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Chapter 1 

Introduction and scope 

1.1 Introduction 

In a landscape of growing inequality and inequity, humanity faces one of our greatest challenges yet, 

climate disaster. Since the onset of the industrial revolution, global temperature has been rising [1]. 

This can be directly correlated to the emission of anthropogenic greenhouse gasses, especially CO2 

[2]. The Glasgow Pact recently reevaluated the Paris Climate agreement and found that even under 

those pledges a dramatic global temperature increase of 2.7 – 3.7 oC could be reached, which led to 

further refining the pledges to reduce carbon dioxide emissions to net zero by midcentury [3]. Much 

of these global emissions stem from power generation and consumption [4]. Power generation by 

burning of fossil resources can in principle be relatively easily replaced by renewable energy sources 

like wind farms and solar panels. In 2021, already 29% of all global power generation was through 

renewables [5]. However, whilst renewable power generation can adequately replace gas- and coal-

fired power plants, other chemicals such as transportation fuels as well as many bulk and fine 

chemicals still require fossil sources of carbon as a feedstock. A prime example are transportation 

fuels such as gasoline, kerosene and diesel. While a significant part of the mobility needs can be 

covered by renewable energy through the use of electric vehicles using batteries, there will remain a 

strong need for liquid fuels for heavy duty transport including aviation. Despite recent development 

in for instance synthesizing synthetic kerosene [6], processes for synthetic hydrocarbon fuels are far 

from commercial practice. Besides their high current cost, there is also a mismatch with the very large 

global demand for liquid hydrocarbon fuels.  This also holds for most of the chemicals produced by 

the chemical industry. The discrepancy between the need for many chemical products and swift 

climate action to avoid disaster emphasizes the importance of alternative liquid hydrocarbons 

production. Key to the transition to a more sustainable economy are technologies that can convert 

various carbon-containing feedstocks to liquid products, i.e. XTL (anything-to-liquids) processes. [7]  
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1.2 Fischer-Tropsch synthesis 

One of the major XTL technologies is the Fischer-Tropsch synthesis (FTS) process. This is a well-

studied industrial process with a long history. The first patent filed by Franz Fischer and Hans Tropsch 

will celebrate its 100th birthday in 2025 [8]. This technology was quickly adopted in Germany to 

produce synthetic fuels and reduce their dependence on crude oil imports. The FTS process refers to 

the conversion of synthesis gas (often abbreviated as syngas), a mixture of carbon monoxide and 

hydrogen, to longer chain hydrocarbons. A simplified representation is given by Equation 1, showing 

the formation of alkanes from the synthesis gas feed [9].  

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

Many products formed in the FTS reaction can also be directly obtained through oil refining. 

Throughout its history, the Fischer-Tropsch process has seen appeal when oil prices were high. The 

main advantages of FTS are the high purity of the product as the syngas feed can be easily cleaned, 

and the tunability of the reaction and its products. The Fischer-Tropsch reaction is a polymerization 

reaction of CHx monomers that form in situ. The value of n in Equation 1 determines the chain length 

of the hydrocarbon product. For instance, if diesel were desired, one would require n to be in the 

range of 12-18. However, as with most polymerization reactions, a wide distribution of products with 

different carbon numbers is obtained. As such, products like (undesired) methane (n = 1), and lower-

value naphtha (n = 4-11) are obtained. The distribution of hydrocarbon products obtained in the 

Fischer-Tropsch reaction can be reasonably described by the Anderson-Schulz-Flory (ASF) 

distribution [10]–[12]. The main parameter of the ASF is the chain-growth probability factor (α), 

which is defined by Equation 2 [13] where Rp is the rate of propagation and Rt is the rate of 

termination.  

𝛼 =  
𝑅𝑝

𝑅𝑝+ 𝑅𝑡
  (2) 

As the product distribution directly follows from the reaction kinetics, it can be tuned by changing 

the experimental conditions. This versality allows the reaction to be operated to produce mainly 

heavy, light or intermediate carbon products. Whilst current commercial FTS operations use natural 

gas and coal as carbonaceous feedstock, synthesis gas can alternatively be obtained from renewable 

sources. For instance, gasification of biomass can also be used to produce synthesis gas [14], while 

the reverse water-gas shift (rWGS) reaction can convert CO2 (e.g., obtained from direct air capture) 

to CO. This can be done by the thermocatalytic rWGS reaction using green hydrogen [15]–[17] or 
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direct electrochemical CO2 reduction using renewable electricity [18]. Such sustainable methods of 

generating syngas would allow for the production of renewable hydrocarbons through the Fischer-

Tropsch synthesis.  

1.3 Catalysis 

For the successful commercial exploitation of FTS, a catalyst is required. This is not uncommon in 

the chemical industry with nearly 90% of all chemical processes utilizing a catalyst during one or 

more of the reaction steps [19]. Well-known examples of catalytic processes are the Haber-Bosch 

process to convert nitrogen to ammonia, which is essential for the production of artificial fertilizer, 

and the three-way catalyst installed in the exhaust system of gasoline cars to reduce noxious 

emissions. The primary function of a catalyst is to accelerate the chemical reaction. The catalyst does 

this by forming bonds with the reacting molecules, allowing them to react more easily i.e., with a 

lower activation energy allowing for instance operation at milder conditions. After the product is 

formed in this manner, the bond with the catalyst is broken and it returns to its original state, ready 

for another cycle. This catalytic cycle is schematically shown in Figure 1. Whilst the overall reaction 

thermodynamics remain unchanged, the catalyst opens a new reaction pathway with a lower energy 

barrier than the uncatalyzed reaction, resulting in improved reaction kinetics.  

Heterogeneous catalysts are most widely used in the chemical industry, because they are usually 

solids that can be easily separated from the gaseous and liquid reactants, which is a challenge in 

homogeneous catalysis [20]. Typical heterogenous catalysts contain an active phase, usually in the 

form of metal nanoparticles, which is stabilized on a carrier material that is often inert to the reaction. 

The role of the carrier or support material is to anchor and disperse the active metal species, providing 

mechanical and thermal stability during the catalytic reaction [21]. Typical support materials are 

porous metal oxides such as SiO2, Al2O3 and TiO2 [22], [23]. Transition metals often form the active 

phase with a preference for iron, cobalt, nickel and copper given their abundance as compared to 

precious group metals such as platinum, palladium and rhodium.  
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Figure 1: Cartoon representation of the energy diagram of a catalyzed reaction (black) and a non-

catalyzed reaction (blue). The elementary reaction steps include (1) reactant adsorption, (2) product 

desorption and (3) reaction. 

The preference for transition metals as the active phase in active catalysts can be understood by 

considering Sabatier’s principle, which dictates that the bond between the active metal and the 

reactant/product needs to be sufficiently strong to adsorb and activate the reactant but not too strong 

as this would prevent desorption of the product and thus poison the active sites. This optimum in 

terms of bond strength leads to the typically observed volcano plots, where a maximum in catalytic 

performance is observed for intermediate bond strength between the metal and the desired 

reactants/products as shown schematically in Figure 2. The bond strength between metals and atoms 

and molecules depends on their position in the periodic table. This means that transition metals close 

to one another in the periodic table will show comparable performance in a particular catalytic 

reaction. For example, for Fischer-Tropsch synthesis both cobalt [24] and iron [25] are industrially 

used, while ruthenium has been shown to be an excellent FTS catalyst [26], though being too 

expensive to be of practical importance.  
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Figure 2: Schematic representation of the volcano plot of the qualitative Sabatier principle (adapted 

from [27]. 

1.4 Fischer-Tropsch catalysts 

Both cobalt and iron are used in industrial catalysts for the FTS reaction. A drawback of iron-based 

catalysts is their water-gas shift (WGS) activity [12], while the much lower price of iron compared to 

cobalt is a clear benefit as well as their better tolerance to contaminants [28]. The intrinsic WGS 

activity of iron-based FTS catalysts can be a benefit when syngas derived from coal with a relatively 

low H2/CO ratio needs to be upgraded. The use of cobalt-based catalysts typically results in higher 

conversion rates with a higher selectivity towards long-chain hydrocarbons [24]. The low WGS 

activity makes cobalt-based catalysts preferred for converting syngas from natural gas.  Besides 

studies focusing on the activity of cobalt-based catalysts [29]–[33], there is also a clear need to better 

understand their deactivation under relevant industrial conditions [29]–[34]. The aim of such studies 

is to understand structure-performance relations, not only aimed at improving the catalytic activity 

but also to improve the stability, which is of great practical importance.  

1.4.1 Particle size effect 

The impact of the particle size of the active metal phase is important for all heterogenous catalytic 

processes. As the catalytic reactions take place on the surface of metallic particles, the rate can in a 
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first approximation be increased by reducing the particle size. This increases the dispersion which is 

the fraction of metal atoms in a particle at the surface. As such, it would seem advantageous to use 

atomically dispersed metal atoms to achieve the highest possible activity. Although the field of so-

called single-atom catalysis is burgeoning [35], many reactions require a particular ensemble of 

surface atoms. For Fischer-Tropsch catalysis, Bezemer et al. [36] found a strong particle size effect 

when studying cobalt-based catalysts with particle sizes in the range of 2.6-27 nm. The catalytic 

activity per surface atom (turnover frequency, TOF)) was found to increase when the particle size 

increased from 2.6 to 6 nm. A further increase of the particle size to 27 nm did not change the TOF. 

This implies a strong preference for 6 nm cobalt particles for the FTS reaction, as it represents the 

highest cobalt-weight based activity. Moreover, it was found that the selectivity towards long-chain 

hydrocarbons decreased when the cobalt particles became smaller than 6 nm. These dependencies 

can be explained by the concept of structure-sensitive reactions [37]–[39], implying that the catalytic 

activity is not proportional to the amount of available metal surface area. This demonstrates that not 

all surface atoms are equal in catalysis as already earlier predicted by Taylor. Based on quantum-

chemical studies of surface reactivity, it has now been firmly established that particular elementary 

reaction steps require different optimum surface atom ensembles for optimum performance [40]. 

Relevant to the FTS reaction, step-edge sites are preferred for low-barrier CO dissociation. Similar 

to N2 dissociation relevant to Haber-Bosch ammonia synthesis, such step-edge sites are stabilized 

better on larger particles. In subsequent work, Den Breejen et al. [41] found that cobalt particles 

smaller than 6 nm had a low coverage by CHx monomers during the FTS reaction and a higher 

coverage of strongly bonded CO. This is consistent with the insight that small particles lack sites for 

CO dissociation, resulting in a lower TOF. This goes together with a higher methane selectivity. As 

such, it is important to control the size of cobalt nanoparticles for successful FTS exploitation. 

1.4.2 Cobalt deactivation 

Given its importance to commercial FTS, deactivation has been thoroughly studied, identifying 

various mechanisms [32], [42]. The main pathways of cobalt catalyst deactivation are (i) poisoning, 

(ii) carbon effects, (iii) cobalt sintering, (iv) cobalt oxidation and (v) strong metal-support interactions 

(SMSI). The active cobalt phase can be poisoned by sulfur-containing compounds, which are 

typically present when synthesis gas is obtained from coal or biomass. It has been found that one 

sulfur atom can poison up to two metallic cobalt sites [43]. Also, nitrogen-containing compounds [44] 

and alkali metals [45], [46] can poison the active cobalt sites. This explains why cleaning of the 

syngas is important to successful FTS. Different from this deactivation pathway, the other ones cannot 
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be countered by syngas pretreatment, as they are the result of the formed products under industrial 

conditions. Carbon effects not only refers to the deposition of heavy wax products with high carbon 

numbers on the active sites, but also to the transformation of the metallic cobalt particles to cobalt 

carbides through the interaction of cobalt with carbon [47]. Sintering is a direct result of the high 

operating temperatures of FTS and the exothermic nature of the reaction, at these elevated 

temperatures cobalt becomes highly mobile and will seek to agglomerate to larger particles [48], [49]. 

Ostwald ripening involving mobile atomic cobalt species [50], [51] and particle coalescence [51] 

where entire particles are mobile [52], have been suggested as sintering mechanisms. Oxidation of 

the active metallic cobalt can occur due to the reaction of metallic cobalt with water, especially at 

high CO conversion, which will increase the partial pressure of steam. It has been observed that 

increasing steam to hydrogen ratios will result in cobalt oxidation [29], [53], [54]. Typical cobalt 

particle sizes used in FTS catalysts are large enough to render bulk oxidation thermodynamically 

unfavorable [55]. SMSI refers to strong interactions of metals with the metal oxide support material 

that can lead to surface or even bulk metal-support compounds (MSC). This has been most notably 

observed for reducible oxide supports such as TiO2 [56] but MSC can also be formed with irreducible 

oxides like SiO2 [56], [57] and Al2O3 [58]–[60]. 

1.4.3 Promotors 

Promotors are typically added to catalysts in small amounts as compared to the active metal and the 

support material. They are added to improve the performance in terms of activity, selectivity or 

stability. Promotors can be classified as either structural or electronic [61]. Structural promotors 

typically improve the dispersion of the active phase, thus increasing the number of active sites, 

increase the reducibility, or make the active metal less prone to sintering. Electronic promoters assist 

the reaction by withdrawing or donating electrons from the metal, thus changing the intrinsic 

reactivity of the active sites. The main promotors of interest for FTS are noble metal promotors like 

rhenium or platinum [23], [62]–[65], which are structural promotors as they assist the reducibility of 

cobalt. Manganese has been extensively studied as a promoter for cobalt and it appears to function 

both as a structural and an electronic promotor [66]–[70].  
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1.5 Mössbauer Spectroscopy 

Characterization of the active phase in catalysts is of utmost importance to formulate structure-

performance relations, which can guide the design and synthesis of improved catalysts. The most 

valuable characterization is done under close to practical conditions, although this can also be very 

challenging given the often high temperature and pressure used in industrial chemical processes. This 

also applies to cobalt FTS catalysts, which are nowadays often studied under close to practical 

conditions. Synchrotron-based characterization techniques can be very valuable for in situ/operando 

studies as the high-energy X-rays can easily penetrate reactors [65], [71]–[73]. Mössbauer 

spectroscopy, which is more easily accessible than synchrotron techniques, is based on nuclear 

resonance, where a γ-ray produced from an energy transition in an atom will excite the same transition 

in another atom. Nuclear resonance is only possible if the γ-ray does not lose any energy upon 

emission and absorption, as otherwise it would not carry enough energy to excite the same transition 

in the second atom. These nuclear events without energy loss, are referred to as recoilless, and they 

can be measured because in the solid lattice both recoiling and non-recoiling events occur in a 

quantum superposition with certain probabilities. This effect was first explained and measured by 

Rudolf L. Mössbauer [74] and is accordingly referred to as the Mössbauer effect. In order to measure 

Mössbauer spectroscopy, specific isotopes are required that decay through an excited state that 

exhibits the Mössbauer effect, preferably with a convenient half-life. Furthermore, since the 

probability for a recoilless event is directly proportional to the energy of the γ-radiation, low energy 

transitions are desired. Of the Mössbauer active elements 57Fe is by far the most used and accessible 

[75], [76], since the relevant 57mFe to 57Fe transition emits a γ-ray of only 14.4 keV, and 57mFe is 

formed during the decay of the parent isotope, 57Co, which has a half-life of 270 days. 

1.5.1 Hyperfine Interactions 

Nuclear resonance can only occur if the absorbing and emitting nucleus are experiencing the same 

environment, because the nucleus is coupled to its surroundings by hyperfine interactions. For 

example, no resonance would be observed if the source would be metallic iron, and the absorber iron 

oxide. For this reason, the energy of the source needs to be varied to measure a wider spectrum, and 

this is done with a relativistic doppler shift by moving the emitter towards and away from the absorber 

at a constant acceleration [77]. Doing so allows the analysis of a full Mössbauer spectrum, which as 

a result of its hyperfine interactions can provide key information about the structure, valence and 

coordination of the subject material. The three relevant hyperfine interactions are (i) isomer shift, (ii) 

electric quadrupole splitting, and (iii) magnetic hyperfine field, which are exemplified in Figure 3. 
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The isomer shift is a result of the Coulomb interactions between the positively charged protons in the 

nucleus and the negatively charged electrons and represents the difference in spherical electron 

densities at the nuclear sites in the emitting and absorbing atoms. Because the electron density affects 

the relevant Mössbauer energy transition, a difference in electron densities between the emitting and 

absorbing atoms results in a shift in the energy spectrum. Due to its direct correlation to the electron 

density, this isomer shift can be used to identify the valence and thus the oxidation state of the 

absorbing atom. 

A non-spherical electronic charge distribution around the nucleus results in electric quadrupole 

splitting, because a gradient in the electric field will cause a splitting of the Mössbauer transition 

energy levels (Eo). An electric quadrupole interaction will be observed if at least one of the relevant 

nuclear states has a nuclear quadrupole moment (I > ½), as is the case for 57mFe. If an electric field 

gradient is non-zero at the nucleus, the nuclear state with a nuclear quadrupole moment will 

degenerate into two separate states, resulting in two separate peaks being observed in the Mössbauer 

spectrum with a distance that is directly proportional with the quadrupole splitting. This information 

provides insight into the coordination of the probed atom. 

Finally, in the presence of a magnetic field, a nuclear state with a nuclear moment will show dipole 

interaction with the magnetic field. This will result in the nuclear state to degenerate into a number 

of states proportional to the spin of the relevant nuclear states (I), also known as the Zeeman effect 

[78]. In 57Fe Mössbauer, the Zeeman effect results in 6 separate transitions, 2 from 57Fe and 4 from 

57mFe, and thus we will observe 6 peaks in the Mössbauer spectrum. The distance between the outer 

peaks is directly proportional to the strength of the magnetic field, which allows the local magnetic 

field to be measured. Even when no external magnetic field is applied, nuclei such as metallic iron 

will show a magnetic field due to the unpaired spins of its valence electrons and the magnetic ordering 

of the atoms surrounding it. This magnetic field strength does not only give insight into the magnetic 

nature of the probed material, but also to its metallic domain size, because the local field strength was 

found to be strongly dependent on the particle size [79]. 
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Figure 3: Hyperfine interactions observed in Mössbauer spectroscopy. (a) isomer shift, (b) electric 

quadrupole splitting and (c) magnetic hyperfine field. Adapted from [80]. 

1.5.2 Mössbauer Emission Spectroscopy 

Whilst cobalt itself does not have a Mössbauer isotope, the use of Mössbauer Emission Spectroscopy 

(MES) in conventional transmission mode allows the measurement of cobalt-containing compounds. 

Using an in situ MES cell, the cobalt-containing catalyst spiked with 57Co, which decays to 57mFe, 

can be studied under high pressure and at high temperature [81]. This technique has already been 
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used extensively to study cobalt catalysts both for the FTS reaction [82] and for hydrotreating 

reactions (CoMo-sulfides) [83]–[86]. Mössbauer emission spectroscopy can provide key information 

about the valence, coordination, spin and particle size of the cobalt phases present in the catalytic 

system under realistic industrial conditions. 

1.6 Scope of this thesis 

The aim of this work is to understand the deactivation pathways of cobalt-based FTS catalysts using 

Mössbauer emission spectroscopy.  This technique allows to study the evolution of cobalt in FTS 

catalysts. The objective is to understand the role of the support (carbon, titania and silica) on the 

stability of the active cobalt phase. Use is made of a high-pressure/high-temperature in situ MES cell 

to investigate the cobalt catalysts under industrially relevant conditions, specifically the high CO 

conversion conditions that lead to high steam partial pressures. The role of manganese and platinum 

as potential structural promoters is also studied. Manganese is investigated for its ability to suppress 

sintering, while the role of platinum is studied to speed up cobalt oxide reduction. Combined with 

complementary characterization such as transmission electron microscopy and X-ray electron 

spectroscopy and catalytic activity measurements, better insight into deactivation of supported cobalt 

catalysts is targeted. 

In Chapter 2 deactivation of carbon-supported cobalt is investigated as a function of the steam partial 

pressure using carbon nanofibers as an inert support. Cobalt catalysts supported on carbon nanofibers 

are investigated by Mössbauer spectroscopy under FTS conditions as a function of the steam partial 

pressure. The role of manganese on the evolution of cobalt is studied as well. Mössbauer spectroscopy 

is complemented with ex situ TEM, STEM-EDX, and plug-flow reactor activity measurements, to 

achieve clear structure-activity relations. 

The role of manganese as a promotor is further investigated in Chapter 3. For this purpose, silica-

supported cobalt catalysts with and without the manganese oxide promoter are prepared and the role 

of platinum as reduction promoter is studied as well. Increasing humid Fischer-Tropsch conditions 

are applied to the catalysts to study the stability of cobalt on the stronger oxidic support material, with 

and without the manganese oxide promoter. Additional characterization and activity tests allow 

achieving a thorough understanding of the detrimental effects of the deactivation behavior.  

Chapter 4 focuses on the reducible oxide titania as a support material for cobalt. A total of 4 cobalt 

catalysts with cobalt weight loadings between 2% and 8% are prepared. The stability of these titania-

supported catalysts is studied under increasing humid conditions to study the deactivation on this 
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more reactive support. These measurements are complemented with XRD, TEM, STEM-EDX and 

XPS characterization and fixed-bed activity tests. The formation of oxidic cobalt is nearly constant, 

independent to the cobalt loading, indicating the support surface area is limiting cobalt oxidation. 

This latter aspect leads to a comparative study of titania supports with varying surface area in Chapter 

5. To achieve this, cobalt catalysts with similar loadings are prepared on two titania support materials 

with higher surface area than the typical P25 titania. The role of platinum is investigated in improving 

the reducibility as well as resistance to cobalt oxidation. Humid Fischer-Tropsch conditions are 

applied to study the oxidation behavior of cobalt under simulated high CO conversion conditions and 

compared with previous results obtained with P25 titania.  

The main findings of this work are summarized in Chapter 6, which also contains a brief outlook.  
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Chapter 2 

Sintering and carbidization under simulated high conversion 

on a cobalt-based Fischer-Tropsch catalyst; manganese oxide as 

a structural promotor 

Abstract 

The commercial application of cobalt-based Fischer-Tropsch synthesis (FTS) suffers from catalyst 

deactivation. One of the main deactivation mechanisms under industrial conditions is sintering. In 

this work, we explored the role of manganese oxide as a structural promoter against sintering in a 

carbon nanofiber supported cobalt model catalyst. We employed in situ Mössbauer emission 

spectroscopy to study cobalt sintering in synthesis gas as a function of the steam partial pressure, 

which mimics high CO conversion during FTS. Steam accelerates the sintering of non-promoted 

metallic cobalt particles. Model experiments point to a synergistic effect between carbon monoxide 

and steam on cobalt sintering. In the mangense-promoted case, sintering is significantly reduced, 

indicative of the structural stabilization of small cobalt particles by manganese oxide. Nevertheless, 

a fraction of cobalt particles in close interaction with manganese oxide carburized under these 

conditions, resulting in a lower catalytic activity.  

 

This chapter was published as: L.M. van Koppen, A.I. Dugulan, G.L. Bezemer, and E.J.M. Hensen, 

J. Catal., 2022, 413, 106-118.  
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2.1 Introduction 

Fischer-Tropsch synthesis, which refers to the conversion of synthesis gas to fuels and chemicals, is 

of growing importance for the valorization of diverse feedstocks. At the molecular level, Fischer-

Tropsch synthesis (FTS) entails surface-catalyzed polymerization of in situ produced CHx monomers 

formed by dissociation of adsorbed CO and subsequent hydrogenation of adsorbed carbon species 

[1]. There are currently two kinds of commercially viable low temperature FT catalysts based on 

either cobalt or iron. Cobalt catalysts are characterized by higher activity, higher chain-growth 

probability, and lower byproduct formation in comparison to iron catalysts. Moreover, different from 

iron, cobalt shows only very low activity in the water-gas shift reaction [2]. Therefore, cobalt catalysts 

are preferred when the synthesis gas is derived from natural gas and longer chain paraffins, and olefins 

are targeted. Whilst cobalt-based Fischer-Tropsch has many advantages, it also suffers from a strong 

particle size effect, requiring catalysts with a relatively high dispersion with an optimum around 6-8 

nm [3] and good stability for successful exploitation [4].  

Catalyst deactivation in cobalt-based Fischer-Tropsch synthesis is a major challenge, as catalyst 

replacement in the commonly deployed fixed-bed reactors can result in several weeks of interrupted 

production combined with the relatively high cost of cobalt. Therefore, improving the stability of 

cobalt-based FTS catalysts would be a substantial benefit in the commercial operation of the Fischer-

Tropsch process [4]. Catalyst deactivation in cobalt-based Fischer-Tropsch is a complex process, 

which according to the state of the art can be categorized in long- and short-term deactivation profiles 

[5]. Deactivation after the start-up of the reaction has been studied extensively with every resurgence 

of Fischer-Tropsch research [4], [6], [7]. The short-term deactivation is often found to be reversible 

under mild hydrogen treatments [8]. In contrast, the long-term deactivation cannot be reversed, 

making it of operational significance. The complexity lies in the underlying causes of deactivation, 

which are many and range from poisoning to strong metal support interaction (SMSI) [4]. Poisoning 

is avoided industrially by extensive scrubbing of the feed and the use of proper guarding technology 

and can therefore usually be excluded as a reason for deactivation under realistic conditions. This 

leaves oxidation, SMSI, carbon deposits and sintering as mechanisms for long-term catalyst 

deactivation. 

Sintering of the active metallic cobalt phase is typically found to be one of the main reasons for 

deactivation under FTS conditions [9]–[11]. Carbon nanofibers (CNF) as a support have an advantage 

in studying the sintering mechanism. As a result of the weak interaction between the support and the 
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metallic cobalt phase, sintering occurs on a much shorter timescale [12]–[15]. Carbon nanofiber 

catalysts have previously been used as model systems in order to understand the effect of cobalt 

particle size, and catalyst deactivation in Fischer-Tropsch synthesis [3], [8], [16]–[18]. The role of 

water, a main product in FTS, on deactivation has been under earlier investigation and studies have 

shown the potential impact on oxidation as well as sintering. Thermodynamic calculations have 

shown that spherical cobalt nanoparticles smaller than 4.4 nm are likely to be oxidised at the 

prevailing H2O/H2 ratio at FTS conditions [19]. Experimental investigations, however, not always 

detect bulk oxidation of cobalt under these (simulated) industrial FTS conditions which can be related 

to e.g. usage of larger cobalt particles, which are more resistant to oxidation, or the kinetic hindrance 

of water splitting[4], [16], [20]–[22]. The role of water on sintering has been established more 

convincingly. For instance, Kliewer et al. proposed that partial oxidation of cobalt by water led to 

oxide/hydroxide species prone to coalescence on a wetted support [12]. The group of Khodakov 

suggested a similar mechanism for the faster sintering of cobalt observed in the presence of water 

[23], whereas Ostwald ripening by sub-carbonyl species in the presence water has been hypothesized 

by Moodley et al. [6]. Additionally, recent in situ studies have shown that the formation of bulk cobalt 

carbides is possible under realistic Fischer-Tropsch conditions [24]–[26], although the process seems 

strongly kinetically inhibited. The formation of these cobalt carbides was reported to lead to a 

decrease in activity and an increase in methane selectivity [24].  

Herein, we investigate the role of water on the deactivation of CNF-supported cobalt and manganese 

oxide-promoted cobalt catalysts. Manganese oxide has been investigated as a constituent of cobalt-

based FTS catalysts already in the first half of the 20th century [27]. These early results showed the 

potential of manganese to reduce methane selectivity. Later pioneering studies using catalysts 

prepared by co-precipitation of cobalt and manganese improved our understanding of the role of 

manganese oxide as a support and selectivity promoter [28]–[31]. More recent work focused on 

manganese oxide as a promoter for supported cobalt FTS catalysts [32]–[35], in which a positive 

impact on the chain-growth probability was observed. In the present work, we focus on the role of 

manganese oxide as a structural promoter to reduce cobalt sintering. The sintering of cobalt is 

investigated under actual reaction conditions at elevated pressure by in situ Mössbauer emission 

spectroscopy (MES) [36]. A previous 57Co MES study showed that water increases cobalt sintering 

[16]. The MES measurements are supplemented by XPS, TEM and STEM-EDX characterization, 

while the catalytic performance is measured in a microflow reactor.   
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2.2. Experimental section 

2.2.1 Catalyst preparation 

Carbon nanofibers (CNF) (surface area 200 m2g-1, total pore volume of 0.46 ml g-1) were synthesized 

according to literature [37]. All the supported catalysts were prepared by incipient wetness 

impregnation preparation followed by drying in air at 120 °C for 6 hours. The impregnation solutions 

were obtained by dissolving the appropriate amount of Co(NO3)2.6H2O (≥98.0%, Sigma Aldrich) and 

Mn(NO3)2.3H2O (≥97.0%, Sigma Aldrich) in dehydrated ethanol. Two catalysts were prepared with 

a cobalt loading of 4 wt%, one unpromoted and the other promoted by manganese oxide in a Co/Mn 

atomic ratio of 5. These samples are denoted by Co(4)/CNF and Co(4)Mn/CNF, respectively. Another 

Co-Mn catalyst with a cobalt loading of 10 wt% Co and the same Co/Mn ratio of 5 is denoted by 

Co(10)Mn/CNF. A part of the impregnation solutions was spiked with radioactive 57Co by adding an 

appropriate amount of a solution containing 90 MBq 57Co in 0.1 M HNO3, while the other part was 

spiked with the same amount of a 0.1 M HNO3 solution without radioactive cobalt. In this way, two 

comparable samples were obtained with nearly identical cobalt loading, one being doped with 

approximately 0.3 µg of 57Co for the Mössbauer measurements. The radioactive samples were used 

for Mössbauer spectroscopy.  

2.2.2 Characterization 

Electron microscopy  

The surface average particle size and particle size distribution were determined with transmission 

electron microscopy (TEM). TEM measurements were performed on a FEI Tecnai 20 electron 

microscope operated at an electron acceleration voltage of 200 kV with a LaB6 filament. Typically, a 

small amount of the sample was ground and suspended in pure ethanol, sonicated, and dispersed over 

a Cu grid with a holey carbon film. 

