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GENERAL INTRODUCTION

1.1 Spectroscopy

Spectroscopy is the study of the interaction between light and matter. The terminology
originates from the Latin word spectrum, which means “image” or “appearance”,' and
the Greek word gkotrelv, which means “to look at”.? This fundamental tool covers a
variety of applications ranging from chemical identification of materials to detecting
methane gas on the planet Mars.3” Light consists of photons that propagate as electro-
magnetic waves and the amount of energy a photon carries, dictates the wavelength.
The higher the energy per photon, the shorter the wavelength. The nature of the inter-
action between photons and matter distinguishes the different types of spectroscopy.
Infrared (IR) absorption spectroscopy is a particularly common method in the toolbox
of analytical chemists. In a broader context, scientists started using IR spectroscopy in
the 1930s to identify compounds and investigate their molecular structure.® Molecules
absorb specific frequencies of the IR light, corresponding to the vibrational frequencies
of their chemical bonds. Hence, every IR absorption spectrum is a unique fingerprint
containing the chemical identity of a particular compound. Another common spectro-
scopic technique that probes molecular vibrations is Raman spectroscopy. This tech-
nique is for example used by airport security to screen the contents of cabin baggage.’
The principle of Raman spectroscopy relies on scattering of monochromatic light, which
is usually a laser in the visible light range of the electromagnetic spectrum.’' The in-
coming laser light interacts with molecular vibrations. This results in outgoing photons
with lower or higher energy, providing characteristic information about a compound. IR
and Raman spectroscopy both probe molecular vibrations, but have different selection
rules and are thus complementary. Besides these so-called vibrational spectroscopic
techniques, X-ray spectroscopic techniques are also used to gain insights into the local

geometric and/or electronic structure of matter.'13

1.2 Micro-spectroscopy

Spatially resolved chemical information can be obtained when spectroscopy is com-
bined with microscopy. This is referred to as micro-spectroscopy and defines all meth-
ods in which spectroscopic analyses are combined with imaging techniques.' These
methods are vital to enable chemical identification and localization of particular com-
pounds in fields like forensics, medicine, biology, chemistry, and geology.’'? The spatial
resolution of the imaging technique is an important parameter, as it determines how
sharply we see an object. For example, when comparing satellite images of the Delta
Works in the Netherlands (Figure 1.1) with 320 and 13.2 m spatial resolution, it is clear
that one could easily miss essential details if the spatial resolution is not sufficient. The

same principle applies to imaging materials on the micrometer scale, such as human
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cells, and the nanometer scale, such as metal nanoparticles that are for example ap-

plied in the biomedical field and in chemical sciences, including the field of catalysis.?

Figure 1.1. Satellite images of the Delta Works the Netherlands recorded with 320 m (left) and 13.2
m spatial resolution (right). Images adapted from https://visibleearth.nasa.gov/.

1.3 In Situ and Operando (Micro-)Spectroscopy

Scientists have been using IR spectroscopy to identify compounds and investigate their
molecular structure in a static fashion since the 1930s.2 However, studying dynamic
processes, such as chemical reactions, requires more advanced analytical methods.
The term “in situ” describes the study of phenomena exactly in the place where they
occur and in their natural state.* An example can be found in the biomedical field,
where spectroscopy and imaging techniques are used as diagnostics for many differ-
ent diseases without having to remove tissue.’ While it is relatively straightforward to
assess whether or not an animal or human is in its natural state, i.e. alive, certain re-
search fields require additional tools to proof the natural state of a phenomenon. The
term “operando” emerged from the catalysis field in the early 2000s and describes the
study of phenomena, while providing proof of realistic catalytic performance.*?'?* The
latter can be done by installing next to the spectrometer also a device, such as a gas
chromatograph (GC) or mass spectrometer (MS) to measure online the performance of
the catalyst material under study. A graphical representation of the concept operando
spectroscopy in the field of catalysis is displayed in Figure 1.2.
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Figure 1.2. The concept of operando spectroscopy, which arose from the field of catalysis in the
early 2000s. A catalyst is converting reagents into products under realistic reaction conditions, i.e. at
elevated pressure (P) and temperature (T). Spectroscopic information is obtained, while the catalytic
performance is monitored with gas chromatography (GC) and/or mass spectrometry (MS).

1.4 The Origin of Operando Spectroscopy

The term operando first appeared in the open literature in early 2002, in a feature article
that described the possibilities and limitations of in situ spectroscopy.?® In situ spec-
troscopy had existed for a while already, but was only loosely defined as mimicking
one or more reaction conditions during a spectroscopic investigation. This definition
did, however, not fully appreciate the complexity and dynamics of catalytic systems, as
assessing the catalytic performance was not included. Consequently, it was postulated
that proof of activity and selectivity should be given in spectroscopic studies of catalysts
under realistic reaction conditions and that an alternative name for such a complete
approach would be appropriate.?® Though, before appearing in the open literature,
the term operando had already been suggested verbally at an international scientific
conference. In August 2000, Miguel Bafiares, Eric Gaigneaux, Gerhard Mestl, and Bert
Weckhuysen proposed the new name during a lively discussion at the 220" Ameri-
can Chemical Society (ACS) National Meeting in Washington, DC (USA).% The term

operando is based on the Latin gerund, meaning operating or working, and thus fully

1
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covers the wholesome approach of spectroscopic investigation under realistic reaction

conditions combined with on-line catalytic performance analysis.

Even though the distinction between in situ and operando spectroscopy was postu-
lated and recognized only in the early 2000s, researchers had been doing operando
spectroscopy already before using this term. Figure 1.3 provides an overview of in situ
spectroscopic studies conducted before 2001 that can be considered operando studies,
because they were combined with catalytic performance analysis. The methodology was
back then often described as in situ spectroscopy with on-line catalytic performance
analysis using gas chromatography (GC) and/or mass spectrometry (MS).2%" In some
cases, the catalytic performance was assessed indirectly by using the relevant peak

areas or ratios from the acquired spectra for specific components.3-34

1940-1954 1963-1966 1969 1979 1981 1983-1997 1997 1998 2000 2001 2003 2004-now
First in-situ IR First in-situ In-situ IR First in-situ First in-situ | First operando
with indirect Mossbauer Mb-ssbauér Raman with XAS and conference
activity with GC EPR ! MS XRD with MS Numerous
assessment First ,',.7_5,7“ combined First In-situ DRS “Operando” opera'ndo
Awareness of First in-situ EPRWith GC  yith GC or with GC & First  mentioned in studies
importance of IR with GC MS in-situ STWSTS  the literature
in-situ studies with MS

Figure 1.3. Timeline indicating moments in history when in situ spectroscopic studies could be con-
sidered "operando” before the term operando was formally proposed in the early 2000s.

In the 1930s, scientists started using IR spectroscopy to identify compounds and in-
vestigate their molecular structure.® However, both the available equipment as well
as the knowledge were at that point still a far cry from applications that come close to
operando spectroscopy. Nevertheless, the drive and the awareness existed already
that relevant structure-composition performance relationships should be established
to understand catalytic reactions in detail and to improve the functioning of catalytic
materials.?® By means of IR spectroscopy the first historical steps were taken towards in
situ spectroscopy in the field of catalysis. In 1954, the Eischens group studied the inter-
action of CO with silica-supported Co, Pt, Pd, and Ni catalysts as well as the interaction
of NH, with cracking catalysts in situ.?'337 In the same period, there was also a Russian
group that reported IR spectra of adsorbed molecules on siliceous materials.?4° These

materials were however not yet considered as catalytic solids.?’

In the 1960s, the first spectroscopic studies on catalytic systems combined with cat-

alytic performance analysis appeared.*’*® Some studies were using calibration lines
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derived from IR spectra®? or spectral intensity*® to determine catalytic performance.
These studies represent the start of operando in its most rudimentary form; reliable
structure-performance relationships should be quantitative with minimal error margins.
For example, when spectral intensity is used as a tool to assess catalytic performance,
it becomes difficult to compare results obtained with different equipment and/or by
different researchers. In 1969, Wood et al. investigated Cu,O catalysts for propylene
oxidation with IR reflectance spectroscopy, while analyzing the catalytic performance
with GC“*. This was one of the first real operando studies; the type of Cu species was
assessed simultaneously with quantitative catalytic performance. In their research paper,
they included a schematic drawing of the setup used (Figure 1.4).
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Figure 1.4. Schematic drawing of setup used by Wood et al. in 1969 to investigate Cu,O crystals during

the propylene oxidation reaction. Reprinted from reference /sup(44) with permission from Elsevier.

Up until the 1980s, the operando-like studies were mostly using IR spectroscopy.*>#
In the 1980s, researchers started using Mdssbauer spectroscopy*” and electron para-
magnetic resonance (EPR)* for in situ studies with simultaneous catalytic performance
analysis as well. For example, iron carbide formation in iron-based catalysts for the

Fischer-Tropsch Synthesis (FTS) reaction, the conversion of CO and H, into fuels or

13
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chemical building blocks, was investigated with M&ssbauer spectroscopy during that
time period.***" IR spectroscopy was still widely used in the 1980s too. For example,
by Mochida et al. to investigate the active species on a Rh/TiO, catalyst during the FTS

reaction, while at the same time analyzing the reaction products formed with MS.52

The beginning of the 1990s was marked by the appearance of multiple EPR>¢ and
IR%-5? spectroscopy studies combined with either MS or GC to assess the performance
of the catalytic materials under study. In the second half of the 1990s, the repertoire of
spectroscopy techniques that were combined with performance analysis was clearly
expanded. In 1997, a study appeared that analyzed vanadium oxide catalysts with in
situ Raman spectroscopy, while using online MS to analyze the product output.®® In
1998, supported chromium oxide catalysts were studied with in situ diffuse reflectance
spectroscopy (DRS), while analyzing the products with online GC.¢" In the same year, the
nanoparticle size effect of gold model clusters supported on thin film titania in the CO
oxidation reaction were studied with in situ scanning tunneling microscopy/spectrosco-
py (STM/STS), while monitoring activity with MS.¢2¢3 Even though this investigation and
its results represent an important step in the operando history, it must be noted that the
model catalysts used in this study were significantly different compared to industrially
relevant materials. Nevertheless, although not meant as a complete overview, these
selected showcase examples illustrate the increased use of online catalytic performance
measurements to relate spectroscopic features of a catalyst with its performance under

more and more realistic operating conditions.

The beginning of a new century (2000s) was marked by the increasing use of X-ray
techniques; these had been widely used for example in material characterization or
in the medical field, but not yet really in an operando mode in the catalysis field. A
noteworthy breakthrough was the development of low-energy in situ X-ray absorption
spectroscopy (XAS) in Germany. The researchers presented a set-up that could measure
at the carbon K-edge, oxygen K-edge and copper L-edge in gas atmospheres of 1-10
mbar while assessing the catalytic performance with online MS.%* At the same time,
high-energy in situ XAS was developed in the United Kingdom® and was for example
used to investigate the vanadium oxide structure during CO oxidation, while measuring
catalytic performance with online MS.% Another study by a Danish group that came out
in the same year even combined two different X-ray techniques, X-ray diffraction (XRD)
and X-ray absorption fine structure (XAFS), to analyze a Cu/ZnO catalyst for methanol
synthesis, while monitoring the catalytic performance with online MS.*” The group used
a similar methodology to study alumina-supported rhodium catalysts for the partial
oxidation of methane.®® Besides, a vast number of research articles kept appearing for

example using UV-Vis DRS,28303" Raman,*’ or IR3? spectroscopy or even a combination



GENERAL INTRODUCTION

of multiple techniques’®, while using online GC or MS to prove realistic catalytic per-

formance of the systems under investigations.

The term operando first appeared in the open literature as an attractive alternative name
for in situ in a 2002 feature article that described the possibilities and limitations of in
situ spectroscopy.?® This article was based on a keynote lecture presented at the 5%
European Congress on Catalysis (Europacat, Limerick, Ireland, 2001). In 2002, Bafares
and coworkers were the first to use the suggested term operando in a research article
in the catalysis field called "Operando Raman study of alumina-supported Sb-V-O cata-
lyst during propane ammoxidation to acrylonitrile with on-line activity measurement”’”!
They investigated the propane ammoxidation reaction’'7® with a combination of Raman
spectroscopy and MS and found out that the process requires both surface mono-oxo

vanadium oxide species and SbVO, phases.”?

Since then, operando spectroscopy research has gained pace, especially since the
technical advances made in terms of cell design, time resolution, and signal-to-noise
have increased the applicability of the operando methodology. Over the past 20 years,
the number of publications has increased exponentially (Figure 1.5). Given the constant
improvement of spectroscopic techniques and methodologies, this trend is expected
to continue.' Table 1.1 provides an overview of relevant (operando) spectroscopy
techniques in catalysis research and lists the advantages, disadvantages, and some

contemporary variations.

800 I Chemistry
1 I Chemical Engineering

700 I Materials Science
2 j Energy
9O 6004 [ Physics and Astronomy
2 10%
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= 2004 Engineering

I Biochemistry, Genetics and Molecular Biology
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Il Multidisciplinary
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Figure 1.5. Operando spectroscopy literature data analysis. The search was done on Scopus on
December 3 2021 with input operando spectroscopy or operando microscopy or operando char-
acterization in the title, abstract, or keywords of publications. The number of publications per year
is displayed on the left. The distribution of these publications amongst various fields is displayed on
the right.
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1.5 Catalysis

Catalysis is everywhere: numerous products ranging from disinfectants and detergents
to food ingredients and packaging have been created using catalytic processes.®> Many
of the chemical reactions required to manufacture commodity products can only pro-
ceed by overcoming an energy barrier. This barrier is often too high for the reaction to
occur spontaneously. However, catalysts facilitate chemical reactions by lowering the
energy barriers and/or opening up alternative pathways that are energetically more
favorable. The catalyst achieves this by forming bonds with the reacting molecules and
transforming them into the products. The products detach from the catalyst surface
leaving it unaltered and ready for a new catalytic cycle. The catalyst itself is utilized, but
not consumed during the reaction and therefore only a small amount of catalytic ma-
terial is generally required. A conceptual overview, illustrating the difference between
a catalyzed and an uncatalyzed reaction, is displayed in Figure 1.6. The overall perfor-
mance of a catalyst is typically expressed using the parameters activity, selectivity, and
stability. Activity describes the total amount of reactants, commonly in percentages,
that is converted by the catalyst, while selectivity indicates the percentage of a certain
desired product in the total amount of products formed. Stability is used to describe
the changes in catalytic performance over prolonged reaction time. It is not uncommon
that the performance deteriorates over time; this is called catalyst deactivation and can

be caused by various phenomena, including fouling, poisoning, and decomposition.

Reactants

. Product
@)
Catalyst ‘

Bonding Reaction Separation

Potential energy

\ 4

Reaction coordinate

Figure 1.6. Potential energy diagram of a catalytic reaction. The reactants must overcome an energy
barrier to form the product(s). The catalyst typically lowers the energy barrier and/or facilitates al-

ternative pathways.
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The numerous catalysts known today are commonly divided into three groups based on
their composition and the state of aggregation in which they act: homogeneous, bio,
and heterogeneous. Homogeneous catalysis describes processes where the catalyst,
reactants, and products reside in the same, often liquid, phase. The catalyst itself typi-
cally consists of a transition metal atom stabilized by (organic) ligands. Homogeneous
catalysts occupy only an estimated market share of 10-15% in the total catalysis market.®
Biocatalysts, also known as enzymes, are remarkably efficient due to complex enzymatic/
catalytic centers that are precisely tailored to facilitate a specific reaction. Although the
downsides of biocatalysts include often high costs and sensitivity to deactivation as
well as the high volume of reactor space needed to achieve sufficient product yields,
theirimportance is predicted to increase mainly due to process developments in enzy-
matic biofuel production as well as genetic and metabolic engineering approaches.®
Heterogeneous catalysis is by far the most common industrial catalysis form. In such
processes, the reactants and reaction products reside in a different phase, liquid or gas,
than the solid catalyst. One of the biggest advantages of this is the facile separation of
the catalyst from the products. The heterogeneous catalyst itself typically consists of
metal (oxide) nanoparticles that are stabilized by a support material. The metal (oxide)
nanoparticles differ from the bulk phase in various ways; the most important difference
being increased reactivity of nanoparticles due to higher surface area and thus surface
energy. In the previous section we already saw a couple of examples of heterogeneous
catalysis in the chemical industry, such as methanol synthesis using copper-based cat-
alysts. Another interesting and historical example is the Haber-Bosch process, which
synthesizes ammonia from nitrogen and hydrogen using amongst others iron-based
catalysts.®>®” Ammonia is used as fertilizer on a global scale and has transformed our
world tremendously since the invention of the Haber-Bosch process in the early 1900s.8”
Another relevant catalytic process was invented in the 1920s by Franz Fischer and
Hans Tropsch. They found out that carbon monoxide (CO) and hydrogen (H,) could be
converted into long-chain hydrocarbons, which could be used as fuel.?88 Nowadays,
the so-called the Fischer-Tropsch Synthesis (FTS) offers an elegant solution to enrich
energy supplies, mitigate carbon dioxide (CO,) emissions, and minimize waste streams.
Understanding how the catalytically active phase arises and leads to the formation of
a certain product is essential to maximize the catalyst performance. This PhD Thesis
is mainly focused on cobalt-based catalysts for the conversion of CO and CO, to hy-
drocarbons by using hydrogen as reductant. In what follows, we present an overview
of the active and inactive phases in the cobalt-based FTS and encourage to connect
fundamental insights with real industrial catalysis.” Only then can we transition to a

more circular and sustainable society.
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1.5.1 Fischer-Tropsch Synthesis

FTS is a collective name for chemical reactions that convert a mixture of carbon mon-
oxide and hydrogen, coined synthesis gas or syngas, into long-chain hydrocarbons.?" 2
The most common overall reactions yield linear alkanes (Equation 1.1) or alkenes

(Equation 1.2), although oxygenates, such as alcohols, can also be produced.”

nCO + (2n + 1)H, - C,H,,,, + nH,0 (Equation 1.1)

nCO + (Zn)HZ - C2H2n + TIHZO (Equation 1.2)

This technology dates back to the 19205874 and initially coal was used as a feedstock
to produce synthesis gas (Figure 1.7a). Later, natural gas and biomass were used, as
synthesis gas can virtually be produced from any (hydro)carbon feedstock. In the light
of climate change and sustainability, CO, seems an attractive renewable feedstock for
future purposes.”?” Cobalt, iron, nickel, and ruthenium are all catalytically active in the
FTS reaction. However, nickel is highly selective towards methane, while ruthenium is
scarce and expensive. Generally, FTS is commercially conducted with cobalt- and iron-
based heterogeneous catalysts. A conceptual representation of the FTS can be found
in Figure 1.7b. Cobalt mainly yields linear paraffins and operates at 200-250°C. Iron, on
the other hand, can operate in a wider temperature range (200-350°C) and generally
produces more olefins and oxygenates, especially at the higher end of the temperature
range (320-350°C).7"?2 Water and CO, are byproducts of the FTS due to the water-gas
shift (WGS) reaction (Equation 1.3):

CO + H,0 & H, + CO, (Equation 1.3)

Cobalt has a relatively low WGS activity?" and is therefore more suitable for feedstocks
with H,/CO=2, such as natural gas. Iron, on the other hand, possesses a higher WGS
activity and is often used for feedstocks with H,/CO=1, such as coal and biomass.”®
Maximizing the output of desired products remains an ongoing quest in heterogeneous
catalysis research and there are many ways to do this; for example by, investigating cat-

alyst deactivation,’?#19199-101 reaction mechanisms,'%%'%” and active phases.”?81:9%:100.10&-111
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Catalyst deactivation is a major challenge in both cobalt- and iron-based FTS. The large
industrial and academic interests in this subject are not surprising. Replacing a catalyst
regularly is very unfavorable from a commercial point of view and understanding the
pathways responsible for the complex deactivation behavior of catalytic systems is in-
teresting from an academic perspective. Even though significant research efforts have
been made over the past years,’?871:%8-190 deactivation remains a topic of debate in the
open literature.”” Many different processes are at interplay simultaneously, of which sin-
tering,"'?'"3 re-oxidation,?"'% metal-support reactions, %3114 and carbon deposition?

are just a few examples.

Understanding which reaction mechanisms are responsible for the formation of cer-
tain products, is another way to maximize the desired output. For the FTS, the C-O
bond scission and C-C coupling mechanisms are particularly interesting. Promoting
these pathways would enhance the activity and selectivity during the reaction. Various
mechanisms have been proposed for CO dissociation and chain growth. Although not
unquestioned, direct dissociation of CO followed by C hydrogenation and polymeriza-
tion of CH, is advocated by most researchers.'%% The most widely accepted alternative
is the H-assisted C-O scission and chain growth by CO insertion.02103106107 Reaction
mechanisms remain a controversial topic, as conclusive experimental evidence is rather

scarce. The FTS reaction mechanisms will be summarized in Section 1.5.2.

Identifying the active phase(s) in the catalyst under reaction conditions is a promising
approach to maximize the FTS product yield. FTS catalysts typically consist of metal
oxide nanoparticles before the reaction, i.e., Co,0,in the case of cobalt and Fe,O; in
the case of iron. To convert the catalyst to the active form, it is treated with H,, or po-
tentially CO/synthesis gas for iron. In general, it is recognized that metallic and oxidic
species coexist after activation and during FTS. For iron carbidic species may exist if the
catalyst was activated in CO/synthesis gas, which are believed to be the active phase
in iron-based FTS. For cobalt, on the other hand, the metallic form is considered the
active phase. This difference (i.e., carbide vs. metal) is quite remarkable and underlines
the complexity of identifying the active phase(s), as the two metals catalyze an almost

identical chemical process with presumably comparable reaction mechanisms.

21



22

CHAPTER1

W aS5ET5E (4 sator
450°C, Eisenoxidkatalys< Fischer-TmPSCh'

Synthese (1925)
_/-)

°c m Kat.: Fe, Ni, Co, Ru Diesel
0,/ H;0, 900

Kohlevergasung
200-300°C, Druck

schematisch

Kohle ist ein "organisc
und besitzt eine makro
Netzwerkstruktur

Eisen - K
fur die
Tropsch Synthese

atalysator

Fischer -

® —

Gasoline A
Kerosene Crackin
— Diesel Fractioni

Carbon-containing ~ ©© ©©
resource

—

1. Coal ©¢ oo

2. Natural gas

3. Renewables oo ©®

Syngas
CO+H,

CH, CH, RCH,

CH
coO ‘ Carbide pathway . . . ’Products

‘ CO insertion pathway ‘ '

CHO CHOH CH,OH

Figure 1.7. Overview of the Fischer-Tropsch Synthesis (FTS) process. a) Photograph taken at the
Max-Plank-Institut fir Kohlenforschung (Milheim, Germany) displaying the first Eisen (iron) catalyst
for FTS and the inventors Franz Fischer and Hans Tropsch. b) Conceptual overview of FTS: Syngas, i.e.,
CO and H,, can be produced from virtually any carbon-containing resource. When FTS was invented
in the 1920s, coal was used. Later, natural gas and nowadays more renewable resources, such as
biomass, CO,, and eventually perhaps municipal waste can be used. The syngas is led over a solid
heterogeneous catalyst material, containing iron or cobalt nanoparticles as the active component.
The right side of panel (B) displays an electron microscopy image and X-ray elemental analysis of a
typical FTS catalyst, namely cobalt nanoparticles (red) on a titania support (blue).
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1.5.2 Reaction Mechanisms in Fischer-Tropsch Synthesis

The FTS reaction mechanism has been a topic of debate ever since the first papers
were published by Franz Fischer and Hans Tropsch (Figure 1.7a).888? The development
of surface science tools, 02197115121 a5 well as in situ and operando studies’?81:100-102,122.123
have significantly increased our understanding. Nevertheless, the dispute around re-
action mechanisms in FTS is still ongoing. Generally, all the relevant mechanisms can

be divided into three elementary steps:'?

1. Chain initiation
2. Chain growth

3. Chain termination

These steps are accurately described by the Anderson-Schulz-Flory (ASF) model.2512¢
This model presumes the FTS reaction as an ideal polymerization reaction with a single
chain growth probability factor a, which determines the hydrocarbon chain length n
(Figure 1.8). The optimal value for a depends on the application. For small chemical
building blocks, like ethylene and propylene, a low a value is desirable, whereas for
longer molecules, for example transportation fuels such as C,,-C,; diesel, a higher value
is required (Figure 1.8). The three main reaction mechanisms proposed for FTS are

described below and depicted in Figure 1.9.
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Figure 1.8. Hydrocarbon product distribution Weight fraction C, with chain length n plotted as a
function of the chain growth probability factor a.
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Figure 1.9. Schematic of the three main mechanisms in Fischer-Tropsch Synthesis Representa-
tions of the carbide, CO insertion, and hydroxycarbene mechanism. The three elementary steps chain
initiation, growth, and termination are depicted from top to bottom.

Carbide mechanism. The first®®® and most widely accepted mechanism'02-105127 jn
cobalt-based FTS is the carbide mechanism. This mechanism presumes direct disso-
ciation of CO and H,, followed by hydrogenation of C atoms, and polymerization of
CH,. Chain termination takes place either by abstraction or addition of a H atom from

or to the chain.

CO insertion mechanism. The second mechanism proposes the adsorption of CO,
followed by a reaction with H atoms on the surface to an aldehyde functionality
(CQOH).102103106107 Chain growth takes place by insertion of CO and chain termination by
hydrogenation. For flat cobalt terrace sites, it has been established that this mechanism
has a lower energy barrier than the direct dissociation of CO.103106107127 |t js therefore not

unthinkable that multiple reaction mechanisms occur simultaneously during the FTS."28

Hydroxycarbene mechanism. A third mechanism proposes the adsorption of CO,
followed by a reaction with H atoms on the surface to a hydroxycarbene group
(CHOH)."94124 Chain growth of these species can take place by condensation polymer-
ization, losing H,0O, or the individual hydroxycarbenes can first be hydrogenated and
then undergo condensation polymerization. Chain termination occurs via hydrogena-
tion. For this mechanism there are, however, no strong experimental indications for

realistic FTS catalysts.'®

Apart from the reaction mechanism, the rate-determining step is also still under debate.
CO dissociation,??'30 C hydrogenation,'??'3" O removal,'%12%132 and chain termina-
tion'04131133 have all been mentioned before as rate-controlling steps. Reaching a con-
sensus on this is difficult, as parameters like temperature and H availability influence the
rate-determining step too.'% It has for example been reported that CO dissociation is the

dominant rate-controlling step at low temperatures, while hydrogenation becomes more
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rate-controlling at higher temperatures.’* Besides, the cobalt phases present under re-

action conditions are of paramount importance for the resulting activity and selectivity.

1.5.3 Origin of Cobalt and Cobalt Phases in Fischer-Tropsch Synthesis

Cobalt occurs naturally in the Earth’s crust in the form of ores, chemically combined with
other elements. The name cobalt is derived from the German word Kobold, which means
“goblin” or “evil spirit”.'3>13 This refers to the challenging mining process, in which
arsenic and sulfur fumes were released while isolating cobalt from the ores. Cobalt
also occurs naturally as an organometallic complex in vitamin B12, which is produced
by microbes in soil and the marine environment.”®” Today, cobalt has applications in
for example the paint industry, lithium-ion batteries, gas sensors, and catalysis.'* Co-
balt-based FTS catalysts are typically synthesized from a metal salt precursor and the
fresh cobalt catalyst, containing cobalt oxides (Figure 1.10), is obtained by applying a
calcination procedure. The catalyst is then activated in H, at elevated temperatures, as
metallic cobalt is generally postulated as the active phase.”'% However, metallic cobalt
is most often not the only phase present under reaction conditions (Figure 1.10) and
it has been mentioned before that cobalt oxides, 07124138 cobalt carbide, 837141 cobalt
with carbon deposition’?'"8, and cobalt-support interfaces, 122138 are catalytically active
as well. The debate around the cobalt active phase in FTS dates back to the 1920s and
in the coming section we will elaborate on the history of the dispute about the active
phase.

Re-oxidation

)

Metal-support reactions

P etal Y

)

H, activation

P Oxide Y COlsyngas

carburization

pide

CO activation |

Carbon deposition

Carbon deposition

)

Figure 1.10. Schematic of various proposed (in)active phases in Fischer-Tropsch Synthesis The
fresh catalyst typically consists of supported metal oxide nanoparticles (left). After activation in H,
or CO the catalyst contains a metal or carbide, respectively (middle). Besides, the metallic catalyst
can be converted to a carbide with CO or syngas. Re-oxidation, metal-support reactions, and carbon

deposition may occur under reaction conditions (right).
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1.5.4 The History of the Disputed Active Phases in Cobalt Fischer-Tropsch
Synthesis

In 1902, Sabatier and Senderens first published results of synthesis gas conversion into
methane over nickel and cobalt catalysts.? In the 1920s Fischer and Tropsch found out
that synthesis gas could also be converted into long-chain hydrocarbons, which could
be used as fuel.®# In their first patent in 1925 they described the use of cobalt- and
iron-based catalysts at atmospheric pressure below 300°C."* Different claims have
been made over the past century regarding the (de)active phase(s) and (in)active sites
in cobalt-based FTS catalysts. A chronological overview of these claims is presented
in Figure 1.11.

In 1930, Fischer and Tropsch specifically mentioned the “metallic catalyzer” cobalt as
active component in their patent.'** However, multiple studies from 1931 till 194545148
described Co,C as an "unstable intermediate” in the FTS reaction. For example, Her-
ington and Woodward proposed in 1939 that cobalt carbide was responsible for the
formation of CH, groups and polymerization into long-chain hydrocarbons, while metal-
lic cobalt was considered responsible for chain termination by hydrogenation.'” Hofer
and Peebles reported in 1947 using X-ray diffraction (XRD) that face-centered cubic
(FCC) cobalt is formed upon reduction of Co/SiO, in H,at 400°C. They then carburized
the catalyst to Co,C and reduced it again, which led to the formation of the more active

hexagonal closest packed (HCP) cobalt.'

@ 2011-now 2018-now
1923 1925 1930  1931-1945 1948 1950 1984 1993 1999-2007 2009-now 2014-now

First FTS| FTS patent Co,C inactive Enhanced Metal-support CoO on
article | “metallic cobalt” and not an performance compounds | reducible oxide
First FTS Co,C active intermediate in with more Co® form from CoO | support moreo
patent intermediate in FTS  Deactivation Metal-support Unreduced active than Cof
FTS by Co,C and compounds Co active in Co,C active Carbon
carbon inactive FTS in FTS deposition
deposition beneficial in FTS
O),

“< “im “x» (@ i

Metallic cobalt Cobalt oxide Cobalt carbide Carbon deposition ~ Metal-support compound

Figure 1.11. Chronological overview of the proposed (in)active phases in the cobalt-based
Fischer-Tropsch Synthesis a) Varying claims have been made throughout the almost 100 years of

Fischer-Tropsch Synthesis history. b) Schematic overview of the different (in)active cobalt phases.
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The hypothesis that cobalt carbide was an active intermediate in the FTS reaction was
invalidated by Weller et al. using XRD in 1948.7%° In the same year, Kummer et al. showed
with 1“C as a tracer that only 10% of the hydrocarbon products were formed via a surface
cobalt carbide.”™ Carbon deposition and cobalt carbide formation were mentioned
as deactivation mechanisms in the cobalt-based FTS reaction in a patent by Mattox in
1950.752 Cobalt carbide was still disregarded as a plausible intermediate in the FTS in
1959 and studies became increasingly focused on the FTS reaction mechanism.’>® How-

ever, in the 1960s, the interest in FTS decreased due to the large availability of crude oil.

In the 1970s and 1980s, the interest in FTS was renewed due to oil crises and the
sanctions towards South Africa.??% In this era, many studies were focused on unravel-
ling the complicated and multifaceted FTS reaction mechanisms.'* In 1984, Reuel and
Bartholomew published a comprehensive study on support and dispersion effects in
the cobalt-based FTS.'*® They mentioned, among others, that an increasing “extent of
reduction”, i.e. metallic cobalt, had a positive influence on the activity and selectivity to-
wards long-chain hydrocarbons.'>'%¢ This claim was substantiated during the 1990s by
multiple studies using catalytic testing, temperature programmed reduction (TPR),'>7-1%
and X-ray photoelectron spectroscopy (XPS).'®° These studies also postulated that met-
al-support compounds, such as cobalt aluminates and cobalt silicates, were inactive in
the FTS reaction.’-®* The development of in situ characterization methods, such as
infrared (IR) spectroscopy and XRD, contributed to the finding that not only metallic
cobalt was capable of adsorbing CO; cobalt oxide could do that as well.’*' These de-
velopments also brought to light that metallic cobalt and cobalt oxides almost always
coexist under FTS reaction conditions.’ In 1999, Ernst et al. concluded that a higher
percentage of unreduced cobalt did not necessarily influence the activity, but shifted
the selectivity from C,,, (waxes) to C,-C,; (gasoline).’®? This suggests that cobalt oxides
are active in the FTS reaction as well. Interestingly, many important hypotheses around
the active phase in cobalt-based FTS had already been formed during the first 75 years
after the invention of FTS. However, the instrumentation required to prove or disprove
these hypotheses had not yet fully been developed. The beginning of the 21 century
marked a new and fruitful era for methodology development. For example, various
surface science tools as well as in situ and operando studies have contributed to our

increased understanding of the active phase in FTS.

In the 2000s, the FTS process was revived even more due to resource depletion and
environmental concerns.'® Many investigations were focused on the effect of cobalt
nanoparticle size and it was found that smaller nanoparticles (6 nm) are more diffi-
cult to reduce than larger ones.’*'” From 2004 till 2007, Morales and Weckhuysen
published multiple papers on the TiO, support and MnO promoter effects in cobalt
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FTS.1¢5174 One of the findings they reported was that MnO decreased the reducibility
of cobalt, but enhanced both the FTS activity and selectivity towards C,, hydrocar-
bons.'¢870 This suggested again that cobalt oxides could be active in the FTS. However,
it was also found that cobalt oxides resulting from re-oxidation by water could form
inactive metal-support compounds more easily than metallic cobalt.”"1%1¢3 For metallic
cobalt, it had already been established that the HCP crystal phase was more active in
FTS than the FCC crystal phase.''% Saib et al. reported for metallic cobalt the B, step-
edge sites as the most active sites in FTS."”> These By sites were first introduced in the
1960s to describe the crystallite size effect on N, adsorption,'’'”” but they were not
specifically linked to cobalt-based FTS until 2010."7°

From 2011 till now, multiple studies have appeared reporting Co,C as a highly active
phase in the cobalt-based FTS towards olefins'?178-180 or oxygenates.'40178181-18 A|| these
studies mentioned that Co,C was stabilized by and in synergy with an oxidic compound
and/or an alkali promoter. Up till now, Co,C has also been reported as deactivating by

studies that did not use oxidic compounds or alkali promoters.8':91:100.185-187

From 2014 till now, evidence has been presented that CoO supported on TiO, was more
active in both FTS and CO, hydrogenation than its metallic cobalt variant.'%?'% Similarly
for Co/Al,O,, an increased CO, hydrogenation to ethanol activity has been reported due
to coexisting Co and CoO phases.’ For MnO,/Co,0, as well; the cobalt oxide phase
has been reported more active than metallic cobaltin the CO, hydrogenation towards
methanol.”*® However, for Co/SiO, the opposite has been reported: the metallic variant
was more active.'”” The presence of a (somewhat) reducible oxide seems thus vital for

enhancing the FTS performance of cobalt oxides.

In 2018, two studies emerged reporting that carbon deposition was beneficial for gen-
erating an active FTS catalyst.”*'?° It was also reported that graphitic carbon species
could particularly block methanation sites'” and that a higher Co valence state could
be correlated to the degree of saturation in the carbon deposits.” Research on this
topic is still ongoing and the development of, among others, surface science tools is

vital for our understanding.
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1.5.5 Discussion of the Different Hypotheses on the Cobalt Active Phase

1.5.5.1 General properties of metallic cobalt and its role in Fischer-Tropsch
Synthesis

Metallic cobaltis a solid with a silvery blue color and magnetic properties.'®'3¢ Metallic
cobalt can exist in three different crystal phases: hexagonal closest packed (HCP, lattice
parameter a=2.507 A9, face-centered cubic (FCC, a=3.538 A192193), or cubic primitive
(CP).'2* Under FTS reaction conditions the HCP and FCC crystal phases are the main
allotropes reported for cobalt nanoparticles (Figure 1.12).'2

In bulk cobalt the transition from FCC to HCP occurs around 400°C,'* but can occur
already at temperatures <300°C for metal nanoparticles.’” HCP cobalt nanoparticles
have been reported to have a higher FTS activity compared to FCC cobalt.’30163.19°
Theoretical results indicated a higher CO dissociation rate on most HCP facets than
on FCC facets and thus a higher intrinsic FTS activity on HCP cobalt.’”® Besides, theo-
retical calculations suggested that direct dissociation of CO is more favorable on HCP
cobalt, while H-assisted CO dissociation is preferred on FCC cobalt. The higher intrinsic
activity of HCP cobalt is related to the higher surface energy compared to FCC cobalt,
caused by the lower coordination numbers of the surface atoms. Although this property
may be beneficial for activity, it has a negative influence on the stability of the metallic
cobalt phase under reaction conditions. HCP cobalt has been reported less resistant

to water-induced re-oxidation'® and to cobalt carbide®' formation.

The size of the cobalt nanoparticles has an influence on the crystal phase and on the
available surface sites under reaction conditions. It was found that as-synthesized cobalt
nanoparticles <20 nm are pure FCC phase, ~30 nm a mixture of FCC and HCP, and =40
nm almost pure HCP."* For the FTS reaction, the optimum cobalt nanoparticle size is
established at 6-8 nm (Figure 1.13a)."?”:'%® For such a catalyst, one would thus expect
the pure FCC phase. In practice, however, a (partial) phase transition to HCP may take
place during the activation procedure and under FTS reaction conditions.?” Below this
optimum size, the catalyst produces more undesired methane and is more prone to
re-oxidation.'® Above this size, the turnover frequency is lower. This is related to the
available surface sites. For small nanoparticles, the lower reactivity towards FTS is often
ascribed to the lack of reactive B step-edge sites.’”” The term "B site” was first used
by van Hardeveld and Hartog in the 1960s to indicate an ensemble of n surface atoms

that are in close contact with an adsorbed species (Figure 1.13b)."¢
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Figure 1.12. Relevant cobalt crystal structures in Fischer-Tropsch synthesis Crystal structures
(top row from left to right) of HCP metallic cobalt, FCC metallic cobalt, Co,O, with spinel structure,
CoO with rocksalt structure, (third row from left to right) Co,C with orthorhombic structure and HCP
stacking, Co,C with orthorhombic cementite-like structure, and CoTiO, with rhombohedral structure
(representing metal-support compounds). The second and fourth row display simulated XRD patterns

(Cu Ka radiation) for each structure.
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Figure 1.13. The cobalt particle size effect in Fischer-Tropsch Synthesis a) Size-dependent turn-
over frequency (TOF) in Fischer-Tropsch Synthesis as a function of the cobalt nanoparticle size. Repro-
duced from references ?2'%2 and includes references 78200205 b) A 4 nm metallic cobalt nanoparticle

(FCC) showing different B, sites, including two types of reactive B sites. Reproduced from reference
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1.5.5.2. General properties of cobalt oxides and their role in Fischer-Tropsch
synthesis

Cobalt oxides are generally crystalline solids with a dark color. While three different
cobalt oxides exist, only Co,0, and CoO have been well-characterized and are of po-
tential importance in the FTS reaction. Cobalt (lll) oxide, Co,O,, is a dark gray to black
crystalline powder. The compound has been reported as metastable with a hexagonal
HCP structure in the literature.?® Co,O, is not as well characterized as other cobalt
oxides; it is still uncertain whether or not it can exist as a stable solid crystal. Cobalt (I1,111)
oxide, Co,0,, is a black antiferromagnetic solid and one of the two well-characterized
cobalt oxides.?% It has applications in for example lithium-ion batteries, gas sensors,
electrochemistry, and catalysis. Co,O, has a normal cubic spinel structure (a=8.020
A2¢) as depicted in Figure 1.12, and is the thermodynamically favored cobalt oxide
under ambient conditions. Cobalt (Il) oxide, CoO, is an olive green or gray solid with
applications as coloring agent in the ceramics industry, electrochemistry, and catalysis.
It has a rock salt crystal structure (a=4.258 A2%) consisting of two interpenetrating FCC
sublattices of Co?" and O (Figure 1.12).20¢

Typically, the fresh FTS catalyst material containing Co,O, is activated at elevated tem-
peratures in H, via CoO to metallic cobalt. However, it is generally accepted that CoO
and metallic cobalt coexist under FTS reaction conditions.”?80.122207.208 Sma|| metallic
cobalt nanoparticles can easily re-oxidize to CoO/Co,0, during FTS due to the pro-
duction of water, 108209210 \which has been considered as a deactivation mechanism.?"

Additionally, it has been reported that it is thermodynamically more likely that CoO
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rather than metallic Co undergoes metal-support solid state reactions and form inactive
metal-support compounds,'® such as cobalt titanates (CoTiO,, a=5.485 A2'2) or cobalt
aluminates (CoAl,O,, a=8.105 A) 208213 There is a discrepancy between different studies
regarding the role of cobalt oxides in FTS. To clarify this, we should take into account

the cobalt nanoparticle size, support material, and reaction conditions.

Some studies report irreducibility and/or re-oxidation of 2-3 nm cobalt metal nanopar-
ticles,?'® whereas others mention a re-oxidation threshold of 5.3 nm?% or 7.5 nm.?® A

safe lower size limit would thus be ~8 nm to control and, if desired, avoid re-oxidation.

The support material seems to have a major influence on the performance of cobalt
oxides in the FTS and CO, hydrogenation reaction. Evidence has been presented that
CoO supported on TiO, was more active in both FTS and CO, hydrogenation than its
metallic cobalt variant.’®?'8 Though, in the same study it was mentioned that on SiO,
support, metallic cobalt was more active. This effect was ascribed to a unique interface
between CoO and the reducible TiO, support.'” In another study, it was found that Co/
AlL,O, converted CO, into ethanol with high selectivity due to coexisting Co and CoO
phases.’® However, specific active sites for cobalt oxides have to our best knowledge
not yet been reported in the open literature. Although, intuitively one could imagine
that a stepped rather than a flat surface composes the active sites, as both FTS and CO,
hydrogenation are structure-sensitive reactions.?'* For example, for CoO with rock salt
structure a plausible active site in terms of "B, site” could be B.O,, where B represents
cobalt atoms, O represents oxygen atoms, and n denotes the number of atoms in close

contact to an adsorbed species.

Reaction conditions are of paramountimportance to the cobalt and/or support phases
present in the catalyst material. At high conversion rates, when the water production
is high, Co and/or CoO may more readily form inactive metal-support compounds.'%
Also the reaction temperature cannot be overlooked. While deactivating cobalt alu-
minates have been reported at high conversion rates and reaction temperatures of
220-250°C,208209.213 coexisting Co and CoO on Al,O, support were mentioned as active

phase at 140-200°C."#

While metallic cobalt is generally accepted as active phase, cobalt oxides coexist under
FTS reaction conditions. Cobalt oxides can be (part of) the active phase, provided that
the support material is not SiO, and that they do not form inactive metal-support com-
pounds. Besides, it is important to mindfully design the catalyst synthesis procedure

and to choose suitable reaction conditions.
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1.5.5.3 General properties of cobalt carbide and its role in Fischer-Tropsch
synthesis

Cobalt carbide is currently known to exist as Co,C and Co,C (Figure 1.12). Co,C, is a
gray/black paramagnetic solid with noble metal-like properties' and an orthorhombic
crystal structure (a=2.877 A'%), isomorphous to n-Fe,C. n-Fe,C is a C-rich iron carbide
that is unstable under FTS reaction conditions without the presence of an alkali pro-
moter."'0 It is thus likely that Co,C needs to be stabilized by alkali metals too. Co,C has
an orthorhombic crystal structure as well (a=4.483 A?%), but has been characterized to
alesser extent than Co,C. However, Co,C has been mentioned before as isomorphous
to B-Fe,C (cementite).2'52'¢ The C-poor 8-Fe,C has been associated with deposition of
deactivating carbon species on the catalyst surface and the carbide phase is not nec-
essarily stabilized by alkali promoters.”? In iron-based FTS, x-Fe.C, (Hédgg carbide) has
been postulated as the most stable active phase under reaction conditions. However,
such an isomorph has not been mentioned before in cobalt-based FTS. Besides in ca-
talysis, carbides have found applications in cutting tools, machinery, and ammunition

for its hardness and mechanical strength.

While iron carbides are considered as active phase in FTS,"%""" the formation of cobalt
carbides and their role in the FTS reaction is a controversial topic. Carbon diffusion in
iron (43.9-69.0 kJ/mol) occurs more easily than in cobalt (145 kJ/mol),2"72'® but the
two metals have quite similar activation energies for the FTS reaction, 89.1 and 105 kJ/
mol respectively.?'” Because of this, iron catalysts first go through an initiation period
in which carbides are formed and at least 6 different types of carbides have been re-
ported in iron-based FTS.? On the other hand, CO and H, are readily converted into
FTS products over cobalt catalysts. Cobalt carbides can however be formed under FTS
conditions, particularly at low H,/CO ratios.?"'8 Although only Co,C and Co,C have
been reported thus far, more cobalt carbide polymorphs may exist. The formation of
cobalt carbides is exothermic and they are less stable compared to iron carbides.'#220
An underlying reason for their instability is the geometry of the crystal phase. The unit
cells of hexagonal facets in HCP cobalt match well with hexagonal graphitic structures,
whereas the predominantly body-centered cubic (BCC) iron facets do not present a
good match for graphite.??° Therefore, the formation of graphitic carbon on cobalt may

be more favorable than the formation of cobalt carbides.8'18

Some studies correlate cobalt carbide formation to higher selectivity towards lower
olefing!39178:180.221-223 o1 oxygenates,'40.178181-184224-226 \yhile others relate its presence to
catalyst deactivation.8!91.100.18187 The role of cobalt carbides in the FTS reaction is thus
rather ambiguous and evokes further discussion. We should remind ourselves that

cobalt-based FTS catalysts do not only contain cobalt, but also a support material and
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often promoter elements. Interestingly, most studies that report an increased olefin or
oxygenate selectivity upon cobalt carbide formation use catalysts containing an oxidic
compound, like MnQ137.178-180183225.227-230 o | 5,0,,'8123" and/or an alkali promoter.140.178.232
For iron-based catalysts it is well-established that the alkali promoters sodium™%!"" and
potassium?3323 act as structural stabilizers for iron carbide formation. As cobalt carbides
are intrinsically less stable than iron carbides,?* the presence of an alkali metal may
even be more essential for stabilization of the cobalt carbide phase. Besides, synergis-
tic effects at the interface of cobalt carbide and the oxidic compound, MnO or La,0O,,

seem to be responsible for the enhanced selectivity towards olefins or oxygenates.'”®

Similar to metallic cobalt, particle size effects were reported for cobalt carbides as well.
The optimum cobalt carbide nanoparticle size was established at ~7 nm.2*¢ Below that
size, the turnover frequency was lower and the methane selectivity was higher. Above
that size, the turnover frequency decreased again. The particle size effects for cobalt car-
bides were, similar as for metallic cobalt, linked to the available surface sites.84229.236.237
Small nanoparticles mainly exposed the Co,C(111) surface, which favored methane
formation.?¢%7 The stepped Co,C(101) and Co,C (020) surfaces were responsible for
olefin formation.?* We would herein like to conform the active sites on cobalt carbide
nanoparticles to the "B site” notation. B then represents cobalt atoms, C represents
carbon atoms, and n denotes the number of atoms in close contact to an absorbed
active species. The Co,C(101) surface is then noted as B,C, and the Co,C (020) surface
as B,C,.

