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Chapter 1

General Introduction

Fischer-Tropsch Synthesis
In Fischer-Tropsch synthesis (FTS), syngas, a mixture of CO and H2, is catalytically 
converted through a surface polymerization reaction into a wide spectrum of 
hydrocarbon chains1-3. The most straightforward overall reaction yields straight 
chain alkane (paraffin) products:

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

The reaction is named after Franz Fischer and Hans Tropsch4-6, who are 
accredited with inventing the synthesis in the early 1920s while working at 
the Kaiser-Wilhelm-Institut Institute für Kohlenforschung (currently the Max-
Planck-Institut für Kohlenforschung) in Mülheim and der Ruhr, Germany. 

Apart from the alkane synthesis reaction described above, depending on the 
process conditions and the catalyst that is applied the reaction product spectrum 
can also be shifted to alkenes (olefins) and alcohols. The FTS can be divided 
into a low temperature and high temperature synthesis reaction. The low 
temperature Fischer-Tropsch synthesis (210-260 oC, LTFT), yields mainly long 
chain hydrocarbons and waxes as main products. For LTFT it is desirable to tune 
the catalysts and reaction conditions in such a way to obtain a liquid paraffin wax 
(at reaction temperature) consisting of long hydrocarbon chain products (C20+). 
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This wax is subsequently cracked into the desired product hydrocarbon chain 
length7. The high temperature Fischer-Tropsch synthesis (280-350 oC, HTFT), is 
mainly aimed at the production of valuable short-chain olefins.

FTS makes feasible the production of practically contaminant free (sulfur, 
nitrogen, aromatics)8, 9 transportation fuels (e.g. diesel, kerosene) and valuable 
chemicals (e.g. short chain alkenes, oxygenates) from feedstocks alternative to 
crude oil, most notably coal, biomass and natural gas. The technology related to 
the conversion of syngas produced from these feedstocks is referred to as coal to 
liquids (CTL), biomass to liquids (BTL) and gas to liquids (GTL), respectively.

FTS is a heterogeneous catalytic reaction; under typical reaction conditions 
the reactants and products are present in the gas (and liquid) phase and the catalyst 
itself is present as a solid. Iron, cobalt, nickel and ruthenium are all catalytically 
active in FTS. However, nickel has an undesirable high selectivity to methane, 
while ruthenium resources are scarce and expensive and therefore both elements 
are not commonly used. As a result, mainly iron and cobalt catalysts are used 
industrially. Cobalt is typically only used in the LTFT synthesis, while iron is 
applied in both LTFT and HTFT.

For a FTS plant, the capital costs per daily barrel (equivalent of fuel) of capacity 
are about twice as high compared to a typical refinery10. Combined with the high 
operational costs, which are mainly due to the high costs of syngas production (up to 
60% of the total operational costs11), this makes that the economic feasibility of the 
industrial FTS process is highly dependent on the crude oil price12, 13*. 

Historically, commercial interests and research efforts in FTS have often 
paralleled crises in the oil feedstock supply chain14. A clear cut example is the 
production of FTS transportation fuels from coal in WWII Germany and Japan, 
which were cut off from oil supplies by allied forces. Both countries converted 
their domestic coal reserves into liquid fuels on a large scale during the course 
of the war using FTS technology15. In the first decades after the war (1945-1970), 
however, a series of major oil field discoveries in the Middle East ensured a steady 
and cheap supply of crude oil and, as a result, commercial and academic interests 
in FTS stagnated. One notable exception is South Africa which, building on strong 
experience in FTS technology, invested significant research in the FT process and 
commercially applied CTL on a large scale during its 70-80’s oil sanctions.

During the 1970s, the 1973 and 1979 energy crises initiated new worldwide 
initiatives for transportation fuels and chemicals from alternative feedstock, 
including FTS. The overproduction of oil in the following decades and resulting 
lower oil prices cooled these efforts somewhat. However, in recent years, political 
conflicts in oil-rich regions, indications of depleting oil reserves, and the improved 
environmental awareness leading to the enforcement of strict greenhouse gas and 
SOx emission rules, put significant strain on the transportation energy market and 

* Estimated break-even price: US$ 36, US$ 60 and US$ 75 per barrel for GTL, CTL and BTL, 
respectively. Average Oil price projections: US$ 100 (2008-2015) and US$ 120 (2030), with 
fluctuations.  Average price US$ 80 per barrel in the first half of 2010. 
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revived the research efforts into FTS.
The recent renaissance of the Fischer-Tropsch synthesis is not only reflected in the 

recent major industrial investments in the exploitation of FT production facilities16, 
but even more markedly by the quadrupled output of peer reviewed FTS research 
papers and patent applications since 1995 (Figure 1). Because of both the vast 
worldwide reserves of coal and the drive toward CO2 neutral transporation fuels, 
CTL and BTL can be expected to be a major part of FT applications in the future17.
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Figure 1 Oil price (line) related to the output of peer reviewed FTS research papers and 
patent applications18 (bars) in 1925-2009.

In addition to being active FTS catalysts, Fe-based catalysts have unique 
water-gas-shift (WGS) capabilities, i.e. they catalyze the reaction between carbon 
monoxide and water to form hydrogen and carbon dioxide:

  CO + H2O ↔ H2 + CO2    (2)

Therefore, these catalysts are especially suited for the production of liquid 
hydrocarbon products from syngas derived from sources such as coal (CTL) and 
biomass (BTL), which typically have a lower H2 to CO ratio (H2/CO < 1) than 
stochiometrically needed for the FTS reaction (reaction 1). Co-based FTS catalysts, 
because of their high intrinsic activity, high selectivity to paraffins and stability, 
remain the catalyst of choice for the conversion of syngas from natural gas (GTL) 
with its higher (stoichiometrically suitable) H2 to CO ratio (H2/CO ≈ 2)19.

In addition to the ability to catalyze the WGS reaction, Fe-based FTS catalysts 
have as advantage that iron is widely available (fourth most abundant element in the 
earth’s crust) and thus catalysts are relatively cheap. Other benefits are that the Fe-
based FTS product spectrum can be tuned to a wider range of products (alcohols, 
alkenes, etc.) compared to typical Co-based catalysts and that the catalysts are 
more resistant to poisoning by sulfur20, an important contaminant in industrial 
syngas. These advantages make the Fe-based catalysts an attractive candidate in 



12

Part I, Chapter 1

the development of next generation FTS catalysts, especially for CTL and BTL 
technology. 

Fe-based catalyst precursors consist of nanometer sized Fe2O3 crystallites to 
which often promoters are added to improve the catalyst performance. A typical 
catalyst precursor contains promoters such as copper to enhance catalyst reducibility, 
potassium to improve CO dissociation and silica or zinc oxide to increase the fraction 
of iron atoms interacting with the gas phase (i.e. catalyst dispersion). The catalyst 
precursors are treated in H2, CO or syngas to convert it to its active form.

The Fe-based FTS catalyst system is one of the oldest and perhaps most studied 
systems known in the field of heterogeneous catalysis. However, even after more 
than 80 years of research, many important research questions remain unanswered. 
During catalyst activation and subsequent FTS, a complex mixture of iron phases is 
formed. In general, it is recognized that metallic iron, carbidic iron and iron oxides 
coexist after activation and during FTS. Surface carbidic iron species are believed to 
be the active phase since the earliest studies in the open literature. Nonetheless, even 
after many detailed characterization efforts, the exact identity of the active catalytic 
site remains controversial.

In addition, one of the main challenges in the design of novel Fe-based FTS 
catalysts is overcoming their notoriously high deactivation rates, which has been a 
subject of study in corporate research for many years. This interest is not unexpected 
since, in general, catalyst deactivation and the costs of catalyst replacement or 
regeneration that come with it are unfavorable from a commercial point of view. 
However, academic research efforts and fundamental understanding into the exact 
pathways that are responsible for the catalyst deactivation behaviour are remarkably 
scarce.

In order to gain more insight into the (de)activation behaviour of Fe-based FTS 
catalysts, a better understanding of the precise structure and role of the different 
iron species formed during the different stages of reaction is needed. Even though 
the different bulk iron phases present during FTS have been identified in the earliest 
catalytic studies, precise data on these phases, especially concerning iron carbides 
and their role in the activation and deactivation of Fe-based FTS catalyst materials, 
are either unavailable or highly disputed in literature.

Related to this, there is a strikingly small number of studies that are carried out 
in situ. The sensitivity of Fe-based catalysts to oxidation by air is well known21. 
This disqualifies ex-situ structure-performance correlations, where the catalyst is 
exposed to air before characterization, and advocates the use of characterization 
methods that can be applied to monitor the catalyst during catalytic reaction (i.e. in 
situ). Nonetheless, the largest part of studies have focused on either ex-situ or quasi 
in-situ characterization of the catalyst materials, while true in-situ studies remain 
very rare.
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Scope of the Thesis
The goal of the work described in this Thesis is to contribute to the understanding of 
the role of the many different iron phases (metallic, oxidic, carbidic) present in Fe-
based catalysts in the activation and deactivation behaviour in the low temperature 
Fischer-Tropsch synthesis reaction. Special attention is given to the development 
of in-situ spectroscopic characterization of Fe-based FTS catalyst system at the 
microscopic, bulk phase and surface chemistry level, under catalytically relevant 
reaction conditions. Chapter 2 will give an introduction into the proposed Fe-based 
FTS catalyst reaction mechanisms, phase chemistry and deactivation behaviour by 
reviewing research that has been conducted on Fe-based FTS catalysts since the 
invention of the synthesis in the 1920s. Part II of this Thesis, comprising of Chapters 
3, 4 and 5, will investigate the bulk composition of the Fe-based FTS catalyst during 
atmospheric (1-2 bar) pressure reaction conditions. Catalyst systems of increasing 
complexity, containing different amounts of Cu, K and SiO2 are the subject of study 
for long and local range ordering in Fe-based catalysts in Chapter 3, while Chapters 
4 and 5 focus on a microscopic investigation of the most complex catalyst of this 
series: a fully promoted, industrially relevant Fe-based FTS catalyst. This catalyst 
is watched at work during pretreatment and catalytic reaction conditions using 
Scanning Transmission X-ray Microscopy, a novel nanoscale chemical imaging 
technique. Part III of this Thesis, comprising of Chapter 6, explores the theoretical 
thermodynamic stability of bulk carbide phases as determined from ab initio 
methods and combines this with state-of-the-art in-situ characterization of the Fe-
based FTS catalyst under high pressure reaction conditions using X-ray Absorption 
Spectroscopy, X-ray Diffraction and Raman Spectroscopy. Part IV of this Thesis, 
Chapters 7 and 8, concentrates on the surface chemistry of Fe-based FTS catalysts. 
In both chapters, synchrotron based in-situ X-ray Photoelectron Spectroscopy 
is applied to study the catalyst surface in reactive gas atmospheres. In Chapter 
7, in-situ X-ray Absorption Spectroscopy and X-ray Photoelectron Spectroscopy, 
in combination with conventional laboratory based catalyst characterization 
techniques are used to study surface and bulk properties as a function of catalyst 
formulation. For comparison, the same series of catalysts that were studied in part 
II of this Thesis, were the subject of study in this Chapter. Chapter 8 investigates 
the differences in surface chemistry of nanosized and bulk iron oxides in reactive 
gas atmospheres. Ab initio atomistic thermodynamic calculations form a basis for 
explaining the observed surface phases at different reaction conditions. The Thesis 
concludes with a summary of the most notable findings and concluding remarks in 
Chapter 9.
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Chapter 2

The Renaissance of Fe-based 
Fischer-Tropsch Synthesis*

Abstract
Fe-based Fischer-Tropsch catalysts, which are applied in the conversion of CO and 
H2 into longer hydrocarbon chains, are historically amongst the most intensively 
studied systems in heterogeneous catalysis. Despite this, fundamental understanding 
of the complex and dynamic chemistry of the iron-carbon-oxygen system and its 
implications for the rapid deactivation of Fe-based catalysts is still limited. Fischer-
Tropsch catalysis is characterized by its multidisciplinary nature and therefore deals 
with a wide variety of fundamental chemical and physical problems. This Chapter will 
review and summarize the current state of knowledge of the underlying mechanisms 
for the activation and eventual deactivation of Fe-based Fischer-Tropsch catalysts 
and suggest systematic approaches for relating chemical identity to performance in 
next generation Fe-based catalyst systems.

* Based on: E. de Smit and B.M. Weckhuysen, “The Renaissance of Iron-based Fischer-Tropsch 
Synthesis: On the Multifaceted Catalyst Deactivation Behaviour”, Chemical Society Reviews, 2008, 
37, 2758-2781.
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Introduction
The Fischer-Tropsch Synthesis (FTS) converts syngas, a mixture of H2 and CO, 
into longer hydrocarbon chains by a catalytic surface polymerization reaction. FTS 
enables the production of virtually sulfur and aromatics free transportation fuels and 
chemical feedstock from carbon sources alternative from crude oil. In general, cobalt 
and iron catalysts are used for the process industrially. Owing to their high activity 
and selectivity towards long chain alkanes (paraffins), cobalt-based catalysts are the 
preferred catalysts for the conversion of synthesis gas produced from natural gas into 
liquid products by FTS (GTL). However, Fe-based catalysts have some attractive 
properties over cobalt-based catalysts for application in coal-to-liquid (CTL) and 
biomass-to-liquid (BTL) processes. Firstly, iron is relatively cheap and more widely 
available compared to cobalt, making the catalysts cheaper to apply and replace. 
Secondly, the Fe-based catalysts are more resistant to poisoning by contaminants 
(such as sulfur and ammonia) that may be present in the syngas feed. Therefore, 
syngas for Fe-based catalysts does not have the same stringent purity requirements 
as syngas for cobalt-based catalysts, making the Fe-based catalyst somewhat more 
flexible and economical in industrial operation. Finally, the Fe-based catalyst also 
catalyzes the water-gas shift reaction (WGS) under typical FTS conditions. This 
reaction effectively increases the hydrogen content in the reactor and is especially 
important for the conversion of hydrogen lean syngas, originating from e.g. coal or 
biomass. 

Unfortunately, Fe-based catalysts typically deactivate rapidly during the FTS 
reaction. Nonetheless, because of the reasons laid out above, Fe-based catalysts have 
been the catalyst of choice for the CTL process. In addition, dwindling oil reserves 
in combination with the relatively vast worldwide coal reserves and increasing 
demand for CO2 neutral transportation solutions offered by BTL recently increased 
the interest in Fe-based catalysts for future FTS applications.

This renewed interest in Fe-based FTS catalysts has been accompanied by an 
increase in both academic and corporate research efforts. This Chapter will review 
and summarize research efforts concerning the Fe-based FTS catalysts carried 
out until 2007 (the starting period of this Thesis), with special focus on catalyst 
deactivation phenomena. An overview of the physical and chemical properties and 
the characterization methods of the iron oxide, iron and iron carbide phases found 
during FTS will be discussed, followed by an overview of the different viewpoints 
on the origin of the catalytic activity of Fe-based FTS catalysts and the assumed 
deactivation mechanisms. Special attention will be given to the diverse role of 
carbon in these mechanisms. This Chapter ends with an outlook and a definition of 
scientific challenges.
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Iron Phases in Fischer-Tropsch Synthesis; Properties, Synthesis 
and Characterization
Iron Oxide

General Properties

Iron oxides are widespread and abundantly found in nature. The element iron is 
the fourth most abundant element in the earth’s crust and most of it is found in 
the form of iron oxides. Except for being present in the earth’s crust, oxides are 
present in almost all of the different compartments of the global system. Partially 
owing to their high abundance, iron oxides are widely studied and found in many 
applications. Research in iron oxides is spread over many different scientific 
disciplines, including mineralogy, geology, biology, medicine, environmental 
chemistry, industrial chemistry and catalysis. In the field of catalysis, except for 
the Fischer-Tropsch process, iron oxides (precursors) are commonly used catalysts, 
most notably in the synthesis of ammonia1.

There are sixteen iron oxides2, including the different iron hydroxides and iron 
oxide hydroxides (also referred to as oxides here for the sake of simplicity). Table 1 
presents an overview of these compounds. The iron oxides that are reported to be 
important in FTS precursors and during FTS itself, marked in italics, are a-Fe2O3, 
g-Fe2O3, FeOOH, Fe3O4 and FeO.

Table 1 List of iron oxides.

Oxides Hydroxides Oxide Hydroxides
Hematite a-Fe2O3 Ferrihydrite Fe5HO8 ∙ 4 H2O Goethite a-FeOOH
Magnetite Fe3O4 Bernalite Fe(OH)3 Lepidocrocite g-FeOOH
Maghemite g-Fe2O3 Fe(OH)2

Akagenéite b-FeOOH
b-Fe2O3 Schwertmannite Fe16O16(OH)y(SO4)z ∙ n H2O
e-Fe2O3 d-FeOOH
Wüstite FeO Feroxyhyte d’-FeOOH

High pressure FeOOH

All iron oxides consist of close packed arrays of anions (O2- or OH-) (hexagonal 
(hcp) or face centered cubic (fcc) close packing) in which the iron cations, which are 
generally in the trivalent state, occupy the octahedral and sometimes tetrahedral 
spaces. The main structural differences between the different oxides arise from the 
way the octahedral and tetrahedral building units are organized.

The iron oxide hydroxides are easily dehydroxylated to iron oxides, owing to the 
similarity between the anion frameworks of these compounds, which accommodates 
the rearrangement of iron cations and the loss of OH in the crystal structures. 
Goethite (FeOOH), for example, transforms to hematite (a-Fe2O3) by losing pairs 
of H2O molecules from its crystal structure, while the common anion array stays 
intact. Typical characteristics of the iron oxides are their low solubility in water, 
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brilliant colors, the relative ease of replacement of iron cations by other cations (most 
notably Ti3+ and Al3+), and of course their catalytic application. Iron oxides have 
interesting properties for catalysis because of their typically high specific surface 
areas (usually higher than ~100 m2/g) and many exposed functional groups, owing 
to the stabilization of small iron oxide crystallites in the presence of H2O3. Below, 
we will discuss the oxides that are important in FTS in more detail. Table 2 shows 
some important general properties of these oxides. Figure 1 depicts selected iron 
oxide crystal structures.

Table 2 General properties of selected iron oxides.

Hematite Magnetite Maghemite Wüstite Goethite

Crystal system Trigonal Cubic Cubic
or Tetragonal Cubic Orthorhombic

Density (g cm-3) 5.26 5.18 4.87 5.9-5.99 4.26

Type of Magnetism
Weakly 
Ferromagnetic or 
Anti-ferromagnetic

Ferrimagnetic Ferrimagnetic Anti-
ferrimagnetic

Anti-
ferrimagnetic

Standard free energy 
of formation  DGf

0 
(kJ mol-1)

-742.7 -1012.6 -711.1 -251 -488.6

Hematite

Hematite, a-Fe2O3, is widespread in nature in solids and rocks. When finely divided 
it has a bright red color, while it appears grey or black when very crystalline. It is 
isostructural with corundum (a-Al2O3) and thus based on hexagonal packing (hcp) 
of oxygen ions. Iron oxide is (and has been for thousands of years) an important 
pigment and valuable ore.

Magnetite

Magnetite, Fe3O4, is a black ferromagnetic material containing both Fe2+ and Fe3+ in 
a ratio of 1:2. It has an inverse spinel crystal structure with the Fe2+ ions occupying 
half of the octahedral sites. It is the thermodynamically most stable form of iron 
oxide under standard conditions and is commonly found in deactivated catalysts.

Maghemite

Maghemite, g-Fe2O3, is a ferromagnetic material with the same crystal structure as 
magnetite but without the Fe2+ cations. Maghemite is an important magnetic pigment 
and sometimes found in deactivated FTS catalysts.

Wüstite

Wüstite, FeO, is a black iron oxide with iron cations in the Fe2+ state. Its structure 
resembles the rock salt structure and is based on a ccp anion array. In practice “pure” 
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FeO does not exist as the crystal lattice always contains defects. Although it is not 
stable in air, Wüstite is an important intermediate during the reduction of more 
oxidic iron ores to iron and it is therefore formed (but not always observed) during 
the reduction of FTS catalysts precursors.

Goethite

Goethite, a-FeOOH, like hematite is very commonly found in the earth’s crust. Its 
structure is based on a hexagonal (hcp) packing of anions. At room temperature and 
standard pressure, Goethite (along with hematite and magnetite) is one of the most 
stable oxides. It is stablized in small crystallite sizes in the presence of H2O3. In 
larger crystals, Goethite is dark brown. Very small crystals, however, have a distinct 
yellow color. Goethite is a very important industrial pigment. In FTS it is commonly 
found, along with hematite, in the catalyst precursor.

Figure 1 Representation of the crystal structures of: (a) hematite, (b) magnetite and (c) 
goethite. The unit cell axes are indicated next to the structures.
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Synthesis

As stated above, iron oxides are very abundant in the earth’s crust. This means 
that iron oxide (ores) can simply be extracted from the ground. Industrial synthesis, 
however, is common as well because of the high purity and morphology requirements 
for specialty iron oxides (e.g. paint and magnetic pigments). The starting materials 
for industrial processes, as opposed to laboratory use, are usually Fe2+ salts rather 
than Fe3+ salts because the former are cheaper. Three major synthesis routes are used 
in industry:

1. Solid state transformation, including thermal decomposition.
2. Organic reduction processes, in which metallic iron is oxidized to iron oxide 

by an organic oxidizer (e.g. nitrobenzene), which is reduced in the process.
3. Precipitation of soluble iron salts with alkali salts, followed by oxidation.

Other industrial routes include hydrothermal precipitation, flame hydrolysis, 
thermal decomposition of Fe(CO)5 and high temperature reaction of Fe3+ chloride 
with iron.

There are many ways of synthesizing iron oxides in the laboratory4. However, 
the far most common used method for the synthesis of catalyst precursors is basic 
precipitation from iron (3+) salt solutions. Many FTS catalyst precursors, for example, 
are synthesized by adding an iron nitrate solution to a sodium carbonate solution5. 
Alternatively, the precursors are sometimes synthesized by electrical fusing. Several 
examples of the preparation of iron oxide FTS catalyst precursors are described in 
detail in literature5-7.

Characterization

Iron oxides are well studied and the different structures are readily distinguished 
by many characterization techniques. The most commonly applied techniques to 
study iron oxides are Infrared Spectroscopy (IR), Mössbauer Effect Spectroscopy 
(MES), Ultraviolet-Visible Spectroscopy (UV-VIS) and X-ray Diffraction (XRD). 
Raman Spectroscopy (RS), X-ray Photoelectron Spectroscopy (XPS), Auger 
Electron Spectroscopy (AES), Secondary Ion Mass Spectroscopy (SIMS), Electron 
Spin Resonance (ESR) and X-ray Absorption Spectroscopy (XAS) and Temperature 
Programmed Reduction (TPR) are somewhat less widely applied, but nevertheless 
can provide useful complementary information about the different oxides. Table 3 
gives an overview of the different characterization techniques and their potential for 
distinguishing the iron oxidation state, coordination and phase identification.

The characteristic spectral features of the commonly observed iron oxide phases 
in FTS are summarized in Table 4 for the most applied characterization techniques. 
Although direct determination of the oxidation state of iron is not possible with 
this technique, XRD remains the characterization tool of choice in most studies. 
The technique offers quick identification and an indication of size of the crystallite 
phases present. MES is especially useful for identifying less crystalline samples and 
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offers direct information about the magnetic properties and oxidation state of the 
studied material. XAS can also provide valuable information on more amorphous 
iron oxide materials where information about the oxidation state of iron can be 
determined from the XANES region, while the EXAFS region offers information 
about coordination numbers and bond lengths involved. Band assignment in IR and 
RS is not always straightforward since it is frequently reported that crystallite size 
and morphology can influence the occurrence and position of vibrational bands8, 9. 
It can be seen from the Table that XPS analysis of iron oxides is hampered by the 
fact that the oxygen 1s transition is very similar in all oxides, except for a-FeOOH. 

Table 3 Iron oxide characterization tools and their potential.

Technique Oxidation State Coordination Identification
IR + + +
RS + + +

XRD - + +
MES + + +

UV-VIS + +/- +/-
XPS/AES + - +/-

SIMS - +/- -
ESR + + +
XAS + + +
TPR + - +/-

The Role of Iron Oxides in Fischer-Tropsch Synthesis 

Small iron oxide crystallites, either present as hematite/goethite or magnetite, 
constitute the FTS catalyst precursor. High performance FTS catalysts are 
characterized by their high specific surface area (~150 m2/g for bulk, ~300 m2/g for 
silica-binded catalysts) stemming from the complex structure of agglomerates of 
~10-50 nm primary particles of iron oxide. Except for the fact that iron oxide is an 
important catalyst precursor, iron oxide in the form of magnetite plays an important 
role during the FTS process. It is well known that magnetite catalyzes the water-
gas shift (WGS) reaction10. It is therefore thought to be the phase responsible for 
the WGS activity of Fe-based FTS catalyst10-15. Generally speaking, it is accepted 
in literature that the WGS reaction and the FTS reaction take place on different 
active sites on the catalyst. Since magnetite is known to co-exist with other iron 
phases during FTS it plays an important role in determining the overall activity and 
selectivity of the catalyst. Magnetite has in some cases also been suggested as an 
active phase in FTS16-19.
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Metallic Iron
General

Elemental iron is typically not found as such in nature, nearly all metallic iron is 
produced by the reduction of iron ores. Owing to the high abundance of iron ores, 
the relative low cost of the reduction process and its high physical strength, iron is 
the most frequently used metal in metal (alloy) applications and comprises 95 % of 
all the metal tonnage produced worldwide. In modern society it is indispensable, 
especially in applications like cars, the hulls of large ships, and structural components 
for buildings. The most common form of pure metallic iron found at low to moderate 
temperatures (< 723 oC), a-Fe or Ferrite (soft iron), has the body centered cubic 
(bcc) crystal structure. At higher temperatures face centered cubic (fcc) iron, g-Fe or 
Austenite (hard iron) is formed. Figure 2 shows the crystal structures of both forms 
of iron. In FTS catalysis the commonly observed crystal structure of metallic iron is 
a-Fe. Chemically, elemental iron, along with 3d transition metals that come earlier 
in the series, is known for its ability to dissociate CO at room temperature and is 
able to dissolve carbon in its crystal interstices, forming carbides. In steels, a-Fe 
can dissolve only 0.02 wt.% C before being transformed into a mixture of a-Fe and 
q-Fe3C (cementite).

a b

c

a b

c

a

b

Figure 2 Representation of the crystal structures of: (a) bcc a-Fe and (b) fcc g-Fe. The unit 
cell axes are indicated next to the structures.

Synthesis

The production of metallic iron is the most important application of carbon 
metallurgy. Industrially, metallic iron is almost exclusively made using the blast 
furnace process. In the furnace a mixture of iron ores (Fe2O3 and Fe3O4), coke and 
limestone (CaCO3) is heated in hot air. The coke combusts in the hot air to CO and 
raises the temperature in the oven to about 2000 oC. The CO then reacts with the iron 
oxides, which are added from the top of the furnace. The iron oxides are reduced to 
Fe through Fe3O4 and FeO. The limestone is added to form CaO and combine with 
any silicate contaminants present in the iron ore. 

In catalysis, reduction of iron oxides can be carried out under substantially 
milder conditions and reductions are typically done under hydrogen atmosphere 
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at temperatures around 250-350 oC. The iron oxide precursor Fe2O3 undergoes 
transformations to Fe3O4 and FeO before being fully reduced to a-Fe.  H2O can 
readily oxidize metallic iron at higher temperatures. Because H2O is produced 
during reduction, the H2/H2O partial pressure ratio plays an important role in the 
reduction process. Thermodynamics dictate that in a gaseous environment with a 
H2/H2O ratio of 1, reduction to metallic iron is impossible below 1000 °C36. For that 
reason, sometimes it can be advantageous to use gaseous CO as a reductor instead 
of H2.

Characterization

Metallic iron is readily detected by many characterization techniques. The 
most commonly applied techniques are XRD, MES, XPS, AES, ESR and XAS. 
Table 5 summarizes characteristic features of iron phases in commonly applied 
characterization techniques.

Table 5 Signatures of a-Fe and g-Fe for commonly applied characterization techniques.

Phase XRD (hkl) XPS18, 19, 37 Origin XANESb, 38 MESc, 18, 39, 40

a-Fe d=2.0268 Å I=100 (110) 706.6 eV Fe(2p3/2) 7111.2 eV ~0.006-0.15 mm s-1

6-696a d=1.4332 Å I=20 (200) 707.4 eV Fe(2p3/2) ~31-33 T
d=1.1702 Å I=30 (211) 720.0 eV Fe(2p1/2)

90.8 eV Fe(3s)
52.4 eV Fe(3p)

g-Fe d=2.08 Å I=100 (111) 7111.2 eV
33-397a d=1.800 Å I=80 (200)

d=1.270 Å I=50 (220)
a Joint Committee on Powder Diffraction Standard Card #
b Fe K-edge first inflection point
c Isomer Shift and Hyperfine Field

For an extensive review on the characterization of iron surfaces and their 
interaction with reactive gases, the reader is referred elsewhere36.

The Role of Iron in Fischer-Tropsch Synthesis

In FTS catalysis, a-Fe is produced by reducing Fe2O3/Fe3O4/FeOOH catalyst 
precursors under H2 atmosphere at low temperatures (250-300 oC). The formed phase 
is reported to be very active in FTS; however, this is not a generally accepted fact 
in literature. The exact role of metallic iron in FTS is multifaceted and complicated, 
and will be discussed in more detail (vide infra).
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Iron Carbides
General

Carbides can be classified as covalent (e.g. SiC), ionic (e.g. CaC2) and interstitial 
carbides (e.g. WC). The size and electronegativity of transition metals places them in 
either the ionic or interstitial class of carbides. Many early transition metals are able 
to interstitially dissolve small atoms, such as carbon, oxygen and nitrogen, into their 
crystal lattices. Transition metals that have interstitially dissolved carbon in their 
crystal lattice are referred to as transition metal carbides (TMC). These transition 
metal carbides often have unique chemical and physical properties41, 42. Many TMC 
compounds are reported to have high melting points (> 3000 oC), hardness (> 
2000 kg mm-2) and tensile strength (> 300 GPa) in the range of ceramic materials. 
These properties are often taken advantage of in applications like cutting tools and 
structural building components. However, even though the physical properties of 
these materials are much alike other “classical” ceramic compounds, electronically 
and magnetically these materials still resemble metals. 

TMC compounds of early transition metals (group IV, V, VI with the exception 
of Cr) often adopt simple crystal structures much like pure metals. The metal atoms 
are ordered in face centered cubic (fcc), hexagonal close packed (hcp) or simple 
hexagonal structures, while the carbon atoms occupy the interstitial sites. Usually, 
only the largest sites available are occupied: octahedral for fcc/orthorombic and 
trigonal prismatic for hcp and simple hexagonal structures. The structure that the 
carbide adopts is determined by two factors: geometric and electronic factors43. The 
geometric factor can be summarized by an empirical rule found by Hägg. This rule 
states that if the ratio of nonmetal to metal hard-ball radii is less than 0.59, simple 
structures as mentioned above are formed. The electronic factor can be described 
by the Engel-Brewer theory of metals44, 45. Bonding in interstitial compounds takes 
place through interaction between the s-p orbitals of the nonmetal and the s-p-d 
band of the metal atoms. The Engel-Brewer theory states that the structure that is 
adopted by a metal or alloy is dependent on the s-p electron count. With increasing 
electron count, the crystal structure is predicted to transform from bcc to hcp to fcc. 
Although the dependence for transition metals is somewhat more subtle, such a trend 
is observed upon moving from left to right in the periodic table for early second and 
third row transition metal elements. 

The later transition metals, such as Fe, Co, Ni, Mn and Cr, have somewhat lower 
hard ball radii and do not always form typical interstitial carbides. In selected carbide 
stuctures the metal lattices are distorted and, unlike in typical interstitial carbides, 
carbon atoms interact with each other directly. These carbide structures roughly 
resemble a distorted metal lattice with chains of carbon atoms running through 
them. Often, these structures do not show the same properties (high melting point, 
tensile strength, etc.) as the early TMC compounds and are best looked upon as a 
mixture between ionic (e.g. CaC2) and interstitial carbides.

When considering the catalytic properties of TMC compounds, an obvious 
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property to take a closer look at is the influence of the addition of carbon on the 
electronic properties of the metals. XPS46, 47 and X-Ray Emission Spectroscopy 
(XES)48 results for early TMC compounds have shown evidence that electrons are 
donated from the metal atom to the carbon atom. The binding energy of the Fe core 
electrons are shifted towards higher energies, while C core electrons are shifted to 
lower energies in the carbidic state. In Fe-based catalysts this shift is sometimes 
experimentally observed.

In a landmark publication by Levy and Boudart49, it was first noted that the 
carbides of tungsten chemically (catalytically) behaved very much like platinum 
metal by catalyzing the reaction of H2 and O2 at room temperature, unlike the 
parent tungsten metal. Ever since this discovery, carbides have been of great interest 
for studying catalytic reactions and often the activity, selectivity and resistance 
to poisoning of TMC compounds have been reported to surpass the properties 
of the best known group VIII catalysts for hydrogenation reactions43, 50, 51. It has 
been noted that TMC compounds, because of their refractory nature, are promising 
heterogeneous catalysts because of their enhanced attrition (i.e. breaking up of 
catalyst particles into smaller particles) and sintering (i.e. loss of catalytically active 
surface area) resistance52. In this respect, it has to be noted that the research until 
today has primarily focused on the catalytic properties of early transition metal 
carbides. As TMC compounds often form with low surface areas and are easily 
contaminated by free carbon or oxygen on the surface, the main challenges in the 
application of TMC catalysts deal with these problems53, 54. A wealth of information 
is available on the electronic and physical properties of early TMC compounds, 
but very little fundamental research has been done on the electronic structure and 
physical properties of iron carbide species with respect to catalysis. This is even 
more surprising as many have underlined the importance of iron carbide phases for 
FTS; in the words of Leclercq53: “It is not yet clear precisely which role, (iron (ed.)) 
carbides play in the (Fischer-Tropsch (ed.)) synthesis, but at least their formation has 
a profound effect on the iron environment and highlights an important modification 
of catalytic activity of parent metal by alloying with carbon”. 

An interesting view on the Fischer-Tropsch activity of TMC compounds is given 
in the work done on molybdenum carbide hydrogenation catalysts54-57. Schultz et al.55 
first investigated the catalytic properties of molybdenum metal carbides and observed 
moderate FTS activity. Leclercq et al.54 and Saito and Anderson56 investigated, 
amongst other compounds, unsupported molybdenum carbide, oxide and nitride 
compounds. These investigators found that the specific activity of these compounds 
(based on the number of active sites) were comparable to the best metallic catalysts. 
However, as mentioned before, most of these materials showed low surface areas 
resulting in limited contact between the catalyst surface and reacting gas atmosphere. 
As a consequence only moderate catalyst time yields were observed. In spite of 
the moderate activity of these materials, though, molybdenum-based catalysts have 
good sulfur tolerance and are good water-gas shift catalysts. Therefore, similar to 
Fe-based catalysts, these catalysts have potential for the conversion of hydrogen lean 
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synthesis gas and without the need for expensive sulfur removal processes often 
required for other catalysts. The sulfur poisoning resistance of iron carbides has been 
illustrated by Madon and Shaw58. They found that the carburized iron FTS catalysts 
required twice the amount of sulfur compared to reduced iron catalysts. Addition 
of small amounts of H2S to the gas flow even was observed to improve the C5+ 
selectivity (percentage of CO converted to hydrocarbon chains of five carbon atoms 
and longer) of the catalysts. Something that was confirmed much later in a paper by 
Wu et al.59. We will elaborate further on the role of sulfur in iron catalysts later in 
this Chapter. One final remarkable property that most TMC seem to have in common 
is that even at high temperatures and high H2/CO ratios longer hydrocarbon chains 
are produced, in contrast to, for example, nickel- and ruthenium-based catalysts. 
Substantial research efforts by the U.S. Bureau of Mines from 1948-196360 on the 
preparation and testing of iron carbide, nitride and mixed phases have illustrated 
that all the bulk carbides (and nitrides and carbonitrides) of iron are active catalysts 
in FTS.

Iron carbides can adopt various structures which can be classified according to 
the sites occupied by the carbon atoms: structures with carbon atoms in trigonal 
prismatic (TP) interstices and structures with carbon atoms in octahedral (O) 
interstices. Cementite (q-Fe3C)61, Hägg carbide (c-Fe5C2)62, 63 and Fe7C3

64, 65 are 
commonly occurring TP carbides in FTS. These carbides usually have stable and 
clearly established structures. This is not always the case for the O carbides, such 
as e-Fe2C66 and e’-Fe2.2C67, 68. In metallurgy, the O carbide structures are commonly 
observed and studied. In FTS, however, a complete characterization of these carbides 
is difficult, mainly because of the small particle sizes which are involved.

b

c

b

a

a

a

b

c

Figure 3 Representations of the crystal structures of: (a) c-Fe5C2 and (b) q-Fe3C. The unit 
cell axes are indicated next to the drawings.

Because the early work on the identification of iron carbides largely depended 
upon XRD characterization, these metastable phases were not found until more 
recent FTS studies. In a critical paper, Le Caër et al.69 characterized iron carbides in 
FTS catalysts by MES. Because MES can detect less crystalline phases as compared 
to the XRD technique, many other iron carbide phases have been identified since the 
first application of this technique as a research tool on Fe-based FT catalysts. e-Fe2C, 
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e’-Fe2.2C, Fe7C3, c-Fe5C2, q-Fe3C and FexC are the commonly reported carbide phases.
Table 6 shows a summary of some characteristics of the iron carbide phases 

found in FTS catalysts. Figure 3 presents the crystal structures of c-Fe5C2 and 
q-Fe3C. FexC (or FexCy) is usually used to refer to a poorly defined iron carbide 
structure. Niemantsverdriet et al.67 concluded from MES that the carbide was only 
observed in coexistence with a-Fe or just after this phase disappeared. Therefore, 
they concluded that the carbide was probably a poorly defined intermediate between 
a-Fe and a known carbide structure. 

Table 6 Iron carbide phase characteristics.

Formula
Atomic 

ratio 
(C:Fe)

Crystal lattice
Interstitial 

occupation of 
carbon atoms

Wt.% 
carbon

Hexagonal carbide e Fe2C ~ 0.5 Hexagonal to 
Monoclinic Octahedral 9.7

e’ Fe2.2C ~ 0.5 Hexagonal Octahedral 8.9
Eckstrom and Adcock 

carbide Fe7C3 ~ 0.4 Orthorombic Trigonal Prismatic 8.4

Hägg carbide c Fe5C2 ~ 0.4 Monoclinic Trigonal Prismatic 7.9

Cementite q Fe3C ~ 0.33 Orthorhombic Trigonal Prismatic 6.7

FexC

Synthesis

Most iron carbide catalysts are made in situ during activation treatment or under FT 
reaction conditions. Some preparation methods for making different iron carbides 
are available in literature60, 70-73. Hexagonal e-Fe2C is transformed into c-Fe5C2 
Hägg carbide above 250 oC, which is eventually decomposed into q-Fe3C cementite 
above 450 oC. It is noted here that the rates of (trans)formation vary strongly with 
the crystallite size and impurities present. Therefore, the kinds of carbides that 
are formed during FTS reaction/pretreatment are expected to vary with catalyst 
preparation procedures. Hexagonal e-Fe2C can be prepared by carburizing finely 
divided iron or iron oxide powder at low temperatures (typically 170 oC, lower if 
metallic iron is used) in a flow of CO73.

c-Fe5C2 can be made readily by carburizing iron powder at temperatures around 
250 oC73. Alternative synthesis methods are described by Shultz et al.60. In the 
first method, a reduced fused iron catalyst was exposed to CO with an gas hourly 
space velocity of 100 h-1, while heating the catalyst from 150 oC to 350 oC at such 
a rate to maintain a CO2 content of 20 % in the reactor exit gas. The synthesis took 
approximately 20 h to complete. The second method involved the carburization of the 
freshly reduced catalyst in a gas mixture of H2 and CO (ratio 1:4). The temperature 
was raised stepwise; 12 h at 200 oC, 12 h at 250 oC and 12 h at 275 oC, leading to good 
yields of c-Fe5C2. q-Fe3C can be prepared by carburizing reduced iron in syngas at 
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temperatures above 300 oC or in methane at 500 oC. However, the carbides prepared 
in this way are contaminated by “free” carbon60, 73. Another approach of preparing 
Fe3C is to react iron powder with the Hagg c-Fe5C2 carbide above 260 oC70.

Characterization

Most bulk iron carbides can readily be distinguished by XRD. Most of the 
aforementioned iron carbides have distinct XRD diffractograms. Unsurprisingly, 
in catalysis, XRD analysis of carbides is one of the most applied techniques for 
characterization purposes17, 39, 67, 74-97. However, analyses are complicated by the fact 
that the carbides formed are usually very small and therefore the Bragg reflections 
are broadened and lower in intensity. The hexagonal e-carbides are more difficult 
to characterize by XRD because they have very similar and often distorted crystal 
structures. It should be stressed that any amorphous phases that are present in the 
catalysts are not detected by XRD.

Other techniques that have been applied to study carbides are MES31, 39, 67, 74, 78-81, 

85, 89, 90, 93, 96, 98-108, XPS/AES17, 37, 80, 81, 97, 103, 109-111, TEM and, more recently, Scanning 
Transmission Electron Microscopy – Electron Energy Loss Spectroscopy (STEM-
EELS)97, 112 and XAS31, 113-115. Table 7 shows an overview of the signatures of iron 
carbide phases in different characterization techniques.

Two principal challenges in studying carbides can be formulated. Firstly, small 
iron carbide clusters are usually pyrogenic and they are therefore readily transformed 
into iron oxides (typically Fe3O4) when exposed to air116, 117. Some studies even 
observed phase transitions in the iron carbide structures upon cooling. It is noted that 
there are studies that deal with the air sensitivity of carbides specifically and express 
the need for improved methods to study iron carbides117. Little has been reported on 
the temperature sensitivity of carbides, even though for MES usually samples are 
cooled down from typical FTS temperatures before analysis. Interestingly, Jin et 
al. observed with STEM the deposition of carbonaceous layers on the iron carbide 
particles when they cooled their samples to room temperature97. It was suspected 
that carbon in the iron carbides, present at near saturation conditions under reaction 
temperatures, precipitated on the catalyst surface when the samples were cooled. 

It can be concluded that part of the controversy found in literature on active phases 
in Fe-based FTS catalysts can be traced back to the fact that the catalyst changes 
between (pre)treatment and analysis. Both the air and temperature sensitivity of 
carbide structures appeal for the use of true in-situ studies when studying iron 
catalysts.

A second challenge is distinguishing between bulk and surface carbide structure. 
This issue might be somewhat harder to solve technically. It has been established that 
the working Fe-based FTS catalysts comprises of a surface iron carbide phase with 
an underlying bulk iron carbide structure39, 72, 98, 118. However, the chemical identity of 
this surface carbide layer and the role of the underlying bulk carbide structure, are still 
uncertain. One could think of applying surface sensitive spectroscopic techniques 
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to study these systems in more detail. (Electron yield) soft X-ray methods and XPS 
are inherently surface sensitive techniques that, through recent developments in 
instrumentation119-121 can be applied under reaction conditions. Nonetheless, the 
reaction conditions that can be applied in these techniques are currently limited in 
terms of gas pressure (~10 mbar). In this sense, surface XRD122, 123 might be more 
flexible to apply under realistic conditions.

Table 7 Signatures of selected iron carbides for commonly applied characterization 
techniques.

Phase XRD64, 67, 68, 124 (hkl) XPS17, 19, 37, 109 Origin MES67, 69, 98, 125 Parameter
e’-Fe2.2C d=2.385 Å, I=25 (100) 0.50 mm s-1 Isomer shift
(36-1249)a d=2.175 Å, I=25 (002) 173 kOe Hyperfine field

d=2.091 Å, I=100 (101) 0.25 mm s-1 Isomer shift
189 kOe Hyperfine field

Fe7C3 d=2.250 Å, I=35 (210)
(17-0333)a d=2.115 Å, I=45 (102)

d=2.012 Å, I=100 (211)
d=1.801 Å, I=30 (301) (202)
d=1.716 Å, I=15 (220)

c-Fe5C2 d=2.285 Å, I=25 (020) 720.3 eV Fe 2p1/2 0.46 mm s-1 Isomer shift
(36-1248)a d=2.207 Å, I=50 (11-2) (202) 707.3 eV Fe 2p3/2 189 kOe Hyperfine field

d=2.113 Å, I=25 (112) 91.4 eV Fe 3s 0.51 mm s-1 Isomer shift
d=2.081 Å, I=80 (021) 53.0 eV Fe 3p 218 kOe Hyperfine field

d=2.047 Å, I=100 (510) 283.2 eV C 1s 0.23 mm s-1 Isomer shift
d=2.011 Å, I=30 (40-2) (31-2) 216 kOe Hyperfine field
d=1.986 Å, I=20 (22-1) (51-1)

q-Fe3C d=2.259 Å, I=20 (002) 0.45 mm s-1 Isomer shift
(35-0772)a d=2.215 Å, I=20 (201) 212 kOe Hyperfine field

d=2.102 Å, I=60 (211) 0.44 mm s-1 Isomer shift
d=2.064 Å, I=60 (102) 208 kOe Hyperfine field
d=2.027 Å, I=55 (220)
d=2.011 Å, I=100 (031)
d=1.974 Å, I=55 (112)

FexCy 706.9 eV Fe 2p3/2

284.2 eV C 1s
a Joint Committee on Powder Diffraction Standard Card #

The role of iron carbides in FTS

The exact mechanism for the production of hydrocarbons over iron carbide phases 
is largely unknown. Only recently, theoretical studies have been dedicated to the 
hydrogenation of CO on carbide surfaces126, 127. Even though experimentally it is 
observed that carburized iron is an active catalyst, it is still disputed in literature 
whether or not bulk carbide phases themselves play an active role in the synthesis. 
The question on why iron forms bulk carbides under FTS conditions and the other 
active materials do not, has been addressed by Niemandsverdriet and Van der 
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Kraan128. As they pointed out, the apparent activation energy of carbon diffusion in 
Fe (43.9 – 69.0 kJ/mol) is substantially lower than for Ni and Co (138-146 and 145 kJ/
mol, respectively)129. The activation energies for the FTS reaction are very similar 
for the three metals130. For Fe, Co, Ni they are 89.1 ± 3.8, 105 ± 5.0 and 113 ± 18 kJ/
mol, respectively. In the case of Fe, the activation energy for carbon diffusion is 
lower than for the FTS reaction. Since for the FTS reaction and carbon diffusion the 
pre-exponential factors are equal within a factor of 40, the activation energies can be 
directly related to the reaction rates. This means that the reaction rate for the carbon 
diffusion reaction is higher than the rate of the FTS reaction for iron. Because of 
this, during the early stages of reaction, iron undergoes an induction period, in 
which surface carbon species are scarce and FTS activity is low. For cobalt and 
nickel, carbon diffusion rates are a factor 105 lower than for iron. Therefore the 
carbon diffusion rate is negligible and all carbon is converted into FTS products. 
Hence, although Ni reacts with CO at 250-270 oC to form Ni3C131, and for cobalt 
Co2C or Co3C are stable between 500-800 oC132, no such phases have been reported 
during FTS. Many authors claim that iron carbides are absolutely necessary for a 
FTS catalyst to be active. However, this is still disputed by others, who believe that 
metallic iron is the active phase in FTS. This debate merits further discussion.

Proposed active phases and reaction mechanisms for Fischer-
Tropsch Synthesis on Fe-based catalysts
The general reaction equations for the synthesis of alkanes (paraffins), alkenes 
(olefins) and oxygenates over Fe-based catalysts can be written as:

  n CO + (2n+1) H2 → CnH2n+2 + n H2O  (1)
  n CO + 2n H2 → CnH2n + n H2O   (2)
  n CO + 2n H2 → CnH2n+2O + (n-1) H2O  (3)

respectively. Fe-based FTS catalysts generally also catalyze the water-gas shift 
(WGS) reaction:

   CO + H2O ↔ CO2 + H2    (4)

therefore, the main oxygenated products evolving during FTS are H2O and CO2.

Active Phases

As mentioned above, most Fe-based FTS catalyst precursors consist of iron oxides. 
During catalyst activation, dependent on the gas composition and treatment 
temperatures used, the following chemical transitions can take place in the catalyst:

  FexOy + y H2 ↔ x Fe + y H2O   (5)
  FexOy + y CO ↔ x Fe + y CO2   (6)

Metallic iron species can subsequently adsorb CO on one of its active surface sites 
(represented by *) and dissociate it. The adsorbed carbon species can then further 
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react with the iron species to form iron bulk carbides:

  
 

*O*C  *CO*
dk

→     (7)

  
 

yx

k

CFeFe *C 
b

→ xy     (8)

where kd and kb are the rate constants for the dissociation and bulk carburization 
reaction, respectively.

As was noted before, the bulk carburization reaction (8) has a low apparent 
activation energy (43.9 – 69.0 kJ/mol) and takes place readily on iron at typical FTS 
reaction temperatures. Dissociated CO can, however, also be converted in two other 
reactions. First, if hydrogen is present, hydrogen molecules can be dissociated on the 
catalyst surface and surface carbide species can be hydrogenated:

  
 

**CH  *H *C x

k h

xx →    (9)

where kh is the rate constant for the hydrogenation reaction. The CHx species can 
then further react with each other on the surface, forming longer hydrocarbon chain 
products. Secondly, when more and more carbon species are available on the surface 
and hydrogen adatoms are sparse, a side reaction can take place which involves the 
direct coupling of carbon atoms:

  
 

*C*C*C i

kc
→     (10)

where kc is the rate constant for this reaction and Ci stands for inactive surface carbon 
species. The build-up of these species on the catalyst surface can lead to the blocking 
of  active surface sites, lowering the overall catalyst activity.

Under FTS working conditions, the Fe-based catalyst is known to form many 
co-existing phases, including a-Fe, Fe3O4 and iron carbides. The exact role of 
these phases in FTS, however, remains controversial. Claims of catalytic activity 
of Fe2O3

133, Fe3O4 16-19, 108, a-Fe67, 134, 135, and iron carbides39, 80, 89, 98, 134 in FTS are all 
found in literature. Even the role of the specific carbide phases has been the subject 
of debate39, 136. There are three main models that are used to explain the catalytically 
active phases of Fe-based FTS catalysts and their time dependent behavior. These 
models, first distinguished by Niemantsverdriet et al.128, all use the four elementary 
reaction steps mentioned above (the full proposed mechanisms of the Fischer-Tropsch 
reaction will be considered later). Scheme 1 illustrates the different proposed models 
for the active Fe-based FTS catalyst.

One model, better known as the “competition model”67, appoints surface iron 
species to be the active sites in FTS. In this model, bulk carburization (8) and CO 
hydrogenation (9) have the same common surface carbide precursor and there is 
competition between the carburization of the iron phase, the hydrogenation of 
surface carbon and the formation of inactive surface carbon by reaction between 
adsorbed carbon atoms. Carbon monoxide dissociation is assumed to be slower than 
the subsequent reactions. 
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a

b

c

Scheme 1 Proposed models for FTS over Fe-based catalysts: (a) Competition model, (b) 
Carbide model and (c) Slow activation model.

A second model39, 89, 98, dubbed the “carbide model” considers surface carbides 
with an underlying iron carbide bulk structure to be the active phase. Metallic iron is 
assumed to be inactive for FTS. In this model, the carbide phase plays an important 
role in FTS in controlling the number of active surface sites, rather than being a 
spectator phase. 

In the third model, the “slow activation” model67 CO dissociation is assumed to 
be very fast. Hence, sufficient carbon is assumed to be present for both carburization 
and hydrocarbon synthesis. Surface complexes consisting of a certain configuration 
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of iron, carbon and hydrogen are thought to be responsible for FT activity. Because 
these complexes are sparse at the start of FTS, the surface is described to be slowly 
activated. It is noted here that a fourth, less widely accepted model is sometimes 
mentioned in literature. This model considers iron oxide in the form of magnetite 
(Fe3O4 ) to be an active phase although no detailed description of the active site or 
reaction mechanism is suggested16-19, 108.

Proposed Reaction Mechanisms

Fischer-Tropsch Synthesis

The Fischer-Tropsch reaction mechanism has been, and still is, a topic of discussion 
ever since the first mechanism was proposed in the original paper by Fischer and 
Tropsch137, 138. Many detailed reviews are available on the mechanism and models of 
hydrocarbon and oxygenate formation in FTS7, 139-149. Because an in-depth discussion 
of the different reaction mechanisms would be beyond the scope of this Chapter, 
we will only give a short overview of the three main mechanisms that have been 
proposed. In general, all mechanisms presume six elementary reaction steps146:

1. Reactant adsorption
2. Chain initiation
3. Chain growth
4. Chain termination
5. Product desorption
6. Readsorption and further reaction

Steps 2 through 4 are, in most cases, accurately described by the Anderson-Schultz-
Flory (ASF) kinetics model142. This model assumes that the FTS reaction is an ideal 
polymerization reaction in which there is one single growth probability factor, a, 
which determines the hydrocarbon chain length distribution. The model can be 
described as:

  mn = (1 - a) an-1     (11)

a is independent of n and mn which are the mole fraction of a hydrocarbon with 
chainlength n. a is defined as:

  
 

tp

p

RR
R


α      (12)

Rp and Rt are the rates of propagation and termination, respectively. The calculated 
ASF distribution of several ranges of hydrocarbon chains is plotted in Figure 4.

The optimal a value for the FTS process depends on the application. As can 
be seen from the Figure, for the (direct) production of transportation fuels (C12-C18 
diesel), the optimal a value is 0.87.
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Figure 4 Weight fraction of hydrocarbon chains of length n as a function of the chain growth 
probability factor a.

The final elementary reaction step, readsorption, deserves extra attention. 
Frequently, especially at higher conversions, abnormalities are observed in the ASF 
product distribution as a result of readsorption and reaction of FTS reaction products. 
These products can be incorporated into other growing hydrocarbon chains on the 
surface of the catalyst leading to higher weight hydrocarbon chains. Anderson et al. 
calculated that for olefins and alcohols and, to a lesser extent, paraffins this is indeed 
thermodynamically feasible6, 142.

Surface carbide mechanism

The first137, 138, oldest and perhaps most accepted mechanism88, 150 for FTS on iron 
is the surface carbide mechanism, which proposed chain growth by CH2 insertion 
(Scheme 2)7, 151, 152. This mechanism assumes dissociative adsorption of CO and H2, 
followed by the formation of CH2 entities which can combine and insert in growing 
chains. Chain termination can take place either by abstraction or addition of a 
hydrogen atom from or to the growing chain. b-hydrogen abstraction153 is the most 
commonly observed termination event when Fe-based catalysts are used. It should 
be noted that in this mechanism, the CH2 species can be assumed to be fixed to the 
catalyst surface, which implies the need for them to adsorb in close proximity to 
react, or it can be assumed that the CH2 (and CH and CH3) species are more mobile 
and are able move over the catalyst surface154.
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Scheme 2 Representation of the surface carbide mechanism. The rate determining steps 
(R.D.S.) are indicated in the scheme.