The nanoscale distribution of elements in the samples was studied using scanning transmission 

electron microscopy−energy-dispersive X-ray spectroscopy (STEM-EDX). Measurements were 

carried out on a FEI cubed Cs-corrected Titan operating at 300 kV. Samples were crushed, sonicated 

in ethanol, and dispersed on a holey Cu support grid. Elemental analysis was done with an Oxford 

Instruments EDX detector X-MaxN 100TLE.  
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In situ Mössbauer emission spectroscopy 

Mössbauer emission spectroscopy (MES) was carried out at different temperatures using a constant 

acceleration spectrometer set up in a triangular mode with a moving single-line K4Fe(CN)6·3H2O 

absorber enriched in 57Fe. The velocity scale was calibrated with a 57Co:Rh source and a sodium 

nitroprusside absorber. Zero velocity corresponds to the peak position of the K4Fe(CN)6·3H2O 

absorber measured with the 57Co:Rh source, positive velocities corresponding to the absorber moving 

towards the source.  

To be able to measure under in situ Fischer-Tropsch conditions, an earlier described high pressure 

MES cell is used [36]. The cell is equipped with a beryllium window above the sample cup which 

ensures a leak tight system whilst still allowing the gamma rays to pass through. Additionally, the use 

of water cooling as well as various O-rings allow this cell to pass all safety requirements of working 

with radiation and high pressures of dangerous gasses. Furthermore, the use of a metal mesh in the 

sample cup means both the radioactive probed catalyst as well as a non-radioactive counterpart can 

be loaded simultaneously without mixing. In this way the non-radioactive counterpart will experience 

the exact same conditions and make it possible to perform ex situ characterization on a used catalyst 

sample. 

The Mössbauer spectra were fitted using the MossWinn 4.0 program [38]. The spectra of very small 

superparamagnetic species were fitted using the two-state magnetic relaxation model of Blume and 

Tjon, which assumes the presence of a fluctuating magnetic field that jumps between the values of 

+H and -H along the z-axis with an average frequency τ [39]. Here H typically equals 500 kOe and τ 

can vary between 1.10-9 and 1.10-12 s-1. The Mössbauer spectra of larger particles were fitted using a 

hyperfine sextuplet, resulting from the local magnetic field experienced by bulk metallic particles. 

The experimental uncertainties in the calculated Mössbauer parameters, estimated using Monte Carlo 

iterations by the MossWinn 4.0 program, were as follows: IS and QS ± 0.01 mm s-1 for the isomer 

shift and quadrupole splitting, respectively; ± 3% for the spectral contribution; ± 3 kOe for the 

hyperfine field.  

Typically, 500 mg of radioactively probed and 100 mg of non-radioactive catalyst (sieve fraction 250-

500 µm) was loaded into the reactor cell. Fischer-Tropsch experiments were performed in situ 

following reduction at 350 oC for 2 hours in 100 mL/min flow of pure H2. Reactions were done at 

200 oC and 20 bars of pressure, the CO/H2 was kept at 4 throughout, and steam was fed to achieve 

different relative humidities. Experiments were typically performed for 2 days; however, to achieve 
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a significant degree of oxidation at industrially relevant conditions this length was increased to 5 and 

11 days for the treatments with a relative humidity of 25 and 57% respectively. The water was 

evaporated and mixed with the incoming feed gas using a Bronkhorst CEM W-102A-222K. Wax 

products were collected in a downstream hot catch pot, and water was retrieved in a subsequent cold 

catch pot. An online Trace GC Ultra from ThermoFischer equipped with a RT-Silica bond column 

and a flame ionization detector and a Stabilwax column and a thermal conductivity detector was used 

to analyse the gaseous Fischer-Tropsch products.  

Quasi in situ X-ray photoelectron spectroscopy (XPS) 

The oxidation state of cobalt and manganese was studied by quasi in situ XPS using a Kratos AXIS 

Ultra 600 spectrometer equipped with a monochromatic Al Kα X-ray source (Al Kα 1486.6 eV). 

Survey scans were recorded at a pass energy of 160 eV, detailed region scans at 40 eV. The step size 

was 0.1 eV and the background pressure during the measurements was kept below 10-9 mbar. 

A high-temperature reaction cell (Kratos, WX-530) was used to pre-treat the sample supported on an 

alumina stub, allowing in vacuo sample transfer into the analysis chamber. Reduction was performed 

in a pure H2 flow at atmospheric pressure and 350 °C for 2h. After reduction, the reaction cell was 

evacuated to a pressure below 10-9 mbar. Then, the sample was cooled to 150 °C and transferred to 

the analysis chamber. Data analysis was done with the CasaXPS software (version 2.3.22PR1.0). The 

binding energy scale was corrected for surface charging by taking the C 1s peak of adventitious 

carbon as a reference at 284.8 eV. 

2.2.3 Catalytic activity measurements 

The catalytic performance was determined in a single-pass flow reactor system (Microactivity 

Reference unit, PID Eng&Tech) operated at a temperature of 220°C or 240 oC, a total pressure of 20 

bar and a H2/CO ratio of 4. In a typical experiment, 50 mg of catalyst (sieve fraction 125-250 µm) 

mixed with SiC particles of the same sieve fraction was placed in a tubular reactor with an internal 

diameter of 9 mm. The temperature was controlled via a thermocouple, located in the centre of the 

catalytic bed. The reactor was first heated in a flow of H2 to 350 oC at a rate of 5 oC/min. After a dwell 

time of 2 h, the reactor was cooled to 220°C and the gas feed composition was changed to reaction 

conditions. A gas-hourly space velocity (GHSV) of 1000 h-1 was applied which resulted in a CO 

conversion of about 10 ± 5%. A TRACE1300 GC from Scientific instrument equipped with a RT-

Silica bond column and a flame ionization detector, and a Porabond-Q column and a thermal 
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conductivity detector was used to measure the products in the reactor effluent. The Weisz−Prater 

criterion was calculated to confirm operations did not run under internal mass transfer limitations. 

Under the applied reaction conditions, the production of CO2 was not detected and the selectivity 

toward oxygenates on a molar carbon basis was less than 1%. Liquid products and waxes were 

collected in a downstream cold trap. To calculate the CO conversion independent of volume changes, 

the feed contained a known amount of Ar (i.e., 9 vol% Ar in CO was used). The CO (XCO) conversion 

was determined in the following manner: 

𝑋𝐶𝑂 = 1 −
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,𝑖𝑛𝐹𝐴𝑟,𝑜𝑢𝑡
 

where FAr,in is the volumetric Ar flow in the reactor feed, FCO,in is the volumetric CO flow in the 

reactor feed, FAr,out and FCO,out are the respective volumetric flows of Ar and CO out of the reactor 

system. 

The carbon-based selectivity of hydrocarbon compound Ci (SCi) was calculated using: 

𝑆𝐶𝑖 =
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑖𝑣𝑖

𝐹𝐴𝑟,𝑜𝑢𝑡𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂
  

where FCi is the volumetric flow of hydrocarbon compound Ci out of the reactor, and vi is the 

stochiometric factor of the hydrocarbon compound. 

The cobalt time-yield (CTY) was determined using the following equation: 

𝐶𝑇𝑌 =
𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂

𝑚𝐶𝑜
  

where mCo is the weight of cobalt used in the catalytic reaction. These equations were also used to 

analyse the activity measured during in situ Mössbauer experiments.  



Chapter 2 

24 

 

2.3. Results and Discussion 

2.3.1 Fresh catalyst characterization 

Figure 1 shows representative TEM images of the as-prepared Co(4)/CNF, Co(4)Mn/CNF and 

Co(10)Mn/CNF catalysts. The images clearly show small cobalt oxide nanoparticles dispersed on the 

fibrous carbon strands of the support. The average size and size distribution of the cobalt phase were 

determined by measuring the size of about 150 particles in ca. 8 TEM images per sample. The average 

particle sizes of the Co(4)/CNF and Co(4)Mn/CNF samples were 4.0 ± 2.7 nm and 5.6 ± 3.3 nm, 

respectively. Thus, the presence of manganese oxide did not substantially affect the particle size of 

the cobalt phase in the catalyst precursor. The particles in the Co(10)Mn/CNF sample with a higher 

cobalt loading were larger with an average size of 11.8 ± 5.4 nm. 

 

Figure 1. Representative TEM images of from left to right the as prepared (a) Co(4)/CNF, (b) 

Co(4)Mn/CNF, and (c) Co(10)Mn/CNF. 

Mössbauer spectra measured for the fresh catalysts are shown in Figure 2a. All spectra contain a 

doublet corresponding to oxidic cobalt. This feature has an isomer shift (IS) of 0.2 mm s-1 and a 

quadrupole splitting (QS) of 0.7 mm s-1, which can be assigned to Co3+. The spectrum of the non-

promoted Co(4)/CNF catalyst shows a secondary doublet with a spectral contribution of 

approximately 17%, an IS of 1.0 mm s-1 and a QS of 2.2 mm s-1. These Mössbauer parameters are 

due to Co2+. The observation of two different electronic states of cobalt in the fresh catalysts comes 

from the Auger cascade that follows the decay of the 57Co probe [40]–[43]. It is important to note that 

both Co3+ and Co2+ contributions have been observed by MES in 57Co-doped CoO, a compound in 

which all cobalt, before nuclear decay, is divalent [40]. This happens because the neighbouring Co2+ 

atoms can stabilize Co3+ formed during the Auger cascade of 57Co long enough to be measured. As 

57Co probe atoms with more neighbouring Co2+ atoms are more likely to stabilize Co3+, this 
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contribution can provide qualitative information about the dispersion of oxidic cobalt [44]–[46]. For 

instance, the increasing contribution of the Co3+ doublet with increasing cobalt loading on an alumina 

support could be attributed to a lower dispersion of cobalt oxide [47]. In the spectra of the fresh 

catalysts, we find the highest contribution of Co2+ for the non-promoted Co(4)/CNF sample. This 

suggests that this catalyst has the highest dispersion of oxidic cobalt. The high Co loading catalyst 

shows no contribution of Co2+ due to the lower dispersion of cobalt oxide. 

2.3.2 In situ Mössbauer spectroscopy of reduced catalysts 

Mössbauer spectra of the catalysts after reduction at 350 oC are given in Figure 2b. The singlet 

observed for the reduced Co(4)/CNF sample with an IS of 0.0 mm s-1 is due to metallic cobalt. The 

presence of such a singlet instead of a sextuplet demonstrates that cobalt is present as small cobalt 

metal particles without magnetic ordering (i.e., < 6 nm)[16]. We will refer to this superparamagnetic 

(SPM) contribution as small metallic cobalt particles. The spectrum of the Co(4)Mn/CNF sample is 

different. It contains both singlet (ca. 76%) and sextuplet (ca. 17%) contributions of metallic cobalt. 

The sextuplet points to the presence of magnetically ordered cobalt metal particles, which is common 

for particles larger than 6 nm. The finding that this sample contains larger particles is in line with the 

TEM analysis (Figure 1). The particles represented by this sextuplet will be referred to as large 

metallic cobalt particles. Furthermore, the spectrum contains a small contribution (7%) of cobalt 

oxide. The related doublet has an IS of 1.0 mm s-1 and a QS of 2.0 mm s-1, which is indicative of 

small dispersed Co2+-oxide particles that might be stabilized by their strong interaction with 

manganese oxide, which does not reduce under our applied conditions [48]. The Mössbauer spectrum 

of the promoted sample with a higher cobalt loading, Co(10)Mn/CNF, contains the signatures of small 

and large cobalt particles. Compared to Co(4)Mn/CNF, the sextuplet contribution of large metallic 

cobalt particles is larger (ca. 44%), which is in line with the presence of larger particles as determined 

by TEM.  
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Figure 2. (a) Mössbauer spectra of fresh Co(4)/CNF, Co(4)Mn/CNF, and Co(10)Mn/CNF catalysts: 

black lines represent the experimental spectra, orange and magenta the fitted cobalt oxide doublets. 

(b) Mössbauer spectra of reduced Co(4)/CNF, Co(4)Mn/CNF, and Co(10)Mn/CNF catalysts at 350 

oC, for 2 hours under pure hydrogen: black lines represent the experimental spectra, red the fitted 

metallic cobalt SPM singlet, blue the fitted bulk metallic cobalt sextuplet, and magenta the fitted 

cobalt oxide doublet. 

2.3.3 In situ Fischer-Tropsch Mössbauer emission spectroscopy 

In situ Mössbauer spectra were recorded for the three catalysts as a function of the steam partial 

pressure at a temperature of 200 oC, a total pressure of 20 bar and a H2/CO ratio of 4. The steam 

partial pressure will be expressed as the relative humidity at the applied conditions. In Table A1 the 

reactant flows at the different experimental conditions are provided. Spectra were recorded for at least 

48 h at each humidity step except for the relative humidity of 25% and 57% where the durations were 

prolonged to 5 and 11 days, respectively. These two treatments were longer, these conditions are most 

industrially relevant for commercial fixed-bed FTS operation. Moreover, in performing these long-

term humidity tests, we aimed to achieve a high degree of deactivation to better understand the 

underlying deactivation mechanisms. The reported values of the Mössbauer parameters for these 
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prolonged treatments are obtained from the last two days at these conditions, to accurately report the 

state of the catalysts at the end of the test.  

 

Figure 3. In situ Mössbauer spectra measured of the Co(4)/CNF catalyst during FTS conditions under 

increasing humidity: black lines represent the experimental spectra, red the fitted metallic cobalt SPM 

singlet, and blue the fitted bulk metallic cobalt sextuplet.  

The spectra for the Co(4)/CNF sample exposed to these treatments contain two contributions of 

metallic cobalt (Figure 3). The singlet has an IS of -0.2 mm s-1 (recorded at 200 oC), which 

corresponds to small metallic cobalt particles. The sextuplet representing large metallic cobalt 

particles has the same IS. The changes in the spectral contribution and hyperfine field (HF) of the 

sextuplet with increasing steam pressure provide qualitative information on the sintering behavior of 

the metallic cobalt phase. These and other Mössbauer parameters are given in Table A2. The 

increasing contribution of the sextuplet and concomitant decreasing contribution of the SPM phase 

clearly show that, with increasing relative humidity, small metallic cobalt particles sinter into larger 

ones. The increasing HF of the large metallic cobalt sextuplet underpins that the metallic cobalt 

particles grow when the humidity is increased. It is important to note that the extent of sintering was 

found to still be increasing during the last days on stream and would have further increased upon 

longer exposure time. As such the reported values do not reflect a fully deactivated catalyst. The 
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tendency of cobalt sintering under humid FTS conditions is stronger than observed under non-reactive 

conditions in previous Mössbauer measurements performed on similar Co/CNF catalysts [16]. 

Previous studies suggest that the sintering of cobalt during FTS on graphite occurs exclusively 

through partially oxidized cobalt [49], [50]. In our experiments we were unable to see any 

contributions of oxidic cobalt. However, the previously mentioned studies and the work of Moodley 

et al. [6] strongly suggests that this sintering occurs through an Ostwald ripening mechanism, which 

could explain why we are unable to see these short lived oxidic cobalt species as they migrate over 

the surface before re-reducing.  

 

Figure 4. (a) In situ Mössbauer spectra measured of the Co(4)/CNF catalyst before, during and after 

steam treatment with a relative humidity of 25%: black lines represent the experimental spectra, red 

the fitted metallic cobalt SPM singlet, and blue the fitted bulk metallic cobalt sextuplet. (b) In situ 

Mössbauer spectra measured of the Co(4)/CNF catalyst before, during and after steam treatment with 

a relative humidity of 57%: black lines represent the experimental spectra, red the fitted metallic 

cobalt SPM singlet, and blue the fitted bulk metallic cobalt sextuplet. 

Additional measurements were performed without CO in the feed to study the effect of exposure to a 

H2O/H2 mixture on the sintering of Co(4)/CNF. To this end, a freshly reduced Co(4)/CNF catalyst 

was exposed at 200 oC to a mixture of steam and hydrogen (molar ratio H2O/H2 = 1) diluted in two 
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different flows of inert to achieve relative humidity of 25% and 57% respectively (Table A3). The 

spectra corresponding to these steam treatment conditions are given in Figure 4. The SPM 

contributions in the freshly reduced catalysts differ slightly. Following an 11-day treatment at a 

relative humidity of 25%, the bulk cobalt contribution changed from 5% to 19% as measured at room 

temperature. At a higher relative humidity of 57%, the sextuplet contribution measured at room 

temperature increased from 12% after reduction to 41% after 11 days steam treatment. In Figure 5, 

the impact of process conditions on the fraction of sintered cobalt is plotted as a function of the 

relative humidity. A clear trend is seen that exposure to more humid conditions results in an increased 

amount of sintered cobalt particles, which points to the detrimental effect of H2O. A much more severe 

sintering is seen for the experiment where both CO and H2O were present, which points to a synergy 

between steam and CO on cobalt sintering under FTS conditions. In the cobalt-catalyzed FT reaction, 

the simultaneous presence of both CO and water cannot be prevented, although the reaction 

conditions can be moderated to reduce the relative humidity and hence suppress the sintering rate. 

This is in agreement with previous results found by Claeys et al. [9], who reported enhanced sintering 

in the presence of both CO and steam for cobalt on an alumina support.  

 

Figure 5. The contribution of relatively large metallic cobalt particles determined by Mössbauer 

spectroscopy at room temperature of a freshly reduced catalyst (grey) and after treatment under humid 

conditions without CO (black) and with CO (red). 
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Spectra measured for the promoted Co(4)Mn/CNF catalyst are given in Figure 6 and the 

corresponding Mössbauer fit parameters are listed in Table 1. Similar to the non-promoted Co(4)/CNF 

catalyst, these spectra show a singlet due to small metallic cobalt particles. The Co2+ contribution 

(7%) remaining after reduction indicates that reduction in the presence of manganese oxide is more 

difficult. This is in line with literature [32], [51]. Complete reduction of the cobalt phase was obtained 

after the first FTS conditions without steam, although during this and subsequent humid treatments 

no reduction of the manganese oxide promotor is expected [48]. During the experiment and different 

from Co(4)/CNF without manganese oxide, this sample does not undergo extensive sintering of small 

metallic cobalt particles into larger ones upon humid FTS treatments. Only after 11 days at the highest 

relative humidity of 57%, a contribution of larger cobalt particles is apparent from the observation of 

a sextuplet. Another difference with the manganese oxide-free sample is the appearance of a doublet 

with an IS of 0.0 mm s-1 and a QS of 0.8 mm s-1 (recorded at 200 oC) at a relative humidity of 14%. 

This doublet can be attributed to cobalt carbide species, analogous to the FexC phase found in previous 

Mössbauer results [52]. This assignment was further confirmed by carbidizing a cobalt catalyst under 

pure CO, which resulted in a dominant carbide phase (60%) with the same Mössbauer parameters as 

shown in Figure A4 (IS = 0.1 mm s-1, QS = 0.8 mm s-1). Thus, the manganese oxide-promoted catalyst 

was partially carbidized under the given experimental conditions.  

Table 1 shows how the spectral contribution of this cobalt carbide phase evolved with increasing 

relative humidity. While initially an increasing steam partial pressure resulted in more extensive 

carbidization, the contribution of carbidized species did not further increase when the relative 

humidity was raised above 25%. The contribution of the cobalt carbide phase was about 20%. 

Contrary to previously observed cobalt metal sintering, the spectral contribution of carbide did not 

further increase when the treatment was prolonged to 11 days. The contribution measured during the 

first two days (19%) was equal to the one found during the final two days of treatment. This shows 

that the carbide phase is formed relatively fast upon application of the humid FTS conditions. At the 

end of these measurements, the carbidized sample was reduced in pure H2 at 350 oC for 2 h. The 

spectrum in Figure 7 shows that the Co2C phase was converted to large metallic cobalt particles as 

evident from growth of the sextuplet which is indicative of large cobalt nanoparticles. Comparing the 

spectra of the re-reduced Co(4)Mn/CNF sample with the non-promoted Co(4)/CNF sample subjected 

to the same humidity treatments shows that, after the same treatment, the promoted catalyst contains 

60% small metallic cobalt nanoparticles, while this amounts to 31% for the unpromoted catalyst. This 

difference indicates that the cobalt particles in the unpromoted Co(4)/CNF catalyst have grown more 
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than those in the promoted Co(4)Mn/CNF catalyst. These observations highlight that manganese 

oxide decreases sintering during humid FTS operation, although a small part of the metallic cobalt 

phase is carbidized.  

 

Figure 6. In situ Mössbauer spectra measured of the Co(4)Mn/CNF catalyst during FTS conditions 

under increasing humidity: black lines represent the experimental spectra, red the fitted metallic 

cobalt SPM singlet, blue the fitted bulk metallic cobalt 

Table 1. Fit parameters of Mössbauer spectra of the Co(4)Mn/CNF catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) 

SPM 

Co(0) 

bulk 

Co2+ 

0.2 

 

-0.1 

 

1.0 

- 

 

292 

 

- 

- 

 

- 

 

2.0 

76 

 

17 

 

7 
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During FT 

reaction 

200 Co(0) 

SPM 

0.0 - - 100 

RH = 7.5% 200 Co(0) 

SPM 

-0.1 - - 100 

RH = 14% 200 Co(0) 

SPM 

Co2C 

-0.1 

 

0.0 

- 

 

- 

- 

 

0.8 

88 

 

12 

RH = 20% 200 Co(0) 

SPM 

Co2C 

-0.1 

 

0.0 

- 

 

- 

- 

 

0.8 

88 

 

12 

RH = 25% 200 Co(0) 

SPM 

Co2C 

-0.1 

 

0.0 

- 

 

- 

- 

 

0.8 

82 

 

18 

RH = 57% 200 Co(0) 

SPM 

Co(0) 

bulk 

Co2C 

-0.1 

 

-0.2 

 

0.0 

- 

 

281 

 

- 

- 

 

- 

 

0.9 

66 

 

15 

 

19 

After 

reaction 

20 Co(0) 

SPM 

Co(0) 

bulk 

Co2C 

0.0 

 

-0.1 

 

0.1 

- 

 

298 

 

- 

- 

 

- 

 

0.8 

63 

 

17 

 

20 

Reduced 20 Co(0) 

SPM 

Co(0) 

bulk 

0.0 

 

-0.1 

- 

 

314 

- 

 

- 

60 

 

40 

 

Previous studies on carbon-supported cobalt catalysts have shown that direct oxidation by water of 

the metallic cobalt particles is kinetically hindered in the absence of CO [22]. However, when CO 

was introduced, rapid oxidation to cobalt oxide occurred. The authors proposed a mechanism in which 

removal of adsorbed oxygen due to CO dissociation is hindered by water. Whilst no oxidic cobalt is 
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observed in our spectra, we find that part of cobalt carbidizes when both CO and steam are present. 

This carbidization might follow a similar mechanism as that postulated for oxidation, where carbon 

accumulates on the surface due to fast CO dissociation in the presence of the manganese oxide 

promoter and removal being hindered by water.  The accumulation of carbon species on the surface 

would facilitate the formation of cobalt carbide. In a different study [24], it was shown that the 

formation of cobalt carbide can also occur under industrial FTS conditions when cobalt is supported 

on alumina. Although it was mentioned that cobalt carbide formation is strongly kinetically inhibited, 

it was noted that higher partial pressures of steam enhance carbidization in keeping with the findings 

in the present work.  

 

Figure 7. Mössbauer spectra measured on Co(4)Mn/CNF and Co(4)/CNF following the humid FTS 

treatments: black lines represent the experimental spectra, red the fitted metallic cobalt SPM singlet, 

and blue the fitted bulk metallic cobalt sextuplet. 

Following the removal of the carbide phase with hydrogen at 350 oC, the Co(4)Mn/CNF catalyst was 

exposed to FTS conditions without co-feeding of steam. Different from the freshly reduced sample 

where exposure to a FTS feed mixture did not lead to structural changes, such exposure of the re-

reduced catalyst initially treated under humid FTS conditions led to the formation of cobalt carbide. 

Figure 8 shows that a cobalt carbide doublet already appears after 6 h on stream under these mild 
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conditions. Following 48 h under FTS conditions, the spectral contribution of the carbide doublet 

increased to 25%, which is even higher than it was before re-reduction. Comparing the contributions 

of the two metallic cobalt phases, the formation of cobalt carbide mainly led to a decrease in the bulk 

metallic phase. The spectral contribution of this sextuplet dropped from 40% to 22% under FTS 

conditions, whereas the SPM contribution only decreased by 6%.  

2.3.4 Understanding carbidization under FTS conditions 

The above findings indicate that the steam treatment and re-reduction resulted in a larger propensity 

to carbidization of cobalt in the presence of manganese. Additional experiments to gain further insight 

into this aspect involved the exposure of a freshly reduced Co(4)Mn/CNF catalyst to a mixture of 

H2O/H2 without CO, followed by replacing the feed by a CO/H2 mixture. This led to the formation 

of cobalt carbide as shown in Figure A5. From this, we infer that the observed more pronounced 

carbidization is caused by the high steam partial pressure under reducing conditions. From the finding 

that a catalyst, partially carbidized under humid FTS conditions and subsequently re-reduced, formed 

the same carbide phase under FTS conditions without steam co-feeding (Figure 8), we can infer that 

the change that induces carbidization cannot be reversed by a reduction step. Following a recent report 

that reduction-oxidation-reduction (ROR) treatment can lead to the redispersion of the metallic cobalt 

particles [4], [7], [12], a freshly reduced Co(4)Mn/CNF catalyst was exposed to a mixture of H2O/H2 

in inert. Subsequently, the catalyst was exposed to a high partial pressure of steam in inert. In this 

oxidizing environment, the metallic cobalt particles were fully oxidized as can be appreciated from 

Figure A6. Following this oxidation step, the catalyst was re-reduced in pure hydrogen and 

subsequently exposed to FTS conditions without steam co-feeding. The resulting spectra also given 

in Figure A6 show that no carbide was formed under these conditions. This indicates that the changes 

in the structure caused by the high partial pressures of steam are reversible by a ROR treatment, 

potentially through the redispersion of the cobalt particles on the support or a reduced manganese-

cobalt interaction.  
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Figure 8. In situ Mössbauer spectra measured on the Co(4)Mn/CNF catalyst during dry Fischer-

Tropsch conditions: black lines represent the experimental spectra, red the fitted metallic cobalt SPM 

singlet, blue the fitted bulk metallic cobalt sextuplet, and green the fitted cobalt carbide doublet. 

We also investigated the tendency of carbidization for the Co(10)Mn/CNF catalyst. The Mössbauer 

spectrum of the reduced catalyst contains two contributions of metallic cobalt in the form of small 

and large particles (Figure 2). Compared to Co(4)Mn/CNF, this sample contains a contribution of 

larger metallic cobalt particles, in line with the larger particle size determined by TEM. The in situ 

spectra measured during the various humidity treatments are given in Figure 9, while the Mössbauer 

fit parameters are listed in Table A7. Different from Co(4)Mn/CNF, the cobalt carbide doublet for this 

sample was already observed at the lowest relative humidity of 7.5%. While the spectral parameters 

of this cobalt carbide doublet (IS = 0.0 mm s-1, QS = 0.8 mm s-1) are the same as those observed for 

the partially carbidized Co(4)Mn/CNF sample, the relative fraction of this cobalt carbide phase is 

larger for the Co(10)Mn/CNF sample (Figure 10). As before, it is observed that the degree of 

carbidization increases with relative humidity, further underpinning the role of steam in carbidization. 

Table A7 also shows that the HF of the sextuplet contribution representing larger metallic Co particles 

decreases during these humidity treatments. This agrees with the earlier conclusion that especially 
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relatively large metallic cobalt particles within the fraction of magnetically ordered cobalt particles 

are prone to carbidisation.  

 

Figure 9. In situ Mössbauer spectra measured of the Co(10)Mn/CNF catalyst during Fischer-Tropsch 

conditions under increasing humidity: black lines represent the experimental spectra, red the fitted 

metallic cobalt SPM singlet, blue the fitted bulk metallic cobalt sextuplet, and green the fitted cobalt 

carbide doublet. 
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Figure 10. Spectral contribution of cobalt carbide during increasingly humid Fischer-Tropsch 

conditions: the green circles show the spectral contribution measured for the Co(4)Mn/CNF catalyst, 

and the blue circles show the spectral contribution for the Co(10)Mn/CNF catalyst. Error bars show 

the experimental uncertainty of the calculated spectral contribution. 

2.3.5 Characterization of used catalysts 

The catalysts were also characterized after the in situ Mössbauer spectroscopy measurements. For 

this, nonradioactive samples exposed to the same conditions as the radioactive samples were used 

placed in the same cell. Representative TEM images of the used catalysts are given in Figure 11. 

While small cobalt nanoparticles are observed for all catalysts, the manganese-promoted samples also 

contain larger agglomerates of particles, some of which are well above 50 nm in size. When 

determining the average particle size, the individual particles that make up these agglomerates were 

measured. Additionally, care was taken to distinguish between manganese oxide and cobalt particles 

by looking at the shape and contrast, as well as using EDX information. The average particle size for 

the used Co(4)/CNF and Co(4)Mn/CNF catalysts were 10.7 ± 6.6 nm and 11.6 ± 6.8 nm, respectively. 

This evidences that the cobalt phase has sintered in both catalysts. For the Co(10)Mn/CNF catalyst, 

the average particle size was 13.7 ± 7.7 nm, implying relatively speaking a smaller impact of the 

treatment on the initially larger particles.  
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Figure 11. Representative TEM images of used (a) Co(4)/CNF, (b) Co(4)Mn/CNF, and (c) 

Co(10)Mn/CNF. 

To better understand cobalt carbidization, EDX measurements were performed on fresh and used 

Co(4)Mn/CNF and Co(10)Mn/CNF catalysts. For each of these four samples, approximately 10 

different EDX maps were measured on various spots of the sample to ensure the measurements were 

representative for their respective catalyst. EDX maps obtained on the freshly reduced and passivated 

Co(10)Mn/CNF catalysts are given in Figure 12. These maps show the proximity between cobalt and 

manganese with manganese being homogeneously dispersed on the support surface. Cobalt is present 

as nanoparticles with a size of about 10 nm with strong interactions with the manganese oxide 

promotor. The EDX maps in Figure 13 for the used Co(10)Mn/CNF are very different. This catalyst 

contains manganese oxide particles with sizes larger than 100 nm. Three of such large manganese 

oxide particles were observed in the 10 EDX maps obtained for this catalyst. These large particles 

interact with few cobalt particles. Consequently, large parts of the carbon support surface have 

become relatively poor in manganese oxide. Similar findings were observed for the used 

Co(4)Mn/CNF catalyst, which showed two very large manganese oxide particles on the 10 measured 

EDX maps. Their size was smaller than in the Co(10)Mn/CNF catalyst, which can be explained by 

the lower manganese content of the former. These maps provide a clearer understanding of the effects 

that humid FTS conditions have on the catalyst morphology. Not only cobalt but also manganese 

oxide appears to be mobile under humid FTS conditions. The high mobility of manganese oxide 

results in significant sintering into large particles, which exhibit a strong interaction with part of the 

metallic cobalt particles. It has been shown that the proximity of Co and Mn in the precursor facilitates 

the formation of cobalt carbide under FTS conditions [53]. Thus, we speculate that the larger cobalt 

particles that strongly interact with manganese oxide are carbidized under humid FTS conditions. 