Even though metallic cobalt is generally accepted as the active phase, cobalt carbides
may represent a hidden gem in FTS catalysis, provided that the cobalt carbide phase

synergizes with an oxidic compound and/or an alkali promoter.

1.5.5.4 General properties of carbon deposits and their role in Fischer-Tropsch
Synthesis

Carbon deposition is a rather broad collective term that can be confusing when not
elaborated. It essentially describes all carbon on the catalyst surface, ranging from a
single carbon atom to vast sheets of graphitic carbon. Some of them are intermediates
in the FTS reaction, while others block certain active sites. Hence, it is indispensable
to clarify the specific structure when describing carbon deposits, as they can either be
advantageous or detrimental. When used sensibly, carbon deposition is a promising

tool for tweaking selectivity in the FTS reaction.
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Carbon deposits are generally gray or black solids that can either be crystalline or amor-
phous, depending on their structure. The most well-known crystalline carbon allotropes
are diamond, with a cubic crystal structure, and graphite, with a hexagonal crystal struc-
ture. Diamond is applied in for example cutting tools and gemstones. Graphite is used
in pencils and lubricants, as well as electronics for its high conductivity. Only graphite

is formed as crystalline carbon deposition on catalyst surfaces.

Amorphous carbon could be any kind of carbon allotrope without crystalline structure.
The properties of amorphous carbon are dependent on sp? and sp® ratios and can
vary strongly. These types of carbon are for example applied as pigments, gas storage

materials, or in catalysis.?®

Similarly to cobalt carbides, the role of carbon deposits in cobalt-based FTS remains
rather obscure. Some studies describe carbon deposition as deactivation mechanism,”
while others argue that carbon deposition is beneficial for generating an active FTS
catalyst.””1?° To offer some clarification, we should first divide carbon deposits into
atomic, amorphous aliphatic, amorphous (poly)aromatic, and crystalline. Finally, we will
briefly describe subsurface carbon deposits. Atomic carbon is a single carbon atom on
the cobalt surface resulting from C-O bond scission. These carbon atoms are consid-
ered the most reactive type of carbon deposition."'® Amorphous carbon is a relatively
reactive type of carbon deposition and can often be removed from the cobalt surface
by hydrogenation.’® Crystalline carbon represents a class of carbon materials with a
highly-ordered structure. Graphite, a monolayer of sp? carbon atoms arranged in a hex-
agonal lattice, is the most relevant type of crystalline carbon in the FTS reaction. Multiple
layers of graphite stacked on top of each other is referred to as graphene. Subsurface
carbon describes a location instead of a chemical phase and indicates carbon atoms

at interstitial positions of a metal lattice.'?

Atomic carbon has been reported to weaken the adsorption of CO and H,.""® However,
it is also an intermediate in the FTS reaction and does not prevent the cobalt surface
from adsorbing reactants. Therefore, atomic carbon is not considered a detrimental

form of carbon deposition.

Amorphous aliphatic carbon deposits are relatively reactive and can easily be removed
from the surface by hydrogenation at typical FTS reaction temperatures <260°C.7%2%
Such deposits, for example a growing hydrocarbon chain, are generally intermediates

in the FTS reaction and not considered detrimental to catalyst performance.
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Amorphous (poly)aromatic carbon deposits are typically less reactive than the aliphat-
ic version. It is known that (oxygenated) (poly)aromatic (hydro)carbon deposits form
on cobalt-based catalysts during the FTS reaction.””'?° These species are only consid-
ered detrimental if they cannot be removed from the surface by hydrogenation below
350°C.771®

Crystalline (graphitic) carbon can arise from amorphous carbon structures on the cata-
lyst surface and is known to kinetically, thermodynamically, and geometrically prefer flat
cobalt terrace sites over step-edges.?* When such species are irreversibly adsorbed on
the catalyst surface, they are considered as deactivating. However, graphitic carbon has
also been reported to selectively block methanation sites.'” This could be interesting

for FTS, as methane is an unwanted side product.

Subsurface carbon arises from diffusion of atomic carbon on the catalyst surface into the
metal lattice. Some studies mentioned that subsurface carbon may decrease catalyst ac-
tivity.”"?? However, it has been reported before that carbon migration to subsurface cobalt
layers is only energetically feasible at high carbon coverage and unlikely to occur to a
significant extent under FTS conditions.’” Subsurface carbon may precede and initiate
the formation of bulk cobalt carbides.??® Similarly to cobalt carbides, subsurface carbon

may thus require the presence of oxidic surfaces and/or alkali promoters to be stabilized.

1.5.5.5 General properties of cobalt-support interfaces and their role in
Fischer-Tropsch Synthesis

Transition metals, like cobalt, are known to interact with metal oxide supports and the
strength of these metal-support interactions (MSls) correlates with the reducibility of
the support. The “strong metal-support interactions” (SMSIs) between transition metals
and the reducible TiO, support, leading to reduced CO and H, chemisorption, were
first described by Tauster et al. in 1978.2%° They explained that Ti** can be reduced to
Ti**, which then transfers an electron to the supported metal atom. This would resultin

a strong ionic bond between Ti®* and the metal 241242

Support materials used in heterogeneous catalysis are typically not inert and their inter-
actions with metal nanoparticles may give rise to interfaces with special properties. Such
interfaces have been reported to enhance catalytic performance in the cobalt-based
FTS and CO, hydrogenation.?424> Over the past few decades, varying reasons for this
behavior have been mentioned in the literature. Understanding these special interfaces

is of great significance in rational catalyst design.
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The two main factors contributing to MSls are electronic and geometric. The electronic
factor results from charge transfer between the support and the metal, while the geo-
metric factor originates from a thin layer of reduced support oxide covering the metal.?4
The strength of MSls depends on the reducibility of the support oxide. If MSls are too
strong, they are considered deleterious for catalyst performance.?*’ In particular, when
support oxide patches are covering active sites or when solid state reactions form an
inactive metal-support compound.'%208213 However, when MSls are too weak, they will
not influence the catalytic performance at all and in order to benefit from MSls it is thus

essential to find the optimum interaction strength.

Theoretical and experimental evidence suggests that the interface between cobalt and
reducible oxides, like TiO,,'9724 CeQ,, 8324 | a,0,,"®" or MnQ'38173174 offers a low-energy
reaction pathway and thereby enhances FTS and CO, hydrogenation activity. Various
elemental steps have been mentioned to occur via these low-energy reaction pathways
at cobalt-support interfaces. For FTS catalysts, CO dissociation?*424? as well as C-C cou-
pling?*® have been postulated as the facilitated elementary steps at the metal-support
interface. More specifically for cobalt FTS catalysts, CO and CO, dissociation have been
mentioned for Co-TiO,,'*?% possibly due to electron transfer from Ti to cobalt. For Co-
CeO,, CO and CO, dissociation were the facilitated elementary steps as well, potentially

due to the formation of oxygen vacancies in the CeO, support.'8324

La,0, and MnO are mostly used as promoters rather than support materials. However,
they are widely used in FTS, so we will briefly discuss them here. Like the previously
mentioned reducible oxides, La,0,%" and MnO'"* facilitate electron transfer. But, instead
of donating electrons, they both withdraw electrons from cobalt and decrease reducibil-
ity. For Co-La,0O,, theoretical evidence pointed to C-C coupling as the elemental step
to occur via a low-energy reaction pathway.'®" This enhanced the selectivity to higher
alcohols. With MnO, the lower reducibility of cobalt resulted in lower hydrogenation
activity and less of the unwanted product methane.72'74 Besides, MnQ increases olefin/
paraffin ratio and oxygenates,'2%2 likely due to its activity in the WGS reaction.'38174
One could argue that the addition of MnO to a cobalt-based FTS catalyst makes the

catalyst more similar to iron-based systems.

MSlIs provide an opportunity to enhance the FTS activity and even to tweak the selec-
tivity, when carefully orchestrated. They could create interfaces with special properties

or simply alter the reducibility of the metal nanoparticles.
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1.5.6 The Co/TiO, Showcase

As this PhD Thesis focusses on the Co/TiO, FTS catalyst, the active and deactivating
phases of this material will be comprehensively discussed. Cobalt supported on TiO,
is of great importance in FTS, both in academic and industrial settings. TiO, was first
mentioned by Tauster et al. in the 1980s as an activity-enhancing support in the FTS
reaction.?#1242 Since then, many scientists have been elucidating the underlying reasons
for this behaviour. Our research group has contributed to the better understanding of
the Co/TiO, system in FTS 80100,168,170,171,175,174.207.253254 ysing advanced spectroscopic char-
acterization techniques, such as XRD,%02% X-ray absorption spectroscopy (XAS),73254-25¢
Raman spectroscopy,'® (scanning) transmission X-ray microscopy ((S)TXM),”?2%7 and

X-ray Raman scattering (XRS) spectroscopy,®' under realistic reaction conditions.

The Co/TiO, catalyst is an intricate system. As briefly discussed before, TiO, is a reduc-
ible metal oxide that actively participates in the formation of the active phase under
FTS reaction conditions. The three most common crystal phases of TiO, are: Anatase
(tetragonal), brookite (orthorhombic), and rutile (tetragonal).?” The phases can be dis-
tinguished for example with vibrational spectroscopy?’ or XRD.2%® Often mixtures of the
two tetragonal crystal phases, such as P90 (90% anatase, 10% rutile),””8" are used in het-
erogeneous catalysis. Both anatase and rutile TiO, can already be reduced to TiO,, sub-
oxide species in H, at temperatures above 300°C."¥ These suboxides interact electron-
ically with the cobalt nanoparticles, leading to the formation of interfaces with special
properties, e.g. enhanced FTS activity.?*'2*2 However, if these MSls are too strong, TiO,,
suboxide species may block active sites or cobalt titanate (CoTiO;) may be formed."%®
This inactive metal-support compound is more likely to be formed at high CO conver-
sions and when cobalt oxides are present in the catalyst under reaction conditions. The
latter is because positively charged Co?* more readily accepts an electron than Co®. With

the Co/TiO, system, itis thus only a fine line between enhanced activity and deactivation.

The first step towards understanding these so-called unique interfaces (i.e. interfaces
with enhanced catalytic properties) is detecting and characterizing them in detail, pref-
erably under relevant reaction conditions. X-ray absorption spectroscopy is a promising
technique, because it is element specific and sensitive to the direct surroundings of
atoms (i.e., local bonds and oxidation state). Nevertheless, experiments that aim to study
low energy elements such as C and O with Co/TiO, can be challenging due to the rela-
tively short attenuation length, which is element specific as well, of TiO, (Figure 1.14a).
The intensity of the X-ray beam is reduced according to Beer-Lambert's law as it tra-
verses through the material, mainly caused by strong absorption of photons by TiO,,
which is the main component (80-90% by weight) of a typical Co/TiO, FTS catalyst. The
X-ray intensity decrease is material dependent and typically quantified by the parameter
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attenuation length, which describes the distance into a material where the X-ray intensity
has dropped to 1/e of its original value.?® The attenuation length below the Ti L-edge
is ~600 nm, while at the C K-edge, O K-edge, and Co L-edge it is only ~200-350 nm.
At the Ti K-edge and Co K-edge it can reach up to ~9 and 18 pm, respectively. High
resolution imaging methods based on X-ray absorption spectroscopy (XAS), such as
STXM (Figure 1.14b and 1.15c), are promising for detecting and characterizing inter-
faces. Such methods can, for example, be used to distinguish various cobalt oxidation
states from each other (Figure 1.14c) or to analyze oxidation state variations at different
locations in a catalyst particle (Figure 1.14b). However, sample thickness is an important
feature to control when using an X-ray transmission imaging technique. Particularly when
measuring in the soft X-ray regime (50-2000 eV'%), the sample thickness is limited to
200-600 nm in order to obtain a decent signal-to-noise ratio. Working in the soft X-ray
regime is, for example, inevitable when characterizing carbon deposition (C K-edge
270-350 eV) on a catalyst surface. The low energy X-rays used, attenuate to 1/e after
a rather short distance (200-300 nm) (Figure 1.14a). Sample thickness is therefore an
optimum in a rather narrow window. If the sample is too thick, the X-rays cannot travel
through the material, but if the sample is too thin, there is not enough signal to draw

any meaningful conclusions about e.g., the direct surroundings of the carbon atoms.

Besides, bulk characterization techniques do not suffice for detecting and characterizing
interfaces. If interfaces are present in a catalyst material, their concentration is far lower
compared to the bulk phases. A surface-sensitive or nanoscale chemical imaging tech-
nique, such as high resolution STXM'47280 or TXM,80:207.260 could offer an outcome when

characterizing low concentration interfaces is the aim (Figure 1.15c and d).
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Figure 1.14. X-ray spectroscopy characterization of Co/TiO, a) X-ray attenuation length atthe CK-,
TiL-, OK-, Co L+, Ti K-, and Co K-edge. The TiO, density was set at 3.9 g/cm?® (anatase) and the beam
incidentangle at 90°. Calculated via »*?. b) Co L, ;-edge spectra of a 15 wt.% Co/TiO, catalyst particle
after reduction in H, as measured with in situ STXM. Reprinted with permission from 7°. Copyright
(2018) John Wiley and Sons. ¢) Co K-edge spectra of a 15 wt.% Co/TiO, catalyst during reduction
in H, as measured with in situ XAS. Reprinted with permission from 2°°. Copyright (2021) American
Chemical Society.
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Besides X-ray-based imaging techniques, electron-based imaging techniques are
promising to characterize interfaces as well (Table 1.1). By themselves, electron-based
techniques, such as transmission electron microscopy (TEM) are not necessarily element
specific. However, when combined with energy dispersive X-ray (EDX) spectroscopy or
electron energy loss spectroscopy (EELS), high resolution chemical mapping can be
achieved (Figure 1.15a). 8 Similar to X-ray-based methods, TEM-EDX and TEM-EELS

are limited by the effect of sample thickness too.2*'

Furthermore, the widely used vibrational spectroscopy techniques IR and Raman (micro)
spectroscopy are promising tools to study carbon-containing species on Co and Co-
TiO, interfaces. These techniques are based on the principle that molecules absorb or
scatter specific frequencies of light that correspond to the vibrational frequencies of
their unique bonds. However, those techniques can be complicated due to the strong
absorption of IR and visible light by the black Co/TiO, system. Besides, the reduced
TiO, suboxide species (TiO,,) exhibit high IR and visible light absorption activity. This
is beneficial for photocatalytic applications,?? but becomes problematic during vibra-
tional spectroscopy experiments under FTS reaction conditions. Moreover, the need
for a surface-sensitive or nanoscale chemical imaging technique applies to vibrational
spectroscopy as well. The spatial resolutions of both IR and Raman spectroscopy are
limited by the wavelength. For Raman spectroscopy this is in the range of several hun-
dreds of nanometers (e.g., 532 nm?%), but for IR spectroscopy the wavelength ranges
from 1 pm to 1000 um. The diffraction limitations can be overcome by combining vibra-
tional spectroscopy with scanning probe techniques, such as atomic force microscopy
(AFM).7>7¢ Examples of this include AFM-Raman, tip-enhanced Raman spectroscopy
(TERS),'%26* AFM-IR, and photo-induced force microscopy (PiFM).”>2¢® Using such state-
of-the-art methods under FTS reaction conditions is extremely challenging and although

developments are ongoing,’®%% we still have a long road ahead.

Apart from the unique interfaces between cobalt and TiO, (e.g., resulting in enhanced
FTS activity?*124?), carbide formation and carbon deposition are important to detect and
characterize. Both cobalt carbide formation and carbon deposition are phenomena
that start at the catalyst surface under FTS reaction conditions. Bulk characterization
techniques may again be insufficient to detect these phenomena at an early stage.
Soft X-ray spectroscopy techniques can detect carbon species by measuring at the
C K-edge (~280 eV) and may offer a solution. Surface-sensitive techniques, such as
XPS (Figure 1.15b),821%9190 and nanoscale chemical imaging techniques, such as STXM
(Figure 1.15c¢),”? allow analysis of carbon deposits even under FTS reaction conditions.
STXM, however, has been able to operate at higher pressure (several bars) compared

to XPS (mbar range).
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Figure 1.15. Overview of promising techniques used and results obtained for Co/TiO, from
different studies a) STEM - electron energy loss spectroscopy (EELS) results on a reduced CoMn/
TiO, catalyst, showing interfaces between cobalt and titania. Reproduced from reference 7% and from
reference 7" with permission from the PCCP Owner Societies. b) Ambient pressure (AP) - XPS at (a) Co
2p and (b) Ti 2p core levels under the given conditions (T=250-450°C, P=100-150 mTorr), as well as (c)
in situ near edge X-ray absorption fine edge structure (NEXAFS) results at the C K-edge under CO,
hydrogenation conditions (T=250°C, P=1 bar, H,/CO,=3). Reprinted with permission from . Copy-
right (2014) American Chemical Society. €) Operando STXM - XANES results on a Co/TiO, catalyst
under FTS reaction conditions (T=220°C, P=1 bar, H,/CO=1). The Co L-edge (left) shows that particles
X and Y contain metallic cobalt, whereas particle Z is slightly oxidized. As a result, particle Z forms
more carbon deposits (C K-edge, right) compared to particles X and Y. Reprinted with permission
from 7%. Copyright (2018) John Wiley and Sons. d) In situ TXM - X-ray absorption near edge structure
(XANES) results indicating the cobalt phases present in a Co/TiO, catalyst particle under FTS reac-
tion conditions (T=250°C, P=10 bar, H,/CO=2). Reproduced from reference 2°” with permission from
The Royal Society of Chemistry. @) Operando XRD and XAS results on a Co/TiO, catalyst indicating
the cobalt phases present under FTS reaction conditions (T=220°C, P=16 bar, H,/CO=1). Reprinted
with permission from 255. Copyright (2021) American Chemical Society. f) Scanning probe vibrational
spectroscopy: Photo-induced force microscopy (PiFM) IR spectroscopy to detect carbon species
on a Co/TiO, FTS catalyst post FTS (T=220°C, P=1 bar, H,/CO=2), as will be discussed in Chapter 3.

Carbon deposition was linked to an increased selectivity towards the desired long-
chain hydrocarbon products.’® Scanning probe vibrational spectroscopy techniques
(Figure 1.15f) are promising too for detecting surface carbides and carbon deposition,
as will be demonstrated in this PhD Thesis. However, employing these techniques under

realistic FTS conditions is challenging and still in its infancy.

Resolving the debate regarding the active and deactivating phases in cobalt-based
FTS has been and still remains challenging. The main issues we need to address more

clearly in the open literature are the catalyst synthesis procedure and the resulting
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catalyst properties, such as cobalt nanoparticle size, the properties of the support ma-
terial, and the reaction conditions. Besides, clarifying speculations regarding surface
and/or interface phenomena, such as interfaces with enhanced catalytic properties
between cobalt and TiO,, requires surface-sensitive and/or nanoscale chemical im-
aging techniques under relevant FTS reaction conditions. Progress with X-ray-based
techniques has certainly been made over the past few decades,’?207:207267 while for the
field of scanning probe vibrational spectroscopy developments are still ongoing.”® An
overview highlighting promising characterization techniques and results obtained on
Co/TiO, can be found in Figure 1.10.

Nevertheless, based on the discussion above we can now briefly summarize some gener-
al findings regarding the active and deactivating phases in the Co/TiO, FTS system. The
catalytically active phases in the Co/TiO, FTS catalyst are metallic cobalt,?>'% the inter-
face between metallic cobalt or cobalt oxide and TiO,,'*” and metallic cobalt with atomic
or amorphous carbon deposition.”?'"® The deactivating phases are cobalt titanates'®®
and metallic cobalt with graphitic carbon deposition, which specifically inhibits methane
formation.’® Cobalt carbides can be active in FTS and selective towards olefins and
oxygenates, provided that they are stabilized by an oxidic compound?3?178.179.181,183,227,231
and/or alkali promoter.®%178 The active cobalt phase under FTS reaction conditions is
dependent on the composition of the syngas feed, which determines both the chemi-
cal potentials of carbon () and oxygen (y,). When the chemical potentials are higher
than the critical chemical potential (p_;), a phase transition can take place.'®2’ For
example, when p_>p_; cobalt carbide will be formed and when p_>p_; cobalt oxide will
be formed. In the classical cobalt-based FTS scenario, the syngas feed is produced
from natural gas and has H,/CO=2 (Figure 1.16a). Metallic cobalt is the main active
phases under such conditions, while some CoO and metal-support interfaces could
be present as well. Linear paraffin products are then the output of the reaction. Under
high CO conversion conditions, large amounts of water may deactivate the catalyst via
e.g. sintering, oxidation, or the formation of inactive metal-support compounds.'% If
coal, plastic, and potentially municipal waste are used as feedstock, the syngas contains
typically more CO, e.g. H,/CO<1 (Figure 1.16b). Under such reaction conditions, carbon
deposition is often formed and possibly surface and/or bulk cobalt carbide, as p.>p,;.
The output then shifts to olefin and oxygenated products. Under these conditions, the
CO, content at the reactor exit may be significant enough to induce surface oxidation.
Besides, water could again lead to deactivation at high conversion rates. Waste streams
from metallurgy are generally a mixture of H,/CO/CO,, with [CO]>[CO,], and could also
be used as syngas (Figure 1.16c¢). Metallic cobalt is again the main active phase under
such conditions, while some CoO and metal-support interfaces could also be present

and paraffin products are the output. Another waste stream that could be employed as
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syngas comes from the steel industry. This is also a mixture of H,/CO/CO,, with [CO]<[-
CO,] (Figure 1.16d).28 This feed, as well as the feed from metallurgy, is slightly more
oxidizing due to the presence of CO,. The active phases under these conditions are
metallic cobalt or CoO and potentially metal-support interfaces. The output are paraffin
products and the amount of methane likely scales with the concentration of CO, vs.
CO. For both the feeds from metallurgy and the steel industry, it is expected that water

may deactivate the catalyst at high conversion rates.
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Figure 1.16. Overview of the chemical potentials p. and p, under Fischer-Tropsch Synthesis
conditions The composition of syngas, which is dependent on the feedstock, determines the cobalt
active phase under reaction conditions and the final products that are formed. Syngas prepared from:
a) Natural gas (H,/CO=2); metallic cobaltis present under these conditions and potentially some CoO
and/or metal-support interfaces. b) Coal, plastic, or municipal waste (H,/CO<1); carbon deposition
is likely formed under these conditions, as well as surface and/or bulk cobalt carbide. €) Metallurgy
(H,/CO/CO, with [CO] > [CO,]); metallic cobalt, CoO, and potentially metal-support interfaces are
present under these conditions (D) Steel production (H,/CO/CO, with [CO] < [CO,]); metallic cobalt,

CoO, and potentially metal-support interfaces are present under these conditions.

1.6 Concluding Remarks

The discussed literature on the active and inactive phases of a cobalt-based Fisch-
er-Tropsch Synthesis catalyst underlines that the reported opinions are divergent. Most
often, multiple phases coexist under FTS reaction conditions, which makes it challenging
to correlate one specific phase to e.g., enhanced performance or deactivation. Most

researchers believe that metallic cobalt is the true active phase in FTS. However, cobalt
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oxides, cobalt carbides, cobalt with carbon deposition, and cobalt-support interfaces
have all been reported as active phases as well. This is summarized in Table 1.2. How-
ever, specific terms have to be met in order for the aforementioned cobalt phases to
be active in FTS:

e Cobalt oxides have only been reported as active in FTS when supported on a re-
ducible metal oxide support.

e Cobalt carbides have been reported active in FTS and selective to olefins and/
or oxygenates, provided that they are stabilized by and in synergy with an oxidic
compound and/or an alkali promoter.

e Cobalt with carbon deposition has only been considered an active phase if the
carbon species are atomic or amorphous and can be removed from the surface by
hydrogenation below 350°C.

e Cobalt-supportinterfaces have been reported to enhance the FTS activity, when the
support was a reducible metal oxide and given that the interactions were not too
strong. Oxidic promoter elements have also been reported to form interfaces with

cobalt that display enhanced FTS activity.

Table 1.2. Proposed active and inactive phases in the cobalt-based Fischer-Tropsch Synthesis.

Phase Short description Active Inactive

Metallic cobalt Metallic cobalt is formed in the catalyst during 92.105108,122124.130187.25  n g,
reduction in H, and is the most widely accepted ~ 226270
active phase in FTS.

Cobalt oxides Cobalt oxides often coexist with metallic cobalt 107138188189 91108,210,211
in the catalyst under FTS reaction conditions. The
presence of water promotes re-oxidation of small
cobalt nanoparticles.

Cobaltcarbides  Cobalt carbides can form under FTS reaction 139,140,178,181- 81,91,100,185-187
conditions, especially in CO-rich conditions and ~ 184223.224.226.228-
under high pressure. Typically, an alkali or oxidic ~ 230236.255.271
compound is needed for stabilization.

Cobalt with Carbon deposition is present on the catalyst 79.118,239 7199115
carbon deposition under reaction conditions. This can be in atomic,

amorphous aliphatic, amorphous (poly)aromatic,

or graphitic form.

Metal-support Metal-support interfaces can form readily on 109138,173,174,181183,241,247- 247
interfaces reducible supports during reduction or FTS. 250

Metal-support Mixed-metal support compounds can form at n.a. 91,108,208-210,.213
compounds high CO conversion conditions in the presence

of water.
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If these terms are not met, the cobalt phases mentioned above are often reported as
inactive or deactivating in FTS. Additionally, cobalt with irreversible carbon deposition
and cobalt-support compounds have exclusively been reported as deactivating in FTS.
Catalyst deactivation is a multifaceted process and under reaction conditions and it is
likely that different mechanisms play a role in the overall deteriorating catalyst activity
and selectivity. Over the past decade, progress has been made with surface-sensi-
tive and nanoscale chemical imaging techniques under reaction conditions (in situ),
while monitoring the activity and selectivity (operando). Besides, long-term deactiva-
tion studies, both with synchrotron and lab-based techniques, have been enabled by
close collaborations between industry and academia. Examples of such collaborations
are investigating actual commercial catalysts and designing reactors for spectroscopic
studies under industrially-relevant reaction conditions. All of this has contributed tre-
mendously to our understanding of the active and inactive phases in cobalt-based FTS.
However, promising developments are still ongoing and will likely lead to new insights.
For example, advances in scanning probe vibrational spectroscopy, which will be one
of the topics of this PhD Thesis.

1.7 Scope and Outline of this PhD Thesis

Society as we know it has industrial catalysis at its core. For example, the well-known
Haber-Bosch process has enabled large-scale ammonia synthesis and thus food produc-
tion for the ceaselessly growing global population, while the so-called Fischer-Tropsch
Synthesis (FTS) process has been contributing to fuel production since the 1920s. Cur-
rently, the latter process offers great future potential to enrich energy supplies, for
example by recycling deleterious carbon-containing exhaust gases, such as CO,. Both
industry and academia are constantly in pursuit of improvement when it comes to pro-
cess efficiency and product yield. Facilitating this improvement starts with fundamentally
understanding the catalytically active sites and the relevant reaction mechanisms. The
goal of this PhD Thesis is two-fold: first, to provide insight into the active phase of co-
balt-based catalysts for CO and CO, hydrogenation. Secondly, to uncover the reaction
mechanisms at play during the formation of (un)desired reaction products and catalyst
deactivation. To achieve these two goals, the capabilities and limitations of contempo-

rary spectroscopy and microscopy techniques are explored.

Chapter 2 discusses nanoscale spectroscopy and how this methodology can answer
open questions in catalysis research. We will first introduce the nanoscale chemical
imaging tool photo-induced force microscopy (PiFM), which records nanoscale infra-
red (IR) spectra with a very sharp tip. We will highlight some of its recent applications,
including nano-sized plastic particle detection in environmental samples and catalytic
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material characterization. Then, we will outline the barriers that have to be overcome
to use so-called tip-based spectroscopy methods under realistic reaction conditions.
To understand the fundamental phenomena that take place during catalytic processes,
analytical techniques with nanoscale resolution should be employed under relevant
reaction conditions (i.e., at elevated temperature and pressures). However, tip-based
spectroscopy tools used in academic research typically operate under vacuum or low
pressure and with simplified model catalysts. These two chasms have to be crossed to
make fundamental findings more relevant for industrial catalysis. To aid this process, a
more realistic model catalyst system will be introduced in Chapter 2. The system con-
sists of cobalt nanoparticles stabilized by ordered mesoporous titania micro-islands.
We demonstrate that the intricacies of industrial catalysts are well-represented, while
the model system is flat enough for analysis with photo-induced force microscopy, a

surface-sensitive tool.

Chapter 3 focuses on the reaction mechanisms involved in hydrocarbon product for-
mation and carbon deposition onto the catalyst surface during the CO hydrogenation
reaction with a Co/TiO, FTS catalyst. A multitude of unconventional spectroscopic tech-
niques is required to decipher the myriad of reaction mechanisms that can occur during
this reaction. Modulation excitation (ME) spectroscopy is used to increase the sensitivity
of IR spectroscopy and to uncover active species and intermediates. Oxygen-containing
species appear as active species on the Co/TiO, surface, indicating that C-O bond scis-
sion may be assisted by hydrogen atoms. Shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) is used during CO hydrogenation at elevated temperatures
and pressures to enhance the spectroscopic sensitivity and to observe surface species.
We observe evidence for direct C-O bond scission, without the aid of hydrogen atoms.
Carbon deposition onto the catalyst surface, which is addressed with PiFM, Raman
micro-spectroscopy, and scanning transmission X-ray microscopy (STXM), occurs via

unsaturated carbonaceous species.

Chapter 4 investigates the catalytically active phase and reaction mechanisms at play
during CO, hydrogenation with cobalt-based catalysts. Various support oxide mate-
rials are used to stabilize the cobalt (oxide) nanoparticles. We find that cobalt oxide
nanoparticles on a titania support perform best in terms of long-chain hydrocarbon
production. This refutes the general consensus that metallic cobalt nanoparticles are
the (only) active phase in cobalt-based catalysts. We use ME-IR spectroscopy to shed
light on the reaction mechanisms at play and find that, independent of the support ma-
terial, metallic cobalt and cobalt oxide follow different reaction pathways when forming

hydrocarbon products from CO,.
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Chapter 5 evaluates the effects of promoter element potassium on cobalt-based CO
and CO, hydrogenation. The addition of potassium to Co/TiO, shifts the product selec-
tivity towards longer hydrocarbon chains with more unsaturated bonds. Kinetic param-
eters are studied at elevated temperatures and pressures to explain these phenomena.
The addition of alkali elements, like potassium, to the catalyst formulation appears
particularly interesting for CO, valorization purposes. The lower methane selectivity and
longer hydrocarbon chain length is caused by two particular effects: Firstly, the addition
of potassium leads to an increase in reverse water gas shift activity, forming the more
reactive CO molecule and thereby increasing the overall CO, conversion. Secondly, a
decrease in the amount of hydrogen on the catalyst surface increases the C-C coupling
probability. The promoting effect exerted by potassium will be compared with the ef-
fects of manganese, a promoter element frequently used in industrial cobalt-based FTS
processes, and the cobalt oxide phase, linking the results back to Chapter 4.

Chapter 6 investigates the use of solid industrial mineral residue from biomass gasifi-
cation as catalyst material. The iron-containing mineral residue converts a mixed gas
stream of CO, CO,, H,, and N, into methane (57%) and C,-C; olefins (43%). We demon-
strate with operando X-ray diffraction that the transformation of metallic iron into an
iron carbide phase increases both the catalytic activity and selectivity towards the de-
sired olefin reaction products. While the mineral residue would otherwise have been
discarded as industrial waste, the findings in Chapter 6 offer a new perspective on how

waste streams can be utilized.

The PhD Thesis ends in Chapter 7 with a summary, concluding remarks, and connect-
ing the dots, thereby presenting some future perspectives. This includes an outlook
on recent developments and possible experiments in future heterogeneous catalysis
research. Additional information can be found in Chapter 8, which contains a Dutch
summary, a list of abbreviations, a list of publications, conferences, awards, and outreach

activities, acknowledgements, and a curriculum vitae of the author.
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Abstract

Spectroscopy with nanometer-scale spatial resolution is interesting for the catalysis
community, as correlating spatially-resolved chemical information with the morphology
of catalysts has been a topic of industrial and academic interest for many years. Photo-in-
duced force microscopy (PiFM) is an emerging nanoscale chemical imaging technique
that combines the spatial resolution of atomic force microscopy (AFM) with the chemical
sensitivity of infrared (IR) spectroscopy. This technique first found applications in the
polymer industry, as nanoscale domains of different compounds can easily be distin-
guished by their spectroscopic fingerprint. An obstacle that withholds this technique
from expanding its applications to for example industrially relevant catalyst materials
is the surface roughness of the materials under study. The scanning probe in the PiFM
instrument requires a relatively flat (Z < 1pm) surface, which most catalyst materials
do not naturally have. Industrially relevant catalyst materials often consist of multiple
components that interact with each other as well as with the reactants and reaction prod-
ucts. In this Chapter, we first introduce the PiFM method through several applications
ranging from material science over environmental science to heterogeneous catalysis.
The application of PiFM in the field of environmental science will be illustrated with the
detection of nanoplastics in ocean water. Then, we discuss the barriers that have to be
overcome to apply scanning probe microscopy (SPM) techniques, such as PiFM, under
realistic catalytic conditions as well as the necessary parallel development of realistic
model systems, which are enable to the SPM approach.



APPLICATIONS OF NANOSCALE SPECTROSCOPY

2.1 Introduction

Back in the 5% century B.C., ancient Greek scientists were already wondering wheth-
er matter was continuous or composed of small particles.” The latter are nowadays
recognized by scientists as atoms. While curiosity about the composition of matter
thus dates at least back to the ancient Greeks, the analytical tools to actually observe
nanoscale structures were only invented in the 20* century. In 1981, the scanning tun-
neling microscope (STM) was invented?? and the inventors, Gerd Binnig and Heinrich
Rohrer, published images of individual Si atoms in 1983.% This microscope operates
with a sharp metal tip attached to a cantilever that comes very close to the conductive
surface of the sample. The electron wave functions of the atoms in the sample and the
tip then overlap with each other. When a voltage is applied, the electrons can traverse,
i.e., tunnel, both ways through the vacuum gap between the sample and the tip. The in-
tensity of the tunneling current describes the electronic density of states of the sample.
When this current is set to a constant target value, a feedback loop system can adjust
the tip-sample distance while the tip is scanning over the sample surface. For example,
if the tunneling current exceeds the target value, the tip-sample distance is increased.

This enables topography imaging with atomic resolution.*

The invention of the STM method received the Nobel Prize in Physics in 1986 and then
led to the development of the atomic force microscope (AFM) and other scanning
probe microscopy (SPM) techniques.>® Contrary to the STM technique, the AFM method
does not require a conducting surface. Instead, the sharp tip, coined a scanning probe,
is attached to a cantilever, which bends as the tip contacts the surface. This degree to
which the cantilever deflects, indicates the force of the tip-sample interaction. To protect
the sample from damage by contact with the tip, the AFM can operate in non-contact
mode. The scanning probe then vibrates in a sinusoidal way near its resonance frequen-
cy. This frequency is affected by either repulsive or attractive van der Waals tip-sample
interactions as the tip moves closer to the sample surface. When the amplitude of the
scanning probe’s frequency is set to a constant target value, a feedback system adjusts
the tip-sample distance based on the strength of the tip-sample interaction. Through
scanning over the sample surface, topography images with atomic resolution can be
obtained.’

AFM formed the foundation for spatially-resolved vibrational spectroscopy with nano-
meter-scale spatial resolution. Infrared (IR) spectroscopy, the most common vibrational
spectroscopy technique, is normally restricted by the diffraction limit of IR light (~5-10
pm).” However, by combining the spatial resolution of the AFM method with the chem-
ical sensitivity of IR spectroscopy (denoted in its combination as AFM-IR), the local

chemical composition of the sample can be mapped with at least 50-200 nm spatial
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resolution.”® The working principle of AFM-IR is based on thermal expansion of the
sample upon illumination with IR light. Another promising development involves the
use of synchrotron-based IR radiation and its principle is based on scattering of IR light.
The broad, bright, and spatially coherent IR light source of a particle accelerator led to
synchrotron infrared nano-spectroscopy (SINS) with a spatial resolution of ~25 nm.?'°
Another emerging nanoscale chemical imaging technique is photo-induced force mi-
croscopy (PiFM). Its working principle is based on measuring sample-tip dipole-dipole
interactions upon irradiation with IR light and chemical mapping with 10-20 nm spatial

resolution has been reported.”

This Chapter discusses nanoscale spectroscopy and how this methodology, which was
first demonstrated in materials science research, can be used to answer open ques-
tions in the other fields, including those in environmental science and heterogeneous
catalysis. In Chapter 1, we have already discussed various spectroscopy methods and
how operando spectroscopy aims to study industrially relevant catalyst materials under
realistic reaction conditions. In this Chapter, we will first introduce PiFM as a powerful
new surface science tool and highlight some of its applications, including the detection
of nano-sized plastic particles in environmental samples. Then, we will outline which
barriers have to be overcome to make the combination of surface science and heteroge-
neous catalysis work properly. Consequently, we will discuss the development and char-
acterization of realistic model catalysts that can be used in operando surface studies.

2.1.1 Nanoscale Vibrational Spectroscopy

In Chapter 1, we briefly highlighted that the widely used vibrational spectroscopy tech-
niques infrared (IR) and Raman (micro)spectroscopy are promising analytical tools to
study e.g. carbon-containing species on catalyst materials, like Co/TiO, Fischer-Tropsch
Synthesis (FTS) catalysts. The spatial resolution of vibrational (micro)spectroscopy tech-
niques is limited by the wavelength of the incoming light, which ranges from several
hundreds of nanometers to several thousands of micrometers. The diffraction limitations
of light can be overcome by combining vibrational spectroscopy with SPM techniques,
such as AFM.”"" Examples of this include tip-enhanced Raman spectroscopy (TERS)'?'3
and PiFM."* In the following sections, we will mainly focus on the PiFM technique and
we will outline how this analytical technique is applied in the fiels of material science,
environmental science, and finally in heterogeneous catalysis. The working principle
of the PIFM method is slightly different from AFM-IR; PiFM relies on dipole-dipole in-
teraction, whereas AFM-IR relies on thermal expansion. Consequently, a slightly better
spatial resolution can be achieved with PiFM. Detailed explanations and review articles

on the working principles of these methods can be found elsewhere.?!"15.1¢



APPLICATIONS OF NANOSCALE SPECTROSCOPY

2.1.2 Use of Photo-induced Force Microscopy in the Field of Materials
Science

To the best of our knowledge, the PiFM technique was for the first time successfully
demonstrated on polymer films in 2016."" Even though PiFM is a relatively new tech-
nique and still under continuous development, PiFM devices have been commercially
available for a couple of years now. PiFM first found its applications in the polymer
industry, as nanoscale domains of different compounds could easily be distinguished
by their spectroscopic fingerprint.""'>17-1% The detection principle of PiFM is, however,
slightly different and more complex compared to conventional IR techniques, such as
attenuated total reflectance - infrared (ATR-IR) spectroscopy. For comparison purpos-
es, PIFM IR spectra were compared to ATR-IR spectra of PE, PS, and PET microplastic
granulates (Figure 2.1). Although the IR peaks appeared at the same wavenumbers for
both analytical techniques, the peak intensities were slightly different between the two

methods due to the differences in detection method.
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Figure 2.1. Comparison of attenuated total reflection-infrared (ATR-IR) spectroscopy and pho-
to-induced force microscopy (PiFM) for the studying polymers a) polyethylene (PE), b) polystyrene
(PS), and c) polyethylene terephthalate (PET). The differences in relative peak intensities from bands
in the ATR-based and PiFM-based IR spectra clearly show how the detection method of the PiFM
technique differs slightly from the more conventional IR spectroscopy techniques. For example, the
PiFM method is very sensitive to dipoles and therefore detects certain vibrations much stronger than

conventional IR spectroscopy.

2.1.3 Use of Photo-induced Force Microscopy in the Field of
Environmental Science

Plastic products are essential in modern-day life and while they have supported eco-
nomic growth in many countries, mismanaged plastic waste has become problematic.?°
Although plastic properties, such as being lightweight and shapeable, are beneficial, its
durability makes it a main component of, amongst others, marine litter.2'2? Of the 260-

275 million tonnes of plastic waste produced annually,?® 4.8-12.7 million tonnes have
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entered the oceans in 2010.% Plastic waste fragments and degrades slowly, forming
particles ranging from centimeters down to nanometers.2*2¢ Recently, 11.6-21.1 million

tonnes of microplastics were reported in the top 200 m of the Atlantic Ocean.?’

Today it is recognized that most plastic in the ocean is neither visible nor floating on
the surface 2% and the presence of nanoplastics ' and its potential impact on the bio-
sphere have been mentioned.?**2 However, little is known about the origin, structure,
and fate of nanoplastics in marine environments; even the definition ‘nanoplastics’ is
still under debate defining it either as 1-1000 3 or 1-100 nm particles.3*3> The reasons
for this knowledge gap are the experimental challenge of sampling and the analytical

challenge of detecting nanoplastics, as discussed in detail by recent reviews.3:34-%

Since PiFM had already been successfully demonstrated with 10-20 nm spatial resolu-
tion in the polymer industry,"" one naturally starts wondering whether PiFM could also
be used to detect nano-sized plastic particles that may be present in environmental
samples. To answer this question, we set out to establish a suitable methodology to
systematically analyze sub-100 nm polymer particles with photo-induced force micros-
copy (PiIFM). We have recently studied commercially available nano-sized polystyrene
(PS) spheres of varying sizes (20-400 nm) exposed to fresh and saline water. PS is widely
used with an annual production of over 23 million tonnes worldwide.® When disposed
in aquatic environments, it undergoes extremely slow depolymerization, leading to
micro- and presumably also nanoplastics.*” PS is denser (1.05 g cm=°) than fresh water
and denser than seawater until a certain depth (of several 1000 m).*' Therefore, it will
sink to depths where it is unexposed to sunlight and remains there as a potential source
of micro- and nanoplastics. We thus hypothesized that oxidative degradation and chain
scission must be the predominate mechanisms for PS nanoplastics formation.*%42 We
showed with the PiFM technique that in saline aqueous environments, in the absence
of light, oxidative degradation and chain scission are the main mechanisms to form
and degrade PS micro- and nanoplastics (Figure 2.2).# The PS spheres maintained
their original size (Figure 2.2a) and could easily be distinguished from NaCl crystals
(Figure 2.2c,e) by recording IR maps at 1490 cm™, corresponding to the PS aromatic ring
stretch.”® The PiFM point spectra of the PS particles (red, green, blue plots, Figure 2.2b)
revealed that the chemical state of the PS surface had changed. Pristine PS is typically
identified in IR spectra by its C-H, bending vibration at 1450 cm™ and aromatic ring
stretch at 1490 cm™.*® The PiFM IR spectra in Figure 2.2b showed additional bands,
which were indicative of degradation. The peak around ~1745 cm™ was attributed to
C=0 stretching,* indicating oxidative degradation. Additional peaks around ~1463
and ~1630 cm™, attributed to C-H, bending and C=C stretching of an aliphatic group,
respectively, indicated chain scission.*#2 These chemical changes took place upon
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exposure to saltwater, but not in fresh water. This suggests that (nano)plastics degrade
in the marine environment, but not or to a lesser extent in e.g. rivers, an important

microplastics pathway.*
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Figure 2.2. Photo-induced force microscopy (PiFM) characterization of polystyrene (PS) nano-
spheres. A PS nanosphere mixture (20, 70, 400 nm) was treated with H,O, to (partially) remove the
protective sulfonate ligands and diluted in 35 g L' NaCl. a) Particle size distribution of the PS spheres.
b) PiFM infrared (IR) spectra of PS spheres and NaCl crystals. ¢, d) Topographic images and e, f) IR
maps recorded at 1490 cm™ (C=C stretch indicative for PS). The positions of the point spectra are
indicated in the topographic maps.

Then, we have utilized the established methodology to study nanoplastics from the
South Atlantic Ocean gyre.** In the ocean, plastic pollution is generally evaluated based
on floating macro- and microplastic surface concentrations.*> However, plastics denser
than seawater (~1 g cm®) such as PET (1.38 g cm?) are thought to sink to the ocean
depths.**? Since the ocean water density gradually increases with depth, objects are
expected to stay suspended at the depth where their density equals that of water. This
fact, in combination with biofouling and remineralization,*® is offered as a plausible
explanation for particle concentration at the pycnocline,?”°" where largest oceanic den-
sity gradients occur.’® However, buoyancy or biofouling do not impact particles below
a certain size, (e.g., nanometer-sized particles), but instead their movement follows a
random walk.%? This may lead to widespread transport of nanoplastics by ocean cur-

rents,> but experimental evidence for this hypothesis is lacking. With the PiFM method,
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we have found PET-like nanoplastics at the bottom (i.e., 5179 m depth) of the South
Atlantic Ocean, while conducting an exploratory cruise, organized by the Netherlands
Organization for Research of the Sea (NIOZ), in which one of the researchers of the
Inorganic Chemistry and Catalysis group, namely Dr. Ramon Oord, actively participated
(Figure 2.3).44
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Figure 2.3. Studying individual nanoplastics in the South Atlantic Ocean with the photo-induced
force microscopy (PiFM) technique. a) Sampling location in the South Atlantic Ocean close to the
Cape Basin. b) Infrared (IR) spectra of a polyethylene terephthalate (PET) bulk reference, obtained with
attenuated total reflectance - infrared (ATR-IR) spectroscopy and PiFM, and of a PET-like nanoplastic
particle (1) found at 5179 m depth. €) Topography map of PET-like nanoplastic 1 and d) corresponding
IR map recorded at the characteristic C=0 stretching vibration of PET at 1725 cm™. The location of
the PiFM IR point spectrum from b) is indicated in the topography map by the label ‘1". ) 3D topog-
raphy map of the particles from ¢) indicating how the nanoplastic particle is half covered by another

non-plastic particle. f) Depth profile of the sampling location.

2.1.4 Use of Photo-induced Force Microscopy in the Field of
Heterogeneous Catalysis

In the field of heterogeneous catalysis, it has previously been demonstrated that PiFM
can provide useful chemical insights on model catalysts, such as zeolite thin films' and
metal-organic framework (MOF) thin films.>* The nanoscale spectroscopy approach is

highly interesting for the catalysis community, as correlating spatially-resolved chemical
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information with the morphology of catalysts has been a topic of industrial and aca-
demic interest for many years. However, an obstacle that withholds this analytical tech-
nique from expanding its applications to industrially relevant catalyst materials is surface
roughness. The scanning probe in the PiFM instrument requires a relatively flat (Z<1pm)

surface, which most industrially relevant catalyst materials do not naturally have.

