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Chapter 1

Fischer-Tropsch catalysis: history and future

In the early twenties of the previous century, two German researchers 
Hans Tropsch and Franz Fischer invented the possibility to obtain higher 
hydrocarbons from a mixture of carbon monoxide and hydrogen using a 
catalyst.1-3 This reaction is therefore nowadays known as the Fischer-
Tropsch (FT) reaction, although earlier Mittasch and Schneider had filed a 
similar hydrocarbon production process as apparent from a BASF patent4 
published in 1913. 

In the FT reaction carbon monoxide and hydrogen (synthesis gas) are 
converted to hydrocarbons via a surface polymerization reaction: 

n CO + (2n+1) H2       CnH2n+2 + n H2O               (1)

During World War II, the German industry applied the FT reaction to produce 
fuels on a large scale, peaking at ~120,000 barrels per day at the beginning 
of 1944.5 In the post-war period the FT reaction was less interesting and 
economically less viable, mainly due to the discoveries of vast reserves of 
crude oil in the 1950s. Only in South-Africa, the FT reaction was applied to 
meet the energy demand during the regime of apartheid. 
After the oil crisis in 1973 and especially in the last decades the Fischer-
Tropsch reaction obtained renewed attention to synthesize fuels from sources 
other than fossil oil. Since the synthesis gas needed for FT reaction can be 
obtained from natural gas (gas-to-liquids, GTL), coal (coal-to-liquids, CTL) 
or biomass (biomass-to-liquids, BTL) an alternative to the finite reserves 
of crude oil to produce fuel is provided. Another factor of renewed interest 
is the relatively high oil price§ as compared to the break-even price of $34 
per barrel for GTL to become competitive.6 Furthermore, the FT reaction 
provides a possibility to use natural gas present at remote locations, so-
called stranded gas, and helps to achieve a politically independent and stable 
fuel supply. Finally, the FT reaction is also interesting from environmental 
considerations. In particular the biomass route (BTL) is of interest since 
it provides a possibility to produce carbon-neutral fuels. Moreover, also 
the virtual absence of sulfur, nitrogen and aromatic compounds in the FT-
derived fuels7 results in cleaner burning with less soot emission as compared 
to fuels from crude oil.8

The Fischer-Tropsch reaction is nowadays commercially applied with a 
current worldwide production (GTL and CTL) of >200,000 barrels per day. 
Moreover, in the coming decade large plants in Qatar, China, USA and 
other countries will be constructed and developed, using GTL, CTL or BTL 
technology. 

§  On average $60 per barrel in the first half of 2009
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Obviously, this is accompanied with an increasing interest of both industry 
and academia to understand the Fischer-Tropsch reaction and catalyst 
properties.9

Fischer-Tropsch catalysts

Various metals, including Fe, Co, Ni and Ru, are active in the carbon 
monoxide hydrogenation reaction.10 From these metals, ruthenium is the 
most active. However, its limited availability and relatively high price makes 
an industrial application unfeasible. Also nickel, due to its selectivity towards 
the undesired product methane mainly, is not suitable for the FT reaction. 
Therefore, only cobalt and iron are applied as FT catalysts.11 The advantage 
of iron is its significant lower price as compared to cobalt.12 Moreover, since 
this catalyst also shows Water-Gas Shift (WGS) activity,

 CO+H2O  H2 + CO2                                (2)

synthesis gas with a low H2/CO ratio, as for example obtained from coal, 
can be used directly. However, cobalt shows a higher activity as compared 
to iron.13 Therefore cobalt is the metal of choice if synthesis gas with a H2/
CO ratio close to the stoichiometric value (cf. eq.1) is available. 

Due to the relatively high price of cobalt many attempts to increase its 
effective use have been undertaken, achieved by increasing the surface-
to-volume ratio via a decrease in the size of the cobalt particles. In order 
to stabilize the resulting small cobalt particles and prevent them from 
sintering during pretreatments and/or FT catalysis a support material was 
introduced. This support material moreover provides mechanical strength 
to the catalyst, prevents a significant pressure drop if applied in a plug-flow 
reactor and can even act as an activity and/or selectivity promoter.14

The first cobalt-based Fischer-Tropsch process made use of kieselguhr 
(mainly silica) as support material.15 The cobalt on kieselguhr catalyst 
was prepared via a precipitation process (see Appendix A for experimental 
details). This synthesis route was reproduced in our lab to prepare a typical 
Co/Kieselguhr catalyst. However, the obtained catalyst appeared still far 
from efficient. For example, a Transmission Electron Microscopy analysis 
(Figure 1A) from this catalyst shows a broad cobalt particle size distribution 
(20 – 200 nm), and both separate particles and large clustered lumps of 
cobalt (visible in the left part of the TEM image in Figure 1A) are present on 
the kieselguhr surface.

General introduction
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Figure 1. TEM analysis pictures of three generations Fischer-Tropsch catalysts: (A) 
50 wt% Co/Kieselguhr, (B) 18 wt% air calcined Co/Silica and (C) 18 wt% nitric oxide 
calcined Co/Silica. 

For second generation FT catalysts generally a different preparation route and 
other support materials were used. A TEM analysis (Figure 1B) of a typical 
example of such a catalyst, cobalt on silica (air calcined Co/Silica), reveals 
smaller cobalt sizes (10 – 40 nm) as compared to the cobalt on kieselguhr 
catalyst. However, these particles are still often clustered together, which 
might have a negative effect on the long-term catalyst stability.16 Please note 
that the increased dispersion is not only a result of a better understanding 
and improved methods for catalyst preparation. It is also strongly facilitated 
by the developments in support materials. This is nicely reflected in the BET 
surface areas of the kieselguhr (20 m2.g-1) and silica (500 m2.g-1) materials, 
and the pore volumes of 0.1 and 1.1 mL.g-1, respectively. So, by changing 
the support material from kieselguhr to a mesoporous silica a significant 
increase in cobalt dispersion has been obtained also due to the higher 
specific surface area of the support.
Within the currently described work, we have developed a potential third 
generation FT catalyst. The synthesis of this catalyst involves the use of 
new catalyst preparation technology invented in our group recently.17 In 
this particular case it involves a change in the calcination procedure after 
the subsequent introduction (impregnation) of an aqueous solution of cobalt 
nitrate to a support material and drying step. In the calcination step the 
dried catalyst is heated under a gas flow in order to decompose the cobalt 
precursor. For the 3rd generation catalyst, the regular air flow calcination 
(AC) used to obtain the 2nd generation catalysts was replaced by calcination 
(NC) in a flow of diluted nitric oxide. This yields a very narrow cobalt particle 
size distribution as can be deduced from Figure 1C. If the average Co size of 
this catalyst is at the optimum size, a highly active FT catalyst is obtained, 
which is especially interesting for industrial FT applications. A comparison 
of the cobalt-weight-normalized activities (CTY) of the three generations of 
FT catalysts is provided in Figure 2.

Chapter 1
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Figure 2. Activity (CTY) of three generations Fischer-Tropsch catalysts. (220ºC, 1 
bar, H2/CO = 2).

From this graph it can be concluded that the weight-based activity roughly 
doubles with each next catalyst generation. Each boost in activity can be 
ascribed to an increase in the cobalt surface-to-volume ratio, or dispersion. 

For the performance of FT catalysts also the selectivity to hydrocarbons 
with 5 or more carbon atoms (C5+-selectivity) is important, and should be 
maximized especially for fuel production. This can be achieved by e.g., the 
addition of an oxidic promoter.18-24 For example, in the first generation FT 
catalysts thoria and magnesia were added in order to shift the product 
spectrum towards the desired longer hydrocarbons.25 Also for the second 
generation catalysts numerous examples of oxidic promoters are shown, as 
were reviewed by several authors.26-28 
Within the current work, we used manganese oxide to increase the 
performance of the 3rd generation catalyst.

Structure sensitivity 

Since metal catalyzed reactions are conducted on the surface of a catalyst, 
a higher weight-normalized activity can be obtained by increasing the 
surface-to-volume ratio, achieved by decreasing the metal particle size (vide 
supra). If the surface-specific activity is metal particle size independent, i.e. 
the surface-specific activity (Turn-Over Frequency, TOF) is constant, the 
increase in weight-based activity is linear to the increase in metal surface 
area. However, below a critical particle size (<10 nm), depending on the type 
of metal and reaction, the surface structure of these small particles will 
change, which might affect the surface-specific activity (Figure 3).29

General introduction
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Figure 3. The three classes of structure sensitivity. (taken from van Santen29).
  
The first class (Ia and Ib) of structure sensitivity shows a decrease in TOF 
with decreasing particle size. This negative particle size effect or antipathetic 
structure sensitivity30 is often encountered in hydrogenation reactions 
where the activation of a π-bond like in CO 31-39, NO 40,41, O2 42,43 and N2 44,45 
is involved. The second class of structure sensitivity displays the opposite, 
and an increase in surface-normalized activity is observed with decreasing 
metal particle size. This type of behavior has been shown for σ-bond 
cleavage reactions as in e.g., hydrogenolysis reactions.46-48 The third class 
shows an activity independent on metal particle size, and has been found for 
hydrogenation reactions of e.g., ethylene.49 

Figure 4. Surface-normalized activities (TOF) as function of the Co particle size 
(adapted from ref. 12).

Chapter 1
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For the Fischer-Tropsch catalysis, in which the CO bond is to be activated, 
the effect of the cobalt size on the activity has been studied by various 
authors using different catalysts. An overview of the results from a number of 
these studies is provided in Figure 4. From this Figure it can concluded that 
the surface-specific activity is constant for large (>10 nm) cobalt particles, 
although the absolute TOF values strongly depend on applied FT conditions 
and support materials.14 For smaller Co particles (<10 nm) a trend of a 
decreasing TOF with decreasing particle size has been found by various 
authors, displaying a clear class I size-activity relationship.  

To establish a size-activity relationship it is fundamental to distinguish 
between a cobalt particle size effect and an effect of reducibility. Since only 
metallic cobalt can perform the FT reaction, a lower degree of reduction will 
blur a size-activity relationship. However, it is known that smaller cobalt 
particles are more difficult to reduce19, especially when supported on an 
oxidic material. In order to limit such a support effect and achieve high 
reducibility of small Co particles, carbon nanofibers (CNFs) are applied as 
support material.36,50 The CNFs are known for their inertness, i.e. no reaction 
of the cobalt phase and support takes place, which enables to study the 
intrinsic cobalt particle size effect. With the Co/CNF catalysts the existence 
of a particle size effect was unmistakably proven, and a drop in TOF for Co 
sizes <6 nm was shown.36 

The origin of the cobalt size effect and metal size effects in general have been 
a topic of investigation for decades already, and several possible explanations 
of the particle size effects are provided in literature. Here we will provide a 
short overview of these explanations.
Firstly, it should be noted that since the size effects take place well above 2 
nm, it can be assumed that the metal particles in the 2-10 nm region show 
metallic character. Therefore, the observed size effects should be related to 
a local geometric effect and/or electronic effect at the surface of small (2-10 
nm) metal particles. 
The geometrical effect has been investigated via mathematical models.30,51-54 
These models of metal particles allow to determine the fraction of surface 
atoms with a specific coordination number or arrangement. For example, it 
was hypothesized that a special arrangement of five cobalt atoms, so-called 
B5 sites, yields the most active sites52 for CO, NO and N2 activation as has 
been confirmed in theoretical and surface science studies.55,56 Since on too 
small metal particles the formation of these B5 sites is geometrically limited, 
this might explain the relatively low activity on those particles. 
The lower activity of small particles might also be caused by a local electronic 
effect related to a geometrical effect. Since the amount of surface atoms with 
a low coordination number is increasing with decreasing particle size, an 
increased localization of the valence electrons will occur. This localization 
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causes an upward shift of the center of the d-band, which will bring about 
a stronger metal-adsorbate bond. However, also a decrease in Fermi-
level with decreasing metal crystallite size (<7 nm) is used to explain the 
stronger adsorption of molecules on small metal particles.57,58 Although a 
stronger surface-adsorbate binding in principle favors dissociation of e.g., 
chemisorbed carbon monoxide59, this effect might well be counterbalanced 
on small metal particles by their more convex surface. Since such a surface 
lacks the B5 sites and steps required for facile dissociation, blocking by 
strongly bonded adsorbates might occur.
Finally, the mobility of the surface atoms and adsorbates, or rather their 
absence, might be used to explain the lower activity of small particles 
(<10 nm). For metal surfaces and large particles, the mobility and surface 
reorganization have been clearly demonstrated.60-62 In this case a surface 
structure optimal for catalysis might be obtained. However, due to the higher 
surface energies of small particles, this reorganization or adsorbate mobility 
might be limited, which therefore might explain their lower activity.63     

Scope and outline of the thesis

The main goal of the work described in this thesis is to contribute to the 
understanding of the cobalt particle size effects in Fischer-Tropsch catalysis, 
which have been demonstrated amongst others by our group using cobalt on 
carbon nanofibers.36 In Chapter 2 a Steady-State Isotopic Transient Kinetic 
Analysis (SSITKA) study is applied to investigate the effect of the cobalt 
particle size on the surface residence times and coverages of FT intermediates. 
Based on these findings and using kinetic models, a quantitative description 
of the activity (TOF) and qualitative description of CH4-selectivity is provided. 
Whereas the lower TOF for small Co particles (<6 nm) is due to both blocking 
of part of the cobalt surface by irreversibly bonded CO and a lower intrinsic 
activity of the remaining terrace sites, the increased methane selectivity is 
attributed to the higher coverage of hydrogen on small Co particles.  
In Chapter 3 a small excursion to the ethanol steam reforming reaction is 
made. In this reaction σ-bonds have to be activated, and hence a different 
cobalt size effect is expected than in the FT reaction. Also in this chapter 
the effect of the Co particle size is investigated using Co/CNF catalysts. It is 
demonstrated that the catalytic performance and the catalyst stability can 
be improved by decreasing the Co size. This is tentatively assigned to a lower 
rate of carbon deposition on small (<5 nm) cobalt particles as compared to 
larger ones.
The effect of cobalt particle size distributions is investigated in Chapter 4. 
By combining TEM histogram analyses of various Co/CNF catalysts with 
different average cobalt particle sizes and their activity, the optimum Co size 
with maximum activity was calculated. In the second part of this chapter, 
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we have synthesized a highly active silica-supported cobalt catalyst by 
applying the obtained knowledge to maximize catalytic activity. To this end, 
a calcination in diluted nitric oxide 64 was successfully applied, which yielded 
a narrow Co size distribution with an average close to the calculated particle 
size with maximum activity. Moreover, the addition of a small amount of Pt 
facilitated the reduction of this catalyst significantly, as an X-ray Absorption 
Near-Edge Spectroscopy experiments showed. 
In Chapter 5 we present the effects of the addition of MnO on the performance 
of the Co/Pt/SiO2 catalysts designed and synthesized in the previous 
chapter. These samples were prepared via co-impregnation and calcination 
in NO/He. After optimization of the Mn:Co ratio, a significant improvement 
in C5+-selectivity was obtained as compared to the Co/Pt/SiO2 catalyst. 
Interestingly, this was not accompanied by a significant loss in activity. To 
understand the effect of MnO addition, both infrared spectroscopy using 
CO as probe molecule and SSITKA were applied. From these experiments a 
relation between selectivity and CHx surface coverage was found.
The thesis ends with a summary in Chapter 6 containing the most notable 
findings and concluding remarks.

Supplementary information
A detailed description of the synthesis of the three generations Fischer-
Tropsch catalysts is provided in Appendix A.
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Chapter 2

On the origin of the cobalt particle size effects in 
Fischer-Tropsch catalysis

Abstract: The effects of metal particle size in catalysis are of prime scientific 
and industrial importance and call for a better understanding. In this 
chapter the origin of the cobalt particle size effects in Fischer-Tropsch (FT) 
catalysis was studied. Steady-State Isotopic Transient Kinetic Analysis 
(SSITKA) was applied to provide surface residence times and coverages of 
reaction intermediates as a function of Co particle size (2.6-16 nm). For 
carbon nanofiber supported cobalt catalysts tested at 210 ºC and H2/CO = 
10 v/v it appeared that the surface residence times of reversibly bonded CHx 
and OHx intermediates increased, whereas that of CO decreased for small (<6 
nm) Co particles. A higher coverage of irreversibly bonded CO was found for 
small Co particles that was ascribed to a larger fraction of low-coordinated 
surface sites. The coverages and residence times obtained from SSITKA 
were used to describe the surface-specific activity (TOF) quantitatively and 
the CH4 selectivity qualitatively as a function of Co particle size for the FT 
reaction (220 ºC, H2/CO = 2). The lower TOF of Co particles <6 nm is caused 
by both blocking of edge/corner sites and a lower intrinsic activity at the 
small terraces. The higher methane selectivity of small Co particles is mainly 
brought about by their higher hydrogen coverages.

Adapted with permission from J.P. den Breejen, P.B. Radstake, G.L. Bezemer, J.H. 
Bitter, V. Frøseth, A. Holmen, K.P. de Jong, On the Origin of the Cobalt Particle Size 
Effects in Fischer-Tropsch Catalysis, J. Am. Chem. Soc. 131 (2009) 7197. Copyright 
2009 American Chemical Society.
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Introduction

Particle size effects in nanocatalysis are of growing interest. For both 
supported and unsupported particles (e.g. colloids) various examples are 
known where the catalytic performance was proven to be dependent on 
particle size and shape.1-4 A growing number of studies are conducted to 
understand the nature of these effects, which is increasingly facilitated by 
well defined preparation routes, support materials, surface science studies 
and ab-initio calculations.

A prime example of particle size effects is displayed in the Fischer-Tropsch 
(FT) reaction.5-16 In this reaction CO and H2 (syngas) are converted into 
hydrocarbons, which can be used for the production of clean automotive 
fuels. Since syngas can be obtained from various sources, including coal, 
natural gas and biomass, an alternative to crude oil is provided. The FT 
reaction is therefore of eminent interest to both industry and academia.17-23 

Supported cobalt catalysts are well-known for their activity and selectivity 
in the Fischer-Tropsch reaction. For these catalysts, the effects of particle 
size have been studied by various authors with original contributions from 
Bartholomew8 and Yermakov9. Studies of Iglesia and co-workers showed that 
the surface-specific activity (Turn-Over-Frequency, TOF) is not a function of 
the cobalt particle size in the size range of 9 to 200 nm,17 which was confirmed 
by others.14,24 For smaller (<10 nm) Co particles, however, a decrease in FT 
performance has been reported. Barbier et al. found a decrease in TOF for 
Co particles smaller than 6 nm for a Co on silica catalyst.11 Using cobalt on 
carbon nanofiber (CNF) catalysts, tested at both 1 and 35 bar, Bezemer et 
al. showed that cobalt particles smaller than 6 nm (1 bar) or 8 nm (35 bar) 
displayed a significantly lower TOF than catalysts with larger particles.12,14 
Together with a decrease in TOF for smaller particles, an increase in methane 
selectivity was observed by these authors.14 Work by Martinez and Prieto 
displayed a similar particle size effect, with the use of catalysts prepared via 
a colloidal route.15 A more recent study by Borg et al. emphasized the effect 
of the cobalt particle size on selectivity.25 

The origin of a lower activity and selectivity of small Co particles is a 
longstanding scientific question. In order to reveal details of this origin we 
made use of steady-state isotopic transient kinetic analysis (SSITKA).26-28 This 
technique has been applied to a variety of heterogeneous catalytic reactions, 
as for example summarized in a review from Shannon and Goodwin29, to 
answer questions related to surface chemistry. SSITKA is used to study 
steady-state surface reactions in-situ, and allows to determine the coverage 
and surface residence time of species involved in a specific reaction. Its 
usefulness has been proven especially for the Fischer-Tropsch reaction.30-35 
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During the steady-state FT reaction, isotopic switches (e.g. from 12CO to 
13CO) are performed and subsequently the isotopically labeled products and 
reactants are monitored as a function of time. Thus it becomes possible to 
deconvolute contributions to the total TOF, which is, assuming a first-order 
reaction, the product of an intrinsic rate constant (k) and coverage (θ).

