with different surface 
chemistries of carbon supports. 

Considering relatively small, ~20 nm diameter of CNTs used in previous study (Chapter 2), 
CNFs of 75 nm diameter were chosen as a support material and toluene was chosen as a liquid 
medium considering that the stability of CNFs under e-beam irradiation was high in toluene 
and the contrast sufficient to achieve satisfactory imaging. Likewise, to ensure good imaging 
and high stability under the LP-TEM conditions FexOy-NPs of sufficiently large diameter 
(18 nm, see Figure 3A) were synthesized by a colloidal route. First, the attachment of FexOy-
NPs on pristine CNF was studied (Figure 4A and Movie 1 accessible via QR-code and link 
in Figure S1). It was observed that as soon as FexOy-NPs appeared in the field of view (about 
2 min upon injection, imaging time t = 0 min) the attachment to the CNF and partly to the SiN 
window started. The FexOy-NPs attachment to the window was significantly less than to the 
CNF support indicating that interaction with the CNF support was favored. Careful tracking 
of the FexOy-NPs showed that while most of the particles that enter the field of view attached to 



54

Chapter 3

3

Figure 3. A) Iron oxide nanoparticles made by heating-up method with an average size of 18 nm. B) Iron oxide 
nanoparticles made by heating-up method with an average size of 9 nm. From the inset histogram it can be observed 
that the particles have a narrow size distribution. The bigger particles A) have a slightly broader particle size 
distribution.

Figure 4. FexOy-NPs attachment to CNF (blue) and CNF-Ox (red). A) Particles attach within the first 2 minutes to 
the CNF support and a steady state is apparent until 10 minutes when large clusters are formed. B) When comparing 
the CNF to the CNF-Ox support, the attachment happens more rapidly on the CNF-Ox support and large clusters 
are formed within the first 4 minutes. C) Quantitative attachment of FexOy-NP to CNF. The attachment to CNF was 
rapid after the first 40 seconds, after which an equilibrium between unattached (light blue spheres) and attached 
(dark blue squares) particles was established. D) Quantitative attachment of FexOy-NP to CNF-Ox. The attachment 
to CNF-Ox shows a rapid attachment from time = 0. This attachment does not equilibrate and continues up to 
6 minutes seconds, from which point the particles are indistinguishable due to large cluster formation. A dose rate of 
935 e nm-2 s-1 over the course of 10 minutes was used for both experiments.

A B

A

B

C D
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the CNF, a fraction of the attached particles detached and diffused back into the liquid. It seems 
that already at t = 2 minutes, a form of attachment-detachment equilibrium was reached, where 
the total number of particles in the field of view is constant, along with a constant number of 
particles attached on the CNF and those not attached but in the field of view. Figure 4C depicts 
the quantitative analysis of this phenomenon. Large clusters of the particle were formed after 
10 minutes, obstructing the field of view for further analysis. Low magnification images of the 
scanned area (Figure 5) revealed that these clusters appeared only in and around the scanned 
area, with most particles clustering at the left side of the scanning area where the beam dwell 
time is slightly longer. This clearly indicates that the clustering was beam induced, however, 
whether it is due to charging and/or due to altering surfactant structure surrounding the FexOy-
NPs remains to be investigated. 

When CNF-Ox were used as a support, strikingly different behavior was observed as shown 
in Figure 4B and Movie 2 (accessible via QR-code and link in Figure S2). The attachment of 
FexOy-NPs seemed to be irreversible as almost none of the attached particles were seen to detach 
from the CNF-Ox. Furthermore, a significantly larger number of FexOy-NPs attached already 
after 2 min of imaging compared to the attachment to pristine CNF. Quantitative analysis and 
comparison (Figure 4C-D) of the CNF and CNF-Ox systems highlights that the attachment 
duration and reversibility are the most distinctive features of the attachment process. In the 
case of the CNF-Ox support, the clustering of FexOy-NPs already occurred after 4 minutes of 
scanning, hindering further analysis. These clusters again mostly appeared on the left side of the 
scanning area (Figure 5) but they also seemed to attach to specific areas of the fibers. 

The two experiments gave, undoubtedly, a unique insight into the dynamics of the 

Figure 5. Before and after images of the FexOy-NPs attachment to CNF (blue) and CNF-Ox (red). As can be 
observed, particles mostly attach in the field of view in both higher magnification areas. When observing a lower 
magnification area (the yellow square indicates the scanning area) it was found that particles attach more on the 
left side where the beam dwell time is higher. This clearly indicates that the clustering is beam induced, however, 
whether it is due to charging and/or due to altering surfactant structure surrounding the FexOy-NPs requires further 
investigation. For CNF-Ox, clusters are found on the fiber as well as on the window and it is so far not clear why this 
is happening.
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colloidal attachment and showed that the surface chemistry of a support plays a leading role 
in the extent of attachment, and thus potentially the nature of the attachment. However, the 
observed increased attachment to CNF-Ox is in contrast to what was expected based on an 
FexOy-NP/CNT study presented in Chapter 2, where higher FexOy-NP loading was achieved 
on pristine CNT support albeit dispersed in octadecene at 200 °C.[42] To investigate whether 
the electron beam is altering the CNF and CNF-Ox structure and causing this unexpected 
loading difference, an additional LP-TEM experiment without electron beam interference was 
performed. FexOy-NPs were flowed through the LP-TEM cell containing either CNF or CNF-
Ox support without exposure to the electron beam. Afterward, the cell was thoroughly flushed 
with toluene to remove the excess of FexOy-NP particles, and different areas were imaged in 
the toluene environment to investigate the extent of the FexOy-NP attachment. Additionally, 
this experiment provided insight into the impact of the electron beam on the cluster formation 
observed in the above experiments. Figures 6A and B unambiguously show that FexOy-NPs had a 
higher affinity towards the CNF-Ox irrespective of the electron beam. Furthermore, no FexOy-
NP cluster formation was observed in either of the support systems. This indicates that likely 
no beam induced chemical changes of support material took place during imaging, but that 
the beam does play a role in the formation of FexOy-NP clusters upon continuous scanning. 
Subsequently, the reduction of CNF-Ox by the possible presence of hydrogen radicals and its 
impact on Fe attachment was investigated, Figure S3. As can be observed in this experiment, 
the Fe attachment to ‘non-scanned’ and ‘scanned’ fibers prior to addition of Fe into the cell, was 
comparable. This provided sufficient evidence that, if present, hydrogen radicals produced at 
the used dose rate did not reduce CNF-Ox surface to render it similar to CNF. In addition to 

Figure 6. Ex situ and lab scale FexOy-NPs attached to both CNF (blue) and CNF-Ox (red) A) The ex situ “cell” 
images show 18 nm particles attached to CNF (~20 wt.% FexOy-NP on CNF calculated from the density of hematite 
and graphene). B) and CNF-Ox (~30 wt.% loading). C) Lab-scale experiments show a small amount of FexOy-NPs 
attached to CNF compared to D) CNF-Ox support. Both ex situ images and both lab scale images have the same scale 
bar.

A B
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this, it was noted that when oxygen is present the radical formation of toluene might change, 
affecting the radical chemistry of the attachment.[31] However, as shown above, in both the 
‘scanned’ and ‘non-scanned’ areas particle attachment was similar, indicating that oxygen had 
no visual impact.

To further verify the obtained results, the attachment of FexOy-NPs was also performed ex 
situ at lab-scale with conditions similar to those in the LP-TEM experiments. A batch of 9 nm 
FexOy-NPs was used (see experimental section for details, and Figure 3B) dispersed in toluene. As 
can be seen in Figure 6C and D, also the lab-scale prepared samples showed the increased affinity 
of FexOy-NPs towards CNF-Ox, both with and without the continuous electron beam scanning. 
This result was also supported by ICP-AES measurements, which was used to determine the iron 
weight loading on both supports confirming the iron weight loading was 2.7 wt.% on CNF-Ox 
and 1.3 wt.% on CNF.

As evident from numerous literature, the attachment of colloidal particles onto surfaces and 
their interaction is a very complex process and depends on a number of parameters, including the 
chemistry of surface, size of colloidal particles, the presence of ligands and, type of dispersant. 
Observed differences in the attachment to CNT/CNT-Ox and CNF/CNF-Ox, also point to 
temperature as an important factor, as FexOy-NP attachment to CNT/CNT-Ox was previously 
performed at high temperatures[42] while in this study we performed the attachment at room 
temperature. Some studies argued that the attachment of nanoparticles to a carbon support 
was similar to a ligand exchange process, in which the oleic acid and oleylamine ligands of the 
nanoparticles competed with the carbon, acting as a new ligand.[53,54] Other studies ascribed 
the driving force for attachment of colloidal particles to supports to electrostatic interaction, 
covalent bonding or Van der Waals interactions between the colloids and the support.[12,37,38] 
While electrostatic interaction is less likely to take place in our system where non-polar solvent 
was used, it cannot be fully discarded since toluene was not dried and presence of water could 
have altered surface charge of the CNFs. However, based on previous research, it is more likely 
that particles interacted directly with the CNF surface via the partial electron-donor effect 
suggested by Ritz et al.[12, 52] The exact impact of CNF surface oxidation is hard to discern at this 
stage. Our study highlights the importance of the surface chemistry of support to both rate of 
the attachment and to the reversibility and the extent of the attachment. 

The presented methodology shows great potential of LP-TEM to further unravel the effects 

Figure 7. A) Ex situ (TEM) and B) In situ (Dark Field-STEM) image of CNT in a water environment. As observed, 
the CNT support has a much smaller diameter compared to CNF (measured from TEM 13 nm average diameter and 
surface area of 235 m2/g). In order to reduce beam effects, the electron dose rate was minimized to 4.3 e nm-2 s-1 and 
the acceleration voltage was reduced to 80 kV to avoid knock-on-damage.[3] Even though the carbon nanotubes have 
a relatively small diameter making imaging of single CNTs difficult, at low dose rates the imaging of CNTs in water 
environment is possible.
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of temperature, colloidal particle concentration, surface area and surface structure of other 
carbon-based supports, on colloidal particle attachment. The possibility to image large CNTs 
(with a diameter above 100 nm) in liquid by LPTEM has already been demonstrated.[20] CNTs 
and CNT-Ox with a diameter and wall thickness of only 13 and 5 nm, for which the opposite 
affinity in Fe attachment compared to our study above was reported[42], present a greater 
challenge for LP-TEM experiments. Nonetheless, our preliminary LP-TEM studies showed that 
by lowering the electron dose rate down to 4.3 e nm-2 s-1, selecting the liquid medium in which 
CNTs are the most stable and minimizing the liquid layer thickness, imaging of these thin CNTs 
is possible (Figure 7). Even though the inner diameter of these small CNTs could not be resolved, 
tubes were clearly visible in LP-TEM despite their size, structure and composition. This is a 
promising step for further particle attachment studies, but also towards enabling this technique 
for studying other nanometer-sized light element-based materials.

Conclusions

In conclusion, the attachment of colloidal iron oxide nanoparticles (FexOy-NPs) to carbon 
supports (CNF and CNF-Ox) was investigated using liquid phase transmission electron 
microscopy (LP-TEM). First, the stability of both supports was studied to find optimal imaging 
conditions without causing beam induced damage during scanning. It was found that in water, 
probably due to chemically induced radicals, both CNF and CNF-Ox were affected, and the 
damage was faster with CNF-Ox, likely due to defects caused by the surface-oxidation treatment. 
Both supports were stable in both ethanol and toluene. Finally, both CNF, CNF-Ox and the 
FexOy-NPs were imaged in toluene in which all components were stable for the designated 
imaging time and conditions.

Using LP-TEM the dynamics of the FexOy-NP attachment to both CNF and CNF-Ox supports 
was studied in real time. In both in situ experiments under electron beam radiation, without 
radiation and in lab-scale ex situ experiments, higher loadings of FexOy-NPs were observed with 
CNF-Ox compared to CNF at room temperature in toluene. Furthermore, the attachment to 
CNF-Ox material was irreversible, indicated a stronger interaction and a different mechanism. 
We were able for the first time to image the attachment of catalyst particles onto a support, and 
future research will be carried out to investigate the influence of the temperature, concentration 
and the kinetics of the particle attachment. The application of LP-TEM to investigate the 
attachment of nanoparticles can significantly enhance the understanding of the interactions 
between nanoparticles and supports.
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Supporting Figures

Figure S1. QR-code leading to Movie 1. https://ars.els-cdn.com/content/image/1-s2.0-S0968432818302981-
mmc2.mp4

Figure S2. QR-code leading to Movie 2. https://ars.els-cdn.com/content/image/1-s2.0-S0968432818302981-
mmc3.mp4

Figure S3. A) Scanned and B) non-scanned regions in LPEM after attachment of particles. The scanned (A) areas 
in the LPEM were illuminated with dose rates of 1050 e nm-2 s-1 for 1 hour prior to attachment to investigate the 
influence of the beam to the oxygen groups of the CNF-Ox fibers. The non-scanned (B) regions were investigated in 
the same experiments, by not illuminating these areas of the liquid cell before attachment. After flowing particles 
through the cell as described by Section “Attachment of the FexOy-NPs in the Liquid Cell without the electron beam 
on.”, both areas were investigated to observe the amount of particles attached. No difference was found between the 
scanned and non-scanned regions, suggesting that possible hydrogen radicals had no reducing effect on the oxygen 
groups of the CNF-Ox. 
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Abstract
Attachment of metal oxide colloidal particles to carbonaceous support materials 
depends on a large variety of factors. In this initial experimental research was 
performed to rationalize the attachment of 9 nm iron oxide colloidal particles 
stabilized by organic ligands to two fundamentally different supports, namely 
carbon nanotubes (CNT) and carbon nanofibers (CNF). These supports were 
both functionalized with oxygen (CNT-Ox and CNF-Ox), to investigate the 
impact on the attachment. Besides oxidation, the dependence on temperature 
and iron nanoparticle concentration was investigated as well. Oxidation of the 
carbon surfaces had effect on the surface-specific attachment of particles to 
CNT-Ox, leading to lower iron weight loading and a less uniform attachment 
than with CNT, while it had no effect on the surface-specific loading for CNF-
Ox as compared to CNF. Temperature and concentration did not result in 
large changes in the extent of iron nanoparticle attachment. However, a higher 
amount of particles per surface area were found on CNF compared to CNT 
which is thought to be an effect of an increased number of defects (e.g. nano-
loops) and lower surface curvature characteristic for CNF. 
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Introduction

Colloidal particles have attracted intense scientific attention as they can be used for a range of 
applications such as coatings, drug delivery and catalysis.[1,2] Usually, these colloidal systems are 
investigated while being stabilized in a liquid. However, for reactions in gas or liquid catalyzed by 
colloidal particles it is advantageous to anchor those on support materials.[1,3,4] As the colloids are 
attached to the support material in a separate step, several parameters can influence the particle 
deposition while the three predominant interactions discussed in literature are electrostatic, 
Van der Waals or covalent interactions.[2]

Electrostatic interactions result from charges on the particles surface and the support 
surface and can either be attractive or repulsive. These forces are dominating at intermediate 
distances and dependent on the dielectric constant of the medium used.[1,5–7] At distances smaller 
than the colloid radius, Van der Waals forces become important. These forces are caused by 
fluctuations in the electron density of atoms or molecules, and are mostly attractive.[8,9] Covalent 
interactions can also play a role in the binding of nanoparticles to a surface in for instance click-
chemistry reactions, where the surfaces of colloids are modified to be linked, thus avoiding high 
temperature treatments.[10] These interactions are all dependent on the nature of the materials 
used. Furthermore, the structure of the materials play a role as well. 

Two materials used in this work as support materials for colloidal particles are carbon 
nanofibers (CNF) and carbon nanotubes (CNT).[11,12] The structural differences in the carbon 
materials can have a large impact on their properties and therefore to their nanoparticle 
binding properties.[13,14] Carbon nanofibers are usually described in having a ‘fishbone’ type 
structure, where the graphene sheets are oriented at an angle to the fiber axis.[13,15,16] These CNFs 
can also be hollow or even have quasi-parallel outer walls such as the Pyrograf products.[17,18] 
Carbon nanotubes have graphene layers that generally are formed like a ribbon or a tube, i.e. a 
cylinder with a tubular cavity.[19–21] Moreover, carbon tubes and fibers can be functionalized to 
obtain groups on the surface containing oxygen, nitrogen or sulfur.[22,23] Furthermore, within 
the structure of these carbon materials, defects can be found or even zipping of the graphene 
edge can occur, forming so called ‘nano-loops’.[24–26] 

All these factors can influence the interaction of particles with the surface. It has been 
reported that the nano-loops had a positive effect on the attachment of Pt and Fe nanoparticles 
due to the high amount of disordered carbon and/or dangling bonds.[27,28] Also oxygen-containing 
groups can play a role in binding particles to the surface. However, discrepancy is found in 
literature, where in some papers it is indicated that oxygen-containing groups have a negative 
effect on the binding of particles to the surface,[21,23,27] whereas other papers indicate that these 
act as anchoring sites.[28,29] Curvature seems to play a role in the attachment of particles to a 
support as well, as it has been reported several times that particles seem to attach stronger on 
the inside of a carbon tube compared to on the outside, which has to do with both increased 
electronic interactions and Van der Waals interactions.[30–34] 

In previous research, colloidal iron oxide nanoparticles stabilized by organic ligands were 
attached to a pristine and a functionalized with oxygen CNT support. It was found that attaching 
colloidal particles to either a functionalized or a pristine CNT support led to a difference in iron 
weight loading. Another study used in situ TEM to study different the attachment of particles to 
supports, with different parameters compared to the first study, namely different temperature, 
particle concentration, and a CNF instead of a CNT support. Attaching the particles in situ to 
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CNF led to a higher iron weight loading on the functionalized support while attaching the 
particles ex situ to CNT the higher weight loading was discovered on the pristine support.
[21,35] The parameters of influence were thought to be; temperature, concentration and size of 
the particles. Moreover, fundamental differences in the support material could play a role, 
such as structural differences between the two carbon materials and the specific surface area. 
Even though a lot is known about colloidal attachment on the micrometer scale, attachment 
differences on the nanometer scale have not been investigated much. Therefore, it is important 
to obtain more understanding of colloidal particles interacting with these supports and establish 
which parameters play an important role in the attachment.

In this exploratory chapter, efforts have been made to distinguish which parameters are of 
influence on the attachment of iron oxide nanoparticles to CNF and CNT support materials. 
Here, iron oxide nanoparticles of 9 nm in size, stabilized with organic ligands, were used to 
compare the attachment to both CNF and CNT materials and oxygen functionalized CNF 
(CNF-Ox) and CNT (CNT-Ox) supports. Firstly, the nature of both support materials was 
investigated and thereafter, the temperature and concentration of particles were varied to 
establish the impact of these factors on the attachment. 

Synthesis Methods

Synthesis of 9 nm iron oxide nanoparticles (FexOy-NP). To synthesize the colloidal iron 
oxide nanoparticles, a procedure from previous research was used.[12] 0.43 g oleic acid (90% 
purity), 0.21 g oleylamine (70% purity), 0.35 g 1,2-hexadecanediol (≥ 98% purity) and 10 mL 
1-octadecene (90% purity), all purchased from Sigma-Aldrich, were added to a 100 mL three-
neck round-bottom flask. While magnetically stirring at 650 rpm with a glass-coated stirring bar, 
a vacuum was applied on a Schlenk-line set-up to degas at the reactants at 120 °C for 30 minutes. 
Thereafter, nitrogen gas was used to purge while simultaneously lowering the temperature to 
90 °C and injecting a solution of 0.21 g iron pentacarbonyl (99.99%) in 1 mL 1-octadecene. The 
temperature was then increased to 290 °C in 10 minutes and the mixture was refluxed for 1 h. 
To increase the particle size from 7 to 9 nm, an additional 0.21 g iron pentacarbonyl in 1 mL 
1-octadecene was injected and the mixture was refluxed for another hour at that temperature. 
The suspended iron nanoparticles (9FexOy-NP) were cooled down to room temperature and 
further processed in air. The 9FexOy-NP suspension was centrifuged three times in isopropanol 
at 2700 rpm for 15 min, and re-dispersed in five drops of toluene. Finally, 2.4 mL of toluene was 
used to suspend the washed 9FexOy-NP.

Oxidation of carbon nanotubes (CNT) and carbon nanofibers (CNF). Commercially 
available Pyrograf ®-III carbon nanofibers (PR-24-XT-HHT, powder) with low iron content 
levels and multiwalled carbon nanotubes (Baytubes C 150 HP, Bayer Material Science) were 
used in an oxidation functionalization step. 2 g of carbon material (either CNT or CNF) was 
added to a 1 L one-neck round-bottom flask and suspended in 150 mL of nitric acid (Merck, 
65% purity). The round-bottom flask was connected to an Allihn condenser and the suspension 
refluxed at 120 °C for either 2 h (for CNT) or 5.5 h (for CNF). The suspended carbon was cooled 
down to room temperature and washed by Büchner filtration with demineralized water until 
pH neutral. The material was then dried overnight in a static-air oven at 120 °C. Henceforth, the 
oxidized supports are referred to as CNT-Ox and CNF-Ox.
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Attachment of 9FexOy-NP to carbon supports with different concentrations and 
temperatures. The 9 nm iron oxide colloids were attached to either CNT, CNT-Ox, CNF or CNF-
Ox.[12] To vary the concentration, the 9FexOy-NP were either used in concentrated suspension 
(16.9 gFe/kgtoluene), two times diluted suspension (8.4 gFe/kgtoluene) or four times diluted suspension 
(4.2 gFe/kgtoluene). For each experiment the as-synthesized iron oxide colloids were transferred 
from toluene to 1-octadecene by adding 1.5 mL of suspended colloids to 1.5 mL 1-octadecene. 
Thereafter, the mixture was added to a three-neck round bottom flask of 50 mL attached to a 
Schlenk-line set-up and heated to 50 °C for 30 min under vacuum until the boiling of toluene 
stopped, indicating that the toluene had evaporated and leading to concentrations of 21.4, 10.7, 
5.3 gFe/kgtoluene. 50 mg of carbon was weighed and added to one of the three concentrations of 
suspended 9FexOy-NP in 1-octadecene in a 50 mL three-neck round bottom flask on a Schlenk-
line set-up. One additional experiment included a higher concentration 9FexOy-NP to CNT and 
CNT-Ox, where 2 mL of a 21.4 gFe/kgtoluene was added to 30 mg support material. The mixture 
was purged with nitrogen and then heated to the desired temperature (either 25 °C or 200 °C) 
and stirred with a magnetic glass-coated stirring bar at 400 rpm for 30 min. Afterwards, if 
necessary, the mixture was cooled down to room temperature while magnetically stirring and 
further processed in air. Finally, the 9FexOy-NP supported on the carbon materials were washed 
five times with a mixture of n-hexane and acetone (1:3 v/v) and dried at 60 °C under static air. 

Characterization Methods

Nitrogen-physisorption. Nitrogen-physisorption was performed by using a TriStar Plus II gas-
volumetric apparatus (Micromeritics, Norcross, GA, USA). Samples were degassed at 300 °C 
for 24 h with a ramp of 10 °C/min before the measurement. Measurements were done at -196 °C 
from 0 to 0.995 P/P0, where the BET approach was used to calculate the specific surface area 
from the adsorption branch of the isotherm and the total pore volume was determined at 
0.95 P/P0.