Surface enol mechanism

A second mechanism proposes chain growth through undissociative adsorption 
of CO (Scheme 3)6, 150, 155-157. Surface hydrogen atoms react with the chemisorbed 
CO groups to form enolic (HCOH) entities. These enolic groups are assumed to 
combine through a surface polymerization condensation reaction with loss of water6, 

157. 14C-tracer studies by Emmett and co-workers158-162 support this mechanism. An 
alternative option for this mechanism is the individual hydrogenation of the enolic 
entities, forming water and CH2 groups150, 155, 156 which can grow chains in the same 
manner as described in the previous mechanism.
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CO insertion mechanism

The third reaction mechanism involves chain growth through insertion of CO 
molecules in the metal-carbon bonds (Scheme 4). This mechanism was first proposed 
in 1958163. It was modernized years later by Pichler and Schulz164, and further modified 
by Henrici-Olivé and Olivé153 and Masters 165. The reaction mechanism closely 
resembles mechanisms known from coordination and organometallic chemistry. A 
CO molecule is inserted into the metal-H bond in the first (initiation) step. After this, 
the formed surface aldehyde species is hydrogenated to CH3 by nearby chemisorbed 
hydrogen atoms (rate limiting step). Subsequently, CO can be inserted into the metal 
carbon bond, hydrogenated, and the resulting enol species can be hydrogenated into 
an alkane chain. Chain growth takes place by repeating these steps. Termination 
can take place by hydrogenation of the growing chain or by b-hydrogen abstraction, 
resulting in a free olefin chain and an adsorbed hydrogen atom, after which another 
chain can initiate.
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Water-Gas Shift Reaction

The mechanism of the catalyzed WGS reaction over Fe3O4-based catalysts has 
been well studied. A typical catalyst is Fe3O4/Cr2O3 in which the chromium oxide is 
thought to have no chemical influence on the iron oxide phase. The chromium oxide 
is mainly added to suppress particle growth during the calcination treatment166, 167. For 
similar reasons, sometimes silica is added168. Two mechanisms have been proposed 
in literature. The first mechanism involves the formation of a surface formate group 
as CO is inserted into a surface hydroxyl group169: 

  * + CO ↔ CO*     (13)
  2 * + H2O ↔ OH-* + H+*   (14)
  CO* + OH-* ↔ HCOO-* + *   (15)
  * + HCOO-* ↔ CO2* + H-*   (16)
  CO2* ↔ CO2 + *    (17)
  H-* + H+* ↔ H2 + 2 *    (18)

Experimental support for this mechanism has been given by the observation 
of a correlation of the amount of surface formate species and the WGS reaction 
rate170. Also, the rate for formic acid decomposition is comparable to that of the 
WGS reaction, further indicating the similarity of the processes171. A second, 
more generally accepted mechanism involves a redox reaction and is named the 
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regenerative mechanism. It is depicted in Scheme 5.
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Scheme 5 Suggested “regenerative” mechanism for the water-gas shift reaction.

The active site in this mechanism is the anion-cation pair site. More specifically, 
it has been proposed that the octahedrally coordinated iron ions exposed on the 
catalyst surface are the active sites for WGS168. CO coordinates to the iron cations 
and reacts with the associated surface oxygen atoms to form a bidentate carbonate. 
Subsequently CO2 is liberated from the surface, leaving behind a surface oxygen 
vacancy. On this site, water can be adsorbed, filling the oxygen vacancy and 
subsequently desorbing H2 . There is ample evidence from chemisorption168, 172 and 
isotope labeling173 studies in favor of this mechanism.

Catalyst Deactivation

There is much debate on the main causes of the eventual loss of catalytic activity by 
Fe-based FTS catalysts. Four main mechanisms of deactivation have been described 
in literature:

1. In the first mechanism, it is believed that active iron phases (c-carbide, 
e-carbide, e’-carbide, more generally FexC or metallic a-Fe) are transformed 
into catalytically less active or inactive phases. Most groups report that the 
active phase is gradually oxidized to magnetite (Fe3O4), which is inactive 
in FTS31, 77-81, 84-86, 101, 102, 108, 174-176. Some groups also consider interconversion 
of one kind of iron carbide species to another to be a reason for catalyst 
deactivation. In this case, the intrinsic activity of different iron carbide 
phases is assumed to be fundamentally different40, 76, 87, 99, 100, 177, 178.

2. The second mechanism proposes that deactivation is caused by the deposition 
of inactive carbonaceous compounds (e.g. graphitic carbon, amorphous 
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carbon and coke) on the surface of the catalyst, thereby limiting the contact 
between reactant gases and the catalytically active phase.17, 19, 37, 39, 67, 75, 78, 80, 81, 

88-90, 109-111, 177-184.
3. Thirdly, some research groups report that sintering, the loss of catalytic 

surface area due to ripening or migration and coalescence of the iron phase, 
to be a main cause for the loss of activity7, 77, 84, 87, 176.

4. Finally, Fe-based catalysts are reported to be poisoned and deactivated by 
sulphur compounds, present in (most) industrial syngas feeds7, 77, 80, 84, 104, 176, 

185-188.

While in some research a single mechanism is believed to be responsible for 
the deactivation of the catalysts, most groups propose that the catalysts deactivate 
due to the contributions of more than one mechanism. Scheme 6 shows a simplified 
sketch of the different deactivation mechanisms of a pre-reduced iron catalyst. These 
deactivation pathways will be briefly addressed below.

Scheme 6 The four main deactivation pathways in Fe-based Fischer-Tropsch catalysts. (1) 
phase changes, (2) Carbon deposition, (3) Sintering and (4) Poisoning.

Deactivation through Phase Changes

The reducibility of metal oxides increases from Fe, Co, Ni to Ru. It can therefore be 
expected that the reoxidation of the metallic phases decreases in the same order. It 
has been well documented that Fe 3O4 is formed, sometimes to large extent during 
FTS, while for Co, Ni and Ru no (bulk)oxides are formed188. Nonetheless, it is noted 
here that recently it has been claimed that cobalt oxidation does play an important 
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role in catalyst deactivation as well189, although others strongly disagree with this 
finding190. Figure 5 illustrates the change in bulk composition of a pre-reduced iron 
catalyst during FTS.
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Figure 5 Changes in bulk composition of a pre-reduced iron catalyst during Fischer-Tropsch 
Synthesis (reproduced from reference7

Deactivation by oxidation can be described by the reverse of reactions (5) and (6): 

  x Fe + y H2O ↔ FexOy + y H2   (19)
  x Fe + y CO2 ↔ FexOy + y CO   (20)

When these reverse reactions are combined with the reaction for carbide 
formation (8) we get:

  FexCy + y H2O ↔ y C* + y H2 + FexOy  (19+8)
  FexCy + y CO2 ↔ y C* + y CO + FexOy  (20+8)

The above reactions sum up one of the main proposed mechanisms of deactivation 
of Fe-based catalysts during FTS: oxidation of the active phase. According to Dry145, 
the rate of the FTS reaction over iron can be described as:

  
 

OHCO

HCO

aPP
PmP

r
2

2



⋅
     (21)

where a is the ratio of the H2O and H2 adsorption constants (kH2O and kH2
).

Water vapor, which is one of the main reaction products in the FTS reaction, has 
a negative reaction order in the rate equation and as a result the reaction rate drops 
as the partial pressure of water becomes higher in the reaction. As water production 
is directly coupled to carbon dioxide production through the WGS reaction, the 
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same holds for carbon dioxide. As in catalyst beds increasingly more reactant gas 
is converted and thus more water and carbon dioxide reaction products are present 
upon moving from the bed entrance to the exit, this implies that oxidation of the 
active phase becomes a bigger problem upon moving further into the catalyst bed84. 
Iron carbides are considerably more resistant to oxidation by water than metallic 
iron. Interestingly, it has been observed that smaller catalyst particles carburize 
more rapidly and are not oxidized during reaction while larger particles showed 
higher oxide/carbide ratios7, 39. This observation was explained by the fact that the 
synthesis gas mixture not only becomes more oxidizing upon moving down the 
catalyst bed, but also upon moving further down the catalyst pores. On a smaller 
scale, the gas mixture can become very oxidizing (high H2O and CO2 partial 
pressures), leading to the oxidation of the cores of catalyst particles. Indeed, it was 
observed by Scheuerman188 and later by the Bureau of Mines191, that for iron oxide 
catalysts, the activity did not increase beyond a reduction extent of about 30 %. The 
model of catalyst particles with an iron oxide Fe3O4 core and iron carbide shell has 
been widely accepted since. 

Another, related, deactivation mechanism which is sometimes found in literature 
proposes that catalysts deactivate because the active iron carbide phase is gradually 
transformed into a less (or none) active iron carbide phase:

  FexCy → FexCy-z + z C*    (22)

Deactivation through Deposition of Inactive Carbonaceous Compounds

Active surface sites of a FTS catalyst can be “fouled” and become blocked by 
different kinds of surface poisons. Under typical FTS operation conditions, both 
(liquid) high molecular weight waxes and insoluble carbonaceous compounds are 
formed and are able to drastically lower catalyst activity over time. However, while 
high molecular weight waxes partially fill the catalyst pore and thereby retard the 
rate of diffusion of reactants, insoluble carbonaceous deposits permanently block 
active surface sites leading to lower activity and higher methane selectivity. 

A common way to describe the deposition of insoluble carbonaceous compounds 
(Boudouard) during reaction is:

  C* + 2 CO → C-C* + CO2   (23)
  C* + CO + H2 → C-C* + H2O    (24)

At LTFT reaction temperatures (< 280 oC) mainly amorphous carbon is deposited, 
partially depending on catalyst composition. At higher reaction temperatures (> 
280 oC) graphitic carbon formation becomes more and more favorable, leading to 
coke deposition. Several studies have focused on the characterization of inactive 
carbon species formed during FTS37, 74, 75, 80, 85, 103, 111, 116.  The thus formed compounds 
(amorphous and especially coke) are very sparsely removed from the catalyst surface 
during reaction. Hydrogen treatments at elevated temperatures (> 350 oC) are 
commonly used to reactivate catalysts. Several patented methods192-194 are described 
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in literature. Alternatively, steam assisted catalyst regeneration has been reported 
as well195. The amount of carbon fouling is very dependent on the pretreatment 
conditions of the catalysts. Pre-reduced catalysts for example are known to be more 
prone to carbon fouling compared to fully carburized catalysts.

Deactivation through Sintering of the Active Phase

All Fe-based FTS catalysts, to some extent, suffer from deactivation by sintering of 
the active phase. Traditionally, sintering can be described as the process of the growth 
of small crystallites due to ripening or migration and coalescence phenonema. An 
important quantity to consider with respect to sintering is the Tamman temperature. 
This value is defined as half of the bulk melting point (in K). Above these temperatures, 
atoms on the surface of crystallites are expected to become mobile and as a result 
crystallites can sinter196. The Tamman temperature for iron is 633 oC. This is much 
higher than typical temperatures used for FTS (200-300 oC). It is, however, possible 
that local temperature of crystallites is much higher, due to the heat that released 
in the strongly exothermic FTS reaction. Typical “as prepared” iron oxide catalysts 
characterized by N2 physisorption, have a BET (Brunauer-Emmet-Teller) surface 
area of around 100-300 m2

 g-1. After reduction and carburization (and passivation) it 
is often observed that the BET area decreases to about 10-90 m2 7, 81, 143, 197. However, 
it remains difficult to prove that sintering is a main pathway of deactivation during 
FTS. Some have reported hydrothermal sintering, as a result of high partial pressures 
of H2O in the catalyst bed, as a cause for catalyst deactivation7, 84. However, catalyst 
particles are often reported to break up87, 95, 102, 198 by deposition of carbon or attrition 
during FTS, resulting in the exposure of more active sites rather than less. Also, 
detecting catalyst sintering from BET surface areas alone can be complicated as 
surface areas areas often found to increase during time on stream because of the 
deposition of carbon199. However, it is well known that by adding some SiO2, Al2O3, 
ZnO or other support as a binder, catalysts typically show lower deactivation rates. 
This is generally ascribed to the prevention of sintering by the stabilization of the 
active phase by the binder material200-202. Typically, this positive effect has not been 
reported when the same materials are used in slurry bubble-column reactors200.

Deactivation through Poisoning
In general, catalyst deactivation by chemical poisons is reported and studied 

more commonly in the context of industrial catalysis than in academia. Well known 
poisons are electronegative elements, e.g. oxygen, chlorine, bromine and sulfur. 
Especially the effect of sulfur on the properties of iron FT catalysts has been studied 
in much detail. Both poisoning effects as well as promotion are reported in literature7, 

59, 77, 80, 84, 104, 185-187, 203-208. If present in high concentration (~ 10 ppm), sulfur decreases 
catalyst activity, while not directly affecting the selectivity. At lower concentrations 
(~ 0.5 ppm) sulfur is reported to increase the catalyst reducibility59, 203 and improve 
the olefin selectivity204-208. A review of the effect of sulfur is given by Madon and 
Shaw58. 
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In most industrial gas feeds, sulfur compounds are present that can rapidly 
deactivate iron7, 77, 80, 84, 104, 176, 185-188 (as well as cobalt and nickel) catalysts. The most 
common sulfur poison is H2S. CH3SH176, C2H5SH7 and COS104, 188 are often reported 
as well. It has been reported that organic sulfides can penetrate deeper into catalysts 
beds, thereby poisoning a larger portion of the catalyst7, 176. The co-inventor of the FTS 
process, Fischer himself, realized the poisonous effect of sulfur on the FT catalysts 
and recommended an upper operation limit of 1 to 2 mg m-3 of sulfur in the synthesis 
gas feed209. However, as Dry noted7, to assure minimal poisoning, the sulfur content 
should be about ten times lower than this value. Sulfur poisoning is a significant 
problem for industrial FTS plants; especially since sulfur poisoned catalysts are not 
readily reactivated. Sulfur poisoned catalysts treated in a high temperature reduction 
step in hydrogen show no reactivation. In fact, hydrogen reduction has been reported 
to lower the catalyst activity even more, as a result of a redistribution of the sulfur 
over the catalyst bed188. The only reported way to reactivate the catalysts is a high 
temperature re-oxidation step to burn away the adsorbed sulfur compounds7, 188.

Deactivation
As was described above, Fe-based FTS catalysts can lose their activity over time 
(deactivate) due to several different reasons:

1. The conversion of the active phase (metal, carbide, etc.) to an inert phase 
(oxide, different carbide phase)

2. The loss of active surface area due to the deposition of carbonaceous material 
(“fouling”)

3. The loss of active surface area due to crystalline growth (sintering)
4. The chemical poisoning of the surface (e.g. by sulfur)

In the following, the different deactivation mechanisms and the influence of 
the pretreatment conditions on these mechanisms will be described in more detail 
against a background of open literature.

Deactivation Through Phase Changes

Deactivation by Oxidation of the Active Iron(carbide) Phase

In their studies of the spent precipitated iron catalyst from a pilot plant77, 84, Duvenhage 
et al. found two main causes for catalyst deactivation. Using SEM-EDX (Scanning 
Electron Microscopy - Energy Dispersive X-ray Analysis), SIMS and XRD it was 
shown that near the top of the catalyst bed, the catalyst was poisoned by sulphur 
present in the reactant feed. Near the middle and bottom part of the catalyst bed, the 
catalyst deactivated due to sintering and oxidation of iron (carbide) species to Fe3O4. 
The authors attributed both sintering and oxidation of the catalyst to the reaction 
with H2O and CO2 formed by the WGS reaction. As a result of this reaction, the 
gas feed mixture becomes more oxidizing in nature going down the catalyst bed, 
resulting in faster deactivation near the bottom of the catalyst bed.
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In their research on the activation of a doubly promoted precipitated Fe-based 
FTS catalysts (100 Fe/0.3 Cu/0.8 K), Bukur et al. found that the activity of their 
catalyst decreased with time on stream if it was pretreated by carbon monoxide or 
syngas78, 80, 81. In contradiction with many other papers, their H2 reduced catalysts 
did not show any deactivation, even at very long times on stream (150 h+). This 
was explained by the hypothesis that the higher surface concentration of hydrogen 
on these catalysts somehow stabilized catalyst activity. The H2 reduced catalyst did 
show higher selectivity toward methane, lower hydrocarbons, isomers and olefins 
as compared to the CO and syngas pretreated samples. The deactivation of the CO 
and H2/CO pretreated catalysts was attributed to the conversion of the FT active 
c-Fe5C2 species to a less active iron oxide phase and the buildup of carbonaceous 
species on the catalyst surface. The characterization of the used catalyst by 
Mössbauer spectroscopy and XRD showed that the c-Fe5C2, the dominant phase 
after carbon monoxide and syngas pretreatments (84-95 %) was largely converted to 
magnetite, e’-Fe2.2C and siderite (Fe(CO3)). The group proposed that c-Fe5C2 might 
be oxidized to magnetite in the oxidizing atmosphere near the reactor outlet (similar 
to observations by Duvenhage et al. 77, 84) after which it can be carburized to e’-
Fe2.2C, which appeared to be more resistant to oxidizing conditions. The formation 
of the siderite phase was linked to the production of carbon dioxide in the water-gas-
shift reaction.

Dry et al.176, Gormley et al.102, Bartholomew et al.174, and Ning et al.85 all also 
reported the partial pressure of H2O and CO2 produced from the WGS reaction to be 
responsible for the oxidation and/or sintering of the catalyst. Dry et al. reported that 
in industrial catalysts used by Sasol main contributors to catalyst deactivation are 
sulphur poisoning, coke laydown, hydrothermal sintering and oxidation176. Gormley 
et al. found that when a heavier initial wax reaction medium was used in their slurry 
reactor, the catalyst deactivated more rapidly102. It was suggested that the heavier 
waxes might restrict the diffusion of water vapor formed by the WGS reaction out 
of the catalyst pores, leading to local high partial pressures of water which could 
irreversibly oxidize the catalyst. Bartholomew et al. reported that the c-carbide, 
the only active phase found in their catalyst, was oxidized more rapidly at higher 
pressures of CO2 and H2O174. The group also found that higher temperatures led to 
faster oxidation of the carbide while the addition of silica slowed down the oxidation 
process.

Ning et al. also supported the mechanism of water vapor as a main cause of the 
deactivation of precipitated Fe-based FTS catalysts by oxidation of the iron carbide 
phase (c-Fe5C2 and FexC)85. Their observations from XRD analysis matched the 
observations of other groups that the oxidation of the catalyst near the reactor outlet 
was more pronounced. From Raman spectroscopy, the group did not find any proof 
for the formation of carbonaceous compounds during FTS. The authors therefore 
claimed it was unlikely that the deactivation of the catalyst is caused by deposition 
of inactive carbonaceous layers, as claimed by other groups17, 19, 37, 39, 67, 75, 78, 80, 81, 88, 90, 

109-111, 177-181.
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In an extensive structural characterization study using (ex-situ) XAS and MES, 
Li et al.31 found that the deactivation of their precipitated iron catalyst (pre-reduced 
in CO) in the FTS reaction, paralleled the conversion of iron carbides to magnetite31. 
The group found that after 450 h of reaction time, magnetite was the only iron phase 
present in the catalysts. However, different from the proposed oxidation mechanism 
of the aforementioned groups77, 78, 80, 81, 84, 85, 102, 174, Li et al. offered an alternative 
explanation for the oxidation of the active iron phase. Based on their research the 
authors suggested that changes at the carbide surface lead to a higher susceptibility 
of carbide oxidation. The replenishing of carbidic surface sites and the removal of 
chemisorbed oxygen is thought to be selectively inhibited. As a result, the active iron 
carbide phase is oxidized, even in the presence of a reducing gas mixture.

Mahajan et al.108 also performed a combined (ex-situ) XAS-MES study focusing 
on three iron catalysts, two unsupported and one supported. The catalysts were pre-
reduced (carburized) in CO for 24 h. Similar to Li et al. characterization of the 
quenched catalysts showed that after 120 h the catalysts were largely converted to 
magnetite (60-80 %), with the remainder of the iron being present as iron carbides. 
In their case however, catalyst activity appeared to be very stable. It is striking that 
in this case the appearance of magnetite phase is not correlated to any apparent 
deactivation of the iron catalyst. The authors even suggested the magnetite phase to 
be catalytic active.

Further support for the deactivation-by-oxidation mechanism is given by Raje et 
al.175, Zhang et al.101, and Hayakawa et al.86. Raje et al. confirmed that catalyst with 
and without added silica and potassium promoter species deactivated and consisted 
of mainly iron oxide after reaction175. A catalyst promoted with potassium consisted 
of iron carbides after prolonged reaction times. The group found that the partial 
pressure of water in the catalysts which contained potassium was significantly 
lower. However, because the silica and potassium promoted catalyst deactivated 
with time-on-stream while the catalyst containing only potassium remained active, 
the group could not draw conclusions on the influence of water on the deactivation 
mechanism. Zhang et al. correlated the deactivation of precipitated iron catalysts 
with the transition of iron carbide phases (c-carbide or Fe2+C) to magnetite 101. The 
authors showed that for unpromoted catalysts, the c-carbide phase present after 
activation was gradually transformed into 100 % magnetite after 450 h FTS. In 
contrast, a potassium promoted catalyst was shown to remain in a Fe2+C phase even 
after 400 h on stream. Without suggesting a mechanism, the group concluded that 
both carbide phases are comparable in activity in FTS while the c-carbide is more 
susceptible to oxidation over time.

Finally, Hayakawa et al. recently published a paper on a XRD and TPR study of 
precipitated iron catalysts86 confirming the deactivation by oxidation mechanism. 
The group concluded that the relative quantity of c-carbide to magnetite correlated 
with the activity of the catalyst and the formation of more magnetite led to lower 
catalyst activity.
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Deactivation by Interconversion of Carbide Species

In this paragraph, catalyst deactivation by interconversion between different carbide 
phases as main mechanism will be discussed. Some research groups refrain from 
describing the exact chemical identity of carbide phases that are interconverted99, 100. 
This makes it difficult to determine if the mechanisms of deactivation are inherently 
different from deactivation by deposition of carbonaceous compounds as described 
above. Fortunately, other groups do distinguish between the different crystal 
structures (e, c, q, etc.) of the iron carbides formed as FTS proceeds40, 76, 87, 177, 178.

In two papers, Lazar and coworkers describe the deactivation of iron catalysts 
using in situ MES along with kinetic measurements. In the first paper100, the group 
reports the progressive conversion of FTS active mobile carbide species into 
immobile carbide species which are mainly selective toward methane production 
and finally to bulk, inactive c-Fe5C2 carbide species. Unfortunately, no suggestions 
are made on the exact identity and composition of the active carbide species. The 
second paper99 deals with the effects of promoter elements and support materials on 
the stabilization of small iron particles and the deactivation kinetics of the catalysts. 
The group observed that smaller iron particles are less susceptible to deactivation. 
From MES measurements it was observed that smaller particles were never fully 
reduced to metallic iron. The Fe3O4 phase that was formed after reduction of the 
small particles did hardly change during FT reaction and the catalyst showed no 
apparent signs of deactivation. This result agrees with the results found by Dictor 
and Bell88, even though the groups suggest different mechanisms of deactivation.

The work by Eliason et al.177, 178, besides the formation of graphitic layers, also 
considers the interconversion of carbides as a pathway for catalyst deactivation. On 
the basis of observations in other papers, the group proposed that iron catalysts 
deactivates by parallel formation of polymeric carbon deposits and conversion of 
the FTS active, carbon rich, e’-Fe2.2C phase to the c-Fe5C2 and subsequently to the 
q-Fe3C. Unfortunately, no direct evidence for this mechanism is presented in the 
paper to back up the results.

In a paper that deals with the deactivation of FTS catalysts by interconversion 
of carbide species, Pijolat et al.40 used MES and IR to elucidate the deactivation 
mechanism of a Fe/Al2O3 catalyst. The paper describes two different contributions to 
the deactivation of their catalyst. Firstly, the fast (within a few minutes) deactivation 
as the catalyst is exposed to syngas is attributed to the coverage of the metallic iron 
surface by a layer of carbonaceous deposits (in accordance to other groups17, 19, 37, 39, 67, 

75, 78, 80, 81, 88, 90, 109-111, 177-181). For the decrease in activity during longer times on stream, 
two hypotheses are proposed:

1. The covering of the remaining active iron sites by carbonaceous deposits.
2. The progressive take up of carbon of a surface carbide species Fe2+xC 

(decreasing x) thereby causing a decrease in catalyst activity.

From IR, no CO was found to adsorb onto metallic sites of the catalyst after 
a few hours of reaction. Because the catalyst was still active during this time, 
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the authors ruled out hypothesis 1. By combining their Mössbauer results on the 
iron carbide composition and catalytic testing, the group found that the activity in 
the FTS reaction actually scaled linearly to the stoichiometry of the Fe2+xC phase 
present in their catalysts, thus presenting evidence for a deactivation mechanism by 
interconversion of iron carbides.

Deactivation through Deposition of Inactive Carbonaceous Compounds

Dry et al. studied the factors influencing the deposition of free carbon on the 
catalyst surface183, 184. Although there is no discussion about the exact effect of the 
carbon deposition on the deactivation of the catalysts, it is still interesting to shortly 
consider the results. The first paper183 considers the influence of Lewis basic (electron 
donating) promoters on the rate of the Boudouard reaction (reactions (23) and (24)). 
The authors found that the addition of basic promoters, such as Na2O and K2O, had 
a positive influence on the rate of formation of free carbon. The more basic K had a 
higher promotional effect on this rate. Structural promoters, such as SiO2 and Al2O3 
and CaO, had no significant influence on the intrinsic (corrected for the total iron 
surface area) rate of carbon formation, although the most basic CaO support showed 
somewhat higher rate. By combining the basic promoters with structural promoters 
it was found that the total electron donating potential of the basic promoters was 
reduced leading to somewhat lower carbon deposition rates per unit iron area. The 
second paper184 assessed the influence of the reaction temperature and gases and 
vapors on the rate of carbon deposition. Here the authors found that upon increasing 
the reaction temperature from 285 oC to 338 oC, the rate for carbon deposition 
increased tenfold, illustrating the strong temperature sensitivity often reported by 
other authors for deactivation by carbon fouling. Water vapor, hydrogen, aliphatic 
acids, alcohols and ketones, all potentially present in the gas phase during FTS, were 
found to enhance the carbon deposition rate. This was rationalized by assuming 
that these gases all decomposed to form molecular hydrogen. The hydrogen could 
enhance the CO adsorption potential by either reducing the iron carbide phase to 
metallic iron or by the more subtle process of mutual enhancement of adsorption. In 
this process, hydrogen acts as an electron donor to the iron surface, enhancing the 
metal to carbon bond and weakening the carbon to oxygen bond in adsorbed CO. 
When the results by Dry et al. are viewed in the light of carbon fouling and catalyst 
deactivation, one could at least partially explain why alkali promoted catalysts 
often show higher deactivation rates, why structurally promoted catalysts are more 
stable for longer reaction times and why higher reaction temperatures lead to the 
deposition of more inactive carbon on the catalyst surface. The influence of higher 
partial hydrogen pressures on the deactivation of catalysts is less well documented 
in literature and therefore this effect cannot be readily rationalized.

Niemantsverdriet et al. studied the behavior of metallic iron catalysts during 
FTS67. Using XRD and MES four different iron carbide phases were found to be 
present during FTS, namely q-Fe3C, c-Fe5C2, e’-Fe2.2C and FexC. However, from 
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carbon content analysis it was determined that after 6.5 h reaction time, significantly 
more carbon was present in the catalyst than calculated on the basis of the iron 
carbide structures predicted by MES and XRD. Because it was also found that the 
iron catalyst started to deactivate within this time frame, their conclusion was that 
deactivation was mainly caused by the formation of excessive amounts of inactive 
carbon on the surface of the catalyst.

Dwyer and Somorjai studied the hydrogenation of CO and CO2 over iron foils111. 
It was shown using Auger spectroscopy that after about 4 h of reaction time, the 
surface of the foils was completely covered with carbonaceous species. After this 
reaction time the only product that was formed was methane, at a very low rate 
relative to the initial activity. They suggested that the iron carbide phases present 
during the hydrogenation reaction can either be hydrogenated or catalytically 
reduced, with the latter reaction being responsible for formation of carbonaceous 
overlayers and the subsequent loss of activity. From reactions (23) and (24) it is 
clear that high partial pressures of H2O and CO2 should inhibit the formation of 
Boudouard type carbonaceous compounds and thereby slow down the deactivation 
of the iron foil. This is very different from the conclusions described before, where 
high partial pressures of H2O and CO2 were predicted to deactivate the iron catalysts 
by oxidation. Noting the difference in deactivation rates between iron foils and 
precipitated iron catalysts, Dywer and Hardenbergh later investigated and compared 
the hydrogenation of CO over low surface area iron (foils) and high surface area 
iron powders with XPS and catalytic tests109. They found that powders were less 
susceptible to the formation of graphite, although they were eventually poisoned by 
graphite at temperatures above 275 oC.

In a series of papers, Raupp and Delgass39, 89, 90 reported on the phase composition 
of iron FTS catalysts supported on SiO2 and MgO. Using MES it was shown that 
during FTS a bulk c-Fe5C2 phase was gradually formed. The authors describe a 
competition between the formation of surface and bulk carbide species, much like 
the competition model later described by Niemantsverdriet et al.67. The formation 
of the bulk carbide phase was almost complete after 6 h of reaction for the SiO2 
supported catalyst and 3 h for the MgO supported catalyst. Within the first 40 min, 
however, mainly e-Fe2C and e’-Fe2.2C species were observed. Interestingly, hardly 
any deactivation was observed after the formation of the bulk carbide phase was 
complete. The FTS activity steadily rose to a maximum as the bulk phase was 
formed. Although no direct evidence is presented in the paper, the deactivation 
that was observed after longer reaction times was ascribed to the formation of 
carbonaceous deposits on the surface of the catalysts. By flowing hydrogen over the 
carburized catalysts at 523 K, the group further found that only methane was formed 
from the hydrogenation of the iron carbides. In addition they found that although 
surface carbide species were hydrogenated relatively fast, bulk carbides were hard 
to hydrogenate, illustrating that carbon migration from the bulk to the surface is a 
slow process.

Krebs et al. also investigated the hydrogenation of CO over polycrystalline 
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iron foils in a series of papers37, 110, 179. Their group used AES and XPS along with 
catalytic tests to study the phases responsible for the deactivation of the foil. The 
main conclusion of their research was that the hydrogenation activity of the iron 
foil decreased more rapidly at higher temperatures and larger CO/H2 ratios. Two 
forms of carbon could be distinguished on the surface of the foil: carbidic carbon 
and graphitic carbon. The carbidic carbon could be hydrogenated readily, while the 
graphitic carbon could not. As was the case in the research of Dwyer and Somorjai111, 
the formation of graphitic carbon coincided with a decrease in hydrogenation activity. 
Therefore, the deactivation of the foil was attributed to the growth of carbonaceous 
overlayers. In addition, it was shown that the deposition of a potassium layer on the 
iron foil led to lower methanation rates and higher rates of graphite deposition179.

In a study on the surface structure of reduced and unreduced Fe2O3 during 
reaction with H2 and CO, Reymond et al. used XRD and XPS to show that inactive 
carbon is responsible for catalyst deactivation17. It was observed that a prereduced 
sample (a-Fe) was more susceptible to catalyst deactivation. In this catalyst, Fe20C9 
was found to be an inactive phase of the iron catalysts by XRD, while for the 
unreduced (Fe2O3) catalyst this was e-Fe2C. From the observation that the formation 
of magnetite (Fe3O4) parallels the onset FTS activity, the authors also suggest that 
magnetite might be an active phase in the Fe-based catalysts. Carbide formation was 
faster when the catalysts were exposed to a CO/H2 (1/9) mixture for the pre-reduced 
sample while the rate of consumption of the carbides was found to be much slower 
when the catalysts were exposed to pure H2 after FTS reaction. Therefore it was 
concluded that inactive carbonaceous species are responsible for the deactivation of 
the iron catalyst.

Dictor and Bell, in a similar methodology, studied FTS over reduced and unreduced 
iron oxide catalysts88. Here, high initial activity but subsequent rapid deactivation of 
the pre-reduced catalyst was reported. In contrast, the unreduced catalyst exhibits 
much lower rates of deactivation. Although, similar to the study by Reymond et 
al.17, no direct evidence of the presence of unreactive carbonaceous species is given, 
the authors suggest that the catalyst deactivates in time by accumulation of these 
species. XRD analysis shows the presence of e’-Fe2.2C in both the unreduced and 
reduced catalyst, but in the case of the latter catalyst a larger quantity of the carbide 
is observed. However, because the reduced catalyst showed less FTS activity, the 
authors suggest that the e’-Fe2.2C crystallite size is smaller in the case of the (more 
active) unreduced catalyst. The smaller sizes of these crystallites are also deemed 
responsible for the lower activation rates in this catalyst. It must be noted however 
that no evidence for smaller carbide particle sizes was found in the XRD patterns (e.g. 
no observed line broadening). Also, it was not noted that, since the XRD patterns 
were recorded after reaction and not in situ, the lower abundance of carbides on the 
more active catalysts might be due to the fact that the carbides are oxidized more 
rapidly upon exposure to air in this case.

Sommen et al. reported the deactivation of carbon supported iron catalysts for 
the production of C2 and C3 olefins from syngas180. They found that high levels of 
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CO2 were produced, mainly due to the Boudouard reaction. It was estimated that 
only 20 % of the converted CO produced hydrocarbons. In their catalytic system, 
carbon deposit formation exceeded hydrocarbon formation by a factor of 2. Using 
thermobalance measurements the group illustrated that the catalyst weight in certain 
cases increased by 30 % under syngas feed. This high increase cannot be explained 
by the formation of iron carbide species and thus must be due to the formation of 
inactive carbon deposits. In this respect, the group observed growing (graphitic) 
carbon fibers in their TEM analysis. Unlike other authors, however, Sommen et al. 
did not ascribe the deactivation of the catalyst to the coverage of active iron sites, 
but rather to the blockage of catalyst pores leading to a lower amount of accessible 
active iron sites. Their main argument for this was the high initial deactivation rate, 
which cannot be explained by the simple progressive deposition of carbon on active 
iron surfaces.

McDonald et al.182 studied the influence of the iron particle size for a Fe/MgO 
catalyst. They found that smaller particles were less active for methane production, 
showed a higher C2+ selectivity and deactivated less with time-on-stream. The lower 
deactivation rate was ascribed, at least partly, to the lower amounts of inactive 
surface carbonaceous species present on the smaller particles. This was described 
to be due to the higher extent of carburization of the smaller iron particles, leading 
to lower CO dissociation rates. Similar to Raupp and Delgass39 and Jung et al.210, 
the group found that smaller iron particles showed a preference to form the e’-Fe2.2C 
phase over the c-Fe5C2 phase. Jung et al. concluded similarly from their experiments 
on highly dispersive iron catalysts supported on carbon and alumina210. The highly 
dispersed catalysts showed a superior maintenance in activity. The group stated that 
because the first order dependence of the FTS reaction rate in hydrogen211 and the 
fact that smaller iron particles show lower hydrogen chemisorption potential, the 
overall reaction rate over smaller particles is expected to be lower. Therefore, it 
might be expected that less carbonaceous deposits are formed on these catalysts.

Bukur et al.78, 80, 81 observed the deposition of carbon during the activation 
treatment as well as during FT synthesis. It was observed that under FTS conditions, 
except for the aforementioned oxidation to Fe3O4, the c-Fe5C2 phase was gradually 
converted into inactive carbon deposits. The authors commented that the catalysts 
containing some amount of binder deactivated much slower. This is ascribed mainly 
to the reduced extent of masking of active sites by carbonaceous deposits. The 
authors confirm that some sintering also contributes to the overall deactivation 
of the catalyst. Like Sommen et al.180, Machocki75 applied TGA measurements in 
his research into the deactivation of silica supported Fe catalysts (15 wt%) at 275 
oC and 1 bar. His work nicely fits the proposed competition model as described 
by Niemantsverdriet et al.67. During time on stream, rapid weight increase during 
the activation period as syngas is first introduced to the reduced catalyst, weight 
decrease as the catalyst reaches it maximum activity and subsequent weight increase 
as the catalyst deactivates are all observed. Because the maximum theoretical weight 
increase (relative to the total iron mass) from iron carbide formation (Fe 2C) is 9.709 
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wt. %, the additional mass increase can only be explained by the binding of oxygen 
originating from dissociated carbon monoxide species. This implies that except for 
iron carbide; also some iron oxide species are formed. The weight increase after 
longer times on stream is due to the deposition of unstoichiometric amounts of 
carbon on the surface of the catalyst. From XRD after 50 h on stream, the author 
found that except for the amorphous carbon deposits, the only phases that were 
present were c-Fe5C2 and Fe3O4.

Shroff et al.135 specifically studied the role of different iron phases during FTS. 
From their research the group concluded that the iron carbide phase is necessary 
for the catalyst to show FTS activity. Using HRTEM, XRD and XPS/AES, the 
group observed the conversion of iron oxide into smaller iron carbide particles after 
activation in CO and syngas mixtures. After prolonged FTS reaction time, carbon 
layers were observed on the surface of the iron carbide particles. Similar to what 
is proposed by other groups, Shroff et al. assumed that the catalyst deactivated by 
the inhibition, or rather physical covering, of the reactive surface of the catalyst by 
carbonaceous species.

Eliason et al.177, 178 proposed that the iron catalyst deactivation is caused by parallel 
paths, i.e. (a) the conversion of atomic carbon to polymeric and graphitic carbon 
and (b) the interconversion between active and less active iron carbides. Although 
the authors do not present any direct proof for the formation of these species, a 
mechanism is proposed for the deactivation of the catalyst. This mechanism involves 
the formation of polymeric, graphitic and carbidic carbon.

Finally, we would like to include a study on the hydrogenation of CO2 on a Fe-K/
Al2O3 catalyst by Hwang et al. 181. It is included in this discussion because this reaction 
is closely related to the Fischer-Tropsch reaction, as CO2 is actually converted to 
CO before hydrogenation by the reverse water-gas shift (RWGS) reaction. In this 
research it was shown by chemisorption, BET analysis and XRD that carbonaceous 
deposits were formed after prolonged reaction time and, interestingly, that the 
catalyst could be regenerated by an oxidation-reduction treatment.

Deactivation Through Sintering of the Active Phase

Sintering has been reported to be a cause for catalyst deactivation by various 
authors77, 84, 87, 176. Dry176 reported that the BET area and the amount of pores with 
sizes below 35 nm of aged catalysts declined while the crystallite size increased 
upon moving down the (fixed) catalyst bed. This indicates sintering of the catalytic 
phase. In addition, the catalyst bed showed more oxidic character in the lower part 
of the reactor. Therefore it was assumed that hydrothermal sintering and oxidation 
were the main causes for catalyst deactivation in the bottom part of the catalyst bed. 
The progressively increasing H2O partial pressure upon going down the catalyst 
bed was the main reason for the increased amount of sintering. Duvenhage et al.77, 84 
drew similar conclusions in their research on industrial FT catalysts.

Mansker et al.87 also reported sintering in their study of a precipitated FTS catalyst 
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material. The researchers found that the change in carbide phase composition from 
Fe7C3 to c-Fe5C2 was accompanied by a progressive growth in crystallite size after 
~ 350 h on stream. However, it was unclear whether the deactivation was directly 
related to the sintering of the carbide phase or that the carbide phases were inherently 
different in activity.

Sintering in iron FTS catalysts remains a very delicate subject. The phase 
changes that the catalyst undergoes have great impact on the surface area of the 
catalyst. In this respect sintering is often reported in the context of reduction16, 76, 78, 

105, 179, 212 rather than during the FTS reaction. During reduction, the porous structure 
of the iron oxide precursor is lost as metallic iron sinters, resulting in a drop of 
surface area and total pore volume. To prevent this, very often transition metal 
catalysts are directly converted to carbides without a separate reduction step43. As 
iron carbides have substantially higher melting points (q-Fe3C mp~2100 K), and thus 
higher Tamman temperatures than metallic iron (mp~1811 K), the extent of sintering 
is expected to be significantly lower for carbides as compared to iron. For iron FTS 
precursors specifically, activation in CO or CO/H2 are common practice. It should 
be noted here that many authors explicitly conclude that sintering is not playing a 
significant part in the deactivation of Fe catalysts90, 178, 213.

Deactivation through Poisoning

Sulfur poisoning in Fe-based FTS catalysts is widely reported in literature. 
Bartholomew and Bowman185 studied the effect of H2S on the catalytic performance 
of cobalt and iron FTS catalysts. Upon addition of H2S, they observed a decline 
in catalyst activity while the selectivity remained unaffected. This behavior is 
commonly observed. Sulfur is thought to deactivate the FTS catalysts through the 
physical inhibition of active surface sites. At higher sulfur contents, also multilayer 
sulfur compounds are reported185. Chaffee et al.186 observed significant deactivation 
when H2S was added to the syngas feed. Their Fe/Mn co-precipitated catalyst was 
reported to be more resistant to sulfur poisoning. The authors claimed that this was 
due to the fast formation of MnOS compounds, thereby protecting the iron phase 
from deactivation. Dry176 and later Duvenhage77, 84 reported sulfur poisoning in large 
scale fixed bed reactors. More specifically, it was found that mainly the entrance 
of the catalyst bed was poisoned by sulfur with the rest of the bed remaining 
unaffected. Liu et al. 104 specifically investigated the effect of carbonyl sulfide (COS) 
on the catalyst performance. They concluded that the catalyst activity decreased 
significantly, while the selectivity towards lighter FTS products (CH4-C4) was 
increased.

Interestingly, many groups found positive effects from sulfur at lower 
concentrations. Bartholomew and Bowman185 reported that iron boride catalysts 
were very resistant to sulfur poisoning even at high sulfur contents, while low sulfur 
contents were observed to increase the catalyst activity. Similar conclusions were 
drawn by Madon and Shaw for iron carbides58. They found that the carburized iron 
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FTS catalysts required twice the amount of sulfur compared to reduced iron catalysts. 
Addition of small amounts of H2S to the syngas feed even was observed to improve 
activity and the C5+ selectivity of the catalysts. This was confirmed much later in a 
papers by Bromfield et al.203 and Wu et al.59. The groups found that small amounts 
of sulfur, most likely present in the form of sulfates, improved the reducibility of the 
iron catalyst by either dispersing the iron phase or helping with the removal of lattice 
oxygen atoms from iron oxide (sulfur assisted reduction). 

Sulfur promotion has been known in literature for quite some time. Except for 
increased catalyst activity59, 203, 214, 215, reported promotion effects include improved 
selectivity143, 187, 205-208, 214, 216 and stability187, 205. The enhanced olefin selectivity upon 
addition of small quantities of sulfur has in fact been reported in patent literature as 
early as 1929206-208. Van Dijk 205 and Kritzinger187 later reported the increased olefin 
selectivity upon addition of small amounts of sulfur. Van Dijk205 concluded that 
treatment of an iron catalyst with small amounts of ammonium sulfate increased 
catalysts stability and the selectivity towards short olefin chains at the expense of 
methane. Kritzinger187 studied the effect of small amounts of sulfur to a commercial 
FTS plant. He hypothesized that the positive effect on the olefinicity of the products 
might be due to the selective poisoning of highly active sites, which would inhibit 
the hydrogenation of surface olefin species. Furthermore, it was concluded that even 
upon addition of sulfur levels 10-15 times higher that normally allowed under plant 
operation, no significant negative effects were observed on the catalyst performance. 
In addition, catalyst stability was improved upon addition of H2S, an effect that was 
attributed to the possible stabilization of the c-Fe5C2 carbide phase in a similar way 
that H2S prevents metal dusting in reformers217.

Conclusions and Outlook
Even after more than 80 years of research on Fe-based Fischer-Tropsch synthesis 
catalysts, the system continues to be a challenge for scientists who work on unraveling 
its working mechanisms. The complex chemical structure of iron catalysts and the 
dynamic nature of the iron-carbon-oxygen system under FTS conditions complicate 
the straightforward deduction of structure-catalytic performance relationships. This 
is illustrated by the many mechanisms and active sites that have been proposed in 
the past, as reviewed in this Chapter. It has been shown that catalyst deactivation is 
an incredibly multifaceted process. In the real catalytic process, most probably, all 
of the discussed deactivation mechanisms mentioned, to some extent, play a role in 
the overall decreasing activity of the catalysts with time-on-stream.

At high syngas conversion, oxidation of the active phases by the high partial 
pressure of water and carbon dioxide produced in the FTS reaction plays an important 
role in deactivation of the catalysts. Also, a collapse of the high surface area of the 
catalysts as a result of (hydrothermal) sintering of the active phase, facilitated by 
high partial pressures of water may play an important part in the overall deactivation 
process. Many studies have shown that carbon build-up on the surface of the 
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catalyst, in the form of hydrocarbons which can form a reactant diffusion barrier 
or inactive carbon physically blocking active sites, can be an important factor in 
deactivation as well. Sometimes, more specifically, pore blocking by carbonaceous 
deposits is reported, resulting in a drastic drop in accessible catalytic surface area. 
Sulfur or other catalyst poisons can further decrease catalytic activity and especially 
industrially this is an important factor to take into account in the commercial catalyst 
design.

From the first characterization studies onward, scientists have tried to correlate 
bulk phase compositions with the catalytic behavior of the catalyst materials. Bulk 
phases do play an important role in determining the surface structure of the catalyst, 
and thereby its catalytic behavior. It should be stressed, however, that the typical 
timescales of surface reconstruction and bulk phase reorganization can be very 
different. Furthermore, if one would assign a certain surface composition of carbon, 
hydrogen and iron to be the active site, one can easily recognize that competition 
between the surface polymerization reaction taking place on that active site and 
the diffusion of reactants into the bulk to induce a phase change can significantly 
delay the observation of such phase changes. Therefore, the observation of changes 
in catalytic performance is seldom paralleled by the observation of changes in bulk 
composition of the catalysts. This bulk/surface disagreement is often reflected in 
the ambiguous conclusions that are drawn from studies applying mainly surface 
sensitive techniques (e.g. XPS and AES) and studies that apply techniques that are 
typically sensitive for the bulk composition of the catalyst (e.g. MES and XRD). 
Furthermore, often catalyst texture is not included in the comparisons between 
different bulk structures and the role of amorphous carbide phases has also been 
underestimated in literature by the large amount of studies that focus on crystalline 
catalyst structure only.

Another important factor which complicates the direct interpretation of activation 
and deactivation phenomena taking place in the catalyst, is the wide range of 
pretreatments that are used to activate the catalyst material. Many detailed studies 
have shown that certain activation treatments may lead to improved catalyst activity, 
selectivity and stability. Because the exact underlying structural and electronic 
causes for the improved catalyst performance as a result of a certain treatment are 
not always clear, it is not always possible to identify a specific active site and/or 
deactivation pathway. Often, conclusions drawn from different studies on identical 
catalysts are different and sometimes even contradict each other. Related to this, it 
is often found that the synthesis of an active, selective and most importantly, stable 
Fe-based FTS catalyst is not always easy to reproduce. Different studies of catalysts 
of identical chemical composition, pretreated under similar conditions often yield 
different catalytic performance. Detailed catalyst preparation and characterization 
studies, or efforts to synthesize well characterized model catalysts are scarce, 
possibly owing to the industrial background and trail-and-error based approach on 
the synthesis of early FTS catalysts. It is therefore recommended that more studies are 
concentrated on the development of reproducible, well characterized representative 
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(model) catalysts. A final, maybe somewhat straightforward point to be made here is 
that in industrial Fischer-Tropsch Synthesis, different reactors, each with their own 
specific process parameters, will have their own specific deactivation pathways. A 
slurry phase or fluidized bed reactor obviously suffer higher deactivation rates as a 
result of breakup of catalyst particles by attrition and/or carburization than a fixed 
bed reactor. On the other hand, fixed bed reactors may be more prone to catalyst 
oxidation near the reactor exit as a result of higher partial pressures of water and 
carbon dioxide products.

The recent renewed interest in Fe-based FTS catalysts has boosted efforts to 
elucidate its working and deactivation mechanisms. New catalyst characterization 
tools are constantly developed and older techniques have been improved. This also 
includes the recent application of theoretical methods to study the Fe-based system 
in more detail127, 218-222. Perhaps the most interesting and promising development in 
catalyst characterization are the increasing application of techniques in situ. The in-
situ approach enables researchers to study the catalyst during the different stages of 
catalyst pretreatment and during FTS, sometimes even at near industrial conditions, 
thereby gaining important insights into the structure-activity relationships in the 
“working” catalyst. To summarize, in order to gain more insight into the structure-
performance relationship in Fe-based FTS catalysts, four areas of research can be 
recommended for further focus:

1. Development of reproducible, better defined, model iron catalyst systems;
2. Combined techniques allowing simultaneous characterization the catalyst 

surface and bulk structure, texture and electronic properties;
3. Development and application of in-situ characterization tools;
4. Combination of theoretical and experimental methods. 

Research efforts that are able to combine these three areas are the most promising 
efforts to benefit the understanding of the activation and deactivation mechanisms in 
Fe-based FTS catalysts in the years to come.

This Thesis is inspired by these recommendations and focuses on the in-situ 
characterization of three Fe-based catalyst systems of increasing complexity, 
namely, an unsupported unpromoted, an unsupported Cu promoted and a complex, 
industrially relevant catalyst system containing Cu, K  and SiO2 (“Ruhrchemie” 
catalyst7). In part II of this Thesis we will introduce and investigate the catalyst 
systems on the local and long range order scales and, subsequently, on a nanoscopic 
scale using X-ray microscopy. The effect of pretreatment procedures on the catalyst 
structure and the resulting catalyst stability and performance under atmospheric 
(1-2 bar) FTS conditions, are the subject of study in this part. Part III will focus 
on in-situ characterization of the unpromoted, unsupported catalyst under high 
pressure FTS reaction conditions and investigate the theoretical and experimental 
thermodynamic stability and reactivity of iron carbide catalysts specifically 
synthesized under different pretreatment methods. Part IV will combine bulk and 
surface characterization methods in order to gain more insights into the effect of Cu 
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and SiO2 and differences in iron oxide crystallite size on the surface properties of 
the FTS catalyst systems introduced in Part II. Part III and IV will also include the 
increasingly more important combination of theoretical and experimental methods 
and serves as an example of this synergistic approach.
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Chapter 3

Local and Long Range Order in 
Promoted Fe-based Fischer-Tropsch 

Synthesis Catalysts:
A Combined in-situ X-ray 

Absorption Spectroscopy/X-ray 
Diffraction Study*

Abstract
This Chapter will study the physicochemical properties of three Fe-based Fischer-
Tropsch Synthesis (FTS) catalysts of increasing complexity, containing different 
amounts of Cu, K and SiO2 additives. The catalyst were studied during pretreatment 
and FTS in a fixed bed-like reactor using combined in-situ X-ray Absorption Fine 
Structure (XAFS)/X-ray Diffraction (XRD). This combination enabled acquisition 
of complementary information regarding the local environment of Fe atoms from 
XAFS and (long range ordered) crystalline phases from XRD during H2 and CO/H2 
pretreatment and FTS at 1 bar. The presence of SiO2 and Cu significantly influenced 
the composition and morphology of the catalysts after pretreatment. After FTS, H2 
pretreated catalysts mainly consisted of amorphous or poorly crystalline q-Fe3C 
clusters (unsupported catalysts) or amorphous iron (II) silicate (supported catalyst), 
while the CO/H2 pretreated catalysts consisted mainly of face centered cubic g-Fe 
and c-Fe5C2. Catalysts activated in CO/H2 showed superior FTS performance, while 
H2 pretreated unsupported catalysts deactivated rapidly during the first 15 h of 
reaction.
Introduction
* Based on: E. de Smit, A. M. Beale, S. Nikitenko and B. M. Weckhuysen, “Local and long range order 
in promoted iron-based Fischer–Tropsch catalysts: A combined in situ X-ray absorption spectroscopy/
wide angle X-ray scattering study”, Journal of Catalysis, 2009, 262, 244-256.
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In Fischer-Tropsch Synthesis (FTS), carbon monoxide is catalytically converted 
through a hydrogenation-polymerization reaction to form hydrocarbon chains1, 

2. FTS enables the production of virtually sulfur and aromatic free transportation 
fuels and other valuable chemicals from carbon sources alternative to crude oil. 
Depending on the FTS process, feedstock and desired products, either Co or Fe-
based catalysts are applied industrially3. 

Fe-based catalysts typically consist of a precipitated iron oxide phase to which 
promoters are added to improve catalyst selectivity, activity and stability. The iron 
oxide catalyst precursors can be activated in H2, CO or H2/CO to obtain the active 
FTS catalyst4-10. Typical promoters are Cu, K and SiO2. SiO2 is added to disperse Fe 
phases and to prevent sintering and attrition of the active catalyst, Cu is added to 
improve the reducibility of the catalyst and K is used to improve the selectivity of 
the catalyst towards longer hydrocarbon chains1, 11-13. 

Although FTS over Fe-based catalysts has been reported as early as the 1920s, 
the complexity of the Fe-C-O system during FTS prevents the straightforward 
identification of a single active phase and related reaction mechanism. As a result, 
there are currently three mechanisms that describe FTS over Fe-based catalysts that 
are generally supported in literature (see also Chapter 2)14, 15. As is common for 
many heterogeneous catalysts, active sites are located on the surface of the Fe-based 
catalysts. However, the underlying bulk structure may play an important role in 
determining the nature of these active sites and therefore catalytic activity. For this 
reason, many studies have attempted to correlate bulk catalyst composition with FTS 
performance. It is well established that the Fe-based catalyst consists of a complex 
mixture of iron carbides (i.e. e-Fe2C, e’-Fe2.2C, Fe7C3, c-Fe5C2 and q-Fe3C), metallic 
iron (a-Fe) and iron oxide (Fe3O4) during FTS. All these phases have been claimed 
to be active in the synthesis reaction15.

The study of the activated FTS catalysts is challenging in many ways. Firstly, the 
complex, dynamic composition of the catalysts during FTS makes straightforward 
correlation between structure and catalyst performance difficult. Secondly, recent 
work has established that, when not carefully handled, Fe-based catalysts change 
composition upon exposure to air16. In this respect, the recent development of 
advanced in-situ spectroscopic techniques could prove helpful in gaining new 
insights into the complex system15, 17. While some authors have carried out their 
research under (quasi) in-situ conditions5, 18-25, most work relies on the extraction 
of the catalyst from the reactor bed and subsequent ex-situ characterization after 
exposure to air.