In the present work, the surface coverages and residence times of carbon, 
oxygen and hydrogen containing intermediates and reactants are extensively 
studied for Co/CNF catalysts with cobalt particle sizes ranging from 2.6 to 
16 nm. Carbon nanofibers are used as support to allow study of the intrinsic 
properties of the cobalt particles. This is possible since graphitic carbon fibers 
are chemically inert, in contrast to oxidic supports where poorly reducible 
mixed oxides may interfere during catalyst synthesis or FT catalysis. To 
facilitate the study, methanation conditions (H2/CO = 10) are applied in 
order to minimize the number of labeled products. Yet, it is proven that the 
conclusions drawn are relevant for Fischer-Tropsch conditions. 

Experimental section

Catalyst preparation and characterization
Fishbone-type carbon nanofibers (CNF) with a typical diameter of 30 nm 
were obtained from CO/H2 at 550 ºC using a 5 wt% Ni/SiO2 growth catalyst 
(sieve fraction 90-150 μm).36 The as-synthesized fibers were purified with 
successive reflux steps in 1 M KOH for 1 h and in concentrated HNO3 for 
2 h. In the last reflux step, also oxygen-containing surface groups were 
introduced, which has been proven to be indispensable to obtain high metal 
dispersions.37

Cobalt catalysts were prepared via incipient wetness impregnation. Cobalt 
particle sizes in a range of 2.6 to 16 nm were obtained by varying the cobalt 
loading (1-22 wt%), cobalt precursor (cobalt nitrate or cobalt acetate) or 
solvent (water or ethanol).14 The impregnated catalyst precursors were dried 
overnight at 120 ºC. Next, the catalysts were reduced at 350 oC under a 
flow of 30% H2/N2, and subsequently passivated using a diluted (0.1 vol%) 
oxygen flow.
Transmission Electron Microscopy (TEM), H2-chemisorption and quantitative 
X-ray Photoelectron Spectroscopy (XPS) were used previously to determine 
the cobalt particle sizes.14 These analysis techniques delivered consistent 
particle sizes. X-ray absorption studies indicated that the Co particles were, 
within the experimental error, metallic during FT reaction at 1 bar pressure 
of H2/CO. Deactivation due to sintering has been excluded in previous 
work.14 
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Transient isotope experiments 
The SSITKA apparatus used in this study has been described before.38 To 
perform an experiment, typically 100 mg of catalyst (90-150 μm) was diluted 
with 200 mg SiC (75-150 μm) and loaded in a plug flow microreactor. An 
in-situ reduction was performed under a flow of 10 mL.min-1 H2 at 350 oC 
(heating rate of 5 oC.min-1) and 1 bar for 2 h. Subsequently, the reactor 
was cooled to 170 ºC under the H2 flow. At this temperature, the flow was 
switched to syngas (12CO/H2/Ar = 1.5/15/33.5 mL.min-1) and the pressure 
was increased to 1.85 bar. The temperature was raised to 210 ºC and the 
reaction was performed for at least 15 h prior to a SSITKA experiment.
The amount and fractions of C1 – C7 hydrocarbons, CO, H2 and Ar in the 
effluent was determined using a HP5890 gas chromatograph (GC) equipped 
with FID and TCD. The surface-specific activity (TOF, 10-3 molCO.molCo,surf

-1 

.s-1) was calculated based on the amount of CO consumed (TCD) and 
hydrocarbons formed (FID). The selectivity was also based on the latter 
results. The presence and amount of H2O and CO2 was checked with a mass 
spectrometer.
After reaching steady-state conditions (15 h), a switch from 12CO/H2/Ar 
to 13CO/H2/Kr was performed. A backswitch was made at isotopic steady 
state conditions. The transients in 13CO and 12CO, the main products 
12CH4 and 13CH4 and the inert tracers were monitored with a Balzers QMG 
422 quadrupole mass spectrometer (MS). From the MS signals during the 
backswitch, the surface residence times (τ) were calculated via the area 
under the normalized transient curves Fi(t), and corrected for the gas phase 
hold-up with the use of the Ar of Kr inert tracer.
    

                   (1)

The CHx residence time was corrected for the chromatographic effect of CO 
using equation 2.39 

                   (2)

It is important to note that CHx represents the surface intermediates leading 
to methane and it is obtained from CH4 transients using eq. 2. The number 
of the reversibly adsorbed CO and CHx species could be estimated from the 
residence time (τ) and exit flow (Q) of those species.
                   
                   (3)

The coverage of the different species was calculated by dividing the number 
of the relevant adsorbed species by the number of Co surface atoms. For the 
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determination of the oxygen (OHx) intermediates, an isotopic switch from 
C16O/H2/Ar to C18O/H2/Kr was performed, followed by a backswitch. The 
H2O signal in the backswitch was used to calculate the OHx coverage and 
residence time. The term OHx was introduced since this water transient 
originates from both O and OH intermediates as well as adsorbed H2O 
molecules. The H coverage was estimated from a switch from 12CO/H2/Kr to 
12CO/D2/Ar, which was also followed by a backswitch. In this case, however, 
the HD signal was used to estimate the hydrogen coverage.

To determine the presence of irreversibly bonded species, the initial 
transient (CO introduction) was measured for various Co particle sizes via 
two independent sets of experiments. In a first experiment, after cooling 
to 150 ºC, CO was introduced via a switch from Ar (35 mL.min-1) to 12CO/
Kr (1.5/33.5 mL.min-1) at 1.85 bar. In a second experiment, after cooling 
to 210 ºC, the CO introduction was performed by a switch from H2/Ar 
(15/35 mL.min-1) to 12CO/H2/Kr (1.5/15/33.5 mL.min-1). In both cases the 
transients of inert tracers, 12CO and possible products were monitored with 
MS. Activities and selectivities obtained after these initial transients were 
identical to those of the SSITKA experiments described above.  

Results and discussion

An overview of the catalysts used in this work and their properties is shown 
in Table 1.

Table 1. Carbon nanofiber supported cobalt catalysts with their properties
Cobalt precursor Impregnation 

solvent
Co 

loading 
(wt%)

Particle 
size 

(nm)a

Dispersion 
(%)a

Co surface 
atoms (mmol/

gcat)b

1 Co(NO3)2.6H2O H2O 22 16 6.0 0.22
2 Co(NO3)2.6H2O H2O 9.9 11 8.7 0.15
3 Co(NO3)2.6H2O H2O 13 8.5 11.3 0.25
4 Co(NO3)2.6H2O EtOH 7.5 5.9 16.3 0.22
5 Co(NO3)2.6H2O EtOH 5.4 5.3 18.1 0.17
6 Co(NO3)2.6H2O EtOH 3.7 4.7 20.4 0.13
7 Co(NO3)2.6H2O EtOH 1.1 4.5 21.3 0.04
8 Co(C2H3O2)2.4H2O H2O 4.2 4.1 23.4 0.18
9 Co(C2H3O2)2.4H2O H2O 0.9 2.9 33.1 0.05
10 Co(C2H3O2)2.4H2O H2O 1.0 2.6 36.9 0.06

a From quantitative XPS14

b Calculated from cobalt loading and dispersion
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In the steady-state isotopic transient kinetic analysis (SSITKA) experiments, 
methanation conditions (H2/CO = 10) were applied. Since the cobalt particle 
size effect was found at Fischer-Tropsch conditions (H2/CO = 2), first the 
relevance of the SSITKA experiments for FT conditions was investigated. 
Therefore, the surface-specific activity (TOF) of the cobalt catalysts during 
the SSITKA experiments was calculated based on the CO conversion and 
hydrocarbon formation. The TOF values, as a function of cobalt particle size, 
have been plotted in Figure 1. 

Figure 1. Relation between cobalt particle size and TOF found at H2/CO = 2: (■) 1 
bar, 220 ºC and (▲) 35 bar, 210 ºC; and H2/CO = 10: (○) 1.85 bar, 210 ºC.

From this graph, it can be concluded that the trend found with SSITKA 
(1.85 bar, H2/CO = 10) agrees very well with the trend found earlier for 
FT conditions (1 and 35 bar, H2/CO = 2). This indicates that the results 
obtained with SSITKA are relevant for FT conditions at 1 bar, as well as for 
industrial FT conditions at 35 bar. 
The SSITKA experiments are also relevant for the methane selectivity found 
with FT conditions. 

Although the selectivity data were scattered and a high methane selectivity 
was found (78-84 %) under SSITKA conditions, an indicative trend of an 
increase in C1 selectivity with decreasing cobalt size (<6 nm) was observed. 
This is again in line with the trend in selectivity observed for the FT 
measurements conducted at 1 or 35 bar (see General Discussion section, 
Figure 8). Ethane and propane selectivities ranged from 5.2-8.2 and 4.7-6.2 
mol%, respectively.

Reversibly bonded CHx and CO coverages and residence times 
Typical normalized transient curves obtained after a backswitch experiment 
(from 13CO/H2/Kr to 12CO/H2/Ar) are depicted in Figure 2. In this graph, 
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it can be observed that the CH4 transient signals change together with the 
change in the inert tracer transient signals.

Figure 2. Normalized transient curves from a 13CO/H2/Kr to 12CO/H2/Ar backswitch 
(catalyst 3, 8.5 nm).

This indicates that e.g. 12CH4 is formed immediately after the isotopic 
backswitch (13CO/H2/Kr to 12CO/H2/Ar). In this chapter, it suffices to treat 
the CH4 transients as originating from a single carbon pool leading to CH4. 
A more detailed analysis of these CH4 transients can be found in Appendix 
B-1 (SSITKA modeling - CH4). 
Regarding the CO transients, it can be observed that the decrease of the 
13CO signal and the concurring increase of 12CO is steep, but starts later 
than the CH4 signals. The latter observation can be ascribed to the fact 
that CO can readsorb on the cobalt surface (the so-called chromatographic 
effect)39, in contrast to CH4. A detailed analysis of the CO transients and the 
chromatographic effect is provided in the Appendix B-2 (SSITKA modeling 
- CO). To rule out the effect of the total cobalt surface area in the reactor, 
which might influence the number of adsorption/desorption possibilities 
and thus the CO residence times, a number of catalysts (2, 5 and 8 (Table1)) 
were prepared with different loadings and particle sizes such to have an 
approximately constant cobalt surface area per gram of catalyst. Therefore, 
both the amount of catalyst in the reactor and the bed residence time could 
be kept constant. The results found for these catalysts did not deviate from 
the results found for the other catalysts listed in Table 1, which proved 
that the observed changes in residence times have to be ascribed to other 
effects.

From the analysis of the transient response curves, with equations 1 and 2, 
the surface residence time τ (s) of CHx and CO were obtained as function of 
the cobalt particle size. 
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As can be observed in Figure 3A, the surface residence time of CHx 
(representing carbon intermediates leading to methane) increased with 
decreasing cobalt particle size, for sizes smaller than 6 nm. The increase in 
τCHx might suggest that the smaller the cobalt particle size, the stronger the 
CHx species are bonded to the cobalt surface. Alternatively, it might point 
towards a hampered CO dissociation and/or a slower CHx hydrogenation. 
The CO residence time shows an opposite trend as compared to τCHx, and 
decreased for smaller particles (<6 nm). The CO and CHx residence times 
appeared to be independent of the particle size with sizes larger than 6 nm, 
with  values in good agreement with those from literature.38,40,41

Figure 3.A Corrected CHx (●) and CO (□) surface residence times as function of 
cobalt particle size (210 oC, 1.85 bar, H2/CO = 10). B Coverage of reversibly bonded 
CHx and CO as function of cobalt particle size (210 oC, 1.85 bar, H2/CO = 10).

The surface coverages of reversibly bonded CO and CHx intermediates 
were calculated based on residence time, assuming a 1:1 ratio of CO and 
CHx to the Co surface atoms. As can be observed in Figure 3B, the surface 
coverages (θ) of both CO and CHx decreased for Co particle sizes below 6 nm. 
In contrast, constant values were found for particle sizes larger than 6 nm. 
Based on these results it may seem that the total surface coverage of small 
(<6 nm) particles decreased. However, it should be stressed that the SSITKA 
experiments reveal exclusively the reversibly bonded intermediate species. 

Total CO coverage 
To check for the presence and the amount of irreversibly bonded species, 
the introduction of CO was monitored directly after in-situ reduction. A 
difference between the amount of CO adsorbed during this CO introduction 
and the amount adsorbed found during SSTIKA is then to be ascribed to 
irreversibly bonded CO. The CO introduction transient was performed for a 
number of catalysts, at either 150 ºC or 210 ºC. A switch from Ar to 12CO/
Kr (at 150 ºC) or from H2/Ar to 12CO/H2/Kr (at 210 ºC) was made, while the 
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MS signals from 12CO, Kr, Ar, H2O, 12CO2 and 12CH4 were tracked. The CO 
coverage was calculated from these results as function of the cobalt particle 
size. 

In the first experiment performed at 150 ºC, CO was introduced in the 
absence of H2. From this experiment it was concluded that the CO coverage 
is constant (θCO = 0.51) for Co particles larger than 6 nm (Figure B.6). 
However, this value increases significantly for smaller particles, and a CO 
coverage of 0.93 is found for a Co particle size of 2.6 nm. This indicates that 
the CO/Cosurf ratio is the highest for small particles. This might have been 
expected though, since a larger amount of edge/corner atoms for small 
particles compared to large ones provides a relative larger amount of linear 
CO adsorption possibilities. Another possible explanation would be the 
formation of subcarbonyls42 on small cobalt particles.43 

From the switch from H2/Ar to CO/H2/Kr at 210 ºC, the total CO was 
calculated as function of Co particle size (Figure 4) and compared with the 
coverage of the reversibly bonded CO from SSITKA. From the difference 
between those two coverages, the amount of irreversibly bonded CO was 
obtained.  

Figure 4. CO coverage from CO introduction, reversibly (from steady-state 
measurements) and irreversibly bonded CO (210 oC, 1.85 bar, H2/CO = 10). 

This graph shows that the total CO coverage, deduced from the CO 
introduction experiment, increased with decreasing CO particle size (<6 
nm). It has been shown already that the amount of reversibly bonded CO, 
found during steady-state isotopic switches, decreased for small cobalt 
particles. The difference between those two coverages reveals an increase in 
the irreversible θCO with decreasing particle size, and hardly any irreversibly 
bonded CO for large particles (>6 nm). This means that under the present 
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conditions the cobalt surface was partly blocked with unreactive CO for 
small particles, thereby hampering catalysis. This irreversible CO adsorption 
may be strong associative and/or dissociative chemisorption with strong 
Co-O and Co-C bonds.44 The latter might even include strongly bonded CHx 
species. However, since hardly any CO2 formation was detected for both large 
and small particles, we infer that the irreversibly bonded CO was mainly 
adsorbed molecularly. 

The residence time and coverage of reversibly bonded OHx 
To determine the OHx residence time and coverage during the FT reaction, 
a switch from C16O/H2/Ar to C18O/H2/Kr was made, followed by a 
backswitch.
Although repeated isotopic switches showed substantially larger noise in 
the H2O transients compared to the CH4 transients, a trend in OHx surface 
residence time can be discerned (Figure 5A). It appears that the τOHx increased 
for Co particle sizes smaller than 6 nm. This suggests that smaller (<6 nm) 
cobalt particles bind OHx species stronger to the cobalt surface. It might 
also indicate a slower CO dissociation and/or OHx hydrogenation. A similar 
conclusion for a stronger Co-O bond could also be deduced from the CO2  

signals. (Figure B.7)  The C18O residence time and coverage showed the 
same trend and comparable values as τ13CO and θ13CO. 

Figure 5.A Residence times of reversibly bonded 18OHx and C18O as function of cobalt 
particle size (210 oC, 1.85 bar, H2/CO = 10). B Surface coverage of reversibly bonded 
C18O and OHx as function of cobalt particle size (210 oC, 1.85 bar, H2/CO = 10).

The coverage of reversibly bonded OHx decreased for small particles, 
as observed for the CHx intermediates. (Figure 5B) However, it has to be 
mentioned that the readsorption probability for water in the SSITKA 
apparatus is significantly larger than for methane, and thus may yield too 
high values for residence time and surface coverage. Still, a trend of an 
increasing τOHx and decreasing θOHx value for small cobalt particles can be 
deduced. 
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Hydrogen coverages  
To estimate the H coverages, a switch from 12CO/H2/Kr to 12CO/D2/Ar (210 
oC, 1.85 bar, H2/CO = 10) was made, followed by a backswitch after reaching 
isotopic steady-state. Apart from the transients in H2 and D2, the signal 
from HD formed due to isotopic scrambling was monitored as well. A typical 
example of a H2-D2 switch experiment is depicted in Figure B.8. 
From this SSITKA experiment it was noticed that the transient in H2 was 
faster than the inert tracer, which was observed for all the cobalt particle 
sizes. This is most likely caused by the faster diffusion rate of hydrogen 
compared to the inert gas, which made an estimation of the H residence 
time unattainable. Fortunately, the H coverage could be estimated from the 
formation of HD. The instantaneous HD formation showed a peak maximum 
at equal concentration of H2 and D2, while significant tailing was observed. 
Whereas the peak was attributed to adsorbed atomic hydrogen (Hads), the 
tail could be a result of H-spillover and involvement of CHx and OHx. Only 
the deconvoluted HD peak, without tail, was therefore used to estimate θH 
as function of the cobalt particle size. (Figure 6) It should be noted that 
this yields the lower limit of the H coverage, since it assumes that all the 
Hads at the surface leaves it as HD. The amount of H2 formed due to Hads 
recombination could not be detected, since no measurable difference between 
the H2 transients from a blank experiment (reactor filled with CNF and SiC) 
and the above experiments was found.

Figure 6. Hydrogen coverage as function of the cobalt particle size (210 oC, 1.85 bar, 
H2/CO = 10).

From this graph it can be inferred that the H coverage increased for small Co 
particles. However, this means that the H/CO surface ratio was enhanced 
significantly from 0.2 – 0.3 (>5 nm) to 0.8 (2.6 nm) which may explain the 
increased methane selectivity for particles smaller than 6 nm.
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General discussion
For the Fischer-Tropsch reaction several mechanisms have been put 
forward. Also, different rate determining steps, viz. CO dissociation and 
CHx hydrogenation may apply. In this study it was assumed that the 
hydrogenation of CHx is rate limiting for all Co sizes. The TOF could then 
be calculated based on the SSITKA findings for residence time and coverage 
at H2/CO = 10. The following kinetic expression can be used, assuming a 
pseudo-first-order reaction:

                   (4) 
      

Using this formula, the TOFm was calculated for various cobalt particle sizes 
and compared with the TOF found at 1 and 35 bar. Please note that the 
SSITKA results were used as obtained and no fitting was involved. 