We have recently demonstrated that horizontal dissection and flattening of the catalyst's
surface with a focused ion beam (FIB) facilitates the application of the PiFM technique
with sub-20 nm spatial resolution on the catalysts’ inner surfaces,*® which are normally
too rough for tip-based techniques (Figure 2.4).
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Figure 2.4. Overview of photo-induced force microscopy (PiFM) approach on dissected eth-
ylene polymerization and CO, hydrogenation catalyst particles. a) A focused ion beam (FIB) was
used to dissect a catalyst particle. Scanning electron microscopy (SEM) and photo-induced force
microscopy (PiFM) infrared (IR) images were recorded on the same location. b) SEM image of a SiO,/
methylaluminoxane(MAO)/Hf catalyst particle that was pre-polymerized in 1.6 bar ethylene for 30 min.
The silica domains are light gray, while the polymer domains are dark gray. ¢) Topography map and d)
corresponding spectral component map obtained with principal component analysis (PCA) and clus-
tering on K-Co/TiO, after CO, hydrogenation (250°C, 1 bar, H,/CO,=3, and 10 h time-on-stream (TOS)).

e) PiFM infrared (IR) component spectra and PiFM IR spectrum of a carbon black reference material.
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More specifically, an industrial-grade ethylene polymerization catalyst (Figure 2.4a,b)
was investigated, as well as industrially relevant Co/TiO, catalysts used for CO, hydroge-
nation (Figure 2.4c-e; further discussion in Chapter 5). For the ethylene polymerization
catalyst material, both layer-by-layer and sectioning were observed as fragmentation
mechanisms (Figure 2.4a,b).>® Insights were also obtained on the exposure of new
active sites during the catalyst particle fragmentation process. For the Co/TiO, catalyst
system, the influence of promoter element potassium (K) was investigated and different
carbonaceous surface species were observed after CO, hydrogenation (Figure 2.4c-e).
The species on both catalyst materials had similarities with the chemical structure of
carbon black: a polyaromatic structure with various oxygen functionalities. Aliphatic,
olefinic, and carbonyl groups were observed on unpromoted Co/TiO,. The K-promot-
ed variant had domains that were very rich in conjugated carbonyl groups, as well as

domains with methyl, aliphatic, and olefinic groups.

2.2 Surface Science and Operando Spectroscopy

Because of their working principles, many surface science techniques operate under
ultra-high vacuum (UHV) conditions (i.e., 104-10"2 bar).> 5-2However, during the past
decade it has become increasingly apparent that both catalytic surfaces and reactants
have completely different physical characteristics, such as surface stability, mobility of
species, surface coverages, and surface energies under industrially relevant conditions
compared to vacuum conditions.®**® For example, the impressive work on catalytic nitro-
gen splitting that Gerhard Ertl lead to receive in 2007 the Nobel Prize in Chemistry was
performed at 11107 - 1107 bar with single crystal iron facets.®® However, the industrial
Haber-Bosch process that it relates to, occurs above 150 bar and at 350-550°C on iron
nanoparticles on a doped mesoporous iron-oxide support.®’ Hence, there is still both
a materials and pressure gap between the model systems, researched by Ertl and the
real-life catalysts employed in chemical industry. Recent theoretical data suggest that
nearly all obtainable catalytic and surface parameters are orders of magnitude different
under relevant process conditions than those obtained under vacuum conditions.%®
The two sections below will discuss two hurdles that have to be taken to make insights
from surface science more applicable to industrial catalysis, namely the pressure gap

and the material gap.

2.2.1 The Pressure Gap

Tip-based spectroscopy techniques, such as TERS and PiFM, can provide more de-
tailed insights on the complex surface structure of catalyst materials with nanometer

resolution.'#54%% For example, both layer-by-layer and sectioning were observed as



APPLICATIONS OF NANOSCALE SPECTROSCOPY

fragmentation mechanisms in olefin polymerization catalysts (Figure 2.4). The nanoscale
domains of silica and polyethylene, indicating occurrence of the two fragmentation
mechanisms, were easily distinguished with the PiFM technique. Applying surface-sen-
sitive techniques in heterogeneous catalysis has been historically challenging, as they
often require vacuum or low-pressure environments to function accordingly, which
means that working in real operando mode is in principle impossible. This discrepancy

is referred to as “pressure gap”.5¢¢?7°

The surface science community has made significant efforts in terms of set-up and re-
actor design to bridge the pressure gap. For example, in 1992 a report was published
on a multi-technique surface analysis chamber with high pressure capabilities (thereby
creating the possibility to introduce several gas atmospheres).”"’2 In 1998, a research
article was published on the size dependence of the CO oxidation reaction with gold
clusters on titania thin films using the X-ray photoelectron spectroscopy (XPS) and STM
capabilities of the multi-technique set-up,’’, as reported in 1992.7"72 More recent ap-
proaches to study model surfaces at conditions relevant to industrial applications are,
for example, high pressure (up to 6 bar) STM studies of model hydrodesulfurization
catalysts.”>’* The same group is now working on integrating the STM and AFM tech-
niques in one reactor in a single microscope, applicable at high pressures up to 20 bar.”®
Furthermore, nanoscale IR spectroscopy measurements, using a combination of AFM
and IR spectroscopy, have been performed in gaseous environments with spatial reso-
lutions down to 25 nm."® These developments clearly demonstrate the important steps,
which have been made in the past decades to adapt the SPM methodology to harvest

more relevant information on increasingly complex heterogeneous catalyst materials.

2.2.2 The Material Gap

Within the field of surface science, a relatively flat and well-defined model catalyst, such
as a single crystal surface, is often desired, as tip-based microscopy techniques, like
AFM and STM, and its related spectroscopy variants, such as PiFM and TERS, cannot
operate well on rough surfaces as maximum height differences should typically be
below ~1 um. Heterogeneous catalysts are generally complex multi-component mate-
rials with intrinsically rough surfaces (i.e., more than 1 pm maximum height differences).
Besides, in terms of chemical composition they are typically more complex compared
to single crystal surfaces. They consist of metal nanoparticles, a 3-dimensional support
material to stabilize the nanoparticles, and often one or multiple promoter elements.
The single crystal materials used to model industrial catalysis thus inherently lack the
structural and compositional complexity required to unravel many of the factors, which
are important to catalytic performance.* These factors include but are not limited to
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nanoparticle size effects, metal-support interactions, and (electronic) promoter effects.
The discrepancy between model-based catalysts and industrially relevant catalysts is
referred to as "material gap".>¢7707¢77 However, it is important to stress here that both
approaches and hence materials have their own meritin increasing our knowledge on
the processes taking place in heterogeneous catalysts. A schematic overview of the

currently existing material gap is depicted in Figure 2.5.

Endeavors to bridge this material gap have been made from multiple research angles.
For example, nanofabrication techniques have been used to produce thin film oxides.””
Such materials may be able to represent support oxides used in heterogeneous catalysis
and would be flat enough for analysis with surface-sensitive, tip-based characterization
methods, such as PiFM and TERS.

Material complexity

Single crystals Supported Ordered mesoporous  Industrial catalysts
nanoparticles materials

< 2-dimensional 3-dimensional >
Material gap

Figure 2.5. Schematic overview of the material gap in surface science. More realistic model cata-
lysts are clearly needed, but often are not suitable to be researched by very spatially and sensitive
analytical methods.

2.3 Development and Characterization of Model Catalysts

Model systems are used in scientific research to understand phenomena that occur in
more complex, real systems. For example, in pharmacology model organisms, such as
bacteria or mice, are used to provide insights into the effects of medication on humans.
In heterogeneous catalysis research, 3-dimensional ordered mesoporous materials
(Figure 2.5) have been used as model systems for industrial catalyst supports. This
section describes how ordered mesoporous thin films were a source of inspiration for
the development of micro-islands. Micro-islands can function as realistic model catalyst
supports during surface science studies, as explored in this PhD Thesis. The materials
are flat enough to be characterized with surface-sensitive techniques, such as PiFM, but
realistic enough to represent heterogeneous catalysts.
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2.3.1 Ordered Mesoporous Materials

The two most well-known ordered mesoporous materials, Mobil Crystalline Materials
(MCM)-41 and Santa Barbara Amorphous (SBA)-15, were developed in 199278 and
1986,7? respectively. The researchers who invented them, intended to use the silica
materials as molecular sieves. Currently, such materials find applications in drug de-
livery,®° energy and gas storage,®' water and gas filtration,®? imaging, and catalysis.®
The sol-gel synthesis method to create ordered mesoporous particles has also been
demonstrated with a multitude of other compounds, such as titania and alumina. The
texture of such high surface area materials has been efficient in terms of controlling the
metal nanoparticle size in heterogeneous catalysis research.®%> However, surface sci-
ence characterization tools often utilize a scanning probe, which requires a relatively flat
surface, preferably with maximum height differences below 1 um, to function properly.
Even though 3-dimensional ordered mesoporous materials are generally interesting
for heterogeneous catalysis research purposes, surface science requires materials with

a more 2-dimensional character.

2.3.2 Thin films

Thin films of various (metal) oxides are used in surface science research to represent
the support material of industrial catalysts.® Metal nanoparticles are deposited on the
non-porous (metal) oxide films to mimic a real catalyst. Although such model systems
are already a step up from simple single crystal surfaces, industrially relevant catalysts
are structured differently. They normally consist of metal nanoparticles dispersed in a
high surface area support. Apart from increasing the surface area, the support material

may also play a role in inhibiting metal nanoparticle growth.

Titania thin films have numerous applications such as energy conversion, membranes,
optical applications, controlled delivery, and (photo)catalysis. Mesoporous titania thin
films are of interest for all of these applications because of their high surface area.
Such films could be prepared by deposition and sintering of titania nanoparticles,
which leads to irregular porosity.#” However, for many applications, including hetero-
geneous catalysis research, ordered mesopores could be beneficial, for example to
control the metal nanoparticle size and/or to ensure a uniform metal nanoparticle size
distribution. Nanoparticle growth may occur during catalysis and could lead to a de-
crease in the observed catalytic activity during an experiment. Therefore, controlling
the metal nanoparticle size is often desired in fundamental catalysis research to rule out
nanoparticle growth as a contributing factor to the observed effects. Besides, for the
cobalt-based FTS reaction, the optimum cobalt nanoparticle size is established at 6-8

nm.888? Nanoparticles below or above that size have different catalytic properties, such
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as a higher undesired methane selectivity (<6 nm) or a lower catalytic activity (>8 nm).
Hence, to draw meaningful fundamental conclusions, having a uniform metal nanoparti-
cle size distribution is desirable. Sol-gel methods to synthesize ordered mesoporous ti-
tania thin films in various structural configurations have been developed in the materials
science field in the early 2000s.5”° For various analytical techniques, such as scanning
transmission X-ray microscopy (STXM) and tip-based vibrational spectroscopy, namely
TERS, an empty space or background in the vicinity of the catalytic site(s) of interest is
desired for facile data analysis. A background is typically subtracted from the spectral
region of interest (i.e., the catalyst (particle)) to ensure that the signal obtained is from
the catalyst only and not (partially) from e.g., a sample carrier. This sparked the idea
to develop micro-islands from the thin film material. References ?° and ¥ in particular
formed an inspiration for the development of ordered mesoporous titania micro-islands,

which will be described in the next section.

2.3.3 Micro-islands

Ordered mesoporous titania micro-islands were synthesized tweaking a sol-gel
recipe®?° and micro-patterning approach?'?2 from the open literature. The micro-is-
lands displayed in Figure 2.6 were about 20 pm in diameter and 300 nm in height. Cu
transmission electron microscopy (TEM) grids with a 600-mesh hexagonal structure were
used during the synthesis as photomasks. The diameter of the micro-islands and the
spacing between them could be altered by using a different photomask. The thickness
could be adapted via spin coating conditions, such as rotational speed. The ~5 nm
mesopores in the micro-island were hexagonally arranged with a repeating structure

distance of ~15 nm.

Figure 2.6. Microscopy overview of TiO, micro-islands SiO,/Si(100) wafer. a) Optical micros-

copy image of as-synthesized TiO, micro-islands. b,c) Scanning electron microscopy (SEM) images
displaying TiO, micro-islands and their mesoporous structure. d) Atomic force microscopy (AFM)
image showing the mesoporous structure of the TiO, micro-islands.

The titania islands were impregnated with an aqueous cobalt nitrate solution and cal-
cined at 250°C to form cobalt oxide nanoparticles. The resulting Co/TiO, micro-island

catalyst was analyzed with a combination of scanning electron microscopy (SEM), trans-
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mission electron microscopy (TEM) and X-ray diffraction (XRD) to observe the porous
structure from the inside of the island and to determine the average cobalt nanoparticle
size (Figure 2.7). The titania micro-islands were synthesized on a non-transparent SiO,/
Si(100) wafer carrier. Hence, a slice of the island was cut out with a focused ion beam
(FIB) (Figure 2.7a) to enable the transmission of electrons and high-resolution element
mapping via transmission electron microscopy - energy dispersive X-ray (TEM-EDX)
spectroscopy (Figure 2.7b-f). The average cobalt nanoparticle size determined with

TEM was 4.5 + 2.2 nm, while grazing incidence X-ray diffraction (GI-XRD) yielded 6.0 nm.
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Figure 2.7. Overview of Co/TiO, micro-islands. a) Cutting a slice out of the micro-island with a
focused ion beam (FIB) to prepare for scanning transmission electron microscopy (STEM). b) Cobalt
nanoparticle size analysis with STEM-energy dispersive X-ray (EDX) spectroscopy. ¢-f) High-angle
annular dark field (HAADF) STEM image (¢€) and EDX elemental maps of Si, Ti, and Co (d-f).

In addition to the ordered mesoporous titania micro-islands, ordered mesoporous alu-
mina and silica micro-islands were successfully synthesized during the course of this
PhD Thesis work. Both systems were impregnated and calcined to yield cobalt-based
micro-island catalyst materials (Figure 2.8) as described above. Although the success-
ful syntheses of Co/Al,O; and Co/SiO, micro-island model catalysts are promising for

employing surface science tools in heterogeneous catalysis research, the remaining
section will be focused on Co/TiO,.
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Figure 2.8. Overview of Co/Al,O, and Co/SiO, micro-islands. a-d) Optical microscopy and scan-

ning electron microscopy (SEM) images of Al,O, (a, b) and SiO, (c, d). e-i) X-ray elemental maps
of slices from the Al,O, and SiO, micro-islands, after performing a focused ion beam (FIB) milling

procedure on the samples.
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Figure 2.9. Assessing the reduction profile of the Co/TiO, micro-island model catalyst. a) Raman
spectra of the fresh sample and atincreasing temperatures in Ar/H,=4. b) Raman spectra of reference

compounds Co,0, and CoO.

For 3-dimensional catalyst materials, the next steps in terms of analysis would be to apply
a multitude of standard characterization techniques. For example, H,-temperature pro-
grammed reduction (TPR) to assess the reduction profile of the cobalt (oxide) nanopar-
ticles. For the micro-island model systems, many standard characterization techniques
cannot be employed due to the detection limits of these methods. H,-TPR typically re-
quires 50 mg of catalyst material, while the micro-island model systems are in the range
of micrograms. However, the unique built-up of the micro-islands allows other precise
methods, such as in situ Raman micro-spectroscopy, to be employed for following the re-
duction of cobalt oxide nanoparticles to metallic cobalt (Figure 2.9). The Co,O, nanopar-
ticles gradually transition to a pure CoO phase at 300°C. CoO transitions to metallic
Co, which is Raman inactive and does not display any peaks, between 300 and 400°C.
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Then, PIFM'" was used to assess whether or not the micro-island model catalyst ma-
terials were suitable for SPM analysis. As mentioned above, PiFM is a combination of
AFM and infrared IR spectroscopy. By combining these two techniques, the diffraction
limit of IR light is overcome and IR spectra can be recorded with nanoscale spatial
resolution and monolayer sensitivity."! Co/TiO, micro-islands were assessed with the
PiFM technique as-synthesized and after 70 min FTS reaction. Figure 2.10a,b display
the AFM image and corresponding IR map at 1060 cm, the Si-O stretching vibration
of the wafer background and/or the Ti-O stretching vibration of the micro-island,?® for
the as-synthesized Co/TiO, micro-island. Figure 2.10¢,d display the AFM image and
corresponding IR map at 1260 cm™, the C-C stretching vibration? of carbon deposition
that occurred during the FTS reaction on the Co/TiO, island. PiFM IR point spectra are
displayed in Figure 2.10e and a 3-dimensional AFM map of the Co/TiO, micro-island
after 70 min of FTS reaction in Figure 2.10f. The micro-islands appear to be suitable
model catalysts for surface-sensitive characterization techniques that require a scanning
probe. In Chapter 3, we will employ the Co/TiO, micro-islands for a thorough mecha-

nistic study on carbon deposition during the FTS reaction.
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Figure 2.10. Photo-induced force microscopy (PiFM) on Co/TiO, micro-islands. Atomic force
microscopy (AFM) images and infrared (IR) maps of a,€) Co/TiO, as-synthesized and b,d) after 70 min
of Fischer-Tropsch Synthesis (FTS) reaction at 220°C, 1 bar, and H,/CO=2. e) PiFM IR point spectra
recorded at the locations indicated in the AFM images. f) 3-dimensional AFM image of the Co/TiO,
micro-island in c.

83



84

CHAPTER 2

2.4 Conclusions

While curiosity about the composition of matter dates at least back to the ancient
Greeks, the tools to actually observe nanoscale structures were only invented in the
20% century. These so-called nanoscale chemical imaging tools include scanning probe
microscopy (SPM) methods, which overcome the diffraction limitations of light by op-
erating with a very sharp tip, which scans over the sample under investigation. This
Chapter introduced photo-induced force microscopy, a powerful tip-based spectros-
copy method that combines infrared (IR) spectroscopy with atomic force microscopy
(AFM) to record IR spectra with 10-20 nm spatial resolution. This analytical tool first
found applications in the polymer science field and could later also be employed for
e.g., nanoplastic detection in environmental samples and for catalysis research, but
certainly has the potential to be applied in a wide variety of applications in the broad

field of materials, life and environmental sciences.

Although significant breakthroughs were made over the past 20 years, operando spec-
troscopy and tip-based nanoscale characterization techniques, based on SPM and AFM
methods, remain an interesting, but very challenging combination. To make this combi-
nation ultimately work and applied on a variety of catalyst systems, both the so-called
pressure and material gaps should be bridged. In an attempt to bridge the material
gap, in this Chapter ordered mesoporous titania micro-islands were synthesized to
function as realistic model support material in heterogeneous catalysis research. A Co/
TiO, micro-island model catalyst was successfully created and analyzed with the PiFM
technique. In Chapter 3, this Co/TiO, micro-island model catalyst will be utilized to an-
alyze carbon deposition in the Fischer-Tropsch Synthesis (FTS) reaction in more detail,
thereby illustrating that it is feasible to investigate industrially relevant catalyst materials
with the PiFM method.

2.5 Materials and Methods

2.5.1. Materials, Chemicals, and Synthesis

Mesoporous thin films and micro-islands were synthesized on 7x7 mm?2 SiO,/Si(100)
wafers (Siegert Wafer) from a sol gel. The silica sol-gel contained tetraethyl orthosilicate
(TEOS) (Sigma-Aldrich, 299.0%), the alumina sol-gel contained aluminum isopropoxide
(AIP) (Sigma-Aldrich, 299.0%), and the titania sol-gel contained titanium isopropoxide
(TIP) (Acros Organics, 298%) as precursor. The precursor was added to 4.0 mL of a 1.25
g L solution of poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (P123) (Sigma-Aldrich) in dry ethanol, containing 0.20-0.40 mL hydrochloric acid
(HCI, 37 vol%, Sigma-Aldrich) to increase the acidity. The exact amounts used for the
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different sol-gels can be found in Table 2.1. The reaction proceeded under magnetic
stirring (600 rpm) for 10-60 min. For thin films, 10 pL of sol gel solution was spin coated
directly onto the wafers at 3000 rpm for 30 s. For micro-islands, the wafer surfaces
were first made hydrophobic by emerging them in octadecyltrichlorosilane (ODTS)
(Sigma-Aldrich, 290%) in dry toluene (99.8%, water <0.0002%, Sigma-Aldrich) for 10
min. After washing with toluene, drying with pressurized argon, and baking at 120°C
for 5 min, the wafers were covered with Cu photomasks (400-600 mesh) and UV/ozone
(O,) cleaned (Ossila) for 5 min to partially remove ODTS from the surface. Typically, 10
pL sol gel was spin coated on the wafers at 3000 rpm for 30 s. The coated wafers were
aged in air at room temperature for 24 h, dried at 80°C for 3 h, and calcined at 500°C
for 4 h with 5°C min™.

Table 2.1. Overview of sol gel compositions for mesoporous thin films and micro-islands synthesis.

Material Precursor Amount Ethanol Water HCI P123 Gel time
precursor (mL) (mL) (37%) (mL) (mg) (min)
Sio, TEOS 0.20 mL 4.0 1.5-2.0 0.20 50 15-60
Al,O, AIP 0.20g 4.0 0.0 0.40 50 15-60
TiO, TIP 0.25 mL 2.0 0.0 0.40 50 10-20

In a typical procedure, 10 pL of an aqueous cobalt nitrate hexahydrate (Sigma-Aldrich,
99.999% trace metals basis) solution was spin coated on a wafer with micro-islands at
3000 rpm for 30 s. The wafers were dried at 60°C for 2 h and then calcined at 250°C
for 2 h with 5°C min™". The cobalt loading was typically 20-30 wt.% with respect to the
thin films or micro-islands support material based on energy dispersive X-ray (EDX)

spectroscopy.

2.5.2. Methods

Optical microscopy images were recorded with an optical light microscope (50x objec-
tive). Focused ion beam - scanning electron microscopy (FIB-SEM) and the EDX chemical
mapping analyses were performed using a FEI Helios NanolLab G3 UC SEM instrument
equipped with a XMaxN Silicon Drift Detector for EDX elemental mapping. High-angle
annular dark-field (HAADF) - scanning transmission electron microscopy (STEM) and

the corresponding EDX mapping analyses were performed on a FEl Talos F200X.
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Grazing incidence X-ray diffraction (GI-XRD) and grazing incidence small angle X-ray
scattering (GI-SAXS) were performed with a D8 ADVANCE at Bruker AXS advanced
X-ray solutions (Karlsruhe, Germany). For the GI-XRD measurements, the XRD patterns
were recorded under an incident angle w = 0.5° and 26 ranging from 10° to 70° with
an increment of 0.060° and 7 s per step. The data were analyzed and average cobalt
particle diameters were obtained with the TOPASS5 software. For the GI-SAXS measure-
ments, scans were recorded under an incident angle w = 0.3°. The data were analyzed

and the repeating structure distance was calculated with the DIFFRAC.EVA software.

Raman spectra were recorded with an XploRA Plus Micro-Raman from Horiba Scientific.
The spectra were recorded using a 50x or 100x (ex situ) objective, a 532 nm laser (either
3.64-10° W/cm? or 4.28:10° W/cm?, corresponding to setting of 1% or 10% maximum
laser power respectively), and a 1200 mm™" grating. For operando experiments a Linkam
THMS600 cell was used. The composition of the gas phase was monitored (0-60 amu)
with online mass spectrometry (MS) using an OmniStar Thermostar GSD320 Gas Anal-
ysis System (Pfeiffer Vacuum). The catalyst was reduced in situ in a dilute H, flow (25
vol% H, in Ar, 40 mL min"" in total) at 450°C for 1 h (5°C min"' ramp). Then, the gas flow
was switched to Ar and the cell was cooled to 220°C. The flow was then switched to a
5 mL min" H, and 2.5 mL min” CO flow (H,/CO = 2) for 1-24 h.

Nanoscale infrared spectroscopy (nano IR) was performed using a VistaScope pho-
to-induced force microscope (PiFM) from Molecular Vista (San Jose, CA, USA). This
instrument is equipped with a quantum cascade laser (QCL) unit, as well as an optical
parametric oscillator (OPQO) laser. IR spectra were recorded in the 775-1950 cm™' range
with the QCL and in the 2250-4400 cm' range with the OPO laser. Prior to hyperspectral
analysis, AFM topography images were recorded in non-contact mode together with
IR maps and IR point spectra (60 accumulations of 500 ms; 1 cm™' spectral resolution).
Typical image sizes were 2-30 pm?2. The data were analyzed using the VistaScan 1.7,
SurfaceWorks 2.4 software, MATLAB, and Origin 9.
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Abstract

Fischer-Tropsch Synthesis (FTS) is one of the most resilient industrial scale catalytic re-
actions leading to a wide variety of clean fuels and chemicals produced from syngas, a
mixture of carbon monoxide (CO) and hydrogen (H,). Although this process has been
invented more than a century ago, settling the mechanistic debate around the formation
of long-chain hydrocarbons from syngas remains very challenging. While most scientists
advocate the direct dissociation of CO, followed by hydrogenation of surface carbon
and the subsequent polymerization of the surface CH, fragments, we show herein that
multiple reaction mechanisms occur simultaneously on an industrially relevant cobalt-ti-
tania FTS catalyst. By employing various advanced vibrational spectroscopy techniques
under industrially relevant reaction conditions, we were able to identify surface CH,
moieties as well as oxygen-containing surface intermediates. While supported cobalt
nanoparticles are responsible for CO dissociation and subsequent hydrogenation of the
surface carbon species, the titania support participates in the functioning of the catalyst
by supplying surface oxygenate species. Besides the formation of linear reaction prod-
ucts, unsaturated hydrocarbon deposits appear to grow as well on the catalyst surface.
While 99% of the products are linear hydrocarbons, oxygenated products constitute
a minority fraction of 1%. Carbon deposits remain adsorbed on the catalyst surface,

therefore suggesting that they may be involved in catalyst deactivation phenomena.
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3.1 Introduction

Nowadays, there is an increasing interest in chemical production technologies that offer
an alternative to our fossil-based manufacturing processes. The production of synthetic
fuels from syngas (CO/H, mixtures), also known as Fischer-Tropsch Synthesis (FTS)',
serves as an example as it may offer a route to convert small molecules, like CO and the
related greenhouse gas molecule CO,, obtained from e.g., municipal and agricultural
waste, such as plastic, or lignin into transportation fuels and chemicals?. As thoroughly
discussed in Chapter 1, the FTS process is commercially conducted with cobalt- and
iron-based solid catalysts and the technology dates back to the 1920s%*. However, due
to the complexity of the overall chemical conversion process, the plausible catalytically

active phases and the reaction mechanisms are still highly debated.

Supported cobalt nanoparticles are one of the main ingredients of a typical commercial
FTS catalyst. These nanoparticles are attached to a porous support material to avoid
undesired metal sintering, which would lead to a decrease in catalytic activity. The
support material is typically a solid with a high surface area, such as titania, silica, or
alumina®. Linear paraffins and olefins are the targeted FTS output and high selectivity
towards these products is thus an important requirement’. In specific instances, where
supported cobalt nanoparticles were combined with an oxidic component, such as
MnO, and an alkali metal, such as K or Na, high selectivity towards oxygenates has been
reported as well®’. An undesired yet inevitable side product of the FTS reaction is CH,.
While the step-edge sites of supported cobalt nanoparticles are held responsible for
high C-C coupling activity®”, the flat terrace sites may be responsible for CH, formation.
CH, intermediates namely bind less firmly on cobalt terrace sites than on cobalt stepped
surfaces. As a result, one expects more facile CH, hydrogenation and thus CH, forma-
tion on terraces'®'?. Besides, hydrocarbon and carbonaceous species will be formed
during the FTS process on cobalt-based catalysts in different forms and are considered
to be one of the causes of catalyst deactivation when they are irreversibly adsorbed on
the catalyst surface?'3'%. However, detecting such carbon species is challenging due
to insufficient detection limits of most bulk spectroscopic techniques and the strong
absorption of visible light by the very dark colored catalyst materials used in FTS, which

makes optical spectroscopy using visible light rather difficult if not simply impossible.

For the formation of conventional FTS products, various mechanistic options have been
proposed?'®. The direct dissociation of CO followed by hydrogenation of C atoms and
polymerization of CH, (Figure 3.1a) is advocated by most researchers?'%'>"7, but certain-
ly not unchallenged. In the most widely accepted alternative, adsorbed CO is first hydro-
genated to a formyl/aldehyde intermediate and then dissociated'®'*'8'? (Figure 3.1a).
Chain growth consequently occurs via insertion of CO moieties?*?2. For cobalt terrace
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sites, it has previously been established that H-assisted C-O scission has a lower energy
barrier than the direct dissociation of CO'%2324 |t could thus be speculated that graphitic
carbon deposits, which prefer a flat cobalt surface"152528 are formed via the H-assisted
mechanism and grow via CO insertion. Nevertheless, this has not yet been substantiated
by experimental evidence, nor has the chemical structure of the carbon deposits been
clarified in detail. In general, the reaction mechanisms that take place during the FTS
reaction and which particular pathways lead to which particular products is still highly
debated?. Due to the wide variety of products that an FTS catalyst can form, it is likely
that multiple reaction mechanisms occur, perhaps even simultaneously, during the FTS?

From an analytical viewpoint, the so-called pressure and material gaps, as discussed in
Chapter 2, should be bridged to study solid catalysts at the best possible resolution and
under realistic reaction conditions. The pressure gap describes the difference between
industrially relevant reaction conditions, i.e., elevated temperatures and pressures, and
ultra-high vacuum (UHV) environments often used in academic research®®3'. We aim to
address the pressure gap by employing shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS)? during the FTS reaction with Co/TiO, as catalyst (Figure 3.1c).
This technique has previously been used by our group to successfully study reaction
pathways and intermediates on Rh-based catalysts during the FTS reaction up to
350°C?°. However, in this Chapter we will push the boundaries of the technique by
operating at temperatures up to 450°C and pressures up to 20 bar. The material gap de-
scribes the discrepancy between industrial catalysts and simple planar model systems,
like single crystals, often used in academic research. In this Chapter, we also attempt
to bridge the material gap by employing the Co/TiO, micro-island model catalysts, as
introduced in Chapter 2. These are realistic enough to represent realistic as possible
Co-based FTS catalysts, but still flat enough to use surface-sensitive techniques on (Z<1

pm), such as atomic force microscopy (AFM).

In an attempt to answer the open mechanistic questions related to the FTS reaction,
we deploy in this Chapter a multi-technique analytical approach. To observe active
species and intermediates, operando modulation excitation diffuse-reflectance infrared
Fourier-transform spectroscopy (ME DRIFTS) was used as transient analytical method.
With this methodology, the concentration of reactant CO was periodically varied to
provoke a transient response, which allows for the spectral detection of active species
and intermediates (Figure 3.1b). Carboxylate intermediates were observed on Co/TiO,
and the role of the performance-enhancing TiO, support appeared related to supplying
essential building blocks during the FTS reaction. To observe surface species during

the FTS reaction at elevated pressure, we have used operando SHINERS.
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Figure 3.1. Schematicillustration of the two main reaction pathways in Fischer-Tropsch Synthe-
sis (FTS) and the analytical strategies used in this Chapter to elucidate the occurrence of these
reaction pathways. a) Schematic illustration of the most widely accepted reaction pathways in FTS
over cobalt, including the surface species observed in this Chapter. C, denotes the main product
output of the FTS reaction: linear hydrocarbons. C, -O indicates the oxygenated minority products:
alcohols, aldehydes, and acids. b) Schematic illustration of operando modulation excitation diffuse
reflectance Fourier-transform infrared spectroscopy (ME DRIFTS) during FTS over a Co/TiO, catalyst.
c) Schematic illustration of operando shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) methodology to study surface species during FTS over a Co/TiO, catalyst at elevated
temperatures (up to 450°C) and pressures (up to 20 bar). d) photo-induced force microscopy (PiFM)
methodology to study carbon deposition on Co/TiO, after the FTS reaction.

The signal enhancing shell-isolated nanoparticles (SHINs) were able to withstand tem-
peratures up to 450°C and pressures up to 20 bar. The catalytic performance improved
with increasing pressure, which coincided with the appearance of Ti-OH surface groups.
Besides, evidence was observed for the occurrence of the direct dissociation mecha-
nism (Figure 3.1a), as Co-C vibrations were identified in the SHINER spectra. To study
carbon deposition, we have used photo-induced force microscopy (PiFM) (Figure 3.1d),
Raman micro-spectroscopy (micro-Raman), and scanning transmission X-ray micros-
copy (STXM) with the Co/TiO, micro-island model catalysts. Unsaturated hydrocarbon
deposits were detected with the three different analytical techniques during and after

the FTS reaction. Through isotope labelling experiments, conjugated carbonyl function-
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alities were identified as precursors for irreversibly adsorbed carbon deposits. Finally,
to underline the mechanistic versatility of FTS catalysts, formaldehyde was fed and
co-fed to Co/TiO, during the FTS reaction. This carbonyl functionality formed both
carbon deposition and (oxygenated) hydrocarbon products, thereby suggesting that
this molecule could be actively involved in the gradual formation of carbon deposits,

covering the active sites, and hence, decreasing the overall performance of the catalyst.

3.2 Materials and Methods

3.2.1. Materials Synthesis

A Co/TiO, powder catalyst with a loading of ~10 wt.% was prepared via incipient wet-
ness impregnation (IWI) using P25 TiO, and an aqueous solution of Co(NO,),-6H,0
(Sigma-Aldrich, 99.999% trace metals basis). The sample was dried overnight in static
air at 60°C and then calcined at 250°C in flowing N, for 4 h.

3.8 gP25TiO, (CRI catalyst company) was put in a Caleva Mixer Torque Rheometer with
0.2 g methylcellulose and water. The obtained paste was transferred to a single mini-
screw extruder (Caleva) and extruded into 2-mm diameter cylindrical extrudates. The
obtained catalyst extrudates were dried overnight at room temperature and afterwards
calcined at 600°C. The extrudates were put in a Co(NO,),-6H,0 solution overnight to

obtain 0.2 wt.% loading. The samples were calcined at 250°C for 1 h in static air.

TiO, micro-islands were synthesized on 7x7 mm?2 SiO,/Si(100) wafers (Siegert Wafer)
from a titanium isopropoxide (TIP) (Acros Organics, 98+%) sol gel, as described in
Chapter 2. Hexagonally ordered mesopores were obtained by using triblock copo-
lymer Pluronic123 as structure-directing agent. The calcined TiO, micro-islands were
impregnated with an aqueous solution of Co(NO,),-6H,0 and calcined, as described
in Chapter 2.

3.2.2. Materials Characterization

Operando modulation excitation diffuse reflectance infrared Fourier transform spec-
troscopy (ME DRIFTS) experiments using the powder catalyst materials were carried
out with a Bruker Vertex70V Fourier Transform (FT)-IR spectrometer equipped with a
liquid nitrogen cooled Mercury Cadmium Telluride (MCT) detector and a Harrick Pray-
ing Mantis unit. The samples were sieved to a grain size of 150-425 pm and were firmly
fixed in a 2 mm thick stainless-steel block which acts as a sample holder using two

quartz wool plugs®. The sample holder was closed using a CaF, window, to allow the
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reflection of IR radiation, and a graphite window. The inlet of the cell was connected to
two solenoid valves (Series 9, Parker), allowing fast switching needed for the modulation
experiments. The outlet of the cell was connected to an on-line mass spectrometer (MS;
Pfeiffer Vacuum Omnistar). The 10 wt.% Co/TiO, catalyst and TiO, powder (P25) were
pre-treated in H, for 1 h at 450°C. During modulation of CO gas, the H,/CO ratio was 2,
while T=220°C and P=1 bar. In total, at least 10 modulation periods were performed by
alternating flows of CO and H, at a ratio of 1:2 (60 s) versus H, (60 s). During each period
of 120's, 120 spectra were recorded at 80 kHz scanner velocity and 4 cm™ resolution.
The 10 modulation periods of 120 s each resulted in a 20 min experiment. After spectral
acquisition, the sets of time-resolved data were treated by phase-sensitive detection
(PSD)* to obtain phase-resolved data. Phase-resolved amplitude spectra were obtained

by taking the absolute maxima at every single wavenumber using a MATLAB script.

Shell-isolated nanoparticles (SHINs) were synthesized as reported elsewhere?. 30 L
SHINs solution was mixed with 20 pL of the Co(NO,),-6H,0 solution and deposited
with a Finn pipette on the exterior surface of the Co/TiO, extrudate. The samples were
then calcined at 250°C for 1 h in static air prior to Raman spectroscopy experiments.
Raman spectra of the extrudate catalyst materials were recorded with an XploRA Plus
Micro-Raman instrument from Horiba Scientific. The spectra were recorded using a 50x
objective, a 638 nm laser (either 3.64:10° W/cm? corresponding 1% maximum laser),
and a 1200 mm-' grating. The composition of the gas phase was monitored (0-50 amu)
with online mass spectrometry (MS) using an OmniStar thermostar GSD320 Gas Anal-
ysis System (Pfeiffer Vacuum). For the high-pressure (1-20 bar) experiments a Raman
High Temperature Reaction Chamber from Harrick Scientific was used. The chamber
was connected to an in-house built high-pressure system controlling the pressure with
a back pressure regulator and the gas flow with mass flow controllers. Raman spectra
were recorded using the LabSpec 6 software from Horiba Scientific and analyzed using
Fityk and Origin 9.

Optical microscopy images of the model catalysts were recorded with an optical light
microscope (50x objective). Focused ion beam - scanning electron microscopy (FIB-
SEM) and the energy dispersive X-ray (EDX) mapping analyses were performed using
a FEI Helios Nanolab G3 UC scanning electron microscope equipped with a Xmax™ Sil-
icon Drift Detector for EDX elemental mapping. High-angle annular dark-field (HAADF)
- scanning transmission electron microscopy (STEM) and the corresponding EDX map-

ping analyses were performed on a FEI Talos F200X.

101

‘ w



102

CHAPTER 3

Nanoscale infrared spectroscopy (nano IR) of the model catalysts was performed using
a VistaScope photo-induced force microscope (PiFM) from Molecular Vista (San Jose,
CA, USA). This instrument is equipped with a quantum cascade laser (QCL) unit, as well
as an optical parametric oscillator (OPO) laser. IR spectra were recorded in the 775-
1950 cm™ range with the QCL and in the 2250-4400 cm™ range with the OPO laser.
Prior to hyperspectral analysis, AFM topography images were recorded in non-contact
mode together with IR maps and IR point spectra (60 accumulations of 500 ms; 1 cm™!
spectral resolution). Typical image sizes were 2-30 um?2. The data were analyzed using
the VistaScan 1.7, SurfaceWorks 2.4 software, MATLAB, Fityk, and Origin 9.

For the model catalysts, Raman spectra were recorded with the same microscope as
mentioned above using a 50x or 100x (ex situ) objective, a 532 nm laser (either 3.64-10°
W cm? or 4.28:10° W cm?, corresponding to setting of 1% or 10% maximum laser power
respectively), and a 1200 mm™ grating. For operando Raman spectroscopy experiments
a Linkam THMS600 cell was used. The model catalyst materials were reduced in situ
in a dilute H, flow (25% H, in Ar, 40 mL min™" in total) at 450°C for 1 h (5°C min"' ramp).
Then, the gas flow was switched to Ar and the cell was cooled to 220°C. The flow was
then switched to a 5 mL min™ H, and 2.5 mL min™ CO flow (H,/CO=2) for 1-24 h.

Scanning transmission X-ray microscopy (STXM) of the model catalysts was performed
atthe Advanced Light Source (ALS) 11.0.2 beamline of the Lawrence Berkeley National
Laboratory (LBNL, Berkeley, CA, USA). The monochromatic X-ray beam was focused
onto the sample by a 45 nm/120 pm zone plate and a 90 um Order Sorting Aperture
(OSA). X-ray absorption spectra were recorded at the carbon K-edge, Co L, ;-edges,
and Ti L,;-edges.

All quantum chemical simulations of the molecules to determine their vibrational spec-
tra were performed using the Gaussian16 software34. The ground state equilibrium struc-
tures and electronic properties were obtained at the density functional (DFT) level of
theory utilizing the B3LYP3%%¢ XC functional in the gas phase; i.e. of benzaldehyde (BA),
1- naphthaldehyde (1-NA), formaldehyde (FA), and acetic aldehyde (AA) The def2-SVP
basis set®’3® was applied for all atoms. A subsequent vibrational analysis was carried out
for each optimized ground state structure, with respect to different isotopes of oxygen
atom, i.e. O vs. ®0, to verify that a minimum on the potential energy (hyper)surface
(PES) was obtained. All calculations were performed including D3 dispersion correc-
tion with Becke-Johnson damping®. The simulated IR-spectra were obtained from the
corresponding vibrational analyses by applying a Voigt profile with a Full Width at Half
Maximum (FWHM) of 18 cm’ to each vibration.
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3.2.3. Catalyst Testing

Catalyst performance testing at 20 bar for 10-100 h was carried using in-house built
high-pressure set-up. A steel reactor was filled with 200 mg of catalyst sample sieved
to a grain size of 150-450 ym. The sample was plugged between two quartz wool
plugs. The reactor was placed in an oven and connected to the gas inlet and outlet.
A back-pressure controller (BPC) was incorporated in the gas line connected to the
outlet to maintain a defined pressure. An on-line gas Thermo Fischer Trace 1300 gas
chromatograph (GC) was used for product analysis. The GC was injected with 1 pL of
the reactor outlet stream every 23 min. The sample was heated to 450°C with a 10°C
min ramp in a 10:20 mL min™ H,/N, flow and held at that temperature for 1 h to reduce
the catalyst prior to theFTS reaction. After the reduction step, the sample was cooled
to 180-220°C with a 10°C min"! ramp. At this temperature, the gas flow was switched to
Ar/H,/CO (H,/CO=2) and once the gasses were flowing, pressure was built up to 20 bar
with a 1 bar min” ramp. The CO conversion and product selectivities were calculated

from the following relationships:

Xco (%) = (1 — ng—ﬁg) « 100% (Equation 3.1)

Ao and A, represent the thermal conductivity detector (TCD) peak area of CO and Ar
during the reaction. A%, and A%, are the TCD peak areas of CO and Ar recorded during

a blank measurement. The selectivity was calculated using Equation 3.2.

Ai* Fi

S{%) = (°°—A*F) * 100% (Equation 3.2)
n=141 L

In this equation, A, corresponds to the peak area of product i and F; represents the
response factor of the analyte. To describe the catalytic activity, cobalt-time-yield (CTY)
was used. This parameter reports the amount of CO converted in mol per gram of cobalt
per second. The parameter yield was used to describe the amounts of specific products
obtained. This was reported either in mol of product per gram of cobalt per second or

in (m)mol per hour per gram of catalyst.

The kinetic parameters reaction order (n, m) and apparent activation energy (E,) were
determined by varying the reactant (CO, H,) concentration and the temperature, respec-
tively. At T=220°C and P=20 bar, the H,/CO ratio was varied while the H, concentration
was kept constant and the H,/CO ratio was varied while the CO concentration was
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kept constant. This was repeated three times in order to obtain standard deviations.
The measured intrinsic reaction rates were used to calculate the reaction order (n) in
CO and (m) in H, according to the rate law (Equation 3.3), where k is the rate constant,
n the reaction order in CO, and m the reaction order in H,. Besides, the temperature
was varied between 180 and 220°C at P=20 bar and the measured intrinsic rates were
used to calculate the apparent activation energy (E,) according to the Arrhenius equa-
tion (Equation 3.4), where k is the rate constant, A is the pre-exponential factor, R the

universal gas constant, and T the absolute temperature in Kelvin.

rate = k[CO,]"[H,]™ (Equation 3.3)

k = Ae Ea/RT (Equation 3.4)

3.3 Results and Discussion

3.3.1 Long-Term Catalyst Stability and Related Kinetics

For the10 wt.% Co/TiO, powder catalyst material under study, the activity, selectivity and
stability were assessed during Fischer-Tropsch Synthesis (FTS) at 220°C, 20 bar, and H,/
CO=2 for 100 h time-on-stream (TOS). It was found that the CO conversion decreased
from ~8.3% till ~7.7% over 100 h. The methane selectivity increased slightly from ~20%
from till ~25%, while the C., selectivity decreased from ~55% till ~50% (Figure 3.2 and
Table 3.1). The paraffin/olefin ratio in the hydrocarbon reaction products decreased over
time, indicating that the olefin production increased with increasing reaction time. As
oxygenated products, particularly alcohols and aldehydes, have been reported previ-
ously in the cobalt-catalyzed FTS reaction,® an extensive analysis of oxygenated products
was performed. To make this possible, the reaction products were captured by bub-
bling the outlet gas stream of the reactor system through deionized water. The aque-
ous solution was then subsequently analyzed and it was found that the total product
output contained 1.05% alcohols, 0.03% acids, and 0.01% aldehydes by weight. From
the oxygenated fraction, 53% was methanol and 20% ethanol, but alcohols up to C,,
were detected. For the organic acids, up to C, was detected and for the aldehydes only
formaldehyde and acetaldehyde were found in the reactor outlet (Tables 3.2-3.4). Ad-
ditional post-mortem X-ray diffraction (XRD) and Raman spectroscopy characterization
of the Co/TiO, catalyst after 100 h of FTS can be found in Figures 3.3-3.4. It appeared
that the Co/TiO, catalyst remained in metallic Co state during the FTS reaction. Even
after exposure to ambient air, only metallic Co was detected with XRD and Raman
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spectroscopy. XRD additionally indicated the face-centered cubic (FCC) metallic Co
phase (Figure 3.3), while Raman spectroscopy showed hydrocarbon waxes on the Co/

TiO, surface post FTS reaction (Figure 3.4).

Moreover, the reaction orders in both CO and H, were determined during FTS at 220°C
and 20 bar by varying the partial pressures of the reactants. The total reaction order in
CO was -0.32 = 0.12, while the total reaction order in H, was 0.73 = 0.14 (Table 3.5).
These values match well with earlier in-depth kinetic studies on Co/TiO,, where a value
of -0.24 was found for CO and 0.74 for H,*. The apparent activation energy, calculated
between 180 and 220°C at 20 bar (Figure 3.5), was 83.3 = 1.1 kJ/mol, also matching well
with earlier reports*®. We have additionally determined the reaction orders in CO and H,
for specific products. For paraffins, the reaction order in CO was always negative, while
the reaction order in H, was positive. The opposite was observed for olefins (Table 3.5).
It has been shown previously that the FTS reaction rate over cobalt is determined by
the availability of hydrogen atoms on the catalyst surface*!“2. A positive reaction order
in H,, signifying that the reaction rate increases with the H, partial pressure, supports
this finding (Table 3.5). On the other hand, a higher CO partial pressure resulted in
competitive adsorption, decreased the amount of hydrogen atoms on the cobalt sur-
face, and led to a lower reaction rate*2. This is reflected by the negative reaction order
in CO (Table 3.5). The positive reaction order in H, for methane and C,, paraffins also
indicates that the rate-determining step involves the hydrogenation step. The formation
of C,, olefins, however, requires less hydrogen atoms and its rate-determining step did
not necessarily seem to involve hydrogenation, as reflected by the negative H, reaction
orders and positive CO reaction orders (Table 3.5). These results are in accordance with

previous work, where the same trend was observed*2.
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Figure 3.2 Long-term stability testing for the 10 wt.% Co/TiO, powder catalyst material under
study. a) CO conversion and b) product selectivity over the course of 100 h time-on-stream (TOS)
during the Fischer-Tropsch Synthesis (FTS) reaction at 220°C, 20 bar, and H,/CO=2.
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Table 3.1. Average hydrocarbon distribution over 100 h catalytic testing during the Fischer-
Tropsch Synthesis (FTS) with the 10 wt.% Co/TiO, powder catalyst material. The reaction
conditions were 220°C, 20 bar, H,/CO=2 and Gas Hourly Space Velocity (GHSV) = 3200 h™".

