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Chapter 1: Introduction

1.1 Catalysis

Controlling chemical reactions has been a pivotal aspect of the development of the human
species, starting from a simple camp fire to the sophisticated petrochemical industry of today
which forms the foundation of our modern life. At the beginning of the 20™ century,
revolutionary processes were developed that enabled large scale production of ammonia (the
Haber-Bosch process) and hydrocarbons (the Fischer-Tropsch process) from coal-derived
feedstocks. These processes enabled the production of targeted products by the use of
catalysis, a phenomenon first mentioned by Berzelius as early as 1835 and described in a more
scientific way by Ostwald in 1895 as:

“a catalyst accelerates a chemical reaction without affecting the position of the equilibrium”.

For instance, ammonia synthesis initially required harsh conditions like high pressure and
temperatures to obtain adequate reaction rates, which led to high energy consumption and
wear and corrosion of process equipment. The use of catalysts provided the necessary
breakthroughs to operate reactions under milder conditions, which in the case of exothermic
ammonia synthesis also allowed higher equilibrium yields. In addition to that, many reactions
were nonselective, resulting in formation of many undesired byproducts. The main goal of
present-day catalysis research is aimed at increasing the selectivity towards the desired
product so that separation costs can be minimized and the use of milder reaction conditions
improving both raw material and energy consumption.

During catalysis the overall energy barriers (activation energy Ea) are lowered compared to the
uncatalyzed reaction, by stabilizing the transition state of a reaction. According to the
Arrhenius equation, this leads to a higher reaction rate. In addition to that, catalysis can help
improving the product distribution of a chemical reaction by selectively facilitating the
formation of the desired product. The concept is very general and is not restricted to a certain
mechanism nor whether chemical catalysts or enzymes, i.e., Nature’s catalysts, are employed.
Heterogenous catalysis can be characterized as a surface phenomenon where reactants and
catalyst are in different aggregate states. A typical catalytic reaction path is depicted in Fig. 1.1
The whole process is cyclic, restoring the catalyst surface after the reaction has ended.?3
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Figure 1.1. Energy diagram of a heterogenous reaction depicting elementary steps involved in the
catalytic cycle of a CO oxidation reaction. Adapted from [2]
The fundamental reaction steps involved in a heterogenous reaction over a supported catalyst,
can be described as follows:

1) Diffusion of reactants through the boundary layer to the catalyst surface

2) Diffusion of reactants into the pores (pore diffusion)

3) Adsorption of the reactants on the catalyst surface and surface diffusion of
adsorbates to each other

4) Chemical reaction on the catalyst surface

5) Desorption of the products from the catalyst surface

6) Diffusion of the products out of the pores

7) Diffusion of the products through the boundary layer and into the gas or liquid
phase

1.2 Catalysis in energy and environmental applications

By definition, catalysis is inevitably interconnected with the use of energy in our daily life, not
only as a tool to facilitate chemical reactions by reducing E, but also as an enabler for a more
efficient use of energy sources®*. In the case of crude oil which is currently the most important
source of energy carriers, catalysis plays a pivotal role during its refining where the complex
mixture of hydrocarbons with varying properties is converted into transportation fuels, next
to other valuable chemicals®. An example of the numerous chemical reactions conducted in a
refinery is hydrotreating®®, in which hydrogen is used in combination with a catalyst containing
Ni/Co and WS2/MoS; supported on Al,03 to remove heteroatoms like sulfur, nitrogen and
oxygen, improving the fuel quality and significantly reducing the emission of pollutants during
combustion. Another example is the conversion of heavy residues from vacuum distillation
(boiling point of 2340 °C), which are of little use, into more favorable short-chain hydrocarbons
using a process called fluid catalytic cracking (FCC)’,which comprises a riser reactor for cracking
and a fluidized-bed reactor for regeneration of the catalyst in air. Since, after a contact time of
only a few seconds in the cracking section, the cracking catalyst is largely deactivated by
carbonaceous deposits, the catalyst is transferred to a regenerator, where the coke is burned
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off at 650—750 °C. Following regeneration, the catalyst (which typically consist of acid-treated
clays, synthetic silica—alumina and zeolites as active components) is returned to the catalytic
cracking section. FCC units operate in heat balance and the hot catalyst from the regenerator
supplies heat for cracking and preheating and for vaporization of the oil.

Another major application of catalysis concerns exhaust gas treatment of combustion
processes, especially in mobility (passenger cars, trucks). Modern fuels contain only minor
sulfur levels (~ 10 ppm in Europe) due to the aforementioned hydrotreating process, leading
to low SOx emissions. Nevertheless, combustion leads to the formation of pollutants like CO,
NOx and soot, the latter in particular for diesel-fueled engines. As a result, sophisticated
catalytic converters have been developed to eliminate such pollutants for example by the so-
called three-way catalyst (TWC) technology for gasoline engines introduced in 1979%°. The
catalytic converter consists of platinum group metal (PGM) particles supported on a ceramic
monolith. The name TWC refers to the simultaneous reduction NOx and oxidation of CO and
hydrocarbons. To achieve high rates of all these three reactions is challenging, since at elevated
oxygen content the CO consumption would be too high, depleting the reductant for the
converting NO to Nu. If the oxygen content is too low, all NO can be converted by CO, but
hydrocarbons and CO are not fully oxidized. TWC technology makes use of catalysts that when
operated under a properly adjusted air-to-fuel ratio of 14.7, controlled by using an oxygen
sensor, can achieve high conversion degrees of all three pollutants. Catalytic exhaust gas
treatment has contributed to a significant improvement of air quality and is with an estimated
market size of 43 billion USS an economically important market.
Offgas
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Figure 1.2. Schematic layout of the fluid catalytic cracking process. Adapted from [2]
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However, since the combustion of fossil fuels is becoming increasingly undesirable due to
global warming caused by increasing atmospheric CO; concentrations, alternative
environmentally benign energy carriers are sought after. A major challenge of using sustainable
energy sources is energy storage, which is needed due to the mismatch in time between
production and consumption of renewable energy. Here, a promising solution for a sustainable
and CO; neutral society is the idea of a hydrogen-based economy provided that the electricity
for water splitting is derived from renewable sources like wind and solar'®!!, Despite the
possibility to feed H; directly into fuel cells or even combustion engines, it is also attractive to
convert it with COy or nitrogen into gaseous and liquid hydrogen carriers like hydrocarbons,
methanol or ammonia. It has been shown that ammonia can be easily decomposed into
hydrogen and N; using, for instance, heterogenous Ru catalysts!?!3, This would enable facile
storage and transport of hydrogen by production of NH3 in places with plenty of carbon neutral
energy and a subsequent shipping to countries with a high energy demand where hydrogen
can be recovered by ammonia splitting'®. Converting carbonaceous molecules with hydrogen
to energy carriers like methane or methanol is not only an approach to re-use COx from the
atmosphere or industrial exhaust streams thus alleviating global warming, but also an
opportunity to use them as circular feedstock for the chemical industry. As methanation and
methanol manufacture are established processes in the chemical industry, existing
infrastructure does not need to be adjusted and proven catalysts (e.g., Ni for methanation and
Cu/Zn for methanol) are readily available. Additional upgrading steps for methanol like the
methanol-to-olefins (MTO) process are currently under investigation and give access to a range
of chemicals to replace fossil-based ones. Related to this, CO,-neutral gasoline is available via
the methanol-to-gasoline process (MTG) using ZSM-5 catalysts. This process was initially
developed by Mobil in the 1970s. Another process, which circumvents the intermediate
formation of methanol, directly converts a mixture of hydrogen and COy into fuels. Fischer-
Tropsch synthesis (FTS) is currently practically used to convert synthesis gas (syngas) derived
from methane or coal into mainly long-chain hydrocarbons and chemicals®>.

1.3 Fischer-Tropsch Synthesis - A historical overview

The Fischer—Tropsch (FT) synthesis is a surface polymerization reaction converting synthesis
gas (a mixture of H, and CO) into a range of mainly linear paraffins, which can be used for the
production of high-quality diesel fuel, gasoline and linear chemicals. The foundation was laid
by Sabatier'® who reported methane formation when synthesis gas (syngas, a mixture of CO
and H;) was passed over a Ni catalyst. The process was further developed for the production
of higher hydrocarbons by Franz Fischer and Hans Tropsch at the Kaiser-Wilhelm-Institut fir
Kohlenforschung in Milheim an der Ruhr, who published their famous work in 1926 using
alkalized Fe as well as Co catalysts'’*8. By 1938, 9 FT plants were operated in Germany using
synthesis gas derived from coal gasification and Co-based catalysts at about 0.1 MPa, whose
total capacity was about 0.66 million tons per year. FT plants were also briefly operated in
other places like Japan, Manchuria and France, but were shut down after the Second World
War as they were uneconomic®2, During the period of 1955-1970, the world energy market
was governed by cheap oil. As a result, major developments and research in FT synthesis were
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mainly restricted to politically isolated South Africa where Sasol had been operating
commercial FT plants since 1955. Not only the energy crises of the 1970s but also increasing
demand for liquid fuels and the possibility to use abundant natural gas resources caused
renewed interest in Fischer-Tropsch synthesis. An overview of currently operated FT plants is
given in Table 1.1.

Table 1.1: Overview of commercial FTS plants worldwide.

Company Country Time of Capacity (in Feedstock
operation 10° t/a)
(oil
equivalent)
Ruhrchemie Germany 1935-1945 0.5 Coal
1955

SASOL South Africa 1980 7 Coal/Natural

1982 gas
Mossgas South Africa 1992 1.1 Natural gas
Shell Malaysia 1993 0.7 Natural gas
SASOL Qatar 2006 1.7 Natural gas
Shell Qatar 2011 6.9 Natural gas
Nigceir';‘;r;"s oL Nigeria 2014 1.7 Natural gas

Synfuels China China 2016/2017 4 Coal
SS;ZZ;?;;ZZZ/ Uzbekistan 2021 1.3 Natural gas

Today almost 100 years after the initial discovery by Fischer and Tropsch the reaction is still
subject to research as it represents a universal reaction that converts nearly all carbon sources
(coal, natural gas, biomass and CO;), via syngas, into a large range of organic compounds.
Recently, FT has received growing attention due to the possibility to produce climate neutral
eFuels from H, and CO obtained from CO; by reverse water-gas shift reaction.

1.4 FT Process

The conversion of syngas, a mixture of H, and CO to paraffins is a highly exothermic surface
polymerization process.

2H,+C0 - —CH,— +H,0 AH= —165 kJ/mol

Even though the underlying mechanism is still not completely understood (see section 1.4
below) it can be divided into four steps:

initiation: dissociation of CO/H; and formation of CHy species

propagation: chain growth by coupling of CHy species

termination: hydrogenation of the carbon chain (paraffins) or B hydrogen abstraction
(olefins) and subsequent desorption from the catalyst surface
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secondary reactions: primary hydrocarbon products react further e.g., by olefin
readsorption followed by hydrogenation or chain growth reinitiation.

The main products of FT synthesis are linear paraffins and alpha olefins, whereas only minor
amounts of branched molecules as well as oxygenates are formed. The product selectivity can
be approximated by the Anderson-Schulz-Flory (ASF) distribution, which introduces the chain-
growth probability a as a single parameter independent of the chain length to describe the
product distribution. This parameter a is defined as the ratio of the rate of propagation k, to
the overall reaction rate being the sum of the growth k, and termination rate k:

kg
kg‘l‘kt

a = (1.1)

a is considered one of the most relevant performance indicators of FT catalysts and in general,
a high a value is desired to achieve the most efficient utilization of syngas?®. For a given value
of a the fraction of a product molecule with chain length n, Cy,, can be calculated via equation
2:22

C,=0—-a)a™! (1.2)

However, the simplified approach assumes a carbon-chain-independent growth probability
and underestimates methane formation in cases the rate of methane formation is higher than
of termination of a single specific chain-length as it is mostly the case for Co-based FT catalysts.
For very low a values (e.g. Fe-based FTS to oxygenates), methane formation would be
overestimated.
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Figure 1.3. Experimental values of the product distribution for Co based catalysts prepared by incipient
wetness impregnation (IWI) and precipitation exhibiting different chain growth probabilities c.

Already in 1926 Fischer and Tropsch pointed out that Fe, Ni and Co are active metals for FT
synthesis. Ru has been found to be the most active metal, yet due to pricing Fe and Co are the
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only metals in use in commercial FT plants?l. In general, the highest a values, beneficial for
high wax yields, are obtained during low-temperature FT synthesis at 200-240°C and 10-40 bar
using Co-based catalysts. Fe is much cheaper than Co but has a considerable water—gas shift
activity leading to a high CO; selectivity. This is advantageous when syngas with a low H,/CO
ratio (<2) is used as a feedstock. Another drawback of Fe-based low-temperature FT synthesis
is the relatively low a value, leading to a relatively high fraction of short-chain hydrocarbon. In
the case of high-temperature FTS (300-350°C, 10-40 bar), mostly Fe is applied leading to
gasoline product, oxygenates and short-chain olefins.

Moving bed Stationary bed reactors
1-200 um particles 200-5000 um particles

e

LTFT, 200-250°C Multitubular

« 3-phase system: . Ggggdb:re;cejls
gas-liquid-solid

* ¢=0.85-0.95 i per day

* Products: ‘Slurry bubble
wax, diesel, naphta column, Microchannel reactor

¢ Catalysts: filled with wax ~ 200~1000 b/d (for assembly)
S ECLE 000 Banl i
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10 times higher heat flux | S L —
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HTFT, 320-350°C

* 2-phase:gas-solid

* ¢=0.70-0.75
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petrol and chemicals
* Catalysts: L
fused iron, K-promoted Girculating
fluid bed Fixed fluid bed

7000 barrels per day 20000 barrels perday
Figure 1.4. Overview of the typical reactor technology and reaction conditions used in FT synthesis.
Adapter from [25]

One of the most challenging aspects designing a FT reactor is the handling of the high
exothermicity of the reaction in combination with a strong temperature dependency of
product selectivity?3?4. If the temperature increases, methane formation and termination by
hydrogenation is favored decreasing the chain growth rate and lowering the a value. Hence,
the reactor must allow efficient heat removal. Four reactor types are used commercially today.
For low-temperature synthesis (<250 °C), multi-tubular fixed bed or slurry bubble column
reactors are used. For high temperature (T >300 °C), circulating fluidized bed or bubbling fluid
bed reactors are used.

1.5 Mechanism and catalyst

Since the discovery of the FTS reaction, a lively discussion about the mechanistic foundations
has developed. Nowadays two competing mechanisms are considered relevant, which are the
carbide (Fig. 1.5 a) and the CO insertion mechanism?® (Fig. 1.5 b). The former one assumes
dissociation of CO and the subsequent formation of CHx species, which are able to form C-C
bonds among each other. The other mechanism explains the chain growth by insertion of a CO
molecule into a growing chain (or coupling with a CHx molecule) forming oxygenates, which is
followed by dissociation of the C-O bond. Chain growth thus occurs by repeated insertion of
CO followed by CO scission in this mechanism. In order to form long-chain products the carbide
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mechanism requires the rate of CO dissociation to be fast compared to the rate of methane
formation, which is needed to provide sufficient CHyx intermediates to maintain a high rate of
chain growth?®. Also, the formation of long-chain products requires the rate of termination to
be slow compared to the rate of chain growth. This implies that in the carbide mechanism an
increased rate of chain termination by CO insertion or through hydrogen transfer reactions
would decrease chain growth, and accordingly the chain-growth probability.

[of0]
a) co b) c]:, Initiation
;
l CO dissociation Hy \
C, CH, CH, +CO
Hf/ \ l Insertion
Chain +
CH, CHy + C,H, Chain Growth Growtr) EnH,CO +H
l RC-O dissociation
/H I -H \+CO Termination CruiHy
Hydrocarbons Oxygenates *HI 'H/ \*CO Termination

Hydrocarbons Oxygenates
Figure 1.5. Depiction of the most prominent reaction mechanisms for FT synthesis: a) carbide
mechanism and b) CO insertion mechanism.

A plethora of kinetic studies and reviews is available discussing the arguments for and against
each particular mechanism?%2721, Since CO dissociation is a pivotal step during FTS
independently from the mechanism as in both CHy species initiate the chain growth, plenty of
work has been devoted to the study its exact mechanism. Surface science studies have shown
that CO adsorbs molecularly on a flat Co(0001) surface and, in line with this, density functional
theory (DFT) calculations predict high activation energies for CO dissociation on this
surface?®2%, However, single crystal experiments are idealizations as Co nanoparticles can exist
of fcc and hcp structures exhibiting different surface terminations as well as defect sites
exposing highly reactive undersaturated metal atoms. Actually, experimental3® and theoretical
studies®! indicate a high activity of certain surface structures for CO dissociation like hcp (11-
21) and (10-11), which expose very favorable step sites combining square and triangular
geometry on a step (Bs sites)3?.

1.6 Promoters

The catalytic performance of FT synthesis catalysts strongly depends on the methods of
catalyst preparation as well as choice of support and admixed elements. Already in the
fundamental work of Fischer and Tropsch, promoters were used to improve and steer catalytic
properties like number of metal sites, resistance to impurities and other characteristics3%33.
They can be distinguished by their desired function. Structural promotors influence the
formation and stability of the active phase, whereas electronic promoters affect the
elementary steps involved in the chemical reaction which takes place on the catalyst. They do
so by influencing the electronic structure of an active metal by adding or withdrawing electron
density near the Fermi level in the valence band of the metal. As a consequence, the

chemisorption properties of the active metal are changed which consequently influences the
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catalytic reaction. In addition to the previous mentioned groups synergistic promotors which
actively become part of the catalytic cycle are also known.

The main functions of structural promoters are to modify the Co dispersion by modifying the
Co-support interactions. A high Co dispersion is desired as it results in a large active Co metal
surface area and increases metal usage, for which Pt, Ru and Re can be applied. Structural
promotion may lead to an increased catalyst activity and stability but does not influence the
product selectivity since it only increases the number of active sites in a catalyst material. This
increase is achieved by preventing the formation of metal-support compounds or
agglomeration and sintering of Co particles under FT synthesis conditions. Another function of
structural promotors is the stabilization of the oxidic support like in the case of TiO,, which can
be stabilized by adding Zr or Ta3*

Electronic effects of promotion can be understood as changing the surrounding (electronic)
environment of an active Co site. Electronic promotion can only occur when there is a direct
chemical interaction between the promoter element and the cobalt active surface. Which is
achieved by either covering the Co particles (in the case of MnOx3°) or alloying as in the case
of noble metals like Pt, Re and Ru.

1.7 Catalyst support

During preparation, the active phase is spread onto a porous support to obtain a highly
dispersed phase allowing maximum metal usage. However, in the case of oxidic supports like
Al>03 and TiO; interactions with oxidic catalyst precursors like Co304 are inevitable. These so-
called metal-support interaction (SMSI) are even more prominent with reducible supports
(TiO23%37, Nb,Os and Ce0,%®) especially after high temperature activation in hydrogen
atmosphere. Several studies have observed an overgrowth of support material covering the
metallic nanoparticles. As a consequence, H, and CO adsorption can be hampered significantly
changing catalytic performance. In the recent years, tuning strong metal-support interactions
(SMSI) has led to significant improvements for example by an reduction-oxidation-reduction
(ROR) treatment as described in literature3®4°. Most likely highly active CoOx-support
compounds are formed which help catalyzing the rate limiting steps during hydrogenation.

1.8 Structure sensitivity in catalysis

Since heterogeneous catalysis is a surface phenomenon only the outermost atomic layer of
metal particles is involved in the chemical reaction while the majority of “bulk” atoms remain
inaccessible. The most common approach to increase the efficiency of a catalyst is to decrease
the number of these bulk atoms by decreasing the particle size of the catalytically active phase
thus increasing the surface to volume ratio and consequently exposing more atoms. In the
most extreme case, only a single atom would be used for the catalytic reaction which has been
recently proven to be feasible in particular cases*'. However, decreasing the particle size of
metal particles might alter its properties. For example, although bulk cobalt crystallizes in a
hcp crystal system, shrinking Co particles below 20 nm results in predominance of the fcc
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phase®?. Furthermore, the amount and structure of active surface sites with a low
coordination number such as edges and corners, defects, or kinks and steps changes when
changing the particle size, thus altering the catalytic properties of the catalyst.

TOF [s]

0 5 10
particle size [nm]

Figure 1.6. Possible scenarios of size-activity relationships as a function of particle size. Type | increasing
TOF with decreasing particle size, type Il decreasing TOF with decreasing particle size, type Il particle
size independent TOF.

If the catalytic performance of a reaction depends on the particle size the reaction is classified
as structure sensitive, while otherwise it is considered structure insensitive. Based on the
understanding of structure sensitivity/in-sensitive-reactivity, reactions can be categorized into
three different types, where rate normalized per exposed metal surface atom, (i) decreases,
(ii) increases or (iii) remained constant with increasing particle size®3.

Structure sensitivity depends strongly on the type of bonds involved in the reaction. Since t
and o bonds have different symmetries, their activation by occupation of antibonding
molecular orbitals requires different surface geometries. Some examples of structure
insensitive reactions (type Ill on Fig. 1.1) are benzene hydrogenation on Pt/Al,03* and CO
oxidation on Ru catalysts®. Also industrially relevant reactions, such as FT synthesis*¢, CO,
methanation?’, and methanol synthesis*® exhibit type Il structure sensitivity. Consequently,
surface normalized rate decreases with increasing particle dispersion. In some examples the
activity passes a maximum before further decrease as in the case of FT synthesis. In general,
type | structure sensitivity results in suboptimal use of the active metal.

Several hypotheses have been developed to explain the structure sensitivity of the FTS
reaction. As mentioned above specific atomic configurations on stepped surfaces (Bs sites)
exhibit a favorably low CO activation energy3!. Since the cleavage of the CO bond is important
independent from the preferred mechanism, influencing this reaction step will impact the
overall reaction rate. As the amount of irreversibly adsorbed CO increases with sinking particle
size*>0 Bs sites will be poisoned preferably due to their high affinity towards CO and its
dissociation products. Thus, leaving crystallographic phases unaffected which exhibit a
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relatively high activation energy for CO bond cleavage. Consequently, leading to a
deterioration of the reaction rate. Another hypothesis is concerned with the amount of Bs
sites on metallic particles which decreases with Co particle size®. Literature results point
towards a minimum Co particle size necessary to stabilize Bs sites®!. Below the critical particle
size of around 6 nm the fraction of Bs sites decreases drastically leading to a degradation of
the catalytic activity.

1.9 Scope of the thesis

FT synthesis represents a key technology for the conversion of carbonaceous materials to
mainly linear alkanes and olefins via synthesis gas (a mixture of H, and CO). Despite decades
long research devoted to the FT reaction, there is still room for improvements in performance
of the catalysts, which can be guided by better understanding of the working mechanism of
the FT reaction. As the need for Co is rising due to a high demand for energy applications (e.g.,
in batteries), a more efficient use of this scarce metal is desirable. The aim of this thesis is to
provide a detailed study to optimize Co catalysts with respect to particle size and the use of an
Mn promoter. Despite the widespread use of Mn as a cheap promoter in the FT synthesis
reaction and many research works on its role, often contradicting results have been reported.
Especially at low pressure a strong effect of Mn promotion has been reported, whereas the
effect of Mn during high-pressure FT seems to be much smaller. In addition to that, Mn has
received increased attention during the last few years for obtaining unprecedented results
such as the formation of cobalt carbide, leading to a shift in the product distribution to alcohols
or non-ASF type behavior with respect to light olefins. Studying Mn promotion is not only
relevant to improve the performance but also to gain a more detailed understanding about
the mechanism of the FT reaction, which could clarify the apparently contradicting results in
the literature.

To better understand the role of Mn promotion on Co, Co/SiO; catalysts promoted by
increasing amounts of Mn are studied in Chapter 2. SiO; is chosen as a support that has
relatively weak interactions with these metals. The materials are characterized in detail to
develop an understanding of the role of Mn promoter on the structure of the catalysts. The
catalysts are evaluated for their performance in the FT reaction in a range of H,/CO ratios as
well as pressures ranging from 1 bar to 20 bar, the higher pressures reflecting industrially
relevant conditions. These catalytic tests are complemented by in situ IR spectroscopy to
characterize the catalyst during CO hydrogenation, providing insight into the reaction
mechanism and the role of Mn on Co. A density functional theory study helps rationalize the
promotional effect of Mn.

Chapter 3 investigates the effect of the Co particle size on the FTS performance. In order to
obtain a set of well-defined catalysts, a new precursor deposition method is applied to obtain
TiOz-supported Co particles with a size smaller than 6 nm. TiO, was chosen as a support
relevant to commercial practice with stronger Co-support interactions than with SiO,. The
effect of particle size on the catalytic performance at low and high reaction pressure is
investigated, confirming a loss of activity and increased methane selectivity as the cobalt
particle size falls below 6 nm. Characterization with X-ray absorption spectroscopy and
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Mossbauer spectroscopy clarifies the structure and oxidation state of Co particles under
working conditions. The differences in the degree of reduction of cobalt can explain the
differences in the catalytic activity, where Mn contributes significantly to these differences. By
decreasing the reduction temperature from 450 °C, where complete reduction of Co is
achieved, to 280 °C, the catalytic performance could be improved significantly with a relatively
strong increase of the performance of small Co particles (< 6 nm) in terms of activity and Cs.
selectivity, especially when promoted by Mn.

In Chapter 4, the insights from the previous chapters are used to prepare small (<6 nm) Co
particles on TiO, with improved catalytic performance compared to their large counterparts
(>6 nm). By applying a precipitation method, a narrow particle size distribution for small (<6
nm) and large particles (>6 nm) is obtained at a relatively high Co loading of 10 wt% on TiO,.
Quasi in situ XPS is used to determine the oxidation state of the Co catalysts after reduction at
280 °C and 450 °C. As Co reduction degrees are low after reduction at 280 °C, the influence of
the FT reaction on the degree of reduction was also studied. XAS is performed to investigate
structural differences between particles of similar size derived by impregnation and
precipitation. The benefit of combining Co metal with Co- and Mn-oxide obtained by low-
temperature reduction in the FT reaction is demonstrated.

Finally, the main findings of this work are summarized in Chapter 5 and a brief outlook on
possible future research directions is presented.
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Chapter 2 - Fundamentals of Mn promotion
of Co-based Fischer-Tropsch catalysts

Abstract

Although Mn is a common promoter for Co-based Fischer-Tropsch catalysts, literature reports
contradicting results on the impact of this promoter on activity and selectivity. This work
focuses on the influence of reaction pressure on Mn promotion of Co/SiO; in a pressure range
of 2-20 bar. Characterization emphasizes the strong interaction between Co and Mn, initially
in a spinel oxide and upon reduction in the form of MnO covering part of the metallic Co
surface. While increasing the reaction pressure for Co/SiO> leads to the expected result of
higher rates, higher Cs. selectivity and less CHa, the presence of Mn leads to a different trend.
At pressures above 4 bar Mn addition leads to an increase of the C,-Cs4 olefins selectivity at the
expense of Cs; selectivity. Low-pressure SSITKA shows the promotion of CO dissociation and a
higher CHx coverage by MnO, which can be interpreted as MnO providing additional CO
dissociation sites at the Co/MnO interface. Temperature-programmed IR spectroscopy
supports easier CO dissociation and formation of longer hydrocarbons in the presence of Mn.
The peculiar dependence of the higher hydrocarbon selectivity on reaction pressure for
CoMn/SiO; is explained by decoupling of CO dissociation and chain-growth sites. At increasing
pressure, migration of CHyx species formed on the formed to the latter is hindered due to the
high surface coverage.

Published as Tobias F. Kimpel, Jin-Xun Liu, Wei Chen, Robert Pestman, Emiel J.M. Hensen, Journal of
Catalysis 425 (2023) 181-195
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2.1 Introduction

The Fischer-Tropsch reaction is a catalyzed reaction in which hydrocarbons and water are
formed from synthesis gas. Several large-scale industrial plants have been constructed based
on either synthesis gas derived from coal or natural gas. The interest in future energy scenarios
derives from the possibility to obtain synthesis gas from feedstock such a biomass and CO;
with renewable energy. While most group VIII transition metals exhibit activity in Fischer-
Tropsch synthesis (FTS), only Fe and Co have been used in practical FTS catalysts. For FTS with
coal-derived synthesis gas with a low H,/CO ratio, Fe-based catalysts are preferred due to their
high water-gas shift activity. When synthesis gas is derived from natural gas, supported Co
catalysts are typically used because of their higher activity and higher chain-growth probability
in combination with a low water-gas shift activity.%?3

A drawback of Co- and Fe-catalyzed FTS is the high methane yield, which often even exceeds
the yield predicted by the Anderson-Schulz-Flory (ASF) distribution for polymeric chain
growth?. Therefore, a lot of research has concentrated on increasing the selectivity to desired
longer-chain hydrocarbons. For this purpose, addition of promoters has been studied
extensively. Noble metal promoters (e.g., Cu, Pt, Re) are known to increase the reducibility or
dispersion of the active phase, but hardly affect the selectivity.> On the other hand, oxides of
metals such as Mn, V, Th, Ce, and Cr can improve the selectivity, besides modifying activity and
stability. Their promotional effect is however less well understood® ®.