Figure 7. Comparison of measured (FT, 1 bar, 220 ºC, H2/CO = 2) and modeled 
(SSITKA, 1.85 bar, 210 ºC, H2/CO = 10, eq. 4) TOF.

From Figure 7, it can be observed that equation 4 gives a reasonable fit 
(R2 = 0.9) to the observed TOF for FT conditions at 1 and 35 bar (compare 
Figure 1). This implies that the lower activity for small (<6 nm) particles is 
a result of a lower surface coverage and an increased residence time of the 
CHx intermediates. 

The trend in methane selectivity could be described based on a termination 
(5) and propagation (6) reaction:

                                             (5) 
 
                   (6)
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Using these reactions, the following equation for the selectivity is proposed, 
assuming that both CH3 as CH2 can be described as CHx.

                   (7)

The ratio of the propagation and termination constant (kp/kt) was estimated 
by fitting the data to the measured selectivity (Figure 8), assuming the kp/kt 
ratio to be constant for all particle sizes. 

Figure 8. Measured (H2/CO = 2, 1 bar) and modeled methane selectivity based on 
SSITKA experiments (H2/CO = 10, eq. 7, kp/kt = 0.3).

From this graph, it appears that the trend in C1 selectivity can be obtained 
from the coverages found with SSITKA. The fact that the absolute values 
in methane selectivity from the SSITKA model and the FT experiments are 
different is due to the higher H2/CO ratio of the SSITKA conditions.   
Clearly, the FT activity and selectivity can be modeled quantitatively and 
qualitatively, respectively, based on the SSITKA experiments. This means 
that it is possible with this technique to deconvolute the TOF into its separate 
contributions regarding coverages and residence times. 

Next, we attempted to provide a possible explanation for the observed changes 
of residence times and coverages with the cobalt surface structure as a 
function of particle size. To this end, the cobalt particles were described with 
a geometric, cubo-octahedral model.45,46 (Figure 9A) Based on this model, the 
fraction of surface atoms with a specific coordination number (CN) could be 
calculated as function of the cobalt particle size. The cobalt surface atoms 
with CN from 4-6 and from 7-11 were summed up, and referred to as corner 
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and terrace atoms, respectively. After that, the fraction of atoms exhibiting 
a coordination number ranging from 4-6 was plotted versus the fraction of 
irreversibly chemisorbed CO (Figure 9B). 
As shown in Figure 9B, a linear relation between the fraction of cobalt 

Figure 9.A Geometric model with some coordination numbers (reproduced from ref. 
45). B Coverage of irreversibly bonded CO as function of the fractions of atoms with 
coordination number 4-6 (using results from catalysts 1, 3, 8 and 10).

surface atoms with a low coordination number (CN = 4-6) and the coverage 
of irreversibly bonded CO is obtained. Based on this result we speculate 
that the increase in irreversibly bonded CO for small (<6 nm) Co particles is 
related to the increase in coordinatively unsaturated site (cus) atoms.47

The fact that the slope of the curve is larger than unity might be explained 
by a CO/Co >1 adsorption ratio for corner and edge atoms. Also, the invasive 
character of CO may roughen the cobalt surface48, which is ignored in this 
static geometric model.
 
The reason for the stronger or irreversible CO bonding by the surface atoms 
with low coordination number, may be due to an increased localization 
of the valence electrons. This localization brings about the center of the 
d-band to shift upwards, and thereby a stronger binding of adsorbates as 
CO and dissociated C and O atoms to the surface.44,49,50 Apart from this 
local electronic effect, also the decrease in Fermi-level with decreasing metal 
crystallite size (<7 nm) can be used to explain the stronger CO adsorption 
for smaller cobalt particles.22,51 This effect was also found in a theoretical 
study by Reboredo and Galli which showed that the CO adsorption energy 
increased significantly with decreasing Co cluster size.52 
Despite the higher CO adsorption energy at small Co particles, the more 
convex surface of those particles will make CO dissociation more difficult. 
Moreover, since hardly any CO2 formation was detected during the CO 
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introduction experiment we think that the irreversibly bonded CO is 
associatively chemisorbed and does not take part in the FT reaction.
The highest coverage of COirrev found for the smallest Co particle size amounts 
to roughly 50 percent of the total surface coverage. Since the TOF is based 
on total surface Co atoms, this would lead to a drop of a factor 2 if the free 
sites would keep their specific activity. However, the observed decrease in 
TOF equals a factor ~10 (Figure 7), which means that a significant effect 
originates from a lower specific activity of terrace sites. Please note that the 
coverages of reversibly bonded CHx and CO drop by ~50% for the smallest Co 
particles (Figure 3B). The coverages of these species based on terrace sites 
only, therefore, remain constant for all Co particle sizes. This lower activity 
of terrace sites is thus caused by a slower CHx hydrogenation step and/or 
hampered CO dissociation as revealed by the higher CHx residence times 
for smaller particles. Since metal particles larger than 2 nm are expected 
to show a metallic character, the question is why those reactions would 
occur slower on a terrace at a small Co particle compared to a terrace at a 
large one. Part of the answer might overlap with the explanation used above 
for the irreversible CO adsorption. The presence of a significant amount of 
cus atoms on small Co particles might influence the electronic properties 
of neighboring terrace atoms, thereby decreasing their activity. It is also 
feasible that either the strongly bonded CO and CHx intermediates or the 
particle geometry limits the formation of CO reservoirs53 and hampers surface 
reconstruction.54 This surface reconstruction could lead to surface steps 
and kinks55,56 or so-called B5 sites4,45,57,58 which are known for their ability 
to facilitate CO dissociation, CHx hydrogenation59 and C-C bond formation.60 
The slower CHx hydrogenation could be caused by a too strong Co-CHx bond. 
This is in line with a thermodynamical model which rationalized an increase 
in the heat of adsorption of reactants and intermediates with decreasing 
particle size.61,62 

Conclusions

A cobalt particle size effect has been shown in the Fischer-Tropsch catalysis 
previously. For Co particles smaller than 6 nm, a decreased TOF and 
increased methane selectivity has been found for FT experiments performed 
at 1 bar and 35 bar (H2/CO = 2). The same trend was observed in the current 
SSITKA experiments (1.85 bar, H2/CO = 10), implying that this technique 
could be used to investigate the cobalt particle size effects. 
From the SSITKA experiments it was concluded that the surface residence 
times of reversibly bonded CHx and OHx intermediates increased significantly 
for particles smaller than 6 nm, whereas a decrease was observed for the CO 
residence time. The CHx, OHx and CO residence times appeared independent 
of size for larger Co particles (>6 nm). 
The surface coverages of the CHx, OHx and CO intermediates decreased 
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for small particles and appeared to be constant for large particles. On 
the contrary, an increase in H coverage was observed for small (<6 nm) 
Co particles. From CO introduction experiments it was concluded that a 
significant amount of irreversibly bonded CO molecules is present on small 
particles too, causing blocking of part of the Co surface.
The SSITKA results on coverages and residence times were used to model 
the trend in TOF and methane selectivity as obtained under FT conditions. 
It was concluded that the lower TOF found for small cobalt particles (<6 nm) 
compared to larger ones is the result of a significant increase in the CHx 
residence time combined with a decrease of the CHx coverage. The higher 
methane selectivity of small Co particles obtained with FT conditions was 
mainly rationalized from the higher coverage of hydrogen. 
The current SSITKA study can be regarded as a major step forward in 
understanding the origin of cobalt particle size effects in the Fischer-
Tropsch catalysis. The methodology used provides fundamental insight in 
the performance – size relation, and therefore might be applied for studies of 
particle size effects in general.  

Supporting information
Full details on modeling of CH4 and CO transient curves, CO coverage during 
its introduction at 150 ºC, and examples of CO, CO2 and HD transients as 
function of cobalt particle size are provided in Appendix B.   
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Chapter 3

Ethanol steam reforming reaction for hydrogen 
production catalyzed by

cobalt nanoparticles – smaller is better

Abstract: The effect of the cobalt particle size in the ethanol steam reforming 
reaction (H2O/EtOH molar ratio = 3, 1 bar, 500 ºC) for hydrogen production 
was investigated using cobalt on carbon nanofiber catalysts. It was found 
that the Turn-Over Frequency (TOF) increases with decreasing Co particle 
size, which was attributed to the increasing fraction of edge and corner 
surface sites with decreasing size. The selectivity (~65%) towards hydrogen 
appeared independent of the Co particle size. Regarding the stability, a 
decrease in deactivation rate was observed with a decrease in cobalt size. 
This means that the catalyst with the highest activity also showed the highest 
stability. This is caused by a significantly lower amount of carbon deposition 
on relatively small Co particles as was confirmed by TEM measurements. 
This was ascribed to a lower fraction of terrace atoms, proposed to be 
responsible for excessive carbon deposition on catalysts with smaller (<10 
nm) Co particles.
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Introduction
 
In the previous chapter the effect of cobalt particle size on activity in the 
Fischer-Tropsch (FT) reaction was studied. The lower TOF for Co particles 
smaller than 6 nm was rationalized by an increase in the residence time of 
the CHx intermediates and blocking of part of the Co surface by irreversibly 
bonded CO molecules. The latter effect was attributed to the increase in 
the fraction of uncoordinated surface sites with decreasing Co particle size. 
Although the presence of these sites is clearly not beneficial for FT catalysis, 
they might be helpful to obtain high activities in different catalysis reactions, 
as overviews by e.g., Che1 and Van Santen2 indicate.  

In the current chapter we investigated the effect of the number of 
uncoordinated sites in the steam reforming of ethanol by changing the cobalt 
particle size. In this reaction various σ-bonds have to be activated3,4 with 
possibly the cleavage of the C-C bond as rate limiting step.5 Apart from a 
scientific interest of a possible surface-sensitivity, this reaction is also useful 
for the production of hydrogen, especially in countries where an abundant 
amount of ethanol is present. Hydrogen might in this case serve as an 
energy carrier for example in mobile applications using fuel cells and thereby 
enhancing energy efficiency in end use. Nowadays, hydrogen production is 
mainly achieved by the steam reforming of methane.6 Since this reaction 
still involves a net production of CO2, a more sustainable production in 
that respect is the steam reforming of ethanol.7 If this ethanol is obtained 
from biomass, as sugar cane or cellulose, hydrogen can be produced in a 
renewable way. Although pure bioethanol can be used for combustion engine 
applications, the high water content of ‘raw’ bioethanol requires an energy 
consuming purification step to remove water prior to its use as combustion 
fuel. For the production of hydrogen, however, ‘raw’ bio-ethanol can be used 
for hydrogen production in the steam reforming reaction as is. 

For the ethanol steam reforming (SR) reaction,
      
                         (1)

various catalysts can be used, like supported noble metals (Pd, Pt, Rh, Ru, 
Ir) and supported transition metals (Ni, Cu and Co) as reviewed by Hayanto8 
and Vaidya9. In our study, supported cobalt catalysts were studied. For this 
metal several attempts have been undertaken to improve activity and H2-
selectivity.7,10-16 For example Llorca et al. showed relatively high activities 
of oxide supported catalysts with small (3-4 nm) Co sizes, prepared from 
Co2(CO)8.10 Also a recent study by Ribeiro et al. showed an increase in activity 
with decreasing Co size using Co colloids deposited on a silica support.17 
Another study by Kaddouri and Mazzocchia, however, showed no relation 
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between cobalt dispersion and activity, which might be the result of cobalt-
support interactions.12 
Another aspect of investigation has been catalyst stability. Sintering and 
carbon deposition are recognized as the main factors of catalyst deactivation.9 
The latter might occur via decomposition of intermediates formed during 
ethanol steam reforming (e.g., methane decomposition) and the Boudouard 
reaction.8,18 To limit carbon deposition, for example, basic support materials 
were introduced and/or oxygen was added in the ethanol/steam feed in the 
so-called oxidative steam reforming (OSR) reaction.9 With respect of catalyst 
stability it is interesting to note that in the earlier mentioned study by Llorca 
et al. the smallest cobalt particles (3-4 nm) seemed more stable towards 
coking as compared to larger ones.10

Therefore, aim of this chapter is, firstly, to focus on the intrinsic effect of 
cobalt particle size on activity and stability in the ethanol SR reaction. To this 
end, carbon nanofibers are used, which are known for their inertness and 
thus enables to investigate an intrinsic particle size effect. Secondly, also the 
effect of additional oxygen in the feed-stream via the OSR reaction and the 
effect of cobalt particle size on catalyst deactivation will be investigated. 

Experimental 

Catalyst preparation
The carbon nanofiber (CNF) support material (SA = 200 m2.g-1, PV = 0.65 mL. 
g-1) was obtained from synthesis gas using a 5 wt% Ni/SiO2 growth catalyst. 
This CNF material was purified in subsequent reflux treatments of 1M KOH 
and concentrated HNO3. In the latter step, oxygen-containing groups required 
to achieve high metal dispersions were introduced.19 Cobalt was deposited 
using incipient wetness impregnation of cobalt acetate tetrahydrate or cobalt 
nitrate hexahydrate solutions in either water of ethanol, aiming for various 
Co loadings (0.9 – 22 wt%).20 After impregnation the samples were dried at 
120 ºC. Subsequently, a reduction was conducted at 350 °C for 2h, in a flow 
of 30 vol% H2 in N2, followed by a careful air exposure at room temperature to 
passivate the catalyst. This way, Co/CNF catalysts were obtained with cobalt 
sizes ranging from 2.6 to 16 nm. The cobalt particle sizes were determined 
using H2-chemisorption or XPS analysis.20

A cobalt on ceria catalyst (10 wt%) was prepared via incipient wetness 
impregnation of cerium oxide with an aqueous solution of Co(NO3)2·6H2O. 
After drying (100 ºC), the sample was calcined at 400 ºC for 2 h. The cobalt 
particle size was estimated from TEM analysis after reduction.

TEM analysis
Transmission Electron Microscopy analysis was used to study the Co 
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particle sizes of the fresh and spent catalysts. To this end, the catalysts 
were suspended in ethanol, and brought onto a carbon support film on a 
copper TEM grid. The TEM measurements were conducted with a Tecnai 20 
FEG microscope operating at 200 kV.  

Catalyst testing
The ethanol steam reforming (SR) and oxidative steam reforming (OSR) 
reactions were performed in a fixed-bed reactor at 1 bar, 500 ºC. Typically 
2.5 - 20 mg of Co/CNF or Co/CeO2 catalyst, diluted with 60 mg SiC, was 
reduced prior to the SR or OSR reaction at 350 ºC for 2 h in a flow of 30 
mL.min-1 H2. Next, the hydrogen was purged with N2 at 500 ºC for 30 min, 
after which a steam/ethanol mixture was introduced in a 3.0 molar ratio (60 
mL.min-1) to perform the SR reaction. To obtain the required H2O/ethanol 
molar ratios, two separate N2 flows of 30 mL.min-1 were passed through 
heated saturators containing either water or ethanol. In an additional SR 
experiment, a steam/ethanol molar ration of 10 was used.
The OSR reaction was conducted with a H2O/ethanol molar ratio of 3.0 and 
an O2/ethanol molar ratio of 0.5. In this case, one of the N2 flows bubbled 
through one of the saturators was replaced by a 5.6 vol% O2/N2 flow. 
The ethanol conversion and selectivity to the reaction products were analyzed 
using gas chromatography (Micro GC Agilent 3000 A) containing two channels 
for dual thermal conductivity detectors (TCDs) and two columns: a molecular 
sieve and a Poraplot U column. Based on the ethanol conversion the cobalt 
weight-based activity (molEtOH.gCo

-1.s-1) and TOF (molEtOH.molsurf,Co
-1.s-1) were 

calculated. For the latter calculations the gasflows were adjusted to obtain 
low ethanol conversion levels (<30%) The selectivities were calculated using 

                                                                                                         (2)

where (nx)produced = amount (mol) of x produced (x = hydrogen, CO, CO2, 
methane, acetaldehyde or ethene) and (ntotal)produced = sum (mol) of all possible 
products, in which the moles of produced water are not included.

Results and discussion

The Co/CNF catalysts with their properties and preparation routes are 
summarized in Table 1. 

Prior to the SR and OSR reaction with the Co/CNF catalysts, the performance 
of blank carbon nanofibers diluted with SiC was tested. Since low ethanol 
conversions (~5%) were obtained in this experiment, the contribution of the 
CNF support material on the overall activity can be neglected.
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As a reference sample, a Co/CeO2 catalyst (10 wt%) was tested. TEM 
measurements on this catalyst showed a broad Co size distribution (3-15 
nm) with an average size of ~10 nm.  

Table 1. Cobalt on carbon nanofiber catalysts with their preparation details, loadings 
and particle sizes.

ID Solvent Precursor Co loading 
(wt%)

H2-chemisorption 
(nm)

TEM analysis 
(nm)

Co16 Water Cobalt nitrate 22 16 16
Co10 Water Cobalt nitrate 9.7 9.9 9.7
Co5 Ethanol Cobalt nitrate 3.5 4.8 -
Co4 Ethanol Cobalt nitrate 4.0 4.1 -
Co3 Water Cobalt acetate 0.9 2.9 a 2.8
Co2 Water Cobalt acetate 1.0 2.6 a 2.4

a Co particle size determined by XPS. 

Ethanol Steam Reforming (SR) reaction 
Two examples of ethanol conversion and product selectivities for Co/CNF 
catalysts with a small (2.9 nm) and large (9.9 nm) average initial cobalt 
particle size are plotted in Figure 1A and B, respectively.

Figure 1. Ethanol conversion (XEtOH) and product distributions versus time on stream 
obtained for the ethanol SR reaction for a 2.9 (A) and 9.9 nm (B) Co/CNF catalyst 
(H2O/ethanol molar ratio = 3.0, 500 ºC, 20 mg cat, 60 mL.min-1).

From Figure 1 and measurements on different Co sizes it was established 
that steady-state conversion is reached after 24 h reaction. All catalysts 
displayed a similar product distribution for the main products H2 and CO2, 
i.e., selectivity values of ~65% and ~20% were found, respectively. Apparently, 
the selectivity is roughly independent of the cobalt particle size.

For possible fuel cell applications, the current product stream should be 
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purified since severe fuel cell poisoning will occur with the relatively high 
amount of CO (~8%).21

From the EtOH conversion (after 24h operation) the cobalt weight-normalized 
activity (mmolEtOH.gCo

-1.s-1) and TOF (molEtOH.molCo,surf
-1.s-1) were calculated. 

(Figure 2)

Figure 2.A Cobalt weight-normalized and surface-normalized activities of Co/CNF 
catalysts (■) as function of the cobalt particle size after 24h SR reaction (H2O/ethanol 
= 3.0, 500 ºC, 20 mg catalyst). The performance of the Co/CeO2 reference catalyst 
(○) is added for comparison. 