CO conversion CH, C, C, C, C,.
mol% 7.90 227 3.36 9.08 9.28 55.6
P/O2 total n.a. n.a 1.17 1.39 1.77 2.45b
P/O2 0-20 h n.a. n.a 1.30 1.51 1.91 2.47°
P/O280-100 h n.a. n.a 1.09 1.25 1.46 2.66P

2 P/O: n-paraffin/1-olefin
b C, n-paraffin/1-olefin

Table 3.2. Average aldehyde distribution over 100 h catalytic testing during the Fischer-
Tropsch Synthesis (FTS) with the 10 wt.% Co/TiO, powder catalyst material under study. The
reaction conditions were 220°C, 20 bar, H,/CO=2 and Gas Hourly Space Velocity (GHSV) = 3200 h-.

Compound

Amount (mg)

Relative wt.% in
total products

Relative wt.% in
oxygenate fraction

Glycolaldehyde 0 0 0
Formaldehyde 0.08 0 0.15
Acetaldehyde 0.1 0 0.20
Propionaldehyde 0 0 0
Butyraldehyde 0 0 0
Valeraldehyde 0 0 0
Hexaldehyde 0 0 0
Total 0.19 0.01 0.35
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Table 3.3. Average alcohol distribution over 100 h catalytic testing during the Fischer-
Tropsch Synthesis (FTS) with the 10 wt.% Co/TiO, powder catalyst material under study. The
reaction conditions were 220°C, 20 bar, H,/CO=2 and Gas Hourly Space Velocity (GHSV) = 3200 h™.

Compound Amount (mg) Relative wt.% in Relative wt.% in
total products oxygenate fraction

Methanol 14.5 0.57 26.7
Ethanol 5.46 0.22 10.1
Propanol 1.41 0.06 2.59
Butanol 1.02 0.04 1.88
Pentanol 0.71 0.03 1.31
Hexanol 0.44 0.02 0.81
Heptanol 0.28 0.01 0.52
Octanol 0.20 0.01 0.37
Nonanol 0 0 0
Decanol 0.06 0 0.12
Undecanol 0 0 0
Isopropanol 2.29 0.09 4.22
2-Methyl-1-propanol 0 0 0
2-Methyl-1-butanol 0.14 0.01 0.26
2,2-Dimethylpropanol 0 0 0
2-Methyl-2-butanol 0 0 0
3-Methyl-2-butanol 0.14 0.01 0.25
3-Methyl-1-butanol 0 0 0
Total 26.6 1.05 491

Table 3.4. Average carboxylic acid distribution over 100 h catalytic testing during the

Fischer-Tropsch Synthesis (FTS) with the 10 wt.% Co/TiO, powder catalyst material under
study. The reaction conditions were 220°C, 20 bar, H,/CO=2 and Gas Hourly Space Velocity

(GHSV) = 3200 h".

Compound Amount (mg) Relative wt.% in Relative wt.% in
total products oxygenate fraction

Formic acid 0.11 0 0.20

Acetic acid 0.44 0.02 0.81

Propionic acid 0.07 0 0.12

Butyric acid 0.03 0 0.06

Pentanoic acid 0 0 0

Hexanoic acid 0 0 0

Total 0.65 0.03 119
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Figure 3.3. X-ray diffraction (XRD) of the Co/TiO, powder catalyst after calcination and after
100 h of Fischer-Tropsch Synthesis (FTS). a) Full range XRD pattern and b) zoom-in of the region
relevant for the cobalt phase is provided on the right.
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Figure 3.4. Raman micro-spectroscopy on the 10 wt.% Co/TiO, powder catalyst materials after
calcination and after 100 h of Fischer-Tropsch Synthesis (FTS). The black (fresh sample) and blue
(spent sample) Raman spectra are averages of 7 spectra. All spectra are displayed in light gray. The
Co-O stretching vibrations are indicated with an asterisk, C-H stretching vibrations of FTS waxes with
a dot and the carbon deposition region is shaded in light gray.
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Figure 3.5. Arrhenius plot to determine the activation energy (E,) for the 10 wt.% Co/TiO,
powder catalyst material. The activity was measured in steady-state at temperatures between 180
and 220°C at 20 bar and H,/CO=2. Each point consists of the average of 6 gas chromatography (GC)

injections.

Table 3.5. Reaction orders for the 10 wt.% Co/TiO, powder catalyst material during the Fischer-
Tropsch Synthesis (FTS) reaction at 220°C and 20 bar.

Reaction order co H,

Total -0.32£0.12 0.73+0.14

CH, -0.72+£0.25 1.06 £ 0.01

Ethane -0.85+0.19 1.31+£0.36

Ethene 1.29 £ 0.68 -0.73+0.39
Propane -0.68 £0.35 0.84 =£0.05

1-propene 0.70 +£0.10 -0.28 +£0.16
n-butane -0.85+0.29 1.00 +0.37

1-butene 0.28 £ 0.05 -0.64£0.18
Cs, -0.25+ 0.1 0.76 £ 0.35
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3.3.2 Oxygen-containing Intermediates and the Role of the TiO, Support

The same 10 wt.% Co/TiO, powder catalyst material was used to investigate active
species and surface reaction intermediates during the cobalt-based FTS reaction and to
decipher the role of the TiO, support material. The thorough reaction product analysis
(Tables 3.1-3.4) showed 98.9% hydrocarbons, of which 55.6% were C,, and 1.1% oxy-
genates, mainly consisting of alcohols (97.0%); although organic acids and aldehydes
were detected as well. This indicated that the CO insertion route, which could either
be a growth or a termination step, as depicted in Figure 3.1a, inevitably took place on
Co/TiO,, as the formation of oxygenated products requires either CO or HCO inser-
tion*®. However, mechanistic conclusions could not yet be drawn for the formation of
hydrocarbon products on the Co/TiO, catalyst under study. To gain more mechanistic
insights, operando modulation excitation diffuse reflectance Fourier-transform infrared
spectroscopy (ME DRIFTS) was carried out with the Co/TiO, catalyst as well as with the
bare TiO, support. The concept of modulation excitation spectroscopy (MES) is to apply
an external stimulus to a system (Figure 3.1b), while spectra are continuously recorded
to monitor the transient response of the system*“°. When the obtained spectroscopic
data are converted from the time domain to the phase domain, also known as de-
modulation, the noise and other (static) signals, i.e., signals that do not respond to the
modulation signal, such as the signal of permanently adsorbed surface species, are
filtered out. The resulting phase-resolved amplitude spectra, which show the absolute
maximum of the signal at every single wavenumber, therefore only contain dynamic
species that respond to the applied stimulus. In this case, the CO concentration was
varied and used as a periodic external stimulus, while keeping the H, concentration
constant during FTS at 220°C, 1 bar, and H,/CO=2.

In the time-resolved DRIFTS spectra (Figure 3.6a,b and Table 3.6), a multitude of surface
species was already visible. For the Co/TiO, material, CO species adsorbed on cobalt
was indicated by the asymmetric IR peak at ~2038 cm™ %%, while surface formate
species were indicated by the IR peaks at 1364, 1565, and 1578 cm 05", Besides,
the bending vibrations of methyl (CH,) and methylene (CH,) groups were observed at
1380 and 1461 cm™, respectively>®-52, while the C-H stretching vibrations appeared only
very weakly between 2850 and 2970 cm™' 2. To separate the dynamic species from the
static ones, the IR data were transformed from the time domain (Figure 3.6a,b) to the
phase domain (Figure 3.6c-f). In the phase-resolved amplitude spectrum (Figure 3.6f)
the surface species responding to the CO stimulus became clearly visible and peaks
overlapped less compared to the signal in the time domain (where peaks corresponding
to static species are still present For Co/TiO, (Figure 3.6d,f), both linear (2047 cm™') and
bridged (1989 cm™) carbonyls of adsorbed CO on metallic cobalt were observed*-#?.

Besides, surface carboxylates (characterized by a peak at 1522 cm'), which were not
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visible in the time-resolved IR spectrum, and surface formates (characterized by peaks
at 1357 and 1606 cm™') were observed in the phase-resolved amplitude IR spectrum
(Figure 3.6f and Table 3.7). This indicated that these oxygenated species were active
species (i.e., actively responding to the stimulus) during the FTS reaction*-*® and thus
suggested the occurrence of the CO and/or HCO insertion mechanism®. It has been
reported previously that surface carboxylates can form on a Co/TiO, catalyst when
an acid intermediate reacts with a titanol group on the catalyst surface according to:
RCOOH + TiOH = RCOO" + Ti* + H,0%. The methyl and methylene bending peaks only
appeared as weak shoulders at 1389 and 1456 cm™, respectively. In the C-H stretching
region, very weak IR peaks appeared at 2873, 2889, and 2912 cm, indicating methy-
lene and methylidyne (C-H) species®. The emergence of the dynamic surface species
in the phase-resolved amplitude spectrum coincided with an increase in the amount of
hydrocarbon fragments in the mass spectrometer (MS) (Figure 3.7). However, to draw
conclusions on the occurrence of the direct CO dissociation mechanism, complemen-
tary Raman spectroscopy measurements are needed and will be carried out in the next
subsection, as with Raman spectroscopy Co-C vibrations should be observable between
400 and 600 cm" 275354,

The desorption and reaction of the different surface species in the time domain after
turning the CO gas flow off was used as a measure for their relative hydrogenation
kinetics and binding energy®. Adsorbed CO displayed the steepest desorption slope
and was thus the fastest disappearing or reacting surface species. Interestingly, the
peak of linearly adsorbed CO disappeared faster than bridged CO (Figure 3.8 and
3.9) after turning the CO gas off, suggesting that the linear sites are more reactive for
CO hydrogenation compared to the bridged sites. The observed difference in kinetics
between linear and bridged sites was further supported by the phase-resolved spectra
in Figure 3.6d. Linearly adsorbed CO (2047 cm™") appeared completely out of phase
with bridged CO (1989 cm); the former displaying a peak maximum at phase angle
160", while the latter displayed a maximum at phase angle 340°. After adsorbed CO,
adsorbed CH, disappeared, followed by adsorbed CH,, indicating that these species
were hydrogenated consequently. The surface formate and carbonate species were in
the same kinetic regime and the last ones to disappear and hence the most stable at

an active catalyst surface (Figures 3.8-3.9).
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Figure 3.6. Operando modulation excitation diffuse reflectance Fourier transform infrared
spectroscopy (ME DRIFTS). a, b) Time-resolved infrared spectra for a) TiO, and b) Co/TiO, during
modulation of H,/CO(=2) versus H, at 220°C and 1 bar. The spectrum where the C=0 vibration has a
maximum is highlighted in black. ¢, d) Corresponding phase-resolved spectra for ¢) TiO, and d) Co/
TiO,. The maxima and minima are highlighted in black or red. e, f) Phase-resolved amplitude spectra
for e) TiO, and f) Co/TiO, during the Fischer-Tropsch Synthesis (FTS) at 220°C, 1 bar, and H,/CO=2.
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Both of the samples were pre-treated at 450°C in N,/H,=2 for 1 h.
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TiO, has been reported as a performance-enhancing support in many other studies
within and beyond the field of heterogeneous catalysis?. To understand the role of TiO,,
the same type of ME DRIFTS experiments as described above was carried out with bare
TiO, support. The phase-resolved amplitude spectrum of TiO, (Figure 3.6e) displayed a
large and broad band corresponding to Ti-OH groups on both anatase and rutile phases
at 3605 and 3485, respectively®>*. The v(C=0) vibration of adsorbed CO was observed
at2178 cm™, indicating the presence of Ti**-CO, i.e., CO adsorbed on a titanium in the
vicinity of an oxygen vacancy®’. Besides, CO(g), adsorbed water, and surface formate
species were observed. Adsorbed CO also displayed the steepest desorption slope
on bare TiO, support (Figures 3.8-3.9) and was thus the fastest disappearing surface
species. Interestingly, TiO, appeared to form CO, and methanol as products rather than
hydrocarbons (Figure 3.7 (MS)). While TiO, was thus perfectly capable of cleaving H-H
bonds, the C=0 bond remained intact. Hydrogen bond cleavage is expected to occur
on coordinatively unsaturated and thus basic O sites, providing the H atoms required
for hydroxyl groups and surface formate®. The formation of methanol from surface
formate species on oxidic phases has been reported previously*. Besides providing
titanol surface groups, the performance-enhancing role of the TiO, support appears
related to supplying essential building blocks to the cobalt surface, where C=0 cleav-

age and C-C coupling can occur.

Table 3.6. Peaks observed in the averaged time-resolved spectra using modulation excitation (ME)
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) during the Fischer-Tropsch
synthesis (FTS) reaction at 220°C, 1 bar, an H,/CO=2.

Co/TiO, Tio,

Peak (ecm™) Assignment Peak (cm™) Assignment

2176 v(C=0) Ti**-CO% or CO (g) 3493 v(O-H) Ti-OH (rutile)®%¢

2038 v(C=0) Co-CO (linear)** 3614 v(O-H) Ti-OH (anatase)®>%¢

2003 v(C=0) Co-CO (bridged)* 2178 v(C=0) Ti*-CO% or CO(g)

1578 v,(COO") m-formate®' or C=C* 21 CO(g)

1565 v,(COO") b-formate® or C=C* 1620 H,0% or v, (COO)
formate®

1461 8(C-H) methylene (CH,)* 1437 v,(COO) formate®

1380 8(C-H) methyl (CH,)"52 1050 v(C-O) methoxy CH,0%

1364 v,(COO") formate®®*" or w(CH,)* 1008 MeOH (g)**

m-formate: monodentate formate, b-formate: bidentate formate, v_: symmetric stretching, v,.: asymmetric
stretching, &: bending, w: wagging.
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Table 3.7. Peaks observed in the phase-resolved amplitude spectra using modulation excitation
(ME) diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) during the Fischer-
Tropsch synthesis (FTS) at 220°C, 1 bar, an H,/CO=2.

Co/TiO, TiO,
Peak (cm™) Assignment Peak (cm™) Assignment
2178 v(C=0) Ti**-CO* or CO(g) 3485 v(O-H) Ti-OH (rutile)®>°¢
2047 v(C=0) Co-CO (linear)*-* 3605 v(O-H) Ti-OH (anatase)>®°¢
1989 v(C=0) Co-CO (bridged)* 2178 v(C=0) Ti**-CO% or CO(g)
1775 v(C=0) carboxylic acid/aldehyde®® 2111 CO(g)

or tilted CO#4?
1606 v, (COO") formate*>*0 1620 H,0% or v, (COO") formate®”
1522 Carboxylates® 1438 COO- (formate)>°
1456 8(C-H) methylene (CH,)*®
1389 8(C-H) methyl (CH,)#5152 1057 v(C-O) methoxy CH,0%
1357 v (COO") formate®®s! 1022 MeOH (g)**

v.: symmetric stretching, v,.: asymmetric stretching, 8: bending, w: wagging.

Co/TiO, mass spec TiO, mass spec
0.0018 4 m/z=15 --> CH," —— m/z=32 --> CH,OH" 0.0002- mfz=15 —-> CH_* m/z=32 --> GH,0H"
0.0016 - m/z=43 > CH,CH,CH," ——m/z=44 --> CO, ——miz=43 > CH,CH,CH,’ ——m/z=44 --> CO,
0.0014 |
< ooor2] <
< T
54 1 %4
s 0.0010 £ 000014
%3
B 0.0008 - 5
0.0006
0.0004
0.0002
0.0000
0.0000 - | . . .
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Figure 3.7. Mass spectrometry (MS) during the operando modulation excitation diffuse reflec-
tance Fourier transform infrared spectroscopy (ME DRIFTS) experiments with 10wt.% Co/TiO,
and bare TiO, support powder materials. The Fischer-Tropsch Synthesis (FTS) reaction conditions
were 220°C, 1 bar, and H,/CO=2 in all cases. The Co/TiO, MS results are displayed on the left and
TiO, MS results on the right.
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Figure 3.8. Absorbance of selected species during operando modulation excitation diffuse
reflectance Fourier transform infrared spectroscopy (ME DRIFTS) experiments with 10 wt.%
Co/TiO, and bare TiO, support powder materials. The IR signal intensities of selected species for
a) Co/TiO, (*CH,: 1380, *CH,: 1461, *RCOO: 1522, *CHOO: 1606, *CO: 2047 cm™') and b) bare TiO,
support (*H,0: 1620, *CO: 2178, *OH: 3614, *OH: 3693 cm") were followed during the modulation of
CO gas (CO+H, vs. H,). The signals were averaged over 10 modulation periods.
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Figure 3.9. Desorption slope analysis during operando modulation excitation diffuse reflec-
tance Fourier transform infrared spectroscopy (ME DRIFTS) with 10 wt.% Co/TiO, and bare TiO,
support powder materials of selected surface species. The IR signal intensities of selected species
for a) Co/TiO, (*CH,: 1380, *CH,: 1461, *RCOO": 1522, *CHOO™: 1606, *CO bridged (B): 1989, *CO
linear (L): 2047 cm™) and b) bare TiO, support (*H,0: 1620, *CO: 2178, *OH: 3614, *OH: 3693 cm™)
were followed in the time domain during 10 seconds (second 60-69) after the CO gas was turned off.
For bare TiO, support, seconds 3-12 were used for *H,O and *OH, as the intensity of these species
decreased when the CO gas was turned on. The desorption slopes were calculated using the 10
spectra during the first 10 seconds of desorption.
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3.3.3 Surface Species and Catalyst Performance Vary with Reaction
Pressure

To investigate the influence of reaction pressure on surface species and catalytic per-
formance the operando shell-isolated nanoparticle enhanced Raman spectroscopy
(SHINERS) method was used #°. Benefits of operando Raman spectroscopy include
complementary information to operando IR spectroscopy, the reduced contribution
of water to the spectra due to the low Raman scattering cross-section of H,0O, and the
possibility to detect Co-C vibrations, typically observed between 400 and 600 cm'
295354 The Co-C vibration could provide evidence for the occurrence of the direct dis-
sociation mechanism, which has been postulated for the Fischer-Tropsch process over
supported cobalt nanoparticles. To induce spectral signal enhancement, the shell-isolat-
ed nanoparticles (SHINs) must be in close proximity of each other??. The SHINs proximity
was hampered by the 10 wt.% cobalt loading and hence we had to use 2 wt.% Co/TiO,
catalyst extrudates instead (Figures 3.10-3.12) to overcome this practical problem.
Scanning electron microscopy (SEM) images with X-ray elemental mapping of the 2 wt.%
Co/TiO, sample with SHINs can be found in Figures 3.10-3.11, while X-ray diffraction
(XRD) patterns of the 2 wt.% Co/TiO, catalyst material are shown in Figure 3.12. The
catalytic performance of this catalyst (after pre-treatment in N,/H,=2 at 450°C for 1 h)
was assessed at pressures between 1 and 20 bar during FTS at 220°C and H,/CO=2.
The activity was found to increase upon increasing the pressure from 1 to 20 bar, while

the methane selectivity decreased and the C., selectivity increased (Figure 3.13a,b).

Figure 3.10. Scanning electron microscopy (SEM) images of a 2 wt.% Co/TiO, catalyst extrudate,
mixed with shell-isolated nanoparticles (SHINs) to allow operando shell-isolated nanoparticle
enhanced Raman spectroscopy (SHINERS) experiments. Image of Co/TiO, extrudate (left) and

zoom-in of the SHINs on the surface (right).
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Figure 3.11. Energy dispersive X-ray (EDX) elemental analysis of the 2 wt.% Co/TiO, catalyst
extrudate, mixed with shell-isolated nanoparticles (SHINSs). Ti is displayed in red, Co in blue, and
Au in green. The top right panel displays a sum spectrum with estimated weight percentages of the
elements Ti, Au, O, Co, and Si.
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Figure 3.12. X-ray diffraction (XRD) pattern of the 2 wt.% Co/TiO, catalyst extrudate. Diffraction
peaks corresponding to Co,0, are indicated with an asterisk. The average Co,0, crystallite size was
14.1 nm.
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Figure 3.13. Catalytic performance of the 2 wt.% Co/TiO, catalyst extrudates, mixed with
shell-isoalted nanoparticles (SHINs), with increasing reaction pressure. a) Product selectivity
and b) CO conversion by Co/TiO, during Fischer-Tropsch Synthesis (FTS) at 220°C and H,/CO=2 with
increasing pressure from 1 to 20 bar measured with gas chromatography (GC).

To investigate and understand the reaction pressure-dependent catalytic performance,
operando SHINERS experiments were performed during the FTS reaction with the 2
wt.% Co/TiO, catalyst extrudate (Figure 3.14a,b). The pressure was varied between 1
and 20 bar during FTS at 220°C and H,/CO=2. On-line mass spectrometry (MS) results
can be found in Figure 3.15. Due to the signal enhancement facilitated by SHINs, a
multitude of surface species became visible in the Raman spectra during the FTS ex-
periments (Figure 3.14a,b). At 1 bar pressure, the C=0 stretching vibration of linearly
adsorbed CO on metallic cobalt®’ was observed at ~2012 cm™ and the Co-C stretch-
ing vibration at ~451 cm™. The C=0 peak was shaped asymmetrically, suggesting the
additional presence of adsorbed CO in a bridged conformation®' or linearly adsorbed
CO in a slightly different linear configuration. Besides, a weak, multicomponent band
just below 3000 cm™ indicated the presence of saturated aliphatic C-H stretching vi-
brations®2. Upon increasing the reaction pressure, the linearly adsorbed C=0 band
shifted to higher frequencies, reaching 2028 cm™ at P=20 bar. The shift in band posi-
tion to higher energies can be ascribed to the increasing dipole-dipole interactions
of adsorbed CO due to the higher coverage as a result of the increasing pressure®?.
This Raman peak displayed a small shoulder centered at ~1980 cm”, suggesting the
presence of bridged CO species®'. At P=20 bar, we additionally observed the Co-C
stretching vibration at ~460 cm™, the disordered (D) and graphitic (G) bands of carbo-
naceous species between 1300 and 1600 cm™ indicating carbon deposition®, as well as
C-H stretching vibrations at 2800-3000 cm™ 52 and the Ti-OH vibration at ~3650 cm %%,

The appearance of Ti-OH surface groups at elevated pressures implied that they poten-

tially play a role in the enhanced catalytic performance of Co/TiO, at P=20 bar. It has
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been reported previously that Ti-OH groups can react with surface acid intermediates
to form surface carboxylates and water and that this reaction pathway is not related to
catalyst deactivation®. Carboxylate surface species would display vibrations between
1300 and 1600 cm™'#, which are challenging to detect with Raman spectroscopy, as
they overlap with the D and G bands of carbon deposits. Interestingly, formyl (CHO) or
other linear aldehyde functionalities, which would give rise to a C=0 stretching peak
at ~1690-1725 cm™ %45 were not observed in the SHINERS spectra. The absence of
such species at elevated pressure could indicate that the C=0O bond is cleaved directly
rather than reacting through the assistance of hydrogen. Nevertheless, we have to keep
in mind that formyl and formaldehyde (CH,O) surface species are short-lived and could

be missed as the SHINERS spectra were recorded under steady-state conditions?*¢¢.

In a second set of the operando SHINERS experiments, the H,/CO ratio was varied
between 1 and 3 at T=220°C, first at P=1 bar and then at P=20 bar (Figure 3.14c). The
asymmetrically shaped adsorbed CO peak was again observed and shifted to a higher
frequency upon decreasing the H,/CO ratio from 3, to 2, to 1 at P=1 bar. At P=20 bar,
the same trend, ascribed to the CO surface coverage effect®?, was observed. Besides,
carbon deposition and C-H groups were visible. Interestingly, the Ti-OH band at ~3650
cm™” only became apparent again at P=20 bar. We additionally investigated the role of
temperature on the C=0 vibration by feeding CO/Ar to the Co/TiO, catalyst without
H,. At 1 bar pressure, the vibrational frequency decreased from 2052 cm™ at T=20°C
to 2036 cm™ when T=220°C was reached. The pressure was then increased to 20 bar.
When that pressure was reached, the sample was cooled down from 220°C to 20°C. At
20 bar pressure, the vibrational frequency increased from 2041 cm™ at T=220°C to 2056
cm™ at T=20°C (Figure 3.16). The effect of reaction temperature appeared reversible
and can be ascribed either to C=0 bond weakening at elevated temperatures and/or

to the CO coverage effect®?.
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Figure 3.14. High-pressure operando shell-isolated nanoparticle-enhanced Raman spectrosco-
py (SHINERS) with the 2 wt.% Co/TiO, catalyst extrudate, mixed with shell-isolated nanoparti-
cles (SHINs) for different reaction pressures and gas compositions. a) Operando SHINERS with Co/
TiO, during Fischer-Tropsch Synthesis (FTS) at 220°C, H,/CO=2, and increasing pressure from 1 to 20
bar. b) Zoom-in on the C=0, C-H, and Ti-OH region. () Operando SHINERS with Co/TiO, during FTS
at220°C, 1 and 20 bar pressure, and varying the H,/CO ratio between 1 and 3. (d) Operando SHINERS
isotope-labelling experiments using *CO, C,,0 and D, during FTS at 220°C, 1 bar, and H,/CO=2.
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Figure 3.15. On-line mass spectrometry (MS) during the operando shell-isolated nanoparti-
cle-enhanced Raman spectroscopy (SHINERS) experiments of the 2 wt.% Co/TiO, catalyst ma-
terial, mixed with shell-isolated nanoparticles (SHINs) with increasing reaction pressure. The
Fischer-Tropsch Synthesis (FTS) reaction was carried out with the Co/TiO, extrudate + shell-isolated
nanoparticles (SHINs) catalyst at 220°C and H,/CO=2. Water is represented by m/z=18 (blue line) and
ethane by m/z=29 (gray dashed line).
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Figure 3.16. Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) during
CO adsorption on the 2 wt.% Co/TiO, catalyst extrudate material mixed with shell-isolated
nanoparticles (SHINs) and measured at 1 and 20 bar and varying reaction temperatures. The
top row shows SHINERS spectra during CO adsorption at 1 bar and increasing temperatures between
20 and 220°C. The bottom row shows SHINERS spectra during CO adsorption at 20 bar and decreas-
ing temperatures between 220 and 20°C. The left side displays the full spectra, while the right side

displays zoom-ins. CO:Ar=2:5 mL min"' in all cases.
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To further investigate the nature of the observed surface species, we have performed
additional operando SHINERS experiments where regular CO was replaced with *CO
and C'®0 and H, was replaced with D,. When the atoms are replaced with an isotope of
a larger mass, the reduced mass increases, resulting in a shift of the involved vibrational
frequencies of C-O and/or C-H bonds to lower wavenumbers. And indeed, during the
FTS at T=220°C, P=1 bar, and H,/CO=2 the vibrational frequency of C=0 shifted down
from 2036 cm™ to 1996 cm™ with *CO and to 1990 cm™ with C'®O (Figure 3.14d).
Because these experiments were carried out at 1 bar pressure, signals for C-H and
Ti-OH were not clearly observed. Co-CO, Co-CH,, Co-CH,, and Co-CH,CH, vibrations
typically appear between 400 and 600 cm™' 25354 |n this Chapter, a broad Raman band
was observed at ~450 cm™ that moved to~440 cm™ upon replacing CO with *CO
but did not move upon replacing CO with C'®O nor upon replacing H, with D,. These
operando SHINERS results suggested that the 450 cm™ band belonged to the Co-C
stretching vibration, indicative that the direct dissociation mechanism, as depicted in
Figure 3.1a, is also taking place during FTS. In other work, surface Co-CH, species
have been reported between 505 and 560 cm™ %354, while surface Co-CH,CHj species
have been reported at ~470 cm™ **, and surface Co-CH, species have been observed
at ~580 cm™ 3. However, in our work these Raman bands were not clearly observed
and potentially even obscured by the vibrations arising from the TiO, support at ~395,
~508, and ~632 cm™ ¢,

3.3.4 Carbon Deposition Occurs via Unsaturated bonds

Carbon deposition was observed on the Co/TiO, catalyst material under study during
the high-pressure operando SHINERS experiments. Irreversible deposition of hydrocar-
bons and carbonaceous species has been postulated before as potential deactivation
mechanism in the FTS reaction®®®’. The formation of unsaturated (hydro)carbon species
on the catalyst surface is considered an irreversible process®” and could thus block
certain (active) sites?. Although, oxygenated aromatic species have been previously
observed on the Co/TiO, catalyst material with scanning transmission X-ray microsco-
py (STXM)’®, vibrational spectroscopy could potentially yield a more complete picture
and clarify the structure of (deactivating) carbon deposits. However, detecting carbon
deposits with vibrational spectroscopy on an FTS catalyst is very challenging. The very
dark colored catalyst materials typically absorb most of the visible light and thereby
obstruct the spectral signal output. In this Chapter, we have used photo-induced force
microscopy (PiFM), which combines IR spectroscopy with AFM and thereby overcomes
the diffraction limit of IR light, so that spectra can be recorded with nanoscale spatial
resolution and monolayer sensitivity’! (Figure 3.1d). PiFM requires relatively flat sur-

faces for optimal performance and therefore the Co/TiO, micro-island model system,
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as introduced in Chapter 2, was employed to study the formation of carbonaceous
deposits during the FTS process.

Using a model catalyst of Co/TiO, micro-island on a SiO,/Si(100) wafer (Chapter 2),
the formation and nature of hydrocarbons and carbon-containing deposits were eval-
uated after 0, 1, 2, 6, and 24 h FTS reaction (220°C, 1 bar, H,/CO=2). After the reaction,
the samples were cooled down to room temperature in Ar gas and subsequently a
passivation step was done in 2 vol.% O,/Ar. For the carbonaceous region 1100-1700
cm™ (V(C=C), v(C-C), (C-H)), the micro-islands were analyzed with ~30 nm spatial res-
olution in hyperspectral imaging mode using a QCL laser. The average spectrum over
each micro-island was obtained by spectrally segmenting the hyperspectral data into
background and micro-island. To obtain information about the relevant peak positions,
the resulting data were fitted and the fitted PiFM IR spectra on the micro-islands are
displayed in Figure 3.17a. The higher wavenumber region (2800-3300 cm™ (v(C-H))
was recorded using an OPO laser and Figure 3.17a displays PiFM IR point spectra that
were smoothed using the Loess function with 30 points in Origin 9. After 1 h FTS, the
IR bands at 1260 cm™ and 1380 cm™" were the most prominent spectroscopic features.
These IR bands indicate C-C stretching vibrations and C-H bending vibrations from
methyl groups, respectively’?7>. Additionally, some weaker vibrational bands in the
1450-1900 cm™ region, indicating the presence of alkanes, poly-ethenes, aromatics,
and oxygenates’, were observed. The most prominent band in this area was the one
at 1610 cm™, caused by C=C stretching vibrations in hydrogen-deficient carbonaceous
species’®’*. Symmetric C=C vibrations are normally considered IR inactive, but become
IR active when the symmetry is broken’¢78. This points towards the presence of structural
irregularities in the carbon deposits on the catalyst surface. After 2 h FTS, the bands
at ~1260, 1380, and 1610 cm™ became more prominent. Especially the intensity of
the v(C=C) at ~1610 cm™ increased, implying that the carbon deposits became more
unsaturated/graphitic. This trend progressed till 6 h and 24 h FTS, indicating an in-
creasing degree of graphitization over time. When looking at the C-H stretching region
(2800-3300 cm™") of the PiFM IR spectra, the same trend was observed: The IR bands
above 3000 cm™, indicating the presence of unsaturated C-H species®, increased in
intensity with increasing FTS reaction time relative to the IR bands between 2800 and
3000 cm, representative for the presence of aliphatic C-H species’’4. The intensity
ratios between 1380 cm™ (8(C-H) vibrations (sp® C)) and 1610 cm™ (v(C=C) vibrations
from (sp? C)) were used as a measure for the degree of graphitization in the carbon
deposits. Both the intensity ratios at |,4,4/l1350 and l3;5¢/150,5 increased with increasing
reaction time (Figure 3.17b), proving that the carbon deposits become more graphitic

and less methylated with increasing time-on-stream.
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Figure 3.17. Detecting unsaturated (hydro)carbon deposits on the Co/TiO, model catalyst
system after Fischer-Tropsch Synthesis (FTS) with photo-induced force microscopy (PiFM). a)
PiFM (IR) spectra recorded on the Co/TiO, micro-island catalysts after 0, 1, 2, 6, and 24 h of FTS re-
action. b) Intensity ratios of 1610/1380 and 3150/2925 IR bands, indicating sp?/sp® bonds versus FTS
reaction time. €) Zoom in of the 1450-1560 cm™ region. d) Calculated relative H/C ratio of the carbon
deposits (1495 cm/1530 cm™ bands) versus FTS reaction time.

Photo-induced force microscopy (PiFM), used in this Chapter to record the nanoscale
IR spectra, is a relatively new analytical technique. Its principle, as also outlined in
Chapter 2, is based on dipole-dipole interaction between sample and tip, when illumi-
nated with coherent monochromatic light”'”?. PiFM thus has a slightly different and more
complex detection mechanism compared to more conventional IR techniques, such
as attenuated total reflection (ATR) IR spectroscopy. In Figure 3.18 we have compared
the ATR-IR method with PiFM IR method and the related spectra for both polyethylene
(PE) and a FTS wax with 41C average chain length are shown. For both samples, PiFM
appears more sensitive to the detection of the 1473 cm vibration, commonly assigned
to 8,,,,CH;**8%2 However, in the field of olefin polymerization, 1463 and 1473 cm™ are
often both assigned to -CH,- vibrations and used to determine the PE crystallinity®®.
Besides, the peak at 1473 cm™ has also been ascribed to a combination band of -CH,-

and -CH, groups by some studies®'. Although the different assignments are interesting,
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we have therefore not used these bands for any additional chain length correlations in
our work. Further analysis and related interpretation of the data are needed to confirm

the provided assignments and discussions.
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Figure 3.18. Comparison of attenuated total reflection (ATR) and photo-induced force microsco-
py (PiFM) infrared (IR) spectra. a, polyethylene (PE) and b, 41C Fischer-Tropsch Synthesis (FTS) wax.
The difference in intensity ratio between the 1463 and 1473 cm™ peaks from ATR-IR versus PiFM clearly
shows how the detection method of PiFM differs slightly from conventional IR techniques. PiFM is
very sensitive to dipoles and therefore detects certain vibrations much stronger than conventional IR.

The PiFM IR data contained more information than just the degree of graphitization.
The 3(C-H) at 1495 cm™ and v(C=C) at 1530 cm™ were used as fingerprint bands for
coke species, i.e., irreversibly adsorbed carbon deposits’>74. The intensity ratio (I 495/1153,)
was used as a qualitative proxy for the relative H/C ratio of the coke species, helping to
identify which organic structures were formed on the catalyst surface (Figure 3.17d).
For example, benzene, a monoaromatic, has H/C=1, whereas naphthalene, a diaro-
matic, has H/C=0.8. For polyaromatic species, the H/C ratio is generally between 0.35
and 0.708%. Although quantitative determination of the H/C ratio is not feasible with IR
spectroscopy alone due to the different IR activities of the §(C-H) and v(C=C) bands,
the intensity ratio was used as a relative measure in our work. The relative H/C proxy
decreased with FTS reaction time (Figure 3.17d), indicating the formation and growth

of unsaturated structures on the catalyst surface.

The IR bands at 1700-1900 cm™ (Figure 3.19) pointed towards the presence of con-
jugated C=0 functionalities. The PiFM IR spectra of bare TiO, micro-islands after FTS
did not show carbonaceous species (Figure 3.20), supporting the earlier observation
made with operando ME DRIFTS that TiO, by itself is unable to cleave the C-O bonds.
Consequently, carbon deposition does not occur on TiO, only during the FTS reaction.

Theoretical vibrational spectra, obtained by density functional theory (DFT) calcula-
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tions, for conjugated as well as linear aldehydes, carboxylic acids, and ketones provide
a range of structural possibilities and can be found in Figures 3.21-3.24. Aldehydes
(Figure 2.21), carboxylic acids (Figure 2.22 and 3.23), and ketones (Figure 3.24) were
selected, as these could be relevant to carbon deposits on the Co/TiO, catalyst surface.
Benzoquinone-type species have, for example, been reported in earlier work by our
group on a Co/TiO, FTS catalyst using operando X-ray microscopy’®. Comparing the
theoretical vibrational spectra with the PiFM IR data led, however, to the conclusion that
the PiFM IR data are too convoluted to pinpoint only one species. The carbon deposits

on Co/TiO, may thus contain multiple different (oxygenated) hydrocarbon species.
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Figure 3.19. Photo-induced force microscopy (PiFM) infrared (IR) data of the Co/TIO, model
catalyst material after Fischer-Tropsch Synthesis (FTS) (220°C, 1 bar, H,/CO=2) in the region 1700-
1900 cm”, showing C=0 stretching bands of (conjugated) oxygenates.
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Figure 3.20. Average photo-induced force microscopy (PiFM) infrared (IR) spectrum of bare
TiO, micro-islands after 2 h of Fischer-Tropsch Synthesis (FTS) at 220°C, 1 bar, and H,/CO=2. The
gray shaded area indicates the Ti-O stretching vibration. The low intensity signals observed between

1250 and 1700 cm™ originate from water vapor®, omnipresent in the PiFM enclosure box.
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Figure 3.21. Theoretical infrared (IR) spectra for aldehydes, as calculated with density function-
al theory (DFT) for linear (a) and conjugated (b) aldehydes both with O and ¥O a, formaldehyde (FA)
and acetic aldehyde (AA) and b, benzaldehyde (BA) and 1-napthaldehyde (1-NA). e-f, Structural formu-
las for ¢, formaldehyde (FA), d, acetic aldehyde (AA), e, benzaldehyde (BA), f, 1-napthaldehyde (1-NA).
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Figure 3.22. Theoretical infrared (IR) spectra for carboxylic acids, as calculated with density
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Figure 3.23. Theoretical infrared (IR) spectra for linear saturated and unsaturated C, aldehydes
and carboxylic acids, as calculated with density functional theory (DFT) for aldehydes (a) and
carboxylic acids (b) both with O and O a, propionaldehyde (PA) and unsaturated propionaldehyde
(PenA) cis and trans and b, propionic acid (PAc) and unsaturated propionic acid (PenAc) ¢-f, Struc-
tural formulas for ¢, propionaldehyde (PA), d, unsaturated propionaldehyde (PenA) cis and trans, e,

propionic acid (PAc), f, unsaturated propionic acid (PenAc).
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Figure 3.24. Theoretical infrared (IR) spectra for cyclopentanone (CP), as calculated with density
functional theory (DFT) both with O and '*O.
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To verify the experimental observations made with PiFM, we have additionally per-
formed operando Raman micro-spectroscopy and STXM (Figures 3.25-3.26). With op-
erando Raman micro-spectroscopy, we have observed that the amount of unsaturated
species increased with increasing reaction time, which coincided with a decrease in

methane selectivity (Figure 3.26).

a) o = = b)
= v(g—C) \.I(CF;C) V(@C) V((P=C) »
£ 5
S 3
p g 24 h
k) =
> o
= M = 6h
c j
g 3
° — 0 2h ] 3
2 /\/\ g
= =
£ ——— ih | g Oh
S 0h 5
4 L Pa— A - - ,l’l " L A L rd Il ] " 'l
1200 1400 1600 3000 3200 280 285 290 295 300
Raman shift (cm™) Energy (eV)
c) d)
% 4 1380/1610 nano IR
2 F -®- 2925/3150 nano IR
: ) = I(D1)/I(G) Raman
Peak assignment Peak assignment R Assignment STXM
Nano IR Nano IR = F
1265 cm? y(C-Q) aliphatic 1610 cm™ W(C=C) olefinic o
1380cm?  &(C-H) methyl 3150 cm™ W(C-H) aromatic 2
2925 cm’  v(C-H,) a-sym 21 L
Raman Raman £ — *
1360 cm® W(C-C) D1 1600cm™ WC=C) G =
2720cm? §cC-c) D1 3240 cm”  v(C=C) D2 L
STXM STXM
285 eV C-C otransition 292 eV C=C 1s-1m* 0 R . 1 . L " 1 N 1 . L
transition 0 5 10 15 20 25
Time (h)

Figure 3.25. Overview of the Raman micro-spectroscopy and scanning transmission X-ray mi-
croscopy (STXM) on the Co/TiO, micro-islands fresh as well as after Fischer-Tropsch Synthesis
(FTS). a, Raman micro-spectroscopy and b, STXM of the fresh and spent Co/TiO, micro-islands after
FTS (220°C, 1 bar, H,/CO=2). ¢, Table with relevant peaks for linear and unsaturated (hydro)carbons
from photo-induced force microscopy (PiFM), Raman, and STXM. d, Intensity ratios of peaks indicating
aliphatic/unsaturated bonds versus FTS reaction time.
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Figure 3.26. Operando Raman micro-spectroscopy with Co/TiO, micro-islands during the Fisch-
er-Tropsch Synthesis (FTS). Statistics of mapped island amongst the other 20 islands. a, Total carbon
formation and CH, selectivity plotted over time. b, I(D1)/I(G) and CH, selectivity plotted over time.

On the other hand, operando STXM results confirmed these findings and are in accor-
dance with earlier X-ray microscopy work from our group on a Co/TiO, FTS catalyst,
reporting a build-up and consequently consumption of oxygenated carbon species
with increasing time-on-stream’?. Another research group has also previously found
conjugated aldehydes and branched carboxylic acids, which can form via dehydro-
cyclization or hydroformylation of a-olefins, in the wax-extracted carbon species from
a spent Co/Al,O, catalyst using gas chromatography (GC)-MS¥. Besides, it has been
proposed that aromatic carbon structure formation is an irreversible process on cobalt
catalysts and occurs via cyclopolymerization of C,H, species®#. To test whether alde-
hyde (C=0) functionalities would also be able to transform into hydrocarbon products
over a Co/TiO, catalyst, a co-feeding experiment was conducted during the FTS reac-
tion (220°C, 1 bar, H,/CO=2) with *C formaldehyde and an experiment with only 2C
formaldehyde and H, (220°C, 1 bar, H,/CH,0=2). Both experiments indicated carbon
deposition and the conversion of formaldehyde into a variety of (oxygenated) hydro-
carbons (Figure 3.27). Conversion of oxygenates and H, into hydrocarbon products by
cobalt-based FTS catalysts has been documented before’?2. Such findings underline
the dynamicity of FTS catalyst materials in general as they seem to adapt to the gas
feed thatis supplied. Certain reaction pathways may become more favorable and thus

selectively turned on depending on the gas feed composition.
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Figure 3.27. Gas chromatography (GC) pattern of the gas outlet stream of *C formaldehyde

co-feeding during Fischer-Tropsch Synthesis (FTS) with Co/TiO,. Integration of the first (?C) and

second ("*C) hydrocarbon peaks indicates that roughly 6.2% of the hydrocarbon products has *C

incorporated. The FTS reaction conditions were 220°C, 1 bar, H,/CO=2. During co-feeding H,:CO:-
formaldehyde=5:2:1.

3.4 Conclusions

ME DRIFTS, SHINERS, and PiFM were used to study the mechanistic pathways that are
treaded during the cobalt-based FTS reaction. The operando ME DRIFTS technique
revealed amongst others the presence of carboxylates as active species on Co/TiO,,
suggesting the occurrence of the CO or HCO insertion mechanism during the FTS
process. The performance-enhancing role of the TiO, support appeared related to
supplying essential building blocks to the cobalt catalyst during the reaction. Com-
plementary operando SHINERS measurements at pressures up to 20 bar indicated the
presence of Co-C and thus the occurrence of the direct CO dissociation mechanism.
The catalytic activity and selectivity towards the desired C., products increased with
increasing pressure. Various surface species were observed during the FTS reaction with
Co/TiO, at 220°C and pressures between 1 and 20 bar. We found that the formation of
Ti-OH surface groups only emerged at elevated pressure, suggesting that Ti-OH groups
play a role in enhancing the catalytic performance at higher pressures as well. With
PiFM, we have observed that unsaturated hydrocarbon deposits emerge and grow with
increasing reaction time. Employing a variety of analytical methods allowed us to see
the long-standing mechanistic problem in FTS catalysis from multiple different angles.

Proof was observed for the parallel occurrence of the most widely accepted reaction
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mechanisms, direct dissociation of CO and CO insertion. It is important to realize that
confusion about reaction mechanisms in the academic world may arise from the mul-
titude of (home-made) catalysts, reaction conditions, and equipment used in different
characterization studies. This work shows that these intrinsic differences in materials and
analytical methods can be bridged by presenting a comprehensive study on Co/TiO,
FTS materials. Particularly vital in terms of future perspectives and sustainable devel-
opment is that the results obtained in academic research can directly be translated to
industrially relevant catalysis. Collaborations between academia and industry, as well as
conducting operando experiments under industrially relevant conditions, i.e., elevated
temperature and pressures, are therefore essential and will improve the relevance of

the physicochemical insights obtained from such detailed investigations.
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Abstract

Transforming carbon dioxide into valuable chemicals and fuels is a promising tool for
environmental and industrial purposes. In this Chapter, we present solid catalysts com-
prising of cobalt (oxide) nanoparticles stabilized on various support oxides for hydrocar-
bon production from carbon dioxide and hydrogen. When heated in hydrogen, the sup-
port oxides displayed an increasing reducibility in the order of SiO,<Al,0,<TiO,<CeO,,.
We demonstrate that the activity and selectivity during the catalytic hydrogenation of
CO, over supported cobalt (oxide) catalysts can be tuned by selection of the support
oxide as well as by fine-tuning the cobalt oxidation state. Modulation excitation-diffuse
reflectance infrared Fourier transform spectroscopy (ME DRIFTS) revealed that cobalt
oxide-based catalyst materials followed the hydrogen-assisted pathway, whereas me-
tallic cobalt-based catalyst materials mainly followed the direct dissociation pathway.
TiO, support appeared optimal in terms of reducibility, as Co/TiO, system was the most
active catalyst in both cobalt oxide and metallic cobalt state. Most catalyst materials
displayed a high selectivity towards methane (84-97%), apart from Co/Al,O, in metallic
state, which produced 61% CO. In terms of selectivity towards C,, hydrocarbons, the
cobalt oxide variant of Co/Al,O; and Co/TiO, performed best with 10 and 11%, re-
spectively. Contrary to the commonly considered metallic active phase of cobalt-based
catalysts, cobalt oxide ontitania support was the most active catalyst and produced 11%
C,, hydrocarbons. The C,, selectivity increased to 39% (yielding 104 mmol-h"-g., ' C,,
hydrocarbons) upon co-feeding CO and CO, at a ratio of 1:2 at 250°C and 20 bar, thus

outperforming the majority of typical cobalt-based catalysts.




