Katharina Maria Golder

The Materials Gap in the
Fischer-Tropsch Synthesis

MoDEL STUDIES ON Co(0001) AND C0(10115) BY SCANNING
TUNNELING MICROSCOPY AND GAS CHROMATOGRAPHY

Physical Chemistry

‘ Dissertation

Munich 2022






DISSERTATION ZUR ERLANGUNG DES DOKTORGRADES
DER FAKULTAT FUR CHEMIE UND PHARMAZIE
DER LUDWIG-MAXIMILIANS-UNIVERSITAT MUNCHEN

The Materials Gap in the
Fischer-Tropsch Synthesis

Model Studies on Co(0001) and Co(10115) by
Scanning Tunneling Microscopy and Gas
Chromatography

Katharina Maria (older
(geb. Durner)

aus

Augsburg, Deutschland

2022






Erklarung

Diese Dissertation wurde im Sinne von § 7 der Promotionsordnung vom 28. November
2011 von Herrn Prof. Dr. Joost Wintterlin betreut.

Eidesstattliche Versicherung

Diese Dissertation wurde eigenstandig und ohne unerlaubte Hilfe erarbeitet.

Miinchen, 30.08.2022

Katharina Golder

Dissertation eingereicht am: 30.08.2022

1. Gutachter: Prof. Dr. Joost Wintterlin
2. Gutachter: Prof. Dr. Sebastian Giinther
Miindliche Priifung am: 11.10.2022






EVERY GREAT AND DEEP DIFFICULTY BEARS IN ITSELF ITS OWN SOLUTION.
IT FORCES US TO CHANGE OUR THINKING IN ORDER TO FIND IT.
[Niels Bohr (1919)]






Table of Contents

List of Publications II1
1 Introduction 1
2 Setup and Methods 7
2.1 High-Pressure STM Chamber 7
2.1.1 Preparation Chamber 7

2.1.2  STM Chamber and Gas Supply 9

2.1.3 Samples 11

2.1.4 Sample Preparation 12

2.1.5 Experimental Procedure 13

2.2 X-Ray Photoelectron Spectroscopy 14
2.3 Scanning Tunneling Microscopy 19
2.4 Gas Chromatography 20
2.5 Scanning Electron Microscopy 24

3 Experimental 25
3.1 Test Reactor for Nickel Deposition 26
3.1.1 Experimental Setup 27

3.1.2  Applied Nickel Sources 32

3.1.3 Experimental Procedure 32

3.1.4 Experimental Results 33

3.2 Stability of the Glass Fibers 38
3.2.1 Glass Fiber Setup 38

3.2.2  Fiber Degradation 39

3.2.3 Temperature Measurements 39

3.2.4 Surface Analysis 42

3.2.5 Discussion and Solution 46

3.3 Temperature Calibration of Co(0001) and Co(10115) Surfaces 48
3.3.1 Calibration Setup 48

3.3.2 Calibration Procedure 49



11 TABLE OF CONTENTS

3.3.3 Calibration Curves and Discussion 49

3.4 Installation of a Customized Gas Chromatograph 52

4 Experimental Results 63

4.1  Operando STM Study of Fischer-Tropsch Synthesis on a Co(0001) Catalyst 65

4.2  Fischer-Tropsch Synthesis on a Co(10115) Crystal 75
4.2.1  Operando STM Study to Bridge the Materials Gap between

Single Crystals and Supported Catalysts 76

4.2.2  Correction of Activity Data 89

5 Summary and Outlook 93

Appendix A List of Abbreviations 97

Appendix B XPS Analysis 99

Appendix C GC Settings 101

C.2 Carrier Gas Supply 101

C.3 Flame lonization Detector 101

C.4 Oven Programs 102

C.5 Calibration Measurements 103

Appendix D Mass Spectra 105

Appendix E Supporting Information for Chapter 4.1 107

Appendix F Supporting Information for Chapter 4.2.1 117

References 125

Danksagung 135



List of Publications

This thesis includes the following three publications, listed in chronological order. They
are reprinted in the chapters 3.4 (2), 4.1 (1) and 4.2.1 (3).

1. The active sites of a working Fischer-Tropsch catalyst revealed by
operando scanning tunnelling microscopy
B. Boller, K. M. Durner, J. Wintterlin
Nat. Catal. 2019, 2, 1027-1034.

Contributions by K. M. Golder: modifying and testing the first version of
the GC, assisting GC and XPS measurements, performing the STM study of
the sputtered Co(0001) crystal in vacuum

2. A highly sensitive gas chromatograph for in situ and operando experi-
ments on catalytic reactions
K. M. Golder, B. Béller, G. Stienen, J. Sickerling, J. Wintterlin
Rev. Sci. Instrum. 2021, 92, 124103.

Contributions by K. M. Golder: modifying and testing the first version of
the GC, performing calibration measurements, performing all experiments and

analyses, preparing the images, writing the manuscript

3. In Situ/Operando STM of the Fischer-Tropsch Synthesis on a Co(10115)
Surface — A Study to Bridge the Materials Gap between Single-Crystal
Models and Supported Catalysts
K. M. Golder, J. Wintterlin
ACS Catal. 2022, 12, 7199-72009.

Contributions by K. M. Golder: performing all experiments and analyses,
preparing the images, screening and analyzing the literature data of supported

nanoparticles, writing the manuscript


https://doi.org/10.1038/s41929-019-0360-1
https://doi.org/10.1038/s41929-019-0360-1
https://doi.org/10.1038/s41929-019-0360-1
https://doi.org/10.1038/s41929-019-0360-1
https://doi.org/10.1063/5.0068021
https://doi.org/10.1063/5.0068021
https://doi.org/10.1063/5.0068021
https://doi.org/10.1063/5.0068021
https://doi.org/10.1021/acscatal.2c00703
https://doi.org/10.1021/acscatal.2c00703
https://doi.org/10.1021/acscatal.2c00703
https://doi.org/10.1021/acscatal.2c00703
https://doi.org/10.1021/acscatal.2c00703

IV

LisT OF PUBLICATIONS

Additional Publication:

. Lithium tin sulfide — a high-refractive-index 2D material for humidity-

responsive Photonic Crystals

K. Szendrei-Temesi, O. Sanchez-Sobrado, S. Betzler, K. M. Durner, T. Holzmann,
B.V. Lotsch

Adv. Funct. Mater. 2018, 28, 1705740.


https://doi.org/10.1002/adfm.201705740
https://doi.org/10.1002/adfm.201705740
https://doi.org/10.1002/adfm.201705740
https://doi.org/10.1002/adfm.201705740
https://doi.org/10.1002/adfm.201705740

CHAPTER 1

Introduction

More than 90 vol% of the chemicals worldwide are produced by means of heterogeneous
catalysts.!! Catalysts increase the reaction rates by lowering the activation barrier,
e.g., due to the stabilization of a reactive transition state, without being expended.?
By definition, heterogeneous catalysts are present in a phase different from that of
the reactants. Typically, they are solid materials like metal nanoparticles stabilized by
relatively inert support materials and the reactants are present in the gas or liquid
phase.Bl As the reaction takes place at an interface, the surface structure of the
catalyst is significant for its performance. Usually, specific active sites play a critical
role. Active sites are formed by a certain fraction of atoms on the catalytic surface,
e.g., some defect, at which a key step of the reaction takes place.[¥ The knowledge
about active sites is thus crucial for the understanding of catalytic reactions. However,
the identification of active sites is an enormous challenge as the catalytic surface may
undergo dynamic structural transformations, so that active sites may only exist under
reaction conditions. An ez situ analysis of a surface of a catalyst may therefore not
provide information about the active sites, creating the necessity of analyzing the
surface under working conditions.”! To correlate this information with the activity, one
ideally has to measure the catalytic turnover in the same experiment. These so-called
operando measurements can reveal insights into the mechanism of a catalyzed reaction
but the analysis of surfaces at high temperatures and pressures drives the analytical

methods to their physical limits.

As most surface sensitive methods, e.g., X-ray photoelectron spectroscopy (XPS) or
low-energy electron diffraction (LEED), are based on the detection of electrons, vacuum
conditions below ~1x10~*mbar are needed because of the inelastic mean free path of
the electrons in the gas phase. In order to control the coverage of adsorbates on the
surface, experiments in surface science are usually performed under ultra-high vacuum
(UHV) conditions.l? In contrast, industrial catalytic processes operate at pressure of
several bar.[) The difference in pressures of more than 10 orders of magnitudes is

termed “pressure gap”.? To get insight into the mechanisms of industrially catalyzed
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reactions, it is necessary to perform studies at similar conditions. During the last
decades, great efforts have been undertaken to overcome these pressure limitations. For
example, near-ambient pressure XPS has been be realized by separating the sample
cell and the electron analyzer by differential pumping or ultrathin membranes.®*!

However, XPS has so far been restricted to pressures of a few mbar.

One of the few surface methods that has no general pressure limitations is scanning
tunneling microscopy (STM).[* In this method, electrons tunnel between the sample
and a tip, which are separated by a few nanometers, so that only a few gas molecules
are present in this gap. The tunneling currents can therefore be measured at arbitrary
pressure. Various solutions for high-pressure scanning tunneling microscope (HP-STM)
setups have already been developed.”) For example, the group in Leiden!'”) operates
a small reactor cell in which only the tip of the STM is exposed to the gas phase in
the reactor. The groups in Berkeley and Aarhus use high-pressure cells, housing the
complete STM setups, and attached UHV chambers for sample preparation or further
surface analysis.!'" 3l The HP-STM setup used in the present work also consists of two
chambers, one for ez situ analysis in UHV and the other for catalytic experiments with
the STM.['Y Despite the principal possibility of operating an STM at elevated pressures,
operando measurements are not easy. One challenge for operando STM measurements
is to achieve stable atomic resolution under reaction conditions, typically at elevated
temperatures. At the same time, one has to be able to measure the formation rates of
products. Because of the relatively large volume of the chamber that houses the STM
and the small catalytic surface, product concentrations are generally low. Hence, a
sensitive detection of the reaction products is required. If successful, the combination
of STM with activity measurements has the potential of identifying the active sites of

a catalytic reaction.

One of the most complicated heterogeneous catalyzed reactions for which the nature of
the active sites is still under debate is the Fischer-Tropsch synthesis (FTS). Patented
in 1925 by Fischer and Tropsch,™! the synthesis of long hydrocarbons from CO
and hydrogen is becoming increasingly important as it allows for the production of
liquid fuels. Rising crude oil prices and the climate crisis draw attention to synthetic
alternatives for gasoline or diesel. Based on synthesis gas (syngas), a mixture of CO
and H,, valuable middle distillates and lubricants can be produced.'"l Depending
on the conditions and the catalyst,'® syngas is mainly converted to saturated and

unsaturated hydrocarbons:

nCO +2nH, < C Hy, +nH,0 (olefins)
nCO + (2n + 1) Hy 2 C, Hypio + n Hy0 (paraffins) 2



As in most plants the syngas comes from natural gas, the process is part of the
more modern gas to liquid (GtL) technology, but the coal to liquid (CtL) process
is still applied in industry.!'6:1925221 A syngas can also be obtained from renewable
sources, the FTS gained increasing interest in the last years. In the power to liquid
(PtL) process, Hy is produced by the electrolysis of water and CO by the inverse

19,23

watergas-shift reaction from CO,."23 Also biomass can be converted to syngas for

the FTS (biomass to liquid, BtL).['*®2427 Pilot plants, using biomass and wind power,
showed that sustainable liquid fuel production is possible.28:2%

In the present, in commercial F'TS, multitubular fixed bed and slurry reactors are
applied in the so-called low-temperature Fischer-Tropsch (FT) process. Temperatures
in the industrial plants are between 220 and 240 °C and pressures between 20 and
45 bar, with Hy:CO-ratios of 1.7 — 2.15.116:3031 Mostly, iron or cobalt-based catalysts
are used.['"192132 The transition metals Ru > Fe > Co > Rh > Ni > Ir > Pt > Pd,
ordered according to the average molecular weights of the produced hydrocarbons, are
active FT catalysts.®3] Due to their high costs, the 4d and 5d metals of this row are not
used in industry and Ni is avoided because of its high selectivity towards the undesirable
product CH,.['%! This leaves Fe and Co as actual FT catalyst. Compared to iron, cobalt
catalysts are more resistant to deactivation, and their activity at high conversions is
higher. Moreover, the higher water-gas shift (WGS: CO 4+ HyO == CO4 + Hy) activity
on iron catalysts leads to an enhanced formation of the undesired byproduct CO,.[16:19]
The conversion of CO and the production of additional Hy by the WGS reaction alters
the Hy:CO ratio and affects the F'T performance of the catalyst. For this reason, cobalt
catalysts are preferred in the industrial GtL process compared to iron-based catalysts,
despite their higher costs. Commercial FT catalysts consist of cobalt nanoparticles,
usually dispersed on oxide supports like Al,O3 or SiO,. Furthermore, it is common to
modify the support by structural promoters, e.g., with oxides of Zr, La or Si. Promoters
like Pt, Ru, or Re are added to facilitate reduction of the starting material of the

catalyst.[17:25:32:3435 This thesis focuses on the FTS on bare cobalt.

While industrial catalysts are usually highly complex systems, surface science works
with well-defined surfaces. This approach is based on the expectation that clearer
information about the surface processes is obtained on single crystals.[>3637 For FTS,
Co(0001) single crystals and a few other orientations has been used as model systems for
catalysts.[?¥%2 Although it is assumed that general aspects of the reaction mechanism
can be captured on single crystals, there are some characteristics of supported catalysts
which cannot be reproduced, e.g., the fact that nanoparticles display several facets or
the interaction with the supporting material. The difference in shape and composition

between surface science systems and industrial catalysts is called “materials gap”.
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Figure 1.1 shows a comparison of the Co(0001) surface and a Co nanoparticle. Bulk
Co has a hexagonal close-packed (hcp) structure, and most surface science studies

have used single crystals with the (0001) orientation. In contrast to bulk Co, the

cobalt nanoparticles of the industrial catalyst are mainly face-centered cubic (fcc)!?!
and display rounded-off, cubo-octahedral shapes.*4] While the Co(0001) model only

provides one densely packed surface with few steps, the fcc nanoparticles contain
[44,45]

several facets, are rich in defects, and display a high step density.

Figure 1.1: Models of the catalytic surfaces used in FTS. (a) shows the hcp (0001)
surface of a single crystal and (b) a model of a fcc nanoparticle [(b) was adapted from
ref. [44], with permission from Elsevier]. The different step (Bs-A and Bs-B) and kink
(Bg) sites which exist on the densely packed surface (a) and the exposed facets of the
nanoparticles (b) are indicated.

Whether the activity of the Co FTS catalyst is sensitive to the surface structure
is under debate. While experiments on single crystals indicate that the activity is
independent of the facets,*” nanoparticles show a distinct size-dependent activity. The
catalytic activity steeply increases with increasing particle sizes up to a diameter of
approximately 8 nm and then levels off and remains constant for a wide range of particle
sizes.*0l Due to the wide range in which the activity is independent of the particle
diameter, the reaction has previously been assumed to be structure-independent which
is not the case according to the more recent literature.l'647) As this thesis deals with
the question of how the surface structure is related to the catalytic performance,

chapter 4 discusses activity-vs-particle size rates for FTS in detail.

As a surface polymerization reaction, the FTS can be divided into three major reaction
steps: reaction initiation, chain growth and reaction chain termination.[*! Details
of the mechanism are not understood. Mainly two different mechanisms concerning
the chain growth are discussed — the carbide mechanism!*! and the CO insertion
mechanism.®® The key issue is how a single C unit becomes inserted into a growing

hydrocarbon chain. According to the carbide mechanism, a C atom is formed by the



initial cleavage of the C-O bond of an adsorbed CO molecule. The C atom is partially
hydrogenated to give an adsorbed CH, moiety, which is incorporated into the growing
chain. In the CO insertion mechanism, the chain growth is divided into two steps.
After direct or hydrogen assisted dissociation of CO and formation of a CH, moiety, a
further CO molecule or partially hydrogenated intermediate (CHO or CHOH) becomes
inserted into the CHj surface bond. In the second step, the C-O bond of the inserted
unit is cleaved, and the C atom in the chain is hydrogenated. Insertion, bond cleavage,
and hydrogenation are then repeated. Depending on the chain termination step, both
mechanisms can explain the formation of paraffins (hydrogen addition) and olefins
(CH cleavage), whereas oxygenates must be the result of the CO insertion mechanism

or formed by a combination of both mechanisms.3!48)

Common to both mechanistic proposals is the initial cleavage of the C-O bond of the
adsorbed CO. Most likely, this step is rate-limiting in the FT synthesis. Quantum
chemical data show that this step is very sensitive to the site structure. The calculated
activation barrier for the dissociation of CO on a step site, 1.20 to 1.61 eV, is significantly
lower compared to that on the flat surface (2.28 — 3.80¢V).1*8%1 Consequently, the
whole reaction should be structure sensitive. In this picture, step edge sites are the
active sites of the FTS.°52 There are a few in situ STM studies of FT synthesis*1:53-5]
but none of them determined correlations of possible active sites and activity. The
broad range where the catalytic activity is independent of particle size has been
explained by a roughening or dynamic surface reconstruction of the Co surface during

[4257.58] There are also density functional theory (DFT) calculations

the reaction.
claiming that the formation of nano islands and clusters, which are responsible for
the surface roughening, is driven by the presence of adsorbed C atoms formed by
the reaction.®%%6% However, the present work does not show any roughening of the
Co(0001) surface under reaction conditions.l®" It seems that an alternative explanation

for the plateau in the activity-vs-particle size function is needed.

This thesis focuses on the aim of bridging the materials gap between single-crystal
and nanoparticle FTS catalysts by means of operando STM studies. In order to
achieve this goal, the existing STM setup had to be extended by a highly sensitive gas
chromatograph. To answer the question of whether single crystals can serve as models
for industrial catalysts, a Co(10115) crystal, which has a step density similar to that

of industrially applied nanoparticle catalysts, was investigated.

The structure of this thesis is as follows. Chapter 2 describes the HP-STM setup, the
samples, and the procedure of the measurements. It also introduces the analytical
methods and the data evaluation procedure. In chapter 3, experimental improvements

which were achieved in this thesis are described. To examine the problem of Ni
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deposition, a reactor setup was developed for testing experiments. The results are
presented in section 3.1. Another problem, connected with the glass fibers used for
sample heating by an IR laser in the STM chamber is investigated in section 3.2. The

following section 3.3 describes the temperature calibration of the Co samples.

For the performance of operando STM experiments, a new analytical device for
activity measurements was needed. Details of the customized gas chromatograph
(GC) setup as well as its performance and calibration are described in the article “A
highly sensitive gas chromatograph for in situ and operando experiments on catalytic
reactions” (section 3.4). Based on the altered setup, new insights into the mechanism
of the FT synthesis were possible. The experimental results of two operando studies
on Co(0001) and Co(10115) single crystals are presented in chapter 4 in the published
articles “The active sites of a working Fischer—Tropsch catalyst revealed by operando
scanning tunnelling microscopy” and “In Situ/Operando STM of the Fischer-Tropsch
Synthesis on a Co(10115) Surface — A Study to Bridge the Materials Gap between
Single-Crystal Models and Supported Catalysts”. Both studies treat the structure
sensitivity of the catalytic activity of Co single crystals during F'TS. The first study
reveals correlations between step density and catalytic activity; the second bridges the

materials gap between Co single crystals and supported nanoparticles.



CHAPTER 2

Setup and Methods

2.1 High-Pressure STM Chamber

The operando Fischer-Tropsch experiments in this thesis were performed at an existing
high-pressure scanning tunneling microscope system (high-pressure STM, HP-STM).
The basic setup was developed by Réfler and Wintterlin (see ref. [14]) and expanded
by Bockleinlf? and Boller(®®l. During this thesis, a new analytical method — a cus-
tomized gas chromatograph — was attached to the STM chamber. With the extended
setup operando STM measurements can be performed at pressures up to 950 mbar at

temperatures up to 240 °C.

A schematic of the setup is depicted in Figure 2.1. It combines a conventional ultra-high
vacuum (UHV) chamber (here called preparation chamber) and an additional chamber,
which serves as catalytic reactor and houses the STM (STM chamber or STM cell).
Using a transfer rod, samples can be transferred between the two chambers without
breaking vacuum. The gas inlet, attached to the STM chamber, was mainly designed
and installed by B. Boller/®. With this system, syngas between ~100 and 950 mbar
can be fed into the STM cell. The UHV components are linked by means of ConFlat
(CF) flanges, the gas inlet and the connection to the GC is based on Swagelok-fittings.

More details about the setup and the sample preparation are given in the following.

2.1.1 Preparation Chamber

The preparation chamber is a typical UHV chamber, which was used for sample prepa-
ration before reaction experiments as well as for ez situ analysis afterwards. The pump
unit I (see Figure 2.1), consisting of a turbomolecular pump and a rotary vane pump
with attached zeolite trap as well as a combined ion and titanium sublimation pump
provides a base pressure of approximately 8x10~! mbar. The pressure is measured
with an ionization gauge. The position of the sample for preparation or analytical
purpose can be adjusted by a manipulator. It is equipped with a tungsten filament for

sample heating and S-type thermocouple contacts for temperature measurement of
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Figure 2.1: Scheme of the HP-STM setup. The STM chamber is connected to the
preparation chamber by a transfer rod. Si-coated components are displayed purple,
copper pipes orange, brass valves yellow and stainless steel components black. Parts
which have not been used in this work are displayed in light grey.

the sample by a meter providing room temperature correction. A PID (proportional-
integral-differential) controller is used to hold the desired sample temperature. By
means of a wobble stick, samples can be transferred from the manipulator to the trans-
fer rod or to the sample magazine in the preparation chamber. Samples were cleaned by
Ar* ion sputtering (ISE 10 sputter ion source, Omicron), oxidation and annealing. The
gases Oq (purity 99.995 Vol %, Linde) and Ar (purity 99.999 Vol %, Messer-Grie3heim)
are dosed from minicans by leak valves into the preparation chamber. A quadrupole
mass spectrometer (QMS, Prisma QMS 200 M2, Pfeiffer-Vacuum) was used for residual
gas analysis as well as for leak detection. Due to its insufficient detection limit, catalytic
activity measurements of the F'T' synthesis cannot be performed by means of QMS.
For this purpose, a new custom gas chromatograph was attached to the STM cell. The
low-energy electron diffraction (LEED) unit was not used in this thesis. Control of
sample cleanliness as well as ez situ surface analysis were performed by XPS. The
chamber is equipped with a monochromatic Al K, (hv = 1486.6 ¢V) X-ray source (XM
1000 MKII, Omicron) and a hemispherical energy analyzer (Phoibos 100, Specs, work
function = 4.9€eV) equipped with five channeltrons for electron detection. During this

thesis, the X-ray anode had to be replaced because of a crack at the surface. After
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installing a new anode and baking the chamber, monochromator and sample position
were calibrated by means of a Ag(111) crystal [Ep(Ag 3dss) = 368.3eV].

2.1.2 STM Chamber and Gas Supply

The STM chamber is a small UHV chamber with a volume of approximately 1.8 L.
It houses the STM head and the copper stack with fittings for the sample holder. A
second wobble stick is used to grab the sample holder at the transfer rod and transfer
it to the STM. The wobble stick is mounted to a tube that can be sealed from the STM
cell by a gate valve and serves as load-lock to transfer samples into/out of the setup
without breaking the vacuum. The STM chamber is connected to a separate pump
unit IT (Figure 2.1) and ion gauge, which can be sealed off from the STM chamber
by a gate valve. Additional gate valves to the preparation chamber and the wobble
stick are closed when the STM cell is filled with syngas by means of the gas supply.
STM measurements can be performed between vacuum conditions (base pressure
~3x107mbar) and a pressure of 950 mbar. Further increase in pressure is currently
not possible as the system is not designed for internal overpressure. Therefore, the
reaction pressure is currently limited to ambient pressure (~950 mbar in Munich). An
additional pump unit III is used to evacuate the STM chamber after high-pressure
experiments to a pressure lower than 1x107° mbar before reopening the gate valve
to the pump unit II and transferring the sample to the UHV chamber. A diaphragm
pressure gauge (CDGO020D, Inficon), located in the gas inlet pipes is used to measure
pressures between 10 and 1000 mbar. Nearly all components of the STM chamber that
are in contact to syngas were coated by amorphous silicon (SilcoGuard 100, Silcotek
GmbH) to avoid the formation of nickel carbonyls. Problems with Ni contaminants
arose when the syngas pressure was increased during the studies by B. Boller. In
order to avoid Ni containing components, all commercial electrical and thermocouple
feedthroughs were replaced by home-built versions and stainless steel components were
replaced by components made from other metals, such as Al, Mo or Ta. Details are
described in the thesis of B. Béller, reference [63]. For the gas inlet, copper pipes as
well as brass valves and fittings are used to avoid contamination with Ni. The reactant
gases are fed through filters and traps to avoid contamination of the sample by the
gases. The Hy pipe is equipped with an inline water filter (MicroTorr MC1-904FV,
H,0, 05, CO,COy < 0.1ppb, Saes Gasproducts) and an S-filter (MicroTorr MC50-
403F; volatile acids, organics, refractory compounds < 1 ppt; volatile bases <5 ppt;
metals < 1ppb; Saes Gasproducts), followed by a liquid nitrogen trap. The CO pipe
is equipped with a heating trap (Cu pipe loop filled with molecular sieve, operating
temperature ~300 °C) and a liquid nitrogen cooling trap. Both cooling traps consist of

a loop of Cu pipe, filled with molecular sieve, in a dewar containing liquid Ns.
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The STM head is of the beetle-type. It can be placed on the sample holder by means
of a lifting frame. The STM chamber with magnified STM head is shown in Figure 2.2.
The STM head consists of four piezo tubes glued to an anodized Al disc. The outer
three piezo tubes serve as the legs of the beetle to the ends of which ruby balls are
glued (the feet of the beetle) on which it stands on the sample holder. Scanning is
performed by means of the central piezo, holding the tip, which consists of an etched
Pt/Ir wire (80/20, 0.25mm). Due to the inclined planes of the sample holder, the tip
can be approached to the sample surface by applying tangential voltages to the outer
piezos so that the beetle rotates in a stick-slip motion. By applying voltages in z or y
directions, the beetle moves in a stick-slip motion parallel to the surface. The sample
holder rests on a stack of Cu plates, which are separated by viton loops for vibrational
decoupling. In the framework of the present experiments, all Cu plates were cleaned
by grinding and polishing to remove possible Ni depositions. A clamp, made of a
thermocouple pair at the mounting assembly on the Cu stack, makes contact to the
thermocouple on the sample when the sample holder is inserted into the mounting

assembly.