In addition to this, one most applied characterization methods to the Fe-based 
FTS system, X-Ray Diffraction (XRD), selectively probes crystalline phases (long 
range order). Although XRD is a powerful characterization technique that has 
been used extensively for the quantification of crystalline phases present in the 
catalyst, active Fe-based catalysts often form very small carbide particles under 
FTS conditions26. Since these particles do not show long range ordering, part of 
the active catalyst may be left undetected in XRD studies. Other techniques that 
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are applied for catalyst characterization, that probe on a more local scale, are often 
not straightforwardly applicable in-situ, either because of the high temperatures 
involved (e.g. Mössbauer Effect Spectroscopy (MES)) or because of the presence 
of gas phase species (e.g. X-ray Photoelectron Spectroscopy (XPS), Transmission 
Electron Microscopy (TEM)).

Recently, X-ray Absorption Spectroscopy (XAS) has been applied to characterize 
the local order of Fe-based FTS catalysts23, 27-29. In this Chapter, the fine structure of 
the Fe K absorption edge is studied to characterize Fe species in the catalysts. In the 
K-edge X-ray absorption process, a 1s electron is excited to an empty state. For the 
Fe K-edge this process requires high energy X-rays (7.112 keV). Hard X-ray radiation 
(> 2 keV) has only limited interaction with gas phase reactants and therefore can be 
conveniently applied in-situ.

The study of fine structure in hard X-ray XAS is generally referred to as X-ray 
Absorption Fine Structure (XAFS) and divided into two main energy regions. The 
near edge structure, which comprises of the absorption edge energy region up to 
~ 150 eV above the main edge, is referred to as the X-ray Absorption Near Edge 
Structure (XANES). Changes in Fe valence and coordination change the empty 
density of states of a material to which the 1s electron can be promoted. As a result, 
the XANES shape, which roughly resembles a mapping of the empty density of 
states, is sensitive to changes in Fe valence and coordination. Therefore, the XANES 
spectrum can be used as a fingerprint of the type of Fe species present.

The Extended X-ray Absorption Fine Structure (EXAFS)30 region comprises of 
the region between ~ 150 eV above the edge and to several hundreds (or sometimes 
thousands, depending on the element under study) of eV above the edge. In this 
energy region, photoelectron waves created and propagating from the absorber atom 
interfere with photoelectron waves that are (back)scattered by surrounding atoms. 
The interference between outgoing and backscattered photoelectron waves gives 
rise to fine structure in the absorption spectrum. By analyzing this fine structure, 
information about the nature, number and distance of atoms surrounding the absorber 
atom can be extracted. The characteristic short range of the photoelectron wave (~ 
5 Å) and low scattering amplitudes make EXAFS a local probe.  With XANES and 
EXAFS, XAFS provides detailed element specific information about the oxidation 
state and local ordering and coordination of absorber atoms. Furthermore, the 
technique is element specific and therefore, selectively probes the surroundings of 
Fe atoms. As XAFS probes the local environment of Fe species, ill defined, non-
crystalline phases that are common in catalysis, are also detected. This can provide 
important complementary information to XRD. 

This Chapter describes the application of combined in-situ X-ray Absorption 
Spectroscopy/X-ray Diffraction (XAFS/XRD)31-35 to study catalysts at elevated 
temperatures (up to ~ 450 oC) under 1 bar of reactant gas. The measurements were 
carried out on samples in a fixed bed-like environment at low conversion. Although 
industrially FTS is performed at ~ 20 bar pressure and high (~ 40-60 %) conversion, 
our 1 bar low conversion experiments allowed the systematic study and comparison 
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of three promoted/unpromoted model catalyst systems under differential conditions. 
The combined technique approach allowed us to study the influence of additives 
(promoters), pretreatment procedures and FTS reaction conditions on the local and 
long range structure of Fe-based Fischer-Tropsch catalysts. Differences in catalyst 
structure were correlated to FTS performance.

Experimental
Catalyst Preparation

Unpromoted Fe2O3 (denoted as Fe2O3), singly promoted Fe2O3/CuO (denoted as Fe2O3-
Cu) and fully promoted, supported Fe2O3/CuO/K2O/SiO2 (denoted as Fe2O3-Cu-K-
Si) Fe-based catalyst precursors were prepared by precipitation from a ferric nitrate 
solution in a basic sodium carbonate solution1. 25 g of Fe(NO3)3 • 9 H2O (Acros, 
98+ %) was dissolved in 100 mL of distilled water. For the promoted catalysts, 1.2 g 
of Cu(NO3)2 • 3 H2O (Merck, 99.5 %) was added to this solution. The solution was 
heated to its boiling point, after which it was slowly added to a vigorously stirred, 
near boiling solution of 25 g Na2CO3 in 100 mL distilled water. As sodium has been 
reported to negatively influence the catalytic performance of Fe-based catalysts36, 
the resulting precipitate was filtered and re-slurried in about 1 L of near boiling 
distilled water. The precipitate was washed at least four times, until the pH of the 
solution was about pH ≈ 7. 

For the unpromoted (Fe2O3) and singly promoted (Fe2O3-Cu) catalyst, the 
precipitate was dried for 6 h at 60 oC and subsequently 24 h at 120 oC. The catalyst 
precursors were calcined in a flow of air at 300 oC for 5 h using a heating ramp of 5 
oC/min.

For the fully promoted catalyst (Fe2O3-Cu-K-Si), the washed precipitate was 
re-slurried in 200 mL distilled water. About 8 g of potassium waterglass solution 
(K2O:SiO2 (1 : 2.15), Akzo-PQ) was added to the slurry under vigorous stirring. 
1.5 mL of concentrated HNO3 was added to precipitate SiO2 and lower the total 
potassium content. After this, the precipitate was dried and calcined in the same way 
as the unsupported catalysts. 

The elemental composition of the samples was measured by X-Ray Fluorescence 
(XRF) using a Goffin Meyvis Spectro X-lab 2000 machine. The relative elemental 
compositions of the catalysts were 100 Fe, 100 Fe / 3.9 Cu and 100 Fe / 7.5 Cu / 5.9 K 
/ 15.6 Si for the Fe2O3, Fe2O3-Cu and Fe2O3-Cu-K-Si catalysts, respectively.

XAFS/XRD combined setup

The XAFS/XRD data were collected on the Dutch Belgian Beamline (DUBBLE, 
BM26A)35, 37 at the European Synchrotron Radiation Facility (ESRF). The storage 
ring was operated at 6 GeV at 50-90 mA in 16 bunch filling mode. A schematic 
representation of the setup is shown in Figure 1.

All measurements were performed with the catalyst samples mounted in 1.0 mm 
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diameter borosilicate glass capillaries designed for X-ray applications (Hampton 
Research, Aliso Viejo, CA, USA). The capillary was mounted on a goniometer 
and connected to a gas manifold allowing the supply of He, H2 and CO gasses34. 
Heating was provided by a calibrated nitrogen heat gun, which allowed treatment 
temperatures up to 450 oC. The actual temperature of the catalyst bed during 
treatments was monitored using an external thermocouple.

Fe K-edge (7.112 keV) absorption spectra were collected in transmission mode. 
The beamline was equipped with a Si (111) double crystal monochromator and a 
vertically focusing Si mirror. Ionization chambers filled with Ar/He mixtures were 
used to detect the initial (I0) and transmitted signal (It). The higher harmonics of 
the primary energy, transmitted by the monochromator, were suppressed with the 
vertically focussing Si mirror after the monochromator. The factor of suppression 
for the third harmonic was about ~ 1000. The overall energy resolution was better 
than 2.0 eV. A 5 mm Fe reference foil was measured simultaneously with the sample 
for energy calibration purposes. The monochromater energy was calibrated relative 
to the first inflection point of the Fe foil XANES spectrum (calibrated at 7111.2 
eV).  The average acquisition time for a typical XANES spectrum was ~ 10 min. 
EXAFS data were acquired in the quick EXAFS mode, where the monochromator 
crystal angle was changed at constant speed in order to reduce the “dead time” of 
the measurements. Typically, three EXAFS scans were obtained and averaged in 
order to get better data quality resulting in a total EXAFS acquisition time of about 
45 min.

The XRD data were collected using a wavelength of 1.781 Å (6.980 keV), well 
below the Fe K-edge. Scattered (diffracted) light was detected by a curved position 
sensitive detector (INEL) placed above the capillary. The setup allowed a range of 
35o < 2q < 80o (2.96 Å > d > 1.39 Å). The acquisition time for a diffractogram was 
typically 10 min.
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Figure 1 Schematic drawing of the combined XAFS/XRD setup at the DUBBLE BM26A 
beamline at ESRF.
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An online mass spectrometer was connected to the setup to detect reactants and 
products in the capillary effluent gas stream.

Sample preparation

Catalyst samples were diluted with SiO2 (Aerosil OX-50, Degussa) in order to obtain 
an edge jump of about 1.0 absorption units in the XAFS data. The use of amorphous 
SiO2 ensured that there was no interference between crystalline phases of the diluent 
and the XRD signal of the sample. The diluted samples were gently pelletized, ground 
and sieved to a particle size of 150-250 mm and loaded between plugs of glass wool 
into the 1.0 mm diameter borosilicate glass capillary. To ensure isothermal heating, 
the bed length was limited to about 1 cm, about the same size as the “hot spot” of the 
heater gun. The beam profile was 500 mm high and 5 mm broad, which ensured that 
a substantial part of the catalyst bed was probed. It is noted here that a recent study 
suggests that the capillary reactor exhibits quasi plug flow conditions31.

H2 activation and in-situ Fischer-Tropsch experiments

Samples were activated by treatment in H2 flow (10 mL/min, 99.99 % Linde) at 
350 oC for 2 h. A heating ramp of 10 oC/min was applied. During the ramp and 2 h 
dwell time, XANES and XRD data were acquired continuously. After 2 h reduction, 
EXAFS data were collected. For FTS, the sample was cooled down to 250 oC, 
exposed to a flow of CO (99.0 %, Linde) and H2 (4 and 8 mL/min, respectively) and 
XANES and XRD data were collected continuously for 4 h. Samples were run under 
differential conditions. A high gas hourly space velocity (GHSV ≈ 1 ∙ 106 h-1) further 
ensured low partial pressures of product H2O in the catalyst bed during reduction 
and FTS and therefore low WGS activity. After FTS, EXAFS data were collected 
from the samples.

CO/H2 activation experiments

The activation of the catalyst precursor materials was additionally studied by heating 
in a mixture of CO and H2 (4 and 8 mL/min, respectively) to 450 oC at 2 oC/min. 
XAFS and XRD data were acquired continuously during the activation treatment. 
After activation, EXAFS data were collected.

Catalyst performance testing

Catalytic performance data obtained from the online mass spectrometer was limited 
due to overlapping hydrocarbon mass fragments. Therefore, separate catalytic 
performance tests were carried out. For this, about 50 mg of sample (particle size 
212-500 mm) was diluted in 200 mg SiC (~ 200 mm) to ensure isothermal conditions 
and loaded into a tubular glass reactor with an internal diameter of 1.0 cm. The 
reactor was heated using a tubular quartz oven and equipped with thermocouples to 
monitor the temperature of the catalyst bed. Samples were tested at 1 bar and 250 ºC 
using CO/H2 (2/4 mL/min) after treatment in either H2 at 350 ºC (5 oC/min) or CO/
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H2 at 300 oC/min (2 oC/min) for 2 h. It is noted that, industrially, Fe-based catalysts 
are run at higher pressures (~ 20 bar). Here we chose to use the same pressure as 
our combined XAFS/XRD experiment in order to make a fair correlation between 
the collected characterization data and the catalytic performance. Conversions were 
kept low (~ 1 %, GHSV ≈ 1 ∙ 105 h-1), ensuring differential plug flow conditions and 
limiting WGS activity. Product analysis (C1-C20) was carried out using an online 
Varian CP-3800 gas chromatograph (GC) equipped with a FID detector and fitted 
with a 50 m CP-Sil 5 CB column. All reactor lines were heat traced (130 oC) to prevent 
the condensation of heavier hydrocarbon products. All products were analyzed from 
the gas and vapor phase.

XRD data analysis

Estimation of relative crystal phase contributions after various pretreatments was 
made by powder diffraction pattern refinement using the Powdercell software 
package38.

XAFS data analysis

EXAFS data reduction and analysis were performed using XDAP software39, 40. 
The signal-to-noise ratio of the experimental data typically allowed using k ranges 
of 2.0 – 10.0 Å-1

  for the Fourier transform procedure. a-Fe2O3, Fe3O4, Fe2SiO4, 
a-Fe, q-Fe3C and c-Fe5C2 references (for details on the preparation of the carbide 
references see the Appendix section of this Thesis) were measured and used as 
standards for the least squares linear combination fitting of the XANES data. For 
the EXAFS analysis, theoretical scattering phases and amplitudes for g-Fe, e-Fe2C, 
c-Fe5C2 and q-Fe3C were calculated by using the FEFF41 code as implemented in the 
Artemis software program. Least squares linear combination fitting were performed 
on the normalized XANES spectra and their derivatives using Athena software. 
Both programs are part of the IFFEFIT software package42. All EXAFS derived 
radial distribution functions presented in this work are k1 weighted to emphasize 
contributions from light scatterer atoms (C and O).

Transmission Electron Microscopy

The catalyst materials were characterized before reaction using Transmission 
Electron Microscopy (TEM) in a Tecnai 20F FEG microscope operating at 200 kV. 
The microscope was equipped with Energy Dispersive X-ray (EDX) and Selected 
Area Electron Diffraction (SAED) analyzers, which allowed determination of the 
crystallinity and distribution of chemical species in the materials under study. As 
typical Cu-based TEM grids interfere with the Cu TEM-EDX analysis, Ni-based 
TEM grids were used.
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Results
Figure 2 presents TEM images of the three catalyst materials. Both unsupported 
Fe2O3 and Fe2O3-Cu samples show large agglomerates (~ 200-400 nm) of very small 
(~ 5 nm) iron oxide crystallites, as well as some larger crystallites (~ 50 nm). The 
Fe2O3-Cu-K-Si sample shows similar morphology. However, no large crystallites are 
observed in this sample. EDX analysis confirmed that the Cu and Fe phases in the 
Fe2O3-Cu sample were well mixed, while selected area diffraction analysis confirmed 
the presence of crystalline a-Fe2O3 in all three samples. Because of the low contrast 
between SiO2 and a-Fe2O3 it is not possible to straightforwardly distinguish between 
the two phases in the TEM images. However, EDX analysis showed that all phases 
in the Fe2O3-Cu-K-Si catalyst were homogeneously distributed.

The reducibility of the catalysts was investigated by heating the materials to 350 
oC in H2 flow while acquiring XAFS and XRD data. After the H2 pretreatment, 
XAFS and XRD were used to monitor changes in catalyst composition during 4 h of 
Fischer-Tropsch synthesis at 250 oC. For comparison, the three catalyst samples were 
also directly exposed to CO/H2 flow and heated up to 450 oC, while continuously 
acquiring XAFS and XRD data. The H2 pretreatment and subsequent Fischer-
Tropsch synthesis will be considered here first.

100 nm

20 nma

100 nm

b

100 nm

c

Figure 2 Bright Field TEM images of the (a) Fe2O3, (b) Fe2O3-Cu and (c) Fe2O3-Cu-K-SiO2 
catalysts.
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H2 pretreatment: reducibility of the catalysts

Clear differences were observed in the reduction behavior of the different 
catalysts under study. Figure 3 shows the XANES spectra and corresponding 
XRD diffractograms of the Fe2O3, Fe2O3-Cu and Fe2O3-Cu-K-Si catalysts during 
H2 pretreatment and after different FTS reaction times. At room temperature, the 
XANES data of all three catalysts show a pre-edge at 7113.5 eV corresponding to 
the 1sà3d electronic transition, and a main edge (1sà4p) transition at 7123.1 eV, 
both characteristic for a-Fe2O3

43. The XRD data confirm the presence of crystalline 
a-Fe2O3 in the Fe2O3 and Fe2O3-Cu samples. a-Fe2O3 has main diffraction peaks at 
38.5, 41.4, 57.8, 63.3, 73.6 and 75.5o 2q originating from the (104), (110), (024), (116), 
(214) and (300) reflection planes, respectively. The Fe2O3-Cu-K-Si sample does not 
show a clear contribution of any crystalline phases in XRD. However, a very broad 
contribution is observed in the regions typical for a-Fe2O3. As the XANES data also 
suggested the presence of a-Fe2O3 in this sample, the  catalyst precursor most likely 
consists of amorphous and/or very small a-Fe2O3 crystallites.

Upon exposure to H2 and heating, the Fe3+ species in the three catalysts are 
gradually reduced. In the XANES data of the Fe2O3 catalyst, the edge position 
gradually shifts from 7123.5 eV towards 7123.0 eV at 350 oC. During the 2 h dwell 
time at 350 oC, the catalyst is largely reduced to metallic iron, as indicated by the 
increasing intensity of the edge feature at 7112.0 eV. The XANES spectra and XRD 
diffractograms of the three catalysts after 2 h reduction in H2 at 350 oC are plotted 
in Figure 4. Least squares linear combination fitting of the XANES spectrum 
was carried out to estimate the phase composition of the catalyst material after 
pretreatment. The reference XANES spectra of a-Fe, Fe3O4 and a-Fe2O3 were used 
to fit the experimental spectrum, resulting in a phase composition of 58 % Fe0, 38 
% Fe3O4 and 4 % a-Fe2O3. The XRD data for this catalyst shows similar trends to 
the XANES data. It can be inferred that the crystalline a-Fe2O3 phase is initially 
converted to Fe3O4, which has main reflections at 41.5, 67.5 and 74.5o 2q, originating 
from the (311), (511) and (440) reflection planes, respectively. Subsequently, Fe3O4 is 
converted to body centered cubic (bcc) a-Fe, which has two diffractions lines in the 
35-80o 2q range, at 52.1o (110) and 76.8o (200) 2q

The XRD and XANES data of the catalysts after H2 treatment are shown in 
Figure 4. As can be seen from Figure 4a, there is a small remaining contribution 
from a-Fe2O3 after 2 h reduction at 350 oC. In addition to the characteristic lines of 
a-Fe and Fe3O4, there is also a small contribution of diffraction lines at 47.6, 50.0 
and 50.9o 2q. These lines are characteristic for the (201), (211) and (102) reflections 
of q-Fe3C44. The observation of this phase is rather surprising, as there was no direct 
carbon source present in the gas phase (as verified by the online mass spectrometer). 
However, it is well known that a-Fe very rapidly dissolves carbon into its bcc lattice 
after reduction45. It is therefore postulated here that, after reduction of the iron oxide 
to metallic a-Fe, this phase forms from adventitious carbon present on the surface 
of the catalyst, similar to observations by van der Berg et al.46.
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Figure 3 XRD diffraction patterns (left) and XANES spectra (right) of the (a) Fe2O3 (b) Fe2O3-
Cu and (c) Fe2O3-Cu-K-SiO2 catalysts during reduction in H2 and Fischer-Tropsch Synthesis 
in CO/H2.
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The non-phase corrected, k1 weighted, Fourier transformed EXAFS data for the 
reduced Fe2O3 catalyst, presented in Figure 5a, confirm the observations from the 
XRD and XANES data. The scattering contributions of Fe3O4 and a-Fe references 
show reasonable agreement with the experimental data. The contribution of a-Fe to 
the Fourier transform is lower than expected from the XANES data. This is most 
probably due to the k1 weighting of the Fourier Transformed data, which increases 
the weighing of light scatterers (i.e. O and C) relative to heavy scatterers (i.e. Fe). 
The k3 weighted data (not shown here) showed a larger intensity at Fe-Fe scatterer 
distances characteristic for a-Fe.

Figure 3b illustrates that the Fe2O3-Cu catalyst is reduced more rapidly compared 
to the Fe2O3 catalyst. The XANES data show that already at 150 oC, the sample 
is converted into a mixture of Fe3O4 and a-Fe. At 300 oC, it is almost completely 
reduced to a-Fe. The XRD data confirm these observations. At 150 oC, all a-Fe2O3 
has been converted to a mixture of Fe3O4 and a-Fe. At 350 oC, the a-Fe is the main 
crystalline phase. A very broad contribution at 41.5o 2q indicates the presence of 
small Fe3O4 particles. Again, some q-Fe3C is observed after 2 h of reduction (Figure 
4a). Linear combination fitting of the XANES data after treatment (Figure 4b) yields 
a phase composition of 84 % Fe0 and 16 % Fe3O4. 

Figure 4a shows that the a-Fe diffraction lines are much sharper in the Fe2O3-Cu 
sample compared to the unpromoted Fe2O3 sample. From the broadening of the a-Fe 
(110) diffraction line at 52.1o 2q, an estimate of the particle size of both catalysts 
after reduction was made using the Scherrer equation47. The Fe2O3 catalyst had an 
average a-Fe crystallite size of 20.0 nm, while the Fe2O3-Cu catalyst had an average 
crystallite size of 30.6 nm.

The Fourier transformed EXAFS data (Figure 5b) for this catalyst confirm that 
the catalyst is largely reduced after H2 treatment. There is some intensity observed 
around ~ 1.4 Å due to Fe-O or Fe-C scattering resulting from the presence of Fe3O4 
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Figure 4 XRD diffraction patterns (a) and XANES spectra (b) of the catalysts after treatment 
in H2 at 350oC for 2 h.
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and q-Fe3C, respectively. Overall, XANES, EXAFS and XRD data clearly indicate 
that Cu promotes the reduction of iron oxide phases to a-Fe.

The supported Fe2O3-Cu-K-Si catalyst reduces much slower than the unsupported 
catalysts (Figure 3c). Even after 2 h of reduction at 350 oC, the XANES spectrum 
(Figure 4b) shows a strong intensity at ~ 7125 eV, characteristic for Fe in 2+ or 3+ 
oxidation state. The edge position after reduction is about 7123.0 eV. Least squares 
linear combination fitting of the XANES spectrum (Figure 4b) with a-Fe and Fe3O4 
does not yield a good fit, suggesting the presence of a third phase.

It is well known in literature, that reduction from a-Fe2O3 to a-Fe proceeds 
through Fe3O4 and FeO, respectively. As FeO is unstable with respect to a-Fe and 
Fe3O4, it is not normally observed in the reduction of unsupported (bulk) catalysts, 
although it is sometimes reported in supported catalysts. Strong interaction with 
the SiO2 support material can lead to the formation of stable iron (II) silicate 
(Fe2SiO4) species48, 49. The XANES spectrum (Figure 4b) after H2 treatment closely 
resembles our Fe2SiO4 reference spectrum and literature spectra50. Furthermore, the 
Fourier transformed EXAFS data for this sample (Figure 5c), fit the reference data 
when the contribution for both Fe3O4 and Fe2SiO4 are included. As there are no 
crystalline oxide phases observed after H2 treatment, it is concluded here that a 
poorly crystalline Fe2SiO4 phase forms during reduction of the supported Fe2O3-Cu-
K-Si catalyst. Linear combination fitting of the XANES spectrum yields a phase 
composition of 6 % Fe0, 64 % Fe3O4 and 30 % Fe2SiO4 after H2 treatment. 

The XRD data show a low intensity, broad, a-Fe peak after reduction, indicating a 
crystallite size of well below 10 nm. There is also a broad contribution from Fe3O4 in 
some regions of the diffractogram, again pointing to very small or poorly crystalline 
particles. The Fe2SiO4 phase, observed from the XAFS data, is not clearly resolved 
in the XRD data.

An overview of metal crystallite sizes, lattice constants and calculated phase 
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Figure 5 Fourier transformed EXAFS data of the Fe2O3 (a), Fe2O3-Cu (b) and Fe2O3-Cu-K-Si 
(c) catalysts after reduction in H2 at 350 oC for 2 h. The solid lines indicate experimental data, 
scattered symbols indicate references. 
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compositions of the three catalysts after H2 pretreatment is presented in Table 1.

Table 1 Estimated a-Fe metal crystallite sizes and detected phases after H2 treatment.

Catalyst Metallic 
Phase

Lattice 
constant 

(Å)

Metal 
Crystallite sizea  

(nm)
XANES

Fe2O3 a-Fe 2.87 20.0
58 % Fe0

38 % Fe3O4

4 % a-Fe2O3

Fe2O3-Cu a-Fe 2.88 30.6 84 % Fe0

16 % Fe3O4

Fe2O3-Cu-K-Si a-Fe - < 10
6 % Fe0

64 % Fe3O4

30 % Fe2SiO4

a as calculated from the XRD data using the Scherrer equation

Phase transformations in the H2 pretreated catalysts during Fischer-Tropsch 
Synthesis

After cooling the catalysts down to 250 oC, FTS was initiated by switching the gas 
flow to CO/H2. The XANES spectra and XRD patterns during FTS are shown in 
Figure 3. The same data after 4 h FTS are shown in Figure 6.

The XANES data of the Fe2O3 sample show a significant increase in the feature 
at 7112.0 eV during FTS, indicating further reduction of Fe species. Furthermore, 
a slight shift (0.5 eV) of the edge position to lower energies and an enhanced 
(“white line”) intensity at ~ 7130 eV are observed, characteristic for the presence 
of a carbide phase27, 51-54. It is noted here that there are only few papers reporting 
on the near edge structure of iron carbide phases. Furthermore, because of the 
instability of many iron carbide phases the only phases considered in these papers 
are the stable q-Fe3C51, 53, 54 or a mixed, unspecified FexC phase27, 52. The synthesis 
and characterization of q-Fe3C and c-Fe5C2 is described in the Appendix of this 
Thesis. However, as iron carbides generally have quite similar near edge structures, 
and no reliable experimental e-carbide reference was available, we will report the 
total contribution of carbides (FexC) from XANES without further specification. 
The least squares linear combination fitting of the XANES data after 4 h of FTS 
yields a phase composition of 92 % FexC and 8 % Fe3O4.

The XRD data in Figure 3 show that immediately after switching to FTS 
conditions, new diffraction peaks appear in the XRD pattern of the Fe2O3 catalyst. 
The diffraction peaks at 43.2, 48.1, 50.0 and 66.8o 2q values are assigned to the (100), 
(002), (101) and (102) reflections of (pseudo)hexagonal e-Fe2C, respectively55. The 
assignment of this phase was later challenged on the basis of Mössbauer experiments, 
and it has been suggested that these peaks are better assigned to the e’-Fe2.2C phase56. 
This carbide structure is very similar to the former structure, except for a lower 
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overall carbon content and a more disordered crystal structure. Since it is practically 
impossible to distinguish between the two phases from their XRD patterns, we will 
refer to the e-Fe2C and e’-Fe2.2C phases as e-carbides. A broad diffraction peak is 
observed at 52.1o 2q, suggesting that a small part of crystalline a-Fe formed after H2 
treatment been converted to iron carbides after 4 h FTS. However, because of the 
overlap with the q-Fe3C (102) diffraction peak, the very small contribution of the 
(200) a-Fe diffraction peak and the overall broad nature of the diffraction peaks, a 
reliable estimation of the relative amount of a-Fe cannot be made from XRD.

The XRD pattern further suggests a smaller contribution of q-Fe3C44 and 
c-Fe5C2

57. A small contribution of Fe7C3
58 could not be ruled out. These carbide 

phases all show reflections between 49o and 54o 2q, and peak overlap between these 
reflections accounts for the broad and unusual peak shape in that 2q range. The 
somewhat sharp peaks at 46.3o and 55.3o 2q can be assigned to the combined (500), 
(-411) and (020) and the (221) and (2-21) diffraction peaks of c-Fe5C2, respectively. 
Other carbide structures do not show peaks at these 2q angles.

The broad underlying contribution in the XRD pattern at ~ 51o and ~ 57o 2q 
fits a broadened diffraction pattern of q-Fe3C. A rough estimation of the relative 
contribution of this phase by refinement of the diffraction pattern shows that, in fact, 
up to 50 vol.% of the sample might consist of q-Fe3C. The largest part of the catalyst 
might thus be present as very small or poorly crystalline q-Fe3C carbides.

a-Fe2O3, which was present in the catalyst after the reduction step, was consumed 
during reaction. The a-Fe2O3 diffraction peaks disappear from the XRD pattern 
after switching to FTS conditions. In addition, it is observed that the (311) reflection 
at 41.5o 2q, characteristic for Fe3O4, decreases in intensity and broadens somewhat, 
indicating a decrease in crystallite size.

The EXAFS data analysis confirms the conversion of the Fe3O 4/a-Fe mixture 
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Figure 6 XRD diffraction patterns (a) and XANES spectra (b) of the catalysts after treatment 
in H2 at 350 oC for 2 h and subsequent Fischer-Tropsch Synthesis in CO/H2 at 250 oC for 4 h.
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into carbide phases. Since not all pure iron carbide reference materials were 
available, theoretical scattering phases and amplitudes for q-Fe3C, c-Fe5C2 and 
e-Fe2C were calculated using the FEFF code41, 42. Normalized contributions of Fe 
and C scatterers of the different carbide phases are shown in Figure 7a. The amount 
of carbon dissolved in the Fe lattice increases from q-Fe3C > c-Fe5C2 > e-Fe2C. As 
can be inferred from the Figure, the relative contribution of the C scatterers at short 
distances (< 2 Å) follows the same trend. Furthermore, the contribution of the first 
shell Fe scatterers in the different phases changes as well and is highest for the high 
symmetry e-Fe2C carbide, while q-Fe3C has significant Fe-Fe scattering at ~ 3.3 Å. It 
can be seen that the first Fe-Fe coordination shell shifts from 2.2 Å in q-Fe3C to 2.3 
Å in e-Fe2C as a result of the expansion of the Fe lattice to accommodate the higher 
amount of dissolved carbon.

Figure 7b shows the EXAFS data of the Fe2O3 sample after 4 h FTS, along with 
the theoretical contributions of a-Fe and e-Fe2C. As can be seen in the Figure, the 
relatively high intensity of the experimental Fe-Fe scattering contribution at 3.3 
Å and the Fe-C contribution at 1.6 Å does not fit the theoretical e-Fe2C reference 
correctly and suggests a major presence of q-Fe3C instead of the e-carbide phase that 
was observed in XRD. This supports the earlier estimation that up to 50 vol.% of 
the sample might consist of poorly crystalline or very small q-Fe3C particles during 
FTS. It should be noted here that part of the intensity at 1.5 Å is due Fe-O scattering 
as a result of the presence of Fe3O4.

 The Fe2O3-Cu sample reacts quite differently from the unpromoted sample under 
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Figure 7  (a) Calculated Fourier transformed EXAFS data of carbide materials and (b) 
Experimental EXAFS data for the (1) Fe2O3, (2) Fe2O3-Cu and (3) Fe2O3-Cu-K-Si catalysts 
after reduction in H2 at 350 oC for 2 h and subsequent 4 h FTS in CO/H2 at 250 oC.
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FT conditions. In the XANES data recorded during FTS (Figure 3), a clear shift of 
the edge position toward higher energies, a decrease in the edge feature at 7112.0 eV, 
accompanied by an increase in intensity of the feature at ~ 7125 eV are observed after 
the first 30 min of FTS. These changes indicate that the catalyst is partially oxidized, 
even in the reducing CO/H2 atmosphere. The XRD pattern (Figure 6a) confirms this. 
Broad Fe3O4 diffraction lines appear in the pattern at 41.5o and 74.5o 2q, indicating 
the appearance of small Fe3O4 crystallites. The a-Fe (110) reflection line at 52.1o 2q 
decreases in intensity, while the (200) line at 76.8o 2q disappears from the XRD 
pattern, showing that the phase is almost completely consumed during FTS. At the 
same time, a very broad contribution around 51o and 57o 2q appeared. Distinct peaks 
at 50.0o, 51.0o and 53.6o 2q can be assigned to the (211), (102) and (112) reflections 
of q-Fe3C, respectively. The asymmetric peak centered at 51.9o 2q is attributed to 
a combination of the (220) and (031) reflections of q-Fe3C and a small remaining 
contribution of a-Fe. The broad contribution underlying the sharper q-Fe3C peaks 
again suggests that poorly crystalline, smaller q-Fe3C particles are present in the 
catalyst. Some evidence for the (minor) presence of crystalline e-carbides, Fe7C3 and 
c-Fe5C2 is found in the diffraction pattern. From linear combination fitting of the 
XANES data, the composition of the catalyst after 4 h reaction time was 86 % FexC 
and 14 % Fe3O4.

EXAFS analysis confirms the observation from XRD that a-Fe formed after 
reduction is readily converted during FTS. Similar to the Fe2O3 catalyst, the EXAFS 
data after 4 h FTS (Figure 7b) show that the catalyst is largely converted into an 
iron carbide phase. The high contribution at low scattering distances (~ 1.6 Å) and 
the high scattering contribution at 3.3 Å fit the theoretical scattering of q-Fe3C quite 
well. Similar to the Fe2O3 catalyst, part of the high Fourier transform intensity at 
shorter distances is due to Fe-O scattering as a result of the contribution of Fe3O4.

The XANES spectrum of the Fe2O3-Cu-K-Si catalyst shows a slight increase in 
the edge feature at 7112.0 eV upon exposure to CO/H2, indicative for reduction to 
Fe0 species. The XRD pattern also shows small changes. The broad diffraction peak 
at 52.1o 2q, attributed to a-Fe, slowly decreases in intensity during 4 h FTS, most 
likely because of the formation of small iron carbide clusters. Some weak, broad 
diffraction signals are observed in the regions typical for carbides (~ 50o 2q). It is, 
however, not possible to assign these broad lines to specific carbide phases. Linear 
combination fitting of the XANES data results in a phase composition of 4 % FexC, 
66 % Fe3O4 and 30 % Fe2SiO4 after 4 h of FTS. The EXAFS (Figure 7b) data of the 
catalyst do not show significant changes after 4 h of FTS. The main Fe-O and Fe-Fe 
scattering peaks dominate the radial distribution function and reflect the calculated 
composition from the linear combination fitting of the XANES data.

The main detected phases by XRD and EXAFS and the calculated phase 
compositions from XANES after 4 h FTS are summarized in Table 2.
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Table 2 Detected phases after H2 treatment and subsequent 4 h Fischer-Tropsch synthesis 
at 250 oC.

Catalyst XRDa XANES EXAFS

Fe2O3
e-Fe2C/e’-Fe2.2C, q-Fe3C, Fe3O4, c-Fe5C2, 

a-Fe
92 % FexC
8 % Fe3O4

q-Fe3C, a-Fe

Fe2O3-Cu q-Fe3C, c-Fe5C2, Fe3O4, a-Fe 86 % FexC
14 % Fe3O4

q-Fe3C, a-Fe

Fe2O3-Cu-K-Si -
4 % FexC

66 % Fe3O4

30 % Fe2SiO4

Fe3O4, Fe2SiO4

a in order of estimated relative abundance.

Effect of CO/H2 activation on the physicochemical catalyst composition

Activation of the catalyst materials in a mixture of CO/H2 yielded very different 
results from H2 activation. Overall, the catalyst materials were reduced more rapidly 
and all catalyst materials showed roughly the same composition after treatment. The 
XRD and XANES data collected during heating in CO/H2, are shown in Figure 8.

The XRD data show that in the Fe2O3 and Fe2O3-Cu samples, most of the iron 
oxide precursor has been consumed at 210 oC. The XANES data suggest a slightly 
faster reduction of the Fe2O3-Cu catalyst. However, the difference in reduction rates 
between the two catalysts appears to be small compared to the differences observed 
in the case of H2 reduction. The XRD data further show that both catalysts are 
converted from Fe2O3 to Fe3O4, a-Fe and finally into a mixture of c-Fe5C2 and two 
distinct phases of face centered cubic (fcc) g-Fe (51.5o (111) and 60.2o (200) 2q). The 
intensity of the c-Fe5C2 lines at 46.3o and 55.3o 2q are low. However, because of the 
lower symmetry of the carbide phase (space group C2/c (15)), the reflection plane 
intensities of this phase are much weaker compared to g-Fe (space group Fm-3m 
(225)), and as a result the amount (vol.%) of this carbide phase in the samples is still 
substantial. The XANES and XRD data of the three catalysts after CO/H2 treatment 
at 450 oC are shown in Figure 9.

From the XRD data of the Fe2O3 and Fe2O3-Cu catalysts, the lattice parameters for 
the two g-Fe phases were calculated. The lattice parameters were a (= b = c) = 3.55 
Å and 3.58 Å. These lattice parameters are lower than the 3.65 Å typically reported 
for fcc Fe at ~ 1000 oC. However, the parameter is dependent on temperature and 
the expected contraction fits our results59. The occurrence of a second fcc Fe phase 
(at lower 2q) above 400 oC, suggests that g-Fe is partially converted into another, 
expanded, g-Fe phase referred to here as g’-Fe. This is probably a result of dissolution 
of more carbon into the fcc crystal structure, causing it to expand. Therefore, at least 
part of the sample may consist of a fcc carbide structure, similar to Fe4C60. We will 
further discuss the possible nature of the g-Fe phase and associated carbide in the 
discussion section of this Chapter.

For the Fe2O3-Cu-K-Si catalyst, the XANES results show that the catalyst is not 
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Figure 8 XRD diffraction patterns (left) and XANES spectra (right) of the (a) Fe2O3, (b) Fe2O3-
Cu and (c) Fe2O3-Cu-K-SiO2 catalysts during pretreatment in CO/H2.

completely reduced, even after reaching 450 oC (Figure 8 and 9). Typical reduction 
steps appear to be delayed by about 50 oC when compared to the Fe2O3 and Fe2O3-
Cu catalyst. The a-Fe phase appears to be stabilized with respect to g-Fe. The a-Fe 
phase is completely consumed at 330 oC, compared to 250 oC in the unsupported 
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samples.
The XANES data of the three catalyst materials could not be fitted correctly by 

using the a-Fe reference. Therefore, estimated phase compositions are not reported 
here. From the contribution of the 7112.0 eV feature in the XANES region, however, 
it can be inferred that the reduction degree of the catalysts compares as Fe2O3-Cu-
K-Si < Fe2O3 ≤ Fe2O3-Cu. 

Diffraction lines were exceptionally broad in the Fe2O3-Cu-K-Si sample, 
indicating very small crystallite sizes. In addition there was only one set of g-Fe 
diffraction peaks observed at 450 oC. The average calculated crystallite size was 
12 nm and unit cell lattice constant for the fcc phase was 3.57 Å. A small, broad 
contribution of c-Fe5C2 was observed in the XRD pattern of this catalyst. A rough 
estimation of the relative amount of crystalline phases was made by fitting the data. 
The contribution of c-Fe5C2 was 20 % in the Fe2O3 and Fe2O3-Cu-K-Si sample and 
30 % in the Fe2O3-Cu sample. 

The Fourier transformed EXAFS data for the three catalysts are plotted in Figure 
10. Similar to the XRD data, the EXAFS data of the three catalysts do not show 
major differences. The main scattering contribution at ~ 2.1 Å fits a combination 
of the calculated scattering contributions of g-Fe (shown for a = 3.55) and c-Fe5C2. 
There is a clear contribution at 1.4 Å for all three catalysts, which fits the calculated 
carbon shell of the c-Fe5C2 carbide. This contribution increases from Fe2O3 < Fe2O3-
Cu < Fe2O3-Cu-K-Si. This, in combination with the increasing broadness of the main 
scattering contribution at ~ 2.1 Å and the scattering contribution at ~ 3.3 Å from 
Fe2O3 < Fe2O3-Cu < Fe2O3-Cu-K-Si, suggest that the total carbide content of the 
Fe2O3-Cu-K-Si catalyst is larger than for the two unsupported catalysts. Since the 
lattice constant of the fcc phase in the Fe2O3-Cu-K-Si catalyst is relatively high (3.57 
Å) and no other fcc Fe peaks were observed, it is suggested that a larger part of the 
fcc Fe is transformed into a carbide in this catalyst. This also explains the higher 
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Figure 9 XRD diffraction patterns (a) and XANES spectra (b) of the catalysts after activation 
in CO/H2 at 450 oC.
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contribution of the Fe-C shell in the EXAFS data in Figure 10. Metal crystallite 
sizes, lattice constants and detected phases from XRD and EXAFS after CO/H2 
pretreatment are summarized in Table 3.

Table 3 Estimated g-Fe metal crystallite sizes and detected phases after CO/H2 treatment 
at 450 oC.

Catalyst Metallic 
phase

Lattice 
constant 

(Å)

Metal 
crystallite 
size (nm)

XRD EXAFS

Fe2O3 g-Fe
g’-Fe

3.55
3.58

44.6
28.6

g-Fe, g’-Fe, 
c-Fe5C2

g-Fe, g’-Fe, 
c-Fe5C2

Fe2O3-Cu g-Fe
g’-Fe

3.55
3.58

26.4
29.9

g-Fe, g’-Fe, 
c-Fe5C2

g-Fe, g’-Fe, 
c-Fe5C2

Fe2O3-Cu-K-Si g’-Fe 3.57a 12.0a g’-Fe, c-Fe5C2 g’-Fe, g’-Fe, 
c-Fe5C2

a Data from possibly overlapping peaks

Fischer-Tropsch Synthesis  performance

The FTS performance of the catalysts was tested in a separate setup. Catalysts were 
activated in H2 at 350 oC for 2 h or in CO/H2 at 300 oC for 2 h. The results are 
summarized in Figure 11 and Table 4. 

In Figure 11a it can be seen that immediately after activation in H2, both the Fe2O3 
and Fe2O3-Cu catalyst show FTS activity. Within roughly 3 h, the activity drops to 
half of its initial value for these catalysts and after 10 h the activity is almost stable, 
although it slowly continues to decline with time on stream. The C5+ (chains of five 
carbon atoms and longer) selectivity of the Fe2O3 catalyst decreases with time as 

c
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b
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|χ
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)|(
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)

γ-Fe
χ-Fe5C2

Figure 10 Fourier transformed EXAFS data of the (a) Fe2O3, (b) Fe2O3-Cu and (c) Fe2O3-
Cu-K-Si catalysts after treatment in CO/H2 while heating up to 450 oC with a temperature 
ramp of 2 oC/min. The solid line indicates experimental data, dotted lines indicate reference 
compounds.
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the CH4 selectivity increases from 6 % to 19 %. The Fe2O3-Cu catalyst shows a less 
dramatic decrease in C5+ selectivity after 15 h FTS.

As can be expected from the XAFS/XRD experiments, the fully promoted Fe2O3-
Cu-K-Si catalyst shows very different catalytic performance with time on stream. 
After treatment in H2, the catalyst slowly becomes active, reaching steady state after 
about 5 h on stream. After 15 h the catalyst is more than twice as active as the Fe2O3 
and Fe2O3-Cu catalysts. However, the C5+ selectivity is somewhat lower than for 
those catalysts, stabilizing at 40 % with a CH4 selectivity of 17 %.

The CO/H2 activated catalysts showed distinct catalytic behavior. When treated 
in CO/H2 at 350 oC or 450 oC (not shown here), the catalysts showed almost no FTS 
activity. Heating slowly (2 oC/min) in a mixture of CO/H2 up to 300 oC, resulted in 
very active, selective and stable catalysts. The performance of the catalysts after this 
treatment is shown in Figure 11b and Table 4. It can be seen that all three catalysts 
show initial FTS activity, while the Fe2O3-Cu and Fe2O3-Cu-K-Si catalysts continue 
to grow more active within the first 15 h time on stream. The CH4 and C5+ selectivity 
of the catalysts after 15 h are comparable and much higher than the H2 pretreated 
catalysts. The overall catalytic performance of the Fe2O3-Cu catalyst is superior with 
68.2 % C5+ selectivity and a conversion of 3.80 · 10-6 mol CO g Fe-1 s-1.
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Figure 11 Fischer-Tropsch Synthesis performance data at 1 bar and 250 oC of the three 
materials after treatment in H2 at 350 oC for 2 h (a) and after pretreatment in CO/H2 at 300 
oC for 2 h (b). The dotted line in the graph indicates the end of XAFS/XRD data collection.
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Table 4 Fischer-Tropsch Synthesis reaction performance data at 1 bar, CO:H2 (1:2) and 250 
oC.

Catalyst Pre-
treatment

FTY
at t = 0 ha

FTY
at t = 4 ha

FTY
at t = 15 ha

CH4 
(wt.%)b

C5+ 
(wt.%)b

Fe2O3
H2 1.12 0.34 0.20 16.5 39.9

CO/H2 1.04 1.07 1.25 7.5 67.7

Fe2O3-Cu
H2 0.91 0.40 0.22 14.4 46.9

CO/H2 2.37 3.21 3.80 7.6 68.2

Fe2O3-Cu-K-Si
H2 0.25 0.63 0.69 16.7 39.2

CO/H2 0.25 0.46 0.98 8.9 67.3
a Fe-time-yield in 10-6 mol CO g Fe-1 s-1

b Selectivity after 15 h FTS

It should be noted here that though the Fe2O3-Cu-K-Si catalyst contained K, no 
enhanced catalyst selectivity was observed in the catalytic tests. This might be due 
to the low FTS reaction pressure and conversion, where alkali promotion effects are 
less pronounced12.

Discussion
The three Fe-based catalysts reacted in a significantly different way upon H2 
pretreatment, pretreatment in a CO/H2 mixture and during FTS. In the unsupported 
Fe2O3-Cu catalyst, Cu promotes the reduction of the initial iron oxide phase. However, 
whereas after H2 treatment the catalyst material is more reduced compared to the 
unpromoted Fe2O3 catalyst, it is oxidized and shows similar Fe3O4 content during 
FTS. The supported Fe2O3-Cu-K-Si catalyst shows very distinct reduction behavior 
from the two bulk catalysts upon H2 treatment. Only a very small contribution of 
metallic a-Fe was observed from XRD and XANES. The catalyst mainly consisted 
of Fe3O4 and iron (II) silicate (Fe2SiO4). The latter phase is likely formed by the 
strong interaction between Fe species and the SiO2 support. It has been suggested 
that Si4+ ions can substitute for Fe3+ ions in the (inverse) spinel Fe3O4 structure thus 
forming another spinel Fe2SiO4 structure61. Despite the high contribution of oxide 
and silicate species, the catalyst showed superior activity and comparable selectivity 
to the unsupported catalysts after 4 h FTS. It undergoes an induction period and only 
gradually becomes active. Possibly, the small crystallites present in this catalyst, in 
combination with strong interaction with the SiO2 support causes slower reduction 
and carburization to the active carbide phase compared to the bulk catalysts. In 
support of this, it was observed from the XANES spectra that the Fe2O3-Cu-K-Si 
catalyst was slightly reduced during the first hours of FTS. Both the Fe2O3 and the 
Fe2O3-Cu catalyst are largely reduced to Fe0 after H2 treatment and readily carburized 
during FTS. As a result, these catalysts are active from the start of FTS. However, 
these catalysts also undergo rapid deactivation with time on stream.

After CO/H2 activation treatment, the three catalysts show similar composition 
and consist of g-Fe along with small c-Fe5C2 crystallites. g-Fe has not been reported 
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as a major phase in FTS before. Interestingly, the phase diagram of the Fe-C 
system indicates that for bulk systems g-Fe is only stable above 723 oC62. This is at 
significantly higher temperatures than the 250 oC observed for the three catalysts. 
However, as the catalysts consist of nanometer sized iron oxide particles, the surface 
enthalpies and energetics of phase transformations might be significantly different 
from larger crystallites63, 64. Related to this is also been reported that (magnetic) 
entropy contributions might also influence the stability of the g-Fe phase65 at lower 
temperatures. Furthermore, because our experiments are performed in situ in a fixed 
bed-like reactor, it is possible that g-Fe is formed under our reactor conditions, but 
changes through an eutectoid reaction into a-Fe and q-Fe3C upon cooling (i.e. the 
pearlite reaction)62 and therefore is not typically observed in ex-situ studies.

It is also possible that an fcc carbide phase is formed under our conditions. 
Although bcc a-Fe is the most stable form of metallic iron at temperature below 723 
oC, interaction with C causes the bcc structure to transform to an hcp structure upon 
carbide formation66. e-carbides have an almost perfect hcp structure with C occupying 
octahedral interstitial sites. g’-Fe4N, a structure that has an fcc arrangement of Fe 
atoms, with N occupying octahedral interstitial sites has been reported to form at 
temperatures as low as 300 oC, well below 723 oC67. Therefore, although the (bulk) 
Fe fcc phase is not predicted to be stable under our conditions, we suggest that the 
phase might be stabilized by similar interactions with C, occupying interstitial sites 
in the crystal structure. 

As C has a low X-ray scattering cross-section compared to Fe, the presence and 
specific position or concentration of C in the fcc Fe crystal structure could not be 
directly determined from the XRD data. Differences in crystal structures from XRD 
could only be resolved from changes in the Fe lattice. The occurrence of two phases 
with different lattice parameters suggest the formation of a fcc iron carbide phase, 
possibly similar to the Fe4C60 phase. Although this particular structure has C atoms 
occupying tetrahedral sites, it has been suggested that the octahedral C occupation, 
similar to N in g’-Fe4N, is more stable64.

EXAFS shows a lower extent of carburization after treatment in CO/H2 compared 
to the H2 treated and subsequently CO/H2 exposed samples. This is in good agreement 
with the lower expected carbon content of the fcc Fe4C phase compared to q-Fe3C, 
c-Fe5C2 and e-carbides. 

It is observed that the g-Fe phase is less readily transformed into q-Fe3C, c-Fe5C2 
and e-carbides compared to a-Fe. It is known that the g-Fe phase can accommodate 
up to 2 wt.% of carbon in its interstitial sites before disproportionating to a mixture 
of iron carbides and g-Fe. This is significantly more than the 0.02 wt.% that a-Fe 
can dissolve before forming a mixture of a-Fe and q-Fe3C62. In addition, carbon 
diffusion into the open bcc a-Fe structure can be expected to be faster compared to 
diffusion into the more closely packed fcc g-Fe structure.

As CO is a stronger reductant than H2, the CO/H2 mixture is expected to have 
more reducing power than H2. As a result, the Fe2O3-Cu-K-Si catalyst was largely 
reduced to Fe0 after CO/H2 treatment at temperatures as low as 250 oC, while the 
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major part of the Fe species remained oxidic in the case of H2 reduction. Reduction 
in CO/H2 also has an important advantage in the sense that no Fe2SiO4 is formed 
during treatment, thereby limiting the loss of Fe species into the support material. 
The fact that no Fe2SiO4 is observed suggests an alternative reduction pathway in 
the case of the CO/H2 mixture. It is known that above 230 oC at elevated pressure 
(15 bar), H2O can react with SiO2 to form reactive, volatile, Si(OH)4  species. At low 
pressure Si2O(OH)6 is expected to be the mobile SiOx phase68, 69. In earlier work on 
supported Fe/SiO2 catalysts, Dumesic and Lund61 demonstrated that SiO2 species can 
even become mobile at atmospheric H2O pressure at temperatures around 400 oC. 
Related to this, Wielers et al.48 observed the encapsulation of Fe species by iron (II) 
silicate during H2 reduction. The fact that reduction in CO/H2 leads to the dominant 
presence of metallic iron suggest that no mobile, reactive SiOx species are formed 
in the presence of CO. This is most likely a result of the preferential reaction of 
iron oxide species with CO, forming CO2. Thermodynamically, this is the preferred 
reaction and mass spectrometry results also show the favored formation of CO2 

over H2O. The lower resulting H2O partial pressures can prevent the formation of 
iron silicates. The CO/H2 pretreated catalyst showed higher FTS activity and much 
higher selectivity as compared to the H2 pretreated catalyst after 15 h on stream.

There was no significant difference in reduction behavior between the Fe2O3 
and Fe2O3-Cu sample during the CO/H2 treatment, in contrast to the H2 treated 
catalysts. This further suggests an alternative reduction pathway involving CO. 
The suggested mechanism for Cu promotion involves the ability of metallic Cu to 
dissociate hydrogen and consecutive “spill-over” to the iron oxide, thus facilitating 
reduction. The fact that no clear differences are seen between the samples during 
CO/H2 treatment, suggests a limited role of H2 spill-over with respect to direct CO 
reduction and, as a result, limited Cu promotion effects.

It is unclear from our data why the catalysts treated at 350 oC and 450 oC in CO/
H2 showed low FTS activity, while those that were treated at 300 oC were very 
active. During the in-situ CO/H2 treatments, the catalysts did not show dramatic 
structural changes in the 300-450 oC temperature range which could explain this 
behavior. High temperature effects include excessive sintering or the deposition 
of inactive carbon on the active surface of the catalyst at higher temperatures. 
However, between 300 and 450 oC, sintering was not observed in the Fe2O3 and 
Fe2O3-Cu catalysts and carbon deposition could not be directly inferred from the 
XAFS/XRD data. Nevertheless, carbon deposition has been commonly reported in 
high temperature FTS reaction and is a common cause for catalyst deactivation11, 16, 

56. Dry et al.11 reported a tenfold increase in carbon deposition during FTS between 
285 oC to 338 oC. Therefore, we attribute the low activity of the catalysts treated at 
350 oC and 450 oC to the buildup of inactive carbon on the surface of the catalyst. 
Related to this, the relatively high FTS activity of the Fe2O3-Cu catalyst after CO/H2 
pretreatment at 300 oC may be connected to the enhanced hydrogenation activity of 
this catalyst due to the presence of Cu13, preventing the buildup of inactive carbon on 
the surface of the catalyst during the 300 oC CO/H2 pretreatment.
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The fact that the H2 pretreated Fe2O3-Cu-K-Si catalyst is more active than the 
Fe2O3 and Fe2O3-Cu catalysts after 4 h FTS, even though XRD and XANES data 
of the former catalyst indicate only a minor presence of carbide phases, illustrates 
that it is not trivial to relate particle sizes and iron phases present in these catalysts 
to catalyst performance. This study confirms the dynamic nature of Fe phases in 
FTS catalysts during reaction. In view of the activation/deactivation behavior of 
the catalysts (see also Chapter 2), the number of FTS active sites is expected to 
change strongly during FTS. The Fe2O3-Cu-K-Si catalyst has a higher dispersion 
than both unsupported systems, but differences in dispersion alone do not explain 
the higher activity after 4 h FTS. Interactions with the support material are expected 
to substantially influence reaction performance of the supported catalyst, as 
illustrated by the lower degree of reduced species in this catalyst. Furthermore, as 
noted above, carbon species play an important role in determining the availability of 
active surface sites and therefore significantly influence the final performance of the 
different catalyst systems under study.

A clear correlation between detected crystalline phases and catalyst performance 
was not always evident. This is not unexpected, as larger crystals, by definition, 
have a limited surface area on which gas phase reactant can be adsorbed and 
therefore may play a limited role in determining the catalytic performance of a solid. 
However, certain crystalline iron carbide phase and/or a particularly active surface 
termination may still accommodate active surface sites by inducing sterical and/or 
electronical effects, and thereby indirectly influencing the FTS performance. In the 
case of the CO/H2 activated catalysts, for example, the amount of crystalline c-Fe5C2 
carbides seemed to play a role in the catalyst activity, with the most active catalyst 
(Fe2O3-Cu) showing the largest amount of this carbide phase in XRD. On the other 
hand, the occurrence of the fcc Fe (carbide) phase could not be correlated directly to 
FTS performance.