Figure 2A shows that the cobalt weight-normalized activity strongly increases 
with decreasing Co particle size. More interestingly, also the surface-specific 
activity (TOF) shows an increase (factor ~4) with decreasing particle size (16 
to 2.6 nm). A detailed analysis of the latter trend is provided in the general 
discussion.
For a Co/CeO2 reference catalyst a similar cobalt weight-normalized activity 
(9.0∙10-3 molEtOH.gCo

-1.s-1) was found as compared to an equally sized (~10 
nm) Co/CNF catalyst. (Figure 2A) Also the TOF showed a comparable value 
(5.5 s-1) which indicates no significant influence of the support material on 
the activity for relatively large (~10 nm) Co sizes.
 
Since all catalysts showed a decrease in activity within the first 24h of SR 
reaction, the stability was investigated in more detail as function of the Co 
particle size. (Figure 3) To this end the stability was determined based on 
the differences in ethanol conversion after 0.2 and 24h and was calculated 
using equation 3:

                   (3)

where X is the ethanol conversion and assuming first-order kinetics.
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As can be observed in Figure 3, a significantly higher stability was found 
for the Co/CNF catalysts with small Co sizes (<4 nm) as compared with 
catalysts with larger sizes. This indicates a lower deactivation for smaller Co 
particles, and might be either due to a lower carbon deposition rate or less 
sintering (vide infra). In general, a higher stability was found for the Co/CNF 
catalysts as compared to the Co/CeO2 catalyst, irrespective of the Co size. 

An additional experiment for the 9.9 nm Co/CNF catalyst revealed that the 
rate of deactivation was slowed down using a higher steam/ethanol molar 
ratio of 10. However, the total deactivation after 24h catalysis did not differ 
significantly from the experiments performed with a H2O/EtOH molar ratio 
of 3.

Figure 3. Stability of Co/CNF catalysts (■) as a function of the cobalt particle size 
after 24h SR reaction (H2O/ethanol = 3.0, 500 ºC, 20 mg cat). The stability of the Co/
CeO2 reference catalyst (○) is shown for comparison. 

Oxidative steam reforming reaction (OSR) 
In the oxidative steam reforming (OSR) reaction O2 was co-feeded in the 
H2O/EtOH flow, in an attempt to minimize carbon deposition. Two examples 
of the performance of a Co/CNF catalyst with a small (2.9 nm) or large (9.9 
nm) Co particle size are shown in Figure 4.
From these graphs and measurements for other Co particle sizes it was 
concluded that high ethanol conversions (>95%) were obtained for all cobalt 
sizes. Only the smallest Co catalyst (2.9 nm) showed a slightly lower ethanol 
conversion (85%) after 24h of OSR reaction. Moreover, the latter catalyst 
also showed the highest deactivation with time-on-stream. For catalysts 
with larger Co particles (>4 nm), a lower deactivation was found.  

The selectivities towards reaction products during OSR are plotted in Figure 
5 as a function of the cobalt particle size.
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Figure 4. Ethanol conversion (XEtOH) and product distributions versus time on stream 
obtained for the OSR reaction for a 2.9 (A) and 9.9 nm (B) Co/CNF catalyst (H2O/
ethanol molar ratio = 3.0, 500 ºC).

Figure 5. Selectivities of the most abundant products H2, CO2, CO and acetaldehyde 
from the OSR reaction as a function of the cobalt particle size.

From this graph it can be concluded that large cobalt particle sizes (>4 
nm) show similar product distributions. However, for OSR generally a lower 
selectivity towards H2 and a higher selectivity towards CO2 are found as 
compared to the selectivities found for the SR reaction. The higher CO2-
selectivity and lower H2-selectivity is possibly due to a different ethanol 
decomposition route, viz. partial oxidation of ethanol. However, also 
total combustion of ethanol, causing a higher CO2-selectivity, cannot be 
excluded. 
The smallest (<4 nm) particles show a significantly larger amount of 
acetaldehyde and smaller amount of H2 as compared to larger ones. This 
suggests that the C-C cleavage is more difficult on small Co particles under 
OSR conditions. A plausible reason for this observation might be a higher 
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extent of surface oxidation of smaller particles in this reaction. To confirm 
this, in situ techniques using e.g., X-ray absorption spectroscopy should be 
applied.

TEM analyses
Two spent Co/CNF catalysts (Co3 and Co16 nm) from the SR and OSR 
reaction were investigated by TEM analysis and compared with their fresh 
counter parts (Figure 6).

Figure 6. TEM analyses of fresh and spent (SR and OSR) Co/CNF catalysts with Co 
sizes of 2.9 (Co3) and 16 nm (Co16). 

In this figure, representative TEM images of the fresh catalysts are depicted 
in the first column in which both the entangled CNFs and cobalt particles 
are visible. In the TEM images of the spent Co16 catalysts used in the SR 
reaction the parent fiber structure is hardly visible, and a significant layer of 
amorphous carbon is visible indicating excessive carbon deposition during 
catalysis. In contrast, this carbon deposition is much lower for the Co3 
catalyst, and many areas without carbon deposition on the fibers were found 
(cf. inset). The lower carbon deposition on small cobalt sizes nicely agrees 
with findings by others showing that carbon deposition and growth rate of 
carbon nanofibers is relatively low on small (<10 nm) Ni particles.22,23 For the 
OSR reaction lower amounts of amorphous carbon seems to be present for 
the spent Co16 catalyst as compared to the one used in the SR reaction. 

From the TEM images the cobalt particle sizes of the fresh and spent catalysts 

Ethanol steam reforming reaction for hydrogen production catalyzed by cobalt nanoparticles – smaller is better



46

were determined. For the Co/CNF catalyst (Co3) with an initial TEM cobalt 
size of 2.8 nm an average particle size of 3.4 nm and 4.1 nm was found for 
the spent catalysts from the SR and OSR reaction, respectively. For the 
Co16 catalyst a slight increase in size from 16 nm to 19 nm (SR) and 18 nm 
(OSR) was observed. The OSR spent catalyst also contained a significant 
amount of smaller (5 – 12 nm) Co particles entrapped in a fibrous material 
like depicted in the inset. This means that carbon fibers has been made 
during the OSR reaction. 
From the only moderate increase of the average Co size for Co/CNF catalysts 
due to sintering it can be concluded that for large (>10 nm) particles the 
deactivation (Figure 3) is mainly caused by carbon deposition. For small Co 
particles (<4 nm) the origin of deactivation is more difficult to address due 
to both a relatively low amount of carbon deposition and moderate particle 
sintering. To investigate this in more detail, additional experiments using 
e.g., a tapered element oscillating microbalance should be performed.24 

General discussion
In order to provide a possible explanation for the increase in TOF and 
catalyst stability with decreasing Co size, the fraction of cobalt surface atoms 
with a coordination number (CN) of 4-7 (corner and edge atoms) and 8-11 
(terrace atoms) was calculated as function of the Co particle size, based on 
a geometrical, cuboctahedral model from Van Hardeveld and Hartog.25 After 
that, the fraction of edge and corner atoms and the fraction of terrace atoms 
were plotted (Figure 7) versus TOF and stability, respectively.

Figure 7.A Surface-specific activity (TOF) of Co/CNF catalysts plotted as function 
of the fraction of surface atoms with coordination number 4-7. B. Stability of Co/
CNF catalysts plotted as function of the fraction of surface atoms with coordination 
number 8-11.

In Figure 7A an increase in activity with increasing fraction of corner and 
edge atoms is found. This in fact suggests that the edge and corner atoms 
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are the active sites for the ethanol steam reforming reaction. The increasing 
slope in this graph might indicate that the presence of a significant amount of 
coordinatively unsaturated site (cus) atoms on small Co particles influences 
the electronic properties of neighboring terrace atoms, thereby increasing 
the activity of these atoms.
Figure 7B shows a decreasing stability with increasing number of terrace 
atoms. Since for catalysts with the largest Co particle sizes and hence the  
largest fraction of terrace sites the highest deactivation and largest amount 
of carbon deposition is observed, we propose that the terrace atoms are 
responsible for the catalyst deactivation. This is possibly due to a nucleation 
of graphene sheets that require larger domains of flat terraces.23,26-28 

It is interesting to note that the trend of an increasing TOF with decreasing 
Co particle size clearly contrasts with the particle size trend in the Fischer-
Tropsch reaction20,29 where a lower TOF was found for Co particle sizes <6 
nm, as was discussed in the previous chapter. For the FT reaction the π-bond 
of CO has to be activated, requiring an ensemble of surface atoms. However, 
with decreasing Co particle size a decrease in the number of ensemble sites 
is expected. Instead, an increasing number of cus atoms with decreasing 
particle size is present, wich hampers the FT reaction amongst others by 
bonding CO molecules irreversibly. For the ethanol steam reforming reaction 
however, σ-bonds have to be activated which is in fact facilitated by the 
presence of cus atoms. This is due to the fact that cus atoms generally 
stabilize intermediates and transition states as compared with terrace 
atoms.5 Hence, an increase in TOF is observed with decreasing cobalt particle 
size. This is completely in line with for example the activation of CH4 which 
is enhanced on small particles of group 8, 9 and 10 metals.30-32 Therefore, 
the difference in the size-activity relationships originates in the type of bond 
activation and the type of surface sites needed for high activity.1,2

Conclusions

Cobalt on carbon nanofiber catalysts with different Co particle sizes (2.6 
– 16 nm) were tested in the ethanol steam reforming reaction to produce 
hydrogen. For steam reforming conditions (H2O/EtOH molar ratio = 3, 1 bar, 
500 ºC) an increasing activity with decreasing Co particle size was observed. 
This was ascribed to the increasing number of unsaturated cobalt surface 
atoms. Moreover, the smallest Co sizes (<3 nm) showed the highest catalyst 
stability after 24h SR catalysis, which is ascribed to a lower amount of 
carbon deposition. For the oxidative steam reforming reaction, high ethanol 
conversions were obtained, however at the expense of the H2-selectivity. 
Moreover, a lower amount of carbon was deposited as compared the SR 
reaction.

Ethanol steam reforming reaction for hydrogen production catalyzed by cobalt nanoparticles – smaller is better
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Chapter 4

Design of supported cobalt catalysts with 
maximum activity for the 
Fischer-Tropsch synthesis

Abstract: The role of the cobalt particle size distribution in the Fischer-
Tropsch (FT) reaction for supported Co catalysts was investigated. Using 
TEM histogram analyses and activity measurements of carbon nanofiber 
supported catalysts the TOF of discrete Co particle sizes was calculated. It 
was found that cobalt particles of 4.7 ± 0.2 nm are the most active in the 
FT reaction (1 bar, 220 ºC), and a narrow Co particle size distribution is 
clearly essential to arrive at the maximum activity. We have approached 
this requirement for maximum FT activity with an 18 wt% Co/SiO2 catalyst 
prepared via impregnation, drying and calcination in NO/He. The more 
narrow Co particle size distribution (4.6 ± 0.8 nm) in Co/SiO2 led to an 
activity enhancement of ~40% compared to Co/CNF (5.7 ± 1.4 nm), although 
some promoting effect of silica could not be excluded.
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Introduction 

In the Fischer-Tropsch (FT) reaction, synthesis gas (CO and H2) is converted 
into higher hydrocarbons. Using this process hydrocarbon fuels can be 
synthesized from variable sources (coal, gas and biomass), thus providing 
an alternative to fuels from crude oil. Active and selective catalysts for the 
FT reaction are mainly based on Co or Fe. Especially for Co, due to its 
higher price and lower availability, an effective use of the metal is required, 
which can be achieved by decreasing the metal particle size. However, for 
too small cobalt particle sizes a drop in activity is observed, as for example 
reported by Bartholomew1,2 and Yermakov3,4. Hence an optimal particle size 
is often reported. For example, Barbier et al. reached the highest weight-
based activity with cobalt particle sizes of 5.5 nm.5 Bezemer et al. showed 
an optimum cobalt particle size of 6 nm on carbon nanofibers (CNF) for FT 
experiments performed at 1 bar, H2/CO = 2, 220 ºC.6 Our recent Steady-
State Isotopic Transient Kinetic measurements (1.85 bar, H2/CO = 10, 210 
ºC) with similar catalysts showed changes in coverages and residence times 
of FT intermediates, and amongst others the presence of irreversibly bonded 
CO for Co particle sizes smaller than 5 – 6 nm.7 
These catalysts were often prepared by impregnation, drying, calcination and 
reduction. This approach, in general, results in catalysts with a more or less 
broad distribution of the sizes of the cobalt crystallites. For a system with 
a size-independent surface-specific activity (Turn-Over Frequency, TOF) the 
surface-average particle size would be sufficient to describe a size-activity 
relationship. However, since for the Fischer-Tropsch reaction different 
particle sizes show different surface-specific activities6,7, an analysis of the 
size-activity relationship on the basis of average Co particle sizes will be 
limited and a refinement through the use of particle size distributions is 
required. 

In the first part of this chapter cobalt on carbon nanofiber catalysts are used 
as a model system. Carbon nanofibers were chosen because of their chemical 
inertness which allows to study the intrinsic activity of cobalt particles. 
From cobalt size distribution curves and FT activities of eight catalysts we 
estimate the intrinsic TOF for discrete particle sizes via an iterative analysis. 
The results are used to calculate the Co particle size at which maximum 
activity is reached.
In the second part this knowledge is applied to synthesize a catalyst on a 
conventional oxidic support material (SiO2) with a narrow Co particle size 
distribution close to the calculated optimal size. Approaches to synthesize 
a ‘monodisperse’ cobalt catalyst may involve impregnation, sometimes 
with the use of organic precursor complexes and/or chelating ligands8-11 
or the use of colloids12,13. Aqueous impregnation using a cobalt nitrate 
hexahydrate precursor is still most widely applied. The main reasons for 
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the use of the nitrate precursor are cost-effectiveness, high loadings via 
single-step impregnation and easy removal of the ligand. However, the 
reduced catalysts prepared via this method show in general a low metal 
dispersion and broad particle size distribution. The poor dispersion of 
supported catalysts prepared via nitrate precursors has been ascribed 
to redistribution during drying or agglomeration during calcination. In a 
recent study we showed that it is possible to prevent this redistribution by 
the use of a modified calcination treatment in NO/He flow.14-16 Using this 
calcination procedure, we have been able to synthesize a highly loaded FT 
catalyst with a narrow particle size distribution from a nitrate precursor 
on a conventional silica support. The effect of the NO calcination on the 
cobalt oxide particle size distribution was studied, and compared with the 
results found for an air calcined catalyst. The reducibility of the small cobalt 
oxide crystallites prepared via NO calcination was investigated with X-ray 
Absorption Near-Edge Spectroscopy. The catalysts were moreover tested in 
the Fischer-Tropsch synthesis at 220 ºC, 1 bar. 

Experimental

Catalysts preparation 
Co/CNF
The carbon nanofiber support (fishbone-type) with a fiber diameter of 
about 30 nm was obtained as described before.17 The cobalt catalysts were 
synthesized using incipient wetness impregnation, in which cobalt loading 
(0.9-13 wt%), cobalt precursor (cobalt nitrate or cobalt acetate) and solvent 
(water or ethanol) were varied. After impregnation, the catalysts were dried 
in air at 120 oC for 12h. The cobalt on carbon nanofiber catalysts were 
reduced at 350 ºC (5 ºC.min-1) for 2h in a flow of 33 vol% hydrogen, which 
was followed by a careful passivation treatment at room temperature in air. 
This yielded Co/CNF catalysts with various average particle sizes (2.6-11 
nm).

Co/SiO2

The cobalt on silica catalysts were prepared via incipient wetness 
impregnation. Silica (Grace-Davison Davicat 1454SI silica gel, BET surface 
area = 500 m2.g-1, pore volume = 1.1 mL.g-1 and 6 nm average pore size) was 
impregnated with an aqueous cobalt nitrate solution, to achieve a cobalt 
loading of 18 wt%. Subsequently, the catalyst was dried by heating the 
samples from room temperature (RT) to 70 ºC at a heating rate of 1 ºC.min-1 
and kept at this temperature for 12h. Next, the dried catalyst (100 mg) was 
calcined in a 100 mL.min-1 flow of 1 vol% NO in He. The sample was heated 
from RT to 240 ºC at a rate of 1 ºC.min-1 and kept at this temperature 
for 1h. For comparison, another batch of the catalyst was calcined in air 
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following the same procedure of flow and ramp. The NO and air calcinations 
are abbreviated NC and AC, respectively.
A platinum promoted cobalt on silica catalyst was prepared via co-
impregnation of an aqueous solution of platinum tetrammonium nitrate 
(0.05 wt% Pt) (Aldrich) and cobalt nitrate hexahydrate (18 wt% Co) (Merck). 
After impregnation the catalyst was dried and calcined in NO/He or air as 
described above.  
All catalysts (25 mg) were reduced at 550 ºC (Co/SiO2) or 450 ºC (CoPt/SiO2) 
with a heating rate of 5 ºC.min-1, 2h, in a 60 mL.min-1 flow of 33 vol% H 2 in 
N2. Next, the catalysts were carefully air passivated at room temperature.

Catalyst characterization
The reduced and passivated catalysts were applied to a carbon support 
film via suspension in ethanol. The TEM measurements (bright-field mode) 
were conducted with a Tecnai 20 FEG microscope operating at 200 kV. The 
cobalt particle diameters from more than 200 particles for each sample 
were measured using iTEM software (Soft Imaging System GmbH). For 
non-symmetrical particle shapes both the largest and shortest distance 
was measured to obtain an average value for the particle diameter. Since 
the cobalt particles were oxidic (CoO) after the passivation treatment, as 
confirmed by XRD and XAS measurements, the cobalt metal particle sizes 
were calculated according to equation 1. 
    

                   (1)

From these particle sizes the diameter-weighted (dDW = (Σnidi)/Σni), surface-
weighted (dSW = ((Σnidi

2)/Σni)½) and volume-weighted (dVW = ((Σnidi
3)/Σni)⅓) 

average Co particle sizes were calculated.18 The standard deviation (σ = ((Σ(di-
dSW)2)/Σni)½) was calculated assuming a Gaussian spread. Subsequently, the 
Co particle sizes were distributed over equally sized bins in the histogram 
analysis. A bin size of 0.50 nm was chosen, with a bin center ranging from 
1.0, 1.5, 2.0, 2.5 …. 20 nm. To check the effect of binning, three other 
bins were used with different bin size (0.25 or 1.00 nm) and/or bin center. 
Since these analyses yielded virtually identical results, we only show the 
results obtained with the 0.5 nm bins. The histograms were normalized 
assuming spherical particles and subsequently fitted using a lognormal 
distribution.19 

XPS measurements on the Co/CNF samples were conducted with a Vacuum 
Generators XPS system (Al-Kα radiation). From the Shirley background 
normalized C(1s) and Co(2p) peaks, the cobalt oxide particle size was 
calculated.6,20,21 
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Subsequently, the surface-average cobalt particle size was calculated by 
correcting for the contraction of CoO to Co as described above.