Beetle-type STM
on sample holder

lifting
frame

sample
holder

stack

Figure 2.2: Scheme of STM cell (right) including Cu stack, sample holder and lifting
frame (reprinted from ref. [14], with the permission of AIP Publishing). The beetle type
STM on a sample holder is magnified on the left hand side.

The sample within the STM chamber can be heated by means of an IR diode laser
(LDD 50/LIM0O32-S1779, LIMO GmbH) providing light with a wavelength of 808 nm
at a maximum power of 32 W. The light is coupled into the chamber by means of a
glass fiber and illuminates the back of the sample. A detailed description of the glass
fiber setup is given in section 3.2 where the degradation problem of glass fibers is

investigated.

For analysis of the catalytic activity of the samples, a specially designed GC was
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attached to the STM cell. The setup is described in detail in section 3.4. Due to
problems with Ni contamination during experiments, GC measurements, shown in
chapter 4, were also performed in a simplified setup without installed STM, as it
is a possible source of Ni deposited on its surfaces in previous experiments. In this
configuration, the STM was de-installed and replaced by a blind flange and the Cu
stack was replaced by a flange with a simplified mounting assembly and feedthroughs
for the glass fiber and the thermocouple. Because all commercial electrical feedthroughs

contain Ni or Ni alloys, versions with glued-in contacts were built.

2.1.3 Samples

The FT experiments of this thesis were performed with a Co(0001) sample (MaTeck,
99.99%), a Co(10115) sample (MaTeck, 99.99 %) and a Au(111) sample (MaTeck,
99.999 %) for measurements of the blank activity. In order to measure the sample
temperature by means of a thermocouple at the sample and nevertheless be able to
transfer the sample from the preparation chamber to the STM cell, a special sample

holder is used. A scheme of the sample/sample holder setup is depicted in Figure 2.3.

Ceramics

Thermocouple wire

Ta washer

W Mo screw

SiC platelet

Mo sample holder Ta ring Sample

b c Thermocouple contacts
S-type

PtRh rin .
g \ » Mo screw

wires

Figure 2.3: Scheme of the sample setup. (a) The sample is inserted from the back into
the Mo sample holder and fixed by means of a SiC platelet and Ta washers/Mo screws.
Ta rings allow to adjust the crystal height. (b) Back view of the complete sample setup
with sandwiched thermocouple wires in between sample and SiC platelet. (c¢) Top view
of a complete sample setup with mounted S-type thermocouple contacts for temperature
measurements.
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The sample holder is made of Mo and provides three inclined, polished planes which
are used for the coarse approach of the beetle. The samples are hat-shaped single
crystals (bottom diameter: 7mm, top diameter: 5mm, height: 1.8 mm). The surface
was polished by the manufacturer down to a residual roughness of < 0.03 pm for the
Co(0001) sample and < 0.01 pm for the Co(10115) sample and an accuracy of the
orientation of < 0.1°. Using the rim of the hat-shaped samples, the crystals are mounted
in an opening in the center of the sample holder [see Figure 2.3 (a)]. A sandwich,
consisting of a sample and a SiC platelet at the bottom is mounted to the holder by
means of three Ta washers and Mo screws. The SiC platelet serves as absorber of the
laser light used for heating; the metallic samples were too reflective. To adjust the
correct distance between the sample surface and the STM tip, Ta rings can be placed
between the sample holder and the crystal. The temperature is measured by means of
an S-type thermocouple mounted to the sample holder. Pt and PtRh wires (0.05 mm)
are sandwiched between the crystal and the SiC platelet and fed through ceramic
tubes to the front side of the sample holder, where they are spot-welded to sleeves
of @ 0.5 mm Pt/PtRh wires mounted to Al;O3 insulation tubes [see Figure 2.3 (b)
and (c)]. The tubes are fixed by means of Mo screws at the rim of the sample holder.
The Pt/PtRh sleeves make contact to corresponding fittings at the manipulator of the
preparation chamber as well as at the mounting assembly in the STM chamber when
the sample holder is inserted into the respective fittings. The sample temperatures are
measured by means of meters with integrated room temperature correction. A problem
with this configuration was that the temperature measured with the thermocouple
clamped between the backside of the sample and the SiC platelet considerably differed
from the temperature of the frontside, as was found out in later experiments. For this
reason, calibration experiments with additional thermocouple wires were performed.

The results are discussed in section 3.3.

2.1.4 Sample Preparation

The samples were cleaned by alternating sputtering and annealing cycles of variable
duration in the preparation chamber. All crystals were sputtered by means of the ion
source, operated at 7x10~" mbar Ar at an acceleration voltage of 985V and 10 mA
emission current. Because of the hep-to-fee phase transition of Co around 422 °C,[64:65]
the samples were never heated to temperatures above 360 °C to avoid any damage
to the crystallinity. The Au crystal, which was used for reference measurements, was
treated in the same way as the Co samples and was also annealed at 350 °C for reasons
of comparability. Due to the low temperature, flat hillocks were detected in the STM
images of the Co(10115) as well as of the Co(0001) crystal. They were caused by

incorporated Ar atoms into the Co lattice from sputtering and could not be completely
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removed at the low annealing temperature. During preparation, the surfaces were
regularly analyzed by XPS to check for residual contaminants. When large amounts of
carbidic carbon were present, these were removed by oxidizing the crystal for 5 min
at 350°C at 5x107® mbar and subsequent sputtering. As the Co(10115) crystal had
not been used in experiments before, it had to be prepared for several weeks before it
could be used for FT experiments. After concluding the initial preparation, a single
sputtering and annealing cycle was enough to clean the surface from contaminants

from the former experiment.

2.1.5 Experimental Procedure

For a typical operando FT experiment, presented in section 4.2.1, the crystal was first
sputtered for 15 min in the preparation chamber. During the last 5 min of the sputtering,
the sample was heated to 350 °C. Once a temperature of 350 °C was reached, sputtering
was stopped and the crystal was annealed at 350 °C for ~12 min. XPS analysis of the
C 1s and O 1s regions was performed to ensure cleanliness of the surface. For the
experiments aiming at an enhanced step density of the Co(0001) sample, the crystal
was sputtered again for 10 min. Subsequent to the preparation and surface analysis in

the preparation chamber, the crystal was transferred to the STM chamber.

Depending on the experiment — STM or GC —, the beetle of the STM was placed on
the sample or not. STM and GC analysis were not performed simultaneously but in
separate experiments for practical reasons. Because of the manual operation of a valve
between the STM chamber and the GC, it would have been necessary to interrupt
the scanning process for every GC measurement in order not to damage the tip or
cause vibrations by touching the valve. Hence, scanning at the same position for more
than 1h would not have been possible, as GC samples were taken regularly every hour.
Furthermore, it would not have been possible to switch off the pump of the GC during
STM measurements. For both types of experiments, the valves to the load-lock and
the pump unit II were closed before 320 mbar CO were led in through the heating and
cooling trap into the STM cell. The Hy was led in through the other cold trap until a
pressure of 920 mbar was reached. As the gas atmosphere heats up during experiments,
this reduced pressure was chosen to prevent internal overpressure; it corresponds to
~950 mbar at elevated temperatures. Once the final pressure was reached, the pipes of
the gas dosing systems were evacuated by means of pump unit I1I (Figure 2.1). In
the STM experiments, first some images were recorded at room temperature, after
which the sample was heated to 220 °C' by means of the laser. In the GC experiments,

first a gas sample of the syngas was injected into the GC to determine the amount

IThis value corresponds to the temperature measured at the bottom of the crystal. The calibration
procedure and resulting temperatures at the surface are discussed in detail in section 3.3.
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of impurities in the syngas at room temperature. Then the laser was turned on, and

every hour a gas sample was extracted for analysis by the GC.

Once an STM or GC experiment ended (usually after 6h), the laser was turned off
and the sample was cooled down in the gas atmosphere to a temperature below 65 °C
before evacuating the chamber via the pump unit III. When a pressure of 1x10~" mbar
was reached, the sample was transferred to the preparation chamber and analyzed by
means of XPS.

2.2 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used for surface chemical analysis during
preparation and after reaction experiments at the HP-STM. The Au-coated Si wafers,
used in the test reactor for nickel deposition (see section 3.1), were analyzed in another
vacuum chamber (called XPS chamber in the following). XPS is a surface-sensitive
technique because the mean-free path of the photoelectrons, created by the soft X-
ray radiation, is only a few atomic layers.l® Because standard XPS, as applied here,
requires vacuum, the composition of the surface layers could only be analyzed ex
situ, after finishing an elevated-pressure reaction experiment. The technique is shortly

described below.

The illumination of a sample by soft X-rays of a given energy hv leads to the emission
of photoelectrons from its surface. Their kinetic energy (FEk;,) in vacuum is given by
hv — Eg — epg, where Eg corresponds to the binding energy of the orbital from which
the electron originates and egg is the work function of the sample. Connecting the
sample electrically to the analyzer leads to an alignment of the Fermi levels Er, which
creates an electrical field between the sample and the analyzer. The kinetic energy
of the electrons in the analyzer is therefore related to the work function e¢,4 of the

analyzer:[6:67]
EB = hv — Ekzn - €¢A (221)

A scheme of the corresponding energy levels is shown in Figure 2.4. As the binding
energies are specific for each orbital, every element shows a unique set of Eg. This fact
allows one to determine the elemental composition at the sample surface. Figure 2.5
shows a survey scan of the clean Co(0001) crystal that has been used for the Fischer-
Tropsch experiments. The sharp peaks arise from photoelectrons of specific orbitals.
In general, the p, d and f levels show spin-orbit splitting, resulting in more than one
peak per orbital, namely 2p:/, and 2ps,, peaks in the XP spectra of Co. The splitting

of the 3p level is not resolved in the Co survey spectra. Due to inelastic energy loss,
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Figure 2.4: Schematic of the energy levels of solid surfaces that play a role in XPS
according to ref. [66]. An X-ray photon with energy hv causes an electron with binding
energy Ep to exit from its core level. The emitted photoelectron has to overcome the
work function of the sample e¢pg to reach the hypothetical vacuum level E,,.. Due to
the same Fermi levels Er of sample and analyzer, the Eg of the emitted photoelectron
can be determined by measuring its kinetic engergy Fp;, in respect to the work function
of the analyzer e¢4 and the energy of the X-rays hv.

the background in the spectra rises towards higher binding energies. Auger lines (here
LMM series) are the result of the Auger process. It describes the filling of the inner
orbital vacancy, created by the emission of the first electron, by a second electron from
a higher orbital and the simultaneous emission of a third electron, which carries off

the excess energy.%”)

Changes in the chemical environment of elements may result in different oxidation
states which change the binding energy of the involved orbitals. For this reason, also
the chemical state of the adsorbates on the sample surface can be analyzed.” As
a consequence, XPS allows one to distinguish, e.g., graphitic carbon and carbon

originating from adsorbed CO molecules.

In the present experiments, monochromatic Al K,, (hv = 1486.6 eV) radiation (mea-
surements at the HP-STM setup) and non-monochromatic Mg K, (hv = 1253.6¢eV)
X-rays (measurements at the XPS chamber) were used. The monochromator narrows
the line width of the X-ray and in this way the peaks in the photoelectron spectra, and
it avoids satellite peaks originating from the K34 radiation.l® Concentric hemispheri-
cal analyzers served as analyzers and channeltrons as detectors of the photoelectrons.
The work function of the analyzer at the HP-STM setup (4.9¢V) and at the XPS
chamber (5.15¢eV) had been determined in former works. In both setups, a constant
pass energy was used (HP-STM: 10eV, XPS chamber: 22.4¢eV). In this operation
mode, the emitted photoelectrons are accelerated or decelerated to a certain energy by

means of a varying retarding potential between the sample and the entrance slit of the



16 2. SETUP AND METHODS

3 A
35x10° —
N 2p3,
30
@ 25—_
42 E 2pip
2 20
) N
z . LMM
2 154 2s
3 ]
: -
[l -
10 LMM
5 3p
N 3s
O—Illll]llllIllll]llllIllllIlllIIIlllIlllllllll]lllllllll]lllll
1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 2.5: Survey XPS scan of the prepared Co(0001) surface. Besides the 2s, 2p,
3s and 3p peaks, also Auger LMM peaks are visible. The 2ps/, peak shows the highest
intensity.

analyzer. As a result, only electrons of a specific kinetic energy can pass the analyzer.

In addition to qualitative information about the elemental composition of a surface,
XPS also provides a quantitative analysis. It is based on the fact that the signal
intensity is proportional to the amount of detected photoelectrons. The proportionality
factor depends on the energy of the photoelectrons and the orbitals from which they
originate. The general expression for the signal intensity Ix of an XPS peak X is
given by Equation 2.2.2% if the entrance aperture of the spectrometer is small and

the sample is uniformly illuminated:
Ix =0x-D-Lx(v)-Jo- Nx-Au(Ex)cos(0) - T (2.2.2)

ox is the photoionization cross section, D the detection efficiency of the electron
spectrometer, Lx () the angular asymmetry of the emitted intensity with respect to
the angle v between the direction of incidence and detection, Jy is the flux of primary
photons on the sample surface, T" is the transmission of the electron analyzer and Ny
is the density of atoms X. A\y/(Ex)cos(f) determines the depth resolution due to the
escape depth A\y/(Ex) of the photoelectrons (inelastic mean free path within the metal
M), where 6 is the angle between the surface normal and the direction of electron

detection. All XPS measurements within this work were performed with 6 = 0.
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For the cross sections o, tabulated values from ref. [68] were taken. The values are
functions of the radiation energy and the orbitals. Due to the constant pass energy,
D is constant and cancels when only relative peak intensities are analyzed. As the

illumination is constant, the same holds for Jy.l% Lx(v) and T have to be calculated.

The angular asymmetry factor Lx(7) is given by Equation 2.2.3:(6:6)

Lx(y) =1+ ;5,4 : (2 sin®y — 1) (2.2.3)

The values for 54 depend on the subshell and the atomic number and were extracted
from the literature.l%! The value for v is given by the geometry of the setup (HP-STM:
66°;1621 XPS chamber: 75°7).

The energy dependence of T for the XPS chamber was determined experimentally™!

and is given by Equation 2.2.4:
T(Epin/eV) = 102 - Ep;25%0 (2.2.4)

E};, is the kinetic energy of the emitted photoelectrons. Due to the lens setup in front
of the analyzer of the HP-STM setup, its 7" is constant!™ and cancels for relative peak

intensities.

For the present studies, two different quantification methods were used. Measurements
at the HP-STM setup usually showed adsorbate layers on Co below one monolayer
(ML). In this case, for the calculation of the coverages it was assumed that adsorbates
are only present at the surface without any depth distribution in the substrate. As a
result, the impact of damping can be ignored and damping only affects the deeper
layers of the bulk material. Relative peak intensities I of the adsorbates referred to
those of the metal substrate M lead to the surface coverage 6(X) of an adsorbate
species X [% ML)].

Ix oy Ly T(Ekm M)
0(X ML =— —+ —  ——2 Ay -1 2.2.
( ) [% ] Iy ox Lx T(Ekm,x) v 100 ( 5)

The amount of detected atomic layers of the metal A, can be calculated by means
of the spacing of the metal dj; and the inelastic mean free path (IMFP) Ay (Ex) of

photoelectrons within the metal:[63]
Cay N -1
Ay = <1 . ewwm) (2.2.6)

dyr of Co(0001) is equal to 2.03 A and the energy dependent values for the IMFP were
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calculated by means of the NIST Databasel™! based on the data of Tanuma et al.["¥.

If the adsorbate coverage exceeds one monolayer, its damping effect can no longer
be ignored. As the spatial distribution is usually unknown in this case, for simplicity
a uniform distribution of the elements within the analyzed area was assumed. The
amount x(X) of each element or species X can then be calculated as a ratio [atom %)

in the sample. For simplicity, the number of detected layers A was calculated assuming

the same layer distance as in the bare metal substrate.%?

1(X)
Ny _ ox-Lx-Ax T(Egin,x)
X(X) [atom %] = s, 0= S 10)

@ 0;-Li-Ni-T(Ekin,i)

.100 (2.2.7)

All parameter values used for quantification calculations are listed in Table B.1 on

page 99 and Table B.2 on page 99.

The signal intensities I and binding energies Ep were evaluated by means of the
IGOR Pro software.[™ The fit routine was developed by Sebastian Giinther. It uses a
convolution of Gaussian and Doniach-Sunji¢!™ functions as fit functions and a linear
baseline correction. For more details see ref. [62]. The fit functions were adjusted using
the method of least squares. Variable parameters were the Ep value, the Gaussian as
well as the Lorentzian broadening, the asymmetry parameter, and the signal intensity

and background slope.

At the HP-STM setup, XP spectra of the Co 2p, C 1s and O 1s peak were recorded
before each experiment and additionally of the Ni 2p and S 2p peaks after the reaction
experiments, i.e., ex situ. Due to an overlap of the Co 2p3/; and an Auger Co-LMM
peak, the Co 2p;/, peak was used for the analysis of the Co substrate instead of the
more intense Co 2pz/, peak. For quantification purposes, the intensity was multiplied
by 3 to obtain the intensity of the total Co 2p peak, which uses the intensity ratio of
the spin-orbit-split p doublet. Furthermore, after each experiment, survey scans were
measured to exclude further contaminants. Due to the necessity to perform the XPS
analysis ex situ, the significance with respect to the coverages of the surface species in
the high-pressure experiments is limited as the coverage may change during pumping
down to UHV. However, major chemical changes, for example a surface oxidation,
should be detectable. Furthermore, the amount of non-gaseous contaminants, namely

S or Ni, should not change during evacuating the chamber.

The analysis of samples from the test reactor for nickel deposition (see section 3.1)
was even more limited. As the samples had to be transferred to the XPS chamber
through air, the carbon and oxygen species detected afterwards may not be the same

as during the experiment. On the other hand, as the Ni content was the crucial point
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in these experiments, the contamination by the transport through air has no negative
effect on the results. XP spectra of the Au 4f, C 1s, O 1s, Ni 2p, and S 2p peaks were

measured in order to analyze the surface composition.

2.3 Scanning Tunneling Microscopy

In this thesis, scanning tunneling microscopy (STM) was used in operando experiments
using the HP-STM setup to image the catalytic surface under reaction conditions
with atomic resolution. In this section, the basics of imaging by means of STM are

explained.

In an STM measurement, a metal tip scans over a conducting surface at a distance of
~1nm. A constant voltage (tunneling voltage, V;) that is applied between sample and
tip results in a small current (tunneling current, I;) based on the quantum mechanical
tunneling effect. A scheme of the potential barrier between sample and tip is shown
in Figure 2.6. Here, a negative tunneling voltage is applied to the sample, resulting
in relative shift of the two Fermi levels Er by eV;. Electrons tunnel from occupied
states of one electrode into empty states of the other, where only states in the energy
window eV, contribute to the current.”” In the case shown, electrons tunnel from the
occupied states of the sample into the empty ones of the tip, resulting in a filled state
image. If the sign of V; is inverted, the Fermi levels shift and electrons tunnel from

the tip to the sample (empty states image).
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Figure 2.6: Schematic of potential barrier between sample and tip in scanning tunneling
microscopy according to ref. [77] and [78]. In this case, where a negative bias (eV}) is
applied to the sample, electrons tunnel from occupied electronic states (local density
of states, LDOS) of the sample to the unoccupied ones of the tip. This flux can be
measured as the tunneling current I;. e¢ represent the work functions and s the distance
between sample and tip. eg.y is the effective tunneling barrier.

During scanning, the tip position is accurately controlled by piezoelectric drives. They

scan the tip in the two lateral, x and y directions, while a feedback circuit constantly
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adjusts the tip height (displacement in z-direction), to keep the tunneling current
constant.[™ As a result, the tip follows the morphology of the sample surface resulting
in a 3D topographic picture of the sample. This mode is called constant-current mode.
Another possibility is to measure in constant-height mode in which the height of the

tip is kept constant, while the variation of the tunneling current is used for imaging.[”

The tunneling current strongly depends on the distance between sample and tip, the
barrier width s, but also on the electronic states of the sample. It is proportional to
the applied voltage, the local density of states at the Fermi level LDOS(Er) and

decays exponentially with the distance between sample and tip s:1™

I; x V; - LDOS(Ey) - e~ (2.3.1)
where the decay length k is equal to:

_ 2me(ederyr)

: (2.3.2)

=
|

me. is the electron mass, h the reduced Planck constant and e¢.sr ~ 1/2(e¢s+e¢pr) the
effective tunneling barrier — the mean barrier height. As a consequence, an STM image
is a superposition of the electronic structure and the topography. As a result of the
image potentials, the corners of the rectangular barrier are rounded off. Furthermore,
the barrier thickness and height are reduced (see Figure 2.6).[""!

The STM setup used in this thesis, including the beetle-type STM head, has been
described in detail above (see section 2.1.2). Images presented in chapter 4 were
recorded at various pressures applying different tunneling voltages and currents as
indicated in the respective image captions. It has to be noted that all tunneling
currents given in section 4.1 display the wrong sign. In the present experiments, all
images were recorded in the constant-current mode. The STM results were processed
by the IGOR Pro softwarel™! for plane and line noise correction and for adaptation of

contrast.

2.4 Gas Chromatography

Gas chromatography was the basis for the operando experiments in this thesis. A
customized setup was introduced to meet the requirements for the detection of the
products in the F'T experiments. After tests and alterations of the new gas chromato-
graph (GC) at the flow reactor during the master thesis of the author, the GC was
attached to the HP-STM setup during the work for this thesis. As the subsequent tests

and calibration procedure are an essential experimental part of this thesis, the setup is
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described in detail in section 3.4. Here, a brief overview of the data handling is given.
This section describes how the signals of the flame ionization detectors (FIDs) of the

GC are converted to activity data, expressed in terms of turnover frequencies (TOFS).

After separation of the individual F'T products in the column, the hydrocarbons are
ionized in the flame of the FID. The mass flux as a function of time results in a
chromatogram, the output signal of the GC. An example of a chromatogram recorded

after 6h of a F'T experiment is shown in Figure 2.7.
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Figure 2.7: Chromatogram of channel II of a Fischer-Tropsch experiment after 6 h.
The peaks of methane, ethylene, ethane, propylene, propane, butylene and butane are
indicated. Conditions: Ho:CO = 2:1, total pressure 950 mbar, sample surface temperature
~210°C, Co(0001) sample.

The initial, broad signals result from the matrix of Hy and CO (till ~5.3 min). The
following sharp peaks are caused by the hydrocarbons methane, ethylene, ethane,
propylene, propane, butylene and butane. The rise in baseline, starting at ~18 min, is
attributed to the rising oven temperature which causes some bleeding of the stationary

phase of the column.

The detected signal intensities (in pA) are converted to concentrations in parts per
billion (ppb) by the CHROMELEON 7.2 software (Thermo Fisher). This conversion
requires calibration measurements that define the integral value for each component.
The calibration was done during this thesis by means of a gas mixture (Air Liquide,
150 bar) containing the following components: ~10 ppm of methane, ethane, ethylene,
propane, propylene, and butane in a mixture of Hy and CO (2:1). The concentration
of this mixture was stepwise reduced over four orders of magnitude, from 10 ppm to

1 ppb. A detailed description of the calibration procedure is included in Appendix C.5.
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Based on the calibration, the software converts the detected signal intensity to the

amounts in ppb for every species.

During a typical 6 h F'T experiment, a gas sample was taken every hour for GC analysis.
Together with the measurement before the sample was heated, seven data sets were
recorded in a typical experiment. The evolution of the individual hydrocarbon species

with time is shown in Figure 2.8.
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Figure 2.8: Development of the individual hydrocarbon concentrations during a FT
experiment. For better visualization of the less concentrated hydrocarbon species, the
methane and olefin signal intensities were multiplied by the factor indicated in (b).
Conditions: Hy:CO = 2:1, total pressure 950 mbar, sample surface temperature ~210 °C,
Co(0001) sample.

The product concentration within the STM cell rises due to the batch mode of the
experiment. For visualization of low concentrations, (b) shows the data of (a) at an
enhanced amplification. Figure 2.8 (b) shows that except ethane no hydrocarbons are
present in the STM cell before heating the Co catalyst (¢ = 0). The increased initial
concentration of ethane is a result of impurities in the used Hy. Despite the upstream
cooling trap, a complete elimination of impurities was usually not possible and methane
and/or ethane were regularly detected in the snygas. As for the evaluation of the
activity only differences between two data points in a time series are used, residual

contaminants do not influence the results.