Part of this mismatch between observed crystal structures and catalytic 
performance might be due to the fact that the main crystalline phases observed 
in XRD were shown to not always be the dominant phases observed from XAFS 
and vice versa. In this sense, the local environment of the Fe species from EXAFS 
provided complementary information about the catalyst systems to XRD. The 
deactivation of the unsupported H2 treated catalysts paralleled the occurrence of 
very small, amorphous q-Fe3C clusters, almost left undetected in XRD. Therefore, 
based on our results, q-Fe3C may play an important role in catalyst deactivation. 
No q-Fe3C was observed in the H2 reduced Fe2O3-Cu-K-Si catalyst and all CO/H2 
pretreated catalyst materials after FTS. Combined with the high relative stability 
these systems, this suggests that the observed deactivation of the H2 pretreated, 
unsupported catalysts might involve the fast formation of a stable, (amorphous) 
q-Fe3C phase along with non-stoichiometrical amounts of carbon. Unfortunately, 
we could not directly probe the carbon species deposited on the catalyst materials 
using our combined setup. However, the formation of q-Fe3C is often associated 
with the buildup of carbonaceous surface species70 and it is known that it is difficult 
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to synthesize q-Fe3C without some contribution of surface carbon71, 72. Furthermore, 
the break-up of q-Fe3C crystals into smaller clusters as a result of carbon deposition 
is commonly reported in literature73.

It is noted here that in our present study, FTS conditions were limited to differential 
conditions in order to effectively correlate catalyst structure and performance. 
Because of this, the extent of catalyst deactivation by oxidation, an important 
issue in Fe-based catalysts, might have been limited compared to industrial FTS. 
Furthermore, the atmospheric reactant pressure might have an effect on the bulk 
Fe phases and surface carbon species that are formed during FTS compared to high 
pressure experiments.

Conclusions
The characterization of Fe-based catalysts in a fixed bed type reactor by in-situ 
XAFS/XRD provided unique insights into local and long range order of Fe species 
during FTS. It was shown that the two techniques complemented each other. 
Whereas XRD showed crystalline phases to be present after activation and during 
FTS, XAFS analysis suggested that for some catalysts, the majority of Fe was present 
in amorphous phases, which were difficult to resolve from XRD. 

Two unsupported catalysts, one unpromoted and the other promoted with Cu, 
were largely reduced after 2 h in H2 at 350 oC. In this case, Cu was shown to facilitate 
the reduction of iron oxide to metallic iron. The materials readily converted to iron 
carbides under FTS conditions, however, both catalysts deactivated rapidly during 
the first 4 h of reaction, while a SiO2 supported catalyst was still activating during 
this time. q-Fe3C was the main phase in both unsupported, deactivated catalysts, 
suggesting an important (indirect) role of this carbide phase in the deposition of 
carbonaceous species contributing to the overall deactivation process. In the 
supported Fe-based FTS catalyst, almost no crystalline phases were observed during 
H2 activation and FTS and the largest part of the catalyst was present as a mixture of 
Fe3O4 and an iron (II) silicate phase, most likely in the form of Fe2SiO4. The catalyst 
was activated very slowly during FTS and no crystalline phases were observed, even 
after 4 h FTS. 

Activation in CO/H2 led to the formation of a fcc g-Fe phase at temperatures 
above 250 oC in all three catalyst materials. Two distinct g-Fe phases were observed 
in the unsupported catalysts after treatment up to 450 oC, most likely owing to the 
lattice expansion as a result of dissolution of carbon atoms in g-Fe, forming an fcc 
carbide. A significant contribution (up to 30 vol.%) of (poorly) crystalline c-Fe5C2 
was also observed in the catalysts. The Cu promoter had less effect during the CO/
H2 activation treatment compared to the H2 treatment. This suggests that during H2 
treatment, Cu promotes iron oxide reduction through H2 dissociation on Cu sites 
and subsequent spill-over, while during CO/H2 treatment the Cu promotion effect is 
limited as iron oxide is preferentially reduced by CO. This was further confirmed 
by the absence of iron (II) silicate species in the supported catalyst after CO/H2 
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activation, suggesting limited mobility of SiOx species due to lower partial H2O 
pressures during reduction.

During FTS, the unsupported catalysts that were activated at 300 oC in CO/
H2 proved to be more active with time on stream compared to the same catalysts 
activated in H2, possibly owing to the prevention of the formation of small q-Fe3C 
clusters and (associated) non-stoichiometrical amounts of inactive carbon. Overall, 
the FTS performance of the three catalysts materials after CO/H2 activation was 
superior to the performance of the H2 reduced catalysts.

The Fe-based FTS catalyst system is a dynamic, complex system and it was 
shown that the final catalyst structure and performance are strongly dependent on 
the pretreatment conditions applied. Industrially, the FTS reaction pressure and 
conversion conditions are different from our present model study. These conditions 
are expected to play an important role in the overall FTS reaction performance and 
possibly also on the Fe phases that are formed. Therefore, future studies should 
include studying the catalyst system under realistic operating conditions. 
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Chapter 4

Nanoscale Chemical Imaging of a 
Working Fischer-Tropsch Synthesis 
Catalyst by Scanning Transmission 

X-ray Microscopy*

Abstract
In this Chapter, the first successful application of in-situ Scanning Transmission 
X-ray Microscopy (STXM) on a catalytic system is introduced. The technique is 
demonstrated by applying it to chemically image a complex Fe2O3-Cu-K-SiO2 
Fischer-Tropsch catalyst on the nanoscale under relevant catalytic reaction conditions. 
In Chapter 3, this catalyst was shown to mainly consist of amorphous phases, 
advocating the use of local probes (i.e. X-ray Spectro(micro)scopy). Treatment of 
the catalyst in H2 and CO/H2 gas environments at elevated temperatures revealed 35 
nm spatial variations in the iron valence plus its metal/carbide/oxide nature, linked 
to the amount, nature and location of carbon species produced during the catalytic 
reaction. After H2 treatment at 350 oC, the catalyst showed reduced Fe0 species and a 
large contribution of Fe2+ iron silicate species, heterogeneously distributed over the 
catalyst. During Fischer-Tropsch synthesis (FTS), Fe3+ species that remained after 
the H2 treatment were progressively reduced into Fe2+ and Fe0 and iron carbides 
were formed. The results further suggested the spill-over of reaction products 
(olefins, oxygenates) to the SiO2 support under FTS conditions. This Chapter will 
further illustrate that the application of in-situ STXM allows chemically imaging 
working catalysts under reaction conditions with a non-invasive probe and opens 
up opportunities to study chemical processes taking place in solid, gas or liquid at 
elevated temperatures and pressures on a nanometer scale – including, but certainly 
not limited to, heterogeneous catalysis.

* Based on: E. de Smit, I. Swart, J. F. Creemer, G. H. Hoveling, M. K. Gilles, T. Tyliszczak, P. 
J. Kooyman, H. W. Zandbergen, C. Morin, B. M. Weckhuysen and F. M. F. de Groot, “Nanoscale 
Chemical Imaging of a Working Catalyst by Scanning Transmission X-ray Microscopy”, Nature, 
2008, 456, 222-225.
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Introduction
Heterogeneous catalysts commonly consist of nanometer-sized metal or metal oxide 
clusters dispersed on a high-surface-area solid support. These nano-engineered 
materials are of prime interest to modern chemical industry as they are involved 
in almost every chemical production process1. Studying the physicochemical 
composition of heterogeneous catalysts in their working state at a nanometer scale 
is of major importance for the rational design of novel catalysts1, 2. However, in 
practice, imaging catalysts on a microscopic (or nanoscopic) scale, while monitoring 
the complex solid state transformations as a result of interactions with adsorbing gas 
phase species, still poses a major challenge. 

In-situ microscopic catalyst characterization studies, including Scanning 
Transmission Electron Microscopy - Electron Energy Loss Spectroscopy (STEM-
EELS)3, 4, Scanning Tunneling Microscopy (STM)5, 6 and optical microspectroscopic 
techniques7-9 often either focus on identifying the inorganic catalyst phase responsible 
for the catalytic activity or on characterizing organic reactants, intermediates and 
products interacting with the catalyst surface. In addition, while STEM-EELS and 
STM both offer sub-nanometer spatial resolution, chemical speciation under relevant 
catalytic reaction conditions, such as elevated pressure and temperature is still 
difficult to achieve5, 6, 10. By contrast, optical microspectroscopic techniques offer 
much flexibility for in-situ characterization; however, this typically comes at the 
expense of a limited spatial resolution (typically several hundreds of nanometers). 

In this respect Scanning Transmission X-ray Microscopy (STXM) is a recent, 
promising addition to the field of chemical microspectroscopy4, 11, 12. The techniques 
uses a focused beam of soft X-ray light (200-2000 eV) to image samples with high 
spatial resolution (~ 15 nm) while, at the same time, offering detailed chemical 
information from X-ray Absorption Spectroscopy (XAS). 

XAS studies the X-ray induced excitation of a core electron (K (1s), L (2s, 2p), M 
(3s, 3p, 3d), ...) to an empty state. As introduced in Chapter 3, XAS is an element 
specific technique that probes the local environment of the element under study. Soft 
X-ray K-edges (studying the excitation of 1s core level electrons) can be interpreted 
as a mapping of empty states of the element under study. The dipole selection rule 
implies that the element specific empty p-projected density of states is observed. This 
facilitates the comparison with electronic structure calculations for the molecular 
or solid sample studied. The variation in the empty density of states, as a result of 
changes in coordination and valence, leads to a variation in the XAS spectral shape, 
which can be used for chemical contrast between different species. The K-edge 
spectral shapes of carbon, nitrogen and oxygen containing systems reveal a large 
variation in spectral shapes and, as such, are ideal for chemical contrast. 

The transition metal L-edges (including the Fe L2,3-edges) cannot be interpreted 
with a density of states concept, as their spectral shape is dominated by so-called 
multiplet effects induced by the core hole in the final state13. In addition, the 2p spin-
orbit coupling splits the L edge into a L3 and L2 component and crystal field effects 
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and charge fluctuations (charge transfer) further strongly influence the spectral 
shape analysis14. As a result, a typically rich spectral fine structure is observed for 
L2,3-edges, allowing detailed chemical analysis.

As illustrated in Figure 1, virtually every element in the periodic table has an 
absorption edge in the 200-2000 eV range and as a result, STXM enables imaging and 
chemically characterizing both the active phase of the catalyst, through absorption 
edges of the inorganic species (e.g. Fe L2,3-edges), and the organic reactant and 
product phases of the catalyst through the K absorption edges of C, O and N. It is 
noted that STXM allows studying all 3d transition metal ions (i.e. Ti, V, Cr, Mn, Fe, 
Co, Ni and Cu), which are important in catalysis (and many other fields), through 
their L2,3-edge spectral shapes.

STXM requires a high intensity, tunable X-ray light source. For this reason, 
all currently existing X-ray microscopes are found at synchrotron radiation light 
sources. The accessible energy range of selected STXM beamlines around the world 
is indicated in Figure 1. A comprehensive list of STXM microscopy beamlines is 
provided at the XASEELS website15.
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Figure 1 Elemental core hole absorption edges in the energy range 200-2000 eV. The lines 
at the top of the graph indicate the accessible energy range at selected STXM synchrotron 
beamlines.

The main experimental challenge to overcome in the in-situ application of 
STXM is the strong attenuation of soft X-rays by matter. Because of properties of 
soft X-rays, conventional STXM measurements are typically performed in vacuum 
or low absorption gas atmospheres (e.g. He). For in-situ experiments stringent 
restrictions apply to the X-ray pathlength through the gas phase. Figure 2 presents 
an overview of the attenuation of soft X-rays in 1 bar CO (a molecule important in 
many catalytic processes) at 250 oC for different gas path lengths. From the Figure it 
follows that for gas path lengths longer than 1 mm, absorption of X-rays by CO gas 



100

Part II, Chapter 4

phase molecules plays a significant role. Therefore, for typical in-situ experiments, 
the total gas path lengths should be limited to well below 1 mm.

Drake et al.16 first demonstrated the use of STXM for the study of a catalytic 
solid under in-situ conditions. Even though their in-situ reactor had a total gas path 
length of only 0.8 mm, the design still only allowed treatments in diluted gases at 
temperatures below 260oC, excluding the study of many catalytic systems. 

By adapting a nanoreactor originally designed for in-situ TEM studies10, we 
were able to minimize the total gas path length in our experiments to ~ 50 mm. 
This allowed characterizing samples by STXM during exposure to a reactant gas 
atmosphere (typically 1.2 bar), while heating up to 500 oC. In addition, as gas phase 
attenuation for soft X-rays is typically lower than for electrons4, 17, the nanoreactor 
allowed the use of atmospheric pressures of CO in the in-situ STXM experiments, 
something that has yet to be demonstrated for in-situ TEM studies. 

Below, we will present the results of an in-situ STXM study on a fully promoted 
Fe2O3-Cu-K-SiO2 Fischer-Tropsch catalyst of a composition similar to industrially 
applied catalysts. This catalyst was introduced in Chapter 3, where it was shown 
that it mainly consisted of amorphous iron(II)silicates, Fe3O4 and a-Fe phases. 
The application of in-situ STXM, which constitutes a microscopic, local probe, 
allowed obtaining detailed spatial and chemical information from the sample under 
catalytically relevant conditions and provided a unique view into the working 
Fischer-Tropsch synthesis catalyst system.
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Figure 2 Transmittance of soft X-rays through different gas path lengths of 1 bar CO at 250 
oC.
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Experimental
In-situ Scanning Transmission X-ray Microscopy setup
Figure 3 presents the setup for our in-situ STXM experiment. In the STXM 
microscope, monochromatic X-ray light is focused on a sample using a Fresnel type 
zone plate lens. These lenses are circular diffraction gratings and consist of closely 
spaced, alternating rings of opaque (e.g. Au) and transparent (e.g. SiNx) material. 
The zone plate characteristics (e.g. ring spacing) determine (limit) the minimum 
focal spot size of the X-ray beam. Present day X-ray microscopes apply zone plates 
with spot sizes ranging from 10 to 40 nm. Typically only first-order diffracted 
light is used in STXM. Therefore, an order sorting aperture is placed between the 
zone plate and sample to filter out higher order diffractions, while a central stop on 
the zone plate lens in combination with the order sorting aperture minimizes the 
transmission of zeroth-order light. 

Zone Plate
Lens (I)

Monochromatic
X-rays

Order Sorting
Aperture (II)

Gas Connections
(IV)

Electrical
Connections (V)

Detector
(VI)

in-situ 
Adapter

(III)

a b

II

III

IV
V

VIVII

I

Piëzoelectronic
(x, y, z) stage (VII)

Figure 3 (a) Schematic and (b) photograph of the typical STXM setup used for the in-situ 
catalysis experiments.

The focal length of the microscope is dependent on the lens and X-ray energy 
used and in the order of a few millimeters. An important consequence of the short 
focal lengths is the limited working distance between the sample plane and the zone 
plate, which present a design limitation for in-situ reactor cells. The position of the 
aperture between the zone plate and sample further shortens the allowed reactor 
working distance.

The nanoreactor containing the sample is placed in a custom made adapter 
which, depending on the design, can hold up to two nanoreactors. The adapter can 
be translated with nanometer precision by an interferometrically controlled (x,y,z) 
piëzoelectronic stage, allowing the acquisition of raster scans with step sizes as 
small as 5 nm. Behind the sample, transmitted X-rays are detected by a scintillator 
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screen in combination with a photomultiplier tube. It is noted here that alternative 
detection modes, such as fluorescence and electron yield, can also be applied in 
STXM17, but will not be further discussed here.

The experiments presented in this Chapter were performed on the 
interferometrically controlled STXM microscope at beamline 11.0.212 of the 
Advanced Light Source (ALS) at the Lawrence Berkeley National Laboratory in 
Berkeley, CA, USA. As a compromise between spatial resolution and XAS data 
quality, a zone plate (ZP) lens with a spot size of ~ 40 nm was used. The actual 
resolution was determined by the (x, y) step size of the piëzoelectronic sample stage, 
which was set to 35 nm. Typical pixel dwell times were in the range on milliseconds. 
The acquisition of one chemical image (400 nm x 750 nm, 25 eV energy range, one 
image every 0.2 eV, 2 ms dwell time) took about 1 h.

X-rays out
~ 50 µm

Gas In Gas Out

10 nm SiNx 1.2 µm SiNx

Sample

Pt-Heater

Pt-Heater

d = 5.5 µm

SiNx Windows

Pt Heater

X-rays in
ba

Figure 4 (a) Schematic of the nanoreactor illustrating the most important design features. (b) 
Photograph of the nanoreactor adapter containing two connected nanoreactors.

Nanoreactor and adapter design

The nanoreactor, manufactured as a microelectromechanical system (MEMS), 
consists of a reactor chamber connected by micrometer-sized gas-flow channels. 
Two amorphous 1.2 mm thick SiNx windows separate the reactor volume from the 
outside environment, the actual reaction chamber dimensions are ~ 500 x 500 x 50 
mm (= 12.5 nL). The reactor can be heated by a Pt resistive heater spiral, embedded 
in one of the SiNx windows10. The heater has four electronic connections, two of 
which serve as electrical leads while the other two are used to measure the potential 
drop over the heater spiral. During the experiments, the sample itself is supported 
on the SiNx windows and the actual STXM measurements are performed in circular 
areas (5.5 mm diameter), where windows are etched down to a thickness of 10 nm 
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to maximize the transmission of the soft X-rays. The total gas path length of the 
reactor is about 50 mm and ensures minimum attenuation of the X-rays by gas phase 
molecules (Figure 2). Figure 4a presents a schematic of the nanoreactor design. The 
assembly process of the nanoreactor is described in more detail elsewhere10.

Figure 4b presents a photograph of the adapter used in this research, loaded with 
two nanoreactors. The nanoreactor adapter is fabricated from a solid slab of brass. 
Holes accommodating 1/16” gas channels are drilled into the brass slab and connect 
to the nanoreactors from their backside. Each nanoreactor sits on top of a gas channel 
inlet and outlet, which are sealed by Teflon O-rings. The nanoreactors are held in 
place on the adapter by a cover plate. Electrical connections, four for each reactor 
(vide supra), consist of standard gold wiring and are connected to the nanoreactor by 
means of the wire bonding method, using aluminium wires.

In-situ experiment details

In our in-situ STXM experiment, we have imaged the reduction of the Fe2O3-Cu-K-
SiO2 catalyst precursor during pretreatment in 1.2 bar H2 (Airgas 99.999 %) at 350oC 
for 2 h and, subsequently, the activated catalyst during 4 h FTS reaction at 250oC in 
a 1:2 mixture of 1.2 bar CO/H2 (CO, Airgas 99.5 %). 

STXM data analysis

In practice, STXM images are recorded by a making raster scan of the sample of 
interest at fixed energy. By acquiring data on the same region of interest at different 
energies, a three-dimensional data cube with the signal intensity as a function of 
x and y coordinates and energy E is obtained (also called an image stack). In the 
case where many small energy steps are used, a full X-ray absorption spectrum 
is acquired at every 35 x 35 nm2 pixel. The signal intensity is converted to optical 
density (OD) by:

  
 









−

0
10log
I
IOD     (1)

The signal I is normalized to the intensity at an empty area (i.e. no absorption) 
in the window (I0). The measured OD is the sum of ODs of the separate chemical 
species i. The OD of each chemical species is determined by the its energy dependent 
mass absorption coefficient m(E), density r and thickness t.
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Because the energy dependence of the mass absorption coefficient m(E) is 
characteristic for each chemical species i, STXM gives specific contrast for different 
chemical species. Figure 5 summarizes the data acquisition process and the concept 
of chemical contrast.
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The chemical contour maps and the relative Fe phase compositions reported here 
were acquired by using the aXis2000 software package18. The software uses 
linear regression to fit the optical density spectrum of each (35 x 35 nm2) pixel to a 
linear combination of reference spectra. The fit procedure minimizes [ODx,y,E measured 
– ODx,y,E calculated]2, were ODx,y,E 

measured is the optical density measured at point (x, y) 
and energy E and ODx,y,E

 calculated is defined as:
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n

i
EiEiE
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x,y,E ODaCOD

1
,,

  (3)

where CE is a constant, ODi,E is the optical density of reference compound i at energy 
E and ai,E is the contribution of compound i at that energy. The individual ai,E values 
are varied to fit the measured spectrum.

Catalyst synthesis

An Fe2O3-Cu-K-SiO2 catalyst precursor was prepared by precipitation from a ferric 
nitrate solution using a basic sodium carbonate solution as the precipitation agent19. 
The detailed synthesis is described in Chapter 3. Fe(NO3)3 ∙ 9 H2O and Cu(NO3)2 
∙ 3 H2O were dissolved in distilled water and the solution was heated to its boiling 
point. After this, it was slowly added to a vigorously stirred, nearly boiling solution 
of Na2CO3. The resulting precipitate was washed and re-slurried in distilled water. 
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Figure 5 Schematic representation of a typical STXM data acquisition method. By acquiring 
images at different x-ray photon energies (e.g. E1, E2 and E3), a three dimensional data cube 
(“image stack”) with full spectral information at every pixel is obtained. These data can be 
used to image and discern between specific chemical species (e.g. species A, B and C).
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A potassium waterglass solution was added to the slurry under vigorous stirring and 
concentrated HNO3 was introduced to precipitate SiO2 and lower the total potassium 
content. The resulting precipitate was dried for 6 h at 60 oC and subsequently for 24 
h at 120oC. Finally, the material was calcined in air at 300 oC for 5 h using a heating 
ramp of 5 oC/min.

The final catalyst composition was measured by X-Ray Fluorescence (XRF) 
analysis on a Goffin Meyvis spectro X-lab 2000 machine. The relative elemental 
composition of the catalyst was 100 Fe / 7.5 Cu / 5.9 K / 15.6 Si.

Results and discussion
The C K-edge (284.2 eV), the O K-edge (543.1 eV) and the Fe L2,3-edges (L3 = 706.8 
eV and L2 = 719.9 eV) were used to image and characterize the sample. The Fe L2,3-
edges allowed monitoring the valence and coordination14, 20 of iron species, while 
the O K-edge was used to distinguish between different oxygen-containing species. 
The occurrence of a pre-edge in the O K-edge spectrum is due to the mixing of the 
oxygen 2p states with transition metal 3d states and can thus be used as a measure 
for the unoccupied 3d states21.  As a result, the O K-edge of SiO2 (where there is 
no O 2p mixing with transition metal 3d states) is sufficiently distinct from the O 
K-edge of iron oxide spectra and can be used to specifically map the location of 
these chemical species. The C K-edge was measured to image the type and location 
of carbon species present in the catalyst during reaction. The presence of K and Cu 
was confirmed in the experiments. However, the concentration of these species was 
typically too low for imaging in our (transmission) experiments. Therefore, their 
presence and influence on the H2 reduction and FTS experiment will not be further 
discussed in this Chapter.

Prior to the in-situ experiments, the catalyst was analyzed in a He atmosphere 
by recording images at the Fe L2,3-edges and the O K-edges (Figure 6d and 6e, 
respectively). The iron phase is mainly present as a-Fe2O3, as evidenced by the main 
feature in the Fe L3-edge at 709.3 eV and characteristic double pre-edge feature 
in the O K-edge spectra at 529.4 and 530.7 eV 14, 20, 21. Distinct regions were found 
where there was no absorption at the Fe L2,3-edges and strong absorption at the O 
K-edge. The O K-edge of these regions was characteristic for the SiO2

22, 23 phase. No 
significant contribution of carbon species was observed in the starting material. By 
fitting the experimental spectra at each pixel to a linear combination of the spectra 
of the pure phases, the composite contour maps for SiO2 and Fe2O3 were constructed, 
as presented in Figure 6a.

After 2 h exposure to H2 at 350oC, the material showed significant changes. 
Figure 6b shows a composite contour map of the same region as shown in Figure 6a. 
Analysis of the Fe L2,3-edges (Figure 6f) and the O K-edge (Figure 6g) of the two 
35 x 35 nm2 regions indicated in Figure 6b show that the Fe2O3 is converted into a 
mixture of iron oxides and metallic iron. The Fe L3-edges show an enhanced intensity 
at 707.9 eV, assigned to Fe2+ species in octahedral coordination14, 20. Because the 
intensity ratio between the Fe2+ peak (707.9 eV) and the Fe3+ peak (709.3 eV) is much 
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higher than one would expect for Fe3O4
20, this observation suggests the formation of 

Fe3O4, which has some octahedral Fe2+ sites, in combination with a purely octahedral 
Fe2+ system, such as Fe2SiO4. From the Fe L-edge spectra alone, it is not directly 
possible to distinguish between Fe2SiO4 and other octahedral Fe2+ oxides, such as 
FeO. However, the high contribution of Fe2+ species to the Fe L2,3-edge spectrum 
in combination with the virtual absence of a pre-edge in the O K-edge suggests the 
formation of a mixed oxide structure, such as Fe2SiO4. In support of this, it has been 
reported that a reaction between FeO or Fe3O4 oxides and SiO2 can cause the loss of 
Fe species into the support during H2 treatment and FTS24-26. In addition, under our 
experimental conditions FeO is expected to be unstable and disproportionate into 
Fe0 and Fe3O4

27. 
It should be noted here that SiO2 is added to Fe-based catalysts to disperse Fe 

phases and prevent sintering and attrition of the active catalyst phase19, 24. However, 
iron silicates are expected to be inactive in the FTS and once formed, the species are 
very difficult to reduce to zero-valent (FTS active) iron. Therefore the formation of 
silicates in FTS catalysts is generally undesirable24.

Except for the spectral contributions of the Fe3O4 and Fe2SiO4 phases, there is 
also a contribution observed at 706.8 eV, corresponding to the occurrence of Fe0 
species. The Fe-L2,3 spectra for both regions indicated in Figure 6b were analyzed 
quantitatively by least squares fitting with reference spectra. The calculated phase 
composition of the selected region of interest from linear combination fitting is 25 % 
Fe0, 25 % Fe2SiO4, and 50 %  Fe3O4 for region 1 and 33 % Fe0, 50 % Fe2SiO4, and 17 
% Fe3O4 for region 2. The differences in phase composition illustrate that Fe species 
are distributed heterogeneously over the catalyst after reduction. Some regions of 
the catalyst apparently reduce more facile than others. 

As mentioned above, the pre-edge intensity of the O K-edge (Figure 6g) of both 
regions decreased significantly after treatment in H2 at 350 oC. This is due to (1) 
decreased 2p-3d mixing upon changing to octahedral Fe2+ coordination (2) the 
decreased number of holes in the 3d band with the lower Fe2+ valence and (3) the 
partial reduction to Fe0, implying the overall smaller contribution of oxidic iron. The 
physical size and shape of the iron rich regions also changed significantly during 
reduction (Figure 6a and 6b), indicating morphological changes in the sample as a 
result of the transition from Fe2O3 to Fe3O4, Fe2SiO4 and Fe0.

During the FTS reaction in CO/H2 at 250oC, the Fe3O4 phase that remained after 
reduction was further converted into Fe0 and Fe2SiO4. Fig. 6c shows the chemical 
composite contour map of the selected region after 4 h FTS. The Fe L3-edge of the 
selected 35 x 35 nm2 regions (Fig. 6h) shows a further increase in the intensity of 
the feature at 707.9 eV. The pre-edge in the oxygen spectrum (Fig. 6i) is almost 
absent in these regions. The spectrum mainly shows a contribution of SiO2, plus an 
additional shoulder at the edge. This feature has been assigned to iron nanoparticles 
strongly interacting with the SiO2 support28. Quantitative analysis of the Fe L2,3-edges 
acquired from region 1 showed a phase composition of 20 % Fe0, 75 % Fe2SiO4 and 5 
% Fe3O4. Region 2 had a composition of approximately 40 % Fe0, 50 % Fe2SiO4 and 
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Figure 6 Chemical contour maps (a, b, c) of a 400 nm x 750 nm region and corresponding 
Fe L2,3-edge (d, f, h) and O K-edge (e, g, i) X-ray absorption spectra. (a) Before treatment, at 
room temperature in He. (b) After 2 h in H2 at 350oC. (c) After 4 h in CO/H2 at 250oC. Specific 
sampling points and the corresponding spectra are indicated in the figures. The dotted lines 
in d, f and h indicate the spectra fitted by a linear combination of reference spectra. The 
bar graphs represent the calculated relative contribution of the different iron phases at the 
respective sampling points.
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10 % Fe3O4, indicating that the distribution of Fe-species over the catalyst remains 
quite heterogeneous during FTS. 

Analysis of the C K-edge showed that carbon species were preferentially present 
in iron-rich regions and mainly associated with Fe0 species (Figure 7). Furthermore, 
regions with a higher contribution of Fe0 showed a different C K-edge spectrum 
than regions with lower contribution of Fe0. The high contribution of the absorption 
band at 285 eV in the C K-edge spectrum (Figure 7a), corresponding to the 1s → p* 
transition, indicates the presence of sp2 hybridized carbon species in the iron rich 
region29, 30. This observation, in combination with the almost featureless absorption 
band due to the 1s → s* transition at ~ 295 eV, suggests that the iron phase is 
converted into iron carbides31, 32. In the regions where less iron is present, the 1s → 
p* absorption peak is lower in intensity and less sharp, suggesting more sp3-like 
character29, 30 of carbon species (Figure 7b). This can be attributed to the presence 
of FTS reaction products. In addition, an extra peak at 288 eV, characteristic for 
carboxylic species29, 30 is observed. The presence of these species in iron deficient 
areas indicates that the SiO2 support might play a role in the spill-over of (hydro)
carbon species from the active Fe0 sites to the support, thereby preventing blocking 
of the active sites of the catalyst.

Conclusions
We have introduced and demonstrated the use of in-situ STXM to chemically 
image a catalyst under relevant reaction conditions. The spatial distribution of 
iron and carbon species combined with quantitative chemical information offer a 
unique view into the working mechanisms of the Fe-based FTS catalyst system. 
A significant amount of (FTS inactive) Fe2+ iron silicate species were found to be 
present after H2 reduction and throughout the Fischer-Tropsch reaction. The results 
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Figure 7 (a) Chemical contour map of the same 400 nm x 750 nm region of the catalyst 
material as represented in Figure 6, showing the distribution of carbon species after 4 h in 
CO/H2 at 250oC, overlaid on the Fe-species map. (b) C K-edge spectra corresponding to the 
indicated sample points. The arrow indicates the additional peak at 288 eV.
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agree with the findings in Chapter 3, where it was also found that a large part of the 
catalyst consisted of amorphous iron (II) silicate species after reduction and during 
FTS. Using STXM, the iron (II) silicate species could be selectively imaged and it 
was additionally shown that agglomerates of reduced Fe0 species were formed after 
reduction. These species are likely to be responsible for catalytic activity; carbon 
species were mainly associated with Fe0 species and where not, more sp3 type carbon 
and oxygenate species were found, suggesting the spillover of FT products to the 
SiO2 support during reaction. Our findings illustrate the potential of the use of in-
situ STXM to shed light on the morphology and composition of complex catalytic 
systems. By combining the high spatial resolution, high chemical information 
content and the ability to probe inorganic solid state and organic reactant/product 
phases with realistic chemical reaction conditions (high temperature, gas or liquid 
environment), new insights can be obtained into many chemical systems that 
were until now out of reach for in-situ chemical microscopic methods. We further 
anticipate improvements in (a) the optics and advanced imaging methods of the 
X-ray microscope, resulting in higher achievable spatial resolution33, (b) the further 
development of detection techniques improving the count rates and improving 
the possibilities for time-resolved experiments and the detection of very low 
concentrations of elements (c) the design of dedicated reactor cells, for example 
allowing higher pressures and temperatures or tomographic applications4, 34. As a 
result, in situ STXM is a promising technique that can be expected to yield valuable 
new insights into many complex chemical problems including, but not limited to, the 
field of heterogeneous catalysis.
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Chapter 5

Nanoscale Chemical Imaging of the 
Reduction Behavior of Single Fe-
based Fischer-Tropsch Synthesis 

Catalyst Particles*

Abstract
In Chapter 4, In-situ Scanning Transmission X-ray Microscopy (STXM) was 
introduced as a technique that allows obtaining chemical information for catalyst 
systems at the nanoscale under relevant reaction conditions. In this Chapter, we 
have applied the in-situ STXM methodology to further study reduction phenomena 
in Fe-based Fischer-Tropsch Synthesis (FTS) catalysts precursors during treatment 
in H2. It was found that during H2 treatment of a SiO2 containing catalyst precursor, 
Fe2+ species were stabilized with respect to metallic iron depending on the local 
catalyst formulation and morphology, leading to a heterogeneous distribution of 
Fe3+, Fe2+ and Fe0 species over the catalyst material. A SiO2-free catalyst precursor 
showed no contribution of Fe2+ species and was almost completely reduced to Fe0 
at temperatures as low as 250 oC. It is suggested that the high mobility of SiOx 
species at elevated temperature and in the presence of H2O, leads to the formation of 
stable iron silicates, thereby preventing the reduction beyond Fe2+. In addition, it was 
shown that even though local nanoscale reduction phenomena play an important role 
in distribution of Fe species over the SiO2 containing catalyst, the average global 
degree of reduction of the single catalyst particle was identical to the observations 
from a macroscale temperature programmed reduction experiment. This illustrates 
the difficulty of interpretation of macroscale techniques and their extrapolation to 
the micro/nanoscale.

* Based on: E. de Smit, I. Swart, J. F. Creemer, C. Karunakaran, D. Bertwistle, H. W. Zandbergen, F. 
M. F. de Groot and B. M. Weckhuysen, “Nanoscale Chemical Imaging of the Reduction Behavior of a 
Single Catalyst Particle”, Angewandte Chemie International Edition, 2009, 48, 3632-3636.
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Introduction
Fe-based FTS catalysts convert syngas (CO and H2) into long-chain hydrocarbons 
by a surface polymerization reaction1, 2, enabling the production of virtually 
contaminant (e.g. sulfur) free chemical feedstock (e.g. olefins) and transportation 
fuels (e.g. diesel) from sources other than crude oil (e.g. coal or biomass). Catalyst 
precursors typically consist of supported or unsupported iron oxides (a-Fe2O3 or 
Fe3O4) to which often promoters are added to enhance catalyst performance. Typical 
promoters for the Fe-based catalyst are K, Cu and SiO2. K is added to enhance the 
catalyst performance during FTS, while Cu is added to improve the reduction rate 
of the iron oxide phase3, 4. SiO2 serves as a support and enhances the dispersion of 
the Fe crystallites and thereby the (Fe weighted) catalyst activity and stability2, 5. 
However, in Chapters 3 and 4 it was observed that during H2 pretreatment of a 
SiO2 containing Fe-based FTS catalyst precursor, Fe2+ iron silicate species can form, 
preventing the complete reduction to Fe0. The initial reduction of the iron oxide 
precursor to a carbidic or metallic (Fe0) iron is crucial in determining the final FTS 
performance6-9. 

Scanning Transmission X-ray Microscopy (STXM)10, 11 is a novel micro-
spectroscopic technique that has, until now, rarely been used to characterize catalyst 
materials. STXM combines a high spatial resolution of ~15 nm with high chemical 
speciation potential by X-ray Absorption Spectroscopy (XAS), using focused soft 
X-ray light (200-2000 eV) as a probe. The potential of the method for characterization 
of catalysts under realistic conditions was embarked by Drake et al.12, and later fully 
exploited in our group13, 14 (Chapter 4). Our STXM nanoreactor system, originally 
designed for in situ TEM studies15, allows treatment of catalytic solids in reactive 
gas atmospheres up to 500 oC, while imaging the morphology and the chemical 
identity of the active phases during reaction. 

Here, we will apply the in-situ STXM methodology to study the reduction 
behavior of an industrially relevant Fe2O3-Cu-K-SiO2 Fischer-Tropsch Synthesis 
(FTS) catalyst by imaging an individual catalyst particle at a spatial resolution of 35 
nm. Separate in-situ STXM experiment on an unsupported Fe-based catalyst and a 
reference Temperature Programmed Reduction (TPR) experiment were carried out 
to compare reduction phenomena at the nano (local) and macro (global) scale. The 
extent and rate of reduction of the iron oxide phase on the nanoscale is shown to 
strongly depend on the extent of interaction with the underlying oxide support.

Experimental
Catalyst synthesis

The supported Fe2O3-Cu-K-SiO2 and unsupported Fe2O3 FTS catalyst precursors 
were prepared by precipitation from a ferric nitrate solution using a basic sodium 
carbonate solution as the precipitation agent2. A detailed description of the synthesis 
of the catalyst precursors is found in Chapter 3.
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The final catalyst compositions were measured by X-ray Fluorescence analysis 
(XRF) on a Goffin Meyvis spectro X-lab 2000 machine. The relative elemental 
composition of the Fe2O3-Cu-K-SiO2 catalyst was 100 Fe / 7.5 Cu / 5.9 K / 15.6 Si. 
The unsupported catalyst showed no significant presence of other elements than Fe 
and O.

For the STXM experiments, the catalyst materials were ground, suspended in 
ethanol, treated in an ultrasonic bath and loaded by flowing the suspension through 
the nanoreactor and subsequent drying.

In-situ STXM

The STXM experimental setup and nanoreactor are described in detail in Chapter 
4. The applied nanoreactor consisted of a reactor chamber (~ 500 x 500 x 50 mm) 
connected to μm-sized gas channels and equipped with a Pt heater. All experiments 
were performed on the STXM microscope at beamline 10ID-1 (SM) at the Canadian 
Light Source in Saskatoon, Canada16. Monochromatic X-ray light was focussed using 
a Fresnel type zone plate lens (outermost zone width 35 nm) resulting in a focal spot 
size of ~ 40 nm. The reactor was placed in an adapter and mounted on a piezoelectric 
sample stage, used to focus and produce (x, y) raster scans of the sample. The step 
size for the (x, y) raster scans was set to 35 nm. Transmitted light was detected by a 
scintillator screen combined with a photomultiplier tube. 

In the in-situ experiment, a single Fe2O3-Cu-K-SiO2 catalyst (precursor) particle 
was imaged during a pretreatment temperature program in H2. The particle was 
imaged at 25 oC in He and 150, 200, 250, 300, 350 and 450 oC in 1.2 bar H2 (Airgas 
99.999 %). Because of the small dimensions involved, the 50 oC temperature 
increments applied in this research were almost instantaneously achieved. After each 
increment, the temperature was kept constant for 30 min before acquiring STXM 
image data. In order to study the influence of the SiO2 support on the reduction 
properties of the catalyst particle, a reference experiment was performed on an 
unsupported catalyst (precursor) particle. For this experiment, a single catalyst 
particle was imaged in He at 25 oC and in 1.2 bar H2 at 150, 250 and 350 oC.

Temperature Programmed Reduction

Temperature Programmed Reduction (TPR) was performed on a Micromeritics 
Autochem-II instrument equipped with a TCD detector, after drying the samples in 
an Ar flow at 120 ºC for 20 min. After the TCD signal was stable, the gas stream was 
switched to 50 mL/min 5 % H2/Ar (Linde). To mimick the conditions of the STXM 
temperature programmed reduction experiments, the temperature was raised from 
25 oC with increments of 50 oC up to 500 oC at 20 oC/min. After each increment, the 
temperature was kept constant for 30 min.
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STXM data analysis

The chemical images and reported relative Fe3+/Fe2+/Fe0 compositions were analyzed 
using the aXis2000 software package17. The software uses linear regression to 
fit the normalized (optical density (OD)) spectra of each (35 x 35 nm2) pixel to a 
linear combination of reference spectra. Fe3O4, Fe2SiO4 and a-Fe reference spectra 
were used as references for mixed (1:2) Fe2+/Fe3+ (Fe3O4), pure Fe2+ and Fe0 species, 
respectively.

In order to define regions of distinct morphology, the total thickness and individual 
a-Fe2O3 and SiO2 phase thicknesses of the catalyst particle were calculated in the 
following manner:

The optical density (OD) is defined as:

  
 

∑



n

i
iii tEOD

1
)( ρµ     (1)

in which m(E)i is the energy dependent mass absorption coefficient, ri is the density 
and ti is the thickness of phase i. Since m(E)i and ri are known for a-Fe2O3 and SiO2, by 
correcting for these values a thickness map of the catalyst particle and the individual 
phase thicknesses in the initial samples can be estimated from the O K-edge STXM. 
For SiO2, a density of 2.20 g/cm3 was used, while for the a-Fe2O3 phase a density 
of was 5.24 g/cm3 was assumed. The mass absorption coefficients were calculated 
from tabulated values18. It is noted that we neglect the contribution of CuO and K2O 
phases to the O K-edge spectrum. Although this in principle introduces an error in 
the absolute measured thickness, it is justified under the assumption that these phases 
are homogeneously distributed over the catalyst particle and their contribution to the 
thickness of the particle is therefore constant and small. 

It should be noted here that the thickness we calculate here does not directly give 
us information on how the different materials are associated three-dimensionally. 
As STXM gives a two-dimensional projection of the sample under study, the method 
described above only gives us information about the amount of each phase in a 
column of material, as probed by the X-ray beam. Unless tomographic studies are 
applied, the three-dimensional distribution of these phases remains unknown.

Results and Discussion
A STXM image of a single Fe2O3-Cu-K-SiO2 catalyst particle before reduction at 
room temperature, along with the average (signal from the whole particle) Fe L2 and 
L3 and O K absorption edges, is shown in Figure 1.

From the double peak pre-edge feature in the O K-edge at ~ 530 eV19 and the 
position of the main L3-edge peak contribution at 709.3 eV20, 21 (Figure 1b), it is 
confirmed that the starting Fe species are present as a pure Fe3+ a-Fe2O3 phase. 
This phase is mixed with the SiO2 support, as indicated by the extra characteristic 
contribution in the O K-edge spectrum at ~ 537 eV22. In Figure 1a, the O K-edge was 
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fitted to contributions of a-Fe2O3 and SiO2 reference spectra at every 35 x 35 nm2 
pixel. In this way, a chemical component image was constructed in which a-Fe2O3 
is shown in red and SiO2 in cyan. The resolution of the measurements is not high 
enough to resolve individual a-Fe2O3 crystallites. However, it is clear from Figure 1a 
that the distribution of a-Fe2O3 over the SiO2 support is non-uniform. The presence 
of Cu and K in the catalyst was confirmed; however, these species were found to be 
present in too low amount and too dispersed to image them selectively. Therefore, 
we will focus our study on the Fe and Si phases.
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Figure 1 (a) Chemical component image of an Fe-based FTS catalyst particle before reduction 
treatment. Red pixels indicate a contribution of the (Fe3+) a-Fe2O3 phase, while cyan pixels 
indicate the presence of SiO2. The color intensity was normalized to the maximum signal of 
each species to emphasize the spatial distribution of the species. Pixel dimensions are 35 
x 35 nm2.  (b) Average O K-edge and Fe L2,3-edges of the catalyst particle before reduction.

In order to analyze the influence of local sample morphology on the STXM 
reduction data, an estimation of the individual SiO2 and a-Fe2O3 layer thicknesses 
was made. The total thickness image of the catalyst particle is shown in Figure 2.

Three regions of distinct chemical and morphological composition were defined. 
The first region consists of a thick layer of SiO2 (~ 70 nm) and a thick layer of 
a-Fe2O3 (~ 40 nm) (region 1). The second region had a SiO2 layer of intermediate 
thickness (~ 50 nm) and a thin layer (~ 20 nm) of a-Fe2O3 (region 2). The third region 
showed practically no contribution of SiO2 (~5 nm) and a thin layer (~ 15 nm) of 
a-Fe2O3 (region 3). Table 1 summarizes the morphological characteristics of these 
different regions.
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Figure 2 Thickness plot of the Fe2O3-Cu-K-SiO2 catalyst particle. Pixel dimensions are 35 x 
35 nm2.

For reference, reduction properties of the Fe2O3-Cu-K-SiO2 catalyst precursor 
were investigated using Temperature Programmed Reduction (TPR) in H2. The 
catalyst was exposed to a flow of H2, while the temperature was increased stepwise 
by 50 oC up to 500 oC the cumulative amount of consumed H2 was monitored. 
Under the assumption of negligible H2 consumption by reduction of Cu species, 
the consumption of moles of H2 per mole of Fe can be used to express the valence 
of Fe as a function of temperature. The measured H2 consumption per mole Fe was 
converted to Fe valence under the assumption that the reduction of 1 mol Fe3+ to Fe2+ 
consumes 0.5 mol H2. The TPR results are shown in Figure 3a and will be discussed 
together with the results of the in-situ STXM experiment below.

Table 1 Approximate layer thicknesses for the defined regions under discussion. 

Region ta-Fe2O3
 (nm) tSiO2

 (nm) ttotal (nm)
1 40 70 110
2 20 50 70
3 15 5 20

The Fe L3 and L2-edge X-ray absorption spectra of the three regions at 250 oC, 
300 oC, 350 oC and 450 oC are shown in Figure 4. Fe3+ has a characteristic main L3-
edge contribution at 709.3 eV, Fe2+ at 707.9 eV and Fe0 at 706.8 eV13, 20, 21. The change 
in relative abundance of Fe valence in these regions as a function of reduction 
temperature can be calculated from linear combination fitting of the spectral shapes 
and is shown in Figure 3b and next to each spectrum in Figure 4.

By performing least squares linear combination fitting of the Fe L2,3-edges at 
every 35 x 35 nm2 pixel, a chemical component image of the catalyst particle was 
constructed at each reduction temperature. The resulting images are shown in the 
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Figure 3 (a) H2 TPR data. The TPR temperature program is plotted on the left axis, the 
calculated Fex+ valence on the right axis. Symbols () indicate the calculated average 
valence of the catalyst particle as determined by STXM and correspond to the values on the 
right Y-axis. Error bars are indicated, taking into account the error in the fitting procedure. (b) 
The relative contribution of Fe0 and Fe2+ species as a function of temperature in the different 
regions. Open symbols indicate Fe0, solid symbols indicate Fe2+. The remaining fraction is 
the amount of Fe2+/3+ species.
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Figure 4 Fe L3 and L2-edge spectra of the catalyst particle at specific temperatures during 
the reduction treatment. (a) 250 oC (b) 300 oC (c) 350 oC  and (d) 450 oC. Solid lines indicate 
the experimental data from the defined regions in Figure 2. Scattered (o) symbols indicate 
the fitted data. Relative contributions of the different Fe species, resulting from linear 
combination fitting, are indicated above each spectrum.
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left column of Figure 5 for mixed Fe2+/Fe3+ (blue), Fe2+ (green) and Fe0 (red) species. 
The maximum contribution of the each species was normalized to 1 in order to 
emphasize the spatial distribution. The right column of Figure 5 displays quantitative 
information from the sample in a valence contour map. This map was constructed by 
combining the relative contribution of each species and assigning valence numbers 
(0 for Fe0, 2 for Fe2+ and 22/3 for Fe2+/3+) at every pixel.

During the in-situ STXM experiment, up to ~ 200 oC the material hardly showed 
any changes. The Fe L2,3-edge spectra only indicated slow reduction of Fe3+ in 
a-Fe2O3 to the mixed Fe2+ and Fe3+ (ratio 1:2) Fe3O4 phase. In the bulk TPR data 
(Figure 3) it is confirmed that below 200 oC, hardly any reduction takes place. At 200 
oC, the catalyst particle was reduced to Fe3O4 (spectra not shown). This change was 
both reflected in the average STXM valence and TPR experiment. 

At 250 oC, the STXM images started to show significant differences in reduction 
behaviour for the three regions (Figure 5a). The average valence of Fe species in the 
catalyst particle was 2.3, roughly the same as measured from the TPR experiment. 
However, the Fe L2,3-edge spectra of the three regions show large differences (Figure 
4a).  The Figure shows that region 1 largely remains in the mixed Fe2+/Fe3+ state. 
The relatively low contribution of Fe2+ indicates that the material is hardly reduced 
beyond Fe3O4 at this temperature. A significantly higher contribution of Fe2+

 species 
is observed in region 2 while in region 3, the reduction to Fe0 has far more progressed 
than in the other regions. 

As region 2 was relatively SiO2 rich compared to the other regions, apparently the 
SiO2 phase stabilizes the Fe2+ species and inhibits further reaction to Fe0. This has 
been discussed in literature and is ascribed to either the stabilization of FeO or the 
formation of a mixed oxide, for example Fe2SiO4

5, 23. In a more elaborate explanation, 
tetrahedral Si4+ species in SiO2 have been shown to interact with the Fe2+/Fe3+ Fe3O4 
inverse spinel phase and replace tetrahedral Fe3+ sites, resulting in the formation of a 
mixed oxide iron silicate (Fe2SiO4) phase23. The formation of this phase is generally 
undesirable for Fischer-Tropsch catalysts as the formed silicates are very difficult to 
reduce further and result in the loss of active Fe0 sites5. 

In region 3, the relatively thin layer of a-Fe2O3 in the absence of SiO2 leads to 
fast reduction of Fe3+ to Fe2+ and Fe0 species, even at 250 oC, while at the same 
temperature region 1, consisting of a the thick layer of Fe2+/Fe3+ iron oxide species, 
remains largely unaffected, possibly due to the limited interaction with the SiO2 
support, preventing the substitution of Fe3+ by Si4+.

At 300 oC, the Fe L2,3-edges of region 3 (Figure 3b and 4c) show a somewhat 
lower contribution of Fe0 and more Fe2+ and mixed Fe2+/Fe3+ species compared to 250 
oC. The  somewhat higher Fe2+ content might be a direct indication of the migration 
of Si(OH)4 or Si2O(OH)6 species over the catalyst5, 23-25. Due to the enhanced mobility 
of Si species at higher temperatures, induced by reaction with H2O produced during 
reduction, SiOx species may spread over the catalyst, and react with the Fe species, 
inhibiting reduction beyond Fe2+. In support of this hypothesis, the total thickness 
of region 3 increased between 250 and 300 oC. An accurate thickness calculation, 
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Figure 5 Chemical 
images of the Fe2O3-
Cu-K-SiO2 catalyst 
particle, showing the 
spatial distribution of the 
different iron species 
(left) and average 
valence contour maps 
(right) in 1 bar H2 at (a) 
250oC (b) 300oC (c) 
350oC and (d) 450oC. 
The pixel dimensions 
of the left column are 
35 x 35 nm2. The three 
defined regions are 
indicated in Figure (a). 
The average valence 
of the whole catalyst 
particle is indicated in 
the top right corner of 
the contour maps.
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however, remains difficult due to the presence of multiple phases. Regions 1 and 
2 show an enhanced contribution of Fe2+ and Fe0 species and thus a lower average 
valence (Figures 4b and 5b) compared to 250 oC, with the SiO2-rich region 2 again 
showing a relatively higher abundance of Fe2+ species. The average valence of 
the catalyst particle at 300 oC is 2.1, in agreement with the results from the TPR 
experiment (Figure 3a).

Increasing the temperature to 350 oC leads to a further extent of reduction for 
regions 1 and 2 (Figure 3b and 4c), while the distribution of Fe species becomes 
more homogeneous (Figure 5c). At this temperature, the contribution of Fe2+ species 
increases by roughly 20 % for regions 1 and 2, while region 3 shows a somewhat 
less pronounced increase (Figure 3b). The relative contributions of Fe2+ species are 
23, 32 and 17 % for regions 1, 2 and 3, respectively. These contributions ratios are in 
good agreement with the (initial) relative contribution of SiO2 in these regions. The 
average Fe valence of the catalyst particle from STXM is 2.0 at 350 oC compared to 
~ 2.2 from the TPR experiment.

At 450 oC (Figure 4d and 5d) all three regions show a Fe0:Fe2+:mixed Fe2+/
Fe3+ species ratio of about 1:1:1. From both the chemical images and the valence 
contour maps, the distribution of Fe species appears to be very homogeneous at this 
temperature, further pointing to the increased mobility of SiOx species at higher 
temperatures. The average Fe valence of the catalyst particle at this temperature 
is 1.6, again in close agreement with the TPR data (Figure 3a). Increasing the 
temperature to 500 oC showed a higher overall contribution of Fe2+ and Fe0 species, 
but no significant differences in the spatial distribution of Fe species (not shown 
here). The average Fe valence was 1.4 at 500 oC.

In order to further clarify the role of SiO2 in the reduction phenomena described 
above, a reference experiment was done on an unsupported iron oxide catalyst 
precursor. Figure 6 shows a STXM thickness map of an unsupported catalyst 
particle before reaction. The average thickness of the particle was 120 nm. From the 
Fe L2,3-edges and the O K-edge, it was confirmed that the starting composition of the 
particle was Fe3+ a-Fe2O3, with no other Fe species present. 

Figure 7 shows the progressive reduction of the unsupported catalyst. Starting 
from a pure a-Fe2O3 phase, the Figure shows that at 150 oC in H2, the material is 
homogeneously reduced to Fe3O4. The average Fe L2,3-edge spectrum of the particle 
shows the contribution of Fe2+ (707.9 eV) and Fe3+ (709.3 eV) species, in a ratio 
characteristic for Fe3O4

20, 21. Raising the temperature to 250 oC (Figure 7b), results 
in an almost complete reduction of the material to Fe0, as indicated by the high 
contribution of the spectral feature at 706.8 eV and the small shoulder at 709.3 eV in 
the average spectrum of the catalyst. Further raising the temperature to 350 oC leads 
to an overall lower valence of the Fe species present, as indicated by the Fe L2,3-edge 
spectrum and the valence map (Figure 7c), but has no significant influence on the 
distribution of Fe species.

The results for the two catalysts are very different. Whereas in the SiO2 containing 
Fe2O3-Cu-K-SiO2 catalyst Fe2+ species were stable up to 450 oC, no such species are 
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Figure 6 Thickness plot of the unsupported catalyst particle. The pixel dimensions are 35 x 
35 nm2.
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observed during the reduction of the unsupported iron oxide catalyst. This clearly 
illustrates the role of SiO2 in stabilizing the Fe2+ species and suggests the formation 
of a mixed oxide compound23.

Our results show that the reduction behavior of a single Fe2O3-Cu-K-SiO2 catalyst 
particle is dependent on its morphology up to 300 oC, after which the distribution of 
Fe over the particle starts becoming more and more homogeneous, at least partially 
due to the mobility of SiOx species. 

At low temperatures it was observed that a thin iron oxide layer in the absence of 
SiO2 (region 3) was reduced very rapidly compared to the other regions. The slower 
reduction rate observed in region 1 and 2 can be related to the interaction with the 
SiO2 support or the diffusion limited transport of oxygen atoms to the surface of 
the thicker iron oxide regions26. However, as the SiO2-free unsupported iron oxide 
catalyst with a layer thickness of about three times that of region 1 (140 nm vs. 40 
nm) was reduced very rapidly, without any indication of diffusion limited reduction 
rates (Figure 7), the latter explanation seems unlikely.