Titration. The amount of acid groups per surface area could be analyzed by titration. The 
titration curves were recorded using a Radiometer Analytical TitraLab TIM880 titration 
manager. For all carbon materials, 25 mg was grinded in a mortar and 30 mL 0.1 M KCl (aq) was 
added, after which the sample was sonicated for 30 minutes. Before titration, the sample was 
diluted with 0.1 M KCl (aq) to reach a total volume of 65 mL. The sample was titrated up to pH 
9 using an aqueous solution containing 0.01 M NaOH and 0.1 M KCl. To calculate the acidity of 
the support material the inflection point was calculated by taking the first derivative from the 
original titration data. The inflection point was used to calculate the amount of acid groups per 
nm2, as was done in previously published work.[36] 

Raman spectroscopy. Spectra were taken with a Horiba XploRA plus confocal Raman 
microscope equipped with a 532 nm laser. Measurements were taken at 8.41 mW with a 50x 
LWD objective, an exposure time of 1/10 s and 1200 l/mm grating using Labspec 6.0 software. 
Peaks were normalized to 1 on the D1 band to observe a change in the G band and to indicate if 
the lattice disorder had increased with functionalization. To obtain the ID/IG values, the highest 
points of both peaks were taken and the D band was divided by the highest point of the G band. 
This was averaged over 10 spectra per sample to get an accurate indication for the defects.

X-ray diffraction (XRD). Diffractograms were recorded between 5 °2θ and 80 °2θ with 
a Bruker-AXS D2 Phaser x-ray diffractometer in Bragg-Brentano mode, equipped a Lynxeye 
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detector (Co Κα1,2,λ = 1.790 Å) with an increment of 0.3-1.0 °2θ and a scan speed of 5 s/°2θ. 
Samples were prepared by crushing the support materials into a fine powder. 

Inductively coupled plasma (ICP) spectrometry. The specific Fe weight loading was 
determined with a Thermo Jarrell Ash model ICAP 61E trace analyzer inductively coupled 
plasma atomic emission spectrometer (ICP-AES). The samples were prepared by doing an aqua 
regia extraction where the powdered sample (approximately 125 mg) was added to 1.5 mL of 
HNO3 (65%) and 4.5 mL HCl (30%) (1:3 ratio) in a destruction vessel and left overnight at 90 °C 
on a hot plate. The vessels were heated to 160 °C without caps until a gel was formed in less than 
60 minutes. About 20 mL (5%) HNO3 was added to the vessels, closed and subsequently heated 
to 90 °C overnight once more. Thereafter, the vessels were weighed to determine the dilution.

Transmission electron microscopy (TEM). To determine the size and spatial distribution of 
9FexOy-NP on carbon, transmission electron microscopy (TEM) was used. Images were recorded 
with an FEI Talos F200X transmission electron microscope, operated at 200 kV in bright field 
mode. TEM samples were prepared on either Formvar carbon film, 200 mesh copper grids (for 
the nanoparticles) or on Lacey carbon film, 300 mesh copper grids (for the supported particles). 
The samples were dispersed in either hexane (9FexOy-NP) or pure ethanol (supported particles) 
and drop-casted on the TEM grids.

Results and Discussion

The two pristine carbon materials used in this research were carbon nanotubes (CNT) and 
carbon nanofibers (CNF). These supports were both functionalized using a liquid phase 
oxidation (LPO) step, in which both carbon materials were refluxed in nitric acid to add oxygen 
groups to the surface.[36–38] To get a better understanding of the physical differences between 
the supports, nitrogen physisorption, see Figure 1 and 2, and titration were used. The nitrogen 
physisorption measurements showed a difference in external surface area between CNT/CNT-
Ox and CNF/CNF-Ox, see Table 1 and Figure 1. Between CNT/CNT-Ox, the functionalized 
tubes external surface area increased going from the original 198 m2/g to 281 m2/g. A change 
in surface area was also observed in CNF/CNF-Ox which increased from 22 m2/g to 40 m2/g 
external surface area. This increase in both support materials was previously explained as a 
consequence of surface roughening due to the harsh acid environment in which the carbon 
materials are oxidized, which is assumed to have happened here as well.[36] However, to be sure 

Figure 1. Isotherm plots of all support materials. In A) the plots for CNT (black) and CNT-Ox (orange) can be 
observed, while in B) CNF (blue) and CNF-Ox (red) can be found. The increase in adsorbed quantity of N2 in both 
functionalized supports indicated an increase in BET surface area.

A B



71

Exploratory Research on the Attachment of Iron Oxide Colloids to Carbon Nanotubes 
and Nanofibers 

4

that the internal pores had not opened up, the physisorption results were analyzed in depth. 

From the plots observed in Figure 1A, it was found that the number of pores for CNT-Ox 
at higher pressures (P/P0) increased, which meant that the volume of larger pores (>50 nm) 
has increased. This can be explained by a change in entanglement (bundling of the fibers) due 
to the oxidation process, obtaining larger voids between the tubes themselves and therefore 
creating more pores.[39,40] The adsorption and desorption plots, in Figure 2A and C respectively, 
show only limited differences in CNT and CNT-Ox for small pores. Furthermore, the large 
increase in larger pores indicating this entanglement is most clearly seen in the desorption plots 
(Figure 2C). Interestingly, no specific peak has emerged at 5 nm which was the internal pore 
diameter expected from TEM as observed in Table 1, indicating that the pores of 5 nm had 
stayed closed off. 

The physisorption data for CNF in Figure 1B showed a small hysteresis for CNF at the 
beginning of the plot, presumably due to the low volume density of the material, which made it 
hard to load the right amount of sample. Besides the low volume density, also the compression 
due to the pressure on the sample could be the cause of the hysteresis.[41] Furthermore, the 
hysteresis at higher pressures for CNF-Ox can indicate an increase in pores. In the adsorption 
and desorption plots (Figure 2B and D) the differences in CNF and CNF-Ox showed that for 
the whole region of pore sizes, CNF-Ox has obtained a higher volume of pores.[22] There does 
seem to be an increase in 4-5 nm pores (Figure 2D) for CNF-Ox in the desorption plot, however 
this does not seem to be linked with the inner pores of the fibers as these have been measured 
much larger (~35 nm, Table 1) after which it can be concluded that the inner pores stay closed 
off after oxidation.

Figure 2. BJH plots from adsorption (A and B) and from desorption (C and D) where differential pore volume 
against the pore diameter for all supports is shown. In A) and C) the plots for CNT (black) and CNT-Ox (orange) 
can be observed, while in B) and D) CNF (blue) and CNF-Ox (red) can be found.
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High resolution TEM was used to observe the differences in the tubes after oxidation, see 
Figure 3. In Figure 3A-C both pristine materials can be found. The TEM images were used to 
obtain an average diameter of the tubes and the fibers (Table 1) which showed that the outer 
and inner diameter was larger for CNF than for CNT. Furthermore, as can be observed when 
comparing Figure 3A and D, the surface of CNT-Ox was more roughened compared to CNT 
due to the acid treatment.[36] This also resulted in a small change in outer diameter, where the 
diameter of the CNT was 15 nm on average while this was 14 nm on average for CNT-Ox. 

Figure 3. High Resolution TEM (HR-TEM) micrographs of the different support materials: A) CNT (black), B), 
C) CNF (blue), D) CNT-Ox (orange) and E), F) CNF-Ox (red). The insert in B) shows the magnified image of the 
nano-loops within the CNF material.

Table 1. Properties of CNT, CNT-Ox, CNF and CNF-Ox measured with titration, nitrogen physisorption and 
Raman spectroscopy. All data indicate that functionalization led to an increase in the oxygen surface groups in 
both CNT and CNF.

Properties BET surface 
Area (m2/g)

Total pore 
volume 
(cm3/g) a

Average 
Outer 
Diameter 
(nm) b

Average 
Inner 
Diameter 
(nm) b

Acidic 
Groups 
(nm-2) c

ID/IG

CNT 198 0.28 15 5 <0.01 1.9

CNT-Ox 281 0.58 14 5 1.7 2.3

CNF 22 0.03 75 35 0.2 0.09 

CNF-Ox 40 0.04 75 35 0.8 0.12

a Determined at P/P0 = 0.95
b Determined from counting approximately 150 tube inner and outer diameters using TEM images.
c Calculated using volumetric titration combined with the BET surface area from nitrogen-physisorption.

A B C

D E F
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Furthermore, from Figure 3A and D it was observed that some CNT have a relatively 
smooth surface existing of ordered graphene sheets and CNT-Ox (Figure 3D) mostly has 
a roughened surface with amorphous carbon layers on the ordered graphene sheets.[42] CNF 
(Figure 3B and 3C) and CNF-Ox (3E and 3F) show large varieties in graphene structures and, 
therefore, two images were obtained to show the differences in the fibers. As these CNFs 
materials originated from Pyrograf, quasi-parallel outer walls (not shown) were found as well, 
as mentioned in previous research.[17,18] Nano-loops were abundantly present in CNF, while 
these seemed to have reduced in number on the CNF-Ox (see Figure 3B compared to 3E) which 
was also seen in previous research.[26] These loops had straight graphitic sheets and looped ends 
similar to previously published work.[25] For CNF-Ox some of the nano-loops seemed to have 
opened up to form exposed graphite edges, see Figure 3E. Other tubes within the CNF and 
CNF-Ox samples were composed of graphitic sheets (Figure 3C and 3F) with pores (~35 nm) 
and amorphous carbon layers. This amorphous carbon seemed to be less abundant on the CNF-
Ox, most probably because it was removed due to the acid treatments which is well known to be 
destructive for carbon structures.[36]

Using titration (Table 1) on both supports a higher number of functionalized sites were 
observed after oxidation, however, the surface-normalized number of acid sites for CNF-Ox 
was lower compared to the CNT-Ox. The surface sites of the CNT were 1.7 acidic sites/nm2 after 
2 hours of liquid phase oxidation treatment while the CNF only obtained 0.8 acidic sites/nm2 

after a 5.5 hour treatment.

Subsequently, Raman spectroscopy, see Figure 4 and Table 1, was used to identify the degree 
of disorder of graphitic carbon upon functionalization. The pristine tubes and fibers (black 
and blue) show a distinct pattern for graphitic lattices, found in previous literature as well.
[36] Bands can be found at ~1350 cm-1 for disordered graphitic lattice (D1 with A1g symmetry), 
at ~1580 cm-1 for a graphitic lattice (G) with and a shoulder on the G peak at 1620 cm-1 which 
can be assigned to the disordered graphitic lattice as well (D2 with E2g symmetry).[15] The data 
clearly indicated for both oxygen functionalized supports that the G-band is lower in intensity, 
meaning that these supports acquired more defects compared to the pristine supports. The 
number of defects is associated with the functionalization of the support, further indicating 

Figure 4. Raman spectra the support materials. A) Spectra obtained from CNT (black) and CNT-Ox (orange) and 
B) spectra obtained from CNF (blue) and CNF-Ox (red). Peaks were normalized to 1 on the D1 (at 1350 cm-1) band 
to observe a change in the G band (1620 cm-1).
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that both supports were altered by the liquid phase oxidation treatment. Moreover, calculating 
the relative intensity ratio (ID/IG) can be used to evaluate the amount of carbon defects in a 
graphitic structure, see Table 1. For both supports this ratio increased meaning that indeed both 
supports had more defects after the acid treatment.[42–44] As the CNT have much higher specific 
surface area compared to CNF, the disorder measured by Raman showed a higher ID/IG ratio 
for CNT and CNT-Ox. To check if this difference in ID/IG was only caused by the difference in 
surface area of the materials, x-ray diffraction (XRD) was performed.

XRD was performed to investigate the graphitic character of the supports, see Figure 5. 
All supports showed similar diffractograms with bands at 30 °2θ (002 graphite peak) and 
54 °2θ (004 graphite peak). The band around 43 °2θ can both be assigned to hexagonal and 
rhombohedral graphite as those peaks are between 42 °2θ and 46 °2θ.[15] The graphite band 
at 30 °2θ is sharper for CNF than for CNT, indicating that the CNF was more ordered. 
Furthermore, the higher graphitic order in CNF most probably resulted in the difference in 
amount of oxygen functionalized groups between CNF-Ox and CNT-Ox (Table 1), as a material 
with a more graphitic character is more difficult to oxidize.

Colloidal iron oxide nanoparticles (9FexOy-NP) were obtained using a heating-up method. 
These particles had an average size of 9 nm with a standard deviation of the distribution of 

Figure 5. X-ray diffractograms of all supports. A clear peak can be observed at 30 °2θ for graphite-2H which is 
sharper for the fibers compared to the tubes.

Figure 6. Iron oxide colloidal nanoparticles dried on a TEM grid of 9 nm on average size. The inset shows the size 
distribution of the particles.
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Figure 7. Attached iron oxide nanoparticles to four supports using high concentration particles (21.4 gFe/kgoctadecene) 
and 25 or 200 °C. Highest concentration 9FexOy-NP attached at either 25 °C ((top figures: A,B, E and F) or 200 °C 
(bottom figures, C, D, G and H) to CNT (A and C), CNT-Ox (B and D), CNF (E and G) and CNF-Ox (F and H). 
From left to right: CNT are shown in black, CNT-Ox in orange, CNF in blue and CNF-Ox in red.

Figure 8. Attached iron oxide nanoparticles to four supports using low concentration particles (5.3 gFe/kgoctadecene) 
and 25 or 200 °C. Lowest concentration 9FexOy-NP attached at either 25 °C (top figures: A,B, E and F) or 200 °C 
(bottom figures, C, D, G and H) to CNT (A and C), CNT-Ox (B and D), CNF (E and G) and CNF-Ox (F and H). 
From left to right: CNT are shown in grey, CNT-Ox in light orange, CNF in light blue and CNF-Ox in light red.

A B E F
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1.1 nm, as can be observed in Figure 6. These particles were subsequently added to the CNT, CNF 
and both functionalized supports either at 25 °C or at 200 °C. To investigate the influence of the 
temperature and concentration of the particles, TEM and ICP measurements were performed to 
observe any difference in particle distribution over the support and overall iron weight loading, 
respectively. 

For both high and low particle concentration the resulting the particle of 9FexOy-NPs attached 
to CNT were imaged by TEM, see Figure 7A and C and Figure 8A and C. The distribution on 
pristine CNT was quite uniform while for CNT-Ox large empty parts (Figure 7D) were found, 
regardless of temperature or concentration. This correlates with previous research, indicating 
that particle attachment is influenced by the functionalization of carbon supports.[27,35] In lower 
magnification TEM images in Figure 9, the inhomogeneity is observed more clearly. 

TEM images for CNF and CNF-Ox in Figure 7 (for high concentration) and Figure 8 (for 
low concentration), indicated that the particle distributions for both supports were relatively 
similar. Particles were inhomogeneously distributed, with some clustering observed in for 
instance Figure 8F. Furthermore, from Figure 8E it was seen that particles had attached often to 
more corrugated surfaces, as no particles stuck to the generally smooth CNF.

The ICP results for iron weight loading were plotted against the concentration of 9FexOy-
NP in solution at equilibrium in grams iron per L solvent, see Figure 10. This equilibrium was 
calculated using the initial concentration of the suspensions combined with the final weight 
loading from ICP. This does mean that the washing step is not accounted for in any concentration 
changes, even though it is highly likely that during this step either particles are forced onto the 
support or removed from the support (due to the antisolvent and solvent addition). From the 
plot in Figure 10A at high particle concentration and low temperature a negligible difference of 
22.1 wt.% for CNT and 21.8 wt.% for CNT-Ox was found, while at high temperatures 20.6 wt.% 
for CNT compared to 20.9 wt.% for CNT-Ox was observed. This indicated that functionalization 
and temperature had limited effect on the number of particles attached to both supports, but 
only on the distribution of the particles (as shown in the TEM images above). Moreover, when 
the concentration of particles in equilibrium was increased, the Fe weight loading increased as 
well which flattened out at high concentrations. At concentrations above 20 gFe/L a maximum 

Figure 9. Lower magnification TEM images of attached 9FexOy-NP at 25 °C, high concentration (21.4 gFe/
kgoctadecene). A) Particles attached to CNT (black) and B) particles attached to CNT-Ox (orange). It is observed that 
the particles attach more uniformly to CNT than to CNT-Ox.
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Figure 10. Iron weight loading on carbon supports plotted against the concentration of particles in equilibrium 
during attachment. A) Attachment to CNT and CNT-Ox at 25 °C and 200 °C. B) Attachment to CNF and CNF-
Ox at 25 °C and 200 °C. The data for CNT (black) and CNT-Ox (orange) can be seen at 25 °C (dashed line) and 
at 200 °C (solid line). The data for CNF (blue squares) and CNF-Ox (red circles) can be seen at 25 °C (dashed line) 
and at 200 °C (solid line). Lines plotted through the symbols are a guide for the eye.

Figure 11. Concentration of particles in equilibrium plotted against the amount FexOy-NP per surface area on 
both supports. A) Attachment to CNT and CNT-Ox at 25 °C and 200 °C. B) Attachment to CNF and CNF-Ox at 
25 °C and 200 °C. The differences on CNT (black) and CNT-Ox (orange) can be seen at 25 °C (dashed line) and at 
200 °C (solid line). The differences on CNF (blue squares) and CNF-Ox (red circles) can be seen at 25 °C (dashed 
line) and at 200 °C (solid line). Lines plotted through the symbols are a guide for the eye of the loading trends using 
an exponential growth curve.
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attachment capacity was reached for both CNT and CNT-Ox. The initial concentration of 
particles had a significant albeit also scattered effect on the final loading.

Figure 10B shows the same plot for CNF/CNF-Ox. As the data from ICP was even more 
scattered, the trends are less clear compared to CNT/CNT-Ox. Both CNF and CNF-Ox showed 
no clear temperature effects on the attachment of particles to the support, see Figure 10B. 
At high temperature there was a maximum of attached particles reached at concentrations 
around 10 gFe/L, while at 25 °C no clear maximum was found. It could be argued that at 200 °C 
the equilibrium is in favor of lower weight loadings if particle attachment is exothermic. 
Furthermore, at both temperatures higher loadings of particles are apparent with CNF-Ox 
compared to CNF as was seen in previous research as well.[35] Lastly, the reproducibility was 
tested on four samples (all at 5.3 gFe/kgoctadecene: CNT, CNT-Ox at 200 °C, CNF-Ox 25 °C and 
CNF at 25 °C) and it was found that the final ICP weight loading varied within 1 wt.% for CNF 
while it varied  0.3 wt.% for CNT.

To account for the differences in specific surface area, plots of the number of particles per 
support surface area (y-axis) over the 9FexOy-NP concentration in solution at equilibrium are 
shown in Figure 11. Interestingly, much more particles attach per unit surface area to CNF 
than to CNT. At maximum attachment capacity, for CNT around 400 Fe-NP/µm2 attach, 
while for CNF this is about 1200 Fe-NP/µm2. Lower surface-specific loadings of CNT-Ox as 
compared to CNT are apparent pointing to a weaker interaction of Fe-NP with the former 
support (Figure 11A). For CNF, as can be seen in Figure 11B, there is a slight difference in loadings 
between CNF and CNF-Ox but systematic trends are not apparent.. 

From the TEM images (and Table 1) it is inferred that the surface curvature of both supports 
is different. The diameter of both CNT and CNT-Ox comes close to the diameter of the 9 nm 
particles attached implying a strong curvature, while the larger diameter of the CNF and CNF-
Ox brings along a relatively flat surface. Previous research showed that curvature of a graphitic 
structure causes large difference in particle adherence, where particles have more interaction 
when they are in closer contact with the support (flatter surface).[30–33] Additionally, the CNF 
and CNF-Ox surface has nano-loop structures, which can create edge and corner sites for 
particles to easily attach to.[25,26] Figure 12 shows that a large number of particles are nudged 
into the edge or corner of a nano-loop, indicating a larger interaction with these specific sites. 

Figure 12. Detailed TEM images of CNF and CNF-Ox with particles attached. A) CNF with particles attached 
(21.4 gFe/kgoctadecene) at 200 °C. B) CNF-Ox with particles attached (21.4 gFe/kgoctadecene) at 200 °C. C) CNF with 
particles attached (5.3 gFe/kgoctadecene) at 200 °C. Circles in B) indicate particles attaching to edges where nano-loops 
are present.
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As CNT and CNT-Ox had less edges and corners for particles to attach to, it makes sense that 
particles preferably attach to CNF per surface area compared to CNT.

In previous research, the addition of defects due to the oxidation showed to have a positive 
effect on particle attachment as well.[27] However, roughness or defects did not seem to be an 
important factor as both CNF-Ox and CNT-Ox had more surface defects, and particles attached 
with lower surface-normalized loadings to CNT-Ox (Figure 11A). 

Oxidation of the support seemed to have an effect as well, as explained in previous 
research[27], where a higher oxidation caused a lower metal particle weight loading. However, it 
was also explained that not all supports were affected as much by the oxidation process. In this 
research it seems that CNT and CNT-Ox have a large difference in acidic groups that brings 
about weaker interaction with the latter. However, an important difference is observed in 
particle distribution, as the oxidation seems to severely alter the homogeneity of the particles. 
The oxidation seemed to have less of an effect on the CNF material, as no clear correlation was 
found between oxidation and attachment per surface area.

Summary

This study has made efforts to elucidate the interaction differences of iron oxide nanoparticles to 
carbon nanotubes (CNT) and carbon nanofibers (CNF), either pristine or oxygen functionalized 
(CNT-Ox and CNF-Ox). Oxidation of the carbon surfaces had effect on the attachment 
of particles to carbon nanotubes, leading to lower specific-surface weight loading and a less 
uniform attachment. This was mostly observed from an inhomogeneous distribution of 9FexOy-
NP to CNT-Ox, while particles attached homogeneously to CNT, regardless of temperature or 
concentration. The varied temperature and concentration did not result in large changes on the 
attachment of the particles. Particles attached more to CNF compared to CNT when comparing 
the surface-normalized weight loading. This was most probably due to a combination of an 
increased number of defects (nano-loops) and lower surface curvature associated with CNF. 
When the curvature of the carbon support material is strong (CNT and CNT-Ox), less particles 
attached as there was less interaction with the surface compared to CNF with a flatter surface 
and additional edges and step-sites. 