Based on the thus detected product concentrations, the catalytic activity of the samples
was determined. The activity is expressed as a product formation rate (turnover
frequency, TOF). In theory, TOFs should be referred to the number of active sites
but due to the lack of knowledge about the density of active sites, TOFs are usually
expressed as areal rates.®”) As a consequence, TOFs are given in numbers of produced

molecules N¢, for each species C), per time ¢ divided by the number of surface atoms
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Nsurf:
AN,
Cn (2.4.1)

TOR(Ch) = Ry N

In this thesis, TOFs were calculated using the concentrations ¢ detected by GC. The
product concentration changes Ac were converted to changes of product particle
numbers AN¢, by using the pressure p, volume V', and temperature 7" of the reaction
gas in the STM cell, according to:

TOF(C,,) = Ac - N RT Nows (2.4.2)

The extraction of a gas sample leads to a lower pressure which was taken into account
by a p reduction factor of 5.5 mbar per measurement. Due to the unknown number
of active sites, the density of Co surface atoms of the Co(0001) surface (pcosut =
1.837x10" m™2) and the macroscopic size of the crystal surface (A = 19.6x107°m?)

were used to calculate the number of Co surface atoms Ny, p = A - peo surf-

All TOFs presented in this thesis, independently of the crystal, are values per Co
surface atom of the ideal hcp surface per second:
AN¢ 1

TOF(C,,) = Atn'A-pc f (2.4.3)

As an example, the TOFs of the individual product species of the experiment of
Figure 2.8 are shown in Figure 2.9. One can see a trend that was generally observed
for the Co(0001) crystal, a decrease of the olefinic TOFs with time indicating some
deactivation processes on the catalytic surface. Paraffinic TOFs stay rather constant or
even increase slightly but due to their small amounts, which are at the detection limit,
the reliability of these data is limited.

In addition to product-based TOFs for each hydrocarbon species, the consumption
rate of CO was calculated. This CO-based TOF was assumed to be equal to the overall
activity in an experiment. The CO-based TOFs were calculated by multiplying the
individual TOFs of each hydrocarbon species by the corresponding number of carbon

atoms and adding up:

TOF(CO) =Y TOF(C,) - n (2.4.4)

In the example experiment, the CO-based TOF after 6h is equal to 1.99x1073s~!. The

evolution with time is also displayed in Figure 2.8 (pinkish curve).
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Figure 2.9: Development of product- and CO-based TOFs within a FT experiment
of 6 h. Conditions: Hy:CO = 2:1, total pressure 950 mbar, sample surface temperature
~210°C, Co(0001) sample.

2.5 Scanning Electron Microscopy

A major experimental problem in this work was the decomposition of the glass fiber used
for sample heating by the IR laser. To obtain information about possible reasons, the
damaged end of the fibers were investigated by means of scanning electron microscopy
(SEM) (see section 3.2). The measurements were performed by Dr. Steffen Schmidt
(group of Prof. Thomas Bein) on a Helios NanoLab G3 UC (FEI) electron microscope
(Fisher Scientific). All images shown were generated by secondary electrons at an
operation voltage of 3kV. Due to their insulating character, all fibers were sputtered
with carbon before performing the measurements in a CCU-010 HV carbon coater

(safematic).

In addition to the characterization of the surface structure of the fibers, also their
chemical composition was analyzed. This was done by means of energy dispersive X-ray
spectroscopy (EDX) at operation voltages of 3 and 5kV. An X-Max" 80 EDX detector
(Oxford Instruments) was used to detect contaminants on the glass fiber surface. Such
measurements were also performed to analyze the metal films that partially covered

the insulation ceramics of the thermocouple after extended experiments.



CHAPTER 3

Experimental

High-pressure surface science experiments lead to several challenges, including the
materials used for the setup as well as the purity of the gases. Materials must not show
any catalytic activity during high-pressure experiments. In addition, they have to be
chemically stable in the gas atmosphere. Furthermore, they should be mechanically
stable and should not outgas. To illustrate the conflict of material properties, the
example of aluminum is described in the following. In one set of experiments, an Al

sample holder, instead of the standard Mo holders, was used.

As Mo shows a small FT activity, an Al sample holder was tested in order to further
reduce blank activity during F'T experiments. Al does not show any catalytic activity
in FT synthesis and is resistant to syngas. However, pure Al is too soft and ductile to
be used for mechanical components, and standard Al is alloyed with small amounts
of other metals including zinc. This fact caused serious problems during sample
preparation. During annealing of the sample, zinc evaporated from the alloy and
contaminated the sample and the preparation chamber. Standard Al cannot be used
for experiments in UHV for components that are to be heated. A pure Al sample

holder could not be machined due to its ductility.

Also the resistance of the materials to the used gases is important. One major challenge
of performing high-pressure experiments in the dissertation of B. Boller/®®! was the
formation of nickel tetracarbonyl. Reactions of Ni containing components with the
high-pressure CO gas phase led to contamination of the sample by Ni. In addition,
with raising reaction pressures the purity of used gases became crucial. Even traces of

impurities, especially sulfur, in the ppb range contaminated the sample.

This chapter deals with experimental challenges which were met in this thesis. Some
problems are related to materials, some to gas purity. But also special requirements for
the experimental setup are described. The following sections mainly show experimental
improvements, which are not described in the included publications. Although it was

achieved to reduce the problems of Ni and S contamination of the samples during
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the thesis of B. Boller, they were still present. For this reason, considerable efforts
were undertaken in the present work to identify the source of nickel deposition on the
samples. In the first section (section 3.1) of this chapter, a specially constructed test

reactor setup for examining nickel deposition as well as its performance are described.

Another problem that occurred at the increased experimental pressures, was that the
glass fibers, used for heating of the crystals by an IR laser, were damaged during the
reactions and were finally destroyed on a much shorter time scale than in previous
experiments at lower pressures. Section 3.2 investigates reasons why the glass fibers

were damaged and presents a solution that let to an enhanced life time.

Another challenge, which was faced in this thesis, concerned the question of how
the two Co single crystals could be compared in a quantitative way. During the
experiments with the Co(10115) sample, it turned out that its catalytic activity could
not directly be compared to that of the Co(0001) crystal which had been used in
former experiments. It became apparent that the temperatures at the crystal surface
differed from each other, despite the equal design of the holders as well as the equal
experimental conditions. For this reason, temperature calibration measurements were

performed with both crystals. These experiments are described in section 3.3.

An central part of this thesis was to put into operation a customized GC to solve
the detection problem of low concentrated FT products. The last section 3.4 of this
chapter describes the setup, which was attached to the HP-STM setup during this
work, in the publication “A highly sensitive gas chromatograph for in situ/operando
experiments on catalytic reactions”. The calibration and modifications of the oven
program were an essential experimental part of this work and are also part of this

section.

3.1 Test Reactor for Nickel Deposition

As mentioned above, raising the syngas pressure in the STM chamber was accompanied
by a contamination of the sample surface by nickel and sulfur. Introducing heating
and cooling traps as well as coating most of the stainless steel components in the STM
cell with amorphous Si reduced these problems, as described in the thesis by B. Boller
(ref. [63]). Nevertheless, after ~6h FT experiments at ~1 bar, Ni was still detected on
the sample surface by ex situ XPS.

The transfer of Ni to the Co samples takes place through the gas phase. This process
happens by the reaction of Ni with CO to give gaseous nickel tetracarbonyl Ni(CO):5!

Ni(s) + 4 CO (g) == Ni(CO)4(g)



3.1. TEST REACTOR FOR NICKEL DEPOSITION 27

This transport reaction is known as Langer-Mond process and is even industrially
used for the refining of nickel.®? The exothermic formation of Ni(CO), takes place at
temperatures between 75 and 125 °C,384 whereas the decomposition is favored at
higher temperatures (>180°C).1¥? As a consequence, Ni in a CO-containing atmosphere
is transported from zones of lower to zones of higher temperatures. In the HP-STM
cell, the chamber walls as well as the STM components are areas of low temperatures
(somewhat above room temperature) whereas the Co crystal at the reaction temperature
of ~220°C is the hottest part of the system. Consequently, nickel tetracarbonyl is
transported from setup components that contain Ni — stainless steel parts are a possible
source — to the sample and decomposes to give metallic Ni. Although extensive efforts
were undertaken to remove all Ni containing components of the STM cell or coat
most stainless steel parts by amorphous Si, there are some components which could
not be replaced or coated, such as the shield of the cable to the STM tip. Whether
CO can actually react with the Ni content of stainless steel has been examined in a
few studies.!® 87 It was found that carbonyl formation was strongly reduced when
stainless steel with high Cr contents was used, but also that it could not be completely
suppressed. For the FT experiments this would be a major problem, because Ni

coverages on the sample of the order of a monolayer would strongly alter the system.

For this reason, a new setup for tracing the origin of Ni was constructed. The aim
was to test stainless steel components with regard to their reactivity towards syngas
and to find out whether the stainless steel components in the STM chamber may
be the source of the remaining Ni impurities. The next sections describe the test
reactor (section 3.1.1), the experimental procedure (section 3.1.3), and the results of

Ni transport experiments (section 3.1.4).

3.1.1 Experimental Setup

The test reactor was designed such that it could simulate the F'T experiments in the
STM cell. The setup is shown in Figure 3.1. Basically, it consisted of a glass reactor
into which various materials as possible Ni sources could be placed. A sample mounted
to a heatable holder served as target. Further components were two pipes with needle
valves (NV1 and NV2) and shut-off valves (V1 and V2) for the CO and Hy supply,
a rotary vane pump with adsorption trap, and a Baratron (Type 121A, 1000 mbar,
MKS) for pressure control. A hot trap after the pressurized CO gas cylinder was
installed to avoid contamination from the gas itself. To prevent the formation of Ni
carbonyl at other components of the setup than the materials placed into the reactor,
mainly brass (valves) and aluminum components and a glass reactor (length = 101 cm,

diameter = 16 mm) were used. In the scheme, the materials are indicated by color.
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Figure 3.1: Test reactor for the Ni transportation experiments. The system contains a
heating trap, needle valves (NV), shut-off valves (V), an aluminium T-piece, a Baratron,
and the glass reactor including sample and heating tape. The setup was evacuated
through a zeolite trap by a rotary vane pump. The gas pipes (6 mm) were made of
copper, orange valves are brass valves, black components were made of stainless steel,
and gray ones are aluminum components.
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Black components contained stainless steel parts, orange valves were made of brass
and light gray components consisted of aluminum. Copper pipes (6 mm) were used.
As the Baratron contained Ni alloy (Inconel) membranes, an angle valve (V6, AVC
016 SA, Pfeiffer Vacuum) was mounted between the pressure sensor and the glass
reactor, which was closed after filling the reactor with syngas. Thus, the syngas had
no contact to the Baratron during the experiments. A heating tape around the glass
reactor at the position of the inserted materials was used to adjust the temperature of

the possible Ni source.

As target sample for the deposition of Ni served a Au-coated Si wafer (~1x1cm?,
prepared by the group of Prof. Thomas Bein). Au was chosen because it is more
noble than Co so that less complications with contamination from the contact with
air were expected during sample transfer to the XPS chamber after the experiments.

The self-built sample holder is shown in Figure 3.2 (a).

a Ceramics

Aluminum bars S-type thermowires Si wafer

b KF Tubulated reducing adapter W wire

Aluminum bars S-type thermowires Si wafer

Figure 3.2: Sample holder for the test reactor. It consisted of two aluminium bars,
glued to an Al blind flange (KF-16) which were used to heat and fix the sample. The
temperature was measured by two Pt/PtRh thermowires between the Si wafers. (a)
shows the original version, (b) the modification. For more constant heating, a winded
W wire was placed between two Si wafers. The sample wafer was mounted above this
sandwich (not shown) with thermocouple wires clamped between.
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It consisted of two insulated Al bars with flat ends at which the samples were mounted.
The samples were sandwiches, consisting of the Au-coated wafer, a second, uncoated
wafer and S-type thermocouple wires clamped between the two wafers. Applying a
voltage to the two Al bars enabled resistance heating of the wafers. During the first
experiments, it became apparent that stable heating of the wafers was not possible. The
most likely reason is the fact that the conductance of Si increased with temperature,
so that at a given voltage the deposited heat increased, leading to a self-amplification
effect. As a result, the temperatures fluctuated strongly and the Al bars got too hot
which resulted in the decomposition of the epoxy used to glue the bars to the insulation

ceramics.

To solve this problem, an alternative sample heating setup was built [Figure 3.2 (b)]. A
winded W wire was placed between two Si wafers and fixed by means of Ta loops. The
Au-coated sample was placed above this sandwich of two Si wafers, with thermocouple

wires clamped between, and fixed by means of Mo screws.

First experiments were performed with syngas and stainless steel pieces as possible
Ni sources in the glass tube of the reactor. After Ni could not be detected on the
wafer, a Ni wire was placed in the glass reactor in addition to the stainless steel pieces.
However, still Ni was not detected. It was suspected that the gas diffusion length was

too short to reach the sample in the relatively long glass tube.

The setup was therefore modified (see Figure 3.3). The glass reactor was replaced
by an Al 4-way cross and a straight connector to provide a more compact structure
to reduce the pathways for diffusion. A water cooling pipe prevented heating of the
straight connector to which the sample holder was mounted. Due to the cooling pipe,
the decomposition of nickel tetracarbonyl should be favored on the Si wafer, the single
hot place within the reaction volume. To enhance the formation of carbonyl on the

inserted material, the 4-way cross was heated by a heating tape.

In addition to the reactor design, it was also possible that the lack of a catalyst may
have caused the absence of Ni on the wafer. It is known that sulfides strongly increase
the formation rate of Ni(CO),.18 % Greiner et al. suggest that the promotion effect
of adsorbed sulfur is the result of a weakening of the bond strengths of Ni and CO
to the surface.® The decreased binding energy of CO may suppress the dissociation
of CO, which prevents the surface from forming a carbidic C layer which inhibits Ni
carbonyl formation. As an alternative explanation, the formation of a reactive v-NiS
phase has been discussed.l®®l A contamination of the Co(0001) crystal with sulfur has
also been observed in the experiments of B. Béller.[% To investigate possible effects of

sulfur, a gas pipe for HyS was integrated into the setup. Previous experiments with
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Figure 3.3: Test reactor for Ni transportation experiments after modifications. The
setup was expanded by an HsS pipe and a second Baratron. The glass reactor was
replaced by an Al 4-way cross and a KF 40 connector with water cooling pipes.



32 3. EXPERIMENTAL

HsS showed that optimal partial pressures for the gas phase transport reaction of Ni
were in the range of 0.3 — 3mbar H,S.°Y As the sulfur content in the H, used for
experiments in the STM cell was very low as a result of the filters, it was tried to keep
the amount of sulfur in the test reactor as low as possible. Assuming that less than
1 mbar HyS was needed for successful Ni(CO),4 formation, this pressure could not be
measured as it was below the detection limit of the two installed Baratrons (Type
121AA, 100 Torr and 5000 Torr, MKS). To solve this problem, the setup contained
two volumes (I and II). By filling the first part (smaller volume) with HsS gas with
closed V6 under pressure control and then expanding this volume into the second part
(5-fold larger volume), the concentration of the gas could be kept below the detection

limit of the Baratrons.

3.1.2 Applied Nickel Sources

For experiments with the initial setup (see Figure 3.1), pieces of stainless steel pipes
were placed in the glass reactor. These pipes (diameter: 6 mm, total length: 84.5m,
Sandvik 5R75) are used for all vacuum applications in the group. According to the
manufacterer, its nominal chemical composition is: C < 0.05%, Ti > 5-C, Si 0.5%,
Mn 1.3%, Cr 17%, Ni 12 % and Mo 2.1 %.?) Furthermore, a pure Ni wire (diameter
= 0.5 mm, length = 2m) was used for testing purpose in both setups. In addition, a
Ni sheet (~7x10cm) was placed in the modified setup (see Figure 3.3) to provide a

sufficiently large Ni source.

3.1.3 Experimental Procedure

The Ni deposition tests were performed with a total pressure of 940 mbar to prevent
over-pressure within the reaction chamber and to simulate the conditions of the
experiments in the STM cell. After mounting the Au-coated wafer on the Al bars, the
sample holder was installed and the Al bars were connected to a voltage source. The
apparatus was evacuated and the temperature of the heating trap was adjusted to
300°C. After introducing CO (~310mbar) through V1, the valve was closed and the
reactor was filled with Hy up to 940 mbar. The pressure during filling was precisely
adjusted by the needle valves (NV1 and NV2). After the desired pressure was reached,
the angle valve (V6) next to the glass reactor was closed to separate the syngas from
the Baratron. Subsequently, the gas pipes were evacuated and the wafer was heated to
~220°C. The wafer temperature was monitored by the S-type thermocouple. In some
experiments, the reactor was locally heated at the position of the inserted material to
~75°C by means of a heating tape. The temperature was controlled by an external
K-type thermocouple. After 15.5 — 97 h, the setup was evacuated, ventilated and the

Au-coated wafer was detached from the sample holder. For surface analysis, the wafer



3.1. TEST REACTOR FOR NICKEL DEPOSITION 33

was transferred to the XPS chamber.

For experiments with HyS, the angle valve V6 remained closed during the filling of the
smaller volume (part I) with HyS. By means of NV3 and additional pumping through
V4, a pressure of ~2.6 mbar was adjusted. The HsS was then diluted by a factor of ~5
by opening V6 to expand the gas into the reaction volume (part II). Then, like in the
experiments described above, CO (~310mbar) was introduced and then Hs to a total
pressure of ~940 mbar. Before heating the wafers, V6 was closed. In the same way as
in the above experiments, the wafer was finally analyzed by XPS. After cleaning by
sputtering, the wafer was used for the next experiment. After experiments that let
to high amounts of Ni, the Al bars were cleaned by grinding to prevent Ni transport

from the sample holder to the wafer.

3.1.4 Experimental Results

Figure 3.4 shows XP spectra of a Au-coated wafer before a transport experiment. The

peak energies are listed in Table 3.1.
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Figure 3.4: XPS analysis of a fresh gold-coated Si wafer. The results are listed in
Table 3.1.

The Au surface [Ep (Au 4f7),) = 83.8eV] was covered with carbon and oxidic species
which originated from the unavoidable original air contact. The main C 1s peak
(284.1eV) can be attributed to graphite.l793 %! The second C 1s peak (286.7 eV) may
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Table 3.1: XPS results from spectra of a new gold coated Si wafer, shown in Figure 3.4.

Peak Au 4af Ni 2p C 1s O 1s
Er Amount FEy Amount FEp Amount FEy Amount
Sample [eV]  [%] [eV] V%] [eV] 7] [eV] K

reference 83.8 52.0 852.0 1.1 284.1 21.7 531.2 9.9
286.7 5.8 533.0 9.4

originate from a superposition of contributions from C-OH or C-S components,!? and
chemisorbed CO/CO, species.””) Also the O 1s signal (531.2¢V) is in the range of
hydroxides and COP%%! but also oxidized aluminum shows signals in this range.[100:101]
An Al 2s peak (120.4eV) (not shown) originated from the oxidized aluminum!*°?
sample holder used for XPS measurements. The O 1s peak with a Eg of 533.0eV
is due to HyO.'% A minimal peak was detected in the range of elemental Nill%3]
[E'p (Ni2ps,) = 852.6eV]. This signal did not change in the first experiments with the
original setup. An explanation for the lack of Ni transportation might be the length
of the reactor cell. As the formation of nickel tetracarbonyl is slow,’ the diffusion
pathway from the Ni source to the Au-coated wafer may have been too long on the
time scale of the experiments. Another possibility is that an oxide layer on the Ni wire

prevented the formation of Ni tetracarbonyl.39:104

After these negative results, the setup was redesigned and HsS was added, as described
above. After an experiment with ~0.5 mbar H,S in addition to the syngas and a Ni
sheet as Ni source, the Au-coated Si wafer had a different appearance. Its surface looked
tarnished gray compared to the shiny dark original state. The XP spectra (Figure 3.5)
showed a clear Ni peak (852.6eV). Whether elemental Ni or NiS were the dominant
surface state cannot be said, as the two Egs are too close to be distinguished.0310%]
The broad Ni 2ps, peak at 855.0eV and the shake up peak at 860.0eV arise from
NiO/Ni(OH),.'%) A distinct S 2ps), peak at 161.6 eVI%) indicates sulfur in sulfidic
form. The interpretations of the C 1s and O 1s peaks are as above. For the amounts
see Table 3.2.

After the first successful Ni transport reaction, blank experiments without any Ni
containing materials still showed Ni in the XPS analysis. Obviously, some Ni covered
the internal surfaces of the reactor from the preceding experiment. It was then tried
to remove this Ni by repeated blank experiments. These experiments were performed
under syngas with and without additional HsS and at a wafer temperature of ~215°C.
The total time exceeded 300 h, but the Ni coverage was only reduced from 13 to 5%
(Figure 3.6 and Table 3.2).

Even after replacing the Si wafers and grinding the Al bars, Ni was still present after
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Figure 3.5: XP spectra recorded after an experiment with a Ni sheet. The corresponding
peak data are listed in Table 3.2. Conditions: Ni sheet and Ni wire, heating tape ~75°C,

967 mbar syngas, Ho:CO = 2:1, 0.5 mbar H,S, wafer temperature ~210 °C, reaction time
~16 h.

experiments with syngas with and without additional HyS. Further experiments with
syngas of a total duration of more than 200 h and grinding of the sample holder finally
resulted in the XP spectra shown in Figure 3.7. The amounts are listed in Table 3.2.
It is clearly visible that a further reduction of the Ni 2p signal was possible. The final
amount of Ni was 1% only, which is in the range of the signal of the pristine Au-coated

Si walfer.

Table 3.2: XPS results from experiments performed in the test reactor.

Peak S 2p Ni 2p C 1s O 1s
Erp  Amount FEp Amount FEp Amount FEy  Amount
Sample [eV] (%] [eV] (%] [eV] (%] [eV] (%)
Ni sheet  161.6 6.5 852.6 14.7 284.6 15.2 531.6 10.7
Figure 3.5 286.1 16.9 533.2 17.3
Blank exp. 161.4 1.6 852.4 7.3 284.3 18.1 530.7 2.1
Figure 3.6 286.1 7.0 532.4 18.9

Blank exp. 161.0 0.4 852.4 1.8 283.8 16.3 531.2 3.7
Figure 3.7 285.9 8.3 532.9 14.0
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Figure 3.6: XP spectra after several blank experiments with syngas, showing a depletion
of Ni. The results are listed in Table 3.2. Conditions: 963 mbar syngas, Ho:CO = 2:1,
0.2 mbar HsS, wafer temperature ~220 °C, reaction time ~17.5 h.

In conclusion, these experiments show that not necessarily an extra Ni source is
needed to deposit Ni in experiments with syngas. After the initial distribution of Ni
in the reactor, it took many hours to deplete it again. The fact that grinding of the
sample holder, a component that gets hot during these experiment, did not solve the
problem indicates that Ni deposited also in colder parts of the setup and could be a Ni
source in subsequent experiments. It has to be concluded that the remaining Ni in the
HP-STM setup is not necessarily based on a remaining Ni source, such as uncoated
stainless steel parts, but may be the result of Ni deposited in former experiments,
e.g., when a K-type thermocouple had still been used. Hence, a redistribution process
may be the reason for the remaining Ni. As the chamber is regularly exposed to
air for repairs and modifications, this may introduce some sulfur, as an S signal is
always detected by XPS after contact to the atmosphere.l%! Thus, a catalyst for the
formation of nickel tetracarbonyl is available, so that Ni can be transported to the
sample, the hottest part in the chamber. The possibility to remove the remaining Ni by
extended treatments with syngas has been demonstrated, but it was also shown that
this is extremely time-consuming. As experiments in the HP-STM chamber cannot be
performed without supervision, similar reaction times as in the test reactor cannot

practically be applied. To make use of the results of these experiments, the Cu-stack
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Figure 3.7: XP spectra of a Au-coated wafer after prolonged blank experiments. The
results are listed in Table 3.2. Conditions: heating tape ~75°C, 967 mbar syngas, Hs:CO
= 2:1, 0.2 mbar HsS, wafer temperature ~210 °C, reaction time ~19 h.

of the STM as well as the Mo sample holders and other transferable components were
polished to reduce possible Ni deposits. However, up to this point Ni was still detected

after F'T' experiments.

Experiments at the HP-STM revealed a possible additional source of Ni. The Al oxide
ceramics of the mounting assembly of thermocouples are annealed with a gas flame
before mounting, in order to remove contaminants. It turned out that the material of
the wire (stainless steel or Pt), on which the ceramics are held during flame annealing,
and even the material of the tweezers used to handle the ceramics let to massive
differences in the contamination by Ni. To minimize the Ni contamination of these
ceramics, only Ni-free tools should be used in the future, e.g., a Pt-wire for annealing

and Ta tweezers for handling.
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3.2 Stability of the Glass Fibers

As described in section 2.1, the sample in the STM cell is heated by means of a diode
laser. The laser light is coupled into the chamber by a glass fiber. However, when
the syngas pressure in F'T experiments was raised to 950 mbar, a massive problem
occured, which had not been known from UHV experiments before. The front end of
the glass fiber decomposed after only few experiments, which led to anomalous heating
behavior and a high blank activity. This section describes the investigations which
were performed to solve this problem and it presents a solution that led to strongly

enhanced glass fiber lifetimes.

3.2.1 Glass Fiber Setup
The IR light of the laser is coupled into the STM cell through an optical fiber. A

scheme of the original glass fiber design is shown in Figure 3.8.

} bare
glass fiber
Al capsule
Splice
Flange
Al holder
| glass fiber
SMA connector with Cu coating

Figure 3.8: Scheme of the glass fiber setup for sample heating in the STM chamber.

The fiber is held on a CF-16 flange and Al holder at which it is mounted to the STM
cell. Tt is connected to a fiber-optic cable by means of the SMA connector. The fiber
has a SiOy core (600 pm) and a cladding that is doped with F. In the original version,
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the Cu-alloy coating had already been removed by the manufacturer (art photonics)
because it led to leaks in earlier UHV experiments. The bare glass fiber was glued in
the flange by means of an epoxy glue (EpoTek 353ND, FOP) which led to a leak-tight
connection. An Al capsule fixes the fiber in place. The distal end is cut at an angle
of 8° by the manufacturer to prevent back reflection of the light, and the surface is
polished. The fiber is mounted such that the SiC platelet at the backside of the sample,

that serves as absorber, is illuminated.