Furthermore, these images as well as the TEM analysis suggest that promotion with manganese oxide 
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does not limit cobalt mobility to a significant extent on the carbon support. Whilst the presence of 

manganese oxide allows more of the cobalt to remain small as supported by the Mössbauer findings, 

the bulk particles sinter to a similar extent and are subsequently carbidized under reactive conditions.  

 

Figure 12. EDX mappings of a reduced and passivated Co(10)Mn/CNF catalyst: the manganese 

mapping is shown in teal and the cobalt mapping in orange. 

 

Figure 13. EDX mappings of a used Co(10)Mn/CNF catalyst: the manganese mapping is shown in 

teal and the cobalt mapping in orange. 

Quasi in situ XPS was used to further investigate the apparent sintering of the used catalysts. These 

results, given in Figure A8 and Table A9, show the decrease in Co/C peak ratio for every used catalyst 

compared to their respective fresh counterpart. Additionally, for every catalyst a higher DOR after 

use was observed. These two findings indicate that indeed, all catalysts experienced sintering during 

the humid Mössbauer treatments. 
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2.3.6 Catalytic activity measurements 

Besides catalytic activity measurements in the in situ MES cell, the performance of the cobalt 

catalysts was measured in a high-pressure plug-flow reactor at 220 oC, 20 bar, a H2/CO ratio of 4, and 

a gas hourly space velocity of 6500 h-1. The results for the fresh and used catalysts are collected in 

Table 2. Figure 14 plots the measured CTY values for the freshly reduced and used catalysts, 

alongside previously obtained values from literature [18] on similar carbon nanofiber supported 

cobalt catalysts measured at 220 oC, 1 bar and a H2/CO ratio of 2. Turnover frequencies (TOFs) were 

determined for all freshly reduced catalysts as well as the non-promoted Co(4)/CNF catalyst based 

on the average particle size determined by TEM assuming spherical particle shape. We do not report 

TOFs for the used Co(4)Mn/CNF and Co(10)Mn/CNF catalysts, because these samples contain an 

appreciable amount of cobalt carbide.  

 

Figure 14. Correlation between the activity of carbon-supported cobalt catalysts and their particle 

size. In black previously reported activities adapted from literature [18], in magenta Co(4)/CNF fresh, 

in red Co(4)/CNF used, in blue Co(4)Mn/CNF and Co(10)Mn/CNF fresh, and in olive Co(4)Mn/CNF 

and Co(10)Mn/CNF used. 

The Co(4)/CNF catalysts shows the expected loss in CTY activity after being exposed to humid FTS 

conditions, which can be explained by sintering of the metallic cobalt under humid FTS conditions. 

The activity only decreasing 20% versus an increase of the average cobalt particle size from 4.0 to 

10.7 nm can be rationalized by the cobalt particle size effect. Upon sintering of cobalt particles smaller 

than 6-8 nm, the TOF of the surface atoms increases in accordance to the relation between catalytic 
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activity and cobalt particle size [18]. The manganese-promoted catalysts show a significantly lower 

activity than the unpromoted catalyst after reduction. However, one would expect a higher activity 

given the presence of larger particles in Co(4)Mn/CNF in comparison to Co(4)/CNF. Nevertheless, it 

has been established before that manganese can be present on the cobalt surface lowering the FT 

activity through overpromotion. For instance, manganese promotion of Co/CNF (cobalt-to-

manganese ratio of 10) led to a decrease of the activity by 35% [32]. The cobalt-to-manganese ratio 

in the present study is higher, providing a possible explanation for the significant activity decrease of 

the freshly reduced catalyst as well as a lower TOF despite a more optimal cobalt particle size. After 

use under humid FTS conditions and despite an increase of the cobalt particle size, the catalytic 

activity of the Co(4)Mn/CNF sample was twice that of the freshly reduced catalyst. Two explanations 

can be put forward. First, the increase in the cobalt particle size will increase the intrinsic activity 

through the particle size effect. Second, manganese migration as evidenced from TEM analysis can 

explain this difference. As manganese agglomerated into large clusters, the residual catalyst surface 

would come much closer to the optimum cobalt-to-manganese ratio for activity, which was found to 

be around 100 [32]. An indication that cobalt and manganese are still associated in the used catalyst 

follows from the lower methane selectivity compared to the non-promoted catalyst. These findings 

are in keeping with the notion that manganese is a promoter for the activity of cobalt FTS catalysts at 

low surface concentrations [32], [51], [54].  

The Co(10)Mn/CNF catalyst showed a similar activity increase upon use as the Co(4)Mn/CNF 

catalyst. A closer look reveals an interesting trend in the selectivity data. In the series tested, both 

Co(10)Mn/CNF samples had significantly increased C2-C4 selectivity compared to the other ones. 

Such a difference has been earlier reported under 20 bar FTS conditions for overpromoted catalysts 

but was accompanied with a higher methane selectivity. In this series, the methane selectivity was 

lowest for the sample with highest manganese content. Moreover, the increased C2-C4 selectivity was 

at expense of the C5+ selectivity, which can be beneficial for obtaining of light olefins.    

Comparing the selectivity data in Table 2, all used catalysts show an increase in C5+ selectivity 

compared to their fresh counterparts, which goes together with a decrease in the methane selectivity. 

It is well known that larger cobalt particles are more selective to longer hydrocarbons, while small 

cobalt nanoparticles are more selective to methane ([18]). The differences noted between our catalysts 

can be explained by the sintering under FTS conditions. Specifically for the manganese-promoted 

catalysts, the decrease of the negative effects of manganese overpromotion will also contribute to the 

improved C5+ selectivity.  
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Table 2. Catalytic performance data for the cobalt catalysts (plug-flow reactor operated at 220 oC, 20 

bar and H2/CO = 4, GHSV = 6500 h-1) 

aTOF was based on the dispersion found by TEM, assuming spherical particles. 

Catalyst Conversi

on (%) 

C1 

selectivit

y (%) 

C2-C4 

selectivit

y (%) 

C5+ 

selectivit

y (%) 

CTY  

(10 -5 

molCO gCo
-1 

s-1) 

TOFa 

(10-3 s-1) 

Co(4)/CNF 2 27 9 64 2.2 4.7 

Co(4)/CNF used 3 16 8 76 1.8 10.3 

Co(4)Mn/CNF 7 21 8 71 1.0 3.0 

Co(4)Mn/CNF 

used 

3 10 8 82 2.1 - 

Co(10)Mn/CNF 4 19 14 67 0.93 5.9 

Co(10)Mn/CNF 

used 

8 8 15 77 1.9 - 

2.4. Conclusions 

The use of in situ Mössbauer spectroscopy showed a synergy between carbon monoxide and steam 

on the sintering of manganese-free metallic cobalt particles during FTS. Sintering in the absence of 

either carbon monoxide or steam was much less severe compared to the case where both gases were 

present. This suggests enhanced mobility of cobalt in the presence of carbon monoxide and steam. 

No oxidation of cobalt was observed, even at the highest steam partial pressures. Mössbauer 

spectroscopy shows that a substantial part of the cobalt nanoparticles remains small (in the SPM 

phase) in the presence of the manganese promoter. While sintering was nearly absent without steam 

and cobalt remained completely in the metallic form, increasing steam partial pressure led to the 

transformation of part of the metallic cobalt phase to cobalt carbide. EDX mapping shows that these 

cobalt carbide particles are likely formed due to their strong interaction with manganese oxide. Such 

measurements also indicate the sintering of manganese oxide under humid conditions, with particles 

up to 100 nm being observed on the carbon nanofiber support. The cobalt carbide phase could be 

fully reduced into relatively large cobalt particles. The latter result confirms the suggestion from EDX 
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that the cobalt carbide particles were already sintered compared to the cobalt precursor. Carbidization 

was observed to be more severe at higher cobalt and manganese loadings. Overall, carbidization 

presented an alternative deactivation mechanism for the manganese-promoted cobalt nanoparticle 

catalyst.  
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Appendix A 

Table A1. Mössbauer experimental conditions for reactive Fischer-Tropsch humidity tests. All tests 

were performed at 200 oC with a total pressure of 20 bar. 

Reaction He (mL/min) H2 (mL/min) CO (mL/min) Water (g/h) Steam 

(mL/min) 

RH = 0% 75 20 5 0 0 

RH = 7.5% 

H2/H2O = 4 

55 20 5 0.24 5 

RH = 14% 

H2/H2O = 2 

55 20 5 0.48 10 

RH = 20% 

H2/H2O = 1.3 

55 20 5 0.72 15 

RH = 25% 

H2/H2O = 1 

55 20 5 0.96 20 

RH = 57% 

H2/H2O = 1 

0 20 5 0.96 20 

 

Table A2: Fit parameters of Mössbauer spectra of the Co(4)/CNF catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt phase Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) SPM 0.0 

 

- - 

 

100 

During FT 

reaction 

200 Co(0) SPM -0.1 - - 100 

RH = 7.5% 200 Co(0) SPM 

Co(0) bulk 

-0.2 

-0.2 

- 

290 

- 

- 

80 

20 

RH = 14% 200 Co(0) SPM 

Co(0) bulk 

-0.2 

-0.2 

- 

287 

- 

- 

75 

25 
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RH = 20% 200 Co(0) SPM 

Co(0) bulk 

-0.2 

-0.2 

- 

293 

- 

- 

75 

25 

RH = 25% 200 Co(0) SPM 

Co(0) bulk 

-0.2 

-0.2 

- 

298 

- 

- 

65 

35 

RH = 57% 200 Co(0) SPM 

Co(0) bulk 

-0.2 

-0.2 

- 

308 

- 

- 

45 

55 

After 

reaction 

20 Co(0) SPM 

Co(0) bulk 

0.0 

-0.1 

- 

317 

- 

- 

31 

69 

 

Table A3: Mössbauer experimental conditions for non-reactive steam treatments. All tests were 

performed at 200 oC with a total pressure of 20 bar. 

Reaction He (mL/min) H2 (mL/min) CO (mL/min) H2O (g/h) 

Fischer-Tropsch reaction 75 20 5 0 

Steam treatment RH = 

25% 

H2/H2O = 1 

55 20 0 0.96 

Steam treatment RH = 

57% 

H2/H2O = 1 

5 20 0 0.96 
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Figure A4. Mössbauer spectrum of the Co(4)Mn/CNF catalyst following a FT treatment with a 

relative humidity of 25%, and after carbidisation under pure CO at 220 oC and 8 bar pressure for 3 

hours: black lines represent the experimental spectra, red the fitted metallic cobalt SPM singlet, blue 

the fitted bulk metallic cobalt sextuplet, and green the fitted cobalt carbide doublet. 
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Figure A5. Mössbauer spectra measured on a Co(4)Mn/CNF catalyst. Shown is that following a 

steam treatment the catalyst is activated for carbidisation under regular Fischer-Tropsch conditions. 

 

Figure A6. Mössbauer spectra measured on a Co(4)Mn/CNF catalyst. Shown is that following a 

steam treatment and complete oxidation of the metallic phase the catalyst is not activated for 

carbidisation under regular Fischer-Tropsch conditions. 
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Table A7. Fit parameters of Mössbauer spectra of the Co(10)Mn/CNF catalyst after different 

treatments. 

Treatment Temperature 

(oC) 

Cobalt phase Isomer 

Shift  

(mm s-

1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) SPM 

Co(0) bulk 

0.2 

-0.1 

- 

312 

- 

- 

54 

46 

During FT 

reaction 

200 Co(0) SPM 

Co(0) bulk 

0.0 

-0.2 

- 

293 

- 

- 

72 

28 

RH = 7.5% 200 Co(0) SPM 

Co(0) bulk 

Co2C 

-0.1 

-0.2 

0.0 

- 

295 

- 

- 

- 

0.8 

50 

13 

37 

RH = 14% 200 Co(0) SPM 

Co(0) bulk 

Co2C 

-0.1 

-0.2 

0.0 

- 

294 

- 

- 

- 

0.8 

42 

13 

45 

RH = 20% 200 Co(0) SPM 

Co(0) bulk 

Co2C 

-0.1 

-0.2 

0.0 

- 

295 

- 

- 

- 

0.8 

38 

12 

50 

RH = 25% 200 Co(0) SPM 

Co(0) bulk 

Co2C 

-0.1 

-0.2 

0.0 

- 

292 

- 

- 

- 

0.8 

37 

11 

52 

RH = 57% 200 Co(0) SPM 

Co(0) bulk 

Co2C 

-0.1 

-0.2 

0.0 

- 

287 

- 

- 

- 

0.8 

29 

9 

62 

After 

reaction 

20 Co(0) SPM 

Co(0) bulk 

Co2C 

0.0 

-0.1 

0.1 

- 

304 

- 

- 

- 

0.8 

21 

11 

68 

Reduced 20 Co(0) SPM 

Co(0) bulk 

0.0 

-0.1 

- 

320 

- 

- 

15 

85 
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Figure A8. Cobalt 2p XPS spectra of Co(4)Mn/CNF after (a) reduction of the as-prepared catalyst 

and (b) reduction of the used catalyst (black: measured spectra; red: contribution of metallic cobalt; 

magenta: oxidic cobalt; orange: satellite peaks; brown: Auger peak). 

Table A9. Peak ratios of cobalt to carbon for the as prepared and used catalyst following a reduction 

treatment in quasi in situ XPS. 

Catalyst Co/C peak ratio DOR (%) 

Co(4)/CNF Reduced 0.014 35 

Used and reduced 0.010 51 

Co(4)Mn/CNF Reduced 0.024 11 

Used and reduced 0.012 41 

Co(10)Mn/CNF Reduced 0.036 23 

Used and reduced 0.020 55 
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Chapter 3 

Manganese as a structural promoter in silica-supported cobalt 

Fischer-Tropsch catalysts under simulated high conversion 

conditions 

Abstract 

Understanding the deactivation mechanism of cobalt-based Fischer-Tropsch catalysts is of significant 

practical importance. Herein, we explored the role of manganese as a structural promotor on silica-

supported cobalt nanoparticles under simulated high CO conversion conditions, i.e. high relative 

humidity. The structural changes in terms of cobalt dispersion and oxidation state were followed by 

in situ Mössbauer emission spectroscopy. The addition of manganese oxide to silica-supported cobalt 

enhanced the dispersion of metallic cobalt in the reduced catalysts. This higher cobalt dispersion, 

however, led to a stronger tendency of cobalt silicate formation under humid conditions. Without 

manganese, the cobalt particles sintered and the larger ones were prone to formation of cobalt carbide 

under high conversion conditions. As such, silica is not preferred as a support for practical FTS.  

  

This chapter is being reviewed for publication in Journal of Catalysis.  
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3.1 Introduction 

Fischer-Tropsch synthesis (FTS) is a surface-catalyzed polymerization reaction that converts a feed 

of synthesis gas (CO + H2) to fuels and chemicals [1]. The current commercial exploitation of this 

technology mainly utilizes cobalt catalysts to convert synthesis gas derived from natural gas into 

primarily long-chain paraffins [2]. FTS also holds promise to convert feedstocks from renewable 

sources, such as biomass, which is crucial to the energy transition in which our dependence on fossil 

resources needs to decrease. Since cobalt-based FTS is dictated by a strong particle size effect, 

catalyst design is vitally important with an optimum size of cobalt nanoparticles around 6-8 nm [3], 

[4]. An important aspect of practical FTS is catalyst stability, which is broadly investigated [5].  

Two dominant deactivation profiles can be discerned in cobalt-based FTS [6]. Short-term deactivation 

is well studied [5], [7], [8] and is the result of wax condensation and resulting diffusion limitations, 

which can typically be reversed by a mild hydrogen treatment [9]. Long-term deactivation, on the 

other hand, is often the result of structural changes of the catalyst and typically less reversible, making 

it significant in industrial practice. Long-term deactivation is not well understood with several factors 

contributing to the loss of catalytic activity over time. The most common ones are oxidation of the 

active metal phase [10]–[13], strong-metal support interactions (SMSI) [14]–[16], carbon deposition 

[17]–[19] and cobalt sintering [20]–[22].  

In the study of deactivation, the role of the support plays an important role. Such studies employ 

model carbon support [4], [23], [24] or, of more practical relevance, oxide supports such as SiO2 [16], 

[25], [26], Al2O3 [2], [27], [28]. and TiO2 [29]–[32]. Carbon represents a support with weak interaction 

with cobalt, which is an excellent model system to study sintering and other deactivation mechanisms 

[24]. In industrial applications, oxide supports are used, because the stronger interactions with cobalt 

lead to a better stability of the active phase. And it allows for catalyst regeneration through a oxidation 

and reduction cycle [8]. The interaction between cobalt and the support can also result in the 

formation of cobalt-support compounds [33], [34], which can also lead to significant irreversible 

deactivation, especially in the presence of steam [35], [36]. 

Water is a main product of the FTS reaction, because the main pathway for O removal from the 

surface upon CO dissociation is through the production of water. High partial pressures of steam 

(humidity) can facilitate cobalt deactivation, through oxidation, SMSI, carbide formation [24] or 

sintering. Thermodynamics dictate that spherical cobalt nanoparticles smaller than about 4 nm oxidize 

at relevant H2O/H2 ratios during FTS conditions [11]. However, bulk oxidation of supported cobalt 
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catalysts under (simulated) industrial FTS conditions is often not observed, which can be due to the 

fact that typical catalysts contain larger particles or due to kinetic limitations of water dissociation in 

simulated conditions, when tests are done in absence of CO [5], [10], [13], [37], [38]. The effect of 

steam on sintering under FTS conditions has also been investigated [21], [24], [38]. The combination 

of high partial pressure of steam and carbon monoxide accelerates agglomeration of the active metal 

phase. The exact mechanisms at play are still a matter of discussion. Kliewer et al. proposed that 

surface wetting by cobalt oxide/hydroxide species facilitates interaction between neighbouring 

metallic particles that results in coalescence [31]. In this regard, a narrow particle size distribution, 

well separated on the support is important to resist steam-induced sintering. On the other hand, 

Moodley et al. explained cobalt sintering by Ostwald ripening involving sub-carbonyl species as the 

dominant mechanism, which is also enhanced by the presence of water [7].  

High coverage of the support by carbon deposits can also result in structural changes of the catalyst, 

and also the formation of cobalt carbides has been reported[39]. Whilst in iron-based FTS, iron 

carbide is the active phase, formation of cobalt carbide is undesired as it presents a much lower 

activity than metallic cobalt and also has a much lower selectivity towards heavy paraffins [40]–[42]. 

Thermodynamics show that cobalt carbides are stable under FTS conditions, implying that their 

formation is kinetically hindered [39]. 

Manganese oxide has been investigated as a constituent of cobalt-based FTS catalysts already in the 

first half of the 20th century [43]. These early results showed the potential of manganese to reduce 

methane selectivity. Later, pioneering studies using catalysts prepared by co-precipitation of cobalt 

and manganese led to better understanding of the role of manganese oxide as a support and selectivity 

promoter [44]–[47]. More recently the focus has been on manganese oxide as a promoter for 

supported cobalt FTS catalysts [23], [48]–[50], in which a positive impact on the chain-growth 

probability has been emphasized. However, concurrent work by Kimpel et al. [51] has shown that C5+ 

selectivity is only improved by manganese promotion when low operating pressures are used. And 

that at high operating pressures (10 to 30 bar) the addition of manganese leads to a reduction of the 

chain-growth probability. Contrary to their work, we focus on the structural effects of manganese 

promotion, and whether it can improve catalyst stability under high conversion conditions. In our 

previous study we looked at manganese promotion on a carbon supported system [24], and we 

observed the formation of cobalt carbide under industrial operating conditions. This formation was a 

direct result of the high mobility of both cobalt as well as manganese oxide under reaction conditions 

on the weakly interacting CNF support. And so, in the present work, we again focus on the role of 
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manganese oxide as a structural promoter but on a stronger interacting oxidic support, namely silica. 

Structural deactivation is investigated under FTS reaction conditions at elevated pressure by in situ 

Mössbauer emission spectroscopy (MES) [52]. The effect of water partial pressure on the deactivation 

is studied by feeding steam to the reactor to reach industrially relevant bottom bed conditions. 

Previous 57Co MES studies showed that these high pressures of water increase cobalt sintering [24], 

[38] and can result in oxidation as well as strong-metal support interactions [36], [53]. The current 

MES measurements are supplemented by quasi in situ XPS, TEM and XRD characterization, while 

the catalytic performance is measured in situ and in a microflow reactor. 

3.2. Experimental methods 

3.2.1 Catalyst preparation 

All supported catalysts were prepared by incipient wetness impregnation of X080 silica extrudates 

(Shell Global Solutions International B.V., pore volume 0.84 mL/g) followed by drying in air at 120 

°C for 6 h. The impregnation solutions were obtained by dissolving the appropriate amount of 

Co(NO3)2.6H2O (≥98.0%, Sigma Aldrich) and Mn(NO3)2.3H2O (≥97.0%, Sigma Aldrich) in 

dehydrated ethanol, and mixing with a solution of Pt(NH3)4(NO3)2 (≥99.995%, Sigma Aldrich) in de-

ionized water to form a homogenous mixture. Three catalysts were prepared with a cobalt loading of 

8 wt%, 0.08 wt% platinum and respectively 0, 0.8 and 1.6 wt% manganese. The resulting samples 

are denoted by CoMn(x)Pt/SiO2, where x represents the intended manganese to cobalt ratio. 

Following impregnation and drying, the samples were calcined at 350 oC for 2 hours in stagnant air 

(rate 5 oC/min). Part of these calcined catalysts was spiked with radioactive 57Co by pore volume 

impregnation using a solution containing 90 MBq 57Co in 0.1 M HNO3. These radioactive samples 

were dried at 120 oC for 12 hours and subsequently used for Mössbauer spectroscopy.  

3.2.2 Characterization 

X-ray diffraction 

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phaser using a Cu Kα radiation 

source and a 2 mm slit. Data was collected using a time per step of 0.15 min and a step size of 0.1° 

in the 2θ range of 10–65°. Background subtractions were applied, and reference spectra were obtained 

using the Diffrac.Eva software by Bruker. 
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Quasi in situ X-ray photoelectron spectroscopy 

The oxidation state and dispersion of cobalt was studied by quasi in situ XPS using a Kratos AXIS 

Ultra 600 spectrometer equipped with a monochromatic Al Kα X-ray source (Al Kα 1486.6 eV). 

Survey scans were recorded at a pass energy of 160 eV, detailed region scans at 40 eV. The step size 

was 0.1 eV and the background pressure during the measurements was kept below 10-9 mbar. 

A high-temperature reaction cell (Kratos, WX-530) was used to pre-treat the sample supported on an 

alumina stub, allowing in vacuo sample transfer into the analysis chamber. Reduction was performed 

in a pure H2 flow at atmospheric pressure and 350 °C for 2h. After reduction, the reaction cell was 

evacuated to a pressure below 10-9 mbar. Then, the sample was cooled to 150 °C and transferred to 

the analysis chamber. Data analysis was done with the CasaXPS software (version 2.3.22PR1.0). The 

binding energy scale was corrected for surface charging by taking the C 1s peak of adventitious 

carbon as a reference at 284.8 eV. 

The degree of reduction (DOR) is calculated by comparing the peak areas corresponding to the fitted 

metallic and oxidic cobalt contributions, using a model as described by Biesinger et al. [54]. The 

Co/Si ratio is determined using a survey scan and comparing the peak areas of the Co2p and Si2p 

contributions. 

Electron microscopy  

Surface averaged particle sizes and particle size distributions were determined using transmission 

electron microscopy (TEM). TEM measurements were performed on a FEI Tecnai 20 electron 

microscope operated at an electron acceleration voltage of 200 kV with a LaB6 filament. Typically, a 

small amount of the sample was ground and suspended in pure ethanol, sonicated, and dispersed over 

a Cu grid with a holey carbon film. 

In situ Mössbauer emission spectroscopy 

Mössbauer emission spectroscopy (MES) was carried out at various temperatures using a constant 

acceleration spectrometer set up in a triangular mode with a moving single-line K4Fe(CN)6·3H2O 

absorber enriched in 57Fe. The velocity scale was calibrated with a 57Co:Rh source and a sodium 

nitroprusside absorber. Zero velocity corresponds to the peak position of the K4Fe(CN)6·3H2O 

absorber measured with the 57Co:Rh source, positive velocities correspond to the absorber moving 

towards the source.  To be able to measure under in situ Fischer-Tropsch conditions, a high pressure 

MES cell is used [52], which is described in detail in literature [24].  
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Mössbauer spectra were fitted using the MossWinn 4.0 program [55]. The spectra of very small 

superparamagnetic species were fitted using the two-state magnetic relaxation model of Blume and 

Tjon, which assumes the presence of a fluctuating magnetic field which jumps between the values of 

+H and -H along the z-axis with an average frequency τ [56]. Here, H typically equals 500 kOe and 

τ can vary between 10-9 and 10-12 s-1. The Mössbauer spectra of larger particles were fitted using a 

hyperfine sextuplet, resulting from the local magnetic field experienced by bulk metallic particles. 

The experimental uncertainties in the calculated Mössbauer parameters, estimated using Monte Carlo 

iterations by the MossWinn 4.0 program and including experimental uncertainties were as follows: 

IS and QS ± 0.01 mm s-1 for the isomer shift and quadrupole splitting, respectively; ± 3% for the 

spectral contribution; ± 3 kOe for the hyperfine field.  

Typically, 300 mg of radioactivity-spiked and 100 mg of non-radioactive catalyst (sieve fraction 250-

500 µm) was loaded into two separate compartments of the reactor cell. FTS experiments were 

performed in situ following reduction at 350 oC for 2 hours in 100 mL/min. flow of pure H2. Reactions 

were done at 200 oC and 20 bar, while the CO/H2 was kept at 4 throughout and steam was fed to vary 

the relative humidity. Water was evaporated and mixed with the incoming feed gas using a Bronkhorst 

controlled evaporator mixer (CEM). Wax products were collected in a downstream hot catch pot, and 

water was retrieved in a subsequent cold catch pot. An online Trace GC Ultra from Thermo Fisher 

Scientific equipped with a RT-Silica bond column and a flame ionization detector as well as a 

Stabilwax column and a thermal conductivity detector was used to analyse the gaseous products.  

3.2.3 Catalytic activity measurements 

The catalytic performance was determined in a single-pass flow reactor system (Microactivity 

Reference unit, PID Eng&Tech) operated at a temperature of 220°C or 240 oC, a total pressure of 20 

bar and a H2/CO ratio of 4. In a typical experiment, 50 mg of catalyst (sieve fraction 125-250 µm) 

mixed with SiC particles of the same sieve fraction to a total volume of 3 mL was placed in a tubular 

reactor with an internal diameter of 9 mm. The temperature was controlled via a thermocouple, 

located in the centre of the catalytic bed. Reduction was first performed in a flow of H2 at 350 oC for 

2 hours after heating at a rate of 5 oC/min. Subsequently, the reactor was cooled to 220°C and the gas 

feed composition was changed to reaction conditions. A space velocity (SV) of 60 L gcat
-1 h-1, was 

applied, which resulted in a CO conversion of approximately 5 %. A TRACE1300 GC instrument 

from Thermo Fisher Scientific equipped with a RT-Silica bond column and a flame ionization detector 

as well as a Porabond-Q column and a thermal conductivity detector was used to measure the gas 
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composition of the reactor effluent. The Weisz−Prater criterion was calculated to confirm the 

reactions did not run under internal mass transfer limitations. At the applied reaction conditions, no 

CO2 was observed and the selectivity toward oxygenates on a molar carbon basis was less than 1%. 

Liquid products and waxes were collected in a cold trap placed after the reactor. Ar was used an 

internal standard in the CO/H2 feed mixture. The CO conversion (XCO) was determined in the 

following manner: 

𝑋𝐶𝑂 = 1 −
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,𝑖𝑛𝐹𝐴𝑟,𝑜𝑢𝑡
  (1) 

where FAr,in is the volumetric Ar flow in the reactor feed, FCO,in is the volumetric CO flow in the 

reactor feed, FAr,out and FCO,out are the respective volumetric flows of Ar and CO out of the reactor 

system. 

The carbon-based selectivity of hydrocarbon compound Ci (SCi) was calculated using: 

𝑆𝐶𝑖 =
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑖𝑣𝑖

𝐹𝐴𝑟,𝑜𝑢𝑡𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂
 (2) 

where FCi is the volumetric flow of hydrocarbon compound Ci out of the reactor, and vi is the 

stochiometric factor of the hydrocarbon compound. 

The cobalt time-yield (CTY) was determined using the following equation: 

𝐶𝑇𝑌 =
𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂

𝑚𝐶𝑜
 (3) 

where mCo is the weight of cobalt used in the catalytic reaction.  
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3.3. Results and Discussion 

3.3.1 Fresh catalyst characterization 

Figure 1 shows representative TEM images of the catalysts after calcination at 350 oC for 2 h in 

stagnant air. The average size and size distribution of the cobalt oxide nanoparticles was determined 

by analysing approximately 150 particles in ca. eight images per sample. The average particle sizes 

are given in Table 1. The particle size distribution of the calcined catalysts is not significantly affected 

by the presence of manganese, although the data can hint at a small decrease of the particle size with 

increasing manganese content.  

Table 1. Average metal oxide particle size, Co/Si ratio, and reducibility of Co(Mn)Pt/SiO2 catalysts. 

Catalyst Particle size 

(nm)a 

Co/Sib 

(calcined) 

Co/Sib 

(reduced) 

DOR 

(%)c 

CoPt/SiO2 6.1 ± 3.8 0.16 0.15 73 

CoMn(0.1)Pt/SiO2 5.4 ± 2.6 0.21 - - 

CoMn(0.2)Pt/SiO2 5.2 ± 2.4 0.29 0.28 79 

a Determined by TEM analysis of calcined samples, b Atomic Co/Si ratio determined by XPS, c Degree 

of reduction determined by XPS. 