COBALT OXIDE AS ACTIVE PHASE FOR THE CATALYTIC HYDROGENATION OF CO,

4.1 Introduction

With rising CO, levels in the atmosphere leading to climate change, it is of high inter-
est to investigate methods to reduce the amount of anthropogenically emitted CO,. A
transition towards a greener energy mix and to more sustainable processes for chemical
production is on the way, but it will require years or perhaps even decades and huge
investments to permeate the market. Moreover, some sectors intrinsically emit CO, (e.g.,
cement industry). Carbon capture and storage (CCS) and carbon capture and utilization
(CCU) can be used to help curb persisting CO, emissions'3. CCS is an efficient strategy
to cut CO, emissions and store carbon in geological formations, but this technology
is energy intensive and expensive*. Therefore, CCU is a more attractive and promising
option'. Captured CO, can be used as a renewable resource to produce e.g., long-
chain hydrocarbons, which can be used as transportation fuels. However, due to the
thermodynamic stability of CO, the use of this greenhouse gas as a chemical feedstock
is currently limited to a small number of industrial processes. For instance, the synthesis
of urea and its derivatives, salicylic acid and carbonates®, as well as more recently to
the synthesis of methane in Power-to-Methane (PtM) plants®. Another example is the
methanol synthesis process, in which CO/CO,/H, mixtures are converted to methanol
with a Cu/ZnO/Al,O, catalyst’®. Several approaches, like the photochemical’, electro-
chemical’®'2, and thermochemical™ "7 conversion of CO, into more valuable long-chain
hydrocarbons, have been investigated. However, up to now only thermochemical CO,
conversion has been proven to produce hydrocarbons longer than methane at high
conversion yields'', although Cu is known to electrochemically produce ethanol and
ethylene'®®1?. Several catalyst materials, mainly based on Ni, Fe, Ru, Rh, Pt, and Pd, have
been investigated, but most of them produce mainly methane, as is the case for Ni2%-23,
Creating reaction products with longer hydrocarbon chains than methane is beneficial
because they store more energy? and are easier to transport off-grid compared to
gaseous methane. Creating long-chain hydrocarbons from CO, is thus a promising
pathway towards a circular economy and will be useful in the next decade to produce,

for example, fuels for aviation and for diesel engines.

As discussed in detail in Chapter 1, cobalt is an interesting candidate to investigate,
since it has high C-C coupling activity in the similar CO hydrogenation reaction. This
industrial process, better known as the Fischer-Tropsch Synthesis (FTS), converts CO and
H, into e.g., fuels and chemicals with iron- or cobalt-based heterogeneous catalysts?.
Iron generally produces lower olefins and oxygenates, whereas cobalt produces mainly
long-chain paraffins. There are several parameters that influence the performance of
FTS catalyst materials. For the cobalt-based FTS, the optimum cobalt nanoparticle size
has been reported to be between 6-10 nm?*28, For nanoparticles smaller than 6 nm,

the activity is generally lower and the selectivity towards CH,, an unwanted product in
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the FTS, is higher. For catalyst materials with cobalt nanoparticles larger than 10 nm,
the turnover frequencies (TOFs) were comparable to catalyst materials with 6-10 nm
particles. For catalytic CO, hydrogenation, it has been reported that 10 nm cobalt par-
ticles display higher TOFs compared to 3 and 7 nm particles?’. Besides nanoparticle
size, the cobalt oxidation state, the cobalt phase, and the support oxide used to stabilize
the metal nanoparticles greatly influence the activity and selectivity of the resulting
catalyst’®3'. CoO/TiO, has for example been reported to be more active in CO and CO,
hydrogenation compared to its metallic equivalent®?3*. However, Co/SiO, was found to
be more active with metallic cobalt®. In another study, it was found that Co/Al,O, con-
verted CO, into ethanol with high selectivity due to co-existing Co and CoO phases®.
Moreover, a well-balanced coexistence of Co and CoO on SiO, support, with cobalt
phyllosilicate structure, has also been reported to exhibit high methanol selectivity in
the CO, hydrogenation reaction®. Recently, Parastaev et al. were able to improve the
CO, methanation activity of Co/CeQ, by tuning the calcination temperature to create

optimal metal-support interactions?®.

Elucidating the reaction mechanisms for hydrocarbon production from CO, remains elu-
sive due to the complexity of the process and the large number of species involved.?3837
For FTS catalysts, such as Co, a two-step process has been proposed: CO, is first con-
verted to CO via the reverse water-gas-shift (RWGS) and then transformed into hydro-
carbons through FTS.% Several mechanisms have been suggested for the RWGS and
FTS individually, but most likely it is the nature of the catalyst that determines which of
the pathways is dominant. For the RWGS, the direct dissociation pathway (also known
as the redox or carbide mechanism) and the hydrogen(H)-assisted pathway (also known
as the associative or formate mechanism) have been proposed.?3 The direct dissocia-
tion is facilitated by adsorbed CO as intermediate, whereas the H-assisted pathway is
enabled by carbonate, formate, and formyl intermediates.?? These intermediates can
either be fully hydrogenated to form methane or they can undergo chain propagation
via the FTS to form long-chain hydrocarbons, like paraffins and olefins. To investigate
this, infrared (IR) spectroscopy is a promising tool for mechanistic studies,>*° as it can
probe the molecular vibrations of surface intermediates and active species. Neverthe-
less, mechanistic investigations remain challenging owing to sensitivity limitations of

analytical tools, especially under relevant reaction conditions.

In this Chapter, the influence of both reducible (i.e., TIO, and CeO,) and non-reducible
(i.e., SiO, and Al,O,) metal oxide supports and the effect of the cobalt oxidation state
(CoO versus metallic Co) were investigated. Catalytic tests showed that metallic Co
was typically more active than CoO, except for Co/TiO,. Besides, CoO possessed less

hydrogenation ability than metallic Co, resulting in the formation of C,, olefins rather
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than C,, paraffins. Using operando modulation excitation-diffuse reflectance infrared
Fourier transform spectroscopy (ME DRIFTS) with phase-sensitive detection (PSD) we
observed that CoO catalysts followed the H-assisted pathway, whereas metallic Co
catalyst materials followed the direct dissociation pathway. Co/TiO, was the most active
catalyst in both oxidized and reduced state. For reduced Co/TiO,, this was explained
based on the red shift of the CO_ . peak by 14 cm™, indicating a weaker C-O bond when
changing from Co/SiO, to Co/TiO,,. In the case of the most active catalyst, CoO/TiO,,
the C,, selectivity could be improved from 11% to 39% upon co-feeding CO:CO, at a
ratio of 1:2 - this lead to a high overall C,, yield of 104 mmol h'' g, " at 17.5% carbon
conversion, T=250°C, P=20 bar, and a gas hourly space velocity (GHSV) of 3000 h".

4.2 Materials and Methods

4.2.1. Catalyst Synthesis

Cobalt-based catalyst materials with a loading of ~10 wt.% were prepared via incipient
wetness impregnation (IWI) using SiO,, TiO,, Al,O,, and CeO, as support oxide mate-
rials. All support oxides were purchased from companies (Table 4.1), apart from CeO,,
which was synthesized in-house by homogeneous deposition precipitation (HDP) using
urea as a precipitation agent. In 1.7 L of deionized water, 50 g cerium (lll) nitrate hexahy-
drate (99.99% trace metals basis, Sigma-Aldrich) and 27 g of urea were dissolved. The
mixture was added to a double-walled glass vessel and heated to 90°C for ~20 h while
stirring at 600 rpm. The sample was washed three times with 500 mL deionized water,
dried at 60°C, and then at 120°C. Calcination was performed at 500°C for 2 h (5°C min'
ramp). The aqueous metal precursor solution (Co(NO,),-6H,0; Sigma-Aldrich, 99.999%
trace metal basis), with a volume equal to the pore volume of the support, was added
to the support material under vacuum and continuous stirring. The CeO, sample was
prepared in two steps, as the solubility of Co(NO;,),-6H,0 was not sufficient to dissolve in
avolume of water equal to the pore volume of the CeO, support. The resulting powder
was dried in an oven at 60°C overnight. Subsequently, the samples were calcined at
250°C for 2 h (heating ramp of 5°C min™") in a tube furnace in a N, flow of 100 mL min™".

4.2.2. Catalyst Characterization

The Brunauer-Emmett-Teller (BET) surface areas and pore volumes of the support mate-
rials under study were determined from N, adsorption-desorption isotherms measured
at -196°C using a Micromeritics TriStar Il PLUS instrument. Prior to the physisorption

measurements, the samples were dried at 300°C overnight in N, flow.
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Transmission electron microscopy (TEM) was performed with a FEI Talos F200X in-
strument. The TEM samples were prepared suspending the catalyst materials in ab-
solute ethanol using sonication. Consequently, the suspension was drop-casted on a
carbon/formvar-coated Cu grid (200 mesh). The microscope was operated at 200 kV
and equipped with a high-brightness field emission gun (X-FEG) and a Super-X G2
energy dispersive X-ray (EDX) detector. The samples were analyzed with scanning (S)
TEM combined with high-angle annular dark-field (HAADF-STEM). To determine the

average cobalt particle size, the STEM images were analyzed using the ImageJ software.

X-ray diffraction (XRD) was performed using a Bruker D2 phaser instrument equipped
with a Co radiation source (A = 1.789 A). The XRD patterns of calcined and spent cat-
alysts were recorded between 5 and 85° 2@ with an increment of 0.05° and 1 s/step.
The average cobalt crystallite size was calculated from the peak at 43° using the Bruker
EVA software.

H,-temperature programmed reduction (TPR) measurements were performed using a
Micromeritics AutoChem Il 2920. Samples were placed on quartz wool into a U-tube
quartz reactor. The gas mixture consisted of 5% H, in Ar with a total gas flow of 40 ml
min"'. H,-TPR was carried out by heating with 5°C min"' up to 1000°C for all cobalt-based
catalysts and held for 30 min at this temperature. A constant initial sample weight of
0.05 g was used and H, consumption was continuously monitored by a thermal con-
ductivity detector. To assess reducibility, a centroid was calculated for each data set.
This was done by calculating the integral (MATLAB) of the H,-TPR data for each sample
and then taking ¥ of that.

CO, temperature programmed desorption (TPD) measurements were carried out
on a Micrometrics ASAP2920 instrument equipped with a thermal conductivity de-
tector (TCD). In a typical experiment, 100 mg of sample (SiO,, Al,O,, TiO,, or CeO,;
see Table 4.1 for details) was loaded in a quartz tube and dried in situ by ramping
with 5°C min'' to 300°C in a He flow and remained at that temperature for 60 min.
Subsequently, the sample was cooled down to 60°C; at this temperature pulses of
10% CO, in He of 25 cm® min" were applied. After saturation with CO,, the sample
was outgassed for 30 min at 60°C to ensure removal of physisorbed CO,. Finally, the
sample was heated to 700°C with a ramp of 5°C min"' to measure CO, desorption. To
assess support basicity, the integral of the CO,-TPD data was calculated for each data
set and divided by the BET surface area of the respective sample.
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4.2.3. Density Functional Theory Calculations

Quantum-chemical calculations were performed using a planewave density function
theory (DFT) approach with the projector-augmented wave (PAW) method*'“? in con-
junction with a Perdew-Becke-Ernzerhof (PBE) exchange-correlation functional®® as
implemented in Vienna Ab-initio Simulation Package (VASP)*“°. The kinetic energy
cutoff for the plane wave basis set was 400 eV. For all calculations spin polarization
was considered explicitly. A conventional fcc-Co and fcc-CoO unit cell was used to
build the surface terminations. Herein, the bulk lattice constant of Co and CoO in their
face-centered cubic crystal (fcc) structure was optimized yielding a theoretical optimum
of 3.34 A and 4.265 A respectively. These values correspond well to the documented
bulk lattice constant of 3.42 A for Co and 4.260 A for CoO%.

The Co(111), Co(110) and CoO(100) surfaces were modeled using a (3x3) surface, with
6, 4 and 6 metal layers, respectively. A Monck-horst-Pack mesh of k-points of (5x5x1)
for Co(110) and (3x3x1) for Co(111) and CoO(100) were used*. A vacuum layer of 15 A
perpendicular to the surface was employed to avoid the spurious interaction of neigh-
boring supercells. To avoid the build-up of a large dipole moment between neighboring
supercells, the adsorbates were placed on both sides of the surface slabs retaining a
point of inversion. All atoms were allowed to relax. Partial occupancies were determined
using a first-order Methfessel-Paxton scheme with a smearing width of 0.2 eV and 0.03
eV for the Co and CoO slabs, respectively®. Electronic convergence was setto 10 eV,
and geometries were converged to 10 eV using a conjugant gradient algorithm for
the Co systems and a quasi-Newton algorithm for CoO system. For the gas-phase cal-
culation of CO,, the molecule was placed in a 10x10x10 A unit cell. Gaussian smearing
with a width of 2x10° eV was used for electron smearing and only the gamma-point

was used to sample the Brillouin zone.

The adsorption energy, E_., is defined as follows:

Eags = Eglab+adsorbate — Esiab — Eadsor (Equation 4.1)

where E represents the total energy of the optimized adsorbate on the sur-

slab+adsorbate

face, E,, is the energy of the nickel slab and E is the energy of the adsorbate

adsorbate
in the gas phase. The total density of states was calculated in the energy range of -30
eV to 15 eV over 4500 grid points. Then, the partial charge density corresponding to
the energy interval of each molecular orbital was calculated. The contour plots of the
electron density from these intervals were plotted on a cutting plane running parallel

through CO, adsorbed on the top of the slab.
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4.2.4. Catalyst Testing

Catalyst performance testing at 20 bar for 10 h was carried using in-house built
high-pressure set-up. A steel reactor was filled with 200 mg of catalyst sample sieved
to a grain size of 150-450 pm. The sample was plugged between two quartz wool
plugs. The reactor was placed in an oven and connected to the gas inlet and outlet.
A back-pressure controller (BPC) was incorporated in the gas line connected to the
outlet to maintain a defined pressure. An on-line gas Thermo Fischer Trace 1300 gas
chromatograph (GC) was used for product analysis. The GC was injected with 1 pL of
the reactor outlet stream every 23 min. The sample was heated to either 250°C for CoO
catalysts or 450°C for metallic Co catalysts with a 10°C min" ramp in a 10:20 mL min"
H,/N, flow and held at that temperature for 1 h. After the reduction step, the sample
was cooled to 250°C with a 10°C min™ ramp. At this temperature, the gas flow was
switched to 2:36:12 mL min” Ar/H,/CO, (GHSV=3000 h') and once the gasses were
flowing, pressure was built up to 20 bar with a 1 bar min™' ramp. The CO, conversion

and product selectivities were calculated from the following relationships:

Xcoz (%) = (hﬁ * 100% (Equation 4.2)

Aco, and A, represent the thermal conductivity detector (TCD) peak area of CO, and
Ar during the reaction. A%, and A%, are the TCD peak areas of CO, and Ar recorded
during a blank measurement. The selectivity was calculated using Equation 4.3.

Ai* Fi

0 . .
n=14i*F;

S(%) = ( ) +100% (Equation 4.3)

In this equation, A, corresponds to the peak area of product i and F, represents the re-
sponse factor of the analyte®. To describe the catalytic activity, cobalt-time-yield (CTY)
was used. This parameter reports the amount of CO, converted in mol per gram of
cobalt per second. The parameter yield was used to describe the amounts of specific
products obtained. This was reported either in mol of product per gram of cobalt per

second or in (m)mol per hour per gram of catalyst.

The kinetic parameters reaction order (n, m) and apparent activation energy (E,) were
determined by varying the reactant (CO,, H,) concentration and the temperature, re-

spectively. The catalyst was either pre-treated at 250°C in H, for 1 h to obtain the CoO
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phase (Co/TiO,-ox) or at 450°C in H, for 1 h to obtain the metallic Co phase (Co/TiO,-
red). Then, at T=250°C and P=20 bar, the H,/CO, ratio was varied at 2, 3, and 4 while the
H, concentration was kept constant and the H,/CO, ratio was varied at 2 and 3 while the
CO, concentration was kept constant. This was repeated three times in order to obtain
standard deviations. The measured intrinsic reaction rates were used to calculate the
reaction order (n) in CO, and (m) in H, according to the rate law (Equation 4.4)*, where k
is the rate constant, n the reaction order in CO,, and m the reaction order in H,. Besides,
the temperature was varied between 200 and 280°C at P=20 bar and the measured
intrinsic rates were used to calculate the apparent activation energy (E,) according to
the Arrhenius equation (Equation 4.5)°3, where k is the rate constant, A is the pre-expo-

nential factor, R the universal gas constant, and T the absolute temperature in Kelvin.

rate = k[CO,]"[H,]™ (Equation 4.4)

k = Ae Ea/RT (Equation 4.5)

Finally, thermodynamic calculations were performed using the software HSC 9.6.1, in

the Gem equilibrium composition module, based on Gibbs free energy minimization®.

4.2.5. Operando Modulation Excitation Infrared Spectroscopy

Operando modulation excitation diffuse reflectance infrared Fourier transform spectros-
copy (ME DRIFTS) experiments were conducted on the set of cobalt-based catalyst ma-
terials. The samples were first sieved to a grain size of 63-250 pm and were firmly fixed in
a 2 mm thick stainless-steel block, which acts as a sample holder using two quartz wool
plugs®’. The sample holder was closed using a CaF, window, to allow the reflection of IR
radiation, and a graphite window. The inlet of the cell was connected to two solenoid
valves (Series 9, Parker), allowing fast switching needed for the modulation excitation
experiments. The outlet of the cell was connected to an on-line mass spectrometer (MS;
Pfeiffer Vacuum Omnistar). The experiments were carried out with a Bruker Vertex70V
Fourier Transform (FT)-IR spectrometer equipped with a liquid nitrogen cooled Mercury
Cadmium Telluride (MCT) detector and a Harrick Praying Mantis unit. The samples were
heated to 250°C at 10°C min™" in H,/N,=1. At this temperature 10 modulation periods
were performed by alternating flows of CO,:H, at a ratio of 1:3 (60 s) and H, (60 s).
During each period of 120 's, 120 spectra were recorded at 80 kHz scanner velocity and

4 cm' resolution. The 10 modulation periods of 120s each resulted in a 20 min experi-
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ment. After the modulation experiment, the sample was heated to 450°C at 10°C min™ in
H,/N,=1 and was held for 1 h to reduce the metal oxide nanoparticles. Then, the sample
was cooled to 250°C at 10°C min" and the modulation experiment described above
was repeated. After spectral acquisition, the sets of time-resolved data were treated by
phase-sensitive detection (PSD)>? to obtain phase-resolved data. Phase-resolved ampli-

tude spectra were obtained by taking the absolute maxima at every single wavenumber.

4.3 Results and Discussion

4.3.1 Catalyst Characterization and Catalytic Performance

To investigate the dependence of activity and selectivity on the type of support oxide
in the cobalt-based CO, hydrogenation reaction, we have compared cobalt nanopar-
ticles supported on SiO,, Al,O,, TiO,, and CeO,. The physicochemical properties of
the support materials, such as surface area and pore size, can be found in Table 4.1.
To avoid interfering particle size effects on the activity, we have ensured that the average
cobalt particle size was above 10 nm in all catalysts. The SiO,, Al,O,, and TiO,-supported
catalyst materials contained cobalt particles of similar sizes (i.e., 14-17 nm), whereas the
CeO,-supported cobalt particles were larger (i.e., 37 nm) (Figure 4.1a-h).

oL,
N=102
Mean = 16 nm
stdev = 5.9 nm
Xi 13nm

R cormo, [Jcorceo,

N=115 N=54
Mean=17n0m | 15 Mean = 37 nm
stdev=4.3nm

XRD: 15 nm

XRD: 31 nm
|

\ |
- LR

777

3 40 S0 60 70 8 6 10 20 30 40 50 60 70 8
Partici size (nm) Particle size (nm) Particie size (nm) Particle size (nm)

Figure 4.1. Cobalt particle size analysis of the cobalt-based catalyst materials under study. a-d)
Energy dispersive X-ray (EDX) spectroscopy mapping of the calcined catalyst materials (250°C in N,)
a) Co/SiO,, b) Co/Al,O,, €) Co/TiO,, and d) Co/CeO,. e-h) Cobalt oxide particle size distributions de-
termined with transmission electron microscopy (TEM) and average crystallite sizes calculated based
on X-ray diffraction (XRD) results for e) Co/SiO,, f) Co/Al,O,, g) Co/TiO,, and h) Co/CeO,.
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It was found that all catalyst materials contained Co,0, after calcination, as determined
with X-ray diffraction (XRD) (Figure 4.2 and Table 4.2). Catalytic testing in a fixed bed
reactor at T=250°C and P=20 bar was conducted using CoO (suffix: -ox) and metallic
Co (suffix: -red) catalysts. Prior to testing, the indicated cobalt oxidation states were
obtained by heating in 33 vol% H,/N, at 250°C for the CoO and 450°C for the metallic
Co catalysts. H,-temperature programmed reduction (TPR) was performed to assess
the reducibility of all catalysts (Figure 4.3a) and CO,-temperature programmed de-
sorption (TPD) was used to determine the basicity of the support materials (Figure 4.3b
and Table 4.3). In the H,-TPR profiles (Figure 4.3a) the first peak is typically assigned
to the reduction of Co,0, to CoO (@250-290°C), while the second peak is ascribed to
the reduction of CoO to metallic Co (@300-420°C)*. For Co/Al,O;, two other peaks
were clearly visible at 673 and 958°C, which have been ascribed to cobalt aluminates
species. Similarly, for Co/SiO,, an additional peak was observer around at 635°C, which
could indicate the reduction of cobalt silicates®>®. In the CO,-TPD profiles (Figure 4.3b),
different types of basic sites were identified: weak (<150°C), medium (150-350°C), and
strong (>350°C)*”. The TPD peaks generally shift to higher temperature and increase
in intensity when the basic sites become stronger and increase in quantity®®. Both the
non-reducible supports SiO, and Al,O, were dominated by strong basic sites®, with
their main desorption peaks at 430°C and 393°C, respectively. The reducible supports
displayed different basic sites. For TiO,, two peaks were observed: one at 199°C, which
was assigned to bidentate carbonate decomposition from medium strength basic sites,
and a smaller peak at 390°C, which was attributed to monodentate carbonate decom-
position from strong basic sites. For CeO,, we observed a peak at 135°C, ascribed to
bidentate carbonate decomposition from weak-medium strength basic sites, and anoth-
er peak at 397°C, interpreted as monodentate carbonate decomposition from strong
basic sites®’. The total amount of desorbed CO, was estimated from the integral of the
CO,-TPD peak area. The CO, surface density quantification was used as a measure for
the basicity and increases from SiO,<Al,0,<CeO,<TiO, (Table 4.3), which is conform
with earlier reports in the literature®®¢'. Though, some studies report that CeO, was more
basic compared to TiO,%243, it has also been reported that the basicity decreased with
increasing calcination temperature of the metal oxide® and is consequently a more

complex cohesion than just the chemical element.



a)

Intensity (arb. units)

c)

Intensity (arb. units)

Figure 4.2. X-ray diffractograms (XRD) of the cobalt-based catalyst materials after calcination
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Table 4.2. Average crystallite size of cobalt particles on various supported cobalt-based catalyst

materials. The diffraction peak at 43° was used to determine the crystallite size using the Scherrer

equation in the Bruker EVA software.

Catalyst Cobalt phase Average crystallite size (nm)
Co/SiO, Co;0, 12.5
Co/AlLO, Co,0, 13.2
Co/TiO, Co,0, 14.6
Co/CeO, Co,0, 30.7
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Figure 4.3. a) H,-temperature programmed reduction (TPR) profiles of the cobalt-based catalyst
materials and b) CO,-temperature programmed desorption (TPD) profiles of the support materials
used recorded with a thermal conductivity detector (TCD).

Table 4.3. Basicity of the support oxide materials, used in this Chapter as estimated from CO,-
temperature programmed desorption (TPD) data.

Sample CO,-TPD integral Sample mass (g) BET surface area Basicity
(arb. units) (m2g7) (pmol CO, m?)
Sio, 43.3 0.0980 300 9.1
AlLO, 107 0.1090 262 15
TiO, 85.7 0.0990 52.7 68
CeO, 71.4 0.1004 88.5 33

All catalyst materials under study displayed higher cobalt-time-yield (CTY) in their me-
tallic state, except for Co/TiO,, which was more active in its CoO state (Figure 4.4). The
CeO,-supported catalysts displayed a high selectivity towards methane (95-97%) in
both metallic Co and CoO state. The SiO,-supported catalyst had slightly lower meth-
ane selectivities of 92 and 86% in metallic Co and CoO state, respectively. The other
products were CO, as well as C, and C, hydrocarbons. Co/Al,O, mainly produced CO
(61%) in metallic state and 10% C,, hydrocarbons in CoO state. Co/TiO, displayed the
highest CTY in both metallic Co and CoO state. The Co/TiO,-ox catalyst was the most
active catalyst in this Chapter with 11% selectivity to C,, hydrocarbons. The active phase
in the cobalt-based FTS has been debated for almost a century. Classically, metallic
cobalt is believed to be the active phase in the FTS process®. However, our results
showed that CoO on the reducible TiO, support is more active than metallic Co. This
is in accordance with a study by Melaet et al.*2, where CoO/TiO, was more active than
metallic Co for both CO and CO, hydrogenation. They have attributed the phenom-
ena to an interface formed between CoO and TiO, and they mentioned that strong
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metal-support interactions (SMSI), where TiO, species encapsulate some of the active
sites, could have decreased the activity of the metallic Co/TiO, catalyst. The reaction
mechanisms at play, and especially whether or not these are different for CoO and me-
tallic Co, are yet to be elucidated. In the section below, we will uncover active species
and reaction mechanisms for the set of cobalt-based catalyst materials under study by
means of operando modulation excitation diffuse reflectance infrared Fourier transform
spectroscopy (ME DRIFTS) with phase-sensitive detection (PSD).
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Figure 4.4. Effect of support and oxidation state on the catalytic activity of the cobalt-based
catalyst materials. a) b) Catalytic activity and selectivity of cobalt-based catalysts as measured with
gas chromatography (GC) over 10 h time-on-stream in CoO (suffix: -ox) and metallic Co (suffix: -red)
state at T=250°C, P=20 bar, H,/CO,=3. The automated GC injections were performed every 23 min
and the whiskers indicate the standard deviation in the 26 data points per sample.

4.3.2 Reaction Mechanism Elucidation from Modulation Excitation
Infrared Spectroscopy

Detecting active species with infrared (IR) spectroscopy is often limited by the sensitivity
of the characterization technique under reaction conditions and is generally challeng-
ing. Relevant signals could for example overlap strongly with irrelevant background
signals, complicating the interpretation. To overcome the sensitivity problem, we have
used in this Chapter operando ME DRIFTS with PSD. This method is based on the
periodic variation of an external stimulus, in our case CO, gas, while IR spectroscopic
data are recorded. The obtained spectra contain mixed signals of the active species,
spectator species, deactivating species, and noise. The time-resolved IR data can be
converted from the time domain to the phase domain by applying a set of mathematical
transformations based on Fourier series, also known as PSD (Figure 4.5)%>¢. By demod-
ulating the periodically varying IR signals, the dynamic signals can then be separated

from the static ones®’¢®. The spectator species and the noise are canceled out in the
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phase domain, as they do not exhibit a periodic response to the external stimulus. The
resulting high-quality phase-resolved IR data only contain the periodically responding
species and provide direct insights into the CO, hydrogenation mechanism, the nature

of the active site(s), and kinetics.
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Figure 4.5. Schematic overview of the principle of phase-sensitive detection (PSD). A(t) is the
external stimulus, B(t) is noise, C(t) is the response of a spectator species, and D(t) is the response of
an active species. The external stimulus is a sinusoidal or square-wave function with frequency .
Once the full set of time-resolved data (time domain) is measured along a given number of modu-
lation periods, each spectrum is averaged along the modulation periods to obtain a set of average
time-resolved spectra (spectrum i is the average of spectrum i from each modulation period)®. De-
modulation by PSD transforms the set of averaged time-resolved data into a set of phase-resolved
data (phase domain). In this set of data, the active species appear with a phase delay @ instead of
appearing with a time delay At. The phase delay contains additional kinetic information about the
system thatis often hidden in the kinetic information delivered by the time-resolved data (for example

because of strong band overlap).

In the averaged time-resolved IR spectra (Figure 4.6a), surface (bi)carbonates, formates,
and CO (Figure 4.6¢c-g) could already be observed on the cobalt-based FTS catalysts,
but the corresponding IR peaks were broad and convoluted. In general, the averaged
time-resolved IR spectra of the catalyst materials with Co(O) supported on reducible
supports displayed evident and broad signals of surface (bi)carbonates and formates,
whereas the spectra of catalyst materials with Co(O) on non-reducible supports did
not. This can be explained by the basicity of the support oxides, which we defined as
the amount of CO, adsorbed per surface area unit measured with CO,-TPD (Fig 4.3b
and Table 4.3).
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Figure 4.6. Operando Modulation excitation diffuse reflectance infrared Fourier transform
spectroscopy (ME DRIFTS) during CO, hydrogenation with the cobalt-based catalyst materials.
a) Averaged time-resolved DRIFT spectra and b) phase-resolved amplitude spectra of CoO (suffix:
-ox) and metallic Co (suffix: -red) supported catalysts (T=250°C, P=1 bar, H,/CO,=3). ¢-g) Adsorbed
surface species with characteristic vibrational energies: €) CO, d) formyl, e) formate, f) carbonate,
and g) bicarbonate. h) Simplified reaction pathways for cobalt-catalyzed CO, hydrogenation to hy-
drocarbons. In the direct dissociation mechanism CO,, is an intermediate, which either desorbs or
forms C,,.. and then hydrocarbon products. The H-assisted mechanism involves surface carbonates,
formates, and formyl as intermediates. The reaction intermediates can either be fully hydrogenated
to methane or converted into olefins or paraffins via carbon-carbon coupling (FTS).
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The basicity of the supports used increases in the order SiO,<Al,0,<CeO,<TiO,. Inter-
actions between basic O% surface ions and CO, facilitate the formation of carbonates,
whereas -OH surface groups enable the formation of bicarbonates from CO,’°. Surface
vacancies, as present in large numbers on reducible supports like TiO, and CeO,, aid
the generation of formate species®. Besides, hydrogen spillover, replenishing e.g. -OH
surface groups, is significant onto reducible supports, such as titania and ceria’'. Addi-

172 ;

tionally, weaker signals of adsorbed CO appeared around 2000 cm™ 72 in the averaged

time-resolved IR spectra (Figure 4.6a).

PSD revealed species on the cobalt-based catalyst materials that would otherwise not
have been visible so clearly. This can be seen by comparing the averaged time-resolved
IR spectra (Figure 4.6a) and the phase-resolved amplitude spectra (Figure 4.6b), that are
composed of the absolute maxima (in the phase domain) at every single wavenumber’s.
The surface (bi)carbonates observed on Co/TiO, and Co/CeO, and to some extent
on Co/Al,O, were dynamic surface species that varied with the external stimulus and
thus became visible in the phase-resolved amplitude spectra (Figure 4.6b). However,
we cannot unambiguously conclude that they actively take part in the conversion of
CO,to hydrocarbons, as the adsorption and desorption of these species could as well
lead to the appearance of dynamic signals. Peak splitting was observed for the surface
carbonates on Co/TiO,. For Co/TiO,-red v, .(CO,*) splitinto 1362 and 1378 cm™ and
Ve,m(CO4%) split into 1562 and 1574 cm™. Such splits have been observed in earlier

asym(

studies’*7¢ and ascribed to different types of coordination and/or different adsorption
centers’#, suggesting the formation of an interfacial area between Co and TiO, with

different adsorption properties.

The most evident difference between the CoO (suffix: -ox) and metallic Co (suffix: -red)
catalyst materials was the presence of adsorbed CO around 2000 cm' (Figure 4.6c)
only on all the metallic Co catalyst materials. In the averaged time-resolved IR spectra,
adsorbed CO was visible as a broad band on the metallic Co catalysts (Figure 4.6a).
Though, for Co/CeO,-red this band could barely be observed, possibly due to the in-
tense contributions of (bi)carbonates and/or formates. In the phase-resolved amplitude
spectra (Figure 4.6b), on the other hand, the adsorbed CO signals became clear and
sharp signals with peak maxima that varied per support material. Hence, irrespective of
the support material, the metallic Co catalysts mainly followed the direct dissociation
mechanism (Figure 4.6h), as indicated by the presence of adsorbed CO as an interme-
diate. The energy of the peak of linearly adsorbed CO (v(CQ)) is a measure of the C=0
bond strength. When CO is coordinated to a metal atom, the metal d-orbitals donate
electrons to the n* orbital of CO (Fig 4.7a), formally decreasing the bond order and
weakening the C=0 bond. Thus, the vibrational frequency of adsorbed CO decreases
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and the resulting wavenumber in the IR spectrum shifts down. In the series of the metal-
lic cobalt catalysts, Co/TiO, exhibited the lowest wavenumber for v(CO) (Figure 4.7b),
indicating that the C=0 bond was the weakest and providing a plausible explanation
for the highest activity of Co/TiO,. Besides, based on the position of the C=0 stretching
vibration from the phase-resolved amplitude spectra, there was an apparent optimum
for the support reducibility, as determined from H,-TPR data (Figure 4.3a), around Co/
TiO,. This is depicted in Figure 4.7b.
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Figure 4.7. Support-dependent CO adsorption strengths for the metallic cobalt-based cata-
lyst materials. a) schematic drawing of n backbonding when C=0O coordinates to a metal center.
b) Position of linearly adsorbed CO from the phase-resolved amplitude spectra versus the support

reducibility, which was determined from H,-temperature programmed reduction (TPR) data.

On the other hand, the CoO-containing catalyst materials did not show any ad-
sorbed CO species. Instead, different types of formyl, formate, and carbonate spe-
cies (Figure 4.6d-g) were observed on their surfaces in the phase-resolved amplitude
spectra (Figure 4.6b). The CoO catalysts thus followed a different mechanism than the
metallic Co counterparts, namely the H-assisted mechanism (Figure 4.6h). This obser-
vation is in accordance with theoretical work, where they found that CO_, adsorption
is strong on metallic Co (-1.99 eV = - 192 kJ/mol) and weak on CoO (-0.33 eV = - 32 kJ/
mol)’”’. Consequently, the CO, vibration is observed on metallic Co, but not on CoO.
Besides, the CoO catalysts produced more olefinic C, and C; products, while metallic
Co primarily produced paraffins (Table 4.4).

159



CHAPTER 4

160

/807810 891 BLZF2LL 0v’0 068 F /88 9°€L ¥9°G8 LY F92°S 180 F 9¥'S x0-“011/0D
ey SLL 000500 99°0 7Sl FSE0 8°0+88¢ 807809 €E0FSEL  parfOiv-0D
ey vSl YOLF¥Pe 060 Z9LF099 96l F 668 0007000 LWoF 1zl x0-*O%v/0D
ey 100 Z0'0 % 8%°0 2000 L007F€0C Z0F126 ST0F8ES ZLU0F20€  paifoIS/oD
ey 100 €007 ¥E0 £00°0 LL0F 691 9€F 198 LEF6LL ARER AN x0-f015/0D

(%) AuAndopes’™ /0D (%) AuAndsjes®) «d/0 %D (%) AuAnd919s? (%) AuAndsjas’HD (%) AuAnd3jes 0D (%) uoisiaauod ’0d 1shjered

‘weau1s-uo-awn Yy 0l ‘Y 000E=ASHO £=“0D/°H g 0Z=d 'D,05Z=L ‘Apnis Jepun s|eliarew 1sA|e1ed paseq-1jeqod ay1 jo aduew.opiad annhjeie) *p 'y a|qelL



COBALT OXIDE AS ACTIVE PHASE FOR THE CATALYTIC HYDROGENATION OF CO,

For example, Co/TiO,-0x, exhibited olefin/paraffin ratios for C, and C, of 0.4 and 1.7,
respectively. Co/TiO,-red, on the other hand, almost exclusively produced paraffins.
These results suggest that the hydrogenation steps are less favorable and/or that the
hydrogen availability is lower on CoO compared to a metallic Co surface, which may
positively affect C-C coupling. To underline that CoO and metallic Co are simply differ-
ent surfaces when it comes to CO, adsorption, i.e., altering the CO, hybridization, we
have performed density functional theory (DFT) calculations on the face-centered cubic
(FCC) CoO and metallic Co surface facets. Geometry optimizations were performed
using Co(110), Co(111), and CoO(100), the most active facets, both with and without
adsorbed CO,. The obtained structures are visualized in Figure 4.8. The geometry op-
timization of CO, on the Co(111) surface resulted in a stable structure with a positive
adsorption energy of 35.4 kJ/mol, indicating an endothermic process and it is likely that
CO, activation does not take place on this facet’®. The stable structure on the Co(110)
surface led to a negative adsorption energy of -63.2 kJ/mol and -34.1 kJ/mol was ob-
tained on CoO(100) (Table 4.5). These results indicate that both Co(110) and CoO(100)
can activate CO, molecules upon adsorption. Besides, C-O bond elongation and the
angle of the O-C-O bond after adsorption were evaluated to qualitatively assess to what
extend CO, is activated upon adsorption on the three surfaces. The sp hybridized free
CO, molecule possesses a O-C-O bond angle of 180°. To activate a CO, molecule on a
catalytic surface, the angle of O-C-O has to change. From the results in Table 4.5, we can
learn for example that CO, is least deformed, to 145.4°, on CoO(100) after adsorption,
as the O-C-O bond angle changes the least. The highest deformation of 120.6° was
observed on Co(110). Besides, C-O bond elongation and thus potentially dissociation
is most severe on Co(110). These theoretical results indicate that metallic cobalt acti-
vates CO, molecules more compared to CoO, which is in line with our experimental
observations, where we observe CO, , only on metallic cobalt. Please note that we have
adopted a simplified approach herein, reporting the optimized geometry. There are
other possibilities in which CO, can bind to each of the chosen surfaces, depending on
the orientation of the CO, adsorbate with respect to the surface as well as the chosen
adsorption site of the surface. This generally results in varying possibilities for the ad-
sorption energy’®. For example, oxygen vacancies on the cobalt oxide surface could
be good docking sites for CO,, which would facilitate the adsorption’”. Moreover, the
support material, which we excluded from our calculations, plays a significant role in

the resulting adsorption energy®.
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a)

&

Figure 4.8. Visualizations of geometry optimization using density functional theory (DFT). a) A free
CO, molecule. CO, adsorbed on b) Co(111) €) Co(110) and d) CoO(100).

Table 4.5. Adsorption energies and structural parameters of CO, adsorbed on Co(110), Co(111),
and CoO(100).

CO,(9g) *CO, on Co(110) *CO, on Co(111) *CO, on CoO(100)
E... (kJ/mol) -63.2 35.4 -34.1
0-C-0(°) 180 120.6 129.5 145.4
Cc-0, (A) 118 1.32 1.28 1.23
C-0,(A) 118 1.31 1.28 1.24
0,-Co, (A) 2.08 2.08
0,~Co,(A) 2.08 2.08
0,-Co,(A) 2.08
0,-Co,(A) 2.09 1.12
C-Co, (A) 1.93
C-Co,(A) 1.93
C-Co,(A) 2.21
C—Coy(A) 1.90

4.3.3 Reaction Kinetics Elucidation

4.3.3.1 Kinetic Insights from Phase-sensitive Detection Analysis

From the phase shift ¢ we can derive kinetic information about the cobalt-based catalyst
materials®®®'. The phase shift describes the difference between the external stimulus
and the maximum intensity of a responding active species. We have used ¢ as a di-
agnostic tool to identify the responding signals and to distinguish between different
(overlapping) contributions within one signal. For the identified signals, we looked at
the intensity in the time domain. More specifically, we followed the intensity decrease
of the signals in the first 10 s after the CO, was turned off during the modulation experi-

ment. The steepness of the slope of desorption was then used as a measure for relative
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kinetics; the steeper the slope, the faster the species. By comparing the responses of
all the active species identified with PSD, we obtained relative kinetics of the species
participating in the different CO, hydrogenation reaction mechanisms. We will explain
the concept by focusing on Co/TiO,, the most active catalyst in this Chapter. We have
learned from the phase-resolved amplitude spectra that Co/TiO,-ox mainly followed the
H-assisted pathway, while Co/TiO,-red mainly followed the direct dissociation pathway
(Figure 4.9a,b).
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Figure 4.9. Kinetic information derived from phase-sensitive detection (PSD) analysis for the
Co/TiO, catalyst materials, either in its oxidic or reduced form. a) Schematic representation of
the H-assisted mechanism, dominant for CoO catalysts, and the direct dissociation mechanism, dom-
inant for metallic Co catalysts. b) Phase-resolved amplitude spectra for Co/TiO,-ox and Co/TiO,-red.
Desorption slopes (first 10s after turning the CO, gas off) of selected species for €) Co/TiO,-ox and
d) Co/TiO,-red. Both samples showed carbonate, formate (*HCO,? indicated in red; 1609-1615 cm™),
and formyl species. Co/TiO,-ox additionally showed *CH, species. For Co/TiO,-red, *CO (gray; 1980
cm) displayed faster kinetics (steeper slope) than the carbonate, formate, and formyl species. The
direct dissociation mechanism was thus faster than the H-assisted mechanism.

To visualize the relative kinetics of the different species, we plotted the desorption
slopes of the respective signal intensity decrease during the first 10s after turning the
CO, gas off for carbonate, formate, formyl, and adsorbed CO in Figure 4.9¢,d. Co/TiO -
ox, as well as the other CoO-containing catalysts (Figure 4.10) displayed carbonate,
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formate (indicated in red in Figure 4.9¢,d), and formyl species in a similar kinetic regime.
However, for Co/TiO,-red, as well as for the other metallic Co catalysts, adsorbed CO
(indicated in gray in Figure 4.9d) displayed a steeper desorption slope, suggesting
that CO responded faster than the carbonate, formate, and formyl species. This tells
us that the direct dissociation pathway, of which adsorbed CO is a key intermediate,
occurred at a higher rate than the H-assisted pathway. However, the product distribu-
tions (Figure 4.4b) indicated that the H-assisted pathway was more beneficial for the
production of C,, hydrocarbons. For example, Co/Al,O;-ox and Co/TiO,-ox produced
more C,, hydrocarbons compared to the metallic counterparts. Figure 4.11 depicts a
schematic overview of elementary reaction steps in the CO, hydrogenation to methane
and C,, hydrocarbons based on the intermediates detected on the Co/TiO, catalysts
using ME DRIFTS.
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Figure 4.10. Slopes of the desorption branches of the time-resolved DRIFT spectra after turn-
ing off the CO, gas for a, b) Co/SiO,, ¢, d) Co/Al,O,, and e, f) Co/CeO,. The top panels display the
CoO-containing (suffix: -ox) catalysts and the bottom panels the metallic Co (suffix: -red) catalysts.
Co/SiO,-ox only showed gaseous CO, while Co/SiO,-red only displayed *CO. Co/Al,O;-ox and Co/
CeO,-ox showed carbonate, formate (*HCO,? indicated in red; 1609-1615 cm™), and formyl species.
The metallic Co catalysts (bottom) displayed *CO (gray; 1980-1994 cm™), which had faster kinetics
(steeper slopes) compared to the carbonate, formate, and formyl species.
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Methanation Chain Growth
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Figure 4.11. Schematic overview of elementary reaction steps in CO, hydrogenation on Co/TiO,.
The white nodes indicate reactant and product molecules, the brown nodes correspond to reaction
intermediates that were detected via ME DRIFTS on both CoO and metallic Co. The light blue node
for CH, on the left side was detected only on CoO and the dark blue node for CO only on metallic Co.
On the right side the C-C coupled species with either CH, or CO are colored light blue or dark blue
respectively. Black lines connecting the nodes represent (de)hydrogenation steps and the red lines

indicate (de)coupling of an oxygen atom. The arrows with a dotted line represent C-C coupling events.

4.3.3.2 Determination of Reaction Orders and Activation Energies

For the best performing catalyst in our study, namely Co/TiO,, we have additionally
determined a set of kinetic parameters at P=20 bar in both the CoO and metallic Co
state. The overall apparent activation energy (Ea) for CO, hydrogenation was slightly
lower for Co/TiO,-0x, 113 = 3, compared to Co/TiO,red, 122 = 5 (Table 4.6). This is in
line with the better performance of Co/TiO,-ox compared to Co/TiO,-red. Moreover,
all the apparent activation energies for CH,, C,,, and CO were considerably lower for
Co/TiO,-ox than for Co/TiO,-red (Table 4.6). C,, products, for example, displayed an
apparent activation energy of 98 * 3 kJ/mol with the Co/TiO,-ox catalyst, whereas Co/
TiO,-red resulted in a value of 115 = 5 kJ/mol. All Arrhenius plots used for calculating
the apparent activation energies are displayed in Figure 4.12-4.13. When compar-
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ing the activation energies obtained for CO, hydrogenation with Co/TiO,-red to the
values obtained for FTS with Co/TiO,-red (Chapter 3), it stood out that the E, values for
methane were remarkably similar for the two different reactions, namely 121 and 117
kJ mol. For C,, products, on the other hand, the values were far apart: 115 kJ mol
for CO, hydrogenation and 57.5 kJ mol for FTS. This implies that methane formation
from CO and CO, hydrogenation costs a similar amount of energy, while C-C coupling
costs about twice as much effort from CO, than from the more reactive CO molecule
on the exact same catalytic surface. To gain more insights, the reaction orders in CO,
and in H, were determined for both samples. The higher reaction order in CO, of Co/
TiO,-0x (0.38 = 0.09) compared to Co/TiO,-red (0.15 £ 0.04) indicated that a strongly
adsorbed intermediate derived from CO, on the Co/TiO,-red surface, most likely ad-
sorbed CO, hinders the reaction®. For metallic Co, a reaction order of 0.14 in CO, has
been reported previously for the CO, hydrogenation reaction®. Besides, the reaction
orders in H, were almost completely opposite for the 2 samples: a positive order of
1.24 = 0.40 for Co/TiO,-ox versus a negative order of -1.15 = 0.07 for Co/TiO,-red.
This particularly substantiates the hypothesis that the Co/TiO,-ox catalyst, following
the H-assisted mechanism, benefits from a higher partial pressure in H,. On the other
hand, the Co/TiO,-red catalyst, following mainly the direct dissociation mechanism,
benefits from a lower partial pressure in H,, as H, may be competing with adsorbed CO,
the most important intermediate in the direct dissociation mechanism. The negative H,
reaction orders and positive CO, reaction orders obtained for Co/TiO,-red indicated
involvement of C-O bond breaking and/or C-C coupling, rather than hydrogenation,
in the rate-determining step. This is reminiscent of C,, olefin formation in the FTS with
Co/TiO,-red (Chapter 3), which required less H atoms and its rate-determining step
did not necessarily seem to involve hydrogenation, also reflected by the negative H,

reaction orders and positive CO reaction orders.