From our experiments, it is clear that Fe2+ species in close contact with SiO2 are 
stabilized from further reduction to Fe0. At higher temperatures, region 3 showed a 
gradually increasing contribution of Fe2+ species (Figure 3b), suggesting the mobility 
of SiO2 species at higher temperatures. However, because of the initial absence of 
SiO2 in this region, the formation of Fe2+ iron silicate species at 450 oC was limited 
compared to the other regions. Above 300 oC, no regions were observed where 
Fe0 were the main contributing species. Nonetheless, at 450 oC the contribution 
of Fe0 species increased significantly in the three regions under study. This was 
also reflected in the macroscale TPR experiment, where H2 consumption increased 
significantly above this temperature. However, STXM showed that at the same time 
the contribution of Fe2+ species increased (Figure 3b), suggesting that mainly Fe3O4 
species were progressively reduced above this temperature. As a result, the catalysts 
could not be fully reduced to Fe0 at temperatures below 500 oC. The lowest average 
valence was ~ 1.4 at 500 oC, indicating a substantial remaining contribution Fe2+ and 
Fe3+ species (~ 60-70 %).

The observed increase in homogeneity in the catalyst composition at higher 
temperatures is likely to be due to a combination of the increasing mobility of SiOx 
species and overall higher reduction rates at higher temperature, both leading to 
the averaging of Fe valences over the catalyst. As iron silicates are not active in the 
Fischer-Tropsch synthesis, the high contribution of Fe2+ observed here is expected 
to have a negative influence on the final catalyst performance. Moreover, as the 
migration of SiOx species is expected to take place on the surface of the catalyst, 
pretreatment at higher temperature might have an even worse effect as the FTS active 
Fe0 species can become encapsulated by SiOx species, making them inaccessible 
for CO and H2 reactants. Therefore, our results indicate that for high FTS activity, 
Fe-based SiO2 containing catalysts should be either reduced at low (250-300 oC) 
temperatures, where mobile SiOx species do not form to a large extent, or very high 
temperatures (> 500 oC) where iron silicates may start to decompose and metallic 
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Fe0 forms.

Conclusions
The in-situ STXM results illustrate the nanoscale, local heterogeneities of the Fe2O3-
Cu-K-SiO2 system during reduction in H2. In this catalyst system, Fe2+ species are 
stabilized by SiO2 against reduction to Fe0 up to 500 oC, while the unsupported 
Fe2O3 catalyst is almost completely reduced to Fe0 at temperatures as low as 250 
oC without the occurrence of isolated Fe2+ species. The local catalyst composition 
and morphology (i.e. Fe2O3/SiO2 ratio and layer thickness) was shown to influence 
local reduction phenomena to a large extent at lower temperatures, while at higher 
reduction temperatures (> 350 oC), the local heterogeneities in the catalyst gradually 
disappear as a result of the higher overall reduction rates in combination with a 
higher mobility of SiOx species. 

The results are in general agreement with the observations from Chapter 3, 
where it was found from combined X-ray diffraction/X-ray absorption spectroscopy 
that the unsupported Fe2O3 catalyst was completely reduced to Fe0 after pretreatment 
in H2 at 350 oC. The supported Fe2O3-Cu-K-SiO2 catalyst consisted iron (II) 
silicates and a small amount of reduced Fe0 after treatment at the same conditions. 
However, the in-situ STXM experiment presented in this Chapter illustrates the 
presence of spatially isolated Fe0 agglomerates in the Fe2O3-Cu-K-SiO2 catalyst, 
and indicates that the system forms a non-homogeneous mixture of Fe species after 
the H2 treatment. Therefore, the local contribution of (FTS active) Fe0 species in 
the catalyst may be significantly larger than suggested by the bulk composition as 
derived from the global experiment presented in Chapter 3. Comparison of the 
average Fe valence of the Fe2O3-Cu-K-SiO2 catalyst particle, as calculated from in-
situ STXM and (macroscale) TPR further illustrated this; even though there are 
significant differences within the catalyst on a local scale (as illustrated by in-situ 
STXM), on a global scale the two experiments almost yield the same results.

Both examples demonstrate the complexity of the interpretation of macroscale 
reduction experiments and their extrapolation to nanoscale phenomena and show 
that at certain conditions the reduction process itself may be localized on chemically 
and morphologically distinct sites. This is something that is difficult to access from 
a macroscale experiment, but can be readily resolved by in-situ nanoscale imaging.
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Chapter 6

Stability and Reactivity of e-c-q 
Iron Carbide Catalyst Phases under 

Realistic Pressure Conditions: 
Controlling mC

*

Abstract
This Chapter will investigate the stability and reactivity of e, c and q iron carbide 
phases in Fischer-Tropsch synthesis (FTS) catalysts, as a function of relevant reaction 
conditions, by synergistic combination of experimental and theoretical methods. 
Combined in-situ X-ray Absorption Fine Structure Spectroscopy/X-ray Diffraction/
Raman Spectroscopy was applied to study Fe-based catalysts during pretreatment 
and, for the first time, at relevant high pressure Fischer-Tropsch synthesis conditions, 
while Density Functional Theory calculations formed a fundamental basis for 
understanding the influence of pretreatment and FTS conditions on the formation 
of bulk iron carbide phases. By combining theory and experiment, it was found that 
the formation of q-Fe3C, c-Fe5C2 and e-carbides can be explained by their relative 
thermodynamic stability as imposed by gas phase composition and temperature. 
Furthermore, it was shown that a significant part of the Fe phases was present 
as amorphous or poorly crystalline carbide phases during high pressure FTS, 
sometimes in equivalent amount to the crystalline iron carbide fraction. A catalyst 
containing mainly crystalline c-Fe5C2 was highly susceptible to oxidation during 
FTS conditions, while a catalyst containing q-Fe3C and amorphous carbide phases 
showed a lower activity and selectivity, mainly due to the buildup of carbonaceous 
deposits on the catalyst surface, suggesting that amorphous phases and the resulting 
textural properties play an important role in determining final catalyst performance. 
The findings further uncovered the thermodynamic and kinetic factors inducing the 

* Based on: E. de Smit, F. Cinquini, A. M. Beale, O. V. Safonova, W. van Beek, P. Sautet and B. 
M. Weckhuysen, “Stability and Reactivity of e-c-q Iron Carbide Catalyst Phases in Fischer-Tropsch 
Synthesis: Controlling mC”, Journal of the American Chemical Society, In Press, doi: 10.1021/
ja105853q.
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e-c-q carbide transformation as a function of the carbon chemical potential mC.
Introduction
Fischer-Tropsch synthesis (FTS) converts synthesis gas (CO and H2) into longer 
straight chain hydrocarbons by a surface polymerization reaction1, making it an 
important pathway to produce valuable chemicals and transportation fuels from 
carbon sources alternative to crude oil (e.g. natural gas, coal and biomass). Most 
group VIII transition metals are active in the reaction, but only Fe and Co are 
typically applied industrially, owing to their high selectivity to long hydrocarbon 
chains and economic feasibility of the overall FTS process. Fe-based catalysts, in 
particular, have gained interest recently2 due to the low costs and high availability of 
the metal, a tunable product distribution (e.g. towards olefins and alcohols) and the 
prospects of converting coal or biomass-borne synthesis gas3 which typically have 
low H2/CO ratios with respect to the needed stoichiometric ratio for FTS of 2. The 
latter benefit is due to the fact that, unlike Co-based catalysts, Fe-based catalysts 
(more specifically Fe3O4) also catalyze the water-gas shift (WGS) reaction:

  CO + H2O ↔ CO2 + H2    (1)

which effectively increases the H2/CO ratio during FTS. 
As illustrated in the preceding chapters, the Fe-based FTS catalyst shows a rich 

phase chemistry under pretreatment and FTS conditions, making it a challenging 
system to study4. Depending on the pretreatment method, Fe-based FTS catalyst 
precursors undergo several phase transitions before becoming active in the FTS 
reaction. Typically, iron oxide based precursors are activated in a reduction treatment 
in H2, CO or mixtures thereof and depending on the conditions used, metallic Fe or 
iron carbides are formed5-7. Both metallic Fe and iron carbide surfaces can dissociate 
and hydrogenate CO8, 9, but under FTS conditions carbides readily form due to the 
proposed similarity between activation barriers of carbon diffusion into the metallic 
Fe body centered cubic (bcc) structure and hydrogenation and polymerization at the 
surface10.

During FTS e-Fe2C, e’-Fe2.2C, Fe7C3, c-Fe5C2 and q-Fe3C have all been observed6, 

11-13, nevertheless, the exact role of each carbide phase in the catalytic reaction remains 
unclear2. While research efforts have been committed to comparing the activity and 
stability of formed phases during FTS14-17 these studies have been hindered by the 
small crystallite sizes involved and by the fact that Fe-based catalysts are easily 
oxidized upon exposure to air, making correct ex-situ characterization difficult and 
advocating the need for in-situ characterization of the catalysts4, 5, 18, 19, where possible 
under realistic reaction conditions (i.e. operando). As a result, there is an ongoing 
debate on the exact nature of the active phase and site in Fe-based FTS catalysts. In 
Chapter 35, we reported on the in-situ characterization of H2 and CO/H2 pretreated, 
promoted and unpromoted Fe-based catalysts during FTS at 1 bar and illustrated the 
complexity of the different carbide phases that are formed on a local and long range 
order scale. Industrially, however, FTS is performed at elevated pressures (typically 



129

Stability and Reactivity of e-c-q Carbides under Realistic Pressure Conditions

~ 20 bar) and to our best knowledge, unlike recently for Co-based catalysts20-22, 
Fe-based catalysts have not yet been characterized in situ under high pressure FTS 
conditions.

Iron carbides are best classified as intermediate between ionic and interstitial 
carbides (see also Chapter 2)23. Carbon atoms are placed in available interstitial sites 
in a distorted hexagonally closed packed (hcp) structure of (zero-valent) Fe atoms. 
The structure of iron carbides can be classified, according to the site occupation 
of the carbon atoms in the crystal structure, into trigonal prismatic (TP) carbides 
and octahedral carbides (O)24. In the context of metallurgy, the transformation 
of iron carbides has been studied intensively. At low temperature a transition of 
O carbides to TP carbides is observed. More specifically, e carbides, formed by 
martensitic shearing25, are observed to form up to ~250 oC. The e-carbides transform 
into c-Fe5C2 above 250 oC and subsequently to q-Fe3C above 350 oC by twinning26, 

27. The exact temperature of transformation is dependent on many factors, such as 
crystallite sizes, morphology and surface texture and the presence of promotors or 
inhibitors for the formation of specific carbide phases (such as Si and Al).

In catalysis, understanding of the influence of experimental reaction conditions 
on the carbide phase chemistry is relatively limited. Therefore, in this Chapter we 
will investigate the thermodynamics of the (trans)formation of bulk carbide phases 
during catalyst pretreatment and the subsequent influence of the formed phases on 
the performance during FTS at relevant high pressure conditions by a combination 
of theoretical and experimental methods. An ab initio atomistic thermodynamics 
approach is applied to predict the relative stability of bulk carbide phases by 
discussing the influence of the carbon chemical potential mC imposed by the reservoir 
of gas phase species. In parallel, combined in-situ X-ray Diffraction (XRD)/X-ray 
Absorption Fine Structure Spectroscopy (XAFS)/Raman Spectroscopy is applied to 
study Fe phases and associated carbonaceous species in Fe-based catalysts during 
pretreatment and FTS under relevant high pressure conditions. As demonstrated 
in Chapter 3, the combination of XRD and XAFS allows for the detailed study 
of bulk inorganic crystalline and amorphous phases present in the materials under 
study. Raman spectroscopy allows the acquisition of complementary information 
about the organic carbonaceous surface species formed. This integrated theoretical/
experimental approach will enable us to examine the e-c-q transition from a novel 
viewpoint, obtain valuable structure-FTS performance correlations and show 
how different carbide phases may be synthesized during catalyst pretreatment by 
controlling mC.

Experimental
Computational details

In their original publication, Hohenberg and Kohn28 showed that the ground-state 
energy of a many-body system is a functional of the spatially dependent electron 
density r(r). As a result, when the electron density of a system is known, it can be 
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used to calculate the electronic properties of many-body systems, such as inorganic 
solids and molecules. This computational approach is referred to as Density 
Functional Theory (DFT). DFT is an alternative approach to methods that treat 
ground-state energy as a function of wavefunctions of N individual particles in the 
system. As a result, in its most simple form, (orbital-free) DFT has the advantage 
that the electron density in a system is dependent on only three (spatial, four if spin 
included) variables, independent of the size of the system, while for computational 
methods that treat N particles in a system individually, the complexity increases 
exponentially with N. 

In modern DFT, (Kohn-Sham)29 orbitals are used to describe the electron density 
in a system. This makes DFT calculations more computationally demanding (again a 
many-body problem), but also much more accurate than orbital-free DFT, as the only 
unknown functional is the electron exchange-correlation energy, which is a small 
contribution to the total energy.

A problem in DFT is, however, that even though the ground-state energy of a 
system is proven to be directly related to its electron density, the exact functional 
connecting the two properties is unknown, mainly due to this unknown contribution 
of electron interaction (i.e. exchange-correlation energy). There are, however, 
different methods to approximate these functionals.

In the Local Density Approximation (LDA)29, the electron density is treated as a 
homogeneous “electron gas” of slowly varying density. However, the electron density 
in typical systems studied in catalysis is not homogeneous. For systems with spatially 
inhomogeneous electron density, the Generalized Gradient Approximation (GGA)30, 
which also takes into account gradients in electron density, is a more appropriate 
description and, as a result, typically leads to more accurate results. In the DFT 
calculations reported in this Thesis, GGA functionals were applied in combination 
with periodic boundary conditions. The latter means that the most reduced unit cell 
that accurately describes the system is repeated in three dimensions and used as an 
input for the calculations. This further minimizes the required computational time.

In this Chapter, spin-polarized DFT calculations were performed in the generalized 
gradient approximation (GGA) using the Perdew-Wang (PW91)30 functional as 
implemented in the VASP31, 32 computational code. The projected augmented wave 
(PAW) method was adopted. The energy cutoff for the plane wave basis set was set 
to 400 eV, in accordance with the selected PAW atomic radii. The convergence of the 
total energy was confirmed for different k-point meshes and cutoff energy.

Ab initio atomistic thermodynamics was applied to compare the relative stability 
of carbide phases under different, relevant catalytic and pretreatment conditions. In 
our approach, the absorption energy of carbon in bulk carbides is calculated from 
DFT total energy calculations, as a function of the carbon chemical potential mC, 
using bcc a-Fe as a reference:
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The carbon chemical potential mC is imposed by the surrounding gas mixture at 
a certain temperature and pressure. For instance, for the reaction:

  2 CO → CO2 + C    (2)
  mC = 2 mCO - mCO2    (3)

The chemical potential m of each gas phase species can be calculated by statistical 
thermodynamics:

  m = Etotal + H - TS    (4)

The total electronic energy Etotal of the gas phase molecule can be calculated from 
total energy type optimizations (in our case using DFT/VASP). For linear molecules, 
the enthalpy term H is equal to:

   
kTH
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      (5)

and for non-linear molecules the enthalpy is equal to:
   kTH 3      (6)

The entropy term S can be calculated using the rotational, translational and vibrational 
partition functions, Qrot, Qtrans and Qvib, respectively, of the molecule:

   transrotvib QQQkS ln     (7)

The rotational partition function is equal to:
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where s is the symmetry number and Qrot is the rotational temperature:
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where I0 is the moment of inertia.
The translational partition function is determined from:
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where M is the total mass of the molecule.
Finally, the vibrational partition function is represented by:
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for linear molecules and:
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for non-linear molecules. Qvib,j is the vibrational temperature, and equal to:

  
 

jjvib k
Θ ω,      (13)

where wj is the frequency of a vibrational mode of the molecule.
Gas phase molecules were optimized and their total energy and vibrational 

frequencies were determined using DFT, while the rotational and translational 
partition functions were evaluated using the GAUSSIAN 03 code33.

The interaction energy between C and Fe atoms in the different FexCy carbide 
structures can be determined by using atomic carbon as a reference, from:
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while the deformation energies, normalized per carbon atom can be calculated using:
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where Etotalref is the total energy of the carbide structure without any C atoms. Note 
that we have used the bcc a-Fe atom as a reference here, even though the iron carbide 
structures are derived from an hcp lattice. As a result, the deformation energies 

Table 1 Summary of the crystal structures used as input for the DFT structure optimizations.

Iron 
Carbide Space Group Lattice parameters (Å) Cell Angles 

(o)

Carbon 
Concentration
(C atoms Å-3)

e-Fe3C34 P6322 (182) a = b = 4.767 c = 4.354 a = b = 90
g = 120 0.0233

q-Fe3C35 Pnma (62) a = 5.092 b = 6.741 
c = 4.527 a = b = g = 90 0.0257

e’-Fe2.2C36, 37,a P63/mmc (194) a = b = 2.749 c = 4.340 a = b = 90
g = 120 0.0298

c-Fe5C2
38 C2/c (15) a = 11.588 b = 4.579

c = 5.059
a = g = 90
b = 97.746 0.0301

Fe7C3
39 P63mc (186) a = b = 6.882c = 4.54 a = b = 90

g = 120 0.0322

e-Fe2C36, 37,a P63/mmc (194) a = b = 2.749 c = 4.340 a = b = 90
g = 120 0.0340

h-Fe2C40 Pnnm (58) a = 4.704, b = 4.318
c = 2.830 a = b = g = 90 0.0348

a a supercell of 2 x 2 x 2 unit cells was used for the calculations. 
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calculated here also contain a (constant) energy contribution for the rearrangement 
of the bcc to the hcp lattice. The deformation energy can be used to express the 
amount of deformation of the structure from the ideal Fe bcc structure and is used as 
a qualitative indication for the amount of strain in the carbide structure.
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Figure 1 Iron carbide crystal structures. (a) e-Fe3C, (b) q-Fe3C, (c) e’-Fe2.2C (2 x 2 x 2 
supercell), (d) c-Fe5C2, (e) Fe7C3, (f) e-Fe2C (2 x 2 x 2 supercell), (g) h-Fe2C. Grey spheres 
represent Fe, black spheres represent C. 

Table 1 lists the characteristics of the carbide crystal structures used as the initial 
input structure for the DFT calculations. Figure 1 gives a visual overview of the 
crystal structure unit cells. In this Chapter we only report on the carbide phases 
that have been observed experimentally, or are predicted to be stable during FTS. 
It is noted here that a structure possibly similar to Fe4C was reported in Chapter 3. 
However, the bulk, stoichiometric Fe4C phase was found to be thermodynamically 
unstable under typical FTS (pretreatment) conditions, and hence will not be further 
discussed in this Chapter.

After the initial structure optimization, the theoretical X-ray diffraction 
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(XRD) patterns of the calculated structures were determined and compared with 
experimental XRD patterns. It was found that in some DFT optimizations the carbide 
structure would be modified towards a structure with a lower total energy per unit 
volume, but with an unrealistic (not reported) crystal structure and XRD pattern. 
Since the TP carbide phases can be built from twinning operations on the same 
parent hcp structure as O carbides26, during the structure optimization the initial 
carbide structures might be transformed into a different, enthalpically more stable 
carbide structure. As the DFT optimizations do not take into account the entropic 
contribution to the total free energy of the crystal structures, this has been observed 
for crystal structures that are stabilized at higher temperatures by a contribution in 
vibrational entropy, for example ZrO2

41, 42. Because the entropic contribution is not 
included in our DFT calculations, in order to prevent reporting structurally incorrect 
carbide structures and associated energies, the simulated XRD patterns were taken 
as a criterion for the correctness calculations and, where needed, a constraint was 
applied on the shape of the unit cell.

Fe atoms have a higher X-ray scattering cross section in comparison to (low Z) 
C atoms in the crystal structures. As a result there is a certain level of uncertainty 
to the position of carbon atoms in the crystal structures as determined by XRD. We 
found that the position of carbon atoms inside the unit cells did not significantly 
change the calculated XRD patterns. Because of this, and in order to obtain reliable 
DFT results, we have allowed all Fe and C atoms to relax inside the unit cells. The 
applied XRD criterion is summarized in Figure 2.

It is further noted that the hexagonal e-Fe2C and pseudohexagonal e’-Fe2.2C 
carbides are not listed in the ICSD database. The e-Fe2C phase can form many different 
stoichiometries24 of which e’-Fe2.2C is the most commonly reported stoichiometry 
in FTS24, 43, 44. Additionally, an e-Fe3C carbide exists that is almost isostructural to 
the e-Fe2C and e’-Fe2.2C phases. The main difference between the structures is that 
the carbon placement in the crystal structure is ordered in the case of e-Fe3C and 
disordered for the e-Fe2C and e’-Fe2.2C carbides. The full characterization of these 
carbides has only been carried out by Mössbauer spectroscopy because of the high 
disorder of carbon atoms in the structures and the difficulty to distinguish between 
the different phases by XRD24, 40.

As a result of the periodic boundary condition used in the DFT calculations, 
site occupancies reported for the e-Fe2C and e’-Fe2.2C structures cannot be taken 
into account in the calculations directly. Therefore, these structures were calculated 
using a 2 x 2 x 2 supercell containing 16 Fe atoms and 8 or 7 C atoms placed in 
different configurations, equivalent to a site occupancy of 0.5 and 0.44 respectively. 
In the e-Fe2C structure, C occupies exactly half of the available octahedral sites and 
it has been noted that this structure is similar to the Pnnm h-Fe2C carbide40. The 
difference between the two structures is the disordered placement of the carbon 
atoms in the octahedral interstitial sites, where the ordering of carbon atoms is 
hexagonal and disordered in case of the e carbides and orthorhombic and ordered in 
case of the h carbide. The high disorder of carbon atoms, especially in the e’-Fe2.2C 
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phase, makes it difficult to formulate a reliable model structure for these compounds. 
The calculations presented here are an average of different configurations of carbon 
atoms.
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Figure 2 Illustration of the XRD criterion applied for the determination of mC
crit and other 

properties of the carbide structures. The Figure shows the calculated diffraction patterns 
for the c-Fe5C2 structure38 (a) and the same structure without carbon atoms (b), together 
with the DFT optimized structure with constraints on the cell shape and size (c) and the 
same structure with no constraints on the cell shape and size (d). The XRD patterns were 
calculated with l = 0.5 Å.

The ICSD database reports another crystal structure with Fe7C3 stoichiometry45, 
but with lower symmetry. The structure of this carbide is close to a supercell (a ≈ c, 
c ≈ 2a) of the Fe7C3 structure discussed here. It was also found that both structures 
were close in energy. However, as the structure proposed by Herbstein et al.39 gives 
a lower deformation energy we will take this high symmetry structure of the carbide 
as a starting point for our optimizations.

Materials

A high surface area a-Fe2O3 catalyst was synthesized by precipitation from a 0.6 M 
Fe(NO3)3 • 9 H2O (Acros, 98+ %) solution using a Na2CO3 (Acros, anhydrous, pure) 
solution (2.0 M) as a precipitation agent. The Fe(NO3)3 solution was heated to ~ 90 
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oC and added (in ~1 min) to the near boiling Na2CO3 solution under vigorous stirring. 
The resulting precipitate was separated by filtration, and reslurried and washed four 
times in 1 L of hot (~90 oC) distilled water until all residual sodium was removed. 
The precipitate was dried in stagnant air for 6 h at 60 oC and 24 h at 120 oC. Finally, 
the dried catalyst precursor was crushed and calcined in high air flow at 300 oC for 
5 h using a heating ramp of 5 oC/min.

For reference experiments, a commercial high purity a-Fe2O3 reference (Sigma 
Aldrich, 99.999 %) was obtained.

The purity of the catalyst material and a-Fe2O3 reference was confirmed by X-Ray 
Fluorescence (XRF) analysis on a Goffin Meyvis Spectro X-lab 2000 machine. No 
significant contribution of other elements than Fe and O was observed.

Ex-situ Experiments

a-Fe2O3 catalysts samples were pretreated in different mixtures of CO/H2 (CO, 99.0 
%, Linde. H2, 99.9 %, Linde). For each experiment, about 100 mg of the powdered 
samples was diluted in ~ 500 mg of SiC and loaded into a tubular glass reactor with 
an internal diameter of 0.5 cm. The reactor was heated in a tubular quartz oven 
while thermocouples monitored the temperature of the sample bed. The samples 
were treated in 20 mL/min flow CO/H2 mixtures or pure H2 and heated at 2 oC/min 
up to the desired temperature and kept at this temperature for 2 h.

The catalyst materials were characterized ex situ using N2 physisorption, 
Transmission Electron Microscopy (TEM) and X-ray Powder Diffraction (XRD). 
The Brunauer-Emmet-Teller (BET) surface area and total pore volume of the catalyst 
materials were determined from N2-physisorption. N2-physisorption isotherms were 
measured at −196 °C using a Micromeritics Tristar 3000 apparatus. The samples 
were dried in He flow for 14 h at 200°C (5 oC/min ramp) prior to analysis. TEM 
images were acquired using a Tecnai 20F FEG microscope operating at 200 kV 
and equipped with Energy Dispersive X-ray (EDX) and Selected Area Diffraction 
(SAED) analyzers, allowing obtaining information about the crystallinity and 
distribution of chemical species on the catalysts. XRD powder diffraction patterns 
were acquired on a Bruker D8 X-ray powder diffractometer using Co Ka1 radiation 
(l = 1.79026 Å). For comparison with the in-situ experiments, the angles of the 
diffraction peaks were converted to 2q values corresponding to l = 0.5 Å. 

In-situ experiments

X-ray Absorption Fine Structure (XAFS), X-ray Powder Diffraction (XRD) and 
Raman spectroscopy data were collected on the Swiss Norwegian Beamlines 
bending magnet station BM1B (SNBL, BM1B) at the European Synchrotron 
Radiation Facility (ESRF) in Grenoble, France. The storage ring operated at 6 GeV 
and 200 mA in 7/8 + 1 multibunch filling mode. A schematic representation of the 
XAFS/XRD/Raman setup is shown in Figure 1.
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Figure 3 Schematic representation of the Combined XAFS/XRD/Raman experimental setup.

XAFS, XRD and Raman data were simultaneously acquired from a sample 
mounted in a quartz capillary (0.7 mm o.d., 0.01 mm wall thickness, Hampton 
Research, Aliso Viejo, CA, USA). The capillary was connected to a gas manifold 
system which controlled gas flows by electronic mass flow controllers, while 
controlling the total pressure in the system by a back-pressure controller valve. 
Effluent gases could be detected by an on-line mass spectrometer (Quadstar, 
Balzers). The sample was heated by a nitrogen heat gun, allowing heat treatments 
up to 1000 oC. The heat gun calibration was verified by an external thermocouple.

Fe K-edge (7.112 keV) XAFS data were collected in transmission mode. The 
beamline was equipped with a Si (111) double crystal monochromator. Ionization 
chambers were used to detect the incident (I0) and transmitted (It) beam signals. 
Higher order harmonics in the monochromatic beam were suppressed by slight 
detuning of the monochromator crystals. The vertical beam size was limited to well 
below the capillary diameter (~ 600 mm). The monochromator energy resolution 
was better than 2 eV, the energy was calibrated by using a reference metallic Fe 
foil, placed after the second ionization chamber. Extended X-ray Absorption Fine 
Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES) spectra 
were recorded using the monochromator in constant speed mode resulting in an 
acquisition time of typically 5 min for one XAFS spectrum.

XRD data were acquired using a Si (111) channel-cut monochromator tuned to 
a wavelength of 0.5000 Å. Diffracted (scattered) X-rays were detected by a circle 
diffractometer equipped with 6 scintillator detectors, each equipped with a Si 
analyzer crystal46. The diffractometer was calibrated before the experiments, using 
a Si reference. The acquisition time of a 9.0-27.0o 2q diffraction pattern (3.19 Å > d 
> 1.07 Å) was typically 15 min.
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Raman data was collected simultaneously with the XAFS/XRD scans using a 
Renishaw inVia Spectrometer equipped with a 532 nm excitation laser. Dispersion 
was performed with an 1800 lines/mm grating. A RP10 compact video fiber optic 
probe with a long distance objective was used to focus the laser onto the sample and 
collect the Raman signal. The fiber optic was equipped with edge filters to suppress 
Rayleigh scattering. The typical laser power applied was 70 mW, excessive local 
heating was prevented by periodically scanning the beam laterally over the capillary 
(~ 2 Hz, 5 mm). The acquisition time of one spectrum was typically 5 min.

As a tradeoff between XAFS, XRD and RS data quality, the samples were 
diluted in low surface area amorphous SiO2 (Aerosil OX50, Degussa) and diluted to 
the amount needed for a Fe K-edge absorption step of 1.0-1.2 absorption units. The 
use of amorphous SiO2 ensured that there was no interference between crystalline 
phases of the diluent and the WAXS signal of the sample, while the porosity of the 
SiO2 ensured sufficient accessibility of reactant gases to the sample47. Typically, 40 
mg of sample was diluted with 70 mg of SiO2. Samples were gently pelletized and 
crushed to a sieve fraction of 100-200 mm and loaded into the quartz capillaries 
between plugs of quartz wool. The total amount of sample in the capillary was ~ 
1 mg. The typical gas hourly space velocity during the in-situ experiment was ~ 
100000-150000 h-1 (compared to ~ 15000 h-1 in the ex-situ pretreatment experiment). 
Gas tight seals, pressure-tested up to 20 bar, were achieved using high temperature 
epoxy sealant. Isothermal heating of the sample was ensured by limiting the lateral 
size of the sample to the nozzle of the heater gun.

Carbide references

c-Fe5C2 and q-Fe3C carbide reference materials were synthesized and characterized 
in situ by exposing the a-Fe2O3 reference material to a flow of 10 mL/min CO 
(99.0 %, Linde) and heating up to the desired temperature at 2 oC/min. c-Fe5C2 was 
synthesized by dwelling 2 h at 350 oC for 2 h. q-Fe3C was synthesized by dwelling at 
450 oC for 2 h. More details about the preparation and characterization of the q-Fe3C 
and c-Fe5C2 carbide references are given in the Appendix section of this Thesis.

In-situ High Pressure FTS

The a-Fe2O3 catalyst samples were converted into different carbide phases and 
characterized in situ using the XAFS/XRD/Raman techniques. One sample was 
pretreated by heating the catalyst precursor in CO (5 mL/min, 99.0 %, Linde) to 280 
oC (2 oC/min) for 2 h. This pretreatment is referred to as the high mC pretreatment. 
Another sample was pretreated by heating the catalyst precursor in a 1 % CO/H2 
mixture (10 mL/min, (CO 99.0 %, H2 99.99 %, Linde)) to 350 oC for 2 h (2 oC/min 
ramp). This pretreatment will be referred to as the low mC pretreatment.

After their respective pretreatments, the catalysts were cooled to 250 oC and 
exposed to CO/H2 gas (5:5 mL/min). Subsequently, the pressure was slowly increased 
to 10 bar over a period of 2 h. The samples were run at 10 bar for 6 h. Catalytic reaction 
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data during the experiment was measured using an on-line mass spectrometer 
connected to the capillary reactor outlet. The reported mass spectrometry data is 
normalized per g Fe. It is noted here that a recent study suggested that the capillary 
reactor exhibits quasi plug flow conditions47.

Data Analysis

XRD

Crystal domain sizes and volume fractions of the crystalline phases in the samples 
were estimated by refining the diffraction profiles and estimating the line broadening 
using the POWDERCELL software package48. The line broadening was corrected 
for differences in experimental broadening between the synchrotron and laboratory 
setups. Peak shapes were fitted using Pseudo-Voigt profiles. Figure 4 shows a typical 
example of a refined experimental XRD pattern. 
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Figure 4 Typical refinement of an experimental XRD pattern.

EXAFS

Fe K-edge Extended X-ray Absorption Fine Structure (EXAFS) data analysis was 
performed using the XDAP software package49. The pre-edge background of the 
EXAFS spectra was estimated by a Victoreen function before subtraction. The Fe 
K-edge energy was calibrated to the first inflection point of the spectrum of a 5 mm 
reference Fe-foil (calibrated at 7111.2 eV) which was measured simultaneously with 
the sample. A cubic spline was used for the estimation of the EXAFS background. The 
spline was determined by minimizing the Fourier transform intensity at 0-1 Å, while 
not significantly reducing the intensity of the most intense peak50. Normalization of 
the spectra was performed at 50 eV above the edge. The extracted EXAFS data 
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was fitted in real space (1.0-4.0 Å), using k1 and k3 weighting and a k-range of 2.7-
9.8 Å. Three shells were used to fit the carbide phases in the catalysts. Due to the 
significant noise in the EXAFS data at higher k-range and in order to emphasize 
the contribution of the (weakly backscattering) C atoms, the data is reported in this 
Chapter is fitted in real space (1.0-4.0 Å) using the k1 weighted Fourier-Transformed 
data. The k3 weighted data was used to verify the goodness of the fits. For all fits, the 
fitted number of parameters was lower than the number of independent parameters 
(Nyquist theorem).

XANES

Fe K-edge XANES analysis and linear combination fitting was carried out within 
the ATHENA51 program, which is based on the IFEFFIT library of numerical and 
XAS algorithms. a-Fe foil, Fe3O4 (Aldrich, 99.999 %) and synthesized q-Fe3C and 
c-Fe5C2 carbide references (see Appendix) were used for the linear combination fit 
procedure. 

Ab initio Fe K-edge XANES calculations were performed using the FEFF 8.2 
code52. The code uses the real space full multiple scattering formalism and the 
muffin-tin approximation to calculate electronic potentials and absorption cross-
sections of absorbing atoms. The different Fe sites in the iron carbide structures 
were calculated separately and weighed and averaged for the calculation of the final 
spectrum. Clusters of 8 Å were used for the calculations and self consistent field 
calculations were performed within a radius of 6 Å around the central Fe atoms. 
A total experimental broadening of 1.2 eV (similar to the Fe K core hole life time 
broadening) was applied.

Results and Discussion
Ab Initio Atomistic Thermodynamics calculations

Figure 5 shows a plot of the volume normalized absorption energy (W) of the different 
carbide phases as a function of the chemical potential mC, as well as the mC values 
imposed by different, relevant gas mixtures applied in the pretreatment of Fe-based 
catalysts and the FTS reaction.

At higher carbon chemical potential, the carbide phases are more stable than the 
pure bcc a-Fe metal (Eads and W < 0). The critical value mC

crit, for which the absorption 
energy Eads becomes negative and carbides become stable with respect to free carbon 
and bcc a-Fe, is given in Table 2. From the Table, it is clear that mC

crit is similar for 
all carbide phases under study. This can be rationalized by the structural similarity 
of the carbide phases. Carbon atoms in the h-Fe2C structure have the lowest mC

crit. 
The order at which the carbides become stable with respect to “free” C and bcc a-Fe 
upon increasing mC, when not taking into account any other effects, can be inferred 
from Table 2, and is h-Fe2C > e-Fe2C > q-Fe3C > e’-Fe2.2C > c-Fe5C2 > Fe7C3 > e-Fe3C. 
However, the formation of carbide phases is likely to be also dependent on the 
kinetics of formation25, 26, 36, and not only on thermodynamics. Furthermore, the C 
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Figure 5 Volume normalized absorption energy (W) of iron carbide phases as a function of 
mC. (a) The shaded area represents the experimental range of mC applied in this study. Vertical 
lines indicate the specific mC imposed by several gas phase mixtures (pCO:pCO2 = 2:1 for CO 
at 1 bar and pCO:pH2:pH2O = 2:3:5 for FTS at 60% conversion). (b) detail of the graph in (a), 
emphasizing the stability ranges of TP carbide phases.

Table 2 Selected bulk iron carbides structural parameters from DFT structure optimization.

Iron 
Carbide

mC
crit 

(eV C atom-1)
Interaction energy 

(eV C atom -1)
Deformation 

Energy 
(10-2 eV C atom-1)

Carbon 
Concentration 
(C atoms Å-3)

h-Fe2C -7.864 -9.485 1.62 0.0353
e-Fe2C -7.825 -9.526 1.70 0.0350
q-Fe3C -7.818 -9.170 1.35 0.0265

e’-Fe2.2C -7.796 -9.736 1.94 0.0306
c-Fe5C2 -7.792 -8.632 0.84 0.0298
Fe7C3 -7.751 -8.849 1.10 0.0322
e-Fe3C -7.719 -10.238 2.52 0.0233
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absorption energies in the structures are close (all structures within ~0.1 eV/C atom), 
but the concentration of C in each structure is different. Therefore, the stability of 
the carbide structures is highly dependent on the mC imposed by the chemical (gas 
phase) surroundings, as seen in Figure 5.

Figure 6 summarizes some general implications of reaction conditions on the 
chemical potential mC. Overall, it follows that higher temperatures and lower CO 
partial pressures yield a lower mC. It can also be inferred from the Figure that at the 
pressure conditions considered here (1 – 20 bar), the dependence of mC is typically 
more sensitive to temperature than to pressure. It is noted, however, that high H2O 
partial pressures during FTS can significantly increase mC. 

The basic conclusion from Figures 5 and 6 is that under FTS conditions, the 
carbon chemical potential is such that Fe carbide structures are clearly more stable 
than metallic Fe. The relative stability of the various carbide structures is more 
subtle and will be discussed in more detail below.
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Figure 6 Influence of the gas phase conditions on mC. (a) mC as a function of mixtures of 
CO in H2 at 1 bar at 250 oC or 350 oC, for the reaction 2 CO à CO2 + C, plotted together 
with the temperature dependence of mC for the same reaction in 1 bar CO (pCO:pCO2) = 
2:1. Also included is mC for the reaction CO + H2 à C + H2O as a function of % CO in H2 
(pH2O = 0.01 bar). (b) mC as a function of different FTS conditions. High conversion = 60 %, 
pCO:pH2:pH2O = 2:3:5. For low pH2O the ratios were pCO:pH2:pH2O = 2:3:1. Low conversion 
= 5 %, pCO:pH2:pH2O = 100:100:5.

From Figure 5, it can be seen that the volume based absorption energy as a 
function of mC is lowest for the h-Fe2C and e-Fe2C and e’-Fe2.2C carbides, which 
means that these structures are most stable for the entire carbide stability domain. 
This would mean that none of the TP carbides (q-Fe3C, c-Fe5C2 and Fe7C3) are stable 
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with respect to the O carbides over the entire range of mC. However, TP carbides are 
commonly observed experimentally. In fact, the O carbide h-Fe2C has only been 
reported to form during high temperature steel tempering36 and not under typical 
FTS and catalyst pretreatment conditions. Furthermore, e-Fe2C and e’-Fe2.2C are 
usually not the major carbide phases observed during FTS24, 43, 44.

As the calculations presented in Figure 5 do not include entropic and kinetic 
considerations, it is postulated that the formation of O carbide phases is entropically 
and kinetically unfavored. In support of the entropy argument, it is well known that 
e-carbides only form under low temperature conditions (<200 oC). This is in good 
agreement with their calculated energetic stability, since at lower temperatures the 
entropic contribution to the free energy is small and therefore it is dominated by the 
internal energy contribution. At higher temperature pretreatment and FTS conditions, 
however, the entropy term might become more important and it is postulated here 
that this plays an important role in the relative stability of the carbide phases. Finally, 
the fact that TP carbide structures (most notably c-Fe5C2) transformed into other 
carbide structures during the structure optimizations might be an indicator for 
significant entropic contributions to the free energy of these structures41, 42.

Kinetically, the formation of O carbide phases might also be hindered. Table 
2 shows the interaction energy between C and Fe atoms in the different carbide 
structures and their deformation energy with respect to the Fe bcc lattice. From the 
Table, it can be seen that the deformation energy is most significant in the case of 
the h-Fe2C and e-carbide structures. The TP carbide structures typically observed 
during FTS: q-Fe3C, c-Fe5C2 and Fe7C3 share low deformation energies. In addition 
to the high deformation energy, the stoichiometrically needed amount of carbon in 
the e-Fe2C and h-Fe2C structures may be limited by the diffusion of carbon into 
the bcc a-Fe lattice, as further supported by the typically experimentally observed 
e-Fe2.2C stoichiometry. As the hcp lattice of Fe atoms is formed, twinning becomes a 
feasible way to release strain and adopt a TP structure with lower deformation energy 
and higher entropy. It is therefore proposed that the O carbides, although having a 
lower internal energy contribution, are transformed into the c-Fe5C2 phase at higher 
temperature due to the combination of lower strain, carbon diffusion limitations and 
a lower vibrational entropy, ultimately resulting in a higher relative thermodynamic 
stability and kinetic preference for c-Fe5C2 at lower mC. In support of this, e-Fe2C 
and e’-Fe2.2C are commonly reported after carburization low temperatures (high mC), 
for small particles sizes (less diffusion limitations) and in the presence of a support 
material or chemical promoters6, 11. Under these conditions, the formation of the 
e-carbide phases might be preferred.

The e-Fe3C phase, apart from being thermodynamically unstable with respect 
to c-Fe5C2, has an especially high deformation energy and therefore is not likely 
to form under typical FTS (pretreatment) conditions. It is further postulated that 
the orthorhombic h-Fe2C phase does not form under typical catalytically relevant 
conditions because of the lower configurational entropy as a result of ordered 
placement of carbon atoms in this structure with respect to the more disordered 
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e-carbides. In the remainder of this Chapter we will not further discuss the possible 
formation of the h-Fe2C phase and focus the discussion on the O and TP carbide 
phases that have been reported under FTS conditions.

Figure 5b illustrates the effect of mC on the stability of the TP c-Fe5C2, q-Fe3C and 
Fe7C3 phases. From the Figure it is clear that the c-Fe5C2 and q-Fe3C phases become 
relatively more stable with respect to the e-carbides at lower mC (higher temperature, 
lower CO pressure). However, as discussed above, in absolute (enthalpic) terms e’-
Fe2.2C and e-Fe2C are still predicted to be the more stable than c-Fe5C2 for every mC. 
It can be inferred from the Figure that only at very low mC (-7.7 eV) the q-Fe3C phase 
is more stable than e’-Fe2.2C.

q-Fe3C becomes stable with respect to c-Fe5C2 at low mC (-7.6 eV) conditions. This 
explains why in pure CO, q-Fe3C is only formed from c-Fe5C2 at higher temperature 
(> 350 oC)27. In addition, since the carbon concentration of the carbide structure 
changes significantly in this transformation, it is likely that carbon diffusion also 
plays a major role in the formation of this phase53.

Figure 5b further shows that Fe7C3 only becomes stable with respect to c-Fe5C2 at 
higher mC (~ 7.25 eV). Under typical FTS conditions (fixed CO/H2 ratio and pressure), 
this is synonymous with low temperatures, where the e carbides are more stable. 
This, in combination with the high carbon concentration might mean that the Fe7C3 
phase is difficult to form, since at higher temperature conditions c-Fe5C2 and q-Fe3C 
are more stable. It has been proposed that Fe7C3 can be constructed from a twinning 
operation on the q-Fe3C structure54. Therefore, we suggest that this carbide may 
form from q-Fe3C at higher mC in combination with higher temperatures. It is noted 
that the Fe7C3 carbide is most commonly reported in high pressure, high temperature 
Fischer-Tropsch synthesis and commercial reactors after long reaction times13, where 
the high pressure makes mC more favorable for the formation of this phase and the 
high temperature and long reaction times favor the kinetics of formation. 

Taking into account the discussion above, our calculations qualitatively describe 
the e-c-q transformation reported for iron carbides. Scheme 1 summarizes the 
predicted formation of the different carbide phases as a function of mC.

Ab initio thermodynamic calculations have been successfully applied to many 
catalytic research problems55-57. However, in Figure 5, there is an offset between the 
calculated mC as imposed by the gas phase and the stability regions of the carbides. 
For example, q-Fe3C is known to form in CO atmospheres above 350 oC27, while 
from Figure 5b it follows that the phase is not stable at the calculated mC of -6.7 eV 
(pCO:pCO2 = 2:1, ptotal = 1.0 bar, T = 350 oC), but only becomes stable with respect 
to c-Fe5C2 at -7.6 eV. This could be due to several reasons. First of all, the model 
reactions CO + H2 à C + H2O and 2 CO à C + CO2 are necessary, but unrealistic, 
simplification during FTS conditions. At the surface, there is competition for carbon 
atoms for bulk carbide formation, reaction into hydrocarbons and the Boudouard 
reaction forming graphitic surface carbon. This is not taken into account in our 
model. Additionally, the reactants and products do not behave as ideal gases during 
FTS at atmospheric and higher pressures. Typically, vapor phase, liquid and solid 
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(waxes) products are formed under FTS conditions, invalidating the ideal gas 
behavior assumed in our thermodynamic calculations. Moreover, the typical FTS 
reactor is not a batch reactor run under gas phase equilibrium conditions. FTS takes 
place in a continuous flow of reactants and products through and from the reactor. 
Although we used as reasonable conditions as possible for our calculations, there 
might be an offset between the partial pressures of gases experienced by the catalyst 
in the real reactor as compared to our model. Finally, as noted above, the ab initio 
atomistic thermodynamics approach adopted here can only be used to estimate the 
relative (enthalpic) stability of phases in contact with at certain gas mixture at a 
certain temperature and pressure. Entropic contributions, as well as kinetic and 
diffusion barriers, which may play an important role in the (trans)formation of the 
solids, are not calculated.
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Scheme 1 Qualitative interpretation of the ab initio atomistic thermodynamics study of the iron 
carbide structures. The gray arrow indicates the transformation where entropic contributions 
to the total free energy change are expected to be significant. The dashed arrow indicates 
that the transformation might be kinetically inhibited.

However, being aware of the limits of the model adopted for the evaluation of mC, 
we will show that in spite of the offset, the general observed trends can be explained 
and as such, the calculations form a useful base in interpreting the experimental 
results presented in this Chapter.

As a final remark, it should be noted here that the oxygen chemical potential mO 
also has an influence on the formed phases during FTS. a-Fe or carbide phases can 
be oxidized during FTS by interaction with H2O. However, in order to simplify the 
discussion, we will consider the oxidation of the a-Fe and carbide phases to be a 
separate process from the carburization of a-Fe and therefore will not include the 
influence of mO.
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The influence of mC on the formed carbide phases during pretreatment

Figure 6 presents the calculated mC for different mixtures of CO in H2 (pCO < pH2) 
at 1 bar total pressure for the reaction 2 CO à C + CO2 and CO + H2 à C + 
H2O, as well as mC for the same reaction under FTS reaction conditions at different 
pressures and temperatures. From the Figure, it follows that mC changes from -6.50 
eV in the case of pure CO at 350 oC to -6.74 eV in the case of 1 % CO in H2 at 
350 oC. In case the adsorbed oxygen atoms produced by CO dissociation would be 
preferentially removed by H2, theoretically the mC for the reaction would be even 
lower. However, since mass spectrometry data (after catalyst reduction) mainly 
showed CO2 evolution during our experiments, we exclude this reaction pathway for 
now. It can be inferred from the calculations that lowering the concentration of CO 
to 1 % at 350 oC has the same effect on mC as increasing the temperature of pure CO 
gas to 450 oC. Therefore, varying the partial pressure of CO poses an attractive way 
of changing mC at constant temperature. As it was found that pretreatment in CO at 
higher temperatures than 350 oC led to a dramatic increase in deposition of surface 
carbon during the synthesis of reference carbide phases (see Figure A2, A5 and A6 
of the Appendix), lowering the CO partial pressure could offer an alternative way 
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Figure 7 XRD patterns of the a-Fe2O3 catalyst material after different pretreatment 
procedures, imposing different mC. The theoretical XRD patterns for the different crystal 
structures are shown below each experimental pattern. The 2q angles were converted to l = 
0.5 Å for comparison with the in-situ experiments.
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of synthesizing surface carbon free q-Fe3C by applying low mC conditions at low 
temperature. 

Figure 7 shows the ex-situ experimental XRD patterns of the a-Fe2O3 catalyst 
samples pretreated at 1 %, 10 % and 20 % CO in H2 at 350 oC. Also included is a 
sample treated in 1 % CO at 250 oC, after reduction in H2 at 350 oC. Figure 8 shows 
TEM images of the catalyst after the different pretreatments. Figure 8a presents 
an image of the initial catalyst, which consists of very small (< 5 nm) a-Fe2O3 
crystallites in combination with some larger ~30 nm crystallites. The sample had a 
characteristic high BET surface area of 136 m2/g (0.17 ml/g pore volume).

As discussed in conjunction with the DFT method, because of the difficulty in 
distinguishing between e-Fe2C and e′-Fe2.2C using XRD11, 24 and XAFS, we will not 
further discriminate between these phases below and will generally refer to them as 
e-carbides. 

From Figure 7 it can be seen that after treatment at 350 oC in 1 % CO in H2, the 
catalyst sample formed mainly q-Fe3C and with some residual a-Fe. XRD profile 
refinement yielded a contribution of 75 vol.% q-Fe3C, 25 vol.% a-Fe with crystallite 
sizes of ~26 nm and ~21 nm, respectively. The samples treated in 10 % CO/H2 
(higher mC) formed a mixture of c-Fe5C2, q-Fe3C and e-carbides. The treatment in 20 
% CO in H2 formed 94 vol.% c-Fe5C2 and 6 vol.% e-carbides. At lower temperatures, 
a higher contribution of the e-carbides was observed: the sample treated in 1 % CO 
in H2 at 250 oC after reduction for 2h in H2 at 350 oC formed a mixture of c-Fe5C2, 
e-carbides and a-Fe. As discussed above, the e-carbides are stable with respect to 
the c-Fe5C2 and q-Fe3C phase at high mC and low temperature (Figure 5). At higher 
temperatures and lower mC, the e-carbides are transformed into c-Fe5C2.  It is noted 
here that in Chapter 3, the formation of the e-carbides was observed under similar 
conditions5. Table 3 summarizes the quantification of the different phases formed in 
the samples after their respective treatments.

Table 3 ex-situ XRD and N2 physisorption analysis of the catalyst materials pretreated under 
different mC conditions.

Treatment mC (eV) a-Fe
(%)a

q-Fe3C
(%) a

e-carbides
(%) a

c-Fe5C2
(%) a

BET 
surface 

area 
(m2/g)

Pore 
volume 
(ml/g)

1 % CO / H2 
350 oC -6.75 25

(26 nm)
75

(21 nm) - - 13 0.07

10 % CO / H2 
350 oC -6.62 - 20

(10 nm)
6

(20 nm)
74

(22 nm) 18 0.15

20 % CO / H2 
350 oC -6.58 - - 6

(18 nm)
94

(14 nm) 25 0.19

1 % CO / H2 
250 oCb -6.51 10

(22 nm) - 21
(20 nm)

69
(24 nm) 12 0.04

a Volume percentage, bracketed values indicate XRD crystallite sizes.
b After reduction in H2 at 350 oC
Errors: vol.% +/- 5 %, crystallite sizes +/- 10 %
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Figure 8 TEM images of the a-Fe2O3 catalysts (a) before and (b) after treatment in 1 % CO/H2 
at 250 oC, (c) 20 % CO/H2 at 350 oC, (d) 10 % CO/H2 at 350 oC and (e) 1 % CO/H2 at 350 oC. 

The results are in agreement with the predicted stability of the different carbide 
phases as a function of the chemical potential mC. Low mC leads to the preferential 
formation of q-Fe3C and high mC to the formation of c-Fe5C2. At even higher mC 
conditions and lower temperatures, e-carbides are formed preferentially. 

Except for the influence on mC, it is observed that the treatment in mixtures of 
CO/H2 at lower partial pressures of CO also has an effect on the carburization rates. 
Both 1 % CO/H2 samples show a remaining contribution of a-Fe after 2 h, indicating 
that the carburization kinetics are significantly lower at lower partial pressures of 
CO. Interestingly, the sample pretreated in 1 % CO/H2 at 350 oC does not show any 
e-carbides or c-Fe5C2. This illustrates the low stability of e-carbides at low mC and 
suggests that the q-Fe3C carbide might be formed directly from a-Fe under these 
conditions, and thus at a lower rate compared to the shear/twinning induced a-e-
c-q transition25, 26. Alternatively, under these conditions the transformation of the 
e-carbides and c-Fe5C2 to q-Fe3C is too rapid to be observed in ex-situ XRD.

There was a clear effect of the treatments on the surface texture of the catalyst 
materials. Table 3 also shows the BET area and pore volume of the catalysts after 
pretreatment, as determined by N2 physisorption. The catalyst materials treated 
with higher concentrations of CO typically showed somewhat higher BET areas. 
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Accordingly, TEM analysis showed a significantly larger particle size for the 
catalysts pretreated at lower CO pressures (Figure 8). The surface area and pore 
volume of the materials was higher for 10 % and 20 % CO treatments. The BET 
surface area and pore volume of the catalysts treated in 1 % CO/H2 at 250 oC and 
350 oC was significantly lower than the other samples. Typically, as carbides are 
formed from an oxide precursor, the surface area of the catalyst increases during 
carburization, due to shearing and separation of the carbide crystallites from the 
underlying oxide58. Our observations from TEM, XRD and N2-physisorption show 
that in the presence of higher concentrations of H2, the formed a-Fe phase may sinter 
before carburization, thereby leading to a collapse of the catalyst pore structure and 
resulting in the loss of surface area and porosity.

The XRD pattern of the sample prepared at 350 oC in 1 % CO in H2 shows no 
indication of crystalline carbonaceous deposits. TEM confirmed this observation. 
This is very different from the XRD pattern of the q-Fe3C reference sample prepared 
at 450 oC, which showed a significant contribution of (graphitic) carbon (Figure A2 
of the Appendix). Thus, the lower temperature in combination with the presence of 
H2 significantly reduces the laydown of carbon from the Boudouard reaction.

In summary, we have illustrated that by tuning the chemical potential mC we 
have a valuable tool to synthesize specific surface carbon free carbide phases, 
which would otherwise only be formed at high temperature. In the remainder of this 
Chapter we will use the chemical potential mC to preferentially transform the same 
parent catalyst material to different relative amounts the e-carbide, c-Fe5C2 or q-Fe3C 
carbide phases with similar crystallite sizes and without excessive carbonaceous 
surface deposits. The pretreatment and subsequent high pressure Fischer-Tropsch 
synthesis will be monitored in situ on the long range order (XRD) and local order 
scales (EXAFS), while simultaneously measuring carbonaceous surface species by 
Raman Spectroscopy. This will allows us to systematically study the performance 
of the carbide catalysts as a function of their structure.

In-situ high pressure Fischer-Tropsch Synthesis over catalyst materials 
pretreated at low mC and high mC

Genesis of the Fe-phases

FTS catalysis, by definition, takes place at the surface of the catalyst. In this Chapter, 
due to their flexibility for application under high pressure FTS conditions, we apply 
XRD, XAFS and Raman spectroscopy for catalyst characterization, which in 
principle only yield information about the bulk state of the catalyst. However, we 
justify the use of bulk techniques to make structure/activity relationships, as carbide 
particles sizes involved in the catalysts are typically very small and the bulk of the 
catalyst indirectly resembles (or at least determines) the surface structure of the 
catalysts. 

Figure 9 shows the evolution of the XRD patterns for the catalyst precursors 
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during pretreatment in pure CO to 280 oC and 1 % CO in H2 to 350 oC. For brevity, in 
the remainder of this Chapter, the sample pretreated in CO at 280 oC will be referred 
to as the high mC sample, whereas the sample pretreated in 1 % CO in H2 at 350 oC 
will be referred to as the low mC sample.
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Figure 9 XRD patterns showing the evolution of the crystalline phases in the a-Fe2O3 catalyst 
samples during pretreatment. (a) Sample during pretreatment in 1 bar CO at 280 oC (high mC) 
(b) Sample during pretreatment in 1 % CO in H2 at 350 oC (low mC). For clarity, only certain 
characteristic diffraction lines are indicated in the figures.