 

 

Figure 1. Representative TEM images of (a) CoPt/SiO2, (b) CoMn(0.1)Pt/SiO2 and (c) 

CoMn(0.2)Pt/SiO2 following calcination at 350 oC for 2 in stagnant air. 

The X-ray diffractograms of the calcined catalysts are given in Figure 2. All samples show the 

expected broad diffuse scattering feature of the amorphous silica support in addition to the diffraction 

lines of cobalt oxide (Co3O4). Although there are no diffraction features of manganese oxides in the 
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manganese-containing samples, a slight broadening of the main cobalt oxide diffraction line is 

observed, which may hint at a smaller size of the cobalt oxide phase. For the CoPt/SiO2 catalyst a 

FWHM of 0.76o is found for the main diffraction peak at 36.8o, whereas this is 1.06o for the 

CoMn(0.2)Pt/SiO2 sample. When using the Scherrer equation [57], assuming a shape factor of 0.9, 

this gives crystallite sizes in the range of 11.0 to 7.9 nm for the non-promoted and promoted sample 

respectively. These values are significantly higher than found through TEM which is likely caused by 

unaccounted for instrumental line broadening. But the data does clearly show the enhanced dispersity 

already in the oxidic precursor when manganese is present as a promotor, in good agreement with the 

TEM results. 

 

Figure 2. X-ray diffractograms of as-prepared CoMn(0.2)Pt/SiO2 (blue), CoMn(0.1)Pt/SiO2 (green), 

and CoPt/SiO2 (red) following calcination at 350 oC (main Co3O4 reflections in magenta).  

We then analysed the calcined and reduced state of the various catalysts by XPS. The cobalt spectra 

are given in Figure 3. Fitting of the Co 2p spectra was done using the model of Biesinger et al. [54]. 

The degree of reduction (DOR) upon reduction at 350 oC in pure hydrogen was determined from the 

metallic cobalt contribution to the Co 2p3/2 spectra. Both the non-promoted and promoted catalysts 

display a high DOR (Table 1). Table 1 also shows the Co/Si ratios before and after reduction. The 

finding that this ratio is nearly the same before and after reduction suggests that the reduction 

treatment does not lead to extensive sintering. This is likely the result of the interactions between the 
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silica support and cobalt, which is quite different from the extensive sintering seen for cobalt on titania 

[53], [58]. Comparison of the Co/Si ratios of CoPt/SiO2 and CoMn(0.2)Pt/SiO2 shows that manganese 

promotion leads to a higher cobalt dispersion in the oxidic precursor, which is maintained upon 

reduction. These findings are in good agreement with the TEM and XRD results, which also 

emphasized the positive effect of manganese on cobalt dispersion in the calcined catalyst. The Mn 2p 

XPS spectra before and after reduction are given in Figure B5. The Mn signal for the promoted 

catalysts in the calcined state was very weak. After reduction, clear Mn2+ contributions are observed 

for the CoMn(0.2)Pt/SiO2 sample. This suggests that the reduction treatment resulted in an improved 

manganese dispersion, which has been earlier observed by Weckhuysen et al. [59] and was attributed 

to migration of manganese towards the support upon reduction of mixed oxide particles, although the 

formation of MnO on the surface of metallic cobalt can also contribute to the improved signal-to-

noise ratio. 

 

Figure 3. XPS spectra of CoPt/SiO2 (a,b) and CoMn(0.2)Pt/SiO2 (c,d) after (a,c) calcination and (b,d) 

subsequent reduction at 350 oC (black: experimental data and the fitted envelope; red: the fitted 

metallic Co(0) contributions; green: the fitted CoO contributions; blue: fitted Co3O4 contributions; 

yellow: the Co auger LMM peak; the XPS fit model was taken from Ref. [54]). 
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3.3.2 In situ Mössbauer emission spectroscopy of reduced catalysts 

Mössbauer spectra of catalysts reduced in hydrogen at 350 oC for 2 h are given in Figure 4. The 

elevated noise observed on the CoMn(0.1)Pt/SiO2 comes from the radioactive probe, which had 

decreased in activity due to its natural decay. Which resulted in fewer counts over the constant 

measurement time. The spectra contain two main contributions, namely a sextuplet with an isomer 

shift (IS) of -0.1 mm s-1 and a hyperfine field (HF) between 310 and 317 kOe, and singlet with an IS 

of 0.0 mm s-1. Both these features are related to metallic cobalt. The sextuplet represents a 

contribution of magnetically ordered cobalt metal particles, which is common when their size is larger 

than 6 nm [38]. The observed singlet indicates that the reduced catalyst also contains small 

superparamagnetic metallic particles without magnetic ordering, which is typical for particles smaller 

than 6 nm. The observation of significant contributions of both phases indicates that the reduced 

samples contain particles with sizes around the SPM cut-off of 6 nm. Compared to CoPt/SiO2, the 

manganese-containing samples contain a significantly higher contribution of SPM cobalt. 

Additionally, the measured HF of the two manganese promoted catalysts is significantly lower (310 

and 311 kOe) then for the non-promoted system (317 kOe). As the HF also follows from the domain 

size of magnetically ordered cobalt, this suggests that when manganese is present the metallic 

particles are smaller. Both these observations point towards the increased dispersity of cobalt after 

reduction when manganese is present as a promotor. It is important to note that the MES spectra do 

not contain evidence of doublets representative for cobalt oxide. This indicates a high reduction 

degree. 
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Figure 4. Mössbauer spectra of Co(Mn)Pt/SiO2 catalysts after reduction at 350 oC in pure hydrogen: 

black lines represent the experimental spectra, blue the fitted bulk metallic cobalt and red the fitted 

SPM metallic cobalt singlet.  

3.3.3 In situ Mössbauer emission spectroscopy during the FTS reaction 

In situ Mössbauer spectra were recorded for the catalysts as a function of the steam partial pressure 

at a temperature of 200 oC, a total pressure of 20 bar, and a H2/CO ratio of 4. The steam content in 

the feed is expressed as the relative humidity (RH) at the applied conditions. Table B1 details the feed 

compositions for the different experiments. Spectra were recorded for at least 48 h at each humidity 

step, except for RHs of 25% and 57% where the steam treatment was prolonged to 5 days and 11 

days, respectively. This was done to understand the influence of prolonged exposure as encountered 

in industrial practice.  

Under relative low humidity conditions up to RH = 25%, only minor changes are observed in the 

Mössbauer spectra (Figure 5a). The spectral contribution of the SPM phase did not decrease 

significantly for the promoted and non-promoted samples, as can be deduced from Table 2. The 

absence of a decreasing SPM metallic cobalt contribution indicates that significant sintering of the 

small metallic cobalt particles does not occur under these conditions.  

When the humidity is further increased to RH = 57%, two new phases are observed in the Mössbauer 

spectra (Figure 5b). For CoPt/SiO2, a Co2C phase with a spectral contribution of 13% is present. This 

phase is characterized by an isomer shift (IS) of 0.0 mm s-1 and a quadrupole splitting (QS) of 0.9 
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mm s-1, as also reported for cobalt carbide formed in a carbon-supported cobalt catalyst [24]. The 

other phase appearing is a Co2+-containing phase with a spectral contribution of 4%. This feature is 

also observed in both promoted catalysts but with a significantly higher spectral contribution. The 

assignment of this doublet with an IS of 0.9 mm s-1 and a QS of 1.8 mm s-1 is based on the similarity 

of the Mössbauer parameters to previously observed Fe2+-doublets in ferrosilite (FeSiO3) materials 

[60]. As such, this points towards the formation of metal-support compounds (MSC) under high 

humidity conditions. Different from CoPt/SiO2, exposing the manganese-promoted catalysts to the 

highest RH did not lead to formation of cobalt carbide. This contrasts the formation of cobalt carbide 

in a manganese-promoted cobalt FTS catalyst supported on carbon nanofibers [24]. In the carbon-

supported case, cobalt carbide formation was linked to cobalt being in close contact with larger 

manganese oxide agglomerates. The absence of cobalt carbide in the silica-supported samples 

containing manganese can be rationalized by the stronger metal-support interactions that decrease the 

mobility of cobalt and manganese. The formation of cobalt carbide in the non-promoted catalyst under 

high humidity conditions is likely the result of the increased CO partial pressure under these 

conditions. However, the high partial pressures of steam can also affect the phases present, as a 

previous study showed an increasing amount of cobalt carbide under in situ FTS conditions on an 

alumina support with increasing water partial pressure [39]. Another study of cobalt on alumina 

showed the importance of the metallic cobalt particle size, with larger cobalt particles (10-11 nm) 

being susceptible to carbidization under FTS conditions in contrast to smaller ones (6 nm) [37]. This 

observation is in agreement with our MES results which showed that the final reduction transformed 

carbide into a bulk sextuplet with highest associated HF in this study, indicative of largest cobalt 

particles. Such an effect of particle size on carbidization can well explain why cobalt carbide 

formation was not observed for the manganese-promoted samples in the present study as their 

metallic particles were significantly smaller. Thermodynamic calculations point towards the stability 

of cobalt carbide (Co2C) under FTS conditions [39], [61]. This suggests that its formation under FTS 

conditions is strongly kinetically inhibited.  

As previously discussed, the ratio of the SPM and magnetically ordered cobalt contributions is higher 

for the two manganese-promoted catalysts in comparison to their non-promoted counterparts. 

Following the high humidity treatment, these catalysts show a much higher spectral contribution of a 

cobalt-silicate phase, namely 33% for the CoMn(0.1)Pt/SiO2 catalyst and 24% for the 

CoMn(0.2)Pt/SiO2 sample. As the catalyst with a lower manganese loading shows a higher spectral 

contribution of the MSC, it is unlikely that cobalt-silicate formation is directly facilitated by 
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manganese oxide. Instead, it is reasonable to consider that the larger contribution of small metallic 

SPM cobalt particles causes the formation of more cobalt-silicate. It has been noted before that small 

metallic particles are more prone to oxidation and formation of MSCs [11] [16], [62]. The small 

difference in the amount of cobalt silicate between the two manganese-promoted catalysts cannot be 

due to differences in the particle size. These two catalysts contain nearly similarly sized cobalt 

particles, which follows from the similar initial SPM/sextuplet ratio and TEM imaging. Instead, the 

difference seems to stem from the rate at which cobalt silicate is formed. As the Mössbauer spectra 

are measured continuously over 11 days at a RH of 57%, we can follow the formation of the different 

phases in time. Table 2 shows that the SPM contribution declines faster in the CoMn(0.1)Pt/SiO2 

catalyst having dropped to 51% after 48 h in comparison to 60% after 48 h for CoMn(0.2)Pt/SiO2. 

This decline in SPM content goes paired with the formation of cobalt-silicate, which contributed 25% 

after 48 hours for the CoMn(0.1)Pt/SiO2 catalyst and only 7% after 48 hours for the 

CoMn(0.2)Pt/SiO2 sample. The spectra recorded in inert following the high humidity test do not show 

significant differences anymore with cobalt-silicate contributions of 33% and 31% for 

CoMn(0.1)Pt/SiO2 and CoMn(0.2)Pt/SiO2 respectively (Tables B3 and B4). This means that the 

actual amount of cobalt-silicate formed is very similar for both promoted catalyst samples, although 

it is quite different from the non-promoted sample. The formation of the cobalt-silicate phase has 

concurrently led to a decrease in the SPM to sextuplet ratio, as can be seen in Table 2. This is a clear 

indication that smaller cobalt particles are more prone to forming MSCs. Thus, although manganese 

enhances cobalt dispersion, this also leads to a larger cobalt-silica interface, which can convert to 

inactive compounds under highly humid conditions.  

 

Table 2. Contribution of SPM metallic cobalt determined through Mössbauer spectra measured at 

200 oC, 20 bar pressure, H2/CO = 4, and increasing relative humidity. 

Treatment H2O/H2 Treatment 

length 

(hrs) 

Spectral contribution SPM metallic cobalt (%) 

CoPt/SiO2 
CoMn(0.1)Pt/SiO

2 

CoMn(0.2)Pt/Si

O2 

RH 0% 0 48 47 66 69 

RH 7.5% 0.25 48 50 N/A 65 

RH 14% 0.50 48 49 N/A 67 
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RH 20% 0.75 48 48 N/A 69 

RH 25% 1.0 48 48 70 68 

1.0 120 46 69 67 

RH 57% 1.0 48 40 51 60 

1.0 120 39 48 53 

1.0 264 37 46 44 

 

 

Figure 5. In situ Mössbauer spectra of the Co(Mn)Pt/SiO2 catalysts under FTS conditions at a relative 

humidity of (a) 25%, and (b) 57%. The black lines represent the experimental spectra, the blue ones 

the fitted bulk metallic cobalt sextuplet, the red ones the small SPM metallic cobalt singlet, the orange 

ones the cobalt carbide doublet, and the purple ones the fitted oxidic cobalt doublet. 

3.3.4 Characterization of used catalysts  

The non-radioactive samples present in the Mössbauer cell during the consecutive humid FTS 

treatments were retrieved and further characterized. Representative TEM images of these catalysts 

are given in Figure 6. Next to the cobalt nanoparticles, the images show the typical microstructure of 

cobalt-silicate compounds as fibrous strands covering the silica surface. In agreement with the in situ 

Mössbauer findings, the manganese-promoted samples contain more of such cobalt-silicate 

structures. Contrary to the previous study on a carbon support [24], no large agglomerates of 

manganese oxide are observed for the used catalysts by TEM. This shows that the promoter is still 
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well dispersed over the silica support. The high contrast between the cobalt particles and the support 

highlights their metallic nature, their surface being passivated by wax or a thin oxide layer. However, 

we cannot exclude the possibility that manganese and cobalt are part of a mixed metal oxide as was 

previously observed on a titania support [63]. The average size of the spherical cobalt nanoparticles 

was determined from these TEM images. As such, it was found that the average particle sizes are 9.9 

± 5.2 nm for Co/SiO2, 7.2 ± 3.8 nm for CoMn(0.1)Pt/SiO2, and 7.7 ± 5.4 nm for CoMn(0.2)Pt/SiO2. 

Comparing these results to size of the oxidic precursor particles (Table 1) shows that some sintering 

of the cobalt particles occurred during the humid FTS treatments. The observation that sintering is 

most severe for the unpromoted catalyst confirms that manganese helps stabilizing the dispersion of 

the cobalt nanoparticles in the silica-supported catalyst. Nevertheless, as discussed above and also 

evident from the TEM images, the higher cobalt dispersion in the presence of manganese leads to a 

stronger propensity towards formation of cobalt-silicate compounds under humid FTS conditions. 

 

Figure 6. Representative TEM images of used (a) CoPt/SiO2, (b) CoMn(0.1)Pt/SiO2 and (c) 

CoMn(0.2)Pt/SiO2 following humid FTS treatments. 

3.3.5 Catalytic activity 

The catalytic performance of CoPt/SiO2 and CoMn(0.1)Pt/SiO2 as measured on-stream during the 

Mössbauer measurements is given in Figure 7. Due to a technical issue with the TCD of the analysis 

equipment, the in situ activity of the CoMn(0.2)Pt/SiO2 sample could not be measured. The CO 

conversion of CoPt/SiO2 and CoMn(0.1)Pt/SiO2 decreases with increasing RH of the feed. This is 

typical behaviour for cobalt FTS catalysts, although the opposite has also been reported [64], [65]. At 

short time scales, the beneficial kinetic impact of water on the FT conversion can be stronger than the 

deactivation, leading to a net increase of the FTS activity [66]. We also mention that the introduction 

of steam to the reactor feed results in a small decrease of the CO and H2 partial pressures, which can 

affect the catalytic activity due to the negative reaction order in CO and positive order in H2 [67], 
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[68]. These aspects render a detailed discussion of the catalytic performance challenging. 

Accordingly, we focus here on the main trends. The decline in activity between RH = 0% and 7.5% 

for the non-promoted catalyst is much steeper than the corresponding decline for the manganese-

promoted sample. Mössbauer spectra do not show substantial changes for both samples upon an 

increase of the RH to 7.5%, with the SPM content and the total metallic cobalt contribution remaining 

unchanged. Therefore, the initial loss of activity might be a kinetic effect such as competitive 

adsorption of oxygen-containing species at the higher steam partial pressure. Such an effect can be 

offset by the presence of manganese in the promoted catalyst, as it has been shown that manganese 

promotion can also increase the rate of CO dissociation [49], [69]. Besides this initial difference, 

nevertheless, both catalysts show a gradual decline in activity at the higher humidity treatments, 

which can be correlated to a gradual transformation of the active cobalt phase into larger cobalt 

particles and the formation of less active cobalt carbide and cobalt silicate. Whilst the promoted 

catalyst shows a significantly larger fraction of cobalt silicates, its activity is still higher than that of 

the non-promoted sample. TEM analysis of the used sample showed less sintering of the metallic 

cobalt phase in the promoted catalysts with an average particle size closer to the optimum size of 6 

nm. So, the improved activity of the promoted catalyst is likely the result of the strong cobalt particle 

size effect as well as the promotional effect of the promotor itself, confirming the promising role of 

manganese as a promotor [4]. The product distribution during these in situ Mössbauer measurements 

does not change much with the RH, except for the obvious increased CO2 selectivity at the highest 

RH of 57%. This is most likely due to a larger contribution of the water-gas shift reaction at high 

partial pressures of steam. Unlike the non-promoted catalyst, the CoMn(0.1)Pt/SiO2 catalyst shows a 

slightly higher methane selectivity at the expense of C5+ products at the highest RH. This is likely the 

result of the increased CO partial pressure under these conditions. It was previously found that at 

elevated CO partial pressure, the manganese oxide promotor shifted the product distribution towards 

more C1 and C2-C4 products at the expense of C5+ products [23]. This effect of manganese is absent 

for the non-promoted catalyst. 
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Figure 7. Catalytic performance at 200 oC, 20 bar pressure, H2/CO =4, and increasing relative 

humidity in terms of CTY and the product distribution for FTS measurements in the Mössbauer cell 

for the CoPt/SiO2 (red dots) and the CoMn(0.1)Pt/SiO2 catalyst (black sequares). The carbon-based 

selectivity at the given humidity treatments is expressed as bar graphs for the CoPt/ catalyst (vertical 

line pattern) and the CoMn(0.1)Pt/SiO2 catalyst (diagonal line pattern). 

Besides the catalytic activity measurements in the in situ MES cell, the performance of the silica-

supported cobalt catalysts was measured in a high-pressure fixed-bed plug-flow reactor at a 

temperature of 220 oC, a pressure of 20 bar, a H2/CO ratio of 4, and a space velocity of 60 L gcat
-1 h-

1. The corresponding results for fresh and used catalysts are given in Table 3. The activity normalized 

on the amount of cobalt (CTY) shows a clear effect of the manganese promotion, which was not 

observed in the Mössbauer experiments: the promoted samples are significantly less active than their 

non-promoted counterpart under these more representative test conditions. The observed average 

particle sizes for the two promoted catalysts given in Table 1 are slightly below the optimum size of 

6 nm [4]. As such, a slightly lower activity is to be expected for these samples. As the decrease in 

activity is much more pronounced, we attribute this to overpromotion with manganese, where a 

substantial part of the cobalt surface is covered by manganese oxide. Previously, it was found that a 

manganese to cobalt ratio of 0.1 already led to a significant decrease of the FTS activity of a carbon 

nanofiber (CNF) supported cobalt catalyst [23]. The adverse effect of overpromotion seems to be 
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stronger for the silica-supported case, which may be due to the increased stability of manganese oxide. 

Compared to silica, manganese was found to be highly mobile on the CNF support [24]. Besides the 

decreased CTY values, the promoted catalysts also show a significant increase in the C2-C4 selectivity. 

This shift in selectivity has been previously reported for catalysts overpromoted with manganese 

oxide, where the strong interaction between cobalt and manganese in the oxidic precursor was 

emphasized [23]. Concurrent work by Kimpel et al. [51] has shown that manganese promotion leads 

to a lower chain-growth probability when operating the reaction at high pressure. They show that CO 

dissociation is enhanced by the manganese promotor, which was also recently reported by Gupta et 

al. [70]. And they propose the high carbon coverage results in a migration hindrance towards the step 

sites, which are highly active for C-C coupling.  

From a comparison of the catalytic performance in the fresh and used state, it is clear that the catalysts 

significantly deactivated during the exposure to the various humid FTS treatments. The loss in CTY 

is more substantial for the non-promoted CoPt/SiO2 catalyst. This is to be expected, as TEM showed 

more substantial sintering of cobalt, besides the formation of cobalt silicates. The less substantial 

activity loss for the manganese-promoted CoMn(0.2)Pt/SiO2 catalyst is in line with the less severe 

sintering of the metallic cobalt phase, which can be attributed to the structural promotion of 

manganese.   

However, a larger contribution of cobalt silicates was observed for the promoted catalyst. So, whilst 

the seemingly dominant deactivation due to sintering is likely less pronounced, additional 

deactivation occurs through formation of such inactive cobalt silicates. This deactivation goes in 

parallel with a shift in the product distribution with much of the selectivity towards C2-C4 products 

being lost in favour of methane and C5+ products. This could be the result of the increasing average 

particle size, as larger particles tend to favour C5+ selectivity. However, like the FTS activity measured 

in the Mössbauer cell at high humidity, an increase in methane selectivity is also observed, which 

would suggest the presence of smaller metallic particles. So instead, the selectivity shift could come 

from manganese oxide promotion being less pronounced in the spent catalyst. Such a shift was also 

observed in a previous study, where during prolonged time on stream the selectivity towards C1 

increased at the expense of C2-C4 products [71]. This is expected to be the result of manganese 

mobility under reaction conditions, as it migrates from the metal onto the support, weakening the 

promotion effect. As a result of this, the used catalyst benefits from reduced manganese 

overpromotion compared to the fresh sample, explained the lower selectivity towards C2-C4 products. 
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Table 3. Catalytic performance data for the cobalt catalysts (plug-flow reactor operated at 220 oC, 20 

bar and H2/CO = 4, SV = 60 L gcat
-1 h-1) 

Catalyst Conversion 

(%) 

C1 

selectivity 

(%) 

C2-C4 

selectivity 

(%) 

C5+ 

selectivity 

(%) 

CTY  

(10 -5 molCO 

gCo
-1 s-1) 

CoPt/SiO2 10 7 9 84 2.6 

CoPt/SiO2 used 2 5 6 89 0.75 

CoMn(0.2)Pt/SiO2 7 6 15 79 1.7 

CoMn(0.2)Pt/SiO2 

used 

3 12 3 85 1.0 

CoMn(0.1)Pt/SiO2 5 10 25 65 0.77 

 

3.4. Conclusions 

The effect of humidity during FTS conditions, representing high CO conversion conditions, on 

manganese-promoted cobalt supported by silica was investigated by Mössbauer spectroscopy, TEM 

and XPS. Promotion with manganese leads to a higher dispersion of the metallic cobalt particles in 

the reduced catalysts as compared to the unpromoted catalyst. In situ Mössbauer spectroscopy 

demonstrated that the enhanced dispersion of cobalt due to manganese promotion leads to a more 

intimate contact with the support, resulting in cobalt silicates at elevated relative humidity that are 

inactive for the FTS reaction. In the absence of manganese, carbidization of relatively large particles 

was observed as a possible deactivation mechanism under high relative humidity conditions. The 

metallic cobalt phase in the used catalysts (having undergone in situ Mössbauer spectroscopy from 

low to high relative humidity) has a significantly lower dispersion than the metallic phase in the 

freshly reduced state. Sintering is more pronounced in the absence of manganese oxide, 

demonstrating the beneficial role of manganese as a structural promoter in cobalt-based FTS catalysts. 

Despite this, catalysts without and with manganese suffered from serious deactivation upon exposure 

to high partial pressures of steam due to formation of less active cobalt phases. These findings 

highlight that silica is not a suitable support material for practical Fischer-Tropsch synthesis at bottom 

bed conditions with high CO conversion. Under mild conditions, however, the silica-supported cobalt 

exhibits excellent stability.  
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Appendix B 

Table B1. Mössbauer experimental conditions for reactive Fischer-Tropsch humidity tests. All tests 

were performed at 200 oC with a total pressure of 20 bar. 

Reaction He (mL/min) H2 (mL/min) CO (mL/min) Water (g/h) Steam 

(mL/min) 

RH = 0% 75 20 5 0 0 

RH = 7.5% 

H2/H2O = 4 

55 20 5 0.24 5 

RH = 14% 

H2/H2O = 2 

55 20 5 0.48 10 

RH = 20% 

H2/H2O = 1.3 

55 20 5 0.72 15 

RH = 25% 

H2/H2O = 1 

55 20 5 0.96 20 

RH = 57% 

H2/H2O = 1 

0 20 5 0.96 20 

 

Table B2. Fit parameters of Mössbauer spectra of the CoPt/SiO2 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co(0) SPM 

-0.1 

0.1 

317 

- 

- 

- 

73 

27 

During 

FTS 

reaction 

200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

301 

- 

- 

- 

53 

47 

RH = 7.5% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

301 

- 

- 

- 

50 

50 

RH = 14% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

301 

- 

- 

- 

51 

49 
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RH = 20% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

301 

- 

- 

- 

52 

48 

RH = 25% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

301 

- 

- 

- 

54 

46 

RH = 57% 200 Co(0) bulk 

Co(0) SPM 

Co2+ 

Co2C 

-0.2 

0.0 

0.9 

0.0 

301 

- 

- 

- 

- 

- 

1.8 

0.9 

46 

37 

4 

13 

After 

reaction 

20 Co(0) bulk 

Co(0) SPM 

Co2+ 

Co2C 

-0.1 

0.1 

1.0 

0.1 

317 

- 

- 

- 

- 

- 

2.5 

0.8 

54 

19 

12 

15 

Reduced 20 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.1 

0.1 

1.0 

320 

- 

- 

- 

- 

2.5 

75 

14 

11 

 

Table B3. Fit parameters of Mössbauer spectra of the CoMn(0.1)Pt/SiO2 catalyst after different 

treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co(0) SPM 

-0.1 

0.1 

311 

- 

- 

- 

44 

56 

During 

FTS 

reaction 

200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

290 

- 

- 

- 

34 

66 

RH = 25% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

289 

- 

- 

- 

31 

69 

RH = 57% 200 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.2 

-0.1 

0.9 

293 

- 

- 

- 

- 

1.9 

22 

46 

32 
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After 

reaction 

20 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.1 

0.1 

1.0 

310 

- 

- 

- 

- 

2.5 

27 

40 

33 

Reduced 20 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.1 

0.0 

1.0 

312 

- 

- 

- 

- 

2.5 

27 

34 

39 

 

Table B4. Fit parameters of Mössbauer spectra of the CoMn(0.2)Pt/SiO2 catalyst after different 

treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co(0) SPM 

-0.1 

0.2 

310 

- 

- 

- 

43 

57 

During 

FTS 

reaction 

200 Co(0) bulk 

Co(0) SPM 

-0.2 

0.0 

288 

- 

- 

- 

31 

69 

RH = 7.5% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

-0.1 

289 

- 

- 

- 

35 

65 

RH = 14% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

-0.1 

288 

- 

- 

- 

33 

67 

RH = 20% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

-0.1 

289 

- 

- 

- 

31 

69 

RH = 25% 200 Co(0) bulk 

Co(0) SPM 

-0.2 

-0.1 

289 

- 

- 

- 

33 

67 

RH = 57% 200 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.2 

-0.1 

0.9 

295 

- 

- 

- 

- 

1.8 
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Figure B5. XPS spectra of CoMn(0.2)Pt/SiO2 (a,b) after (a) calcination and (b) subsequent reduction 

at 350 oC (black: experimental data and the fitted envelope; red: the fitted Mn(IV) contributions; 

green: the fitted Mn(III) contributions; blue: fitted Mn(II) contributions; the XPS fit model was taken 

from Ref. [53]). 
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Chapter 4 

Elucidating deactivation of titania-supported cobalt Fischer-

Tropsch catalysts under simulated high conversion conditions 

Abstract 

The study of titania-supported cobalt nanoparticles is relevant for industrial Fischer-Tropsch 

synthesis (FTS). Herein, we report about various deactivation pathways of cobalt supported on P25 

titania (cobalt loading 2-8 wt%) under simulated high conversion conditions using in situ Mössbauer 

spectroscopy. A fraction of metallic cobalt was oxidized under humid FTS conditions. The absolute 

amount of oxidized cobalt was ~1.2 wt% independent of the cobalt loading, indicating that specific 

cobalt-titanol interactions are involved in the oxidation process. The formation of cobalt-titanate-like 

compounds was only observed under very high water-to-hydrogen ratios in the absence of carbon 

monoxide. Steam considerably enhances cobalt sintering under FTS conditions. As such, deactivation 

under humid FTS conditions is not only caused by cobalt oxidation but also by enhancing sintering 

of the active phase.  

 

This chapter was published as: L.M. van Koppen, A.I. Dugulan, G.L. Bezemer, and E.J.M. Hensen, 

J. Catal., 2023, 420, 44-57.  
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4.1 Introduction 

Fischer-Tropsch synthesis (FTS) is a surface-catalyzed polymerization reaction that converts a feed 

of synthesis gas (CO + H2) to fuels and chemicals [1]. Cobalt catalysts are preferred in industry when 

the synthesis gas is derived from natural gas and long-chain paraffins are targeted [2]. Structure 

sensitivity of the FTS reaction catalyzed by cobalt dictates that the optimum size of cobalt 

nanoparticles is around 6-8 nm [3], [4]. As such, it is important to understand the stability of cobalt 

nanoparticles for successful industrial applications [5].  

One can distinguish short- and long-term deactivation of the catalyst in cobalt-based FTS [6]. Short-

term deactivation is well studied [5], [7], [8] and can be reversed by mild hydrogen treatment [9]. 

Long-term deactivation, on the other hand, is less reversible, making it significant in industrial 

practice. Long-term deactivation is not well understood, and several factors can contribute to the loss 

of catalytic activity over time. The most common ones considered are oxidation of the active metal 

phase [10]–[13], strong-metal support interactions (SMSI) [14]–[16], carbon deposition [17]–[19] 

and cobalt sintering [20]–[22].  