Since 2000, a large number of works have been devoted to Mn-promoted Co
catalysts”8210111213 |t was found that the use of Mn can enhance the activity and suppresses
hydrogenation, leading to a higher chain-growth probability (a) and lower methane selectivity.
However, many of the catalytic performance tests in these studies were performed at ambient
pressure, which is quite different from the typical industrial conditions (medium total
pressures in the range of 10-30 bar). Moreover, studies employing elevated pressure report
contradicting results regarding the olefins-to-paraffins (O/P) ratio and the product distribution
(Cs+ and methane selectivity). Thus, the nature of Mn promotion has not been resolved yet. In
the past, improved CO dissociation has been ascribed to the binding of the oxygen atom of
dissociating adsorbed CO to a redox center4!>1® More recently, Morales et al.’° suggested
that Mn?* is able to withdraw electron density from Co?, leading to more linearly bound CO,
thereby suppressing hydrogenation activity*?. The group of Bell*”*86 developed a mechanistic
model for Mn promotion where Mn?* acts as a Lewis acid, which facilitates the dissociation of
CO. This hypothesis was supported by studying a wide range of metal oxides that showed a
similar enhancement of the catalytic performance®. Mn has also been said to enhance Co,C
formation.'®2% Theoretical studies have shown that Co catalysts operate in the monomer
formation limit in which the dissociation of the CO bond is the rate-limiting step?*. As a result,
it seems reasonable to assume that Mn helps to dissociate CO. However, a direct proof is still
missing. The aim of this paper is to shed light on the mechanism of Mn promotion and on the
abovementioned contradictions about the influence of Mn on Co-catalyzed FTS at practical
reaction pressures. We have carried out catalytic tests at low and medium pressure to
scrutinize the role of the composition of the surface adsorbed layer on the activity and the
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product distribution. To minimize the interference of the support when studying the
interaction between Mn and CoSiO; was chosen as a support for the research presented in this
chapter. Based on the activity data in combination with steady-state isotopic kinetic analysis
(SSITKA) and density functional theory (DFT) data, we discuss the role of Mn promotion on Co.

2.2 Methods

2.2.1 Preparation

The silica-supported Co catalysts were prepared by incipient wetness impregnation of SiO;
(Shell, sieve fraction 120-250 pum, 136 m?/g) with an aqueous solution of Co(NO3);:6H,0
(Merck, 99.99%) and Pt(NHs)s:(NO3), (Alfa Aesar, 99.995 %). Pt (0.04 wt%) was added as a
reduction promoter. To study the effect of Mn promotion, Mn(NOs3)2:xH,0 was added to the
solution at atomic Mn/Co ratios of 0.05, 0.1 and 0.25. The impregnated catalysts were dried
at 80°C in a flow of 80 vol% He and 20 vol% O; for 2h, followed by calcination at 350°C for 2 h
(rate 2°C/min). The Co and Mn loadings were determined by ICP-OES elemental analysis
(Spectroblue, AMETEK Inc.). The metals were extracted from the catalyst samples by heating
in a solution of concentrated HCl. The Co-only catalyst is denoted by Co/Si, while the Mn-
promoted Co catalysts are referred to as CoMn(x)/Si with x being the atomic Mn/Co ratio.

2.2.2 X-ray diffraction (XRD)

In situ X-ray diffraction (XRD) patterns were obtained on a Rigaku D/max-2600 X-ray
diffractometer. The size of the Co-oxide particles in the calcined catalysts was determined by
applying the Scherrer equation to the (311) reflection of the Co304 phase. Based on the particle
size of the cobalt oxide, an estimation can be made of the metal particle size obtained after
reduction by multiplication with a factor of 0.75%2. The samples were reduced in a flow
composed of 10 vol% H: in He at a rate of 5°C/min. XRD patterns were recorded every 25°C.

2.2.3 Hydrogen-Temperature Programmed Reduction (H2-TPR)

H2-TPR measurements were conducted in a Micromeritics AutoChem Il 2920 apparatus,
consisting of a U-shaped quartz reactor, a computer-controlled oven and a thermal
conductivity detector (TCD) for determining H, consumption. In a typical experiment, 50 mg
of sample was dried in a flow of He for 1 h at 100°C before ramping to 1000°C at a rate of
10°C/min in a flow of 4 vol% H; in He.

2.2.4 XPS

The oxidation state of Co and Mn was characterized using quasi in situ XPS in a Kratos AXIS
Ultra 600 spectrometer equipped with a monochromatic Al Ka X-ray source (Al Ka 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 in both cases. The background pressure during the experiment was kept
below 5x10° mbar. A high-temperature reaction cell (Kratos, WX-530) was used to pretreat the
sample. The sample was supported on an alumina stub, allowing in vacuo sample transfer into
the measurement chamber. Initial reduction was performed in an equimolar mixture of H; and
Ar flow at atmospheric pressure and 450°C for 8 h. After reduction, the sample was allowed to
cool to 150°C and subsequently transferred to the measurement chamber. The XPS data were
analyzed with CasaXPS (version 2.3.16 PR 1.6) software.
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2.2.5TEM

TEM measurements were performed on a FEI Tecnai 20 electron microscope at an electron
acceleration voltage of 200 kV with a LaBe filament. A few milligrams of sample were ultra-
sonicated in ethanol and dispersed over a carbon-coated Cu grid. The average particle size and
particle size distribution was determined by measuring at least 100 particles.

2.2.6 Hz chemisorption

The metal surface area of the reduced Co catalysts was determined by H, chemisorption in a
Micromeritics ASAP 2010 apparatus. After reduction of typically 200 mg of catalyst in a flow of
2 vol% H; in He at 450°C, the sample was evacuated for 30 min at 470°C to desorb chemisorbed
hydrogen. H; uptake was determined at 110°C as a function of the H, pressure and
extrapolated to zero H, pressure. The amount of adsorbed H; at the ordinate was used to
determine the available metal surface area assuming that one H atom adsorbs per surface Co
atom.

2.2.7 Infrared spectroscopy

Infrared (IR) spectra were recorded with a Bruker Vertex V70v instrument by averaging 32
scans at a 2 cm™? resolution. Typically, an amount 15 mg sample was pressed into a self-
supporting wafer with a diameter of 13 mm and placed in a homemade controlled-
environment transmission IR cell. Prior to IR measurements, the sample was reduced in a flow
of Hz at 450°C for 4 h using a heating rate of 5°C/min. After evacuating for 30 min at 450°C, the
sample was cooled in vacuo. Prior to CO dosing, a background spectrum was recorded. CO was
dosed using a sample loop of 10 pl connected to a 6-way valve. Temperature-programmed IR
(TP-IR) spectra were recorded in the presence of synthesis gas (60 mbar H;, 30 mbar CO) in the
temperature range of 50 - 300°C. For these TP-IR measurements, the number of scans was
reduced to 16.

2.2.8 Catalytic activity measurements

The catalytic performance of the Co samples was determined in a Microactivity Reference unit
(PID Eng&Tech) at a temperature of 220°C and a pressure of 20 bar. In a typical experiment,
150 mg catalyst was homogenously mixed with SiC particles of the same sieve fraction and
placed in a tubular reactor with an internal diameter of 9 mm. The reactor temperature was
controlled using a thermocouple located in the center of the catalytic bed. Reduction was
carried by heating to 450°C at a rate of 3°C/min in an equimolar flow of H, and He, followed
by a dwell of 8 h. Then, the reactor was cooled to 220°C and the gas feed was replaced by the
reaction mixture, which was synthesis gas with a H2/CO ratio of 2 diluted with He (volumetric
He/H2/CO = 40/40/20) and containing 4 vol% Ar as an internal standard. The gas-hourly space
velocity (GHSV) of the total gas flow was 1000 h'!, which resulted in typical conversion levels
in the range of 5 to 15%. A TRACE 1300 gas chromatograph of Thermo Scientific Instruments
equipped with a TCD and FID was used to analyze the effluent reaction mixture. Hydrocarbons
(C1-C12) were separated using a Rt-Silica BOND column and subsequently analyzed using an
FID. The analysis of light gases Ha, CO32, CHa, C2Ha, C2Hg, Ar, and CO was performed with a TCD
in combination with Molsieve 5A (mesh 60/80, 2 m) and two Rt-XL Sulfur columns (0.25 m and
1 m). Under the applied reaction conditions, CO, was not detected as a reaction product and
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the carbon-based selectivity of oxygenates was lower than 1 %. Liquid products and waxes
were collected in a rearward cold trap. The CO conversion (Xco) was determined based on
equation (2.1), the selectivity to product i (Si) by equation (2.2), the reaction rate (rco) by
equation (2.3) and the turnover frequencies TOFco and TOFcua by equations 2.4 and 2.5,
respectively.

COout
Xco=(1- —Acrooﬁf) (2.1)
AT,
AT in*Vi*Cj
- in*Vi*ti )
' AroutCOinXco *100% (22)
0
Teo = —FCTZ)C(OCO (2.3)
__Xco*Fgo
TOF;o = ol CorDs (2.4)
* Y *
TOFgy, =X lcoScm (5 )

mol CoxDy,

where €Oy, / CO,,; and Ary, / Ar,,: represent the CO/Ar concentration in the inlet/outlet
flow, respectively. v; stands for the number of carbon atoms in species i, F2, represents the
inlet flow of CO (mol/s), m¢, the mass of cobalt (g), mol Co the number Co atoms (mol) and
Dy, the dispersion (-) determined by H, chemisorption.

2.2.9 Steady-state isotopic transient kinetic analysis (SSITKA)

Steady-state isotopic transient kinetic analysis (SSITKA) was used to determine coverages and
residence times of reaction intermediates under steady-state conditions. The details of the
SSITKA setup have been described elsewhere?3. Typically, an amount of 200 mg catalyst diluted
with SiC of the same sieve fraction was loaded in a low dead-volume stainless-steel tubular
reactor with an inner diameter of 5 mm and a bed length of 80 mm. The sample was reduced
at 450°C using a rate of 3°C/min at ambient pressure for 8 h in a flow of 50 mL/min consisting
of 10 vol% H; in Ar. Subsequently, the reactor was cooled to 220°C in an Ar flow and the
pressure was increased to 1.85 bar. Then, the reactor feed was switched to a mixture of 12CO,
H>, and Ar for 16 h. The H; flow was varied to change the H,/CO ratio, while the Ar flow was
adjusted such that a total flow rate of 50 mL/min was maintained. A SSITKA switch was made
from 2CO/Hz/Ar to 3CO/H,/Ne. The transients of >CO (m/z = 28) and 3CO (m/z = 29), the
main hydrocarbon product >CH4 (m/z = 15) and 3CH4 (m/z = 17), and the inert tracers (Ne,
m/z = 22) were recorded by online mass spectroscopy (quadrupole mass spectrometer, ESS,
GeneSys Evolution). Surface residence times were calculated via the area under the normalized
transient curves Ni, while a correction was applied for the gas-phase hold-up with the use of
the inert Ne tracer:

7 = f, (N; — Nye)dt (2.6)

The CHxintermediate (precursor to CH4) residence time was corrected for the chromatographic
effect of CO by subtracting half of the CO residence time by [9, 20, 21]:

-21 -



1
Tcn, (corrected) = Tey, — 5 Tco (2.7)

The amount of CHyx and reversibly adsorbed CO species can be estimated from the residence
time and effluent flow of these species. The coverage of the two species (6;) was calculated by
dividing the number of relevant adsorbed species by the number of Co surface atoms
determined by H, chemisorption.

Oco = TCOFCZS)_XCO) (2.8)
T FcoXcoS
Ocn, = CH, czcoco CH, (2.9)

where Fco refers to the CO feeding, Xco and Scua refer to the CO conversion and CHs selectivity,
respectively, determined by online GC analysis.

2.2.10 Density functional theory (DFT) calculations

All spin-polarized DFT calculations were performed using projector augmented wave (PAW)?*
potentials and the Perdew—Burke—Ernzerhof (PBE) functional?® as implemented in the Vienna
ab initio simulation package (VASP).262” The surface model consisted of a Mn4O4 cluster placed
on the dense (0001) surface of hcp Co. The Co(0001) surface unit cell is a p(3x3) slab model
with three atomic layers of Co. Details about the genetic algorithm (GA) to identify the global
minimum structure of the Mn4Oa cluster on the Co(0001) surface have been given elsewhere.?®
To accelerate the GA calculations, the cutoff energy was limited to 300 eV, the convergence
threshold for geometry optimization was set to 103 eV and Brillouin zone sampling was
restricted to the ' point. The GA optimization procedure yielded 600 structures in 80 cycles.
Using the most stable Mn404/Co(0001) structure, we determined reaction energy diagrams
for the dissociation of CO at the interface of Co and MnO, inspired by similar pathways
explored for a Mn4s04/Ni(111) model.?° The cutoff energy for the plane waves was 400 eV. The
geometry optimization was converged until the maximal residual force was smaller than 0.02
eV/A and the electronic self-consistent field was converged to 1 x 10~* eV. Neighboring slabs
were separated by a vacuum of 15 A to avoid self-interactions. A Monkhorst-Pack k-points
sampling of 2x2x1 was employed.3 Transition states were located by the force reversed3! and
climbing-image nudged elastic band (CI-NEB) 3233 methods with a force tolerance of 0.02 eV/A.
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2.3 Results

2.3.1 Characterization

The metal content of the silica-supported Co catalysts was determined by ICP elemental
analysis (Table 2.1). The Co loading was slightly lower than the intended 20 wt%, which is likely
due to the presence of crystal water in the metal salt precursors. The actual atomic Mn/Co
ratios were as targeted. The XRD patterns in Fig. 2.1 show Co304 as the only crystalline phase
in the calcined precursors. The broad scattering feature around 23° is typical for amorphous
silica. The XRD patterns do not contain indications of separate Mn-oxide phases. Nevertheless,
a shift was observed in the diffraction angle of the Co304 reflections to lower angles with
increasing Mn content together with a broadening of these reflections (Fig. 2.1b). These
changes can be explained by the incorporation of Mn in the spinel structure of Co3Oa.
Substitution of Co by Mn leads to an expansion of the unit cell, explaining the decrease in the
Bragg angles of the Cos04 reflections. The observed isotropic peak broadening is likely the
consequence of an increasing non-uniform strain caused by Mn substitution. The peak
broadening could also be caused by a decrease in Co304 particle size. This explanation can
nevertheless be discarded as TEM analysis (Appendix Fig. A3) displays a nearly constant size of
the Co304 particles (12.6 + 4.1 nm for Co/Si vs. 11.9 + 2.7 nm for CoMn(0.1)/Si). Therefore, the
peak broadening can be ascribed to non-uniform deformation of the unit cells. The decrease
in the intensity of the main diffraction lines is most likely due to a change in the structure
factor, which depends on the crystal system and the atomic scattering factor of the species
occupying the unit cell (Fig. Al). Mn exhibits a lower atomic scattering factor than Co,
contributing to the decreasing intensity. The XRD analysis emphasizes the strong interaction
of Co and Mn in the oxidic precursor.

Table 2.1. Characterization of CoMn/Si catalysts.

Sample Co Mn Mn/Co dxro dxro TEM H2 chem.
(wt%) (wt%) ratio Co30s Cometal Co304(nm) (mmol
(nm)? (nm)? H2/g)
Co/Si 19.2 0 0 14.6 11.0 12.6+4.1 0.097
CoMn(0.05)/Si 18.8 0.95 0.05 10.1 7.6 0.086
CoMn(0.1)/Si 17.4 1.68 0.1 10.8 8.1 11.9+2.7 0.055
CoMn(0.25)/Si 16.3 3.85 0.25 9.9 7.4 0.042

1 particle size determined via the Scherrer equation of the (311) reflection; ? Estimated metal particle
size derived from the size of Co30, particle by multiplication with 0.75.

We also used H, chemisorption to compare the available surface area of metallic Co in the
reduced catalysts. The data in Table 2.1 show that the amount of chemisorbed H, strongly
decreases with Mn content. As the particle sizes do not differ much, this decrease can be
assigned to partial coverage of metallic Co surface by Mn-oxide species.'>348 These earlier
studies also concluded that the presence of Mn did not significantly change the particle size of
the Co upon reduction.

-23-



Lo

—— ColSi N
d ) ——Co/Si Q\ A3
—— CoMn(0.05)/Si ~3700{ O
e B vt v e CoMn(0.10)/Si A =

. = = -
—— CoMn(0.05)/Si CoMn(0.25)/Si ;36‘75 o
N 36,50 o
- M| \ A A = »
=5 Lt SRS L_.N’Lj\__,../\____ 3 36,254
© " 1 n n " n n 2 0,0 0,1 02 03
s e’ @ "
> — CoMn(0.10)/Si = ’19
— -~
s A z | d
c 2]
) | =
< PTGl et oo gty L
= AT c
| . \/S -
A |l
[ Y | A A
I, 81, Ty -

Co,0, PDF#42-1467

| l | 2 l l < T T T T T T T T
T T T T T T T
10 20 30 40 S0 6 70 80 90

20[°] 20 [o]

Figure 2.1. XRD analysis of calcined Co/Si and CoMn/Si catalysts: (a) XRD patterns, (b) zoom to
emphasize the shift in the XRD reflections of Cos0, (the inset shows the peak position of the (311)
reflection of Co30, as a function of the Mn/Co ratio).

The reduction behavior of the catalysts was studied with H>-TPR (Fig. 2.2). Two distinct peaks
observed at 303°C and 371°C can be explained by the sequential reduction steps Co304 — CoO
— C0°.3 The initial reduction Co304 — CoO is only slightly affected by Mn addition, while
subsequent reduction form CoO — Co? is delayed from 371°C to 465°C. This implies that the
initial reduction of the spinel Cos04 structure is hardly influenced by the incorporation of Mn,
but that the last reduction step of CoO to metallic cobalt is strongly hindered by the presence
of Mn, indicating a strong interaction between manganese oxide and cobalt remains after the
spinel structure has ceased to exist.
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Figure 2.2. TPR of Co/Si and CoMn/Si catalysts including a Mn/Si reference (1.5 wt% Mn on SiO,).
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The structural evolution of the Co/Si and CoMn(0.1)/Si samples (CoMn(0.1)/Si was used as a
reference for Mn-promoted samples as it showed the best performance during SSITKA
experiments) during reduction was also monitored by in situ XRD (Fig. 2.3). Consistent with
the TPR results, the reduction of Co304 proceeds in two steps via an intermediate CoO phase.
The onset of Co304 reduction is just above 200°C. The resulting CoO phase is reduced at lower
temperature for Co/Si than for the Mn-containing sample, which is in agreement with the TPR
results. XRD shows that metallic Co is already formed at 275°C with a slight delay for the

CoMn(0.1)/Si sample.
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Figure 2.3. In situ XRD of reduction of (left panels) Co/Si and (right panels) CoMn(0.1)/Si: (a) and (d)
after reduction at 450°C, (b) and (e) heat plot of XRD patterns as a function of temperature, and (c) and
(f) after reduction at 30°C and 250°C. Reference spectra of hcp and fcc Co, CoO and Cos04 are included.

Analysis of the patterns obtained after reduction at 450°C indicates that the metallic Co
nanoparticles consist of fcc and hcp crystal structures with the former dominating. The hcp/fcc
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ratio can have a substantial impact on the catalytic performance of Co nanoparticles with hcp
Co being suggested to be more active than fcc Co?8. Although it has been observed that
unusual bcc phases induced by the presence of Mn can influence the fcc/hcp ratio of
supported CoMn catalysts,3® the XRD patterns of the reduced catalysts (Fig. 2.3) do not
evidence a substantial difference in the hcp/fcc ratio with changing Mn content. Structural
characterization by EXAFS suggested that the reduced Co nanoparticles are not a simple
mixture of fcc and hcp nanoparticles, but instead can be represented by intergrown structures
of fcc and hcp Co, exhibiting stacking faults that cannot be detected by XRD.3” The main
influence of Mn appears to be a slower reduction of CoO to metallic Co, likely by forming
double Mn-Co-oxides. It has been reported that such double oxides reduce at a higher
temperature than Co oxide or a physical mixture of Mn- and Co-oxide.>®
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Figure 2.4. Quasi in situ XPS spectra of the Co 2p region of calcined and reduced (450°C) catalysts: (a)
calcined Co/Si, (b) reduced Co/Si, (c) calcined CoMn(0.1)/Si, and (d) reduced CoMn(0.1)/Si.

Fig. 2.4 shows the Co 2p XPS spectra for Co/Si and CoMn(0.1)/Si before and after reduction at
450°C. Reduction was done in the pretreatment chamber directly connected to the XPS
analysis chamber, permitting quasi in situ XPS characterization. The spectra of the calcined
precursors contain contributions of Co%* and Co3®* at 781.4 and 779.6 eV, respectively. This
assignment is supported by the presence of satellite features characteristic for Co3043%. The
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presence of Mn decreases the Co?* peak intensity of CoMn(0.1)/Si compared to the Mn-free
sample. The Co3"/Co?" ratio increases from 2.2 for the Co/Si to 3.5 for the CoMn(0.1)/Si
sample, which indicates a preferential substitution of Co?* by Mn?* ions in the mixed oxide
spinel structure. After reduction at 450°C for 8 h, the XPS spectra are dominated by a feature
at 778.1 eV assigned to Co?, suggesting a nearly complete reduction of Co in both samples.

The oxidation state of Mn was also investigated by XPS. The Mn 2p XPS spectra of the calcined
and reduced CoMn(0.1)/Si catalyst are given in the appendix (Fig. A4). Both spectra are
dominated by satellite features characteristic for MnO, which are typically not observed for
Mn>03 and Mn0O332. Resolving the Mn oxidation state from the 2p core line is challenging due
to overlapping features at similar binding energies32. Instead, analysis of the Mn 3s XPS spectra
can provide insight into the Mn oxidation state. The splitting of the Mn 3s core line in these
spectra originates from the exchange coupling of 3s holes and 3d electrons of Mn.3° Typical
reported splitting values are 4.5-4.8 eV for MnO,, 5.3-5.4 eV for Mn,03, 5.5-5.6 eV for Mn304,
and 5.6-5.8 eV for Mn0.4%4%42 Comparison of the Mn 3s peak splitting values of CoMn(0.1)/Si
before and after calcination shows that Mn is reduced from Mn3* (3s splitting of 5.0 eV) to
Mn?* (spin-orbital splitting for the Mn 3s 5.8 eV). Finally, it is worthwhile to note that the
Mn/Co ratio after reduction (0.98) is higher than before reduction (0.57). It can thus be
inferred that Mn migrates from the oxide precursor as Mn3* to the surface of the metallic Co
particles as MnO. The presence of MnO at the surface of reduced Co nanoparticles has been
reported before®. Based on the XPS analysis, it cannot be determined on which kind of surface
structure the MnO is located. However, as chain growth still occurs after Mn addition (see
below), it is unlikely that MnO is located on stepped sites, which catalyze chain growth.

2.3.2 Catalytic activity measurements

The influence of Mn on Co was evaluated using typical industrial conditions, i.e., at a pressure
of 20 bar, a temperature of 220°C, and a H/CO ratio of 2. The reaction rate, product
distribution, ASF plots, and olefins-to-paraffins (O/P) ratios as a function of increasing Mn
content are shown in Fig. 2.5. Notably, the Co-weight-based activity decreases with increasing
Mn content, while the TOF based on H, chemisorption remains relatively constant after Mn/Co
= 0.05. Seemingly, the site-normalized activity is constant and the decrease in the weight-
based activity can be ascribed to a decrease of the active surface area caused by Mn surface
decoration. However, the selectivity of the remaining active surface sites is influenced
significantly by Mn addition. The product distribution data show that Mn addition under these
conditions results in an increase in the C,-Ca hydrocarbons selectivity from 7.7 % for Mn/Co =
0 to a maximum of 29 % for Co/Mn = 0.1. At higher Mn/Co values, a small decrease in the light
hydrocarbon selectivity is observed. The CH4 selectivity decreases slightly and monotonously
from 8.8 % at Mn/Co = 0 to 7.3 % at Mn/Co = 0.25. The increased selectivity to C-Ca
hydrocarbons goes at the expense of Cs: formation, which decreases from 84 % to 60 %). These
differences are also reflected in the ASF plots. Whereas the unpromoted sample follows the
typical ASF distribution with a CHs selectivity higher than predicted by the ASF plot, Mn
addition leads to a lower than predicted CH4 selectivity. This is clearly due to a significant drop
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in the chain-growth probability, while at the same time the CH4 selectivity is hardly changed.
It is also interesting to mention that the addition of Mn increases the O/P ratio (Fig. 2.5d).
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Figure 2.5. Catalytic performance of reduced Co/Si and CoMn/Si catalysts (p = 20 bar, T = 220 °C, H,/CO
= 2): (a) Reaction rate (mol CO/gCo) and TOF (s) as a function of Mn/Co ratio, (b) CHs, C2-C4 and Cs.
selectivity as a function of Mn/Co ratio, (c) Anderson-Schulz-Flory (ASF) plot, (d) O/P ratios for C, Cs
and C,4 hydrocarbons as a function of Mn/Co ratio.

It is worthwhile to compare these data with performance data published earlier for Mn-
promoted catalysts. Especially early studies from Hutchings et al. emphasized exceptionally
high alkene, in particular propylene, yields**#44> of up to 20 wt%, in conjunction with an
improved activity and stability upon addition of Mn in relatively large amounts (Mn/Co > 1).
Also patent literature from ExxonMobil reported about CoMn catalysts exhibiting a high C,-C4
selectivity of 26 % with a total C,-C4 olefins content of 83%%6. Zong et al.*® linked the increased
light olefins selectivity to the formation of Co,C. Yet, the CO: selectivity was close to 50 % in
their study. The CO; selectivity in the present study and other earlier studies is less than 1 %,
which is typical for metallic Co catalysts. Furthermore, in situ XRD (Fig. A8) data shows very
limited signs of Co,C formation, ruling out any dominant role of carburized Co. The data
obtained at 20 bar and presented in Fig. 2.5 clearly show that Mn promotion suppresses the
coupling of the chain-growth monomers (CHx) as well as olefin hydrogenation. Decreased
chain growth and suppressed hydrogenation of olefins might be a result of an increased
surface coverage due to the presence of Mn, hindering olefin re-adsorption and possibly
monomer coupling. To verify this hypothesis, the role of surface coverages was investigated
further by studying the pressure dependence of the catalytic performance of both the
promoted and unpromoted catalysts. Since pressure is also expected to influence the surface
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coverages. The catalyst with an Mn/Co ratio of 0.1 was chosen as representative for the Mn-
promoted catalysts, as it exhibits the largest influence of Mn promotion on the Co catalyst
performance, not only at high pressure (see Fig. 2.5 above) but also at low pressure (see Fig.
2.7 below). The influence of the studied pressure dependence is shown in Fig. 2.6. It appears
that the presence of Mn strongly influences the pressure depence of the catalytic
performance. As mentioned in the introduction, earlier catalytic tests at elevated pressure
contradict each other regarding the influence on the O/P ratio and the selectivities to either
Cs+ or CHy 7/821011,12,13,12,1314 ' Aq 5 consequence, the product distribution data reported here
for high pressure cannot be in agreement with all literature. However, the unpromoted catalyst
behaves in good keeping with most reports, since the rate and TOF increase with increasing
pressure (see Fig. 2.6a)*'%4 Typically, reaction orders with respect to CO and H, for Co
catalysts are slightly negative and close to unity, respectively*>8. This results in an overall
increase in reaction rate with increasing total pressure at constant H,/CO. The selectivities of
the unpromoted catalyst also behave as anticipated: at increasing pressure an increasing
monomer coverage is expected, which results in a higher Cs. selectivity (Fig. 2.6c) and lower
selectivity to CH4 and C,-C4 products (Fig. 2.6b). However, in contrast to the unpromoted Co,
the Mn-promoted catalyst has surprisingly a maximum in both the rate and the TOF at around
4 bar. Above this pressure, there is no clear increase (Fig. 2.6a). The Mn-promoted catalyst
follows at increasing pressure the same trends in product distribution as the unpromoted one,
but reaches a maximum Cs. selectivity at about 4 bar and a minimum for the C>-Cs4 selectivity
at the same pressure (Fig. 2.6c). Only the CH4 selectivity decreases with increasing pressure
for both catalysts (Fig. 2.6b), although the influence of Mn promotion on the the CHa selectivity
diminishes with increasing pressure. Understandably, the Cs. selectivity selectivity mirrors the
selectivity to the other hydrocarbons CH4 and C>-C4 for both catalysts. Notably, at low pressure,
the Mn-promoted catalyst has a higher Cs; selectivity and a lower C>-Cs selectivity than the
unpromoted catalyst. However, an almost opposite selectivity distribution is observed at 20
bar, when the Mn-promoted catalyst has a lower Cs. selectivity and a higher C>-Cs selectivity.
The turning point from one selectivity being higher than the other occurs around 4 bar. Fig. 6¢
also shows that over the whole pressure range Mn promotion increases the olefin to paraffin
ratio of the Cs hydrocarbons. It can thus be concluded that an increase in total pressure for the
unpromoted catalyst leads to a similar effect as an increase in Mn content at low pressure, i.e.,
an increased activity, Cs. selectivity, and O/P ratio. These two similar effects can tentatively be
explained in a the same way: Mn promotion as well as an increased pressure enhance the
coverage of surface species, hindering hydrogenation of olefins by re-adsorption and
increasing the coupling probability of growth monomers. In order to determine the role of the
surface adsorbed layer on the selectivity trends, the surface coverages were measured by
steady-state isotopic transient kinetic analysis (SSITKA) experiments.
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Figure 2.6. a) Reaction rate (mol CO/gc./s) and TOF (s™), b) CH4 and C»-Cy selectivity, c) Cs. selectivity
and CO conversion for Mn/Co = 0 (triangle) and Mn/Co = 0.1 (circle) as a function of total pressure and
Mn/Co ratio. Conditions: T = 220°C, H,/CO = 2, protar = 2, 4, 7 and 20 bar.