From the Figure it can be inferred that the starting a-Fe2O3 phase is converted 
into Fe3O4 and FeO before transforming into the respective carbide phases. No 
intermediate a-Fe species were found to form, showing that the conversion into the 
carbide phases was faster in this experiment compared to the ex-situ experiments, 
where a small amount of a-Fe species remained after treatment. 

During the treatments, small FeO crystallites were observed. This oxide phase 
was not observed during the formation of the reference carbides (Figure A1 of the 
Appendix) and most likely stabilized due to the small size of the starting a-Fe2O3 
crystallites in the catalyst samples.

The XRD data shows that after the respective pretreatments, less crystalline 
carbide phases are formed compared to the carbide references (Figure A1 of the 
Appendix) and ex-situ experiments (Figure 7). In fact, there are broad contributions 
to the XRD patterns around 14o and 24o 2q, characteristic for the presence of very 
small carbide crystallites. Furthermore, the catalysts are not phase-pure after their 
respective pretreatments. The high mC catalyst sample mainly consists of c-Fe5C2 but 
has a contribution of e-carbides (~ 10 vol.%) while the low mC catalyst shows a large 
contribution of c-Fe5C2 (~ 56 vol.%) in addition to q-Fe3C (~ 44 vol.%). Apparently, 
the higher space velocities through the capillary compared to the ex-situ experiments 
have a large effect on mC and as a result the phase composition is somewhat different 
in the in-situ experiment. We attribute the differences to lower pCO2/pCO ratio as a 
result of the higher space velocities, effectively leading to a higher mC.
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Table 4 Fe K-edge EXAFS fit results for the catalyst materials after pretreatment

Pretreatment Absorber-
backscatterer N Ds2 

(10-3 Å-2) R (Å) DE0 (eV)

high mC Fe-C 1.2 (2.0)a -0.8 1.91 (1.94) 6.6
Fe-Fe 7.0 (12.0)a -4.4 2.51 (2.52) 1.8
Fe-Fe 5.3 (5.0)a -5.2 3.70 (3.57) -8.2

low mC Fe-C 1.1 (2.0)b -1.0 1.85 (1.89) 11.1
Fe-Fe 5.2 (11.7)b -2.8 2.51 (2.51) 2.7
Fe-Fe 7.6 (6.0)b -5.5 3.67 (3.67) 3.9

a Bracketed values represent the c-Fe5C2 carbide reference values.
b Bracketed values represent the q-Fe3C carbide reference values. 

As a result of the lower overall crystallinity and the mixture of carbide phases 
that is formed, the local coordination of the Fe atoms in the catalyst material, 
as determined from the Fe K-edge EXAFS spectra before FTS at 250 oC is also 
significantly different from the c-Fe5C2 and q-Fe3C reference carbides. The EXAFS 
data analysis is summarized in Table 4 and Figure 6. The number of nearest 
neighbors in the first Fe-C and Fe-Fe shells is about half of that of the references, 
while the number of neighbors in the second Fe-Fe shell is relatively high. The 
observed contraction for the first Fe-C and Fe-Fe shells in combination with the 
relaxation of the second Fe-Fe shell and the slightly negative Ds2 values with respect 
to the reference materials at 250 oC further indicate that there might be a significant 
contribution of a Fe-Fe shell of higher symmetry, possibly due to the presence of 
a-Fe or a carbide phase of higher symmetry (e.g. e-carbides). The relative number of 
C neighbors compared to the first shell Fe neighbors is about the same with respect 
to the carbide references in both samples, although the ratio is slightly higher in the 
low mC catalyst (0.17 in the q-Fe3C and c-Fe5C2 references, vs. 0.22 in the catalyst), 
indicating that a significant fraction of the catalyst might be present as a carbide of 
higher C:Fe ratio.
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Figure 10 Phase corrected, k1 weighted Fourier-Transformed Fe K-edge EXAFS data of the 
a-Fe2O3 catalyst samples after pretreatment in CO at 280 oC for 2 h (high mC) (a) and after 
pretreatment in 1% CO/H2 for 2 h (low mC) (b). Solid lines represent the raw data, dashed lines 
represent the fits.
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Figure 11 Fe K-edge XANES spectra of the a-Fe2O3 catalyst samples after pretreatment and 
FTS; (a) high mC catalyst sample (b) low mC catalyst sample.

More information on the local environment of Fe atoms is given by the XANES 
analysis. The Fe K-edge XANES spectra of the catalysts after pretreatment, presented 
in Figure 11, show that the absorption feature at 7111.2 eV is enhanced in the catalyst 
materials and shows much more similarities to the metallic a-Fe reference than it 
does to the q-Fe3C and c-Fe5C2 carbide references. As a result, linear combination 
fits (LCF) of the catalyst materials after pretreatment only yielded reasonable fits 
when including a contribution of the experimental a-Fe spectrum. XRD did not 
show a-Fe or other additional crystalline phases apart from e-carbides, c-Fe5C2 
and q-Fe3C; however, EXAFS analysis clearly showed that the contribution of C 
neighbors in both samples was not lower than in the reference samples, excluding 
the presence of pure metallic a-Fe particles. In fact, the low mC sample even showed 
a somewhat higher contribution of C neighbors compared to the q-Fe3C reference. 
Therefore, we will attribute the contribution of “a-Fe” to the XANES spectrum to 
an amorphous carbide phase such as FexC, similar to the superparamagnetic carbide 
phase often reported in Mössbauer studies24, 44. The exact structure of the carbide 
is unclear from the XRD and EXAFS results. The crystallite sizes involved are 
too small to refine a carbide structure. However, calculation of XANES spectra 
using the FEFF code52, shown in Figure 12, shows that the feature at 7111.2 eV is 
highest for the e-carbides and decreases for c-Fe5C2 and q-Fe3C. Furthermore, as the 
e-carbides were calculated to be thermodynamically stable over the entire carbide 
stability range (Figure 5), and the contribution of C neighbors is higher than that of 
the q and c carbides, we suggest that the amorphous carbides observed here might 
be related to e-carbides.

Because of the similarity of the q-Fe3C and c-Fe5C2 XANES reference spectra, 
there is a large uncertainty in the contribution of these phases to each spectrum. 
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Therefore, calculated carbide contents will be reported in terms of the total 
contribution of crystalline q and c phases, and the contribution of amorphous carbide 
phases. After pretreatment, the low mC catalyst contains 49 % of the amorphous FexC 
phase while the high mC catalyst contains 24 %.

Figure 13 show the XRD patterns of the catalysts pretreated at low mC and high 
mC during the high pressure FTS. From the Figure, it is clear that the crystalline 
fractions of the two catalysts behave quite distinct under FTS conditions. 

The catalyst pretreated at high mC is gradually oxidized to Fe3O4 during FTS 
(Figure 13a). The estimated contribution of Fe3O4 in this sample after reaction is 
38 vol.%, and the crystallite size is about 15 nm. It is not clear whether one specific 
carbide phase is preferentially oxidized during FTS. However, as the intensity of 
the c-Fe5C2 peaks in XRD remain almost constant while the Fe3O4 peaks increase 
(and thus the total fraction of crystalline material increases), it is suggested that the 
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Figure 13 XRD patterns showing the evolution of the crystalline phases in the a-Fe2O3 
catalyst samples during high pressure FTS. (a) Sample after pretreatment in 1 bar CO at 280 
oC (high mC) (b) Sample after pretreatment in 1% CO in H2 at 350 oC (low mC).
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amorphous carbide phase in this catalyst is more susceptible to oxidation, forming 
crystalline Fe3O4. 

By contrast, the XRD patterns of the catalyst pretreated at low mC conditions 
appears to be quite stable with time-on-stream (Figure 13b). Apparently, this 
catalyst is not readily oxidized to Fe3O4. The sample does show a somewhat lower 
contribution of q-Fe3C after FTS, and is slowly converted into the thermodynamically 
more stable c-Fe5C2 phase under the high mC FTS conditions. In addition, there is a 
small decrease in the crystallite sizes of the c-Fe5C2 and q-Fe3C phases observed.
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Figure 14 XRD patterns of the a-Fe2O3 catalyst pretreated at low mC before and after 6 h FTS 
at 10 bar.

The diffraction lines at higher angles, around 23-27o 2q due to the (401) (133) (332) 
and (430) reflections corresponding to 1.25-1.07 Å d-spacing are less pronounced 
relative to the lower 2q angles in the samples after 6 h FTS at 10 bar. This was 
especially observed for the low mC catalyst, presented in Figure 14. Because of the 
angular dependence of the Debye-Waller factor, which is a measure for the thermal, 
static and dynamic disorder of crystal structures, this indicates an increase in total 
disorder after 6 h FTS at 10 bar. Since the temperature was kept constant during this 
time, the Debye-Waller factor must have increased due to an increase in the static or 
dynamic disorder of the carbide structures, which suggests the slow transformation 
of iron carbides into more disordered structures under FTS conditions. 

Linear combination fitting of the XANES spectra after 6 h FTS (Figure 11) 
yielded a phase composition of 14 (+/- 5) mol % Fe3O4 and 74 (+/- 5) mol % c-Fe5C2 
and 12 (+/- 5) mol % FexC for the high mC catalyst. As the Fe atom concentrations 
per volume are similar for c-Fe5C2 and Fe3O4, but might be somewhat higher for 
FexC, this translates to an estimated volume fraction of 15-25 %. This is about half 
the volume fraction that was estimated by the XRD analysis and emphasizes that 
especially the contribution of the amorphous carbide phases is underestimated in 
the XRD analysis. The composition of the low mC catalyst, as derived from the Fe 
K-edge XANES data, remained nearly constant during FTS.
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Figure 15 Phase corrected, k1 weighted Fourier-Transformed Fe K-edge EXAFS data of the 
a-Fe2O3 catalyst samples during FTS. (a) high mC catalyst and (b) low mC catalyst. The arrows 
indicate the position of the Fe-O and Fe-Fe coordination shells in Fe3O4.

The radial distribution functions during FTS as derived from the Fe K-edge 
EXAFS data are presented in Figure 15. The results confirm the apparent stability of 
the phases in catalyst pretreated at low mC observed from XRD. There are only very 
subtle changes in the local structure of this catalyst during the FTS reaction (Figure 
15a). In contrast, the radial distribution function of the high mC catalyst (Figure 
15b) shows dramatic changes with longer time-on-stream. The first coordination 
shell grows significantly during the FTS reaction, mainly due to the increasing 
contribution of Fe-O scattering by oxidation of the carbide phases. In fact, initially, 
the oxidation of the catalysts shows up more dramatically on the local scale than 
the changes in long range structure, as probed by XRD. This might be a further 
indication for the preferential oxidation of the amorphous FexC phase in this catalyst.

Surface carbonaceous species

Figure 16 presents Raman spectra taken from the two catalysts during high pressure 
FTS. For both catalysts, the Raman spectra show a significant increase in peaks in 
the region between 1300-1600 cm-1 with time-on-stream. This spectral region is 
commonly assigned to the C=C stretching of polyaromatic rings and conjugated 
olefins59. More specifically, the G (1595 cm-1) and D-bands (1329 cm-1)60 are observed 
in this region for both materials during the intial FTS. The G-band is assigned to 
more graphitic like carbon, while the D-band is only present for more disordered 
type graphitic carbonaceous species. With time-on-stream, the evolution of the 
G-band and D-band carbon is dramatically different for the two catalysts.

While the D and G bands initially increase for the high mC catalyst (Figure 16a), 
upon reaching the reaction pressure of 10 bar the intensity of the Raman peaks 
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levels off and is stable with longer time-on-stream. In sharp contrast, the catalyst 
pretreated at low mC conditions shows a gradual increase in carbon species with 
longer time-on-stream (Figure 16b).  In addition, the ratio of the G band to the D band 
appears to be somewhat higher in the case of the low mC catalyst, further evidencing 
the possible formation of carbon in a two-dimensional sheet-like topology59. The 
formation of graphitic carbon is generally considered to be responsible for catalyst 
deactivation, as the graphitic overlayers formed might block active sites and the high 
hydrogenation temperature of graphitic carbon make the phase very stable during 
FTS61-63. 
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Figure 16 Raman spectra of the (a) high mC catalyst and (b) low mC catalyst during FTS. The 
D and G bands are indicated in the Figure. The broad peaks at ~ 500 and 800 cm-1 are due 
to the contribution of the quartz capillary and SiO2 diluent to the spectra.

As we will illustrate, the formed carbonaceous deposits have important 
implications for the catalytic activity and stability.

Structure-Activity correlation

The catalytic data, as measured during the in-situ experiment by online mass 
spectrometry is presented in Figure 17. For the discussion of the data, we assume that 
the m/z peak at 27 is mainly due to short hydrocarbon chain species (ethane/ethane 
and propane/propene). For longer hydrocarbon chains, this peak is also present, 
but at lower relative intensities to the m/z 41 and 43 peaks. Propane has a much 
higher relative intensity of the m/z 43 peak, while for propene this peak is absent. 
Hydrocarbon chains of longer than 4 carbon atoms all show the 41 and 43 mass 
fragments. CO2 was characterized by the mass fragment at m/z 44. Other masses 
were measured (CO, H2, He, H2O) but not reported here for the sake of brevity.

The results show that the catalyst pretreated at 1 % CO/H2 at 350 oC (low mC 
conditions, Figure 17b) forms lower concentrations of C4+ hydrocarbons and CO2. 
Moreover, for this catalyst the ratio of CH4 to C2 and C3 hydrocarbons appears 
to be continuously increasing with time-on-stream. The high mC catalyst, on the 
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other hand, shows a more stable activity and selectivity with time-on-stream and is 
more selective to C4+ hydrocarbon chains (Figure 17a). Below, we will discuss the 
implications of the catalyst structure on the performance of the catalyst in the high 
pressure FTS.

ba

1E-11

1E-12

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (h)

Io
n 

C
ur

re
nt

 (A
.U

.)

1E-11

1E-12

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (h)

Io
n 

C
ur

re
nt

 (A
.U

.)

C4+/Propene (m/z = 41)
C4+/Propene (m/z = 43)

CO2 (m/z = 44)
C2 + C3 (m/z = 27)

CH4 (m/z = 15)

Figure 17 Mass spectrometry data during the first hours of high pressure FTS. (a) high mC 
catalyst and (b) low mC catalyst. The data is normalized per g Fe.

Table 5 summarizes the observations from the XAFS/XRD/Raman techniques 
and the catalytic performance of the catalysts during high pressure FTS. The catalyst 
pretreated at high mC consisted of small c-Fe5C2 crystallites before the FTS reaction. 
Some crystalline e-carbides were also present. EXAFS/XANES further showed that 
there was a significant contribution of amorphous FexC carbides crystallites formed 
during the pretreatment. During FTS, the sample was partly converted into Fe3O4. 
Although Fe3O4 is not an active phase in FTS, the catalytic performance data of 
the catalyst in terms of activity, selectivity and stability is superior to that of the 
catalyst pretreated at low mC conditions. Fe3O 4 is an active phase in the water-gas 
shift reaction and the higher concentrations of CO2 measured in this sample indicate 
that the catalyst is active in the WGS. As a result of this higher WGS activity, the 
observed increase in catalytic activity with time-on-stream could be a partially 
attributed to the higher partial H2 pressures as a result of the WGS reaction. In this 
way, the high WGS activity might also limit the buildup of inactive carbon on the 
surface of the catalyst as was observed from Raman spectroscopy: carbonaceous 
surface species might be hydrogenated more readily, preventing the buildup of 
graphitic-like carbon. The high extent of oxidation in this catalyst is likely to be 
related to the expected relatively high surface area and pore volume of this catalyst 
compared to the low mC catalyst. Although the exact surface area and porosity of 
the catalyst could not be determined in situ, it has been shown (Table 3) that high 
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concentrations of H2 during pretreatment led to a loss of surface area and porosity. 
In fact, ex-situ experiments showed that the high mC catalyst had a surface area of 
44 m2/g and a pore volume of 0.17 ml/g after pretreatment, compared to 13 m2/g and 
0.07 ml/g for the low mC catalyst. The buildup of H2O pressure in FTS catalyst pores 
is often thought to be the main reason for catalyst oxidation, leading to the formation 
of a core-shell oxide-carbide structure64.

Table 5 Overview of the physicochemical and catalytic properties of the catalyst materials 
before and after 6 h FTS at 10 bar and 250 oC.

Catalyst
pretreatment XAFSa (mol.%) XRDb (vol.%, 

crystallite size) Raman FTS 
Performance

High mC
Before
FTS

c-Fe5C2 (76 %), 
FexC (24 %)

c-Fe5C2
(90 %, 16 nm)

e-carbides
(10 %, 20 nm)

Some 
graphitic C

After
FTS

c-Fe5C2 (74 %), 
FexC (12 %), 
Fe3O4 (14 %)

c-Fe5C2
(57 %, 15 nm)

e-carbides
(5 %, 24 nm)

Fe3O4
(38 %, 15 nm)

No 
significant 
increase of 
graphitic C

Activity 
increasing, 

C4+ selectivity 
high, WGS 

active

Low mC
Before
FTS

c-Fe5C2 +
q-Fe3C (51 %)
FexC (49 %)

c-Fe5C2
(56 %, 18 nm)

q-Fe3C
(44 % 15 nm)

Some 
graphitic C

After
FTS

c-Fe5C2 +
q-Fe3C (50 %)
FexC (50 %)

c-Fe5C2
(61 %, 11 nm)

q-Fe3C
(39 %, 13 nm)

Incremental 
formation of 
graphitic C

Activity low, 
C4+ selectivity 

decreasing, 
pCO2 low

a Errors: +/- 5 mol. %
b Errors: +/- 5 vol.%, crystallite sizes +/- 10 %

The catalyst pretreated at low mC consisted of small q-Fe3C and c-Fe5C2 
crystallites, in combination with a significant fraction of amorphous FexC. XANES 
analysis yielded that before FTS, ~ 50 % of the Fe in this catalyst was present as 
the amorphous FexC phase, compared to 24 % in the catalyst pretreated at high 
mC. The catalyst showed lower overall activity and lower selectivity to long chain 
hydrocarbon species compared to the high mC catalyst. In addition, this catalyst was 
found to be much more susceptible to the buildup of ordered surface carbon species 
during FTS. This buildup is likely to be the cause for the higher observed methane 
selectivity in this catalyst. Pure Fe0 is known to be susceptible to the buildup of 
surface carbon species65, and it has been reported that the q-Fe3C phase is of metallic 
nature66 and the most stable surface (001)67 has CO adsorption energies higher than 
for Fe (100) and (110)68. Therefore, the presence of q-Fe3C might contribute to the 
buildup of carbonaceous deposits. The overall high metallic nature of this catalyst, 
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as indicated by the high intensity of the 7111.2 eV feature in the XANES spectra 
(attributed to the e-carbide related, amorphous FexC species), might contribute to 
the excessive formation of carbonaceous deposits. As the content of amorphous FexC 
species in the catalyst pretreated at high mC was initially significantly lower and 
decreased with time on stream due to oxidation, this might further explain the lower 
amount of carbonaceous deposits in this catalyst after FTS. The catalyst pretreated 
at low mC conditions was not oxidized under high pressure FTS conditions, and very 
few changes were observed in the long range or local structure of the Fe phases. The 
lower porosity of the catalyst might play a role in the lower extent of oxidation that 
was observed. The structure of this catalyst became more disordered with time-
on-stream, reflected by the diminished intensity of the high 2q angle q-Fe3C peaks 
in the XRD pattern. This observation indicates the slow transformation of carbide 
phases during high pressure FTS.

Conclusions
The carbon chemical potential mC, as imposed by the gas phase conditions, 
combined with kinetic and entropic factors, can be used to qualitatively explain 
the transformation of a-Fe into e-c-q carbide phases during the pretreatment of 
iron oxide catalysts and the high pressure FTS reaction. Although e-carbides are 
enthalpically most stable during typical FTS conditions, kinetic and entropic factors 
may inhibit their formation in large amounts. c-Fe5C2 is found to have the lowest 
theoretical deformation energy with respect to the hcp lattice and therefore might 
be preferentially formed during FTS. Subsequent transformation of c-Fe5C2 into 
q-Fe3C is driven by a higher thermodynamic stability under specific, low mC gas 
phase conditions.

The predicted influence of mC on the formed iron carbide phases during pretreatment 
was illustrated by applying pretreatment conditions constituting different mC. High 
mC conditions at low temperatures lead to the preferential formation of e-carbides, 
while low mC conditions lead to the formation q-Fe3C. It is found that under specific 
low mC conditions, q-Fe3C might form directly from a-Fe without the presence of 
excessive amounts of surface carbon.

By pretreating a catalyst material at two extremes of experimental achievable 
mC conditions, catalysts of different carbide compositions were synthesized and 
characterized during the high pressure FTS reaction. Due to the small crystallite 
sizes of the initial a-Fe2O3 phase in the catalyst samples, amorphous FexC crystallites 
(with a structure similar to e-carbides) are formed and FeO is observed as an 
intermediate phase during catalyst reduction.

The catalyst formed after pretreatment in pure CO at 280 oC (high mC conditions), 
contains mainly c-Fe5C2 and is more active and selective in the FTS reaction but 
susceptible to oxidation. The oxidation of the catalyst is more pronounced on the 
local coordination scale (EXAFS) compared to long range crystalline order (XRD), 
indicating the possible preferential oxidation of amorphous carbide phases. The 
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porous nature of the catalyst material, induced by the high carburization rates at low 
temperatures (~ 280 oC) is likely to contribute to the high extent of oxidation.

The catalyst pretreated in 1 % CO/H2 at 350 oC (low mC conditions), contains 
~ 50 % crystalline q-Fe3C, ~ 50 % c-Fe5C2 and a high fraction of amorphous 
FexC. The catalyst is much more susceptible to the buildup of surface graphitic 
carbonaceous deposits during FTS. The lower porosity of the catalyst, induced by 
the carburization at higher temperatures (~ 350 oC) leads to a lower susceptibility 
to oxidation, while the more metallic nature of the q-Fe3C and FexC phases is likely 
to contribute to the higher formation rate of inactive carbonaceous surface species. 
A slow transformation of q-Fe3C to c-Fe5C2 is observed under high pressure FTS 
conditions.

More generally, our results illustrate how mC can be used as a descriptor for 
thermodynamically induced phase changes in catalyst (and other solid state) 
systems. Fe-based FTS catalysts were characterized at high pressure FTS conditions 
for the first time and it was found that amorphous phases can play a significant role 
in Fe-based FTS catalysts. Therefore, XAFS/XRD proved a valuable combination 
of techniques, allowing the characterization of amorphous and crystalline phases at 
realistic reaction conditions, while Raman spectroscopy could be applied at the same 
conditions to study surface carbon species. Finally, our findings illustrate how the 
synergy of theoretical and experimental methods can be applied to obtain valuable 
insights into complex catalyst systems.
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Chapter 7
The Effect of Cu and SiO2 on the 
Reduction Behavior and Surface 

Properties of Fe-based 
Fischer-Tropsch Synthesis 

Catalysts*

Abstract
The effect of Cu on the reduction behavior and surface properties of SiO2 supported 
and unsupported Fe-based Fischer-Tropsch synthesis catalysts was investigated 
using in-situ X-ray Photoelectron Spectroscopy (XPS) and (soft) X-ray Absorption 
Spectroscopy (XAS) in combination with ex-situ bulk characterization. During 
exposure to 0.4 mbar CO/H2 above 180 oC, the reduction of CuO to Cu0 marked 
the onset of the reduction of Fe3O4 to Fe0. The changes in reduction behavior and 
surface properties of Fe-based catalysts in the presence of Cu is explained by a 
combination of spillover of H2 and CO molecules from metallic Cu0 nuclei to closely 
associated Fe species and textural promotion. XAS showed that in the supported 
catalyst Cu+ and Fe2+ species were stabilized by SiO2 and as a result Fe species were 
not reduced significantly beyond Fe3O4 and Fe2+, even after treatment at 350 oC. After 
the reduction treatment, XPS showed that the concentration of oxygen and carbon 
surface species was higher in the presence of Cu. Furthermore, it was observed that 
the unsupported, Cu-containing catalyst showed higher CO2 concentration in the 
product gas stream during and after reduction and part of the Fe surface species were 
slightly oxidized after prolonged exposure to CO/H2. These observations suggest 
that, in addition to facilitating the reduction of the iron oxide phase, as observed in 
Chapter 3, Cu also plays a direct role in altering the surface chemistry of Fe-based 
FTS catalysts.

* Based on: E. de Smit, F. M. F. de Groot, R. Blume, M. Hävecker, A. Knop-Gericke and B. M. 
Weckhuysen, “The role of Cu on the Reduction Behavior and Surface Properties of Fe-based Fischer–
Tropsch Catalysts”, Physical Chemistry Chemical Physics, 2010, 12, 667-680.
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Introduction
Although the exact nature of the active site in Fe-based Fischer-Tropsch Synthesis 
(FTS) catalysts is still the subject of debate, it is clear that iron oxide catalyst 
precursors need to be reduced to zero-valent Fe (Fe0, i.e. metallic or carbidic) before 
they are active in FTS1, 2. The use of Cu as a promoter has been first reported in 
early catalyst formulation patents, claiming higher FTS rates even at Cu contents 
below 2 wt.%. Since then, Cu has been a commonly added promoter in Fe-based 
FTS catalysts, facilitating the reduction of the Fe3+ iron oxide (a-Fe2O3, a-FeOOH) 
precursor to zero-valent Fe during the activation of the catalyst in H2, CO or 
synthesis gas3-16. As Cu containing Fe-based catalysts typically reduce to Fe0 at 
low temperatures, the addition of Cu indirectly prevents sintering of the active Fe0 
phase (i.e. the loss of catalytically active surface area), a phenonemon prevalent 
at high reduction temperatures. Consequently, Cu-containing catalysts typically 
show superior FTS activity compared to unpromoted catalysts. Furthermore, it is 
reported that Cu increases FTS selectivity towards longer hydrocarbon chains and 
the paraffin to olefin ratio7, 9, 11, 12, 14 as well as the water-gas shift (WGS) activity7, 

9, 12, 15. The latter reaction is an important side reaction during the Fischer-Tropsch 
synthesis over Fe-based catalysts:

  CO + H2O ↔ CO2 + H2    (1)

 Although there are detailed studies on the effects of the Cu promoter on 
catalyst reduction and FTS properties (see also Chapter 3), the exact role and 
physicochemical state of the Cu species in promoted catalysts has rarely been studied 
directly. This can at least partly be attributed to the fact that Cu is typically added 
to catalysts in very low loadings, complicating direct characterization and requiring 
the use of sensitive (element specific) techniques. Some notable examples of direct 
Cu studies in Fe-based catalysts are given below.

Wielers et al.8, 9 investigated SiO2 supported bimetallic Fe-Cu catalysts using 
Mössbauer and IR spectroscopy. The group reported that the Cu phase facilitated 
the reduction of Fe2+ species into Fe2+ (iron(II)silicate) species and, subsequently to 
Fe0. The Fe0 species were present as monometallic Fe particles as well as bimetallic 
Fe-Cu entities. Furthermore, the group could distinguish CO bonded to Cu and 
Fe using IR spectroscopy, and used this to characterize the surface of the catalyst. 
Unfortunately, the lowest Cu concentration in the reported samples was 80/20 Fe/
Cu at./at., well above the typically added amounts in FTS catalysts. In an X-ray 
Photoelectron Spectroscopy (XPS) study, Wachs et al.6 characterized the surface of 
a pre-reduced, passivated FTS catalysts after in situ re-activation in H2 at 350 oC and 
16 h FTS. Their impregnated catalyst contained 1.4 wt.% Cu. The group observed 
agglomeration of the Cu phase on the surface of the reduced catalysts. However, 
apart from the facilitation of the reduction of the passivated catalyst, no significant 
differences were found in FTS performance and carburization rate of the catalyst 
compared to an unpromoted Fe catalyst. Zhang et al.14 used IR spectroscopy to probe 
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the surface basicity of their Fe-Mn-Cu/SiO2 catalyst, but observed no significant 
differences between Cu-promoted and unpromoted catalysts.

Chapter 3 dealt with the characterization of the local and long-range (bulk) 
structure of Cu-promoted Fe-based FTS catalysts by combined X-ray Absorption 
Fine Structure Spectroscopy (XAFS) and X-ray Diffraction (XRD) techniques16. 
It was shown that Cu significantly increased the reduction rate to Fe0, and after 
selected activation procedures increased FTS activity and selectivity toward longer 
hydrocarbon products. In Chapters 4 and 5 we obtained a closer look of Cu-
containing Fe-based FTS catalyst particles during activation in H2

17 and FTS18 using 
in-situ Scanning Transmission X-ray Microscopy (STXM). However, using STXM, 
XAFS and XRD, it was not possible to directly study the physicochemical state of 
the Cu phase during the catalyst pretreatment and FTS. Also, these chapters mainly 
focused on the characterization of bulk phases present in the catalysts. Although 
this approach can prove useful in structure-activity correlations, the catalyst surface 
structure is crucial for catalytic activity19 and therefore key in understanding 
reduction and other reaction phenomena.

XPS is a common technique to study the (sub)surface of catalysts. The technique 
studies the emission of electrons from materials under irradiation with X-ray light 
(photoelectric effect). X-ray radiation typically lies in the same energy range as 
electrons in core (1s, 2p, etc.) levels, XPS studies the binding energy of electrons in 
these core states. As the binding energy of electrons varies with the element under 
study and its chemical surroundings, by using XPS one can extract element specific 
chemical information from a material (the technique is also referred to as Electron 
Spectroscopy for Chemical Analysis (ESCA)). Furthermore, since the inelastic 
mean free path (IMFP) of electrons in a solid is typically in the range of 5-20 Å 
(for kinetic energy ~ 100 – 1000 eV)20, the technique is inherently surface sensitive. 
As electrons are also significantly scattered by gas phase molecules, however, the 
technique requires ultra high vaccum (UHV) instrumentation. It is noted here that 
X-ray Absorption Spectroscopy (XAS) (as studied in Chapters 3 through 6) and 
XPS are related and complementary techniques: XAS probes unoccupied electronic 
states, whereas XPS probes occupied core states. 

Recent developments in experimental equipment have allowed the in-situ 
application of XPS21-23. High Pressure X-ray Photoelectron Spectroscopy (HPXPS), 
also sometimes referred to as Ambient Pressure PhotoEmission Spectroscopy 
(APPES)23, relies on differential pumping stages to enable the detection of XPS 
spectra in the presence of reactant gases. Currently, the technique is limited to 
the mbar (~ 5 mbar) range. However, studying a catalyst surface in situ, i.e. in the 
presence of reactant gases and at elevated pressures, is an important step towards 
closing the so-called ‘pressure gap’ between conventional UHV surface science and 
‘real’ heterogeneous catalysis, and can be used to obtain important new insights into 
catalyst systems24, 25.

Typically, HPXPS machines apply synchrotron X-ray radiation. The use of 
a synchrotron radiation source for XPS has an important additional important 
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advantage over traditional laboratory X-ray sources. Since the energy of the incident 
X-ray light is tunable, the kinetic energies of the electrons escaping from the surface 
of the catalyst can be tuned. By studying electrons with different kinetic energy, 
one can obtain more detailed information of the surface and subsurface of catalytic 
materials and use this to probe the surface at different depths.

In the present study, we have used synchrotron-based in-situ XPS and XAS in 
the soft X-ray range to study the surface of Cu-promoted Fe-based FTS catalysts in 
reactive gas atmospheres (~ 1 mbar pressure). The bulk properties of the materials 
were further characterized ex situ, using X-Ray Fluorescence Analysis (XRF), N2-
physisorption, Transmission Electron Microscopy (TEM), Temperature Programmed 
Reduction (TPR) and X-Ray Diffraction (XRD). 

The inherent surface sensitivity of the photoelectrons created in XPS and the 
somewhat less surface sensitive Conversion Electron Yield (CEY) detection used 
in XAS, in combination with the ex-situ bulk characterization, provided detailed 
information from the sample from different sampling depths. Based on these results, 
the various roles of Cu as a promoter element in Fe-based FTS catalysis are discussed.

Experimental
Catalyst preparation

An unpromoted Fe (denoted as Fe2O3) and singly promoted Fe/Cu (denoted as Fe2O3-
Cu) catalyst, as well as a more complex, fully promoted Fe/Cu/K/Si (denoted as 
Fe2O3-Cu-K-Si) catalyst were prepared by precipitating a ferric nitrate solution in a 
basic sodium carbonate solution5. The detailed preparation method of the materials 
is described in Chapter 3. In short, Fe(NO3)3 • 9 H2O (Acros, 98+%) and, where 
applicable, Cu(NO3)2 • 3 H2O (Merck, 99.5%) were added to a near boiling Na2CO3 
solution under vigorous stirring. The resulting precipitate was re-slurried and 
washed several times in order to remove any residual sodium. For the Fe2O3-Cu-K-
Si catalyst material, a potassium waterglass solution (K2O:SiO2 (1 : 2.15), Akzo-PQ) 
was added to the precipitated slurry under vigorous stirring. All samples were dried 
at 60 oC for 6 h, 120 oC for 24 h and subsequently calcined at 300 oC for 3 h.

Bulk characterization methods

The catalyst precursor compositions were measured by X-Ray Fluorescence (XRF) 
analysis on a Goffin Meyvis Spectro X-lab 2000 machine. The Brunauer-Emmett-
Teller (BET) surface area and total pore volume of the catalysts were determined 
from N2-physisorption. N2-physisorption isotherms were measured at −196°C on a 
Micromeritics Tristar 3000 apparatus. Samples were dried in He flow for 14 h at 
200°C (5 oC min-1 ramp) prior to analysis. 

The catalysts were analyzed before reduction and after the in-situ XPS/XAS 
experiments using Transmission Electron Microscopy (TEM) in a Tecnai 20F 
FEG microscope operating at 200 kV. The microscope was equipped with Energy 
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Dispersive X-ray (EDX) and Selected Area Electron Diffraction (SAED) analyzers 
which allowed determination of the crystallinity and distribution of chemical species 
in the materials under study. As typical Cu-based TEM grids interfere with the Cu 
TEM-EDX analysis, Ni-based TEM grids were used.

Temperature Programmed Reduction (TPR) experiments were performed using a 
Micromeritics Autochem-II instrument equipped with a TCD detector. The samples 
were initially dried in Ar flow at 120ºC for 20 min. After the TCD signal was stable, 
the gas stream was switched to a 5% H2/Ar gas mixture (50 mL/min) and the H2 
consumption was measured. The temperature was raised from 50 to 800 ºC at a rate 
of 5 ºC/min and held at that temperature for 1 h. 

Finally, X-Ray Diffraction (XRD) powder patterns of the catalysts before and 
after the in-situ XPS/XAS experiments were acquired on a Bruker D8 X-ray powder 
diffractometer using Co Ka1 radiation (1.79026 Å). The line broadening of the 
a-Fe2O3 (104) diffraction peak at 38.7º 2θ and the (110) a-Fe diffraction peak at 
52.4o 2q were used to estimate the respective crystallite sizes.

Surface characterization methods

In-situ XPS/XAS

The catalysts were studied in reactive gas atmospheres using in-situ using X-ray 
Absorption Spectroscopy (XAS) and X-ray Photoelectron Spectroscopy (XPS). 
Experiments were performed at the ISISS-PGM beamline at the Berliner Synchrotron 
Radiation Facility (BESSY) in Berlin (Germany). A detailed description of the setup 
can be found elsewhere21, 24, 26, 27. Below, we will summarize the most important 
components/principles.
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Figure 1 Schematic illustration of the (a) X-ray Photoelectron Spectroscopy and (b) Auger 
and X-ray Fluorescence concepts.

To determine the binding energy of electrons, in practice the kinetic energy of 
the emitted photoelectrons is measured at fixed incident energy. The binding energy 
of electrons is related to their kinetic energy by:

  Ek = Ephoton - Eb - F    (2)
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where Ek is the kinetic energy, Ephoton is the (X-ray) photon energy, Eb is the binding 
energy and F is the (instrument dependent) work function. Since Ephoton (=hn) 
and F are known and the kinetic energy (Ek = ½mn 

2) is measured, the binding 
energy of electrons can be determined. Figure 1a shows an energy diagram for 
the concepts described above. The exact binding energy of electrons in core levels 
varies by element and its chemical surroundings, making XPS a sensitive chemical 
characterization tool. 

The experimental setup and principles for measuring in-situ XPS are summarized 
in Figure 2.  
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Figure 2 (a) Experimental in-situ XPS setup and (b) close-up of the region near the sample.

Catalyst samples were pressed into a self supporting wafer (~ 20 mg) and 
mounted on a sapphire sample holder, 2 mm away from a 1 mm diameter aperture 
(Figure 2b) to a differentially pumped electrostatic lens system (Figure 2a). 
Monochromatic X-rays enter the reaction chamber through a SiNx window, which 
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separates the synchrotron beamline optics (monochromator, mirrors, etc.) from 
the reaction chamber. Photoelectrons emitted at the sample travel through the lens 
system and are analyzed on a Phoibos 150 hemispherical analyzer (SPECS GmbH, 
Berlin, Germany). The application of differential pumping in combination with the 
electrostatic lenses allows the collection of photoelectrons with an efficiency similar 
to that of a conventional hemispherical analyzer. The angle between sample and the 
analyzer is 90o (normal takeoff angle) while the angle between the X-rays and the 
analyzer system is 54.7o

 , the so-called “magic angle”. At this angle, anisotropy in the 
photoionization cross-sections cancels out, enabling direct elemental quantification. 

Sample heating was realized by using a near-infrared (NIR) laser, aimed at the 
backside of the sample, in combination with temperature feedback control through 
a thermocouple fitted on the front side of the sample. Gas flow through the reaction 
cell was regulated by mass flow controllers. Gas phase reactants and products were 
analyzed by a mass spectrometer (Quadstar, Balzers) connected to the outlet of the 
reaction chamber.

XAS measurements at the Fe L3 and L2 (L3 = 706.8 eV and L2 = 719.9 eV), Cu 
L3 and L2 (L3 = 932.7 eV L2 = 952.3 eV) and O K (543.1 eV) absorption edges were 
carried out in situ by using gas phase conversion electron yield (CEY) detection26, 

28. The technique measures the current induced by gas phase molecules ionized by 
Auger and secondary electrons (not to be confused with the photoelectrons measured 
in XPS) created after the excitation of a core hole electron. The amount of gas phase 
ions that are created is directly proportional to the X-ray absorption cross-section.

When a core hole is created, there are many pathways in which the excited state 
can decay. Two important pathways are (1) radiative decay, in which the core hole is 
filled by an electron in a higher energy state under emission of X-rays (fluorescence) 
and (2) non-radiative decay, in which a core hole is filled by an electron in a higher 
energy state under excitation of another core electron to vacuum (Auger effect). 
Figure 1b illustrates the Auger and fluorescence processes. Emitted X-rays can 
cause secondary ionization of electrons in higher energy levels. Auger transitions 
are dominant over fluorescence for elements with Z < 30 (thus including Fe). 

It is noted here that, in contrast to the transmission experiments in Chapter 3, 
4, 5 and 6, the XAS technique applied here is surface sensitive (~ 2-3 nm). This 
surface sensitivity is due to the application of CEY detection and the associated 
short inelastic mean free path (IMFP) of the created Auger and secondary electrons. 
Furthermore, because of the low gas pressures applied here, soft X-ray spectra could 
be measured without the need for minimization of the total X-ray gas path length. 
The resolution of the XAS measurements was ~ 0.1 eV at the O K-edge.

In-situ experiment design

The reduction of iron oxide to metallic Fe is in principle endergonic (DG > 0) up to 
500 oC, but thermodynamically feasible at low enough partial pressures of H2O29, 30. 
However, it was found that the materials could not be fully reduced in ~1 mbar H2. 
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Reduction of iron oxides in CO is exergonic at room temperature (DG < 0). However, 
at 1 mbar CO, the catalysts could also not be completely reduced and therefore the 
reduction experiments were carried out using a mixture of CO/H2. The combined 
CO (99.997%, Linde) and H2 (99.999, Linde) pressure in the experimental cell was 
0.4 mbar at a total flow rate of 10 mL min-1. The CO/H2 ratio was kept at CO:H2 = 
1:2 for all experiments. Samples were heated to 180 oC in H2 flow (0.4 mbar) before 
exposure to the CO/H2 mixture. This was done (1) to prevent the formation of gas 
phase carbonyls and (2) to prevent excessive sample charging in the X-ray beam, 
interfering with the XPS analysis. Concerning the latter point, it was observed that 
after mild reduction in H2 at 180 oC the samples became conductive and no charging 
was observed.

The surface of the Fe2O3 and Fe2O3-Cu samples was analyzed by XPS after 
reaching 275 oC in CO/H2, after 0.5 h at 275 oC, after 1 h at 275 oC and after evacuating 
the reaction chamber. The Fe2O3-Cu-K-Si sample was characterized after reaching 
275 oC, after 1 h at 275 oC, and after 1 h at 350oC. The Fe 2p3/2, 2p1/2, Cu 2p3/2, 2p1/2, 
O 1s, C 1s, K 2p3/2, 2p1/2 and Si 2p3/2 spectral lines were probed using 1200, 1050 and 
850 eV incident X-ray energy. 

XPS data analysis

The inelastic mean free path (IMFP) of the photoelectrons at each applied incident 
energy were using the TPP2M formula31, and assuming a near surface catalyst 
composition based on the in-situ XAS experiments at that specific temperature 
(either pure Fe0 or Fe3O4). The reported XPS peak positions were calibrated with 
respect to the Fermi edge or Cu 2p (932.7 eV) and O 1s (532.0 eV) XPS binding 
energies. 

Atomic ratios were compared at the same kinetic energies and thus at similar 
probing depths in the solid. Atomic sensitivity factors (ASF) were taken into account 
for the determination of the atomic ratios and calculated using:

  ASF = B s ltot f     (3)

where B are instrumental contribution factors, s is the ionization cross-section 
for a given photon energy32 and ltot is the total escape depth33, which is the same for 
electrons with the same kinetic energy. B is assumed to be the same for all atoms 
and therefore can be disregarded. Finally, the XPS peak areas were normalized to 
the total flux of X-ray light at the sample (f), taking into account the BESSY storage 
ring current and monochromator efficiency. 

The final atomic ratios between species A and B were calculated using:
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where r is the surface concentration of an element and I is the total area under 
its XPS curve. The XPS peak areas were determined by using the background 
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subtraction method as recommended by Shirley34.
The surface sensitivity of XPS data is reported here in terms of the IMFP l of the 

created photoelectrons. In our experiment geometry (normal takeoff angle), 65 % of 
the photoelectrons originate from within l, 95 % originate from within 3l. Figure 
3 illustrates the influence of l on the fraction of photoelectrons detected within the 
reported probing depths.
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Figure 3 The total fraction of photoelectrons detected from within the reported probing depth 
for different IMFP (l).

Results and discussion
Before and after the in-situ XPS and XAS experiments, the composition, structure 
and texture of the catalysts was characterized ex situ using XRF, N2-physisorption, 
TEM, H2 TPR and XRD. These results will be considered first and will be used as 
a reference for the bulk structure of the catalysts. The subsequently presented XPS 
and XAS results will be used to discuss the changes in surface and near surface 
structure of the catalysts during treatment in CO/H2.

Bulk catalyst compositon, structure and texture

Table 1 summarizes the catalyst composition as measured from XRF, along with the 
BET surface area and total pore volume of the materials under study before and after 
treatment in 0.4 mbar CO/H2. From Table 1 it is clear that the addition of a relatively 
small amount of SiO2 has a dramatic effect on the precursor specific surface area 
and pore structure. After treatment in 0.4 mbar CO/H2, the surface area of all three 
catalysts decreased dramatically. Moreover, the porosity is also strongly affected, 
with the pore structure collapsing after treatment.
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Table 1 Physicochemical properties of the three materials under investigation after calcination 
and after CO/H2 treatment.

Catalyst sample BET surface area 
(m2/g)

Pore volume 
(mL/g)a

Molar composition 
(at.%)

Fe2O3 136 0.17 Fe = 100after CO/H2 7 0.05
Fe2O3-Cu 164 0.19 Fe = 96.3; Cu = 3.7after CO/H2 11 0.08

Fe2O3-Cu-K-Si 297 0.83 Fe = 77.5; Cu = 5.8;
K = 4.6; Si = 12.1after CO/H2 39 0.10

a as calculated from the N2 desorption isotherm. 

Figure 4 shows the reduction profiles of the three catalyst precursors (normalized 
per mol Fe) during reduction in H2, as determined from TPR. All reduction profiles 
show the expected two step reduction process of a-Fe2O3 to a-Fe29, 35, 36.

CuO, present in the promoted samples, contributes to the consumption of H2. 
However, because of the strong influence of CuO morphology on the observed Tmax 
values in TPR experiments37, and the overlap of Fe and Cu reduction peaks, it was 
not possible to reliably estimate the contribution of the CuO species to the H2 uptake 
by deconvolution of the TPR peaks. Therefore, the CuO contribution to the TPR 
signal will be discussed on the basis of the expected consumption of H2 by CuO 
species as calculated from the molar composition from XRF analysis and assuming 
the uptake of one mole H2 per mole CuO.

A clear shift in the onset of the first reduction step is observed in the Cu promoted 
catalysts. While the unpromoted catalyst shows two peaks (Tmax=290 and 377 oC), 
the promoted catalysts show one major contribution, with Tmax at 220 oC and 283 oC 
for the Fe2O3-Cu sample and Fe2O3-Cu-K-Si, respectively. This peak is ascribed to 
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Figure 4 H2 Temperature programmed reduction profiles and cumulative H2 consumption 
curves of the three catalysts under investigation.
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the reduction step of Fe3+ in a-Fe2O3 to Fe2+ in the mixed Fe2+/3+ inverse spinel Fe3O4 
structure29, 35, 36. 

Table 2 presents the Tmax values for the reduction peaks and the cumulative uptake 
of H2 for these peaks. The theoretical amount of mole H2 consumed per mole Fe for 
this step is 0.167. From the results it is clear that H2 consumption during the first 
reduction step of the Fe2O3-Cu sample is too high (0.25 mol H2 mol Fe-1) to be only 
accounted to the reduction of Fe2O3 to Fe3O4 (0.167 mol H2 mol Fe-1). Since on the 
basis of the molar ratios of Fe and Cu an extra consumption of ~0.05 mol H2 can be 
expected, the difference is explained by the reduction of CuO to Cu2O and metallic 
Cu37 (theoretical uptake 1 mol H2 mol Cu-1). This step is resolved as a shoulder in 
reduction pattern.

Table 2 Temperature Programmed Reduction analysis of the catalysts under study

Catalyst sample Tmax (oC) H2 uptakea 
(mol H2 mol Fe-1)

Fe2O3 290 0.06
377 0.16
640 0.68
800 1.30

Fe2O3-Cu 220 0.25
613 0.70
800 1.53

Fe2O3-Cu-K-Si 283 0.39
591 0.78
734 1.01

a cumulative uptake of H2.

The high H2 consumption in the first reduction step of the Fe2O3-Cu-K-Si catalyst 
is only partially (~ 0.07 extra consumption is expected from CuO species) explained 
by the reduction of CuO present in the catalyst. The higher consumption in this case 
might be due to the partial reduction to FeO species in close contact with the SiO2 
support17, with a theoretical uptake of 0.5 mol H2 mol Fe-1.

The second reduction step is also shifted to lower temperatures for the Fe2O3-
Cu catalysts, with a final uptake of 1.53 after the experiment vs. 1.3 in the case of 
the unpromoted catalyst. The theoretical H2 uptake for the total reduction of Fe2O3 
to Fe is 1.5 mol H2 mol Fe-1. The higher total final uptake is again explained by the 
consumption of H2 in the reduction of CuO to Cu0. 

The Fe2O3-Cu-K-Si catalyst shows a suppressed amount of H2 uptake at higher 
temperatures, indicative for a limited extent of reduction beyond Fe2+.

As an indication for the total extent of reduction of the catalysts, Figure 4 also 
shows the total cumulative amount of H2 uptake during the TPR experiment. From 
this, the influence of Cu on the bulk reduction properties of the materials is clearly 
resolved. Both reduction steps, from Fe3+ to Fe2+ and Fe2+ to Fe0 are facilitated in the 
presence of Cu, while the second reduction step is retarded in the presence of SiO2.

TEM analysis provided more insight into the morphological changes of the 
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catalysts during CO/H2 treatment at 0.4 mbar. The TEM images before reaction are 
presented in Figure 1 of Chapter 3. Before reaction, both unsupported Fe2O3 and 
Fe2O3-Cu samples showed large agglomerates (~ 200-400 nm) of very small (~ 5 
nm) iron oxide crystallites, as well as some larger crystallites (~ 50 nm). The Fe2O3-
Cu-K-Si sample showed similar morphology.

 Figure 5a-c shows TEM images of the catalysts after treatment in 0.4 mbar 
CO/H2. The Fe2O3 and Fe2O3-Cu catalysts showed significant sintering of the Fe 
phases and the formation of crystallites in the size range of 50-100 nm. 

The Fe2O3 sample (Figure 5a) consisted of large a-Fe crystallites. EDX results 
showed a contribution of carbon and oxygen species in the catalyst. Some contribution 
of oxygen is expected on the surface layer of the catalyst, due to the formation of a 
thin Fe3O4 layer when the catalyst material is oxidized upon controlled exposure to 
air38. In addition, some unreduced, larger Fe3O4 crystallites were found.

TEM-EDX analysis of the Fe2O3-Cu catalyst also indicated a contribution of 
carbon and oxygen species. It was observed that some larger Cu clusters were 
formed in the catalyst material after the treatment (indicated in Figure 5b). However, 
EDX showed that overall the Cu phase was well mixed with the Fe phase, with 
the exception of some Cu rich regions. These regions typically showed a larger 

100 nm 100 nm

b Cu

C

a

100 nm

c

Cu

Figure 5 Bright field TEM images of the Fe2O3 (a), Fe2O3-Cu (b) and Fe2O3-Cu-K-Si (c) 
catalysts after CO/H2 treatment at 0.4 mbar.
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contribution of carbon, and some specific regions were found which consisted of Fe-
Cu clusters surrounded by a type of filamentous carbon. The Fe2O3 catalyst did not 
show the formation of this type of carbon, suggesting an important role of Cu in this 
process. The formation of filamentous carbon has been observed to be enhanced in 
Fe-Cu bimetallic catalysts as compared to catalysts without Cu9. 

The Fe2O3-Cu-K-Si material showed the formation of small ~ 5 nm, as well as 
some larger Fe crystallites. Detailed analysis of the TEM images was difficult due to 
the small cluster sizes and low contrast between the different phases. EDX showed 
an overall homogeneous distribution of Si, Fe and Cu species. However, some larger 
Cu agglomerates (~ 10 nm) could also be observed in the TEM images (indicated in 
Figure 5c). The secondary electron detector showed that the surface of the catalyst 
was relatively smooth and, in combination with the observation of carbon and oxygen 
species near the outside of the particles, it is likely that the surface of the catalyst is 
covered with a carbonaceous surface layer after the 0.4 mbar CO/H2 treatment. 

Figure 6 shows the XRD patterns of the three catalysts before and after the in-
situ XPS/XAS experiment. In all calcined catalysts, the presence of a-Fe2O3 was 
confirmed. The calcined Fe2O3-Cu-K-Si catalyst shows very broad reflections 
at the 40o and 75o 2q, suggesting the presence of very small Fe2O3 crystallites, in 
accordance with TEM.

Scherrer analysis yielded crystalline domain sizes of ~ 70 nm for the Fe2O3 
catalyst and ~ 40 nm for the Fe2O3-Cu catalyst.  The peaks in the diffractogram 
of the Fe2O3-Cu-K-Si catalyst were too broad to reliably estimate crystallite 
domain sizes, however, it can be expected that the sizes involved are well below 
5 nm. Furthermore, it is noted here that especially for the Fe2O3-Cu catalyst, 
except for well crystallized material, there is also a significant amount of smaller/
amorphous material, as suggested by the very broad features around 40o and 75o 
2q, underlying the sharper diffraction peaks. This suggests that the addition of Cu 
has an effect on the particle size and/or crystallinity of the material, in line with 
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Figure 6 X-ray powder diffraction patterns of the Fe2O3 (1 and 4) Fe2O3-Cu (2 and 5) and 
Fe2O3-Cu-K-Si (3 and 6) catalysts before (a) and after their respective treatments in 0.4 mbar 
CO/H2 (b).
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the observations from TEM and N2-physisorption. Furthermore, no crystalline 
CuO is observed, indicating that Cu is intimately mixed with the Fe2O3 phase, as 
can be expected from the co-precipitation preparation method that was used for 
the synthesis of the materials.

After treatment in 0.4 mbar CO/H2, the Fe2O3 sample, apart for an a-Fe phase, 
characterized by peaks at 52.4o and 77.3o 2q, shows a significant contribution of 
the Fe3O4 inverse spinel phase (main peak at 41.4o 2q). In the Fe2O3-Cu catalyst, 
only the a-Fe crystal phase, along with some metallic (fcc) Cu (peaks at 50.8o, 
59.4o and 88.9o

 2q) is detected. The estimated a-Fe crystallite sizes after treatment 
were ~ 80 nm for the Fe2O3-Cu catalyst material and ~ 100 nm for the Fe2O3 
catalyst material, in agreement with the TEM results.

Based on the XRD and the H2 TPR results, it is clear that the Cu phase, which 
was intimately mixed with the iron oxide phase, facilitates the reduction of the 
catalyst bulk phases to a-Fe. There is a clear influence of Cu on the texture of the 
catalyst material, as judged from N2-physisorption and XRD patterns presented 
here. However, this influence alone is unlikely to account for the dramatic change in 
redox properties of the materials and, as we will further show below, the enhanced 
reduction rate is not only textural in nature. 

The Fe2O3-Cu-K-Si catalyst, as expected, still shows a much lower crystallinity 
after the reduction treatment. In this sample there are main contributions of metallic 
Cu, a-Fe and crystalline Fe2SiO4 (fayalite, main peak at 42o 2q). The a-Fe crystallite 
size in this case was about 60 nm, though significantly smaller clusters were also 
present, as judged from the high XRD background in combination with the TEM 
results. A small contribution of the c-Fe5C2 phase39 (main peak at 52o 2q) to the 
diffraction pattern could not be excluded. 

The observation of the formation of crystalline Fe2SiO4 is remarkable and merits 
further research. The crystalline phase is typically very difficult to synthesize and is 
only reported to form at very high temperatures in a narrow range of oxygen partial 
pressures40.

Catalyst surface structure

In-situ X-ray absorption spectroscopy

In order to characterize changes in the (near) surface structure of the catalyst during 
reduction, X-ray Absorption Spectroscopy was performed at the Fe and Cu L-edges 
and the O K-edge using conversion electron yield (CEY) detection.