With this exploratory study it was shown that next to oxidation, different factors influence 
the attachment of colloidal metal-oxide particles to carbon supports. It is stressed that these 
systems are extremely complex, dealing with not only colloidal particles, but also ligands, 
temperatures, concentration, hydrophilicity/hydrophobicity and electronically and structurally 
different samples.
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Influence of Promotion on the Growth of 
Anchored Colloidal Iron Oxide Nanoparticles 

during Synthesis Gas Conversion
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Abstract
Using colloidal iron oxide nanoparticles with organic ligands, anchored to 
supports in a separate step, has proven to be beneficial to obtain homogeneously 
distributed metal particles with a narrow size distribution. Literature indicates 
that promoting these particles with sodium and sulfur creates an active Fischer-
Tropsch catalyst to produce olefins, while further adding an H-ZSM-5 zeolite is 
an effective way to obtain aromatics. This research focused on the promotion of 
iron oxide colloids with sodium and sulfur using an inorganic ligand exchange 
followed by the attachment to H-ZSM-5 zeolite crystals. The catalyst referred 
to as FexOy/Z, which consisted of iron particles with inorganic ligands attached 
to an H-ZSM-5 catalyst, was compared to an unpromoted FexOy/Z catalyst 
and an FexOy/Z-P catalyst, containing the colloidal nanoparticles with organic 
ligands, promoted after attachment. A low CO conversion was observed on 
both FexOyP/Z and FexOy/Z-P, originating from an overpromotion effect for 
both catalysts. However, when both promoted catalysts were washed (FexOyP/
Z-W and FexOy/Z-P-W) to remove the excess of promoters, the activity was 
much higher. FexOy/Z-P-W simultaneously achieved low selectivity towards 
methane as part of the promoters were still present after washing whereas for 
FexOyP/Z-W the majority of promoters was removed upon washing, which 
increased the methane selectivity. Moreover, due to the addition of Na+S 
promoters, the iron nanoparticles in the FexOyP/Z(-W) catalysts had grown 
considerably during catalysis, while those in FexOy/Z-P(-W) and FexOy/Z(-W) 
remained relatively stable. Lastly, as a large broadening of particle sizes for 
the used FexOyP/Z-W was found, where particle sizes had both increased and 
decreased, Ostwald ripening is suggested for particle growth accelerated by 
the presence of the promoters.
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Introduction

Over recent years, research has focused on the exploration of alternative pathways to produce 
fuels and chemicals which are nowadays mainly obtained from oil. As a suitable replacement 
for oil, synthesis gas (a mixture of H2 and CO) can be used, as it can be derived from natural 
gas, coal, CO2, renewable hydrogen gas and biomass [1–5] and can be converted to a wide range of 
products via monofunctional[6–8] and bifunctional catalysts.[9–11]

Recently, a bifunctional catalyst system has been introduced by the group of Prof. Bao 
consisting of a metal oxide and a zeolite (OX-ZEO) to convert synthesis gas to short olefins via 
reactive oxygenate intermediates such as methanol, dimethyl ether or ketene.[9,12–14] The choice 
of zeolite material is crucial to control the resulting product spectrum of the OX-ZEO process. 
The reactive oxygenate intermediates can be converted to olefins using zeolites with small pore 
diameters such as SAPO-34 and SSZ-13. However, the use of a ZSM-5 zeolite owning a larger 
pore diameter allowed the formation of aromatics from these intermediates.[10,15]

Alternatively, synthesis gas can be converted in the Fischer-Tropsch synthesis (FTS) to 
ultraclean hydrocarbons in the range from methane to waxes.[6,16] Operating cobalt-based 
catalysts in the low-temperature Fischer-Tropsch process (LT-FTS) results in the formation of 
linear paraffins with high molecular weight, whereas the high-temperature Fischer-Tropsch 
synthesis (HT-FTS) using iron-based catalysts produces light olefins.[6,11,17,18] 

The product spectrum of the FTS usually follows the Anderson-Schulz-Flory (ASF) 
distribution, a statistical distribution of products of surface polymerization reactions. So-
called promoters are often added to improve the performance of the catalyst by interacting 
with the active phase. For example, the presence of both sodium and sulfur promoters on iron 
catalysts are essential for a decreased selectivity to methane and increased olefins/paraffin ratio 
in the Fischer-Tropsch to Olefins (FTO) process.[19–22] Adding these promoters thus leads to a 
deviation from the predicted ASF distribution,[23–25] where the C2-C4 olefins can then have a 
65%C selectivity[26], more than the ASF predicted distribution of 58%C selectivity for the C2-C4 
fraction (olefins plus paraffins).[27] 

These short olefins being formed on the FTO catalyst with high selectivity can be further 
converted to aromatics on an H-ZSM-5 zeolite[28–30] not only starting from syngas but also using 
CO2 as a reactant.[31] In this process, the Brønsted acid sites (BAS) of the zeolite enable the 
aromatization of olefins that are formed on the FTO catalyst. However, combining the zeolite 
and FTO catalyst promoted with sodium and sulfur can facilitate the migration of sodium ions 
from the FTO catalysts to the BAS of the zeolite. This results in zeolite acid sites neutralization 
and a loss of the promotion effect of the FTO catalysts thus increasing methane selectivity.[32] 

Metal catalysts are typically prepared via methods such as incipient wetness impregnation 
(IWI) or precipitation.[33,34] These methods, however, can offer limited control over the metal 
particle size, shape and distribution, which is of the utmost importance for catalyst activity, 
selectivity and stability.[35–37] Therefore, research in academia has focused on colloidal synthesis 
methods which can controllably yield iron oxide nanoparticles (FexOy-NP) of various sizes. 
Here, an iron precursor is decomposed at higher temperatures in a solvent in the presence 
of organic ligands, resulting in ligand stabilized FexOy-NP in suspension. Colloidal particles 
are subsequently attached to different support materials, obtaining relatively sinter-resistant 
catalysts.[38–42] 
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Furthermore, model catalysts composed of colloidal iron oxide nanoparticles supported on 
carbon nanotubes (CNT) were used to study the FTO reaction.[41,43] These colloidal particles 
were promoted with sodium and sulfur using an inorganic ligand exchange method.[44–46] Here, 
the organic ligands stabilizing the FexOy-NP are (partially) replaced with inorganic ligands that 
can also act as promoters, such as Na2S.[45,46] When applied in the FTO process, this exchange 
was performed after the FexOy-NP were attached to the support material.[44] However, so far it 
has been challenging to direct the promoters so that they specifically attach to the iron particles 
and not to the support material.

Since the colloidal method has the advantage of controlling the particle size distribution, it 
means that it is easier to discern particle growth mechanisms.[24] Particle growth can be divided 
into two distinctively different mechanisms. The first is Ostwald ripening, where the transport 
of mobile species occurs over the support or in the gas phase, growing larger particles at the 
expense of smaller ones. The second mechanism is coalescence and growth, which involves 
particle migration over the surface, coalescing to form larger particles.[47] 

In this study, we prepared colloidal FexOy-NP and attached these in a separate step onto 
an H-ZSM-5 zeolite in order to convert synthesis gas to olefins and aromatics. This advanced 
synthesis method allows for uniform particle distributions where the particles are located on the 
exterior surfaces of the zeolite crystals. Using this method enables the creation of a catalyst which 
uses the ZSM-5 both as a support and to convert syngas to aromatics. To introduce sodium and 
sulfur promoters, inorganic ligand exchange with Na2S was performed on the FexOy-NP either 
before or after attachment onto the zeolite. These materials were used in the Fischer-Tropsch 
reaction to obtain olefins, which are further converted to aromatics. We show the influence of 
the synthesis sequence of Na+S promoted FexOy-NP on H-ZSM-5 on the activity, selectivity, 
and stability. Using ligand exchange prior to the attachment (FexOyP/Z) compromised the 
catalyst stability when compared to ligand exchange after attaching the particles (FexOy/Z-P). 
A washing step was used (FexOyP/Z-W and FexOy/Z-P-W) to remove the excess of inorganic 
ligands which led to a more active catalyst for both promoted catalysts. Finally, analysis of the 
used catalyst revealed that particles from the promoted FexOyP/Z-W catalyst partially shrunk to 
smaller sizes than the fresh catalyst, giving a strong indication of the Ostwald ripening process.

Experimental

Catalyst preparation

Synthesis of 6 nm iron oxide nanoparticles (FexOy-NP). All chemicals were obtained from 
Sigma-Aldrich unless stated otherwise. To synthesize the colloidal iron oxide nanoparticles, 
0.43 g oleic acid (90% purity), 0.21 g oleylamine (70% purity), 0.35 g 1,2-hexadecanediol (≥ 98% 
purity) and 10 mL 1-octadecene (90% purity) were added to a three-neck round-bottom flask.[43] 
The reactants were degassed under vacuum in a Schlenk-line set-up for 30 minutes 120 °C while 
magnetically stirring at 650 rpm. The stirring bar used in the preparations were glass-covered 
magnetic stirring bars to prevent contamination by iron uptake into the PTFE of conventional 
stirring bars. The suspension was subsequently purged with nitrogen gas, after which the 
temperature was lowered to 90 °C and a solution of 0.21 g iron pentacarbonyl (99.99%) in 1 mL 
1-octadecene was injected. The temperature was then increased to 290 °C in 10 minutes and 
the mixture was refluxed for 1 h. Subsequently, the obtained suspension of iron nanoparticles 
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(FexOy-NP) was cooled down to room temperature and further processed in air. The iron 
FexOy-NP suspension was washed thrice, where the suspension was centrifuged in about 10 mL 
isopropanol at 2700 rpm for 15 min, and re-dispersed in five drops of toluene. Finally, particles 
were suspended in 2.4 mL of toluene by sonication for 5 minutes.

Attachment of FexOy-NP onto H-ZSM-5. As-synthesized FexOy-NP suspended in toluene 
were diluted with 10 mL 1-octadecene. 800 mg of powdered zeolite (H-ZSM-5, Zeolyst CBV 
3024E, Si/Al = 15 at/at, calcined for 5 h at 550 °C in static air) was added to a 100 mL three-
neck round-bottom flask, which was connected to a Schlenk line through a reflux cooler.[43] The 
suspended FexOy-NP were added to H-ZSM-5 by pipetting while simultaneously magnetically 
stirring at 400 rpm. The mixture was brought under vacuum for 30 minutes at 120 °C to 
evaporate the toluene, and subsequently purged with nitrogen. The temperature was increased 
to 200 °C in 10 minutes under nitrogen flow and maintained for 30 min. Afterward, the 
mixture was cooled down to room temperature and further processed in air. Finally, the FexOy-
NP supported on the zeolite were washed five times with a mixture of n-hexane and acetone (1:3 
v/v) and dried at 60 °C for 1 h under static air, at 120 °C for 3 h under static air, and at 80 °C for 
3 h under vacuum. This method allowed the synthesis of FxOy-NP attached to H-ZSM-5 zeolite 
with 3 wt.% iron loading. These samples are referred to as FexOy/Z.

Inorganic ligand exchange of FexOy/Z. A 0.05 M sodium sulfide stock solution was 
obtained by sonicating 0.24 g sodium sulfide nonahydrate (≥ 98% purity) in 20 mL formamide 
(≥ 99.5% purity) for 1 h. 2.2 mL of the stock solution was added to 350 mg of FexOy/Z and stirred 
at 400 rpm for 10 minutes.[44] The promoted catalysts were first washed with ethanol, followed 
by four times washing with a mixture of ethanol and acetone (1:3 v/v), and finally washed with 
acetone. In every step, the supernatant was carefully decanted and pipetted off. Finally, the 
catalyst was dried at 60 °C for 1 h under static air, at 120 °C for 3 h under static air and at 80 °C 
for 3 h under vacuum. This promoted catalyst is designated as FexOy/Z-P.

Inorganic ligand exchange of FexOy-NP with Na2S. For the direct promotion by inorganic 
ligand exchange, a method was adapted from A. Nag, et al.[45] The as-synthesized FexOy-NP 
suspended in toluene were added to 2.4 mL of a 0.5 M Na2S • 9H2O solution in formamide. 
This formed two layers with the FexOy-NP in toluene on top and the formamide solution at the 
bottom. The solution was vigorously stirred for 1 hour. Afterward, the particles had transferred 
to the formamide layer. The particles were washed with acetonitrile, centrifuged at 2700 rpm for 
15 min and re-dispersed in five drops of methanol three times. Finally, particles were suspended 
in 2.4 mL of methanol. These particles are denoted as FexOyP-NP. 

Attachment of FexOyP-NP onto H-ZSM-5. FexOyP-NP suspended in methanol were added 
to 800 mg of the zeolite (H-ZSM-5, Zeolyst CBV 3024E, Si:Al = 15 at/at, calcined for 5 h at 
550 °C in static air) in the Schlenk-line set-up while stirring at 400 rpm. Slowly, the vacuum was 
applied to the suspension and it was heated to 50 °C to evaporate the methanol. The suspension 
was kept at these conditions for 1 h to ensure the FexOyP-NP had attached to the support. The 
catalyst was dried at 60 °C for 1 h under static air, at 120 °C for 3 h under static air, and at 80 °C 
for 3 h under vacuum. This catalyst is referred to as FexOyP/Z.

Washing procedure. To remove the excess of sodium and sulfur promoters from the FexOy-
NP and to recover acidity of the zeolite by ion exchange, the catalysts (FexOy/Z, FexOy/Z-P 
and FexOyP/Z) were washed with an ammonium nitrate solution. 400 mg catalyst was added 
to a 2 mL ammonium nitrate solution (1 mol/L in demineralized water) and stirred at 400 rpm 
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and 25 °C for 1 h. Afterward, the catalysts were washed six times with a mixture of water and 
acetone (1:3 v/v), centrifuged and dried at 60 °C for 16 h. Catalysts will be referred to as FexOy/
Z-W, FexOyP/Z-W and FexOy/Z-P-W. After this procedure, the H-ZSM-5 had been converted 
into an NH4-ZSM-5. However, during the in situ reduction at 350 °C the ammonia had fully 
desorbed and the proton form of the zeolite was recovered, as evidenced by TPD (Figure 1). 

Catalyst characterization

Inductively couple plasma atomic emission spectrometry. The elemental composition of the 
catalysts was determined with a Thermo Jarrell Ash model ICAP 61E trace analyzer inductively-
coupled plasma atomic emission spectrometer (ICP-AES). 

(Scanning) Transmission electron microscopy. To determine the size distribution and 
the spatial distribution of iron nanoparticles on the support, before and after catalytic testing, 
(scanning) transmission electron microscopy ((S)TEM) was used. Images were recorded with an 
FEI Talos F200X transmission electron microscope, operated at 200 kV in bright field (TEM) or 
dark field mode (STEM). The samples were prepared on Formvar carbon film, 200 mesh copper 
grids. The samples were dispersed in pure ethanol, sonicated and drop casted on the TEM grids.

Argon-physisorption. Ar-physisorption at -196 °C was carried out on a Micromeritics 
TriStar 3000 to determine the specific surface area and pore volume of the parent zeolite. Prior 
to measurement, the material was dried in a nitrogen flow at 300 °C for 16 h. 

Temperature programmed ammonia desorption. Temperature programmed ammonia 
desorption (NH3-TPD) was performed to determine the total amount of acid sites on all catalysts 
with around 50 mg per sample. Drying was carried out with a heating ramp of 10 °C/min until 
a temperature of 600 °C was reached for 15 min. The samples were cooled down to 100 °C and 
ammonium gas (10% NH3 in He) was dosed onto the samples. Ammonium desorption was 
performed by heating again to 600 °C with 10 °C/min.

Pyridine infrared spectroscopy. Pyridine infrared (IR) measurements were done as 
an addition to the NH3-TPD. Around 20 mg of sample was pelletized into IR pellets with a 
diameter of 1.3 cm. IR spectra were taken with a Perkin-Elmer System 2000 instrument in the 
spectral range of 4000–400 cm−1 (32 spectra were acquired per sample). Background spectra 
were recorded on an empty cell under vacuum (~10-5 mbar). Drying of the pellet was done under 
the same pressure with a heat ramp of 5 °C/min until a temperature of 350 °C was reached 

Figure 1. Ammonia TPD measurement during heating 
step under helium. Temperature desorption of NH3 during 
heating from 0 °C to 600 °C of catalyst FexOy/Z-P-W. 
During drying at relatively low temperatures the ammonia, 
which was added to H-ZSM-5 during the washing step 
to remove the promoters from catalyst FexOyP/Z (and by 
consequence also FexOy/Z-P), was removed. The TCD signal 
shows that at 300 °C ammonia is being fully desorbed from 
the zeolite surface after washing the FexOy/Z-P catalyst with 
ammonium nitrate.
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and held for 3 h. The samples were cooled down to room temperature and pyridine gas was 
introduced (pPy ~15 mbar) for 30 min. Thereafter, desorption was performed under vacuum 
(~10-5 mbar) by heating to 150 °C at 5 °C/min and held for 30 min. The pyridine was desorbed 
by heating up to 150 °C while recording spectra every 25 °C. When 150 °C was reached, the 
temperature was held for 30 minutes and spectra were recorded every 10 minutes. Complete 
desorption of the pyridine was achieved by heating to 550 °C (5 °C/min) and maintaining that 
temperature for 2 h. The acid sites were calculated following methods originating from both 
Emeis, et al. and Hernández-Giménez, A. et al.[48-50] 

Thermogravimetric analysis mass spectrometry (TGA-MS). TGA was performed to 
analyze the organic ligands present on the particles. The ligand content of samples ZSM-5 
(support), FexOy/Z and FexOyP/Z was measured using a Perkin Elmer TGA8000, coupled with a 
Hiden HPR-20 mass spectrometer. Catalysts were heated from 30 °C–800 °C (5 °C/min) in 20% 
O2 in Argon (16 mL/min). Additionally, ZSM-5 treated with the organic liquids using the same 
procedure as explained above (Attachment of FexOy-NP onto H-ZSM-5) without suspended 
iron particles present was measured. Lastly, FexOy/Z was measured as well by using a reduction 
procedure (5 °C/min to 350 °C for 2 h, 5% H2 in Ar, 25 mL/min) to find if the ligands were 
removed during the in situ reduction in the FTO reaction. To verify the removal of the ligands, 
the reduced FexOy/Z was again measured by heating from 30 °C-800 °C (5 °C/min) in 20% O2 
in Ar (16 mL/min).

Catalytic performance

To examine the catalytic performance of the synthesized catalysts in the conversion of synthesis 
gas to olefins and aromatics, experiments were performed at 1 bar and 10 bar pressure. 

Catalytic performance at 1 bar. The catalytic performance was investigated at 1 bar by 
loading 20  mg of FexOy-NP supported on zeolite (sieve fraction of 75-150 µm) diluted with 
150 mg silicon carbide (sieve fraction of 212-425  µm) into a quartz reactor. After in situ 
reduction at 350 °C (5 °C/min) in a flow of 15 mL/min of hydrogen in nitrogen (2:1 v/v, resulting 
GHSV = 12,500 h-1) for 2 h, a carburization step was performed at 290 °C (5 °C/min) in a flow 
of 6 mL/min of synthesis gas (CO:H2 = 1 v/v, resulting GHSV = 5,000 h-1) for 1 h. The reaction 
was carried out at 340 °C (5 °C/min) in a flow of 6 mL/min of synthesis gas (CO:H2 = 1 v/v, 
resulting GHSV = 5,000 h-1) for 16 h. The hydrocarbon products were analyzed with an online-
gas chromatograph (Varian 430-GC) equipped with a flame ionization detector. CO conversion 
was calculated from the formation of hydrocarbon from synthesis gas. Selectivities were 
calculated as hydrocarbon distribution on carbon atom basis (CO2 free). A CO2 selectivity 
of 40-45% is expected which is around the thermodynamic limit under these conditions. In 
this specific gas chromatograph, lower olefins and paraffins could not be separated. Therefore, 
the C2-C4 selectivity will always be shown as a combined number of both the olefins and the 
paraffins. The activity was calculated as iron time yield (FTY) which is defined as moles of CO 
being converted per gram of iron per second. 

Catalytic performance at 10 bar. The experiments performed at 10 bar were carried out in 
a 16-channel high throughput set-up (Avantium Flowrence). 15 mg of the FexOy-NP supported 
on zeolite (sieve fraction of 75-150 µm) was diluted with 100 mg silicon carbide (sieve fraction 
of 212-425 µm) and loaded into stainless steel reactors with 2.6 mm inner diameter. After 
in situ reduction in a flow of 30%  H2 in He (v/v, resulting GHSV = 6,900 h-1) at 350 °C and 
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1 bar for 2 h, a carburization step was performed at 290 °C (5 °C/min) and 1 bar for 1 h in a 
flow of 3.75 mL STP/min synthesis gas (CO:H2:He = 6:12:1 v/v/v, resulting GHSV = 4,100 h-1). 
Reaction conditions were applied by increasing the reactor temperature to 340 °C with 
5 °C/min and increasing the pressure to 10 bar in a flow of 3.75 mL STP/min synthesis gas 
(CO:H2:He = 6:12:1 v/v/v, resulting GHSV = 4,100 h-1). The reaction products were analyzed 
by an online gas chromatograph (Agilent 7890A) equipped with a flame ionization detector 
and a thermal conductivity detector. For the CO conversion in the high-pressure experiments, 
the conversion towards hydrocarbons and the formation of CO2 in the WGS was taken into 
account. Selectivities were calculated as distribution within hydrocarbon on carbon atom basis 
(CO2 free). 

Results and Discussion

Characterization of the catalysts

Iron oxide nanoparticles (FexOy-NP) of 6 nm were synthesized according to a previously 
published method.[41,43] Figure 2A shows a transmission electron micrograph of the colloidal 
particles synthesized with organic oleic acid and oleylamine ligands. The organic ligands 
separated the iron oxide particles by 2 nm when dried on the transmission electron microscopy 
(TEM) grid, which is associated with the length of one oleic acid or oleylamine ligand.[51,52] These 
FexOy-NP were used in an inorganic ligand exchange step to add Na+S promoters, following 
a procedure mentioned in previous research[45,46] (FexOyP-NP). Notably, the particle size was 
unaffected after the inorganic ligand exchange, as can be observed in the histograms but particles 
came in close proximity to one another on the TEM grid (Figure 2B). The reduction in distance 
was assigned to stronger particle-particle interactions originating from the charge stabilizing 
ligands compared to the steric stabilizing organic ligands in FexOy-NP and the replacement of 
long oleic acid and oleylamine ligands by small Na/S ligands.[52]

The FexOy-NP in toluene and the FexOyP-NP in methanol were attached to an H-ZSM-5 
zeolite producing FexOy/Z and FexOyP/Z, respectively (Figure 3A-B). The micropore dimensions 
of H-ZSM-5 zeolites are 0.53x0.58 nm[53], implying that the colloidal particles of 6 nm could 
not enter the micropores, but attached to the external surface of the zeolite crystals. The bare 

Figure 2. Electron micrographs of the colloidal iron oxide nanoparticles. A) FexOy-NP with organic ligands and 
B) inorganic ligands dried on a TEM grid. The insets show the particle size distribution histograms with a number-
average particle size of 6 nm.

A B
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H-ZSM-5 material had a micro-pore surface area of 365 m2/g and an external surface area of 
50 m2/g (obtained from T-plot) as obtained from argon physisorption. As the external surface 
area was relatively small, the particle to particle distances were small, especially compared to 
colloidal particles with similar weight loading on carbon nanotubes from previous literature[41,43], 
which had an external surface area of 230 m2/g. The particle size of the FexOy-NP was not 

Table 1. Particle size, standard deviation and weight loading of all catalysts. No size change was found when 
attaching the FexOy-NP to the zeolite support, or when washing and calcining the catalysts. The weight loading was 
determined by ICP-AES and showed all catalysts had similar iron weight loadings.

Sample name Particle size 
(nm)

Fe 

(wt.%)

Na/Fe 

(at/at)

S/Fe

(at/at)

Na/BAS

(mol/mol)

FexOy/Z 6.0 3.3 <d.l. <d.l. N.D.

FexOy/Z-W 6.2 3.2 <d.l. <d.l. N.D.

FexOyP/Z 6.0 2.8 0.21 0.03 0.79

FexOyP/Z-W 5.9 2.7 <d.l. <d.l. N.D.

FexOy/Z-P 6.0 3.7 0.17 0.05 0.73

FexOy/Z-P-W 6.0 3.2 0.14 0.03 0.56

<d.l. the detection limit for sulfur was 0.07 wt% and for sodium 0.02 wt%.

N.D. = not determined. BAS = Bronsted Acid Sites

Figure 3. Electron micrographs of the iron oxide nanoparticles attached to H-ZSM-5. A) FexOy-NP with organic 
ligands attached to H-ZSM-5, FexOy/Z. B) Na+S ligand exchange performed before attachment of Fe to the zeolite, 
FexOyP/Z and C) Na+S ligand exchanged after attaching, FexOy/Z-P. D) Colloidal iron oxide nanoparticles attached 
to an H-ZSM-5 zeolite with organic ligands after washing step, FexOy/Z-W. E) Washed Na+S ligand exchanged after 
attaching FexOyP/Z-W and F) washed FexOy/Z-P-W. Histograms of particle sizes inserted in the figures show the 
narrow Fe particle size distribution and average particle size of 6 nm independent of the synthesis method. None of 
the above catalysts showed any change in particle size or distribution after this washing step.