The TOF of the catalysts depends in different ways on the total pressure. The TOF of the Co/Si
catalyst increases continuously from 6.5-103 s at 2 bar to 2.6:102 s at 20 bar. The
CoMn(0.1)/Si catalyst displays a completely different pressure dependence. The TOF reaches
a maximum value at 4 bar, after which no further increase is observed. The Cs. selectivity of
the two catalysts also shows a different pressure dependence. Co/Si shows a significantly
enhanced Cs. selectivity (and decreasing CHs and Cz-Cs selectivity) at increasing pressure,
while the Mn-promoted sample, displays a moderate increase in Cs: selectivity up to a
maximum at 4 bar after which the selectivity drops substantially. As a result, the Cs. selectivity
of the Mn-promoted catalyst at 20 bar is lower than that of the unpromoted one, even though
it is higher at lower pressures. The opposite holds for the C,-Cs selectivity, which is lower for
the Mn-promoted catalyst at low pressure but higher at increased pressure due to the
significant increase after a minimum at 4 bar. Hence, the monomer formation and coupling
rates appear to be enhanced by the presence of Mn below ca. 4 bar, yet not at higher pressure.
Fig. 2.6 also shows that the O/P ratio for C3 products increased by Mn addition over the whole
measured pressure range, which is typically explained by a higher total coverage of reaction
intermediates on Co, inhibiting re-adsorption and hydrogenation of primary olefinic products.
The O/P ratio for the CoMn(0.1)/Si shows a maximum at 4 bar, mirroring the pressure
dependence of the C,-Cs4 selectivity. Clearly, the addition of Mn to Co leads to a very different
pressure dependence of the FT reaction, which implies that Mn affects the pressure-
dependent composition of the surface-adsorbed layer.
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SSITKA was carried out at model FT conditions, viz. at 220 °C and a total pressure of 1.85 bar
with a Hy/CO ratio of 3. The steady-state catalytic performance of the catalysts under these
conditions is displayed in Fig. 2.7, showing an overall beneficial influence of Mn on the CO
conversion. TOF, Cs. selectivity, and chain-growth probability. Simultaneously, the CHs and C»-
Cs selectivity decrease with increasing Mn content. The changes in selectivities and activity
upon Mn addition to Co is almost reversed to those observed at 20 bar (Fig. 2.5), as expected
from the pressure dependency of the promotional effect of Mn (Fig. 2.6). Notably, in both
cases the largest effect of Mn addition occurs at an Mn/Co ratio of 0.1. This has also been
described before in literature,3*1850 where it was ascribed to two counterbalancing effects. On
the one hand, Mn promotes the FT reaction on the active Co sites. On the other hand, Mn is
by itself catalytically inactive and henceforth blocks active cobalt sites. At too high Mn/Co
ratios, the latter effect appears to be dominant. The residence times 7 and surface coverages
6 of CO and CHx determined under the same conditions as the experiments presented in Fig.
2.7 are depicted in Fig. 2.8a as a function of the Mn/Co ratio.
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Figure 2.7. (left) CH, selectivity (triangle up), Co-Cy4 selectivity (triangle down), Cs, selectivity (diamond),
CO; selectivity (circle), and conversion (X) as a function of the Mn/Co ratio and (right) TOFco and TOFcus
and the Co-based reaction rate as a function of Mn/Co ratio. Conditions: T = 220°C, H,/CO = 3, Prota =
1.85 bar.

T¢o is practically independent of the Mn content, while 7y increases with increasing Mn/Co
ratio. The coverages of CO and CHx species increase with increasing Mn content. A higher
coverage of CHy is expected to lead to a higher chain-growth probability. This is in line with
the increasing Cs. selectivity (Fig. 2.7a) and with the increasing difference between TOF¢o and
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TOFcha at higher Mn/Co ratio (Fig. 2.7b), as this difference represents the rate of carbon
conversion to Cz+ hydrocarbons. Notably, though the kink at Mn/Co = 0.1 is also visible at high
pressure (see Fig. 2.5), the selectivity and activity trends presented for this ratio differ
substantially from those presented in Fig. 2.7, because the promoting effect depends strongly
on the used pressure as shown in Fig. 2.6.

The residence times T and surface coverages 8 of CO and CHy determined under the same
conditions as the experiments presented in Fig. 2.7 are depicted in Fig. 2.8a as a function of
the Mn/Co ratio. 7¢ is practically independent of the Mn content, while t¢y,_increases with
increasing Mn/Co ratio. The coverages of CO and CHx species increase with increasing Mn
content. A higher coverage of CHy is expected to lead to a higher chain-growth probability.
This is in line with the increasing Cs.: selectivity (Fig. 2.7a) and with the increasing difference
between TOFco and TOFcua at higher Mn/Co ratio (Fig. 2.7b), as this difference represents the
rate of carbon conversion to Ca:+ hydrocarbons. Notably, although Fig. 2.7a shows that above
the Mn/Co ratio of 0.1, the Cs. selectivity increases, the calculated chain-growth probability
o does notincrease. The extreme increase in CHy coverage leads thus to the formation of heavy
hydrocarbons that are not included in the calculation of the chain-growth probability (Cs to
G).
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Figure 2.8. a) Residence time T of CO (triangle down) and CHy (circle) and surface coverage 6 of CH,
(circle) CO (triangle down) as a function of the Mn/Co ratio. b) TOF as a function of CO partial pressure
for unpromoted (circle) and Mn/Co = 0.1 (circle) catalysts. CO, selectivity as a function of CO partial
pressure for unpromoted (circle) and Mn/Co = 0.1 (circle) catalysts. Conditions: T = 220°C, ptotar = 1.85
bar, pu2 = 600 mbar, pco = 200 mbar. The reaction orders with respect to CO were obtained by keeping
the H; partial pressure constant (600 mbar) and varying the CO partial pressure between 60 to 200
mbar.

Noteworthy is the increasing CO surface coverage with increasing Mn/Co ratio. Chen et al.
determined by SSITKA that the CO coverage on (unpromoted) Co/SiO; can be as high as 0.423,
just as we observe here for the samples up to an Mn/Co ratio of 0.1. From a theoretical
perspective, the maximum attainable CO coverage on Co(0001) is 7/12 (0.58)°!. Up to a Mn/Co
ratio of 0.1, the measured coverages are below these two values. However, for a Mn/Co ratio
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of 0.25, the CO coverage is as high as 0.67, indicating that an exceptionally high coverage can
be obtained in the presence of Mn. Apparently, Mn enhances CO adsorption. In contrast to
unpromoted cobalt catalysts, this adsorbed CO does not hinder CO dissociation. Hindrance of
CO dissociation by co-adsorbed CO is often used to explain the negative order in CO for Co
catalysts. As can be seen in Fig. 2.8b, the reaction order with respect to CO is indeed negative
for unpromoted but positive for Mn-promoted Co. The change in CO reaction order from
negative to positive through Mn promotion suggests that, in the presence of Mn, CO
dissociation does not need vacancies on the metallic cobalt surface. It can thus be speculated
that CO adsorption and dissociation take place on Mn-promoted cobalt sites. This aspect is
investigated further with IR spectroscopy and density functional theory calculations. Most
importantly, it is evident from Fig. 2.8a that the presence of Mn leads to a higher coverage of
CHj, despite the increasing CO coverage. A higher CHx coverage explains the above described
effects of Mn promotion at low pressure. Since a higher monomer coverage not only leads to
a higher coupling rate at the expense of CHa formation, but also, in combination with the high
CO coverage to less readsorption of olefins. Hence, these SSITKA results explain the
appearance of longer chain products and a higher O/P ratio for Mn-promoted catalysts.

2.3.3 IR spectroscopy

IR spectroscopy was carried out to understand better the impact of Mn on the adsorption and
reactivity of CO. In one set of measurements, IR spectra were recorded with increasing CO
coverage (0 — 10 mbar CO) at room temperature, followed by ramping the temperature to
300°C. A second set of IR measurements was carried out in situ under a synthesis gas
atmosphere (H2/CO = 2), whilst ramping the temperature from 30°C to 300°C.
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Figure 2.9. FTIR spectra of CO adsorption, pco 0-10 mbar, (a) Co/Si; (b) CoMn(0.05)/Si; (c) CoMn(0.1)/Si;
(d) CoMn(0.25)/Si. Colors in indicate the increasing CO pressure from 0 — 10 mbar.
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The CO IR spectra recorded at room temperature with increasing CO partial pressure (Fig. 2.9)
are typical for CO adsorption on Co nanoparticles >?>The bands at 2020 cm™, 1935 cm™ and
1835 cm™ can be respectively ascribed to linear (top), two-fold (bridged) and threefold
(hollow) adsorbed CO on extended Co surfaces. Such assignment is amongst others supported
by surface science studies on Co(0001).>3 >* The blueshift of the IR band of top-adsorbed CO
with increasing coverage can be attributed to lateral interactions. For instance, Weststrate et
al.>* showed that, up to a CO coverage of around 0.15 ML, the top-CO stretching frequency
and the IR intensity increased linearly, leveling off when approaching a coverage of 0.33 ML.>®
DFT calculations support this interpretation®2. The corresponding spectra for the Mn-
promoted catalysts are qualitatively similar. The most obvious changes are a lower intensity of
the CO adsorption bands at low CO pressure, which is in line with the decreasing metal surface
upon Mn promotion as observed by H, chemisorption. The presence of Mn also leads to a loss
of three-fold CO sites, which was also observed by Den Breejen et al.3* Moreover, a shoulder
at the high-frequency side of the top-CO band (2058 cm?) is observed, which becomes clearer
with increasing Mn/Co ratio. Although it is not straightforward to assign this band, it is most
likely due to lateral interactions between CO and other surface species. Chen et al. showed
that this band can be due to CO adsorbed close to adsorbed C and O species originating from
CO dissociation.”? Their presence might therefore point to CO dissociation at relatively low
temperature for the CoMn/Si catalysts. The CO IR spectra of the Mn-promoted catalysts also
contain a feature at 1650 cm™, which becomes more intense with increasing CO coverage. This
band, which is also stronger for higher Mn/Co ratios, is a COs? stretching vibration. Such
carbonates can originate from the reaction of CO and CO, with metal oxides such as Mn0O>®,
Although we cannot exclude that the carbonates are formed by CO interacting with MnQ, it is
likely that they are formed by interaction with CO2, which would imply that the CoMn/Si
catalysts contain sites that can dissociate CO leading to surface C species and CO..
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Figure 2.10. Temperature-programmed in situ IR spectroscopy (pco= 10 mbar) (a), (b) CO stretch region
as a function of temperature for Co/Si. (c), (d) CO stretch region as a function of temperature for
CoMn(0.1)/Si. Colors in heat map (b) and (d) indicate the increasing IR intensity from violet to red. (e)
plot of the position of the peak maximum of linear CO as a function of temperature and Mn content.
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A temperature-programmed IR experiment at a CO partial pressure of 10 mbar leads to
pronounced changes of the IR spectra (Fig. 2.10). The CO IR spectra for the Co/Si catalyst are
very similar to those reported for a similar Co/SiO> catalyst by Chen et al.>? The small red shift
of top-adsorbed CO towards slightly lower wavenumbers during heating to 150°C can be
explained by desorption of CO, resulting in a decrease of lateral interactions. A clear blueshift
of top-adsorbed CO from 2022 cm™ to 2068 cm™ is observed in the 150 — 175 °C range. This
shift goes together with a strong increase of the IR intensity. Model experiments by Chen et
al.>? indicated that these changes can be attributed to co-adsorbed C and O. DFT calculations
predict such frequency shift and increase in the extinction coefficient due to co-adsorbed C
and O species. Others also reported a similar shift and mentioned the role of co-adsorbed O
or C.>3525457 The blueshift occurring during the temperature programmed IR spectroscopy can
thus be linked with CO dissociation. Comparing the shift on Co/Si (Fig. 2.10b) with the shift on
CoMn(0.1)/Si (Fig. 2.10d) shows that Mn addition lowers the onset temperature of the
blueshift by nearly 50 °C (from 175°C to 125°C) indicating that CO dissociation is facilitated by
the presence of Mn. The blue shift occurs for all CoMn/Si samples (Fig. 2.10e).
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Figure 2.11. Temperature-programmed in situ IR spectroscopy in synthesis gas (H/CO = 2, ptota = 100
mbar) (a), (b) CO stretch region as a function of temperature for CoMn(0.1)/Si. Colors in heat map (b)
indicate IR intensity (a.u.) which increases from violet to red. (c) plot of the position of the peak
maximum of linear CO as a function of temperature and Mn content. (d) 3200-2800 cm-1 region
representing hydrocarbon C-H stretch vibrations during temperature-programmed reaction in synthesis
gas for Co/Si and CoMn/Si catalysts and the corresponding heat maps in which the colors indicate IR
intensity (a.u.) which increases from violet to red.
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Temperature-programmed IR spectra were recorded in a synthesis gas atmosphere (H,/CO =
2, Ptotal = 100 mbar). Fig. 2.11a and 2.11b show the IR spectra for CoMn(0.1)/Si as a function
of the temperature and a heat map emphasizing the band of linearly adsorbed CO. In
comparison to the IR spectra in Fig. 2.10, the surface also contains hydrogen. In the presence
of hydrogen, the position of linearly adsorbed CO at room temperature is shifted from 2020
cm™ to 2050 cm™, which is most likely due to lateral interactions. The trends upon heating are
gualitatively the same as seen during heating in a CO atmosphere. For instance, the initial red-
shift from 2050 cm™to 2035 cm™ due to desorption of CO is followed by a blue-shift to 2068
cm?, which can be attributed to CO dissociation. The temperature at which the blue-shift
occurs is lower in synthesis gas than in a CO atmosphere. The influence of Mn on the onset of
the blue-shift is much less pronounced in this case. A significant difference between the two
sets of experiments in Figs. 2.10 and 2.11 is that the presence of H; leads to a much stronger
red-shift above 200 °C. We explain this by the hydrogenation of C-containing species, which
decreases the lateral interactions with CO.

Fig. 2.11d depicts the C-H stretch region of hydrocarbons for the Co/Si and CoMn/Si catalysts.
The spectra are dominated by bands due to gas-phase CH4. Above 150 °C, all catalysts show
distinct vibrations in the range of 2900 to 3200 cm typical of gaseous CH4 and located on the
low- and high-frequency side of the vs C-H stretch vibration at 3020 cm™. The weaker and
broader features in the 2800 — 3000 cm* regime are typical for hydrocarbons with C-C bonds.
The main vibrations of gas-phase CH4 (2800-3200 cm™) appear at ~190 °C independent of the
Mn/Co ratio. Notably, the spectra for Co/Si only contain bands due to CH4, while the Mn-
containing catalysts also form higher hydrocarbons as evidenced by the sp3 C-H vibrations of
CH> and CHs observed in the 3000-2800 cm range (CH; at 2927 cm™ and 2864 cm™ and CHs
at 2968 cm™), indicating that Mn promotes the formation of higher hydrocarbons as compared
to Co/Si. These bands appear already at a relatively low temperature, i.e., just below 150 °C.
The absence of similar features in the 3100-3000 cm™ region shows that no sp? C=C-H is
present. We speculate that the observed hydrocarbon bands stem from adsorbed hydrocarbon
fragments. The CH, and CHs bands are most intense in the 200-220 °C range. Most likely, the
surface coverage with such fragments is low at higher temperatures, which is in keeping with
the red-shift of the linear CO band. Thus, the IR spectroscopy results show that Mn can
promote the dissociation of CO, which goes in parallel with C-C coupling leading to higher
hydrocarbons. Moreover, there is clear evidence for the presence of surface intermediates
with C-C bonds on the CoMn/Si catalysts in the temperature range of the FT reaction (200-220
°C), whereas only CHs is observed for Co/Si. The high CHa selectivity for Co/Si is as expected
under the low total pressure (100 mbar) conditions with a high H,/CO ratio of 3.

2.4 Computational modeling

DFT calculations were employed to investigate how the presence of MnO on the metallic Co
surface can affect CO dissociation. A relatively simple Mn404/Co(0001) model was chosen to
represent MnO on metallic Co. Various structures of Mns04/Co(0001) as determined by the
DFT-based GA method are given in Fig. A7. In the most stable structure, each Mn atom binds
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to two surface Co atoms and two O atoms (Fig. 2.12a). This structure is very similar to the one
determined for Mn4O4 on the Ni(111) surface by Vrijburg et al.?® For such models, it was shown
that CO and CO; dissociation barriers can be lowered by involving an O vacancy in the MnsO4
cluster compared to Ni(111) and Ni(311) surfaces. Here, we explored similar pathways for CO
dissociation, starting from a Mn4Oa cluster with a vacancy (Mn40s3). Specifically the elementary
CO dissociation step is examined, as this supposedly is the rate limiting step in the whole
Fischer-Tropsch reaction sequence. The reaction energy needed for the creation of such a
vacancy was also calculated.

Fig. 2.13 shows the reaction energy diagram for CO dissociation on the Mn403/Co(0001)
model. Additional data including geometries and reference data for Co(0001) and Co(1121)
surfaces from literature are collected in Tables A2 and A3 in the Appendix. DFT calculations
show that direct CO dissociation can occur on the step-edge sites of Co, i.e., the Co(1121)
model. A typical value for the stepped Co(1121) surface is 1.06 eV?2. CO dissociation on the
close-packed Co(0001) surface is very difficult with activation barriers of 2.46 eV for direct and
1.83 eV for H-assisted CO dissociation.?® ENREF 1 Three pathways were explored for the
Mn403/Co(0001) model (Fig. A10). The corresponding reaction energy paths are depicted in
Fig. 2.13.

Figure 2.12. (a) DFT structure of a Mn40./Co(0001) cluster, (b) CO adsorption configuration on
Mn405/Co catalyst, and (c) HCO transition state for CO dissociation.

The most favorable CO dissociation mechanism involves HCO as a surface intermediate with
an overall barrier of 0.98 eV. The direct and COH pathways are much less favorable with overall
barriers of 1.71 eV and 1.23 eV, respectively. Thus, these calculations show that H-assisted CO
dissociation on the Co- Mn4Os interface is much easier than on the planar surfaces of Co and
slightly easier than on a step-edge site of Co.

Subsequently, the removal of O from the Mn4O4 cluster on the Co(0001) surface needed to
regenerate the above-used MnsOs cluster was investigated. The relevant reaction energy
diagrams are shown in Fig. 2.13c, the corresponding geometries and other data are given in
the Appendix. The barrier for OH formation on the Mn4Os cluster is 0.79 eV. Direct formation
of adsorbed H;0 requires overcoming a barrier of 1.18 eV, while the overall barrier for H,0
formation is 1.49 eV. This is higher than the overall barrier of CO dissociation.
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Figure 2.13. DFT calculations of (a) CO dissociation on the Mn403/Co(0001) surface model and (b-d) O
vacancy formation on the Mn404/Co(0001) surface model via (b and c) H,O formation and (d) CO;
formation.

Another potential pathway is the reaction of OH on Mn4O4 with an OH intermediate adsorbed
on the Co surface (Fig. A8). The barrier associated with this reaction step is only 0.30 eV. The
occurrence of OH intermediates adsorbed on Co during reaction can be expected as water is
a primary product of the FT reaction. Overall, the barrier for O removal in this manner is 0.97
eV, which is similar to the barrier of CO dissociation. We also computed the barrier for CO;
formation involving CO adsorbed on Co(0001) with an O atom of the Mn4O4 cluster (Fig. A11).
The barrier for this reaction is 1.89 eV, much higher than the computed barriers for CO
dissociation and H;O formation. This barrier is also higher than CO; formation barriers
computed for Co(0001) and Co(1121)%.

In summary, these calculations on a simple surface model show a facile pathway for the
dissociation of CO at the Co-MnO interface in CoMn/Si. CO dissociation involves an O vacancy
in the MnO, which is the result of removal of O by formation of H,0. The overall barrier for CO
dissociation via this alternative pathway is slightly lower than the overall CO dissociation
barrier on step-edge sites of Co. This can contribute to the higher CO conversion for the Mn-
promoted Co catalysts. Another explanation can be that the presence of MnO on Co leads to
an increase of the number of active sites for CO dissociation. In relation to the CO reaction
orders discussed above, it can be mentioned that CO dissociation at the Co-MnO interface is
not limited by intermediate CO coverage on the metal as CO dissociation is on unpromoted Co
metal.
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2.5 General discussion

Physicochemical characterization of the catalyst precursor shows that Mn is completely
integrated in the mixed oxide spinel catalyst precursor. The presence of the mixed oxide spinel
of Co and Mn retards the reduction of Co, especially the last reduction step of CoO to metallic
Co. Nonetheless, according to XPS analysis after reduction at 450 °C, Co is completely reduced
to metallic Co for all Mn-promoted catalysts, while Mn is converted to MnO with Mn in the 2+
oxidation state. H, chemisorption and the relative Co and Mn signals in XPS indicate that the
metallic surface of Co nanoparticles is decorated with MnO. The presence of MnO in close
interaction with the Co surface is in agreement with previous observations!®. Mn does not
significantly affect the Co particle size. All catalysts contain Co particles of about 12 nm. The
FT performance of these catalysts is thus not affected by structure sensitivity that limits the
activity of Co particles smaller than 6 nm*3>°, In the last two decades, a substantial amount of
research has been devoted to study the impact of Mn promotion on the Co catalyzed FT
reaction, often with contradicting outcomes. In this study, the influence of Mn promotion on
silica supported Co was studied for the FT reaction at 220 °C and in the pressure range of 2 to
20 bar. The results indicate that the conflicting views in literature can mostly be attributed to
different reaction conditions. Specifically, the total reaction pressure can significantly influence
the effect of Mn promotion. At pressures below 4 bar, Mn acts as a promoter for Co in the FT
reaction resulting in higher rates, turn over frequencies and Cs: selectivity. However, the
opposite holds at higher pressure. This stems from substantially different pressure
dependence of the unpromoted and Mn-promoted Co catalysts. For the unpromoted catalyst
an increase in pressure leads to a higher reaction rate and higher Cs. selectivity with the most
pronounced increase in the 2 to 6 bar pressure range. On the other hand, for the Mn-promoted
catalyst, this trend is remarkably different. Though the activity and Cs. selectivity also initially
increase with increasing pressure, the activity stabilizes and the Cs. selectivity starts to
decrease steeply above 4 bar. As a result of these opposite trends Mn enhances Cs. selectivity
at low pressure, but suppresses it at high pressure. Nonetheless, Mn promotion decreases the
CHas selectivity over the whole studied pressure range. To explain the pressure dependence of
the promotional effect of Mn, the role of pressure in the FT reaction and the mechanism of
Mn promotion is discussed here. Mechanistic work of Chen et al.?% has demonstrated that the
increasing activity and Cs: selectivity when the reaction pressure is increased can be well
explained by a higher CO coverage, which leads to a higher CHx monomer coverage and, thus,
higher activity and chain-growth probability. This clearly also holds for the unpromoted Co
catalyst in this study, and for the Mn-promoted catalysts up to 4 bar. Temperature-
programmed IR spectroscopy in the presence of CO shows a lower onset temperature for CO
dissociation in the presence of Mn, indicating a positive role of MnO in the CO dissociation.
Similar IR measurements in synthesis gas show that unpromoted Co produces under the
conditions used only CHa4, but that Mn-promoted Co also forms larger hydrocarbons at a
significantly lower temperature than the formation of CHa. SSITKA carried out at a relatively
low pressure confirms the positive impact of Mn on the activity and CHx coverage. This can
explain well the higher chain growth probability in the presence of Mn, yielding more longer
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hydrocarbons and thus less CH4 at low pressure. DFT calculations using a Mn404/Co(0001)
model show that CO can dissociate at the Co-MnO interface with a lower overall activation
barrier than on the most active metallic Co step-edge sites. The modelled catalytic cycle
involves the generation of an oxygen vacancy by removal of O from MnO as H.0, followed by
H-assisted C-O dissociation. The oxygen atom of CO replenishes the oxygen vacancy, leaving
behind a CH fragment on the metallic Co. Thus, according to DFT, the decoration of Co with
MnO results in the formation of additional CO dissociation sites on Co nanoparticles with a
lower activation energy. The enhanced CO dissociation observed by IR and SSITKA experiments
is thus in agreement with the out- come of the DFT calculations. Since Co typically operates in
the monomer formation limit regime with CO dissociation being the rate-limiting step?%®°
enhanced CO dissociation by Mn promotion can explain the higher reaction rate. A CO
activation mechanism via an O vacancy in Mn oxide as modelled by DFT is in line with the
concept launched by Barrault et al. that redox centers are active sites for CO dissociation!?, but
seems in contradiction with the results of the group of Bell, who sees, when comparing
different promoters, a direct correlation between the activity and the relative Lewis acidity of
the promoter®. On the other hand, the Lewis acidity of a cation depends on the number of
coordinating oxygen atoms®L. It could thus be speculated that the same phenomenon of CO
activation is just described by another parameter, i.e., Lewis acidity versus vacancy formation.
Nonetheless, in contrast to previous literature, which only correlates activity with a specific
parameter, a complete mechanistic understanding of the catalytic cycle is presented here.
Notably, the reaction order with respect to CO is negative for unpromoted cobalt as widely
reported for Co-based FT catalysts %18 but positive for Mn-promoted Co. The negative order
reflects the need of surface vacancies on the metallic Co surface for CO dissociation. The
positive reaction order in CO for the Mn- promoted Co catalyst can be explained by the
dissociation of CO at the Co-MnO interface. Since this mechanism does not require two
neighboring vacant Co surface sites, self-poisoning by CO does not occur. This implies that at
high CO coverage the reaction will mainly proceed at Co-MnO interfaces. Increasing the Mn
content in promoted Co catalysts from Mn/ Co = 0 to Mn/Co = 0.25 at a reaction pressure of
20 bar results in a decreased Cs: selectivity and chain-growth probability, whereas the CH4
selectivity is hardly affected. As a result, the CHs yield is not higher than expected from the
ASF distribution as is usually the case for Co but gets in line with the prediction of the AFS plot.
The promotional effect of Mn reaches a maximum at an Mn/Co ratio of 0.1, at both low and
high reaction pressures. This is in accordance with previous literature for Co on various
supports®48°0.1834 and has tentatively been ascribed to the formation of an optimum mixed
Mn-Co-oxide crystal structure of the calcined catalyst precursor, which would just yield the
desired MnO covered metallic cobalt after reduction®®?°. As stated above, for the Mn-
promoted catalysts, the positive effect of pressure on activity and selectivity only holds up to
a pressure of 4 bar after which a maximum is reached and a negative effect of increasing
pressure on the product distribution is seen. It is uncertain why a similar pressure dependence
has not been reported before in literature. The group of Bell reports a continuous increase in
reaction rate with total pressure, but observed a peculiar maximum in rate at about 1 bar CO
partial pressure®®, which would be roughly in line with 4 bar total pressure at a H2/CO ratio of
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2. The occurrence of a maximum can be explained by taking into account that MnO catalyzes
the CO dissociation and CHx formation, but not C—C coupling. On the unpromoted Co catalyst,
the CO dissociation sites are the same as the chain-growth sites, viz. step-edge
Sites®263.64,656667 and enhanced CHy formation at increasing pressure will immediately lead to
an increased chain growth rate. However, on Mn-promoted catalysts, the CHx monomers are
formed at the interface of MnO and Co and have to migrate to chain-growth sites on the
metallic cobalt. In general, migration of surface adsorbates is easy on empty Co surfaces®®,
Increasing the pressure, however, increases the coverage of adsorbed species other than CHy
and most prominently CO, which might hinder the migration of CHx monomers. Apparently,
this hindrance starts to dominate over the positive effect of Mn on the CO dissociation rate at
pressures above 4 bar. Methane formation does not require stepped sites but occurs on sites
that cover the majority of the surface® and does thus not rely on migration. As a consequence,
the methane selectivity is rather independent of the pressure. This results in a maximum Cs.
selectivity and thus also to a minimum in the selectivity to other products like of CH4 and C,-
Cs hydrocarbons at 4 bar. The hypothesis that the MnO-Co interface site does not catalyze
chain growth also explains the observation that at high pressures, at which the metal sites but
not the Mn-promoted sites are poisoned by adsorbed CO, the Cs. selectivity is not enhanced
by Mn addition.