Table 4.6. Kinetic parameters for the two sets of Co/TiO, catalyst materials used for CO,
hydrogenation.

Catalyst E, (kJ/mol)* R? CO, reactionorder® H,reaction order
Co/TiO,-ox Total 1M13+3 0.98 0.38 +0.09 1.24 +0.40

CH, 1132 0.98 0.22 +0.11 1.36 £0.35

C,, 98 =3 0.98 0.64 = 0.07 -0.13 £0.07

cO 146 +7 1.00 0.49 £0.20 0.92+0.13
Co/TiO,red Total 122 +5 0.99 0.15+0.04 -1.15+0.07

CH, 121 x4 0.99 0.19 £0.05 -1.21 £ 0.06

C,. 115+5 1.00 0.28 +0.16 113 +0.16

CcO 156 =8 0.99 1.04 +0.18 -1.35+0.20

2E, was calculated with 6 data points at T=200-280°C and P=20 bar. The R? values of the trendlines are
reported in the 3 column.
b CO, and H, reaction orders were determined at T=250°C and P=20 bar.
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Figure 4.12. Arrhenius plots for the two sets of Co/TiO, materials during CO, hydrogenation. Ar-
rhenius plots for a) Co/TiO,-ox (pre-treated for 1 h at 250°C in N,/H,=2) and b) Co/TiO,-red (pre-treat-
ed for 1 h at 450°C in N,/H,=2) during CO, hydrogenation at 20 bar and H,/CO,=3 at temperatures
between 220 and 280°C. Every pointis an average of 4-6 on-line gas chromatography (GC) injections
and the whiskers indicate the standard deviation.
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Figure 4.13. Arrhenius plots for the two sets of Co/TiO, catalyst materials during CO, hydro-
genation. Arrhenius plots for the reaction products a, b) methane, ¢, d) C,, hydrocarbons, and e, f)
CO during CO, hydrogenation at 20 bar and H,/CO,=3 at temperatures between 220 and 280°C. The
top row displays the plots for Co/TiO,-ox (pre-treated for 1 h at 250°C in N,/H,=2) and the bottom row
displays the plots for Co/TiO,-red (pre-treated for 1 h at 450°C in N,/H,=2). Every pointis an average
of 4-6 on-line gas chromatography (GC) injections and the whiskers indicate the standard deviation.
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4.3.4 Shifting the Selectivity towards the Formation of Long-chain
Hydrocarbons

With all these fundamental insights in hand, we are still left with the question how to di-
rectly obtain more long-chain hydrocarbon products from CO,. In an attempt to answer
this question, we took the best performing catalyst material in this Chapter, namely the
Co/TiO, system, and conducted experiments in which CO gas was co-fed at a CO, to
CO ratio of 2. This approach was inspired by the industrial methanol synthesis process,
where optimum performance of Cu/ZnO/Al,O, catalysts is generally obtained by the
synergistic effects of CO and CO, gas combined’®. We found that upon co-feeding CO,
the CO, conversion of Co/TiO,-ox doubled and the C,, selectivity increased from 11 to
39%, leading to an overall C,, yield of 104 mmol h'' g, " (Figure 4.14a).
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Figure 4.14. Co-feeding CO/CO, to the Co/TiO, catalyst material to shift the selectivity towards
long-chain hydrocarbons and long-term stability a) catalytic testing results (T=250°C, P=20 bar,
GHSV=3000 h", 10 h time-on-stream) comparing the product yields of CO, hydrogenation (H,/CO,=3)
to CO/CO, (H,/CO,/CO=9/2/1) hydrogenation and Fischer-Tropsch synthesis (FTS; H,/CO=2) for Co/
TiO, containing CoO (-ox) or metallic Co (-red). b) Olefin/Paraffin ratios for C,, C;, and C, products
during CO, hydrogenation, CO/CO, (H,/CO,/CO=9/2/1) hydrogenation, and FTS (H,/CO=2). The
whiskersin a and b indicate the standard deviation. ¢, d) Stability test (T=250°C, P=20 bar, GHSV=3000
h) of Co-TiO,-ox operated for 150 h displaying conversion (c) and selectivity (d) first while co-feeding
CO/CO, (H,/CO,/CO=9/2/1) for 50 h and then during CO, hydrogenation only (H,/CO,=3) for 100 h.
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This catalyst even outperformed the majority of other cobalt-based catalyst materials
that have been used for CO/CO, hydrogenation to C,, products (Table 4.7). The main
fraction of the long-chain hydrocarbons was C, and C, (59%). However, C, (27%) and
even C., (14%) products were observed as well (Figure 4.14a). For Co/TiO,red, the
CO, conversion increased slightly more than for Co/TiO,-ox upon co-feeding CO/CO,,
but the C,, selectivity only increased from 5 to 13%, leading to an overall C,, yield of
37.3 mmol h™' g_,". This suggests that the H-assisted mechanism is a more favorable
pathway to produce long-chain hydrocarbons than the direct dissociation mechanism.

This hypothesis was substantiated by comparing the olefin/paraffin ratios (Figure 4.14b).

During CO, hydrogenation the Co/TiO,-ox catalyst had a 0.4 and 1.7 olefin/paraffin ratio
for C, and C; hydrocarbons, respectively. The Co/TiO,-red catalyst, on the other hand,
almost exclusively produced paraffins. This confirmed that CoO had a lower hydrogena-
tion activity than metallic Co, explaining the higher selectivity to C,, products. This is in
accordance with earlier observations that CoO possesses a lower hydrogenation activity
compared to metallic Co and thus produced more olefins®2. The concept is reminiscent
of oxidic promoters, such as MnO, used in the FTS process to steer the selectivity from
paraffins towards olefins?1%". Here, MnO decreases the cobalt reducibility, resulting in
a more oxidic composition of the cobalt surface.’'% Such a surface favors B-hydrogen
abstraction to produce olefins over a-hydrogen addition to produce paraffins??101.102,
And indeed, when Co/TiO,-ox and Co/TiO,-red were additionally tested under FTS
conditions (Figure 4.14), we found that the olefin/paraffin ratios for Co/TiO,-ox were
around 10 for C,-C, products, whereas the ratios were only between 0.3 and 3.6 for Co/
TiO,-red. Co-feeding CO increased the olefin/paraffin ratios drastically for Co/TiO,-ox
and Co/TiO,-red started producing some olefins as well (Figure 4.14b). The calculated
thermodynamic stability of the different cobalt phases metallic Co, CoO, Co,0,, and
Co,C under reaction conditions can be found in Figure 4.15. During CO, hydrogena-
tion, co-feeding CO, and CO, and FTS (Figure 4.15a-c), metallic Co and CoO were both
thermodynamically feasible. Co,0, and Co,C, however, were not present in significant
amounts during the simulation at 250°C while varying the pressure between 1 and 20
bar. Additionally, under FTS conditions we varied the H,/CO ratio between 0 and 4 at
constant temperature (250°C) and pressure (20 bar) (Figure 4.15d). We found that the
formation of Co,C was only thermodynamically feasible at H,/CO<1. Though, at typi-
cal cobalt-based FTS conditions (H,/CO=2) metallic Co and CoO were the dominant

phases. Co,0, was again not significantly present during the simulation.
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Figure 4.15. Thermodynamic stability of different cobalt phases under relevant reaction con-
ditions. a) CO, hydrogenation at T=250°C and H,/CO,=3 while varying the pressure. b) T=250°C and
H,/CO,/CO=9/2/1 while varying the pressure. ¢) Fischer-Tropsch Synthesis (FTS) at T=250°C and H,/
CO=2 while varying the pressure. d) Varying the H,/CO ratio during FTS at T=250°C and P=20 bar.

Co-feeding CO/CO, mixtures may thus be a profitable method to directly produce
long-chain hydrocarbons from CO, at industrial scale. To assess the long-term stability
of the Co/TiO,-ox catalyst, it was tested at 250°C and 20 bar for 150 h in total: first for
50 h under CO/CO, co-feeding conditions (CO,/CO=2) and then for 100 h under CO,
hydrogenation conditions (H,/CO,=3) (Figure 4.12cd). For the 50 h of co-feeding, the
total carbon conversion started at ~18% and stabilized after about 10 h to ~16%, while
the C,, selectivity started at ~40% and stabilized at ~35%. For the following 100 h of
CO, conversion only, the conversion started at ~7.0% and remained ~4.5% after 100
h, while the C,, selectivity increased from ~10% in the first few h to ~20% after 100 h,
indicating that the activity loss over time was mostly related to a decrease in methane
production. The long-term stability of Co/TiO,-red over 150 h time-on-stream can be
found in Figure 4.14. During the 50 h of co-feeding, the total carbon conversion started
at ~18% and decreased to ~16% after 50 h, while the C,, selectivity started at ~10%
and increased to ~13%. For the following 100 h of CO, conversion only, the conversion

remained stable at ~5.0% during the 100 h, while the C,, selectivity remained stable
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around ~5.0% during the 100 h. After 150 h time-on-stream, we verified with XRD that
Co/TiO,-ox contained CoO and Co/TiO,-red contained metallic cobalt (face-centered
cubic (FCC) (Figure 4.15).
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Figure 4.16. Long-term stability test of the Co-TiO,-red catalyst material. The reactor was oper-
ated for 150 h (T=250°C, P=20 bar, GHSV=3000 h") a) is displaying conversion and b) selectivity first
while co-feeding CO/CO, (H,/CO,/CO=9/2/1) for 50 h and then during CO, hydrogenation only (H,/
CO,=3)for 100 h. The sample was treated at 450°C in N,/H,=2 prior to the reaction.
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Figure 4.17. X-ray diffraction (XRD) patterns of the Co/TiO, material after 150 h of catalytic
testing. XRD patterns (a) of Co/TiO, fresh (black), Co/TiO,-ox spent (pre-treated at 250°C in N,/H,=2),
and Co/TiO,-red spent (pre-treated at 450°C in N,/H,=2). The diffraction lines of rutile and anatase
are indicated with stars and plusses. The zoom-in (b) indicated Co;0, (triangles) in the fresh catalyst,
while Co/TiO,-ox spent contained CoO (circles) and Co/TiO,-red spent face-centered cubic (FCC)
metallic cobalt (squares). Note that the spent catalysts were passivated in 1 vol.% O,/Ar for 2 h atroom
temperature before they were taken out of the reactor.
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4.4 Conclusions

In this Chapter, it was established that both metallic Co and CoO are active phases in
the catalytic hydrogenation of CO and CO,. To investigate the influence of the support
oxide, we have prepared a set of cobalt-based catalyst materials with both non-re-
ducible supports (i.e., SiO, and Al,O,) and reducible supports (i.e., TiO, and CeO,).
We have performed catalytic testing at industrially relevant conditions (i.e., T=250°C
and P=20 bar) and explained the observed phenomena by identifying active species
using operando modulation excitation diffuse reflectance infrared Fourier-transform
spectroscopy (ME DRIFTS). The TiO, support provided the optimum reducibility for
weakening C-O bonds and resulted in the highest CO, hydrogenation activity. For most
catalyst materials under study, metallic cobalt was more active than cobalt oxide, which
is in accordance with the classical view of metallic cobalt as active phase. However,
all catalyst materials with cobalt oxide were active as well. For Co/TiO,, the catalyst
containing CoO was even more active than the catalyst containing only metallic Co.
We have found that the catalyst materials with metallic Co mainly followed the direct
dissociation pathway with adsorbed CO as a key surface intermediate. On the other
hand, the catalyst materials with CoO mainly followed the H-assisted pathway via surface
carbonate, formate, and formyl species. Although the direct dissociation was kinetically
faster compared to the H-assisted pathway, the latter seemed more beneficial for the
production of C,, hydrocarbons. The fundamental insights obtained here provide a
paradigm shift in the classical view of the catalytically active phase. This has implications
for the catalytic industry, as reductive pre-treatments at elevated temperature may not
always be necessary. For the best catalyst in this Chapter, CoO/TiO,, we have managed
to double the CO, conversion and to shift the selectivity to C,, hydrocarbons from 11%
to 39% by co-feeding CO and CO, at a ratio of 1:2. This led to a high overall C,, yield
of 104 mmol h' g_," at T=250°C, P=20 bar, and a gas hourly space velocity (GHSV) of
3000 h'. This can thus be a promising way for industrial applications to directly produce

long-chain hydrocarbons, instead of methane, from CO,.
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Abstract

Promoters are used in heterogeneous catalysis to enhance or suppress specific catalytic
properties. Promoter elements are typically added in small quantities to the default
catalyst formulation of metal (oxide) nanoparticles on a stabilizing support material.
Alkali metals, like potassium, are used in many commercial catalyst formulations, in-
cluding iron-based Fischer-Tropsch Synthesis (FTS) catalyst materials to enhance the
hydrocarbon product chain length, diminish unwanted methane formation, and increase
the olefin to paraffin ratio. While some interesting effects have been reported in the
academic literature, alkali metals are to the best of our knowledge currently not added
to commercial cobalt-based FTS catalyst formulations. Although commercialization of
CO, hydrogenation processes is still in its infancy, promising results have been reported
for potassium-promoted iron-based CO, hydrogenation in the literature. The number of
studies on potassium promoter effects on cobalt-based CO, hydrogenation is, however,
limited. In this Chapter, potassium promoter effects in the cobalt-based CO and CO,
hydrogenation will be investigated and discussed. The addition of K as promoter ele-
ment to Co/TiO, had a detrimental effect on the CO hydrogenation performance, as the
overall CO conversion rate and C-C coupling rate decreased. For CO, hydrogenation,

however, K appeared beneficial as the C,, hydrocarbons yield increased.
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5.1 Introduction

In Chapter 1, we have concluded that most researchers hold metallic cobalt (Co) re-
sponsible as the catalytically active phase in the Fischer-Tropsch Synthesis (FTS) reac-
tion towards linear paraffins." However, we have also briefly mentioned that Co,C has
been reported as a highly active phase in the cobalt-based FTS towards olefins®> or
oxygenates.>¢10 All these studies mentioned that Co,C was stabilized by and in synergy
with an oxidic compound, like MnO#>%1"15 or La,0,,”'% and/or an alkali promoter.3¢'7
For iron-based catalyst materials, it is well-established that alkali promoters, such as
sodium (Na)'®' and potassium (K)?*?', act as structural stabilizers for the formation of
iron carbides'2" and improve overall catalyst performance?. As cobalt carbides are
intrinsically less stable than iron carbides,? the presence of an alkali metal may even

be more essential for stabilization of the cobalt carbide phase.

Even though interesting effects have been reported in the academic literature, 4"
alkali promoters are typically not used in cobalt-based catalyst formulations, as can be
noted in various patents filed by several industrial FTS companies.?* Possible reasons
for this could be that alkali metals increase the cobalt reduction temperature® or that
the addition of alkali metals decreases the FTS reaction rate.?? For CO, hydrogenation,
on the other hand, it has been reported that addition of K to a cobalt-based catalyst
material drastically decreases the selectivity towards the unwanted product methane,

while producing more desired long-chain hydrocarbons.?

This Chapter investigates the effects of K as promoter element on the cobalt-catalyzed
CO and CO, hydrogenation. We demonstrate that K addition could be particularly
interesting for sustainable industrial processes that aim to convert CO, into long-chain
hydrocarbons. The effects of the K promoter are also compared to the effects of MnO
as promoter, which is currently used in industrial cobalt-based catalyst formulations,?

and to the effects induced by CoO instead of metallic Co as catalytically active phase.

5.2 Materials and Methods

5.2.1 Catalyst Synthesis
A 10 wt.% Co/TiO, catalyst with 14.6 nm average Co,0, crystallite size (Chapter 4)

was synthesized via incipient wetness impregnation (IWI), as described in Chapters 3
and 4. This starting catalyst material was then impregnated with a KNO, solution and
calcined at 250°C in flowing N, for 1 h to create a 0.4 wt.% K loading. Another set of
unpromoted, Mn-promoted, and K-promoted 10 wt.% Co/TiO, catalyst materials was

prepared via deposition precipitation (DP), indicated with suffix -DP throughout this
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Chapter. An aqueous solution of Co(NO;), ® 6H,0 (1.01 g), urea (2.68 g) and TiO,
support (1.81 g) was added to a double-walled vessel. The vessel was heated to a
temperature of 94°C via the double walls. In this way, the temperature within the vessel
could reach 90°C, the decomposition temperature of urea. As a consequence, the pH
of the mixture slowly increased under continuous stirring with a mechanical stirrer at
500 rpm for 20 h. Subsequently, the suspension was poured in a centrifuge tube. The
suspension was washed with water and centrifuged twice at 4000 rpm for 5 min. The
remaining powder was dried overnight at 60°C. After drying, the solid was crushed
with a mortar to obtain a powder. The powder was calcined at 400°C for 4 h (heating
ramp of 5°C min”') in a tubular furnace in a 100 mL min" N, flow. To prepare the Mn-Co/
TiO,-DP (Mn/Co=0.2 molar ratio, 1.8 wt.% Mn) and K-Co/TiO,-DP (K/Co=0.2 molar ratio,
1.3 wt.% K) catalyst materials, the sample was subsequently impregnated to incipient
wetness with a Mn(NO;), ® 6H,0 solution or a KNO, solution, respectively. The samples
were calcined again at 400°C for 4 h (heating ramp of 5°C min") in a tubular furnace

ina 100 mL min™" N, flow.

5.2.2 Catalyst Characterization

X-ray diffraction (XRD) patterns were recorded using a Bruker D2 phaser instrument
equipped with a Co radiation source (A = 1:789 A). XRD patterns were recorded be-
tween 5 and 85° 20 with an increment of 0.05° and 1 s per step. The average Co
crystallite size was calculated with the 43° XRD peak using the Bruker EVA software.

Transmission electron microscopy (TEM) was performed with a FEI Talos F200X in-
strument. The TEM samples were prepared suspending the catalyst materials in ab-
solute ethanol using sonication. Consequently, the suspension was drop-casted on a
carbon/formvar-coated Cu grid (200 mesh). The microscope was operated at 200 kV
and equipped with a high-brightness field emission gun (X-FEG) and a Super-X G2
energy dispersive X-ray (EDX) detector. The samples were analyzed with scanning (S)
TEM combined with high-angle annular dark-field (HAADF-STEM). To determine the

average cobalt particle size, the STEM images were analyzed using the ImageJ software.

H, chemisorption was measured using a Micrometrics ASAP 2020 C. ~100 mg of catalyst
was either heated to 250°C to create CoO or to 450°C to create metallic Co (both with
of 5°C min” ramps) in pure H, and held there for 1 h. The samples were cooled down
to 150°C (10°C min' ramp). At this temperature, the samples were evacuated for 1 h
in He. After evacuation, the samples were exposed to H, at increasing pressures up to

680 mbar to analyze the chemisorption of H,.



POTASSIUM PROMOTER EFFECTS IN COBALT-BASED CATALYTIC HYDROGENATION OF CO AND CO,

5.2.3 Catalyst Testing

Catalyst testing was performed using a stainless-steel fixed bed reactor. Typically, 200
mg of catalyst was mixed with 200 mg SiC (Alpha Aesar, no. A14470, 300-425 pm) and
positioned in between two quartz wool plugs. Prior to catalytic testing, the samples
were reduced for 1 h in N,/H,=2 at 250°C to create the CoO (suffix: -ox) phase or at
450°C to create metallic Co (suffix: -red). CO, hydrogenation was carried out at 250°C
and 20 bar with H,/CO,=3, while CO hydrogenation was performed at 220°C and 20
bar with H,/CO=2.The catalytic performance was assessed using gas chromatography
(GC) with one injection per 23 min as described in Chapter 4. The activation energies
were determined by varying between 220 and 280°C at P=20 bar and H,/CO,=3 for
CO, hydrogenation and between 180 and 220°C at P=20 bar and H,/CO=2 for FTS.
The measured intrinsic rates were used to calculate the apparent activation energy (E,)
according to the Arrhenius equation (Equation (5.1))7, where k is the rate constant, A
is the pre-exponential factor, R the universal gas constant, and T the absolute tempera-

ture in Kelvin.

k = AeFa/RT (Equation 5.1)

5.3 Results and Discussion

5.3.1 Catalytic Performance

The catalytic activities and product distributions during CO, hydrogenation, co-feeding
of CO,/CO=2, and CO hydrogenation were assessed for the K-Co/TiO, (0.4 wt.% K, 10
wt.% Co) material and compared to the results obtained with its unpromoted Co/TiO,
counterpart (Figure 5.1 and Table 5.1). The catalysts, prepared using the IWI method,
had an average cobalt crystallite size of 14.6 nm, as determined with XRD, and an aver-
age cobalt nanoparticle size of 17 nm, as determined with STEM-EDX (Chapter 4). For
the CO, hydrogenation reaction, the addition of K appeared to have a beneficial effect.
The CO, conversion increased from 4.12% to 6.01%, while the C,, selectivity increased
from 4.80% to 11.1% (Figure 5.1a). The addition of K also caused a decrease of the
paraffin to olefin ratio. The C,-C, products consisted primarily of olefins (Figure 5.1b),
suggesting that a lower hydrogenation capability was induced by K. For co-feeding CO,/
CO=2, a beneficial effect was particularly observed in terms of C,, selectivity. While the
conversion only increased marginally from 14.1% to 14.3%, the C,, selectivity improved
from 13.0% to 58.1% (Figure 5.1a) and the amount of olefins increased (Figure 5.1b).
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For CO hydrogenation, the addition of K as promoter appeared to have a detrimental
effect (Figure 5.1a and Table 5.1). The CO conversion decreased from 7.97% to 5.11%,
while the C,, selectivity decreased from 78.0% to 35.5%. Besides, the K-promoted Co/
TiO, catalyst material produced more olefins compared to the unpromoted Co/TiO,
counterpart (Figure 5.1b). It has been reported previously that the addition of K to
cobalt-based catalyst materials decreases the CO conversion as well as the paraffin
to olefin ratio during CO hydrogenation.?®2?? In general, the addition of K appeared to
lower the hydrogenation capability of the Co/TiO, catalyst, as indicated by the centroid
in Figure 5.1b shifting from the paraffin regime (positive Log(paraffin/olefin)) to the

olefin regime (negative Log(paraffin/olefin)).

In terms of overall catalytic performance, the addition of K was thus only beneficial for
the CO, hydrogenation reaction and for co-feeding CO,/CO=2, while for the CO hydro-
genation reaction the addition of K seemed to be detrimental. The C,, yield improved
from 0.20 to 0.67% for CO, hydrogenation and from 1.83 to 8.31% for co-feeding CO,/
CO=2 upon the addition of Kto a Co/TiO, catalyst material.

3
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Figure 5.1. Catalytic performance during CO, hydrogenation, co-feeding, and CO hydrogena-
tion with Co/TiO, and K-Co/TiO,. a) Conversion and selectivity and b) paraffin to olefin ratios of
Co/TiO, and K-Co/TiO, during CO, hydrogenation (250°C, 20 bar, H,/CO,=3, and gas hourly space
velocity (GHSV)=3200 h), co-feeding CO,/CO=2 (250°C, 20 bar, H,/C=3, and GHSV=3200 h"') and
CO hydrogenation (220°C, 20 bar, H,/CO=2, and GHSV=3200 h™"). The white dots in b) represent the
centroid of all paraffin to olefin ratios for Co/TiO, (left side of b) and K-Co/TiO, (right side of b) The
whiskers represent the standard deviation in the 26 on-line gas chromatography (GC) injections, which

were sampled during the 10 h time-on-stream.
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5.3.2 Deriving Kinetic Parameters

The obtain a better understanding of the kinetic principles behind the either beneficial
or detrimental effects induced by K as promoter element for Co-based CO and CO
hydrogenation catalysts, the activation energies for K-promoted Co/TiO, were calculat-
ed from Arrhenius plots for the CO and CO, hydrogenation reactions (Figure 5.2 and
Table 5.2). For CO, hydrogenation, the activation energy E, was found to be 103 = 1
kJ mol" for the promoted Co/TiO, catalyst, while a value of 122 = 5 kJ mol" was ob-
tained for the unpromoted Co/TiO, catalyst (as calculated in Chapter 4). An interesting
parameter to look at here is the CO selectivity, as K is known to catalyze the (reverse)
water-gas shift reaction ((R)\WGS)*® (Equation (5.2)).

CO(g) + H,0(g) 2 CO,(g) + H,(g) (Equation 5.2)

The CO selectivity for the K-promoted Co/TiO, was 1.75%, while only 0.20% was ob-
tained for Co/TiO,. Besides, the E, for CO formation was ~70 kJ mol" lower for the
K-Co/TiO, catalyst compared to the unpromoted Co/TiO, counterpart (Table 5.2,
Figures 5.2-5.4). Though the E_ values for C,, formation were fairly similar for the K-pro-
moted (126 = 1 kJ mol ") and unpromoted (115 £ 5 kJ mol”) catalysts, the improved C,,
yield can be explained by the fact that K catalyzed the RWGS reaction.
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Figure 5.2. Arrhenius plots for K-Co/TiO, during CO and CO, hydrogenation. Arrhenius plots
during a) CO, hydrogenation at 20 bar and H,/CO,=3 at temperatures between 220 and 280°C and
b) CO hydrogenation at 20 bar and H,/CO=2 at temperatures between 180 and 220°C. Every pointis
an average of 6 on-line gas chromatography (GC) injections and the whiskers indicate the standard
deviation.
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Figure 5.3. Arrhenius plots for K-Co/TiO, during CO, hydrogenation. Arrhenius plots for the

reaction products a) methane, b) C,, hydrocarbons, and ¢) CO during CO, hydrogenation at 20 bar

and H,/CO,=3 attemperatures between 220 and 280°C. The sample was pre-treated for 1 h at 450°C

in N,/H,=2. Every pointis an average of 6 on-line gas chromatography (GC) injections and the whiskers

indicate the standard deviation.
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Figure 5.4. Arrhenius plots for Co/TiO, and K-Co/TiO, during CO hydrogenation. Arrhenius plots
for the reaction products a, b) methane and ¢, d) C,, hydrocarbons during CO hydrogenation between
180 and 220°C at 20 bar and H,/CO=2. The top row displays the plots for Co/TiO, (pre-treated for 1 h
at450°C in N,/H,=2) and the bottom row displays the plots for K-Co/TiO,-red (pre-treated for 1 h at
450°C in N,/H,=2). Every point is an average of 4-6 on-line gas chromatography (GC) injections and
the whiskers indicate the standard deviation.
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For the CO hydrogenation reaction, the K-promoted Co/TiO, catalyst had an E, value of
52.4 = 1.0 kJ mol?, while for the unpromoted Co/TiO, catalyst 83.3 = 1.1 kJ mol” was
obtained (Calculated in Chapter 3). The addition of K thus appeared to lower the E,
significantly for CO hydrogenation as well. Relatively low activation energies have been
reported previously for K-promoted cobalt-based catalyst materials.?%3! Although K
lowered the activation energy in both CO and CO, hydrogenation, its addition seemed

only beneficial in terms of catalytic performance for the CO, hydrogenation reaction.

The exponential pre-factor A, which is calculated via the y-intercept of the Arrhenius
plot, may offer further explanation for these differences. This kinetic factor describes
the activation temperature of the catalyzed reaction. For example, from a set of catalyst
materials with similar activation energies, the catalyst with the highest pre-factor A ac-
tivates at the lowest temperature.® The calculated pre-factors for the CO, hydrogena-
tion reaction over Co/TiO, and K-Co/TiO, were in the same order of magnitude (10")
(Table 5.2). For the CO reaction, on the other hand, the pre-factor for K-Co/TiO, was
5 orders of magnitude lower (10%) compared to unpromoted Co/TiO, (107). This large
difference may offer an explanation for the drastically lower reaction rate observed for
K-Co/TiO, compared to Co/TiO, during the CO hydrogenation reaction (5% vs. 8%
CO conversion) (Table 5.1). To explain the higher methane selectivity and lower C,,
selectivity upon K promotion (Table 5.1), we turn to the E, values for methane and C,,.
The E, for methane formation was ~80 kJ mol” lower, while the E, for C,, formation
was ~80 kJ mol” higher for the K-promoted compared to the unpromoted catalyst
(Table 5.2). However, it remains important to compare our values with that of other work
in the literature. It was found that for cobalt supported on carbon nanotubes (i.e., Co/
CNT), a pre-factor of ~108 s has been reported,® while for the highly active Co(110)
step sites the pre-factor can go up to ~10" s7.34 For Co/TiO,, a pre-factor of 2.40*107
s (log(A)=7.38) during CO hydrogenation has been determined in another study at
P=12 bar and GHSV=5000 h"".** In our work, the kinetic parameters were determined
at P=20 bar and GHSV=3200 h". We therefore observed a higher pre-factor of 2.36*107
s for Co/TiO,, as higher pressure and lower GHSV led to higher reaction rates and

activation at lower temperatures.
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Table 5.2. Activation energies E, and exponential pre-factors A for the CO and CO,
hydrogenation reactions with Co/TiO, and K-Co/TiO,. The reaction conditions for CO,
hydrogenation were 220-280°C, 20 bar, H,/CO,=3, and gas hourly space velocity (GHSV)=3200 h".
The reaction conditions for CO hydrogenation were 180-220°C, 20 bar, H,/CO=2, and GHSV=3200
h''. The samples were pre-reduced at 450°C in N,/H,=2 for 1 h (suffix: -red).

Catalyst Reaction Product Activation energy E, Exponential pre-factor
(kJ mol) A(sT)
Co/TiO,red Co, Total 122+5 (6.96 =0.31) *10"
CH, 1214 (3.62 £ 0.16) *10"
C,, 115+5 (1.27 £0.07) *10%°
Co 156 +8 (1.18 £ 0.09) *10™
Co/TiO,-red FTS Total 83.3+1.1 (2.36 +£0.25) *10°
CH, 174 (3.51 £0.42)*10™
C,, 575+ 1.8 (1.35+0.03)*10°
K-Co/TiO,-red CoO, Total 103 =1 (1.19 £ 0.17) *10"
CH, 102 =1 (8.54 £ 1.32) *10'°
C,, 126 £1 (8.89 +0.48)*10%
CO 86.3%0.5 (2.89 £ 0.48) *107
K-Co/TiO,-red FTS Total 52.4+1.0 (2.40 = 0.54)*10*
CH, 35.0+19 (2.34 +£0.59)*102
C,, 1365 (8.08 £ 1.43)*10"

The so-called compensation effect describes a linear relation between In(A) and E, for
a set of catalyst materials or for a set of reactions, which typically caused by a common
reaction mechanism.***” Hence, plotting In(A) versus E,, a compensation plot, can give
insights into the similarities or differences in reaction mechanisms at play. A better
linear correlation between In(A) and E, for a set of catalysts or reactions would thus
indicate more similarities in reaction mechanisms and/or catalytically active centers.?’
Compensation plots for the CO and CO, hydrogenation reactions with unpromoted
and K-promoted Co/TiO, can be found in Figure 5.5. From Figure 5.5a it appeared that
unpromoted and K-promoted Co/TiO, had slight differences in reaction mechanism or
active centers® for both CO and CO, hydrogenation, as they were not on the same com-
pensation line. However, the points related to methane formation (Figure 5.5b) were
on the same compensation line (R?=0.99), implying that methane formation occurred
via a common mechanism for the unpromoted and K-promoted catalysts in both CO

and CO, hydrogenation.
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Figure 5.5. Compensation plots for the CO and CO, hydrogenation reactions with unpromoted
and K-promoted Co/TiO,. a) Plot with all calculated activation energies (E,) and pre-exponential
factors (A). The dotted compensation lines describe CO, hydrogenation and the dashed compensa-
tion lines describe CO hydrogenation. b) Plot for methane formation. All compensation lines had R?
values between 0.85 and 0.99.

5.3.3 Comparison between Potassium and Manganese Oxide as Promoter

Itis known that manganese oxide (MnO) is added to Co/TiO, systems in industrial FTS
catalyst formulations? mainly as a structural promoter as it is considered that MnO
affects the formation and stability of the cobalt active phase. The addition of MnO to
cobalt-based FTS catalysts has been reported to also hamper the reduction of CoO
into metallic Co.*® Besides, MnO is known to increase C, selectivity, decrease methane
selectivity, and decrease the paraffin to olefin ratio in FTS.3? Apart from a structural and
synergistic (e.g., water-gas shift (WGS) reaction) promoter,** MnO is also an electronic
promoter. Mn?* withdraws electron density from metallic Co, causing a partial positive

charge as Co%*.38

In this Chapter, we have compared the effects of K promotion with the effects of Mn
promotion and the effects of CoO as active phase instead of metallic Co. We will first
image the distribution of the promoter elements Mn and K with X-ray elemental map-
ping (EDX) and investigate the influence of the promoter elements and the CoO versus
metallic Co active phase on H, adsorption. Then, we will test these catalyst materials for
their performance in the CO, hydrogenation reaction.

The way that promoter elements are distributed over the catalyst strongly influences
the resulting effects on catalysis.*®*42 Homogeneous distribution and fine dispersion
typically lead to a more pronounced promoter effect, such as a lower or higher reduc-

ibility of the cobalt phase.?®*? In our case, X-ray elemental mapping results showed that
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both the promoter elements Mn and K were homogeneously distributed over the Co/

TiO,-DP catalyst after calcination (Figure 5.6).

Figure 5.6. X-ray elemental mapping to investigate the distribution of promoter elements Mn

and K on Co/TiO,. Energy dispersive X-ray (EDX) spectroscopy mapping of the calcined catalyst
materials (250°C in N,)a) Co/TiO,-DP, b) Mn-Co/TiO,-DP, and ¢) K-Co/TiO,-DP. Cobalt (Co) is indicated

in red, titanium (Ti) in blue, and manganese (Mn) or potassium (K) in yellow.

H, chemisorption measurements were carried out to investigate the influence of Mn
and K on H, adsorption by Co/TiO,-DP (Table 5.3). Co/TiO,-DP had an average Co,0,
crystallite size of 27.2 nm, as measured with XRD after calcination. Addition of Mn
(1.8 wt.%) did not have a significant influence on the Co,O, crystallite size (27.8 nm),
while addition of K(1.3 wt.%) yielded slightly smaller Co,O, crystallites of 22.0 nm. The
chemisorption of H, was measured for all samples after pre-treatment at 250°C in H,
to yield the CoO phase (suffix: -ox) and at 450°C in H, to yield the metallic Co phase
(suffix: -red). Generally, the measured H, uptake was about 4-7 times higher for the
-ox catalysts compared to the -red catalysts. Decreased H, chemisorption has been
reported previously for TiO, supported catalysts treated at elevated temperatures in
H,.3840 This effect has been ascribed to formation and migration of TiO, overlayers,
which mask the cobalt surface and thereby decrease the measured H, uptake.®® The
addition of promoter elements Mn and K both decreased the H, uptake in the order of
unpromoted>Mn>K. Both Mn and K could block cobalt sites, making them unavailable
for H, adsorption. Moreover, Mn and K could act as electronic promoters by withdrawing

electron density from cobalt®” and thereby limiting the H, uptake.*’
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Table 5.3. Physicochemical properties of the unpromoted, Mn-promoted, and K-promoted
Co/TiO, catalysts prepared via deposition precipitation (DP). Suffix -ox indicates pre-treated at
250°C in H, and suffix -red indicates pre-treated at 450°C in H,.

Catalyst Promoter/Co Co,0, XRD (nm) H, uptake (umol g') Co dispersion (%)
Co/TiO,-DP-ox n.a. 27.2 81.7 9.63
Mn-Co/TiO,-DP-ox 0.2 27.8 72.8 8.58
K-Co/TiO,-DP-ox 0.2 22.0 53.3 6.28
Co/TiO,-DP-red n.a. 27.2 22.2 2.61
Mn-Co/TiO,-DP-red 0.2 27.8 19.3 2.27
K-Co/TiO,-DP-red 0.2 22.0 7.89 0.93

Unpromoted, Mn-promoted, and K-promoted Co/TiO,-DP catalysts were tested for CO,
hydrogenation activity at 250°C, 20 bar, and H,/CO,=3 in both CoO (suffix: -ox) and
metallic Co (suffix: -red) state (Figure 5.6 and Table 5.4). For this set of catalyst materi-
als, the CO, conversion was generally higher for the metallic Co compared to the CoO
variant. Except for the unpromoted Co/TiO,-DP, where the CO, conversion was slightly
higher for the CoO variant. Though, this effect was more pronounced for the Co/TiO,
catalyst prepared via the IWI method, as observed in Chapter 4. Methane was the main
reaction product formed by Co/TiO,-DP-ox and Co/TiO,-DP-red with respectively 98.2
and 98.5% selectivity (Figure 5.6a). Of the C,-C, products, the metallic Co catalyst had
a higher paraffin to olefin ratio compared to the CoO catalyst (Figure 5.6b).

Although Mn-Co/TiO,-DP-red displayed a higher CO, conversion compared to unpro-
moted Co/TiO,-DP, the Mn-promoted catalysts had a similarly high selectivity towards
methane (Figure 5.6 and Table 5.4). The Mn-promoted Co/TiO, catalyst materials pos-
sessed a lower hydrogenation capability compared to the unpromoted catalysts, as
indicated by the lower paraffin to olefin ratio in the C,-C, products. The centroid of the
Log(paraffin/olefin) shifted from 1.80 for the unpromoted to 1.37 for the Mn-promoted
catalysts (Figure 5.6b).

The K-promoted catalyst materials had a slightly lower CO, conversion compared to
the unpromoted and Mn-promoted catalyst materials. However, the methane selec-
tivity shifted down to 79.0 and 78.6% for K-Co/TiO,-DP-ox and K-Co/TiO,-DP-red, re-
spectively (Figure 5.6 and Table 5.4) The addition of K also appeared to promote the
RWGS reaction (Equation (5.2)), as the selectivity towards CO increased to 2.44 and
0.42% for the CoO and metallic Co variants, respectively. Alkali metals are known to

accelerate the decomposition of formate intermediates via electronic effects and there-
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by enhance the (R)WGS reaction rate.*® The K-promoted catalysts possessed an even
lower hydrogenation capability compared to the Mn-promoted catalysts. The centroid
of the Log(paraffin/olefin) shifted down to 1.24 for the K-promoted catalysts, indicating
a lower paraffin to olefin ratio in the C,-C, products compared to the unpromoted and

Mn-promoted catalysts.

a) [ | Conversioni b) (| C,
20-{ [ CH, selectivity EEc,
I, selectivity

[ CO selectivity

10

Conversion or selectivity (%)

ox réd
K-Co/TiO2

ox réd
Mn-Co/TiO2

ox red ox réd
K-Co/TiO2 Co/TiOz

ox red
Mn-Co/TiO2

ox red
ColTiO2

Figure 5.7. Catalytic performance during CO, hydrogenation with the Co/TiO,-DP, Mn-Co/
TiO,-DP, and K-Co/TiO,-DP catalyst materials. a) Conversion and selectivity and b) paraffin to
olefin ratios of Co/TiO,-DP, Mn-Co/TiO,-DP, and K-Co/TiO,-DP in both CoO (ox) and metallic Co (red)
state during CO, hydrogenation (250°C, 20 bar, H,/CO,=3, and GHSV=3200 h"'). The white dots in b)
represent the centroid of all paraffin to olefin ratios for Co/TiO,-DP (left side of b), Mn-Co/TiO,-DP
(middle of b), and K-Co/TiO,-DP (right side of b). The whiskers representthe standard deviation in the
26 on-line gas chromatography (GC) injections, which were sampled during the 10 h time-on-stream.

Table 5.4. Average catalytic performance over 10 h catalytic testing during CO,
hydrogenation with the Co/TiO,-DP, Mn-Co/TiO,-DP, and K-Co/TiO,-DP catalyst materials.
The reaction conditions for CO, hydrogenation were 250°C, 20 bar, H,/CO,=3, and GHSV=3200 h".
Every entry consists of averages of 26 on-line gas chromatography (GC) injections. The samples
were pre-reduced either at 250°C (suffix: -ox) or at 450°C (suffix: -red) in N,/H,=2 for 1 h.

Catalyst CO, conversion CH, co C, C, C,
Co/TiO,-DP-ox % 3.75 98.2 0.05 1.42 0.28 0.06
P/O2 363 87.3 1.64
Co/TiO,-DP-red % 3.70 98.5 0.05 1.20 0.23 0.001
P/O2 504 86.2 26.4
Mn-Co/TiO,-DP-ox % 3.26 98.6 0.26 1.03 0.15 0.003

P/O= 58.5 18.1 0.78
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Table 5.4. (Continued)

Catalyst CO, conversion CH, co C, C, C,
Mn-Co/TiO,-DP-red % 3.85 98.5 0.05 1.26 0.17 0.001
P/O2 1149 125 1.41
K-Co/TiO,-DP-ox % 3N 79.0 2.44 12.2 6.41 0.03
P/O2 55.6 80.5 0.83
K-Co/TiO,-DP-red % 3.22 78.6 0.42 121 8.84 0.02
P/O2 256 247 1.25

2 P/O = Paraffin/olefin

In the CO, hydrogenation reaction, Co/TiO, performed better in terms of CO, conver-
sion and C,, selectivity when prepared via the IWI method versus the DP method. The
K-Co/TiO, catalyst system performed better in terms of CO, conversion when prepared
via IWI, while the C,, selectivity was higher for the catalyst system prepared via the DP
method. Though it must also be noted that K-Co/TiO, had 0.4 wt.% K, while K-Co/TiO,-
DP had a higher Kloading of 1.3 wt.%. It has been reported previously for Mn-promoted
Co/TiO, catalysts that the DP preparation method enhanced the association of the
cobalt and the manganese phases compared to the IWI method.*? Closer contact of
the promoter element with the cobalt phase may explain the increased C,, selectivity
of K-Co/TiO,-DP.

5.4 Conclusions

In this Chapter, we have investigated the K promoter effects on cobalt-based CO and
CO, hydrogenation. Although alkali promoter elements, such as K and Na, are widely
in commercial applications of iron-based CO hydrogenation to improve catalyst per-
formance, the addition of K to a cobalt-based CO hydrogenation catalyst appeared
detrimental. When K was added to the Co/TiO, catalyst formulation, the CO conversion
rate as well as the C-C coupling rate and the overall hydrogenation activity deteriorated
compared to the unpromoted Co/TiO, catalyst. However, the addition of K as promoter
element appeared interesting for renewable energy applications that aim to convert
CO, into valuable C,, hydrocarbons. By increasing the RWGS activity via electronic ef-
fects and decreasing the amount of hydrogen atoms on the surface, the C-C coupling
activity was enhanced. Consequently, the addition of K led to a selectivity shift away
from undesired methane and towards more valuable C,, hydrocarbons. For co-feeding
CO and CO, (CO,/CO=2), K-Co/TiO,-red yielded 149 mmol h" g_,' C,, hydrocarbons,
which was a 43% improvement compared to the 104 mmol h" g_, ' C,, hydrocarbons
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yielded by Co/TiO,-ox in Chapter 4. The addition of cheap and abundant alkali metal
K to heterogeneous catalysts may thus bring us a step closer to the commercialization
of CO, hydrogenation processes. For commercialization purposes, using Na instead
of K could be of interest, as Na is easier to obtain and more affordable than K. Future
scientific research on this topic should then systematically investigate the addition of
different alkali metals in varying quantities to cobalt-based catalyst materials to find
an optimum. Exploring multiple combinations of alkali elements, next to cobalt and
a suitable support, should ultimately lead to the discovery of a highly active catalyst
formulation for industrial CO, valorization processes.

5.5 Author Contributions and Acknowledgements

The research ideas in this Chapter were conceptualized by Iris ten Have, Florian Meirer,
and Bert Weckhuysen. The experimental work in this Chapter was performed by Joyce
Kromwijk and Iris ten Have. Nienke Visser is gratefully acknowledged for the STEM-EDX
measurements.

199



200

CHAPTER 5

5.6 References

10.

11.

12.

13.

14.

15.

ten Have, |. C. & Weckhuysen, B. M. The active phase in cobalt-based Fischer-Tropsch syn-
thesis. Chem Catalysis 1, 339-363 (2021).

Lin, T., Gong, K., Wang, C., An, Y., Wang, X., Qi, X, Li, S., Lu, Y., Zhong, L. & Sun, Y. Fisch-
er-Tropsch Synthesis to Olefins: Catalytic Performance and Structure Evolution of Co,C-Based
Catalysts under a CO, Environment. ACS Catalysis 9, 9554-9567 (2019).

Xiang, Y. & Kruse, N. Tuning the catalytic CO hydrogenation to straight-and long-chain alde-
hydes/alcohols and olefins/paraffins. Nature Communications 7, 13058 (2016).

Zhong, L., Yu,F., An,Y., Zhao, Y., Sun, Y., Li, Z,, Lin, T., Lin, Y., Qi, X., Dai, Y., Gu, L., Hu, J., Jin, S.,
Shen, Q. & Wang, H. Cobalt carbide nanoprisms for direct production of lower olefins from
syngas. Nature 538, 84-87 (2016).

Yang, R., Xia, Z., Zhao, Z., Sun, F,, Du, X., Yu, H., Gu, S., Zhong, L., Zhao, J., Ding, Y. & Jiang, Z.
Characterization of CoMn catalyst by in situ X-ray absorption spectroscopy and wavelet anal-
ysis for Fischer-Tropsch to olefins reaction. Journal of Energy Chemistry 32, 118-123 (2019).

Zhang, S., Liu, X., Shao, Z., Wang, H. & Sun, Y. Direct CO, hydrogenation to ethanol over
supported Co,C catalysts: Studies on support effects and mechanism. Journal of Catalysis
382, 86-96 (2020).

Lebarbier, V. M., Mei, D., Kim, D. H., Andersen, A., Male, J. L., Holladay, J. E., Rousseau, R. &
Wang, Y. Effects of La,O, on the mixed higher alcohols synthesis from syngas over Co cata-
lysts: A combined theoretical and experimental study. Journal of Physical Chemistry C 115,
17440-17451 (2011).

Pei, Y. P, Liu, J. X., Zhao, Y. H., Ding, V. J., Liu, T., Dong, W. Da, Zhu, H. J., Su, H. Y., Yan, L., Li,
J. L. & Li, W. X. High alcohols synthesis via Fischer-Tropsch reaction at cobalt metal/carbide
interface. ACS Catalysis 5, 3620-3624 (2015).

Gnanamani, M. K., Jacobs, G., Graham, U. M., Ribeiro, M. C., Noronha, F. B., Shafer, W. D. &
Davis, B. H. Influence of carbide formation on oxygenates selectivity during Fischer-Tropsch
synthesis over Ce-containing Co catalysts. Catalysis Today 261, 40-47 (2016).