A B C

D E F
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significantly affected by the attachment to the support, see insets in Figure 3. FexOyP/Z in 
Figure 3B displayed chains of particles probably because of the small ligand sizes which enabled 
magnetic interactions of maghemite or magnetite domains. The inorganic ligand exchange of 
FexOy/Z to obtain FexOy/Z-P did not alter the particle size and distribution, as it can be seen in 
Figure 3C. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to determine 
the weight loading of iron, sodium and sulfur on the catalysts, see Table 1. The iron weight loading 
was close to 3 wt.% in all samples, however, the sodium and sulfur content varied per catalyst. As 
the sulfur content was relatively low in the catalysts and close or below to the detection limit of 
the apparatus, the ICP values for sulfur should be considered only as indicative values. 

Previous research gave an indication that for colloidal FexOy-NP-based catalysts an 
Na/Fe ratio of 0.09-0.12 at/at would be optimal for a high CO conversion and high C2-C4 
olefin selectivity.[44,54] Considerably higher Na/Fe ratios resulted in a decrease in activity by 
overpromotion of the catalyst.[54] The sodium to iron ratio in this study was relatively high (Na/
Fe = 0.17-0.21 at/at) on both of the promoted catalysts, most likely overpromoting both systems. 
In addition, there is a possibility that the excess of sodium could be located on the Brønsted acid 
(BAS) sites of the zeolite, blocking the acid sites and therefore deactivating the zeolite.

Removal of promoter excess

To remove the excess of promoters from the iron nanoparticles and zeolite, an additional 
washing step using ion exchange was applied with ammonium nitrate, creating the following 
catalysts: FexOy/Z-W, FexOyP/Z-W and FexOy/Z-P-W. TEM images of the catalysts obtained 
through the washing step are shown in Figure 3D-F. No significant change in particle size and a 
minimal change of iron content were observed from TEM and ICP measurements (Table 1). ICP 
indicated that due to the washing step the sodium on FexOyP/Z was almost entirely removed 
from the catalyst. In the FexOy/Z-P catalyst, however, some sodium was removed but most was 
retained, and hence this catalyst was more comparable with active catalysts from previous 
research.[44,54]

To get an indication of whether sodium was specifically attached to the iron and/or to the 
Brønsted acid sites (BAS), temperature-controlled desorption NH3-TPD and pyridine IR were 
measured, see Figure 4 and Figures S1-S5 in the supporting information. As seen in Figure S1-S2, 
the NH3-TPD results could only be used as indicative values as the ammonia did not specifically 
bind to only the acid sites of the zeolite but also the iron (-oxide or -hydroxide) sites.[55] Therefore, 
pyridine IR was used to obtain a quantity for the BAS, see Figures S3-S5 in the supporting 
information. Using pyridine IR, a peak indicating the BAS can be found at 1543 cm-1 while the 
peak indicating the Lewis acid sites (LAS) are at 1455 cm-1. The peak at 1490 cm-1 originates from 
BAS in the vicinity of LAS.[50] To confirm that the pyridine did not absorb on the iron particles, 
measurements were performed on SiO2 and FexOy-NP/SiO2, see Figures  S3-S4. No pyridine 
was absorbed by the silica itself, as indicated by Figure S3. The FexOy-NP did absorb pyridine 
as a peak was found at 1450 cm-1 to indicate LAS, see Figure  S5. However, this pyridine was 
weakly bound to the iron particles and desorbed before a temperature of 150 °C was reached 
(the temperature used to calculate the number of BAS and LAS), confirming that this absorbed 
pyridine was of no influence on the calculations to determine the acid site concentrations.
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By integrating the BAS peak in the H-ZSM-5 zeolite pyridine IR spectrum, it was found that 
the amount of BAS was 0.14 mmol/g, see Figure 4. From this number and the ICP values given 
in Table 1 (assuming that all sodium would have been incorporated in the zeolite) the maximum 
amount of blocked acid sites was calculated. It was established that if all sodium was located 
on the zeolite a maximum of 79% of all the BAS on the zeolite could be deactivated. However, 
when comparing the concentration of the BAS in Figure 4, it was noticeable that all the catalysts 
remained relatively similar to the parent zeolite implying that the Na was mostly situated on 
the FexOy-NP. Therefore, even though sodium could have deactivated 79% of the BAS, pyridine 
IR showed that acidity remained unchanged upon addition of promoters via ligand exchange, 
which shows that the ligands have a strong affinity towards the iron particles. 

Synthesis gas conversion

To assess the activity and selectivity towards methane, C2-C4 fraction and aromatics, the catalyst 
performance was observed under Fischer-Tropsch to Olefins (FTO) conditions to convert 
synthesis gas to olefins and aromatics (Figure 5 and 6). The activity is shown as iron time yield 
(FTY), i.e. the number of moles of CO converted per gram of iron per second. The promoted 
and unpromoted catalysts showed low activity, as can be observed in Figure 5A, and low CO 
conversion as observed in Table S1. To make sure this was not due to any residual organic ligands 
blocking the active iron sites, thermogravimetric analysis coupled with mass spectrometry 
(TGA-MS) was carried out, see Figure S6. It was found that FexOy/Z retained some of the 
ligands after the washing and drying steps, but these were removed during the in situ reduction 
done prior to catalysis. As discussed earlier, the promoted catalysts were likely overpromoted 
and did not show activity due to the high sodium content.[44] An equally low CO conversion was 
found in the washed FexOy/Z-W catalyst (Figure 5B), clearly indicating that without promoters 
no activity is found. However, when the promoted catalysts were washed with the ammonium 
nitrate solution to remove the excess of promoters, the activity was recovered, see Figure 5B. 

Figure 4. Calculated Brønsted acid sites from pyridine IR spectra. The blue indicates the FexOy/Z while the striped 
green indicates FexOyP/Z and striped orange indicates FexOy/Z-P. As-synthesized indicates the catalysts after 
addition of FexOy-NP or FexOyP-NP to the surface of the H-ZSM-5 support. Washed indicates the catalysts washed 
with ammonium nitrate. As can be observed in this histogram, all catalysts retain the same BAS within the estimated 
error margins. Seemingly, sodium did not deactivate the zeolite Brønsted acid sites.
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Interestingly, FexOyP/Z-W retained activity after washing, although ICP indicated that sodium 
content was below Na/Fe = 0.03 at/at. Most probably small fractions of sodium, undetectable for 
ICP, had not been removed and still acted as promoters for this catalyst. After 4 hours on stream, 
catalyst FexOyP/Z-W seemed to have reached equilibrium and was stable for up to 16 hours on 
stream. FexOy/Z-P-W however, showed activity loss during the 16 hours on stream, not reaching 
equilibrium within this time. As all other catalysts had relatively low activity, it was difficult to 
assess if these catalysts stayed stable, or merely inactive. It is well known that the active phases in 
Fischer-Tropsch catalysis are iron carbides. From previous literature it is apparent that using Na 
and S promote carbide formation and therefore activity during FT. Thus, it was assumed that the 
promoters in all washed catalysts facilitated the formation of iron carbides and hence a higher 
activity than FexOy/Z-W.[23,24,28,41]

The methane, aromatics, C2-C4 (olefins and paraffins) and C5+-aliphatics selectivities were 
only plotted for the FexOyP/Z-W and FexOy/Z-P-W catalysts, as these showed CO conversions 
to allow reliable measurement of selectivities, see Figure 6. The C2-C4 selectivities are given as 
a sum of paraffins and olefins. A high olefins/paraffins ratio of ~10 mol/mol is expected for 
the washed catalysts, as at low pressures relatively small amounts of olefins undergo secondary 
hydrogenation reactions.[28] The methane selectivity gives an indication of the presence of 
sodium and sulfur promoters on the iron particles, as these promoters significantly decrease 
the methane selectivity.[23] FexOyP/Z-W had a methane selectivity of 40%C, in agreement with 
the low Na/S content obtained from ICP further indicating that most of the Na and S had 
been removed. FexOy/Z-P-W seemed to have retained the promoter effect, enough to lower the 
methane selectivity to 15%C. This catalyst also obtained a relatively high C2-C4 selectivity and 
a low selectivity towards C5+-aliphatics. The selectivities towards C4-isomers and aromatics is 
shown in Table S1 which are similar for both active catalysts. Both washed catalysts produced 
aromatics at 1 bar but as FexOyP/Z-W had a relatively low Na content, it showed a high selectivity 
towards methane and a lower selectivity towards olefins and aromatics. The methane selectivity 
is a good measure for Na and S depletion from the iron phase[32] and hence it was tracked over 
time (Figure S7 in the supporting information) to infer if migration of sodium or sulfur species 
to the ZSM-5 support occurred. At 1 bar pressure, no change with time of the methane selectivity 
was found, indicating no migration of sodium and sulfur species. The deactivation of FexOyP/
Z-W is limited but that of FexOy/Z-P-W is extensive which can be explained by the different 
particle-particle distances of the fresh catalysts (Figure 3B and C). The smaller interparticle 
distances of FexOyP/Z-W may facilitate sintering most probably already during the reduction 
leading to lower activity but higher stability whereas with FexOy/Z-P-W the sintering during 
reduction is limited leading to high initial activity but more particle growth with concomitant 
deactivation during FT.

Additionally, the catalytic performance was established for all catalysts at medium pressure 
(10 bar) and reported in Table S2. The CO conversions of the washed catalysts were similar 
(between 10-15%). The activity increase after washing the catalysts was also seen at medium 
pressure. Furthermore, Fischer-Tropsch at medium pressure led to a significant increase in 
methane formation and a concomitant decrease of aromatics selectivity pointing to a higher 
hydrogenation activity.[28] The FT activity of the promoted catalysts was similar to promoted 
colloidal particles supported on carbon nanotubes as reported in literature.[44]
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Analysis of the used catalysts

The used catalysts of the 1 bar and 10 bar experiment were analyzed using TEM (Figure 7 and 
Figure S8 in the supporting information). At 1 bar, notably, particles were remarkably stable in 
the unpromoted catalyst (Figure 7A and 7D), especially considering the initial small particle-
particle distances. Growth was observed in the promoted catalysts, particularly FexOyP/Z, in 
line with previous studies showing that if Na and S are present, this accelerates particle growth.
[24] A combination of factors could have caused this growth, namely a large number of promoters 
and altered particle-support interaction as well as a less homogeneous distribution of particles 
in the fresh catalyst due to the short ligands. This resulted in particle growth to at least twice the 
initial diameter, as can be observed in Figure 7B. Scanning-Transmission electron microscopy 

Figure 5. Activity of all catalysts plotted over the time on stream. Iron time yield (FTY: defined as moles of CO 
being converted per gram of iron per second) at 1 bar and 340 °C with H2:CO ratios of 1 plotted as a function of time 
on stream for A) as-synthesized catalysts and B) washed catalysts. As can be observed in graph A), (un)promoted as-
synthesized catalysts had a low activity due to overpromotion compared to the washed catalysts B). Adding promoters 
and afterward removing excess Na led to active catalysts. All catalysts were operated at CO conversions in the range 
of 3-5% conversion.

Figure 6. Catalyst selectivity of H-ZSM-5 supported iron catalysts. FTO conditions used were 340 °C, 1 bar, H2/
CO = 1 (v/v), GHSV: 4,200 h-1, TOS = 15 h (FexOyP/Z-W in green and FexOy/Z-P-W in orange). The methane 
selectivity of FexOyP/Z-W was high compared to FexOy/Z-P-W as, according to ICP, most of the promoted Na/S 
was removed during the washing step. Both catalysts produced aromatics and FexOy/Z-P-W formed a relatively high 
amount of C2-C4 products.

A B
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Figure 7. TEM images of all 1 bar used catalysts. A) FexOy/Z, B) FexOyP/Z, C) FexOy/Z-P, D) FexOy/Z-W, E) 
FexOyP/Z-W and F) FexOy/Z-P-W. The unpromoted catalysts (FexOy/Z and FexOy/Z-W) showed little particle 
growth. Catalysts that had been promoted after attachment (FexOy/Z-P and FexOy/Z-P-W) showed particle growth 
up to 20 nm. Spent FexOyP/Z and FexOyP/Z-W catalysts showed next to larger particles also smaller particles (see 
arrows) compared to the fresh catalyst with a distribution that is skewed to larger sizes, as can be seen from the inset 
histograms. A large fraction of the original 6 nm particles had shrunk to <5 nm particles or grown to particles >10 nm.

Figure 8. Magnified TEM images of the FexOyP/Z-W catalyst, after catalysis at 1 bar. A) Small particles are 
highlighted with arrows. B) FexOy-NP size distribution of the fresh catalyst (light blue) next to the size distribution 
of the used catalyst (dark blue). The nanoparticles are <5 nm and therefore show that the original size particles with a 
homogeneous size distribution have shrunken due to Ostwald ripening effects. The used catalyst has a clear broadening 
of particle size forming larger as well as smaller particles compared to the original size.

A B C

D E F

A B
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(STEM) images were made for this catalyst to better observe the contrast between the large 
iron particles and the zeolite. Moreover, when applying high-pressure conditions, the growth of 
FexOyP/Z became even more evident (Figure S8B and 8E). 

At 10 bar, FexOy/Z-P (Figure S8C) grew into a bimodal size distribution at showing that the 
promoters have a large influence on the catalyst stability, which is in agreement with previous 
work on carbon nanofibers.[24] In this previous research on colloidal particles attached to carbon 
performed at 10 bar, a bimodal particle size distribution was seen as well. The increased growth 
rate was therefore attributed to the higher pressure used in catalysis.[44] This is supported 
by Figure S8, where 10 bar catalysis did yield particle sizes comparable with the previously 
discussed colloidal particles on carbon.

Furthermore, in Figures 7E and 8 it is observed that the particle size distribution in FexOyP/
Z-W ranged from particles smaller than the fresh catalyst’ size (<5 nm) to larger (>10 nm) 
particles. This strongly indicates that the growth mechanism is dominated by the Ostwald 
ripening process.[56] In previous studies, DFT calculations found that elevated temperatures 
and the presence of CO can induce subcarbonyl species with high mobility, making Fischer-
Tropsch catalysts prone to Ostwald ripening.[57–59] To our knowledge, no similar results have 
been reported with evidence of particle shrinking after catalysis for iron FT catalysis. These 
data indicate that sintering of the colloidal particles goes through the Ostwald ripening process 
where Fe subcarbonyls most likely play an important role. Furthermore, as pointed out in 
previous research, sulfur might accelerate the production of iron pentacarbonyl species which 
indicates that the S promoters enhance the growth rather than suppress it.[60]

Summary and Conclusions

In summary, using colloidal particles attached to an H-ZSM-5 support resulted in a uniform 
metal particle distribution on the external surfaces of the zeolite crystals (FexOy/Z) even if 
these particles were promoted afterward with Na and S (FexOy/Z-P) while at the same time 
displaying a narrow particle size distribution when organic ligands were used. When inorganic 
ligands were present before attaching the particles to the zeolite surface (FexOyP/Z), particles 
were less uniformly distributed due to their small ligand sizes but still showed a narrow particle 
size distribution. The large amount of Na and S in both FexOy/Z-P and FexOyP/Z resulted in 
low catalyst activity, as both catalysts were overpromoted. The promoter amount was lowered 
with an additional washing step using ammonium nitrate enhancing the activity for both 
catalysts. However, washing the FexOyP/Z catalyst caused the amount of promoters to drop 
below the detection limit of ICP, thus loosing promotion effect and therefore obtaining a high 
methane selectivity. After washing FexOy/Z-P showed a low selectivity towards methane and the 
formation of aromatics. Pyridine IR showed that the zeolite retained acidity using the colloidal 
ligand exchange method even though the zeolite was in direct contact with the promoter 
solution. Clearly, this ligand exchange is a promising method to obtain active and selective iron 
on zeolite catalysts, because it enables the steering of promoters to the iron particles instead of 
on the zeolite acid sites. 

Additionally, it was confirmed again that adding Na and S promoters accelerated particle 
growth during catalysis. During the analysis of the FexOyP/Z-W used catalyst, it was found 
that the particle size had both increased and decreased, suggesting an Ostwald ripening process 
accelerated by the added promoters. Therefore, this research additionally shows that due to 
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the advantageous narrow particle size distribution, colloids can be used to investigate particle 
growth and that using ligand exchange directs the promoters specifically towards the iron 
particles instead of reducing zeolite acidity.

Acknowledgments 

We acknowledge the European Research Council, EU FP7 ERC Advanced Grant no. 338846. 
This work was supported by the Netherlands Center for Multiscale Catalytic Energy Conversion 
(MCEC), an NWO Gravitation program funded by the Ministry of Education, Culture and 
Science of the government of the Netherlands. J. Zečević acknowledges financial support by the 
Netherlands Organization for Scientific Research (NWO), Veni Grant no. 722.015.010. Remco 
Dalebout is thanked for argon physisorption measurements and Coen Mulder is thanked for 
ICP-AES measurements. Dennie Wezendonk is thanked for the TGA-MS measurements. Peter 
van den Brink (Shell) is thanked for providing insight and expertise that assisted the research. 



Influence of Promotion on the Growth of Anchored Colloidal Iron Oxide Nanoparticles 
during Synthesis Gas Conversion 

101

5

References
[1] I. Dybkjaer, Fuel Process. Technol. 1995, 42, 85–107.

[2] J. J. Hernández, G. Aranda-Almansa, C. Serrano, Energy and Fuels. 2010, 24, 2479–2488.

[3] J. J. Hernández, G. Aranda-Almansa, A. Bula, Fuel Process. Technol. 2010, 91, 681–692.

[4] S. Luo, L. Zeng, D. Xu, M. Kathe, E. Chung, N. Deshpande, L. Qin, A. Majumder, T. L. Hsieh, A.  
 Tong, Z. Sun, L. S. Fan, Energy Environ. Sci. 2014, 7, 4104–4117.

[5] I. Wender, Fuel Process. Technol. 1996, 48, 189–297.

[6] A. Y. Khodakov, W. Chu, P. Fongarland, Chem. Rev. 2007, 107, 1692–1744.

[7] G. L. Bezemer, J. H. Bitter, H. P. C. E. Kuipers, H. Oosterbeek, J. E. Holewijn, X. Xu, F. Kapteijn,  
 A. J. van Dillen, K. P. de Jong, Am. Chem. Soc. 2006, 128, 3956–3964.

[8] R. van den Berg, G. Prieto, G. Korpershoek, L. I. van der Wal, A. J. van Bunningen, S. Lægsgaard- 
 Jørgensen, P. E. de Jongh, K. P. de Jong, Nat. Commun. 2016, 7, 13057.

[9] F. Jiao, J. Li, X. Pan, J. Xiao, H. Li, H. Ma, M. Wei, Y. Pan, Z. Zhou, M. Li, S. Miao, J. Li, Y. Zhu, D.  
 Xiao, T. He, J. Yang, F. Qi, Q. Fu, X. Bao, Science. 2016, 351, 1065–1068.

[10] K. Cheng, W. Zhou, J. Kang, S. He, S. Shi, Q. Zhang, Y. Pan, W. Wen, Y. Wang, Chem 2017, 3,   
 334–347.

[11] S. Sartipi, K. Parashar, M. Makkee, J. Gascon, F. Kapteijn, Catal. Sci. Technol. 2013, 3, 572–575.

[12] Y. Zhu, X. Pan, F. Jiao, J. Li, J. Yang, M. Ding, Y. Han, Z. Liu, X. Bao, ACS Catal. 2017, 7, 2800–  
 2804.

[13] N. Li, F. Jiao, X. Pan, Y. Ding, J. Feng, X. Bao, ACS Catal. 2019, 9, 960–966.

[14] K. Cheng, B. Gu, X. Liu, J. Kang, Q. Zhang, Y. Wang, Angew. Chem. Int. Ed. 2016, 55, 4725–4728.

[15] W. Zhou, S. Shi, Y. Wang, L. Zhang, Y. Wang, G. Zhang, X. Min, K. Cheng, Q. Zhang, J. Kang, Y.  
 Wang, ChemCatChem. 2019, 11, 1681–1688.

[16] D. J. Wilhelm, D. R. Simbeck, A. D. Karp, R. L. Dickenson, Fuel Process. Technol. 2001, 71, 139–148.

[17] S. Sartipi, J. E. van Dijk, J. Gascon, F. Kapteijn, Appl. Catal. A Gen. 2013, 456, 11–22.

[18] C. Hernández Mejía, T. W. van Deelen, K. P. de Jong, Nat. Commun. 2018, 9, 4459.

[19] J. Xie, J. Yang, A. I. Dugulan, A. Holmen, D. Chen, K. P. de Jong, M. J. Louwerse, ACS Catal. 2016,  
 6, 3147–3157.

[20] M. Oschatz, N. Krans, J. Xie, K. P. de Jong, J. Energy Chem. 2016, 25, 985–993.

[21] K. Cheng, V. V. Ordomsky, B. Legras, M. Virginie, S. Paul, Y. Wang, A. Y. Khodakov, Appl. Catal.  
 A Gen. 2015, 502, 204–214.

[22] J. D. Xu, Z. Y. Chang, K. T. Zhu, X. F. Weng, W. Z. Weng, Y. P. Zheng, C. J. Huang, H. L. Wan,   
 Appl. Catal. A Gen. 2016, 514, 103–113.

[23] H. M. Torres Galvis, A. C. J. Koeken, J. H. Bitter, T. Davidian, M. Ruitenbeek, A. I. Dugulan, K. P.  
 de Jong, J. Catal. 2013, 303, 22–30.

[24] J. Xie, H. M. Torres Galvis, A. C. J. Koeken, A. Kirilin, A. I. Dugulan, M. Ruitenbeek, K. P. de   
 Jong, ACS Catal. 2016, 6, 4017–4024.



102

Chapter 5

5

[25] F. Jiang, M. Zhang, B. Liu, Y. Xu, X. Liu, Catal. Sci. Technol. 2017, 7, 1245–1265.

[26] H. M. Torres Galvis, K. P. de Jong, ACS Catal. 2013, 3, 2130–2149.

[27] H. M. Torres Galvis, J. H. Bitter, C. B. Khare, M. Ruitenbeek, A. I. Dugulan, K. P. de Jong,   
 Science. 2012, 335, 835–838.

[28] J. L. Weber, I. Dugulan, P. E. de Jongh, K. P. de Jong, ChemCatChem. 2018, 10, 1107–1112.

[29] A. V. Karre, A. Kababji, E. L. Kugler, D. B. Dadyburjor, Catal. Today. 2013, 214, 82–89.

[30] A. V. Karre, A. Kababji, E. L. Kugler, D. B. Dadyburjor, Catal. Today. 2012, 198, 280–288.

[31] A. Ramirez, A.D. Chowdhury, A. Dokania, P. Cnudde, M. Caglayan, I. Yarulina, E. Abou-Hamad,  
 L. Gevers, S. Ould-Chikh, K. de Wispelaere, V. van Speybroeck, J, Gascon, ACS Catal. 2019, 9,   
 6320-6334

[32]  J. L. Weber, N. A. Krans, J. P. Hofmann, E. J. M. Hensen, J. Zecevic, P. E. de Jongh, K. P. de Jong,   
 Catal. Today. 2018, 342, 161-166

[33] F. C. Meunier, ACS Nano. 2008, 2, 2441–2444.

[34] B. Sun, K. Xu, L. Nguyen, M. Qiao, F. Tao, ChemCatChem. 2012, 4, 1498–1511.

[35] K. Cheng, M. Virginie, V. V. Ordomsky, C. Cordier, P. A. Chernavskii, M. I. Ivantsov, S. Paul, Y.  
 Wang, A. Y. Khodakov, J. Catal. 2015, 328, 139–150.

[36] J. P. den Breejen, P. B. Radstake, G. L. Bezemer, J. H. Bitter, V. Frøseth, A. Holmen, K. P. de Jong, J.  
 Am. Chem. Soc. 2009, 131, 7197–7203.