2.6 Conclusion

In this study Mn-promoted Co catalysts on silica were studied in the FT reaction in a pressure
range from 2 to 20 bar. After reduction of the oxidic catalyst precursor at 450 °C, metallic cobalt
paticles are formed, which are decorated with MnO. In situ IR spectroscopy and SSITKA
measurements indicate that the presence of Mn enhances the CO dissociation and
hydrocarbon formation. DFT calculations on an MnO/Co(0001) model cluster shows that CO
can be activated by vacancies in the Mn oxide with a lower activation energy than on regular
step-edge sites. At low pressure, Mn promotion results in a higher activity and Cs. selectivity,
which both can be explained by the increased CO activation rate and resulting higher monomer
coverage. At high pressure, however, Mn promotion results in a lower Cs. selectivity. This is a
result of peculiar differences in pressure dependence between the unpromoted and Mn-
promoted catalysts. Increasing pressure leads to an increased activity and Cs. selectivity for
the unpromoted Co catalyst. The Mn-promoted catalyst shows the same trend but only up to
4 bar. Above this pressure, the activity stabilizes and the Cs. selectivity drops dramatically at
increasing pressure. This behavior is tentatively ascribed to hindered migration of CHx growth
monomers at increasing pressure. On unpromoted Co catalysts, the catalytic site for CO
dissociation and chain growth is the same, viz, a stepped site. Mn promotion enhances CO
dissociation but likely not C—C coupling. Hence, CHx fragments formed at the Co-MnO interface
have to migrate to stepped sites for chain growth. This migration can be hindered by surface
adsorbates. Since the cover- age of adsorbed reactants and intermediates increases with
pressure, an higher reaction pressure can suppress migration and chain growth. Apparently,
the hindrance of migration by adsorbed species dominates at pressures above 4 bar, leading
to a decreasing Cs. selectivity. As a consequence, Mn promotion on silica supported Co at low
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pressure leads to an increase in chain-growth probability, while it decreases the Cs. selectivity
at high pressure.
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Appendix A: Chapter 2

Al. Atomic radii

Table A1. Atomic radii of Co and Mn in different oxidation states.

Metal Oxidation state O Oxidation state *? Oxidation state *3
Co ‘ 0.1252 nm 0.089 nm hs 0.075 nm hs

Mn ‘ 0.1264 nm 0.097 nm hs 0.079 nm hs

hs = high spin complex
A2. Structure factor
|nten5ity I |Fhkl| 2

Structure factor Fuiw = X7 f7(q) exp [2mi(hx! + ky’ + 127)]

A3. Atomic scattering factor () q =4m sin%

304
30 1 Cu anode

—Co (311) peak at 20 = 36.91
25 1 x

20 -

—_—
T 154
y—

10 4

Figure A1. Atomic scattering factor as a function of q.
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A4. TEM Particle size
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Figure A2. (a) TEM images of Co/Si (left) and CoMn(0.1)/Si (right).
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Figure A3-1. XPS spectra of Co 2p and C 2s region for Co/Si and CoMn(0.1)/Si catalysts as a function

of treatment. 1) calcined, 2) reduction at 450°C, 3) 5 min CO exposure at 260°C.
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Figure A3-3. XPS spectra of Co 2p and C 2s region for Co/Si and CoMn(0.1)/Si catalysts following 2 h
CO exposure at 260 °C followed temperature-programmed hydrogenation up to 7) 180°C, 8) 220 °C,

9) 280 °C, and 10) 450 °C.
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A6. Quasi in situ XPS of Mn 2p region

a) b)
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Figure A4. Quasi in situ XPS of CoMn(0.1)/Si of (a,b) the Mn 2p region and (c,d) the Mn 3s region: (a,c)
before and (b,d) after reduction at 450°C.
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A7. IR spectroscopy after CO exposure
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Figure A5. CO IR spectra after reduction at 450°C and CO TPR, pCO = 0 - 10 mbar. a) Co/Si, b)
CoMn(0.05)/Si, c) CoMn(0.1)/Si, d) CoMn(0.25)/5i.

A8. Internal mass transfer limitations

Internal mass transfer Weisz-Prater criterion

C :Teffpcatdgat <1
WE T 4D, Ceo

Cwp =3.7%107*
r¢f = observed reaction rate
Pcar = Solid catalyst density
d.qt = catalyst particle diameter
D.sr = ef fective dif fusion coef ficient for CO

Cco = concentration of CO

External mass transfer Carberry number

reff

Ca < 0.05

N kfasCCO
Ca=4.0%10""*

réff = observed reaction rate
ks = mass transfer coef ficient

as = the specific external surface area of the pellet

Cco = concentration of CO
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Thus, we can exclude mass transfer limitations for the catalytic activity measurements. Both
criteria were calculated for CO as it has a lower diffusion coefficient than Ha.

A9. In situ XRD during CO exposure
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Figure A6. In situ XRD carburization during reaction at 260°C and ambient pressure followed in time.
The decrease in peak intensity of the metallic cobalt peak is singled out in the line graphs next to the
XRD patterns.

Several works report the formation of Co,C in relation to a high selectivity to light olefins for
Co-based catalysts.’®7° In situ XRD was used to investigate the formation of Co-carbide upon
exposure of the reduced catalysts to a CO atmosphere at 260°C for 17 h (Fig. A6). A very small
amount of cobalt carbide (Co.C) was observed for both catalysts. For Co/Si, the amount of
Co,C under such harsh conditions was about 5%, while it was around 10 % for the CoMn(0.1)/Si
catalyst. It is also seen that about 5% of metallic Co is converted to Co,C already after 3 h in
both catalysts. We also studied carburization with quasi in situ XPS (Appendix Fig. A3-3). After
exposure to CO at 260 °C for up to 2 h and TPH analysis at 180°C, 220°C, 260°C and 450°C we
were not able to detect any carbide formation. Together these results show that there is a very
small amount of Co-carbide formed under harsh carburizing conditions. It is therefore not
likely that formation of Co-carbide is responsible for deviating performance observed by Mn-
promoted samples.
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A10. Model for DFT calculations

0.33 eV 0.66 eV

0.78 eV 0.83 eV 0.95 eV

Figure A7. Structures of the six candidate models for the lowest-energy isomers of Mn40,/Co(0001)
structure identified by the genetic algorithm in combination with DFT. The energies are relative to the

energy of the most stable structure.
CO+H H+CO—-H+C+0 H+C+0O

CO+H —HCO HCO — CH+O CH+O

CO+H CO+H —-COH COH— C+OH C+OH

CO+H

Figure A8. The calculated adsorption and transition states involved in direct and hydrogen-assisted CO
activation on Mn403/Co(0001) structure.
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Figure A9. a) The calculated adsorption and transition states involved in H,O formation at the interface
of Mn403/Co(0001) structure. b) Energy diagram of H-O formation.
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OH+OH OH+OH-> H,0+0 H,0+0

Figure A10. Adsorption and transition states involved in H,O formation via OH + OH - H,0 + O at the
interface of Min,O3/Co(0001).

CO+0~> CO,

Figure Al1l. Adsorption and transition states involved in CO, formation at the interface of
Mn403/Co(0001).

Table A2. Computed direct CO dissociation barriers on Co(0001), Co(1121) and Mn40s/Co(0001).

Surfaces Eco (eV) E. (eV) AH (eV)
Co(0001)%8 -1.64 2.46 0.69
Co(1121) %8 -1.82 1.07 -0.05
Mn403/Co(0001) -1.99 1.29 0.69
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Table A3. Computed H-assisted CO dissociation barriers on Co(0001), Co(1121) and Mn403/Co(0001).

CO*+H*->HCO* HCO*->CH*+0* CO*+H*->CH*+O*
Surfaces Ei(eV) AHi(eV) Ei(eV) AHi(eV) Etotal (€V)
Co(0001)"* 1.18 1.10 0.73 -0.80 1.83
Co(1121) % 1.03 1.03 0.63 -0.12 1.66
Mn403/Co(0001) 0.83 0.71 0.27 -0.59 0.98
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Figure A12. (top) Crystal orbital Hamilton population (COHP) analysis for O adsorption on Co(0001) and
Mn,03/Co(0001); (bottom) (a) transition state geometries for direct CO activation on (b)
Mn403/Co(0001), (c) Co(0001) and (d) Co(1121).
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Chapter 3 - The influence of Co reduction
degree on the particle size dependence of
CoMn/TiO; Fischer-Tropsch catalysts

Abstract

The impact of Mn promotion on small and large Co particles on a TiO, support for the Fischer-
Tropsch reaction was investigated. A precursor decomposition impregnation method was used
to prepare ~4 nm Co particles on TiO,, while larger ~10 nm Co particles were obtained by
incipient wetness impregnation. Mn-promoted samples were obtained by co-impregnation.
The method uses a CoCOs precursor and citric acid as complexing agent to decrease the
particle size. As expected, these small nanoparticles show little activity in the Fischer-Tropsch
reaction and a high methane selectivity. A Mn promotor in combination with partially oxidized
Co enhances the activity and selectivity of the small particles to a level comparable with large
Co particles at ambient pressure and to a lesser extent also at 20 bar reaction pressure. Steady-
state isotopic transient kinetic analysis measurements in combination with XPS, Md&ssbauer
and IR characterization revealed that the best Mn-promoted catalysts were obtained after
reduction at moderate temperature, resulting in incomplete Co reduction. It is speculated that
reaction sites comprising interfaces between metallic Co and Mn- and Co-oxides constitute
additional sites for facile CO dissociation in addition to step-edge sites. A new and efficient Co
catalyst was thus successfully developed, although further optimization will still be needed for
industrial applications.
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3.1 Introduction

The Fischer-Tropsch (FT) reaction is a heterogeneously catalyzed reaction for the formation of
hydrocarbons from synthesis gas, a mixture of hydrogen and carbon monoxide. Despite
investigations for more than hundred years, only recently it has been turned into a commercial
technology for the conversion of coal and natural gas to transportation fuels and high-value
chemicals2. While most group VIIl transition metals exhibit activity in Fischer-Tropsch
synthesis, only Fe and Co are commercially feasible. For FT synthesis with coal-derived
synthesis gas with a low H,/CO ratio, Fe-based catalysts are preferred due to their high water-
gas shift activity. When synthesis gas is derived from natural gas, supported Co catalysts are
typically used because of their higher activity and higher chain-growth probability in
combination with a low water-gas shift activity?3.

Several approaches have been developed to optimize the catalytic performance of Co-based
catalysts. As the FT product distribution follows the Anderson-Schulz-Flory (ASF) distribution
for polymeric chain growth, methane is the most likely product. Therefore, a lot of research
has concentrated on increasing the selectivity to more valuable higher hydrocarbons. For this
purpose, the addition of promoters has been studied extensively?. Among the tested
elements, Mn exhibits outstanding performance in terms of reaction rate and selectivity to
longer hydrocarbon chains at low pressure®. However, its promotional effect is highly pressure
dependent and, specifically at elevated pressure relevant to commercial operation, the effect
of Mn can also lower the overall activity (Chapter 2). Additionally, noble metal promoters (e.g.,
Cu, Pt, Re) were shown to increase the reducibility or dispersion of the active phase leading to
an improved utilization of cobalt and better performance. However, in recent years there are
also several reports indicating that incomplete reduction of cobalt on reducible oxide supports
such as TiO,® and Nb,0Os’, benefiting also from the absence of a reduction promoter, can lead
to improved catalytic performance in terms of activity and yield towards higher hydrocarbons.

Given the relatively high price of cobalt metal, reducing the cobalt particle size has been
targeted to reduce the metal use. However, it has been firmly established that Co particles
smaller than about 6 nm in diameter lose their FT activity due to a lack of active sites for CO
dissociation, resulting moreover in an increased CHa selectivity.®® On the other hand, there is
also some evidence that small cobalt particles might still be active FT catalysts.°

Here, we considered the possibility to use Mn promoter to compensate for the loss in CO
dissociation sites on small Co nanoparticle catalysts in TiO2-supported catalysts. As shown in
chapter 2, Mn-oxide can provide additional active sites for the dissociation of CO*!. Moreover,
as there are also indications that the presence of Co-oxide on TiO; is beneficial for CO
hydrogenation compared to fully reduced Co® we also explored the influence of incomplete Co
reduction by lowering the reduction temperature. We prepared small and large titania-
supported Co particles with and without Mn promoter. A precursor decomposition method
involving CoCOs in combination with the chelating agent citric acid was used to obtain small
Co-oxide precursor particles of ca. 4 nm, while conventional incipient wetness was employed
for obtaining ~10 nm particles. The reduction of the samples at low (280 °C) and high (450 °C)
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temperature was investigated by TPR, XPS, X-ray absorption spectroscopy and Mossbauer
spectroscopy, while H, chemisorption was used to determine the available metallic surface
area.

3.2 Method section

3.2.1 Preparation

Titania-supported Co catalysts were prepared by conventional incipient wetness impregnation
of TiO2 (AEROXIDE® TiO, P25, Evonik, sieve fraction 120-250 um, BET surface area of 54 m?/g)
with an aqueous solution of Co(NOs3)2:6H,0 (Merck, 99.99 %) and Pt(NHs)a:(NOs); (Alfa Aesar,
99.995%). Pt was added as a reduction promoter. An Mn-promoted catalyst was prepared by
adding Mn(NO3s)2:xH20 to the impregnation solution using a Mn/Co ratio of 0.1. This ratio was
chosen because it corresponds to optimal promotion in terms of activity!? (Chapter 2). The
impregnated catalysts were dried at 80 °C in a flow of 80 % He and 20 % O; for 2 h followed by
calcination by heating to 350 °C at a rate of 2 °C/min and an isothermal dwell of 2 h.

A catalyst with small Co particles was prepared by employing a precursor decomposition
impregnation method (PDI). Instead of Co(NO3s)2:6H,0, CoCOs (Merck, 99.99 %) was used
together with an aqueous solution of citric acid (Merck, 99.99 %), which acted as a complexing
agent for Co?*(molar citric acid/cobalt ratio of 1.5). Under the acidic conditions, insoluble
CoCO3 was slowly decomposed. Gentle heating was used to facilitate slow conversion of
Co(COs) giving rise to a Co(citrate) complex, which is known to lead to an increased Co
dispersion upon deposition3. As the solution is slightly acidic, the TiO2 support will be
positively charged, resulting in the interaction with the negatively charged Co-citrate
complexes in the solution. As a result of the gradual formation of the citrate complex in the
presence of the TiO; support, a controlled deposition and thus high dispersion is expected.
The subsequent drying and calcination steps were same as for the conventional Co(NO3),:6H,0
incipient wetness impregnation procedure. Pt (0.04 wt%) was added as a reduction promoter.

The Co and Mn contents were determined by ICP-OES (Spectroblue, AMETEK Inc.) analysis
after metal extraction in a mixture of H,SO4 and HCI at elevated temperature.

3.2.2 X-ray absorption spectroscopy (XAS)

Catalyst reducibility and structural properties were studied using operando XAS performed at
the DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF). The
samples were measured in transmission mode at the Co K-edge (7.7 keV) selected with a
Si(111) monochromator. XANES spectra were normalized and fitted using linear combination
fitting (LCF) in the Athena software package. The calcined sample, a CoO sample and a Co metal
foil served as references for the respective oxidation states. Extended X-ray absorption fine
structure (EXAFS) measurements were analyzed using Artemis on the k3 weighted data. Plotted
spectra have a k-weight of 3 and are not phase-corrected. In a typical experiment 30 mg
catalyst sample was placed in a stainless steel XAS reactor equipped with two fire rods and
diamond glassy carbon windows. Catalysts were reduced in this cell by heating with 5 °C/min
to either 280 °C or 450 °C followed by an isothermal dwell of 1 h in a flow of 10 % H, in He.
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The reduction procedure was followed by XANES. EXAFS spectra were collected at room
temperature before and after the reduction.

3.2.3 Temperature-programmed reduction

Temperature-programmed reduction (TPR) was conducted in a Micromeritics AutoChem ||
2920 setup equipped with a U-shaped quartz reactor, a computer-controlled oven and a
thermal conductivity detector (TCD). In a typical experiment, 50 mg of sample was dried in a
flow of Heat 100 °C for 1 h following by ramping to 1000°C at a rate of 10 °C/min in a flow of 4
vol% Hy/He.

3.2.4 X-ray photoelectron spectroscopy (XPS)

Quasi in situ XPS using was performed using a Kratos AXIS Ultra 600 spectrometer, equipped
with a monochromatic Al Ka X-ray source (Al Ka 1486.6 eV). Survey scans were recorded at a
pass energy of 160 eV, while a pass energy of 40 eV was used for region scans. The step size
was 0.1 eV and the background pressure during the experiment was below 5.10°bar. Samples
were pretreated in a high-temperature reaction cell (Kratos, WX-530). For this purpose, the
sample was supported on an aluminum stub, allowing in vacuo sample transfer into the
analysis chamber. Reduction was performed in an equimolar flow of H, and Ar at atmospheric
pressure at a temperature of 280 °C or 450 °C for 8 h. After reduction, the sample was allowed
to cool to 150 °C before transfer to the analysis chamber. The XPS spectra were analyzed using
the CasaXPS software (Version 2.3.16 PR 1.6).

3.2.5 Transmission electron microscopy (TEM)

TEM measurements were performed on a FEl Tecnai 20 electron microscope at an electron
acceleration voltage of 200 kV with a LaB6 filament. A few milligrams of sample were ultra-
sonicated and dispersed over a carbon-coated Cu grid. The average particle size and particle
size distribution was determined by measuring at least 100 particles.

3.2.6 Chemisorption

The metal surface area was determined by H, and CO chemisorption on a Micromeritics ASAP
2010 apparatus. After the reduction of typically 200 mg of catalyst in a flow of 4 vol% H in He
at either 280 °C or 450 °C, the sample was evacuated for 30 min at respectively 300 °C or 470
°C to remove remaining hydrogen from the surface. The hydrogen and CO uptake was
measured at 110 °C and 30 °C, respectively as a function of pressure and extrapolated with a
straight line to 0 mbar. The amount of adsorbed H, molecules obtained from the ordinate was
used to calculate the available surface area based on the assumption that one H atom or one
CO molecule adsorbs per surface Co atom.

3.2.7 Mossbauer emission spectroscopy

For Mossbauer spectroscopy, similar Co catalysts supported on TiO, were prepared from
solutions to which an appropriate amount of °’Co was added to introduce the necessary
radioactivity. The details of the Mdssbauer spectroscopy setup and the in situ/operando cell
used for these measurements has been described elsewhere!*. Typically, 20 mg of catalyst was
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pretreated at 450 °C in a flow of 25 ml/min He and 25 ml/min H; for 4 h. Subsequently, the
temperature was lowered to 220 °C and the gas flow was switched to reaction conditions
(20/10/20 ml/min H/CO/He, 20 bar). The reaction process was monitored using mass
spectrometry. Mossbauer spectra were recorded before and after reduction as well as after 20
h of FT operation.

3.2.8 IR spectroscopy

IR spectra were recorded in transmission mode with a Bruker Vertex V70v instrument
averaging 32 scans recorded at a 2 cm™ resolution for CO adsorption experiments. Typically,
15 mg of sample was pressed into a self-supporting wafer and positioned in a homemade
controlled-environment infrared transmission cell. CO was admitted to the sample as pulses
using a sample loop (10 pl) connected to a six-port sampling valve. CO pulsing was continued
until saturation of the CO IR region was observed. This typically led to a final CO pressure of
10 mbar. Prior to IR experiments, the samples were reduced in a flow of H, at 450°C for 4 h
preceded by heating at 5 °C/min. After evacuating for 30 min at 450°C, the sample was cooled
in dynamic vacuum. Prior to the CO dosing, a background spectrum was recorded. During
temperature-programmed IR (TPIR), the number of scans for averaging was reduced to 16.
Temperature-programmed IR (TPIR) spectra were recorded in the presence of CO (100 mbar)
or synthesis gas (60 mbar Hz, 30 mbar CO). For TPIR, spectra were recorded in the 50 — 300 °C
range in steps of 25°C.

3.2.9 Catalytic activity measurements at ambient pressure

CO hydrogenation at atmospheric pressure was carried out in a 10-flow parallel plug-flow
reactor setup. The catalyst samples (50 mg, 75-125 um sieved fraction) were diluted with 150
mg SiC of about the same sieve fraction and loaded in quartz tube reactors. The catalysts were
reduced in situ at either 280 °C or 450 °C for 8 h after heating to this temperature at a rate of
5 °C/min in a 50 ml/min flow of 10 % H in He. After reduction, the temperature was decreased
to 200 °C and the feed was switched to a synthesis gas mixture composed of 7% CO and 35%
H. balanced with He (total flow 50 ml/min). In a typical experiment, the conversion and
selectivity were determined at a fixed temperature starting at 200 °C followed by ramping to
300°C in steps of 25 °C. Effluent products were analyzed by online gas chromatography
(Interscience CompactGC) accommodated with Restek Rt-Q-bond (equipped with a TCD) and
Restek Rtx-1 (equipped with FID) columns. Under these conditions, the formation of higher
hydrocarbons could be neglected (selectivity below 1 %). The CO conversion and methane
selectivity can thus be calculated as follows

[CH,]+ [CO,]

Xco = TerIricolricoy] (3.1)
_ [CH4]
Sci, = [CH,4]+[CO,] (3.2)

CO; hydrogenation was also investigated in the same reactor setup. The experimental details
were the same as for CO hydrogenation, except for the feed mixture that was composed of 20
% Hzand 5 % CO; in He. The CO; conversion and product distribution were calculated as follows
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[CH,4]+[CO]

Xco, = [€O,]+[CH,]+[cO] (3.3)
_ _ [cH4]

Scu, = [CH,]+[CO] (34)
_ [co]

Sco = [CH,]+[CO] (3.5)

The catalytic performance at elevated pressure was determined in a Microactivity Reference
unit (PID Eng&Tech) at a temperature of 220 °C and a pressure of 20 bar. In a typical
experiment, 150 mg catalyst was mixed with SiC particles of the same sieve fraction and placed
in a tubular reactor with an internal diameter of 9 mm. The reactor temperature was
controlled using a thermocouple located in the center of the catalyst bed. The catalyst was
reduced in an equimolar flow of H, and He using at 450 °C for 8 h after heating to this
temperature at a rate of 3 °C/min. After cooling to 220 °C, the gas feed was replaced by the
reaction mixture containing synthesis gas with a H,/CO ratio of 2 and He with 4 vol% Ar as an
internal standard. The gas-hourly space velocity (GHSV) was 2000 h, which resulted in CO
conversion levels in the range of 5-15 %. A Thermo Scientific TRACE 1300 gas chromatograph
equipped with a TCD and FID was used to analyze the effluent reaction mixture. Hydrocarbons
(C1-C12) were separated using a Rt-Silica BOND column and subsequently analyzed by FID. The
analysis of light gases H, CO,, CHa, C2H4, CzHg, Ar, and CO was done with a TCD in combination
with Molsieve 5A (mesh 60/80, 2 m) and two Rt-XL Sulfur columns (0.25 m and 1 m). Liquid
products and waxes were collected in a rearward cold trap. Under the applied reaction
conditions, CO, formation was below the detection limit and the carbon-based selectivity of
oxygenates was lower than 1 %. The CO conversion (Xco) was determined based on equation
(3.6), the carbon-based selectivity of product i (Si) by equation (3.7), the reaction rate (rco) by
equation (3.8) and the turnover frequencies TOFco and TOFcna by equation (3.9) and (3.10)
respectively.

COout

Ar
Xeo =1 —755) (3.6)
A‘I"in
_ _Arin*xVixC;

.= 0
¢ AroutCOinXco *100% (37)

FloX
Tco = Cmo—COCO (3.8)
_ _Xco*Flo
TOF;p = mol CorDyry (3.9)
*«FO %
TOFy, = corco™cus (3.10)

mol Co*Dy

where CO;,, ,Ar;, and Ar,,; represent the CO and Ar concentrations in the inlet and outlet
flows, respectively. v; stands for the number of carbon atoms in species i, Fgo represents the
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inlet flow of CO (mol/s), m¢, the mass of Co (g), mol Co the number Co atoms (mol) and Dy,
the dispersion (-) determined via H2 chemisorption.

3.2.10 Steady-state isotopic transient kinetic analysis (SSITKA)

Steady-state isotopic transient kinetic analysis (SSITKA) was used to determine coverages and
residence times of reaction intermediates under steady-state conditions. The details of the
SSITKA setup have been described elsewhere®. Typically, an amount of 200 mg catalyst diluted
with SiC of the same sieve fraction was loaded in a low dead-volume stainless-steel tubular
reactor with an inner diameter of 5 mm and a bed length and 80 mm. The sample was reduced
at 450°C for 8 h using a rate of 3 °C/min and ambient pressure in a flow of 50 ml/min consisting
of 10 vol% H; in Ar. Subsequently, the reactor was cooled to 220 °C in an Ar flow and the
pressure was increased to 1.85 bar. Then, the reactor feed was switched to a mixture of 12CO,
H2, and Ar for 16 h. The H; flow of the reactants was varied to change the H,/CO ratio, while
the Ar flow was adjusted in order to maintain a total flow rate of 50 ml/min. A SSITKA switch
was made from 2CO/Hz/Ar to 3CO/H?/Ne. The transients of 12CO (m/z = 28) and *3CO (m/z =
29), the main hydrocarbon product *?CHs (m/z = 15) and '3CH4 (m/z = 17), and the inert tracers
(Ne, m/z = 22) were recorded by online mass spectroscopy (quadrupole mass spectrometer,
ESS, GeneSys Evolution). Surface residence times were calculated via the area under the
normalized transient curves Ni, while a correction was applied for the gas-phase hold-up with
the use of the inert Ne tracer:

7 = [ (N; — Nye)dt (3.11)

The CHx intermediate (precursor to CHa) residence time was corrected for the chromatographic
effect of CO by subtracting half of the CO residence time by [9, 20, 21]:

Tcu, (corrected) = 1cy, — %‘L’CO (3.12)

The amount of CHx and reversibly adsorbed CO species can be estimated from the residence
time and effluent flow of these species. The coverage of the two species (6;) was calculated by
dividing the number of adsorbed species by the number of Co surface atoms determined by

Hz-chemisorption, Aco.

Oco = —TCOFCZ(;‘Xco) (3.13)
T FcoXcoS
QCH4 _ TcHy c;)coco CHy (3.14)

where Fco refers to the CO feeding, Xco and Scua refer to the CO conversion and CHs selectivity,

respectively, determined by inline GC analysis.
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3.3 Results and discussion
3.3.1 Characterization

The influence of Mn on TiO2-supported large and small Co particles on the FT reaction was
investigated. Large Co-oxide particles (~10 nm) were obtained by conventional incipient
wetness impregnation (IWI) on the support, while small Co-oxide particles (~4 nm) were
obtained using a precursor decomposition impregnation method (PDI). This method is based
on the use of citric acid as a chelating agent to increase the dispersion of Co3, which was by
using insoluble CoCOs instead of Co(NOs),. After impregnation and drying, the catalyst
precursors were calcined at 350°C. Table 3.1 shows the metal content of the prepared catalysts
as determined by ICP analysis. The metal loadings and Mn/Co ratios deviate only slightly from
the targeted values for all catalysts. TEM analysis of the calcined precursors (Table 3.1 and Fig.
B1 in the Appendix) shows that IWI and PDI loading methods lead to catalysts containing large
and small Co-oxide particles with average particle sizes of 10.3 nm and 4.1 nm, respectively.
These catalysts are labeled Co(L) and Co(S), respectively. The Mn-promoted catalysts prepared
in the same way with Mn present in the impregnation solutions led to respective particles sizes
of 11.2 nm and 3.3 nm (catalysts labeled as CoMn(L) and CoMn(S), respectively). The Co(L) and
CoMn(L) catalysts yielded relatively large precursor particles. As a result, they are assumed to
be located in the plateau region of the structure-sensitivity trend for which a particle size
independent TOF is expected for the FT reaction. In contrast, the PDI method yields Co-oxide
nanoparticles smaller than 6 nm, which likely yield metallic cobalt particles with a size smaller
than 6 nm such that a suppressed activity due to the particle size effect can reasonably be
expected. Thus, controlled decomposition of CoCOs3 in the presence of citrate can lead to small
Co-oxide particles on titania. The observed release of CO; during the preparation indicates
CoCO3 decomposition. Moreover, the PDI method leads to a relatively narrow particle size
distribution (Appendix Fig. B1). Compared to colloidal methods'®?'’, the absence of surfactants
that stabilize colloidal particles is an advantage as these organic modifiers or their residuals
usually have a detrimental effect on the catalytic properties.'® We next studied the reduction
of these calcined precursors at two different reduction temperatures and its effect on the
particle size and available metal surface area.

Table 3.1. Metal content and average particle size as determined by respectively ICP analysis and TEM.