3.2.2 Fiber Degradation
In the work of B. Boller and also in this thesis, the optical fiber had to be replaced

many times. An indicator that the fiber was defect was when blank experiments
showed anomalous high product amounts, and, in particular, unusually high amounts
of acetylene, which was not detected in normal FT experiments. In extreme cases, the
laser power had to be raised to hold the usual sample temperature indicating that only
a reduced fraction of the light reached the sample. Visual inspections of the glass fibers
after such problems showed massive degradations of the distal end. Figure 3.9 depicts
a selection of optical fibers which showed anomalous behavior in the FT experiments.
In contrast to a new fiber (a), fibers which produced enhanced amounts of CH, and
acetylene showed a film that appeared metallic under magnifying glass but looked
blackened when viewed with the naked eye (b+c). In extreme cases, the distal end
of the fibers had disappeared (d—f). The ends looked like bare glass and no polished
end could be seen any longer. The length of the fibers was measurably shorter as a
result of the evaporation or spalling of the end. Due to the altered length and the
changed geometry, the exiting light not only illuminated the SiC absorber disc but
also the Mo sample holder. Experiments with a Mo platelet instead of SiC showed the
production of acetylene, indicating that the acetylene production is indeed linked to
Mo.183] Tt appears that at elevated syngas pressures chemical processes happened at
the front end of the glass fiber that precipitated material on the polished surface. The
partially blocked light heated this material, further enhancing these processes, so that

a self-amplifying temperature increase finally destroyed the fiber.

3.2.3 Temperature Measurements

In order to understand this behavior of the optical fibers, a number of control exper-
iments were performed. Fist, attempts were made to measure the gas temperature
close to the end of a fiber. For this purpose, a Ag wire (length = 7 cm, diameter =
0.25 mm) was mounted by means of two ceramics which were fixed on the Al capsule
by Ta plates [see Figure 3.10 (a+b)]. The Ag wire was placed approximately at the

end of the glass fiber at a distance of ~2mm. An S-type thermocouple was fixed at the
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Figure 3.9: Ends of glass fibers which were used for sample heating by means of an IR
Laser: (a) new glass fiber with polished end, (b+c) glass fiber the end of which appeared
blackened. This fiber produced anomalously high turnover rates, (d—f) in extreme cases
parts of the fiber seem to have evaporated. With such fibers, acetylene formation was
detected in FT experiments. Pictures (e) and (f) were taken by Bernhard Béller and are
displayed in his thesis.%3]

Ag wire. These measurements were performed with a damaged fiber that had shown

increased blank turnovers and acetylene in GC measurements.

The tests in 925 mbar syngas and with a laser power of 23 A, parameters at which
the sample temperature would approximately be 220 °C, showed a temperature of the
Ag wire of ~120°C. This temperature is too low for spontaneous reactions between
CO and H, and seems insufficient to explain the high turnover numbers. At such low
temperatures, the formation of hydrocarbons from syngas without catalyst would

require a different energy source, e.g., electrical discharge, which can be ruled out.[196:107]

In a second set of measurements, it was attempted to measure the temperature of the
fiber. For comparison reasons, thermocouple wires were wound around a damaged and
a new glass fiber. A Ag(111) single crystal was used as sample. The glass fibers with
attached thermocouples are displayed in Figure 3.10 (c+d). The measured temperatures
are listed in Table 3.3. These temperatures are approximate values only, as it was not
waited until constant values were reached. Nevertheless, these measurements show that
the temperature of the damaged glass fiber at a given laser power was significantly

higher than the temperature of the new fiber. While the temperature of the new fiber
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Figure 3.10: Pictures of the thermocouple setup for measurements of the gas phase
and glass fiber temperatures: (a) and (b) show the setup for measurements of the
gas temperature next to the end of a damaged glass fiber. (c+d) display glass fibers
with S-type thermocouple wires winded round the tip of the fibers for temperatures
measurements. (c) corresponds to a damaged tip, which produced too high blank
turnovers and (d) shows a new glass fiber.

Table 3.3: Measured temperatures of a damaged and a new glass fiber depending on
the applied laser power.

Laser power Temperature [°C]
[A] broken glass fiber new glass fiber
9 220
9.4 156
vacuum 10.0 320 176
11 380
11.5 240
20 64
24 164
syngas, 1 bar o5 65
30 200

did not exceed 65 °C, the damaged glass fiber heated up to 200 °C in syngas. Further
measurements under F'T conditions showed that enhanced blank turnover rates always

corresponded to elevated temperatures of the glass fiber.
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3.2.4 Surface Analysis

To further understand the heating behavior of the glass fibers, SEM data were taken.
The surface of the polished end of three glass fibers is shown in Figure 3.11. Images
(a—c) were taken from an optical fiber the end of which looked black and which
produced high turnover rates including acetylene. The fiber shown in images (d—f)
looked unchanged when viewed with the naked eye but produced enhanced product
concentrations and acetylene as well. Images (g—h) depict a new glass fiber which has
not been used in an experiment. It is clearly visible that the front surfaces of the
damaged fibers have changed compared to the new one. While the new fiber looks
smooth, the damaged fibers show defects which look as if they have been molten.
These defects are centers where the emitting light is scattered. It therefore no longer
forms a well-defined spot on the SiC disc but also illuminates the Mo holder. This may
explain the enhanced turnover rates, mainly of CH4, and the formation of acetylene.
Moreover, these defects should represent centers at which the temperature is locally

higher and thus form nuclei at which a larger-scale damage of the fiber starts.

To find possible reasons for the degradation of the glass fibers, EDX measurements
were performed at the front surfaces as well as on the shafts next to the edge. A
selection of analyzed areas is shown in Figure 3.12 and the detected elements are listed
in Table 3.4. The measurements on the damaged fibers showed minimal amounts of
Al (b) and Mo (e 2) at some defects on the front surface, but also areas without any
contaminants (a, e_ 1, f 1, f 2). On most parts of the front surfaces, no impurities
could be detected. The shafts next to the edges of the front surfaces of the damaged
fibers (c, d, g, h) showed Ni and S contamination as well as Al, Pt and Ca. While Al
and Pt might result from the contact with the Al capsule and the thermocouple wire
for temperature measurements, respectively, Ni and S must have been transported
through the gas phase. EDX results of the new fiber showed no contamination by any
metal but some fibers at the shaft with high F content. These may be leftovers from
the Teflon (tetrafluoroethylene) tape, which is usually used by the manufacturer for
transportation of the optical fibers. The presence of F in (h), (1) and (m) is due to the
F in the cladding of the glass fiber. It has been concluded that the EDX measurements
did not reveal any clear reasons for the glass fiber degradation. Since neither Ni nor
S could be found on the front surface, they are probably not responsible for the
degradation of the fibers but secondary results of the elevated temperatures of the
damaged fibers. As has been shown in section 3.1, Ni(CO), forms in the presence of

sulfur and decomposes at temperatures above 180 °C.
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Figure 3.11: SEM images of the distal end of glass fibers: (a—c) glass fiber with
blackened end that showed too high turnovers and acetylene with blank samples, (d—f)
glass fiber which looked unchanged when viewed with the naked eye but produced high
turnover rates and acetylene with blank samples, (g-i) new glass fiber with polished
end.?

%The images on the left were taken after the SEM measurements. For this reason the Ag lacquer
for fixation on the SEM sample holder can be seen.
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10 pm

10 pm

Figure 3.12: Surface areas used for EDX analysis of glass fiber ends: (a—d) glass fiber
the end of which looked black and which produced too high turnover numbers and
acetylene with blank samples, (e-h) glass fiber the end of which looked unchanged to
the naked eye but produced too high turnover and acetylene with blank samples, (i-m)
new glass fiber with polished end. Images (b) and (f) were taken with an acceleration
voltage of 3kV. All other measurements were performed with an acceleration voltage of
5kV. The corresponding EDX results are listed in Table 3.4.
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Table 3.4: EDX results corresponding to Figure 3.12: (a—d) correspond to a glass fiber
the end of which looked black and which produced too high turnovers and acetylene
with blank samples, (e-h) to a glass fiber which looked unchanged to the naked eye but
produced too high turnovers and acetylene with blank samples, (i-m) to a new glass
fiber with polished end.

Atom %

Element a b c d e 1 e 2 f 1
O 65.62 63.22 66.35 63.11 62.54 62.5
F
Al 7.56  0.20
Si 34.38 29.22 31.16 17.37 36.89 36.07 37.5
S 6.05
Ni 2.29 76.58
Mo 1.39

Atom %
Element £ 2 g h i k 1 m

0) 59.88 69.29 64.61 64.7 1491 64.04 62.83

F 1.89 76.45  3.35 4.30
Al 0.74 2.54

Si 40.12 25.26 26.41 35.3 8.64 32.60 32.87
S 2.05

Ca 3.94

Ni 1.85 0.62

Pt 0.81
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3.2.5 Discussion and Solution

To sum up, the damaged glass fibers became hot in syngas atmospheres and displayed
changes in the surface morphology of the polished front surface. EDX showed Ni
and S at the edges of the shafts, but not on the front surface, making it unlikely
that the deposition of Ni initiated the degradation. One alternative explanation for
the decomposition is coking at the front surface. Coke deposition is known from
industrial hydrocarbon cracking processes, where it has to be burnt to regenerate the

t.[108

catalys | The endothermic decomposition of methane to carbon and hydrogen is also

an unwanted side reaction of the steam reforming process for industrial Hy production,

which takes place at temperatures above 500 °C.[109.110]

CH; = C+2H, AHSy = 74.6 kJ mol ' [110]

The heat of decomposition increases with the chain length of the hydrocarbons from
84.7kJmol ™! (ethane) to 126.2kJ mol~! (butane) for paraffins and from —52.3 kJ mol ™
(ethylene) to 0.1kJmol™" (I-butene) for olefins.''Y) Hence, olefins, the main products
under the conditions of the experiments, may already decompose at relatively low
temperatures. Although the temperature at the front surface is not directly known, it is
probably higher than at the edges, where temperatures around 200 °C were measured.
Defects may even be sites where the temperature is locally higher. It is therefore not
unlikely that the temperature was high enough for a self-amplifying coking process.
As the insulating glass fibers had to be coated with carbon for SEM measurements,

EDX does not provide information about possible carbon deposits on the fibers.

It is also possible that traces of Ni on the front surfaces of the fibers, which were
below the detection limit of EDX, catalyzed the decomposition of methane. Ni is the
active component in the industrial steam reforming process of methane, known to be
suffered by deactivation due to the complete decomposition of methane into carbon

and hydrogen.[110:112]

The most likely explanation is therefore that hydrocarbons decomposed at the fiber’s
front surfaces during F'T experiments. The deposited carbon was heated by the laser
light, further enhancing the coke formation at the front surface. Starting at defects,
the temperature became so high that structural changes of the front surfaces occurred
by melting or spalling of smaller areas. The light was then no longer focused on the
SiC platelet but illuminated the Mo sample holder or other parts of the setup. This

led to high blank turnovers and acetylene production.

Based on the idea that a self-amplifying temperature increase is the problem, a glass

fiber with an aluminum coating up to the front surface was used (see Figure 3.13).
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Figure 3.13: New glass fiber with aluminum coating, front view.

As specified by the manufacturer, the metal coating provides effective heat dissipation.
As aluminum is not active in the FT synthesis, an enhanced temperature along
the shaft of the glass fiber does not constitute a problem for usage under reaction
conditions. Blank experiments with a Au(111) sample showed an order of magnitude
lower activities than FT experiments on Co(0001), which also rules out any significant
contribution of the glass fiber. Similar temperature measurements as described above
(see Figure 3.10 c+d) showed fiber temperatures around 50 °C at a laser power of
~21 A, a typical value to heat the sample to the usual temperatures of ~220 °C. Within
6 h, the typical duration of a reaction experiment, the temperature of the glass fiber
rose to ~70°C. So far, the Al coated fiber has not shown any of the problems met with
uncoated glass fibers although it has been used in more experiments than any of the
bare glass fibers before. All experiments shown in section 4.2 were performed with the
same new Al-coated glass fiber. This fact confirms the idea that heat accumulation at
the distal end of the glass fiber induced the structural changes of the front surfaces.
However, it must be said that the coating with Al only solved the problems in the
FT experiments at 950 mbar. In UHV experiments, the efficient thermal conduction
damaged the epoxy glue used to hold the fiber in the flange. Obviously, the heat
from the fiber is absorbed by the gas phase in high-pressure experiments. Further
improvement in the future could be to clamp a Cu braid to the fiber, which could take

up the heat during experiments in UHV.
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3.3 Temperature Calibration of Co(0001) and
Co(10115) Surfaces

Another problem which occurred in the experiments was the exact measurement of
the surface temperature of the single-crystal samples. The problem became obvious
when the crystals were remounted or when the thermocouple setup was changed, after
which the activities were strongly altered although the temperatures measured at the
backsides of the sample were the same. One aim of this thesis was to correlate the
surface morphology and catalytic activity of two different samples, the Co(0001) and the
stepped Co(10115) crystal. For these measurements, the same experimental conditions,
especially the temperatures, were crucial. For meaningful correlations between the
surface morphology and the catalytic activity, it was therefore important to ensure
that temperatures were the same for both crystals. As a consequence, one experimental
challenge in this thesis was the accurate measurement of the sample temperature. This
section describes the temperature calibration procedure used for the measurements in

section 4.2.1.

3.3.1 Calibration Setup

In the normal sample setup, the temperature is measured by means of an S-type
thermocouple fixed at the backside of the hat-shaped crystal (see Figure 2.3 in
section 2.1). However, it was found in an experiment after the thermocouple ceramics
had been replaced that, despite the setup, the sample and the laser power were
identical, the temperatures were different from those before. It was therefore regarded
as essential to directly measure the temperatures at the surface. Additional S-type
thermocouple wires were spot-welded on the frontsides of the hat-shaped crystals.

Pictures of the sample holder setup are shown in Figure 3.14.

Normal S-type
thermocouple wires

Normal thermo-
contacts/springs

}\ Additional S-type
* thermocouple wires

Figure 3.14: Sample setup for temperature calibration measurements. S-type ther-
mocouple wires were fixed directly on the surface of the Co crystals in addition to the
normal thermocouple contacts at the backside of the crystal.
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To exclude effects of the sample mounting, that may lead to a modified thermal contact
to the holder, the Co(10115) crystal was not reassembled between the calibration mea-
surements of the old and new ceramics. Only the ceramics, holding the thermocouple
wires, were replaced and the thin thermocouple wires were reused by spot-welding

them to the contacts of the thermocouple clamps.

3.3.2 Calibration Procedure

With the additional thermocouple wires in place, the sample holder could no longer be
transferred to the preparation chamber. For this reason, the Co surface could not be
prepared prior to the calibration and no activity measurements were performed. After
pumping to ~1x 1078 mbar, the STM cell was filled with syngas at the same concentra-
tion as used in the FT experiments (Hy:CO = 2:1, 950 mbar). The temperatures at the
backsides as well as on the frontsides were measured as a function of the laser power.
In order not to contaminate the unprepared crystal by long heating, the temperatures
were read 5 min after changing the laser power which does not correspond to thermal
equilibrium. However, this was done for all measurements exactly in the same way, so

that the values are comparable to each other.

3.3.3 Calibration Curves and Discussion

The resulting calibration curves are displayed in Figure 3.15. The filled symbols
correspond to the temperatures measured at the surface, the empty symbols belong to
the temperatures measured at the normal thermocouple position between the backside
and the SiC disc. It is clearly visible that a higher laser power was needed for the
Co(0001) crystal (red circles) than for the Co(10115) crystal (blue and green triangles)
to reach the same surface temperature. This is contrary to expectations, as both
sample holders are identical and the same laser power for the same temperatures
was expected. One explanation for the divergent heating behavior may be the Ta
rings between the single crystals and the sample holders. These spacer rings adjust
the heights of the samples with respect to the tunneling tip (the beetle STM can
only travel a height difference in the order of 0.1 mm). For the Co(0001) sample four
such rings were required, for the Co(10115) sample only two. This difference might
cause different temperature gradients between the samples and the sample holders. It
also leads to slightly different distances to the glass fiber tip. Another explanation is
that the position of the glass fiber was not exactly the same, as the Al capsule was
integrated only after the first calibration measurements. Both crystals have in common
that the temperatures at the surfaces were higher than at the backsides. This appears
counterintuitive as the samples are illuminated from the backside. However, there is

a temperature gradient from the backsides across the Ta spacer rings to the sample
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Co(lOIlS) normal T, old ceramics
Co(lOTlS) crystal surface, old ceramics
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Figure 3.15: Plot of the temperatures of the Co(0001) and Co(10115) crystal. The
temperatures measured by means of the normal thermocouple setup are displayed with
empty symbols, the temperatures at the crystal surfaces are shown with filled symbols.
Squares correspond to the Co(10115) crystal with the old thermocouple ceramics, the
data displayed by triangles are the result of a measurement with the Co(10115) crystal
with a new set of thermocouple ceramics. This measurement was repeated to validate
reproducibility. Circles represent the temperatures of the Co(0001) crystal.

holders. The thermocouple wires are mounted at the outer rims of the samples, which
is in contact with the spacers, and may therefore be slightly colder than the frontsides

of the samples.

According to Figure 3.15, the normally measured temperatures at the backside also
varied when the thermocouple ceramics were changed. While new ceramics (dark blue
and green triangles) resulted in nearly parallel slopes of the temperature curves, old
ceramics (light blue squares) that were partially covered by a visible metal film led to
a steeper slope of the curve. EDX measurements showed that the metallic coatings
on the ceramics and the thermocouple wires were mainly Mo. The obvious reason is
the preparation procedure of the samples during which the sputtering also affects the
Mo holder. The reason for the divergences in temperature might be changes of the
thermoelectric voltages due to alloying of the Pt/PtRh wires with Mo. Pt is known to
be particularly susceptible to contamination resulting in changes of its thermoelectric
sensitivity.11311% In particular, the thin thermocouple wires connecting the backsides
of the samples with the contacts of the thermocouple clamps at the frontsides of the

holders may be susceptible to contamination. Their low diameters make them more
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vulnerable to contamination effects than the thicker wires of the thermocouple clamps.
Several alloys of the Mo-Pt system are known!''%119 but whether they form at the
relatively low temperatures applied here is unknown. However, some solid diffusion
of Mo into the Pt wires may take place during annealing (350 °C) or FT reactions
(220°C). One also has to consider the long time scales; in some cases the thermocouples
have been in use for several years. By means of the calibration measurements, these

uncertainties were adjusted.

Apart from the offset in laser power, the measurements of Co(0001) and Co(10115) (both
with new ceramics) show comparable differences between the surface and the backside
temperatures. The reproducibility of the temperature measurements was tested by re-
petition of the measurement with the Co(10115) crystal (new ceramics) after repeated
adjustments of the glass fiber and after replacing the ceramics. For this purpose new
thermocouple wires were spot-welded to the crystal surface. According to Figure 3.15,
apart from a minimal deviation of the surface temperature, the measurements show

the same results.

To conclude, the temperature calibration measurements show that the deposited
metal films on the ceramics, used to mount the thermocouple wires, influenced the
temperature at the crystal surface. As a result, accurate calibrations of the surface
temperatures were needed for the comparison of the two samples. For the experiments
shown in section 4.2.1, the sample had to be transferred between the preparation
chamber and the reaction cell, so that only the temperatures measured at the backsides
were available. In order to select a certain frontside temperature, the calibration curves
of Figure 3.15 were used. For a surface temperature of ~228 °C, the Co(0001) sample was
heated to a temperature of ~205 °C measured at the backside, whereas the Co(10115)

crystal was heated to a backside temperature of ~220°C.

Further experiments showed that the relation between the surface temperature and
backside temperature also changed when the crystal was re-mounted, or when the
position of the glass fiber was adjusted. To safely exclude that the differences between
TOFs of the Co(0001) and Co(10115) single crystals were determined by different
temperatures, the sample setup was modified and the thermocouple wires at the
backsides were removed and replaced by thermocouples directly spot-welded to the

crystal surfaces.
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3.4 Installation of a Customized GC

For the operando FT experiments at the HP-STM setup, a new method to determine
the catalytic activity was needed. The relatively large volume of the STM cell in
addition to the small catalytically active crystal surface, compared to a sample of a
typical supported catalyst, result in very low concentrations of hydrocarbon products.
According to an estimate by B. Béller,%%] the concentration of Cy-hydrocarbons, after
1h reaction at 1 bar syngas and a sample temperature of 220 °C, was expected to be
in the lower ppb range. The QMS, which is attached to the HP-STM setup, does not
provide the sensitivity for these low concentrations. Furthermore, the fragmentation
patterns of the different hydrocarbons strongly overlap in the mass spectra, which makes
them extremely complicated to distinguish. Figure 3.16 displays the superposition
of mass spectra (tabulated data) for methane, ethane, ethylene, propane, propylene,

butane, a-butylene, and isobutylene. The individual spectra are shown in Appendix D.
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Figure 3.16: Sum of mass spectra of methane, ethane, ethylene, propane, propylene,
butane, a-butylene and isobutylene. The individual mass spectra were taken from the
NIST databasel'2) and are shown in Appendix D.

It is clearly visible that, for example, ethane, ethylene, propane and butane all show
large signal intensities at m/z = 28, so that this strong signal cannot be used to identify

individual components in the product mixture. More importantly, the CO of the syngas
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matrix has the same m/z value and completely overwhelms the signal. Furthermore,
due to fragmentation, smaller fragments of long hydrocarbons have higher intensities
than longer ones. For example, propylene and butylene have the highest peak at m/z
= 41 despite their different chain lengths. Thus, other fragments with lower intensities
have to be used to distinguish these hydrocarbons. Theoretically, for FT experiments
masses with lower output signals could be used for product quantification, but the

sensitivity of the QMS was insufficient to analyze longer hydrocarbons than Cs.

A technique, which can distinguish different kinds of hydrocarbons is gas chromatog-
raphy. The different chain lengths result in different interactions with the column
which cause individual retention times. For more details concerning the working prin-
ciple of gas chromatography, see section 2.4. However, the sensitivity of common gas
chromatographs (GCs) is not sufficient for concentrations in the ppb range. Beside
the sensitivity, another challenge had to be overcome. The reaction pressure in the
STM cell is usually below the working pressure of the GC of 1 bar and, as experiments
are performed in batch mode, only small amounts of gas sample can be extracted.
Standard GC setups could therefore not be used. In cooperation with S+H Analytik
GmbH, a GC setup was developed that meets the requirements for the FT experiments
in the HP-STM cell. It had been tested and modified at a separate reactor prior
to this thesis. In the framework of the present work, the GC was attached to the
HP-STM setup, tested, and calibrated. A new micropacked column was mounted, and
serial dilution measurements were performed for calibration purposes. Details of the

calibration procedure are given in Appendix C.5.

Furthermore, the oven program was optimized to ensure a better distinction of Cy
compounds from the rising background towards higher retention times. With the new
parameters, the quantification of butane was possible. An additional aim was a better
separation of propane and propene for a more reliable quantification. For details of
the previous and optimized oven programs see Appendix C.4. Data in this chapter as
well as in section 4.1 were recorded with the previous oven program, whereas for the
study in section 4.2, the optimized oven program was used. All GC setting are listed

in Appendix C.

In the following, the GC setup is described by the publication “A highly sensitive
gas chromatograph for in situ and operando experiments on catalytic reactions”,2!
published in Reviews of Scientific Instruments. It presents the setup and its performance
and describes the automated gas sampling and injection unit in detail. Key points of

the publication are:
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» Using a new automated gas sampling and injection unit, gas samples can be
injected at pressures below 1bar. This is achieved by a buffer volume that is
filled with gas samples from the STM reactor at a reduced pressure, followed
by a compression to the injection pressure of 1000 mbar by means of He. Tests
showed that intermixing of the gas sample and He can be neglected. Due to the
design, only small fractions of the reaction gas are abstracted from the total

sample volume in the STM cell.

o The gas sampling and injection unit is attached to a modified standard gas

chromatograph including two channels with FIDs and He carrier gas supply.

e Due to the small concentration of hydrocarbons within the gas sample, a com-
paratively large sample volume (~5mL) is needed to meet the detection limits.
To avoid peak broadening resulting from this volume, a cryo trap at the head of
one of the two columns concentrates the hydrocarbons in the sample volume and
provides focused peaks. The other channel, a standard configuration, is used for
comparison; it has a smaller sample loop, showing much less sensitivity compared
to the cryo channel. All shown experiments are based on measurements with the

cryo channel.

o (Calibration measurements with a custom-made calibration gas mixture, contain-
ing ~10 ppm of C;-C, hydrocarbons, show a good linearity over four orders of

magnitude between 1 ppb and 10 ppm.

o FT experiments on a Co(0001) catalyst at pressures of 200 mbar and 950 mbar
demonstrate the high performance of the setup. With the installed micropacked
column in addition to the capillary columns, separation of all product peaks
— short paraffins and olefins C; to C4 — from the synthesis gas (Hy:CO) was

achieved.

o Experiments with low concentrations of propane revealed a detection limit for
short hydrocarbons of 0.4 ppb. The limit for quantification is 1.3 ppb. Hence,

TOFs of the order of 1x107°s™! can be measured.