[37] H. M. Torres Galvis, J. H. Bitter, T. Davidian, M. Ruitenbeek, A. I. Dugulan, K. P. de Jong, J. Am.  
 Chem. Soc. 2012, 134, 16207–16215.

[38] T. W. van Deelen, J. J. Nijhuis, N. A. Krans, J. Zečević, K. P. de Jong, ACS Catal. 2018, 8, 10581–  
 10589.

[39] B. Ritz, H. Heller, A. Myalitsin, A. Kornowski, S. Martin-Martinez, Francisco J. Melchor, J. A.   
 Dobado, B. H. Juárez, H. Weller, C. Klinke, ACS Nano. 2010, 4, 2438–2444.

[40] C. J. Jia, F. Schüth, Phys. Chem. Chem. Phys. 2011, 13, 2457–2487.

[41] N. A. Krans, E. C. van der Feltz, J. Xie, I. A. Dugulan, J. Zečević, K. P. de Jong, ChemCatChem.   
 2018, 10, 3388–3391.

[42] N. A. Krans, N. Ahmad, D. Alloyeau, K. P. de Jong, J. Zečević, Micron. 2019, 117, 40–46.

[43] M. Casavola, J. Hermannsdörfer, N. de Jonge, A. I. Dugulan, K. P. de Jong, Adv. Funct. Mater.   
 2015, 25, 5309–5319.

[44] M. Casavola, J. Xie, J. D. Meeldijk, N. A. Krans, A. Goryachev, J. P. Hofmann, A. I. Dugulan, K. P.  
 de Jong, ACS Catal. 2017, 7, 5121–5128.

[45] A. Nag, M. V. Kovalenko, J. S. Lee, W. Liu, B. Spokoyny, D. V. Talapin, J. Am. Chem. Soc. 2011,   
 133, 10612–10620.

[46] C. H. M. van Oversteeg, F. E. Oropeza, J. P. Hofmann, E. J. M. Hensen, P. E. de Jongh, C. de Mello  
 Donega, Chem. Mater. 2018, 31, 541-552

[47] T. W. Hansen, A. T. Delariva, S. R. Challa, A. K. Datye, Acc. Chem. Res. 2013, 46, 1720–1730.

[48] A. M. Hernández-Giménez, J. Ruiz-Martínez, B. Puértolas, J. Pérez-Ramírez, P. C. A. Bruijnincx,  



Influence of Promotion on the Growth of Anchored Colloidal Iron Oxide Nanoparticles 
during Synthesis Gas Conversion 

103

5

 B. M. Weckhuysen, Top. Catal. 2017, 60, 1522–1536.

[49] C. A. Emeis, J. Catal. 1993, 141, 347–354.

[50] E. P. Parry, J. Catal. 1963, 2, 371–379.

[51] Z. Wang, X. D. Wen, R. Hoffmann, J. S. Son, R. Li, C.-C. Fang, D.-M. Smilgies, T. Hyeon, Proc.   
 Natl. Acad. Sci. 2010, 107, 17119–17124.

[52] W. van der Stam, F. T. Rabouw, S. J. W. Vonk, J. J. Geuchies, H. Ligthart, A. V. Petukhov, C. de   
 Mello Donega, Nano Lett. 2016, 16, 2608–2614.

[53] H. van Koningsveld, J. C. Jansen, H. van Bekkum, Zeolites. 1994, 10, 235–242.

[54] M. Oschatz, S. Krause, N. A. Krans, C. Hernández Mejía, S. Kaskel, K. P. de Jong, Chem.   
 Commun. 2017, 53, 10204–10207.

[55] J. P. H. Li, A. A. Adesina, E. M. Kennedy, M. Stockenhuber, Phys. Chem. Chem. Phys. 2017, 19,   
 26630–26644.

[56] A. K. Datye, Q. Xu, K. C. Kharas, J. M. McCarty, Catal. Today. 2006, 111, 59–67.

[57] R. Ouyang, J. X. Liu, W. X. Li, J. Am. Chem. Soc. 2013, 135, 1760–1771.

[58] W. Janse van Rensburg, P. van Helden, D. J. Moodley, M. Claeys, M. A. Petersen, E. van Steen, J.  
 Phys. Chem. C. 2017, 121, 16739–16753.

[59] P. Munnik, M. E. Z. Velthoen, P. E. de Jongh, K. P. de Jong, C. J. Gommes, Angew. Chem. Int.   
 Ed. 2014, 53, 9493–9497.

[60] G. Unger, H. Schonfelder, O. Watzenberger, H.J. Sterzel, K. Kuhling, Preparation of Iron   
 Pentacarbonyl. US Patent 2005/0129605 A1, Jun. 16, 2005.



104

Chapter 5

5

Supporting Figures

Figure S1. Example of ammonium TPD measurements for H-ZSM-5 and the catalysts. A) Ammonium TPD of 
H-ZSM-5 and B) of FexOy/Z-P-W representative for all results with iron nanoparticles (regardless of promoters). 
The NH3-TPD spectra were deconvoluted (using Fityk) to fit three peaks, corresponding to the weak Lewis acid 
sites (LAS) (around 150 °C), Lewis acid sites in proximity of Brønsted acid sites (around 200 °C) and solely strong 
Brønsted acid sites (BAS) (around 350 °C) at respectively, as seen in G. L. Woolery, G. H. Kuehl, Zeolites 1997, 19, 
288–296. The black line shows the original spectrum, while the blue, pink and red lines give the gaussian fits. The 
light blue line shows the cumulative fits. When iron particles are attached to the zeolite external surface, the plot 
changed dramatically.

Figure S2. Total acidity calculated from ammonium TPD measurements presented in a bar graph. Yellow shows 
the acidity of the blank H-ZSM-5 zeolites, blue indicates the FexOy/Z while the green indicates FexOyP/Z and 
orange indicates FexOy/Z-P. Moreover, the striped parts of the bar graph show the calculated Brønsted acid sites 
from ammonium TPD peaks. The total acidity of all catalysts is the same within the estimated error margins. As-
synthesized indicates the catalysts after addition of FexOy-NP or FexOyP-NP to the surface of the H-ZSM-5 support. 
Washed indicates the catalysts washed with ammonium nitrate. From the graphs it is noticeable that for the washed 
samples both FexOy/Z and FexOyP/Z exhibit more BAS than initially present. This indicated that the Na was most 
probably washed from the iron acid sites, leading to the conclusion that the deconvolution of these samples (Figure S1), 
in combination with iron on the support is challenging and can only be used for rough indications of the Brønsted 
acidity.[55]
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Figure S3. Pyridine IR graph of silica as a blank experiment. No absorbance was found of pyridine between the 
wavelengths of 1400 cm-1 to 1550 cm-1 as shown by the inset. This indicated that pyridine did not absorb to silica acid 
sites. Accordingly, silica could be used as a blank support material to measure if any pyridine would absorb to the iron 
nanoparticle surfaces, see Figure S4.

Figure S4. Pyridine IR graph of FexOy-NP on silica. This measurement was used to observe if any of the pyridine, 
like the ammonium observed in Figure S1, would absorb on the iron acid sites. The FexOy-NP absorb pyridine at the 
LAS sites at 25 °C (shown by the black peak at 1450 cm-1 in the inset). However, this pyridine is desorbed before 
150 °C was reached indicating that the pyridine only weakly interacts with the iron. Therefore, when the temperature 
(150 °C) used to calculate the concentration of BAS and LAS on the H-ZSM-5 is reached, all the pyridine had desorbed 
from the iron nanoparticles’ surface. This shows that final values obtained from pyridine IR for the concentration of 
BAS and LAS do not include any pyridine that might absorb to the surface of the nanoparticles.
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Figure S5. Pyridine infrared spectrum of an H-ZSM-5 zeolite with Si/Al = 15. BAS can be found at 1543 cm-1 while 
the LAS are at 1455 cm-1. The peak at 1490 cm-1 is from BAS in the vicinity of LAS.[50] Pyridine IR spectra were used 
to calculate the BAS and LAS using the formulas Eq. 1.1 and Eq. 1.2, where C stands for the concentration acid sites 
(mmol/g), IA stands for the integrated area of the pyridine IR spectrum for either BAS (B) or LAS (L) (cm-1), R stands 
for the radius of the pallet (cm) and W stands for the weight of the pallet (mg). The 1.88 and 1.42 are calculated for 
the extinction coefficient from LAS and BAS at 150 °C which were used from Emeis, et al.[49]

Eq. 1.1   C(pyridine on BAS) = 1.88 μm/cm IA (B) R2 / W 
 
Eq. 1.2   C(pyridine on LAS) = 1.42 μm/cm IA (L) R2 / W
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5Figure S6. Thermogravimetric analysis coupled with mass spectrometry (TGA-MS) of colloidal iron oxide 
nanoparticles on H-ZSM-5. A) TGA-MS of blank H-ZSM-5 zeolite and of B) H-ZSM-5 zeolite treated with all 
organic solvents from the attachment step (toluene, hexane, acetone and octadecene). C) TGA-MS of the FexOy/Z and 
D) of FexOyP/Z catalysts. E) TGA-MS data of FexOy/Z during the reduction for 2 hours at 350 °C and F) data of 
FexOy/Z after the reduction. The black line and right axes show the unsubstracted weight from the TGA measurement 
while the colored lines and the left axes show the ion current from the MS with weights of water (green), CO (light blue), 
CO2 (dark blue) and the specific weight m/z = 55 of fraction C4H7+ (pink) coming from either organic ligands oleic acid 
(OLAC), oleylamine (OLAM) or the solvent octadecene (ODE).[5] As the m/z = 55 signal was low, an inset was added 
to show the magnified area between temperatures 150 °C – 450 °C where the signal of ligands was typically found.  
ZSM-5 (A) showed almost no carbon loss, however, when the H-ZSM-5 was treated with the ODE, a distinct peak 
was found for m/z = 55 (Figure S10B, pink).[43] This indicated that even after the washing and drying steps, some of 
the ODE was trapped in the zeolite pores. A similar peak was found for FexOy/Z (C), either from ODE, OLAC or 
OLAM, but this peak disappeared for FexOyP/Z (D) when the organic ligands were exchanged for inorganic ligands. 
This could indicate that some organic ligands were still present. However, when the FexOy/Z was reduced similarly 
to the in situ reduction before catalysis (E), the ligands were completely removed (F). Also, only a small amount of 
CO2 was found after the reduction and no CO could be detected, further indicating that the ligands (and any residual 
ODE) were removed during the reduction step.

A B

C D

E F
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Figure S7. Methane selectivity (in % carbon) over time. To observe the effect of possible sodium and sulfur migration 
from the iron particles to the support, the methane selectivity over time was observed. This showed no change over the 
short reaction time, indicating no migration.

Figure S8. Histograms and TEM micrographs of the used catalyst’ particle size at 10 bar. A) Used FexOy/Z, B) 
FexOyP/Z, C) FexOy/Z-P, D) FexOy/Z-W, E) FexOyP/Z-W and F) FexOy/Z-P-W catalysts. Both FexOy/Z and 
FexOy/Z-W sustain the particle size similar to fresh catalysts and show carbon formation. Both FexOyP/Z and 
FexOyP/Z-W obtained a broad particle size distribution and an average particle size up to 35 nm. Additionally, for 
both FexOy/Z-P and FexOy/Z-P-W a bimodal particle size distribution was observed, indicating an Ostwald ripening 
process.

A B C

D E F
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Abstract
Using model catalysts with well-defined particle size and morphology to 
elucidate questions regarding catalytic activity and stability has gained more 
interest, particularly utilizing colloidally prepared metal(oxide) particles. 
Here, colloidally synthesized iron oxide nanoparticles (FexOy-NP, size ~7 nm) 
on either a titania (FexOy/TiO2) or a silica (FexOy/SiO2) support were studied. 
These model catalyst systems showed excellent activity in the Fischer-Tropsch 
to olefins (FTO) reaction at high pressure. However, the FexOy/TiO2 catalyst 
deactivated more than FexOy/SiO2 catalyst. After analyzing the used catalysts, 
it was evident that FexOy-NP on titania had grown to 48 nm, while the FexOy-
NP on silica were still 7 nm in size. STEM-EDX revealed that the growth of 
FexOy/TiO2 originated mainly from the hydrogen reduction step and only 
to a limited extent from catalysis. Quantitative STEM-EDX measurements 
indicated that at a reduction temperature of 350 °C, 80% of the initial iron had 
dispersed over and into the titania as iron species below imaging resolution. 
The Fe/Ti surface atomic ratios from XPS measurements indicated that the iron 
particles first spread over the support after reduction temperatures of 300 °C 
followed by iron oxide particle growth at 350 °C. Mössbauer spectroscopy 
showed that 70% of iron was present as Fe2+, specifically as amorphous iron 
titanates (FeTiO3), after reduction at 350 °C. The growth of iron nanoparticles 
on titania is hypothesized as an Ostwald ripening process where Fe2+ species 
diffuse over and through the titania support. Pre-synthesized nanoparticles on 
SiO2 displayed structural stability, as only ~10% iron silicates were formed and 
particles kept the same size during in situ reduction, carburization and FTO 
catalysis. 
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Introduction

Supported metal catalysts are of great importance in a wide range of catalytic processes.[1,2] The 
activity and selectivity of supported catalysts can be determined by the size, shape and distribution 
of the active metal nanoparticles on the support, as well as metal-support interactions. As the 
catalytic reaction takes place on the surface of the metal nanoparticles, it is often the aim to 
obtain small particles, uniformly distributed on the support surface.[3] However, metal particles 
are typically prone to deactivation under industrially relevant conditions, prompting great 
efforts to design more stable catalysts.[4–7] 

Many factors can contribute to catalyst deactivation, but a major cause is the loss of active 
metal surface area by nanoparticle growth.[8] In literature, two mechanisms are commonly 
used to describe the particle growth, namely (i) Ostwald ripening and (ii) particle diffusion 
and coalescence. Mechanism (i) ensues due to the transport of atomic species diffusing from 
small nanoparticles to larger particles, via the support surface or gas/liquid medium. Depending 
on the metal, the diffusion of atomic species can be accelerated by reactive gasses such as H2, 
CO or H2O.[9–13] Mechanism (ii) involves particle migration over the surface and coalescence to 
form larger particles. Different factors can affect the particle growth such as initial particle size, 
particle size distribution and composition of the metal catalysts.[14] Furthermore, metal-support 
interactions have known to slow down or accelerate particle growth and can play a role in the 
particle growth mechanism.[15, 16]

Strong interactions between support and metal can influence the particle growth 
mechanisms.[17,18] Partial or complete encapsulation of metal nanoparticles by the support can 
occur when a reduced metal oxide is exposed to high temperature treatments. In other cases, 
particles can be stabilized by the support due to the strong interaction which may hinder the 
particle growth.[19,20] However, this effect can accelerate particle growth as well, as atoms/ions 
from small metal nanoparticles can diffuse more easily over the support to form larger particles.
[20] One of the supports prone to a strong interaction with metal nanoparticles is titania.

Titania is a reducible support and can go through several crystalline phases namely anatase, 
rutile and brookite under different reduction temperatures. Due to its reducibility, an extra 
challenge arises in the preparation of supported metal particles on titania. Until today, many 
studies have focused on elucidating the interactions between titania and metal particles such as 
Fe, Co, Rh, Ir, Ni, Pd, and Pt.[17,18,21–25] When the heat treatments necessary to create metal particles 
are performed, unreducible metal titanates can form.[24,26] This was found in the preparation for 
cobalt and iron on titania catalysts, where often, during the reduction, cobalt and iron titanates 
form that cannot be reduced to the metallic state at typical reduction temperatures. When the 
metal oxide solid solutions cannot be converted into the active metallic iron phase, this causes 
deactivation of the catalyst.[27–29]

Iron and cobalt are used in Fischer-Tropsch catalysis which involves the conversion of 
synthesis gas (CO/H2) into hydrocarbon products. Depending on the catalyst used, the product 
selectivity can be tuned to either the formation of linear paraffins (cobalt based catalysts) with 
high molecular weight, or the production of olefins (iron based catalysts), which is sometimes 
called Fischer-Tropsch to Olefins (FTO).[26,30] Iron based FTO catalysts are metal particle size, 
shape and support sensitive.[31–33] Iron particles were previously supported on several materials 
such as carbon, silica, alumina and titania, where impregnation or co-precipitation are used as 
synthesis methods to prepare these catalysts. However, using an oxidic support such as silica, 
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alumina or titania can be challenging as non-reducible aluminates, silicates and titanates can be 
formed during the heat treatment steps, restricting activation of the catalysts.[34–38]

A different synthesis method that separates the particle synthesis step from the attachment 
to the support is colloidal synthesis. Metal oxide particles can readily be made and precursor 
solutions are not in contact with the metal oxide support. This means that the interaction of 
the metal particles with the support is substantially different compared to e.g. impregnated 
or co-precipitated catalysts, because metal precursor contact with the support is avoided.[39–41] 

Using colloidal particles with well-defined particle size, particle size distribution, shape and 
composition can contribute to differentiate the catalyst properties that influence activity, 
selectivity and stability.[42–44] In recent literature, colloidal synthesis methods were developed 
to synthesize iron oxide nanoparticles (FexOy-NP) with great control over size and shape. These 
FexOy-NP can subsequently be attached to different support materials, with the objective to 
arrive at more stable catalysts.[33,45,46] 

In this research, colloidal iron oxide nanoparticles were used to understand the growth 
of iron oxide supported on a silica or titania support. The colloidal iron oxide nanoparticles 
(FexOy-NP) were synthesized with a narrow particle size distribution and average particle sizes 
of 7 nm. These FexOy-NP were deposited on both a titania and a silica support after which well 
distributed model catalysts were obtained (FexOy/SiO2 and FexOy/TiO2). The catalysts were 
subjected to FTO conditions where it was found that the particle size of the used FexOy/SiO2 
catalyst remained the same, whereas the iron oxide nanoparticles on the FexOy/TiO2 catalyst 
had on average grown larger. This growth was further investigated for both catalysts using 
transmission electron microscopy (TEM) and scanning transmission electron microscopy 
(STEM) equipped with an energy dispersive x-ray (STEM-EDX) detector for quantitative 
elemental mapping. Mössbauer, x-ray photoelectron spectroscopy (XPS) and temperature 
programmed reduction (TPR) were used to obtain information about the iron species during 
or after hydrogen reduction. It was found that the reduction step caused the growth for FexOy/
TiO2 at temperatures above 300 °C. Instead, an Ostwald ripening mechanism was inferred 
where Fe2+ species diffuse over and through the titania support.

Experimental

Catalyst preparation

Synthesis of the FexOy-NPs. Iron nanoparticles of approximately 7 nm were synthesized 
according to the procedure described by Casavola et al.[33] A 100 mL three-neck round bottom 
flask was filled with 1.2 mmol (0.35 g) hexadecanediol (≥98% purity), 0.75 mmol (0.21 g) 
oleylamine (70% purity), 0.43 g oleic acid (90% purity) and 10 mL 1-octadecene (90% purity). 
The flask was connected to a Schlenk line via a reflux condenser. The mixture was heated to 
120 °C while stirring at 650 rpm with a glass-coated magnetic stirring bar. The flask was slowly 
brought to vacuum and the mixture was degassed for 30 minutes. 1 mmol (0.21 g) of iron 
pentacarbonyl (Fe(CO)5) (99.99% purity) was weighed in a glovebox and 1 mL 1-octadecene 
was added. The three-neck round bottom flask was flushed three times with nitrogen gas and 
allowed to cool to 90 °C before injecting the Fe(CO)5 solution into the heated mixture. The 
mixture was then heated to 290 °C with 10 °C/min. The temperature was maintained for 1 hour 
to allow iron nanoparticle formation, and afterwards the obtained colloidal suspension was 
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washed three times by adding five drops of toluene and a large excess of isopropanol followed 
by centrifugation (2700 rpm, 15 min). Lastly, the iron nanoparticles (FexOy-NP) were dispersed 
in approximately 2 mL toluene. (All chemicals were obtained from Sigma-Aldrich unless stated 
otherwise)

Attachment of the FexOy-NPs to a titania and silica support. The FexOy-NPs were attached to 
a silica or a titania support using a heating-up method.[33] 740 mg of the silica (Ox50 support 
Aerosil® Evonik) or 800 mg of titania (P25 support Aeroxide® Degussa Evonik) were placed 
in a three-neck round bottom flask which was attached to a Schlenk line setup via a reflux 
condenser. 10 mL of octadecene was mixed with the as-synthesized FexOy-NP dispersion and 
the mixture was added to the support material while stirring at 400 rpm with a magnetic glass-
coated stirring bar. To remove the toluene present in the FexOy-NP dispersion, the system was 
evacuated slowly while heating to 120 °C for half an hour. Next, the system was flushed three 
times with nitrogen gas and subsequently heated to 200 °C for 30 min. The mixture was allowed 
to cool to room temperature, after which it was further processed in air. To remove all non-
attached particles, the catalysts were washed six times with a hexane : acetone mixture (3 : 1) 
followed by centrifugation (2700 rpm, 5 min). Subsequently, the catalysts were dried by a three-
step drying method: at 60 °C in stagnant air for 1 hour, at 120 °C in stagnant air for 3 hours and 
finally at 80 °C under vacuum for another 3 hours. The FexOy-NP on titania will be referred to 
as FexOy/TiOy and the FexOy-NP on silica will be referred to as FexOy/SiO2.

Catalyst characterization

Nitrogen-physisorption measurements. N2-physisorption measurements were conducted at 
-196 °C using a Micromeritics Tristar 3000 to study the pore size and surface area of the support 
materials. The pore size distributions were determined from the adsorption branch of isotherms 
by the BJH method (between 1.7 nm and 300 nm). The total pore volume was taken as the single 
point pore volume at P/P0 = 0.995.

X-ray diffraction. X-ray diffraction (XRD) measurements were performed on a Bruker 
D2 phaser diffractometer with a fixed slit using Co-Kα1 radiation with λ = 1.78897 Å. The 
measurements were taken at angles between 20 °2θ and 80 °2θ with an increment of 0.15 °2θ 
and a scan speed of 0.8-1 °2θ/s.

Inductively coupled plasma atomic emission spectroscopy. The elemental composition of 
the catalysts was determined by inductively coupled plasma atomic emission spectroscopy (ICP-
AES) with a Thermo Jarrell Ash model ICAP 61E trace analyzer. The samples were prepared 
by an aqua regia extraction where the powdered sample (approximately 125 mg) was added 
to 1.5 mL of HNO3 (65%) and 4.5 mL HCl (30%) (1 : 3 ratio) in a destruction vessel and left 
overnight at 90 °C on a hot plate. The vessels were heated to 160 °C without caps until a gel 
was formed in less than 60 minutes. About 20 mL (5%) HNO3 was added to the vessels, closed 
and subsequently heated to 90 °C overnight once more. Thereafter, the vessels were weighed to 
determine the dilution and measured to determine the iron content.

(Scanning) transmission electron microscopy. To visualize the catalysts, (scanning) 
transmission electron microscopy ((S)TEM) was done. Samples (either FexOy-NP or FexOy/
support) were dispersed in ethanol and drop-casted on 300 mesh copper grids with formvar 
(FexOy-NP) or lacey carbon (FexOy/support) film. The samples were investigated using a Talos 
F200X (ThermoFisher Scientific) equipped with an X-FEG electron source operated at 200 kV. 
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Energy dispersive x-ray (EDX) maps were acquired using the same apparatus with a Super-XTM 
EDX detector in STEM mode. Average particle sizes were determined by measuring around 
300 metal nanoparticles per sample using the program ImageJ.