Investigations on supported cobalt catalysts are typically done using irreducible oxide supports such 

as SiO2 [16], [23], [24] and Al2O3 [2], [25], [26]. Reducible oxides such as TiO2, are also of practical 

interest [27]–[30]. The support reducibility can result in the formation of cobalt-support compounds 

[31], [32]. The formation of such compounds can lead to significant irreversible deactivation.  

Water is a main product of the FTS reaction, because the main pathway for O removal from the 

surface upon CO dissociation is through the production of water. High partial pressures of steam 

(humidity) can result in deactivation through oxidation as well as enhanced sintering. 

Thermodynamics dictate that spherical cobalt nanoparticles smaller than about 4 nm oxidize relevant 

H2O/H2 ratios during FTS conditions [11]. However, bulk oxidation of supported cobalt catalysts 

under such (simulated) industrial FTS conditions is often not observed in experiments, which can be 

due to the fact that typical catalysts contain larger particles or due to kinetic limitations of water 

dissociation [5], [10], [13], [33], [34]. The effect of steam on sintering under FTS conditions has been 

investigated [21], [34], [35]. The combination of high partial pressure of steam and carbon monoxide 

accelerates agglomeration of the active metal phase. The exact mechanisms at play are still a matter 

of discussion. Kliewer et al. proposed that surface wetting by cobalt oxide/hydroxide species forms a 

bridge between metallic particles that promotes coalescence [29]. With the size of such bridges 

limited by the metallic particle size, indicating that initial dispersion is key to resisting water induced 
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sintering.  Moodley et al. suggested Ostwald ripening by sub-carbonyl species as the dominant 

mechanism, which is enhanced by the presence of water [7].  

In this work, we investigate the deactivation pathways of titania-supported cobalt catalysts under 

humid FTS and model oxidation conditions. The chemical state of cobalt is investigated under 

conditions close to those encountered in industrial practice using in situ Mössbauer emission 

spectroscopy (MES) [36]. Here, we expand on previous 57Co MES studies that showed the effect of 

steam on the sintering of cobalt catalysts supported on carbon nanofibers [34], [35] by studying cobalt 

supported on a titania support. The MES measurements are supplemented by ICP, XRD, TEM and 

STEM-EDX, while the catalytic performance was determined during the MES measurements as well 

as separately in a microflow reactor.  

4.2 Experimental methods 

4.2.1 Catalyst preparation 

Supported cobalt catalysts were prepared by incipient wetness impregnation of P25 titania (Evonik 

Degussa, pore volume 0.3 mL/g, BET surface area 50 m2/g, Anatase/Rutile 85:15) followed by drying 

in air at 120 °C for 6 hours. The impregnation solutions were obtained by dissolving the appropriate 

amount of Co(NO3)2.6H2O (≥98.0%, Sigma Aldrich) in dehydrated ethanol. Four catalysts were 

prepared with a cobalt loading between 2 and 8 wt%. The resulting samples are denoted by 

Co(x)/TiO2, where x represents the intended weight loading. Two more catalysts were later prepared 

for additional studies following the same approach. Following impregnation and drying, the samples 

were calcined at 350 oC for 2 hours in stagnant air (rate 5 oC/min). Part of these prepared catalysts 

was spiked with radioactive 57Co by pore volume impregnation using a solution containing 90 MBq 

57Co in 0.1 M HNO3. These radioactive samples were dried at 120 oC for 12 hours and subsequently 

used for Mössbauer spectroscopy.  

4.2.2 Characterization 

Inductively coupled plasma-optical emission spectrometry 

Inductively coupled plasma-optical emission spectrometry (ICP-OES) spectrometer (Spectroblue, 

AMETEK Inc.) was used for elemental analysis. For analyzing the cobalt content of the catalysts, 

approximately 25 mg of the sample was dissolved in a mixture of 2 mL of concentrated HNO3 (65%) 

and 5 mL of concentrated H2SO4 (95-98%). The mixture was heated by a heating plate set to 250 °C 

until fully dissolved. After cooling to room temperature, demineralized water was added through a 
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reflux and homogenized. The solutions were subsequently diluted for ICP-OES measurements with 

demineralized water using volumetric flasks. ICP-OES analysis was conducted in duplo. A calibration 

line was prepared using a standard Co solution with concentrations between 0 and 6 mg/L. The cobalt 

concentration was determined using the 228.616 and 238.892 nm wavelengths and the average was 

reported. 

X-ray diffraction 

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phaser using a Cu Kα radiation 

source and a 2 mm slit. Data was collected using a time per step of 0.15 min and a step size of 0.1° 

in the 2θ range of 10–60°. Background subtractions were applied, and reference spectra were obtained 

using the Diffrac.Eva software by Bruker. 

Electron microscopy  

Surface averaged particle sizes and particle size distributions were determined using transmission 

electron microscopy (TEM). TEM measurements were performed on a FEI Tecnai 20 electron 

microscope operated at an electron acceleration voltage of 200 kV with a LaB6 filament. Typically, a 

small amount of the sample was ground and suspended in pure ethanol, sonicated, and dispersed over 

a Cu grid with a holey carbon film. 

The nanoscale distribution of elements in the samples was studied using scanning transmission 

electron microscopy−energy-dispersive X-ray spectroscopy (STEM-EDX). Measurements were 

carried out on a FEI cubed Cs-corrected Titan operating at 300 kV. Samples were crushed, sonicated 

in ethanol, and dispersed on a holey Cu support grid. Elemental analysis was done with an Oxford 

Instruments EDX detector X-MaxN 100TLE.  

In situ Mössbauer emission spectroscopy 

Mössbauer emission spectroscopy (MES) was carried out at various temperatures using a constant 

acceleration spectrometer set up in a triangular mode with a moving single-line K4Fe(CN)6·3H2O 

absorber enriched in 57Fe. The velocity scale was calibrated with a 57Co:Rh source and a sodium 

nitroprusside absorber. Zero velocity corresponds to the peak position of the K4Fe(CN)6·3H2O 

absorber measured with the 57Co:Rh source, positive velocities correspond to the absorber moving 

towards the source.  To be able to measure under in situ Fischer-Tropsch conditions, a high pressure 

MES cell is used [36], which is described in detail in literature [35].  
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Mössbauer spectra were fitted using the MossWinn 4.0 program [37]. The spectra of very small 

superparamagnetic species were fitted using the two-state magnetic relaxation model of Blume and 

Tjon, which assumes the presence of a fluctuating magnetic field which jumps between the values of 

+H and -H along the z-axis with an average frequency τ [38]. Here, H typically equals 500 kOe and 

τ can vary between 10-9 and 10-12 s-1. The Mössbauer spectra of larger particles were fitted using a 

hyperfine sextuplet, resulting from the local magnetic field experienced by bulk metallic particles. 

The experimental uncertainties in the calculated Mössbauer parameters, estimated using Monte Carlo 

iterations by the MossWinn 4.0 program and including experimental uncertainties were as follows: 

IS and QS ± 0.01 mm s-1 for the isomer shift and quadrupole splitting, respectively; ± 3% for the 

spectral contribution; ± 3 kOe for the hyperfine field.  

Typically, 300 mg of radioactivity-spiked and 100 mg of non-radioactive catalyst (sieve fraction 250-

500 µm) was loaded into two separate compartments of the reactor cell. FTS experiments were 

performed in situ following reduction at 340 oC for 2 hours in 100 mL/min flow of pure H2. Reactions 

were done at 200 oC and 20 bar, while the H2/CO was kept at 4 throughout and steam was fed to vary 

the relative humidity. Water was evaporated and mixed with the incoming feed gas using a Bronkhorst 

controlled evaporator mixer (CEM). The reported relative humidity are determined solely by the fed 

steam, excluding the steam produced by the Fischer-Tropsch reaction. Wax products were collected 

in a downstream hot catch pot, and water was retrieved in a subsequent cold catch pot. An online 

Trace GC Ultra from Thermo Fisher Scientific equipped with a RT-Silica bond column and a flame 

ionization detector as well as a Stabilwax column and a thermal conductivity detector was used to 

analyse the gaseous products. Model oxidation experiments were performed in situ following a 

reduction treatment at 340 oC for 2 hours in 100 mL/min of pure H2. Such reactions were done at a 

temperature of 220 oC and a pressure of 20 bar with a constant relative humidity (RH) of 25% and a 

varying H2 partial pressure.  

4.2.3 Catalytic activity measurements 

The catalytic performance was determined in a single-pass flow reactor system (Microactivity 

Reference unit, PID Eng&Tech) operated at a temperature of 220°C or 240 oC, a total pressure of 20 

bar and a H2/CO ratio of 4. In a typical experiment, 50 mg of catalyst (sieve fraction 125-250 µm) 

mixed with SiC particles of the same sieve fraction to a total volume of 3 mL was placed in a tubular 

reactor with an internal diameter of 9 mm. The temperature was controlled via a thermocouple, 

located in the centre of the catalytic bed. Reduction was first performed in a flow of H2 at 350 oC for 
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2 hours after heating at a rate of 5 oC/min. Subsequently, the reactor was cooled to 220°C and the gas 

feed composition was changed to reaction conditions. A constant space velocity (SV) of 60 L gcat
-1 h-

1, was applied for all catalysts, which resulted in a CO conversion between 1 and 5%. A TRACE1300 

GC instrument from Thermo Fisher Scientific equipped with a RT-Silica bond column and a flame 

ionization detector as well as a Porabond-Q column and a thermal conductivity detector was used to 

measure the gas composition of the reactor effluent. The Weisz−Prater criterion was calculated to 

confirm operations did not run under internal mass transfer limitations. At the applied reaction 

conditions, no CO2 was observed and the selectivity toward oxygenates on a molar carbon basis was 

less than 1%. Liquid products and waxes were collected in a cold trap placed after the reactor. Ar was 

used an internal standard in the CO/H2 feed mixture. The CO conversion (XCO) was determined in 

the following manner: 

𝑋𝐶𝑂 = 1 −
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,𝑖𝑛𝐹𝐴𝑟,𝑜𝑢𝑡
  (1) 

where FAr,in is the volumetric Ar flow in the reactor feed, FCO,in is the volumetric CO flow in the 

reactor feed, FAr,out and FCO,out are the respective volumetric flows of Ar and CO out of the reactor 

system. 

The carbon-based selectivity of hydrocarbon compound Ci (SCi) was calculated using: 

𝑆𝐶𝑖 =
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑖𝑣𝑖

𝐹𝐴𝑟,𝑜𝑢𝑡𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂
 (2) 

where FCi is the volumetric flow of hydrocarbon compound Ci out of the reactor, and vi is the 

stochiometric factor of the hydrocarbon compound. 

The cobalt time-yield (CTY) was determined using the following equation: 

𝐶𝑇𝑌 =
𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂

𝑚𝐶𝑜
 (3) 

where mCo is the weight of cobalt used in the catalytic reaction determined through ICP analysis.   
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4.3 Results and Discussion 

4.3.1 Fresh catalyst characterization 

A set of four Co/TiO2 catalysts was prepared by incipient wetness impregnation with intended cobalt 

loadings of 2, 4, 6 and 8 wt.%. The actual cobalt loadings determined by ICP analysis are given in 

Table 1, which point to some deviations from the targeted values. 

Table 1. Cobalt loading and average metal particle of Co/TiO2 catalysts. 

Catalyst Co loading 

(wt%)a 

Particle size 

(nm)b 

Co(2)/TiO2 3.0 13.3 ± 6.4 

Co(4)/TiO2 5.0 13.4 ± 6.6 

Co(6)/TiO2 5.6 12.0 ± 4.8 

Co(8)/TiO2 7.4 11.0 ± 4.6 

aDetermined by ICP analysis; bDetermined by TEM analysis of reduced and passivated samples. 

Figure 1 shows representative TEM images of the catalysts after reduction at 340 oC for 2 h in pure 

H2 and subsequent passivation at room temperature in a flow of 5% O2 in He. The average size and 

size distribution of the cobalt nanoparticles was determined by analysing approximately 150 particles 

in ca. 8 images per sample. The TEM images show that cobalt is well dispersed over the surface in 

all catalysts without any large agglomerated forms of cobalt. The average particle sizes given in Table  

show that the size of the reduced cobalt particles does not depend on the cobalt loading within the 

accuracy limits. This agrees with findings reported by Van Deelen et al. [39] that reduction of size-

controlled cobalt particles, which were obtained through colloidal methods and loaded on P25 titania 

by impregnation, leads to nearly similar sizes of the final metallic cobalt particles.  
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Figure 1. Representative TEM images of (a) Co(2)/TiO2, (b) Co(4) /TiO2, (c) Co(6)/TiO2 and (d) 

Co(8)/TiO2 following reduction at 340 oC for 2 h and passivation in 5% O2 in He at room temperature. 

A few particles have been highlighted to assist the viewer. 

The X-ray diffractograms of the calcined precursors are given in Figure 2. The samples show only 

diffraction lines due to anatase and rutile TiO2, which is expected for P25 TiO2 [40]. Features due to 

cobalt oxide are not observed, indicative of the high dispersion of cobalt oxide in the calcined 

precursor. The X-ray diffractograms of the reduced and passivated samples were similar to those of 

the calcined samples.  
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Figure 2. X-ray diffractograms of Co(2)/TiO2, Co(4)/TiO2, Co(6)/TiO2, and Co(8)/TiO2 after 

calcination at 350 oC. The strongest diffraction lines of anatase TiO2(orange), rutile TiO2 (cyan) and 

Co3O4 (dark purple) are indicated at the bottom. 

4.3.2 In situ Mössbauer spectroscopy of reduced catalysts 

Mössbauer spectra of the catalysts after reduction at 340 oC for 2 h are given in Figure 3. The 

Mössbauer fit parameters of the reduced catalysts are listed in Tables C3-C6. A sextuplet with an 

isomer shift (IS) of -0.1 mm s-1 and a hyperfine field (HF) of ~323 kOe observed for all catalyst 

samples is due to metallic cobalt. This sextuplet points to the presence of magnetically ordered 

metallic cobalt particles, which is common for cobalt particles larger than 6 nm [34]. The absence of 

a singlet feature of superparamagnetic metallic cobalt means that the fraction of very small cobalt 

nanoparticles with a size smaller than 6 nm in these samples is below the detection limit. This result 

is in line with the TEM analysis of the reduced catalysts. This aspect is important, as it has been well 

established that the FTS reaction on cobalt is structure sensitive with the CO conversion strongly 

decreasing for particles smaller than 6 nm [4]. In addition to the dominant metallic cobalt phase, all 

spectra contain a doublet with an IS of 1.0 mm s-1 and a quadrupole splitting (QS) of 2.0 mm s-1, 

which can be assigned to a dispersed Co2+-oxide phase. The contribution of this oxidic phase is largest 

(47%) for Co(2)/TiO2. When the reduction is prolonged to 10 h, the oxide phase spectral contribution 

decreased to 22%. The requirement of a longer reduction is likely the result of the increased cobalt-
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titania interaction on this sample, and the reduced hydrogen spill over from metallic cobalt particles 

onto the support. The catalysts with a higher cobalt loading have a smaller contribution of cobalt-

oxide. The presence of a certain fraction of cobalt oxide species that are more difficult to reduce can 

be due to the relatively strong cobalt-titania interactions as will be discussed below [41]. Despite 

these differences, the spectral parameters of the metallic contribution following reduction are the 

same for all samples, which confirms that the cobalt loading on titania cannot be used to obtain 

metallic cobalt particles of different size upon reduction at 340 oC. This is in line with the nearly 

similar sizes of the metallic cobalt particles as determined by TEM analysis (Figure 1). 

 

Figure 3. Mössbauer spectra of reduced Co/TiO2 catalysts at 340 oC in pure hydrogen: black lines 

represent the experimental spectra, blue the fitted bulk metallic cobalt and green the fitted cobalt 

oxide doublet. 

4.3.3 In situ Mössbauer emission spectroscopy during the FTS reaction 

In situ Mössbauer spectra were recorded as a function of the steam partial pressure at a temperature 

of 200 oC, a total pressure of 20 bar, and a H2/CO ratio of 4. The steam content in the feed is expressed 

as the relative humidity (RH) at the applied conditions. Table C1 details the feed compositions for the 

different RH measurements. The actual RH during the Mössbauer measurements are slightly higher, 

as additional steam is produced by the FTS reaction. However, in a typical experiment with a CO 
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conversion of approximately 15%, the amount of produced steam is small compared to the amount 

of steam in the feed. When no steam is added, the RH due to the FTS reaction is ca. 1.5%, which is 

substantially lower than the RH of 7.5% of the first humidity step. Spectra were recorded for at least 

48 h at each humidity step, except for RHs of 25% and 57% where the steam treatment was prolonged 

to 5 days and 11 days, respectively. This was done to understand the influence of prolonged exposure 

as encountered in industrial practice. We started by measuring MES spectra at 200 oC without steam 

added. The results in Table C3-C6 show that the cobalt distribution is very similar to the distribution 

obtained during room-temperature measurements after reduction in H2.  

  

Figure 4. In situ Mössbauer spectra of the Co/TiO2 catalysts under FTS conditions at a relative 

humidity of (a) 7.5%, (b) 25% and (c) 57%. The black lines represent the experimental spectra, the 

blue ones the fitted metallic cobalt sextuplet and the orange and green ones the fitted cobalt oxide 

doublets. 

When exposed to a relatively low partial pressure of steam (RH 7.5%), the spectra of all catalysts 

contain the same metallic and oxidic features as observed directly after reduction (Figure 4a). The 

predominant sextuplet has an IS of -0.2 mm s-1 and a HF of ~310 kOe as measured at 200 oC and is 

independent of the cobalt loading, implying that the samples still contain magnetically ordered 

metallic cobalt particles. The oxidic doublet has an IS of 0.8 mm s-1 and a QS of 1.8 mm s-1. The 

parameters point to a high dispersion of the Co2+-oxide species, the large quadrupole splitting 
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reflecting the low coordination of the cobalt atoms. While the contribution of this doublet is the same 

as under dry FTS conditions for Co(6)/TiO2 and Co(8)/TiO2, the contribution has increased for 

Co(2)/TiO2 (from 23% to 33%) and Co(4)/TiO2 (from 5% to 13%), pointing to cobalt oxidation. As 

the spectra do not show a significant change in the HF field for the metallic particles, these findings 

are likely not due to preferential oxidation of large or small particles, which would shift the average 

magnetic field to lower or higher values, respectively. Moreover, we can exclude a mechanism where 

only the surface of the metal particles is oxidized, as the fraction of oxidic cobalt formed in the 

Co(2)/TiO2 and Co(4)/TiO2 catalysts (10% and 8% respectively) exceeds the contribution of surface 

cobalt at the dispersion determined by TEM (daverage 13 nm, dispersion 6%). This will be further 

supported by the catalytic activity measurements presented below. Taken together, these results 

suggest mobility of cobalt species under the given conditions, leading to the formation of oxidized 

cobalt species in close interaction with the support as schematically shown in Figure 5. 

 

Figure 5. Schematic representation of the different cobalt species present in the catalyst and their 

evolution during the FTS reaction under changing conditions. 

When the humidity is increased to RH values of 14% and 20%, further oxidation is observed. The 

spectral contribution of the oxidic cobalt phase is given in Table 2 for all catalysts, while the 

Mössbauer fit parameters can be found in Tables C3-C6. Unfortunately, the spectral contribution for 

the Co(4)/TiO2 catalyst after 48 h at RH 25% and 57% are not available due to a malfunction of the 

hardware during the long-term measurements. The spectra obtained at a relative humidity of 25% are 

shown in Figure 4b. At this RH, the Co(2)/TiO2 sample contains an additional cobalt oxide state with 
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an IS of 0.4 mm s-1 and a QS of 0.2 mm s-1. The parameters can be assigned to Co3+. The observation 

of Co3+ is most likely an artifact of the Mössbauer effect for 57Co, where Co3+ is formed during the 

Auger cascade following the decay of the 57Co probe [42]–[45]. Such a Co3+ signal is even present in 

the Mössbauer emission spectrum of 57Co-doped CoO, which only contains Co2+ [42]. Surrounding 

Co2+ atoms can stabilize the Co3+ state, which is formed during the Auger cascade, long enough to be 

measured. As 57Co probe atoms with more direct Co2+ neighbours are more likely to show this 

stabilized Co3+ state, the observation of Co3+ species by MES can be used as a qualitative indication 

for the dispersion of oxidic cobalt [46]–[48]. Thus, the data suggests that a larger amount of oxidic 

cobalt in the Co(2)/TiO2 catalyst was present as slightly aggregated cobalt oxide than in the other 

catalysts at RH 25%. Nevertheless, such a contribution becomes visible for the samples containing 

more cobalt upon increasing the humidity to 57% (Figure 4c). These findings indicate that, at elevated 

steam pressure, the amount of oxidic cobalt increases and the domain size of these oxidic structures 

becomes larger as schematically shown in Figure 5. Since the measured HF of the metallic cobalt did 

not change, it is unlikely that higher humidity leads to oxidation of the larger metallic cobalt particles. 

Such a mechanism would have resulted in a change of the HF, because the HF is an average of the 

HFs of the metallic particles with different sizes. As such, we can conclude that the increasing amount 

of oxidic cobalt formed at higher humidity results in the growth of a cobalt oxide phase. It is likely 

that this phase is still highly dispersed as initially the Co3+ after-effect was absent.  

 

Table 2. Contribution of cobalt oxide phase (Co2+ and Co3+ species) as determined from MES spectra 

recorded at 200 oC under varying FTS conditions.  

Treatment H2O/H2 Treatment 

length 

(hrs) 

Spectral contribution cobalt oxide (%) 

Co(2)/TiO2  Co(4)/TiO2  Co(6)/TiO2  Co(8)/TiO2  

RH 0% 0 48 23 5 9 8 

RH 7.5% 0.25 48 33 13 11 10 

RH 14% 0.50 48 34 14 12 11 

RH 20% 0.75 48 35 14 13 13 

RH 25% 1.0 48 36 N/A 14 13 

1.0 120 37 16 14 14 
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RH 57% 1.0 48 37 N/A 17 16 

1.0 120 40 N/A 19 17 

1.0 264 43 20 22 17 

 

Despite the similar initial cobalt particle size in the reduced samples, the evolution of cobalt oxide 

following exposure to steam under FTS conditions is seemingly different. Figure 6 shows the absolute 

amount of oxidic cobalt formed as a function of the RH for the various samples. Within the 

experimental error, the samples contain a comparable amount of oxidic cobalt, which indicates that 

the extent of oxidation does not depend on the cobalt loading. The amount of oxidic cobalt increases 

with the steam pressure. Already at a low oxidizing potential (H2O/H2 0.25, RH 7.5%), significant 

oxidation of metallic cobalt is observed for all prepared catalysts compared to the small contributions 

of cobalt oxide after reduction. The amount of oxidic cobalt increases to approximately 1.2 wt% 

cobalt under the harshest applied conditions (RH 57%). We tentatively propose that this is due to the 

interaction of Co2+ with support hydroxyl groups, i.e., titanol groups. P25 titania contains about 5 

titanol groups per nm2 [49]. Assuming a Co2+:titanol stoichiometry of 2, the complete coverage of 

such surface groups would result in a cobalt loading of 1.2 wt%. The data can thus be interpreted in 

terms of oxidation of cobalt species under humid FTS conditions and their migration to stable 

locations at the support. When more cobalt is oxidized, these species might lead to highly dispersed 

cobalt oxide particles as suggested by the observation of a Co3+ signal. Nevertheless, we should also 

mention that there might be a role of the exposed anatase and rutile surfaces of titania with the P25 

titania containing about 15% rutile [40]. In the past, the impact of different titania phases on cobalt 

sintering and the formation of metal-support compounds has been suggested [50]–[52]. The important 

corollary of these findings is that oxidation of cobalt is a possible pathway in the deactivation of 

titania-supported cobalt nanoparticle catalysts during the FTS reaction. Thermodynamic 

considerations showed that cobalt oxidation under FTS conditions is not favorable for cobalt metal 

particles larger than 4 nm [11]. The present results show that oxidation of cobalt can occur under 

industrially relevant conditions for cobalt particles larger than 6 nm. The observed oxidation does not 

involve oxidation of metallic cobalt particles and, following the discussion above, also not from 

oxidation of a surface layer of the metallic cobalt nanoparticles as found for cobalt on silica [53]. 

Kliewer et al. mentioned that oxidation of cobalt on titania results in cobalt oxide/hydroxide species 

that anchor to the titania support [29]. Based on the latter suggestions and the current findings, we 

propose that the mobility of metallic cobalt species in combination with the oxidizing conditions due 
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to water play a role in oxidizing cobalt forming dispersed cobalt oxide interacting with titanol groups 

as sketched in Figure 5. Thus, whilst bulk oxidation did not occur under humid FTS conditions in line 

with the conclusions of Van Steen et al. [11], our findings show that dispersed oxidic cobalt can be 

formed in titania-supported cobalt catalysts under realistic FTS conditions. It is likely that the strong 

cobalt-titania support interactions play a critical role here, as oxidation was not observed for cobalt 

nanoparticles supported on carbon nanofibers treated under similar reaction conditions [35]. Beck et 

al. [54], [55] found that metallic platinum particles enhance the formation of oxygen vacancies in 

titania at a relatively low reduction temperature. Although we did not study the reduction of the titania 

surface for our catalysts, we argue that, even if oxygen vacancies would have formed under reducing 

conditions, these would be hydroxylated in the presence of steam. For instance, an STM study 

reported that H2O dissociates on oxygen vacancies of titania already at 120 K by donating a proton 

to an adjacent oxygen and forming a bridged hydroxyl group [56]–[58]. The reducibility of small 

oxidic cobalt particles in synthesis gas can be affected by the presence of oxygen vacancies. Recent 

work by Qiu et al. indicated that oxygen vacancies in the titania support material enhance the 

reducibility of especially relatively small cobalt oxide particles [59]. Thus, the presence of steam, 

which keeps the surface in an oxidized/hydroxylated state, might inhibit reduction of the small cobalt 

oxide particles. The work by Kliewer et al. [29] reported that the presence of oxidic cobalt on titania 

can enhance the sintering of the active phase. If significant sintering of metallic cobalt occurred under 

humid FTS, an increase of the HF parameter would be observed. However, this parameter remains 

constant throughout the humid treatments for all catalyst samples (Tables C3-C6). Upon reduction of 

the oxidic cobalt formed during FTS, an increased metallic cobalt content is observed for all catalyst 

samples. This increased degree of reduction indicates growth of the oxidic cobalt domains, as small 

oxidic particles are typically more difficult to reduce [15]. This is in good agreement with the 

observation of after-effect Co3+ species, as its observation can be attributed to larger oxidic 

agglomerates. So, whilst no increase in the measured HF is observed between the freshly reduced and 

spent reduced state (Tables C3-C6), the improved reducibility points towards the agglomeration of 

oxidic cobalt during humid FTS. We also considered the alternative deactivation pathway under 

simulated high CO conversion conditions through formation of metal-support compounds [52], [60]. 

Such studies have shown before that cobalt titanate readily forms at high humidity, especially for a 

pure anatase titania support. We did not even observe cobalt titanate species under our harshest humid 

FTS conditions of RH 57%. Compared to literature where a H2O/H2 ratio of 70 was used in the 

absence of CO, our highest H2O/H2 ratio of 1 can nevertheless explain this difference.  
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Figure 6. Amount of cobalt oxide in Co/TiO2 catalysts under humid Fischer-Tropsch conditions (200 

oC, 20 bar, H2/CO = 4) as determined by Mössbauer spectroscopy at 200 oC as a function of the 

relative humidity (red: Co(2)/TiO2, green: Co(4)/TiO2, blue: Co(6)/TiO2, magenta: Co(8)/TiO2). 

4.3.4 Sintering under humid Fischer-Tropsch conditions 

Our findings indicate that the active cobalt phase in titania-supported FTS catalysts can sinter upon 

partial oxidation under humid FTS conditions and subsequent reduction. Under the given 

measurement conditions, the HF parameter does not allow picking up such sintering of the metallic 

cobalt nanoparticles. Our previous work on carbon-supported cobalt, however, showed very clearly 

enhanced sintering of cobalt nanoparticles upon steam treatment in the presence of CO [34]. 

Accordingly, we studied the sintering of cobalt on titania in more detail by reducing Co(2)/TiO2 at a 

lower temperature of 300 oC in order to obtain initially smaller metallic cobalt particles. The resulting 

MES spectra are given in Figure 7 and the corresponding Mössbauer parameters are listed in Table 

C7. Compared to reduction at 340 oC, the spectra contain a much larger contribution of oxidic cobalt, 

both in the form of Co2+ (36%) and Co3+ (39%) next to a metallic cobalt contribution of 25%, 

characterized by the usual sextuplet for larger than 6 nm cobalt nanoparticles. To study sintering, we 

recorded MES spectra at a higher temperature of 200 oC. The higher measurement temperature can 

result in the loss of magnetic ordering for relatively small cobalt nanoparticles. This is evident from 
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the spectra recorded at 200 oC (Figure 7) after heating in a flow of inert argon, where the metallic 

cobalt phase is now characterized by a singlet with an IS of 0.0 mm s-1, in addition to the sextuplet 

representative of bulk metallic cobalt particles. The loss of magnetic ordering of a fraction of the 

cobalt nanoparticles at a higher measurement temperature implies that their size is smaller than 6 nm 

[34]. We refer to these particles as superparamagnetic (SPM) cobalt. The contribution of SPM cobalt 

is 29%, while the contribution of bulk cobalt is 16%. The combined spectral contribution of bulk and 

SPM cobalt is 45%, which is significantly larger than the metallic contribution of 25% derived from 

spectra recorded at room temperature. When measuring at elevated temperatures, difference in the 

Debye temperature of the different phases can lead to over- or underestimation of the spectral 

contributions [61]. Accordingly, we explain the difference in spectral contribution between the room-

temperature and 200 oC measurements under inert conditions to the higher Debye temperatures of the 

metallic phases in comparison with the oxidic cobalt phases. Additionally, the contribution from Co3+ 

declined significantly from 39% to 14%, whilst the Co2+ contribution increased from 36% to 41%. 