Figure 7 shows the evolution of Fe and Cu L-edge spectra during the CO/H2 
treatment. Before the reduction experiment, the three catalysts showed the presence 
of a pure Fe3+ a-Fe 2O3 phase, as evidenced from the 709.3 eV feature in the Fe 
L3-edges (Figure 7a-c). In the Cu-containing catalysts, the Cu phase was mainly 
present as Cu(II)O, as evidenced by the L3-edge peak (Figure 7d-e) at 931.3 eV41, 42. 
In addition, a contribution was visible in the Cu L3-edge at 933.7 eV, indicating a 
minor presence of Cu(I) species.
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Figure 7 Fe L2,3-edges (a-c) and Cu L3-edge (d,e) X-ray absorption spectra of the different 
catalysts during treatment in 0.4 mbar CO/H2. (a) Fe2O3, (b, d) Fe2O3-Cu and (c, e) Fe2O3-
Cu-K-Si.
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Fe L3,2-edges

Figure 7a-c shows the evolution of the Fe L3,2 edges of the different catalysts as 
a function of gas composition and temperature. Up to 180 oC in 0.4 mbar H2, the 
spectrum of the Fe2O3 material shows very little change. In the Fe2O3-Cu catalyst 
material, however, some change is observed in the absorption feature at 707.9 eV, 
characteristic for Fe2+ species and pointing to the conversion of the a-Fe2O3 to Fe3O4

17, 

43, 44. Upon switching to 0.4 mbar CO/H2, both Fe2O3 and Fe2O3-Cu samples undergo 
progressive reduction to Fe0 (with a characteristic absorption in the L3-edge at 706.8 
eV17, 43, 44) starting at 260 oC. Overall, the reduction of the Cu-promoted catalyst 
is significantly more facile. This catalyst showed complete reduction to Fe0 after 
treatment at 275 oC for 0.5 h. The final reduction step in the unpromoted catalyst 
sample was slower and complete after 1 h at 275 oC.

Even though Cu promoted the reduction to Fe0, the Fe L-edge spectrum of 
the Fe2O3-Cu catalyst after treatment in CO/H2 at 275 oC for 1 h showed a small 
contribution of Fe species in a slightly unreduced state, visible as a shoulder at ~709 
eV (Figure 8). The Fe2O3 catalyst did not show this contribution. This suggests that 
the Cu containing catalyst, although XRD showed that its bulk reduces more quickly 
and complete than the unpromoted catalyst, might be slightly oxidized on the surface 
after reduction in the CO/H2 mixture. An explanation for this higher susceptibility 
to surface oxidation in the presence of Cu will be discussed in conjunction with the 
in-situ XPS results.
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Figure 8 Fe L2,3-edge spectra of the Fe2O3 and Fe2O3-Cu catalysts after treatment in 0.4 
mbar CO/H2 for 1 h. The arrow emphasizes the extra shoulder observed in the Fe2O3-Cu 
catalyst.

The Fe2O3-Cu-K-Si catalyst shows quite distinct reduction behavior from the 
other two catalysts. At ~ 180 oC a significant amount of the catalyst is reduced to 
Fe3O4. However, after 1 h in 0.4 mbar CO/H2 at 275 oC, the reduction of the catalyst 
material has not significantly progressed beyond the Fe3O4 phase. 

The online mass spectrometry data for H2O and CO2 are shown in Figure 9. 
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A low CO2/H2O ratio compared to the unsupported catalysts was observed from 
mass spectrometry during the treatment of this catalyst at 275oC, suggesting a more 
important role of H2 in the reduction process. However, XAS shows that only a small 
amount of the Fe3O4 phase reduces at that point and at the same time progressive 
reduction of Cu2O to Cu0 was observed. Therefore, the low CO2/H2O ratio is partly 
attributed to reduction of Cu2O and suggests that this phase is preferentially reduced 
by H2 under our conditions.
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Figure 9 Mass spectrometry data of the product gases from the three catalysts during the 
in-situ XPS/XAS experiment. (a) H2O (m/z = 18) and (b) CO2 (m/z = 44).

Further increasing the reduction temperature to 350 oC resulted in increasing 
absorption features characteristic for Fe2+ and Fe0 in the XAS spectra. The majority 
of the spectrum, however, remained unchanged. Linear combination fitting yielded 
an average final composition of ~ 75 % Fe3O4 20 % Fe2+ and 5 % Fe0, or an average 
oxidation state of 2.4 after 1 h reduction at 350oC.

Similar to what was observed in the TPR experiment and XRD, the presence of 
small Fe2O3 particles in close contact with the SiO2 phase significantly retards the 
reduction of this phase to Fe0 and stabilizes Fe2+ species through the formation of 
mixed Fe(II)silicate species17, 45.

Cu L3-edge

As the Cu L2-edge showed analogous changes compared to the L3-edge, from this 
point on we will discuss only the Cu L3-edge structure. The evolution of the Cu L3-
edge during reduction treatment of the Cu promoted catalysts are shown in Figure 
7d and 7e. In the Fe2O3-Cu catalyst, the spectral feature at 931.3 eV, characteristic 
for CuO, decreases during the initial H2 treatment at the expense of a broad peak at 
933.7 eV, characteristic for Cu+ in Cu2O41, 42. At 180 oC in CO/H2, however, there is 
a significant remaining contribution of CuO to the spectrum. Above 200 oC, a third 
contribution to the spectrum is observed. This contribution, with the edge position at 
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932.7 eV, is characteristic for metallic Cu0 species41. At 275 oC, a significant amount 
of the sample has been converted to Cu0, with some residual CuO present. After 0.5 
h at 275 oC, all CuO has been converted to metallic Cu0.

The Cu species in the Fe2O3-Cu-K-Si catalyst show a different reduction behavior 
from the Cu species in the Fe2O3-Cu catalyst. At 180 oC, all CuO has been converted to 
Cu2O and there is only a small contribution of Cu0 species. The second reduction step 
to Cu0 seems to be significantly delayed (starting at 260 oC) compared to the Fe2O3-
Cu catalyst sample, which started forming Cu0 from 200 oC. Although the reduction 
of CuO to Cu2O is significantly faster in the Fe2O3-Cu-K-Si catalyst, possibly due to 
a different morphology of the Cu particles37, Cu2O species are stabilized by strong 
interactions with the SiO2 phase and this delays the final reduction step to Cu0. This 
has important implications for the reduction properties of this catalyst, as will be 
further discussed together with the in-situ XPS results. 

It can be seen in Figure 7 that the reduction of Cu species to Cu0 marked the onset 
of the reduction of the Fe3O4 phase in both Cu promoted samples. In the Fe2O3-Cu 
catalyst, the reduction to Cu0 parallels a significant increase in the contribution of 
Fe0 to the spectrum. This increase is rationalized by the formation of metallic Cu 
nuclei6, 11, 30 which can adsorb H2 (dissociatively) and CO (associatively). Because of 
this, adsorbed H2 and CO species can ‘spillover’ to phases in the proximity of the 
Cu sites and thereby facilitate reduction of the Fe phase. The latter point will be 
discussed further together with the O 1s and C 1s XPS results. 

The observed facilitation of the first reduction step, from a-Fe2O3 to Fe3O4, is not 
readily explained by the formation of metallic nuclei, as in our in situ experiment 
this step takes place before the CuO species are reduced to Cu0 (~200 oC in the 
Fe2O3-Cu catalyst). Therefore, the difference in reduction behaviour between the two 
samples is likely to be due to differences in starting a-Fe2O3 crystallinity and/or the 
involved particle sizes rather than to the aforementioned effects of Cu. The smaller, 
less crystalline a-Fe2O3 particles in the Cu promoted samples are reduced to Fe3O4 
in a more facile manner, as is also observed in the case of the poorly crystalline, 
SiO2-containing Fe2O3-Cu-K-Si catalyst material. This promotion effect is mainly 
textural in nature.

O K-edge

The O K-edge of the catalysts before treatment (Figure 10a) confirmed the presence of 
a-Fe2O3 and showed a characteristic double pre-edge feature in the O K-edge spectra 
(529.4 and 530.7 eV), ascribed to the oxygen 2p weight in states of 3d character46, 47. 
An enhanced spectral feature in the O K-edge of the Fe2O3-Cu-K-Si catalyst at ~ 537 
eV indicated the presence of SiO2

48, 49. A small contribution in the pre-edge region 
of the O K-edge spectra at 530.1 eV is observed in the Cu promoted catalysts. This 
contribution is characteristic for the presence of Cu(II)O46.

The O K-edge spectra of the Fe2O3 and Fe2O3-Cu catalysts after reduction treatment 
show only a minor contribution of the pre-edge peak (Figure 10b) indicating that 
most oxide phases have been reduced. This can be expected from the Fe L-edge 
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results, which indicated an almost complete reduction of the iron oxide phase in the 
two samples. The characterisitic O K-edge spectrum shape of the Fe2O3-Cu-K-Si 
catalyst after reduction at 350 oC, confirms that the oxidic species are mainly present 
as pure octahedral Fe2+O50 species with a small contribution of Fe3+. The presence of 
the former species is attributed to Fe2+ in Fe2SiO4 and Fe3O4, while the latter species 
are attributed to the Fe3+ sites in Fe3O4

46.
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Figure 10 O K-edge spectra of the catalysts before (a) and after (b) treatment in 0.4 mbar 
CO/H2.

In-situ X-ray photoelectron spectroscopy

The in-situ XPS results will be discussed in two parts. We will first focus on the 
characterization of the catalyst phases and the influence of Cu species on the surface 
structure of the catalysts during reduction in CO/H2. After this, we will consider 
the surface properties of the catalysts with respect to the carbon and oxygen surface 
species.

Catalyst phases as studied by Fe 2p, Cu 2p, Si 2p and K 2p XPS

Fe 2p XPS

Figure 11 shows the Fe 2p3/2 and 2p1/2 spectral lines of the three catalysts during 
the treatment in 0.4 mbar CO/H2. The spectra were acquired using 1200 eV 
incident photon energy, corresponding to a IMFP of 10 Å. Upon reaching 275 oC, 
the three samples show a contribution of Fe2+ and Fe3+ species as evidenced from 
the contributions at 709.8 and 710.5 eV to the Fe 2p3/2 peak, respectively51. The 
contribution of Fe3+ species to the XPS spectrum at this point decreases in the order 
Fe2O3-Cu-K-Si > Fe2O3-Cu > Fe2O3. The surface of both Si-free catalysts is reduced 
to metallic Fe after 1 h at 275 oC, as observed from the main 2p3/2 contribution at 
706.8 eV. 
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Even after treatment in 0.4 mbar CO/H2 at 350 oC, the surface of the Fe2O3-Cu-K-
Si catalyst consists of mainly Fe2+, with some Fe3+ present. XRD after treatment at 
350 oC, however, does not show crystalline Fe3+ bearing Fe3O4 or a-Fe2O3 phases, 
suggesting that the Fe3+ species are present in very small or amorphous Fe3O4 particles. 
Strong interactions between the SiO2 and iron oxide phase inhibit the reduction of 
iron oxide species beyond Fe2+, as also suggested by the other techniques. XRD 
does show the presence of Fe2SiO4 and minor amounts of a-Fe. Therefore, since no 
significant contribution of Fe0 was observed in XPS (probing ~10 Å deep) and only a 
small contribution was observed in XAS (probing 20-30 Å deep), it is concluded that 
the surface of the metallic particles is likely to be covered by a Fe2SiO4 overlayer17, 45. 

As observed in the XAS data, the XPS spectrum of the Fe2O3-Cu sample has a 
contribution of Fe2+/3+ species after reduction. After evacuation the surface is even 
briefly oxidized, evidenced by a strong shoulder in the spectrum at 710.5 eV. The 
Fe2O3 and (not completely reduced) Fe2O3-Cu-K-Si catalyst samples do not show 
surface reoxidation during evacuation. 

The surface nature of the oxidation layer of the Fe2O3-Cu catalyst is even more 
evident when the surface is probed with a incident energy of 850 eV, corresponding 
to a IMFP of 5 Å. Figure 7d shows the Fe 2p3/2 and 2p1/2 XPS region probed at 850 eV 
incident energy for the three catalyst samples after evacuation after their respective 
reduction treatments. The oxidation of the Fe surface species was shown to be 
reversible (Figure 7b). It was observed that after exposure to vacuum for prolonged 
times, the thin surface oxide layer was removed and the sample reduced back to 
metallic Fe. Possibly, the removal of surface adsorbates and/or hydroxyl groups 
(further characterized below) at high temperature and vacuum is sufficient to reduce 
the sample back to its metallic state.

Cu 2p XPS

The Cu 2p3/2 and 2p1/2 XPS spectra of the Cu promoted catalysts showed characteristic 
Cu0 peaks at 932.7 and 952.3 eV after treatment in CO/H2 at 275 oC (not shown here). 
No remaining CuO or Cu2O was observed. 

While the surface Fe phase of the Fe2O3-Cu catalyst was oxidized upon 
evacuation, no signs of oxidation of the Cu0 was observed from XPS. It was also 
observed that the relative Cu/Fe atomic ratios were very different for the supported 
and unsupported catalysts. 

Table 3 XPS Cu/Fe atomic ratios (IMFP ~ 5 Å) of the Cu-promoted catalysts.

Treatment / Catalyst sample Fe2O3-Cu Fe2O3-Cu-K-Si
275 oC t = 0 h 0.11 0.66

275 oC t = 0.5 h 0.22 -
275 oC t = 1 h 0.46 0.50

350 oC - 0.21

Table 3 summarizes the Cu/Fe ratios for the two catalysts at different stages 
during the CO/H2 treatment. Atomic ratios were compared at an IMFP of ~ 5 Å. The 
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decrease in Cu/Fe ratios in the Fe2O3-Cu-K-Si catalyst at higher temperatures can be 
ascribed to agglomeration of the Cu phase and/or spreading to the support material 
at higher temperatures6. In the unsupported catalyst, the Cu phase segregates to the 
surface, as is predicted52 for the two non-alloying53 metals.

Si 2p XPS

The Si 2p3/2 peak of SiO2 at ~ 103.3 eV54, 55 was used to calculate the atomic ratios 
of Fe/Si and Cu/Si in the Fe2O3-Cu-K-Si catalyst. The ratios, referring to the atomic 
ratios at an IMFP of ~ 10 Å, are reported in Table 4.

The Fe/Si and Cu/Si ratios increase with longer reduction time and higher 
temperature treatment. Both observations suggest surface enrichment of Cu and Fe 
species on the SiO2 support. In combination with the decreasing Fe/Cu ratios, this 
indicates segregation of the Cu and Fe phases on the SiO2 support, as also observed 
in TEM. As a result, there is less interaction between Cu and Fe and the Cu phase 
on SiO2 can not “spillover” dissociated H2 and CO to the unreduced Fe phases in 
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Figure 11 Fe 2p XPS spectra of (a) Fe2O3, (b) Fe2O3-Cu, (c) Fe2O3-Cu-K-Si during reduction 
in 0.4 mbar CO/H2 using an incident X-ray energy of 1200 eV, and (d) the three catalysts 
immediately after evacuation, examined with an incident X-ray energy of 850 eV.
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the catalyst efficiently. Therefore, the combination of the strong interaction between 
SiO2 and the Fe phases, as evidenced from the observation of Fe2+ species in XAS 
and XPS and crystalline Fe2SiO4 in XRD, and the segregation of Cu to the SiO2 
phase are responsible for the slow reduction of iron oxide phases in this catalyst 
material.

Table 4 XPS Fe/Si and Cu/Si atomic ratios (IMFP ~ 10 Å) of the Fe2O3-Cu-K-Si catalyst 
material after different steps in the reduction treatment.

Catalyst sample Fe/Si (~ 10 Å) Cu/Si (~ 10 Å)
275 oC t = 0 h 0.35 0.27
275 oC t = 1 h 0.45 0.37

350 oC 1.77 0.54

K 2p XPS

The K 2p XPS region of the Fe2O3-Cu-K-Si catalyst shown in Figure 12 shows a 
doublet at 293.9 and 296.6 eV, assigned to metastable basic potassium carbonate 
species56, 57. The peaks shift to slightly higher binding energy (294.2 and 297.0 eV, 
respectively) upon treatment at 350 oC.

These binding energy values, however, are too low to be assigned to elemental 
K and, moreover, no plasmon lines characterisitic for elemental K are observed. 
Therefore, in combination with the observations in the O 1s region discussed 
below, we conclude that at higher temperatures, K is present as KOH. Although 
bulk K2CO3 does not decompose to KOH below 500 oC, the role of KOH as an 
active promoter phase in Fe-based catalysts has been suggested in literature56-58. 
The K:Fe ratios decrease dramatically, from ~ 1 to ~ 0.3 upon treatment at 350 
oC, suggesting decomposition of the K2CO3 phase and spreading of the K species 
over the catalyst57.
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Figure 12 K 2p XPS spectra of the Fe2O3-Cu-Si-K catalyst during the different stages of the 
CO/H2 treatment.
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Surface reactant species as studied by O 1s and C 1s XPS
O 1s XPS

Figure 13 shows the O 1s XPS regions for the three catalysts during the treatment 
in 0.4 mbar CO/H2. The O 1s region of the catalysts showed two main peaks; one at 
530.2 eV and a shoulder at 531.7 eV. The peak at 530.2 eV is characteristic for oxidic 
species, while the 531.7 eV peak is ascribed to the presence of adsorbed H2O species 
on the surface of the catalyst, or surface hydroxyl groups59-61. The SiO2 containing 
catalyst showed a more pronounced feature at 531.8 eV, a slightly higher energy than 
the other catalysts. This feature is attributed to surface silanol (Si-OH) groups. 

The relative contribution of the 531.7 eV peak compared to the 530.2 eV peak in 
all samples was higher at 7 Å (850 eV incident energy) compared to 10 Å (1200 eV 
incident energy), confirming the surface nature of these species. The O/Fe and OH/
Fe ratios for the catalysts after reduction are summarized in Table 5. 

The SiO2 containing catalyst showed lower OH and O ratios after treatment at 
350 oC. This is indicative of a high amount of residual oxidic species (Fe3O4/Fe2SiO4) 
after the reduction treatment in combination with the dehydroxylation of silanol 
and other hydroxyl species under high temperature/low pressure conditions45. In 
all catalysts, the O/Fe ratios decreased after reduction. However, especially in 
case of the Cu promoted catalysts, the contribution of oxygen was still significant 
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Figure 13 O 1s XPS spectra of the catalysts during treatment in 0.4 mbar CO/H2. (a) Fe2O3, 
(b) Fe2O3-Cu and (c) Fe2O3-Cu-K-Si.
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after treatment at 275 oC for 1 h. Both Cu containing catalysts also showed that the 
O 1s contribution initially increased upon reduction, and this might indicate the 
physisorption of H2O, other oxygen bearing species, or the prescence of surface OH 
groups during the reduction treatment.

Table 5 XPS O/Fe and OH/Fe atomic ratios (IMFP ~ 10 Å) of the three catalysts under 
investigation after the CO/H2 treatment.

Catalyst sample Fe2O3 Fe2O3-Cu Fe2O3-Cu-K-Si

O/Fe ratio 0.31 0.66 4.57 (275 oC)
2.67 (350 oC)

OH/Fe ratio 0.37 0.72 5.54 (275 oC)
2.50 (350 oC)

The increase in the O 1s contribution might also reflect the enhanced associative 
adsorption of CO in the presence of Cu0, supporting a CO spillover mechanism. In 
further support of this, it is interesting to note that the Fe 2p (Figure 11) and Cu 2p 
XPS spectral regions and the O K-edge XAS shape (Figure 10b) only show a small 
extent of oxidation during CO/H2 exposure, something that is not expected in the 
case of the observed high atomic O/Fe ratios. This suggests that under our 0.4 mbar 
CO/H2 conditions, the surface of the catalyst is very dynamic and surface oxygen 
species are very quickly adsorbed and desorbed. The mass spectrometry data (Figure 
9) support this, as CO2 and H2O evolution rates at 275 oC (“steady state”) were higher 
for the Fe2O3-Cu catalyst compared to the Fe2O3 catalyst.

C 1s XPS

The C 1s region showed significant differences for the three catalysts during 
treatment in CO/H2. The relevant XPS regions and the evolution of total C/Fe ratios 
(both probed at an IMFP of 10 Å; 1200 eV for Fe 2p, 850 eV for C 1s) of the three 
catalysts during treatment for 1 h at 275 oC are shown in Figure 14. The signal 
intensities of the C 1s XPS shapes in Figure 14 are normalized to the Fe 2p peak area 
for each catalyst.

At 1200 eV incident energy, constituting an escape depth of ~ 15 Å, except for the 
presence of the characteristic Cu L3M45M45 Auger peak (kinetic energy 918 eV, 282 
eV “binding energy”), there were no significant differences observed from the data 
measured at 850 eV incident energy. Thus, the chemical composition of the surface 
carbon species was homogeneous in the first 15 Å and there are no chemically 
different subsurface carbon (or carbide) species present under the conditions applied 
here.

In the Fe2O3 sample, surface carbon species begin to disappear upon reaching 
275 oC and are almost completely gone after 2 h at this temperature, followed by 
evacuation. The Fe2O3-Cu and Fe2O3-Cu-K-Si catalysts showed a significant amount 
of residual carbon after the same treatment. Upon going to higher temperatures in 
the case of the latter catalyst, some carbon is removed from the catalyst surface, as 
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evidenced from the lower C/Fe ratios. However, both Cu promoted catalysts have C/
Fe ratios of ~ 3 after the reduction treatment at 275 oC. 
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Figure 14 (a) C 1s XPS spectra (incident energy 850 eV) of the catalysts after treatment in 
0.4 mbar  CO/H2 at 275 oC for 1 h. The counts are normalized to the intensity of the Fe2p3/2 
peak areas. (b) Evolution of C/Fe ratios during 0.4 mbar CO/H2 treatment.

The C 1s XPS data show the formation of at least three different carbonaceous 
phases on the surface of the Fe2O3-Cu and Fe2O3-Cu-K-Si catalysts after heating 
in CO/H2 up to 275 oC. The peak at 284.7 eV, is commonly assigned to graphitic 
type carbon62-65. An additional contribution at 283.9 eV was observed in both 
Cu promoted catalysts, but especially pronounced in the Fe2O3-Cu-K-Si catalyst, 
indicating the presence of surface CHx species62. The relatively high amount of these 
species compared to the other two catalysts might be a result of the smaller particle 
sizes involved in this material, in combination with the presence of K species. The 
addition of K has been known to increase the heat of chemisorption of CO on Fe 
surfaces66, increasing carbon deposition rates57 and increasing the amount of carbon 
based surface intermediates67.

A third contribution to the C 1s spectrum at around 286 eV, has been assigned 
to carbon directly coordinated to oxygen68, and might suggest the presence of oxo-
radical or carbonate like species, as discussed by Bonzel62 or associatively bonded 
CO. As in these species oxygen is not directly coordinated to Fe or Cu sites, this 
explains the observation of mainly Fe0 and Cu0 species in XPS despite the high O/Fe 
and OH/Fe ratios. Upon sample evacuation, in the absence of reactive gas phase CO 
and H2 molecules, the Fe surface oxidizes temporarily, possibly due to physisorbed 
H2O and CO2 species on the surface of the catalyst. This oxidation reaction is 
reversible, however; as upon prolonged exposure to vacuum the surface of the 
catalyst reduces back to its metallic state. This further suggests a weak interaction 
between oxygen species and the Fe surface.

Overall, the presence of Cu strongly influences the coverage and type of oxygen 
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and carbon bearing species. The observation of more carbon-coordinated oxygen 
species in the presence of Cu0 further suggest preferential associative binding of CO 
on the catalyst surface under our conditions. The high surface concentration of Cu0, 
in combination with the lower heat of adsorption of CO69, 70 on Cu compared to Fe 
may explain this observation. The different coverages of oxygen and carbon bearing 
species in turn influence the catalytic reactions taking place on the surface of the 
catalysts. Mass spectrometry results (Figure 9) show that after the reduction of Fe 
species is complete, the CO2/H2O ratio remains relatively high in the case of the Cu 
promoted catalyst. This is a strong indication for enhanced WGS reactivity in the 
Cu promoted catalysts.

In the catalyst without Cu, the lower concentration of oxygen bearing surface 
species and the higher amount of dissociatively adsorbed CO might lead to a higher 
methanation rate and a lower susceptibility to oxidation upon evacuation. As shown 
in Figure 15, the concentration of CH4 in the exit flow from the reaction chamber, as 
measured by the online mass spectrometer, was slightly higher and stable for 2 h in 
the case of this catalyst while the CO2 concentration was limited.

In the SiO2 containing catalyst, the discussion of the role of Cu in the formation 
of surface C and O bearing species is more complicated because of the presence of 
surface silanol groups, which also contribute to the O 1s spectrum. In addition, the 
presence of K influences the adsorption of CO and CO2 on Fe surfaces14, 66 and therefore 
might also play an active role in changing surface C and O concentrations.  
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Figure 15 Mass spectrometry data of the product gas CH4 (m/z = 15) concentration for the 
three catalysts during the in-situ XPS/XAS experiment.

Influence of Cu on the surface and bulk structure of the catalysts

Table 6 summarizes the observed inorganic species in the catalysts before and 
after their respective reduction treatments, as observed from XPS, XAS and XRD. 
Scheme 1 sketches the surface and near-surface composition on the basis of these 
observations.
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Scheme 1 Schematic overview of the surface and bulk Fe and Cu phases in the three 
different catalysts under study after treatment in 0.4 mbar CO/H2 for 1 h at the indicated 
temperatures.  (a) Fe2O3, (b) Fe2O3-Cu and (c) Fe2O3-Cu-K-Si. The scheme also illustrates 
the differences in probing depths between the XRD and XPS/XAS techniques.

From XRD it is clear that the addition of Cu decreases the overall bulk crystallinity 
of the a-Fe2O3 phase after calcination and, as a result, Cu acts as a textural promoter 
and facilitates the reduction of a-Fe2O3 to Fe3O4. The addition of SiO2 in combination 
with Cu has a similar effect, with the initial reduction of small, amorphous a-Fe2O3 
particles to Fe3O4 proceeding faster than the relatively large crystalline particles in 
the unpromoted catalyst. In-situ XAS further indicates that metallic Cu particles are 
responsible for enhancing the rate of the reduction step of bulk Fe3O4 to Fe2+ and Fe0. 
Overall, it can be concluded that Cu promotes the reduction of iron oxide through a 
combination of textural and electronic effects.

In the promoted catalysts, Cu is present as CuO species in intimate contact 
with the Fe2O3 phase before the reduction treatment. The CuO phase is reduced to 
Cu2O and Cu0 under mild conditions (~ 200 oC) in the unsupported catalyst and the 
formation of Cu0 marks the onset of the reduction of the Fe3O4 phase to Fe0. Most 
likely, Cu0 sites enable the spillover of adsorbed H2 or CO species to nearby Fe3O4 
species, enhancing the reduction to Fe0.
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Table 6 Overview of the surface species and bulk phases as deduced from XPS, XAS 
and XRD experiments on the three different catalysts under investigation before and after 
reduction in 0.4 mbar CO/H2 at 275 and 350ºC.

Surface species and bulk phases observed
Catalyst 
material Technique Before reduction 0.4 mbar CO/H2

275 oC, 1 h
0.4 mbar CO/H2 

350 oC, 1 h

Fe2O3

XPS Fe3+ (Fe2O3) Fe0 N/A

XAS Fe3+ (Fe2O3) Fe0 N/A

XRD a-Fe2O3 (~70 nm) a-Fe (~100 nm), Fe3O4 N/A

Fe2O3-Cu

XPS Fe3+ (Fe2O3), Cu2+ 
(CuO)

Fe0 (a-Fe), Fe2+, 
Fe3+(Fe3O4), Cu0 N/A

XAS Fe3+ (Fe2O3), Cu2+ 
(CuO)

Fe0 (a-Fe), Fe2+, Fe3+ 
(Fe3O4), Cu0 N/A

XRD a-Fe2O3 (~40 nm) a-Fe (~80 nm), Cu N/A

Fe2O3-Cu-K-Si

XPS
Fe3+ (Fe2O3), Cu2+ 

(CuO), K+ (K2CO3), 
Si4+ (SiO2)

Fe2+, Fe3+ (Fe3O4), Cu0, K+ 
(K2CO3), Si4+ (SiO2)

Fe2+, Fe3+ (Fe3O4, 
Fe2SiO4), Cu0 

K+ (KOH)
Si4+ (SiO2, Fe2SiO4)

XAS Fe3+ (Fe2O3)
Cu2+ (CuO)

Fe2+, Fe3+ (Fe3O4)
Cu0, Cu+ (Cu2O)

Fe0 (a-Fe), Fe2+, Fe3+ 
(Fe3O4, Fe2SiO4), Cu0

XRD a-Fe2O3 (< 5 nm) N/A a-Fe (~ 60 nm)
Cu (~ 10 nm), Fe2SiO4

In the case of the SiO2 bearing material, Cu2O species are stabilized with respect 
to Cu0 by interaction with the SiO2 phase and as a result, the reduction of the Fe3O4 
phase to Fe0 is delayed. In combination with the observed strong interactions between 
Fe2+ species and SiO2, resulting in the formation of Fe(II)silicate species, this leads 
to a poorly reduced catalyst, even after treatment in 0.4 mbar CO/H2 at 350 oC. 

The reduction of Fe2O3 to metallic Fe was not feasible in either 1 mbar CO or 
1 mbar H2 and a mixture of both gases was used in this study. It is therefore not 
obvious if the reduction of the iron oxide phase by H2 or by CO is dominant in our 
experiments. We will consider both cases below. 

Mass spectrometry (Figure 9) showed high CO2/H2O ratios during reduction of 
the unsupported Cu-containing Fe2O3-Cu catalyst. The relatively high C/Fe and O/
Fe XPS ratios further suggest that the reduction of Fe species by CO is dominant 
in the presence of Cu. However, an alternative explanation for this observation is 
the enhancement of the WGS reaction in the presence of Cu0, due to the higher 
amount of associatively bonded CO species. Since Cu0 itself is expected to be active 
in the WGS reaction71, both cases however point to CO spillover from Cu0 to Fe3O4. 
However, it is noted here that it cannot be excluded that some CO2 evolution might 
also be due to the laydown of carbonaceous deposits (as observed to some extent in 
TEM) on the reduced Fe phase by the Boudouard reaction (2 CO à CO2 + C). 
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Therefore, the other possiblity for the enhanced reduction of iron oxide in the 
presence of Cu0 is H spillover from Cu0 sites. Judging from the higher adsorption 
energy of H compared to CO on metallic Cu (239 vs. 63 kJ/mol, respectively) and the 
observed preferential reduction of CuO by H2 in our experiment, one might expect 
H2 spillover from Cu sites to play a larger role in promotion of Fe3O4 reduction 
than CO spillover. However, based on our experiments, we cannot unambigously 
conclude that either mechanism is dominant in the electronic promotion effect of Cu.

The surface of the Cu containing unsupported iron oxide catalyst is slightly 
oxidized after reduction in CO/H2, in contrast to the unpromoted catalyst which is 
fully reduced to Fe0 on the surface. Strikingly, the bulk of the Cu promoted catalyst 
is fully reduced to a-Fe, while the unpromoted catalyst contained a significant 
amount of Fe3O4. 

The reduced Cu0 species spread to the surface of the metallic Fe phase in the 
Fe2O3-Cu catalyst. This is also the case for the supported catalyst when treated at 275 
oC. However, when treated at 350 oC, the Cu phase agglomerates and segregates from 
the Fe (Fe2+ and Fe3O4) phases, covering part of the SiO2 material after treatment. 
Therefore, at 350 oC, the Cu phase has less interaction with the iron phase and has 
less influence on the redox and surface properties of the catalyst. The formation of 
Fe2SiO4 further prevents reduction of Fe2+ species and overall the supported catalysts 
is reduced to Fe0 to a small extent. 

Cu0 strongly influences the surface coverage of oxygen and carbon species 
in the unsupported Cu promoted catalyst after reduction in 0.4 mbar CO/H2. 
As a result, the catalyst mainly produced CO2 and showed relatively high CO2/
H2O ratios in the product stream. The unpromoted catalyst produced mainly CH4 
and H2O after the same treatment. This suggests that Cu, except for promoting 
the reduction of iron oxides, also plays an important role in altering the surface 
chemistry of the reduced catalyst.

Conclusions
A combination of in-situ X-ray Photoelectron and X-ray Absorption Spectroscopy 
provided detailed insights in the influence of Cu on the redox and surface properties 
of Fe-based FTS catalysts. By probing the materials at the surface (XPS and XAS) 
and bulk (TPR and XRD) scale it was found that Cu promotes the reduction of Fe2O3 
by a combination of textural and CO/H2 spillover effects, with the former being 
important in the reduction of Fe2O3 to Fe3O4 and the latter mainly promoting the 
reduction of Fe3O4 to Fe0. Cu species behaved different in the case of supported and 
unsupported catalysts. CuO was reduced to Cu0 at temperatures as low as 200 oC in 
the unsupported catalyst, while in the supported catalyst the reduction to Cu0 was 
delayed by the stabilization of Cu2O species by interaction with the SiO2 support. 
This, and the strong interaction between Fe2+ and SiO2 inhibited the reduction of the 
catalyst beyond Fe3O4 and Fe2+

 (Fe2SiO4). Treatment at 350 oC resulted in limited 
interaction between Cu and Fe species in the supported catalyst, through the 
agglomeration of Cu0 and spreading over the support material in combination with 
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the formation of Fe2SiO4 overlayers. The formation of amorphous iron(II)silicates 
was also observed in Chapters 3, 4 and 5. The results presented in this Chapter 
demonstrate that even at low pressure CO/H2 conditions, SiOx species can become 
mobile and as a result prevent the reduction of Fe species and encapsulate Fe0 sites. 
After reduction, the presence of Cu0 increased the surface concentration of oxygen 
and carbon species on the unsupported catalyst, illustrating a more complex role of 
Cu in addition to promoting the reduction of Fe-based catalysts.
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Chapter 8

The Size Dependence of the Surface 
Chemistry of Iron Oxides in 
Reactive Gas Atmospheres*

Abstract
In this Chapter, the surface chemistry of iron oxides in mixed CO and H2 atmospheres 
was investigated by in-situ X-ray Photoelectron Spectroscopy. The surface of small 
iron oxide particles was found to react much more dynamically to changing gas 
phase conditions compared to bulk iron oxide surfaces. The rate of reduction of small 
iron oxide particles in H2 was observed to be limited by the final reduction step from 
Fe3O4 to Fe0. After reduction treatment in H2, the nanosized particles formed surface 
carbonates during exposure to 0.4 mbar CO/H2, while the reduced bulk sample was 
partially oxidized below ~ 200 oC. The formation of bulk iron carbides was observed 
in both samples in CO/H2 at lower temperatures (< 250 oC). During treatment in 0.4 
mbar CO at higher temperatures, polymeric carbonaceous deposits formed on the 
surface of the reduced bulk iron oxide, while the small iron oxide particles formed, 
to a large extent, iron carbides and subsurface carbon species. The competition 
between different carbon containing phases in both samples is discussed on the basis 
of ab initio atomistic thermodynamics using density functional theory, which helps 
understanding the enigmatic iron/carbon system.

* Based on: E. de Smit, M. M. van Schooneveld, F. Cinquini, H. Bluhm, P. Sautet, F. M. F. de Groot 
and B. M. Weckhuysen, “The Size Dependence of the Surface Chemistry of Iron Oxides in Reactive 
Gas Atmospheres”, submitted.
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Introduction
Heterogeneous catalysis is based on the generation and subsequent combination of 
chemical species retained on the surface of a catalytic solid. Elementary reaction 
steps, i.e. the dissociation of reactants and association to products, take place at 
the solid/gas or solid/liquid interface. Therefore, maximizing the accessible specific 
catalytic surface area by reducing primary particle sizes leads to an increase (weight 
based) catalyst activity and results in higher material efficiency. However, surface 
and electronic properties of solids are often also significantly altered with decreasing 
particle sizes1, 2. This results in size dependent catalytic performance, better known 
as the particle size effect3-5. Although this effect has been well documented for many 
catalytic reactions, the exact underlying reasons for the different performance are 
often more difficult to access.

Owing to their strong interaction with matter, electrons are a popular probe for 
the characterization of surface structure. X-ray Photoelectron Spectroscopy (XPS), 
for example, exploits the characteristic short inelastic mean free paths (IMFP) of 
electrons in solids to selectively probe the chemical state of the outermost surface 
(~ 1 nm) of materials. Unfortunately, it is exactly this inherent surface sensitivity 
that makes application of XPS under reaction conditions, i.e. in the presence of gas 
phase (and liquid) molecules, impossible in conventional instruments. However, as 
illustrated in Chapter 7 recent developments in instrumentation have made possible 
the in-situ characterization of solid surfaces by XPS under elevated gas pressures (~ 
5 mbar) and temperatures6-10.

In this Chapter, we report on the size dependent surface chemistry of iron oxides 
in reactive gas atmospheres as probed by in-situ XPS. Although mbar pressures 
were applied, in-situ XPS constitutes an important initial step in bridging the so-
called pressure gap between surface science (traditionally Ultra High Vacuum) and 
heterogeneous catalysis (~ 1-200 bar) and provides unique insights into the mutual 
influence of surface structure and adsorption properties of a solid. Comparison of a 
nanoparticulate and bulk iron oxide allowed us to directly probe the size dependence 
of the iron-oxygen-carbon chemistry in different gas atmospheres, while the general 
observed transformations in carbon-containing iron phases in both samples were 
explained by ab initio atomistic thermodynamics11-13. The results hold relevance for 
Fe-based catalysts, in particular Fe-based Fischer-Tropsch synthesis catalysts, which 
are important in the conversion of coal, biomass and natural gas to hydrocarbon 
transportation fuels and chemicals14-16.

Experimental
Materials

Nanoparticulate a-Fe2O3 was synthesized by precipitation from a 0.6 M Fe(NO3)3 
• 9 H2O (Acros, 98+%) solution in H2O using a Na2CO3 (Acros, anhydrous, pure) 
solution (2.0 M) as the precipitation agent. The Fe(NO3)3 solution was heated to ~ 
90 oC and added (in ~ 1 min) to the near boiling Na2CO3 solution under vigorous 
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stirring. The resulting precipitate was separated by filtration, and reslurried and 
washed at least four times in 1 L hot (~ 90 oC) distilled water until all residual 
sodium was removed. The precipitate was dried in stagnant air for 6 h at 60 oC and 
24 h at 120 oC. Finally, the dried catalyst precursor was crushed and calcined in high 
air flow at 300 oC for 5 h using a heating ramp of 5 oC/min. 

For the bulk iron oxide, a high purity a-Fe2O3 reference (Sigma Aldrich, 99.999%) 
was obtained commercially.

In-situ XPS

Instrumentation and analysis

In-situ XPS experiments were performed at the Ambient Pressure PhotoEmission 
Spectroscopy (APPES) instrument17 at the molecular environmental science beamline 
11.0.2 at the Advanced Light Source (ALS) in Berkeley, CA, USA. The APPES 
instrument and the ISISS-PGM setup at the Berliner Synchrotron Radiation Facility 
(BESSY) in Berlin (Germany), described in Chapter 7, are practically identical. 
Therefore, for a comprehensive description of the in-situ XPS setup we refer to the 
experimental section of Chapter 7. However, there are some slight differences in 
instrumentation. These will be described below.

The iron oxide samples were deposited on a Si wafers ((100) (111) surface 
termination, CrysTec GmbH, Berlin) by suspending the iron oxide powders in iso-
propanol. The wafers were deposited with sample until the Si surface was completely 
covered. For heating, the samples were mounted onto a sample holder equipped with 
a ceramic “button heater” which allowed heat treatment up to 1200 oC (in vacuum)17. 
A thermocouple wire, which was spot welded to the sample plate, was used to 
monitor the temperature of the sample. During the measurements, the sample was ~ 
1 mm away from a 0.3 mm diameter aperture to a differentially pumped electrostatic 
lens system. Photoelectrons created at the sample travel through the lens system 
and are analyzed on a Phoibos 150 hemispherical analyzer (SPECS GmbH, Berlin, 
Germany). In order to determine the surface nature of detected species, the XPS 
spectra were measured at two probing depths by tuning the X-ray excitation energy 
to a resulting photoelectron kinetic energy (KE) of 200 eV and 450 eV. Table 1 
shows the excitation energies applied for acquisition of the Fe 2p, O 1s and C 1s XPS 
spectra.

Table 1 Excitation energies applied for the acquisition of Fe 2p, O 1s and C 1s XPS spectra. 

XPS line Excitation energy for 
200 eV kinetic Energy (eV)

Excitation energy for 
450 eV kinetic Energy (eV)

Fe 2p 910 1170

O 1s 730 990

C 1s 485 745
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The XPS peak positions were calibrated with respect to the Fermi edge and/or Si/
SiOx Si 2p3/2 XPS binding energies. The probing depth of the XPS data is reported 
in terms of the Inelastic Mean Free Path (IMFP), of the emitted photoelectrons. 
The inelastic mean free path (IMFP) of photoelectrons as a function of KE was 
calculated using the TPP2M formula18. The IMFP was (assuming a homogeneous 
a-Fe2O3 composition) 7 Å at 200 eV KE and 11 Å at 450 eV KE.

In the experiment geometry applied here (42o takeoff angle), the IMFP has to 
be corrected by a factor (cos 42o

 =) 0.74. The corresponding corrected IMFPs are 
5 Å and 8 Å, respectively. In a-Fe and iron carbides the mean free path is slightly 
shorter. For these materials the corrected IMPF is 4 Å at 200 eV KE and 7 Å at 450 
eV KE. As shown in Figure 3 in Chapter 7, 65 % of the detected photoelectrons 
originate from within the corrected IMFP, 99 % from within 3 times this distance. 
In the remainder of this Chapter, the term IMFP will refer to the geometry corrected 
IMFP.

Atomic ratios were compared at identical KE and thus at similar probing depths 
in the solid. Atomic sensitivity factors (ASF) were taken into account for the 
determinations of the atomic ratios and calculated using:
  ASF = B s ltot f     (1)

where B are instrumental contribution factors, s is the ionization cross-section for a 
given photon energy19, ltotal is the IMFP and f is the photon flux at the sample, which 
was taken into account from measurements of the energy dependent photon fluxes 
at APPES beamline 11.0.2 at the ALS. B and ltotal are the same for electrons of the 
same KE and therefore can be disregarded.

The final atomic ratios between species A and B were calculated using:
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where r is the surface concentration of an element and I is the total relevant XPS 
peak area. The peak areas were determined by using the background subtraction 
method as recommended by Shirley20.

On-line mass spectrometry (Stanford Research Systems) data of the reactant and 
product gases were measured in the first stage of the electrostatic lens system.

In-situ XPS experiment design

In the in-situ XPS experiment, iron oxide samples were exposed to reactive gases at 
different temperatures. Before each experiment, any residual carbonaceous surface 
species present on the iron oxide surfaces were removed by treatment in 0.4 mbar O2 
at 300 oC. The inertness of the Si wafers in different gas atmospheres was evaluated 
by means of reference experiments on blank Si wafers. A contribution of Si-OH 
and Si-O groups was observed during these experiments, while no carbonaceous 
compounds were formed.  

The samples were first reduced in 0.26 mbar H2 while heating the samples up to 
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400 oC. After the reduction treatment, the samples were exposed to 0.4 mbar CO/H2 
(0.13 mbar CO/0.26 mbar H2) while lowering the temperature from 350 oC to 150 oC 
in a stepwise manner. After this treatment, the samples were heated in 0.4 mbar CO 
from 150 oC to 350 oC with 50 oC increments.

During the in-situ experiments, acquisition of the Fe 2p, O 1s and C 1s XPS 
spectra allowed the analysis of Fe valency and the nature and relative amount of C 
and O containing surface species.

Computational method

The ab initio atomistic thermodynamics approach was applied in order to get more 
insight into the relative thermodynamic stability of surface carbide layers and 
subsurface and surface carbon species on metallic iron. A similar methodology was 
introduced and applied on bulk iron carbide structures in Chapter 6.

Total energy calculations of iron carbide and Fe (110) surfaces were performed 
using density functional theory (DFT) using the VASP21, 22 computational code.

The surfaces of growing c-Fe5C2 and q-Fe3C iron carbide surface layers were 
modeled by periodic slabs models. In this type of model, the bulk structure of a 
material is terminated in a certain surface orientation (typically indicated by the 
(h k l) crystallographic orientation of the surface) on two sides, while the structure 
is repeated in two directions perpendicular to the surface. The resulting slabs of 
material are separated by vacuum to the top and bottom and also repeated in the 
surface normal dimension, thereby representing the surface of a solid. By using this 
method, surface properties of solids can be calculated and the effects of adsorption 
of molecules and adatoms can be studied systematically. The applied periodic 
boundary condition limits the total amount of atoms that need to be included in 
the calculations, reducing the required computational time. In order to obtain the 
correct surface energy, the carbide slab surfaces were chosen to be symmetrical on 
both sides. 

The surface free energy g of carbide surfaces, as a function of mC, was calculated 
with respect to a bcc Fe reference.

   

A
PTyFexEPT Cbcctotal

2
),(),( µγ ⋅−⋅−

  (3)

where Etotal is the calculated total energy, x is the number of Fe atoms, Febcc is the 
total energy of the Fe bcc atomic reference, y is the total amount of carbon atoms and 
A is the surface area of (one side of) the slab.

Symmetrical slabs of stoichiometric iron carbide surfaces with the lowest expected 
surface energy23 were chosen as a starting point for the calculations. Periodic slab 
models comprising of 4-10 stoichiometric c-Fe5C2 and q-Fe3C units were used. In 
practice, a minimum of 5 layers of iron atoms were used, all atoms were allowed to 
relax during the calculations. A vacuum gap spacing of 10 Ǻ between the slabs was 
used.

After the optimization of the stoichiometric slabs, incremental amounts of carbon 
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atoms were added (symmetrically) to the surface of the slabs and the structures were 
reoptimized. Several configurations for the placement of the extra carbon atoms 
were iterated for each slab. Generally, carbon atoms placed in available fourfold 
hollow surface sites yielded the most stable structures.

For the interaction of surface and subsurface carbon with metallic iron, the 
Fe(110) surface was modeled. The bulk lattice parameters for all the metals were 
optimized with a primitive 1 x 1 cell. The optimal a0 parameter was 2.83. The slab 
calculations were performed with a 4 layer p(√3 x √3) cell (3 metal atoms/layer) 
with the 2 topmost layers allowed to relax. A vacuum gap spacing of 10 Ǻ was used 
between the slabs. In this case, the surface free energy was calculated by:
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where Eref is the total energy of the Fe(110) structure without carbon.
DFT calculations were performed in the generalized gradient approximation 

(GGA) for electron exchange and correlation using the PW91 functional. The 
Projector Augmented Wave (PAW) method was adopted. A plane wave basis set 
energy cut-off of 400 eV and k-point spacing of ~ 0.04 Ǻ-1 along the a and b axes and 
a single k-point in the surface normal direction were used. 

It is noted here that, strictly speaking, the different carbon concentration in 
the iron carbide slabs introduces a variance in the slope of the carbide phase as a 
function of mC. However, the critical mC, which is the lowest mC at which the carbide 
phase becomes stable with respect to the bcc Fe reference (given by the intercept 
with g(T,P) = 0) is fixed. 

For the calculation of the chemical potential of carbon atoms as imposed by the 
gas phase conditions, the following methodology was used: 
For the reaction,
  CO + H2 → C + H2O    (5)
it follows that,
  mC = mCO + mH2

 - mH2O    (6)
Similarly, for the reaction 
  2 CO → CO2 + C    (7)
it follows that,
  mC = 2 mCO - mCO2    (8)
The chemical potential of the individual gas phase species can be calculated from:
  m = Etotal + H - TS    (9)
The total electronic energy, Etotal, of the gas phase molecules can be calculated from 
DFT optimizations (in our case using VASP). The calculation of the enthalpy (H) 
and entropy (S) terms is described in more detail in the experimental section of 
Chapter 6. The rotational and translational partition functions for the entropy term 
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were evaluated using the GAUSSIAN code24, the vibrational contribution to the 
entropy was calculated by DFT. 

For the CO + H2 reaction, the following conditions were assumed: pCO:pH2:pH2O 
= 9:18:1 at a total pressure of 0.4 mbar. Decreasing pH2O to a ratio of 100:200:1 led 
to an increase in mC of ~ 0.15 eV. For the CO reaction the following conditions were 
assumed: pCO:pCO2 = 8:1 at a total pressure of 0.4 mbar. Decreasing pCO2 to a ratio 
of pCO:pCO2 = 98:2 led to an increase in mC of ~ 0.10 eV.

Results and discussion
Figure 1 shows representative Transmission Electron Microscopy (TEM) images of 
the nanoparticulate and bulk iron oxide samples. From the Figure it can be observed 
that the nanoparticulate sample consists of agglomerates of small (~ 5 nm) a-Fe2O3 
crystallites, while the bulk sample shows a-Fe2O3 crystallites of ~ 100 nm. The 
initial BET surface area of the materials was 136 m2 g-1 for the nanoparticulate iron 
oxide and 17 m2 g-1 for the bulk iron oxide.

Figure 2 shows the Fe 2p and O 1s XPS spectra, and the calculated atomic O/Fe 
ratios for the two samples during treatment in 0.26 mbar H2. At 275 oC in vacuum, both 
materials consist of a-Fe2O3, as indicated by the Fe 2p3/2 peak at 710.5 eV25 (Figure 1a 

100 nm

a b

100 nm

b

Figure 1 Bright field TEM images of the materials under study; (a) Nanoparticulate 
a-Fe2O3. (b) Bulk a-Fe2O3. Selected area diffraction images are shown below each 
TEM image, illustrating the crystallinity of both materials.
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and 1d) and associated shake-up structure. In addition, the O 1s spectra showed the 
contribution of a single peak at 529.8 eV26 (Figure 1b and 1e), characteristic for O in 
a-Fe2O3. Upon exposure to H2 and heating to 300 oC, a shoulder appeared in the Fe 
2p3/2 spectrum at 709.8 eV, assigned to Fe2+ species in Fe3O4 and FeO25. At the same 
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Figure 2 Fe 2p (a, d) and O 1s (b, e) XPS spectra (both at 200 eV KE, 5 Å IMFP) and calculated 
O/Fe atomic ratios of various oxygen containing species (c, f) for the nanoparticulate iron 
oxide (left) and bulk iron oxide (right) during treatment in 0.26 mbar H2. The closed symbols 
in (c) and (f) indicate ratios at 200 eV KE (5 Å IMFP), the open symbols indicate ratios at 450 
eV KE (8 Å IMFP).
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time, the main peak in the O 1s spectrum shifted to higher binding energy (530.1 
eV), characteristic for the lower valency of Fe26. In addition, a shoulder appeared in 
the O 1s spectrum at 530.8 eV, assigned to surface oxygen species, probably present 
as surface OH groups. Both samples showed a significant increase in OH/Fe ratios 
upon initial exposure to H2 gas. The bulk iron oxide showed a higher OH/Fe ratio up 
to ~ 350 oC. This is in line with recent observations that bulk a-Fe2O3 binds water 
more tightly than nanoparticulate hematite by a factor of 2.Upon heating to 375 oC, 
the bulk oxide quickly reduces to metallic Fe, as indicated by the rapid growth of 
the Fe 2p3/2 XPS peak at 706.8 eV together with the drop in O/Fe ratios. After 30 
min at 375 oC, the sample is completely reduced with a final O/Fe ratio of 0.46 at 
5 Å and 0.39 at 8 Å (IMFP). In contrast, the nanoparticulate material reduces very 
slowly, with similar O/Fe ratios at 5 and 8 Å probing depth throughout the treatment. 
The sample had to be heated to 400 oC to be reduced further, and even after 1 h the 
sample showed a higher contribution of O at the surface with a final O/Fe ratio of 1.0 
at 5 Å and 0.78 at 8 Å IMFP. This indicates that the reduction of nanoparticulate iron 
oxide is more dynamic and its surface is oxygen rich after treatment in H2. 

The two samples also followed a significantly different reduction pathway. 
An isosbestic point was observed in the XPS spectra during reduction of the 
nanoparticulate iron oxide, while this was not observed in the reduction of the bulk 
oxide (Figure 3). The occurrence of the isosbestic point indicates that only two species 
of varying concentration are present. In combination with the large Fe2+/Fe3+ ratio in 
the XPS spectra of the nanoparticulate material, indicating the presence of Fe3O4, 
this indicates that the final reduction step, from Fe3O4 to Fe0, is inhibited. Overall, 
complete reduction is more difficult to achieve in the nanoparticulate sample.

After reduction, the materials were exposed to CO/H2 and CO at different 
temperatures. The samples were initially cooled from 350 oC in a stepwise manner 
to 150 oC, while exposing them to 0.4 mbar CO/H2 (0.13 mbar CO/0.26 mbar H2). 
After this, the samples were heated to 350 oC in 0.4 mbar CO using 50 oC increments. 
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Figure 3 Fe 2p3/2 XPS spectra during treatment of (a) the nanoparticulate and (b) bulk iron 
oxide in H2. The black arrow indicates the isosbestic point. The spectra were acquired at 200 
eV KE, 5 Å IMFP.
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Figure 4 shows the O 1s and C 1s XPS spectra during these treatments.
There are significant differences in the XPS spectra of both samples. At 350 

oC in CO/H2, there are little carbon or oxygen bearing surface species observed in 
both materials. Upon cooling to 250 oC, the iron phase in both samples is partially 
converted into iron carbides, as evidenced by the appearance of a peak at 283.3 
eV in the C 1s spectra27. The carbide peak is associated with a shoulder at 284.6 
eV. The contribution of this shoulder was small, however, and its assignment is 
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temperatures. The hatched areas indicate the possible contribution of the SiOx wafer. The 
spectra were acquired at 200 eV KE (~5 Å IMFP).
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not unambiguous. Therefore we will assign it to the occurrence of generic non-
oxygenated surface carbon species (Csurf). In the nanoparticulate material, there is an 
additional contribution to the C 1s spectrum at 289.8 eV, which is absent in the bulk 
iron oxide sample. This peak is due to surface carbonate species. The presence of 
these species is reflected in mass spectrometry data measured during the experiment 
presented in Figure 5. The CO2 concentration of the gas exiting the reaction chamber 
is higher in the case of the nanoparticulate material and might indicate that the 
material is active in the water-gas shift (WGS) reaction, forming CO2 and H2 from 
H2O and CO. The higher O/Fe ratios observed after reduction might facilitate this, 
as oxidic Fe is considered to be the active phase for the WGS reaction28. In addition 
to CO2, both materials produced a similar amount of CH4.
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Figure 5 Mass spectrometry data acquired during the in-situ XPS experiment in 0.4 mbar 
CO/H2 of the nanoparticulate iron oxide (a) and bulk iron oxide (b). The dashed line indicates 
the background CH4 (m/z=16) ion concentration (measured in the absence of H2).