Co Mn Mn/Co Cos0, particle

Sample
(wt%?®) (wt%) (at/at) size (nm)
Co(L) 77  nd. 0 103+2.8
CoMn(l) 82 078 011 11.2+3.4
Co(S) 7.4  nd. 0 41+1.1
CoMn(S) 72 070 0.10 33+1.1

The reduction behavior of the catalysts was studied by TPR (Fig. 3.1). As known from literature,
Co304 is reduced in two steps?®. The first step forms CoO and is followed by a second one that
reduces CoO to metallic cobalt. Co(S) and CoMn(S) were more difficult to reduce than Co(L)
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and CoMn(L). Fig. 3.1 shows that the second reduction step of CoO to metallic Co is shifted to
higher temperatures by around 75 °C for the small particles. This can point to stronger Co-
support interactions, in line with the delayed reduction of highly dispersed Co as described in
literature for Co for on Al,03%°, Si0,?%, and Ti022%23 supports. The addition of Mn does not have
a significant effect on the final reduction step. Based on these data, we selected reduction
temperatures of 280 °C and 450 °C for further investigations on the effect of partial or
complete reduction.

TCD signal (a.u.)

100 200 300 400 500 600 700
T(°C)

Figure 3.1. TPR profiles of the calcined (a) Co(L), (b) CoMn(L), (c) Co(S) and (d) CoMn(S) catalysts.

Fig. 3.2 shows quasi in situ XPS spectra of the calcined catalysts and the catalysts reduced at
280 °C and 450 °C. The calcined catalysts only contain oxidic Co species. Analysis of the XPS

intensities of Co and Ti in the calcined catalysts revealed an increasing -2 ratio from 0.25 for

Ti

Co(L) to 0.65 for Co(S), indicating a higher Co dispersion. Using the method of Houalla and
Delmon??, the particle size of calcined Co(S) was estimated to be 3.9 nm, which is close to the
value obtained from TEM. The XPS fitting results are given in Table 3.2. The Co 2p XPS spectra
of the calcined large-particle catalysts, Co(L) and CoMn(L), show distinctive Co304 features, i.e.,
contributions of Co3* (779.7 eV), Co?* (781.4 eV), and three accompanying satellite peaks
(783.4 eV, 786.1 eV, 789.3 eV).?> The observed Co**/Co3* ratios are close to the theoretical
value of 0.5 for pure Co304 spinel with calcined Co(S) as the exception with a slightly lower
ratio of 0.43. The Co 2p XPS spectra for Co(L) and CoMn(L) are very similar. The spectra for the
calcined small-particle catalysts Co(S) and CoMn(S) are qualitatively similar to each other,
however with a larger contribution of the satellite peak at 786.1 eV as compared to the large
particles. Earlier, significant changes in the Co%*/Co®* ratios were observed when Co/SiO2 was
doped with Mn. The relatively inert silica leads to complete incorporation of Mn in the Co-
oxide as indicated by the shift of the diffraction patterns for Co304. For CoMn/TiO>, it seems
that most of the Mn is located at the surface of the support, as the Co?*/Co3* is hardly affected
by Mn addition, reflecting the stronger metal-support interactions for titania.
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Quasi in situ XPS spectra of the Co 2p region of calcined and reduced (280

Figure 3.2.

catalysts: (a) calcined Co(L), (b) Co(L) reduced at 280

reduced at 280°C, (i) Co(S) reduced at 450°C, (j) calcined CoMn(S), (k) CoMn(S) reduced at 280 °C, (l)

CoMn(S) at reduced 450°C.
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After reduction at 280 °C, the Co phase in Co(L) is fully reduced as evidenced by the main
asymmetric feature at 778.1 eV. The degree of reduction (DOR) as determined by the
contribution of Co°® to the total line intensity of Co decreased significantly when Mn was
present, i.e., from 100 % for Co(L) to 58 % for CoMn(L). This lower reduction degree is in
keeping with our earlier findings (Chapter 2) and is likely due to a strong interaction between
Mn and Co in the oxide precursor. The DOR after reduction at 280 °C of Co(S) and CoMn(S)
were even lower at 39 % and 13 %, respectively. This is in qualitative agreement with the TPR
results and further confirms the role of a stronger interaction between Co and the support in
the small-particle catalysts. Reduction at 450°C leads to complete reduction of Co in all
samples.

Table 3.2. Co 2ps/; XPS fit results and degree of reduction (DOR) upon reduction at 280 °C or 450 °C for
4 h.

Co**/Co*
Catalyst _ Co’ Co* Co? DOR
ratio
Co(L) calcined 0.56 - 64 36 0
Co(L) red 280 °C - 100 - - 100
Co(L) red 450°C - 100 - - 100
CoMn(L) calcined 0.49 - 67 33 0
CoMn(L) red 280 °C - 55 - 45 55
CoMn(L) red 450 °C - 100 - - 100
Co(S) calcined 0.43 - 70 30 0
Co(S) red 280 °C - 39 - 61 39
Co(S) red 450 °C - 100 - - 100
CoMn(S) calcined 0.52 - 66 34 0
CoMn(S) red 280 °C - 13 - 87 13
CoMn(S) red 450 °C - 100 - - 100

Mdssbauer emission spectra of as-prepared Co(L) and Co(S) doped with >’Co are shown in Fig.
3.3. The calcined precursors contain two doublets, which belong to Co3* and Co?*. Table B1 in
the appendix presents the corresponding fit parameters. Next to the presence of Co3* in the
spinel Co304 compound, Co3* can also stem from the Auger cascade upon decay of the *’Co
probe?®. Specifically, Co** has also been observed in pure CoO, because neighboring Co?* atom
can stabilize Co®* formed during the Auger cascade of >’Co long enough to be measured. As
such, the observation of Co3* can be an indication for a low dispersion of Co-oxide?’. The larger
contribution of Co3* in Co(L) in comparison to Co(S) is thus pointing to a lower dispersion,
which is in line with the difference in particle size determined by TEM. This explanation in
terms of after-effects can also explain the discrepancy with the similar Co?*/Co3* ratios for
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calcined Co(S) and Co(L) as determined by XPS. After reduction at 450°C, only a sextuplet of
metallic cobalt is observed for both Co catalysts. Exposure to FT reaction conditions does not
change the spectra significantly. The occurrence of magnetically split spectra for these reduced
catalysts indicates the presence of Co particles with a size larger than 6 nm. Based on the
values for the magnetic hyperfine splitting, it can be estimated that the Co particle size is
between 15 and 20 nm for both reduced Co(L) and Co(S). Notably, the product distribution of
the FT reaction recorded during the Mdssbauer measurements under in situ conditions (after
20 hours on stream, see Fig. B2 in the appendix) show significant differences, suggesting an
effect of the precursor state on the final performance despite the complete reduction of Co
and the seemingly similar particle size after reduction.
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Figure 3.3. Méssbauer spectra of Co/TiO; catalysts after calcination, reduction at 450 °C, and after FT
synthesis: (left) Co(L) prepared by IWI and (right) Co(S) prepared by PDI.

In situ XANES spectra recorded during the reduction of the samples are depicted in Fig. 3.4.
The difference spectra highlight variations in reduction behavior. The reduction of Co(L)
proceeds in two steps. The first reduction step, which starts at 200 °C, relates to the reduction
of Co304 to CoO. The second reduction step to metallic Co starts at 400 °C. The corresponding
spectra for CoMn(L) show that the first reduction step starts at a slightly higher temperature
of 231°C, when Mn is present in the large-particle catalyst. The final reduction step occurs at
391 °C which is slightly lower compared to the Co(L) sample. While Co304 reduction for Co(S)
starts at nearly the same temperature (195°C) as for Co(L), the reduction to metallic Co occurs
at a substantially lower temperature for the small-particle catalyst (327 °C). Already at
intermediate temperatures, some reduced Co seems to be present. However, the complete
reduction to Co® proceeds over a large temperature range with CoOx and Co° coexisting.
Addition of Mn to Co(S) results in a delay in both reduction features.
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To obtain a quantitative picture of the reduction process, these XANES spectra were
deconvoluted by linear combination fitting (LCF), making use of Co304, CoO, and Co° foil
reference spectra (Fig 3.5b). Fig. 3.5a shows that the two-step reduction for Co(L) starts at
250°C with the conversion of Co3z04 to CoO, while the final reduction step to metallic Co starts
at 300°C. CoMn(L), which contains Mn, shows a delayed reduction of Co3z04 at 325 °C (Fig. 3.5),
whereas the reduction to metallic Co seems to start at practically the same temperature. As a
result, CoO is only observed in a narrow temperature window (i.e., around 325°C). Small Co-
oxide particles both with and without Mn contain a higher fraction of CoO than their large
counterparts, already from the start of the reduction, in agreement with the high Co?* signal
in the Mossbauer and XPS analyses. This is likely related to stronger Co-support interactions.
The onset of reduction of Co3z04 to CoO occurs at a lower temperature for Co(S) than for the
other catalysts. This also holds for the reduction of CoO to metallic Co. CoO and metallic Co
co-exist in a wider temperature range than for Co(L). In the presence of Mn, the large and small
particles samples contain less CoO in the precursor, which might be due to competition of Co
and Mn for positions that stabilize divalent cations at the surface. Overall, Mn delays the initial
reduction step and small-particle oxide precursors contain more CoO and are reduced over a
broader temperature range than the large-particle catalysts, which agrees with the TPR results.
The degree of reduction at 280 °C is, according to the LCF results presented here, negligible.
This finding disagrees with the DOR derived from XPS measurements (Table 3.2). This
difference is likely caused by the low H; partial pressure and short reduction time used in these
experiments as compared to the XPS experiment. Nevertheless, both analysis methods lead to
the same conclusion that lower reduction temperatures of the non-promoted catalysts leads
to the presence of oxidic cobalt in the catalysts. Furthermore, upon Mn addition, the DOR is
lower for all catalysts, except at 450 °C, at which temperature the Co in all catalysts is
completely reduced.
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Figure 3.5. Linear combination fitting of the in situ XANES spectra at the Co K-edge during reduction of
(a) Co(L), (b) CoMn(L), (c) Co(S) and (d) CoMn(S).
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Fig. 3.6 displays the Co K-edge Fourier-transformed (FT) k3-weighted EXAFS spectra of Co(L),
CoMn(L), Co(S) and CoMn(S) after calcination and reduction at 280 °C and 450 °C?2. The Fourier
transforms (FT) of the Co K-edge EXAFS spectra of the calcined samples (a, d, g, j) in Fig. 3.6
exhibit a Co-O shell at 1.90 A and two Co-Co shells at 2.85 A and 3.36 A (all distances
uncorrected), which are typical for Cos04. The coordination numbers can be correlated to the
Co oxide particle sizes. Table 3.3 shows a lower Co-O coordination number in Co(S) of (4.5)
than in Co(L), (6.5) consistent with the presence of smaller Co-oxide particles in the former
sample. Comparison of the 2 Co-Co shells of the oxide confirms this difference in coordination
number. The same trends are observed for the samples containing Mn, although the error
margins are larger which may have to do with the distortion of the Co304 lattice due to
substitution of Mn for Co.
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Figure 3.6. Co K-edge Fourier transformed k* weighted EXAFS spectra of Co(L), CoMn(L), Co(S) and
CoMn(S). (a) Co(L) calcined, (b) Co(L) reduced at 280°C, (c) Co(L) reduced at 450°C, (d) CoMn(L) calcined,
(e) CoMn(L) reduced at 280 °C, (f) CoMn(L) reduced at 450°C, (g) Co(S) calcined, (h) Co(S) reduced at
280 °C, (i) Co(S) reduced at 450°C, (j) CoMn(S) calcined, (k) CoMn(S) reduced at 280 °C, (I) CoMn(S)
reduced at 450°C.
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The FT EXAFS of Co(L) in Fig. 3.6b is dominated by the first Co-Co shell in metallic Co, suggesting
complete reduction at 280 °C. This result is in line with the XPS results. CoMn(L) contains an
additional Co-O1 coordination shell at 2.1 A, indicative of the incomplete reduction in the
presence of Mn. This is qualitatively in agreement with the DOR of 58 % determined by XPS.
The catalysts containing smaller particles exhibit a larger remaining Co-O shell. As the particle
size shrinks a larger contribution from the oxidic Co-O shell can be observed. For small
particles, however, it seems that Mn addition reduces the Co-O contributions as can be seen
in Fig. 3.6k. After reduction at 280 °C the coordination number remains smaller for Co(S)
compared to Co(L), which confirms a smaller particle size of Co(S) compared to Co(L) even after
reduction. After reduction at 450°C this does not seem to be the case as all catalysts are in the
state of complete reduction and have similar the coordination numbers.

Table 3.3. Co K-edge EXAFS fit results of Co catalysts as a function of particle size and Mn content. Error
margins are reported in brackets.

Catalyst Path CN (error) R[A] (error)  Eo/eV o%/A? R-factor
Co-0 6.6 (0.35) 1.90 (0.005) 0.00189
Co(L)
Co-Col 5.8 (0.68) 2.85 (0.008) 0.88 0.00403 0.0063
calcined
Co-Co2 6.3 (0.77) 3.36 (0.008) 0.00061
Co-0 4.9 (0.24) 1.93 (0.005) 0.00252
Co(S)
Co-Col 4.8 (0.66) 2.86 (0.010) 0.14 0.00885 0.0046
calcined
Co-Co2 5.4 (0.77) 3.38 (0.010) 0.00538
Co-0 4.6 (0.76) 1.87 (0.017) 0.0019
CoMn(L)
Co-Col 5.6 (2.99) 2.82 (0.042) -1.93 0.01044 0.04
calcined
Co-Co2 6.3 (2.00) 3.33(0.022) 0.00016
Co-0 4.4 (0.56) 1.91(0.012) 0.00208
CoMn(S)
Co-Col 4.6 (1.69) 2.84 (0.028) -2.89 0.00845 0.035
calcined
Co-Co2 5.3 (1.66) 3.34 (0.022) 0.00302
Co(L) Co-01 4.6 (1.41) 1.958 (0.027) -14.79 0.01245
reduced Co-Co 0.97 2.491 -9.31 0.00175 0.024
280 °C Co-02 12.43 (1.27) 3.033 (0.008) -14.79 0.00804
Co(S) Co-01 2.87 (0.36) 1.997 (0.013) -5.95 0.00427
reduced Co-Co 1.84 2.456 -17.79 0.01331 0.017
280 °C Co-02 10.08 (1.09) 2.935 (0.009) -5.95 0.01128
CoMn(L) Co-01 3.24 (0.32) 2.144 (0.010) -7.94 0.00321
reduced Co-Co 1.98 2.577 9.97 0.01157 0.010
280 °C Co-02 12.44 (0.74) 2.981 (0.005) -7.94 0.00826
Co-01 5.47 (0.55) 2.002 (0.011) -5.40 0.0127 0.012
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CoMn(S) Co-Co 2.04 2.513 -14.28 0.01661

reduced
Co-02 11.62 (0.81) 2.962 (0.005) -5.40 0.00825
280 °C

Co(L)
reduced Co-Co 10.94 (2.15) 2.49 (0.014) 6.07 0.00677 0.013
450 °C

Co(S)
reduced Co-Co 12.19 (2.32) 2.49 (0.014) 5.99 0.00771 0.015
450 °C

CoMn(L)
reduced Co-Co 10.54 (3.75) 2.47 (0.021) 4,91 0.00624 0.019
450 °C

CoMn(S)
reduced Co-Co 11.68 (1.53) 2.47 (0.030) 4.81 0.00672 0.045
450 °C

The metallic surface area per gram of Co as measured by H, chemisorption depends on several
factors such as the DOR, the particle size and the coverage by MnO. All catalysts reduced at
450 °C as well as Co(L) reduced at 280 °C are completely reduced. The lower measured metal
surface area of CoMn(L) as compared to Co(L) after reduction at 450°C is thus likely caused by
coverage of the catalyst surface by MnO. On the other hand, the lower surface area of Co(L)
reduction at 450 °C is likely caused by sintering at high temperatures. The same counts in
extension for Co(S) which, even though it starts from smaller particles, yields the same particle
size after reduction at 450°C in agreement with Mdssbauer observations. After reduction at
280 °C, the particle size of Co(L) derived from the measured surface area is only 9.7 nm, which
implies that at this temperature no sintering occurred.

Table 3.4. H, chemisorption data after reduction at 280 °C and 450 °C, particle sizes derived from the
H; chemisorption assuming spherical particles, and sizes corrected for the DOR obtained from XPS
analysis (Table 3.2).

Reduced at 280 °C Reduced at 450 °C
corrected for
Sample Mn/Co | mmol H,/gCo Size mmol H,/gCo Size
DOR

nm nm nm

Co(L) 0 0.88 9.7 9.7 0.35 24
CoMn(L) 0.1 0.80 11 n.a. 0.17 n.a.
Co(S) 0 0.67 13 5.0 0.38 22
CoMn(S) 0.1 0.54 16 n.a. 0.16 n.a.
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After reduction at 280 °C, Mn-promoted CoMn(L) has a slightly lower measured metallic
surface per gram Co than Co(L). When taking into account that the DOR of CoMn(L) is much
lower (55 %) and a part of the catalyst could be covered by MnO, it has to be concluded that
the Mn-promoted particles are much smaller than the non-promoted Co(L) particles,
indicating that Mn stabilizes the Co particles on the TiO; support during low-temperature
reduction.

3.3.2 Catalytic performance

Fig. 3.7 gives an overview of the catalytic performance of all catalysts. As can be seen, catalysts
that are partially reduced at 280 °C display a similar or higher weight-based activity than when
reduced at 450 °C.
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Figure 3.7. Catalytic performance during FT synthesis at 220 °C, 20 bar, H,/CO = 2, as a function of
reduction temperature (450°C, 280 °C), particle size and Mn content. Catalytic data obtained after 24h
of operation: (a) activity (mol CO/gCo/s), b) TOF (s-1), c) CH4 selectivity, d) Cs. selectivity.

The beneficial effect of low-temperature reduction on the activity is most prominent for the
Mn-promoted samples. For example, on Co(L) reduced at 450°C, Mn addition has hardly an
effect on the activity in line with our previous activity data obtained at similar elevated
pressure (Chapter 2), but a promotional effect of Mn on the activity is clear upon reduction at
280 °C. Low-temperature reduction also has a beneficial effect on the product distribution for
all catalysts. Yet, the beneficial effect on the selectivity is most pronounced in the presence of
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Mn. Partial reduction of Co and the presence of Mn seem to strengthen each other’s
promotional effect.

As there are differences in available Co metal surface area due to changes in particle size and
the presence of oxide species on Co, it is useful to compare the performance on the basis of
the available metal surface area (turnover frequency, TOF). The TOFs were calculated using the
metal surface area measured by H, chemisorption. Thus, although the catalysts reduced at 450
°C exhibit a lower weight-based activity than those reduced at 280 °C, they exhibit higher TOFs.
Notably, the TOF of Co(S) is lower than the TOF of Co(L) as can be expected based on the
particle size effect. However, after Mn addition to Co(S), the TOFs increase substantially and
reaches values comparable to Co(L) catalysts treated at the same reduction temperature.
These results clearly show that Mn can act as a promoter for small Co particles, which have
intrinsically a lower activity in CO dissociation. We mention here that care has to be taken with
the interpretation of the H, chemisorption data, which may be influenced by spillover effects.
Nevertheless, the present data show that small Co particles can be suitable FT catalysts when
promoted by Mn. Fig. 3.7 also emphasizes that the product distribution of CoMn(S) reduced
at 280 °Cis comparable to the Co(L) particles during the FT reaction at 20 bar. From the above,
it is clear that the addition of Mn and reduction at low temperature can have synergistic
beneficial effects on the TOF and the product distribution in the FT reaction. Data from Melaet
et al.® and Hernandez Mejia et al.” suggest that the successive reduction-oxidation treatments
lead to the formation of CoOx-Ti** compounds acting as Lewis acids, facilitating CO
dissociation?®. In our case, XPS spectroscopy show that a significant amount of oxide species
is maintained at low reduction temperature (Fig. 3.2), especially in the presence of Mn.
Although we did not perform successive reduction-oxidation cycles, a promotional effect of
Co-oxide is also observed, and it is stronger when Mn-oxide is also present.

To develop further understanding of the mechanism underlying the promotional effect of Mn,
we studied the olefin to paraffin ratio (O/P) for C>-Cs hydrocarbons, because this parameter is
a good indicator for the hydrogenation ability of the catalyst. The results presented in Fig. 3.8
follow the generally accepted order with the O/P of the different hydrocarbons C3> C4 > Cs >
C,. The O/P ratio decreases with increasing chain length due to longer residence time on the
surface as well as increased re-adsorption with C, being a common exception°. Fig. 3.8 shows
that a lower reduction temperature and Mn addition both increase the O/P ratio. A lower
hydrogenation ability suppresses termination by hydrogenation and thus enhances chain
growth and increases simultaneously the O/P ratio. This results in the linear correlation
between chain growth and the O/P ratio as shown in Fig. 3.8b. Co(L)280 and Co(Mn(L)450
display a clearly higher O/P ratio than expected in this correlation. Both these catalysts have
a high oxide content, either due to the presence of Mn or due to the lower reduction
temperature. Apparently, the hydrogenation ability is suppressed by the presence of oxide. In
previous literature332 hydrogenation is said to run over planar sites. This would imply that
MnO is mainly located at the planar sites of the Co particles.
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Figure 3.8. (a) O/P ratio for C»-Cs for the Co(L), CoMn(L), Co(S), CoMn(S) after reduction at 280 °C and
450 °C and (b) Correlation of Cs. selectivity and the propene to propane ratio (C3 O/P).

As mentioned above, the presence of Mn in combination with partly oxidized Co is ideal for
obtaining a high TOF, likely due to an improved CO activation mechanism. In order to study
the mechanistic changes in more detail, the activation energies of the catalysts were
determined in in a for FT relevant temperature range of 220 to 240°C (at 20 bar H2/CO = 2)
(Fig. 3.9). The apparent activation energy (E.*?) for Co(L) and CoMn(S) reduced at 450 °C are
very close to each other with 105 kJ/mol and 103 kJ/mol. The values increase further for
CoMn(L) 110 kJ/mol reaching a maximum for Co(S) with 119 kJ/mol. The Arrhenius plot (Fig.
3.9b) shows a linear dependency from temperature excluding further reduction of the
catalysts. If mass transfer limitations were relevant, the value of Egpp would be equal to half
of the activation energy without mass transfer limitations.
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Figure 3.9. (a) Apparent activation energy E :; PP 4s a function of particle size, Mn content and reduction
at 20 bar, and (b) Arrhenius plot based on the CO conversion rate, the blue lines refer to the catalysts
reduced at 280 °C, the red lines to reduction at 450 °C (20 bar, H,/CO = 2).
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However, the apparent activation energies for FTS displayed in Figure 3.9 are typically in the
range of the activation energies reported in literature (80-120 kJ/mol), the observed activation
energies thus indicate the absence of mass transfer limitations. While lowering the reduction
temperature from 450°C to 280 °C does not affect E;7? for Co(L), which is already completely
reduced at low temperatures as confirmed by quasi in situ XPS (Fig. 3.2).In all other cases,
catalysts reduced at a lower temperature display a lower E;"’p than their completely reduced
counterparts. This suggests a contribution of an alternative reaction pathway with a lower
activation energy. A role of Co-oxide species as promoter for the rate-controlling CO
dissociation step can explain this. Addition of Mn lowers the activation energy for all catalysts
except Co(L) reduced at 450 °C. The largest differences in activation energy are observed
between non-promoted catalysts reduced at 450 °C and Mn-promoted catalysts reduced at
280 °C. A lower activation energy is directly correlated with a higher rate of the rate-controlling
CO dissociation and will thus result in a higher monomer coverage. Indeed Fig, 3.7 shows that
only the catalysts that are both reduced at low temperature and are promoted with Mn show
a higher activity and Cs. selectivity than catalysts that have only one of the two promoting
effects, i.e., no partial reduction nor Mn promotion.

In addition, regarding the catalysts reduced at 280 °C, the smaller particles exhibit a lower
activation energy than their larger counterparts, while their activity is not always higher. The
reason is that activation energy is not the only factor determining the reaction rate, the pre-
exponential factor, which also scales with the number of sites. Small particles are known to
have less sites that are active in CO dissociation. Furthermore, partial oxidation leads to less
available active metal sites A particle-size-dependent E;‘m’ as shown in Fig. 3.9a was also
observed by Pour et al.33** who found that at 20 bar the heat of adsorption of CO increased
with decreasing particle size (-EZ2° from 63 kJ/mol to 74 kJ/mol) leading to an E,*? of 98
ki/mol for particles of 12.4 nm and E,*? 89 kiJ/mol for particles of 4.8 nm. This is in line with
the observation of Den Breejen et al.? who reported an increasing amount of irreversibly
adsorbed CO for smaller particles. CO chemisorption data on our catalysts showed that the
contribution of irreversibly adsorbed CO increases from 80 % of the total amount of CO for
Co(L) to 90 % for Co(S), confirming a stronger adsorption of CO on small particles (Table
Appendix B3). Based on a Langmuir-Hinshelwood mechanism with CO dissociation as the rate-
determining step, the following equation for the apparent activation energy can be derived:

Eg;,:; co diss = E6aiss — (1= 26c0) - EZ5® (3.11)

Thus, at higher CO coverage (©co> %), which are likely at the high pressure of 20 bar used here,
a stronger CO adsorption can lead to a higher E;‘pp resulting in a stronger impact of the CO
adsorption energy. This holds for small particles evaluated. Although the apparent activation
energy is lower for the smaller particles, their activity is significantly smaller. This should thus
be due to a lower concentration of active sites. The data show that Mn decreases the E;*? for
both large and small particles with the effect being more pronounced after reduction at low
temperature (Fig. 3.9a). The promotional effect of Mn is likely caused by an easier rate-
determining C-O bond dissociation step. This would agree with the hypothesis presented in
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our previous work for Mn promotion of Co/SiO; (Chapter 2). Fig. 3.7 shows that Mn promotion
is absent for catalysts reduced at 450 °C. Clearly, the promotional effect observed for catalysts
reduced at 280 °Cis due to the lower reduction degree of Co. From the present data, we cannot
distinguish between the likely role of manganese as a promoter for CO dissociation and the
increase in the amount of oxidized Co.

3.3.3 Temperature-programmed IR spectroscopy

Temperature-programmed IR spectroscopy was used to study the evolution of CO adsorbed
on the catalysts as a function of temperature. The initial CO pressure in the cell was 10 mbar
and the temperature was increased from 50°C to 300°C at a rate of 5 °C/min. For comparison,
CO spectra recorded at 30°C as a function of CO pressure are available in Appendix Fig. A5.
These spectra show a typical absorption band at 2020 cm™ typical for linearly adsorbed CO on
metallic Co particles with relatively small contributions of CO adsorbed in two- and three-fold
sites®. As observed before for metallic Co,3¢3” heating of samples in the presence of CO leads
to a blueshift of the main linear CO adsorption band, which has been explained by lateral
interactions of adsorbed CO with C and O atoms obtained by dissociation of CO. Part of the O
atoms are removed as CO,. The temperature at which this blueshift occurs can be taken as an
indication for the CO dissociation activity of the surface.
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Figure 3.10. (a) Representative heatmap of IR region of adsorbed CO during temperature-programmed
IR measurements and (b)-(e) the position of the peak maximum of the linear CO absorption band as a

function of temperature for (b) Co(L), (c) CoMn(L), (d) Co(S), and (e) CoMn(S). Catalysts reduced at 280
°C or 450 °C. CO pressure 10 mbar, heating rate 5 °C/min.

The evolution of the linearly adsorbed CO absorption band is plotted as a function of
temperature in Fig. 3.10. The corresponding IR spectra are provided in Appendix Fig. A7. Except
for Co(L), reduction at 280 °C results in a lower onset temperature for CO dissociation than
reduction at 450 °C. As Co(L) is the only catalyst for which the Co phase is completely reduced
already at 280 °C, the data for Co(S) suggest that the presence of Co-oxide has a positive effect
on the CO dissociation. These results are qualitatively in agreement with the activity
differences reported in Fig. 3.7. The onset temperature of CO dissociation for the catalysts
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reduced at 450 °C is independent of the presence of Mn, whereas the presence of Mn results
in a substantially lower onset temperature for the catalysts reduced at 280 °C. The most
significant shift of CO dissociation to lower temperatures is for the Mn-promoted catalysts
reduced at 280 °C. These data indicate that the presence of both Co- and Mn-oxide can
promote CO dissociation.

We also carried out temperature-programmed measurements in a synthesis gas mixture
(H2/CO = 2, ptotal = 100 mbar). Fig. 3.11 shows the corresponding IR spectra in the C-H stretch
region.
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Figure 3.11. Temperature-programmed IR experiments in synthesis gas (H2/CO = 2, p:: = 100 mbar) (a)-
(d) catalysts reduced at 450 °C: (a) Co(L), b) CoMn(L), c) Co(S), d) CoMn(S) and (e)-(h) catalysts reduced
at 280 °C: (e) Co(L), (f) CoMn(L), (g) Co(S), and (h) CoMn(S). Colors indicate increasing temperature from
50—-300 °C. In the heat maps colors indicate the increasing IR intensity from violet to red.