X-ray Absorption Spectroscopy (XAS) on the Co K-edge was performed 
at the DESY synchrotron (Hamburg, Germany) at beamline C (4.44 GeV, 
mean current 120 mA), using a Si(111) double crystal monochromator. As 
reference, a cobalt foil was measured simultaneously in a third ionization 
chamber. The calcined catalysts (50 mg) were diluted with 50 mg BN, pressed 
into a pellet and mounted in a dedicated transmission cell. The samples 
were in situ reduced in a ~200 mL.min-1 hydrogen flow (33 vol% H2 in He) 
at either 450 ºC or 530 ºC for 2h, with a ramp of 5 ºC.min-1. The samples 
were subsequently cooled in an H2 flow to liquid nitrogen (LN) temperature, 
at which temperature the spectra were measured. Next, the samples were 
heated to 220 ºC and CO was added to the flow of hydrogen (H2/CO = 2 
v/v). The FT reaction was performed for 2h prior to a XAS measurement at 
LN temperature. Spectra of Co3O4, CoO and cobalt foil were measured as 
references. The absorption spectra were analyzed as described elsewhere.22,23 
The X-ray Absorption Near-Edge (XANES) part of the XAS measurements was 
used to determine the degree of reduction. To this end, principal component 
analysis by linear combination of the CoO and Co foil spectra was used to fit 
the whiteline intensity of the AC and NC catalysts.  

Catalytic testing 
The Fischer-Tropsch reaction was performed at 220 oC at 1 bar in a plug-
flow reactor with an H2/CO ratio of 2 v/v. Typically 20 mg catalyst, mixed 
with 200 mg SiC (200 μm), was loaded in the reactor in order to achieve 
isothermal plug-flow conditions. The calcined catalysts were in situ reduced 
at temperatures ranging from 350 to 600 ºC, for 2h, with a ramp of 5 ºC.min-1 
in 20 mL.min-1 H2 and 40 mL.min-1 Ar. Online gas chromatography analysis 
(C1-C16) was performed during the FT reaction to determine the activity and 
selectivity (wt%) towards C1 (methane) and C5+ hydrocarbons. The activity 
was expressed as Cobalt-Time Yield (CTY, 10-5 molCO.gCo

-1.s-1). The reported 
activity and selectivity data are obtained after at least 20 h of FT synthesis 
and at 2% CO conversion. 

Results and discussion

TEM histogram analysis and calculation of intrinsic TOF
The TEM images of eight Co/CNF catalysts with different cobalt particle 
sizes are provided in Appendix C-1, together with their cobalt particle size 
histograms. An example of a TEM image, particle size distribution and its 
lognormal fit is provided in Figure 1.
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Details of the preparation, cobalt sizes and FT activities of these Co/CNF 
catalysts are shown in Table 1. Part of these results was taken from Bezemer 
et al.6 For the TEM particle sizes, both the diameter-weighted, surface-
weighted and volume-weighted diameters were calculated.

Figure 1. Example of a TEM image and histogram analysis (0.5 nm bins) for a Co/
CNF catalyst (IWN13). The solid line in the histogram graph represents a lognormal 
fitting curve.

Table 1. Cobalt on carbon nanofiber catalysts with their preparation details, loadings, 
particle sizes and FT activities

Catalyst Solvent Precursor Co 
loading 
(wt%)

XPSa 
(nm) 

TEM b 
dDW 
(nm)  

TEM b 
dSW ± σ 
(nm) 

TEM b  

dVW 
(nm)

FT c 
activity

IWN13 d Water Cobalt nitrate 13 8.5 6.2 6.9 ± 2.6 7.8 2.17
IWN12 Water Cobalt nitrate 12 10 10.8 11.3 ± 3.2 11.8 1.52 
IWN10 Water Cobalt nitrate 9.9 11 8.3 9.7 ± 5.0 11.6 1.83
IEN8 d Ethanol Cobalt nitrate 7.5 5.9 5.3 5.7 ± 1.4 6.0 3.51
IEN4 Ethanol Cobalt nitrate 3.8 4.6 4.0 4.3 ± 1.3 4.7 2.08
IWA4 d Water Cobalt acetate 4.2 4.1 2.9 3.2 ± 1.0 3.6 1.46
IWA1 Water Cobalt acetate 0.9 2.9 2.7 2.8 ± 0.8 3.0 0.93
IWA1 d Water Cobalt acetate 1.0 2.6 2.3 2.4 ± 0.7 2.5 0.80

aBased on C and Co XPS signals. b diameter-weighted (dDW), surface-weighted (dSW) 
and volume-weighted (dVW) average cobalt particle sizes (nm) after reduction and 
passivation, including the standard deviation (σ (nm)). c CTY = 10-5 molCO.gCo

-1.s-1.
dCatalyst data from Bezemer et al.6 

The histograms were fitted using a lognormal fit to obtain the particle size 
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distribution in the limit of an infinite number of size measurements.
Based on these lognormal distributions and the overall activity of the eight 
catalysts an estimate of the intrinsic surface specific activity (TOFi,n) for 
each particle size was made, using following procedure. First, the number 
of cobalt surface atoms per gram of cobalt in each bin for each catalyst was 
calculated. Next, an intrinsic surface specific activity (TOFi,n) was attributed 
to a specific Co particle size, i.e. the center of a histogram bin. As an initial 
guess for this intrinsic activity, the TOF-size relationship found by Bezemer 
et al.6 was taken. Subsequently, this TOFi,n was multiplied by the number 
of cobalt surface atoms per gram cobalt present in the corresponding bin. 
Summation over all bins yielded a calculated activity (CTY) value. This 
procedure was performed for all catalysts, which enabled to compare 
a number of measured and calculated CTY values. In the last step, the 
intrinsic activity was iteratively changed to match measured and calculated 
CTY values. From the eventual estimated intrinsic activities, the Co particle 
size corresponding to the maximum activity was calculated. A detailed 
description of the analysis and calculations are provided in Appendix C-2. 
In Figure 2A an example of the estimated intrinsic TOF, for which the best 
fitting result was obtained, is shown as function of the Co particle size. 
Based on this the weight-based activities (CTY) for various Co/CNF catalysts 
could be calculated. In Figure 2B this calculated CTY is plotted versus the 
measured CTY, showing the validity of the estimation of the intrinsic TOF.

Figure 2.A Estimated intrinsic TOF as function of Co particle. B. Calculated CTY 
versus measured CTY of Co/CNF and Co/SiO2, and theoretical maximum activity 
(CTY).

Based on this TOFi – size relationship, it was concluded that the cobalt 
particle size for maximum CTY is found at 4.5 nm for 0.5 nm bin size. 
However, as the theoretical optimum particle size depends slightly on the 
bin size in the histogram analyses, an overall optimum cobalt particle size of 
4.7 ± 0.2 nm is obtained (Appendix C-2). 
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With the intrinsic surface specific TOF, CTY values for theoretical mono-
sized Co catalysts were calculated as a function of the cobalt particle size, 
and are plotted in Figure 3A. In the same graph the activities of the Co/CNF 
catalysts from Bezemer et al.6 are displayed, as function of their surface-
weighted particle size.

 

Figure 3.A Calculated CTY based on intrinsic TOF values (triangles). Measured CTY 
values (○) by Bezemer et al.6 are added for comparison. B. Cobalt size distribution 
of the most active Co/CNF catalyst (IEN8). The hedged area indicates the optimum 
size of 4.7 ± 0.2 nm. 

In Figure 3A it can be observed that the activity of the optimal Co/CNF 
catalyst (IEN8) is significantly lower than the theoretical maximum activity 
found for the optimum Co size. To explain the lower activity of this Co/CNF 
catalyst the particle size distribution of this catalyst is plotted in Figure 3B 
while the optimum size of 4.7 ± 0.2 nm is included (hedged area). Since the 
maximum of the size distribution coincides nicely with the hedged area, the 
lower activity of this Co/CNF catalyst should be attributed to the particle 
size distribution, rather than the difference in surface-weighted size. Most 
importantly, since the tail in the size distribution contains a relative large 
cobalt mass fraction (~60% >6 nm), a lower activity (3.5•10-5 molCO.gCo

-1.s-1) 
is found as compared to the theoretical maximum CTY of (4.5 ± 0.2)•10-5 
molCO.gCo

-1.s-1. This underlines the need for the synthesis of a catalyst with 
a narrow particle size distribution close to the optimum Co size in order to 
approach the maximum FT activity. Hereafter we report on the synthesis a 
silica-supported cobalt catalyst to approach to the latter situation and to 
apply the newly developed “design rules”.

Cobalt dispersion of Co/SiO2 catalysts from TEM analysis
For the preparation of Co/SiO2 catalysts a support material with a pore 
diameter of 6 nm was chosen. This was to ensure that the eventual Co 
particle size would end up close to the theoretical optimum cobalt size of 
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4.7 ± 0.2 nm.24,25 TEM analysis was used to investigate the cobalt particle 
size and particle size distribution on the reduced (550 ºC) and passivated 
air calcined (AC) and nitric oxide calcined (NC) Co/SiO2 catalysts in more 
detail. 

Figure 4. TEM images of reduced (550 ºC) and passivated AC (A) and NC (B) Co/
SiO2 catalysts.

When comparing the TEM analyses (Figure 4) of the AC and NC samples 
it is clear that NO calcination results in significantly smaller Co particle 
sizes. Moreover in the case of AC the Co particles tend to cluster together as 
indicated by the white circle, leaving parts of the silica surface empty. Based 
on these TEM measurements, a histogram analysis of the cobalt particle size 
distribution was obtained for the AC and NC samples (Figure 5). 

Figure 5. Cobalt particle size distribution for reduced (550 ºC) and passivated AC 
and NC Co/SiO2 catalysts. The solid lines indicate a lognormal fit to the data. 

From this graph it is evident that a significant narrowing in particle size 
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distribution is obtained with NO calcination (σ = 0.8 nm) as compared to air 
calcination (σ = 8.1 nm). Moreover, for this NC catalyst a size distribution 
was found with a surface-weighted size (dSW = 4.6 nm) close to the theoretical 
optimum particle size.
 
Since small Co particles are obtained with NO calcination, reducibility might 
become an issue.26-28 Therefore, the degree of reduction of the in-situ reduced 
AC and NC catalysts was determined using a principle component analysis 
of the XANES spectra. These XANES spectra are provided in Appendix C-3. 

Table 2. Degree of reduction of AC and NC Co(Pt)/SiO2 catalysts as obtained from 
XANES analysis.

Catalyst Calcination 
gas

Reduction 
temperature 

(ºC)

Degree of reduction 
after reduction 

(%)

Degree of reduction 
after 2h FT reaction 

(%)

Co Air 450 96 ± 5 96 ± 5
Co NO 450 77 ± 5 88 ± 5
Co NO 530 82 ± 5 89 ± 5

Co Pt NO 450 96 ± 5 94 ± 5

From Table 2 it can be seen that the relatively large cobalt oxide crystallites 
as obtained with air calcination were fully reduced at 450 ºC. However, to 
achieve a similar degree of reduction for the NC samples, with a smaller Co 
particle size, a higher reduction temperature (530 ºC) was needed. From 
the nearly complete reduction at 450 ºC for the Co Pt catalyst it can be 
concluded that the addition of Pt facilitates the reduction significantly. 
Moreover, exposure to FT conditions for 2h also increases the degree of 
reduction, most likely due to the highly reducing environment of H2 and 
CO. This phenomena has been observed earlier for example for Co/Al2O3 
catalysts.29,30

 
FT reaction with Co/SiO2  catalysts
The Co/SiO2 catalysts were tested in the Fischer-Tropsch reaction at 220 
ºC, H2/CO = 2 v/v, at 1 bar. The FT activities (CTY) and C5+-selectivities were 
determined from the hydrocarbon production. An overview of the FT results 
is provided in Table 3.

For the FT synthesis performed at 1 bar and using NO and air calcined Co/
SiO2 catalysts it can be concluded that NO calcination has a tremendous 
positive impact on the activity, since the CTY increases by a factor 2. This 
originates from a more narrow size distribution with an average Co size close 
to the optimum calculated Co particle size. However a lower C5+-selectivity 
is found for NO calcined catalysts in line with results of Holmen and co-
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workers. The latter authors have shown that the aggregation of Co particles 
lead to higher C5+ selectivity.24 For isolated Co nanoparticles additional 
promoter elements might be mandatory for high C5+ selectivity.31 Current 
research focuses on the promotion of the NC Co/SiO2 catalysts.

Table 3. FT activity and selectivity and particle sizes for Co/CNF, NC and AC Co/
SiO2 catalysts as function of treatment and support material (220 ºC, H2/CO = 2 v/v, 
1 bar).

Catalyst Calcination 
environment

Reduction time, 
temperature

(ºC)

Co3O4 size 
(nm)a

Co particle 
size (nm)b

CTY
(10-5 molCO.

gCo
-1.s-1)

C5+ 
selectivity

(wt%)

Co/CNF (IEN8) Air 2h, 350 7 5.7 ± 1.4 3.51 30
Co/SiO2 Air 2h, 550 11 15.8 ± 8.1 2.41 57
Co/SiO2 NO/He 2h, 550 5 4.6 ± 0.8 4.80 35

Co Pt/SiO2 NO/He 2h, 450 5 4.7 ± 0.8 4.85 32
aCrystallite size as determined with XRD (2θ = 43º); bAverage cobalt particle size (dSW) 
from TEM analysis determined after reduction and passivation.

Optimum cobalt particle size – Theory and Practice
In the first part of this chapter, the need for a narrow Co particle size 
distribution with an average size of 4.7 ± 0.2 nm was derived. By applying 
an NO calcination treatment of a Co/SiO2 catalyst, we met this requirement. 
The significantly higher activity found for this catalyst as compared to Co/
CNF catalysts was ascribed to the more narrow size distribution combined 
with a surface-average size close to the theoretical optimum. However, if the 
intrinsic TOFi values (Figure 2A) are used together with the size distribution 
shown in Figure 5, the expected CTY value equals 3.8•10-5 molCO.gCo

-1.s-1, 
which is lower than the measured value of 4.8•10-5 molCO.gCo

-1.s-1. The fact 
that a higher value than the expected value is observed (Figure 2B) might 
be due to a promoting effect of an oxidic support material32, since a similar 
difference is found for the air calcined catalyst where values of 1.8•10-5 
molCO.gCo

-1.s-1 (calculated) and 2.4•10-5 molCO.gCo
-1.s-1 (measured) were found 

(Figure 2B). However, distribution broadening due to the error in the TEM 
size measurements (~15 %) will affect the activity calculations too. Finally, 
it might also indicate that the optimum Co particle size is somehow support 
dependent and is different for CNF or silica. 
Next to the catalyst properties, the optimal Co particle size is also dependent 
on the FT process conditions like pressure and temperature. Bezemer et al.6 
already showed that the optimum Co particle size might shift to somewhat 
higher values for high pressure FT experiments. Therefore, it would be of 
interest to synthesize catalysts with a larger average Co size, showing similar 
narrow size distributions. Finally, the addition of promoter elements might 
influence the maximum activity as well.

Design of supported cobalt catalysts with maximum activity for the Fischer-Tropsch synthesis
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Conclusions

Cobalt on carbon nanofiber catalysts were successfully applied as a model 
system to deduce the contribution of Co particles with a specific size to 
the overall Fischer-Tropsch (FT) activity. From histogram analyses of cobalt 
particle size distributions and activity measurements, the intrinsic activity 
for specific cobalt sizes was estimated. Using this analysis, an optimum 
cobalt particle size of 4.7 ± 0.2 nm and a concurrent maximum activity 
(4.5 ± 0.2)•10-5 molCO.gCo

-1.s-1 was calculated for Co/CNF catalysts in the FT 
reaction (1 bar and 220 ºC). From the comparison of the activities of the 
theoretical mono-sized and the Co/CNF catalyst found by Bezemer et al. it 
was concluded that the Co particle size distribution rather than a difference 
in surface-average particle size causes the lower activity for the Co/CNF 
catalyst. 
Furthermore, a silica supported catalyst with a narrow Co particle size 
distribution with a surface-average size of 4.6 ± 0.8 nm was synthesized via 
NO calcination. This catalyst displays an unprecedented high FT activity, 
and outperforms the air-calcined Co/SiO2 catalysts at 220 ºC, 1 bar. The 
high activity at 1 bar is ascribed to narrowing of the size distribution close 
to the optimum. Although a moderate reducibility was found for the small 
Co particles obtained via the NO calcination, the addition of Pt facilitated the 
reduction significantly.

Supplementary information
Full details the TEM analysis, histograms and calculation of the optimal Co 
particle size with maximum activity is provided in Appendix C. 
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Chapter 5

Highly active and selective manganese oxide 
promoted cobalt-on-silica
 Fischer-Tropsch catalysts

Abstract: A highly active and selective silica-supported cobalt catalyst for 
the Fischer-Tropsch (FT) reaction (H2/CO = 2, 1 bar, 220 ºC) is reported. 
Previously, the high activity of Co/SiO2 catalysts prepared via calcination 
of a cobalt nitrate precursor in NO/He was demonstrated. However, these 
catalysts showed a low selectivity towards C5+-hydrocarbons. Here we report 
on enhancing the C5+-selectivity using a manganese oxide promoter while 
maintaining the high activity. The synthesis of the MnO promoted Co/
SiO2 catalysts comprised co-impregnation of metal nitrates, drying and NO 
calcination, with various Mn:Co ratios. For a Mn:Co atomic ratio of 0.08 after 
reduction at 450 ºC an increase in C5+-selectivity from 32 wt% (unpromoted 
catalyst) to 54 wt% was obtained, while the activity remained at 4.6∙10-5 molCO.
gCo.s-1. To understand the role of the MnO promoter infrared spectroscopy 
measurements of adsorbed CO and Steady-State Isotopic Transient Kinetic 
Analysis experiments were performed. Based on these studies, the higher 
C5+-selectivity with increasing Mn:Co ratio was ascribed to higher coverages 
of CHx intermediates.   
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Introduction

Cobalt catalysts are extensively studied and widely applied in the Fischer-
Tropsch (FT) reaction. In this reaction synthesis gas (CO/H2) is converted 
into hydrocarbons, which can be used as transportation fuel. Synthesis gas 
can be obtained from various sources as natural gas, coal and biomass, 
showing the relevance of the FT reaction.