The article “A highly sensitive gas chromatograph for in situ and operando experiments
on catalytic reactions” published in Review of Scientific Instruments is reproduced
from Rev. Sci. Instrum. 92, 124103 (2021), with the permission of AIP Publishing.
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ABSTRACT

We describe an automated gas sampling and injection unit for a gas chromatograph (GC). It has specially been designed for low concentra-
tions of products formed in catalytic in situ and operando experiments when slow reactions on single crystal models are investigated. The
unit makes use of a buffer volume that is filled with gas samples from the reactor at a reduced pressure. The gas samples are then com-
pressed by He to the injection pressure of 1000 mbar and pushed into two sample loops of the GC, without major intermixing with He.
With an additional cryo trap at one of the GC column heads, the design aims at concentrating the gas samples and focusing the peaks. The
performance is characterized by experiments on the Fischer-Tropsch synthesis, using H,/CO mixtures (syngas) at 200 and 950 mbar and a
Co(0001) single crystal sample as model catalyst. Chromatograms recorded during the reaction display sharp, well separated peaks of sat-
urated and unsaturated C; to C4 hydrocarbons formed by the reaction, whereas the syngas matrix only gives moderate signals that can be
well separated from the product peaks. Detection and quantification limits of 0.4 and 1.3 ppb, respectively, have been achieved and turnover
numbers as low as 107 s could be measured. The system can be combined with all known analysis techniques used in in situ and operando

experiments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0068021

INTRODUCTION

In situ and operando experiments can provide direct informa-
tion on the state of an active heterogeneous catalyst under the con-
ditions of the reaction.”” We here use the terms in situ and operando
for experiments in which a catalyst is analyzed in a reaction gas
mixture under pressure and temperature conditions that approach
those in the respective industrial process, and in which, at the same
time or at least in the same reactor and under the same conditions,
the catalytic turnover is measured. When a surface-sensitive tech-
nique is applied, the activity of the catalyst can be correlated with
the surface structure and the chemical species adsorbed on its sur-
face. Experiments are challenging, but for powder catalysts, tech-
niques such as diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) and transmission electron microscopy (TEM)
have successfully been combined with turnover measurements. ™

In situ/operando experiments on single-crystals, utilizing their
defined surface structures, can, in principle, provide even clearer
correlations. However, the experiments become more difficult, too.
The problem, which equally exists for experiments on powder sam-
ples, is then not only the presence of the gas phase, which makes

a surface analysis more difficult than in vacuum. Surface tech-
niques that can be applied at elevated pressures also exist for single
crystals, in particular, sum frequency generation (SFG),” polariza-
tion modulation reflection absorption infrared spectroscopy (PM-
RAIRS),”” near-ambient pressure x-ray photoelectron spectroscopy
(NAP-XPS),” '’ surface x-ray diffraction (SXRD),'" and scanning
tunneling microscopy (STM).'”"” However, a single crystal has a
several orders of magnitude smaller surface than a typical pow-
der catalyst sample so that the catalytic turnover is lower by a
comparable factor. Moreover, the reactors are often relatively large
because they have to house components of the respective analysis
technique. The concentration of products becomes an issue. For
fast reactions such as the oxidation of CO, this is usually uncrit-
ical, and there are several in situ/operando studies in which the
CO; formed on single crystals of Pt and other active metals could
readily be detected by quadrupole mass spectrometry (QMS)."*"’
QMS has also been utilized in a number of investigations of other
fast reactions,'’ and in some PM-RAIRS and NAP-XPS studies,
products could also be detected by the respective IR and XPS gas
phase signals.'”'’ However, for slow, kinetically demanding reac-
tions, product detection can become a massive problem, and there
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are only few in situ/operando investigations of such reactions on
single crystals where QMS could be used.”’

We faced an extreme detection problem in in situ/operando
STM experiments on the Fischer-Tropsch synthesis of hydrocar-
bons from H,/CO mixtures (syngas). The experiments were per-
formed in a chamber of 1.8 1 at syngas pressures between 10 mbar
and ~1 bar, using a Co(0001) single crystal (~220 °C) as catalyst.”
The main product under these conditions, methane, could be
detected by QMS at a reasonable signal-to-noise ratio. However, for
the higher hydrocarbons, which are more relevant for the industrial
process but are formed in much lower amounts, this was no longer
the case. For example, the concentration of butane, after a 1 h batch
experiment at 200 mbar syngas at 220 °C, was only of the order
of 1 ppb (parts per billion). It proved impossible to detect longer
hydrocarbons than C, by QMS in these experiments.

An alternative to QMS is gas chromatography (GC). GC has
been used in PM-RAIRS and SFG studies in a few cases,””’ and
because of its high sensitivity, it would, in principle, also be suitable
for slow reactions. The sensitivity for low concentrations of hydro-
carbons has been demonstrated in investigations of atmospheric air,
in which traces of less than 1 ppb, even down to 1 ppt (parts per tril-
lion), of hydrocarbons could be detected.”” *® However, these mea-
surements have been performed with large gas samples of the order
of 11 (at 1 bar), which is prohibitive for the experiments considered
here. To keep the conditions in the reactor unchanged, gas samples
no larger than a few milliliters should be extracted.

The second difficulty with GC is that in situ/operando exper-
iments on single crystals are mostly performed at somewhat lower
pressures than 1 bar, typically between several mbar and several
100 mbar. The reduced pressures mainly result from the constric-
tions from the respective surface analytical technique, but usually
there are some further practical limits. The reduced pressures are in
conflict with the working pressure of a GC of >1 bar required for
injecting a gas sample into the separation column. In some stud-
ies, a fill-up gas, He or Ar, has been used in the reactor chamber to
increase the pressure to this value.”””’ However, for the extremely
low concentrations considered here, the volume of the sample loop
of the GC, in order to collect enough product material, would have
to be increased to compensate for the dilution by a fill-up gas. The
increased injection time would lead to broadened and distorted
peaks.

We here describe an automated gas sampling and injection sys-
tem for a GC that solves these problems. We have previously shown
that the surface structure of a cobalt single crystal resolved by STM
could be correlated with the Fischer-Tropsch activity determined by

column |
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GC.” Here, we give a detailed description of the GC system that has
been constructed to enable these measurements, and we characterize
its performance by means of data from the Fischer-Tropsch reac-
tion. The system would also be suitable for combined experiments
with other enhanced-pressure analysis techniques and for other slow
catalytic reactions.

OVERALL EXPERIMENT

Figure 1 shows the components of the overall experiment,
i.e., the reaction chamber, the gas sampling and injection unit, the
GC, and the cryogenic nitrogen unit. The reaction chamber with
the beetle-type STM and the attached ultra-high vacuum (UHV)
chamber (not shown) have been described previously.”’ All our in
situ/operando experiments have been performed in this chamber.
Pressures between 107'° and 1000 mbar can be adjusted, and the
sample is heated by light from an infrared laser coupled into the
chamber by a glass fiber. The Fischer-Tropsch experiments we dis-
cuss here were carried out with a Co(0001) single crystal as model
catalyst, applying H,:CO = 2:1 syngas mixtures at total pressures of
200 and 950 mbar, and at sample temperatures of ~220 °C. Under
these conditions, the Fischer-Tropsch synthesis

(211 + 1)H2 +nCO — CnH2n+2 + nHzO

23,32

mainly produces hydrocarbons with n = 1-4.">"" Because of the
relatively large volume of the STM chamber and the low turnover
numbers (TONSs), the analysis problem consists of detecting low
concentrations of light hydrocarbons in a large matrix of H, and
CO. (We here use the acronym TON instead of TOF so that in this
GC context, one might not get confused with time-of-flight mass
spectrometry.)

The special gas sampling and injection unit is described in
detail below. The GC itself is a modified standard gas analyzer trace
1310 (Thermo Fisher). It has two channels, each with its own sam-
ple loop, six-port valve for injection, carrier gas supply column, and
flame ionization detector (FID). He (99.999%) serves as carrier gas.
To further reduce impurities and minimize baseline fluctuations,
the He gas is additionally passed through a filter (Helium Purifier,
VIVI Metronics). Gas samples are simultaneously injected into both
channels, and He flows of 10 ml min~! (channel I) and 5 ml min~*
(channel II) are applied.

Channel I is a standard configuration. It is equipped with a
small sample loop (250 ul) and two capillary columns in series (30 m
TracePlot TG-BOND Q+ 0.53 mm ID, 20 ym dF, Thermo Fisher).
This column type was chosen because of its reliable separation of

FID I [}

O

columnll |

FID I}
N,

Ny(l)-dewar

GC  cryo-trap

sampling/injection reactor with STM

FIG. 1. Block diagram of the overall experiment. The components from right to left are the STM chamber, the gas sampling and injection unit, the gas chromatograph with its
two analysis channels and the cryo trap on one channel, and the cryogenic N, supply with gas flow controller (fc) and liquid N, Dewar.
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ethane and ethylene, and the relatively long capillary ensures good
separation of the various species, even when they are present in
higher amounts. In test measurements, this channel was suitable for
concentrations of CHy of >500 ppb and of C; and higher hydrocar-
bons of >65 ppb. The quality of the spectra was unchanged up to the
highest tested concentrations of C; to C4 hydrocarbons of 10 ppm.

Channel IT is configured for the very low hydrocarbon concen-
trations formed in the experiments considered here. It is equipped
with a large sample loop (5.4 ml) to collect sufficient material, and it
uses a micro-packed column (2 m HayeSep Q80/100, Restek GmbH)
followed by a capillary column (30 m TracePlot TG-BOND Q+,
0.53 mm ID, 20 ym dF, Thermo Fisher). Approximately 10 cm
downstream from the head of the micro-packed column, a cryo-trap
is mounted (MicroJet cryo-trap MJT 1035E, Frontier Lab). Cryo-
trapping is an efficient way of concentrating analytes in dilute gas
samples and focusing the peaks in the chromatograms.” * In the
present setup, cryo-trapping is realized by feeding dried nitrogen
gas (7 1 min~') through a thermal exchange coil in a liquid nitro-
gen Dewar to the MicroJet tube before and during injection of a
gas sample. The MicroJet tube cools a ~3 cm long segment of the
micropacked column. The idea is that the hydrocarbons in the gas
sample become trapped in the cooled column part during injection,
whereas H, and CO from the matrix, because of their lower boil-
ing temperatures, are much less affected. After injection of a gas
sample, the cooling is turned off and the GC oven program starts
heating the columns and the cryo-trap. The micro-packed column
was more efficient for trapping than the capillary column, prob-
ably because of the enhanced adsorption on the densely-packed
adsorbent. Most of the separation happens in the capillary column
downstream.

FIDs are used for both channels because of their sensitivity for
hydrocarbons.”® ** At the same time, they are almost insensitive to
H, and CO so that the signals are not overwhelmed by the compo-
nents of the syngas matrix. N, serves as make-up gas. Chromeleon
7.2 software (Thermo Fisher) is used for controlling the injection
and for data recording and analysis.

GAS SAMPLING AND INJECTION UNIT

Figure 2 shows the specially designed gas sampling and injec-
tion unit. It is based on the idea of extracting gas samples from the
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STM chamber at a preset, reduced pressure into a buffer volume,
and then to compress the gas in this buffer volume such that it fills
the two sample loops of the GC at a pressure of 1000 mbar. In this
way, the sample loops are loaded with concentrated gas samples at
the pressure required for injection.

The main parts of the unit (Fig. 2) are the buffer loop, the valves
[NV (FITOK GmbH), MV2, MV3 (Parker Hannifin GmbH)] for
filling the buffer loop with gas samples and feeding in He for com-
pression, and a precision membrane pressure sensor (Keller AG).
Further components are the sample loops of the two GC channels,
two six-port valves (6-PV I and II, VICI Valco Instruments Co.) and
their connections to the He carrier gas, a rotary pump for evacu-
ation of the line, and a solenoid valve [MV1 (Gems Sensors and
Controls)] for disconnecting the pump. The unit is controlled by a
Labview/National Instruments system.

An automated GC measurement is started when the cryogenic
N transfer line has reached a temperature of <—194 °C. Then, the
solenoid-valve MV1 closes to stop the evacuation of the system, and
the valve MV2 opens (the needle valve NV is in a fixed, partially
open position) to let gas from the STM chamber flow into the evac-
uated buffer loop and the two sample loops. The sensor monitors
the pressure, and when a preset value has been reached (80 mbar
for the experiments shown below), a window comparator closes the
magnetic valve MV2 to stop the sampling. The role of the needle
valve NV is to reduce the gas flow so that the time for filling is pro-
longed to ~10 s. In this way, pressure gradients during filling are
largely avoided, and the valve control, which has a limited response
time, can work properly. After the MV2 has closed, the magnetic
valve MV3 opens to introduce He. The He gas compresses the gas in
the buffer loop into the two sample loops, until the sensor records a
pressure of 1000 mbar.

When 1000 mbar have been reached, the window comparator
closes the MV3, the six-port valves switch to their injection posi-
tions, and a GC analysis cycle is started. At the same time, the MV1
opens (and is kept open until the next measurement) to re-evacuate
the sample loops and the buffer volume by the rotary pump. After
3 min, the six-port valves switch back to their loading positions
(Fig. 2). 4.5 min after the injection, the GC oven program starts
increasing the temperature at a rate of 25 °C min~" from an initial
value of 35 °C to a final value of 200 °C, holds the temperature at
200 °C for 1 min, and then stops the heating.

FIG. 2. Schematic of the automated gas
sampling and injection unit. Gas samples
from the STM chamber are fed through a
needle valve (NV) and a solenoid-valve
NV (MV2) to the buffer loop and the two
sample loops. A sensor records the pres-
sure during filling. When a preset pres-
sure of 80 mbar has been reached, the
filling is stopped and He is fed through
the solenoid-valve MV3, compressing
the gas into the two sample loops. At
1000 mbar, the two six-port valves (6-
PV 1 and Il) simultaneously switch to their
injection positions.
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80 mbar was chosen for the filling pressure of the buffer loop
because it is lower than the pressure in the STM chamber in the
experiments (200 and 950 mbar). As long as this condition is ful-
filled, the system works independently of the pressure in the STM
chamber, a flexibility that can be used, e.g., for investigations of
pressure-dependent TONSs.

The volume of the buffer loop (76.3 ml), the largest part of the
sampling and injection unit (total volume 87.6 ml), was chosen such
that, after filling at 80 mbar and compression, a gas sample (6.3 ml
at 1000 mbar) completely fills the two sample loops (0.25 and 5.4
ml). Losses to dead volumes are low. The second consideration has
been to keep the gas samples small. At the chosen volume and pres-
sure, the extracted molar fractions per GC run are 1.9% and 0.4% of
the gas in the STM chamber in the 200 and 950 mbar experiments,
respectively. The conditions in the STM chamber are thus largely
unchanged.

For the compression step it is, of course, essential that the gas
sample does not significantly mix with He. Mixing could happen by
interdiffusion. To estimate the extent, we use the diffusion constant
of D = 0.69 cm® s™' that has been measured for methane in He at
1 bar and 298 K.** With this value, the interface between the gas
sample and He (which, after compression, is close to the end of the
buffer loop) has broadened to roughly 7 cm after the time for com-
pression (35 s), a reasonably small value with respect to the length of
the buffer loop (4 m). Initially, when the pressure in the buffer loop
is 80 mbar, the diffusion constant is higher and the broadening is
faster, but this should largely be compensated when the interface is
compressed during the influx of He.

Intermixing could also happen by turbulence. To assess
whether this plays a role, we estimate the Reynolds number, taking
into account that the compression almost entirely takes place in the
buffer loop. With the tube dimensions of the buffer loop (length 4 m
and inner diameter 4.93 mm) and the time for compression (35 s),
and using the fact that the tube initially contains 80 mbar syngas
(simplified to pure H;), a Reynolds number of ~1 is calculated. At
the end of the compression, when the tube contains 1000 mbar He,
the Reynolds number has increased to ~10. Hence, even when mas-
sive errors are taken into account, these numbers are far below the
critical range of 2300-4000, above which the flow would become tur-
bulent. The flow during filling is laminar and turbulence-induced
mixing should not occur.

To determine the extent of intermixing experimentally, a mod-
ification of the setup in Fig. 2 was used. It contained a smaller
buffer loop (~8.5 ml), and the pressure sensor (volume 3-4 ml)
was mounted downstream of the two sample loops. A gas sam-
ple was taken at 80 mbar and compressed to 1000 mbar, a GC
was recorded, and this was repeated with filling pressures of 160,
240, and 320 mbar. At 80 mbar, the GC (channel II) only showed
minor signals from CHy, ethylene, and ethane because the gas sam-
ple (~1.5 ml after compression in this configuration) had almost
completely been pushed into the downstream pressure sensor, and
the sample loops only contained He. At 160 and 240 mbar, the
signals were somewhat higher, but at 320 mbar, the hydrocarbon
signals suddenly increased strongly because, at this point, the sam-
ple loop of channel II had started to fill. In the complete absence
of intermixing, the signals at the lower pressures would have been
zero. For the standard filling pressure of 80 mbar, the signals
were 0.4% of the extrapolated signals from a fully loaded sample
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loop (channel II). This value can be seen as the error caused by
intermixing.

PERFORMANCE

Figure 3 displays the general shape of the chromatograms
recorded during the Fischer-Tropsch experiments. Channel I (black
trace) shows a peak from CHy, a second, hardly visible peak from
CyHy, and a third peak from C3Hg (visible in the enhanced inset).
Channel II (red trace) shows distinct peaks from CHy4, C;Hy4, CHs,
CsHg, C3Hg, C4Hs, and C4Hio. (The peaks from the saturated
molecules appear at the right sides of the unsaturated molecules.)
The scalings are the same, showing that the peak intensities of the
cryo-trapped channel are significantly higher than those of the stan-
dard channel. The saturated C, and C3 hydrocarbons, which, under
the conditions of the experiment, are formed in lower amounts than
the unsaturated molecules and both saturated and unsaturated C4
hydrocarbons are only detected on the cryo-trapped channel. This
enhanced sensitivity of channel II is not paid for by wider peaks in
the chromatograms, despite a volume ratio of more than 20 of the
two sample loops. The peaks on channel II are equally sharp as on
channel I, and also the saturated and unsaturated hydrocarbons are
well-separated, a result of the focusing effect of the cryo trap.

The broad initial signals at retention times between 2.0 and
2.4 min (channel I) and between 1.5 and 5.5 min (channel II) are
attributed to the H,/CO syngas matrix. For channel II, efforts have
been made to minimize the overlap of the first hydrocarbon peak
(CH,4) with the matrix signal by varying the cooling time and the
parameters of the oven program. Considering the high partial pres-
sure ratio of the syngas and the hydrocarbon products, the resulting
interference of matrix signals with the hydrocarbon peaks is satisfac-
torily low, a result of the use of FIDs. The increasing baseline after
10 min is caused by some bleeding of the stationary phase of the
columns toward higher oven temperatures.

It is obvious that the performance of the cryo-trapped chan-
nel IT is much better than that of channel I, and in the following,
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FIG. 3. Two simultaneously recorded chromatograms, showing the different sen-
sitivities of channel | (black) and of the cryo-trapped channel Il (red). The chro-
matograms were recorded after a 6 h Fischer-Tropsch experiment in the STM
chamber, performed with a H,:CO = 2:1 syngas mixture at a total pressure of
200 mbar. A Co(0001) single crystal served as model catalysts, and the sample
temperature was 220 °C.
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TABLE I. Linearity of the chromatograms. X: Peak area/concentration ratios, normal-
ized by the peak area/concentration ratio of the 10 ppm mixture of the calibration gas,
averaged over five consecutive measurements. o: Standard deviations.

10 ppm 100 ppb 10 ppb 1 ppb

X o x o X o X o x o

1 ppm

CHs 1.00 0.001 0.98 0.001 1.10 0.004 1.17 0.023 2.99 0.233
C;Hs 1.00 0.001 0.97 0.001 0.96 0.005 1.00 0.023 1.07 0.063
C;Hs 1.00 0.002 0.98 0.001 1.03 0.004 1.04 0.008 1.03 0.059
C3Hs 1.00 0.004 0.97 0.001 0.92 0.005 1.07 0.026 1.19 0.029
C3Hs 1.00 0.002 0.97 0.000 0.98 0.005 0.98 0.021 0.94 0.048
C4Hyp 1.00 0.002 0.97 0.001 0.92 0.002 1.02 0.025 1.14 0.106

we only discuss data from channel II. Moreover, all quantifications
are made with these data. (The reason for installing a channel with-
out cryo trap has been that, initially, it had not been clear whether
CHy, because of its lower boiling temperature, could quantitatively
be cryo-trapped like the higher hydrocarbons. However, it turned
out that this was unproblematic, and CHy4 could equally be quan-
tified on channel II.) In the first weeks of operation, the retention
times showed some shifts, probably caused by degradation and com-
pression effects in the micro-packed column that reduced the He
flow. This problem was solved by adjusting the pressure of the He
carrier gas.

For quantification of the chromatograms, a custom-made cali-
bration gas was used (Air Liquide, 150 bar). It contained ~10 ppm of
most of the relevant hydrocarbons in a 2:1 mixture of H, and CO
(9.67 £ 0.19 ppm CHy, 9.58 = 0.19 ppm CHs, 9.49 + 0.19 ppm
CyHe, 945 + 0.19 ppm C3Hs, 9.60 = 0.19 ppm CsHs, 9.50 + 0.19
ppm CsHip, 30.91 + 0.62% CO, and the rest is H»).

The calibration gas was also used for determining the linearity
of the system. For the undiluted case, the calibration gas was directly
fed into the sampling and injection unit. Dilutions were prepared
in the STM chamber in steps of one order of magnitude, by feed-
ing ~100, ~10, and ~1 mbar (limited by the pressure range of the
manometer) of the calibration gas into the chamber, filling up with
syngas to 1000 mbar, and recording chromatograms in the usual
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FIG. 4. Determination of the detection limit. The chromatogram was recorded on
channel Il after a 1 h Fischer-Tropsch experiment, showing peaks from C,Hg
and C3Hg (magnified insets) close to the noise level of the base line. Conditions:
H,:CO = 2:1, total pressure 950 mbar, Co(0001) sample, and sample temperature
220 °C.
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way. The fill-up gases H, and CO were passed through liquid N,
cold traps to freeze out hydrocarbon contaminations, and CO was
additionally passed through a hot trap to decompose carbonyls. A
further dilution by one order of magnitude was prepared by pump-
ing out ~90% of the last mixture (10 ppb) in the STM chamber, and
filling up with syngas to 1000 mbar. For each dilution, five sequential
chromatograms were taken; the results are shown in Table I.

The entered values are the respective averaged peak area/
concentration ratios, normalized by the peak area/concentration
ratios of the initial 10 ppm mixture of the calibration gas. One can
see that the data of the individual hydrocarbons deviate from the
ideal value of 1.00 by just a few percent, indicating good linearity
between 10 ppm and 1 ppb, ie., over four orders of magnitude.

CH,

signal intensity [pA]

signal intensity [pA]
5

6 7 8 9 10 1 12
retention time [min]

FIG. 5. Time series of chromatograms recorded on channel Il during the
Fischer-Tropsch synthesis. Conditions: H,:CO = 2:1, total pressures 200 mbar (a)
and 950 mbar (b), Co(0001) sample, and sample temperature 220 °C. The reten-
tion times and signal intensity axes refer to the chromatogram at t = 0 (black). The
chromatograms taken at later reaction times are displaced by offsets along the x
and y axes for better readability. The peak intensities in (b) are lower than in (a)
because, at 950 mbar, proportionally less gas is extracted than at 200 mbar. This
is partially compensated by the higher TON at the higher pressure, but the TON
increases less than linearly with pressure.
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TABLE II. TONs from the two experiments in Fig. 5, in units of product molecules per Co surface atom per second. Butane was at the detection limit and the marked value (*)
only includes data points between 3 and 6 h. The CO consumption rate (last column) is evaluated by summing the TONs of the products after multiplying by the C numbers of

the respective molecules.

TON CH,4 TON C,H,4 TON C,Hs TON C3Hs TON CsHs TON C,Hs TON C4Hyo TON CO
p(mbar) (107*s™ (107%™ (107%s7h (107*s™ (107%™ (107%™ (107%s7h (107*s™
200 15.1 1.42 0.13 0.85 0.05 0.21 0.06 22.0
950 17.9 3.23 0.25 2.65 0.15 0.98 0.12* 37.6

One exception is the CHy signal at the highest dilution of 1 ppb,
which is too high by a factor of 3. The source of this deviation was
clarified by measurements with mixtures of (nominally) pure H,
and CO. These mixtures, nevertheless, showed CHj signals between
0.3 and 3 ppb, indicating that the deviation of the methane signal is
caused by methane traces in the syngas not completely removed by
the liquid N traps, rather than by non-linearities of the system. For
the Fischer-Tropsch experiments, these traces are uncritical as the
concentrations of CHy are higher.

The standard deviations of the linearity measurements (Table I)
are low, demonstrating good reproducibility. We find that to obtain
well reproducible results, sufficient time has to be given between
measurements, which we attribute to the evacuation of the gas
sampling and injection unit. This condition was fulfilled in the
Fischer-Tropsch experiments where ~1 h was left between GC
measurements.

Using the calibration, detection limits could be evaluated.
Figure 4 shows a chromatogram from an experiment with very low
signals from C;Hs and C3Hg (insets), close to the noise level of the
baseline. The corresponding concentrations are 1.2 and 0.45 ppb,
respectively. The signal to noise ratios, S/N = 2 H/h,"" where H is
the peak height and 4 is the peak-to-peak noise level, are 8 and 4,
respectively. When we apply the usual criterion for detection, S/N
> 3, the detection limit of the system for hydrocarbons is 0.4 ppb.
The limit for quantification, S/N > 10, is 1.3 ppb.

Figure 5 shows the application of the system in two
Fischer-Tropsch experiments. In the examples, the sample temper-
ature was 220 °C, the total pressures were 200 mbar [Fig. 5(a)] and
950 mbar [Fig. 5(b)], and batch conditions were applied. H,:CO
mixing ratios of 2:1 were used. The chromatograms show the typ-
ical product distributions obtained under these conditions, namely,
C; to C4 hydrocarbons in decreasing concentrations,””*” and higher
fractions of unsaturated than of saturated hydrocarbons. The con-
centration of butane was just above the detection limit at the end of
the experiments.

In these experiments, one chromatogram was recorded per
hour over a time period of 6 h. As one can see, the peaks of all
products steadily increase with time, as expected for a batch exper-
iment with differential turnover. By contrast, the signals from the
syngas matrix and the background at higher retention times remain
constant. From the increments of the peaks per hour, and by using
the STM chamber volume (1.8 1), the prepared surface area of the
Co(0001) sample (19.6 mm?), and the Co(0001) lattice constant
(2.507 A), the catalytic TONSs of product molecules per surface atom
and second are evaluated. Table II lists the time averages from the
two experiments. Depending on the product molecule and the pres-
sure, the data vary between ~18 x 107™* s and ~0.1 x 107™* s7".