Energy dispersive x-ray spectroscopy. To prepare the samples for (S)TEM, a droplet of 
dispersed FexOy/TiO2 in ethanol was added dropwise onto a copper lacey grid. To determine 
the local and average iron loading of the supported catalysts, STEM-EDX spectra were collected 
from ~0.5 µm2 areas of samples. The spectra were acquired using the Velox software (FEI) with 
10 minutes acquisition time. Ten different spectra were used to calculate the average loading of 
the sample, while areas from these spectra revealed the local iron loading in the regions where 
no iron nanoparticles were observed. Spectra background correction and the peak analysis were 
performed using the software-integrated methods.

In vacuo x-ray photoelectron spectroscopy (XPS). In vacuo transfer XPS using a 
Kratos AXIS Ultra 600 spectrometer equipped with a monochromatic AlKα x-ray source 
(hv(AlKα) = 1486.6 eV) was employed to study the iron particle growth on the titania and silica 
supports. Survey scans were recorded at a pass energy of 160 eV (step size of 0.5 eV) with the 
background pressure kept below 5x10−9 mbar. 

A high temperature reaction cell (Kratos, WX-530) was used to pretreat the sample, 
which was supported on an aluminium stub, allowing in vacuo sample transfer into the XPS 
measurement chamber. The reduction was performed in a 66% H2 in Ar flow at atmospheric 
pressure at three reduction temperatures, viz., 240 °C, 300 °C and 350 °C for 2 h with 5 °C/
min. After reduction at each temperature the sample was cooled down and subsequently 
transferred to the XPS analysis chamber in vacuo. Quantitative analysis was done by measuring 
the peak areas of specific elemental core lines (Fe2p, Si2p, and Ti2p) in the region scans and by 
applying appropriate atomic sensitivity factors

Mössbauer spectroscopy. Transmission 57Fe Mössbauer spectra were collected at 120 K 
with a sinusoidal velocity spectrometer using a 57Co(Rh) source. Velocity calibration was 
carried out using an α-Fe foil at room temperature. The source and the absorbing samples were 
kept at the same temperature during the measurements. The Mössbauer spectra were fitted 
using the Mosswinn 4.0 program.[47] The experiments were performed in a state-of-the-art 
high-pressure Mössbauer in situ cell developed at Reactor Institute Delft.[48] The high-pressure 
beryllium windows used in this cell contain 0.08% iron impurity whose spectral contribution 
was fitted and removed from the final spectra. Reduction was carried for 2 hours at 240 °C, 
300 °C and 350 °C (H2/Ar = 2, 1 bar), and after each temperature a spectrum was obtained.

Temperature programmed reduction. To investigate the reduction of the catalysts, 
temperature programmed reduction (TPR) was performed. 25-50 mg of catalyst (75 – 150 µm 
sieve fraction) was reduced in 15 mL/min H2 gas flow while increasing the temperature with 
5 °C/min ramp up to 900 °C. The off-gas was analyzed using a Thermal Conductivity Detector 
(TCD) and certain components were analyzed using a mass spectrometer.

Reduction of the catalyst precursors. To investigate the effect of the reduction step, 
10-20 mg catalyst sieved to a grain size of 75 – 150 µm was mixed with 150 – 200 mg SiC 
(212 – 450 µm sieve fraction) and transferred to a tubular glass reactor. The catalyst was then 
reduced in a flow of 15 mL/min H2/Ar gas mixture (H2 : Ar = 2 : 1 v/v) for 2 h at temperatures 
ranging from 240 to 350 °C. The temperatures were reached with a heating ramp of 5 °C/min. 
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The GHSV during these experiments was ~10,000 h-1. A CO reduction was performed with the 
same samples as described above. FexOy/TiO2 was dried for 2 h at 350 °C before performing the 
reduction step to eliminate all residual water. The catalyst was then reduced in a flow of 15 mL/
min CO/Ar gas mixture (CO : Ar = 2 : 1 v/v) for 2 h at 350 °C. 

Catalytic performance

Fischer-Tropsch synthesis. Fischer-Tropsch reactions were carried out using an Avantium 
Flowrence 16-port parallel fixed-bed reactor setup. Around 10-20 mg catalyst sieved to a grain 
size of 75 – 150 µm was mixed with 200 mg SiC (212 – 450 µm sieve fraction) and transferred 
to a stainless-steel reactor. The catalyst was then reduced in situ at 3 bar with 103.3 mL/min H2/
He gas mixture (H2 : He = 1 : 2) for 2 h at 350 °C and carburized at 3 bar and 290 °C for 1 hour 
with 132 mL/min CO/H2 gas mixture (ratio 2 : 1). Catalysis was performed for 100 hours at 
300 °C with GHSV = 72,600 – 103,700 h-1 and 2 : 1 CO/H2 at 10 bar. All temperatures were 
preceded by a heating ramp of 5 °C/min.

Results and Discussion

Synthesis of the Catalysts

Iron oxide nanoparticles (FexOy-NP) were synthesized via a colloidal route and thereafter 
analyzed using transmission electron microscopy (TEM), see Figure 1A. The average particle 
size was 7 nm with a narrow size distribution (±1 nm), as seen from the histogram in Figure 1B. 
Particles dried on the TEM grid were separated by ~2 nm corresponding to the length of the 
organic ligands used in this synthesis method.[49,50]

The TiO2 and SiO2 supports were analyzed using nitrogen physisorption to obtain the BET 
surface area, see Table 1 and Figure S1 in the supporting information. Both materials had similar 
specific surface areas and a broad pore size distribution, with titania showing larger total pore 
volume and more (~25-75 nm) mesopores than silica. 

Particles were attached to both support materials and analyzed using TEM. Samples were 
named FexOy/SiO2 when attached to the silica support (Figure 2A) and FexOy/TiO2 when 

Figure 1. Colloidal iron oxide nanoparticles. A) Transmission electron microscopy image of the colloidal particles 
dried on a TEM grid. B) The histogram of the particle size distribution.

A B
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attached to the titania support (Figure 2B). The FexOy-NP were homogeneously attached to 
the silica, while on titania empty support was observed as well leading to heterogeneities in 
particle distribution. The in-set histograms show that the FexOy-NP size distributions were 
similar for both catalysts and the as-synthesized FexOy-NP in Figure 1. The average particle sizes 
of the FexOy-NP and the iron weight loadings were determined by TEM and ICP respectively, 
see Table 1. The weight loading of both catalysts was around 3 wt.% while the particle sizes 
remained 7 nm on average.

X-ray diffractograms were obtained for both catalysts as well as a blank for the TiO2 
support, see Figure 3. The iron on silica showed a broad peak around 24 °2θ originating from 
the amorphous silica[49] and also peaks which correspond to the magnetite or maghemite phase 
of iron oxide. The iron on titania only showed peaks from two different titania phases (rutile 
and anatase, in line with the expectation of a this titania material[50]). For this catalyst no iron 
oxide peaks could be identified, which is probably caused by the strong signal from the titania 
overlapping with the iron oxide peaks between 42 °2θ and 75 °2θ.

Catalytic Performance

The performance of the two catalysts was investigated in the Fischer-Tropsch to olefins reaction, 
in which both were subjected to syngas (CO : H2 ratio of 2 : 1), at 10 bar for 100 h time on 
stream (TOS) after in situ reduction in H2 and carburization in a mixture of H2 and CO gas. The 

Figure 2. TEM micrographs of the attached iron oxide nanoparticles. A) Particles attached to SiO2 and B) particles 
attached to TiO2. The insets show the histograms of the particle sizes.

Table 1. Surface area of both supports, iron oxide particle size and iron weight loading.

Sample name BET surface area of 
support (m2/g) A

Iron oxide particle size

(nm) B

Iron weight loading 
(wt.%) C

FexOy/SiO2 45 7.3 (± 0.8) 3.3

FexOy/TiO2 42 7.1 (± 1.0) 2.9
A The BET surface area was determined by nitrogen physisorption at -196 °C.
B Particle sizes were obtained by measuring ~300 particles from TEM images
C Iron weight loading was determined by ICP analysis.

A B
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activity in iron time yield (FTY) was plotted against the time on stream (Figure 4A). FexOy/SiO2 
had a higher activity compared to FexOy/TiO2. For FexOy/SiO2 an activity decrease of 30% was 
found while FexOy/TiO2 showed a 60% decrease after 100 h time on stream. The selectivities (at 
time on stream (TOS) = 100 h) of both catalysts can be found in the supporting information, 
Table S1, and were comparable for both catalysts. Moreover, when an impregnated iron on 
silica catalyst from previous literature is compared to the colloidally prepared catalysts in this 

Figure 3. X-ray diffractograms of FexOy/SiO2, blank TiO2 and FexOy/TiO2. The different phases identified in the 
FexOy/TiO2 are anatase (black square) and rutile (black diamond) (offset of 30 counts for TiO2 and 50 counts for 
FexOy/TiO2) while for FexOy/SiO2 amorphous silica (black circle) and Fe3O4 magnetite or γ-Fe2O3 maghemite (black 
arrow) were found.

Figure 4. FTO catalysis results and TEM images of FexOy/SiO2 and FexOy/TiO2 after 100 h TOS under FTO 
conditions at 10 bar. A) Catalytic activities shown as FTY (iron time yield) in mol CO converted per gram iron 
per second as a function of time-on-stream (TOS) B) TEM image of the used FexOy/SiO2 catalyst . C) Particle size 
histogram of the fresh and used FexOy/SiO2. D) TEM image of the used FexOy/TiO2 catalyst. E) scanning transmission 
electron microscope (STEM) image with an energy disperse x-ray (EDX) map overlay of the used FexOy/TiO2 
catalyst showing the iron in red. F) Particle size distribution of fresh and used FexOy/TiO2.

A B C
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research[51], the colloidal model catalyst in present research showed higher activity (FTY), most 
probably due to the well-developed particles in the fresh catalysts.

The used catalysts were investigated using TEM. The FexOy/SiO2 catalyst showed only 
little change after the catalytic reaction, with average FexOy-NP sizes of 7 nm and a standard 
deviation of ±0.9 nm, as seen in Figure 4B. The particle size distribution of the used silica-
supported catalyst overlapped the distribution of the fresh catalyst almost perfectly (Figure 4C), 
indicating that the structural stability of this the iron nanoparticles on silica is impeccable. The 
30% decrease in catalytic activity in Figure 4A was therefore not attributed to particle growth, 
but most probably due to other contributing factors such as coke or iron silicate formation.
[26] Surprisingly, the morphology of the FexOy/TiO2 catalyst had dramatically changed after 
catalysis, as shown in Figure 4D-E. FexOy-NP could no longer be distinguished from TiO2 
particles in the TEM images (Figure 4D). An energy dispersive x-ray (EDX) map, shown as an 
overlay of a STEM image can be found in Figure 4E. Iron nanoparticles are indicated in red 
color, and showed larger particles with an average size of 48 nm (±20 nm), see Figure 4F. As the 
decrease in catalytic activity could not be solely explained by the growth in particles, especially 
for the silica, the reduction pre-treatment was investigated in more depth.

Reduction Behavior

The reduction step of the catalysts was investigated at 1 bar. A temperature programmed 
reduction measurement was done for both FexOy/TiO2 and FexOy/SiO2 (see Figure 5) under 
hydrogen from 200 °C - 450 °C with 5 °C/min. The reduction of both catalysts initiated around 
275 °C, where FexOy/SiO2 showed a two-step reduction. The reduction behavior of the two 
catalysts is relatively similar to work done in previous literature of iron on carbon supports.[41] 

The peak of the reduction in the TPR measurement displayed a shift towards lower temperatures 
for FexOy/TiO2, which was consistent with previous literature as surface titanium ions can 
induce the reduction of surface Fe3+ species.[52]

To investigate the reduction step in more detail, STEM images with an EDX map (Figure 6) 
as an overlay of FexOy/TiO2 after hydrogen reduction for 2 hours at either 240 °C, 275 °C, 
300 °C, 325 °C or 350 °C are shown, with temperatures increasing respectively from left 
to right. At reduction temperatures of 240 °C, 275 °C and 300 °C the average particle size 

Figure 5. Temperature programmed reduction experiments of iron oxide nanoparticles with a ramp of 5 °C/min up 
to 425 °C. In green the TPR of FexOy/SiO2 while in purple the TPR of FexOy/TiO2 is shown. 
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remained 7 nm (Figure 6A-C), as is also shown by the particle size distribution histograms in 
Figure 6F. Increasing the reduction temperature up to 325 °C resulted in a broader particle 
size distribution (Figure 6G) and a less homogeneous particle distribution on the titania 
support (Figure 6D). Moreover, TEM images (Figure 7) revealed that the spherical iron oxide 
nanoparticles from the fresh catalysts had now changed to hemispherical particles, indicating 
a decreased wetting angle with the titania surface which indicates a strong interaction with 
the titania support.[20] Analyzing particles after a reduction of 2 hours with a temperature of 
350 °C, showed particles with an average of 40 nm in size and a broad particle size distribution 
(Figure 6E and 6G). The additional particle growth observed in the used catalysts (Figure 4F) 
could explain the decrease in catalytic activity shown in Figure 4A. The iron particle sizes were 
close to the TiO2 support particle size (~42 nm), making it difficult to distinguish iron particles 
from support particles using TEM as was also observed for FexOy/TiO2 after FTO (Figure 4D). 

EDX spectra were used to quantify the iron content on the support material in regions 
where no iron oxide nanoparticles were observed (for preparation details see the Experimental 

Figure 6. STEM images and particle size distributions of FexOy/TiO2 after reduction using H2/Ar for 2 hours at 
different temperatures. A-E) STEM images with EDX map overlay (iron in red) of reduction temperatures ranging 
from 240 °C (left) to 350 °C (right). F) FexOy-NP size distributions after reduction temperatures 240 °C, 275 °C 
and 300 °C. G) Particle size distributions after reduction at 325 °C and 350 °C.

Figure 7. TEM images of the fresh FexOy/TiO2 and after reduction at 325 °C. A) Shows the fresh catalyst while B) 
shows the catalyst after 2 hours of H2 reduction. In A) spherical particles can be distinguished indicated by an arrow 
and in B) the particles are difficult to observe or have changed into hemispherical particles indicated by the arrow.

A B C D E

F G

A B
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Figure 8. EDX measurements of FexOy/TiO2. A) An EDX overlay on a STEM-HAADF image indicating an 
area (Area 1) showing no iron oxide nanoparticles. B) Carbon, oxygen, silicon, titanium, iron and copper can be 
distinguished in the EDX spectrum originating from Area 1. Copper, carbon and silicon originated from the copper 
lacey grid used to disperse the sample on. C) The iron content in the particle-free support regions (w/w) is plotted 
for the bare TiO2, fresh FexOy/TiO2, and the reduced FexOy/TiO2 samples at temperatures ranging from 275 °C to 
350 °C. 

Table 2. X-ray photoelectron spectroscopy results with surface atomic ratios of both catalysts after different 
reduction temperatures.

Reduction 
Temperature (°C)

Fe/Si surface 
atomic ratio 
(at/at) A

Schematic 
Representation B

Fe/Ti surface 
atomic ratio 
(at/at) A

Schematic 
Representation B

240 0.15 0.12

300 0.17 0.26

350 0.16 0.17

A Quantitative analysis was done by measuring the peak areas of the Fe2p, Si2p and Ti2p core lines and by applying appropriate 
atomic sensitivity factors in the survey scans.  
B Schematic representations were based on XPS, STEM-EDX, TEM and Mössbauer data.

A B

C
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Section) for all the reduction temperatures mentioned above. In the EDX spectrum originating 
from Area 1 (Figure 8A), copper, iron, titanium, carbon, oxygen and silicon could be found, 
where copper, carbon and silicon were signals coming from the grid used for the preparation. In 
areas such as Area 1, an iron signal could clearly be distinguished (Figure 8B), indicating that the 
iron was present as dispersed species below imaging resolution. The iron content (w/w) of this 
given area (see Figure 8A) was measured and divided by the Fe content detected in the whole 
STEM-EDX image. This gave the iron content found in the support for the bare titania support, 
the fresh catalyst and the reduced catalyst at different temperatures (Figure 8C). The bare titania 
support contained no iron while the fresh catalyst already had 20% of the initial 2.9 wt.% iron 
present in highly dispersed form. Moreover, an increase of this iron content was found with 
increasing reduction temperature up to 80% at 350 °C, meaning that roughly 2.3 wt.% iron 
was situated on the support in a highly dispersed from. Furthermore, at this temperature, 
no hemispherical particles were found anymore. This showed that the increase in reduction 
temperature increased the iron oxide wetting onto and reaction with the titania support. From 
Figures 6 and 8 it is concluded that the reduction step induced iron redistribution onto the 
support (~80% of iron present) with concomitant particle growth (~20% of iron present).

To investigate the influence of water formed during reduction with hydrogen[5,13,53,54], the 
reduction of the FexOy/TiO2 catalyst was performed with CO instead of H2. The histogram in 
Figure S2A in the supporting information showed once more an increase in average particle 
size (~24 nm) as well as a broad particle size distribution. The EDX map in Figure S2B revealed 
the larger particles but also a low number of 7 nm particles was observed (indicated by the 
arrow in Figure S2A). Moreover, to assess the influence of heat treatment as such on the particle 
growth, the fresh catalyst was heated to 350 °C for 2 hours in argon, see Figure S2C. The size 
histogram of the heat-treated catalyst overlapped the histogram of the fresh catalyst. As the 
particles still grew in a water-free environment and as the particle size stayed the same size 
during a heat-treatment of 350 °C, this led to the conclusion that neither water nor heat were 
main parameters for the growth of the particles on titania but rather the reduction treatment. 

In vacuo transfer XPS wide-scan spectra were measured of both catalysts after reduction 
with hydrogen at 240 °C, 300 °C and 350 °C, see Figure S3 in the supporting information. Due 
to inelastic scattering within the samples, photoelectrons generated more than 2 to 5 nm below 
the surface do not contribute to the signal. Therefore, the surface atomic ratio of Fe/Si and Fe/
Ti provide information about size and structure of supported iron phases.[55,56] For FexOy/SiO2, 
it was found that the Fe/Si ratios stayed similar after the increase in reduction temperature 
(Table 2) confirming that the iron particles were not altered as also observed in the TEM images 
(Figure 3B).

However, for FexOy/TiO2, the Fe/Ti ratio did change with increasing reduction temperatures 
at H2 atmosphere, showing an increased ratio at 300 °C where after the ratio decreased again 
at 350 °C (Table 2). This increase in Fe/Ti ratio indicated a higher dispersion of iron over the 
titania support during the reduction. We explain this by a strong interaction of iron and titania 
in comparison to iron and silica. After reduction at the highest temperature, the Fe/Ti ratio 
decreased, however, this is in qualitative agreement with the growth of particles seen by TEM 
(Figure 6E).

Mössbauer results were obtained for FexOy/TiO2 and FexOy/SiO2 to investigate the phase 
transitions of the iron species at the different reduction temperatures, which are shown in 
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Figure S4 and Table S2 in the supporting information. The quadrupole splitting (QS) value in 
Table S2 (a measure of the charge asymmetry around the Fe atoms) can be used to identify the 
different iron phases and their dispersion on the surface of the catalysts at different reduction 
temperatures.[57] The FexOy/SiO2 showed a phase transition of Fe2+ and Fe3+ species towards Fe2+ 

and Fe0 when reduced at higher temperatures (Table S2). FeO species were already found at 
240 °C, indicating that at this temperature the iron oxide nanoparticles were partially reduced.
[58] Furthermore, at a reduction temperature of 350 °C, 12% Fe2+ species were observed to interact 
strongly with the silica support, indicating that the loss in catalytic activity found in Figure 4A 
can be explained by a limited amount of iron silicates formation. Upon reduction of the FexOy/
TiO2 catalyst, Fe2+ and Fe3+ species were found as well, but the QS value of Fe2+ was higher, 
indicating that Fe2+ was strongly interacting with the titania support already at 240 °C.[59–62] 

This was observed in previous literature as well, as iron and titania can relatively easily form iron 
titanate species.[54] The Fe2+ species for FexOy/TiO2 had a QS distinctive for amorphous FeTiO3 
species,[63] which decreased when the reduction temperature was increased, indicating sintering 
of the iron into large iron (oxide) particles.[64] 

TEM results indicated a spreading of 80% of the iron species onto the support as Fe2+, 
and Mössbauer simultaneously showed a similar amount (70%) of amorphous FeTiO3 with 
increasing reduction temperature. In addition, XPS showed that as the reduction temperature 
increases, the iron distributed onto the surface of the titania. Common growth mechanisms 
have found that particle growth can be initiated by species moving over the support, however 
in this case, the iron is not situated on the support, but has formed a new phase due to a strong 
interaction between the iron oxide and titania. Therefore, it is postulated that the growth of 
the iron particles occurred via an Ostwald ripening process, which involves Fe2+ species from 
smaller particles moving through the support to form larger particles (Table 2, last entry). . 

In literature it is often mentioned that iron silicates can form as well, just as iron titanates.
[26,38] Therefore, it is remarkable that in this study the iron titanates induced growth, while the 
small amount of iron silicates that was seen in Mössbauer did not induce any growth. When 
using an impregnation method, a precursor solution of iron ions is in direct contact with the 
support, that may give rise to iron silicate formation[51] opposed to using colloids where the silica 
is in direct contact with preformed and distinct iron oxide nanoparticles. It is hypothesized 
that due to this difference in synthesis method, the colloidal attached particles are more stable, 
considering that it might be a slow process for solid iron oxide to react with in an unreducible 
support.

Conclusions

In this research, colloidally obtained iron oxide nanoparticle (FexOy-NP) model catalysts were 
synthesized and attached to either a silica support (FexOy/SiO2) or a titania support (FexOy/
TiO2). During the Fischer-Tropsch to olefins reaction both catalysts deactivated over time with 
FexOy/SiO2 deactivating less than FexOy/TiO2. When investigating the used catalysts, it was 
found that the initial particle size of 7 nm (±1 nm) did not change after catalysis for FexOy/
SiO2, indicating that the deactivation was most likely due to coke or a limited extent of iron 
silicate formation. However, the titania supported catalyst iron oxide particles had grown from 
the initial 7 nm to much larger particles 48 nm with a broad size distribution of ±20 nm after 
catalysis. 
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This significant difference in structural stability was most prominent upon reduction. This 
was further investigated using TPR, STEM-EDX imaging and quantitative EDX measurements 
combined with information from Mössbauer and XPS. Interestingly, it appeared that during 
reduction temperatures >300 °C the iron oxide particles on average grew with even more 
growth observed at 350 °C. STEM-EDX and TEM images showed only particles larger than 
20 nm and dispersed iron species below imaging resolution. Fe/Ti surface atomic ratios from 
XPS indicated that dispersion/wetting of iron particles increased on the titania surface at 
300 °C and substantial iron particle growth took place at a temperature of 350 °C. Mössbauer 
spectroscopy showed that 70% of iron was in the Fe2+ form at 350 °C, with peaks of Fe2+ from 
amorphous FeTiO3 species. These three observations suggest that an amorphous FeTiO3 layer 
on the TiO2 support was formed due to the strong interactions of TiO2 with the iron oxide. 
The Fe2+ species on the titania support also gave rise to an Ostwald ripening mechanism where 
species move over and through the support during the reduction. For SiO2 this was not the case, 
as this support is unreducible and did not easily form a mixed oxide support to a significant 
extent using pre-synthesized iron oxide particles. Finally, this study shows that, by separating 
the synthesis of the iron oxide nanoparticles from the attachment step, catalysts can be obtained 
which are extremely helpful in enhancing structural stability and/or in revealing mechanisms 
of nanoparticle growth processes.
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Supporting Figures

Figure S1. Nitrogen physisorption measurements (-196 °C) of silica (taupe) and titania (purple). In A) the 
adsorption and desorption isotherms are given for silica and titania. In B) pore-size distribution (PSD) from the 
adsorption isotherms and in C) PSD from the desorption isotherms are shown, where pore volume is plotted against 
the pore diameter for all supports. The isotherms in Figure S1A showed a broader hysteresis and Figure S1C show a 
larger BJH pore-size distribution desorption for TiO2, indicating a larger pore size.