To enhance the activity of a FT catalyst per unit weight of cobalt, it is 
commonly dispersed on a support material to enhance its surface-to-volume 
ratio by decreasing the cobalt particle size to an optimal value of 5-6 nm.1-4 A 
recent example of improving the catalytic activity using this methodology is 
provided in our previous contribution, where a cobalt-on-silica catalyst was 
synthesized by an impregnation and drying step, followed by calcination 
of the cobalt nitrate precursor in a flow of NO/He.5,6 This method yielded 
a surface-weighted particle size of ~5 nm with a narrow Co particle size 
distribution. As a result of that, a highly active (4.8∙10-5 molCO.gCo.s-1 at 1 bar) 
FT catalyst was obtained. This was however accompanied by a moderate 
C5+-selectivity (32 wt%). 
Aim of the current research is to enhance the C5+-selectivity of these small 
Co particles while maintaining their high activity. This was pursued by the 
addition of a metal oxide promoter. Various metal oxides have been used 
for selectivity promotion in FT catalysis, as has been reviewed by several 
authors.7-10 In the current study manganese oxide was chosen. Examples of 
the effectiveness of this oxide in increasing the C5+-selectivity in the cobalt 
catalyzed FT reaction have been reported.11-22 As an example, a study from 
Bezemer et al. showed an increase in C5+-selectivity from 31 to 45 wt% 
for a cobalt on carbon nanofiber catalyst upon the addition of MnO in a 
Mn:Co atomic ratio of 0.03.21 In that case MnO was added via an aqueous 
impregnation of manganese nitrate on a reduced and passivated Co/
CNF catalyst. Since this caused blocking of part of the cobalt surface, the 
enhancement in C5+-selectivity was accompanied with a decrease in activity, 
which is a general trend.13-15,17,19-22

In the current study MnO promoted Co/SiO2 catalysts were prepared via 
co-impregnation using an aqueous solution of manganese nitrate and cobalt 
nitrate, with Mn:Co atomic ratios ranging from 0 to 0.25. After drying, the 
mixed-nitrate samples were calcined in a flow of 1 vol% NO/He.5,23 Please note 
that this calcination method is key to obtain cobalt particles with a narrow 
size distribution for the unpromoted Co/SiO2 catalyst.  For comparison, 
other batches of dried sample were calcined in air. 
The catalysts were characterized using X-Ray diffraction (XRD), Transmission 
Electron Microscopy (TEM) and Scanning Transmission Electron Microscopy 
with Electron Energy Loss Spectroscopy (STEM-EELS). To investigate the 
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catalytic effect of MnO, the catalysts were tested in the Fischer-Tropsch 
reaction at 220 ºC, H2/CO = 2 v/v and atmospheric pressure. Moreover, 
room temperature CO adsorption monitored with infrared (IR) spectroscopy 
was used to indirectly probe the interaction of the supported cobalt particles 
and the manganese oxide.22,24 In addition, Steady-State Isotopic Transient 
Kinetic Analysis (SSITKA) was applied to study the amount and residence 
times of the FT intermediates CO and CHx as a function of the amount of 
MnO during steady-state CO hydrogenation at 210 ºC, H2/CO = 10 v/v and 
1.85 bar. 

Experimental

Preparation 
Silica support material (Grace-Davison Davicat 1454SI silica gel, BET 
surface area = 500 m2.g-1, pore volume = 1.1 mL.g-1 and 6 nm average pore 
size) was dried for 12h in air at 120 ºC prior to further use. MnO promoted 
cobalt catalysts were prepared via a single pore-volume impregnation 
using an aqueous solution containing Co(NO3)2.6H2O, Mn(NO3)2.6H2O 
and Pt(NH3)4(NO3)2, aiming for a cobalt metal loading of 17 wt%. Various 
catalysts were prepared with a Mn:Co atomic ratio ranging from 0 to 0.25. 
Platinum (0.05 wt%) was added in all cases as a reduction promoter via co-
impregnation. After impregnation the catalyst was dried for 12h at 70 ºC, with 
a heating rate of 1ºC.min-1, in stagnant air. Subsequently, the dried catalyst 
(100 mg) was calcined for 1 h at 240 ºC in a 100 mL.min-1 flow of either 1 
vol% NO in He (NC) or air (AC). The catalysts (20 mg) were reduced prior to 
FT catalysis with a heating rate of 5 oC.min-1 at temperatures ranging from 
400 ºC to 550 oC for 2h, using a flow of 30 vol% H2/He (60 mL.min-1). For 
the various analysis measurements (vide infra) similar reduction conditions 
were applied, followed by passivation in air at room temperature (r.t.).

Characterization
X-Ray Diffraction (XRD) analyses were conducted to determine the average 
crystallite size of the calcined catalyst precursors. The diffraction patterns 
were recorded by a Bruker-AXS D8 Advance X-ray diffractometer using Co-
Kα radiation (λ = 1.789 Å) scanning from 10 to 90º 2θ. The Co3O4 crystallite 
sizes were determined using the Scherrer equation for the (311) peak at 2θ 
= 43.1º. 
Transmission Electron Microscopy (TEM) measurements were performed on 
a FEI Tecnai 20F. TEM samples were prepared via an ethanol suspension of 
the passivated catalysts brought onto a carbon film on a copper grid.
Scanning Transmission Electron Microscopy with Electron Energy Loss 
Spectroscopy (STEM-EELS) measurements were performed to investigate the 
spatial distributions of cobalt, manganese and silica in an AC and NC Co/
MnO/Pt/SiO2 catalyst (Mn:Co = 0.08 at/at). The Co and Mn L2,3-edges and 
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the O K-edge were studied using a 100 keV STEM apparatus (VG HB 501) 
equipped with a field emission source and parallel Gatan EELS spectrometer.25 
The EELS-spectra were taken with a 0.99 eV energy resolution and a 1 nm 
spatial resolution. The reduced and passivated samples were sonicated in 
ethanol and brought onto a carbon film on a regular copper EM grid.
X-ray Absorption Near-Edge Spectroscopy (XANES) at the Co K-edge was 
applied to study the degree of reduction of the catalysts. The measurements 
were done at DESY synchrotron (beamline C) in Hamburg, using a Si(111) 
double crystal monochromator detuned to 60% of the maximum intensity to 
avoid higher harmonics. The catalysts were reduced in situ in a transmission 
cell in a 30 vol% H2 in He flow, with a ramp of 5 ºC.min-1 at 450 ºC, for 2h. 
Prior to an XANES measurement the samples were cooled in the H2/He 
flow to liquid nitrogen temperature. Spectra of Co3O4, CoO and cobalt foil 
were measured as references. The absorption spectra were analyzed using 
the XDAP code, as described elsewhere.26,27 The degree of reduction was 
calculated using linear combination analysis of the XANES spectra of the 
catalysts, CoO and Co foil references.  
Infrared spectroscopy was used to study the adsorption of CO on the 
cobalt catalysts, and investigate the influence of MnO addition. For the IR 
measurements, passivated catalyst (5 mg) was mixed with silica (5 mg, Davicat 
silicagel), pressed into a self-supporting wafer (~6 mg.cm-2) and mounted 
in an IR transmission cell. Prior to the CO adsorption measurements, the 
catalysts were re-reduced in an H2 flow (~50 mL.min-1) at 450 ºC for 2h. 
Afterwards, the catalysts were cooled to room temperature. Below 100 ºC, 
the hydrogen flow was stopped, and the cell was evacuated (10-6 mbar) for 
15 min. Subsequently, after the admission of 350 mbar 10 vol% CO/He to 
the cell, several IR spectra were collected during a period of 30 min.   

Catalysis 
The Fischer-Tropsch reaction was performed at 220 oC at 1 bar in a plug-
flow reactor with a H2/CO ratio of 2 v/v. Typically 20 mg catalyst (90 – 150 
μm), mixed with 200 mg SiC (~200 μm), was loaded in the reactor in order to 
achieve differential and isothermal plug-flow conditions. The catalysts were 
reduced in situ in an H2/Ar (20/40 mL.min-1) flow at temperatures ranging 
from 400 to 600 ºC for 2h, with a ramp of 5 ºC.min-1. Gas chromatographic 
analysis was performed during the FT reaction to determine the activity 
or Cobalt-Time-Yield (CTY, 10-5 molCO.gCo

-1.s-1) and selectivity (wt%) towards 
C1 and C5+ hydrocarbons. The reported activity and selectivity data are 
obtained after at least 20h operation and at 2% CO conversion level, which 
was achieved by tuning the gas flow. 
The SSITKA experiments were performed as described elsewhere.28 Typically 
100 mg catalyst (90 – 150 μm) was diluted with 200 mg SiC (75 – 150 μm) 
and loaded in a plug-flow microreactor. Prior to catalysis, the catalysts were 
reduced at 450 ºC for 2h, with a flow of 30 vol% H2 in Ar (40 mL.min-1). The 
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experiments were performed at 210 ºC, 1.85 bar, with an H2/CO ratio of 10 
v/v. During steady-state reaction isotopic switches were performed, e.g., 
from 12CO/Ar/H2 to 13CO/Kr/H2. The transients of labeled reactants and 
products (e.g., 13CO and 13CH4) were monitored with a Mass Spectrometer 
(MS). The surface residence times and coverages of CO and CHx intermediates 
were calculated from those transients. A gas chromatograph equipped with 
FID and TCD was used to determine the CO conversion.

Results and discussion

In Table 1 the Co3O4 crystallite sizes of the calcined Co(/MnO)/Pt/SiO2 
catalyst precursors prepared via NO calcination (NC) or air calcination (AC) 
with different Mn:Co ratios are shown. 

Table 1. XRD Co3O4 crystallite sizes (nm) for AC and NC Co(/MnO)/Pt/SiO2 catalysts 
with various Mn:Co atomic ratios; Co loading is 17 wt% for all samples. 

Mn:Co ratio XRD crystallite size (nm)

AC NC
0 9.7 4.7

0.06 5.8 3.3
0.08 4.9 3.0
0.13 5.0 3.3
0.25 4.3 3.3

As can be observed in Table 1, the air calcination treatment yields a 
significantly larger crystallite size for the unpromoted catalyst as compared to 
that obtained after calcination in a flow of NO/He. This shows the beneficial 
impact of NO calcination on the Co3O4 crystallite size, which is in line with 
previous findings.5,6,29

For the MnO promoted catalysts, a smaller difference in Co3O4 crystallite size 
after either air calcination or NO calcination was observed. Nevertheless, a 
decrease in crystallite size is observed for both NC and AC catalysts after the 
addition of a small amount of MnO (Co/MnO = 0.06 at/at) as compared to 
their unpromoted counter parts. From Table 1 it is moreover concluded that 
the crystallite sizes of the Co/MnO/Pt/SiO2 NC samples are not influenced 
by the amount of MnO, whereas the Co3O4 crystallites of the AC samples 
showed continuously a decreasing size with increasing MnO content. It 
should be noted though that the co-impregnation method is expected to 
yield mixed CoMn-oxides after calcination. As the Mn2+ ions possibly change 
the stacking in the cobalt oxide crystals slightly, domain sizes rather than 
crystallite sizes will be detected with XRD. This suggests that from XRD we 
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will underestimate the crystallite sizes. In all cases no diffraction lines of 
bulk MnO were detected. 

TEM analysis from reduced (450 ºC) and passivated catalysts was used to 
investigate the cobalt particle size and distribution in more detail.
 

Figure 1. TEM pictures of reduced (450 ºC) and passivated AC (A) and NC (B) Co/
Pt/SiO2 catalysts, and NC Co/MnO/Pt/SiO2 catalysts with Mn:Co ratios of  0.06 (C) 
and 0.25 (D). The scale bar represents 50 nm.

From Figures 1A and 1B, showing TEM images of unpromoted AC and NC 
Co/Pt/SiO2 catalysts, respectively, it was concluded that a significantly 
higher cobalt dispersion is obtained with NO calcination as compared to air 
calcination. This confirms the XRD results (vide supra). Moreover, clustering 
of cobalt particles is observed in the case of the air calcined samples (as 
indicated by the white circle in Figure 1A) while the cobalt particles of the 
NC prepared sample (Figure 1B) are well separated on the silica surface. 
For the MnO-promoted samples (Figures 1C and 1D) prepared via NO 
calcination, small Co particles (3-5 nm) are obtained for both low (0.06) 
and high (0.25) Mn:Co atomic ratios. From the virtual similar cobalt sizes 
of the unpromoted and promoted NC catalysts (Figures 1B, 1C and 1D) is 
was concluded that the effect of the Mn:Co ratio on the cobalt dispersion is 
negligible, confirming the XRD results.

To investigate the spatial distribution of cobalt and manganese oxide on 
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the silica surface after reduction and passivation, Scanning Transmission 
Electron Microscopy measurements combined with electron energy loss 
spectroscopy (STEM-EELS) were conducted. In this study the catalyst with 
the optimum FT performance with a Mn:Co ratio of 0.08 at/at (vide infra) 
prepared via NO calcination was investigated along with the corresponding 
air calcined sample. 

Figure 2. STEM-EELS analysis for reduced (450 ºC) and passivated AC (A) and 
NC (B) Co/MnO/Pt/SiO2 catalysts (Mn:Co = 0.08 at/at), each at two different spots 
on the samples. The colors indicate the elements oxygen (green), cobalt (red) and 
manganese (blue). The white bar represents 5 nm.   

In Figure 2 composite maps of energy selected STEM images of a NO and air 
calcined sample, each measured at two different spots on the sample, are 
shown with the spatially resolved integrated EELS intensities for oxygen, 
cobalt and manganese.  
From these images it can be concluded that a higher cobalt dispersion is 
obtained for the NC catalyst than for the AC catalysts, which confirms the 
XRD and TEM results (vide supra).

Moreover, the dispersion of MnO has increased significantly upon NO 
calcination. Whereas relatively large particles of MnO (up to 4 nm) are 
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formed after air calcination, often present close to the Co particles, the NO 
calcination seems to yield a homogeneous distribution of MnO over the 
silica surface. This shows that the NO calcination was applied successfully 
to a mixed metal-nitrate system.

X-ray absorption spectroscopy was applied to investigate the degree of 
reduction. These experiments were conducted at liquid nitrogen temperature, 
after an in situ reduction treatment. The XANES part of these measurements 
on various Co(/Mn)/Pt/SiO2 catalysts, together with Co foil and a CoO 
reference sample, is shown in Figure 3. 

Figure 3. XANES spectra from in situ reduced (450 ºC) catalysts and the reference 
samples CoO and Co foil.

Using linear combination analysis of CoO and Co foil reference samples, 
the degree of reduction of the in situ reduced AC and NC catalysts was 
determined, and is listed in Table 2.

Table 2. Degree of reduction of Co(/MnO)/Pt/SiO2 catalysts as obtained from XANES 
analysis. 

Catalyst Calcination Reduction 
temperature

 (ºC)

Degree of 
reduction 

 (%) 
CoPt Air 450 96 ± 5
CoPt NO 450 96 ± 5

CoPtMnO* Air 450 94 ± 5
CoPtMnO* NO 450 62 ± 5

*Mn:Co = 0.08 at/at

From this table it is concluded that high degree of reductions are obtained at 
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450 ºC for both the AC and NC samples without MnO. Also for the AC Co/
MnO/Pt/SiO2 catalyst (Mn:Co = 0.08 at/at) complete reduction is achieved. 
However, NC Co/MnO/Pt/SiO2 shows a degree of reduction of 62% only. Yet, 
the degree of reduction increased to 82% after 2h of FT synthesis (data not 
shown). The lower degree of reduction might be attributed to the retarding 
effect of MnO on the extent of reduction, as has been shown earlier e.g., for 
Co/MnO/TiO2 catalysts.30 

FT catalysis
In a first series of catalysis experiments, the effect of Mn:Co ratio on the FT 
performance was studied. The catalysts were reduced at 550 ºC to reach a 
degree of reduction close to 100% (vide supra). 

Figure 4. Effect Mn:Co ratio on activity (A) and selectivity (B) for AC and NC Co(/
MnO)/Pt/SiO2 catalysts reduced at 550 ºC.

For the NC catalyst reduced at 550 ºC it can be concluded that the addition 
of MnO up to Mn:Co = 0.08 brings about an increase of both activity (Figure 
4A) and selectivity (Figure 4B). For larger amounts of MnO (Mn:Co >0.13) 
slightly higher C5+-selectivity values were found, however at a significant 
expense of the activity. This might be due to blockage of the cobalt surface21 
and/or a lower degree of reduction due to the reduction-retarding effect of 
MnO.16

For the AC catalyst it was found that already the addition of a small amount 
of MnO caused a decrease in activity, which value even further decreased for 
higher Mn:Co ratios. This might be due to blocking of the cobalt surface by 
MnO. Nevertheless, the beneficial effect of MnO is reflected in the increase 
in C5+-selectivity, and in increase in Mn:Co atomic ratio from 0 to 0.25 was 
accompanied with an increase in C5+-selectivity from 56 to 70 wt%. 

For the NC catalyst with the optimum amount of MnO (Mn:Co = 0.08 at/
at), the effect of reduction temperature was investigated (Figure 5A). For 
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comparison, the effect of reduction temperature on the performance of the 
NC Co/Pt/SiO2 catalyst without MnO was included (Figure 5B). 

Figure 5. Effect of the reduction temperature on activity and selectivity for (A) the NC 
Co/MnO/Pt/SiO2 catalyst (Mn:Co = 0.08 at/at) and (B) the NC Co/Pt/SiO2 catalyst.

From Figure 5A it can be concluded that for NC Co/MnO/Pt/SiO2 a 
slight increase in C5+-selectivity is obtained with an increase in reduction 
temperature. For the activity a shallow optimum temperature of 450 ºC 
is found. The lower activities obtained at too high reduction temperatures 
(>450 ºC) might be due to sintering. 
For the unpromoted NC Co/Pt/SiO2 catalyst (Figure 5B), an initial increase 
in activity with increasing reduction temperature is shown. At too high 
temperatures (>450 ºC) however, a significant drop in activity is observed, 
which is attributed to sintering concluding from additional XRD results. 
It is interesting to note that the drop in activity at too high reduction 
temperatures (<450 ºC) is larger for the Co/Pt/SiO2 catalyst as compared to 
the Co/MnO/Pt/SiO2 catalyst. This might indicate that the MnO promoter 
prevents sintering of the Co particles during reduction. For the Co/Pt/SiO2 
catalyst relatively low C5+-selectivities were found, although higher values 
(up to 48 wt%) were obtained at higher (>450 ºC) reduction temperatures.
From the comparison of the Co/Pt/SiO2 and Co/MnO/Pt/SiO2 catalysts 
reduced at their optimum reduction temperature (450 ºC) to obtain 
maximum activity it can be concluded that a significant increase in C5+-
selectivity (from 32 wt% to 54 wt%) is achieved by the addition of MnO. Most 
notably, the highest activity (4.6⋅10-5 molCO.gCo

-1.s-1) found for MnO promoted 
catalyst is very close to the value of 4.9⋅10-5 molCO.gCo

-1.s-1 obtained for the 
unpromoted catalyst, cf. Figure 5B. This indicates that the addition of the 
MnO promoter is not accompanied with a decrease in activity. This might 
indicate that for the optimal Mn:Co ratio (0.08 at/at) the MnO does not 
block the cobalt surface or that the manganese acts both as selectivity and 
activity promoter.30 
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IR spectroscopy
Infrared (IR) spectroscopy of adsorbed carbon monoxide was applied to 
investigate the effect of MnO on the nature of the cobalt surface of NC Co(/
MnO)/Pt/SiO2 catalysts. As CO can bind to the cobalt surface in a linear, 
bridged and multiple-bridged form, which all have a characteristic vibrational 
frequency in the infrared region, detailed information about the surface 
structure and electronics of the surface sites can possibly be obtained.22,31,32 
In this study, catalysts with a Mn:Co atomic ratio of 0, 0.08 and 0.13 were 
investigated as well as air-calcined Co/Pt/SiO2. 

Figure 6. Transmission IR with CO adsorption (30 ºC, 30 min, 350 mbar 10 vol% 
CO in He).