These extremely low values underline the contrast to the oxidation
of CO with O, or NO, prototypical fast catalytic reactions, for which
TONSs between 10™" s™! and 10* s have been reported.'®** The GC
system presented here thus provides access to the kinetics of reac-
tions that are 4 to 8 orders of magnitude slower than the popular CO
oxidation.

Finally, we point out that attaching the GC system to the
STM chamber has not been connected with instrumental problems.
Simultaneous measurements are possible, in principle, but we find
them impractical. STM experiments in reactive gas atmospheres
are considerably more difficult than in vacuum, mainly because
of the lower stability of the tunneling tip and the enhanced ther-
mal drift at the elevated temperatures, and permanent attention is
required. Nevertheless, as the STM and GC measurements are per-
formed with the same sample, under the same conditions, and in the
same chamber, the term in situ/operando as used in the introduc-
tion is still appropriate. Moreover, both STM and GC experiments
on the Fischer-Tropsch synthesis have been well reproducible so
that the observed correlations between the TONs and the struc-
ture elements are valid. One such correlation, a linear scaling of the
Fischer-Tropsch activity with the density of atomic steps on the Co
surface, has led us to conclude that the steps are the active sites of
this reaction.”

CONCLUSIONS

The automated GC system with its specially designed gas sam-
pling and injection unit reaches the low detection limits we were
aiming at. For the investigated example, hydrocarbon molecules
produced by the Fischer-Tropsch synthesis on a Co(0001) model
catalyst, detection and quantification limits of 0.4 and 1.3 ppb,
respectively, have been determined. The high sensitivity does not
compromise the quality of the chromatograms that display sharp,
well-separated peaks of the various saturated and unsaturated
hydrocarbon molecules formed by the reaction. TONs as low as
107> s™" could be measured.

At the same time, the amount of extracted gas is kept small.
Under the conditions of the experiments (200 and 950 mbar, cham-
ber volume 1.8 1), the gas samples only correspond to molar frac-
tions of 1.9 resp. 0.4% of the reaction gas so that the conditions are
unchanged. The performance is a result of the compression of the
gas samples before the injection and of the action of a cryo trap at
one of the column heads. Together, both elements lead to strong
concentration and focusing effects.

The GC system has been used in combination with STM, but
it does not contain any features restricting it to STM studies. It
could equally well be used for in situ/operando experiments with

Rev. Sci. Instrum. 92, 124103 (2021); doi: 10.1063/5.0068021
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other enhanced-pressure techniques such as SFG, PM-RAIRS, NAP-
XPS, and SXRD. The reactor chambers in such experiments are
often smaller than the STM chamber used here so that the available
gas samples are even smaller, which, of course, is compensated by
higher product concentrations (given the same reaction). The use of
a buffer volume would still make sense when operated at a lower fill-
ing pressure to keep the amount of extracted gas low. Experiments
at higher pressures than 1 bar, already applied in an STM setup,”’
could be performed without modification. For lower pressures those
that applied here—these are still required for most of the NAP-XPS
systems—the filling pressure and the volume of the buffer loop could
be adjusted. Of course, the system is not restricted to model sys-
tems but could also be used for “real” catalysis experiments utilizing
powder samples at ambient pressure.

Finally, the system only contains few components that have
specifically been employed for the Fischer-Tropsch experiments.
The special detection problem—small amounts of hydrocarbons in a
large syngas matrix—has determined the selection of the separation
columns, the temperature of the cryo trap, and the type of detectors,
but these are components and settings that could easily be changed
for other, kinetically demanding reactions.
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CHAPTER 4

Experimental Results

Based on the above described setup and experimental preliminary work, operando
STM studies of F'T synthesis on cobalt single crystals were performed. This chapter
presents two published studies. The first mainly covers the thesis by B. Béller, but it
involves the application of the GC that was installed in the framework of the present
thesis, as described above. The second was entirely performed in the framework of the
present thesis. To identify the active sites of the F'T reaction, the studies deal with the
dependence of the catalytic activity on the density of steps on single crystal model

catalysts.

To test the structure sensitivity of supported catalysts, the catalytic activity is usually
measured as a function of the particle diameters of the catalysts. The analysis of
such data is based on the assumption that the fraction of active sites varies with
the diameter in a systematic way so that correlations provide indirect hints at the
nature of these active sites.l'??l One hypothesis states that specific ensembles of surface
atoms are mainly responsible for the catalytic reactivity. As already mentioned in the
introduction, for supported Co nanoparticles, the dependence of catalytic activity of
FT reaction on the particle diameters is well known.!46:123126] After a steep increase
of the TOFs for small particles, the activity sharply bends over to a constant TOF
for particles larger than 8 — 10nm. A summary of several experimental studies is
shown in Figure 4.1. Industrial F'T catalysts have particle diameters in the range of
the TOF plateau.*” In accordance to this particle size dependence, simulations of the
atomic structure of Co nanoparticles show an increasing concentration of step sites

with growing particle diameters up to a saturation value at ~8 nm.[*4

These simulations are based on the fact that Co nanoparticles are to a considerable
fraction fcc-packed. As mentioned above, fcc Co nanoparticles appear as rounded-off
cubo-octahedra.[**45] When these particles are very small, they do not display step sites
but mainly corners and edge site. Step sites only form when the particles get bigger.[%?
The step density-vs-particle size function quite closely follows the TOF-vs-particle

size function of Figure 4.1. In general, curves as shown in Figure 4.1 are expected for
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Figure 4.1: Overview of the catalytic activity (TOFs were rescaled) of Fischer-Tropsch

synthesis on Co nanoparticles in dependence of the particle size. Reprinted from ref.
[47], with permission from Elsevier.

reactions where the cleavage of a m bond of, e. g. CO, is necessary. For this reaction
step, an active center with a unique configuration, consisting of neighboring highly-
and low-coordinated metal atoms as it is the case at an atomic step, is required. This
can explain the fact that the activity follows the probability of step sites.[?

The structure-sensitivity of the Fischer-Tropsch reaction thus supports a reaction
mechanism, in which step edge sites play a critical role. There are still several mecha-
nisms that are discussed for the FTS, but the one mechanism that is structure-sensitive
is the earliest and most popular carbide mechanism.*®%)! It assumes that the CO
dissociation is the first, kinetically relevant reaction step, which is followed by a series
of hydrogenation and polymerization steps which finally lead to hydrocarbons. DFT
calculations in fact showed that the CO dissociation barrier is lower at step sites

compared to terraces. 51127129

Although this picture seems to be consistent, there has been no direct experimental
proof that steps are actually the active sites in the F'T synthesis. In order to probe the
role of step edge sites in FTS, it was analyzed how the catalytic activity of Co single
crystals depended on the surface structure by means of operando STM. The results are
shown in the following sections in two published articles. Both studies deal with the
variation of step densities. In the first study in section 4.1, the concentration of steps
on the Co(0001) crystal was varied by Ar™ sputtering. Literature data had indicated
that sputtering increased the activity.[*”! For the second study (section 4.2.1), a single

crystal with a (10115) orientation was used, which is vicinal to the (0001) surface.
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The surface provides a high density of steps, which is in the range of step densities
of nanoparticles. This study was designed to close the materials gap between surface

science model systems and industrial catalysts.

All experiments were performed at the HP-STM setup under the same reaction
conditions, namely an Hy:CO of 2:1, a total pressure of 950 mbar and a temperature
of ~230°C. Except for the total pressure, these parameters closely meet industrial
conditions. Although GC and STM measurements can theoretically be performed in
the same experiment, they were done separately for practical reasons. As in both cases
the same conditions were used and the results were well reproducible, the studies
can still be called operando. STM visualized the surface at an atomic scale under
reaction conditions, and the catalytic activity was monitored by the new GC. Despite
the pressure was one order of magnitude below industrial synthesis conditions, the

experiments provide insights into a working catalyst.

4.1 Operando STM Study of Fischer-Tropsch Syn-
thesis on a Co(0001) Catalyst

The article “The active sites of a working Fischer-Tropsch catalyst revealed by operando
scanning tunnelling microscopy”,!®" published in Nature Catalysis, presents the first
experimental results achieved by the combined HP-STM/GC setup. The operando
STM study on a Co(0001) single crystal deals with the question of how the catalytic
activity depends on the surface structure. In order to vary the step density, the crystal
was sputtered before some of the FT experiments. The step density was determined
by STM, whereas the catalytic activity, expressed as TOFs, was evaluated from GC

measurements. The key statements of the article are:

o The Co(0001) surface shows FT activity. Similar product distributions of C,
to C, hydrocarbonsP** have been reported before for Co(0001). It can be
concluded that data obtained with the modified setup are reliable.

o Ez situ XPS results neither show an oxidized nor a carbidic Co surface after
the reactions. The Co surface must be largely metallic during the reaction and
can only be covered by adsorbed species, which is in agreement with in situ

spectroscopic work. [130-132]

« In contrast to the literature,*? STM images do not show any roughening of
the surface during the reaction or the dynamic formation of additional steps or
cobalt islands. On the contrary, the roughened surface after sputtering became

even smoother during the reactions. This flattening of the surface could also be
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detected in vacuum. These results disprove a widespread theory in the literature
that additional active sites are formed under reaction conditions. The F'T activity
must be explained by pre-existing steps only. Furthermore, STM images show a
fluctuation of steps, indicating that they remain active in the syngas environment

and are not blocked by reaction intermediates.

o The catalytic activity scales with step density. This leads to the conclusion
that the rate-limiting step requires steps as active sites. Because the dissocia-
tion barrier of CO is strongly reduced at step sites according to calculations,
this observation is consistent with the carbide mechanism of the FTS. In this

mechanism, the dissociation of CO is the first and rate-limiting reaction step.!*®

The following pages display the corresponding publication, ref. [61]: Boller, B., Durner,
K. M. & Wintterlin, J. The active sites of a working Fischer—Tropsch catalyst revealed
by operando scanning tunnelling microscopy. Nat. Catal. 2, 1027-1034 (2019), Springer

Nature Limited 2019. Reproduced with permission from Springer Nature.

The supporting information of this article is shown in Appendix E, beginning on
page 107. The supplementary videos 1-4 are available on the website: https://www.
nature.com/articles/s41929-019-0360-1#Sec16.
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The active sites of a working Fischer-Tropsch
catalyst revealed by operando scanning

tunnelling microscopy

Bernhard Boller©@, Katharina M. Durner

and Joost Wintterlin®*

Direct identification of the active sites of a working catalyst is still a major problem in heterogeneous catalysis. Here we pres-
ent an operando scanning tunnelling microscopy study, in which insight into the nature of the active sites was obtained for the
cobalt-catalysed Fischer-Tropsch synthesis. Experiments were performed on a Co(0001) sample under H,/CO gas mixtures at
pressures of up to 950 mbar and a temperature of ~500 K. On the same apparatus, turnover frequencies were measured with a
customized gas chromatograph. The density of monoatomic steps of the sample was varied by sputtering. The Fischer-Tropsch
activity scaled with step density, from which steps are identified as the active sites of this reaction. The long-standing idea that
the activation of the Co catalyst is connected with a roughening of the surface is not confirmed. The known activity function can

be explained by pre-existing steps without roughening.

dentifying the active sites on the surface of a working catalyst

under industrial conditions is still a major scientific problem.

(Here we use the term active site in Taylor’s sense to denote a sub-
group of atoms on the surface of a catalyst, usually a defect, at which
a critical step of the reaction takes place'.) The standard method for
identifying active sites on a typical supported metal catalyst is to
measure catalytic activity as a function of the diameter of the metal
particles. Assuming that the edges and corners of the particles vary
with diameter in a systematic way, correlations can be interpreted
with respect to possible active sites>. However, microscopic informa-
tion is lacking in these experiments and it is not clear whether the
defects actually display the assumed structure and are accessible to
the reaction, or are deactivated by reaction intermediates. The infor-
mation is thus very indirect. Considerable progress has been made
with in situ electron microscopy, but atomic resolution of individual
active sites at pressures in the bar regime is still hard to reach.

Active sites have been identified directly by scanning tunnelling
microscopy (STM) in surface science investigations. For example,
NO molecules were observed to preferentially dissociate at atomic
steps’, but such experiments, performed under ultra-high vacuum
(UHV), are obviously far from industrial conditions. Another
approach has been to prepare high-index surfaces of single crys-
tals, which have defined densities of step and kink sites, and then to
perform activity measurements’. A possible problem here is that the
morphology of a surface can considerably change when exposed to
reactive gases, for example, by forming facets, and electron micros-
copy experiments on supported catalysts have indeed shown sub-
stantial morphology changes at elevated pressures™’.

In principle, STM should be able to provide information about
active sites under reaction conditions, at least for single-crystal
models. It has been shown that STM can work at gas pressures of
~1bar, thus approaching the industrial regime®"!, and in reaction
gas mixtures surface phases related to activity have been resolved.
For example, an oxidic state of a Pt surface could be connected
with a high activity for the oxidation of CO™. STM can also work
in liquids, and fluctuations of the tunnel current have been used to
distinguish different sites for the hydrogen evolution reaction on

metal electrodes'’. However, identifying active sites by STM is still
difficult. It not only requires stable atomic resolution under reac-
tion conditions, but also the measurement of the formation rates
of products under the same conditions, and the correlation of the
structure elements that may represent active sites with activity. This
has not been achieved so far.

An unusually complex reaction with respect to the nature of the
active sites is the cobalt-catalysed Fischer-Tropsch (FT) synthesis.
The reaction is an important industrial process used to produce lig-
uid fuels, mainly in the form of linear hydrocarbons:

(2n+1)H, + nCO — C,Hyyin + nH,O (1)

The feedstock of reactant gases is synthesis gas (syngas), a ~2:1
mixture of H, and CO that, in modern low-temperature FT syn-
thesis, reacts over oxide-supported Co catalysts at a temperature
of ~500K and at pressures of ~20-40bar (ref. *°). In the future, FT
synthesis may also play a role in energy storage in so-called power-
to-liquid processes in which the syngas is produced, for example, by
reduction of CO, and electrolytic water splitting'*.

Information about the active sites has previously been obtained
by the standard method, by measuring the activity of supported
Co catalysts as a function of particle diameter'®. The data showed
an unusual pattern, a steeply increasing turnover frequency (TOF)
with particle size for small particles up to a diameter of approxi-
mately 6 nm, and a sharp bend to a constant TOF for larger parti-
cles. The industrial Co catalyst is in the constant TOF regime'. The
fact that the TOF was independent of particle size in the industrial
regime would usually suggest a structure-insensitive reaction, but
this conclusion disagrees with the classical reaction mechanism of
FT synthesis'. According to this mechanism the rate-limiting step
is the dissociation of the CO molecules, which should be strongly
structure-sensitive.

This discrepancy seemed to be resolved by an early (ex situ)
STM study'®, which showed that an originally flat Co(0001) sample
had become completely rough after it was exposed to syngas, sup-
posedly by the formation of small, monolayer-high cobalt islands.
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The island formation was suggested to be induced by the reactive
syngas atmosphere, indicating that the active sites—steps or other
defects—are somehow self-induced by the reaction. That a well-
prepared Co(0001) surface was FT-active supported this model***.
Another indication was the induction time known from supported
FT catalysts that may be interpreted as a roughening period?.
Recent density functional theory calculations explained the rough-
ening as being caused by the spontaneous formation of monolayer
cobalt islands that were stabilized by C atoms and CO molecules
at the peripheral steps”. Another explanation, based on molecular
dynamics simulations, was that carbon atoms penetrated into the
first layer of the Co surface, displacing Co atoms that then con-
densed to form clusters”. This mechanism was shown to no longer
work for Co particles below a critical size, so that the sharp activity
drop towards smaller particles could also be explained. The rough-
ening hypothesis provided a consistent explanation of most data,
but it was entirely based on indirect experiments and modellings.

There have also been STM studies on the FT reaction at syngas
pressures between 10mbar and 3bar (refs. *>***°). Atomic resolu-
tion was accomplished, but results about the predicted roughening
were contradictory. It has been argued that the roughening requires
minimum pressures close to 1bar (ref. >2), but contaminants, in par-
ticular sulfur, may also play a role in morphology changes®. In none
of these studies were correlations of possible active site features with
activity determined.

Here we present an operando STM study, performed with a
Co(0001) model catalyst at syngas pressures of up to 950 mbar and
temperatures of ~500K, where this has been achieved. The experi-
ments were performed in a high-pressure reactor cell that houses
the STM and is attached to a UHV chamber for sample preparation
and post-reaction analysis”’. The data show a clear correlation of the
density of monoatomic steps with online-measured TOFs. However,
the steps were not dynamically formed during the reaction, and an
intentionally roughened surface even became smoother.

Results

Activity measurements. The present study was based on the abil-
ity to measure the FT activity of a Co single crystal in the STM cell
and to perform these measurements with sufficient precision to dis-
criminate between different states of the surface. Standard gas chro-
matography (GC) was not sensitive enough for the extremely low
product concentrations. From the low ratio of sample surface (pre-
pared area ~20 mm?) to STM cell volume (~1.81), concentrations in
the low ppm or even ppb regime were expected. To solve this prob-
lem, a specially configured GC was implemented (see Methods).
Figure 1a shows gas chromatograms taken with this setup from a
measurement with the well-prepared, annealed Co(0001) sample in
950 mbar syngas at a sample temperature of 493 K. Chromatograms
were recorded every hour during a 5h batch experiment. (All reac-
tion experiments in this study were performed in batch mode, see
Methods.) After the initial broad peak from the H,/CO mixture, one
can see sharp peaks from CH,, C,H,, C,H,, C;H,, C,H,, C,H; and,
barely visible on this scale, C,H,, on a sufficiently low background.
Peaks from C; hydrocarbons were close to the detection limit of
~0.3 ppb and were not included in the analysis.

From the peak increments between the chromatograms TOFs of
the individual hydrocarbons were calculated. The data (in units of
product molecules per Co(0001) surface atom per second; Fig. 1b,
blue dots) show the formation of hydrocarbons between C, and C,
and a roughly linear decrease from C, to C, on the semi-logarithmic
plot, except for a dip at the C, components. This distribution of C,
to C, hydrocarbons is typical for Co(0001) under similar pressure
and temperature conditions'*; longer hydrocarbons would only
form at the higher pressures used in the industrial process. Also, the
slight deactivation on the time scale of several hours (here on aver-
age by 30% within 5h) and, as seen in Fig. 1a, the higher selectivity
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Fig. 1| Catalytic activity of the Co(0001) sample measured in the

STM cell. a, Gas chromatograms recorded during a reaction experiment
in the STM cell with the annealed Co(0001) sample, in 950 mbar syngas,
H,:CO=2:1, at 493K, chromatograms taken every hour. a.u., arbitrary
units. b, TOFs of the individual hydrocarbon products obtained with the
annealed and the sputtered surface, from GCs recorded after 1Th and

5h. The TOFs were evaluated with respect to the number of Co atoms

on the polished and prepared part of the sample using the atom density
of Co(0001) of 1.837x 10 m~2 and the area of the prepared surface of
19.6 mm? olefin and paraffin hydrocarbons with the same C numbers were
combined (for the full data set see Supplementary Table 1). The chain
growth probabilities, determined from the slopes, were, on the annealed
sample, a=0.46 after Th and 0.39 after 5h; on the sputtered sample
a=0.51after Th and 0.42 after 5h.

for olefins than paraffins has been reported previously'**". Even the
absolute TOFs and the values of a, the chain growth probability,
which was determined from the slope of the data in Fig. 1b, agree
reasonably well with previously reported values'****. We can there-
fore be sure that, despite the difficult geometry of the STM cell, valid
activity data were measured, which is a precondition for the present
operando study.

In an attempt to enhance the density of active sites, the sample
was Ar*-sputtered after preparation. The TOFs measured thereafter
(Fig. 1b, green triangles) show the same qualitative behaviour as the
data from the well-prepared, annealed sample, but the values were
all higher, by a factor of approximately 1.8. That the activity of a
Co(0001) sample can be enhanced by sputtering has been reported
before, without clarifying the nature of the created sites”.

Chemical surface analysis. We also considered it important to
obtain some knowledge about the chemical state of the surface.
Using X-ray photoelectron spectroscopy (XPS) in the attached
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Fig. 2 | XPS spectra. a,b, The C 1s (a) and O 1s (b) regions. Bottom, spectra
of the annealed sample after preparation in UHV; top, spectra after 6 h

in syngas (950 mbar, H,:CO=2:1, 493K). The low signal-to-noise ratios
are explained by the beam sensitivity of the adsorption layer, so that

the spectra had to be recorded relatively quickly. For survey spectra see
Supplementary Fig. 1. cps, counts per second.

UHYV chamber this information was necessarily ex situ, but impuri-
ties from the reaction gases or major chemical changes of the sur-
face, for example by an oxidation, might have been detected. S and
Ni contaminants could be largely removed in this way (Methods).
As expected, C and O compounds were regularly detected after
reaction experiments (Fig. 2). The C Is peak at 283.4eV can be
attributed to atomic carbon (0.16 of a monolayer, ML), the peak at
284.4eV to adsorbed hydrocarbon moieties (0.10 ML), and the peak
at 285.9¢eV to adsorbed CO (0.25ML). The O 1s peak at 532.1eV is
also mainly attributed to CO (0.26 ML), possibly including 0.01 or
0.02ML of OH (averaged values; for variations see Supplementary
Table 2). We assume that the amount of CO does not reflect the
coverage during the reaction (close to 0.50 ML according to kinet-
ics experiments®) but was changed during pumping down to UHV.

On the sputtered sample, the coverages after the 5h reaction of
0.18 ML of atomic carbon, 0.14 ML of hydrocarbon moieties and
0.28 ML of CO (averaged values, for variations see Supplementary
Table 2) were only marginally higher. There were also no distinct
differences, for both types of samples, between reactions for 0.25h,
4h and 6h (Supplementary Table 2). Whether this uniformity
reflects immediately established steady-state coverages of reaction
intermediates during reactions or similar processes during cooling
and pumping after reactions we cannot determine. In any case, the
coverages of the atomic C and hydrocarbon species were low and
O species other than CO were almost completely absent. Massive
carbide or oxide formation could therefore be ruled out. This was
supported by the fact that, after the reaction experiments, almost as
much CO was detected on the sample as on a clean Co(0001) sur-
face in a room temperature UHV adsorption experiment (0.33 ML).
The surface in the operando experiments must therefore be largely
metallic Co. This finding agrees with most of the evidence from
in situ spectroscopic work™-*~,

STM measurements. STM images of the prepared, annealed
Co(0001) surface in UHV showed a characteristic morphology
of mainly monoatomic steps, screw dislocations and flat hillocks
(Fig. 3a). The hillocks are bulk defects caused by Ar atoms implanted
into the crystal lattice during sputtering and not completely removed
by annealing. The annealing temperature had to be kept at a low

NATURE CATALYSIS | VOL 2 | NOVEMBER 2019 | 1027-1034 | www.nature.com/natcatal

Fig. 3 | STM images of the Co(0001) sample in UHV and in 950 mbar
syngas. a, The anealed Co(0001) sample in UHV at room temperature;
300 %300 nm?, tunnelling voltage V,=-1V tunnelling current /,=0.7 nA.
Scale bar, 30 nm. b, The annealed Co(0001) sample in 950 mbar syngas,
H,:CO=2:1, 493K; image recorded 4.5 h after the start of the experiment
(193%x193nm?, V,=—-0.05V; I,=2.1nA). Scale bar, 20 nm.

value (630K) to avoid the hexagonal close-packed to face-centred
cubic phase transition of Co at ~700K (ref. **). Also the relatively
high density of steps and screw dislocations is explained in this way.
This morphology is typical for UHV-prepared Co(0001)****.

Figure 3b shows an STM image recorded under 950 mbar syn-
gas (H:CO=2:1) at 493K (not the same surface area). From
the TOFs recorded in the same cell and under the same condi-
tions (Fig. 1), the image shows an operating state of the sample that
produces FT products. However, the general morphology of steps,

1029



70

4. EXPERIMENTAL RESULTS

ARTICLES NATURE CATALYSIS

Fig. 4 | STM images of step fluctuations in syngas. a, The annealed Co(0001) sample in 200 mbar syngas, H,:CO=2:1, 493K. b, The same surface area
20 min later. Arrows are drawn for better visualization of the step edge motions (200 x 200 nm?, V,=—-0.5V, [,=0.7 nA). Scale bars for a,b, 20 nm.

¢, Detail from the annealed Co(0001) sample in 950 mbar syngas, H,:CO =2:1, 493 K. The steps have the correct height of a monoatomic Co(0001) step,
indicating that the fringes are caused by fast fluctuations of the step positions (20 x 20 nm?, V,=+0.15V, [;=2.1nA). Scale bar, 2 nm. d, A model of steps

on Co(0001).

screw dislocations and hillocks appears unchanged from the surface
in UHV (Fig. 3a). This finding was reproduced in all experiments at
950 mbar, and also under syngas pressures of 200 mbar. There were
also no indications of the Co,C phase, which forms a characteristic
stripe structure®*, or of one of the structures induced by S contam-
inants”, in agreement with the conclusions from XPS. In some data
weak triangular structures were identified on the terraces that may
be caused by low coverages of adsorbed C atoms (Supplementary
Fig. 2). In none of the reaction experiments that lasted several hours
were new cobalt islands observed to form.

On the other hand, the morphology was not static. Figure 4
shows two frames from an experiment in which the same surface
area could be imaged over a time period of 80 min (for the full series
see Supplementary Video 1). At the marked positions, the atomic
steps changed, but these changes were fluctuations of already exist-
ing steps. That steps fluctuate at elevated temperatures is to be
expected, and small-scale images showed typical fringes at the step
edges (Fig. 4c; for a time series see Supplementary Video 2; note
that we do not discriminate between the two types of steps on a
Co(0001) surface, Fig. 4d). These fringes indicate Co atoms diffus-
ing along the steps or detaching/reattaching to/from the terraces on
a fast time scale with respect to the scanning frequency of the STM.
That no new cobalt islands formed could therefore not be caused
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by a low mobility of Co atoms or by pinning of the step edges by
adsorbates.