The O 1s XPS spectra during CO/H2 treatment (Figure 4) show contributions 
of different oxygen bearing species. Both samples have a contribution of oxide and 
surface OH at 530.1 and 530.8 eV, respectively. In addition, both samples show a 
peak at 533.3 eV. This peak can be assigned to adsorbed molecular H2O29 however, 
it was observed that the Si/SiOx wafer became partially exposed. The maximum Si/
Fe ratio observed was ~ 0.14. As the wafer is likely to contribute to the O 1s 533.3 
eV peak, because of the uncertainty that is introduced, we will not treat the H2O 
peak area quantitatively. In the O 1s spectrum of the nanoparticulate material, there 
is an additional contribution at 531.9 eV, further confirming the presence of surface 
carbonates29.

Figure 6 summarizes the evolution of the O/Fe and C/Fe ratios during the different 
treatments. In both samples, the total coverage of C and O containing surface species 
increases at lower temperatures.

The iron oxide content in the nanoparticulate material, as derived from the O 1s 
peak at 530.1 eV, drops during CO/H2 treatment at lower temperatures, while at the 
same time the coverage of surface OH species and carbonates increases. In contrast, 
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the oxide content of the bulk material increases during CO/H2 treatment, especially 
at 150 oC. This oxidation is reflected in the Fe 2p XPS spectra acquired during the 
CO/H2 and CO treatment shown in Figure 7. As can be further inferred from this 
Figure, the Fe species in nanoparticulate iron oxide remain reduced throughout the 
experiments. The general increase in O/Fe ratios at temperatures below 200 oC is 
likely to be due to the higher coverage of oxidizing H2O species, which may become 
adsorbed below this temperature. The contribution of the oxygen bearing species in 
both samples is higher at 5 Å compared to 8 Å IMFP, confirming the surface nature 
of the oxygen bearing species and excluding the extensive formation of bulk iron 
oxides.

The C/Fe ratios also increase in both materials during CO/H2 treatment, 
illustrating that the materials are reactive to CO, even at temperatures as low as 
150 oC. The nanoparticulate sample mainly forms carbonates at the surface, while 
a small part of the Fe species is converted into iron carbides (Ccarbide/Fe = 0.04). The 
bulk sample shows a larger contribution of carbides (Ccarbide/Fe = 0.07). Interestingly, 
for both samples the Ccarbide/Fe ratios were equal at both probing depths, indicating 
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that the carbide phases formed might have more bulk character compared to the 
oxide species. The ratio between the O 1s and C 1s carbonate peaks was ~3, fitting 
the expected stoichiometry of CO3.
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Figure 7 Fe 2p XPS spectra after H2 treatment and during the treatments in CO/H2 and CO at 
various temperatures for (a) Nanoparticulate iron oxide and (b) Bulk iron oxide. The spectra 
were acquired at 200 eV KE, 5 Å IMFP.

Upon heating the samples in 0.4 mbar CO the bulk material is further oxidized 
up to 200 oC (Figure 6 and 7). At higher temperatures, the contribution of oxide and 
OH oxygen species decreases gradually. At 300 oC in CO, the O/Fe ratios are back 
to the ratios found after the H2 treatment. The initial oxidation in CO is ascribed to 
the presence of oxidizing surface H2O species below 200 oC. During the treatment, 
the contribution of the carbide phase at 5 Å IMFP slowly decreases at the expense of 
non-oxygenated surface carbon species (Figure 4 and 6). Upon reaching 350 oC there 
is a sharp increase in the C/Fe ratios, primarily due to the buildup of surface carbon 
species. This buildup is probably a direct result of the formation of Boudouard coke 
(2 CO à CO2 + C) on the metallic surface. 

The nanoparticulate material shows a very different behavior in 0.4 mbar CO. 
The carbonate species formed during the CO/H2 treatment slowly desorb at higher 
temperatures. As the total iron oxide content did not change as dramatically as for the 
bulk material, but remained rather constant throughout the CO/H2 and CO treatment, 
it is suggested that the presence of surface carbonates might play a role in protecting 
the small particles from oxidation in the presence of H2O. At temperatures above 200 
oC, the carbide content of the nanoparticulate material increases up to Ccarbide/Fe = 
0.2 for both 5 and 8 Å IMFP, illustrating the formation of bulk iron carbides. Above 
250 oC, a sharp increase in surface carbon is observed, probably due to the buildup 
of Boudouard coke. In this case, however, the contribution of iron carbides increases 
proportionally with the surface carbon species, showing that the nanoparticulate 
material is carburized to iron carbides much more facilely and dynamically than 
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the bulk sample. At temperatures above 250 oC, the nanoparticulate sample showed 
an additional contribution in the C 1s XPS spectra. This contribution at 282.7 eV is 
assigned to atomically dispersed surface or subsurface carbon, similar to species 
observed in Pd catalysts30. At 350 oC, there is also an additional contribution to the 
O 1s spectrum at 529.0 eV, assigned to subsurface or atomically dispersed adsorbed 
oxygen7.

Figure 8a summarizes the observations of the in-situ XPS experiments discussed 
up to this point. The nanoparticulate iron oxide sample showed slower reduction in 
H2 and high O/Fe ratios, in combination with low oxide contents and a subsequent 
rich surface chemistry in CO/H2. This illustrates the dynamic nature of the surface 
of the nanoparticulate iron oxide during exposure to reactive gas atmospheres as 
compared to the bulk material. The high surface area and initial crystallite size in 
the nanoparticulate sample leads to the dynamic formation of specific surface and 
subsurface carbon and oxygen species. The low surface area, bigger particles of the 
bulk material show less versatile reactivity to oxygen and carbon and are oxidized 
at low temperature in CO/H2 and quickly encapsulated in surface carbon at high 
temperature in CO. 

Without taking into account the size dependency, we will now focus on the 
explanation of the competition between carbon in surface, subsurface and carbide 
phases, as observed for both materials, as a function of the applied experimental 
conditions. For this, we have calculated by density functional theory (DFT) the Gibbs 
free surface energy g(T, P) of growing surface layers of commonly observed q-Fe3C 
and c-Fe5C2 iron carbide phases, and (sub)surface carbon in Fe(110). The chemical 
potential of carbon atoms, mC, as imposed by a gas phase reservoir at a certain 
temperature and pressure, is used as a descriptor for the relative stability of surface 
phases under experimental conditions. This ab initio atomistic thermodynamic 
approach has been successfully applied to study other systems11-13 and was also 
applied to bulk iron carbides in Chapter 6. Figure 9 shows the DFT optimized 
structures for the surface and subsurface carbon on/in Fe (110), the carbon covered 
c-Fe5C2 (100) + 2 C, q-Fe3C (100) + 2 C surfaces and the stoichiometric c-Fe5C2 (010) 
surface.

Figure 8b shows the stability of Fe (110) bound (sub)surface carbon and several 
modified carbide surface layers as a function of the chemical potential imposed by 
the gas phase conditions. The surface free energy is given with respect to a bcc Fe 
reference. Below g (T, P) = 0, phases are thermodynamically stable with respect to bcc 
Fe and carbon. For reference, the critical mC at which bulk q-Fe3C and c-Fe5C2 carbides 
become stable is also indicated in the Figure. Phases with the lowest free surface 
energy are the most stable phases for given mC. The conditions in our experiment 
(shaded area) were such that mC is in the stability range of surface and subsurface 
carbon and iron carbides. From the Figure it follows that, thermodynamically, both 
bulk q-Fe3C and c-Fe5C2 carbides are stable under our experimental conditions. 
However, at 350 oC in CO/H2, it was observed that (kinetically) these bulk carbide 
phases did not form, possibly due to the competition with surface hydrogenation 
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reactions. At these conditions, mC is also not low enough to induce the formation 
of a surface carbide layer, as bulk bcc Fe and surface/subsurface carbon are more 
stable. However, the latter species were not observed and might also be reacted 
away in the presence of H2. At lower temperatures, the mC imposed by the gas phase 
reservoir is in the range where the carbon covered c-Fe5C2(100) surface carbide 
layer becomes thermodynamically more stable compared to surface and subsurface 
carbon and there is competition between the formation of the carbide phase and 
the hydrogenation of carbon atoms at the surface.  Upon lowering the temperature, 
the formation of carbide surfaces becomes more favorable thermodynamically 
(Figure 8b). The formation of a bulk carbide phase might be inhibited under the 
low temperature conditions, due to diffusion limitations, therefore stabilizing a thin 
carbide surface layer.

During the CO treatment at 150 oC, mC is high. However, in the absence of H2 
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Figure 9 DFT Optimized surface structures of (a) c-Fe5C2 (100) + 2 C, (b) c-Fe5C2 (010), (c) 
q-Fe3C (100) + 2 C, (d) surface C on Fe (110) and (e) subsurface carbon in Fe (110). Fe atoms 
are red, C atoms yellow and surface C atoms added above the slab stoichiometry are blue. 
The point of view for the side views (=a axis) is indicated in the figures.
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and at low temperature, dissociated carbon on the surface of the catalyst is not 
hydrogenated away and not absorbed into the bulk as a result of slow kinetics. 
As a result, some surface carbon forms on the materials. Upon increasing the 
reaction temperature in CO, mC decreases again and the carbide phases become 
thermodynamically less and less favorable. Nonetheless, in the absence of H2, mC at 
350 oC is still higher than the CO/H2 conditions and in addition there is no competition 
between the surface hydrogenation reaction and bulk carburization. Therefore, there 
is thermodynamic competition between the formation of bulk/surface carbides, 
and surface and subsurface carbon and the materials start forming surface carbon 
deposits. Temperatures above 300 oC might lead to thermal decomposition of the 
bulk c-Fe5C2 carbide structure into q-Fe3C31. Our calculations show (Figure 8b) that 
even the most stable q-Fe3C surface under these conditions, the carbon covered 
q-Fe3C (100) surface layer, cannot thermodynamically compete with surface and 
subsurface carbon species.

Conclusions
Our findings illustrate the dynamic nature of the iron-oxygen-carbon surface 
chemistry of nanoparticulate iron oxide in reactive gas atmospheres. The reduction 
of nanosized iron oxide crystallites was found to be inhibited by the final reduction 
step of Fe3O4 to metallic Fe. The surface of the small crystallites retained a 
large amount of oxygen containing species after treatment in H2, while a bulk 
iron oxide sample was fully reduced much more facile.  It was shown that in the 
nanoparticulate system there is competition between the formation of surface, 
subsurface and carbide carbon species, while the bulk iron oxide sample reacted 
less dynamically to changing reaction conditions and was susceptible to oxidation 
and surface carbon deposition. The results constitute a direct demonstration of 
the size dependency of iron oxide surface chemistry, while the application of ab 
initio atomistic thermodynamics accommodated the rationalization of the observed 
surface chemistry in both materials as a function a wide variety of experimental 
conditions.
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Summary and Concluding Remarks

The Fischer-Tropsch synthesis (FTS) has recently experienced a renaissance. New 
developments in the world’s economic, political and environmental landscape 
have created a huge momentum for research in, and the application of, renewable 
transportation fuels and chemicals. FTS comprises relatively short term solutions, 
in the form of Coal to Liquids (CTL) and Gas to Liquids (GTL), and long term 
solutions, in the form of Biomass-to-Liquids (BTL), to the world’s mobile energy 
and chemical demands. One of the most attractive aspects of FTS on the short term 
is that the infrastructure for the distribution of transportation fuels is already in 
place. This currently makes FTS an important process for the production of clean 
transportation fuels, and with the recent startup of large FTS production plants 
(in e.g. Qatar), steadily rising oil prices and more stringent emission regulations, 
its importance can only be expected to increase in the near future. The interest 
in Fe-based catalysts has been dormant (but steadily applied in e.g. South Africa) 
for several decades. However, the high relative prices of comparable Co-based FTS 
catalysts, in combination with the beneficial application of Fe-based catalysts in 
CTL and the potential application in BTL have recently resurged interests.

Fe-based catalysts are typically applied as bulk phases or structurally supported 
by a small amount of other material (also called a binder). To these phases, typically 
minute amounts of other inorganic additives are added to increase FTS performance 
(i.e. catalyst activity and selectivity). Typical examples of these promoters are Cu 
and K, while SiO2 and Al2O3 are commonly applied as supports (binder). 

Fe is one of the most chemically ambivalent elements. Research in iron oxides 
alone is spread over many different scientific disciplines, including mineralogy, 
geology, biology, medicine, environmental chemistry, industrial chemistry and 
catalysis, while metallic Fe and iron carbides are well-known for their widespread 
application in engineering. The chemical ambivalence of Fe also makes it one of 
the most challenging elements to study. This was reflected in the literature review 
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presented in Chapter 2, where it was shown that even after more than 80 years of 
research in Fe-based FTS, many different reaction mechanisms are suggested for 
the reaction and the definite assignment of one active catalytic site in these catalysts 
is still far away. It was shown that at least part of these ambiguities is due to the 
absence of methods that allow for the characterization of active catalyst materials 
under realistic catalytic reaction conditions (e.g. in situ or operando). Therefore, the 
work described in this Thesis focused on the development of in-situ methods that 
allow obtaining valuable complementary chemical and physical information from 
catalysts at realistic FTS conditions.

In Chapter 3, combined X-ray spectroscopy/diffraction was applied to study 
an unpromoted unsupported catalyst (Fe2O3), a Cu-promoted unsupported catalyst 
(Fe2O3-Cu) and a fully promoted supported Fe-based catalyst similar to industrial 
formulation, containing Cu, K and SiO2 (Fe2O3-Cu-K-SiO2, i.e. “Ruhrchemie” 
catalyst). The catalysts were characterized during pretreatment and FTS at 1 bar. The 
use of two different X-ray based techniques offered complementary information: 
X-ray diffraction (XRD) allowed the characterization of crystalline (long range 
order) phases in the catalysts, while X-ray Absorption Fine Structure Spectroscopy 
(XAFS), which probes the local environment of Fe atoms, showed that during FTS a 
large part of the catalysts was present as amorphous Fe phases. After H2 pretreatment 
and subsequent FTS, the Fe2O3-Cu-K-SiO2 catalyst was shown to consist almost 
exclusively of amorphous phases, with a large contribution of amorphous iron(II)
silicates (similar to Fe2SiO4). Under the same conditions, both unsupported catalysts 
formed a mixture of crystalline carbides and amorphous q-Fe3C.

In the Fe2O3-Cu catalyst, Cu facilitated the reduction of the iron oxide precursor 
to metallic a-Fe during pretreatment in H2. After pretreatment, Cu also played a 
more complex role in improving FTS performance increased the catalyst activity 
and C5+ selectivity at 1 bar. 

After 15 h FTS, the H2 pretreated Fe2O3-Cu-K-SiO2 catalyst was twice more 
active than the unsupported H2 pretreated catalysts.

Direct activation in CO/H2 led to a very different catalyst composition compared 
to H2 pretreatment and subsequent FTS. After CO/H2 activation, the three catalysts 
mainly consisted of face centered cubic (fcc) g-Fe and c-Fe5C2. The occurrence of g-Fe 
at low temperatures is unique and the phase was possibly stabilized in the presence of 
carbon at specific reaction conditions. All three CO/H2 pretreated catalysts showed 
superior FTS performance and stability compared to the H2 pretreated catalysts. 

In Chapter 4, the local nature of X-ray absorption spectroscopy (XAS) was 
further exploited to study the amorphous Fe2O3-Cu-K-SiO2 catalyst by Scanning 
Transmission X-ray Microscopy (STXM). The combination of high spatial 
resolution (~ 35 nm) and the high chemical speciation potential of XAS made STXM 
a beneficial tool for the detailed study of the local structure of organic and inorganic 
phases in the catalyst. By use of specialized nanoreactors, STXM was applied for the 
full in-situ analysis of a catalyst under relevant reaction conditions for the first time. 
After a reduction treatment in H2, the Fe2O3-Cu-K-SiO2 catalyst largely consisted of 
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an iron(II)silicate phase in combination with isolated Fe3O4 and a-Fe (Fe0) clusters, 
similar to what was observed in Chapter 3. However, STXM directly illustrated a 
very heterogeneous spatial distribution of the different Fe phases over the catalyst, 
something that was not accessible by other techniques. During FTS, the catalyst 
was found to be further converted into iron(II)silicate phases and iron carbides. Sp2 
type carbon species, assigned to the presence of carbides and FTS reaction products, 
were mostly associated to Fe0 species, illustrating the important role of Fe0 in FTS. 
However, some sp3 type and oxygenated carbon was also found to be present on the 
SiO2 support, indicating the spill-over of FTS reaction products from the active Fe0 
sites.

Chapter 5 applied STXM to further investigate the H2 reduction pretreatment 
of the Fe2O3-Cu-K-SiO2 catalyst and compare it to the H2 pretreatment of the 
unsupported Fe2O3 catalyst. It was found that the reduction of the Fe phases beyond 
Fe2+ was inhibited by interaction with the SiO2 phase at temperatures below 350 oC. 
The extent of interaction strongly depended on the local catalyst formulation and 
morphology. This strong local dependence led to a heterogeneous distribution of 
Fe3+/Fe2+/Fe0 species over the catalyst. High temperatures (> 350 oC) in combination 
with the presence of H2O produced in the reduction reaction, caused the spreading of 
volatile SiOx species over the surface of the catalyst. This further accommodated the 
formation of iron(II)silicates, inhibited the reduction beyond Fe2+ and led to a more 
homogeneous distribution of species over the catalyst. Below 500 oC, the catalyst 
could not be fully reduced to Fe0.

In Chapter 6, a combination of XAFS, XRD and Raman spectroscopy was 
used to study the unpromoted Fe2O3 catalyst system under high pressure FTS 
conditions. XAFS and XRD allowed characterization on the local and long range 
order scales, while Raman spectroscopy made possible the characterization of 
carbonaceous surface species formed on the catalyst surface during reaction. The 
influence of catalyst pretreatment and FTS reaction conditions was further studied 
by the application of ab initio atomistic thermodynamics. The combination of this 
theoretical approach with experimental data allowed a further explanation of the 
observed relative stabilities of iron carbide phases under specific reaction conditions. 
It was found that e-carbides are enthalpically most stable under typical FTS and 
pretreatment conditions. However, experimentally, these phases are difficult to form 
and kinetic and entropic factors contribute significantly to the preferential formation 
of c-Fe5C2 and q-Fe3C phases. Specific control of the chemical potential of carbon 
mC, as imposed by gas phase conditions, allowed the formation of catalysts with 
specific carbide phase compositions. It was shown that catalyst pretreatment at 
low mC conditions led to the preferential formation of q-Fe3C and amorphous FexC 
carbides. This catalyst showed poorer FTS performance compared to a catalyst 
pretreated at high mC conditions, which consisted mainly of crystalline c-Fe5C2. 
However, except for catalyst composition, the textural properties of the catalysts 
also played an important role. The high mC catalyst, with its high surface area and 
pore volume was oxidized to Fe3O4 with time on stream, while the low surface area, 
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more metallic-like low mC catalyst readily formed polymeric carbonaceous deposits 
on the catalyst surface.

Bulk catalyst structure is important for Fe-based catalysts as it indirectly 
determines the catalyst surface structure, which is key in determining activity and 
selectivity in heterogeneous catalysis. Nonetheless, the direct study of catalyst surface 
properties can yield many complementary insights to bulk characterization studies. 
A powerful way to study surface structure is by X-ray Photoelectron Spectroscopy 
(XPS). Unfortunately, the inherent incompatibility of electrons with gas phase 
molecules makes the technique difficult to apply in situ. Recent developments, 
however, have allowed studying XPS in the presence of mbar gas atmospheres. This 
technique was exploited for the characterization of Fe-based catalyst surfaces in the 
final two chapters of this Thesis. 

The catalyst systems introduced in Chapter 3 were further characterized with 
respect to surface structure in Chapter 7 by using a combination of bulk and surface 
sensitive techniques. By applying in-situ XPS/XAS on the Fe-based catalyst systems 
for the first time, it was found that in 0.4 mbar CO/H2 atmospheres, Cu promoted the 
first reduction step of Fe2O3 to Fe3O4 in both the unsupported and supported catalysts 
by structurally altering the initial iron oxide phase (i.e. textural promotion). In the 
unsupported catalyst, the formation of Cu0 paralleled the progressive reduction of 
Fe3O4 to Fe0, most likely through electronic promotion and the CO/H2 spillover 
from Cu0 sites to Fe3O4. Thus, it is a combination of both promotion effects that 
explains the facilitation of the reduction of the unsupported iron oxide precursor. 
In the supported Fe2O3-Cu-K-SiO2 catalyst, the initial textural promotion was also 
observed, while stabilization of Cu+ species by the SiO2 support, in combination 
with Cu0 surface segregation, inhibited electronic promotion effects. 

After reduction, Cu0 influenced the surface chemistry of the Fe2O3-Cu FTS 
catalyst and led to the preferential adsorption of oxygen-containing species, possibly 
as formates and carbonates. The higher coverage of these species resulted in an 
increased CO2 production after reduction and shows that Cu species might also play 
an active role in the water-gas shift reaction. In the Fe2O3-Cu-K-SiO2 catalyst, the 
surface nature of the iron(II)silicate phase, which formed a crystalline phase under 
the low pressure CO/H2 conditions, was confirmed further, indicating that iron(II)
silicates formed at higher temperatures can block active, reduced Fe species by 
encapsulation. The sample was characterized by a low average degree of reduction 
after treatment, as also observed in part II of the Thesis.

In Chapter 8, the size dependence of the surface chemistry of iron oxides was 
investigated using a combination of theory and experiment. It was observed that 
two iron oxides, one comprising of nanoparticulate iron oxide crystallites and one 
comprising of large, bulk iron oxide crystallites, reacted fundamentally different 
to changing experimental conditions (i.e. temperature and gas atmosphere). The 
nanoparticulate sample was reduced in H2 much more difficult compared to the bulk 
sample, resulting in high O/Fe atomic ratios after the reduction treatment. Exposure 
to 0.4 mbar CO/H2 led to the formation of (surface) iron carbides in both samples at 
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low temperature (< 250 oC). However, whereas the nanoparticulate iron oxide was 
further reduced during the CO/H2 treatment, the bulk sample was oxidized at lower 
temperatures (< 200 oC), most likely by reaction with adsorbed H2O. Furthermore, 
exposure to 0.4 mbar CO at elevated temperatures resulted in competition between 
carbide, surface and subsurface carbon in the nanoparticulate catalyst sample, while 
the bulk sample was quickly encapsulated in surface carbon. Overall, the surface 
of the nanoparticulate material reacted much more dynamically to the changing 
experimental conditions. Ab initio atomistic thermodynamics were applied to 
explain the observed competition between surface, subsurface and carbide carbon 
in both catalysts as a function of experimental conditions.

Based on the results as presented in this Thesis, some main conclusions can be 
drawn on the Fe-based Fischer-Tropsch synthesis catalyst system.

1. Amorphous phases play a significant role in the active Fe-based FTS catalyst, 
further complicating the direct identification of a specific FTS active site. 
An Fe2O3-Cu-K-SiO2 catalyst after H2 activation and FTS consisted almost 
exclusively of amorphous phases. Unsupported catalysts, depending on their 
pretreatment, consisted of up to 50 % of amorphous iron carbide phases, 
under both high pressure and low pressure FTS conditions. The observation 
of these phases illustrates the importance of local order probes, such as 
Mössbauer spectroscopy and XAS for future studies.

2. In the industrially relevant Fe2O3-Cu-K-SiO2 catalyst system, the addition of 
SiO2 leads to the formation of (amorphous) iron(II)silicates when pretreated 
in H2. The combination of H2O and high temperatures (> 350 oC) leads to the 
formation of volatile SiOx species, which can encapsulate a-Fe species (Fe0) 
important for FTS performance. Below 500 oC in H2, catalysts could not be 
completely reduced to Fe0. However, activation below 350 oC yields an active 
catalyst with comparable or better performance and better stability compared 
to unsupported catalysts. Thus, the small fraction of well dispersed active 
Fe particles can contribute significantly to the overall FTS performance. 
Activation in CO containing atmospheres prevents the formation of iron(II)
silicates, resulting in superior FTS performance. 

3. Cu promotes the reduction of iron oxide catalyst precursors by a combination 
of textural and electronic promotion effects. The former effect was observed 
for both unsupported and supported catalysts. The latter effect was only 
important in the unsupported catalyst, due to the stabilization of Cu+ and Cu0 
segregation in the presence of SiO2. After reduction, Cu0 plays an active role 
in determining the coverage of surface reactant species. In the unsupported 
catalyst, Cu increased the FTS activity and C5+ selectivity. Selectivity was 
especially affected when pretreated in H2, while CO/H2 activation led to a 
more active catalyst compared to unpromoted catalysts.

4. The activation method of Fe-based catalysts is of utmost importance to 
their final FTS performance. Subtle changes in pretreatment conditions 
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(e.g. temperature, gas phase composition) can lead to very different catalyst 
compositions and textural properties and has a great effect on the final catalyst 
activity and selectivity. Although the formation of e-carbides was found to be 
enthalpically preferred under typical FTS and pretreatment conditions, these 
carbides are typically not the main (crystalline) phase observed during FTS. 
This is most likely due to entropic and kinetic factors, stabilizing q-Fe3C 
and c-Fe5C2. In the high pressure FTS, the unsupported Fe-based catalyst 
does not show a significantly different phase evolution compared to the low 
pressure conditions. Generally, it was observed that iron carbides formed 
after pretreatment did not readily oxidize or convert to other carbides during 
FTS. However, oxidation to Fe3O4 did play an important role in a high surface 
area, high pore volume iron carbide catalyst under high pressure conditions 
and suggests that catalyst texture plays an important role in the oxidation 
process. The buildup of inactive carbonaceous species during FTS might be 
related to the formation of a specific, metallic-like amorphous iron carbide 
phase during pretreatment.

5. The surface of nanoparticulate iron oxides reacts more dynamically to 
changing conditions compared to bulk iron oxides. This size dependence 
is expected to have a large effect on final FTS performance, both through 
kinetic and thermodynamic factors.

6. Simultaneous in-situ characterization using multiple techniques and the 
combination of surface and bulk characterization with theoretical methods 
can yield unique insights into the complex, enigmatic Fe-based FTS catalyst 
system. Constant developments in in-situ techniques allow for catalyst 
characterization under more realistic conditions, ultimately resembling 
applied industrially conditions. 
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De interesse in de Fischer-Tropsch synthese (FTS) is recentelijk heropgeleefd. 
Nieuwe ontwikkelingen in de mondiale economie, wereldpolitiek en een strengere 
milieuregelgeving hebben de weg vrijgemaakt voor investeringen in onderzoek naar 
en toepassing van schone, duurzame transportbrandstoffen en chemicaliën. FTS 
omvat een oplossing voor de wereldwijde energiebehoefte voor mobiele toepassingen 
die op relatief korte termijn toegepast kan worden, in de vorm van Coal to Liquids 
(steenkool naar vloeibare producten, CTL) en Gas to Liquids (aardgas naar vloeibare 
producten, GTL). Een van de aantrekkelijke punten van de technologie is dat de 
brandstof die in het proces gemaakt wordt, vrijwel identiek is aan conventionele 
brandstoffen. Daardoor hoeft de infrastructuur voor de distributie deze brandstoffen 
niet aangepast te worden. Mede om die reden wordt op dit moment GTL al op 
grote schaal toegepast (bijvoorbeeld in Quatar). Daarnaast biedt de FTS ook de 
mogelijkheid voor een lange termijn, duurzame oplossing voor de voorziening van 
transportbrandstoffen door toepassing van het Biomass to Liquids (biomassa naar 
vloeibare producten, BTL) proces. Door de aanhoudende toename van de prijs van 
ruwe olie en steeds strengere emissienormen is het te verwachten dat het Fischer-
Tropsch proces een steeds grotere rol zal spelen in de (mobiele) energievoorziening 
van de toekomst. Kobalt gebaseerde katalysatoren worden het meest toegepast in het 
hedendaagse industriële GTL proces. IJzer wordt al decennia lang toegepast in het 
CTL proces (bijvoorbeeld in Zuid-Afrika) en het is te verwachten dat de lage prijs 
en hoge beschikbaarheid van ijzer ten opzichte van kobalt, evenals de potentieel 
aantrekkelijke eigenschappen van ijzer-gebaseerde katalysatoren in BTL, zullen 
bijdragen aan de populariteit van het ijzer-gekatalyseerde Fischer-Tropsch proces.

IJzer-gebaseerde katalysatoren worden in de regel toegepast als bulk fasen of 
gedragen op een kleine hoeveelheid ander materiaal (ook wel bindmiddel genoemd). 
Aan deze samenstelling worden doorgaans ook minieme hoeveelheden anorganische 
stoffen (promotors) toegevoegd om de prestaties (zoals activiteit en selectiviteit) 
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van de katalysatoren te bevorderen. Voorbeelden van belangrijke promotors voor 
de ijzer-gebaseerde katalysatoren zijn Cu en K. SiO2 en Al2O3 zijn veelgebruikte 
bindmiddelen.

IJzer is één van de chemisch meest veelzijdige elementen. Onderzoek in 
ijzeroxiden alleen al is gespreid over vele verschillende wetenschappelijke 
disciplines, zoals onder andere mineralogie, geologie, biologie, geneeskunde, 
milieukunde, industriële chemie en katalyse. Daarnaast wordt een mengsel van 
metallisch ijzer en ijzercarbiden (i.e. staal) veelvuldig toegepast in alledaagse 
technische toepassingen. De chemisch veelzijdige aard van ijzer maakt het ook tot 
een van de meest uitdagende elementen om te bestuderen. Dit kwam tot uiting in 
het literatuuronderzoek gepresenteerd in Hoofdstuk 2 van dit Proefschrift. Daar 
werd duidelijk dat in de wetenschappelijke literatuur zelfs na meer dan 80 jaar 
onderzoek naar ijzer-gebaseerde FTS katalysatoren nog altijd veel verschillende 
reactiemechanismen voorgesteld worden. Bovendien is de katalytische activiteit ook 
(nog) niet terug te leiden naar één specifiek actief centrum. Deze onzekerheden zijn 
deels het gevolg van het gebrek aan onderzoek dat is uitgevoerd onder realistische 
katalytische omstandigheden (bv. in-situ of operando). Daarom werd het onderzoek 
beschreven in dit Proefschrift gefocust op de ontwikkeling van methoden die 
de fysische en chemische karakterisering van de katalysator onder realistische 
omstandigheden toelaten.

In Hoofdstuk 3 werd een combinatie van röntgenspectroscopie en röntgendiffractie 
gebruikt voor de karakterisering van een ongepromoteerde, ongedragen katalysator 
(Fe2O3), een Cu-gepromoteerde, ongedragen katalysator (Fe2O3-Cu) en een volledig 
gepromoteerde, gedragen katalysator met een industrieel relevante samenstelling, 
die naast ijzer ook Cu, K en SiO2 bevatte (Fe2O3-Cu-K-SiO2, i.e. “Ruhrchemie” 
katalysator). De katalysatoren werden onderzocht tijdens de voorbehandeling en 
FTS bij 1 bar. De twee verschillende röntgentechnieken die werden toegepast boden 
aanvullende informatie. Röntgendiffractie gaf informatie over de kristallijne fractie 
van de katalysator (lange afstand ordening), terwijl röntgenspectroscopie selectief 
de lokale ordening van atomen rondom de ijzeratomen in beeld bracht. Met de twee 
technieken werd aangetoond dat na de voorbehandeling en tijdens FTS een groot 
deel van de katalysatorfasen aanwezig was als amorfe of zwak kristallijne fasen. Na 
specifieke voorbehandeling in H2 en FTS, bestond de Fe2O3-Cu-K-SiO2 katalysator 
zelfs bijna exclusief uit amorfe fasen, met naast ijzercarbiden een grote bijdrage van 
ijzer(II)silicaten. Beide ongedragen katalysatoren werden tijdens FTS omgevormd 
tot een mengsel van kristallijne carbiden en amorf q-Fe3C. In de Fe2O3-Cu 
katalysator bevorderde koper de reductie van ijzeroxide naar metallisch a-Fe tijdens 
de voorbehandeling in H2. Tijdens FTS speelde koper ook een belangrijke rol in het 
verbeteren van de activiteit en C5+ (koolwaterstofketens van vijf koolstofatomen en 
langer) selectiviteit van de katalysator tijdens de FTS bij 1 bar gasdruk.

Na 15 uur FTS was de H2 voorbehandelde Fe2O3-Cu-K-SiO2 katalysator twee keer 
actiever dan de ongedragen katalysatoren die op dezelfde wijze waren voorbehandeld.

Directe activering in CO/H2 leidde tot een andere katalysatorsamenstelling in 
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vergelijking met de H2 voorbehandeling en daaropvolgende FTS. Na voorbehandeling 
in CO/H2 bestond de katalysator hoofdzakelijk uit kubisch vlakgecentreerd g-Fe 
en c-Fe5C2. De observatie van g-Fe bij lage temperaturen is uniek, de fase werd 
mogelijk gestabiliseerd door interactie met koolstof bij specifieke reactiecondities. 
Alle katalysatoren die voorbehandeld waren in CO/H2 presteerden beter onder 
Fischer-Tropsch reactieomstandigheden in vergelijking met de in H2 voorbehandelde 
katalysatoren.

In Hoofdstuk 4 werd de mogelijkheid om de lokale omgeving van ijzer atomen 
te karakteriseren door röntgenspectroscopie verder toegepast om de grotendeels 
amorfe Fe2O3-Cu-K-SiO2 katalysator te bestuderen met Scannende Transmissie 
Röntgenmicroscopie (Scanning Transmission X-ray Microscopy, STXM). De 
combinatie van hoge plaatsresolutie (~ 35 nm) en de rijke chemische informatie 
verkregen uit röntgenspectroscopie maken STXM een nuttige methode om de 
lokale structuur van organische en anorganische fasen in de katalysatoren te 
bestuderen. Door het gebruik van speciale nanoreactoren werd STXM voor het 
eerst onder relevante condities toegepast. Na voorbehandeling in H2 bestond de 
Fe2O3-Cu-K-SiO2 katalysator hoofdzakelijk uit ijzer(II)silicaat in combinatie met 
geïsoleerde Fe3O4 en metallische a-Fe (Fe0) clusters. De resultaten bevestigden 
de waarnemingen uit Hoofdstuk 3, maar STXM bood aanvullende informatie en 
toonde aan dat de ijzerfasen heterogeen over de katalysator verdeeld waren. Deze 
informatie kon niet verkregen worden door het gebruik van andere technieken. 
Tijdens FTS werd de katalysator verder omgevormd tot ijzer(II)silicaten en 
ijzercarbiden. Sp2 gehybridiseerd koolstof, karakteristiek voor de aanwezigheid van 
ijzercarbiden en onverzadigde FTS reactieproducten werden vooral gevonden waar 
Fe0 aanwezig was. Daarnaast werd ook sp3 gehybridiseerd koolstof waargenomen 
op het SiO2 dragermateriaal/bindmiddel. Dit toont aan dat er mogelijk migratie van 
reactieproducten van de Fe0 centra naar het dragermateriaal plaatsvindt tijdens FTS.

In Hoofdstuk 5 werd STXM toegepast om de voorbehandeling van katalysatoren 
in H2 nader te onderzoeken. Onder 350 oC werd de reductie van Fe2+ naar Fe0 
gehinderd door interactie met de SiO2 fase. De omvang van de interactie was sterk 
afhankelijk van de lokale samenstelling en morfologie van de katalysator. Deze 
sterke lokale afhankelijkheid leidde tot een heterogene distributie van Fe3+/Fe2+/Fe0 
fasen over de katalysator. Hoge temperaturen (> 350 oC), in de aanwezigheid van 
H2O gevormd tijdens de reductie van ijzeroxiden, resulteerde in de spreiding van 
vluchtige SiOx fasen over het oppervlak van de katalysator. Dit leidde tot de verdere 
vorming van ijzer(II)silicaten, hinderde de reductie van Fe2+ naar Fe0

 en zorgde voor 
een meer homogene verdeling van fasen over de katalysator. Onder 500 oC kon de 
katalysator niet volledig gereduceerd worden tot Fe0.

In Hoofdstuk 6 werd een combinatie van röntgenspectroscopie, röntgendiffractie 
en Raman spectroscopie gebruikt om de ongepromoteerde, ongedragen 
Fe2O3 katalysator te karakteriseren onder hoge druk FTS omstandigheden. 
Röntgenspectroscopie en röntgendiffractie werden toegepast om de lokale en lange 
afstand ordening van ijzerfasen te onderzoeken terwijl Raman spectroscopie werd 
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gebruikt om de koolstoffasen die op het oppervlak van de katalysator gevormd 
werden te karakteriseren. De invloed van de katalysator voorbehandeling werd 
verder onderzocht door het toepassen van ab initio atomistische thermodynamica. De 
combinatie van theorie en experiment hielpen bij het verklaren van de waargenomen 
relatieve stabiliteit van ijzercarbide fasen onder specifieke omstandigheden. 
Zogenaamde e-carbiden waren de theoretisch, enthalpisch meest stabiele carbiden 
tijdens de voorbehandelings- en FTS omstandigheden. Experimenteel werden deze 
fasen doorgaans niet altijd waargenomen omdat kinetische en entropische factoren 
voor de vorming van de karbide ongunstig zijn. Als het gevolg daarvan word 
preferentieel c-Fe5C2 en q-Fe3C gevormd. De vorming van specifieke ijzercarbiden 
kon experimenteel geregeld worden door de chemische potentiaal mC, opgelegd door 
de reactie omstandigheden, te beheersen. Bij lage mC werd preferentieel q-Fe3C 
gevormd, terwijl voorbehandeling bij hoge mC leidde tot de vorming van c-Fe5C2. 
Behalve de samenstelling van de katalysator, werden de texturele eigenschappen van 
de katalysatoren ook sterk beïnvloed. De hoge mC katalysator had een hoog specifiek 
oppervlak en groot porievolume, wat bijdroeg aan de oxidatie van de katalysator 
naar Fe3O4 tijdens FTS. De lage mC katalysator had een laag specifiek oppervlak en 
meer metallische eigenschappen, wat een rol speelde in de afzetting van koolstof aan 
het oppervlak van de katalysator.

De bulkstructuur van katalysatoren is belangrijk voor de ijzer-gebaseerde 
katalysatoren. Deze bulkstructuur bepaalt deels de aard van het katalytische 
oppervlak, wat uiteindelijk de selectiviteit en activiteit van de katalysator beïnvloed. 
Desondanks is het ook belangrijk om het katalysatoroppervlak direct te onderzoeken, 
omdat dit aanvullende informatie kan geven over de algehele werking van de 
katalysator. Een veel toegepaste techniek voor de karakterisering van oppervlakken 
is röntgen foto-elektron spectroscopie (X-ray Photoelectron Spectroscopy, XPS). 
Deze techniek is echter moeilijk toepasbaar onder realistische condities, door de 
sterke interactie van elektronen met gas moleculen. Recente ontwikkelingen hebben 
het echter mogelijk gemaakt om XPS toe te passen in het bijzijn van gas moleculen 
(bij 1-10 mbar gasdruk). Deze techniek werd toegepast in Hoofdstuk 7 en 8 van dit 
Proefschrift.

De oppervlaktestructuur van de katalysatoren die geïntroduceerd werden 
in Hoofdstuk 3 werd nader onderzocht in Hoofdstuk 7. Door XPS en 
röntgenspectroscopie in situ toe te passen werd aangetoond dat bij 0.4 mbar CO/H2, 
koper de reductie van Fe2O3 naar Fe3O4 vergemakkelijkte door de initiële ijzeroxide 
fase structureel te veranderen (i.e. texturele promotie). In de ongedragen katalysator 
verliep de vorming van metallisch Cu0 parallel aan de vorming van metallisch Fe0. 
Dit is waarschijnlijk het gevolg de verandering van de elektronische eigenschappen 
van de katalysator in het bijzijn van Cu0 en de resulterende overdracht van CO en H2 
van de metallische Cu0 centra naar Fe3O4. Het is dus een combinatie van elektronische 
en texturele effecten die de snellere reductie van ijzeroxide in het bijzijn van koper 
verklaart. In de gedragen Fe2O3-Cu-K-SiO2 katalysator werd ook texturele promotie 
waargenomen. De elektronische promotie werd hier echter onderdrukt door de 
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stabilisatie van Cu+ door het SiO2 dragermateriaal in combinatie met segregatie van 
metallisch Cu0 aan het oppervlak.

Na reductie speelde koper een belangrijke rol in de oppervlaktechemie van de 
katalysatoren. In de ongedragen katalysator werden in de aanwezigheid van Cu0 

meer zuurstofhoudende moleculen, mogelijk in de vorm van formaten en carbonaten, 
geadsorbeerd. De hogere concentratie van deze moleculen toont aan dat Cu0 
mogelijk een belangrijke rol speelt in het promoteren van de water-gas shift reactie 
over ijzerkatalysatoren. In de Fe2O3-Cu-K-SiO2 katalysator werd de oppervlakte aard 
van de ijzer(II)silicaat fase bevestigd. Het werd verder aangetoond dat bij hogere 
temperaturen, metallische Fe0 deeltjes omhuld kunnen worden door een ijzer(II)
silicaatfase. De katalysator werd gekarakteriseerd door de een lage reductiegraad, 
zoals ook waargenomen werd in deel II van dit Proefschrift.

In Hoofdstuk 8 werd de invloed van kristallietgrootte op de oppervlaktechemie 
van ijzeroxiden onderzocht met een combinatie van theorie en experiment. Twee 
verschillende ijzeroxiden, een (bulk) ijzeroxide met een grote kristallietgrootte en 
laag specifiek oppervlak en een nanokristallijn ijzeroxide met een hoog specifiek 
oppervlak, reageerden fundamenteel anders op veranderende reactieomstandigheden. 
Het nanokristallijne ijzeroxide was moeilijker te reduceren tot metallisch ijzer in 
H2. Dit resulteerde in hoge atomaire O/Fe verhoudingen na de H2 behandeling ten 
opzichte van het bulk ijzeroxide. Behandeling in 0.4 mbar CO/H2 leidde in beide 
monsters tot de vorming van (oppervlakte) ijzercarbiden bij lagere temperatuur (< 
250 oC). Het nanokristallijne ijzeroxide werd echter verder gereduceerd in de CO/
H2 atmosfeer terwijl bij lage temperatuur (< 200 oC) het bulk ijzeroxide geoxideerd 
werd onder dezelfde omstandigheden, waarschijnlijk door geadsorbeerd H2O. 
Verder werd aangetoond dat er in 0.4 mbar CO competitie was tussen oppervlakte 
karbiden, oppervlakte koolstof en sub-oppervlaktekoolstof in het nanokristallijne 
monster. Onder dezelfde omstandigheden werd het bulk monster snel bedekt met 
oppervlaktekoolstof. Over het algemeen reageerde het nanokristallijne monster veel 
dynamischer op de veranderende reactieomstandigheden. Ab initio atomistische 
thermodynamica werd toegepast om de invloed van reactieomstandigheden op de 
waargenomen competitie tussen oppervlakte, sub-oppervlakte en karbide koolstof 
in beide katalysatoren te verklaren.
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Appendix

c-Fe5C2 and q-Fe3C Reference 
Phases Formed from Bulk a-Fe2O3

As a reference to the thermodynamic calculations presented in Chapter 6 and in 
order to further study the e-c-q carbide transformation, large a-Fe2O3 crystallites 
(~ 100 nm, 17 m2/g BET surface area, Aldrich, 99.999 %) were carburized in CO 
up to 450 oC and characterized in situ using combined XAFS/XRD and ex situ 
using N2 physisorption and TEM (for more information on the in-situ XAFS/XRD 
experimental setup see Chapter 6). In the absence of commercially available carbide 
reference compounds, the resulting oxide-free c-Fe5C2 and q-Fe3C and were used as 
references for the XAFS analysis of the catalyst samples in this Thesis.

Figure A1 shows the evolution of the crystalline phases in the a-Fe2O3 reference 
powder during pretreatment in CO up to 450 oC with a heating rate of 2 oC/min. 
Figure A2 shows with the XRD patterns of the sample after treatment in CO at 450 
oC for 2 h and after 350 oC for 2 h. For reference, the XRD pattern after treatment in 
H2 at 350 oC for 2 h, resulting in the formation of a-Fe, is also included.

The diffractograms in Figure A1 show the evolution of the initial a-Fe2O3 phase (~ 
50 nm XRD crystallite size) into Fe3O4, e-carbides, c-Fe5C2 and finally q-Fe3C. The 
carbide formation starts between 305-345 oC. This is at somewhat higher temperature 
than typically expected, but is a direct result of the fact that we start from a-Fe2O3, 
which has to be converted to a-Fe before the carbide phases start to form. The offset 



232

Part VI, Appendix

is thus due to the incomplete reduction of the bulk a-Fe2O3 phase below ~  345 oC. 
It is also observed that the conversion of Fe3O4 into carbides dramatically decreases 
crystallite sizes, while at higher temperatures some crystallinity is restored.

A separate experiment was performed, in which the a-Fe2O3 phase was initially 
reduced to a-Fe in H2. Unfortunately, the carburization rates in this experiment were 
extremely slow, most likely due to the large a-Fe crystallite sizes formed (>100 nm) 
after reduction in H2 (further discussed below). 

A contribution of an e-carbide phase is observed in Figure A1 between 345 oC 
and 425 oC. As discussed in Chapter 6, our calculations predict that the e-Fe2C and 
e-Fe2.2C carbide are both thermodynamically stable phases, while e-Fe3C is predicted 
to be thermodynamically unstable with respect to other carbide phases. Although it 
will be shown that EXAFS results suggest a lower number of C neighbors than 
typically expected for e-Fe2C (2 vs. 3, respectively), it is difficult to distinguish 
between the e-Fe2C and e’-Fe2.2C phases from XRD/XAFS analysis. Therefore we 
will generally refer to these phases as e-carbides.

Above 400 oC, the c-Fe5C2 phase converts into q-Fe3C and after 2 h at 450 
oC the composition is 100 % q-Fe3C with a contribution of graphitic carbon at ~ 
8.15o 2q. A pure c-Fe5C2 reference was synthesized by dwelling at 350 oC for 2 h 
(Figure A2). After this time, the XRD pattern still showed a minor contribution (~ 
5 %) of e-carbides. This is most clearly resolved by the enhanced intensity of the 
diffraction line at 13.8o 2q (101) (overlapping with the (021) reflection of c-Fe5C2) 
and the additional diffraction line resolved at 13.3o 2q (002). No (crystalline) a-Fe 
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Figure A1 Evolution of crystalline phases of the bulk a-Fe2O3 sample during treatment in 
1 bar CO up to 450oC. For clarity only some characteristic diffraction lines are marked for 
identification.
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was observed during treatment, indicating that the initial conversion of a-Fe into 
the carbide phases is very fast. Under the conditions applied here, no other carbide 
species were observed. The estimated crystallite sizes were around 40 nm for the 
e-carbides, 18 nm for c-Fe5C2, 20 nm for q-Fe3C and ~ 100 nm for the a-Fe phase.
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Figure A2 XRD patterns of the a-Fe2O3 sample after treatment in CO at 350 oC for 2 h, 
450 oC for 2 h and H2 at 350 oC for 2 h. Theoretical XRD profiles are plotted below each 
experimental pattern. The theoretical e-carbide phase XRD pattern is given in grey. The 
q-Fe3C reference spectrum shows a contribution of graphitic carbon at ~ 8o 2q.

As the phases formed during the CO treatments were quite crystalline, the 
EXAFS data (which also probes amorphous phases present in the samples) showed 
a similar transition of phases compared to XRD. This is illustrated, for the CO 
treatment up to 450 oC, in Figure A3.

Figure A4 shows the radial distribution function of the Fe absorbers in a-Fe, 
q-Fe3C and c-Fe5C2 at 250oC, as calculated from the k3 weighted experimental 
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EXAFS data. The fits reported here are performed in real space (1.0-4.5 Å for the 
carbides, 1.0-5.5 for a-Fe) on the k3 weighted Fourier-Transformed data, using a 
k-range of 2.7-12.0 Å -1. The fit results are summarized in Table A1.

The first Fe-C shell (at around 2 Å) can be clearly distinguished in the carbide 
references. q-Fe3C has two different Fe sites with 8 and 4 atoms of each site in the 
unit cell. On average, the Fe sites have 2.67 C backscatterers within 2.5 Å. c-Fe5C2, 
as refined by Retief et al.1, has three different Fe sites. On average, the Fe sites 
have 3.2 C neighbors within 2.5 Å. This difference is clearly resolved in the radial 
distribution functions, where c-Fe5C2 shows a higher contribution of first shell carbon 
compared to q-Fe3C. Compared to the a-Fe reference, the first Fe-Fe shell contracts 
slightly in case of both carbides, while the higher shells are less pronounced due to 
the low symmetry of the two carbide phases. The EXAFS analysis illustrates the 
similarities in Fe coordination of the two carbide structures. A key difference in 
distinguishing the two carbide phases (except for the Fe-C shell) is the second Fe-Fe 
shell, which is higher in case of q-Fe3C, due to the higher number of neighbors (6 vs. 
5) and the higher symmetry of the crystal structure, leading to less spread in the Fe-
Fe distances. A more detailed discussion about the c-Fe5C2 structure is given below.

For c-Fe5C2, interestingly, a good fit could only be acquired when including a 
single carbon shell at ~ 2.0 Å. As mentioned, the c-Fe5C2 structure has three different 
Fe sites. One Fe site has a remarkably small Fe-C distance of 1.69 Å (formally 0.67 
neighbors). Recently, du Plessis et al.2 reported that c-Fe5C2 is more appropriately 
described having P-1 symmetry, where only one Fe site has a short (1.67 Å) bond 
(formally 0.1 neighbors). Because of the difference in scattering cross sections of Fe 
and C, the position of C atoms in the crystal structure of carbides is prone to error, 
and therefore could be determined more accurately by other diffraction techniques 

1 2 3 4 5

0

5

10

R (Å)

|χ
(R

)| 
(Å

-4
)

450oC 2h θ-Fe3C

400oC χ-Fe5C2

250oC Fe3O4

50oC Fe2O3

Figure A3 Phase corrected, k3 weighted Fourier-Transformed EXAFS data of the bulk 
a-Fe2O3 sample during pretreatment in CO up to 450oC.
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such as electron or neutron diffraction. Our EXAFS results indicate important 
differences in Fe-C distances from the C2/c c-Fe5C2 structure. A C backscatterer at 
a short distance (1.7 Å) from Fe should be clearly distinguishable at the resolution 
of our Fourier Transformed (FT) data (k-range 2.7-10.0 Å-1). Nonetheless, it is clear 
that there is no contribution of a C backscatterer at such distances. In addition, the 
DFT calculations presented in Chapter 6, as well as earlier DFT studies3, indicate 
that the carbon atoms relax to a more reasonable 1.9-2.0 Å Fe-C distance with no 
carbon atom coordinated at shorter distances. This further supports the findings of 
du Plessis et al.2 that the structure proposed by Retief et al.1 might not be accurate 
with respect to the position of C atoms.

Table A1 summarizes the parameters used for the fits. The fits are characterized 
by a high disorder (s 

2). This is partly due to the high temperature of the in-situ 
EXAFS measurements, and partly due to the low symmetry of the coordination 
shells, which is inherent to the carbide structures.

N2 physisorption on the references showed that the BET areas, starting from 17 
m2/g in the parent sample, increased for the c-Fe5C2 carbide to 22 m2/g, remained 
constant at 16 m2/g for the q-Fe3C carbide and decreased to 8 m2/g a-Fe material. 
The pore volumes remained constant with respect to the a-Fe2O3 parent material at 
~ 0.1 ml/g for the q-Fe3C and a-Fe materials, while it increased to 0.2 ml/g in the 
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case of c-Fe5C2.

Table A1 EXAFS k3 space fit results for the carbide reference materials.

Sample Absorber-
backscatterer Na s2 (10-2 Å-2) R (Å) E0 (eV)

c-Fe5C2 reference Fe-C 2.0 0.3 1.97 -5.89
Fe-Fe 12.0 1.8 2.53 -1.53
Fe-Fe 5.0 2.9 3.60 -5.31

q-Fe3C reference Fe-C 2.0 0.3 1.94 -2.63
Fe-Fe 11.7 1.6 2.52 -1.98
Fe-Fe 6.0 2.6 3.73 -13.07

a-Fe reference Fe-Fe 8.0 0.8 2.45 -3.18
Fe-Fe 6.0 1.1 2.80 1.73
Fe-Fe 12.0 1.3 4.02 0.65
Fe-Fe 24.0 1.3 4.79 -5.33

a Number of neighbors were set to the theoretical number of neighbors in the structures. 

Figure A5 shows representative TEM images a-Fe2O3 standard before and after 
H2 and CO pretreatments. In the TEM images, the differences in crystallite sizes 
between the samples are resolved, although not as clear as from the XRD analysis. 
The a-Fe sample has clearly sintered (200-500 nm), as the XRD analysis suggested. 
For both carbide phases, however, XRD analysis yields a smaller crystallite size 
(~ 20 nm) compared to TEM (~ 20-100 nm). Therefore, there may be some degree 
of non-crystallinity in the samples. The TEM images confirm the presence of free 
carbon in the q-Fe3C material (Figure A5c).

The buildup of free carbon is also evident from the CO2 evolution rates, as 

200 nm
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200 nm

a b

c d

C

Figure A5 Representative TEM images of the bulk a-Fe2O3 before (a) and after 2 h treatment 
in CO at 350oC (b), 450oC (c) and in H2 at 350oC (d). The arrows indicate the presence of 
carbon.
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measured by mass spectrometry. Figure A6 shows the signals normalized to the 
amount of sample. The evolution of CO2 in the q-Fe3C sample, heated up to 450oC, 
is roughly eight times that of the c-Fe5C2 sample. However, the conversion of one 
mole a-Fe2O3 to q-Fe3C consumes less CO (41/3 mol) compared to the conversion of 
a-Fe2O3 to c-Fe5C2, which consumes 43/5 mol of CO. It is clear that above ~ 370 oC, as 
q-Fe3C is observed to form in the XRD/EXAFS data, the CO2 production increases 
dramatically, indicating the formation of Boudouard coke. The higher concentration 
of carbon in the crystal structure of c-Fe5C2 is unlikely to be removed from the 
surface of the catalyst as it is converted to q-Fe3C and is likely to contribute to the 
buildup of surface carbon4.
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Figure A6 On-line mass spectrometry data for CO2 (m/z = 44) measured from the bulk 
a-Fe2O3 sample during the CO treatment at 350oC, forming c-Fe5C2 and 450oC, forming 
q-Fe3C.

It is clear that a straightforward comparison between the catalytic properties of 
the two carbide phases synthesized here is not justified. The q-Fe3C phase contained 
a significant amount of free carbon, which can potentially block active sites. Also, 
possibly as a result of this, the surface area of the q-Fe3C materials is very low. 
Therefore, in order to compare the influence of different carbide phases on FTS 
performance, in Chapter 6 we have synthesized catalysts containing different 
amounts of specific carbide phases by tuning the chemical potential mC imposed by 
the gas phase reactants during pretreatment.
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