During heating, vibrational bands due to adsorbed CHx species (vas(CH2) = 2927 cm™?, v5(CH3) =
2876 cm?, and vs(CH2) = 2855 cm™) precede the evolution of the absorption bands of gas-
phase methane consisting of a clear central band at 3015 cm™ (q band of CH4) accompanied
by the rotational-vibrational fine spectrum of methane. The contribution of CHx species is very
small for Co(L) in comparison to the relatively strong signals for CoMn(L). Moreover, the
methane signal for CoMn(L) is lower at intermediate temperatures. The higher contribution of
CHyx species for the Mn-promoted catalyst is in line with the enhanced CO dissociation
suggested by temperature-programmed IR measurements in a CO atmosphere. In the
synthesis gas TPIR measurements, the C atoms will be hydrogenated to surface CHx species.
The spectra for Co(L) and CoMn(L) reduced at 280 °C point to suppressed methane formation
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and a larger contribution of CHx species compared to the fully reduced samples. These
differences can most likely be attributed to a promoting effect of Co- and Mn-oxide on CO
dissociation. Although this result is not expected for Co(L) reduced at 280 °C as it is fully
reduced, we speculate that in-situ reduction of Co in the TPIR set up at low partial pressures
might not be complete. It is likely that the suppressed methane formation is caused by a higher
contribution of Cy+-hydrocarbon products formed due to the higher CHy coverage. The spectra
for Co(S) and CoMn(S) reduced at 450 °C show a lower intensity of methane. The intensity of
the CHy species for Co(S) is comparable to the intensity for CoMn(L), while the CoMn(S) shows
a much lower intensity in the regime of CHy species. As the observed CHy vibrations relate to
species adsorbed on Co metal, these differences can be explained by the lower metal surface
area available for these samples with a lower reduction degree. The spectra of Co(S) and
CoMn(S) reduced at 280 °C are not shown because of the very low signal due to CHy species,
which we tentatively attribute to the low reduction degree of these samples.

3.3.4 SSITKA

Steady-state isotopic transient kinetic analysis (SSITKA) has been frequently used for
mechanistic investigations of CO hydrogenation on Co catalysts including the study of the
particle size dependent activity during FT synthesis®3%3°. The typical decrease in catalytic
activity for Co particles smaller than 6 nm is reflected by the higher residence time of CHx
(Tcn, ), which is inversely correlated with the methane formation rate during SSITKA
measurements.® Usually, pseudo-first-order behavior is assumed for methane formation,

meaning that the rate constant for CHx hydrogenation to methane can be expressed as k¢, =
1

TCHy

The t¢y, for the Co(S) and CoMn(S) samples are larger than for the Co(L) and CoMn(L) (Fig.
3.12), which implies a lower intrinsic reaction rate for the former samples. This is also reflected
in the lower TOF and activity per gram CO for Co(S) and especially CoMn(S) (Fig. 3.13). The
lower reaction rate is expected to be a consequence of a lower CO dissociation rate. A lower
dissociation rate does not only lead to a lower surface averaged activity (conversion) but also
to a drop in the CHx coverage, abating C-C coupling probability and thus resulting in an
increased methane selectivity at the expense of the formation of higher hydrocarbons. Fig.
3.12a shows that when the particle size decreases from 10.3 (Co(L)) to 4.1 (Co(S)) nm, the
methane selectivity increases from 31 % to 39 % and the Cs. selectivity decreases from 31 %
to 23 %. Furthermore, Fig. 3.7 shows that also under high pressure FT conditions, the reaction
rate per gram Co and the TOF decrease with the particle size (by about 50 %), in accordance
with previous literature®®39°,
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Figure 3.12. Results of SSITKA measurements: (a) CO conversion (X), selectivity to methane (Scua), Cs:-
hydrocarbons (Scs.) and the chain-growth probability o, (b) the O/P ratio for C; and Cs products, (c) tco
and tcus. Conditions: 220°C, 2 bar, H,/CO = 5, reduction at 450 °C for 8 h. SSITKA data obtained after 16
h reaction.

Since the dispersion increases with decreasing particle size more metallic Co surface is
available in the catalyst bed in case of small particles. Re-adsorption and subsequent
hydrogenation of olefins becomes thus more probable at decreasing particle size. The outcome
can be seen in Fig. 3.12b, which clearly shows a drop in O/P ratio for C; and Cs by about 70 %
when the particle size decreases. These results are similar to those shown in Fig. 3.8. In the
preceding chapter it is demonstrated that Mn facilitates CO dissociation. Since the particle size
effect is mainly rationalized by a loss in CO dissociation ability, it was expected that the lower
CO dissociation activity of small particles, would be compensated by adding Mn. However, Mn
addition has limited effect on the parameters shown in Fig. 3.12. This could be caused by the
fact that the Mn-promoted small catalyst particles are smaller than the unpromoted particles
(3.3 nm vs. 4.1 nm). It was therefore decided to measure the FT reaction rates and turn over
frequencies by SSITKA in order to monitor the effect of Mn addition on specifically the CO
dissociation rate. The results are presented in Fig. 3.13. Indeed, the reaction rate for the
smallest particles (3.3 nm) is increased by Mn addition, while hardly any effect is observed for
the larger particles, which already exhibit a high activity. Nevertheless, the activity of the small
Mn-promoted particle remains dramatically lower than for the large particles.

Numerous studies have shown that the promotional effect of Mn addition is highly dependent
on operating conditions with high pressure and low temperature being unfavorable!?. Hence,
to study the promotion effect of Mn better, the catalytic performance was studied as a function
of temperature. The results of the CO hydrogenation experiments (H2/CO = 5) in the range of
200-300 °C, at ambient pressure are depicted in Fig. 3.14. In general, the activities of all Mn
containing catalysts are higher or equivalent to their unpromoted counterparts over the whole
temperature range. This is unexpected as SSITKA experiments presented above showed only
negligible effects of Mn addition (Figs. 3.12 and 3.13).
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Figure 3.13. TOF(s) and activity r (molCO/gCo/s) during SSITKA experiments. Conditions: 220 °C, H,/CO
=5, 2 bar, reduction 8 h at 450°C. Catalytic data obtained after 16 h of operation.

As can be seen in Fig. 3.14, this seemingly contradictive result stems from the temperature
used in the SSITKA experiments. Whereas the activity of the small Mn-promoted Co particles
is the highest at elevated temperatures, this is less evident around 220 °C, which is exactly the
temperature used for the SSITKA study. The hypothesis that Mn addition can compensate for
the particle size effect is thus only justified for higher temperatures. Notably, high
temperatures are undesirable for Co catalyzed FT, due to the increased methane selectivity,
which could, by the way be, suppressed by Mn addition.
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Figure 3.14. Temperature-programmed CO hydrogenation experiments (reduction at 450°C, H;/CO = 5,
1 bar): (a) reaction rate r (molCO/gCo/s) and (b) TOF (s*%).

A concomitant issue at elevated temperatures is the drop in activity above 275°C (see Fig.
3.14), which is most likely caused by carbon deposition. While Mn(S) has a lower activity than
Co(L) at moderate temperatures, in agreement with the particle size effect, the activities of
the large and small Co particles start to coincide beyond 275 °C, most likely due to the
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abovementioned deactivation of the active sites, making the difference in number of active
sites between small and large particles disappear.

Above this temperature, CoMn(S) is still superior to all other catalysts, but also suffers from
deactivation. In order to circumvent coke formation and to confirm the deteriorating effect of
carbon deposition, CO, was chosen as a probe molecule. Due to its higher oxygen content, CO;
will not as easily form carbon deposits via the Boudouard reaction and suppress other routes
forming carbonaceous deposits. Co is known to have a moderate activity in CO;
hydrogenation*!, while Mn-oxide was shown to be a promoter for CO, activation during Ni-
catalyzed CO; hydrogenation*?. The results shown in Fig. 3.15a show the absence of catalyst
deactivation at elevated temperature with an exponential increase in the reaction rate up to
300°C. The catalytic performance at 300°C shown in Fig. 3.15b demonstrates the significantly
higher activity of the Mn-promoted catalysts. For both large and small particles, the presence
of Mn enhances the catalytic activity. Furthermore, our hypothesis that Mn can compensate
for a loss of active sites when decreasing the particle size is reconfirmed as CoMn(S) has a
higher activity than Co(L) in CO2 hydrogenation.
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Figure 3.15. (a) CO; conversion during temperature-programmed CO, hydrogenation (reduction at
450°C, H,/CO;, = 5, 1 bar) and (b) catalytic performance at 300 °C as a function of particle size and Mn
content (CoMn2x(S) refers to a catalyst with a two times higher Mn content).

It should be noted that when using CO; as a reactant, the classical particle size effect is still
observed for unpromoted catalyst as the conversion of Co(S) particles is lower than for the
Co(L) samples, despite the high temperature used here (300°C), which is expected to cause
sintering.

3.4. Discussion

The study of the particle size dependent activity of Co catalyst for the FT synthesis reaction has
come a long way from the initial experiments claiming structure insensitivity of CO
hydrogenation by Iglesia and co-workers*? to the reports of De Jong’s group**° showing that
small particles (<6 nm) lose their activity due to a loss of active sites for CO dissociation,
presumably step-edge sites. Such particle size dependence for CO hydrogenation has been
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identified also for other late transition metals*. Another topic of intense investigation is the
impact of Mn as a promoter for Co. Whereas Mn is an effective promotor for the catalytic
performance at ambient pressure, its effect at practical pressures of the FT reaction (>10 bar)
is very small*®. In Chapter 2, it was shown that Mn facilitates CO dissociation in fully reduced
and relatively large Co particles in Co/SiOz. As it would be beneficial to increase the activity of
small Co particles for achieving a better Co utilization, it is interesting to explore the promoting
effect of Min on small and large Co particles. The hypothesis behind this approach was thus to
explore whether the loss of active sites on Co nanoparticles smaller than 6 nm particles could
be compensated by adding Mn, resulting in a higher activity. Obviously, such an effect might
be pressure dependent. For this purpose, a preparation method was developed which involves
the complexation of Co?* with citric acid to yield smaller than 6 nm particles and the addition
of Mn. A SSITKA investigation confirmed literature findings® that small particles with a size
below 6 nm exhibit a decreased activity and Cs. selectivity compared to particles larger than 6
nm. However, in contrast to SiO,-supported Co catalysts!, Mn addition had no significant
effect on the performance at ambient pressure. On the other hand, performance studies at
elevated pressure and TPIR measurements showed a promoting effect of Mn, especially in
combination with a low temperature of reduction that led to the remaining presence of Co
oxide. The highest catalytic performance in the FT reaction obtained for CoMn(S) was
confirmed in a comparison of the activity of the catalysts in CO, methanation at higher
temperature. Despite the feasibility of the concept of combining small Co particles with Mn
promotion for FT synthesis at low pressure, further optimization is required before these
catalysts can be used under realistic FT conditions. The Mn promotion effect was substantially
enhanced at elevated total pressure (20 bar) by only partially reducing Co at 280 °C. The
improved performance in this case is attributed to the combination of Mn-oxide and Co-oxide.
Remarkably, the clear positive effect of Mn promotion for titania-supported Co catalysts at
high pressure was not observed for silica supported catalysts. Possibly, strong metal-support
interactions (SMSI) causing intimate contact of TiOx with Co enhances the promotional effect
of Mn. This would imply that optimal performance at high pressure is not just obtained by a
synergy between Mn oxide and Co oxide, but by an Mn-Co-Ti-oxide combination. Apparently,
the active sites formed by the combination of these oxides have a promotional effect without
being poisoned by a high CO coverage at elevated pressure. The FT performance comparison
shown in Fig. 3.7 clearly confirms the much better performance of catalysts reduced at 280 °C.
For all catalysts the catalytic performance was enhanced by combining low-temperature
reduction with the addition of Mn promoter. Even CoMn(S) showed a lower CHs and higher
Cs.+ selectivity compared to Co(L) samples, which is different from earlier observations for
small-particle Co catalysts. Quasi in situ XPS studies underlined the importance of Co-oxide
remaining after reduction at 280 °C for the effective utilization of Mn. We further strengthened
our hypothesis by performing temperature-programmed IR experiments that clearly
demonstrated more facile C-O bond activation in adsorbed CO for catalysts containing Mn and
being reduced at 280 °C. IR experiments in syngas confirmed these differences.

The group of Somorijai reported about the FT activity of Co-oxide in titania-supported Co
catalysts®. Bell and co-workers emphasized the promoting role of metal oxide promoters for
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Co by noting a linear correlation between the Lewis acidity of promoter oxides and the FT
reaction rate.*’ As the Lewis acidity of MnO and CoO are comparable?®, the promotional effect
of CoO can be expected to be of a similar magnitude as that of MnO. However, as we showed
before for CoMn/SiO> that the formation of an oxygen vacancy is essential for enhanced CO
dissociation on MnO-promoted Co, a comparison based on metal-oxygen bond strength is
more relevant when discussing the promotional effects of Mn- and Co-oxides. Yet, as estimated
from the formation enthalpy per metal-oxygen bond, the oxygen vacancy formation energies
for MnO and CoO are not very different. Thus, based on the available data, we cannot discern
between a promotional effect by Mn or Co. The results above, however, suggest that the
simultaneous presence of the oxides of Co and Mn works best.

3.5. Conclusion

The influence of the particle size and reduction temperature was studied for Co/TiO; catalysts
including its impact on Mn promotion at reaction temperatures of 220 - 300°C and reaction
pressures in the range of 2-20 bar. A preparation method was developed that led to relatively
large (> 6 nm) and small (< 6 nm) Co particles with and without Mn promoter. Characterization
revealed a less pronounced interaction of Mn and Co304 on TiO; in comparison to SiO;,
highlighting a substantial difference in the Mn-Co interactions between these two supports.
Quasi in situ XPS was used to determine the oxidation states of Co and Mn, showing that the
DOR of Co is lower for small Co particles and with increasing Mn content after reduction at
280°C, while reduction at 450°C led to a complete reduction of Co in all catalysts. Despite their
lower DOR, the partially reduced catalysts performed better under typical FT conditions at
elevated pressure (20 bar) than their fully reduced counterparts. Not only did the optimal
catalysts exhibit higher activity but also lower methane and higher Cs. selectivity. Especially,
Mn-promoted catalysts benefitted from reduction at low temperature. The CoMn(S) sample
reduced at 280°C exhibited similar methane and Cs. selectivity as the Co(L) sample. Moreover,
reduction at low temperature led to a decrease of the activation energy E, confirming the
promoting influence of oxidic Mn-Co species as discussed in Chapter 2. The promotional effect
of Mn was also observed during temperature-programmed IR measurements, showing
enhanced CO dissociation for catalysts reduced at 280 °C. Temperature-programmed IR
measurements in syngas demonstrated that fully reduced large Co particles (Co(L) reduced at
450°C) mainly led to the formation of methane, while Co(S) catalysts reduced at 280 °C
exhibited suppressed methane formation and a higher amount of CHx species which are
thought to be precursors to chain growth. This effect was more pronounced for Mn-containing
samples. The important corollary of this work is that the presence of Mn-oxide and Co-oxide
on small Co particles with a size smaller than 6 nm can increase the catalytic performance in
the FT reaction. Such an approach can be a starting point to further optimize small Co particles
with a more efficient usage of the expensive Co metal for practical FT.
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Appendix B: Chapter 3

B1. TEM Particle size
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Figure B1. Particles size determination of calcined catalysts (Cos04) via TEM. a) Co(NOs),-6H-0
precursor (IWI), b) Co(NOs)2-6H,0 precursor (IWI) with Mn addition, c) CoCOs + citric acid (DPI), , d)
CoCOs + citric acid (DPI1) with Mn addition

B2. Mossbauer spectroscopy
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Figure B2. Product composition of in-situ Fischer-Tropsch during Mossbauer spectroscopy experiment.
Colored circles: product selectivity; black squares: total conversion

-94 -



Table B1. Fitting parameters for Mdssbauer spectroscopy.

Wi Fresh Reduced FTS Post-FTS
T=20°C T=20°C T=200°C T=20°C
Co?t I.S. (mms?) 1.25 - - -
0 Q.S. (mm s?) 2.59 - - -
Co¥ I.S. (mm s?) 0.20 - - -
Q.S. (mms?) 0.58 - - -
Cof I.S. (mms?) - -0.09 -0.22 -0.09
° H.F. (T) - 32.2 30.9 321
Fresh Reduced FTS Post-FTS
DAl T=20°C T=20°C T=200°C T=20°C
o’ I.S. (mms?) 1.08 - - -
Q.S. (mm s?) 2.07 - - -
o I.S. (mms?) 0.18 - - -
Q.S. (mms?) 0.86 - - -
Co? I.S. (mms?) - -0.09 -0.21 -0.09
° H.F. (T) - 32.3 31.2 32.2
B3. SSITKA results
Cat- Mn | Hy/ X L] S_CO | S_CH | S_Cy | S_Cs: o oP opP Tco | TcHx
alyst | /Co | CO 2] | &l [-] [-] G C | [s] | [s]
Co(L) 0 5 0.13 0 031 | 038 | 0.31 | 051 | 0.12 | 198 | 2.2 | 129
CoMn(L) | 0.1 5 0.12 0 033 | 038 | 0.29 | 050 | 0.10 | 161 | 2.1 | 146
Co(S) 0 5 0.06 0 039 | 038 | 0.23 | 050 | 0.04 | 059 | 19 | 191
CoMn(S) | 0.1 5 0.07 0 042 | 038 | 0.21 | 048 | 0.04 | 0.46 | 1.95| 18.3

Table B2. SSITKA results for catalysts reduced at 450 °C.
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B4. Chemisorption results

Table B3. CO chemisorption results.

co
mmol CO 280 °C mmol COirrev.
CO 280 °C CO 450 °C irrev.
Catalyst CO/gCo corrected C0O/gCo [%]
[nm] [nm] [%]
280 °C for DOR 450°C 280 °C
450°C
Co(L) 0.60 28.3 28.3 0.70 244 80.2 70.2
CoMn(L) 0.57 29.6 0.66 25.6 74.0 29.3
Co(S) 0.43 38.8 15.2 0.70 24.2 89.6 88.0
CoMn(S) 0.43 39.7 0.50 33.7 93.0 83.4
B5. ASF plots belonging to FT catalytic tests
4 4
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Figure B3. ASF plots for alpha olefins after reduction at 450 °C and 280 °C.
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B6. FTIR Spectra of CO adsorption and TPIR
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Figure B4. IR spectra of CO adsorption isotherms at room temperature.
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Figure B5. Temperature-programmed IR spectra in the presence of CO.
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Chapter 4 - Highly active and selective
CoMn/TiO; Fischer-Tropsch catalysts
prepared by precipitation: on the impact of
reduction temperature

Abstract

The Co particle size effect strongly limits the metal efficiency in the Fischer-Tropsch synthesis
reaction, as the highest activity is obtained for particles with a size larger than 6 nm. A
(co)precipitation method is presented to prepare small Co(Mn) particles on TiO; using citric
acid as a chelating agent. Without citric acid, large particles are obtained. In stark contrast with
the Co particle size effect, the highest Co-weight-based activity was observed for CoMn/TiO>
containing small Co particles with a low Co reduction degree and promoted by Mn. Besides
high activity, the small Co particles displayed decreased methane and increased Cs. selectivity
compared to large particles. The low Co reduction degree is due to a low reduction
temperature of 280 °C and the absence of Pt reduction promoter. Temperature-programmed
IR measurements indicate that the presence of Co-oxide in combination with Co results in
more CO dissociation sites, which suggest a similar promoting effect as known for MnO. An
important corollary of these findings is that highly dispersed Co particles reduced at low
temperature can display improved FT performance compared to large Co particles by lowering
the Co reduction degree.
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4.1 Introduction

The Fischer-Tropsch (FT) reaction is a surface polymerization reaction converting synthesis gas
(a mixture of CO and H,) from various carbon containing resources like natural gas, coal,
biomass or CO; into hydrocarbons that can either function as liquid fuels or chemical building
blocks. Due to price restrictions only Fe- and Co-based catalysts are commercially feasible?.

Decreasing the particle size is an obvious way to increase metal usage efficiency in
heterogeneous catalysts. However, in the FT reaction over Co, decreasing the particle size
below 6 nm results in a loss of activity and an undesired increase in methane selectivity. This
phenomenon is a consequence of “structure sensitivity” and has been studied extensively?3?.
It is argued that a loss of CO dissociation sites (Bs sites) leads to a lower activity and lower
surface coverage of carbon species decreasing the reaction rate and chain-growth probability
and thus increasing the methane yield®.

Over time, many promoters have been studied to enhance the catalytic performance. Barrault
et al.> were the first to discover that Co catalysts can be promoted by adding redox centers
that enhance the catalytic performance. In the last decades, Mn has been studied exhaustively,
as it can enhance both the FT activity and selectivity to larger hydrocarbons and olefins®. The
group of De Jong studied the effect of Mn on carbon-supported Co’, while the group of Bell
did the same for SiO,-supported Co®219, The Bell group linked the promotional effect of Mn to
its Lewis acidity. Generally, Lewis acidity increases with the oxidation state of the metals. It
remains unclear whether the promoting role is due to the intrinsic Lewis acidity of the metal
cations or has to do with the reducible nature of the metal oxides.

Density functional theory (DFT) calculations have shown that CO dissociation can take place at
the interface between Co metal and MnO, involving oxygen vacancies formed in MnO?*L. Thus,
Mn promotion could be useful to offset the activity loss associated with small particles, which
is related to the structure sensitivity effect. The use of TiO; as a support has been reported to
lead to superior performance compared to widely used catalyst supports*?, most likely due to
a higher Co dispersion?!?® or by formation of oxidic Co-Ti compounds'#.

In this chapter, the effect of Mn on both small and large Co particles dispersed on a TiO3
support is investigated. We apply a precipitation approach that results in Co-oxide particles
with a narrow size distribution and compare those to the particles of similar size obtained via
impregnation. As the reduction temperature is known to have a strong impact on the catalytic

5 we used two reduction

performance, mainly through the degree of Co reduction
temperatures, viz., a temperature of 280 °C leading to mixtures of Co metal and Co-oxide and

a temperature of 450°C leading to fully reduced Co.
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4.2 Experimental
4.2.1 Preparation

TiO2 powder (AEROXIDE® TiO, P25, Evonik, sieve fraction 120-250 pm, 54 m?/g determined by
BET) was used for all catalysts. A precipitation procedure was applied, involving two solutions.
Solution A contained the metal salts Co(NOs), * 6 H,0 (Merck, 99.99 %) for an intended Co
loading of 10 wt% and, for the Mn-promoted samples (Mn/Co = 0.1), Mn(NO3)2:xH20. When
small particle sizes (<6 nm) were desired, citric acid was added to this solution as well (Citric
acid / Co(NOs), * 6 H,0 = 0.1). Solution B provided the basicity to precipitate the metals and
consisted of a 1:1 mixture of NaOH and Na2COs. The precipitation was performed by the
simultaneous addition of solutions A and B within 30 min to a suspension of TiO; in water
whose pH was adjusted to 7 by adding few drops of solution B prior to the precipitation. The
precipitation was performed at 100°C under vigorous stirring within 30 min, keeping the pH
constant at 7. The resulting mixture was aged for 1 h at 100°C and subsequently filtered and
washed three times in order to remove all Na as confirmed by XPS (Appendix Fig. C2) and ICP-
OES analysis, where the Na concentration was found to be below the detection limit. The
samples were then dried in a flow of artificial air at 80°C for 2 h, followed by a calcination step
at 350°C for 2 h using a rate of 2°C/min. Catalysts are denoted as follows: CoP(S) and CoMnP(S)
were prepared by (co-)precipitation of Co (and Mn) in the presence of citric acid, while CoP(L)
and CoMnP(L) were obtained without citric acid.

A TiOz-supported Co catalyst, which acts as a reference for the precipitated large particle
catalyst CoP(L) was prepared by conventional incipient wetness impregnation of TiO;
(AEROXIDE® TiO, P25, Evonik, sieve fraction 120-250 pum, BET surface area of 54 m?/g) with an
aqueous solution of Co(NO3)2:6H,0 (Merck, 99.99 %) and Pt(NHs)s:(NO3z), (Alfa Aesar, 99.995
%). Pt was added as a reduction promoter. The impregnated catalysts were dried at 80 °Cin a
flow of 80 % He and 20 % O for 2 h followed by calcination by heating to 350 °C at a rate of 2
°C/min and an isothermal dwell of 2 h. This large particle reference catalyst is denoted as
ColWI(L). Another catalyst acting as a reference for small Co particles was prepared by
employing a precursor decomposition impregnation method (PDI) as described in chapter 3.
Instead of Co(NOs)2:6H,0, CoCOs3 (Merck, 99.99 %) was used together with an aqueous
solution of citric acid (Merck, 99.99 %), which acted as a complexing agent for Co?*(molar citric
acid/cobalt ratio of 1.5). Under the acidic conditions, insoluble CoCO3 was slowly decomposed
under gentle heating, resulting in Co-citrate complexes, which are known to lead to an
increased Co dispersion upon deposition on oxide carrier materials'®. As the solution is slightly
acidic, the TiO; support will be positively charged, resulting in an interaction with the
negatively charged Co-citrate complexes in the solution. As a result of the gradual formation
of Co-citrate complexes the electrostatic interaction with the TiO, support, one can expect a
high dispersion of the Co precursor. Subsequent drying and calcination steps were same as for
the incipient wetness impregnation procedure escribed above. In this case also Pt was added
as a reduction promoter in the amount of 0.04 wt%. This small particle reference sample is
denoted as CoPDI(S).
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4.2.2 Temperature-programmed reduction (TPR)

TPR experiments were conducted in a Micromeritics AutoChem 11 2920 setup equipped with a
U-shaped quartz reactor, a computer-controlled oven and a thermal conductivity detector
(TCD). In a typical experiment 50 mg of sample was dried in a flow of He for 1h at 100 °C before
heating to 1000 °C in a flow of 4 vol% H,/He and at a rate of 10 °C/min.

4.2.3 X-ray photoelectron spectroscopy (XPS)

The oxidation state of Co and Mn was studied via quasi in situ XPS using a Kratos AXIS Ultra
600 spectrometer equipped with a monochromatic Al Ka X-ray source (Al Ko 1486.6 eV).
Survey scans were recorded at a pass energy of 160 eV and at 40 eV for detailed region scans.
The step size was 0.1 eV in both cases and the background pressure during the experiment
was kept below 5.107 bar.

A high-temperature reaction cell (Kratos, WX-530) was used to pretreat the sample, which was
supported on an alumina stub, allowing in vacuo sample transfer into the measurement
chamber. Initial reduction was performed in a 50 vol% H; in Ar flow at atmospheric pressure
at either 280 °C or 450 °C for 4 h. After reduction the sample was allowed to cool to 150 °C in
the reduction gas mixture and, after evacuation, transferred to the measurement chamber.

Data treatment was conducted with the CasaXPS software. Energy calibration of the spectra
was done on the basis of the cobalt 2ps;; peak for metallic cobalt at 778.2 eV, while for the
calcined samples the adventitious carbon 1s peak at 284.4 eV was used.

4.2.4 Transmission electron microscopy (TEM)

The volume-averaged particle size was determined by analysis of TEM images. TEM
measurements were performed with a FEI Tecnai 20 electron microscope at an electron
acceleration voltage of 200 kV with a LaBe filament. A few milligrams of ground sample were
ultra-sonicated and dispersed over a carbon-coated Cu grid. The average particle size and
particle size distribution were determined by measuring at least 100 particles’.

4.2.5 H, and CO chemisorption

In order to measure the available surface area, H, chemisorption was performed in a
Micromeritics ASAP 2010 apparatus. After reduction of typically 200 mg of catalyst in a flow of
4 % H/He at 280 °C or 450 °C for 4 h, the sample was evacuated for 30 min at slightly higher
temperatures of 300 °C or 470 °C, respectively, to remove all chemisorbed H,. The H, uptake
was measured at 110°C as a function of the H; pressure and extrapolated with a straight line
to zero H; pressure. The amount of adsorbed H; molecules obtained from the ordinate was
used to calculate the available surface area. The procedure for CO chemisorption was similar
to H, chemisorption the only difference being that the chemisorption was carried out at
30°C*8,

4.2.6 IR spectroscopy

IR spectra were recorded in transmission mode with a Bruker Vertex V70v instrument
averaging 32 scans recorded at a 2 cm™ resolution for CO adsorption experiments. Typically,
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15 mg of sample was pressed into a self-supporting wafer and positioned in a homemade
controlled-environment infrared transmission cell. CO was admitted to the sample as pulses
using a sample loop (10 pl) connected to a six-port sampling valve. CO pulsing was continued
until saturation of the CO IR region was observed. This typically led to a final CO pressure of
10 mbar. Prior to IR experiments, the samples were reduced in a H; flow at either 280 °C or
450°C for 4 h preceded by heating at 5°C/min. After evacuating for 30 min at the reduction
temperature, the sample was cooled in dynamic vacuum. Prior to CO dosing, a background
spectrum was recorded. Temperature-programmed IR spectra were recorded in the presence
of CO (100 mbar) or synthesis gas (60 mbar H,, 30 mbar CO). The spectra were recorded in the
50 —300°C range (5 °C/min) at steps of 25 °C. During temperature-programmed IR (TPIR), the
number of scans for averaging was reduced to 16.