Figure S2. EM images of FexOy/TiO2 reduced in CO at 350 °C or heat treated in Ar at 350 °C. A) TEM image 
of the CO-reduced FexOy/TiO2 catalyst. The arrows indicate 7 nm particles still present in the sample and the inset 
shows the particle size distributions comparing the fresh and reduced catalysts. B) STEM-EDX image of the CO-
reduced FexOy/TiO2 catalyst. Larger, 24 nm iron nanoparticles can be observed in red. C) TEM image of the FexOy/
TiO2 catalyst heat-treated in argon over 2 hours. The inset histogram showed no change in average particle size and 
only a slight broadening in particle size distribution.

BA C

BA C
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Figure S3. X-ray photoelectron spectroscopy wide-scans of both catalysts at three reduction temperatures. The 
spectra were obtained at different temperatures: 240 °C, 300 °C and 350 °C for FexOy/TiO2 and (left) FexOy/SiO2 
(right). The Fe2p region scans are shown on top after reducing the catalysts at these reduction temperatures. The Fe/
Ti and Fe/Si surface atomic ratios in Table 2 were calculated using the integration of peaks between 700-750 eV for 
iron, 450-480 eV for titanium and between 90-120 eV for silicon in the region scans. Moreover, peaks for carbon 
(binding energies 280-300 eV) and oxygen (520-550 eV) were found as well. It was well observed that the ratio for 
Fe/Si remained similar during all reduction temperatures, indicating that the iron particles did not change size. The 
Fe/Ti, however, increased at 300 °C and then decreased again at 350 °C, indicating that the iron spread in the surface 
of the titania (more iron was measured by XPS) after which particles grew in size.
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Figure S4. Mössbauer spectra of both A) FexOy/SiO2 and B) FexOy/TiO2. The spectra were obtained at different 
temperatures 240 °C, 300 °C and 350 °C (from top to bottom respectively). Different iron phases were fitted of 
which the spectral contributions can be found in Table 2. After reduction at 240 °C, the hyperfine field (45.6 T) 
in FexOy/SiO2 was characteristic for Fe2+ for magnetite-like species (Fe3O4) and unreduced Fe3+ species (49.8 T) 
either originating from magnetite and/or maghemite. The other Fe2+ contribution with (hyperfine field = 31.3 T) 
was consistent with the presence of the antiferromagnetic wüstite-like (FeO) species.[58] At 300 °C and 350 °C no 
contribution of Fe3+ was found and the same Fe2+ wüstite-like species had now increased from 24% to 34%. Furthermore, 
the formation of metallic iron is observed after reduction at 300 °C, with a spectral contribution of 41% at the highest 
reduction temperature. Moreover, a small amount of the Fe atoms are present as highly dispersed iron silicate species 
(10-15%) which sheds light on the deactivation of the silica catalyst during FTO (Figure 4A).[59]

The reduction at 240 °C for FexOy/TiO2 showed a magnetic Fe3+ sextuplet, together with an Fe2+ paramagnetic doublet. 
The peaks corresponding to Fe2+ are similar to the ones found in the FexOy/SiO2 spectrum, but the QS measured was 
2.95 mm/s (instead of 2.35 mm/s on silica) indicating that the Fe is interacting with TiO2 species. This was observed 
in previous literature as well, as iron and titania can relatively easily form iron titanate species (such as ilmenite) 
and solid solutions from iron and titanium.[54, 59–62] However, the QS measured did not correspond to crystalline 
FeTiO3 species, as a lower QS would then be expected, confirmed by previous studies.[63] After reduction at 300 °C 
and 350 °C, the QS value of the Fe2+ structures decreases, indicating sintering of the iron into FeTiO3-like species, as 
seen in previous research. However, characteristic peaks for crystalline bulk ilmenite could not be found, as these only 
occur after treatments above 400 °C.[64] The presence of FeO species can be ruled out as sextuplet contributions would 
be expected (as observed with the FexOy/SiO2 sample) which could not be found in these measurements.[64] Using a 
reduction temperature of 350 °C the presence of metallic Fe was confirmed as well.

BA
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Supporting Tables

Table S1. Catalytic performance of titania and silica supported iron particles. FTO conditions: 10 bar, 340 °C 
and H2/CO = 2 (TOS = 100 h).

Sample 
name

CO 
Conversion 
(%)

FTY 
(10-5molCO/
gFes)

CH4 
Selectivity 
(%C)

C2-C4 
Olefins 
Selectivity 
(%C)

C2-C4 
Paraffins 
Selectivity 
(%C)

C5+ 
Selectivity 
(%C)

FexOy/SiO2 5.6 9.9 49.0 27.8 12.5 10.8

FexOy/TiO2 1.8 3.3 44.2 30.1 16.1 9.6

The CH4, C2–C4 olefins and paraffins, and C5+ selectivities were calculated CO2 excluded.
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Table S2. Results from Mössbauer spectroscopy obtained for both FexOy/SiO2 and FexOy/TiO2. The sample name 
and reduction temperatures are given in the left column. Reduction was carried out for 2 hours at each temperature, 
after which a spectrum was obtained. 

Sample Name IS (mm s-1) QS (mm 
s-1)

Hyperfine 
field (T)

Γ (mm s-1) Phase Spectral 
Contribution 
(%)

FexOy/SiO2 0.34 0.04 49.8 0.88 Fe3+ 54

H2/Ar = 2 0.83 -0.11 45.6 0.88 Fe2+ 22

240 °C, 1.16 0.06 31.1 0.88 Fe2+ 24

1 bar, 2 h

H2/Ar = 2 0.01 - 34.4 0.44 Fe0 21

300 °C 1.06 2.35 - 1.04 Fe2+ 15

1 bar, 2 h 1.22 -0.28 35.8 0.87 Fe2+ 30

1.20 0.07 31.3 0.87 Fe2+ 34

H2/Ar = 2 0.01 - 34.5 0.44 Fe0 41

350 °C 1.07 2.39 - 1.04 Fe2+ 12

1 bar, 2 h 1.20 -0.24 35.7 0.90 Fe2+ 26

1.22 0.15 31 0.90 Fe2+ 21

FexOy/TiO2 1.24 2.95 - 0.58 Fe2+ 41

H2/Ar = 2 0.44 -0.10 48.5 1.18 Fe3+ 59

240 °C,

1 bar, 2 h

300 °C, 1.14 2.65 - 0.58 Fe2+ 74

1 bar, 2 h 0.48 -0.32 50 0.93 Fe3+ 26

350 °C, 0.01 - 34.5 0.31 Fe0 32

1 bar, 2 h 1 2.14 - 0.87 Fe2+ 68

Experimental uncertainties: Isomer shift: I.S. ±0.02 mm s-1; Quadrupole splitting: Q.S. ±0.02 mm s-1; Line width: Γ ± 0.03 mm s-1; 

Hyperfine field: ±0.1 T; Spectral contribution: ±3%.
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Synthesizing catalysts with well-defined size and shape of metal nanoparticles is of vital 
importance to obtain a better understanding of fundamental processes taking place in catalysis. 
The catalytic reaction takes place on the surface of active metal nanoparticles, hence typically 
as high as possible specific metal surface area is required to improve the efficiency of the 
catalysts. However, in the harsh environment of a catalytic reaction, such as high temperatures 
or pressures, these particles can grow and the active surface area will decrease as a consequence. 
Therefore, a support material is often used to anchor the nanoparticles to prevent growth during 
the reaction. Maintaining the particle size and shape during catalytic reactions is one of the key 
challenges to ensure high activity and selectivity of catalysts, and thereby catalyst stability.

The synthesis of colloidal metal particles can be used to allow more control over the particle 
size and shape. In this method, the metal or metal oxide nanoparticle synthesis occurs in the 
absence of a support. This control can give more insight on catalytically active surfaces and sites, 
which is currently a subject of intense investigation. 

These colloidal particles can be synthesized with different metals, such as cobalt, nickel and 
iron. Iron can be used to catalyze the Fischer-Tropsch to olefins (FTO) reaction, which converts 
synthesis gas (CO and H2) to lower olefins. The FTO reaction is sensitive to iron particle 
size, morphology, distribution and support interactions, which makes iron oxide colloidal 
nanoparticles attached to support materials relevant model catalysts to investigate fundamental 
processes during this reaction.

In this thesis, a variety of studies are presented which focus on the use of colloidal iron oxide 
nanoparticles attached to several supports for the Fischer-Tropsch to olefins catalytic reaction. 
The main interest was to gain insight in the process of deposition of colloidal iron oxide on 
the support materials and its dependence on support properties and synthesis conditions. 
Furthermore, these studies focused on understanding the underlying causes for particle growth 
as well as the impact of the use of inorganic ligands as promoters on catalytic performance 
in FTO reactions. The insights gathered in these studies can help in designing catalysts with 
enhanced control over nanoparticle deposition, particle stability and activity, ultimately leading 
to new and improved catalysts for more sustainable processes. 

The attachment of colloidal iron oxide nanoparticles to pristine (CNT) and surface-oxidized 
carbon nanotubes (CNT-Ox) was investigated in Chapter 2 to gain insight into the interaction 
of the colloidal particles with carbon support materials. Particles were synthesized using a 
heating-up method and subsequently attached to the pristine carbon nanotubes and oxygen 
functionalized carbon nanotubes. This resulted in a large difference in iron weight loading, 
where the iron oxide particles had less affinity towards the carbon containing surface oxygen 
groups than to pristine carbon surface. This was explained by the differences in Van der Waals 
interactions between the particles and the two supports, as the CNT had a larger Hamaker 
constant. 

Both catalysts were, thereafter, promoted with sodium and sulfur, using an inorganic ligand 
exchange method. All four catalysts (promoted and unpromoted) were analyzed in the Fischer-
Trosch to olefins reaction and evaluated for their catalytic activity, stability and selectivity 
towards lower olefins. Due to the weak interaction with the support material, the iron oxide 
particles attached to CNT-Ox sintered during catalysis leading to a completely inactive 
catalyst, while particles on CNT remained remarkably stable. The sodium and sulfur promoters 
increased the activity and selectivity towards lower olefins and dramatically decreased the 
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selectivity towards methane but also led to particle growth in line with previous reports using 
conventionally prepared catalysts. 

The interaction difference between the colloidal particles and the two supports (CNT 
and CNT-Ox) was further investigated using liquid phase transmission electron microscopy 
(LP-TEM) in Chapter 3. As the resolution of LP-TEM is significantly lower in comparison 
with conventional TEM, the dynamics of iron oxide nanoparticle attachment could only be 
observed using carbon nanofibers (CNFs) and oxygen functionalized CNFs (CNF-Ox) with a 
large diameter, as well as larger colloidal iron oxide particles. A high intensity electron beam 
in combination with liquids can cause much greater damage to samples studied compared to 
conventional TEM where samples are in vacuum. Therefore, the beam effect on the stability of 
the sample in various liquids (water, ethanol and toluene) was examined first. It was found that 
toluene provided the highest stability and resolution when imaging both CNF supports and 
colloids compared to water and ethanol. 

Subsequently, particles dispersed in toluene were pumped through the liquid cell, allowing 
direct monitoring of the attachment process at ambient temperature. Using CNF-Ox as a support 
led to a large amount and irreversible attachment of iron oxide nanoparticles compared to a 
lower amount and reversible attachment of iron oxide particles to pristine CNF. This provided 
a direct proof that there was an influence of surface functionalization on colloidal particle 
attachment. The particle attachment was also investigated using ex situ lab-scale experiments 
without electron beam irradiation. Lab-scale experiments as well as experiments performed in 
situ with the electron beam switched off compared well with the in situ LP-TEM experiments, 
verifying that beam effects did not affect the attachment in the time frame measured. This 
study revealed previously unknown phenomena in colloidal particle-support interactions and 
demonstrated the power of LP-TEM as a technique for studying nanoscale processes.

It seemed that the functionalization of the carbon supports is not the only variable that 
influenced the attachment. Using elevated temperatures and low colloid concentrations 
(Chapter 2), opposed to room temperature and high concentrations (Chapter 3), could have 
been the cause of more iron oxide nanoparticles attaching to pristine CNT surface in one 
case (Chapter 2) or to oxygen-containing CNF-Ox surface in the other case (Chapter 3). In 
Chapter 4 the factors that could influence the attachment, namely temperature, concentration 
and differences in support structure, were investigated at lab scale. Firstly, all four supports 
(CNT, CNT-Ox, CNF and CNF-Ox) were analyzed with transmission electron microscopy, 
titration, physisorption, Raman spectroscopy and X-ray diffraction to identify all the chemical 
and physical differences. Subsequently, the iron oxide nanoparticles were attached to the 
supports using different temperatures and concentrations to determine a dependency on these 
factors. 

It was shown that particles preferably attached to CNF compared to CNT, likely as CNF had 
more edges and corners on its surface particles could attach to. Temperature and concentration 
did not influence the attachment as much, and the oxidation seemed not to have a large influence 
on the final particle weight loading. However, the oxidation did have a large impact on the 
particle distribution for CNT-Ox, as an inhomogeneous particle distribution was observed 
for this support in line with LP-TEM results. Finally, it is stressed that these systems involve 
many parameters and phenomena, dealing with not only colloidal particles, but also ligands, 
temperatures, concentration, hydrophilicity/hydrophobicity and electronically and structurally 
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different samples.

In Chapter 5 the colloidal particles were used to further evaluate the Fischer-Tropsch 
performance by using a different support, namely zeolite ZSM-5. The colloidal particles were 
promoted with Na and S to increase the production of lower olefins and reduce the production 
of methane. The ZSM-5 support was used to effectively broaden the product spectrum as the 
produced olefins can be converted into aromatics. Two methods were used to promote the 
colloidal particles, either inorganic ligand exchange after particle attachment to the ZSM-5 
support, or ligand exchange in solution before particle attachment. The catalyst referred to as 
FeP/Z, which consisted of iron oxide particles with inorganic ligands attached to a H-ZSM-5 
catalyst, was compared to an unpromoted Fe/Z catalyst and an Fe/Z-P catalyst containing the 
colloidal nanoparticles with organic ligands promoted after attachment. 

A low CO conversion was observed on both FeP/Z and Fe/Z-P, originating from an 
overpromotion effect. However, when both promoted catalysts were washed (FeP/Z-W 
and Fe/Z-P-W) to remove the excess of promoters, the activity was much higher. Fe/Z-P-W 
simultaneously achieved low selectivity towards methane as part of the promoters were still 
present after washing, whereas for FeP/Z-W the majority of promoters was removed upon 
washing which increased the methane selectivity. Moreover, the addition of promoters induced 
particle growth during catalysis. A large broadening of particle size distribution for the used 
FeP/Z-W was found, where particle sizes had both increased and decreased. An Ostwald ripening 
mechanism was suggested for particle growth accelerated by the presence of the promoters.

The growth of colloidal particles on oxidic supports was further investigated in Chapter 6. 
In this chapter, the iron oxide nanoparticle behavior under reduction conditions on either a 
titania or silica support using colloidally synthesized iron oxide nanoparticles was studied. These 
systems showed excellent activity in the FTO reaction at high and low pressures. However, both 
catalysts deactivated during the reaction, where the iron oxide nanoparticles on titania (at 
100 h time on stream) only had a CO conversion of 1.8% while the silica catalyst still maintained 
3 times higher activity. After analyzing the used catalysts it was evident that particles on titania 
grew immensely, while the particles on silica stayed remarkably stable. 

This growth was further elucidated using scanning transmission electron microscopy 
equipped with an energy dispersive x-ray detector (STEM-EDX), XPS and Mössbauer 
spectroscopy. STEM-EDX revealed that the growth of the particles on titania originated from 
the reduction step, at temperatures larger than 300 °C. Quantatitive EDX measurements further 
indicated that at a reduction temperature of 350 °C, 80% of the initial iron was no longer 
detected in TEM images as nanoparticles. Furthermore, Mössbauer spectroscopy showed that 
70% of iron was present as Fe2+ at 350 °C, with peaks indicating that these species originated 
from amorphous iron titanates (FeTiO3). Lastly, XPS data indicated that the particles spread 
over the titania surface at 300 °C as the Fe/Ti surface atomic ratio increased at this temperature, 
where after the ratio decreased showing that particles grew or formed iron titanate species. 
From this information, the growth of iron on titania was hypothesized as an Ostwald ripening 
process where Fe2+ species move through the titania support. Finally, the silica catalyst with 
pre-synthesized nanoparticles contained only 10% iron silicates after catalysis. This showed that 
model catalysts can be helpful to study catalyst activation by separating the synthesis of the 
iron oxide particles from the attachment step, and in finding the mechanisms behind growth 
processes.
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Overall, this thesis has shown that colloidal particles can be successfully used to investigate 
different fundamental questions related to catalysis. When the methodology is developed and 
monitored using specific conditions in which the system is stable, these systems can also be used 
in combination with in situ electron microscopy. This was demonstrated in Chapter 3, in which 
to our knowledge for the first time,  the attachment of particles to supports was followed in real 
time at nanometer scale. Even though this thesis is focused mostly on fundamental questions 
related to particle-support interactions for catalysis, it was also shown that the colloidal 
catalytical systems perform admirably in the Fischer-Tropsch to olefins reaction, with activities, 
selectivities and stabilities that compare or are even superior to conventional, impregnated 
catalysts. If such colloid-based catalysts could be effectively scaled up, the enhanced stability, 
activity and selectivity compared to conventional catalysts are envisaged, leading to ultimately 
superior catalytic performance.
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Tijdens mijn promotieonderzoek kreeg ik vaak de vraag wat ik  aan het onderzoeken was. In die 
gevallen reageerde ik enthousiast en begon ik in detail te vertellen wat ik deed. Helaas bleek het 
niet gemakkelijk om mijn onderzoek in een paar korte, bondige zinnen uit te leggen. Daarom ga 
ik proberen in de volgende bladzijden uit te leggen wat er in dit proefschrift staat, zonder dat je 
daarvoor veel scheikundige achtergrond nodig hebt.

Het belang van nanodeeltjes.

Nanotechnologie is een woord wat in het nieuws of in de krant wel eens voorkomt. Maar wat 
is nanotechnologie? Het woord ‘nano’ komt uit het Oudgrieks en betekent letterlijk ‘dwerg’. 
Als we het over nanotechnologie hebben, praten we over een lengteschaal. Dit betekent dat 
we werken op een schaal net boven de grootte van een atoom of een klein molecuul. Een 
nanodeeltje wordt gedefinieerd als een deeltje met afmetingen tussen 1-100 nanometer 
(1 nanometer = 0,000000001 meter). Het is natuurlijk best lastig om hier een beeld bij te vormen, 
dus ter vergelijking: de dikte van een mensenhaar is ongeveer 0,3 millimeter (1 millimeter = 
0,001 meter) dus een nanodeeltje is nog een miljoen keer zo klein. 

Dat deze deeltjes klein zijn, heeft veel voordelen. Een van de voordelen is dat als er veel 
kleine deeltjes zijn, er meer toegankelijk oppervlak is vergeleken met één groot deeltje. In 
Figuur 1 wordt dit schematisch weergegeven. Als we de grote kubus aan de linkerkant nemen, 
kunnen we het totale buitenoppervlak tellen aan de hand van de kleine vakjes. De kubus bestaat 
in totaal uit 27 kleine kubussen die aan iedere zijde 9 vlakjes aan de buitenkant. De totale 
kubus heeft dan een buitenoppervlak van 54 vlakjes. Als we deze kubus opdelen in 27 kleinere 
kubussen, zijn nu ineens 6x27 = 162 vlakjes van deze kleine kubussen toegankelijk terwijl we 
hetzelfde hoeveelheid materiaal gebruiken. Hiermee kun je je voorstellen dat kleinere deeltjes 
dus voordeliger zijn, aangezien er voor hetzelfde hoeveelheid (gram) materiaal dan meer 
buitenoppervlak beschikbaar is waardoor je minder van het materiaal nodig hebt voor een 
bepaald benodigd buitenoppervlak.

Figuur 1. Schematische weergave van de hoeveelheid toegankelijk oppervlak als we het materiaal verkleinen.
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Katalyse en nanodeeltjes, wat maakt de combinatie van deze twee zo 
belangrijk?

Nu vraag je je waarschijnlijk af, waarom is het oppervlak van een deeltje belangrijk? Dit is vooral 
belangrijk in de katalyse, een terugkerend thema in dit proefschrift. In de katalyse gebruiken 
we nanodeeltjes om industriële scheikundige reacties te laten verlopen. Tijdens een katalytische 
reactie wordt de snelheid van de reactie beïnvloedt door de katalysator, zonder dat deze zelf 
wordt verbruikt. Om een voorbeeld te geven; in het menselijk lichaam wordt glucose verbrand 
met behulp van enzymen (de katalysator) zonder dat de enzymen verdwijnen. 

In dit proefschrift wordt er naar heterogene katalysatoren gekeken. Dit betekent dat de fase 
(gas, vloeistof of vast) van de beginstof anders is dan de fase van de katalysator, waarmee we de 
beginstoffen gaan omzetten naar producten. Bijvoorbeeld, de katalysator bevat metaaldeeltjes 
(vaste stof ), terwijl de beginstoffen en producten gassen en/of vloeistoffen zijn. Daarbij vindt 
de katalytische reactie plaats op de oppervlakte van de metaaldeeltjes en hebben we veel 
oppervlakte nodig om veel gassen om te kunnen zetten naar producten. Daarom kunnen we 
stellen dat als we een hoger oppervlak beschikbaar hebben er meer omzettingen tegelijkertijd 
kunnen plaatsvinden. Als Figuur 1 dan weer bekeken wordt, wordt het duidelijk dat kleine 
deeltjes erg belangrijk zijn omdat we dan minder materiaal nodig hebben voor een groot 
oppervlak.

Een van de voorwaarden waaronder een katalysator functioneert is vaak hoge temperatuur 
en/of hoge druk. Als de nanodeeltjes worden blootgesteld aan deze hoge temperaturen en 
drukken, is de kans groot dat ze samensmelten, wat ‘sinteren’ wordt genoemd, zie Figuur 2. 
Dit is ongewenst aangezien het oppervlak dan weer verkleind wordt. Om dit te voorkomen 
worden de nanodeeltjes verankerd op een dragermateriaal, zoals te zien in Figuur 2B. Deze 
dragermaterialen zijn poreus, zodat er veel nanodeeltjes op verankerd kunnen worden en er 
dus zo veel mogelijk oppervlak van metaal beschikbaar is voor de katalytische reactie. Als 
dragermateriaal worden veelal poreuze materialen gebruikt zoals bijvoorbeeld siliciumoxide 
(silica), titaniumoxide (titania) of koolstof. Helaas zijn deze dragermaterialen ook niet perfect, 
want soms is de interactie van een deeltje te sterk met het dragermateriaal, waardoor het minder 
katalytische activiteit vertoont en soms worden de deeltjes juist  te zwak gebonden, waardoor ze 
gaan bewegen over het oppervlak en alsnog sinteren. Dit is waarom er goed moet worden gelet 
op welk soort metalen en dragers we gebruiken en ook waarom deze fenomenen nog steeds veel 
worden onderzocht in de wetenschap.

Figuur 2. A) Nanodeeltjes sinteren onder hoge temperatuur en/of hoge druk. B) Als nanodeeltjes zijn verankerd 
op een dragermateriaal, blijven ze stabieler onder hoge temperatuur en/of hoge druk.

BA
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Hoe maken we een katalysator?