This suggests that the above-discussed Mössbauer after-effects are less pronounced at elevated 

temperatures. Nevertheless, despite the differences between room-temperature and 200 oC 

measurements, the Mössbauer data at the higher temperature can still be used for a qualitative analysis 

of sintering as will be done in the following.  
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Figure 7. In situ Mössbauer spectra measured of Co(2)/TiO2 following reduction at 300 oC and 

exposure to different FTS conditions: black lines represent the experimental spectra, blue ones the 

fitted metallic bulk cobalt sextuplet, red ones the small metallic cobalt singlet, and the orange and 

green ones the fitted cobalt oxide doublets. 

Upon introduction of dry synthesis gas, the SPM cobalt feature in the spectrum recorded at 200 oC 

remains with an IS of -0.1 mm s-1 and a spectral contribution of 26%. Under these conditions, the 

Co3+ doublet is no longer present, and the spectral contribution of the Co2+ doublet has increased from 

41% to 45%. The combined spectral contribution of oxidic cobalt thus decreased from 55% to 45% 

whilst the temperature remained the same, indicating some reduction occurs under these conditions, 

likely of the largest oxidic cobalt species. The remaining spectral contribution of 29% is made up by 

relatively large, magnetically ordered metallic cobalt particles. Upon addition of steam to the feed, 

the SPM cobalt contribution is immediately lost, even at a low RH of 7.5%. Under these slightly 

humid FTS conditions, the bulk metallic contribution increased from 29% to 74% with the residual 

26% corresponding to Co2+. These results clearly show that the addition of steam to the synthesis gas 

feed leads to mobility of cobalt on the titania surface, resulting in further reduction of dispersed oxidic 

cobalt as well as sintering of small metallic particles. These findings support the previous hypothesis 

that carbon monoxide and steam have a synergistic effect towards sintering [21], [34], [35] and that 
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this also occur on titania. Kliewer et al. [29] suggested that the presence of oxidic cobalt on the titania 

facilitates sintering of the metallic phase due to coalescence following reduction. The present findings 

support such a mechanism as both an increased reduction degree and particle growth are observed 

simultaneously. The improved reduction is likely also facilitated by hydrogen spill-over, which is 

facilitated by the presence of steam [62], [63]. Overall, these phenomena can contribute to cobalt 

sintering and a higher cobalt reduction degree, despite the increasing oxidizing potential due to the 

higher steam pressure. 

4.3.5 Characterization used catalysts 

To complement the Mössbauer data obtained under humid FTS conditions, STEM-EDX 

measurements were performed on reduced-passivated and used Co(4)/TiO2. The term ‘used catalysts’ 

refers to the non-radioactive catalyst samples obtained from the Mössbauer cell under the same humid 

FTS treatments as the Mössbauer samples. As such, these measurements provide ex situ information 

about the state of the catalyst following the deactivation studies. For each sample, 8 EDX maps were 

obtained on different areas of the sample. Two representative maps of the reduced and passivated 

Co(4)/TiO2 are shown in Figure 8a-b. These are broadly in keeping with the earlier bright-field TEM 

measurements discussed above, showing the presence of cobalt particles with sizes in the range of 

10-16 nm dispersed over the titania support. 

Representative maps of used Co(4)/TiO2 following high humidity FTS conditions are given in Figure 

8c-d. The cobalt particles are larger than in the reduced-passivated sample with sizes in the 16-22 nm 

range. This is despite the fact that the HF of the metallic cobalt phase during humid FTS did not 

increase, highlighting again that this parameter is not sensitive enough to detect the sintering 

occurring under these conditions. This supports the earlier conclusion that steam addition to the 

synthesis gas feed leads to cobalt sintering. However, some small cobalt particles (5-8 nm) can still 

be observed in some of the STEM-EDX maps. These small particles may be due to the small amount 

of cobalt that was not reduced according to MES (Table C4), even after re-reduction following 

exposure to high humidity FTS conditions. Based on the particle size distribution shown in Table 1, 

this could correspond to relatively small cobalt particles with a size smaller than 8.5 nm. Regardless, 

this data shows that, besides the evident oxidation, sintering is also a significant deactivation pathway 

on titania-supported cobalt catalysts during humid FTS. 
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Figure 8: EDX mappings of (a-b) a reduced and passivated and (c-d) a used Co(4)/TiO2 catalyst: the 

cobalt mapping is shown in red and the titania mapping in dark green. 

4.3.6 Oxidation in the absence of CO 

To study the oxidation behavior of Co/TiO2 at higher oxidizing potential in the absence of CO, we 

subjected Co(4)/TiO2 to model oxidation conditions (Figure 9). This sample was selected, because it 

combines a relatively low cobalt loading with good cobalt reducibility. The Mössbauer spectra were 

measured in situ at 220 oC and 20 bar at a constant RH of 25%, while varying the H2O/H2 ratio in the 

feed. The compositions used in these model oxidation measurements are given in Table C2. The 

Mössbauer parameters obtained during these experiments are collected in Table C8. Following 2 h 

reduction in pure hydrogen at 340 oC, a bulk metallic cobalt phase (83%) was observed with an IS of 

-0.1 mm s-1 and a HF of 309 kOe measured at 220 oC. The residual spectral contribution belongs to 

dispersed Co2+-oxide with an IS of 0.8 mm s-1 and a QS of 1.7 mm s-1. The spectra obtained at a 

H2O/H2 ratio of 10 contains the same two cobalt features, but the spectral contribution of the bulk 
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metallic cobalt was lower at 65% with the other 35% corresponding to the dispersed Co2+-oxidic 

phase. Increasing the H2O/H2 ratio to 50 by reducing the H2 partial pressure resulted in a further 

increase of the cobalt oxide content to 55%. When the ratio was further increased to 70, a new cobalt 

oxide doublet was observed (55%) with an IS of 0.5 mm s-1 and a QS of 1.2 mm s-1, which corresponds 

to a second Co2+ feature distinctively different from the other Co2+ species. At such a high H2O/H2 

ratio, the formation of cobalt titanates can be envisioned. In CoTiO3, Co also has a formal 2+ 

oxidation state but a different coordination environment than in CoO. The Mössbauer parameters of 

this Co2+ phase are very similar to those reported for ferrous titanate (FeTiO3) [64]. Thus, we infer 

that cobalt titanate phase was formed. When hydrogen is fully removed from the feed, full oxidation 

is observed with the cobalt-titanate feature, having a high spectral contribution of 76% and dispersed 

cobalt oxide making up the remainder. Following these lengthy model oxidation treatments, the 

reduction of the fully oxidized catalyst was investigated. Notably, a degree of reduction of only 18% 

was obtained following reduction at 340 oC for 2 h. The dominant Co2+ feature could only be removed 

by reduction at 450 oC, further strengthening the hypothesis that this doublet corresponded to cobalt 

titanate [65]. Contrary to the previous humid FTS measurements, no Co3+ features were observed 

during model oxidation. These findings suggest that, in the absence of CO, the agglomeration of the 

oxidic cobalt domains is significantly less pronounced. The slight gradual decrease of the HF from 

309 kOe in the reduced state to 307 kOe at the highest H2O/H2 ratio of 70 also indicates that the 

metallic particles are becoming smaller, as the measured HF follows from the average particle size. 

This either suggests that larger metallic particles are oxidized before smaller ones or that gradual 

oxidation of the surface of cobalt particles occurs. Both mechanisms can explain the observed drop 

in HF. Contrary to humid FTS conditions, under the highly oxidizing conditions in these 

measurements the oxidic cobalt species react with the titania support to form metal-support 

compounds as previously reported by Wolf et al. [52]. This is also shown schematically in Figure 5. 

So, although the inclusion of cobalt in CoTiO3-like surface compounds would represent a significant 

deactivation pathway, these compounds are only formed under unusual conditions of very high 

H2O/H2 ratio (>70), which are less relevant to practical FTS.  
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Figure 9. In situ Mössbauer spectra measured of Co(4)/TiO2 following model oxidation treatments: 

black lines represent the experimental spectra, blue ones the fitted metallic bulk cobalt sextuplet, and 

dark yellow and green ones the fitted cobalt oxide doublets. 

4.3.7 Deactivation pathways on the titania support 

Based on the present findings we sketched a deactivation mechanism for Co/TiO2 in Figure 10. We 

propose that, under low oxidizing potential (RH = 7.5-20%, H2O/H2 < 1), the presence of steam 

during FTS conditions results in sintering of small metallic particles as well as the formation of 

dispersed oxidic cobalt on the titania support. The formation of oxidic cobalt complexes with the 

titania support has been earlier observed following deposition of cobalt on titania in aqueous media 

[66]. Whilst we cannot determine the exact nature of the oxidic cobalt observed in this work, it is very 

likely that such structures are formed. The cobalt oxidation degree increases with at higher oxidizing 

potential of the reaction mixture. Depending on the presence of carbon monoxide, different 

deactivation pathways are followed. With carbon monoxide present, it is likely that mobile cobalt 

carbonyl species contribute to further growth of the oxidic cobalt species into larger domains and 

facilitate sintering of the metallic cobalt via Ostwald ripening as has been previously observed [7]. A 

density functional theory study showed that the formation of cobalt carbonyl species is energetically 

favourable under practical FTS conditions, even in the presence of adsorbed water [67]. The loss of 
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metallic cobalt lowers the FTS activity, while re-reduction can result in the loss of the metallic cobalt 

surface area due to sintering through coalescence. Due to the relatively low oxidizing potential 

(H2O/H2 = 1) under our humid FTS conditions, no formation of cobalt-titanate compounds is 

observed. However, without CO, the mobility of cobalt seems hampered, as no larger oxidic cobalt 

domains are observed in the form of Co3+ despite the high degree of oxidation. When the oxidizing 

potential is significantly increased (H2O/H2 = 70) the formation of CoTiO3-like structures is observed, 

formed by the strong interaction of the dispersed oxidic cobalt with the titania support. Reduction of 

these structures requires much higher temperatures, meaning that a larger amount of cobalt is no 

longer accessible for catalysis. 

 

Figure 10. Schematic representation of deactivation mechanisms observed for Co/TiO2 catalysts. 

Shown are small metallic SPM cobalt (red), bulk metallic cobalt (dark blue), dispersed oxidic cobalt 

(magenta), aggregated oxidic cobalt (orange), cobalt-titanate (dark purple), and titania (grey). 

4.3.8 Catalytic performance 

The catalytic activity continuously measured on-stream during the Mössbauer measurements is given 

in Figure 11. The results of the sample with the lowest cobalt loading (Co(2)/TiO2) are not shown, as 

the conversion was too low. The other catalysts show very similar activity trends in terms of a slow 

decrease of the CO conversion with increasing humidity. It is important to note that the opposite has 

also been reported, namely that water co-feeding can increase FTS activity [68], [69]. Additionally, 

the introduction of steam to the reactor feed results in a small decrease of the CO and H2 partial 

pressures, which can affect the catalytic activity due to the negative reaction order in CO and positive 
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order in H2 [70], [71]. Therefore, additional measurements were performed under dry conditions 

following the 5-day treatment at RH = 25%. This did not lead to significant activity differences. As 

such, the observed deactivation can be linked to the gradual oxidation of the active metallic cobalt 

along with mild sintering, resulting in a decrease of the cobalt specific activity of approximately 20% 

for all catalysts when comparing dry and RH 57% conditions. This activity loss exceeds the loss of 

metallic cobalt between dry and high humidity conditions for all catalysts, indicating that oxidation 

of metallic cobalt can only explain part of the deactivation. It underlines that sintering, as observed 

by STEM-EDX (Figure 8), also significantly contributes to deactivation. Full surface oxidation of 

metallic cobalt particles can be excluded as a mechanism, as the formation of a (thin) surface oxide 

layer on metallic cobalt particles would render the active catalytic sites completely inaccessible for 

catalysis, resulting in a far greater activity loss already at relatively low oxidizing potential (RH = 

7.5%).  

 

Figure 11. In situ FTS activity of the Co(x)/TiO2 catalysts during humid FTS measurements in the 

Mössbauer cell. The CTY determined at steady state at the applied conditions is plotted against the 

RH. (Co(4)/TiO2: black squares, Co(6)/TiO2: red circles, Co(8)/TiO2: blue triangles). 

Besides catalytic activity measurements in the in situ MES cell, the performance of the cobalt 

catalysts was measured in a high-pressure fixed-bed plug-flow reactor at 220 oC, 20 bar, a H2/CO 

ratio of 4, and a space velocity of 60 L gcat
-1 h-1. The corresponding results for fresh and used catalysts 

are collected in Table 3. Note that the fresh catalysts were reduced at 340 oC for 2 h, while the used 

catalysts retrieved after the in situ MES measurements were re-reduced according to the same 
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procedure. The activity normalized on the amount of cobalt (CTY) was in the range of 1.7 - 2.2 10 -5 

molCO gCo
-1 s-1 for the fresh reduced catalysts. The Co(2)/TiO2 catalyst shows a substantially higher 

CTY after exposure to humid Fischer-Tropsch conditions. This strong increase is likely the result of 

the higher cobalt reduction degree, following the harsh humid FTS conditions employed. We 

previously showed that 47% of cobalt remained oxidic when the fresh catalyst was reduced for 2h at 

340 oC, whereas only 18% remained oxidic after 2 h at the same reduction temperature for the used 

catalyst. As the catalysts for these activity measurements were reduced in situ for 2 h, one would 

expect significant differences in the amount of metallic cobalt and, thus, the catalytic performance. 

This higher degree of reduction for the used catalysts counteracts the negative impact of sintering on 

the activity. In good agreement with this, the CTY of the used Co(2)/TiO2 catalyst is approximately 

50% higher than that of the fresh catalyst. The relatively strong increase in activity suggests that 

deactivation due to sintering was minimal. However, the used catalyst shows a significantly larger 

contribution of C5+ hydrocarbon products at the expense of methane. It has been previously shown 

that an increase in the cobalt particle size results in an increased C5+ selectivity under high pressure 

FTS conditions [4], although this effect becomes much less pronounced for cobalt particles larger 

than 10 nm. Therefore, this change in selectivity can be in part explained by sintering of metallic 

particles. The increase in CO conversion likely leads to an increased selectivity towards C5+ 

products. The used Co(4)/TiO2 catalyst is less active than the fresh one, as expected since the STEM-

EDX maps clearly show significant sintering of the cobalt particles. In this case, there was no benefit 

for the increased reducibility of the used catalyst compared to its fresh state. However, contrary to the 

Co(2)/TiO2 catalyst, the used Co(4)/TiO2 catalyst shows a higher selectivity towards methane 

compared to the fresh one. This shift in selectivity could be the result of the lower CO conversion, as 

lower CO conversion typically shifts the selectivity towards C1 products due to the lower coverage 

of the surface with chain-growth monomers. The two catalysts with the highest weight loadings show 

almost identical CTY values, which are comparable to what was observed for the fresh Co(4)/TiO2 

catalyst. This underlines the structural similarity between these catalysts with the comparable particle 

sizes resulting in similar catalytic performance. The two fresh catalysts exhibit a similar selectivity 

towards C5+ hydrocarbons, but lower than for the Co(4)/TiO2 catalyst, despite the higher CO 

conversion. Nevertheless, the observed changes are relatively small and the obtained product 

distributions are typical for the FTS reaction under our hydrogen-rich conditions. 
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Table 3. Catalytic performance data for the cobalt catalysts (plug-flow reactor operated at 220 oC, 20 

bar and H2/CO = 4, SV = 60 L gcat
-1 h-1) 

Catalyst Conversion 

(%) 

C1 

selectivity 

(%) 

C2-C4 

selectivity 

(%) 

C5+ 

selectivity 

(%) 

CTY  

(10 -5 molCO 

gCo
-1 s-1) 

Co(2)/TiO2 2 12 7 81 1.6  

Co(2)/TiO2 used 4 5 3 92 2.5 

Co(4)/TiO2 3 7 7 86 2.1 

Co(4)/TiO2 used 1 14 10 76 1.2 

Co(6)/TiO2 5 11 9 80 1.9 

Co(8)/TiO2 5 15 9 76 1.9 

4.4 Conclusion 

By combining Mössbauer spectroscopy with TEM, we showed that reduction of a calcined cobalt on 

titania precursor led to sintering. Independent of the initial cobalt loading in the 2-8 wt% range, the 

final size of the reduced cobalt metal particles was the same (ca. 12 nm). In situ Mössbauer 

spectroscopy demonstrated partial oxidation of metallic cobalt under humid FTS conditions. The 

extent of cobalt oxidation increased with the steam partial pressure. Comparing the different catalysts, 

it was found that the absolute amount of oxidized cobalt was the same for all samples. This could be 

linked to cobalt oxide strongly interacting with titanol groups of the support. The formation of cobalt-

titanate-like compounds was only observed under very high oxidizing potential and in the absence of 

CO. As such, our results indicate that such compounds do not readily form under practical FTS 

conditions. The data point to a strong impact of humid FTS conditions on the sintering of small 

metallic cobalt particles, where oxidic cobalt wets the titania support, facilitating cobalt sintering in 

synthesis gas and under reduction conditions. STEM-EDX maps confirmed the much larger cobalt 

particles in catalysts employed under humid FTS conditions in comparison to reduced samples.  
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Appendix C 

Table C1. Mössbauer experimental conditions for reactive Fischer-Tropsch humidity tests. All tests 

were performed at 200 oC with a total pressure of 20 bar. 

Reaction He (mL/min) H2 (mL/min) CO (mL/min) Water (g/h) Steam 

(mL/min) 

RH = 0% 75 20 5 0 0 

RH = 7.5% 

H2/H2O = 4 

55 20 5 0.24 5 

RH = 14% 

H2/H2O = 2 

55 20 5 0.48 10 

RH = 20% 

H2/H2O = 1.3 

55 20 5 0.72 15 

RH = 25% 

H2/H2O = 1 

55 20 5 0.96 20 

RH = 57% 

H2/H2O = 1 

0 20 5 0.96 20 

 

Table C2. Mössbauer experimental conditions for model oxidation tests. All tests were performed at 

220 oC with a total pressure of 20 bar. 

Reaction Ar (mL/min) H2 (mL/min) Water (g/h) Steam 

(mL/min) 

H2O/H2 = 10 

RH = 25% 

78 2 0.96 20 

H2O/H2 = 20 

RH = 25% 

79 1 0.96 20 

H2O/H2 = 50 

RH = 25% 

79.6 0.4 0.96 20 

H2O/H2 = 70 

RH = 25% 

79.7 0.3 0.96 20 

H2O/Ar  80 0 0.96 20 
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RH = 25% 

Table C3. Fit parameters of Mössbauer spectra of the Co(2)/TiO2 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.0 

78 

22 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.8 

77 

23 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.7 

67 

33 

RH = 14% 200 - - - - - 

RH = 20% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.7 

0.4 

310 

- 

- 

- 

1.8 

0.2 

65 

30 

5 

RH = 25% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.7 

0.4 

310 

- 

- 

- 

1.8 

0.2 

63 

30 

7 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.8 

0.1 

310 

- 

- 

- 

1.7 

0.8 

57 

25 

18 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.2 

322 

- 

- 

- 

2.0 

0.8 

48 

30 

22 

Reduced 20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.0 

82 

18 
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Table C4. Fit parameters of Mössbauer spectra of the Co(4)/TiO2 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

1.8 

95 

5 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.9 

309 

- 

- 

1.8 

95 

5 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.9 

309 

- 

- 

1.8 

87 

13 

RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

86 

14 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.6 

86 

14 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

84 

16 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.9 

0.1 

309 

- 

- 

- 

1.7 

0.9 

80 

15 

5 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.1 

321 

- 

- 

- 

2.1 

0.9 

78 

13 

9 

Reduced 20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.1 

96 

4 
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Table C5. Fit parameters of Mössbauer spectra of the Co(6)/TiO2 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

1.9 

90 

10 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.8 

91 

9 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.9 

310 

- 

- 

1.7 

89 

11 

RH = 14% 200 - - - - - 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.7 

87 

13 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

86 

14 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.8 

0.1 

310 

- 

- 

- 

1.7 

0.8 

78 

11 

11 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.2 

322 

- 

- 

- 

2.2 

0.9 

81 

15 

4 

Reduced 20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.0 

98 

2 
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Table C6. Fit parameters of Mössbauer spectra of the Co(8)/TiO2 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co2+ 

-0.1 

1.0 

322 

- 

- 

1.9 

89 

11 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.6 

92 

8 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.8 

90 

10 

RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.7 

89 

11 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.7 

309 

- 

- 

1.7 

87 

13 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

86 

14 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.8 

0.1 

309 

- 

- 

- 

1.7 

0.8 

83 

10 

7 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.2 

321 

- 

- 

- 

2.2 

0.9 

79 

12 

9 

Reduced 20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.0 

97 

3 
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Table C7. Fit parameters of Mössbauer spectra of the Co(2)/TiO2 catalyst after various experiments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

20 Co(0) bulk 

Co3+ 

Co2+ 

-0.1 

0.2 

1.0 

319 

- 

- 

- 

0.8 

1.8 

25 

39 

36 

After 

reduction 

200 Co(0) bulk 

Co(0) SPM 

Co3+ 

Co2+ 

-0.2 

0.0 

0.1 

0.9 

309 

- 

- 

- 

- 

- 

0.8 

1.4 

16 

29 

14 

41 

During 

FTS 

reaction 

200 Co(0) bulk 

Co(0) SPM 

Co2+ 

-0.2 

-0.1 

0.9 

308 

- 

- 

- 

- 

1.4 

29 

26 

45 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.8 

74 

26 

 

Table C8. Fit parameters of Mössbauer spectra of the Co(4)/TiO2 catalyst after model oxidation 

experiments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

After 

reduction 

220 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

83 

17 

H2O/H2 = 10 220 Co(0) bulk 

Co2+ 

-0.2 

0.8 

308 

- 

- 

1.5 

65 

35 

H2O/H2 = 20 220 Co(0) bulk 

Co2+ 

-0.2 

0.8 

308 

- 

- 

1.5 

59 

41 

H2O/H2 = 50 220 Co(0) bulk 

Co2+ 

-0.2 

0.8 

308 

- 

- 

1.5 

45 

55 
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H2O/H2 = 70 220 Co(0) bulk 

Co2+ 

Co2+ 

-0.2 

1.0 

0.5 

307 

- 

- 

- 

1.2 

1.2 

19 

26 

55 

H2O/Ar 

 

220 Co2+ 

Co2+ 

1.0 

0.5 

- 

- 

1.1 

1.0 

24 

76 

After 

reduction at 

340 oC for 2 

hours 

20 Co(0) bulk 

Co2+ 

Co2+ 

-0.1 

0.9 

0.9 

321 

- 

- 

- 

2.0 

0.8 

18 

46 

36 

After 

reduction at 

340 oC for 8 

hours 

20 Co(0) bulk 

Co2+ 

Co2+ 

-0.1 

1.2 

0.7 

323 

- 

- 

- 

1.3 

1.3 

31 

20 

49 

After 

reduction at 

400 oC for 4 

hours 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

321 

- 

- 

1.0 

74 

26  

After 

reduction at 

450 oC for 2 

hours 

20 Co(0) bulk -0.1 321 - 100 
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Chapter 5 

Tuning stability of titania-supported Fischer-Tropsch 

catalysts: impact of surface area and noble metal promotion 

Abstract 

Cobalt oxidation is a relevant deactivation pathway of titania-supported cobalt catalysts used in 

Fischer-Tropsch synthesis (FTS). To work towards more stable catalysts, we studied the effect of the 

surface area of the titania support and noble metal promotion on cobalt oxidation under simulated 

high conversion conditions. Mössbauer spectroscopy was used to follow the evolution of cobalt 

during reduction and FTS operation as a function of the steam pressure. The reduction of the oxidic 

cobalt precursor becomes more difficult due to stronger metal-support interactions when the titania 

surface area is increased. The reducibility was so low for cobalt on GP350 titania (surface area 283 

m2/g) that the catalytical activity was negligible. Although cobalt was more difficult to reduce on P90 

titania (94 m2/g) than on commonly used P25 titania (50 m2/g), Co/P90 combined increased resistance 

against cobalt sintering and higher FTS performance than Co/P25. The addition of platinum to Co/P90 

led to a higher reduction degree of cobalt and also increased the cobalt dispersion, resulting in a 

catalyst formulation with promising performance at relatively low steam pressure. Nevertheless, the 

stronger cobalt-titania interactions result in more extensive deactivation at high steam pressure due 

to oxidation.  

This chapter is under review for publication in Catalysis Today.  
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5.1. Introduction 

Fischer-Tropsch synthesis (FTS) is the reaction of synthesis gas (syngas), a mixture of CO and H2, to 

long-chain hydrocarbons and other useful chemicals [1]. Since syngas can also be derived from 

renewable sources [2], [3], FTS is a promising alternative for producing transportation fuels for 

sectors that are hard to decarbonize such as heavy-duty transport and aviation. As most industrial 

chemical processes, FTS utilizes a catalyst to improve the kinetics and selectivity of the reaction [4]. 

Commercially, iron [5] and cobalt [6] are used as the active phase for the FTS reaction. Cobalt FTS 

provides excellent selectivity towards long-chain hydrocarbons and is the preferred catalyst for 

processing of syngas derived from natural gas [7], [8]. Moreover, in future Power-to-Liquid (PTL) 

scenarios, cobalt is also the catalyst of choice, due to its low CO2 production, low oxygenate 

selectivity, that is lost to the water stream, and excellent selectivity to C5+ hydrocarbons [9]. Efficient 

catalysts require relatively large cobalt particles due to the structure sensitivity effect [10], [11]. An 

important aspect of practical FTS is the deactivation suffered by cobalt-containing catalyst [12]. 

Given the high price of cobalt, it is very important to not only understand the mechanisms underlying 

deactivation of such catalysts but also improve catalyst formulations to mitigate deactivation [13]. 

In general, the following main deactivation pathways can be discerned in cobalt-based FTS, namely 

(i) poisoning, (ii) carbon effects, (iii) sintering, (iv) oxidation and (v) strong metal-support 

interactions (SMSI) [12]. Typical poisoning agents are sulfur [14] and nitrogen compounds [15], [16], 

while alkali metals can also reduce the performance significantly [17], [18]. Careful cleaning of the 

syngas feed avoids most of such poisoning problems. Instead, carbon effects, sintering, oxidation and 

SMSI are intrinsic to the FTS reaction and, therefore, depend on the catalyst structure and 

composition as well as the experimental conditions.  To improve future catalyst design, these 

deactivation mechanisms and the extent to which they contribute will need to be fully understood. 

For this reason, in situ and operando characterization, studying catalysts in their actual working state, 

is of utmost importance [19].  

The high partial pressures of CO and surface coverage with carbon species can have two distinctive 

effects. First, carbon species can block access to the active sites. Although FTS is generally considered 

to be a reaction that does not produce coke [20], the formation of carbonaceous products with a low 

hydrogen content has been argued to contribute to catalyst deactivation [21]. Selective blockage of 

some of the active sites has been shown to enhance FTS selectivity [22], [23]. Second, the presence 
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of carbon atoms at the surface can also lead to the formation of cobalt carbides, either surface or bulk 

carbides, which are much less active than metallic cobalt and have different selectivity profile [24].  

Sintering of cobalt-based FTS catalysts is the result of many factors such as the relatively high 

operating temperature close to the Hüttig temperature of cobalt [25], the exothermicity of the reaction, 

and high partial pressures of steam at practical CO conversion levels [14]. Previous studies have 

pointed out the synergistic effect between carbon monoxide and steam towards cobalt sintering [26]–

[28]. Both coalescence due to particle migration [29] and Ostwald ripening [30], [31] through 

migration of cobalt atoms have been suggested as important sintering mechanisms. 

The formation of large amounts of water by-product can also cause the oxidation of the surface of 

cobalt metal particles. Thermodynamic studies have shown that bulk oxidation of metallic cobalt 

particles is only favorable when the particles are smaller than 4 nm under realistic FTS conditions 

[32]. However, experimental studies have demonstrated that supported cobalt particles can be 

oxidized in the presence of co-fed water [33]–[36]. As such, surface and bulk oxidation of cobalt 

needs to be considered as a relevant deactivation mechanism. 

Deactivation through strong metal-support interactions (SMSI) is obviously strongly dependent on 

the support material. On carbon-based supports, often used as model systems, no deactivation through 

SMSI is observed [27], [28], [37]–[39]. However, deactivation is apparent when metal oxide supports 

are used. Typical support materials used for the FTS reaction are irreducible oxides, such as SiO2 

[40]–[47] and Al2O3 [26], [31], [47]–[55], while a reducible oxide such as TiO2 is also of practical 

interest [29], [36], [47], [56]–[61]. Whilst these support materials have the benefit of anchoring the 

cobalt more strongly than for instance carbon, this stronger interaction can also lead to the formation 

of metal-support compounds (MSC) under FTS conditions [62]–[66].  

In this work, we investigate the effect of titania as a support material for cobalt nanoparticles under 

humid FTS conditions that simulate high CO conversion. We vary the surface area of titania and study 

the impact of platinum as a reduction promoter for the optimum titania to counter possible oxidation 

during humid FTS operation. The chemical state and structure of cobalt is investigated under 

conditions close to those encountered in industrial practice using in situ Mössbauer emission 

spectroscopy (MES) [67]. We expand on a previous 57Co MES study in which we showed how steam 

can lead to oxidation and sintering of cobalt nanoparticles on P25 titania [34]. The MES 

measurements are supplemented by XRD, quasi in situ XPS, TEM and STEM-EDX. The catalytic 

performance was measured during MES and, separately, in a fixed-bed microflow reactor.  
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5.2. Experimental methods 

5.2.1 Catalyst preparation 

Supported cobalt catalysts were prepared by incipient wetness impregnation of P25 titania (Evonik 

Degussa, pore volume 0.3 mL/g, BET surface area 50 m2/g, Anatase/Rutile 85:15), P90 titania 

(Evonik Degussa, BET surface area 94 m2/g), and GP350 titania (Cristal ActivTM, Millennium 

Chemicals, BET surface area 283 m2/g, phase-pure anatase) followed by drying in air at 120 °C for 6 

hours. The impregnation solutions were obtained by dissolving the appropriate amount of 

Co(NO3)2.6H2O (≥98.0%, Sigma Aldrich) in dehydrated ethanol and, when required, an appropriate 

amount of Pt(NH3)4(NO3)2 (≥99.995%, Sigma Aldrich). A total of four catalysts were prepared with 

a cobalt loading of 4 wt%. One catalyst was promoted with platinum at an atomic cobalt/platinum 

ratio of 200. The resulting samples are denoted by CoPt/S and Co/S for the promoted and unpromoted 

catalysts respectively, where S stands for the support being P25, P90 or GP350. For Mössbauer 

emissions spectroscopy measurements, a portion of the dried catalysts was spiked with radioactive 

57Co by pore volume impregnation using a solution containing 90 MBq 57Co in 0.1 M HNO3. These 

radioactive samples were dried at 120 oC for 12 hours.  