Figure 6 shows the region of the CO vibrations in the IR spectra. Small 
bands developed at 2180 and 2126 cm-1 are assigned to gaseous CO.22 For 
the air and NO calcined Co/Pt/SiO2, bands at 2057 and 1892 cm-1 are found, 
which are indicative for linear and bridged bonded CO on metallic cobalt 
particles, respectively.33 From the peak areas it can be concluded that the 
amount of adsorbed CO on the NC catalyst is almost twice as high as on the 
AC catalyst, which is due to the difference in Co dispersion. Moreover, a two 
times higher linear:bridge ratio of adsorbed CO is found for the NC catalyst, 
which might be ascribed to a higher fraction of edge and corner sites at the 
surfaces of the small cobalt particles in the NC sample than present at the 
larger particles of the AC sample. A similar effect has been observed for 
adsorption of CO on a defect rich Co(0001) surface, where a lower quantity 
of bridge-bonded CO was found as compared to the amount present on an 
annealed surface with a low amount of defects.34

   
The presence of MnO in the NC samples induces a significant change in both 
the CO coverage and bonding mode.This proves the close interaction of the 
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Co particles and MnO promoter. The lower IR absorption signal indicates 
a lower amount of CO adsorbed on the manganese promoted catalysts, 
probably due to blocking of part of the Co surface by MnO.21 Moreover, next 
to the peak at 2057 cm-1

, a second distinct peak of linearly bonded CO is 
observed at around 2012 cm-1 region. Whereas the first peak (2057 cm-1) is 
ascribed to CO adsorption on fcc cobalt35, the latter peak has been attributed 
to the linear adsorption of CO on low-coordinated sites.4 However, these sites 
are also expected to be present on the NC Co/Pt/SiO2 sample. The fact that 
no peak is observed at 2012 cm-1 for this sample indicates that the MnO-
promoted catalysts exhibit a different cobalt surface structure as compared 
to the unpromoted catalysts. Another possibility might be a promoter effect 
in which MnO interacts with the CO molecule, thereby possibly weakening 
the CO bond as compared to the linearly adsorbed CO on fcc Co via e.g., a 
non-bonding electrostatic interaction.36

For the AC Co/Pt/SiO2 and the MnO promoted NC catalysts higher C5+-
selectivities were found as compared to the C5+-selectivity of the NC Co/
Pt/SiO2 catalyst. Since the AC catalyst shows a higher amount of bridged-
bonded CO and the MnO promoted catalysts possibly show a different 
surface structure as compared to NC Co/Pt/SiO2, it might be concluded 
that the C5+-promoting effect of either a relatively larger Co size (AC sample) 
or the presence of MnO has a different origin.

Steady-State Isotopic Transient Kinetic Analysis
The carbon FT surface intermediates were investigated by an isotopic switch 
from 12CO/Ar/H2 to 13CO/Kr/H2 after reaching steady-state conversion at 210 
ºC, H2/CO = 10 v/v and 1.85 bar. This was followed by a back-switch, after 
reaching an isotopic steady-state. From this back-switch, the residence times 
of CO and CHx were calculated. In this case the CHx intermediates represent 
the surface species which eventually produce CH4. A detailed description of 
the transient analyses has been published elsewhere.28 For AC Co/Pt/SiO2 
and NC Co(/MnO)/Pt/SiO2 with Mn:Co atomic ratios of 0, 0.08 and 0.25, 
the amounts (N) of CO and CHx bonded to the cobalt surface were calculated 
using the residence times and gas flows. (Table 3) Since part of the surface 
might be blocked by MnO, as the IR CO adsorption measurements suggest, 
the determination of the number of Co surface sites via the cobalt dispersion 
is cumbersome. Hence, the CO and CHx surface coverage on the promoted 
catalysts could not be calculated. Based on previous SSITKA studies3,28 
however, it was assumed that the number of cobalt surface sites equals two 
times the number of reversibly bonded CO. This allowed to calculate the CHx 
coverage via θCHx = NCHx/(2NCO).  

Table 3 shows that the CO residence time and amount adsorbed on the NC 
Co/Pt/SiO2 catalyst is twice as high as compared to the amount of CO on
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its air-calcined counter part. This is in line with the IR results (vide supra) and 
is ascribed to the two times higher Co surface area per gram of catalyst. 

Table 3. Residence times and amounts of CO and CHx intermediates obtained for 
an AC Co/Pt/SiO2 and NC Co(/MnO)/Pt/SiO2 catalysts with various Mn:Co ratios. 
Included is the calculated CHx coverage and the TOF.

Mn:Co 
ratio (at/at)

τCO

 (s)
τCHx, corr

a 
(s)

NCO (mmol.
gcat

-1)
NCHx (mmol.

gcat
-1)

θCHx 
b TOFcalc 

c
 

(10-3 s-1)

AC 0 12 8.5 91 25 0.14 13
NC 0 24 4.3 174 26 0.07 15

0.08 18 5.5 97 32 0.17 22
0.25 9.9 7.9 76 31 0.19 17

aCorrected via: τCHx¸corr = τCH4 – 0.5τCO (ref 37); bCalculated assuming cobalt surface 
equals 2NCO; cCalculated assuming TOFcalc = (θCHx/τCHx, corr) (ref 3).

For the CHx intermediate, both a lower residence time and surface coverage 
was found for the NC Co/Pt/SiO2 catalyst as compared to its AC counter 
part. However, upon MnO addition, an increase in residence time and 
coverage of CHx intermediates was observed with increasing Mn:Co ratio, 
which is in line with findings by Vada et al. using  LaOx promotion for a Co/
Al2O3 catalyst.38 At the same time, both a decrease in the residence time and 
amount of reversibly adsorbed CO was observed. 

From the CHx coverage and residence time, and assuming pseudo first-
order kinetics, the TOF was calculated (Table 3).3 The obtained values show 
a similar surface-specific activity for the AC and NC Co/Pt/SiO2 catalyst. 
Interestingly, for the MnO promoted catalysts a higher calculated TOF was 
found, which indicates that MnO also acts as an activity promoter. This 
might explain the fact that a higher selectivity of the MnO promoted NC 
samples was found, without showing a significant loss in activity.

In order to provide a qualitative understanding of the higher C5+-selectivity 
of the MnO promoted catalysts and the air-calcined Co/Pt/SiO2 catalysts, 
the CHx coverage was plotted versus the CH4 and C5+-selectivities in Figure 
7. In this figure a clear trend of increasing C5+-selectivity and decreasing C1-
selectivity with increasing CHx coverage is visible. These trends in selectivity 
might be rationalized by a higher C-C coupling probability with higher CHx 
coverages leading to a higher C5+- and lower C1-selectivity.39
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Figure 7. CH4- and C5+-selectivities of Co(MnO)/Pt/SiO2 catalysts as a function of 
the CHx surface coverage.

Conclusions

In this chapter the effect of MnO addition on the activity and C5+-selectivity 
in Fischer-Tropsch synthesis was studied for Co/SiO2 catalysts calcined in 
a flow of air or 1 vol% NO/He. For the NO calcined (NC) Co/Mn/Pt/SiO2 
catalysts a significantly smaller average Co size was found as compared to 
the air calcined samples. Moreover, as STEM-EELS data showed, this was 
accompanied with a significant increase in MnO dispersion. This indicates 
that calcination in NO/He can be applied successfully to mixed cobalt nitrate 
and manganese nitrate systems. For the NC Co/Mn/Pt/SiO2 catalyst with 
an optimum Mn:Co atomic ratio of 0.08, an increase in C5+ selectivity from 
32 wt% (unpromoted) to 54 wt% was found, yet without a significant loss 
in activity. For air-calcined (AC) Co/Mn/Pt/SiO2 high C5+-selectivities (up to 
70 wt%) were found, although accompanied with moderate activities.  
From infrared spectroscopy experiments of adsorbed carbon monoxide 
it was concluded that MnO blocked part of the cobalt surface. Moreover, 
concluding from a second band of linearly bonded CO, the presence of MnO 
possibly induces the formation of a different cobalt surface structure as 
compared to the unpromoted catalysts. 
Steady-State Isotopic Transient Kinetic Analysis results showed a decrease 
in both the residence time and amount of adsorbed CO and an increase 
in the residence time and coverage of CHx with increasing MnO content. 
Moreover, higher CHx residence times and coverages were found for the large 
Co particles (~10 nm) obtained via air calcination as compared to than the 
smaller ones (~5 nm) prepared via calcination in NO/He. 
The observed increase in C5+-selectivity for higher MnO loadings was 
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attributed to the increase in the CHx coverage, bringing about a higher C-C 
coupling probability. 
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Summary and concluding remarks
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Aim of the work described in this thesis was first to investigate cobalt 
particle size effects in heterogeneous catalysis. The main focus was to 
provide a deeper understanding of the origin of the cobalt particle size 
effects in Fischer-Tropsch (FT) catalysis. It was shown earlier using cobalt 
on carbon nanofiber (CNF) catalysts that Co particles smaller than 6 nm 
display a decreased surface-specific activity (Turn-Over Frequency, TOF) 
and increased methane selectivity in FT experiments performed at pressures 
of 1 bar and 35 bar. 
In Chapter 2 Steady-State Isotopic Transient Kinetic Analysis (SSITKA) was 
applied to investigate the effect of the cobalt particle size on the surface 
residence times and coverages of FT reaction intermediates. From these 
SSITKA experiments it was concluded that the surface residence times of 
reversibly bonded CHx and OHx intermediates increased significantly for 
particles smaller than 6 nm, whereas a decrease was observed in the CO 
residence time. The CHx, OHx, and CO residence times appeared independent 
of size for larger (>6 nm) Co particle sizes. The surface coverages of the CHx, 
OHx and CO intermediates decreased for small particles and appeared to be 
constant for large particles. In contrast, an increase in the coverage of H and 
irreversibly bonded CO was observed for small (<6 nm) Co particles. Based 
on these findings and using kinetic models, a quantitative description of the 
TOF and qualitative description of CH4-selectivity is provided. Whereas the 
lower TOF for small Co particles (<6 nm) is due to both blocking of part of 
the cobalt surface by irreversibly bonded CO and a lower intrinsic activity of 
the remaining terrace sites, the increased methane selectivity is attributed 
mainly to the higher coverage of hydrogen on small Co particles. 
The current results reveal several aspects of the origin of the cobalt particle 
size effect. Still, additional studies have to be performed in order to explain for 
example the increased residence time of CHx on small (<6 nm) Co particles. 
This might be revealed by studying the electronic differences of large and 
small particle sizes using e.g., in situ X-ray Photon Spectroscopy or other 
surface-sensitive techniques. 
Another example of particle size effects in catalysis was shown for the ethanol 
steam reforming reaction for hydrogen production, and was investigated in 
Chapter 3 using Co/CNF catalysts. It was demonstrated that the catalytic 
activity increased with decreasing Co particle size (16 - 2.6 nm), which 
was ascribed to the higher fraction of unsaturated cobalt (edge and corner) 
surface atoms facilitating the cleavage of σ-bonds. The H2-selectivity (~65%) 
appeared independent of particle size. Interestingly, the smallest Co sizes (<3 
nm) displayed a larger stability as compared to large cobalt particles, which 
was tentatively assigned to a lower carbon deposition rate as compared to 
larger ones. It was proposed that this is due to the absence of large terraces, 
required for carbon deposition. For oxidative steam reforming conditions, 
high ethanol conversions (85-100%) were obtained for all Co sizes, although 
at the expense of the H2-selectivity (<50%).

Summary and concluding remarks
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The second part of this thesis involves enhancement of the performance of 
FT catalysts. In Chapter 4 the influence of Co particle size distributions of 
FT catalysts on activity was investigated. By combining the cobalt particle 
size distributions obtained via TEM analyses of various Co/CNF catalysts 
and the activities of these catalysts, the cobalt size (4.7 ± 0.2 nm) with 
maximum activity could be calculated. Subsequently, this knowledge was 
used to synthesize a Co/SiO2 catalyst with an average Co particle size close 
to this optimum size. This synthesis comprised an impregnation of a silica 
support with 6 nm pores with an aqueous cobalt nitrate solution, drying 
and calcination in diluted nitric oxide, yielding a narrow size distribution 
with an average Co particle size of 4.6 ± 0.8 nm. The weight-normalized 
activity of this Co/Silica catalyst was ~40% higher as compared to the 
optimum Co/CNF catalyst, which was ascribed to the more narrow particle 
size distribution. An X-ray Adsorption Near-Edge Spectroscopy (XANES) 
study showed that the Co/Silica catalysts were reducible at elevated (550 
ºC) temperatures. The reducibility was moreover strongly enhanced by the 
addition of Pt as reduction promoter. The selectivity towards the desired 
heavier hydrocarbons (C5+-selectivity) was however relatively low (~35 wt%). 
In Chapter 5 we successfully enhanced this selectivity by the addition of a 
manganese oxide promoter. Co/MnO/Pt/Silica catalysts were prepared via 
a co-impregnation of cobalt nitrate and manganese nitrate and a subsequent 
calcination in NO/He. A high dispersion of MnO and Co was obtained, which 
was evident from scanning transmission electron microscopy combined with 
electron energy loss spectroscopy and TEM measurements. For the optimum 
Mn:Co atomic ratio of 0.08 in the FT synthesis, an increase in C5+-selectivity 
from 32 wt% (unpromoted catalyst) to 54 wt% was reached. Interestingly, 
this was not accompanied by a significant loss in activity. To understand 
the effect of MnO addition, both infrared spectroscopy using CO as probe 
molecule and SSITKA experiments were applied. From these experiments it 
was inferred that the addition of MnO changes the cobalt surface structure. 
Moreover it was concluded that MnO acts as both selectivity and activity 
promoter. Finally, the higher C5+-selectivity obtained for the manganese 
promoted catalysts was rationalized from the increase in the CHx surface 
coverage as derived from the SSITKA experiments. 

Summary and concluding remarks



86



 87

Chapter 6b

Nederlandse samenvatting
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Het doel van het onderzoek beschreven in dit proefschrift was in de eerste plaats 
om deeltjesgrootte-effecten van kobalt in heterogene katalyse te bestuderen. 
De voornaamste doelstelling hierbij was om inzicht te krijgen in het effect 
van de grootte van kobaltdeeltjes in de Fischer-Tropsch (FT) reactie. Een 
vorige studie had aangetoond, met behulp van kobaltnanodeeltjes gedragen 
door koolstofnanovezels (carbon nanofibers, CNF), dat kobaltdeeltjes kleiner 
dan 6 nanometer een verlaagde oppervlakte-genormaliseerde activiteit (TOF) 
en een verhoogde selectiviteit naar methaan vertonen in FT-experimenten 
uitgevoerd bij een druk van zowel 1 als 35 bar. 
In hoofdstuk 2 werd ‘Steady-State Isotopic Transient Kinetic Analysis 
(SSITKA)’ toegepast om het effect van kobaltdeeltjesgrootte op de 
oppervlakteverblijftijden en bedekkingsgraden van reactie-intermediairen 
te bepalen. Op basis van de SSITKA-resultaten werd geconcludeerd dat de 
verblijftijden van reversibel gebonden CHx- en OHx-intermediairen op het 
kobaltoppervlak significant toenamen voor kobaltdeeltjes kleiner dan 6 nm, 
terwijl een afname in the verblijftijden van CO werd gezien. De verblijftijden  
van CHx-, OHx- en CO-intermediairen bleken onafhankelijk te zijn van de 
deeltjesgrootte voor grote (>6 nm) kobaltdeeltjes. De bedekkingsgraden van 
deze intermediairen namen af voor kleine deeltjes, en bleken constant te zijn 
voor grote deeltjes. Daarentegen werd een toename in de bedekkingsgraad 
van waterstof en irreversibel gebonden CO gevonden voor kobaltdeeltjes 
kleiner dan 6 nm. Een semi-kwantitatieve beschrijving van de TOF en CH4- 
selectiviteit kon gegeven worden gebaseerd op de SSITKA resultaten in 
combinatie met eenvoudige kinetische relaties. Terwijl de lage TOF van kleine 
Co deeltjes (<6 nm) toegeschreven kon worden aan zowel een blokkering van 
hoeken en randen van het kobaltoppervlak door irreversibel gebonden CO 
en een lagere activiteit van de overblijvende plaatsen op de terrassen, was de 
verhoogde selectiviteit naar methaan voornamelijk het gevolg van de relatief 
hogere bedekkingsgraad van waterstof op kleine kobaltdeeltjes.
De huidige resultaten laten verschillende aspecten van de oorzaak van de 
kobaltdeeltjesgrootte effecten zien. Vervolgstudies zijn echter noodzakelijk 
om bijvoorbeeld de toegenomen verblijftijd van CHx op kleine (<6 nm) 
kobalt deeltjes te verklaren. Dit zou gedaan kunnen worden door mogelijke 
electronische verschillen tussen het oppervlak van grote en kleine deeltjes te 
bestuderen met bijvoorbeeld in situ ‘X-Ray Photon Spectroscopy’ of andere 
oppervlakte-gevoelige technieken.

Een ander voorbeeld van deeltjesgrootte-effecten in katalyse werd 
gedemonstreerd in de ‘steam reforming (SR)’ van ethanol voor de productie 
van waterstof. Dit werd onderzocht in hoofdstuk 3, gebruik makend 
van Co/CNF katalysatoren. Hier werd aangetoond dat de katalytische 
activiteit toenam met afnemende kobaltdeeltjesgrootte (16 – 2.6 nm), wat 
toegeschreven werd aan de hogere fractie van onverzadigde kobaltatomen op 
het deeltjesoppervlak (hoeken en randen) die het verbreken van C-C bindingen 
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vergemakkelijken. De selectiviteit naar waterstof (~65%) bleek onafhandelijk 
van de deeltjesgrootte. Een andere interessante vinding was dat de stabiliteit 
van de kobaltdeeltjes toenam met afnemende deeltjesgrootte. Dit werd 
toegeschreven aan een lagere fractie van terrasplaatsen die verantwoordelijk 
werden geacht voor koolstofafzetting, daarbij deactivering veroorzakend. 
Voor de oxidatieve ‘steam reforming’ condities werden een hoge conversies 
van ethanol (85-100%) bereikt voor alle kobaltdeeltjesgroottes, wat echter 
ten koste ging van de selectiviteit naar waterstof (<50%).