4.2.7 X-ray absorption spectroscopy (XAS)

Catalyst reducibility and structural properties were studied using operando XAS performed at
the DUBBLE beamline (BM26A) of the European Synchrotron Radiation Facility (ESRF). The
samples were measured in transmission mode at the Co K-edge (7.7 keV) selected with a
Si(111) monochromator. XANES spectra were normalized and fitted using linear combination
fitting (LCF) in the Athena software package. The calcined sample, a CoO sample and a Co metal
foil served as references for the respective oxidation states. The extended X-ray absorption
fine structure (EXAFS) part was fitted by the Artemis software using k® weighted data. In a
typical experiment 30 mg catalyst sample was placed in a stainless-steel XAS reactor equipped
with two fire rods and glassy carbon windows. Catalysts were reduced in this cell using a rate
of 5°C/min to reach either 280 °C or 450 °C followed by an isothermal dwell of 1 h in a flow of
10 vol% H; in He. The reduction procedure was followed by XANES. EXAFS spectra were
collected at room temperature before and after the reduction.

4.2.8 Catalytic activity measurements

The catalytic performance of the Co samples was determined in a Microactivity Reference unit
(PID Eng&Tech) at a temperature of 220°C and a pressure of 20 bar. In a typical experiment,
150 mg (75-125 um sieved fraction) catalyst was homogenously mixed with SiC particles of the
same sieve fraction and placed in a tubular reactor with an internal diameter of 9 mm. The
reactor temperature was controlled using a thermocouple located in the center of the catalyst
bed. Reduction was carried out in the reactor by heating to 450°C or 280 °C at a rate of 3
°C/min in an equimolar flow of H, and He at ambient pressure, followed by a dwell of 8 h.
Afterwards, the reactor was cooled to 220°C and the gas feed was replaced by the reaction
mixture, which was synthesis gas with a H,/CO ratio of 2 diluted with He (40 % of total flow)
and contained 4 vol% Ar as an internal standard at 20 bar. The gas-hourly space velocity (GHSV)
was 2000 h, which resulted in typical conversion levels in the range of 5-15 %. Apparent
activation energies were determined by measuring conversion as a function of temperature at
220, 230, and 240 °C. A TRACE 1300 gas chromatograph of Thermo Scientific Instruments
equipped with a TCD and FID was used to analyze the effluent reaction mixture. Hydrocarbons
(C1-C12) were separated by using an Rt-Silica BOND column and subsequently analyzed using
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an FID. The analysis of light gases H,, CO2, CHs, C2Ha, CoHs, Ar, and CO was performed with a
TCD in combination with Molsieve 5A (mesh 60/80, 2 m) and two Rt-XL Sulfur columns (0.25
m and 1 m). Under the applied reaction conditions, CO, was not detected as a reaction product
and the carbon-based selectivity of oxygenates was lower than 1 %. Liquid products and waxes
were collected in a rearward cold trap. The CO conversion (Xco) was determined based on
equation (4.1), the carbon-based selectivity of product i (Si) by equation (4.2), the reaction rate
(rco) by equation (4.3) and the turnover frequencies TOFco and TOFcua by equation (4.4) and
(4.5), respectively.

COoput
Xeo = (1 =8 (4.1)
Ay
ATin*vi*C;
- in*Vi*ti 0
Si= nlti-x100%  (42)
FéoXco
Tco = m_Co (43)
_ _ Xco*Fo
TOFy = oo (4.4)
* 0 *
TOFCH4 — XCO FCO SCH4 (4.5)

mol CoxDy,

where CO;, / CO,,; and Ar;, | Ar,,;: represent the CO/Ar concentration in the inlet/outlet
flow, respectively. v; stands for the number of carbon atoms in species i, F2, represents the
inlet flow of CO (mol/s), m, the amount of Co (g) and mol Co the amount of Co atoms (mol)
in the catalyst bed, and Dy, the dispersion (-) determined by H, chemisorption.
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4.3 Results

4.3.1 Basic characterization

Several preparation methods were employed to obtain Co particles with different sizes, Mn
promotion and metal-support interactions. Catalysts containing small and large particles with
or without Mn were prepared by a modified precipitation method. The use of citric acid led to
small-particle catalysts denoted by CoP(S) and CoMnP(S), while large-particle catalysts CoP(L)
and CoMnP(L) were obtained by leaving out citric acid during precipitation. These catalysts
were compared with the catalysts CoPDI(S) and ColWI(L) already described in Chapter 3.

Table 4.1 lists the metal loading and average particle size of the oxidic precursors. The
precipitation method is effective in reaching a Co metal loading of ~10 wt% with Mn/Co ratios
of 0.1 for the two Mn-promoted samples. The two reference samples have a slightly lower Co
loading of ~7.5 wt%. ColWI(L) serves as a reference catalyst with large relatively large Co-oxide
particles (~¥10 nm), while CoPDI(S) contains ~4 nm Co-oxide particles. Besides the different
preparation method, the reference samples differ from the new precipitated samples by the
presence of Pt.

Table 4.1. Metal loadings and average particle size of the calcined catalysts.

Co loading Mn loading Mn/Co Particle size

Catalyst Preparation method . b
wt%? wt%® ratio (nm)

CoP(L) Precipitation 10.5 - 0 9.1£2.7
CoMnP(L) Precipitation 10.5 1.0 0.1 9.3+3.5

Precipitation (with citrate) 10.0 - 0 4.0+0.9
CoP(S)

Precipitation (with citrate) 9.5 1.0 0.1 3.9+1.2
CoMnP(S)

Incipient wetness 7.7 - 0 10.3£2.8
ColWI(L)* . .
impregnation
Precursor decomposition 7.4 - 0 4.1+1.1

CoPDI(S) Impregnation (with citrate)

@ |CP-OES analysis; ® TEM analysis; ¢ contains Pt (~0.04 wt%).

Fig. 4.1 shows representative TEM images of the calcined precipitated catalysts and the
corresponding particle size distributions. The average particle sizes are given in Table 4.1. The
two catalysts prepared via precipitation using citric acid, CoP(S) and CoMnP(S), contain
predominantly Co-oxide particles smaller than 6 nm. The average particle size of CoP(S) and
CoMnP(S) were 4.0 nm and 3.9 nm, respectively. The particles in the two precipitated catalysts
prepared without citric acid, CoP(L) and CoMnP(L), are significantly larger than 6 nm. The
average particle size of the CoP(L) catalyst is 9.1 nm, while the CoMnP(L) catalyst contains
particles with an average size of 9.3 nm. Thus, the impact of using citric acid on the particle
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size after calcination is substantial, while the presence of Mn has only a minor influence.
Without citric acid in the precipitation solution, the Co-oxide particles are not only larger but
also exhibit a broader size distribution. The small-particle catalysts contain mainly Co-oxide
particles in the range where after reduction, the metal particles would have a deteriorated
catalyst performance as compared to the large-particle catalysts, due to structure sensitivity
effect.
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Figure 4.1. TEM analysis of calcined CoP(S), CoP(L), CoMnP(S), and CoMnP(L). The red dashed line in
the histograms indicates the particle size below which a decrease in FT performance is expected.

The X-ray diffractograms of the catalysts obtained after calcination are presented in Fig. 4.2a
and the Cos304 reference pattern (PDF#42-1467) is displayed in Fig. 4.2b. Despite the relatively
high Co loading (~10 wt%), the anatase and rutile reflections of TiO; dominate the XRD
patterns and overlap with the most intense Co304 feature at 26 = 36.87° (311). Therefore, we
used the (220) reflection of Co304 to estimate the crystal size using the Scherrer equation. For
CoP(L) and CoMnP(L), the resulting particle size of ~¥9.8 nm is in good agreement with the TEM
analysis. The absence of the (220) feature in the XRD patterns of the catalysts with small
particles (inset Fig. 4.2 a) is due to the much smaller size of the CoO particles. No reflections
belonging to Mn-oxides are observed, indicative of the high Mn dispersion. In contrast to the
SiO;-supported catalysts (Chapter 2), addition of Mn does not affect the Co-oxide diffraction
peaks. This may indicate that, in comparison to the SiO,-supported catalysts, less Mn is
incorporated in the Co spinel oxide precursor. A reasonable explanation is the much stronger
interaction of Min with TiO, than with SiO,, resulting in a preference for Mn to stay close to the
TiO2 support. It has also been suggested that Mn can form a mixed Ti/Mn spinel phase, i.e.,
Ti2MnO4 compounds'®, however no evidence of the spinel formation was found by XRD.
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Figure 4.2. XRD patterns of (a) calcined samples and (b) reference diffraction pattern of Cos0, PDF#42-
1467. The inset shows the most prominent Cos0, diffraction lines.

The reducibility of the catalysts was studied by H»-TPR. The corresponding profiles are
displayed in Fig. 4.3. Two distinct peaks at 300°C and 500°C can be observed representing the
two-step reduction process from Co304 to Co® via intermediate CoO.

TCD signal (a.u.)

M
M

M ColWI(L)
100 200 300 400 500 600 700 800
T (°C)

Figure 4.3. H,-TPR profiles of catalysts as a function of particle size and Mn content.

Despite the small differences between the precipitated catalysts, the CoMnP(L), CoP(S), and
CoMnP(S) samples show a shoulder around 575 °C, implying that decreasing the particle size
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for CoP(S) and CoMnP(S) as well as promotion by Mn in CoMnP(L) delays the complete
reduction of Co. This suggests significant interactions between the support or the Mn
promoter with the Co-oxide precursor?®. The precipitated samples reduce at higher
temperatures than the reference catalysts (ColWI(S) and CoPDI(S)), which is most likely due to
the absence of Pt. While ColWI(L) is completely reduced at 450 °C, decreasing the particle size
via PDI preparation leads to a delay in the reduction by around 50 °C due to a stronger
interaction of the small particles with the support.

4.3.3 Quasi in situ XPS

The Co oxidation states of the catalysts were determined by quasi in situ XPS of (i) in their
calcined state, (ii) after reduction at 280 °C (equimolar mixture of H, and He, p = 1 bar, 4 h)
and (iii) after subsequent exposure to model FT conditions (synthesis gas H,/CO = 4, T = 260
°C, p = 1 bar, 4 h). The FT model conditions were selected to avoid the production of large
amounts of wax products that can deposit on the catalyst. The FT reaction temperature was
below the reduction temperature of 280 °C. The results are presented in Fig. 4.4. The XPS data
show that all 4 precipitated catalysts contain mainly Co304 in the calcined state. The CoPDI(S)
sample contains a larger contribution of Co?* (Appendix Fig. A3) than expected for Co304. This
is attributed to stronger Co?*-TiO; interactions obtained by this preparation method. From the
lower value of the Co/Ti ratio of CoP(L) (0.84) in comparison to that for CoP(S) (1.5), it can be
inferred that the Co dispersion is substantially higher in the small-particle catalyst CoP(S),
which is in agreement with the TEM results.

After reduction at 280 °C, the catalysts typically contain a mixture of metallic and oxidic Co.
The degree of reduction (DOR) based on the fraction of metallic Co as determined by XPS is
presented in Table 4.2. The DOR is relatively low (<20 %) for all precipitated samples with a
small influence of Mn. Notably, the DOR of the two reference catalysts is much higher, namely
100 % for ColWI(L) and 46 % for CoPDI(S), which can be related to the presence of Pt. The
CoPDI(S) is more difficult to reduce due to the stronger Co-TiO; interactions than ColWI(L).
Despite the higher Co?* contribution in CoPDI(S) than in CoP(S), which points to stronger Co-
TiO; interactions in the former, the Co oxide in CoPDI(S) is easier to reduce due to the presence
of Pt.

Table 4.2. DOR as determined from fitting of the Co 2ps/> XPS spectra after 4 h reduction at 280 °C and
after subsequent 4 h FT reaction at 260 °C, a H,/CO ratio of 4 and a pressure of 1 atm.

° Ieo
DOR (%) I.JOR M), Ico Ieo after Ir; co
. Reduction 280 °C,4 h —_— Iti hvdrogenation
Catalyst Reduction . Ir; Reduction | 1YErog ’
280°C. 4 h + CO hydrogenation, calcined o H,/CO =4, 260
’ H2/CO =4,260°C,4 h 280°C °C,4h
CoP(L) 14 62 0.95 1.20 0.66
CoMnP(L) 9 29 1.18 1.35 0.73
CoP(S) 9 64 1.69 1.33 0.54
CoMnP(S) 11 52 1.47 1.31 0.48
ColWI(L) 100 - 0.25 - -
CoPDI(S) 46 - 0.65 - -
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Figure 4.4. Co 2p XPS spectra after calcination, reduction at 280 °C for 4 h, and subsequent CO

hydrogenation reaction at 260°C, 1 atm, a H,/CO ratio of 4 for 4 h: (a) CoP(S) calcined, (b) CoP(S)
reduced 280 °C, (c) CoP(S) subsequent CO hydrogenation, (d) CoMnP(S) calcined, (e) CoMnP(S) reduced
280°C, (f) CoMnP(S) subsequent CO hydrogenation, (g) CoP(L) calcined, (h) CoP(L) reduced 280 °C, (i)

CoP(L) subsequent CO hydrogenation, (j) CoMnP(L) calcined, (k) CoMnP(L) reduced 280 °C, (I)

subsequent CO hydrogenation.
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Subsequent exposure to synthesis gas at 260 °C for 4 h results in a significantly higher DOR
than after the initial reduction step at 280 °C. In this case, the Mn-promoted catalysts exhibit
a lower DOR than the non-promoted samples. These findings show that reduction at 280 °C
was slow and continued in the synthesis gas at 260°C. It was verified that these catalysts do
not contain Co carbide as followed from the absence of its characteristic Co 2ps/; feature at
283 eV. The formation of Co,C has, for instance, been observed for Mn-promoted cobalt
containing Na?%?2, Upon reduction at 450 °C, all catalysts were completely reduced (data not
shown).

XPS was also used to investigate the oxidation state of Mn in the calcined and reduced
precipitated catalysts. The Mn 2p spectra are presented in Fig. 4.5. In calcined samples, Mn
exhibits an oxidation state of 3+ as in Mn20s. The absence of the satellite feature at ~647 eV
typical for Mn?* shows that MnO is not present in the calcined precursor. However, after
reduction at 280 °C, a clear MnO feature appears for CoMnP(S). MnO was not observed for
CoMnP(L) upon reduction, which is in line with the lower reducibility of this sample during
simulated FT conditions (Fig. 4.4, Table 4.2). Nevertheless, after further CO hydrogenation at
260 °C for 4 h, the satellite feature due to MnO is visible in both catalysts, showing that the
reduction of Mn;03 to MnO proceeds during CO hydrogenation.

a) |— calcined b) | — calcined
red 280°C red 280°C
—— after CO hydrogenation —— after CO hydrogenation
satellite
satellite

CPS (a.u.)
CPS (a.u.)

- ] " I v | v ] " I v ] " I v 1 v I v I - ] v I - ] v I - ] v 1
670 665 660 655 650 645 640 635 630 670 665 660 655 650 645 640 635 63C
B.E. (eV) B.E. (eV)

Figure 4.5. Mn 2p XPS spectra after calcination, reduction at 280 °C for 4 h, and CO hydrogenation
reaction at 260 °C, 1 atm, a H,/CO ratio for (a) CoMnP(S) and (b) CoMnP(L).
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4.3.4 X-ray absorption spectroscopy (XAS)

In order to reveal structural differences between samples made by different approaches, we
determined the structure of around the Co atoms using XAS. We first studied the reducibility
of CoMnP(S) in comparison with the reference CoPDI(S) and ColWI(L) samples by XANES under
increasing temperature from 50 to 450 °C in an H, atmosphere. The resulting XANES spectra
are displayed in Fig. 4.6.
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Figure 4.6. Co K-edge XANES spectra measured during catalyst reduction from 50°C to 450 °C for (a)
CoPDI(S), (b) ColWI(L), and (c) CoMnP(S) and the contribution of different phases (Co’ CoO and Co304)
determined by linear combination fitting as function of reduction temperature for (d) CoPDI(S), (e)
ColWI(L), and (f) CoMnP(S).

To better follow the differences as a function of the reduction temperature, the spectra were
deconvoluted into contributions for Co% CoO and Co304. The results of linear combination
fitting are also shown in Fig. 4.6d-f and indicate that, among the calcined samples, the ColWI(L)
catalyst contains the largest amount of Co304, followed by CoMnP(S) and CoPDI(S) which
contains only 70 % Co304 and consequently more CoO. Reduction of ColWI(L) results in rapid
reduction to CoO at 250°C. The reduction of the other two small-particle catalysts starts at a
lower temperature yet extends over wider temperature range. CoMnP(S) is completely
converted to CoO at a slightly higher temperature than the small-particle reference catalyst
CoPDI(S). CoMnP(S) also remains in the CoO state over a wider temperature range until ~300 °C
as compared to CoPDI(S). This points already to a higher stability of CoO in the CoMnP(S)
sample. Compared to the other two catalysts, reduction of CoO to Co metal is slowest for
CoMnP(S), which is due to the absence of Pt. At the end of the XANES measurement, all three
catalysts show a similar DOR of about 90 %.

Fig. 4.7 shows the Fourier transforms of the k3-weighted EXAFS. The corresponding fit results
are given in Table 4.3. The calcined samples contain Co-O and Co-Co back scatterers, which can
be related to Co oxide. There are only slight differences in the coordination numbers with the
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stronger Co-Co backscattering for ColWI(L) suggesting a lower dispersion. After reduction at
280 °C, all samples contain a weak Co-Co metal shell, reflecting the partial reduction of Co. As
such, these samples contain a mixture of metallic Co and Co oxide. Upon reduction at 450 °C,
all three catalysts are fully reduced and the high coordination numbers of the first Co-Co shell
of metallic Co indicate that the particles should be relatively large. It is worthwhile to compare
the higher coordination shells, which can provide indications for the presence of hcp and fcc
phases according to Longo and co-workers?3. As such, it can be said that the fully reduced Co
metal particles in CoPDI(S) and ColWI(L) share common features in terms of a pronounced
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Figure 4.7. Co K-edge Fourier transformed k® weighted EXAFS spectra of CoMnP(S) and reference
catalysts. ColWI(L), calcined a), reduced 280 °C b) and reduced 450 °C c). CoPDI(S) calcined d), reduced
280°C e) and reduced 450 °C f). CoMnP(S) calcined g), reduced 280 °C h) and reduced 450°C i)

feature at around 4.2 A and a much weaker one at 3.5 A, which has been attributed to highly
crystalline (i.e., non-distorted) metallic Co. For reduced CoMnP(S), on the other hand, two
distinct peaks can be observed at different distances of 3.2 A and 4.3 A. Such differences have
been associated with distorted structures?®. These differences can point towards varying
contributions of hcp and fcc phases caused by different preparation methods.
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Table 4.3. Co K-edge EXAFS fit results of Co catalysts as a function of particle size and Mn content. Error
margins are reported in brackets.

Catalyst

ColWI(L) calcined

CoPDI(S) calcined

CoMnP(S) calcined

ColWI(L) reduced 280 °C

CoPDI(S) reduced 280 °C

CoMnP(S) reduced 280 °C

ColWI(L) reduced 450 °C

CoPDI(S) reduced 450 °C

CoMnP(S) reduced 450 °C

4.3.6 Chemisorption

Path

Co-O
Co-Col
Co-Co2

Co-O
Co-Col
Co-Co2

Co-O0
Co-Col
Co-Co2

Co-01
Co-Co
Co-02
Co-01
Co-Co
Co-02
Co-01
Co-Co
Co-02

Co-Co

Co-Co

Co-Co

CN (error)

6.6 (0.4)
5.8 (0.7)
6.3 (0.8)
4.9(0.2)
4.8(0.7)
5.4 (0.8)
5.8 (1.0)
6.3 (1.3)
4.1 (1.6)
4.6 (1.4)
0.97 (1.3)
12.4 (1.3)
2.9(0.4)
1.8 (1.1)
10.1 (1.1)
5.3 (1.3)
1.4 (1.3)
11.4 (2.9)

10.9 (2.2)

11.5 (2.0)

11.7 (1.5)

R [A] (error)

1.90 (0.005)
2.85(0.008)
3.36 (0.008)
1.93 (0.005)
2.86 (0.010)
3.38 (0.010)
1.928 (0.031)
2.890 (0.026)
3.390 (0.040)
1.958 (0.027)
2.491
3.033 (0.008)
1.997 (0.013)
2.456
2.935 (0.009)
2.094(0.026)
2.573(0.019)
3.037(0.062)

2.49 (0.014)

2.491(0.001)

2.47 (0.030)

Eo/eV

0.9

0.1

-14.8
-9.3
-14.8
-6.0
-17.8
-6.0
-2.1
10.4
-2.1

6.1

6.5

4.8

o?/A?

0.002
0.004
0.001
0.003
0.009
0.005
0.008
0.007
0.003
0.013
0.002
0.008
0.004
0.013
0.011
0.008
0.008
0.005

0.007

0.006

0.007

R-

factor

0.0063

0.0046

0.057

0.024

0.017

0.046

0.013

0.013

0.045

The available metal surface of the catalysts was determined by H, chemisorption after
reduction at 280 °C and 450 °C. It is difficult to calculate the Co particle size from these
measurements, because only a small fraction of the Co-oxide precursor is reduced to the

metallic form. Moreover, the amount of chemisorbed H, can be affected by spillover of

hydrogen atoms to the TiO, support or unreduced Co oxide and Mn oxide. For the samples
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reduced at 450°C, strong metal-support interactions (SMSI) can lead to coverage of metallic
Co by Ti-containing species!®!4. The results in Table 4.4 show that the metallic Co surface is
significantly larger after reduction 280 °C than after 450 °C, despite the lower DOR obtained at
280°C, suggesting that part of the metal surface is covered by Ti containing species due to the
SMSI effect after reduction at 450 °C. Upon reduction at 280 °C, the metal surface areas of
CoP(S) and CoMnP(S) are about two times higher than those of CoP(L) and CoMnP(L). These
findings confirm the smaller size of the Co particles in the small-particle catalysts after
reduction at 280°C. Moreover, the CoP(S) sample reduced at 280 °C has a much higher metal
surface area than the CoPDI(S) reduced at the same temperature. The Co particle size of the
CoPDI(S) catalyst was found to be 5 nm (Chapter 3), it is reasonable to conclude that the Co
particles in the CoP(S) catalyst are even smaller. After correction for the DOR, the particle size
would be less than 1 nm, which is unreasonable. We speculate that the initial size of ¥4 nm
particles of the oxide precursor is retained with part of the Co-oxide particles transforming
into metallic Co. The significant difference in H, chemisorption between the precipitated
samples and the reference ones underpins the strong impact of the preparation method. For
the new samples, Mn promotion does not strongly impact the metal surface area with a
slightly higher value for the CoMnP(S) catalyst as compared to CoP(S) while the reverse is
observed for the large-particle catalysts. Upon reduction at 450 °C, the H; chemisorption
values for the precipitated catalysts are slightly lower than for the reference catalysts. The
much lower absolute values clearly point to significant Co sintering as can be expected.
Notably, the values are lower for the Mn-promoted samples, which can be explained by the
presence of Mn-oxide on the metallic Co surface.

Table 4.4. H, chemisorption data after reduction at 280 °C and 450 °C, particle sizes derived from the
H; chemisorption assuming spherical particles, and sizes corrected for the DOR obtained from XPS

analysis.
Reduced at 280 °C | Reduced at 450 °C
Sample Mn/Co
mmol Hz/gco mmol Hz/gco

CoP(S) 0 1.19 0.20
CoMnP(S) 0.1 1.35 0.12

CoP(L) 0 0.70 0.26
CoMnP(L) 0.1 0.63 0.12
CoPDI(S) 0 0.67 0.38
ColWI(L) 0 0.88 0.35

4.3.7 High-pressure catalytic activity measurements

The FT catalytic performance of the various samples was measured at a temperature of 220
°C, a H,/CO ratio of 2 and a pressure of 20 bar (Fig. 4.8). The rates normalized to the Co catalyst
weight (Fig. 4.8a) show a strong variation with particle size, promotor content and reduction
temperature. We first note that the ColWI(L) catalyst has a nearly two times higher activity
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than the CoPDI(S) catalyst, which can be related to the particle size effect. The opposite counts
for the Mn-promoted samples. The CoMnP(S) catalyst is more active than the CoMnP(L)
catalyst independent of the reduction temperature. This is in line with the results in Chapter
3, which show that the presence of Mn can compensate for the suppressed activity of small
particles due to the particle size effect, the reaction data for CoMnP(L) are probably an outlier
(see below). For all samples, except CoMnP(L), it is observed that the reaction rate is higher
for the samples reduced at 280°C in comparison to their counterparts reduced at 450 °C. The
higher weight-based activity after reduction at lower temperature has also been reported by
Melaet et al.’> and Van Deelen et al?*. As mentioned in Chapter 3, the strong influence of the
Co particle size is also apparent when comparing CoP(S) with CoP(L), where the large particles
are significantly more active than the smaller ones. Similar to the reference catalysts, the
CoP(L) catalyst is twice as active as the CoP(S) catalyst after reduction at 450 °C. The difference
is slightly less when these catalysts are reduced at a lower temperature of 280 °C. Most
profoundly, it is observed that the CoMnP(S) catalyst reduced at 280 °C has the highest
reaction rate, which is even significantly higher than the reaction rate of the ColWI(L)
reference. There is also a clear promoting effect of Mn-oxide as the CoMnP(S) catalyst is more
active than the CoP(S) one. Thus, the structure sensitivity can be overcome. By partial
reduction of Co with Mn can further promote the FT activity.
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Figure 4.8. Catalytic performance of the various precipitated catalysts after reduction at 280 °C (blue
bars) or 450°C (red bars): (a) reaction rate normalized to the Co loading and (b) apparent activation
energy (reaction conditions: T = 220 °C, p = 20 bar, H»/CO = 2, values after 30 h of reaction, activation
energies determined in the range 220-240°C). The green and orange dotted lines indicate the reaction
rates and apparent activation energies of CoPDI(S) and ColWI(L) reduced at 450 °C.

The apparent activation energies determined for the precipitated catalysts show an influence
of the presence of Mn oxide and Co oxide (Fig. 4.8b). The corresponding Arrhenius plots are
shown in Appendix Fig. C3. The precipitated catalysts display apparent activation energies
similar to or lower than the apparent activation energy of the ColWI(L) sample (105 kJ/mol).
The apparent activation energy of the CoPDI(S) sample is slightly higher (119 kJ/mol). The two
most active samples, namely CoMnP(S) and CoP(L) reduced at 280 °C, exhibit substantially
lower apparent activation energies. This suggests the presence of active sites with a higher
reactivity, presumably due to the presence of Mn oxide and/or Co oxide species that can
facilitate CO dissociation as discussed for Mn oxide promotion in Chapter 2. The very large
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value of the apparent activation energy for CoMnP(L) is likely due to the ongoing reduction of
this sample during reaction as suggested by the data obtained for the DOR after reduction at
280 °C and after reaction at 260 °C in Table 4.2. The increasing DOR during apparent activation
energy measurements at increasing temperature will lead to a disproportionally strong
increase in the catalytic performance.

Overall, these data show that the catalysts can be promoted by the presence of Mn-oxide and
Co-oxide. In Chapter 2 it is shown that removal of O atoms from MnO leads to coordinatively
unsaturated Co?* sites that can facilitate dissociation of CO adsorbed on the adjacent metallic
Co sites. The promotional effect of Co-oxide likely follows a similar mechanism as MnO?L. The
apparent activation energies for CoMnP(S) and CoP(L) reduced at 280 °C are lower than the
apparent activation energy of optimum CoMn/SiO>. As in the latter catalyst all Co was reduced,
this difference can point to a prominent role of Co-oxide. Overall, the data indicate that the
presence of Co- and Mn-oxide in the precipitated catalysts yields the highest Co-weight-based
reaction rate. In contrast to the catalyst prepared by other impregnation methods, where
partial oxidation or Mn addition yielded better selectivities and higher TOFs, but not a higher
weight-based reaction rate (see Chapter 3).

Turnover frequencies (TOFs) based on the metal surface area determined by H, chemisorption
are presented in Fig. 4.9. The catalysts reduced at 450°C exhibit a higher TOF than their
counterparts reduced at 280 °C. Thus, although the weight-based activity of the catalysts with
presumably small (< 6 nm) particles are higher than the large-particle catalysts, their TOF is
lower. This can either be the result of a much lower metal surface area of the particles reduced
at 450°C due to SMSI. As such, we can infer that reducing a CoMn/TiO; catalyst prepared by
precipitation in the presence of citric acid at 280 °C results in small (<6 nm) particles with a
higher Co-weight-based activity than fully reduced TiO2 supported Co catalysts. Next, we study
the impact of promoter, particle size and reduction temperature on the product distribution.
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Figure 4.9. TOF for the catalysts reduced at 280 °C (blue) or 450 °C (red) after FT reaction at 220 °C, 20
bar, H,/CO = 2 after 28 h time on stream. The green and blue dotted lines represent the TOF values of
the reference catalysts CoPDI(S) and ColWI(L) after reduction at 450 °C, respectively. The TOFs were
determined using the H, chemisorption values reflecting the metallic Co surface area.