Chen, P. P, Liu, J. X. & Li, W. X. Carbon Monoxide Activation on Cobalt Carbide for Fisch-
er-Tropsch Synthesis from First-Principles Theory. ACS Catalysis 9, 8093-8103 (2019).
Wang, X., Chen, W,, Lin, T., Li, J., Yu, F,, An, Y., Dai, Y., Wang, H., Zhong, L. & Sun, Y. Effect of
the support on cobalt carbide catalysts for sustainable production of olefins from syngas.
Chinese Journal of Catalysis 39, 1869-1880 (2018).

Zhao, Z., Lu, W., Yang, R., Zhu, H., Dong, W., Sun, F,, Jiang, Z., Lyu, Y., Liu, T, Du, H. & Ding, Y.
Insight into the Formation of Co@Co,C Catalysts for Direct Synthesis of Higher Alcohols and
Olefins from Syngas. ACS Catalysis 8, 228-241 (2018).

Athariboroujeny, M., Raub, A., lablokov, V., Chenakin, S., Kovarik, L. & Kruse, N. Competing
Mechanisms in CO Hydrogenation over Co-MnO, Catalysts. ACS Catalysis 9, 5603-5612 (2019).
An,Y., Zhao, Y., Yu, F, Lin, T, Lu, Y., Li, S., Li, Z., Dai, Y., Wang, X., Wang, H., Zhong, L. & Sun, Y.
Morphology control of Co,C nanostructures via the reduction process for direct production
of lower olefins from syngas. Journal of Catalysis 366, 289-299 (2018).

Paterson, J., Peacock, M., Purves, R., Partington, R., Sullivan, K., Sunley, G. & Wilson, J. Ma-

nipulation of Fischer-Tropsch Synthesis for Production of Higher Alcohols Using Manganese
Promoters. ChemCatChem 10, 5154-5163 (2018).



POTASSIUM PROMOTER EFFECTS IN COBALT-BASED CATALYTIC HYDROGENATION OF CO AND CO,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, Z., Kumar, N. & Spivey, J. J. Preparation and characterization of lanthanum-promoted
cobalt-copper catalysts for the conversion of syngas to higher oxygenates: Formation of
cobalt carbide. Journal of Catalysis 339, 1-8 (2016).

Li, Z., Zhong, L., Yu, F., An, Y., Dai, Y., Yang, Y., Lin, T, Li, S., Wang, H., Gao, P, Sun, Y. & He, M.

Effects of Sodium on the Catalytic Performance of CoMn Catalysts for Fischer-Tropsch to
Olefin Reactions. ACS Catalysis 7, 3622-3631 (2017).

Paalanen, P. P, van Vreeswijk, S. H. & Weckhuysen, B. M. Combined in Situ X-ray Powder
Diffractometry/Raman Spectroscopy of Iron Carbide and Carbon Species Evolution in Fe(-Na-
S)/a-Al,O, Catalysts during Fischer-Tropsch Synthesis. ACS Catalysis 10, 9837-9855 (2020).

Paalanen, P. P, van Vreeswijk, S. H., Dugulan, A. I. & Weckhuysen, B. M. Identification of Iron
Carbides in Fe(—Na-S)/a-Al,O, Fischer-Tropsch Synthesis Catalysts with X-ray Powder Diffrac-
tometry and Mdssbauer Absorption Spectroscopy. ChemCatChem 12, 5121-5139 (2020).

Han,Y., Fang, C., Ji, X., Wei, J., Ge, Q. & Sun, J. Interfacing with Carbonaceous Potassium Pro-
moters Boosts Catalytic CO, Hydrogenation of Iron. ACS Catalysis 10, 12098-12108 (2020).

Huo, C.-F., Wu, B.-S., Gao, P, Yang, Y., Li, Y.-W. & Jiao, H. The Mechanism of Potassium Promot-
er: Enhancing the Stability of Active Surfaces. Angew. Chem. Int. Ed. 123, 7541-7544 (2011).

Gaube, J. &Klein, H. F. The promoter effect of alkali in Fischer-Tropsch iron and cobalt cata-
lysts. Applied Catalysis A: General 350, 126-132 (2008).

Mohandas, J. C., Gnanamani, M. K., Jacobs, G., Ma, W., Ji, Y., Khalid, S. & Davis, B. H. Fisch-
er-tropsch synthesis: Characterization and reaction testing of cobalt carbide. ACS Catalysis
1,1581-1588 (2011).

van de Loosdrecht, J., Botes, F. G., Ciobica, I. M., Ferreira, A., Gibson, P., Moodley, D. J., Saib,
A. M., Visagie, J. L., Weststrate, C. J. & Niemantsverdriet, J. W. in Comprehensive Inorganic
Chemistry Il: from elements to applications 7, 525-557 (Elsevier, Amsterdam, 2013).

Jacobs, G., Das, T. K., Zhang, Y., Li, J., Racoillet, G. & Davis, B. H. Fischer-Tropsch synthesis:
Support, loading, and promoter effects on the reducibility of cobalt catalysts. Applied Ca-
talysis A: General 233, 263-281 (2002).

Khangale, P. R. Hydrogenation of CO, to Hydrocarbons over Zirconia-Supported Cobalt
Catalyst Promoted with Potassium. Catalysis Letters 152, 2745-2755 (2022).

Zhang, M., Wang, M., Xu, B. & Ma, D. How to Measure the Reaction Performance of Hetero-
geneous Catalytic Reactions Reliably. Joule 3, 2876-2883 (2019).

Xiang, Y. & Kruse, N. Tuning the catalytic CO hydrogenation to straight-and long-chain alde-
hydes/alcohols and olefins/paraffins. Nature Communications 7, 13058 (2016).

Gaube, J. & Klein, H. F. The promoter effect of alkali in Fischer-Tropsch iron and cobalt cata-
lysts. Applied Catalysis A: General 350, 126-132 (2008).

Ratnasamy, C. & Wagner, J. Water gas shift catalysis. Catalysis Reviews - Science and Engi-
neering 51, 325-440 (2009).

Khangale, P. R., Meijboom, R. & Jalama, K. CO, hydrogenation to liquid hydrocarbons via
modified Fischer-Tropsch over alumina-supported cobalt catalysts: Effect of operating tem-
perature, pressure and potassium loading. Journal of CO, Utilization 41, 101268 (2020).

Mutschler, R., Moioli, E., Luo, W., Gallandat, N. & Zuttel, A. CO, hydrogenation reaction over

pristine Fe, Co, Ni, Cu and Al,O, supported Ru: Comparison and determination of the acti-
vation energies. Journal of Catalysis 366, 139-149 (2018).

201



202

CHAPTER 5

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Thiessen, J., Rose, A., Meyer, J., Jess, A. & Curulla-Ferré, D. Effects of manganese and reduc-
tion promoters on carbon nanotube supported cobalt catalysts in Fischer-Tropsch synthesis.
Microporous and Mesoporous Materials 164, 199-206 (2012).

Liao, K., Fiorin, V., Gunn, D. S. D., Jenkins, S. J. & King, D. A. Single-crystal adsorption calorim-
etry and density functional theory of CO chemisorption on fcc Co{110}. Physical Chemistry
Chemical Physics 15, 4059-4065 (2013).

Zennaro, R., Tagliabue, M. & Bartholomew, C. H. Kinetics of Fischer - Tropsch synthesis on
titania-supported cobalt. Catalysis Today 58, 309-319 (2000).

Biloen, P. & Sachtler, W. M. H. Mechanism of Hydrocarbon Synthesis over Fischer-Tropsch
Catalysts. Advances in Catalysis 30, 165-216 (1981).

Bond, G. C., Keane, M. A,, Kral, H. & Lercher, J. A. Compensation Phenomena in Heteroge-
neous Catalysis: General Principles and a Possible Explanation. Catalysis Reviews - Science
and Engineering 42, 323-383 (2000).

Morales, F., de Smit, E., de Groot, F. M. F,, Visser, T. & Weckhuysen, B. M. Effects of manga-
nese oxide promoter on the CO and H, adsorption properties of titania-supported cobalt
Fischer-Tropsch catalysts. Journal of Catalysis 246, 91-99 (2007).

Morales, F. & Weckhuysen, B. M. Promotion Effects in Co-based Fischer-Tropsch Catalysis.
Catalysis 19, 1-40 (2006).

Tauster, S. J., Fung, S. C., Baker, R. T. & Horsley, J. A. Strong interactions in supported-metal
catalysts. Science (1979) 211, 1121-1125 (1981).

Shi, Z.,Yang, H., Gao, P, Li, X., Zhong, L., Wang, H., Liu, H., Wei, W. & Sun, Y. Direct conversion
of CO, to long-chain hydrocarbon fuels over K-promoted CoCu/TiO, catalysts. Catalysis Today
311, 65-73(2018).

Morales, F., Grandjean, D., Mens, A., De Groot, F. M. F. & Weckhuysen, B. M. X-ray absorption
spectroscopy of Mn/Co/TiO, Fischer-Tropsch catalysts: Relationships between preparation

method, molecular structure, and catalyst performance. Journal of Physical Chemistry B110,
8626-8639 (2006).






This Chapter is based on the following scientific article:

ten Have, |. C., van den Brink, R.Y., Marie-Rose, S. C., Meirer, F., Weckhuysen, B. M. (2022). Using
Biomass Gasification Mineral Residue as Catalyst to Produce Light Olefins from CO, CO,, and H,
Mixtures. ChemSusChem, €202200436.




CHAPTER 6

USING BIOMASS GASIFICATION MINERAL

RESIDUE AS HYDROGENATION CATALYST

TO PRODUCE LIGHT OLEFINS FROM CO,
CO,, AND H, MIXTURES




206

CHAPTER 6

Abstract

Gasification is a process to transform solids, such as agricultural and municipal waste,
into gaseous feedstock for making chemicals and fuels. The so-called coarse solid resi-
due (CSR) that remains after this conversion process is currently discarded as a process
solid residue. In the context of transitioning from a linear to a circular society, the fea-
sibility of using the solid process residue from waste gasification as a solid catalyst for
light olefin production from CO, CO,, and H, mixtures was investigated in this Chapter.
This CSR-derived catalyst material converted biomass-derived syngas, a H,-poor mixture
of CO, CO,, H,, and N,, into methane (57%) and C,-C, olefins (43%) at 450°C and 20
bar. The main active ingredient of CSR was Fe, and it was discovered with operando
X-ray diffraction that metallic Fe, present after pre-reduction in H,, transformed into an
Fe carbide phase under reaction conditions. The increased formation of Fe carbides
correlated with an increase in CO conversion and olefin selectivity. The presence of
alkali elements, such as Na and K, in CSR-derived catalyst increased the production of

light olefins as well.
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6.1 Introduction

Ceaselessly increasing both global greenhouse gas emissions and energy demand,
while depleting fossil resources constitutes a major issue for today's society. To solve
this, radical changes in awareness, mindset, and behavior of both the consumer and
industry are inevitable. Currently, we are living in a mostly linear economy; resources
are converted to products and disposed after usage. Efforts are being made to transi-
tion from a linear economy to a circular economy, where resources and products are
fully recycled.! It is thus indispensable to explore potential solutions and set off in new
directions. On the one hand, we need to find efficient ways to mitigate anthropogenic
emissions of greenhouse gases, such as CO,, and reverse global warming effects.2 On
the other hand, alternative feedstocks, including waste, are required to meet the needs
of the further increasing energy demand.®® During the last years, the awareness of
proceeding climate change and the urgent need to act grew, which forced the imple-
mentation of several climate change mitigation policies.? Nevertheless, the global CO,
emissions are predicted to continuously increase. To solve this issue, carbon capture
and storage (CCS) and carbon capture and utilization (CCU) are promising options. Es-
pecially the efficient conversion of captured CO, into value-added products, including
chemicals and fuels, could be a significant breakthrough.®’ In this context, thermochem-
ical CO, hydrogenation towards value-added products gained attention, as the broad
range of possible output comprises not only hydrocarbons, but also higher alcohols
and oxygenates.®'" In the past decade, many research efforts were made to revive the
more than 100 years old Sabatier reaction, which is the catalytic hydrogenation of CO,
towards methane.'? Ni-based catalysts are typically used in this process because of their
high activity and selectivity, while being inexpensive compared to noble metal-based
catalysts, such as Rh, Ru, Au, and Pt.">% However, converting CO, towards value-added
products other than methane, using relatively cheap, abundant, and non-toxic transition

metal catalysts, i.e., Fe, Co, Cu, would be a major advance.

Moreover, using waste residues as solid catalysts for CO, conversion towards value-add-
ed products would be of particular interest for the industrial sector. Hereby, on the one
hand, high costs for waste handling could be minimized, while on the other hand, indus-
trial CO, emissions could be directly converted into value-added products in a circular
fashion. Ideally, gaseous industrial waste streams could be directly used as reactant over
the solid process waste products, which then act as solid catalyst materials for producing
value-added products. To this end, the “recycled process residue catalyst” should be
able to convert the waste stream, generally consisting of a mixture of various gases. For
example, waste streams from biomass char gasification consist of CO, CO,, H,, and inert
gases.?’® The solid residue that remains after this process may contain many different

elements in various phases and oxidation states. Typically, the main components are
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Si, Al, Ca, Mg, Fe, K, and Na,?*?* but i.e., Ti, S, and P have also been reported.?® It has
already been documented that iron-containing char from biomass gasification catalyzes
hydrocarbon cracking reactions.?* Although, the ideal solid residue would possess both
CO, hydrogenation and Fischer-Tropsch Synthesis (FTS) activity, as the gaseous stream

from gasification consists mainly of CO, CO,, and H,.

For the FTS process, an industrial process to convert CO and H, into synthetic fuels, Co
and Fe are the most widely used for the synthesis of the required catalyst materials.?’-?
Cobalt operates at 200-250°C and mainly yields linear C,, paraffins. Iron, on the other
hand, is able to operate in a broader temperature range (200-350°C) and typically
produces more olefins and oxygenates, particularly at higher reaction temperatures
(320-350°C).2530-32 Fischer-Tropsch-to-Olefins (FTO), a subclass of the FTS process,
is particularly interesting for the direct conversion of alternative carbon resources to
lower olefins.® For this sustainable process, iron-based catalysts are preferred over
cobalt-based catalysts because of their high olefin selectivity, low cost, and high water
gas shift (WGS) activity. The latter enables the catalyst to alter the H,/CO ratio of the
synthesis gas or syngas,®*% which is essential when e.g., biomass is used as feedstock
and the H,/CO ratio of the resulting syngas is below 1.25343% Biomass-derived syngas
may additionally contain CO, and N, since air is typically used as oxidation agent in the
biomass gasification process.? The specifications of biomass-derived syngas may lead
to low conversion efficiency and worse catalyst performance.3® Apart from the traditional
FTS process, CO, hydrogenation to fuels, also referred to as modified (M)FTS, gained
attraction in terms of CO, mitigation strategies.’’*° Fe-based FTO catalysts yielded a
very stable product selectivity when changing the gas feed from traditional CO and H,
mixture towards CO,, CO, and H,.""442 Besides, the addition of alkali metals, such as K
and Na, to Fe-based catalysts has been reported to improve long-chain hydrocarbon
and olefin production from CO,,.""444 Accordingly, solid residue containing Fe and alkali

metals might represent a promising candidate for industrial waste stream conversion.

In this Chapter, we have investigated the applicability of a Coarse Solid Residue (CSR)
in CO,/CO/H, conversion. The CSR catalyst material was generated during a solid waste
gasification process at Enerkem (Westbury, Canada). Hereby, we aimed to employ the
CSR sample without further modification, potentially enabling the direct usage of indus-
trial solid waste as a suitable solid catalyst to convert gaseous industrial waste streams
into valuable products. To evaluate the potential of this CSR sample for CO/CO, hy-
drogenation, an Fe/SiO, reference catalyst with comparable iron oxide nanoparticle
sizes was used, hereby mimicking the main active ingredients of the CSR sample. We
show that CSR catalyst materials make methane and olefins from a CO, CO,, H,, and

N, gas feed, thereby mimicking the composition of biomass-derived syngas. Alkali
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promoter effects on the CO, and CO hydrogenation performances were investigated
using a K-Fe/SiO, reference catalyst. The presence of K enhanced the (reverse) (R)IWGS
activity and led to an increase in olefin production. Besides catalytic testing, operando
X-ray diffraction (XRD) and Raman spectroscopy studies were performed to gain in-
sights into the catalytically active phase and deducing a fundamental understanding of
structure-performance correlations in the CSR samples. It was found that the increased
presence of the iron carbide phase in the catalyst materials coincided with an increase

in olefin selectivity.

6.2 Materials and Methods

6.2.1. Catalyst Preparation

The industrial waste sample, a coarse solid residue (CSR) sample, also called “slag”
was generated during solid waste residue gasification process at Enerkem (Westbury,
Canada). The CSR sample was used without further treatment. The Fe/SiO, (7.7 wt.%
Fe) and the K-Fe/SiO, (0.71 wt.% K and 7.6 wt.% Fe) reference catalysts were prepared
by the incipient wetness impregnation (IWI) technique. To this purpose, commercially
available high-purity grade silica gel (Davisil Grade 643, pore size 150 A, 200-425 mesh,
Sigma Aldrich) was used as support material. The synthesis procedure was conducted
as follows. Initially, the required amount of FeCl,-6 H,O (Sigma Aldrich, = 99%) was dis-
solved in water, whereby the volume of water was adjusted to that of the pore volume
of the silica support. After impregnation and drying at 60°C for 24 h, calcination of the
impregnated catalyst was conducted under flowing N, (100 mL min”') in a tubular fur-
nace at 450°C for 5 h (5°C min' ramp). The K-promoted Fe/SiO, catalyst was prepared
by consecutive impregnation with an aqueous solution of K,CO, (Sigma Aldrich, = 99%),

drying, and calcination as described above.

6.2.2. Catalyst Characterization

The metal concentrations were determined via optical emission spectroscopy using
inductively coupled plasma (ICP-OES) with a PerkinElmer Avio® 500 ICP Optical Emission
Spectrometer. Here, the CSR and Fe/SiO, samples were prepared by iron extraction in
aqua regia. Additionally, the chemical composition of the CSR sample was analyzed

by X-ray fluorescence (XRF) spectrometry (Panalytical, Axios Advanced instrument).

Electron microscopy investigations were performed in scanning mode (SEM) with
energy dispersive X-ray (EDX) spectroscopy using a FEI Helios Nanolab.G3 instrument
operating at 5-30 keV. Electron microscopy investigations were performed in trans-
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mission mode (TEM) and high-angle annular dark-field (HAADF) mode using a FEI
Talos F200X microscope operating at 200 kV. Elemental mapping was performed using
energy dispersive X-ray (EDX) spectroscopy. For the TEM measurements, the samples
were suspended in ethanol under ultrasonic vibrations. Subsequently, a drop of the
suspension was deposited onto a Carbon-type B copper 200 mesh grid. For determin-
ing the particle size distribution of the supported nanoparticles from TEM images, the

software ImageJ was used for manually fitting the particle diameters (> 100 particles).

Ex situ X-ray diffraction (XRD) patterns of the fresh and spent catalysts were recorded
on a Bruker D2 Phaser X-ray diffractometer using Co Ka,, radiation (A = 1.790 A) in the
range of 20 = 20-80° with a scan step size of 0.01° and scan time 1 s/step. The Fe,O,
average crystallite sizes were estimated by applying the Scherrer equation (k-factor of
0.9) to the (0 1 2) diffraction of Fe,O, (26=28.0°).

Temperature-programmed reduction (TPR) measurements were performed using a
Micromeritics AutoChem Il 2920 instrument. Samples were placed on quartz wool into
a U-tube quartz reactor. The gas mixture consisted of 5% H, in Ar with a total gas flow
of 40 ml/min. H, TPR was carried out by heating with 5°C/min up to 800°C for Fe/SiO,
catalysts and the coarse solid residue (CSR) sample and held for 30 min at this tem-
perature. A constant initial sample weight of 0.05 g was used and H, consumption was

continuously monitored by a thermal conductivity detector.

Operando XRD patterns were recorded on a Bruker D8 Discover X-ray diffractometer in
Debye-Scherrer transmission (capillary) geometry with a Mo (Ka1 = 0.709 A) source. At
the beginning of each operando reaction run, the capillary was moved to the focus of
the X-ray beam (beam =~ 600 x 15 000 um, height x width) for maximum diffraction. The
XRD patterns were collected over a 26 range of 7—-25° with a scan step size of 0.015°.
Data were collected of the fresh sample, during reduction at 450°C in pure H, (3 mL
min™), after reduction, and during CO hydrogenation (CO/H,/He=2.25/1.5/1). The prod-
ucts were analyzed with on-line gas chromatography (GC) (Thermo Fischer Scientific).

Raman spectra were recorded using a Horiba Xplora with a 532 nm laser and 1200
grating for 30 s with 5 accumulations. For performing operando experiments, a Raman
high temperature reaction chamber from Harrick Scientific, suitable for high pressures
and temperatures, was used. To monitor the iron phase during the reduction procedure,
the CSR sample was heated to 450°C with 10°C min"in 3 mL min"' H, and 3 mL min” Ar.
Then, the sample was exposed to 2.2 mL min' CO, 1.2 mL min"' CO,, 1.5 mL min H,, and
0.2 mL min" Ar at P=20 bar and T=450°C. Meanwhile, Raman spectra were recorded
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to monitor the iron phase and carbonaceous species under reaction conditions. The

gaseous products were analyzed with on-line mass spectrometry (MS) (Pfeiffer Vacuum).

6.2.3. Catalyst Testing

Catalyst performance was tested in a fixed-bed reactor. The steel reactor was typically
filled with 200-250 mg of catalyst sample sieved to a grain size of 150-425 pm. The
sample was plugged between two quartz wool plugs. The reactor was placed in an
oven and was connected to the gas inlet and outlet. A back pressure controller (BPC)
was incorporated in the gas line connected to the outlet to maintain a defined pressure.
An on-line gas Thermo Fischer Trace 1300 gas chromatograph was used for product
analysis. The catalyst was reduced in 20 mL min" H, and 40 mL min"* N, at 450°C for
1 h (10°C min ramp). Then, the reactor was cooled down to 250°C with a 10°C min"
ramp in the same atmosphere. At 250°C the gas flow was switched to 22.5 mL min
CO,12.5mL min' CO,, 15 mL min" H,, 5 mL min" N,, and 1.2 mL min™ Ar. The pressure
was built up with 1 bar min” to 5 bar or 20 bar. For 12-24 h the products of the reaction
were analyzed with an on-line GC (injection every 23 min). This was repeated at 300-
450°C.The conversion and selectivities were calculated from the obtained GC data. The
amounts of converted CO or CO, were calculated using Equation 6.1.

Xco (%) = (1—Acgﬁf")* 100% (Equation 6.1)

Ao and A, represent the thermal conductivity detector (TCD) peak area of CO and Ar
during the reaction. A% and A°,, are the TCD peak areas of CO and Ar recorded during

a blank measurement. The selectivity was calculated using Equation 6.2.

Ajx Fi

S(%) = (it

) *100% (Equation 6.2)

In this equation, A, corresponds to the peak area of product i and F, represents the

response factor of the analyte.*
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6.3 Results and Discussion

6.3.1 Chemical Composition

The mineral composition of the coarse solid residue (CSR) matrial obtained during
solid waste gasification, as determined with X-ray fluorescence (XRF) and inductively

coupled plasma-optical emission spectroscopy (ICP-OES), can be found in Table 6.1.

Table 6.1. Coarse Solid Residue (CSR) composition from various solid waste feedstocks obtained
by X-ray fluorescence (XRF) spectrometry and inductively coupled plasma-optical emission
spectroscopy (ICP-OES)® analysis of the specific CSR batch used in this study, as well as the Fe/

SiO, reference catalyst.

CSR Min. (wt.%) Max. (wt.%) Element CSR Fe/SiO,
XRF XRF ICP-OES (wt.%)  ICP-OES (wt.%)
Compound
Sio, 38.9 59.2 n.a. n.a.ll n.a.ll
CaO 13.0 243 Ca 9.5
AlLO, 7.7 36.1 Al 5.1
MgO 1.4 3.1 Mg 0.7
Na,O 1.6 4.2 Na 25
K,O 0.5 1.6 K 1.9
MnO 0.1 1.6 Mn 0.04
ZrO, 0.1 3.0 n.a. n.a.
TiO, 0.8 1.5 Ti 0.7
Cr,O, 0 0.1 Cr 0.03
Fe,O, 1.2 4.8 Fe 19 7.7
BaO 0 0.1 Ba 0.05
SO, 0 0.4 S 0.01
P,O, 0 3.0 P 0.7
LOI 0 0.2 n.a. n.a.
Cu 0.2

a1 The Si concentration could not be determined quantitatively with ICP-OES.

The main components were the metal oxides SiO,, CaO, and Al,O,, which in heteroge-
neous catalysis generally function as support or binder material and stabilize the catalyt-
ically active metal nanoparticles. Another important componentin the CSR sample was
Fe,O;. Fe is believed to be the catalytically active component in solid residues from gas-

ification processes? and also the active ingredient in FTO-based catalyst materials.**4’
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Then, the alkali metals Na and Kin CSR can act as a promoter or a poison, depending
on their concentration and interplay with the active metal phase.*’-*? As promoters, the
alkali metals both increase the reducibility of iron oxides and the carbon deposition
rate. The latter is beneficial for FTO, as the active phase is considered an Fe carbide
phase.* In the CO, hydrogenation reaction, the addition of alkali metals to Fe-based
catalysts has been reported to increase the selectivity towards high-valued olefins due
to reverse water-gas shift (RWGS )activity.**4? Moreover, Mg and Ca that are present in
CSR have been reported to increase the deactivation rate and the methane formation
rate compared to unpromoted and K-promoted iron-based FTO catalysts.*® Besides,

CSR contained Cr and Cu, which are known to promote the (R)WGS reaction as well.*

6.3.2 Morphology of the Coarse Solid Residue Sample

The morphology of the CSR sample and spatial distribution of the elements were in-
vestigated with electron microscopy (EM) and energy-dispersive X-ray spectroscopy
(EDX). The CSR morphology resembled a typical Fe/SiO, heterogeneous catalyst: Fe
nanoparticles supported by a SiO, matrix (Figure 6.1).

200 nm

Figure 6.1. High-angle annular dark-field (HAADF)-scanning transmission electron microscopy (STEM)
images of the fresh coarse solid residue (CSR) sample (left) and energy-dispersive X-ray (EDX) spec-

troscopy chemical mapping (right). Fe is shown in red and Si is shown in green.
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However, CSR contained more elements than just Fe and Si. For example, Al appeared
to be in the same location as Si, whereas Ca and Ti appeared to be in close vicinity of
the Fe nanoparticles (Figures 6.2 and 6.3). The average Fe,O, nanoparticle size was 64
= 16 nm from the high-angle annular dark-field (HAADF)-scanning transmission electron

microscopy (STEM) images (Figure 6.4).
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Figure 6.2. Scanning electron microscopy (SEM) with energy-dispersive X-ray (EDX) spectroscopy
image (top left) and the corresponding map sum spectrum (bottom left). Spectrum 13 (top right) was
exclusively aluminum oxide, while spectrum 16 contained mostly iron oxide (bottom right).
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Figure 6.3. High-angle annular dark-field (HAADF)-scanning transmission electron microscopy (STEM)

image (top left) and energy dispersive X-ray spectroscopy (EDX) chemical mapping of Si, Fe, K, Na,
Ca, Al, Mg, Ti, and O.
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Figure 6.4. Particle size distribution of the Fe,O, nanoparticles in the coarse solid residue (CSR)
sample. The average Fe,O, nanoparticle size was 64 = 16 nm and in total 100 particles were counted
from the high-angle annular dark-field (HAADF)-scanning transmission electron microscopy (STEM)
images.



216

CHAPTER 6

6.3.3 Determination of the Iron Crystalline Phases and Crystallite Sizes

The crystalline phases and Fe crystallite sizes in the CSR sample and Fe/SiO, reference
catalyst were analyzed with X-ray diffraction (XRD) (Figure 6.5 and 6.6). The diffraction
peaks of the CSR sample matched with the mineral gehlenite (i.e., Ca,Al,SiO,) and with
hematite (i.e., Fe,O,). For the Fe/SiO, reference catalyst only hematite (i.e., Fe,O,) was
detected as crystalline phase. The average Fe,O; crystallite size was 63 nm for the CSR

sample and 53 nm for the Fe/SiO, reference catalyst.
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Figure 6.5. Characterization of the crystalline phases in the coarse solid residue (CSR) sample and a
reference Fe/SiO, catalyst material with X-ray diffraction (XRD). a) XRD patterns of the fresh and spent
(T=450°C, P=5 bar, and CO:CO,:H,:N,=4.5:2.5:3:1) CSR sample. XRD pattern of the mineral gehlenite
from the PDF-4+ XRD database is added as a reference. b) Fe/SiO, (7.7 wt.%) fresh and spent (T=450°C,
P=5 bar, and CO:CO,:H,:N,=4.5:2.5:3:1).
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Figure 6.6. X-ray diffraction (XRD) patterns from the PDF-4+ XRD database.
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6.3.4 Hydrocarbon Production from Reactant Mixtures

The CSR sample and the Fe/SiO, reference catalyst were catalytically tested in
CO:CO,:H,:N,=4.5:2.5:3:1 and at 5 bar pressure (Figure 6.7). This particular gas feed
composition was chosen with renewable energy resources in mind, as biomass-derived
syngas typically has a gas composition with H,/CO < 1 and may contain CO, and N,.2>34
Prior to the reaction, the sample was heated in H, at 450°C to transform Fe,O; into
metallic Fe. The reduction profiles of CSR and Fe/SiO, can be found in Figure 6.8. First,
we explored the influence of reaction temperature by performing multiple tests at 250,
350, and 450°C (Figures 6.7a and 6.7c). We found 450°C as the optimum operating
temperature for the CSR sample (Figure 6.7a), asthe total carbon conversion increased
with temperature. Besides, the very exothermic methane formation reactions from CO
(AH=-220 kJ mol' @450°C) and CO, (AH=-183 kJ mol' @450°C) are thermodynamically
more favorable at relatively low temperatures (see also thermodynamic calculations in
Figure 6.9) and in high H, concentrations. This was indeed reflected by the methane
selectivity, which was the lowest at 450°C. From CO and H, the C, and C; olefin for-
mation reactions are exothermic, while from CO, and H, these reactions are endother-
mic.> In our study, higher temperature appeared favorable for the lower olefin yield
(Tables 6.2 and 6.3) from the CO:CO,:H,:N,=4.5:2.5:3:1 gas feed; propene was only
formed at 350 and 450°C and not at lower temperatures. Compared to the total carbon
conversion of the Fe/SiO, reference catalyst (24.9% @450°C), CSR had a lower overall
carbon conversion (16.0% @450°C) (Tables 6.2-6.5). The lower carbon conversion of
CSR compared to the Fe/SiO, reference catalyst is explained by the lower content of
the active ingredient Fe in CSR (1.9 wt.%) compared to Fe/SiO, (7.7 wt.%), as displayed
in Table 6.1. Besides, the high content of K(1.9 wt.%) and Na (2.5 wt.%) in CSR could
have a detrimental effect on catalytic performance.“® Moreover, Mg and Ca in CSR could

increase the deactivation rate and the methane formation rate during the FTO reaction.*

The stabilities of the CSR sample and Fe/SiO, were evaluated in
CO:CO,:H,:N,=4.5:2.5:3:1, P=5 bar, and T=450°C (see Figure 6.7b,d and Tables 6.3
and 6.5). For CSR, the methane (59.3%), C, (28.6%), and C, (11.6%) selectivities re-
mained stable over the course of 24 h. In some of the gas chromatography (GC) in-
jections, C, products were detected as well (Figure 6.7b and Table 6.3; 0.5% average
selectivity). However, the total carbon conversion decreased over time. Considering
the high CO/CO, ratio (CO/CO,=1.8) in the gas feed, the occurrence of the WGS re-
action (CO+H,O > CO, + H,; AH=-37.8 kJ mol" @450°C) could provide a potential
explanation for the decrease in carbon conversion. Fe-based catalysts are known to
promote this reaction at moderately high temperatures (350-500°C).>" Besides, CSR
contains Cr, Cu, K, and Na, which are known to promote the WGS reaction as well.>" CO

and the inevitably formed H,O then produce CO,, which is less reactive than CO and
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consequently lowers the total carbon conversion. Besides, Mg and Ca, also present in
CSR, have been reported to increase the deactivation rate during the FTO reaction.>®
An alternative explanation for the lower carbon conversion could be the oxidation of
iron phases on the catalyst surface. CO, and H,O are known to have an oxidizing effect
and thereby deactivate conventional iron-based catalysts.?>3253
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Figure 6.7. Catalytic performance of the coarse solid residue (CSR) sample and the Fe/SiO, reference
catalyst material. Catalytic testing of a) CSR and ¢) Fe/SiO, in CO:CO,:H,:N,=4.5:2.5:3:1 at P=5 bar,
T=250, 350, 450°C, and gas hourly space velocity (GHSV)=3400 h' (12 h per temperature). Stability
testing of b) CSR and d) Fe/SiO, at 450°C for 24 h and 20 h, respectively, under the same gases and
pressure as (a).
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Figure 6.8. H,-temperature-programmed reduction (TPR) profiles for the Fe/SiO, reference catalyst

and for the coarse solid residue (CSR) sample.
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Figure 6.9. Thermodynamic calculations for the possible reactions taking place during CO/CO, hydro-
genation using the coarse solid residue (CSR) sample. The top panel displays the Gibbs free energy
and the bottom panel the reaction enthalpy.
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6.3.5 Fe Carbides in the Spent Catalyst Materials

The spent CSR sample as well as the Fe/SiO, reference catalyst material contained Fe
carbides as determined with XRD (Figure 6.5). The Hégg carbide (Fe.C,) is known to
be the most stable Fe carbide phase under FTO reaction conditions* and this was the
only Fe carbide phase observed herein. Fe,C, has also been proposed as main active
phase in the FTO reaction and postulated as responsible phase for hydrocarbon chain
growth.>* To further investigate the correlations between alkali promoter elements, (re-
verse) WGS ((R)WGS) activity, Fe carbide formation, and catalytic performance, CSR, Fe/
SiO,, and K-Fe/SiO, were tested consecutively for CO, hydrogenation, FTO, and again
CO, hydrogenation to assess whether iron carbide formation affected the RWGS activity.

6.3.6 Reverse Water Gas Shift Activity Promoted by Alkali Elements

To examine the occurrence of the RWGS reaction, we tested the CSR sample, the Fe/
SiO, reference catalyst material, and a K-promoted Fe/SiO, reference catalyst material
(0.71 wt.% K and 7.6 wt.% Fe (ICP-OES)) for CO, hydrogenation. Alkali elements, like
K, are known to promote the (R)WGS reaction,*" leading to an increased CO selectivity
during CO, hydrogenation, which could boost the overall catalyst performance. First,
the samples were pre-reduced at 450°C in N,/H,=2 for 1 h. Then, the CO, hydrogena-
tion performance was tested for at T=250°C, P=5 bar, and H,/CO,=3. Subsequently,
the FTO performance was tested at T=350°C, P=5 bar, and H,/CO=0.7. Thereafter, the
samples were again tested for CO, hydrogenation performance to investigate whether
iron carbide formation, known to occur in the presence of H,-poor syngas,** affected
RWGS activity. As can be seen in Figure 6.10, relatively low CO, conversions were
observed at 250°C for all samples (~2%). Interestingly, CSR displayed high RWGS ac-
tivity and produced 91.9% CO during the first CO, hydrogenation step (Figures 6.10a
and 6.10b). The Fe/SiO, catalyst did not produce any CO and appeared thus inactive
for the RWGS reaction (Figures 6.10c and 6.10d). However, the presence of the alkali
element K promoted the RWGS activity drastically, as the K-Fe/SiO, catalyst produced
30.4% CO (Figures 6.10e and 6.10f). The RWGS activity induced by K was beneficial for
C,, production, as the C,, selectivity increased from 12.9% with Fe/SiO, to 28.2% with
K-Fe/SiO, (CO-free selectivities). Besides, the C,-C, hydrocarbons produced by K-Fe/
SiO, contained more olefins compared to unpromoted Fe/SiO,. The complete product
distribution as well as olefin/paraffin ratios can be found in Tables 6.6 and 6.7. Increased
C,. production and olefin selectivity by iron-based catalysts upon K promotion has been

reported previously for CO, hydrogenation.?>4

During the FTO step, the initial apparent CO conversions were high (~11-25%) for all
samples (Figure 6.10), likely due to CO consumption for iron carbide formation. Under
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FTO conditions, carbon diffusion into iron has a lower activation barrier than the FTO
reaction.’' Hence, CO will mostly be used for iron carbide formation until a saturated
metal carbide is formed. For Fe/SiO,, the catalyst performance deteriorated slightly over
time, as more methane and CO, were produced (Figures 6.10c and 6.10d). K-Fe/SiO,
(Figures 6.10e and 6.10f), on the other hand, produced less methane and CO,, while
more C,, was formed over time. For CSR (Figures 6.10a and 6.10b), the CO, selectivity
went down, the methane selectivity became slightly higher, and the C,, selectivity slight-
ly lower over time (Tables 6.6 and 6.7). Alkali elements thus appeared to limit catalyst
deactivation during the FTO reaction. Besides, alkali promoters clearly enhanced the
WGS activity, as average CO, selectivities of 14.6%, 27.5%, and 73.1% were observed
for Fe/SiO,, K-Fe/SiO,, and CSR, respectively. The C,, selectivity again seemed to benefit
from K promotion: On average Fe/SiO, produced 34.5% C,, (Figure 6.10d), while K-Fe/
SiO, displayed 40.1% C,, hydrocarbons (Figure 6.10f), and CSR 60.5% (Figure 6.10b)
CO,-free selectivities). The C,, hydrocarbons produced by K-Fe/SiO, and CSR contained
more olefins compared to unpromoted Fe/SiO,,.

In the second, consecutive, CO, hydrogenation step, higher methane and CO selec-
tivities were observed compared to the first CO, hydrogenation step for all samples.
For CSR, 99.4% CO was observed (Figure 6.10b), while Fe/SiO, displayed 48.0%
(Figure 6.10d) and K-Fe/SiO, 58.1% (Figure 6.10f). The iron carbide phase, as formed
under FTO conditions (Figures 6.5 and 6.11), thus appeared to have a higher RWGS

activity compared to the metallic iron phase present after reduction.
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Figure 6.10. Catalytic performance in (consecutively) the CO, hydrogenation reaction, the Fischer-
Tropsch-to-Olefins (FTO) reaction, and the subsequent CO, hydrogenation reaction of a, b) coarse
solid residue (CSR), ¢, d) Fe/SiO,, and e, f) K-Fe/SiO,. The CO, hydrogenation steps were carried out
at T=250°C, P=5 bar, H,/CO,=3, and gas hourly space velocity (GHSV)=3070 h", while the FTO step
was carried out at T=350°C, P=5 bar, H,/CO =0.7, and GHSV=2425 h"'. The hydrocarbon (CH,and C,,)
selectivities displayed are CO and/or CO,-free. Prior to the first CO, hydrogenation step, the samples
were pre-reduced at 450°C in N,/H,=2 for 1 h.

225



CHAPTER 6

226

€40 6€°6 668 18§ 681l ‘015724
(WAL AW zz6 0°8¥ 9z°C ‘ors/o4
62'L 126 766 06'L ¥SD uoneusBboipAy ‘0D
60t S8 8yl 0Ll €9 ST 6v'C ‘015724
SLL 699 LTl 0vl L'99 9vl 69°C ‘015724
95°¢ 602 0°9¢ 9°6€ LEL 4 ¥SD ol4
st'l volL LLL 6LL v°0€ v0'Z ‘015724
v2°0 267 65°L €18 0 €1z ‘01s/24
902 v6L 616 L&'l ¥SD uoneusBoiphy ‘0D
(%) %D (%) "2 (%) %2 (%) °2 (%)"HD (%) °0D 10 0D (%) uoisidaAuod 1shjezed uondesy

‘019 24nbi14 Ul punoj aq ued (ulw gz Jad uonodaful | yum (Do) Aydeibojewolyd seb yum pep.iodal) sjuiod Juswainsesaw Jo 18s 819|dwod ay] 'y | 40}

Z="H/°N Ul D,0S 1e peonpai-aid aiem sajdwes ay ‘ders uoneusboipAy 0D 151y 841 01 Jold "8a1)-“QD Jo/pue O ale pake|dsip sailiA108]as uogiedolpAy ay] .y

SZYZ=ASHO PUe 'S'|="H/0D 8] §=d 'D,05€=L }& N0 paLiied sem dais O L4 8y d)iym .y 0L0€=(ASHD) AHoojen 8deds Alunoy seb pue 'e=*0D/°H 4eq G=d 'D,05Z=L
1e1no palied aiem sdeys uoneusbolipAy ‘0D ay] "1sA|e1ed O1S/04-Y @yl pue 1sAje1ed ‘0I5 /e ‘ajdwes (YSD) enplisal pijos 8s1e0d 8yl Jo uoioeal uoieuaboipAy

‘0D @Y1 pue ‘uonoeal (O] 4) sulye|O-o1 yosdou]-1aydsi4 ay1 ‘uonoeal uoneusboipAy ‘0D ey (A|eAlIndesuod) ul esuewlopiad onnhjered sbeiany *9 9 ajqeL



227

USING BIOMASS GASIFICATION MINERAL RESIDUE AS HYDROGENATION CATALYST

oleJ ulyjesed/ulye|o 10} SPURLS 4/O e

0r0FETL Y0CFETE ‘015724
8E0FLLO YS0F 2L ‘ors/e4
SYOF OVl NSe) uoneusBboipAy ‘0D
06€ 7058 89 % Z'9¢ €708l 0 F88l ‘015/24-
65V F 979 65710 CEF6EL LEFOEL o1s/24
L'L76ST 9ZFESL 7'LF80L 4SO ol4
98°0 789 0£0725C 0S'0786€ 015/24-
0Ll F€9C 8507 LET E7'07F60C 015/24
%07 L0C ¥SD uoneusboipAy ‘0D
©°D d/0 ©'D d/O ©° d/O ©°d d/O0 1shjeed uonoeay

‘0L°9 @4nB14 ul punoj aq ued (uiw gz 1ad uondalur | yum (Ho) Aydesborewoiyd seb yum paplodal) siuiod Juswainseaw

Jo1es a19|dwod ay] 'Y | 40} z="H/°N Ul D,0G¥ 1e peonpai-aid atem sejduwes sy ‘dels uoneusboipAy ‘0D 1sdly Yl 0110l "|.Y GZFZ=ASHD Pue 's'|="H/0D
1eq G=d 'D,0GE=/ 1 10 paLied sem dais Ol 4 ayi d|iym ', .y 020€=(ASHO) A&1100]an adeds Ajunoy seb pue '‘€=*0D/°H 1eq G=d 'D,0GZ=/ }& 1IN0 paLiied alom
sdals uoneusboipAy 0D ey "ejdwes QIS /a4-y ayy pue ‘ajdwes ‘QIg/e4 ayi ‘sjdwes (YSD) enpisal pIjos 8s1e0d 8y} JO Uoideal uoieusboipAy ‘0D aya
pue ‘uonoeal (O14) sulye|O-031-yasdoui|-1aydsi4 ay3 ‘uonoeal uoneusboipAy {0 ayi (Ajaannndesuod) Bulnp sonel (d/Q) uijeded/uysjo sbelany *£°9 ajqelL



228

CHAPTER 6

—K-Fe/SiO, spent
——K-FelSiQ, fresh
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Figure 6.11. X-ray diffraction (XRD) patterns of the K-Fe/SiO, (0.71 wt.% K and 7.6 wt.% Fe) sample
after calcination (fresh) containing Fe,O, and after consecutive CO, hydrogenation, Fischer-Tropsch-
to-Olefins (FTO), and CO, hydrogenation containing the Hagg carbide (Fe;C,).

6.3.7 Fe Carbides Evolved as Active Phase in the Coarse Solid Residue Sample under
Reaction Conditions

To further investigate the formation of iron carbides, operando XRD was performed
under FTO conditions. Operando XRD patterns of the CSR sample were recorded after
reduction at 450°C in H,, and during CO hydrogenation (H,/CO=0.7) for 70 h at 450°C
and 5 bar (see Figure 6.12). After the reduction procedure, the CSR sample contained a
mixture of Fe,O, and metallic Fe (Figure 6.12a and 6.12b). Under H,-poor FTO reaction
conditions this slowly transformed into the Hagg carbide phase (Fe,C,) (Figure 6.12b),
which correlated with an increase in CO conversion and an increase in C,, selectivity
(Figure 6.12 and 6.12d). C, products were only detected after ~30 h time-on-stream.
Both the CO conversion and the C,, selectivity reached a stable level after about 55 h
time-on-stream. The olefin/paraffin ratio in the C,-C, products increased with increasing
reaction time, suggesting that the Fe,C, phase is more selective to olefins compared to
metallic Fe. A complete overview of all the products detected, including all isomers, can
be found in Table 6.8. At 40-60 h time-on-stream (green XRD pattern in Figure 6.12b),
CSR solely contained the Hagg carbide phase (Fe.C,), while Fe,O, and metallic Fe were
not observed. We can thus conclude that Hdgg carbide is the (most) active phase for

C,, production, as its emergence was correlated with enhanced catalytic performance.
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This is in accordance with an earlier study that ascribed the increase in C,, selectivity to
the transition of metallic iron to iron carbides.>

——60-70 h
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——2040h
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Figure 6.12. Operando X-ray diffraction (XRD) of the coarse solid residue (CSR) sample. a) CSR fresh,
after reduction at 450°C in H,, and during CO hydrogenation (H,/CO=0.7) for 70 h at 450°C and 5 bar.
b) Zoom in of 16-25 °26, showing CSR contained a mixture of Fe;O, and metallic Fe after reduction.
Under reaction conditions (Fe;C,), Hagg carbide, evolved as active phase in the CSR sample. ¢) CO
conversion (%) and d) product selectivities over time.
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Table 6.8. Catalytic performance as measured with gas chromatography (GC), with one injection

per 23 min, during the operando X-ray diffraction (XRD) experiment with a coarse solid residue

(CSR) material. The sample was pre-treated in pure H, for 1 h at 450°C prior to the reaction. Fischer-
Tropsch-to-Olefins (FTO) reaction conditions were T=450°C, P=5 bar, and CO:H,:He=2.25:1.5:1 for
a total of 70 h time-on-stream (TOS). The averages of 0-10 h TOS are compared to the averages of

60-70 h TOS.