Het tweede doel van dit proefschrift was het verhogen van de prestaties 
van FT-katalysatoren. In hoofdstuk 4 werd eerst de invloed van 
kobaltdeeltjesgrootteverdelingen op FT-activiteit bestudeerd. Door 
‘Transmission Electronen Microscopy (TEM)’ analyses aan verschillende 
Co/CNF katalysatoren te combineren met de FT-activiteiten van deze 
katalysatoren was het mogelijk om een kobaltdeeltjesgrootte van 4.7 ± 0.2 
nm met maximale activiteit te berekenen. 
Vervolgens werd deze kennis toegepast om een silica-gedragen kobalt 
katalysator te synthetiseren met een gemiddelde kobaltdeeltjesgrootte 
dicht bij de optimale grootte. Deze synthese bestond uit een impregnatie 
van een silicadrager met 6 nm poriën met een waterige oplossing van 
kobaltnitraat, gevolgd door een droogstap en een calcinatie in een 
verdunde flow van stikstofmonoxide (NO) in helium. Dit leverde een nauwe 
deeltjesgrootteverdeling op met een gemiddelde kobalt grootte van 4.6 ± 0.8 
nm. De gewichts-genormaliseerde activiteit van deze katalysator was ongeveer 
40% hoger dan de optimale Co/CNF katalysator, hetgeen toegeschreven werd 
aan de smallere deeltjesgrootteverdeling. Een ‘X-ray Absorption Near-Edge 
Spectroscopy’ studie toonde aan dat de katalysatoren reduceerbaar waren 
op een temperatuur van 550 ºC. Deze reductie temperatuur werd aanzienlijk 
verlaagd door de toevoeging van Pt als reductiepromoter. De selectiviteit naar 
de gewenste koolwaterstoffen van vijf of meer koolstofatomen (C5+-selectiviteit) 
was echter relatief laag en bedroeg ongeveer 35 gewichtsprocent.
In hoofdstuk 5 is beschreven hoe een aanzienlijke verbetering van 
deze selectiviteit behaald kon worden door de toevoeging van een 
mangaanoxidepromoter. Co/MnO/Pt/Silica-katalysatoren werden bereid via 
een co-impregnatie van kobaltnitraat en mangaannitraat gevolgd door een 
calcinatie in NO/He. Dit leverde een katalysator op met een hoge disperie 
van zowel kobalt als mangaanoxide, wat duidelijk aangetoond werd met 
behulp van scanning transmission electron microscopy gecombineerd met 
electron energy loss spectroscopy en TEM-metingen. 
Voor de optimale Mn:Co atomaire ratio van 0.08 in de FT-synthese werd 
een toename in C5+-selectiviteit van 32 gewichtsprocent (niet-gepromoteerde 
katalysator) naar 54 gewichtsprocent bereikt. Dit werd, interessant genoeg, 
niet vergezeld met een significant verlies van activiteit. 
Om het effect van de MnO-toevoeging te begrijpen werden zowel 
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infraroodspectroscopie, gebruik makend van koolstofmonoxide als 
testmolecuul, en SSITKA-experimenten toegepast. Op basis van deze 
experimenten werd geconcludeerd dat de toevoeging van MnO een 
verandering in de kobaltoppervlaktestructuur teweeg brengt. Bovendien 
kon worden afgeleid dat MnO zowel als een selectiviteitspromoter als 
activiteitspromoter optreedt. Tenslotte werd de hogere C5+-selectiviteit 
verkregen met de MnO-gepromoteerde katalysatoren gekoppeld aan de 
toename in de bedekkingsgraad van CHx zoals gevonden werd in de SSITKA-
experimenten.
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Appendix A 

Preparation and characterization of three generations Fischer-Tropsch 
catalysts
1st generation: Cobalt on kieselguhr
The cobalt on kieselguhr catalysts was prepared via a precipitation 
procedure based on earlier described work by e.g., Anderson et al.1 To this 
end a solution of 24.6 gr cobalt nitrate was heated to boiling point. Next, 
an aqueous suspension (25 ml) of 5.0 gr kieselguhr (BET surface area = 20 
m2.g-1, pore volume = 0.1 mL.g-1) was heated to boiling point and was mixed 
with a hot solution of 9.2 gr sodium carbonate in 50 mL H2O. The latter 
mixture was added to the cobalt nitrate solution under vigorous stirring. The 
precipitate was filtered and washed thoroughly in order to remove sodium, 
and was subsequently dried at 120 ºC for 12 h. The dried catalysts was 
crushed and sieved to a 150 – 212 μm size fraction. The catalysts (50 mg) 
were reduced for 2 h prior to Fischer-Tropsch catalysis at 400 ºC (5 ºC.min-1) 
in a flow of 30 vol% H2 in He (100 mL.min-1). For TEM analysis, a similar 
reduction treatment was applied, followed by careful air exposure at room 
temperature. 

2nd generation: AC Cobalt on silica
As a typical example of a second generation catalysts a cobalt on silica 
catalyst prepared via incipient wetness impregnation and air calcination 
(AC) was chosen. For the preparation of this catalyst (18 wt% Co) an aqueous 
solution of cobalt nitrate was added to a silica support material (Grace-
Davison Davicat 1454SI silica gel, BET surface area = 500 m2.g-1, pore 
volume = 1.1 mL.g-1) such that the added volume equaled the pore volume. 
After impregnation the sample was dried for 12 h at 70 ºC in stagnant air, 
with a heating rate of 1ºC.min-1. Subsequently, the dried catalyst (100 mg) 
was calcined at 240 ºC in a 100 mL.min-1 air flow. The catalyst was in situ 
reduced prior to FT catalysis at a temperature of 550 oC for 2 h, with a 
heating rate of 5 oC.min-1, using a flow of H2 in He of 20 and 40 mL.min-1, 
respectively.

3rd generation: NC Cobalt on silica
For the third generation catalyst a similar procedure as used in the synthesis 
of the second generation catalyst was applied. However, instead of the 
calcination in air, the dried sample was calcined in a flow of 1 vol% NO in 
He (NC). For FT catalysis and TEM analysis similar conditions as described 
above were used.
 
Reference 
(1) Anderson, R. B.; Krieg, A.; Seligman, B.; O’Neill, W. E. Ind. Eng.   
 Chem. 1947, 39, 1548-1554. 
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Appendix B

B-1. SSITKA modeling – CH4

The normalized transient CH4 curves were analyzed in more detail, and fits 
to these curves were made using models from Soong et al.1 These models 
consist of a single pool (model A), two pools in series (model B) or two pools 
in parallel (model C). 

Model A. Single pool
        
               (B.1)

Model B. Two pools in series
     
               (B.2)

and                (B.3)

Model C. Two parallel pools
           
      ;            (B.4)
                    
               (B.5)

where N1 + N2 = 1

To compare the extent of fitting, both the normalized F(t) curve, to investigate 
small τ values, and the Ln(F(t)) curve, to fit large τ values, were used. (Figure 
B.1A and B.1B).

In these figures it can be observed that the fit of the single pool model (A) 
deviates significantly at the lower end of the CH4 transient curve, well before 
the point that an increased noise level makes further analysis inaccurate. 
Based on this it can be concluded that at least two CHx pools should be 
present. The presence of different carbon pools was investigated using 
models B and C, describing the case of two CHx pools in series (B) and two 
pools in parallel (C). Since model C fitted the transient decays only, this 
model was applied to fit all CH4 transient curves found for various cobalt 
particle sizes. The fitting indicated the presence of two carbon pools with τ1 
and τ2 values of 10 and 25 seconds, respectively, representing a ‘fast’ and 
‘slow’ pool. (Table B.1)
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Figure B.1A Normalized 13CH4 transient response for catalyst 6 (See Table 1, chapter 
2) (4.7 nm) as function of time (210 oC, 1.85 bar, H2/CO = 10), and fitted data using 
various models. B. Data from plot A represented on a logarithmic scale.

Table B.1 Fit parameters obtained after fitting model C to CH4 transient curves as 
function of the cobalt particle size. 
Catalyst particle size 
(nm) 2.6 4.1 4.5 4.7 5.3 5.9 16

τ1 (s) 25 25 25 25 25 25 25
τ2 (s) 10 10 10 10 10 10 10
N1 0.74 0.55 0.53 0.32 0.14 0.14 0.1
N2 0.26 0.45 0.47 0.68 0.86 0.86 0.91
τ fit 21 18 18 15 12 12 11
τ measured 22 18 18 14 11 11 9.3
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The carbon involved in the ‘slow’ and ‘fast’ pools most likely represents the 
Cα,ads and Cβ,ads surface atoms, as is often referred to, e.g. by van Dijk et 
al.2,3 The fraction of these pools, i.e. N1 (τ1) and N2 (τ2), were varied upon 
fitting the transient curves as function of the cobalt particle size. Below, the 
contribution of N1 and N2 are plotted as function of particle size.

Figure B.2 Calculated fractional amounts N1 (‘slow’ pool) and N2 (‘fast’ pool) using fit 
model C as function of the cobalt particle size. 

From Figure B.2 it is clear that the fractional contribution N1 of the ‘slow’ 
pool (τ = 25 s) is constant for particles >5 nm and as small as 0.10. However, 
for particles smaller than 5 nm, the contribution of this pool increases 
significantly to 0.75.

In order to investigate whether the two parallel pools (model C) are 
interconnected, two other models (D and E) were checked. (see ref. 1 for 
full details) In model D, two parallel pools are interconnected with a rate of 
constant β multiplied with residence time, as schematically drawn below. 
The fit results are provided in Table B.2

Scheme B.1 Schematical 
representation of model D 
(reproduced from ref.1)

Scheme B.2 Schematical 
representation of model E 
(reproduced from ref.1)
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Table B.2 Fit parameters obtained after fitting model D to CH4 transient curves as 
function of the cobalt particle size.
Catalyst particle size 
(nm) 2.6 4.1 4.5 4.7 5.3 5.9 16

τ1 (s) 25 25 25 25 25 25 25
τ2 (s) 10 10 10 10 10 10 10
N1 0.83 0.74 0.71 0.57 0.49 0.48 0.46
N2 0.17 0.27 0.29 0.43 0.51 0.52 0.54
β 1E-08 1E-08 1E-08 1E-08 1E-08 1E-08 1E-08
τ fit 23 21 21 19 17 17 17
τ measured 22 18 18 14 11 11 9.3

From this table it can be concluded that the calculated residence times 
deviate significantly from the observed values, especially for large particles. 
This means that model D does not describe the 13CH4 transients accurately. 
Moreover, the low value of β indicates that the carbon pool exchange 
contribution is negligible. 
The last model (E) represents the situation where one single pool is leading 
to products, having a second pool, i.e. reservoir, connected to it. (Scheme 
B.2)

Table B.3 Fit parameters obtained after fitting model E to CH4 transient curves as 
function of the cobalt particle size.
Catalyst particle size 
(nm) 2.6 4.1 4.5 4.7 5.3 5.9 16

τ1 (s) 10 10 10 10 10 10 10
τ2 (s) 21 21 21 21 21 21 21
N1 0.7 0.74 0.75 0.86 0.9 0.94 0.96
N2 0.3 0.26 0.25 0.14 0.1 0.06 0.045
τ fit 15 13 13 11 11 11 9.8
τ measured 22 18 18 14 11 11 9.3

As can be observed in Table B.3, there is a large deviation between fitted 
and measured residence time values for small particles. This model was 
therefore rejected as well.
Thus we concluded that two independent CHx pools are present on the 
cobalt surface. This observation of independent methane formation from 
more than one carbon pool is supported by findings of De Pontes et al. for 
nickel and ruthenium catalysts.4

To substantiate the presence of two pools we used the inverse Laplace 
transform (ILT) method to derive a reactivity distribution of the catalyst 
surface.4 
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Here a numerical procedure was applied,5 fitting the transient to the sum of 
exponential terms. 

               (B.6)

For practical reasons, the number of exponentials was limited (N=15) to fit 
the transient curves. Different values for τ were taken, ranging from 0-30, 
and using these values the pre-exponential coefficients an were evaluated. 
As an initial guess, Gaussian distributions around the two τ values found 
with model C were taken as input. This procedure was repeated for different 
cobalt particle sizes, and the resulting coefficients were plotted as function 
of τ and particle size. (Figure B.3)

Figure B.3 Coefficient distribution as function of residence time τ and cobalt particle 
size.

It can be observed in this graph that a narrow distribution is found, around 
the τ values obtained for two parallel pools model (C). This supports the 
presence of two pools.

B-2. SSITKA modeling - CO
For the CO transients, the presence of either a single pool or multiple pools 
was investigated as well. Therefore, the same fitting procedure was applied 
to the CO curves as used for the CH4 transient curves. The effect of the cobalt 
particle size on the response of CO transients is plotted in Figure B.4. 

Appendix B



98

Figure B.4 Normalized 13CO transient curves as function of the cobalt particle size 
(210 oC, 1.85 bar, H2/CO = 10).

The difference of the CO transients with the CH4 transients is the delayed 
response of the CO transient with respect to an isotopic switch, referred 
to as the chromatographic effect.6 To account for this, the constant τC was 
added to the fit models A, B and C (Eq. B.1, B.2 and B.4, respectively) as for 
example shown in equation B.7.

                B.7) 

Using this modified equations it appeared that the single pool model (Eq. 
B.1) describes the curves the best. Values found for the fitted τ1 and τC are 
shown below.

Figure B.5 Estimated values for the chromatographic effect (τC) and the transient 
response (τ1) obtained from fitting the CO transient curves.
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From this graph it is clear that, a decrease in the chromatographic effect is 
visible for small particle sizes, which is both due to the smaller total cobalt 
surface area in the reactor and shorter residence time (Figure 3A, chapter  
2). Using the values for the total residence time (τ), being the sum of τC and 
τ1, the CO adsorption enthalpy as function of the cobalt particle size was 
estimated, using equation B.8. 
      
                     (B.8)

Bridge et al reported a desorption enthalpy of 103 kJ.mol-1 for a Co(0001) 
surface.7 Assuming that this value is valid for the large particles (>10 nm), 
the value of τ0 could be calculated. This enables to evaluate the desorption 
enthalpy of reversibly bonded CO as function of the cobalt particle size, 
although neglecting the coverage dependency of the desorption enthalpy and 
that fact that the particles are polycrystalline. This exercise shows however 
that the desorption enthalpy decreases to 93 kJ.mol-1 for the smallest 
particle size, which is also reflected in the decreased CO residence times for 
the small cobalt particles.

B-3. Additional Figures

Figure B.6 
A CO introduction experiment at 150 ºC was performed by a switch from Ar to 
12CO/Kr. From this experiment the amount of CO adsorbed during this initial 
transient could be calculated.

Appendix B



100

 

Figure B.7
Normalized transient curves of C16O2 and C16O18O for a 16 and 4 nm cobalt particle 
size (catalysts 1 and 8, respectively) obtained during a C16O/H2/Ar to C18O/H2/
Kr switch (H2/CO = 10, 210 ºC). This figure demonstrates the slower production 
of C16O18O for the smallest Co particle size, which might indicate a stronger Co-O 
bond. 

Figure B.8
 Normalized transient curves obtained after a CO/H2/Kr to CO/D2/Ar switch (H2/CO 
= 10, 210 ºC). During this switch the formation of HD was monitored.
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Appendix C

C-1. TEM histogram analysis
To determine the surface-specific intrinsic activity, optimum Co particle 
size and maximum FT activity, a detailed TEM analysis on reduced and 
passivated Co/CNF catalysts was performed. For these catalysts, the 
diameter of more than 200 Co particles was measured for each sample. The 
cobalt particles were confirmed to be oxidic (CoO) after the reduction and 
passivation treatment, and their size was therefore adjusted based on the 
difference in Co and CoO density and molecular weight:
           
               (C.1)

Subsequently, a histogram analysis was performed on those cobalt particle 
sizes. The particles were distributed in bins with varying bin size and 
position. An overview of the used histogram bins is provided in Table C.1.

Table C.1 Bin sizes used in the histogram analysis

Bin center (nm) Bin size (nm)

Bin 1 1.0, 2.0, 3.0, ….20.0 ∆ = 1.0
Bin 2 1.25, 1.75, 2.25, ….19.75 ∆ = 0.50
Bin 3 1.0, 1.5, 2.0, .... 20.0 ∆ = 0.50
Bin 4 1.125, 1.375, 1.625, …. 19.875 ∆ = 0.25

Obtained histograms were fitted with a lognormal distribution function.1 
The TEM images, histogram distributions (using Bin 3) and lognormal fits 
of the eight Co/CNF catalysts are shown below. Also the surface-average Co 
sizes and their standard deviation are indicated. 

Figure C.1 IWN13 (dSW = 6.9 ± 2.6 nm)
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Figure C.2 IWN12 (dSW = 11.3 ± 3.2 nm) 

    

Figure C.3 IWN10 (dSW = 9.7 ± 5.0 nm)

Figure C.4 IEN8 (dSW = 5.7 ± 1.4 nm)
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Figure C.5 IEN4 (dSW = 4.3 ± 1.3 nm)

Figure C.6 IWA4 (dSW = 3.2 ± 1.0 nm)

Figure C.7 IWA1 (dSW = 2.4 ± 0.8 nm) (reprinted with permission from ref. 2. 
Copyright 2006 American Chemical Society) 

Appendix C



 105

Figure C.8 IWA1 (dSW = 2.8 ± 0.7 nm)

C-2. Calculation maximum activity from histogram analysis
From the lognormal fitting curves, the number of particles (Ni) within a 
specific bin (vide supra) was determined. This number was multiplied with 
the volume (Vi) of the average size, i.e. the volume which is obtained using 
the Co particle diameter, assuming a spherical particle shape. This yielded 
the total Co volume (Vtotal, m3):

               (C.2)

The normalization factor (NF, gCo
-1) is required to compare the obtained size 

distributions for different samples on a weight basis:

                (C.3)

In the next step, the surface area per gram of cobalt (SAi,w, m2.gCo
-1) was 

calculated for each bin by multiplying the surface area from a specific bin 
and the normalization factor. For the former, again the center of the bin 
was taken to calculate the surface area from that specific bin, assuming a 
spherical geometry.

                (C.4)

This weight based surface area could then be converted into the number of 
Co atoms (nSurfCo,i, molSurfCo.gCo

-1) at the surface, assuming one Co atom per 
0.0628 nm2 (4r2, r = ½ Co-Co bond length).

               (C.5)
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For the determination of the intrinsic TOF (TOFi,n, molCO.molSurfCo
-1.s-1) an 

iterative procedure was applied. First, the activity (CTY, molCO.gCo
-1.s-1) of the 

individual Co/CNF catalysts was calculated by multiplying the normalized 
number of Co surface atoms (eq. C.4) and an initial guess for TOFi,n: 

               (C.6) 

For the initial TOF guess the previously found TOF-cobalt size relationship2 
was taken for Co particle sizes ranging from 1-20 nm. In next step, the 
TOFi,n was changed such that the differences between the calculated CTYs 
(eq. C.6) and the measured CTYs catalysts was minimized (Figure C.9B). 
For this iterative process the solver option in Microsoft Excel was used, with 
the boundary conditions of a constant TOF for large particles (>x nm) and a 
decreasing TOF with decreasing Co particle size for small particles (<x nm).

Figure C.9A Estimated intrinsic TOF as function of Co particle and bin size. B. 
Calculated CTY using various bins versus measured CTY for Co/CNF catalysts, 
with encircled the theoretical maximum CTY values of hypothetical mono-dispersed 
catalysts.

From these intrinsic TOF- size relationships it was concluded that the cobalt 
optimum particle size ranges from 4.5 to 5.0 nm. Based on this the activity of 
a theoretical mono-sized catalyst could be calculated (eq. C.6) as a function 
of the cobalt particle size (Figure C.10). 
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Figure C.10 Calculated CTY as function of Co particle size for various bin sizes. 
Measured CTY values of Co/CNF (○) by Bezemer et al.2 are added for comparison.

C-3. XANES analysis Co/SiO2
To investigate the degree of reduction,  in situ X-ray Absorption Spectroscopy 
(XAS) measurements were conducted from which the XANES part was 
investigated in more detail. A comparison between reduced catalysts and 
reference samples (CoO and Co foil) is shown in Figure C.11.

Figure C.11 XANES spectra from reduced samples and reference samples CoO and 
Co foil. All samples were reduced at 450 ºC, unless indicated differently.
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