Om een heterogene katalysator te maken, willen we dus nanodeeltjes verankerd hebben op 
een poreus dragermateriaal. Het maken of synthetiseren van de deeltjes kan op verschillende 
manieren. Een veelgebruikte manier in de industrie is het zogenaamde impregneren van 
dragermaterialen met oplossingen van metaalzouten (Figuur 3). Dit betekent dat we een 
oplossingen maken van een metaalzout, zoals bijvoorbeeld ijzernitraat (Fe(NO3)3) in water, wat 
de precursor oplossing wordt genoemd, en dat toevoegen aan het dragermateriaal, bijvoorbeeld 
silica (SiO2). Omdat het silicapoeder erg poreus is, gedraagt het zich als een spons en zuigt het, als 
het ware, de precursor oplossing op, waarna je nog steeds een ogenschijnlijk droog poeder over 
hebt waar de metaalzoutoplossingen nu in zit. Vervolgens moeten deze metaalzouten omgezet 
worden naar metaaldeeltjes en worden deze verhit naar hoge temperaturen (~100 °C) zodat het 
water verdampt (de droogstap). Daarna wordt het metaalzout omgezet naar het metaaloxide (de 
calcinatie) door verhitting in de lucht bij hogere temperatuur (~350 °C). Omdat metaaloxiden 
niet altijd actief zijn in de katalyse, is er ook nog een stap waarbij er waterstofgas en hoge 
temperatuur (~300 °C) wordt gebruikt om het metaaloxide om te zetten naar het metaal (de 
reductie). Vervolgens wordt de katalytische reactie gedaan en worden de producten geanalyseerd.

Aangezien er veel stappen nodig zijn om je deeltjes te verkrijgen op een drager voor de 
reactie, is het mogelijk dat niet alle deeltjes aan het einde van de synthese dezelfde grootte 
hebben. Als er veel grote deeltjes aanwezig zijn, kan dit de selectiviteit, stabiliteit en de activiteit 
van de katalysator nadelig beïnvloeden. Daarom is het beter om te proberen de deeltjesgrootte 
zo gelijk mogelijk te houden. Een van de synthesemethodes is om zogenaamde colloïden te 
maken. Deze worden apart van het dragermateriaal gemaakt, zodat er meer controle is over 
de grootte en de vorm van de deeltjes. Aangezien er zoveel controle is, kunnen deze materialen 
gebruikt worden om fundamenteel onderzoek op te doen.

Een colloïdaal systeem wordt gekenmerkt door de grootte van de deeltjes. Ze worden 
geclassificeerd als materialen met de grootte 1-1000 nm en hebben onder meer de eigenschap 
Brownse bewegingen (door botsingen met moleculen in de vloeistoffase kunnen deze deeltjes 

Figuur 3. De drager (silica) en de precursor (ijzernitraat opgelost in water) worden samengevoegd doormiddel van 
impregnatie. Vervolgens wordt er onder hoge temperatuur gecalcineerd om het ijzeroxide te vormen. Daarna wordt 
er gebruik gemaakt van hoge temperatuur en waterstofgas om het ijzeroxide naar ijzer om te zetten en als laatst kan 
er een katalytische reactie plaatvinden onder hoge temperatuur en/of hoge druk in de aanwezigheid van gassen of 
vloeistoffen.
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bewegen) te maken. Colloïden zijn overal om ons heen te vinden, bijvoorbeeld in mayonaise (de 
minuscule oliedruppeltjes) of glas-in-lood (gouddeeltjes in glas). Deze colloïden kunnen ons goed 
helpen in het onderzoek, aangezien we dan nauwkeurig weten hoe groot onze deeltjes zijn aan 
het begin van het onderzoek. We kunnen ze ook vast maken (aanhechten) aan dragermaterialen 
en dit is een belangrijk onderwerp in mijn proefschrift. Daarna kunnen ze goed gebruikt worden 
als modelsystemen voor het onderzoeken van industrieel relevante processen. Zo kunnen we 
met de deeltjes heel goed katalytische eigenschappen onderzoeken, zoals effect van de grootte 
van deeltjes, de afstand tussen de deeltjes, de vorm van de deeltjes en de interactie met het 
dragermateriaal.

De Fischer-Tropsch katalyse reactie, waarom willen we hier meer over 
weten?

Al sinds een lange tijd zijn we op zoek naar alternatieven voor aardolie. Aardolie wordt 
gebruikt voor het maken van brandstoffen voor in de auto, het vliegtuig en ook voor het maken 
van beginproducten voor plastics en andere chemicaliën. We zoeken naar meer duurzame 
alternatieven en daarvoor zou er gekeken kunnen worden naar processen die gebruik maken 
van CO2, duurzaam waterstofgas en biomassa. Deze reactanten kunnen worden gebruikt om 
synthesegas (een mengsel van koolstofmonoxide (CO) en waterstofgas (H2)) te maken die weer, 
met behulp van een katalysator, koolwaterstofketens kunnen vormen. Vervolgens zijn deze 
koolwaterstofketens geschikt voor het maken van brandstoffen en chemicaliën. De reactie om 
CO en H2 om te zetten over een katalysator tot koolstofketens, wordt de Fischer-Tropsch reactie 
genoemd.

Bij de Fischer-Tropsch reactie zijn er twee katalysatoren die vaak gebruikt worden; 
ijzerkatalysatoren om olefinen (koolwaterstofketens met een dubbele binding) te maken en 
kobaltkatalysatoren om paraffinen (koolwaterstofketens met een enkele binding) te produceren. 
Dit gebeurt onder verhoogde druk (>10 bar) en verhoogde temperaturen (>200 °C) om het 
proces te versnellen en effectief te maken. IJzerkatalysatoren worden vooral gebruikt voor het 
maken van kortere olefinen terwijl kobaltkatalysatoren vooral gebruikt worden voor langere 
paraffinen. De kortere olefinen worden daarna weer gebruikt voor het maken van verschillende 
chemicaliën (met als voorbeeld beginproducten voor plastics) en de paraffinen voor het maken 
van brandstoffen zoals diesel. Een diagram van dit proces kan worden gevonden in Figuur 4.

Figuur 4. Diagram van het Fischer-Tropsch proces.
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Interessant genoeg bestaat deze reactie al bijna 100 jaar en werd gecommercialiseerd toen 
Duitsland een bron nodig had als vervanging voor aardolie tijdens de Tweede Wereldoorlog. 
Sinds de ontdekking van deze reactie, proberen wetenschappers over de hele wereld het proces 
beter te begrijpen en daardoor te optimaliseren. Op het moment zijn er een aantal bedrijven die 
de Fischer-Tropsch reactie hebben gecommercialiseerd zoals bijvoorbeeld Shell en Sasol terwijl 
in China ook grootschalig brandstoffen uit synthesegas worden gemaakt. Op een kleinere schaal 
in het onderzoek zijn we in detail aan het kijken naar het vergroten van activiteit, selectiviteit 
en stabiliteit van deze katalysatoren. Dit doen we door vragen te beantwoorden over effecten 
van metaaldeeltjesgrootte, dragers, promotors, druk, temperatuur en andere factoren die onze 
katalysator kunnen beïnvloeden.

Kunnen we de nanodeeltjes en katalysatoren letterlijk ‘onder de loep 
nemen’?

Aangezien de deeltjesgrootte en verdeling over het dragermateriaal van belang zijn voor een 
goed functionerende katalysator, is het van belang te kunnen analyseren hoe de katalysatoren 
eruitzien. Maar kun je deze deeltjes wel zien? Met het oog is dat natuurlijk niet mogelijk en met 
een ‘gewone’ lichtmicroscoop zijn we ook gelimiteerd. Kijken we met een lichtmicroscoop naar 
kleine deeltjes dan wordt het licht afgebogen met lenzen en zijn we gelimiteerd aan de golflengte 
van het licht die niet toelaat meer te vergroten dan circa 1.500 keer. Dat betekent dat je met een 
lichtmicroscoop geen kleinere objecten kunt bekijken dan 200 nm, nog steeds ongeveer 20 keer 
zo groot als de deeltjes waar wij naar willen kijken.

Daarom gebruiken we andere soorten golven dan licht, namelijk golven van elektronen 
in een zogenaamde elektronenmicroscoop. In deze microscoop worden elektronen op de 
te bekijken monsters geschoten en de elektronen die doorgelaten worden door het monster, 
worden opgevangen op een camera om dan een afbeelding te vormen. Een voorbeeld van 
een afbeelding gemaakt van een eigen monster kan gezien worden in Figuur 5, waarbij twee 
colloïdale ijzerdeeltjes verankerd zitten aan een koolstofdrager. Om de elektronen te versnellen 
en op het monster af te vuren, moet deze microscoop onder vacuüm staan, anders zouden de 
elektronen worden verstrooid door alle gasmoleculen en nooit het monster bereiken en dat 

Figuur 5. Afbeelding gemaakt via een elektronenmicroscoop van twee colloïdale ijzerdeeltjes op een koolstofdrager. 
De deeltjes zijn slechts 7 nm in diameter (aangegeven door de schaalbalk van 10 nm).
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betekent dat we in vacuüm moeten werken en dus niet eenvoudig de werkzame katalysatoren in 
een gas of vloeistof omgeving kunnen afbeelden.

Gelukkig zijn er recentelijk veel ontwikkelingen geweest op het gebied van 
elektronenmicroscopie. Er zijn speciale houders gemaakt waarmee we een minuscule omgeving 
kunnen creëren (een cel) en de katalysator in vloeistof of in gas bekeken kan worden. Dit wordt 
ook wel elektronenmicroscopie in de gas- of vloeistoffase genoemd (in het Engels: gas or liquid cell 
electron microscopy). Met deze techniek wordt er gebruik gemaakt van een speciaal ontworpen 
houder, met twee chips die de vloeistoffen of gassen op de plek houden en een ‘raam’ waardoor 
we nog steeds door de cel heen kunnen kijken. De vloeistoffase-elektronenmicroscopie was een 
groot deel van mijn onderzoek en in Hoofdstuk 3 is dit het hoofdonderwerp beschreven.

Wat staat er in dit proefschrift?

In dit proefschrift is het hoofdonderwerp de aanhechting van ijzerdeeltjes aan verschillende 
dragers en het gebruik van deze materialen voor de Fischer-Tropsch reactie. Het begint met het 
maken van de ijzerdeeltjes met een colloïdale methode die vervolgens afgezet kunnen worden 
op dragermaterialen en daarna worden getest in de Fischer-Tropsch katalyse.

In Hoofdstuk 1 worden alle relevante onderwerpen voor dit proefschrift geïntroduceerd 
en uitgelegd. Dit hoofdstuk dient als introductie voor de rest van het proefschrift en bevat 
informatie om de volgende hoofdstukken beter te kunnen begrijpen.

Hoofdstuk 2 gaat over het afzetten van de colloïdale ijzerdeeltjes op twee verschillende 
koolstofdragers, die vergeleken worden op verschillende katalytische eigenschappen. De 
twee koolstofdragers bestaan uit koolstofnanobuisjes met een oppervlakte van bijna 300 m2/
gram (oppervlak van een wedstrijdzwembad in 1 gram materiaal) en een diameter van 15 nm. 
Deze buisjes zijn gemaakt van opgerolde grafeenvellen tot buisjes die hol zijn vanbinnen. De 
koolstofnanobuisjes kunnen ook gefunctionaliseerd worden. Dit betekent dat, in plaats van 
koolstof, zuurstofgroepen kunnen worden geïntroduceerd aan de buitenkant van deze drager. 
Zo krijg je dus twee verschillende dragers die eventueel op een andere manier de ijzerdeeltjes 
kunnen binden. Vervolgens zagen we inderdaad, omdat de twee dragers verschillend waren, 
er minder deeltjes aangehecht waren (lagere belading) aan de drager gefunctionaliseerd met 
zuurstof. Dit rekenden we toe aan een verschil in Van der Waals interacties tussen de beide 
dragers, waarbij er minder interactie is van de ijzerdeeltjes met de zuurstofrijke-koolstofdrager. 

Met deze katalysatoren hebben we gekeken naar hoe ze zich gedroegen tijdens de Fischer-
Tropsch reactie. Door de verminderde interactie van ijzer met de zuurstofgroepen, trad er 
meer deeltjesgroei (sinteren) op tijdens de reactie waardoor deze katalysator een veel lagere 
activiteit had tijdens de katalyse dan het ijzer op het gefunctionaliseerde koolstof. Vervolgens 
hebben we op beide katalysatoren promoters aangebracht (natrium en zwavel) die de productie 
van olefinen kunnen vergroten. Beide katalysatoren met promoters hadden goede activiteit 
tijdens de reactie en produceerden olefinen en een lage hoeveelheid bijproducten (waaronder 
aardgas). Helaas sinterden de deeltjes ook sneller waardoor de stabiliteit van deze katalysatoren 
minder goed was dan van het ijzer zonder promoters op koolstof. Door dit onderzoek, kregen 
we meer controle over de belading van de deeltjes op de drager. Hierdoor kunnen we nu per 
koolstofdrager afstemmen hoeveel deeltjes we erop willen aanbrengen en weten we wat de 
aanhechting voor effect heeft op de stabiliteit.
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Om de interactie tussen de ijzerdeeltjes en de koolstofdragers beter te begrijpen, hebben we in 
Hoofdstuk 3 dit bestudeerd met elektronenmicroscopie in de vloeistoffase (in situ microscopie). 
Voordat we hiermee konden beginnen, moesten we eerst kijken of alle materialen stabiel 
zouden zijn in de elektronenbundel in de vloeistoffase. De elektronenbundel kan namelijk sterk 
‘reageren’ met bepaalde vloeistoffen, waardoor er radicalen vrijkomen die de monsters in de 
microscoop kunnen stukmaken (in het Engels wordt dan gesproken van ‘beam effects’ of ‘beam 
damage’). We gebruikten koolstofdragers die lijken op vezels met een diameter van ongeveer 
75 nm, één ongefunctionaliseerd en één gefunctionaliseerd met zuurstof. We onderzochten 
beide dragers in water, ethanol en tolueen en ze bleken het meest stabiel in tolueen.

Daarna hebben we de koolstofdragers vastgezet aan het raam van de vloeistofcel en de deeltjes 
in tolueen door onze vloeistofcel laten stromen om te bekijken hoe de interactie plaatsvond. In 
dit geval bleken er meer deeltjes aan de gefunctionaliseerde drager te gaan zitten. We hebben dit 
geverifieerd door lab schaal experimenten te doen met dezelfde dragers op kamertemperatuur 
en te zien of de elektronenbundel invloed had op deze aanhechting. Dit bleek niet het geval te 
zijn, en zo konden we het potentiëel van de vloeistoffase-elektronenmicroscopie laten zien met 
deze experimenten. Met dit onderzoek heb ik, voor zover ik weet, als de eerste ter wereld laten 
zien dat we met deze twee verschillende systemen in de vloeistofcel in de elektronenmicroscoop 
kunnen werken. Voorheen bestudeerden mensen de stabiliteit van enkelvoudige materialen 
in de vloeistofcel. Daarbij hebben we ook laten zien dat de vorming deze katalysatoren 
heel mooi bestudeerd kan worden door middel van in situ microscopie, waardoor we ’het 
beste van twee werelden’ bij elkaar hebben kunnen brengen (synthese van katalysatoren en 
elektronenmicroscopie).

Hierna wilden we wel beter begrijpen waarom in Hoofdstuk 2 er meer ijzeroxidedeeltjes 
aanhechtten aan de onbehandelde koolstof, terwijl in Hoofdstuk 3 er meer aan de 
gefunctionaliseerde koolstof hechtten. Hiervoor zijn er veelvoudige experimenten in het 
laboratorium uitgevoerd in Hoofdstuk 4 om te kijken naar factoren die de aanhechting konden 
beïnvloeden namelijk temperatuur, deeltjesconcentratie en de eigenschappen van de dragers. 
De eigenschappen van de dragers werden eerst onderzocht doormiddel van verschillende 
technieken; Raman spectroscopie, Röntgendiffractie (beide om te kijken naar het verschil in 
dragerdefecten), elektronenmicroscopie, titratie en stikstof-physisorptie (om te zien hoeveel 
zure groepen beide dragers hadden). Vervolgens werden de deeltjes afgezet bij verschillende 
temperaturen en met verschillende beginconcentraties ijzerdeeltjes.

Het bleek dat de functionalisatie van de dragers niet de enige factor was in de aanhechting. 
Temperatuur en concentratie bleken geen grote verschillen te geven in de aanhechting. De 
functionalisatie met zuurstof liet zien dat er geen aanhechtingverschillen waren, maar vooral 
een verschil een deeltjesverdeling over de koolstofnanobuisjes. Daarnaast bleek de ruwheid van 
de dragers een verschil te maken. Aangezien  het oppervlak van de koolstofvezels ruwer was, 
met veel plekken waar de deeltjes konden hechten. Maar, het blijft belangrijk om te bedenken 
dat er veel meer factoren invloed kunnen hebben op de aanhechting. Dit hoofdstuk diende 
vooral om meer inzicht te krijgen in de voorgaande twee hoofdstukken (2 en 3). Ook al zijn 
er veel factoren die een rol spelen bij de aanhechting van deeltjes aan koolstofdragers, hebben 
we met dit onderzoek meer inzicht gekregen welke factoren meespelen bij het aanhechten van 
nanodeeltjes aan een koolstofdrager.

In Hoofdstuk 5 hebben we de colloïdale deeltjes aan een andere drager gehecht, namelijk 
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ZSM-5 (een zeoliet gemaakt van silicium-, aluminium- en zuurstofatomen). Door deze drager 
te gebruiken, konden we de Fischer-Tropsch producten verbreden naar niet alleen olefinen 
maar ook aromaten (benzeen, tolueen en xyleen). Dit betekent dat deze katalysator (ijzer 
voor olefinen en ZSM-5 voor aromaten) gebruikt wordt als “bifunctionele katalysator” (een 
katalysator die twee reacties kan verrichten). Normaal wordt dit gedaan door twee aparte 
katalysatoren te maken en deze dan te mengen of na elkaar te gebruiken. Wat wij wilden laten 
zien is dat we dezelfde resultaten kunnen bereiken door colloïdale deeltjes vast te maken aan 
de ZSM-5 zeoliet. Aan de ijzerdeeltjes werden weer promoters toegevoegd, maar wel op twee 
verschillende manieren. Op de eerste manier werd het ijzer eerst aan de drager gehecht, waarna 
er promoters op werden aangehecht, terwijl op de tweede manier er eerst promotors werden 
aangebracht op de ijzerdeeltjes, die vervolgens weer op de drager werden gezet. 

Door de promoters op deze manier toe te voegen bleek het eerst dat we te veel promoters 
hadden toegevoegd, waardoor we een lage activiteit kregen gedurende de Fischer-Tropsch 
reactie. Daarna hebben we alle katalysatoren gewassen met een oplossing van ammoniumnitraat, 
waardoor er minder promoters overbleven. Door deze wasstap kwam de activiteit van de 
katalysatoren terug met een hoge selectiviteit voor olefinen en  een lage selectiviteit voor 
aromaten. Door deze specifieke manier van synthese kwamen er geen promoters op de drager 
terecht, wat een probleem was in vorig onderzoek aangezien de katalysator dan deactiveerde. 
Daarnaast bleek dat de deeltjes die vooraf waren gepromoteerd, meer sinterden tijdens de reactie. 
Deze groei wees op het proces van Ostwaldrijping, waarbij kleine deeltjes worden verkleind en 
grotere deeltjes groeien. Met dit stukje onderzoek hebben we een katalysator kunnen maken 
die twee functies in één verrichtte, zonder dat we het ijzer scheiden van de zeolietdrager. 
Daarnaast konden we deze katalysator promoteren, zonder dat dit de drager deactiveerde (wat 
wel gebeurde in voorgaand onderzoek).

In Hoofdstuk 6 werden de ijzerdeeltjes gehecht aan titanium oxide (titania) en silicium 
oxide (silica) dragers. Beide katalysatoren hadden een goede activiteit in de Fischer-Tropsch 
reactie, maar het ijzer op titania katalysator deactiveerde veel meer dan het ijzer op silica 
katalysator. Daarom bestudeeerden we de gebruikte katalysatoren om te zien of er een verschil 
was in deeltjesgroei. De deeltjes op silica bleken bijna niet gegroeid, terwijl de deeltjes op titania 
een groot verschil lieten zien, beginnend met een grootte van 7 nm en na de reactie een grootte 
van ongeveer 50 nm. 

Deze groei werd verder onderzocht doormiddel van met Röntgenstraling gevormd in de 
elektronenmicroscoop en gebruikmakende van een techniek genaamd ‘Mössbauerspectroscopie’. 
Mössbauerspectroscopie laat zien welke fase het ijzer heeft, terwijl de Röntgenstraling in de 
elektronenmicroscoop ons kan laten zien waar het ijzer is gebleven. Deze metingen lieten ons 
zien dat tijdens de reductie de deeltjesgroei al plaatsvond, waarbij temperaturen hoger dan 
300 °C nodig waren om de deeltjes te laten groeien. Daarbij bleek dat 70% van het ijzeroxide 
een mengsel vormde met het titania (een zogenaamde ijzertitanaat) wat niet meer actief was 
tijdens de katalyse. Van deze informatie werd een hypothese gevormd, namelijk dat het ijzer 
door het titania kan bewegen met als gevolg Ostwaldrijping en daarmee dat de grotere deeltjes 
groeien en de kleine deeltjes verdwijnen in de titaniadrager. Tegelijkertijd werd er bijna geen 
ijzersilicaat gevormd (circa 10%) en bleven deeltjes erg stabiel. We hebben hiermee twee dingen 
kunnen laten zien; een nieuw mechanisme van Ostwaldrijping, waarbij ijzer door een drager 
“loopt” in plaats van door de gasfase of de vloeistoffase en dat we hele stabiele katalysatoren 
kunnen maken door het gebruik van ijzer colloïden op silica. Dit is bijzonder, omdat meer 
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conventionele katalysatoren synthesemethoden (zoals impregnatie) altijd zorgen dat een deel 
van het ijzer verloren gaat en niet meer gebruikt kan worden in de katalytische reactie.

Werd ik zelf verrast door het onderzoek?

Ja en nee, in onderzoek heb je altijd bepaalde ideeën en verwachtingen over de uitkomsten van 
de experimenten die je uitvoert. Tegelijkertijd komt er vaak niet uit wat je verwacht en dan 
moet je terug naar de tekentafel om te denken over de vervolgstappen om erachter te komen 
wat er dan aan de hand is. Vooral de resultaten beschreven in Hoofdstuk 6 vond ik zelf erg leuk 
en verrassend. Dit kwam omdat we in eerste instantie het idee hadden dat, door het gebruik 
van de colloïdale deeltjes, we hele stabiele katalysatoren konden maken. Maar voor de titania 
drager gold dit ineens niet en kregen we juist deeltjesgroei. Daarnaast was Hoofdstuk 3 een erg 
belangrijk punt in mijn onderzoek. Dit was vooral omdat het een lange tijd duurde voordat we 
goede afbeeldingen konden maken van het aanhechtingsproces. Ik weet nog het moment toen 
ik eindelijk de aanhechting met eigen ogen zag, dit maakte me zo blij dat ik door de kamer 
danste. Ook al is veel van mijn werk fundamenteel geweest, denk ik wel dat deze systemen heel 
interessant zijn om processen zoals deeltjesgroei, promotie-effecten en aanhechting in meer 
detail te bestuderen. Deze materialen hebben al een goede activiteit, stabiliteit en selectiviteit 
(vergeleken met meer conventioneel gemaakt materialen) op deze kleine schaal, het zou mooi 
zijn om dit op te kunnen schalen. Op dit moment is het opschalen erg ingewikkeld, maar dat 
betekent niet dat we geen informatie uit deze modelsystemen kunnen halen. Daarom is het 
onderzoeken van de colloïdale deeltjes op dragermaterialen erg belangrijk.
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