Product

Conversion or selectivity
at 0-10 h (%)

Conversion or selectivity
at 60-70 h (%)

CO conversion 259+0.3 33.9+0.3
Methane 87.9 £2.27 75.8 1.2
Ethane 2.94 = 0.81 4.62+0.53
Ethene 0.79 £0.13 2.01 +£0.09
Propane 0.80+0.20 0.93 +0.04
Propene 0.73+£0.31 2.08 £0.08
iso-Butane 0 0

n-Butane 0.02 +£0.04 0.15+0.06
Acetylene 0 0
trans-2-butene 0 0.03+0.04
1-butene 0 0.18+0.13
iso-butene 0 0.04 = 0.05
cis-2-butene 0 0.01 +£0.02
isopentane / 2-methyl-butane 0 0

pentane 0 0.06 £ 0.05
1,3-butadiene 0 0
neopentane / 0 0
2,2-dimethylpropane

3-methyl-1-butene 0 0
trans-2-pentene 0 0
2-methyl-2-butene 0 0.01£0.03
1-pentene 0 0
2-methyl-1-butene 0 0

6.3.8 Improving C,, Selectivity with Increased Reaction Pressure

To improve the selectivity to lower olefins, we increased the pressure to 20 bar and
tested the CSR sample at different temperatures (250-450°C) (Figure 6.13). Again,
450°C appeared to be the optimum temperature for CO/CO, conversion (total C con-
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version=45.9%) and C,, production. At 20 bar the methane selectivity went down to
57.1% and the C,-C, olefin selectivity increased up to 42.9%. The olefin/paraffin ratio in-
creased with pressure as well (Table 6.9). Even though the CSR sample may not outper-

form commercial Fe-based FTO catalysts (CH, selectivity=3-42%3°) or Fe-based catalysts

developed for CO, to fuels (CH, selectivity=3-16%""*3), our results present an attractive

strategy in the field of renewables.?>¢ Fe-containing CSR catalyzes the conversion of

CO/CO, to valuable olefins and would otherwise have been discarded as an industrial
waste product. Repurposing the waste product as a CO/CO, conversion catalyst rep-

resents an example of a strategy to reuse and thus minimize industrial waste streams.

100 {
o4 [
g —m— Total C conversion
§ %] = o
% - C,
% 404 - A- C,
Q C4
- /
20 i_,_.———- _
0 T

100

-80

-60

L 40

Selectivity (%)

-20

T T
250 300

Figure 6.13. Catalytic performance of the coarse solid

T
350

Temperature (°C)

T
400

residue (CSR) sample in

CO:CO,:H,:N,=4.5:2.5:3:1 at P=20 bar, T=250-450°C, and gas hourly space velocity (GHSV)=3400

h7 (6 h per temperature).

Table 6.9. Average olefin/paraffin (O/P) ratio in the hydrocarbon products made by coarse solid
residue (CSR) at varying temperatures (6 h per temperature), P=20 bar, CO:CO,:H,:N,=4.5:2.5:3:1,
and gas hourly space velocity (GHSV)=3400 h™'. A gas chromatography (GC) injection was

performed every 23 min.

Temperature (°C) O/P C,2! O/P C,l O/P C,=2
250 1.75 £ 1.75 2.34+228

300 2.61 %213 244 £2.24 1.65+0.17
350 6.52 +3.89 3.43+3.63 1.61 £0.93
400 8.72 + 6.82 5.06 £2.34 244 +1.22
450 13.3+2.7 14.0+3.4 7.41 + 3.64

1Bl O/P stands for olefin/paraffin ratio
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6.3.9 Carbonaceous Deposits Evolved under Optimized Reaction
Conditions

To investigate whether or not carbon deposits were formed under reaction conditions,
we have performed operando Raman micro-spectroscopy studies (Figure 6.14a and
6.14b). While X-ray diffraction techniques, like XRD, are usually the method of choice for
crystalline solid materials (i.e., long-range order), Raman spectroscopy is more promis-
ing to analyze carbon deposits with a highly disordered structure.”-* Raman spectros-
copy probes molecular structures (short-range order) and is sensitive to the degree of
structural disorder. We compared the fresh CSR sample with an Fe,O, (hematite) refer-
ence. CSR indeed displayed the characteristic Fe,O, peaks at 222, 242, 291, 408, 490,
608, 662, and 1309 cm™" (Figure 6.14a).>” Structural changes were not yet observed at
150°C in H,. However, at 350°C line broadening was visible, indicating that Fe,O, was
transformed into Fe,O, (magnetite). At 450°C, the iron oxide peaks had disappeared,
indicating the presence of the Raman-inactive metallic iron. Then, CO/CO, hydroge-
nation was carried out at 20 bar and 450°C. After 1-3 h of reaction, bands at 1340 and
1580 cm™ appeared, indicating the formation of carbonaceous species.®>>? This is in
line with earlier studies on Fe-based FTO catalysts, where carbonaceous species were
observed during CO hydrogenation.* Inactive carbon species could play a role in
catalyst deactivation,® but carbonaceous species have also been reported as interme-
diates in CO hydrogenation processes.>>*” While carbonaceous species evolved during
our experiments, the total carbon conversion, as measured (semi-quantitatively) with
mass spectrometry (MS) and compared to a blank measurement, decreased. Besides,
the MS response of CH, increased, while the C,-C, olefins MS response (Figure 6.14c)
decreased over time. Although the deposition of carbonaceous species coincided with
deteriorating catalytic performance, the apparent catalyst deactivation could also be
assigned to other causes. For example, the presence of Mg and Ca has previously
been reported to increase catalyst deactivation and methane formation.*® Moreover,
the presence of K, Na, Cr, and Cu in CSR promote the WGS reaction,® which could
increase the amount of CO, in the gas feed and consequently decrease the catalytic
performance. Re-oxidation of iron (carbide) nanoparticles was, however, not observed

in the Raman spectra.
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Figure 6.14. Operando Raman micro-spectroscopy on the coarse solid residue (CSR) sample a)
during the reduction procedure in H,/Ar=1 and during catalytic CO/CO, hydrogenation (CO/CO,/
H,=2.2/1.2/1.5) at P=20 bar and T=450°C. The Fe,O, peaks are indicated with a gray dashed lines
and the carbon D and G bands with black dotted lines. b) Photograph of the high-pressure Raman
cell and microscopy image of a CSR particle. €) mass spectrometry (MS) signals for CH,(m/z=15) and
C,-C, olefins (m/z=26).

6.4 Conclusions

A coarse solid residue (CSR) material, which is a waste product obtained from solid
waste gasification, was tested as a potential solid catalyst material for the hydrogena-
tion of CO and CO,. Fe carbides were identified as the active phase during CO/CO,
conversion with operando X-ray diffraction (XRD) and their presence were linked to
an increase in CO/CO, conversion and the desired light olefin selectivity. More spe-
cifically, the CSR material produced 57% methane and 43% C,-C, olefins from a CO/
CO,/H, mixture with a total C conversion of 46% at T=450°C and P=20 bar. The alkali
elements in the CSR material appeared responsible for the (R)WGS activity and for an
increased C,, olefin production. With these new insights, the gasification process con-
ditions could be optimized to obtain a catalytically superior CSR material, for example
with a higher Fe content. Strategies to reuse waste streams, like the one presented in
this Chapter, should be widely employed to minimize industrial waste output. Besides,
recycling waste streams will decrease the usage of valuable raw materials required for
e.g., catalyst synthesis. Considering that the CSR material used catalyzes the conversion
of CO/CO, mixtures into valuable olefins and would otherwise have been discarded
as industrial waste, our findings offer a new perspective on how waste streams can be
utilized. In this manner, it adds to the concept of materials circularity and related metal

scarcity abatement.
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SUMMARY, CONCLUSIONS, AND FUTURE PERSPECTIVES

7.1 Summary

This PhD Thesis described surface-sensitive spectroscopy as a promising analytical tool
for the better understanding of reaction and deactivation mechanisms in heterogeneous
catalysis. Chapter 1 introduced the basic principles of spectroscopy and catalysis, as
well as the Fischer-Tropsch Synthesis reaction (i.e., CO hydrogenation) and how fun-
damental insights are obtained through spectroscopic characterization under realistic
reaction conditions. Although the drive to establish structure-composition-performance
relationships existed since the beginning of the science of catalysis, the spectroscopic
tools to realize this dream were unfortunately lacking. While spectroscopy has been a
prominent analytical tool since the beginning of the 20%" century, a concerted research
effort to apply spectroscopy under relevant reaction conditions with clear proof of cata-
lytic performance only began in earnest in the 21 century. The origins of this thorough
methodology, coined operando spectroscopy, were reviewed in Chapter 1. Then, we set
the stage for investigating the cobalt-catalyzed CO and CO, hydrogenation reactions.
We formulated a two-pronged approach: firstly, we aimed to provide new or improved
insights into the active phase of cobalt-based catalysts for CO and CO, hydrogenation.
Secondly, we targeted to uncover the reaction mechanisms at play during the formation
of (un)desired reaction products and the related phenomena of catalyst deactivation.
To achieve these two goals, the capabilities and limitations of a range of analytical

techniques were explored and utilized.

Nanoscale spectroscopy techniques are promising tools to achieve the goals formu-
lated above. Photo-induced force microscopy, which combines infrared spectroscopy
with a very sharp tip to record infrared spectra with 10-20 nm spatial resolution, was
introduced in Chapter 2. This nanoscale spectroscopy technique was first demonstrated
successfully by its inventors in the polymer science field; various nanoscale polymer
domains could easily be distinguished from each other. Additionally, we highlighted
some recent applications of this tip-based spectroscopy methodology, including the
detection of nanometer-sized plastic particles that arise from plastic waste degradation
in the environment and structural analysis of catalytic materials with special emphasis on
olefin polymerization catalysts. Some of the analytical tools required to achieve the goals
of this PhD Thesis function best under vacuum or low pressure and with rather simplified
model-based catalyst systems. However, industrial processes are typically catalyzed by
complex, multi-component and hierarchically structured materials, while the reaction
are conducted at elevated temperatures and pressures. Although the academic world
strives to understand the fundamental phenomena that occur on the catalysts’ surfaces,
the most sensitive analytical tools are often unable to operate under the harsh reaction
conditions that industrial catalysis requires. This chasm between industrial catalysis

and academic research was discussed in Chapter 2. It was demonstrated that the gap
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between commercial catalysis and academic research should be bridged with more
advanced analytical tools as well as with the design and use of more realistic model
systems. At the end of Chapter 2, we introduced a more realistic model system con-
sisting of cobalt nanoparticles stabilized by ordered mesoporous titania islands. While
the cobalt-based CO hydrogenation catalysts were well-represented by this system, its

relatively flat surface structure enabled analysis with photo-induced force microscopy.

In Chapter 3, a multitude of advanced spectroscopic techniques were used to decipher
the reaction mechanisms involved in hydrocarbon product formation and carbon depo-
sition onto the catalyst surface during the CO hydrogenation reaction with cobalt-titania
catalysts. By modulating the concentration of the reactant CO, infrared spectroscopy was
turned into a surface-sensitive method and consequently active species could be ob-
served during the reaction. Hydrogen-containing oxygenated species, such as formates
and carboxylates, responded to the CO stimulus and thus provided evidence for the
occurrence of hydrogen-assisted C-O bond scission. Besides, the performance-enhanc-
ing role of the titania support material appeared related to supplying essential building
blocks to cobalt during the reaction. Then, gold nanoparticles were used to enhance the
Raman spectroscopy signal and observe surface species at elevated temperatures and
pressures during the reaction. The improved catalytic performance at elevated pres-
sure appeared to be caused by longer hydrocarbon chains on the surface. Moreover,
evidence was observed for the occurrence of the direct C-O bond scission mechanism.
Carbon deposition onto the catalyst surface was found to occur via unsaturated bonds

by means of photo-induced force microscopy.

The idea of modulating a reactant to make a spectroscopy technique surface-sensitive
recurred in Chapter 4. This time, we have investigated the catalytically active phase and
reaction mechanisms at play during CO, hydrogenation with cobalt-based catalysts.
From the various support materials used to stabilize the cobalt (oxide) nanoparticles,
titania support did the best job in terms of CO, conversion. Chapter 4 also refutes
the general consensus that metallic cobalt is the only active phase in heterogeneous
catalysis, as cobalt oxide nanoparticles on titania support performed better in terms
of long-chain hydrocarbon yield compared to the metallic cobalt variant. Modulating
the CO, reactant concentration during infrared spectroscopy measurements enabled
us to see that cobalt oxide and metallic cobalt followed different reaction pathways.
While metallic cobalt was capable of dissociating CO, into CO directly, cobalt oxide
required the assistance of hydrogen atoms to split the C-O bonds. Co-feeding CO to
the CO, and H, gas stream increased the long-chain hydrocarbon yield of Co/TiO, and

thus represented a promising future direction for CO, valorization.
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In Chapter 5, we have explored the effects of a particular promoter element, namely
potassium, in both the CO and CO, hydrogenation reactions with cobalt-titania catalysts.
Although oxidic promoter elements, such as manganese, have been widely applied in
industrial cobalt-catalyzed CO hydrogenation processes, alkali promoters have only
been applied in iron-catalyzed processes and yet almost unexplored in combination
with cobalt. The addition potassium to the cobalt-titania catalyst formulation appeared
particularly interesting for renewable energy applications that aim to convert CO, into
long-chain hydrocarbons. Potassium made the cobalt surface slightly positively charged
and enabled the conversion of CO, into the more reactive CO molecule via the reverse
water gas shift reaction. Besides, the amount of hydrogen on the catalyst surface di-
minished upon the addition of potassium. These effects shifted the reaction product
composition away from undesired methane and towards more valuable long-chain

hydrocarbons.

In Chapter 6, a solid mineral residue from industrial biomass gasification was repur-
posed as a solid catalyst material. The residue contained around 15 different elements,
of which iron was the most important one. Iron enabled the conversion of a gas feed
mixture of CO, CO,, H,, and N, into methane (57%) and C,-C, olefins (43%). By means of
operando X-ray diffraction, the transformation of metallic iron into an iron carbide phase
was associated with an increase in total carbon conversion and an improved selectivity
towards the desired lower olefins. The alkali elements potassium and sodium present
in the residue catalyzed the reverse water gas shift reaction. These elements enabled
the conversion of CO, into the more reactive CO molecule and led to a higher yield of

valuable long-chain reaction products.

This Chapter will still provide concluding remarks, where we aim to connect the dots
between the different Chapters presented in this PhD Thesis, as well as propose some

future perspectives and directions for future research.

7.2 Concluding Remarks

Surface-sensitive spectroscopy techniques proved fruitful in terms of physicochemical
insights obtained. Conventional spectroscopy techniques are typically not surface-sen-
sitive. However, the surface sensitivity can often be boosted by combining spectroscopy
with creative methodologies. Examples of such methodologies are modulating a re-
actant during spectroscopy measurements, employing signal enhancing shell-isolated

(gold) nanoparticles, and using a narrow (metal) tip as a nanometer-scale detector.
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Knowing which exact roles are fulfilled by separate components in (commercial) catalyst
formulations, is essential for developing a tailored catalyst composition that precisely
fits the process needs. In Chapter 3, for example, we have found that the chain length
of hydrocarbon products formed by cobalt-titania during CO hydrogenation increased
with reaction pressure. For this insight, we used Raman signal enhancing shell-isolated
(gold) nanoparticles. The role of performance-enhancing titania support appeared to
supply essential building blocks to cobalt during the CO hydrogenation reaction. This
revelation was obtained through modulation of the reactant CO, making conventional

infrared spectroscopy a surface-sensitive method.

The modulation method also featured in Chapter 4, where we demonstrated that cobalt
oxide nanoparticles follow a different reaction mechanism than metallic cobalt nanopar-
ticles during CO, hydrogenation. When stabilized on titania support material, cobalt
oxide nanoparticles are more efficient in terms of long-chain hydrocarbon production
from CO, compared to the metallic variant. This observation, which refutes the general
consensus that metallic cobalt is the only active phase, was backed up by the kinetic
parameters activation energy and reaction order. We concluded that it takes cobalt
oxide on titania less effort than metallic cobalt on titania to create long-chain hydro-

carbons from CO,,.

Curious to see if the beneficial effects from the cobalt oxide phase could be recreated
in other ways, we investigated the element potassium as promoter for the CO and CO,
hydrogenation reactions in Chapter 5. Generally, the addition of potassium lowered the
hydrogenation capabilities of the cobalt-titania catalyst and consequently led to longer
hydrocarbon chains with more unsaturated bonds; olefins rather than paraffins. Kinetic
parameters revealed that potassium additionally catalyzes the conversion of CO, into
the more reactive CO molecule, which led to enhanced performance. The addition
of potassium to the catalyst formulation seemed promising for the development of

renewable processes that aim to create long-chain hydrocarbons from CO,,.

Alkali promoter elements were a recurring theme in Chapter 6, where we repurposed
mineral residue from industrial biomass gasification as CO and CO, conversion catalyst.
Although iron was the main active ingredient in the mineral residue, alkali elements
potassium and sodium enabled the conversion of CO, into the more reactive CO mol-

ecule, leading to enhanced performance.



SUMMARY, CONCLUSIONS, AND FUTURE PERSPECTIVES

7.2.1 Connecting the Dots

The catalytic hydrogenation of CO into hydrocarbon fuels, as outlined in Chapter 1,
has been invented more than a century ago. Although it is a well-established and also
industrially applied process, the catalytically active phases and reaction mechanisms
at play are complex due to the wide variety of possible reaction products and thus still
topics of debate. This PhD Thesis utilized surface-sensitive spectroscopy techniques and
explored (combinations of) unconventional methods to obtain new physicochemical
insights into the CO and CO, conversion reactions with cobalt-based catalysts. The
industrial CO hydrogenation process offers a solid foundation to develop renewable
processes that convert deleterious greenhouse gas CO, into valuable products. CO,
is chemically speaking much more inert compared to the reactive CO molecule and
consequently more difficult to break apart. It is, however, important to realize that CO
and CO, only differ one oxygen atom from each other and that the reaction mechanisms
postulated for both reactions on metal (oxide) surfaces are fairly similar (Figure 7.1). The
terms direct dissociation mechanism and the hydrogen-assisted mechanism featured
therefore in both Chapters 3 and 4, which investigated CO and CO, hydrogenation,

respectively.

o

Direct dissociation

BH%

—» Hydrocarbons

\ ‘ J
H-assisted 10 removal
a : \
- - - —J» Oxygenates
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Figure 7.1. Connecting the dots between catalytic CO and CO, hydrogenation. CO and CO, only
differ one oxygen atom from each other and therefore the reaction mechanisms at play on catalyti-
cally active metal (oxide) surface can generally be depicted in a similar way. While the left side of the
figure begins with CO, as input molecule, the right side of the figure (shaded in gray) represents both
CO and CO, hydrogenation. The terms direct dissociation (top) and hydrogen(H)-assisted (bottom)
pathway can thus be used for both reactions.
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Figure 7.2. Schematic overview of the factors controlling CO and CO, hydrogenation with
cobalt-based catalyst materials. (a) The CO/CO, hydrogenation reactions to hydrocarbons over tita-
nia-supported cobalt nanoparticles. (b) The catalyst's surface charge control panel, which influences,
amongst others, the reaction mechanism and the paraffin/olefin ratio of the reaction products. Metallic
cobalt has a low surface charge, resulting in more direct CO/CO, dissociation and a higher paraffin/
olefin ratio. Cobalt oxide, as well as the addition of promoter elements manganese and potassium,
causes a higher surface charge. (¢) The gas feed control panel, which influences the, amongst others,

the CO/CO, conversion and reaction product chain length.
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The cobalt atoms in cobalt oxide, which is featured in Chapter 4, have a net positive
(Co?*O%) charge, whereas metallic cobalt comprises cobalt atoms with a net zero charge
(Co°). The addition of promoter element potassium (K), as explained in Chapter 5, in-
duced an electronic effect that is reminiscent of the cobalt oxide phase. K* withdraws
electron density from Co? resulting in a slight positive charge (Co®). This electronic
effect has also been reported for promoter element manganese (Mn).! Together with
the decreased amount of hydrogen on the catalyst surface, the electronic effect induced
by potassium led to a higher yield of long-chain hydrocarbons with more unsaturated
bonds. A schematic overview of the factors controlling the CO and CO, hydrogenation
reactions over cobalt-based catalysts is provided in Figure 7.2. Although potassium is
part of the commercial catalyst formulation in iron-based CO hydrogenation processes,?
the element is in our view somewhat underappreciated in cobalt-based processes.?
Especially for renewable purposes that aim to convert CO,, the addition of the cheap

and abundant element potassium may offer an advantageous outcome.

CO and CO, hydrogenation to hydrocarbons can be envisioned as a series of events
where CH, monomers are concatenated into hydrocarbon chains of various lengths.
Coupling together a lot of units would eventually yield a polymer. For example, poly-
ethylene, a commonly used plastic, is structurally identical to a saturated long-chain
hydrocarbon (paraffin); only longer. One may now start wondering where the boundary
lies between a long-chain hydrocarbon and polymer: What is the minimum amount
of units that a polymer should have? The prefix “poly” originates from the Greek word
noAu, which literally means “many”. This, however, blurs the lines and makes it difficult

to define where a long-chain hydrocarbon ends and a polymer starts.

In practice, olefin polymerization is conducted with different catalysts than CO and CO,
hydrogenation, which can also be considered as either CO,, CO,H, or CH, polymeriza-
tion. Olefins, such as ethylene and propylene, are commercially polymerized with, for
example, metallocene-based catalysts.* Though the initial monomer may be different
compared to CO and CO, hydrogenation, these catalysts also enable the concatenation
of multiple units. What catalysts generally have things in common is that they function
as scissors and/or glue: they make and/or break bonds (Figure 7.3). It is thus not un-
thinkable that ideas or concepts from one catalytic process may also (partially) apply to
other processes. This is not only relevant within the field of heterogeneous catalysis, but
also beyond that. For example, resemblances between heterogeneous and homoge-
neous CO conversion, e.g., hydroformylation, have been highlighted before.® General
concepts can sometimes be applicable in multiple different fields and interdisciplinary

communication is thus vital.
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Figure 7.3. Comparison between hydrogenation, polymerization, and hydroformylation cataly-

sis. Although CO and CO, hydrogenation (top panel) may have differentinitial monomers (reactants)
than olefin polymerization (middle panel) or hydroformylation (bottom panel), the concept of breaking
bonds and consequently linking units together is similar. Olefin polymerization can be compared to
the direct dissociation mechanism and consequentinsertion of CH, units in hydrogenation catalysis. In
terms of catalyst classification, olefin polymerization operates with a hybrid between hetero- and ho-
mogeneous, e.g., metallocene complexes anchored onto a support oxide, such as silica. Metallocene
complexes are activated using methylaluminoxane (MAQ) as co-catalyst, which then provides the -CH,
end group for the polymer chain. Hydroformylation with homogeneous catalysts (i.e., organometallic
complexes) has been postulated as a mechanistic analogue to the hydrogen (H)-assisted mechanism

in CO and CO, hydrogenation with heterogeneous catalysts.

7.3 Future Perspectives

Future endeavors should pursue a multitude of things in various subbranches of science
related, but not limited to heterogeneous catalysis, renewable energy, and sustainability.

They are summarized below.

7.3.1 Towards New Catalyst Formulations

In Chapter 5 we have investigated the effects of adding alkali promoter element po-
tassium to the cobalt-based catalyst formulation for the CO an CO, hydrogenation
reactions. This appeared particularly interesting for the CO, hydrogenation reaction and
for co-feeding CO,/CO with a ratio of 2. We recommend that future studies systemat-
ically investigate the optimum potassium loading in terms of long-chain hydrocarbon
yield. It would also be worthwhile to explore other alkali metals, like sodium or lithium,
as promoter elements. Moreover, combinations of multiple promoter elements in a
catalyst formulation will be interesting. For example, alkali metals together with oxidic

compounds, such as manganese oxide, could enable the production of oxygenated
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hydrocarbons, such as alcohols and aldehydes.? Apart from cobalt, iron-based systems

should also be investigated for renewable processes.®

7.3.2 Towards more Powerful Analytical Techniques

As formulated nicely and accurately by Vladimir Ipatieff at the end of his 1940 article in
Science: "l wish to state that for a thorough investigation of the mechanism of catalytic
reaction it will be necessary to apply all the chemical and physical tools at our disposal”’
In his era, petroleum was one of the main focus points of many great chemists. Nowa-
days, we are slowly shifting towards more renewable resources, such as biomass, CO,,
and plastic waste. Obtaining energy from these renewable resources will require new
or adapted catalyst formulations and thus thorough investigations with the analytical
tools at hand. Thermally-driven catalytic processes, heterogeneous catalysis, will be
essential for the transition towards renewable energy. The identification of (short-lived)
active species will require analytical techniques with enhanced sensitivity,® better time
resolution,’ and advanced data analysis.'® Apart from thermal processes, electrocatal-
ysis, which is conducted with electrodes in aqueous media, will play an important role.
However, electrocatalytic processes have a few additional factors, such as the aqueous
medium, that complicates the use of spectroscopic techniques.’ To enable thorough
investigation of such processes under realistic reaction conditions, the analytical tools
will require attention and modification. Exciting techniques to investigate electrocata-
lytic processes include X-ray absorption spectroscopy'! and surface-sensitive Raman

spectroscopy.'?

7.3.3 Exploring New Research Approaches

Photo-induced force microscopy was successfully demonstrated as an infrared spec-
troscopy method with 10-20 nm spatial resolution in Chapters 2 and 3. Although not
a high-throughput method, the approach can be applied to virtually any polymer or
catalyst material. We recommend that tip-based infrared spectroscopy tools will be
equipped with lasers that can operate in a broad wavenumber range (100-4000 cm")
to yield complete spectral fingerprints in the future. In Chapter 2, the pressing societal
matter of nanometer-sized plastic particles in the environment, arising from plastic waste
degradation, was highlighted. We recommend that future efforts in this research field
are directed towards a broad range of environmental samples, such as ocean, river,
and drinking water. Besides, the potential presence of nanometer-sized plastic particles
in biological samples, such as tissue, blood, and serum, should be assessed with this
method. The endeavors should be complemented with more quantitative methods,

such as proton transfer reaction - mass spectrometry (PTR-MS)."7:18
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The methodology of modulating the reactants CO and CO, has been applied to in-
crease surface-sensitivity during infrared spectroscopy measurements in Chapters 3
and 4. Future catalyst development studies regarding alkali promoter effects in the
CO, hydrogenation reaction would greatly benefit from this approach. The so-called
modulation excitation approach could be combined with virtually any spectroscopy
technique where increased surface sensitivity is required. Future endeavors should
particularly explore modulation excitation combined with Raman spectroscopy, X-ray
diffraction,’® and X-ray absorption spectroscopy.' To facilitate modulation excitation,
solenoid valves, which enable fast switching of gas feeds, should be installed at the
reactor cell inlet. Besides, future cell designs should aim to minimize the dead volume of
the reactor cells.’ In the case that unidentified species appear in the infrared or Raman

spectra, isotopically labeled gases should be used to clarify the species’ structure.

Shell-isolated (gold) nanoparticles’ were used to enhance the sensitivity of Raman
spectroscopy measurements during the CO hydrogenation reaction (Chapter 3). While
modulation excitation can typically be applied only up to a maximum pressure of ~4
bar, the shell-isolated nanoparticles were able to withstand up to 20 bar pressure and
temperatures of 450°C. This is particularly exciting for understanding industrially-rel-
evant catalytic processes, as most of them are conducted at elevated temperatures
and pressures. We recommend that future studies utilize shell-isolated nanoparticles
as a diagnostic tool in their mechanistic investigations. For example, to explore alkali
promoter effects in CO and CO, hydrogenation reactions.

7.3.4 Towards an Interdisciplinary Research Attitude

Although working in an academic environment can sometimes feel like a rather indi-
vidual task, communication and collaborations are essential for a broader impact of
scientific results. Working together with scientists from multiple fields of science and
technology can lead to creative solutions, as they view problems from different angles.
An open and interdisciplinary attitude is what sets a great scientist apart from a good
scientist. Besides, academics should aim to collaborate closely with industrial partners,
as this will enable application of scientific concepts in the real world. An example of an
issue where collaborations can have a major impact is the improvement of analytical
tools. Continuous progress, as desired for thermal heterogeneous and electrocatalyst
characterization under realistic reaction conditions, requires - at least - the collaborations
between chemists and physicists. Another example is the risk analysis of nanoplastics
on the environment, animals, and humans. This complex assessment requires interdis-
ciplinary collaborations between chemists, biologists, medical personnel, and toxicolo-
gists. Even beyond all the Science, Technology, Engineering, and Math (STEM) subjects,
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chemists can and should collaborate with psychologists and economists to strategize

how to make sustainability and environmental awareness desirable for consumers.

7.3.5 Renewable and Circular Should be the New Normal

The Industrial Revolution, which began in the early 18" century, required investments
from wealthy entrepreneurs, who were guided by the profit motive. This has led to
the rise of capitalism in many societies.” Ceaseless consumption has been and still
is central to the emergence and support of capitalism all over the world.?° Capitalism
glorifies a linear way of thinking (Figure 7.4), as required by the capitalist economic
system to maintain consumerism. Since the Industrial Revolution, the rate of fossil fuel
utilization has grown eleven-fold.?! While the warming effects of carbon dioxide that
arise from burning fossil fuels were already mentioned in 1896 by Svante Arrhenius,?
the abundance of fossil fuels simply impeded its reduction throughout the whole 20
century.? However, over the past two decades humanity has slowly started to realize
that fossil fuels are not an inexhaustible source and awareness has grown amongst
scientists regarding the potentially devastating climate change effects. Consumers,
industries, and policy makers are all are responsible for preventing and reversing the
adverse effects of climate change. The consumer mindset should change from linear
to circular thinking; recycling rather than discarding. Industries are responsible for re-
cycling too and they should strategize on how to repurpose e.g., waste material and
residual heat. To set an example, we repurposed an iron-containing mineral residue from
industrial biomass gasification as a catalyst to produce lower olefins from CO, CO,, and
H, in Chapter 6. To balance environmentalism and consumerism in a capitalist society,
interventions and transformational strategies should be explored by industries, policy

makers, and scientists.!”

The same concept applies to plastic. Although plastic was invented halfway through
the 19" century, it was only around the 1950s that its popularity skyrocketed.?* The
mass production of cheap plastic products started in the 1960s-1970s and has led to a
single-use culture.? While plastic products play an important role in our current society
and will continue to do so in the future, the general mindset has to change from linear

to circular to limit the detrimental effects of mismanaged plastic waste.

Figure 7.4 depicts a conceptual overview of our current society (left, in red) as well as
the desired net zero scenario (right, in green). Our current society is based on linear
thinking, while the desired net zero scenario adopts a more circular mindset and would
valorize captured CO, emissions into fuels, chemicals, and plastics. Additionally, the

resulting CO, emissions would ideally be captured again and recycled. Upgrading of
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CO, can either be done directly or via a two-step process, where it is first converted
into the more reactive CO molecule. Examples of the one-step process include ther-
mal catalytic processes, such as direct CO, hydrogenation to fuels or methanol.® While
CO, electrolysis into C,, hydrocarbons, for example with Cu-based catalysts, certainly
presents an interesting concept, it is not yet ready for commercial applications at its
current state-of-the-art performance.?¢ Photocatalytic conversion of CO, into C, and C,
hydrocarbons with heterogeneous catalysts has also been reported.?” Due to the UV-
light responsiveness, TiO,-based materials are in my view amongst the most interesting
and are without doubt the most widely studies for photocatalytic CO, conversion ap-
plications.?”28 The two-step process could be beneficial to increase the overall process
efficiency. CO, would first be converted to the more reactive CO molecule either via the
reverse water-gas shift (RWGS) reaction,? i.e., thermal catalysis, or via electrocatalytic
reduction.?¢*° In the second step, CO can be upgraded either via thermal catalysis,
electrocatalysis, or photocatalysis depending on the specific needs. In this case, the

thermal catalytic route is currently the most established one in terms of commercial
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Figure 7.4. Conceptual overview of the current scenario to create fuels and chemicals and the
desired net zero scenario. In our current society, fuels, chemicals, and plastics are produced from
fossil-based resources and emit CO,. In the desired net zero scenario, renewable fuels, chemicals, and
plastics (prefix: E-) are produced from captured CO, emissions using, for example, thermal catalytic
routes, photocatalysis, or electrocatalysis. Ideally, the resulting emissions are then again recycled

and valorized.
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SAMENVATTING

8.1 Nederlandse Samenvatting

Dit proefschrift besprak het gebruik van oppervlaktegevoelige spectroscopie als een
veelbelovende methodologie om de werking van heterogene katalysatoren te ontrafe-
len. Hoofdstuk 1 introduceerde de basisprincipes van spectroscopie en katalyse. Ook
werd het Fischer-Tropsch Synthese proces (d.w.z., de hydrogenatiereactie van koolstof-
monoxide) geintroduceerd en de geschiedenis van dit proces werd besproken. Daarna
werd er uitgelegd hoe fundamentele inzichten verkregen kunnen worden in dit proces
met spectroscopische karakterisering onder realistische reactie condities zoals gebruikt
in de industrie (hoge temperaturen en drukken). Hoewel de wens om verbanden te
leggen tussen katalysatorstructuur, katalysatorsamenstelling, en katalytische effectiviteit
al bestond sinds de ontdekking van het concept van katalyse, ontbraken de spectro-
scopische instrumenten om deze droom te realiseren. Ondanks dat spectroscopie al
sinds het begin van de 20 eeuw een prominent analytisch hulpmiddel was, begon een
gezamenlijke onderzoeksinspanning om spectroscopie toe te passen onder relevante
reactieomstandigheden met bewijs van katalytische prestaties pas echt aan het begin
van de 271 eeuw. De oorsprong van deze grondige methodologie, genaamd operando
spectroscopie, werd besproken in Hoofdstuk 1. Daarna baanden we de weg voor het
onderzoeken van de door kobalt-gekatalyseerde hydrogenatie van koolstof monoxide
(CO) en koolstofdioxide (CO,). We formuleerden hierbij een tweeledig doel. Het eerste
doel was om fundamenteel inzicht verkrijgen in de actieve fase van op kobalt-gebaseer-
de katalysatoren tijdens de hydrogenatie van CO en CO,. Het tweede doel was om de
reactiemechanismen bloot te leggen, die een rol spelen tijdens de vorming van (on)
gewenste reactieproducten en het deactiveren van het katalysatormateriaal. Om deze
twee doelen te bereiken, werden de mogelijkheden en beperkingen van moderne

spectroscopietechnieken verder verkend en benut.

Spectroscopietechnieken, die op nanometerschaal werken, zijn veelbelovende hulp-
middelen om de hierboven geformuleerde doelen te bereiken. Foto-geinduceerde
krachtmicroscopie, waarbij infraroodspectroscopie gecombineerd wordt met een zeer
scherpe punt om infraroodspectra met een resolutie van 10-20 nanometers (nm) op te
nemen, werd geintroduceerd in Hoofdstuk 2. Deze nanoschaal spectroscopietechniek
werd door de uitvinders voor het eerst succesvol gedemonstreerd in de polymeerwe-
tenschap waarbij gemakkelijk onderscheid gemaakt kon worden tussen verschillende
nanoschaal polymeerdomeinen. Daarnaast hebben we enkele recente toepassingen
van deze tip-gebaseerde spectroscopiemethodologie uitgelicht, waaronder de detectie
van plastic nanodeeltjes, die ontstaan door de afbraak van plastic afval in het milieu,
en de structurele analyse van katalytische materialen, waaronder polymerisatiekataly-
satoren en CO, hydrogenatiekatalysatoren. Sommige van de analytische instrumenten

die nodig waren om de doelen van dit proefschrift te bereiken, functioneren normaal-
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gesproken het best onder een vacuiim of lagedruk atmosfeer en met vereenvoudigde
modelkatalysatoren. Industriéle processen worden echter typisch gekatalyseerd door
complexere materialen met meerdere componenten en uitgevoerd bij hoge tempe-
raturen en drukken. Hoewel de academische wereld ernaar streeft de fundamentele
fenomenen die zich voordoen op de oppervlakken van de katalysatoren te begrijpen,
zijn de meest gevoelige analytische instrumenten vaak niet in staat om naar behoren
te functioneren onder deze zware omstandigheden. Deze kloof tussen industriéle ka-
talyse en academisch onderzoek werd besproken in Hoofdstuk 2. Het verschil tussen
commerciéle heterogene katalyse en academisch onderzoek zou overbrugd kunnen
worden door gebruik te maken van geavanceerde analytische instrumenten en door de
inzet van realistischere modelsystemen. Voor dit laatste hebben we een modelsysteem
geintroduceerd dat bestond uit kobaltnanodeeltjes gestabiliseerd door mesoporeuze
titania-eilanden. Terwijl het modelsysteem dat de op kobalt-gebaseerde katalysatoren
voor de hydrogenatie van CO nabootst realistischer is dan simpele kristalstructuren,
maakte de relatief vlakke oppervlaktestructuur een geavanceerde analyse mogelijk met

foto-geinduceerde krachtmicroscopie.

In Hoofdstuk 3 werd een groot aantal onconventionele spectroscopietechnieken ge-
bruikt om de reactiemechanismen te ontcijferen die betrokken zijn bij de vorming
van koolwaterstofproducten en koolstofafzetting op het katalysatoroppervlak tijdens
de hydrogenatie van CO met kobalt-titania katalysatoren. Door de concentratie van
het reactant CO te moduleren, werd infraroodspectroscopie getransformeerd in een
oppervlaktegevoelige methode en vervolgens konden reactieve tussenproducten spec-
troscopisch worden waargenomen tijdens de reactie. Waterstof- en zuurstofbevattende
reactieve tussenproducten, zoals formaten en carboxylaten, reageerden op de CO-sti-
mulus en leverden daarmee bewijs dat de door waterstof ondersteunde splitsing van
CO-bindingen plaatsvond. Daarnaast bleek de efficiéntie-verbeterende rol van het
titania dragermateriaal gerelateerd aan het leveren van essentiéle bouwstenen aan
kobalt tijdens de reactie. Vervolgens werden gouden nanodeeltjes gebruikt om het
Raman spectroscopiesignaal te versterken en tussenproducten te observeren tijdens
de reactie bij hoge temperaturen en drukken. De verbeterde katalytische efficiéntie
bij verhoogde druk bleek te worden veroorzaakt door langere koolwaterstofketens
aan het oppervlak. Bovendien werd er bewijs gevonden voor het optreden van het
directe C-O-bindingssplitsingsmechanisme. Verder namen we waar met behulp van
foto-geinduceerde krachtmicroscopie dat koolstofafzetting op het katalysatoropper-
vlak plaatsvond via de vorming van onverzadigde koolstof-koolstof bindingen en/of

carbonylfunctionaliteiten.
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Het idee om een reactant te moduleren om een spectroscopietechniek oppervlaktege-
voelig te maken werd verder uitgewerkt in Hoofdstuk 4. Deze keer onderzochten we de
katalytisch actieve componenten en reactiemechanismen die een rol spelen tijdens de
hydrogenatie van CO, met op kobalt-gebaseerde katalysatoren. Van de verschillende
dragermaterialen die werden gebruikt om de kobalt(oxide) nanodeeltjes te stabiliseren,
zette de katalysator met dragermateriaal titania de meeste CO, om. Hoofdstuk 4 weer-
legde ook de algemene consensus dat metallisch kobalt de enige actieve component is,
aangezien kobaltoxide-nanodeeltjes op titania dragermateriaal meer koolwaterstoffen
met lange ketens opbrachten in vergelijking met de metallische kobaltvariant. Dit is gun-
stig, aangezien langere koolwaterstofketens meer energie opslaan dan kortere ketens.
Door de CO,-reactantconcentratie tijdens infraroodspectroscopiemetingen te modu-
leren, konden we zien dat kobaltoxide en metallisch kobalt verschillende reactiepaden
volgden. Terwijl metallisch kobalt CO, direct in CO kon dissociéren, had kobaltoxide
de hulp van waterstofatomen nodig om de CO-bindingen te splitsen. Toevoer van CO
aan de CO,- en H,-gasstroom verhoogde de lange-keten koolwaterstofopbrengst van
de kobalt-titania katalysator en resulteerde in een veelbelovende richting voor com-

merciéle CO,-valorisatie toepassingen.

In Hoofdstuk 5 onderzochten we de effecten van het promotor element kalium in de
hydrogenatiereactie van CO en CO, met kobalt-titania katalysatoren. Hoewel oxidische
promotorelementen, zoals mangaan, op grote schaal worden toegepast in industriéle
CO-hydrogenatieprocessen, die door kobalt gekatalyseerd worden, worden alkalische
promotorelementen alleen op grote schaal toegepast in processen die door ijzer geka-
talyseerd worden. Alkalische promotorelementen waren nog niet grondig onderzocht
in combinatie met kobalt. Voor de hydrogenatie van CO bleek de toevoeging van
kalium aan de kobalt katalysator een negatief effect te hebben: de CO conversie nam
af en er werden minder koolwaterstoffen met lange ketens gevormd. De toevoeging
van kalium aan de katalysatorformulering bleek echter wel interessant voor duurzame
energietoepassingen die als doel hebben CO, om te zetten in koolwaterstoffen met
lange ketens. Kalium maakte het kobaltoppervlak licht elektropositief en maakte de
omzetting van CO, naar het reactievere CO-molecuul mogelijk via de omgekeerde
watergasverschuivingsreactie. Bovendien nam de hoeveelheid waterstof op het kata-
lysatoroppervlak af door de toevoeging van kalium. Door deze effecten verschoof de
samenstelling van de reactieproducten van het ongewenste methaan naar waardevol-

lere koolwaterstoffen met lange ketens.

In Hoofdstuk 6 werd een residu van industriéle biomassavergassing hergebruikt als
katalysator. Het residu bevatte zo'n 15 verschillende elementen, waarvan ijzer de be-

langrijkste was. IJzer maakte de omzetting mogelijk van een gastoevoermengsel van
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CO, CO,, H,, en N, in methaan (57%) en C,-C.-olefinen (43%). Door middel van operan-
do-rontgendiffractie ontdekten we dat de omzetting van metallisch ijzer in een ijzer-
carbidefase gepaard ging met een toename van de totale CO en CO, omzetting en
een verbeterde selectiviteit naar de gewenste olefinen. De alkali-elementen kalium en
natrium in het residu katalyseerden de omgekeerde watergasverschuivingsreactie. Deze
elementen maakten de omzetting van CO, in het reactievere CO-molecuul mogelijk en
leidden tot een hogere opbrengst aan waardevolle koolwaterstoffen met lange ketens

als reactieproducten.

Tot slot verschafte Hoofdstuk 7 een Engelse samenvatting van dit proefschrift en werden
enkele toekomstperspectieven gepresenteerd. In de voorgestelde onderzoeken zal de
nadruk moeten worden gelegd op het optimaliseren van katalysatorformuleringen,
gevoeligere analysetechnieken, ingenieuze methodologieén en protocollen, en een

interdisciplinaire aanpak waarbij duurzaamheid en circulariteit centraal staan.
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8.2 List of Abbreviations

AA Acetic Aldehyde

AFM Atomic Force Microscopy

AIP Aluminum IsoPropoxide

AP Ambient Pressure

ASF Anderson-Schulz-Flory

ATR-IR Attenuated Total Reflectance - InfraRed
BA BenzAldehyde

BCC Body-Centered Cubic

BET Brunauer-Emmett-Teller

BPC Back-Pressure Controller

BPE Perdew-Becke-Ernzerhof

BSE BackScattered Electron

CCS Carbon Capture and Storage

CCu Carbon Capture and Utilization

CP Cubic Primitive

CTD Conductivity, Temperature, and Depth
CTY Cobalt-Time-Yield

DFT Density Functional Theory

DLS Dynamic Light Scattering

DP Deposition Precipitation

DRIFTS Diffuse Reflectance Infrared Fourier-Transform Spectroscopy
DRS Diffuse Reflectance Spectroscopy
EDX Energy Dispersive X-ray spectroscopy
EELS Electron Energy Loss Spectroscopy
EPR Electron Paramagnetic Resonance
EXAFS Extended X-ray Absorption Fine Structure
FA FormAldehyde

FCC Face-Centered Cubic

FEG Field Emission Gun

FIB Focused lon Beam

FTS Fischer-Tropsch Synthesis

FWHM Full Width at Half Maximum

GC Gas Chromatography

GHSV Gas Hourly Space Velocity

Gl Grazing Incidence

HAADF High-Angle Annular Dark-Field

HCP Hexagonal Closest Packed

HP High Pressure
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IR

IWI
MAO
MCM
MCT
ME
MRI
MRS
MS
MSI
NA
NEXAFS
NMR
ODTS
OPO
P123

PAW
PCA
PE

PES
PET
PiFM
PM-IRRAS
PP

PS

PSD
PSDs
PtM
PTR-MS
QCL
RIXS
RWGS
SAXS
SBA
SEIRAS
SEM
SERS
SHIN

InfraRed

Incipient Wetness Impregnation
MetalAluminOxane

Mobil Crystalline Materials

Mercury Cadmium Telluride

Modulation Excitation

Magnetic Resonance Imaging

Magnetic Resonance Spectroscopy

Mass Spectrometry

Metal-Support Interaction

NapthAldehyde

Near Edge X-ray Absorption Fine Structure
Nuclear Magnetic Resonance
OctaDecylTrichloroSilane

Optical Parametric Oscilator

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol)

Projector-Augmented Wave

Principal Component Analysis

PolyEthylene

Potential Energy (hyper-)Surface

PolyEthylene Terephthalate

Photo-Induced Force Microscopy

Polarization Modulation-Infrared Reflection-Absorption Spectroscopy
PolyPropylene

PolyStyrene

Phase Sensitive Detection

Particle Size Distributions

Power-to-Methance

Proton Transfer Reaction - Mass Spectrometry
Quantum Cascade Laser

Resonant Inelastic X-ray Scattering

Reverse Water-Gas Shift

Small Angle X-ray Scattering

Santa Barbara Amorphous

Surface-Enhanced InfraRed Absorption Spectroscopy
Scanning Electron Microscopy
Surface-Enhanced Raman Spectroscopy
SHell-Isolated Nanoparticle
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SMSI
SNOM
SPM
STEM
STEM
STM
STS
STXM
TCD
TEOS
TERS
TIP
TLD
TOF
TOS
TPD
TPR
TXM
UHV
UPW
UV-Vis
VASP
WAXS
WGS
XANES
XAS
XES
XPS
XRD
XRF
XRS
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SHell-Isolated Nanoparticle-Enhanced Raman Spectroscopy
Strong Metal-Support Interaction
Scanning Near-field Optical Microscopy
Scanning Probe Microscopy

Scanning Transmission Electron Microscopy
Science, Technology, Engineering, and Math
Scanning Tunneling Microscopy

Scanning Tunneling Spectroscopy
Scanning Transmission X-ray Microscopy
Thermal Conductivity Detector

TetraEthyl OrthoSilicate

Tip-Enhanced Raman Spectroscopy
Titanium IsoPropoxide

Through the Lens Detector

TurnOver Frequency

Time-On-Stream
Temperature-Programmed Desorption
Temperature Programmed Reduction
Transmission X-ray Microscopy

Ultra-High Vacuum

Ultra-Pure Water

UltraViolet Visible

Vienna Ab-initio Simulation Package

Wide Angle X-ray Scattering

Water-Gas Shift

X-ray Absorption Near Edge Spectroscopy
X-ray Absorption Spectroscopy

X-ray Emission Spectroscopy

X-ray Photoelectron Spectroscopy

X-Ray Diffraction

X-ray Fluorescence

X-ray Raman Scattering
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