Fig. 4.10 reports the product distribution at the standard FT conditions. The less active
CoPDI(S) catalyst shows a significantly higher methane selectivity than the ColWI(L) reference,
in line with the well-established finding that smaller particles yield more methane at the
expense of Cs. products.?® All the precipitated Co catalysts show a low methane selectivity.
The highest methane selectivity is observed for CoP(L) reduced at 450°C, its value being close
to the value for the ColWI(L) reference. All the other samples except the outlier CoMnP(L)
reduced at 280 °C, produce significantly less methane than the reference samples. The most
outstanding difference is observed for the small-particle catalysts with values for the methane
selectivity even lower than for the ColWI(L) reference. It is also clear that Mn lowers the CH4
selectivity in all relevant cases. The low CHa selectivity is mirrored by the increased Cs.
selectivity for all catalysts except the outlier. The most favorable cases are for CoP(S) and
CoMnP(S) reduced at 280 °C, presenting a Cs.: selectivity close to 95 %.
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Figure 4.10. Product distribution data during the FT reaction at 220 °C, 20 bar, H,/CO = 2 after 28h time
on stream: (a) C; selectivity, (b) Cs. selectivity as a function of the O/P ratio of the Cs; products and (c)
the Cs. selectivity. The corresponding values for the CoPDI(S) and ColWI(L) reference catalysts are shown
in green and blue dotted lines respectively in panels (a) and (c).

Fig. 4.10b shows a linear correlation between the Cs. selectivity and the olefins-to-paraffins
(O/P) ratio for which the Cs olefins and paraffins were used as a proxy. Such a correlation,

-117 -



which has been reported before,?® reflects the suppressed hydrogenation activity of the

catalyst, which can explain the higher chain-growth probability. As such, the trends also
correlate to the methane selectivity. It is also evident from these data that Mn promotes the
O/P ratio and the Cs. selectivity at the expense of the C; selectivity. These trends are in line
with the effect of MnO on Co as also found for CoMn/SiO>!.

4.3.8 IR spectroscopy

CO IR spectroscopy was used to characterize the catalytic surface after different pretreatment
methods. IR spectra recorded at 30 °C are presented in Appendix Fig. C4 as a function of the
CO partial pressure. Temperature-programmed IR measurements were used to study the
evolution of adsorbed CO under increasing temperature. In these experiments, the CO
pressure was 10 mbar and the temperature was ramped from 50°C to 300°C at a rate of
5°C/min. Fig. 4.11a shows a typical IR spectrum with the main CO absorption band being
located in the range of 2028-2038 cm™. During heating to 125-150 °C, a blue-shift of this band
by ~50 cm™ is observed, which can be linked to the appearance of mainly adsorbed C species
that due to their lateral interactions shift the CO absorption band to the blue. The adsorbed C
species originate from CO dissociation and the blue-shift can therefore be used as a proxy for
CO dissociation.?”282°
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Figure 4.11. (a) Representative temperature-programmed IR experiment of the CO absorption range
(1700 — 2100 cm?, (b) peak maxima for various catalysts reduced at 280 °C and (c) peak maxima for
catalysts at 450°C. The CO pressure in the cell was 10 mbar CO and the heating rate 5 °C/min.

The shift of the linear CO absorption band for the catalysts reduced at 280 °C (Fig. 4.11b) and
450°C (Fig. 4.11c) all show a similar blue-shift. The corresponding IR spectra of these
experiments are given in the Appendix C5. In agreement with the FT activity of the precipitated
catalysts, the blue-shift occurs at a lower temperature than the reference samples. Despite
this, the variations in the activity among the precipitated catalysts does not translate in
significant differences in the temperature at which the blue-shift occurs. A tentative
explanation is that the pressure in the IR experiments is much lower than in the FT tests. At
high pressure, CO dissociation is more difficult due to the lack of surface vacancies on the
metal surface3. As such, the reaction will benefit more from additional sites for CO
dissociation at high pressure. In the IR experiments, the CO pressure is low, implying that there
are sufficient vacancies on the metal surface for CO dissociation. In contrast to the catalysts
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reduced at 280 °C, those reduced at 450 °C show no consistent trend in the temperature of
the blue-shift.

Additional temperature-programmed IR experiments were carried out in a synthesis gas
mixture (H2/CO = 2, 100 mbar). Fig. 4.12 shows the IR spectra for such measurements for the
samples reduced at 450°C. The spectra contain a clear band due to gaseous CH4 at 3015 cm™.
Adsorbed CHy species are also present as follows from the IR absorption bands at 2927 cm'?
due to vas(CH2), 2876 cm™ due to vs(CH3), 2876 cm™ due to vs(CHs), and 2855 cm™ due to
vs(CHz). The characteristic bands due to gaseous CHs are typically observed for all catalysts
starting from a temperature of 200 °C. The intensity of these bands varies substantially among
the samples. Moreover, it is clear that the bands due to adsorbed CH; species are much most
intense for CoMnP(L) and CoMnP(S). Moreover, these bands appear before those of CHa in
comparison to the reference catalysts, where the CH; bands were much weaker or even
absent. These differences are comparable to the effect of Mn on CO dissociation probed by
temperature-programmed IR measurements in Chapter 2. The higher rate of CO dissociation
results in a higher coverage with CHy species. Compared to the precipitated samples, CoPDI(S)
reduced at 450 °C leads to less methane, reflecting the low activity as compared to the small-
particle catalysts prepared by precipitation.

Fig. 4.13 depicts the corresponding IR spectra after reduction at 280 °C. In this case, the CHy
bands are much more intense, and the impact of particle size and the presence of Mn is only
minor. The presence of Mn leads, however, to an additional CHx band at 2876 cm™, which is
absent in samples without Mn. This band can be attributed to vs(CH3)3!. Besides the strongly
shifting linear CO band present in all spectra, the spectra also contain other relatively sharp
bands at 1842, 1892 and 1930 cm™. These bands shift less with temperature and are more
intense for the small-particle catalysts. Recently, Parastaev et al. showed that low-temperature
reduction of Co-oxide on a Ce0,-ZrO; support can lead to the formation of small Co clusters of
a few atoms dispersion on Co-oxide32. The CO IR spectra of such catalysts recorded at ambient
conditions exhibited similar sharp IR bands, which could be assigned on the basis of DFT
calculations to top and bridged adsorption modes of CO on small Co clusters. These
nanostructured catalysts were associated with high activity in the methanation of CO;. Given
the similarity in the IR spectra, we speculate that the catalyst reduced at 280 °C contains some
small Co clusters dispersed on Co-oxide next to the evidently present extended Co surfaces
representative for Co particles. The high activity of the samples reduced at low temperature
might at least in part be attributed by such small Co clusters in interaction with Co oxide.
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Figure 4.12. IR spectra in the range 2800-3200 cm™. of TPFTIR experiments after reduction at 450 °Cin

syngas (H./CO

2, pwot = 100 mbar). Colors indicate increasing temperature from 50 — 300 °C. In the

heat maps colors indicate the increasing IR intensity from violet to red.

-120-



9,
o“’e
T | T p A
£ o, £ § &
S %, S - w5
e < 5 g
[} ] o °
o o = £
: 5 : :
c 9, c b ]
0, >
g % 2 > ®
o
2 2 ] 2 s
= 4 o
: —r—% 0
- . — 00, - 00,\ N o © m o 3
N ® ¢ o €© o v o n o € “ © 9o © 9
=~ 8 3 8 S5 8 48 S o 6 & o
TR o © ©o o o (‘n"e) @dueqlosqy
(‘n"e) @dURqIOSqQY b2
9
?)
%
a = TE T‘E
1 1
[
(8] %, S
§ § T 2
- — Q [
2 ® -g .g
1S € S =
2 2 g . §
5 [ > e >
: ; g g
= =
o,
(2 o © o =) 0(:“
o o o € o 2 2 S =1
8 ) ~ - ~ o ) (D.) @aamesadway
& [Jlequi] 2inssald A (D.)ammesadwa) 0 =
A & % = 5
(%) a o, —_ a %
= c T = s <
Q.
8 % ~8 ~9 [ =
O %, .Y O 2,
g %5 5 &
& & S =
v o = ]
) 1) o v %. o
o 0. 2 Qo 6
: “t : e
2 g = 5 b
: [, § : AT
g > 3 % 2 = AN ¢ =2
P =S ~
S = | [2)
———t%, TR
8 ‘é’_ 19\ .‘2 8 © o o oo o
© e o o e (‘n"e) @dueqosqy
(‘n"e) @d3ueqIosqy
9 Q
% %
o o Cy E
0, 1 (7) ! ) 1
@ @,
21'; 1) a (th a
2 o
% ¢ % g £ :
3 3 =] =
& 5 g b5
[2) > 2) > > >
7 %Y, ©
o, 2
(S 0
g 2 8 ¢ g 8 38 < S 8 3
@ & 2 L ~ - b & 2
[1equi] ainssald (D.) @1mesadway (D.) aimesadwa] (D.) aamesadway

I B

)
)

o
N

Figure 4.13. IR spectra in the range 2800-3200 cm™of TPFTIR experiments after reduction at 280 °C in
syngas (H2/CO = 2, piw:= 100 mbar). Colors indicate increasing temperature from 50 — 300 °C. In the
heat maps colors indicate the increasing IR intensity from violet to red.

-121-



4.4 General discussion

The way Co-based FT catalysts are prepared has a very strong impact on the catalytic
performance. Many parameters such as the loading method, the drying conditions, the
pretreatment procedure and the presence of promoters will strongly impact the active phase
and catalytic performance, rendering it challenging to predict the optimal preparation method.
However, a few design principles for optimal Co catalysts have been discussed?3. Another
factor impacting FT performance is the Co particle size, as the FT reaction has been found to
be strongly structure sensitive?. By employing a novel precipitation method, Shimura et al. was
able to achieve a remarkably low CHs selectivity3*. In combination with the complexing agent
citric acid, which is known to increase Co dispersion®, we prepared homogenously distributed
<6 nm Co particles at a relatively high Co loading of 10 wt% supported on TiO,. These catalysts
showed extraordinary catalytic performance with the precipitated catalyst with small Co
particles, CoP(S), exhibited a lower CHs and a higher Cs. selectivity than the precipitated
catalyst with large particles, CoP(L). This difference is in contrast with the trends in literature
with respect to particle size as confirmed by the difference between our reference small-
particle and large-particle reference catalysts. As such, the present findings challenge the
widely accepted assumption that <6 nm particles should be avoided for FT catalysts with high
activity and high Cs. selectivity. Although it is commonly believed that completely reduced Co®
species are necessary for a high activity, this has already been questioned, especially for Co on
reducible supports like TiO23> or Nb20s%4. A comparison of the DOR determined by XPS of the
TiO2 supported Co(Mn) catalysts after reduction at 280 °C and a FT model reaction at 260 °C
shows the presence of large amounts of Co oxide (>85%). The Co atoms in the catalysts
reduced at 450°C were fully reduced. Despite the lower DOR, the catalytic performance of the
low-temperature reduced catalysts was substantially higher. This difference is attributed to the
presence of reducible CoO in close contact with Co metal, where similar chemistry can occur
as at the Co-MnO interface as discussed in Chapter 2. It is also important to emphasize that
the lower reduction temperature led to a higher metal surface area than reduction at 450 °C.
The low surface area of the high-temperature reduced catalysts is most likely the result of SMSI
overgrowth of Ti-containing species on metallic Co 3¢37:38, Linear combination fitting of XANES
spectra measured during reduction revealed a higher Co?* content (which is associated with
metal support species) for CoPDI(S) compared to the CoMnP(S) and Co(L) samples. In addition
to that XANES revealed a higher stability over a large temperature range of the oxidic phase in
the CoMnP(S) catalyst. A detailed comparison of the XANES spectra after reduction at 450 °C
revealed minor differences between the Co edge of CoMnP(S) and the reference samples
(Appendix Fig. C6), which could be associated to stacking faults as reported in literature42,
Temperature-programmed IR of adsorbed CO confirmed the higher activity towards CO
dissociation of catalysts reduced at 280 °C compared to those reduced at 450 °C. Temperature-
programmed IR in syngas after reduction at 280 °C revealed the presence of small Co metal
clusters next to extended Co surface, indicating that the Co metal speciation is different from
fully reduced catalysts. It is likely that the increased interface between reduced Co and Co-
oxide can enhance CO dissociation in a similar manner as observed for MnO promotion.
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4.5 Conclusion

In this work, we described a precipitation method for TiO;-supported Co catalysts, allowing to
obtain small Co particles using citric acid as a complexing agent and large Co particles without
aid of a chelating agent. The promotion of these samples by Mn introduced by co-precipitation
was studied as well. The influence of the reduction temperature (280 °C vs. 450 °C) was
investigated for these samples in comparison to the samples in Chapter 3. Small Co particles
obtained in this way were more active on a Co weight basis than the large particles at the low
reduction temperature of 280 °C, showing that conventional structure sensitivity can be
overcome. The reduction temperature has a substantial impact with the small particle catalysts
being reduction at 280 °C exhibiting a twofold higher activity compared to reduction at 450°C.
Mn-promoted samples are significantly more active on a Co weight basis. It is speculated that
the increased activity for these small Co particles stems from the presence of Co-oxide, which
may function in the same way as Mn-oxide, i.e., providing additional sites for CO dissociation.
Notably, the most active catalysts have a low DOR, which can in part be explained by the
absence of Pt reduction promoter as compared to the samples in Chapter 3. Besides the
increased activity, the optimum samples exhibit low methane and increased Cs. selectivity as
compared to conventional samples. Characterization of these samples indicates the presence
of metallic Co clusters next to extended Co surfaces in nanoparticles, which are likely in contact
with Co- and Mn-oxides stabilized by the TiO, support. XAS points to stacking faults in the
metal Co particles, which may reflect their disorder as compared to larger metal particles
reduced at conventional temperatures.
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Appendix C: Chapter 4

CoMnP(L)

CoP(L)

CoMnP(S)

CoP(S)

Figure C1. Representative TEM micrographs ofthe clcined precipitated catalysts.
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Effect of washing step on Na content
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Figure C2. Na 1s XPS spectra of catalyst CoMnP(S) after and before washing the calcined precursor,
showing the absence of Na after washing.
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Figure C6. Comparison of XANES spectra after reduction at 450°C. The influence of the preparation
methods on the XANES spectra is clearly visible with the CoMnP(S) standing out indicating structural
distortions introduced via precipitation.
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Summary

Structure Sensitivity of Manganese-Promoted Cobalt Fischer-Tropsch Synthesis
Catalysts

Fischer-Tropsch (FT) synthesis is an increasingly important technology to convert various
carbon-containing resources, such as natural gas, coal and biomass into clean transportation
fuels and other valuable chemicals. Despite its importance, a large number of questions
remains unanswered, especially regarding the underlying reaction mechanism in relation to
catalyst structure. On top of the complexity of the reaction mechanism, which involves
initiation, propagation and termination steps, there are two main aspects that warrant further
understanding when the aim is to improve Co-based FT catalysts. First, the strong impact of
the size of Co particles on the catalytic performance, often linked to structure sensitivity of CO
dissociation, strongly limits the utilization degree of Co as relatively large particles (>6 nm) are
preferred over smaller ones. Besides being of fundamental interest, this also is of practical
relevance with respect to expanding FT capacity, also in the light of Co use for energy storage
solutions. Second, despite the use of a variety of promoters, their role is not very well
understood and this especially pertains to the role of Mn promotion for Co. Besides a role as
structural promoter, it is clear that Mn affects the product distribution with contradicting
results being reported. A typical observation is that the influence of Mn decreases with
increasing reaction pressure. The aim of the present work was to study the way Mn promotion
impacts the reaction mechanism and the activity and product distribution as a function of the
reaction pressure. Moreover, we study the impact of Mn promotion on different supports that
either have weak or strong interactions with Co and Mn. A specific aim is how understanding
of the role of Mn in improving Co-based FT catalysis can help to overcome the particle size
effect.

In Chapter 2, the main kinetic aspects of Mn promotion of Co using SiO, as a support are
examined, which lay a foundation for subsequent studies involving TiO, support. SiO; was
chosen as it is a relatively inert support. This largely suppresses strong metal-support
interactions (SMSI), which can interfere with the promoting effect of Mn. The Mn/Co ratio was
varied to determine its effect on the performance as well as to study the optimum content.
Thorough characterization revealed the incorporation of Mn into the lattice of the Co304
precursor, which leads to an increase of the reduction temperature compared to the
unpromoted catalyst. After reduction, Mn stays close to the reduced Co surface as known from
literature, as follows from hydrogen chemisorption measurements. Despite that part of the Co
surface is blocked by MnO, the FT activity and turnover frequency (TOF) at a total pressure of
2 bar are higher for the Mn-promoted sample. For the optimum Mn/Co ratio of 0.1, it is
furthermore found that Mn increases the Cs. selectivity and reduces the methane selectivity.
Insights into the effect of Mn on the reaction mechanism were obtained by temperature-
programmed CO and CO/H; IR measurements. The strong blueshift observed of adsorbed CO
with increasing temperature is correlated to CO dissociation. The presence of Mn lowers the
onset temperature of CO dissociation. Density functional theory calculations were used to
explore the role of MnO in CO dissociation. For this purpose, a Mn404 cluster on the Co(0001)
surface optimized by a genetic algorithm was used as a model to study CO dissociation.
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Mechanistically, the oxophilic nature of Mn cation upon O removal from the Mn4QO4 cluster
provides sites that can accept the O atom of CO during its dissociation when bound to the Co
surface. Experimentally, we found that Mn promotion was strongly pressure dependent. This
insight can explain the discrepancies between various studies about Mn promotion. While in
general the activity increased but levelled off when the pressure was increased to 20 bar, it
was also found that there was a maximum in methane and Cs. selectivity at intermediate
pressure. The decrease in methane and Cs. selectivity at high pressure goes together with a
higher C,4 olefins selectivity. A surface model is proposed for Mn promotion of Co in which
MnO domains provide additional CO dissociation sites, which are unlike step-edge sites not
active in C-C coupling reactions. Therefore, the C1 growth monomers generated on MnO sites
need to diffuse to chain-growth sites. As with increasing pressure, the Co surface gets crowded
with COQ, this diffusion is hampered, increasing the residence time of these monomers on the
terrace, which lowers the chain-growth probability.

Chapter 3 explores the effect of Mn promotion on small (i.e., <6 nm) as well as large (i.e., > 6
nm) on a TiO; support. Small Co particles were obtained using citric acid as a chelating agent
in combination with CoCOs as a Co precursor that slowly forms Co?*-citrate complexes during
preparation. It was found that the addition of Mn to this preparation procedure did not affect
the particle size of the final Co-oxide precursor. The formation of small particles was confirmed
by XRD, TEM and Mdssbauer spectroscopy, despite some sintering occurring at the high
temperature of reduction at 450°C. In line with the known structure sensitivity for Co-based
FT, the FT activity of small Co particles was lower than that of large Co particles along with a
higher methane and lower Cs. selectivity. Nevertheless, reduction at low temperature (280 °C)
led to a higher catalytic performance. Especially, small Co particles promoted with Mn reduced
at 280 °C a higher activity combined with a similar product distribution as large Co particles.
Thus, these findings suggest that the addition of Mn to small Co particles can compensate for
the loss of active sites for CO dissociation, following the findings of Chapter 2. This is reflected
in the reaction kinetics by a lower apparent activation energy. Temperature-programmed IR
spectroscopy of adsorbed CO confirmed the increased activity of the Mn-promoted small
particle catalysts in CO bond discussion after low-temperature reduction. Comparison of these
catalysts in CO and CO; hydrogenation shows that the promotional effect of Mn on CO
hydrogenation can also benefit CO, hydrogenation.

Chapter 4 further develops the approach to reduce small Co particle catalysts on TiO; at low
temperature towards improved catalytic performance. For this purpose, a precipitation
method that yields homogenously distributed Co particles with a narrow particle size
distribution is used that can be combined with Mn promotion. Citric acid is again used as a
chelating agent to lower the size of the Co3z04 particles in the precursor to ca. 4 nm. The same
precipitation procedure without citric acid yields precursor particles with a size of ca. 9 nm.
Reduction at 280 °C leave a significant fraction of Co in the oxidic state, independent of the
particle size. The degree of reduction (DOR) sample is typically ca. 10 % as judged by quasi in
situ XPS, which is lower as compared to the samples in Chapter 3. This is likely due to the
absence of Pt reduction promoter in the samples prepared in this chapter. Operation in the FT
reaction for 4 h at 260 °C only leads to a marginal increase of the DOR. Furthermore, X-ray
absorption spectroscopy indicates for these samples small structural changes, amongst others
more stacking faults in the metal particles and a different hcp/fcc ratio. The catalytic
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performance of these samples in comparison to those in Chapter 3 show a large impact of the
preparation method and the reduction temperature. The main finding is that a co-precipitated
catalyst containing small Co particles reduced at 280 °C shows the highest Co-weight-based
activity. Similar to the findings in Chapter 3, we find a lower apparent activation energy for the
most active catalysts. Besides high activity, the promoted small Co particle catalysts that
contain a significant amount of Co-oxide also present beneficial properties in terms of high Cs.
selectivity and high chain-growth probability.

Overall, this work has provided us with new understanding about the way Mn promotes
Co/SiO3 FT synthesis catalysts. It is clear that MnO covers part of the Co surface, providing new
active sites for CO dissociation. The increased activity towards CO dissociation affects the
product distribution in a pressure-dependent manner, which is due to differences in the CO
coverage. This knowledge is translated to improve the performance of especially small Co
particles on TiO.. The loss of active site for CO dissociation on small Co particles can be
compensated by Mn promotion as well as incomplete Co reduction. Although it can be
speculated that Co-oxide in contact with metallic Co can provide additional sites for CO
dissociation just like MnOQ, it can also be that the Co particles contain more step-edge sites due
to the strong interaction with the TiO, support and the low reduction temperatures employed.
Future work should focus on resolving the complex chemistry involving CO hydrogenation
involving metallic Co, Co- and Mn-oxide and the TiO support.

-135-



Acknowledgements

| remember the day in May 2014, when | was sitting in the basement of the Ruprecht Karl
University of Heidelberg preparing my application for a PhD position in the Netherlands. And
how excited and motivated | was when | eventually received an offer. However, | should have
been aware of the following wisdom found on the internet: “Every dead body on Mt. Everest
was once a highly motivated person”. In autumn 2023 | am sitting again in a university library
finishing the last lines of the thesis. It seems almost surreal that after 5 years of PhD and almost
4 years of “writing and reviewing” my odyssey is supposed to come to an end. However, | don’t
want to bemoan the past but instead follow Nietzsche’s amor fati.

| would like to thank my first promotor prof. Emiel Hensen for the opportunity to work in a
well-equipped lab and to present my results on international conferences. Furthermore, |
would like to thank my co-promotor Robert Pestman for his support during the Phd and writing
phase. Dear Robert, | enjoyed discussing my results with you as you have always found
contradictions, unclarities or other shortcomings of my theories and thus help to improve my
work considerably. | would like to thank the committee members prof.dr.ir. J. van der Schaaf,
prof.dr. F. Gallucci, prof.dr. G. Rothenberg, dr.ir. L.M.T. Somers and dr.ir. .AW. Filot for taking
the time to carefully read and assess my thesis.

| would also like to thank my IMC coworkers Adelheid and Brahim for numerous supports
during ICP or FTIR measurements. Dear Tiny thanks for your willingness to switch gas bottles
on a Friday afternoon. Emma thank you for the organization of the IMC madhouse as well as
coffee and snoepjes. | would also like to thank Emma’s successor Sue for her help with the
organization of my defense.

During the course of my PhD, | have encountered a multitude of people from all over the world
whose personalities ranged from pleasant to “interesting”. As it would be presumptuous to
remember and acknowledge every single one, | would like to acknowledge all of you and hope
you forgive me for not mentioning everyone separately.

| would also like to thank prof. Martin Dienwiebel for offering me the opportunity to dive into
tribology and extend my knowledge of surfaces to a more macroscopic approach.

Ferdinand, vielen Dank fiir deine langjahrige Freundschaft, die im Bunsen-Saal seinen Anfang
nahm. Auch fir die vielen anregenden Diskussionen lber Gott und die Welt. Benedikt, auch
dir sei fur deine langjahrige Freundschaft gedankt, die sogar noch weiter zuriickreicht. Ich bin
dir Gberaus dankbar fiir dein immer offenes Ohr und die stindige Bereitschaft zu helfen.

Zu guter Letzt, mochte ich mich bei denen bedanken, ohne deren langjahrigen Riickhalt weder
das Studium, noch die Promotion méglich gewesen waren: Meine Mutter Barbara, Michael
und Domenika sowie Karl-Heinz und Benny. Ich danke euch aus ganzem Herzen! An die
Unterstlitzung meines Vaters, der die Fertigstellung dieses Textes nicht mehr erleben kann, sei
hier ebenso erinnert.

Tobias F. Kimpel September 2023

-136 -



List of publications

Publications within the scope of this thesis:

Tobias F. Kimpel, Jin-Xun Liu, Wei Chen, Robert Pestman, Emiel J.M. Hensen, Pressure dependence and
mechanism of Min promotion of silica-supported Co catalyst in the Fischer-Tropsch reaction, Journal of
Catalysis 425 (2023) 181-195

Tobias F. Kimpel, Alexander Parastaev, Wei Chen, Robert Pestman, Emiel J.M. Hensen, The influence of
Co reduction degree on the particle size dependence of CoMn/TiO, Fischer-Tropsch catalysts, in
preparation

Tobias F. Kimpel, Alexander Parastaev, Robert Pestman, Emiel J.M. Hensen, Highly active and selective
Co(Mn)/TiO, catalysts prepared by precipitation: on the impact of reduction temperature, in
preparation

Publications outside the scope of this thesis:

Chen, W.; Kimpel, T. F.; Song, Y.; Chiang, F. K.; Zijlstra, B.; Pestman, R.; Wang, P.; Hensen, E. J. M.
Influence of Carbon Deposits on the Cobalt-Catalyzed Fischer-Tropsch Reaction: Evidence of a Two-
Site Reaction Model. ACS Catal. 2018, 8 (2), 1580-1590.

Parastaev, A.; Muravev, V.; Huertas Osta, E.; van Hoof, A. J. F.; Kimpel, T. F.; Kosinov, N.; Hensen, E. J.
M. Boosting CO2 Hydrogenation via Size-Dependent Metal-Support Interactions in Cobalt/Ceria-Based
Catalysts. Nat. Catal. 2020, 3 (6), 526-533.

Parastaev, A.; Muravey, V.; Osta, E. H.; Kimpel, T. F.; Simons, J. F. M.; van Hoof, A. J. F.; Uslamin, E.; Zhang,
L.; Struijs, J. J. C.; Burueva, D. B.; Pokochueva, E. V.; Kovtunov, K. V.; Koptyug, I. V.; Villar-Garcia, I. J.;
Escudero, C.; Altantzis, T.; Liu, P.; Béché, A.; Bals, S.; Kosinov, N.; Hensen, E. J. M. Breaking Structure
Sensitivity in CO2 Hydrogenation by Tuning Metal-Oxide Interfaces in Supported Cobalt Nanoparticles.
Nat. Catal. 2022, 5 (11), 1051-1060.

Meng, L.; Vanbutsele, G.; Pestman, R.; Godin, A.; Romero, D. E.; van Hoof, A. J. F.; Gao, L.; Kimpel, T.
F.; Chai, J.; Martens, J. A.; Hensen, E. J. M. Mechanistic Aspects of N-Paraffins Hydrocracking: Influence
of Zeolite Morphology and Acidity of Pd(Pt)/ZSM-5 Catalysts. J. Catal. 2020, 389, 544-555.

Konig, T.; Kimpel, T.; Kiirten, D.; Kailer, A.; Dienwiebel, M. Influence of Atmospheres on the Friction
and Wear of Cast Iron against Chromium Plated Steel at High Temperatures. Wear 2023, 522

Oral presentations:

NCCC XVII, March 2016, Noordwijkerhout, Netherlands
EuropaCat-2017, August 2017, Florence, Italy

Prepal2, July 2018, Louvain-la-Neuve, Belgium

Poster presentations:
NCCC XVIII, March 2017, Noordwijkerhout, Netherlands

-137 -



Curriculum Vitae

Tobias F. Kimpel was born in Eberbach, Germany on August 29%, 1987. He started his B.Sc.
studies at Ruprecht Karl University of Heidelberg in 2007. Subsequently, he moved to KIT to
perform his M.Sc. studies after which he worked in industry performing high throughput
research in heterogeneous catalysis. In September 2014 he joined the IMC group at TU
Eindhoven for his PhD project on the structure sensitivity of Mn-promoted cobalt
nanoparticles for Fischer-Tropsch synthesis which he finished in November 2019. In the
meantime, he conducted a pre-postdoc in tribology and has accepted an industry position
working on the development of “green technologies”.

-138 -