5.2.2 Characterization 

X-ray diffraction 

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phaser using a Cu Kα radiation 

source and a 2 mm slit. Data was collected using a time per step of 0.15 min and a step size of 0.1° 

in the 2θ range of 10–60°. Background subtractions were applied, and reference spectra were obtained 

using the Diffrac.Eva software by Bruker. 

Electron microscopy  

Surface averaged particle sizes and particle size distributions were determined using transmission 

electron microscopy (TEM). TEM measurements were performed on a FEI Tecnai 20 electron 

microscope operated at an electron acceleration voltage of 200 kV with a LaB6 filament. Typically, a 

small amount of the sample was ground and suspended in pure ethanol, sonicated, and dispersed over 

a Cu grid with a holey carbon film. 

The nanoscale distribution of elements in the samples was studied using scanning transmission 

electron microscopy−energy-dispersive X-ray spectroscopy (STEM-EDX). Measurements were 

carried out on a FEI cubed Cs-corrected Titan operating at 300 kV. Samples were crushed, sonicated 
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in ethanol, and dispersed on a holey Cu support grid. Elemental analysis was done with an Oxford 

Instruments EDX detector X-MaxN 100TLE.  

Quasi in situ X-ray photoelectron spectroscopy (XPS) 

The oxidation state of cobalt was studied by quasi in situ XPS using a Kratos AXIS Ultra 600 

spectrometer equipped with a monochromatic Al Kα X-ray source (Al Kα 1486.6 eV). Survey and 

region scans were recorded at pass energies of respectively 160 eV and 40 eV. The step size was 0.1 

eV and the background pressure during the measurements was kept below 10-9 mbar. 

A high-temperature reaction cell (Kratos, WX-530) was used to pre-treat the sample mounted on an 

alumina stub before XPS analysis. This setup allows in vacuo sample transfer of a pre-treated sample 

into the analysis chamber. Reduction was performed in a pure H2 flow at atmospheric pressure and 

temperatures between 340 and 650 oC. After reduction, the reaction cell was evacuated to a pressure 

below 10-9 mbar. Then, the sample was cooled to 150 °C and transferred to the analysis chamber. 

Data analysis was done with the CasaXPS software (version 2.3.22PR1.0). The binding energy scale 

was corrected for surface charging by setting the Ti 2p3/2 peak of TiO2 at a binding energy of 458.5 

eV. 

In situ Mössbauer emission spectroscopy 

Mössbauer emission spectroscopy (MES) was carried out at various temperatures using a constant 

acceleration spectrometer set up in a triangular mode with a moving single-line K4Fe(CN)6·3H2O 

absorber enriched in 57Fe. The velocity scale was calibrated with a 57Co:Rh source and a sodium 

nitroprusside absorber. Zero velocity corresponds to the peak position of the K4Fe(CN)6·3H2O 

absorber measured with the 57Co:Rh source, positive velocities correspond to the absorber moving 

towards the source. Measurements under Fischer-Tropsch conditions were carried out in a high-

pressure MES cell [67], which is described in detail in literature [28].  

Mössbauer spectra were fitted using the MossWinn 4.0 program [68]. The spectra of very small 

metallic superparamagnetic species were fitted using the two-state magnetic relaxation model of 

Blume and Tjon, which assumes the presence of a fluctuating magnetic field which jumps between 

the values of +H and -H along the z-axis with an average frequency τ [69]. Here, H typically equals 

500 kOe and τ can vary between 10-9 and 10-12 s-1. The Mössbauer spectra of larger metallic particles 

were fitted using a hyperfine sextuplet, resulting from the local magnetic field experienced by bulk 

metallic particles. Oxidic contributions are fitted using doublets, with a quadrupole splitting following 
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their non-spherical charge distribution. The experimental uncertainties in the calculated Mössbauer 

parameters, estimated using Monte Carlo iterations by the MossWinn 4.0 program and including 

experimental uncertainties were as follows: IS and QS ± 0.01 mm s-1 for the isomer shift and 

quadrupole splitting, respectively; ± 3% for the spectral contribution; ± 3 kOe for the hyperfine field.  

Typically, 300 mg of 57Co-spiked and 100 mg of non-radioactive catalyst (sieve fraction 250-500 µm) 

was loaded into two separate compartments of the reactor cell. FTS experiments were performed in 

situ following reduction between 340 oC and 400 oC for 2 hours in a 100 mL/min flow of pure H2. 

Reactions were done at 200 oC and 20 bar, while the H2/CO was kept at 4 throughout and steam was 

fed to vary the relative humidity. Water was evaporated and mixed with the incoming feed gas using 

a Bronkhorst controlled evaporator mixer (CEM). The relative humidity reported is based on the 

steam fed in this way, excluding steam generated by the Fischer-Tropsch reaction. Wax products were 

collected in a downstream hot catch pot, and water was retrieved in a subsequent cold catch pot. An 

online Trace GC Ultra from Thermo Fisher Scientific equipped with a RT-Silica bond column and a 

flame ionization detector as well as a Stabilwax column and a thermal conductivity detector was used 

to analyze the gaseous products.  

5.2.3 Catalytic activity measurements 

The catalytic performance was determined in a single-pass flow reactor system (Microactivity 

Reference unit, PID Eng&Tech) operated at a temperature of 220°C or 240 oC, a total pressure of 20 

bar and a H2/CO ratio of 4. In a typical experiment, 50 mg of catalyst (sieve fraction 125-250 µm) 

mixed with SiC particles of the same sieve fraction to a total volume of 3 mL was placed in a tubular 

reactor with an internal diameter of 9 mm. The temperature was controlled via a thermocouple, 

located in the center of the catalytic bed. Reduction was first performed in a flow of H2 at 340 oC for 

2 hours after heating at a rate of 5 oC/min. Subsequently, the reactor was cooled to 220°C and the gas 

feed composition was changed to reaction conditions. A constant space velocity (SV) of 60 L gcat
-1 h-

1, was applied for all catalysts, which resulted in a CO conversion between 1 and 5%. A TRACE1300 

GC instrument from ThermoFischer Scientific equipped with a RT-Silica bond column and a flame 

ionization detector as well as a Porabond-Q column and a thermal conductivity detector was used to 

measure the gas composition of the reactor effluent. Based on the Weisz−Prater criterion, internal 

mass transfer limitations could be excluded. At the applied reaction conditions, no CO2 was observed 

and the selectivity toward oxygenates on a molar carbon basis was less than 1%. Liquid products and 

waxes were collected in a cold trap placed after the reactor. Ar (9 vol% in CO) was used as an internal 
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standard in the CO/H2 feed mixture. The CO conversion (XCO) was determined in the following 

manner: 

𝑋𝐶𝑂 = 1 −
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑂,𝑜𝑢𝑡

𝐹𝐶𝑂,𝑖𝑛𝐹𝐴𝑟,𝑜𝑢𝑡
  (1) 

where FAr,in is the volumetric Ar flow in the reactor feed, FCO,in is the volumetric CO flow in the 

reactor feed, FAr,out and FCO,out are the respective volumetric flows of Ar and CO out of the reactor 

system. 

The carbon-based selectivity of hydrocarbon compound Ci (SCi) was calculated using: 

𝑆𝐶𝑖 =
𝐹𝐴𝑟,𝑖𝑛𝐹𝐶𝑖𝑣𝑖

𝐹𝐴𝑟,𝑜𝑢𝑡𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂
 (2) 

where FCi is the volumetric flow of hydrocarbon compound Ci out of the reactor, and vi is the 

stochiometric factor of the hydrocarbon compound. 

The cobalt time-yield (CTY) was determined using the following equation: 

𝐶𝑇𝑌 =
𝐹𝐶𝑂,𝑖𝑛𝑋𝐶𝑂

𝑚𝐶𝑜
 (3) 

where mCo is the weight of cobalt used in the catalytic reaction. 
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5.3. Results and Discussion 

5.3.1 Characterization of titania supported catalysts 

A set of three Co/TiO2 catalysts without Pt reduction promoter was prepared by incipient wetness 

impregnation at a cobalt loading of 4 wt.% using different titania supports covering surface areas in 

the range of 50 – 283 m2/g. The X-ray diffractograms of the calcined precursors are given in Figure 

D8. The samples show only diffraction lines due to anatase and rutile TiO2, which is expected for 

catalysts based on P25 [70] and P90 [71] TiO2. The catalyst based on GP350 only contains anatase 

according to XRD analysis as per specifications.  The absence of diffraction lines due to cobalt oxide 

points to the high dispersion of the cobalt oxide precursor.  

 

Table 1. Average metal oxide particle size, Co/Ti ratio, and reducibility of Co(Pt)/TiO2 catalysts. 

Catalyst Co/Ti 

(calcined)a 

Reduction 

temperature 

(oC) 

Co/Ti 

(reduced)a 

DOR(%)b Cobalt particle 

size (nm)c 

Co/P25 0.163 340 0.041 43 13.4 ± 6.6 

Co/P90 0.062 

340 0.029 28 8.0 ± 3.4 

500 0.007 92  

650 0.032 100 

CoPt/P90 0.027 340 0.019 79  

Co/GP350 0.034 
340 0.024 3 4.6 ± 2.6 

450 0.063 4  

a Atomic Co/Ti ratio determined by XPS, b Degree of reduction determined by XPS. c Determined by 

TEM analysis of reduced and passivated samples. 

Figure 1 shows representative TEM images of the catalysts after reduction at 340 oC for 2 hours in 

pure H2 and subsequent passivation at room temperature in a flow of 5% O2 in He. The images show 

the clear difference between the structure of the more conventional P25 and P90 supports and the 

GP350 support. The GP350 support is obtained by hydrolysis of titanium oxychloride [72], resulting 

in anatase particles smaller than 10 nm, which agglomerate to form flower-like clusters as can be seen 

in the TEM images. This high-surface-area titania is thus prepared in a different way than the flame 

synthesized P25 and P90 supports that are produced from a sulfate source, and this means that the 
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GP350 support should be free of sulfur, which is a known FTS poison. The average size and size 

distribution of the cobalt nanoparticles was determined by analyzing approximately 150 particles in 

ca. 8 images per sample. On average, the cobalt particle size decreases from 13.4 nm for Co/P25 to 

8.0 nm for Co/P90 and 4.6 nm for Co/GP350, indicating that smaller cobalt particles are obtained 

with increasing surface area of the titania support. The TEM images show that the cobalt phase is 

well dispersed over the surface without any large agglomerates of cobalt. The contrast differences 

between the various catalysts may suggest a lower cobalt reduction degree of especially the sample 

based on the high-surface-area titania support (Co/GP350) as compared to Co/P25.    

 

Figure 1. Representative TEM images of (a) Co/P25, (b) Co/P90, and (c) Co/GP350 following 

reduction at 340 oC for 2 hours and passivation in 5% O2 in He at room temperature. 

The surface of the catalysts was characterized using quasi in situ XPS. Survey scans revealed no 

contributions from unexpected elements on any of the measured samples, as such the presence of 

alkali metals and sulfur on the catalyst surface were excluded. The Co 2p3/2 spectra of the calcined 

catalysts and the catalysts reduced at 340 oC catalysts are given in Figure 2. Fitting was done using 

the model of Biesinger et al. [73]. Additional spectra obtained at higher reduction temperatures can 

be found in Figure D6. The atomic ratio of cobalt to titanium (Co/Ti ratio) of the oxidic precursors 

decreases as expected with the increasing surface area of the titania support and is consistent with the 

expected decrease by a factor of two for P90 compared to P25, and by a factor of five for GP350. 

During reduction, the differences in the Co/Ti ratios become much smaller, suggesting agglomeration 

of the cobalt phase during the reduction of cobalt oxide to metallic cobalt [36], [74]. Titania overlayer 

formation can also explain this, which has previously been observed under reducing conditions [29]. 

The decrease in the Co/Ti ratio is most pronounced for Co/P25 and least for Co/GP350. The 

contribution of metallic cobalt as determined by fitting of the Co 2p3/2 spectra was used to calculate 
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the degree of reduction (DOR). The DOR of Co/P25 amounts to 43% after reduction at 340 oC. While 

the DOR for Co/P90 is significantly lower at 28%, only a very small amount of cobalt is reduced in 

Co/GP350 according to XPS. These findings clearly demonstrate that the cobalt oxide reducibility is 

significantly more difficult when the cobalt-titania interactions become stronger due to the higher 

surface area of the titania support [47]. We speculate that the reduction of cobalt oxide will lead to 

significantly larger metallic cobalt particles due to sintering as observed for Co/P25. The much 

smaller particles observed in Co/GP350 after reduction at 340 oC are likely cobalt oxide particles, as 

suggested by the very low DOR of 3% according to XPS. We also reduced the Co/P90 and Co/GP350 

catalysts at higher temperatures. The XPS spectra of these samples are given in Figure D6 and the 

analysis results in Table 1. When Co/P90 is reduced at 500 and 650 oC, (nearly) full cobalt reduction 

was obtained.  Reduction at 500 oC already showed a strong decrease in the Co/Ti ratio, indicative of 

a decreasing dispersion of cobalt, or alternative the formation of metal-support compounds (CoTiOx). 

Moreover, in the Ti 2p3/2 spectra, shown in Figure D9, contributions corresponding to Ti3+ [75] are 

evident, besides the main features of Ti4+ [76]. This is likely the result of the partial reduction of the 

surface of TiO2 to Ti3+ at the high reduction temperatures. Interestingly, the Co/Ti ratio increased 

again upon reduction at 650 oC and the Ti XPS spectrum does not show a contribution of Ti3+ 

anymore. Phase transformation of titania is enabled by vacancies in the titania lattice and oxygen 

defects and takes place around 600 oC. Transformation of the smaller anatase particles into bigger 

rutile crystals results in a loss of titania surface area. The increase of the atomic Co/Ti ratio suggests 

that cobalt sintering proceeded slower than support collapse. Reduction of Co/GP350 at 450 oC did 

not improve the DOR, although the Co/Ti ratio was also significantly higher. This could imply some 

segregation of Ti species from Co, as for instance may occur during reduction of Co3O4 to CoO. 

Alternatively, it could well be that similar to the case of Co/P90 reduction, loss of titania surface area 

has taken place. Formation of the rutile phase is not expected at 450 oC, although sintering of the very 

small anatase crystals to bigger crystals would also result in the loss of support surface area.  
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Figure 2. Co 2p3/2 XPS spectra of Co/P25 (a,b), Co/P90 (c,d), and Co/GP350 (e,f) after (a,c,e) 

calcination and (b,d,f) subsequent reduction at 340 oC (black: experimental data and the fitted 

envelope; red: the fitted metallic Co(0) contributions; green: the fitted CoO contributions; orange: 

fitted Co3O4 contributions; yellow: the Co auger LMM peak). 

5.3.2 In situ Mössbauer spectroscopy of reduced catalysts 

Mössbauer spectra of the catalysts after reduction at 340 oC for 2 hours are given in Figure 3a. The 

Mössbauer fit parameters of the reduced catalysts are listed in Tables D2-D4. The sextuplet with an 

isomer shift (I.S.) of -0.1 mm s-1 and a hyperfine field (H.F.) of ~323 kOe observed for all catalyst 

samples is due to metallic cobalt. This contribution comes from magnetically ordered metallic cobalt 

particles, which is common for cobalt particles larger than 6 nm [27]. The absence of a singlet 

indicates that these samples do not contain superparamagnetic cobalt, meaning that all metallic cobalt 

particles are larger than 6 nm. This implies that a significant part of the small cobalt particles seen by 

TEM are oxidic in nature, which is consistent with the substantial contribution of a dispersed Co2+-

oxide phase in the MES spectra as represented by a doublet with an I.S. of 1.0 mm s-1 and a quadrupole 

splitting (Q.S.) of 2.0 mm s-1 [77]. The contribution of cobalt oxide is significantly higher for Co/P90 

and Co/GP350 than for Co/P25. The latter sample shows a nearly complete reduction of cobalt, while 

the reduction degree in the other two samples is about half. The DOR values according to MES after 

reduction at 340 oC are significantly higher than those according to XPS analysis. A tentative 

explanation for this discrepancy can be found in the size of the metallic and oxidic cobalt particles. 

As observed for Co/P25 and for other typical Co on titania catalysts [36], [74], substantial sintering 
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of cobalt takes place during the reduction to the metallic phase. For instance, the metallic cobalt 

particles in reduced Co/P25 are significantly larger than 10 nm. Given that the inelastic mean free 

path of cobalt 2p electrons is in the range of 1-2 nm in the XPS experiment, only a small fraction of 

the cobalt atoms in metallic cobalt particles are probed. As the cobalt oxide particles are much smaller 

due to the strong interactions with titania, it is likely that a larger fraction of the cobalt oxide phase is 

probed by XPS. In principle, Mössbauer spectroscopy probes all Co nuclei, being more representative 

for the overall reduction degree of cobalt. This line of reasoning can explain the discrepancies in the 

DOR noted here between MES and XPS. While XPS shows a DOR for Co/P25 of 43%, the DOR 

according to MES is 95%. The DOR according to XPS and MES for Co/P90 are respectively 28% 

and 40%. The largest difference in DOR as probed by XPS and MES is for Co/GP350 with respective 

values of 3% and 54%. This could imply the presence of a few very large metallic cobalt particles, 

which is not clearly supported by the MES hyperfine field nor the TEM analysis. A possible 

alternative explanation might be that the metallic cobalt phase is partially covered by titanium, 

decreasing effectively the XPS signal. The formation of such titania layers on cobalt has been reported 

for P25 titania [29], [58]. Recent work showed the formation of TiOx bilayers on Ni particles in 

Ni/TiO2 during reduction at 400 oC [78]. Such effects may be expected to be even stronger for the 

Co/GP350 catalyst, given its much higher surface area. Moreover, Wolf et al. reported that cobalt 

tends to form more metal-support compounds with phase-pure anatase [66]. As cobalt was not fully 

reduced for Co/P90 and Co/GP350 in the first step, additional reduction treatments were applied. 

First, the reduction time was extended by 2 hours at 340 oC, which only marginally improved the 

DOR for both catalysts, i.e., from 40% to 49% for Co/P90 and from 54% to 59% on the GP350 

support. Afterwards, an additional 2-hour reduction at 400 oC for GP350 further increased the DOR 

to 84%. Despite these differences, the spectral parameters of the metallic cobalt phase following their 

final reduction are the same for all samples, indicating that the metallic cobalt particles are not too 

different in size.  
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Figure 3. In situ Mössbauer spectra of the Co/TiO2 catalysts (a) following reduction, and under FTS 

conditions at a relative humidity of (b) 25%, and (c) 57%. The black lines represent the experimental 

spectra, the blue ones the fitted bulk metallic cobalt sextuplet, and the orange and green ones the fitted 

oxidic cobalt doublets. 

5.3.3 In situ Mössbauer emission spectroscopy during the FTS reaction 

In situ Mössbauer emission spectra were recorded as a function of the steam partial pressure at a 

temperature of 200 oC, a total pressure of 20 bar, and a H2/CO ratio of 4. The steam content in the 

feed is expressed as the relative humidity (RH) at the applied conditions. Table D1 details the feed 

compositions for the different RH measurements. Spectra were recorded for at least 48 h at each 

humidity step, except for RHs of 25% and 57% where the steam treatment was prolonged to 5 days 

and 11 days, respectively. This was done to understand the influence of prolonged exposure as 

encountered in industrial practice. Under dry FTS conditions (RH = 0%) measured at 200 oC, the 

metallic cobalt contribution of Co/P25 remained the same as after initial reduction. In contrast, the 

metallic contribution for Co/P90 increased from 49% after reduction to 64% during dry FTS 

conditions, as can be seen in Table 2. This increase of metallic cobalt at 200 oC can be caused by two 

effects, it is partially the result of a difference in Debye temperature of the metallic and oxidic cobalt 

phases [79], but it is also due to improved reducibility under the mildly reducing FTS conditions. 

This is evident from the measurement performed at room temperature following the dry FTS 

conditions given in Table D3, which showed an increase to 58% metallic cobalt compared to 49% for 
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the freshly reduced catalyst. The conversion of the Co/GP350 catalyst was very low under dry FTS 

conditions. An extra reduction at 400 oC resulted in a metallic cobalt contribution of 84% when 

measured at room temperature and 81% when measured at 200 oC.  

Table 2. Contribution of the different cobalt phases as determined from MES spectra recorded at 200 

oC under varying FTS conditions.  

Treatment H2O/H2 

Spectral contribution cobalt (%) 

Co/P25 Co/P90 Co/GP350 

Co0 Co-oxide Co(0) Co-oxide Co(0) 
Co-

oxide 

Reduceda 0 95 5 49 51 84 - 

RH 0% 0 95 5 64 36 81 19 

RH 7.5% 0.25 87 13 60 40 73 27 

RH 14% 0.50 86 14 58 42 66 24 

RH 20% 0.75 86 14 57 43 66 24 

RH 25% 1.0 84 16 56 44 67 23 

Reduceda 0 95 5 79 21 76 24 

RH 0% 0 91 9 74 26 78 22 

RH 57% 1.0 80 15 / 5 65 24 / 11 75 25 

aReduced spectra were recorded at room temperature. 

Following dry FTS conditions, the humidity was increased during the MES measurements. The 

evolution of the metallic cobalt contribution is given in Table 2. Figure 3b shows the MES spectra for 

the catalyst at RH = 25%, demonstrating a gradual shift from bulk metallic cobalt to oxidic cobalt for 

all three samples. The spectra at RH = 25% can be fitted with a bulk metallic cobalt contribution (I.S. 

= -0.2 mm s-1, H.F. in the 308 - 310 kOe) and an oxidic cobalt contribution (I.S. = 0.8 mm s-1, Q.S. = 

1.6-1.7 m s-1). The latter spectral features of the oxidic feature represent well-dispersed Co2+ species, 

which are similar to the oxidic phase remaining in the initially reduced catalysts. Despite this, the 

Co/P90 sample contains significantly more oxidic cobalt than the other catalysts at RH = 25%. On 

the other hand, the oxidic cobalt contribution was already the highest among the three catalysts after 

reduction and operation under dry conditions (RH = 0%). Comparing the oxidic contributions 

between dry FTS and RH = 25% conditions, we can observe that operating at RH = 25% leads to 

more extensive oxidization of metallic cobalt in the order of Co/GP350 (from 81 to 67%) > Co/P25 
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(from 95 to 84%) > Co/P90 (from 64 to 56%). After treatment at RH = 25%, the catalysts were 

reduced again at 340 oC for 2 hours. The resulting spectral parameters in Tables D2-D4 show an 

increase in the DOR for Co/P90 and Co/GP350 compared to the DOR after the reduction. As smaller 

cobalt oxide particles are typically more difficult to reduce than larger ones [47], this can be taken as 

an indication that the catalyst exhibit a lower dispersion after the oxidation-reduction treatment. This 

effect is more pronounced for the Co/P90 catalyst, for which the DOR amounted to 79% after the 

second reduction step in comparison to 40% after the initial one. After this intermittent reduction step, 

the samples were exposed to the highest humidity of RH = 57%. This led to a new oxidic cobalt 

contribution for the Co/P25 and Co/P90 catalysts (Figure 3c). The spectral parameters of this phase 

(IS = 0.0-0.1 mm s-1, QS = 0.8-0.9 mm s-1) correspond to those of Co3+, which is a signature of 

agglomerated Co2+ as explained in our previous work [36]. As such, the appearance of this 

contribution in Co/P25 and Co/P90 indicates significant sintering of cobalt in the oxide form. This 

less dispersed cobalt oxide phase is not observed in Co/GP350 treated at RH = 57%, despite the 

already large contribution of this phase. This might be the result of the high surface area of this support 

or a role of the anatase surface. The mobility of oxidic cobalt at high RH observed here for Co/P25 

and Co/P90 is consistent with the mobility observed for oxidic cobalt on P25 support [36]. Compared 

to the catalyst following the RH = 25% conditions, the total amount of oxide following the highest 

humidity is lower for the Co/P90 and Co/GP350 catalysts, as seen in Table 2, this is likely the result 

of the increased DOR obtained after the intermittent reduction treatment, but alternatively sintering 

of cobalt oxide to larger metallic particles as reported by Claeys’ group [34] can also explain this 

finding. The latter is supported by the observation that the H.F. increased for both the P90 (308 to 310 

kOe) and GP350 (310 to 311 kOe) catalysts at RH = 57% compared to RH = 25% conditions. 
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Figure 4. Fraction of metallic cobalt in Co/TiO2 catalysts under humid Fischer-Tropsch conditions 

(200 oC, 20 bar, H2/CO = 4) as determined by Mössbauer spectroscopy at 200 oC as a function of the 

relative humidity. The axis break points to the reduction treatment carried out after the RH = 25% 

treatment and before the RH = 57% treatment (reduction in H2, at 340 oC for 2 hours). The data inside 

the dashed box pertain to the catalyst directly after reduction at 200 oC.  

Figure 4 shows the relative amount of metallic cobalt in the three titania-supported cobalt catalysts 

under the increasing humid conditions. The trend for the three catalysts is qualitatively similar with 

a gradual decrease during the first steps and a small increase at the highest humidity conditions, which 

is due to the reduction step after RH = 25%. This clearly shows that the increased oxidation observed 

does not correlate with the titania surface area. Compared to Co/P25, Co/P90 and Co/GP350 with a 

higher surface area exhibit a lower cobalt reducibility, which results in a higher contribution of oxidic 

cobalt throughout the prolonged FTS testing as a function of the humidity. Whilst the P90 support 

showed the highest initial contribution of cobalt oxide, this contribution did not increase as strong as 

for the other two catalysts. The DOR upon initial reduction was highest for Co/P25 and this catalyst 

was most prone to cobalt oxidation under simulated high conversion conditions. All three titania-

supported cobalt catalysts show significant oxidation of cobalt (10-15%) when operating at increased 

steam pressure. A re-reduction is capable to restore the degree of reduction. The observation that 

oxidation does take place during conditions that can be reached during industrial FTS requires the 
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design of catalysts that are capable to endure such conditions. Below, we will show results of platinum 

addition to improve stability, but first we will discuss used catalyst characterization.  

5.3.4 Used catalyst characterization  

The MES data were complemented by STEM-EDX measurements of reduced-passivated and used 

Co/P90 for comparison with STEM-EDX images of Co/P25 presented in our previous work [36]. The 

term ‘used catalysts’ refers to the non-radioactive catalyst samples obtained from the Mössbauer cell 

under the same humid FTS treatments as the Mössbauer samples. As such, these measurements 

provide ex situ information about the state of the catalyst following the deactivation studies. For each 

sample, eight EDX maps were obtained on different areas of the sample. Two representative maps of 

the reduced and passivated Co/P90 are shown in Figure 5a-b. These images show well-dispersed 

cobalt over the titania support, with a few larger cobalt particles around 8-12 nm. 

Representative maps of the used Co/P90 catalyst following high humidity FTS are given in Figure 

5c-d. Contrary to EDX mappings performed on the P25 sample, no significant sintering is observed 

for this catalyst. The cobalt remains well dispersed over the titania and only a few larger cobalt 

particles can be seen with sizes of approximately 8-12 nm, similar to the reduced and passivated 

sample. This suggests that cobalt is far less mobile on this support compared to Co/P25, which can 

be linked to the higher surface area of P90 titania. So, although this stronger interaction with the 

support decreases the DOR as observed before, it also results in less sintering during FTS operation 

under practical high CO conversion conditions.  
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Figure 5. EDX mappings of (a-b) a reduced and passivated Co/P90 catalyst and (c-d) a used Co/P90 

catalyst: the cobalt mapping is shown in red and the titania mapping in dark green. 

5.3.5 Platinum promotion 

To improve cobalt reducibility on the P90 support we studied the addition of platinum as a reduction 

promoter. To this end, an identical catalyst on the P90 titania support was prepared with the only 

difference that platinum was added to the impregnation solution. The X-ray diffractogram of the 

calcined precursor is given in Figure D8 together with that of the non-promoted catalyst. Both 

diffractograms only shows diffraction lines belonging to anatase and rutile as expected for the P90 

support without indications of other cobalt or platinum phases, indicative of their high dispersion.  

Quasi in situ XPS spectra of the Co 2p3/2 region of calcined and reduced CoPt/P90 catalyst are given 

in Figure 6. The Co/Ti ratios for the calcined and reduced catalysts as well as their DOR are given in 
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Table 1. Compared to the platinum-free counterpart (Figure 2), the feature due to metallic cobalt is 

much more pronounced, indicative of a higher DOR. This is expected, as platinum is known to act as 

a reduction promoter [57], [80]. After reduction at 340 oC for 2 hours, the DOR for CoPt/P90 

according to XPS is 79%, substantially higher than the DOR of 28% for Co/P90 after the same 

reduction treatment. The Co/Ti ratio for the calcined precursor is significantly smaller in the presence 

of platinum, which may hint at a lower dispersion of the cobalt oxide phase upon calcination. 

Furthermore, the Co/Ti ratio of the CoPt/P90 catalyst following a reduction at 340 oC is smaller 

(0.019) to that found on the Co/P90 catalyst (0.029) following the same treatment. However, the 

platinum-promoted catalyst shows significantly higher contribution of metallic cobalt at the surface, 

which introduces complexity when comparing the results, since it has been found in the past that 

oxidic cobalt typically loses much of its cobalt dispersion upon reduction on the titania support [36], 

[74]. When looking at the Co/P90 catalyst following a reduction at 500 oC, a DOR is found that is 

much comparable to the one obtained on the CoPt/P90 system after reduction at 340 oC. Comparing 

the Co/Ti ratios between these two measurements paints a very different picture, as a ratio of only 

0.007 is found on the Co/P90 catalyst after this treatment, implying a positive effect on the metallic 

cobalt dispersion due to the platinum promoter. 