Sputtering led to a strongly modified morphology (Fig. 5).
Directly after sputtering, with the sample still at room temperature
but under 950 mbar syngas, the STM showed a pronounced hill-
and-valley structure, but steps and terraces could still be identi-
fied on a small scale (Fig. 5a). When the temperature was raised to
493K, after 30min a clearer terrace/step morphology had evolved
(Fig. 5b), with wider terraces and a lower average height difference
between maxima and minima of the modulated topography. After
5h the terraces had grown further and the height modulation had
decreased further (Fig. 5¢; note the different scale bars), although
the changes happened more slowly than at the start. The highly
stepped surface from the sputtering thus became smoother under
the conditions of the reaction.

Figure 6 shows two images from a time series recorded after
80min that indicates the mechanism of this smoothing (for the
full series see Supplementary Video 3). One can see that at sev-
eral locations the highest, mesa-like terraces were shrinking and
finally dissolved, and at the same time the lowest cavities filled
up and eventually disappeared. A quantitative analysis shows that
the mass balance of Co atoms is closed (Supplementary Video 4
and Supplementary Fig. 3). There must be a flux of Co atoms
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Fig. 5 | STM images of the Co(0001) sample in syngas after sputtering. a, At room temperature (43x43nm? V,=0.3V, [,=0.7nA). Scale bar, 4 nm.
b, 30 min after increasing the temperature to 493K (50 x50 nm?, V,=0.05V, [;=0.7nA). Scale bar, 5 nm. ¢, 5 h after increasing the temperature to 493K
(200%x100nm?, V,=-0.3V, [,=0.7nA) Scale bar, 20 nm. All images were taken under 950 mbar syngas at H,:CO=2:1.

from the maxima to the minima of the topography across several
steps, leading to a flatter surface. These effects confirm that the
Co atoms are mobile under reaction conditions. Control experi-
ments in UHV showed that the smoothing also happens in vacuum
(Supplementary Fig. 4).

Correlation of activity and sites. What these data primarily show,
in addition to the smoothing under reaction conditions, is that sput-
tering allowed us to vary the density of steps without inducing other
defects. The sputtering initially may have created ill-defined atomic
defects, but after 30 min under syngas at 493K these had dissolved
and only steps were detected. For a quantitative analysis the step
lengths from several spatially uncorrelated scanning areas were
evaluated for four states of the surface, the well-prepared annealed
surface, the sputtered, highly-stepped surface after ~1 h, and the
sputtered, partially smoothed surface after approximately 3h and
5h in syngas at 493 K. A plot of the TOF data from these four states
(TOFs based on the consumption of CO) versus step density is
shown in Fig. 7. Obviously, the activity of the sample scales with
step density. That the linear regression function, even within the
scatter of the data, does not intersect the origin can be explained
by the blank activity of the Mo sample holder (0.5X 107*s™!) and an
additional finite activity of the edges of the crystal.

As steps were the only varying features in these experiments, this
correlation between TOF and step density is quite unambiguous.

NATURE CATALYSIS | VOL 2 | NOVEMBER 2019 | 1027-1034 | www.nature.com/natcatal

An obvious causal link is the dissociation of CO that is often
assumed to be the rate-limiting step of the FT synthesis"’. According
to density functional theory calculations, the CO dissociation bar-
rier is strongly lowered at step sites, to 1.61eV (ref. ¥), from the
very high values ranging from 2.28 to 3.80eV on a terrace site™.
The general reason for this is that the dissociation of molecules
such as CO, NO and N,, in which a  bond is cleaved, is favoured at
steps because the transition state complex can bind to several metal
atoms™*. Alternatively, the dissociation of the H, molecules, which
has been shown to be restricted on highly adsorbate-covered ter-
races, could be favoured at the steps®. It has also been suggested
that the rate-limiting step is not the dissociation of CO at the steps
but the subsequent hydrogenation of the CH, moieties. Because the
steps are still the source of the C atoms, also such complex explana-
tions would be consistent with the correlation*.

The fact that no surface roughening was observed but even a
smoothing of the sputtered surface, disagrees with the hypothesis
that under reaction conditions cobalt islands form, which is a pro-
cess assumed to create additional active sites. We propose instead
that the previous data can be explained without this effect, by pre-
existing steps only. Actually, the initially described increasing TOF
of the supported FT catalyst with particle size and the following
saturation have been predicted for reactions involving the dissocia-
tion of molecules such as CO*. Highly coordinated sites, the active
sites of these reactions, do not exist on the surfaces of very small
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Fig. 6 | STM images of the smoothing of the sputtered Co(0001) sample
in syngas. Images taken in 950 mbar syngas, H,;CO=2:1, 493K. a, 1.5h
after increasing the temperature to 493K. b, Image of the same area1.5h
later. Areas where the topmost terraces partially dissolved and the low-
lying cavities filled up are marked. Scale bars, 10 nm.

metal particles but they increasingly occur on larger particles until
saturation is reached.

For Co particles the morphology has been modelled explicitly”,
using the observation that the Co particles of the FT catalyst are
to a considerable fraction face-centred cubic rather than hexagonal
close-packed”, in contrast to bulk Co. In the model, face-centred
cubic Co particles form cubo-octrahedrons with rounded edges
(for illustrations see ref. ') that develop more steps and other highly
coordinated sites with increasing size, until at some point the den-
sity of these sites saturates. In detail, the step density-versus-particle
size function was not identical to the experimental TOF function
(it saturated at smaller particle sizes and bent from an increasing
to a constant value less abruptly) but qualitatively the behaviour
was the same. From this model the atomic steps on the surfaces of
the nanoparticles, which exist just as a result of their morphologies,
could be sufficient to explain the TOF function, rendering an addi-
tional roughening unnecessary.

This idea could be quantitatively tested by means of the present
data. For this purpose we extrapolated the regression line in Fig. 7
to the step densities evaluated by means of the cubo-octrahedron
model. For >8nm particles, for which most studies on supported
Co catalysts have been performed, 17% of the surface atoms are
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Fig. 7 | Plot of the CO-based TOFs versus step densities. CO-based TOFs
were evaluated by multiplying the hydrocarbon-based TOFs by the number
of C atoms of the individual products and adding up (Supplementary Table 1).
The step densities were determined in STM experiments performed

under exactly the same conditions as the TOFs. Data were taken from the
annealed Co(0001) sample (first set), and the sputtered sample after 5h
(second set), 3h (third set) and 1h (fourth set). The density data, in units
of Co step atoms per nm?, are averages from 21,12, 13 and 12 spatially
uncorrelated images from the four sets, determined in three experiments
with the annealed and two experiments with the sputtered surface; error
bars depict s.d. The dashed line is a linear fit. TOFs from the sputtered
surface have been corrected for a moderate deactivation observed for the
annealed sample after 3h and 5h (open symbols) and are thus not related
to structure changes. The open data points of the sputtered surface data
are the corresponding uncorrected values, showing that the scaling persists
even without the correction.

step atoms (all step types combined) according to the model®. For
a Co(0001) surface this fraction would correspond to a step density
of 3.12 nm~? for which the extrapolation from the data of Fig. 7 gives
a CO-based TOF of 1.7 x 10-2s™". Experimental TOFs, reported for
supported Co catalysts for 1bar and 493K (refs. '>**-¥), vary over
a wide range, from 0.75%x1072s™! to 6.3x 107*s7, indicating that
additional effects such as interactions of the Co particles with the
support play a role. One should also keep in mind that in these stud-
ies the particles sizes were inferred ex situ and indirectly by chemi-
sorption, X-ray diffraction and transmission electron microscopy,
or combinations thereof. Nevertheless, the value extrapolated from
the present data is within the order of magnitude of supported cata-
lyst activities. The proposed model, where existing steps are the only
active sites, can thus predict the activities of the supported catalyst
within an order of magnitude.

Conclusions

In conclusion, atomic steps were identified as the active sites of the
FT synthesis on a Co(0001) model catalyst. This was achieved in a
direct way, by quantitatively correlating the density of steps deter-
mined by STM with catalytic activity measured by GC in the same
apparatus and under the same conditions.

This finding has further implications for the understanding of
the FT synthesis and possibly of other catalytic reactions. First,
it shows that steps remain active under working conditions. One
might have expected that the CO molecules and various reaction
intermediates, that is, C, O and H atoms, and hydrocarbon moi-
eties, which are present at the high pressure, preferentially bind
to steps, thus self-poisoning these sites. However, no major deac-
tivation with time was observed, and the STM did not show any

NATURE CATALYSIS | VOL 2 | NOVEMBER 2019 | 1027-1034 | www.nature.com/natcatal



4.1.

OPERANDO STM StuDpY OF FTS oN C0(0001) 73

NATURE CATALYSIS

ARTICLES

formation of undefined structures at the steps. The reaction must
be fast enough to keep the coverages of surface species, which may
deactivate the steps, sufficiently low. Alternatively, stable adsorbate
configurations at the steps may leave sufficient space to still enable
dissociation processes™.

Second, the result puts restrictions on reaction mechanisms. The
sequence starting with the dissociation of CO followed by hydro-
genation of C atoms and polymerization of CH, species, although
favoured by most researchers, is not undisputed, and other FT reac-
tion mechanisms have been discussed. In an alternative, H-assisted
mechanism the adsorbed CO first becomes partially hydrogenated
and then the C-O bond is cleaved®. In this sequence the dissocia-
tion barrier is much lower, and the molecules could dissociate on
the flat terraces. However, the present study shows that the rate-
limiting step must be structure-sensitive.

Third, the result proves a long-standing idea in heterogeneous
catalysis. That steps are active sites has been assumed for many reac-
tions, and in particular it has been predicted by theory for reac-
tions involving the cleavage of molecular & bonds. However, strictly
speaking, there was no unique evidence for a working catalyst, and
the available information from indirect experiments can be quite
confusing, as was shown here for the FT synthesis. Here direct evi-
dence was provided by analysis of atomic-scale data.

Methods

Chamber. The dual chamber apparatus consisting of an UHV chamber and

the reactor cell with the STM has been described in detail previously””. The

UHV chamber was equipped with a photoelectron spectrometer with a
monochromatized Al Ka X-ray source and facilities for sample preparation.

The reactor cell could be operated at pressures between UHV and 1 bar. During
reaction experiments the sample was heated by means of an infrared laser coupled
into the STM cell by a glass fibre. The FT products in the reactor cell were analysed
online by means of a specially configured GC.

Gas purity. At the start of the project, after the Co sample had been in the reactor
cell for several hours at ~500 K under syngas, Ni and S signals were detected

by XPS. These contaminants had not been present in the previous experiments

at 10 mbar (ref. **), but they were detected here in increasing amounts between
200 mbar and 950 mbar. The S contaminant was most probably caused by traces of
sulfur compounds in the H, gas (99.9999%, AirLiquide) in concentrations below
the detection limits of the quadrupole mass spectrometer. After implementing
purifiers (MC1-904, MC50-403; SAES Pure Gas) and a liquid nitrogen cold trap
in the H, line, S was no longer detected by XPS. The Ni contaminant was certainly
caused by Ni carbonyl formed at Ni-containing components in the system and
decomposed at the hot sample. To solve this problem, extensive efforts were made
to remove all Ni-containing parts. Furthermore, the stainless steel reactor cell and
almost all other stainless steel components of the reactor cell were coated with
amorphous Si (SilcoGuard 1000, SilcoTek GmbH). To decompose carbonyls that
may have already been contained in the gas bottle or formed in the gas line, the
CO gas (99.997%, AirLiquide) was passed through a hot trap (a Cu pipe filled
with molecular sieve at 300 °C) and then through a liquid nitrogen cold trap to
freeze out residual carbonyls. With these measures, the Ni was reduced to the XPS
detection limits in the 200 mbar experiments and to coverages between 0.01 and
0.10 of a ML in the 950 mbar experiments, after 6 h in syngas. The amounts of
residual Ni were not correlated with activity, making any effects of the Ni traces on
catalytic properties unlikely.

Sample preparation. The Co(0001) sample (5 mm diameter of the polished

and prepared part) was mounted on a Mo holder. The temperature was measured
with a type S thermocouple pressed against the rear side of the sample by

means of a thin SiC disc. The SiC disc served as absorber of the infrared light
from the heating laser. The sample was sputter-cleaned in the UHV chamber as
previously described”. For the experiments with the sputtered surfaces, the sample
was first prepared as usual and then Ar*-sputtered (985eV, ~3 pA) at temperatures
below 373K for 30 min without a final annealing step. Blank experiments were
performed with Au(111) and Ag(111) samples mounted on the same type of
holder as the Co sample.

Reaction experiments. After preparation in the UHV chamber, the sample was
transferred to the reactor cell, H,/CO gas mixtures were introduced and then the
heating laser was turned on. All reaction experiments were performed in batch
mode. We consider this uncritical for the evaluation of the TOF data because the
CO conversions were only of the order of 10~ per hour (Supplementary Table 1),
which was a result of the small area of the prepared sample surface (19.6 mm?)
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and the large reactor volume (1.81). The gas composition thus basically did not
change during the experimental runs. Concentration gradients in the reactor
could be neglected because of the low TOFs. At the end of an experiment, the laser
heating was first turned off, so that the sample cooled down in syngas. In this way
CO could remain adsorbed on the sample, which helped protect the surface from
adsorption of hydrocarbons and water. When the temperature was below 70°C

the reactor cell was evacuated, and the sample was transferred to the preparation
chamber. Usually this took 2 min. Finally, XPS spectra were taken.

Gas chromatography. The hydrocarbon products formed in the reactor cell were
analysed with a GC (Trace 1310, ThermoFisher, using a 2m HayeSep Q80/100
micropacked column, an additional 30 m TracePlot TG-BOND Q column and a
flame ionization detector). The GC was customized for the special conditions of
the STM experiments, namely pressures <1bar and extremely low hydrocarbon
concentrations from the FT synthesis. To meet these conditions, the GC was
equipped with a special compression unit for gas sampling and a cryogenic,
liquid nitrogen-cooled trap at the column (S +H Analytik GmbH). Minimum
product concentrations of ~0.3 ppb could be measured in this way. In a typical
5h or 6h experiment, gas samples were taken every hour; pressure drops per GC
measurement were approximately 6.5 mbar at a total pressure of 950 mbar, or 0.6%.
Differential conditions were thus ensured.

STM. During experiments under syngas the scanning area was occasionally
repositioned to exclude artefacts from the presence of the tip. STM images

were processed using Igor Pro software (WaveMetrics) for plane and line noise
correction and for contrast. The densities of step edge atoms were calculated from
the total lengths of the step edges per surface area and using the Co-Co distance
at a step along a close-packed direction (0.2507 nm). The total lengths of the step
edges were measured manually; no automated analysis tools were applied. Of the
steps, 5-10% were double steps (or closely spaced single steps); these were just
counted twice, without considering possible special properties.

XPS. For coverage quantification by XPS, the peaks were fitted with Gaussians
convoluted with Doniach-Sunji¢ functions after a linear background subtraction.
C 1sand O Is binding energies could be determined with a precision of
approximately +0.1 eV. The peak intensities were normalized by the respective
cross-sections’ and asymmetry parameters™ at an angle of 66° between X-ray
source and analyser. The transmission function of the analyser was roughly
constant in the applied spectral range as determined with a clean Au(111) sample.
The coverages of the adsorbates were calculated by normalizing the individual peak
intensities by the Co 2p,;, peak, which is proportional to the number of detected
cobalt layers A, =[1—exp(—d/A)]™"; A is the mean free path of the photoelectrons™
and d=0.205nm is the layer distance of Co(0001). For simplicity, no damping

of the Co 2p,, signal by the adsorbates was assumed at coverages well below

one ML. Measurements of the saturation coverage of CO on the clean Co(0001)
sample in UHV gave reproducible amounts of 0.30-0.33 ML CO, both from the

C Isand O 1s peaks, if the acquisition times were kept short (otherwise some CO
desorption and decomposition could be observed when illuminating the sample
with the X-ray source).

Data availability

The data that support the findings of this study are presented within the text and
the supporting information or are available from the corresponding author upon
reasonable request.
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4.2 FT Synthesis on a Co(10115) Crystal

Based on the evidence that steps are the active sites of the FT synthesis on the
Co(0001) crystal, one can hypothesize that this is also the case for industrial FT
catalysts. On the other hand, the surface structure of this single crystal is different
from that of nanoparticles, and a Co(0001) single crystal can only be regarded as
a model system. The aim of the study presented in this chapter is to bridge this

materials gap between single crystals and nanoparticles.

In order to probe the effect of higher step densities than achieved with the sputtered
Co(0001) surface, the catalytic activity of a Co(10115) single crystal was analyzed by
operando FTS. The (10115) surface can be regarded as a 7.1° tilted surface of Co(0001)
with a high density of straight atomic steps, where the terraces are alternating 7 and 9
atomic rows wide. This surface preserves the close-packed structure of the terraces of
the Co(0001) surface, and only alters the step density. A model of the ideal Co(10115)

surface is depicted in Figure 4.2.

Figure 4.2: Model of the ideal Co(10115) surface. It can be regarded as a vicinal
Co(0001) surface, containing 7 and 9 atomic rows wide terraces separated by straight
steps.

As mentioned above, simulations of the morphology of fcc-packed Co nanoparticles
showed that the step density levelled off at a particle diameter of ~8nm. 17 % of the
surface atoms of such particles are step (Bs-A, Bs-B) or kink (Bg) sites.[*!l This is equal
to a step density of ~3.0nm~2 which is close to that of the ideal Co(10115) surface
(2.44nm~2). With respect to the step density, the Co(10115) sample can thus be

regarded as a single-crystal model for the nanoparticles of the supported FT catalyst.

In addition to the comparison with the Co(0001) crystal, the activity data of the

Co(10115) model catalyst were used for a quantitative comparison to literature data
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from supported nanoparticles. For this analysis, one has to take into account that the
activity of industrial catalysts may be affected by many factors. Besides the morphology,
interactions with the supporting oxides as well as the presence of promotors can alter
the behavior. Whether the activity of supported nanoparticles is determined by steps
or overwhelmed by other effects was the second question to be answered by this study.
Section 4.2.1 presents the results of the operando STM study on Co(10115).

After publishing the article, it turned out that parts of the given temperatures were

incorrect; a correction has been published (see section 4.2.2).

4.2.1 Operando STM Study to Bridge the Materials Gap

between Single Crystals and Supported Catalysts

The article “In Situ/Operando STM of the Fischer-Tropsch Synthesis on a Co(10115)
Surface — A Study to Bridge the Materials Gap between Single-Crystal Models and
Supported Catalysts”,'3% was published in ACS Catalysis. The key findings of the

article are:

e The STM images show the expected highly stepped morphology. In detail, the
surface topography differs from the ideal morphology of the Co(10115) surface.
While the ideal crystal would show hexagonally close-packed terraces with a width
of 7 and 9 atomic rows, STM images reveal broader (0001) terraces separated
by step bunches. In most cases, double steps could not be distinguished from
closely spaced monoatomic steps. However, analysis of few high-resolution areas

agrees with the theoretical step density of 2.44nm=2.

o The surface morphology in the presence of the syngas is the same as in UHV,
and it does not show any roughening during reaction. The same observation
has been made before for the Co(0001) surface.l®t The hypothesis that the Co-
based FT catalyst roughens under reaction conditions is therefore not confirmed.
Furthermore, the surface stays metallic during the reaction, and ez situ XPS
data show similar coverages of adsorbates as on the Co(0001) surface in the

previous study. 6

o Activity data from the annealed and sputtered Co(0001) surface were reproduced
from ref. [61]. The product distributions of C; to C4 hydrocarbons for the
Co(10115) single crystal are similar to those obtained from Co(0001). One can
conclude that the reaction mechanisms on both crystals are the same and that

the catalytic activity is only influenced by the steps.

e The range over which TOFs and step densities correlate was expanded by a
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factor of two compared to the previous study.[!) The fact that more olefins
than paraffins of the C, to C4 hydrocarbons are formed is in agreement with
literature data from nanoparticles.!'® Also for this reason, on can conclude that

the Co(10115) crystal is a valid model of industrial catalysts.

The activity of the Co(10115) model system is in good agreement with the
majority of reported values for Co nanoparticles. For this comparison, literature
data were corrected for deviating temperatures and partial pressures. It can be
concluded that the dominating factor for the activity is the step density also for

supported catalysts.

The materials gap between surface science models and industrial catalysts can

be regarded as bridged for this system.

The article “In Situ/Operando STM of the Fischer-Tropsch Synthesis on a Co(10115)
Surface — A Study to Bridge the Materials Gap between Single-Crystal Models and
Supported Catalysts” published in ACS catalysis is reproduced with permission from
ACS Catal. 2022, 12, 7199-7209. Copyright © 2022 The Authors. Published by

American Chemical Society.

The supporting information of this article is presented in Appendix F, starting on

page 117. The supporting video can be downloaded from the website: https://pubs.
acs.org/doi/10.1021/acscatal.2c00703.


https://doi.org/10.1021/acscatal.2c00703
https://pubs.acs.org/doi/10.1021/acscatal.2c00703
https://pubs.acs.org/doi/10.1021/acscatal.2c00703

Downloaded via LMU MUENCHEN on June 7, 2022 at 07:42:40 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

78

4. EXPERIMENTAL RESULTS

MCatalysis

pubs.acs.org/acscatalysis

Research Article

In Situ/Operando STM of the Fischer—Tropsch Synthesis on a
Co(10115) Surface—A Study to Bridge the Materials Gap between
Single-Crystal Models and Supported Catalysts

Katharina M. Golder and Joost Wintterlin™

Cite This: ACS Catal. 2022, 12, 7199-7209

I: I Read Online

ACCESS |

[ihl Metrics & More ‘

Article Recommendations |

@ Supporting Information

ABSTRACT: Co(10115), a vicinal surface of the Co(0001)
surface, has a similar density of steps as the supported Co catalysts
used in the industrial Fischer—Tropsch synthesis. We have
investigated whether this surface can serve as a model system to
bridge the materials gap between single crystals and supported
catalysts. Experiments on the Co(10115) surface were performed
by scanning tunneling microscopy (STM) under in situ/operando
conditions and by gas chromatography (GC) with the same sample
under the same conditions. X-ray photoelectron spectroscopy
(XPS) was used for postreaction surface analysis. In the
experiments, 2:1 mixtures of H, and CO (syngas) were applied
at a total pressure of 950 mbar and at a sample temperature of
503 K. The morphology resolved by STM under these conditions

showed long, narrow terraces as expected for the Co(10115) surface but also step bunching. GC showed the formation of C, to C,
hydrocarbons in considerably higher amounts compared to reference experiments with a Co(0001) sample. The activity of the
Co(10115) sample was higher than that of the Co(0001) sample by a factor approximately proportional to the density of atomic
steps. It is concluded that atomic steps are the active sites on this highly stepped surface. An analysis of literature data of supported
Co catalysts shows that the activities reported in the majority of these studies are comparable to those of the Co(10115) sample.

KEYWORDS: Fischer—Tropsch synthesis, turnover frequency, scanning tunneling microscopy, cobalt single crystal, structure sensitivity,

in situ, operando, materials gap

1. INTRODUCTION

We recently presented a study on the Fischer—Tropsch
synthesis in which the surface of a Co(0001) single crystal has
been imaged by scanning tunneling microscopy (STM) under in
situ/operando conditions." In the same apparatus, the catalytic
activity has been measured by gas chromatography (GC). By
combining these two techniques, it was shown that the catalytic
turnover frequency (TOF), as determined by GC, scaled linearly
with the density of monoatomic steps resolved by STM. This
correlation was the clearest experimental evidence so far that the
steps are the active sites of the Fischer—Tropsch synthesis on
this model catalyst.

Here, we present an investigation that was performed to
establish a closer link between model catalysts and the catalysts
applied by industry. In the industrial Co-catalyzed Fischer—
Tropsch synthesis, an approximate 2:1 mixture of H, and CO
(syngas) reacts at total pressures of 20—40 bar and temperatures
of ~500 K to give mainly linear, long-chain paraﬁins2

(2n + 1)H, + nCO - CH,,, + nH,0

The catalyst consists of metallic Co nanoparticles on an oxide
support, e.g., on ZrO,/SiO,. A favorable fact for the analysis of

© XXXX The Authors. Published by
American Chemical Society

~7 ACS Publications 7199

this reaction is that it can also be performed under laboratory
conditions, by applying syngas at ambient pressure. Under these
conditions, the hydrocarbon molecules obtained as products are
shorter,”® but it can be assumed that essential aspects of the
reaction mechanism are still captured. It is also possible to
perform the reaction with Co single crystals instead of supported
catalysts. Co(0001) and other crystal orientations have been
found to be Fischer—Tropsch-active in 1 bar syngas and can
therefore be regarded as model systems for the nanosized,
metallic Co particles of the actual catalyst.”~” Using the result
for Co(0001) that the steps are active, an obvious hypothesis is
that atomic steps are also the active sites on the Co particles of
the supported catalyst.
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The older view that the Fischer—Tropsch synthesis is a
structure-insensitive reaction is in obvious contradiction to this
hypothesis. However, in recent studies of supported catalysts,
particle size effects were observed, which pointed to a
pronounced structure sensitivity.'’"'> These studies showed
that the activity of very small Co particles increased with
increasing particle diameters until, at diameters between 6 and
10 nm, the activity leveled off, and then stayed constant over a
wide range of particle sizes. The industrial catalysts are
somewhat larger than the diameter beyond which the activity
becomes constant.