  



Chapter 5 

138 

 

 

Figure 6. Co 2p3/2 XPS spectra of Co/P90 (a,b) and CoPt/P90 (c,d),after (a,c) calcination and (b,d) 

subsequent reduction at 340 oC (black: experimental data and the fitted envelope; red: the fitted 

metallic Co(0) contributions; green: the fitted CoO contributions; orange: fitted Co3O4 contributions; 

yellow: the Co auger LMM peak; the XPS fit model was taken from Ref. [73]). 

5.3.6 In situ Mössbauer spectroscopy of reduced catalysts 

The Mössbauer spectrum of the promoted catalyst after reduction at 340 oC for 2 hours is given in 

Figure 7a along with the reduced spectra of the non-promoted Co/P90 catalyst. The Mössbauer fit  

parameters of the reduced catalyst are listed in Table D5. The reduced promoted catalyst shows a 

sextuplet with an I.S. of -0.1 mm s-1 and a H.F.  of 317 kOe, which points to magnetically ordered 

metallic cobalt with a size larger than 6 nm [27]. The absence of a singlet contribution shows that 

these large particles are the predominant metallic cobalt phase. The H.F. of the metallic particles for 

the platinum-promoted sample is smaller than that of the corresponding sample without platinum. 

This difference points to a higher dispersion of these particles in the platinum-promoted catalyst, 

which was also observed through XPS analysis. Next to the metallic phase, an oxidic contribution is 

observed with I.S. = 1.0 mm s-1 and Q.S. = 1.9 mm s-1, which represents dispersed Co2+-oxide, and 

indicates non-complete reduction. However, the DOR observed through Mössbauer for CoPt/P90 is 
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71%, which is significantly higher than without platinum (49%). This is in good agreement with the 

XPS analysis and highlights the beneficial effect of the reduction promoter.  

 

Figure 7. In situ Mössbauer spectra of the Co(Pt)/P90 catalysts (a) following reduction, and under 

FTS conditions at a relative humidity of (b) 25% and 57%. The black lines represent the experimental 

spectra, the blue ones the fitted bulk metallic cobalt sextuplet, and the orange and green ones the fitted 

oxidic cobalt doublets. 

5.3.7 In situ Mössbauer emission spectroscopy during the FTS reaction 

In situ Mössbauer spectra were measured during FTS measurements for the platinum-promoted 

sample, according to the conditions given in Table D1. The platinum-promoted catalyst shows the 

same Mössbauer features as the non-promoted counterpart when changing from dry to RH = 25% 

conditions, as shown in Figure 7b. A sextuplet is observed corresponding to bulk magnetically ordered 

cobalt with an I.S. of -0.2 mm s-1 and a H.F. of 302 kOe for the CoPt/P90 catalyst at 200 oC. Next to 

the sextuplet, there is an oxidic doublet with an I.S. of 0.8 mm s-1 and a Q.S. of 1.6 mm s-1, indicative 
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of dispersed Co2+. The first humidity steps show a gradual increase in the contribution of oxidic cobalt 

(Table 3), which is in the same order of magnitude as the previously measured non-promoted Co/P90 

catalyst. 

When the relative humidity is further increased to 57%, the promoted catalyst behaves differently 

from the non-promoted sample in the sense that the second oxidic cobalt doublet due to agglomerated 

cobalt does not appear (Figure 7b). This suggests that the presence of platinum suppresses the 

mobility of oxidic cobalt during humid FTS operation. Despite not observing the agglomerated oxidic 

cobalt phase, the platinum-promoted catalyst contains much more oxidized cobalt at RH = 57%, 

compared to the non-promoted sample. From the significantly lower H.F. of the bulk metallic phase 

for the CoPt/P90 catalyst of 302 kOe compared to the one for Co/P90 of 310 kOe measured at 200 

oC, we can infer that the metallic cobalt particles are smaller in CoPt/P90, even after this high 

humidity treatment. Smaller metallic particles are likely to have a stronger interaction with the 

support, which results in increased TiOx overlayer formation. Formation of such overlayers anchors 

the cobalt more strongly, leading to less severe sintering but facilitating oxidation. So, whilst platinum 

improves cobalt dispersion and initial cobalt reducibility, further investigation is required in 

formulating titania-based catalysts that withstand oxidation during operation. 

Table 3. Contribution of the different cobalt phases as determined from MES spectra recorded at 200 

oC under varying FTS conditions.  

Treatment H2O/H2 

Spectral contribution cobalt (%) 

Co/P90 CoPt/P90 

Co0 Co-oxide Co0 Co-oxide 

Reduceda 0 49 51 71 29 

RH 0% 0 64 36 63 37 

RH 7.5% 0.25 60 40 58 42 

RH 14% 0.50 58 42 55 45 

RH 20% 0.75 57 43 55 45 

RH 25% 1.0 56 44 54 46 

Reduceda 0 79 21 81 19 

RH 0% 0 74 26 71 29 

RH 57% 1.0 65 24 / 11 54 46 

aReduced spectra were recorded at room temperature. 
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5.3.8 Catalyst testing 

The catalytic activity measured during the Mössbauer experiments is given in Figure 8. The data, 

including selectivity values are also presented in Table D7. The water gas shift selectivity was 

between 0.3% for all catalysts up to testing at 25% RH and increased to 2-3% for the 57% RH test 

condition. The activity rates observed for the Co/GP350 catalysts were very low, around 4 x 10-6 

molCO gCo
-1 s-1, an order of magnitude below the other catalytic samples.  The other catalysts show 

very similar activity trends in terms of a slow decrease of the catalytic activity with increasing 

humidity. This clearly points to deactivation of cobalt due to oxidation by co-fed water, as well as 

metallic cobalt sintering. The introduction of steam to the reactor feed results in a small decrease of 

the CO and H2 partial pressures. Subsequently, at the high humidity conditions (RH = 57%), the 

removal of inert results in an increase of the CO and H2 partial pressure, which both affect the catalytic 

activity due to the negative reaction order in CO and positive order in H2 [81], [82]. As such, these 

data allow only for a qualitative comparison of the catalytic performance of the various samples.  

The lowest activity, if we disregard the Co/GP350 outlier, was seen for the Co/P25 system between 

2.5 and 3.2 x 105 molCO gCo
-1 s-1. The use of the higher titania surface area P90 support resulted in 70-

80% higher performance with activity levels between 4.5 and 5.4 x 105 molCO gCo
-1 s-1. Interestingly, 

the use of the P90 support also showed a significant increase in the C5+ selectivity compared to the 

conventional P25 titania catalyst that coincides with a decrease in the methane selectivity. Typically, 

when operating at elevated pressure, larger metallic cobalt particles show higher C5+ selectivity 

compared to smaller ones. Here, however, the improved performance points at the opposite, as 

particles closer to 6-8 nm are known to be more active for FTS [10]. As such, the improved C5+ 

selectivity might simply be the result of the higher CO conversion. For both the Co/P25 and Co/P90 

catalysts, a decrease in dry FTS activity is observed after re-reduction following the treatment at RH 

= 25%, indicated by the data in the dashed box in Figure 8. This irreversible activity loss is likely the 

result of metallic cobalt sintering as well as the formation of TiOx overlayers. STEM-EDX 

measurements showed that sintering is much less pronounced when the P90 support is used. 

Therefore, the fact that more irreversible activity loss is observed on the Co/P90 catalyst compared 

to the Co/P25 sample, suggests that the formation of TiOx overlayers is much more significant on the 

titania with the larger surface. This finding can also explain why a negligible activity was observed 

on the Co/GP350 catalyst, because the very high surface area of this support results in even stronger 

interaction between titania and the reduced metallic cobalt, causing almost complete coverage of the 

metallic cobalt by titania overlayers. So, whilst Mössbauer can probe metallic cobalt, due to its nature 
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as a bulk technique, the cobalt is not accessible at the surface for catalysis, which was also clearly 

observed in XPS. 

When looking at the addition of platinum on the P90 support, improved activity is observed when the 

reduction promoter is present from 5.4 to 5.9 x 105 molCO gCo
-1 s-1 and additionally, the selectivity 

towards long-chain hydrocarbons is reduced by about 7%. Both these observations point towards a 

higher cobalt dispersion in the presence of the promoter, which was also observed in Mössbauer and 

XPS analysis. However, whilst the catalyst is initially more active, it also shows stronger deactivation 

during the humid FTS treatments. When comparing the activity after re-reduction, the difference is 

most significant with the CoPt/P90 showing a CTY of 4.0 and 4.4 x 105 molCO gCo
-1 s-1 for the Co/P90 

catalyst. Under these conditions the platinum promoted catalyst still shows a lower H.F. of 319 kOe 

compared to 322 kOe for the non-promoted sample, suggesting that the difference is not the result of 

extensive sintering. Instead, we suggest that the improved dispersion of metallic cobalt leads to 

stronger interaction of cobalt with the titania support, resulting in more extensive TiOx overlayer 

formation and less metallic cobalt being accessible for catalysis.  

 

Figure 8. In situ FTS activity of the Co(Pt)/TiO2 catalysts during humid FTS measurements in the 

Mössbauer cell. The CTY determined at steady state at the applied conditions is plotted against the 

RH. (Co/P25: red squares, Co/P90: blue triangles, CoPt/P90: magenta diamonds). 
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Besides catalytic activity measurements in the in situ MES cell, the performance of the cobalt 

catalysts was measured in a high-pressure fixed-bed plug-flow reactor at 220 oC, 20 bar, a H2/CO 

ratio of 4, and a space velocity of 60 L gcat
-1 h-1. The corresponding results for fresh and used catalysts 

are collected in Table 4. The fresh catalysts were reduced at 340 oC for 2 hours. The used catalysts 

retrieved after the in situ MES measurements were re-reduced according to the same procedure. The 

GP350 supported catalysts were also tested, but no conversion was observed on these systems, even 

when reduction was prolonged at higher temperatures up to 450 oC. This agrees with the activity 

measured under in situ MES conditions. As the GP350 support does not contain sulfur from the 

preparation nor alkali metals as confirmed by XPS, we can exclude poisoning as an explanation. 

Instead, it is reasonable to conclude that formation of extensive TiOx overlayers blocks some of the 

cobalt metal active phase. For the other catalysts based on P25 and P90, the CTY was in the range of 

1.2 - 3.7 10 -5 molCO gCo
-1 s-1 for the freshly reduced and used catalysts. The Co/P90 catalytic activity 

reported here was obtained after significant time on stream due to technical problems with the GC 

detector. As the time on stream was extended, we observed an increase in CO conversion, we suspect 

this is due to further reduction of cobalt, which was found to be difficult through MES and XPS. Due 

to this extended treatment, the final conversion obtained on this sample is substantially higher than 

intended, above 10%. As such, the higher CO conversion for this sample makes comparison of the 

product distribution less meaningful, although no significant differences are observed between the 

fresh and used Co/P90 catalysts. We can however compare the CTY, which is found to be significantly 

higher for Co/P90 compared to Co/P25, in good agreement with the activity measured in situ during 

MES. This improved activity is even more pronounced when comparing the used catalysts. For both 

Co/P25 and Co/P90, a decrease in catalytic activity is observed between the freshly reduced and used 

state, which is caused by sintering of metallic cobalt. This effect is however less pronounced for the 

Co/P90 catalyst as followed amongst others from the STEM-EDX data. This is different than what 

was observed in the in situ activity, where the Co/P90 catalyst deactivated more significantly than the 

Co/P25 catalyst. We explain this more substantial deactivation to the formation of TiOx overlayers 

formed during reduction and under the mildly reducing conditions of the FTS reaction. However, the 

used catalyst tested here were oxidized by passivation and exposed to air before being reduced again 

for FTS. As reduction-oxidation-reduction (ROR) cycles can remove TiOx overlayers [13], [29], [83], 

it is plausible that this occurred in our used samples, explaining the less severe deactivation. So, whilst 

the formation of TiOx overlayers has a strong negative effect on the catalyst activity, it is reversible, 

making the P90 support for cobalt particles very promising for FTS applications due to the increased 
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sintering resistance of the supported cobalt. Additionally, the use of platinum greatly assists in cobalt 

reducibility and even further enhances the cobalt dispersion, resulting in an improved catalytic 

activity. As long as the RH remains below 25%, this should be the preferred catalyst formulation For 

higher humidity application, further investigations are required to reduce the susceptibility to 

formation TiOx overlayers and cobalt oxidation. 

Table 4. Catalytic performance data for the cobalt catalysts (plug-flow reactor operated at 220 oC, 20 

bar and H2/CO = 4, SV = 60 L gcat
-1 h-1). *Test results were obtained after three consecutive reduction 

and FT activity treatments. 

Catalyst Conversion 

(%) 

C1 

selectivity 

(%) 

C2-C4 

selectivity 

(%) 

C5+ 

selectivity 

(%) 

CTY  

(10 -5 molCO 

gCo
-1 s-1) 

Co/P25 3 7 7 86 2.1 

Co/P25 used 1 14 10 76 1.2 

Co/P90* 13 9 10 81 3.7 

Co/P90 used 4 8 7 85 2.8 

Co/GP350 0 0 0 0 0 
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5.4 Conclusion 

By combining Mössbauer spectroscopy with ex situ characterization, we showed that reduction of a 

calcined cobalt on titania is hindered by a higher surface area of the titania support. On P90 and 

GP350 that have a higher surface area than the common P25 titania support, the increased cobalt-

titania interactions result in significantly lower cobalt reduction. In situ Mössbauer spectroscopy 

demonstrated partial oxidation of metallic cobalt under humid FTS conditions for Co/P90 as was 

earlier found for Co/P25. There was no correlation between the extent of cobalt oxidation and the 

surface area of the titania support. The low reduction degree of cobalt in Co/GP350, which may also 

be related to TiOx overlayer formation, resulted in a negligible FTS activity. Although cobalt 

reduction in Co/P90 was also lower than in Co/P25, the cobalt mobility on Co/P90 was lower, 

resulting in less cobalt sintering during FTS operation. Promotion of Co/P90 with platinum led to a 

higher DOR and a higher catalytic performance. However, despite the addition of the platinum 

promoter, oxidation occurred under high humid FTS conditions. Deactivation was even more 

significant in this case, which is due to the stronger interaction of dispersed metallic cobalt with the 

titania support. Nevertheless, compared to P25 the use of P90 with a higher surface area is promising 

for stably dispersing cobalt with an improved catalytic performance in the FTS reaction. 
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Appendix D 

Table D1: Mössbauer experimental conditions for reactive Fischer-Tropsch humidity tests. All tests 

were performed at 200 oC with a total pressure of 20 bar. 

Reaction He (mL/min) H2 (mL/min) CO (mL/min) Water (g/h) Steam 

(mL/min) 

RH = 0% 75 20 5 0 0 

RH = 7.5% 

H2/H2O = 4 

55 20 5 0.24 5 

RH = 14% 

H2/H2O = 2 

55 20 5 0.48 10 

RH = 20% 

H2/H2O = 1.3 

55 20 5 0.72 15 

RH = 25% 

H2/H2O = 1 

55 20 5 0.96 20 

RH = 57% 

H2/H2O = 1 

0 20 5 0.96 20 

 

 

Table D2: Fit parameters of Mössbauer spectra of the Co/P25 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

Reduced 

for 2 h at 

340 0C 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

1.8 

95 

5 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.9 

309 

- 

- 

1.8 

95 

5 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.9 

309 

- 

- 

1.8 

87 

13 
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RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

86 

14 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.6 

86 

14 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

84 

16 

Reduced 

for 2 h at 

340 0C 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

2.4 

95 

5 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.9 

0.1 

309 

- 

- 

- 

1.7 

0.9 

80 

15 

5 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.1 

321 

- 

- 

- 

2.1 

0.9 

78 

13 

9 

Reduced 

for 2 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.1 

96 

4 

 

Table D3: Fit parameters of Mössbauer spectra of the Co/P90 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

Reduced 

for 2 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

1.9 

40 

60 

Reduced 

for 4 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.0 

49 

51 
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During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.8 

64 

36 

After FTS 

reaction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.2 

58 

42 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

308 

- 

- 

1.7 

60 

40 

RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.7 

58 

42 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

309 

- 

- 

1.6 

57 

43 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

308 

- 

- 

1.6 

56 

44 

Reduced 

for 2 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.1 

79 

21 

RH = 57% 200 Co(0) bulk 

Co2+ 

Co3+ 

-0.2 

0.8 

0.0 

310 

- 

- 

- 

1.6 

0.8 

65 

24 

11 

After 

reaction 

20 Co(0) bulk 

Co2+ 

Co3+ 

-0.1 

0.9 

0.1 

322 

- 

- 

- 

2.1 

0.9 

60 

31 

9 

Reduced 

for 2 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

323 

- 

- 

2.1 

82 

18 
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Table D4: Fit parameters of Mössbauer spectra of the Co/GP350 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

Reduced 

for 2h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

2.0 

54 

46 

Reduced 

for 4h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

2.0 

59 

41 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

311 

- 

- 

1.7 

54 

46 

Reduced 

for 2 h at 

400 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.8 

322 

- 

- 

1.9 

84 

16 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.7 

311 

- 

- 

1.4 

81 

19 

RH = 7.5% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.6 

73 

27 

RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.6 

66 

34 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.6 

66 

34 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

310 

- 

- 

1.6 

67 

33 

Reduced 

for 2h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.0 

76 

24 
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RH = 57% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

311 

- 

- 

1.5 

75 

25 

After 

reaction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.0 

72 

28 

Reduced 

for 2 h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

322 

- 

- 

2.0 

82 

18 

 

Table D5: Fit parameters of Mössbauer spectra of the CoPt/P90 catalyst after different treatments. 

Treatment Temperature 

(oC) 

Cobalt 

phase 

Isomer 

Shift  

(mm s-1) 

Hyperfine 

Field 

(kOe) 

Quadrupole 

Splitting 

(mm s-1) 

Spectral 

Contribution 

(%) 

Reduced 

for 2h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

1.0 

317 

- 

- 

1.9 

71 

29 

During 

FTS 

reaction 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

302 

- 

- 

1.8 

63 

37 

RH = 

7.5% 

200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

302 

- 

- 

1.7 

58 

42 

RH = 14% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

301 

- 

- 

1.7 

55 

45 

RH = 20% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

302 

- 

- 

1.7 

55 

45 

RH = 25% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

302 

- 

- 

1.6 

54 

46 

Reduced 

for 2h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

319 

- 

- 

2.2 

81 

19 

RH = 57% 200 Co(0) bulk 

Co2+ 

-0.2 

0.8 

302 

- 

- 

1.6 

54 

46 
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After 

reaction 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

318 

- 

- 

2.1 

54 

46 

Reduced 

for 2h at 

340 oC 

20 Co(0) bulk 

Co2+ 

-0.1 

0.9 

319 

- 

- 

2.2 

81 

19 

 

 

Figure D6: Co 2p3/2 XPS spectra of Co/P90 (a) after reduction at 500 oC, and (b) after reduction at 

650 oC. And XPS spectra of Co/GP350 (c) after calcination at 350 oC, (d) after reduction at 340 oC 

and (e) after reduction at 450 oC. (black: experimental data and the fitted envelope; red: the fitted 

metallic Co(0) contributions; green: the fitted CoO contributions; yellow: the Co auger LMM peak; 

the XPS fit model was taken from Ref. [73]). 
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Table D7: Catalytic data obtained from in situ Mössbauer spectroscopy at 200 oC, 20 bar, H2/CO = 4, 

and increasing relative humidity.  

Catalyst Relative 

humidity (%) 

C1 

selectivity 

(%) 

CO2 

selectivity 

(%) 

C5+ 

selectivity 

(%) 

CTY  

(10 -5 molCO 

gCo
-1 s-1) 

Co/P25 

0 5 0.2 92 3.2 

7.5 4 0.3 93 3.1 

14 4 0.2 93 3.0 

20 5 0.2 93 2.9 

0 4 0.2 94 2.7 

57 2 3 93 2.5 

Co/P90 

0 2 0.2 97 5.4 

7.5 1 0.1 98 4.7 

14 1 0.1 98 4.6 

20 1 0.2 98 4.6 

25 1 0.1 97 4.6 

0 2 0.2 97 4.4 

57 2 1 97 4.5 

CoPt/P90 

0 9 0.2 87 5.9 

7.5 8 0 87 5.4 

14 8 0.1 88 5.0 

20 6 0.1 89 4.8 

25 7 0.1 88 4.8 

0 5 0.2 90 4.0 

57 3 2 91 4.3 

0 4 0 93 3.6 
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Figure D8: X-ray diffractograms of Co/P25, Co/P90, CoPt/P90 and Co/GP350 after calcination at 

350 oC. The strongest diffraction lines of anatase TiO2(orange), rutile TiO2 (cyan) and Co3O4 (dark 

purple) are indicated at the bottom.  
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Figure D9: Ti 2p XPS spectra of Co/P90 (a) after reduction at 340 oC, (b) after reduction at 500 oC, 

and (c) after reduction at 650 oC (black: experimental data and the fitted envelope; red: the fitted 

Ti(IV) contributions; blue: the fitted Ti(III) contributions; the XPS fit model was taken from Ref. 

[73]). 
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Chapter 6 

Summary and Outlook 

 

In the coming decades, concerns about climate change are expected to push the energy and 

chemicals industry towards renewable sources away from the exploitation of fossil fuels. Although 

some of the demand for transportation fuels can be covered by electric vehicles, there will remain a 

demand for liquid fuels by sectors such as heavy-duty transport and aviation, which require diesel 

and kerosene. Fischer-Tropsch synthesis (FTS) is ideally suited to produce such fuels from other 

feedstock than oil. FTS is part of technology that can be described as XTL, or anything-to-liquids, 

including alternative resources such as biomass and CO2 in addition to conventional ones as natural 

gas and coal.  The feedstock for the FTS reaction itself is synthesis gas, a mixture of CO and H2, 

which can be obtained through steam reforming, autothermal reforming or of natural gasification of 

natural gas, gasification of coal or biomass or reduction of CO2 to CO by thermocatalytic (reverse 

water-gas shift) or electrocatalytic approaches using respectively green hydrogen or renewable 

electricity.  

For successful commercial exploitation of the Fischer-Tropsch reaction, catalysts are required. The 

most commonly employed practical catalysts for the conversion of natural-gas-derived synthesis 

gas are based on cobalt. Whilst cobalt-based catalysts show excellent catalytic activity and 

selectivity towards long-chain hydrocarbons, they suffer from various deactivation mechanisms 

under FTS conditions. Developing more stable cobalt catalysts would greatly improve the 

economics of the FTS process and productivity and reduce the energy demand of the FTS process. 

To develop such catalysts, first we must have a thorough understanding of the exact deactivation 

mechanisms at play, how they relate to the experimental conditions and to what extend they 

contribute to the undesired deactivation. To obtain such information, in situ and operando 

characterization techniques are indispensable, as they allow to capture the structure of the catalyst 

under close to industrial conditions. Following the evolution of the catalyst at different experimental 

conditions can provide deeper insight into the deactivation of cobalt-based catalysts in the FTS 

reaction. In this work, we have focused on the effect of high partial pressures of steam, 

representative of high CO conversion conditions in the FTS reaction, on the deactivation of cobalt 

catalysts for different support materials as well as the influence of different promoters. The main 
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technique deployed in this work is in situ Mössbauer emission spectroscopy (MES) which, as a 

fingerprint technique based on the recoil-free emission and adsorption of gamma rays, provides 

valuable information on cobalt oxidation state, coordination, and particle size under realistic FTS 

conditions. 

In Chapter 2, we investigated the deactivation of cobalt catalysts on carbon nanofibers, which 

served as a model support. By co-feeding steam with synthesis gas, we were able to observe a 

strong synergistic effect between steam and carbon monoxide towards the sintering of metallic 

cobalt through the use of in situ MES. This strong deactivation pathway showed the need for a 

structural promoter, which can anchor metallic cobalt and reduce sintering. To this end, we 

promoted the catalyst with manganese, which has previously been studied as an activity promoter 

for FTS. Although there was a small positive effect on the sintering behavior in the presence of 

manganese oxide, deactivation through carbidization of the active metallic cobalt to cobalt carbide 

(Co2C) occurred, when the catalyst was exposed to a combination of steam and carbon monoxide. 

The amount of cobalt carbide formed was found to increase with the steam partial pressure, 

additionally the tendency towards carbidization was found to increase at a higher cobalt loading at 

the same cobalt-to-manganese ratio. Analysis of the catalyst surface with STEM-EDX after reaction 

revealed the formation of large manganese oxide agglomerates with sizes up to 200 nm, which were 

in close interaction with cobalt particles that were around 15 nm in size. Our findings suggest that 

the cobalt particles in close proximity with the manganese agglomerates are susceptible to 

carbidization by carbon monoxide. The formation of these structures is only possible due to the high 

mobility of both cobalt and manganese on the model carbon support when both steam and carbon 

monoxide are present. 

We next studied the effect of manganese promoter on an oxide support that more strongly interacts 

with cobalt. For this purpose, we prepared catalysts with and without manganese on a silica support 

in Chapter 3. Here, we found that the introduction of manganese oxide in the catalyst formulation 

results in the formation of more dispersed cobalt particles. This is relevant for cobalt-based catalysts 

because of the well-known structure-sensitivity of the FTS reaction. Under relatively low steam 

partial pressure, the silica-supported cobalt catalyst showed excellent stability towards sintering, 

contrarily to what was observed on the carbon support. However, in situ MES demonstrated that 

high steam partial pressure led to the reaction of the metallic cobalt phase with the silica support, 

resulting in cobalt-silicate compounds, which are inactive in the FTS reaction. This strong metal-

support interaction (SMSI) was more pronounced for the manganese-promoted catalyst, which 
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could be linked to the enhanced cobalt dispersion. As such, the findings in this chapter show that 

silica should only be considered as an FTS support material when low steam partial pressures can 

be maintained. Moreover, it is desirable to use relatively large (> 10 nm) cobalt particles to limit 

deactivation through SMSI. 

In Chapter 4, we studied titania as a reducible carrier material for cobalt during operation under 

high humidity FTS conditions. We prepared a series of catalysts with cobalt weight loadings 

between 2 and 8%. Contrarily to the silica-supported catalysts, no deactivation through SMSI was 

observed under realistic FTS conditions. Using in situ MES, we found that much higher steam to 

hydrogen ratios (>70) were required to form cobalt-support compounds, cobalt-titanate, on P25 

titania in the absence of carbon monoxide. Despite the absence of such SMSI, we observed the 

oxidation of part of the metallic cobalt upon introduction of steam, and the extent of oxidation 

increased with the partial pressure of steam. We observed that the absolute amount of oxidized 

cobalt was independent of the cobalt loading, strongly suggesting that the oxidation is related to the 

available titania support surface area. The amount of absolute oxidized cobalt was found to be in the 

range of 1.2 w% on all catalysts supported P25 titania, which appears to match reasonably with a 

monolayer coverage of the titanol groups by Co2+ ions. As such, it is likely that the limiting factor in 

the oxidation of cobalt is the surface concentration of titanols. 

To further study this phenomenon, we expanded our study to two different titania support materials 

in Chapter 5, namely P90 and GP350. Whilst the P90 support is comparable to P25 except for the 

higher surface area of the former, the GP350 support has a unique structure of pure anatase with a 

very high surface area. XPS analysis showed that the reducibility of Co/P90 and Co/GP350 was 

impeded by stronger cobalt-titania interactions as compared with Co/P25. Under high steam partial 

pressure, we did not observe significantly more cobalt oxidation on the P90 and GP350 supports, as 

was expected from the substantially higher surface areas of these titanias. On the GP350 support, 

we observed indications for the coverage of cobalt by TiOx overlayers, which strongly suppresses 

the catalytic activity. The results for Co/GP90 were very promising, as the formation of significant 

TiOx layers was not observed while the stronger metal-support interactions still led to less sintering 

during humid FTS operation as compared to Co/P25, which was beneficial for the metallic particle 

size but also to prevent the expected more severe oxidation of cobalt, due to more exposed titanols. 

As a result, the catalytic performance of Co/P90 was substantially better than that of Co/P25. As the 

cobalt reduction degree for Co/P90 was lower than for Co/P25, we promoted the Co/P90 catalyst 

with a platinum reduction promoter, considering that platinum not only improved cobalt reducibility 
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during pre-treatment but could also counteract the oxidation under humid FTS operation. Further 

analysis of this sample showed the expected beneficial effect on the reducibility of cobalt, and it 

also led to the formation of more dispersed cobalt particles. Both aspects led to a further increase in 

the catalytic performance. Nevertheless, similar to the silica-based catalysts, the improved cobalt 

dispersion resulted in more significant deactivation under high steam partial pressure as indicated 

by in situ MES measurements. This deactivation due to oxidation was not counteracted by the 

platinum promoter.  

The work in this thesis combined state-of-the-art in situ Mössbauer emission spectroscopy with 

extensive ex situ electron microscopy, spectroscopy characterization and catalytic activity 

measurements to provide insights into the deactivation of cobalt-based FTS catalysts. The work 

indicates the main pitfalls of the different supported cobalt catalysts, and through this we have 

gained a better understanding of what is needed for stable catalyst design. We expect that future 

works can build on this, by utilizing different promoters to stabilize the active cobalt phase from 

deactivation. This could be achieved by reducing the oxidizing potential, or by anchoring the cobalt 

more strongly, or instead by weakening the metal-support interaction. 

The most significant advances presented in this thesis are the findings associated with oxidation of 

the active cobalt phase on the titania support. Although previous work doubted oxidation as a 

relevant deactivation mechanism, here we have demonstrated conclusively that oxidation can 

contribute to deactivation of cobalt FTS catalysts when operated under industrially relevant 

conditions. Moreover, we have shown ways to improve the oxidation resistance of titania-supported 

cobalt catalysts, which can form a lead for further work. This could include the use of promoters or 

further tweaking the support chemistry. We have also shown that silica as a support is not 

industrially relevant for the high humidity conditions encountered in a tubular fixed bed reactor, 

because it will lead at high humidity associated with high CO conversion to cobalt silicates that are 

inactive in the FTS reaction. Another important finding of this work is that manganese and platinum 

promotion has a more considerable effect on catalyst structure than previously understood. Both 

these promoters showed a beneficial effect on cobalt dispersion, which may help to guide the design 

of more stable catalysts with improved activity. As such, to the best of our knowledge, this thesis 

presents the most concise and comprehensive research into the fundamental processes determining 

cobalt deactivation in FTS on different support systems. With this work we have shown the 

importance of academic and industrial collaboration, which has provided relevant knowledge for 

the successful industrial exploitation of the Fischer-Tropsch reaction.
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