Such activity-vs-particle size functions, which display an
increase and then a leveling off, have actually been predicted for
reactions in which a 7 bond of an adsorbed molecule is cleaved
in a kinetically demanding reaction step.'* In the present
context, this would apply to CO. When a CO molecule
dissociates at an atomic step, the transition state can
simultaneously bind to the upper and lower edges of the step,
which considerably lowers the activation energy.'® That very
small catalyst particles only show low activity can be explained
by the fact that these particles only have edge and corner sites,
i.e., low-coordinated atoms, but they do not have steps, i.e., sites
consisting of neighboring low- and high-coordinated atoms.
When the particles get bigger and develop larger facets, terraces
form on these facets and, in this way, step sites are created. The
density of step sites increases with diameter and reaches a
maximum. Simulations of the atomic structure for the concrete
case of Co nanoparticles in fact showed an increasing
concentration of step sites with increasing diameter and then a
saturation at approximately 8 nm."'® This step density-vs-particle
size function was in very good agreement with the initial activity-
vs-particle size functions observed in the experiments.'®™"3

This correlation suggests a reaction mechanism in which the
dissociation of CO plays a critical role. The earliest proposed
and still most popular, so-called carbide mechanism of the
Fischer—Tropsch synthesis fulfills this condition.'”"* According
to this mechanism, the first, kinetically relevant reaction step is
the dissociation of adsorbed CO, which is followed by a series of
hydrogenation and polymerization steps that finally lead to the
hydrocarbon products. Atomic steps are required because,
according to calculations, the barrier for the dissociation of CO
on a close-packed Co surface is so high that this mechanism is
practically excluded on a flat surface.'”™>' The fact that
Co(0001) single crystals are Fischer—Tropsch-active is no
contradiction because even Co single-crystal surfaces prepared
in ultra-high vacuum (UHV) display appreciable concentrations
of atomic steps."*>*

Taking these facts together, a consistent picture seems to
emerge in which atomic steps are the active sites of the cobalt-
catalyzed Fischer—Tropsch synthesis, and their main function is
to facilitate the dissociation of the CO molecules. This does not
exclude additional effects of steps, e.g., that H, preferentially
dissociates at these sites when the surface is highly covered by
adsorbates,”* or that stefs are preferred sites for the growth of
the hydrocarbon chains.” It is also clear that the full mechanism
of the Fischer—Tropsch synthesis is still far from being solved.
However, with regard to its structure sensitivity, some
qualitative understanding seems to have been reached.

On the other hand, there is still a massive materials gap
between Co single-crystal models on the one hand and the
industrial Fischer—Tropsch catalysts on the other. The
morphologies are very different, and the presence of an oxide
support and of possible promotors could strongly alter the
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behavior. Whether the activity of a supported catalyst is actually
determined by atomic steps and not overwhelmed by other
effects still needs to be shown. One possibility to achieve this is
to show that the activity of Co particles can quantitatively be
predicted from the activity of the step sites measured for a Co
single crystal. In the previous in situ/operando STM study on
Co(0001), we have extrapolated the data to the step densities of
supported catalysts and obtained agreement of the activities
within an order of magnitude, suggesting that this might indeed
be possible.l However, a model that resembles the morphology
of the Co particles more closely and gives a comparable activity
would strongly support the hypothesis that atomic steps are also
the active sites of the supported catalyst.

Here, we report about a study on the Co(10115) surface. It
has a step density close to that of the Co particles at the onset of
the constant plateau of the activity-vs-particle size function and
thus models the narrow terraces and high step densities of the
industrial supported catalyst. Experiments were performed by
STM under in situ/operando conditions in combination with GC
measurements. We have obtained images of the structure under
reaction conditions and analyze whether the activity of this
highly stepped surface is consistent with the activity of the step
sites on the flat crystals. We then use these data to investigate
how the activity relates to literature data of supported Fischer—
Tropsch catalysts.

2. EXPERIMENTAL SECTION

The experiments were performed in an apparatus consisting of a
reaction cell and a UHV chamber that has been described in
detail previously.”® In short, the employed UHV chamber was
equipped with a spectrometer for X-ray photoelectron spec-
troscopy (XPS) using a monochromatic Al Ka source, an ion
gun for sputtering, a quadrupole mass spectrometer, a low-
energy electron diffraction (LEED) unit, and a sample
manipulator. The UHV chamber was used for sample
preparation before the reaction experiments and for surface
analysis after the experiments in the reaction cell.

The reaction cell, a 1.8 1 Si-coated stainless steel chamber,
housed a home-built, beetle-type STM and was connected to the
UHYV chamber by a sample transfer system. A Pt/Ir tunneling tip
was used for the present experiments. Pressures between UHV
and 1 bar could be applied, and the STM could be operated at
arbitrary pressures in this range (which makes use of the fact that
STM is generally not restricted to UHV27). For pressure
measurements in the bar range a diaphragm pressure gauge
(CDGO020D, Inficon) was used. In the reaction cell, the sample
was heated by an infrared laser from the backside by means of a
glass fiber that guided the laser light into the cell. For the syngas
mixtures 99.9999% H, (AirLiquide) and 99.997% CO (Air-
Liquide) were used. Considerable efforts were made to
additionally clean the gases before introducing them into the
cell and to keep the formation of Ni carbonyl low. The measures
taken, which included coating of all stainless steel parts of the
reactor with amorphous Si, have been described before.' The
STM itself, consisting of the scanning head, the sample
mounting assembly, and the internal vibrational decoupling
unit,”® could not be coated. Reaction experiments were
performed with the sample on the mounting assembly of the
STM, and, for comparison of the activities, after de-installing the
STM, with the sample held on a simplified mounting assembly in
the reaction cell. Without installed STM, a residual amount of
only 0.015 monolayers (ML) of Ni was detected by XPS after 1 h
in syngas at the reaction temperature, and 0.12—0.17 ML after

https://doi.org/10.1021/acscatal.2c00703
ACS Catal. 2022, 12, 71997209
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6 h. (1 ML is defined here as one particle per Co surface atom.)
With installed STM, the residual amount was 0.10 ML after 1 h
and 0.62 ML after 6 h. The higher Ni amounts in the presence of
the STM may be caused by the uncoated stainless steel parts of
the STM or by traces of Ni on the walls of the STM components
from previous experiments. However, the activities with and
without installed STM were identical within the scatter of the
data so that effects of Ni on the activities are unlikely. To safely
exclude effects of Ni, most activity measurements were
performed without installed STM.

The Co(10115) sample (MaTeck GmbH) was a round, 5 mm
wide disk with a 1 mm wide brim at which it was mounted to a
Mo holder. The nominal residual surface roughness was less
than 0.01 um, the orientation was better than 0.1°. A SiC disc
that served as absorber of the laser light was pressed to the
backside of the crystal. The temperature was measured by means
of a type S (PtRh/Pt) thermocouple clamped between the
sample and the SiC disc (a type K thermocouple was excluded
because it represents a source of Ni). The sample surface was
prepared by repeated Ar" sputtering (1 keV, 10 min at room
temperature, S min during heating up) and annealing to 623 K.
Because of the hep-to-fcc phase transition of Co at ~700 K, the
sample temperature was kept below 630 K in all preparation
steps. A consequence of this low preparation temperature was an
imperfectly annealed surface topography, which is a general
problem in experiments with Co single-crystal samples.

Blank TOFs measured with a Au(111) sample were ~1 X
107* s7* for CH,, 3 X 107° 57! for ethylene, 8 X 107 s7! for
ethane, 1 X 10~°s™! for propylene, and 5 X 107%s™! for propane.
These values are more than an order of magnitude lower than
the TOFs measured with the Co sample so that blank TOFs
could be neglected in the quantitative analyses.

The Fischer—Tropsch products were analyzed by a specially
designed GC system.” It was equipped with an automated gas
sampling unit that extracted gas samples from the reaction cell at
a pressure of 80 mbar, and then compressed the extracted
volumes into the sample loops of the two channels of the GC.
Concentration and peak focusing were achieved by means of a
N,-cooled cryo trap at one of the two separation columns. The
GC system reached detection and quantification limits of 0.45
and 1.3 ppb (parts per billion), respectively (determined for
propane). This high sensitivity was a precondition for analyzing
the extremely low amounts of products formed on the single
crystal in the relatively large reactor cell. Because of the low
extracted gas volumes (0.4% of the reactor content per gas
sample in the present experiments) and the low TOFs, the gas
composition was unchanged during an experimental run and the
reactions can be regarded as differential.

In a typical experiment, the sample was first prepared by
sputtering and annealing in the UHV chamber until the C 1s
signal was close to the detection limit of the XPS (~0.09 ML).
Then, the sample was transferred to the reaction cell. After
closing the valves to the UHV chamber and the vacuum pumps,
the cell was filled with H, and CO at a mixing ratio of 2:1 and, in
the present experiments, at a total pressure of 950 mbar. A first
gas sample was extracted for GC analysis (0 h spectrum in the
data shown below) after which the heating laser was turned on.
The laser power was adjusted such that a constant sample
temperature of ~503 K was held. Reaction experiments typically
lasted several hours under batch conditions during which gas
samples were taken every hour. Although possible in principle,
GC measurements were usually not performed simultaneously
with STM. However, the TOFs were measured with the same
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sample under the same T and p conditions so that the term in
situ/operando still appears appropriate. After a reaction experi-
ment, the heating laser was first turned off, and when the sample
had cooled to a temperature below 70 °C the reaction cell was
reevacuated. Finally, the sample was transferred to the UHV
chamber and analyzed by XPS. Coverages of the surface species
were determined by XPS from the cross sections of the elements
as described before."

For the purpose of comparison, TOFs were also measured
with a Co(0001) sample, both after the same preparation
procedure as applied for the Co(10115) sample, and, to increase
the step density of this flat surface, after additional sputtering for
10 min without final annealing. These experiments with
Co(0001) were equivalent to those described in ref 1. They
were repeated here because a new GC column had been
mounted and we wanted to make sure that the TOFs from the
Co(10115) sample could quantitatively be compared to the
TOFs from Co(0001). Unlike in the previous experiments, no
normalization of the GC intensities was required. Also for
reasons of quantitative comparison, the temperatures measured
at the backsides of both samples were carefully calibrated with
respect to a second pair of thermocouples directly welded to the
front surfaces. We give the calibrated temperatures at the
frontsides.

3. RESULTS

3.1. Structure Model of the Co(1 0T1_5) Surface. Figure 1
shows a structure model of the ideal Co(10115) surface in a view

Figure 1. Structural model of the ideal Co(10115) surface. (a) Top
view and (b) side view. The atoms of the A and B layers of the hcp-
stacked Co are shown as dark and light gray spheres, respectively.

from above [Figure 1a] and in a side view [Figure 1b]. We use
the standard four Miller index nomenclature of hcp crystal
surfaces, (hkh + kl), with h =1, k=0,h + k= T,and | = 15.
Dark and bright atom layers mark the A and B planes of the hep
lattice of cobalt. The atomic steps run along a close-packed
direction, and the hexagonally close-packed terraces between
the steps are 7 and 9 atomic rows wide for the A and B planes,
respectively. The ideal Co(10115) surface can be regarded as a
7.1° tilted vicinal surface of Co(0001) with a high density of
straight atomic steps. The density of step atoms is Qyep atoms = 2/
A, where A, the area of a unit cell, is A = (15/2) \/3 a“. With the

https://doi.org/10.1021/acscatal.2c00703
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lattice constant of Co of a = 2.507 A, the step density of a perfect
Co(10115) surface is 2.4 nm™> This value is comparable to the
density of step sites of the 8 nm Co particles at the onset of the
constant-activity plateau (see the Discussion section).

3.2. STM Experiments. Large-scale STM images of the
Co(10115) surface, recorded in UHV at room temperature,
show a pronounced stripe pattern [Figure 2a]. Smaller images

Figure 2. STM images of the Co(10115) surface in UHV at room
temperature. (a) Large-scale image, tunneling voltage (V,) = —0.2'V,
tunneling current (I,) = 0.7 nA. (b) Smaller-scale image, not from the
same area, V; = —0.2 V, I, = 2.25 nA.

[Figure 2b] show that the stripes consist of long, narrow,
atomically flat terraces separated by linear steps, many of which
are straight over several 100 A. On a large scale, this morphology
corresponds to expectations for the (10115) surface. Control
experiments by LEED showed hexagonal diffraction spots, in
agreement with the hexagonally close-packed terraces of the
(10115) surface. The hexagonal diffraction pattern is tilted with
respect to the surface normal of a Ag(111) reference sample,
consistent with the tilting of the (10115) surface.

Upon closer inspection of the STM data, one can see that
many of the terraces are significantly broader than the average
width of 16.3 A of the A and B terraces of the ideal surface, and at
the same time, many steps are higher than a monoatomic step.
The real (10115) surface shows significant step bunching.

In 950 mbar syngas (H,/CO = 2:1), the STM images at room
temperature [Figure 3a] and also at the reaction temperature of
503 K [Figure 3b] show, on a large scale, the same stripe pattern
and step bunching as in UHV at room temperature [Figure 2a].
Also on a smaller scale (Figure 4), there are no obvious
differences to the morphology of the surface in UHV. On this
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Figure 3. STM images of the Co(10115) surface in 950 mbar syngas at
H,/CO =2:1: (a) at room temperature, V,= —0.2 V, I, = 0.7 nA; (b) at
503 K, 3.5 h after starting heating the sample to S03 K, V,= 02V, I, =
0.7 nA.

smaller scale, one can see that most of the step bunches actually
consist of rows of parallel lower steps so that the actual step
density is higher than apparent on the large-scale images. For
example, along the line indicated in Figure 4a, one counts 43
steps, 29 of which are clearly resolved monoatomic steps [the
profile is shown in Figure 4b] (an ideal (10115) surface would
have 57 monosteps). On average over several images, 44% of the
steps were resolved as monosteps and 10% as double steps; the
rest are multiple steps.

Steps appearing two or more layers high are not necessarily
actual double or multisteps but could be closely spaced,
unresolved monosteps. The lateral resolution was high enough
to image a long-wave moiré structure at room temperature in
syngas [the hexagonal pattern on the terraces in Figure 4e],
which is formed by a layer of CO molecules on the hexagonally
close-packed terraces.”” However, in the present experiments,
two monosteps with a closer distance than ~6 A could not be
resolved. The data do therefore not discriminate between actual
double steps that represent small (1011) facets [Figure 5a,d]
and two closely spaced monosteps that have one or two atomic
rows in between [Figure Sb,c,e,f]. The same applies to higher
steps. For this reason, the actual density of steps is probably
higher than apparent on the large-scale images. The overall slope
of the surface is in good agreement with the ideal value; the
height difference of 118 A across the 935 A long profile [Figure
4b] corresponds to a tilt angle of 7.2°, quite exactly the value of
the ideal (10115) surface of 7.1°.

https://doi.org/10.1021/acscatal.2c00703
ACS Catal. 2022, 12, 71997209
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Figure 4. STM images of the Co(10115) surface taken in 950 mbar syngas at H,/CO = 2:1. (a) Large-scale image, recorded 2.5 h after starting the
experiment, S03 K, V,= —0.2V, I,=0.7 nA. (b) Line profile along the red line indicated in (a). (c) Small-scale image in syngas from a different position,
S03 K, V,=—0.2V, I, = 0.7 nA. (d) Small-scale image in syngas, 503 K, V, = —0.2 V, It = 0.7 nA. (e) Small-scale image, recorded in syngas at room
temperature, V, = —0.2 V, I, = 0.7 nA.
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Figure 5. Structure models of double steps. (a) True double step between two B planes. (b, c) Two closely spaced monosteps between two B planes.
(d) True double step between two A planes. (e, f) Two closely spaced monosteps between two A planes.
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There were no indications that the step bunching was
thermodynamically driven. We did not observe any systematic
changes of the average morphology over several months of
experiments, suggesting that there were no driving forces for the
formation of certain facets. A more obvious reason for the step
bunching is the restricted ordering kinetics at the relatively low
annealing temperature during sample preparation. As men-
tioned in the Experimental Section, the incompletely annealed
surface morphology is an inherent difficulty with Co single
crystals. In order not to risk destroying the crystal, no attempts
were made to anneal the sample at temperatures higher than
~700 K.

Despite this difficulty, a clear result is that the morphology
under reaction conditions was unchanged with respect to the
morphology in UHV at room temperature. Moreover, experi-
ments under reaction conditions in which images could be
recorded over longer time periods at the same position on the
surface did not show any signs of roughening or formations of
new terraces (Movie S1, recorded over a time period of 1.75 h).
This fact also rules out effects of traces of sulfur that lead to
pronounced morphology changes, as reported previously.”
Sulfur poisoning would additionally have been connected with
the formation of ordered structures that were not observed here,
and no sulfur was detected by XPS after the experiments. The
only structural effects observed here were the characteristic
fringed steps in smaller-scale STM images [Figure 4c,d]. These
fringes represent fast fluctuations on the time scale of the raster
scanning which are caused by site exchanges of Co atoms at the
steps edges, a known effect from metal surfaces and similarly
observed in previous studies on Co(0001)."?* It indicates that
the steps are dynamic and not blocked by reaction products.

3.3. GC Measurements. Figure 6a shows examples of gas
chromatograms recorded during a reaction experiment under
950 mbar syngas and at a sample temperature of 503 K. The
reaction ran for 6 h, a typical duration of the activity
experiments, and gas samples were extracted every hour. The
chromatograms show peaks from CH,, C,H,, C,H, C;H,,
C;Hg, C,Hg, and C,H, with decreasing concentrations from
methane to the C, hydrocarbons. The fact that the
concentrations of olefins are higher than those of the respective
paraffins has similarly been reported before for the fraction of
short hydrocarbons formed in the Fischer—Tropsch syn-
thesis."” 3! For the relatively low pressure applied here, this
has been explained by the fact that the primarily formed olefins
have to readsorb on the surface to become hydrogenated to give
paraffins.®’ Because short hydrocarbons are only weakly held on
the surface, their lifetime is too short for major hydrogenation.

The peaks in Figure 6a increase with time because of the batch
conditions of the experiment. From the increases per hour and
by utilizing the calibrated GC sensitivity together with the
volume of the reaction chamber, the sample surface area, and the
lattice constant of Co, TOFs of the individual hydrocarbon
products per Co surface atom were evaluated.”® These product-
based TOFs were then multiplied by the respective numbers of
C atoms and added up to give CO-conversion-based TOFs. The
results from 10 such experiments, in units of converted CO
molecules per Co surface atom per second, are plotted in Figure
6b as functions of time (red lines). One can see that the TOFs
scatter around an initial average value of 15 + 1.8 X 10 s™" and
increase with time to a final average value of 19 +2.3 X 1073 s™%.
The scatter of the data is most likely caused by small temperature
variations, resulting from the fact that the thermal contact of the
sample/sample holder unit to the mounting assembly varied
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Figure 6. Activity measurements by GC. (a) Chromatograms taken
every hour during a reaction experiment with the Co(10115) sample at
a total syngas pressure of 950 mbar, H,/CO = 2:1, 503 K. For clarity,
the chromatograms are displaced with respect to each other along the x
and y axes. (b) CO-based TOFs, plotted as functions of time, from 10
experiments with the Co(10115) sample (red), 6 experiments with the
sputtered Co(0001) sample (blue), and 4 experiments with the
annealed Co(0001) sample (green). The black data points are from a
blank experiment with a Au(111) sample, performed at the same
pressure and temperature.

somewhat between experiments (the sample had to be
transferred from the preparation chamber to the reaction cell
for each experiment). These variations in position were stronger
for the Co(10115) than for the Co(0001) sample. Moreover,
because an error in temperature leads to an error in the relative
TOFs, the scatter of the data from the stepped surface, which has
the highest TOFs, is more pronounced than that from the other
sample.

The figure also shows the TOFs from four experiments with
the Co(0001) sample in which the surface had been prepared by
the standard method including a final annealing step (green),
and six experiments in which the Co(0001) sample had been
sputtered in a final step (blue). The sputtered Co(0001) sample
was more active than the annealed surface, an effect we have
analyzed before and which could be attributed to the higher
density of steps created by the sputtering.' However, in all
experiments and irrespective of the scatter of the data, the
activity of the (10115) sample significantly exceeded the
activities of the annealed and of the sputtered Co(0001) sample.

The TOFs from the annealed Co(0001) surface [Figure 6b,
green curves] slightly decreased with time, indicating some
deactivation processes. The TOFs from the sputtered surface
(blue curves) decreased more strongly which, as has been shown
previously, was correlated with the time-dependent smoothing
of the sputtered surface." By contrast, the activity of the (10115)
sample (red curves) even showed a weak increase with time,

https://doi.org/10.1021/acscatal.2c00703
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reasons for which are unclear at present. As already mentioned,
the STM did not show any systematic changes with time so that
morphology effects are unlikely. The same holds for possible
effects of Ni contaminants, as the TOFs were independent of the
residual amount of Ni. One might speculate about a clean-up
reaction that was removing carbon or oxygen contaminants
deposited on the surface at the beginning of the experiments
when the reaction cell was filled with syngas and the sample was
still at room temperature.

From the GC data, an Anderson—Schulz—Flory (ASF) plot
was prepared, the standard way of displaying product
distributions in Fischer—Tropsch experiments (Figure 7).*”
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Figure 7. ASF plot of activity data from the Co single crystals. Data
points are product-based TOFs from experiments with the Co(10115)
sample and with the sputtered and annealed Co(0001) samples,
respectively. Each data point is an average over 10, 6, and 4
measurements, respectively, and the TOFs of the olefinic and paraffinic
hydrocarbons are added. The time instants at which the GCs were taken
are indicated. A linear regression line that fits the Co(10115)/1 h data
points is shown.

The plot shows the logarithmic, averaged TOFs of the individual
hydrocarbons (olefins and paraffins added), and measured at
two different time instants from the (10115) sample. It also
includes the data from the annealed and from the sputtered
Co(0001) sample. The dashed red line is a linear regression to
the data from Co(10115) after 1 h. In all cases, the plots show a
roughly linear decrease with chain length. However, as one can
see for the Co(10115)/1 h data, the value for methane is higher
than the linear regression line and the value for ethylene/ethane
is lower. The other data show similar deviations. Such
distributions, including the deviations of the C; and C,
hydrocarbons, are characteristic for the Fischer—Tropsch
synthesis under laboratory conditions.””~® The only systematic
differences of the data from the (10115) sample with respect to
those from the Co(0001) samples are shifts to higher values.
However, the shifts of all products are similar (except for the C,
hydrocarbons for which the absolute values are low), meaning
that the product distributions were more or less the same for all
samples. This result indicates that, qualitatively, the processes
were the same on all investigated surfaces.

3.4. XPS Measurements. Examples of XP spectra, recorded
before and after the reaction experiments, are shown in Figure 8.
The extensively prepared (10115) sample did not show any
intensity in the C 1s and O 1s spectral regions, indicating a clean
surface. During series of reaction experiments, when the sample
had undergone one preparation cycle, the XP spectra usually
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Figure 8. XP spectra of the C 1s and O 1s regions. The bottom spectra
were recorded on the Co(10115) sample after preparation in UHV; the
other spectra after 6 h reaction experiments in 950 mbar syngas, H,/CO
=2:1,503 K.

showed a small carbide signal, close to the XPS detection limit.
After 6 h in syngas at 503 K, the C 1s region showed three peaks
and the O Is region one peak. The C 1s peak at 283.2 eV can be
attributed to atomic carbon (0.14 ML), the peak at 284.3 eV to
hydrocarbon moieties (0.32 ML), and the peak at 285.9 eV to
adsorbed CO (0.27 ML). The O 1s peak at 531.9 eV can also
mainly be attributed to adsorbed CO (0.29 ML). The spectra
from the sputtered and the annealed Co(0001) surfaces showed
similar C 1s peaks at 283.2 and 285.9 eV and an O 1s peak at
531.9 eV, whereas the 284.3 eV C 1 s peak was lower for the
sputtered and yet lower for the annealed Co(0001) surface.
Similar spectra were recorded after all reaction experiments.
Spectra of the Co 2p region as well as survey spectra taken before
and after a reaction experiment are shown in the Supporting
Information (Figure S1).

Because the XP spectra were recorded ex situ, their
informative value about the composition of the surface layer
during reaction is limited. The higher amounts of hydrocarbon
moieties on the (10115) than on the Co(0001) sample may be
caused by a higher coverage of intermediates during the reaction
but may also result from readsorption of hydrocarbon molecules
after the reaction when the sample cooled down in the reaction
gas mixture.

https://doi.org/10.1021/acscatal.2c00703
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However, a clear result is that even on the (10115) surface the
coverages of the individual carbon and oxygen species were all
lower than one ML. During reaction, the coverages of the atomic
carbon and hydrocarbon species were probably even lower than
measured by XPS because of the unavoidable readsorption
processes at the end of the experiments. Only CO might have
partially desorbed during sample transfer to the UHV chamber
so that the measured CO coverages were probably lower than
those in the syngas atmosphere. The Co 2p;, peak after reaction
experiments was indistinguishable from the Co 2p;, peak of the
UHV-cleaned metallic Co (Figure S1). It can be concluded that
the surface during the reaction was not covered by a thick layer
of Co carbide or oxide but remained metallic and was only
covered by a sub-ML of adsorbed molecules. This fact is
consistent with near-ambient pressure XPS data at similar
temperatures.” It also agrees with the in situ STM data that
showed an unchanged structure with respect to UHV. The fact
that the adsorption layer was not resolved by STM results from
the high mobility of the adsorbed particles at 503 K; we have not
detected any structures similar to those in ref 34 that have been
explained by a layer of adsorbed hydrocarbon molecules.

4. DISCUSSION

The data show a distinctly enhanced activity of the (10115)
surface with respect to the Co(0001) surface but otherwise no
obvious differences. Like in the case of the Co(0001) surface, the
surface morphology in syngas remained the same as in UHV, the
composition of the products was more or less the same, and the
surface remained metallic. This indicates that the higher activity
is primarily a consequence of a higher density of active sites.
To examine whether these active sites are formed by atomic
steps, we constructed a plot of the CO-based TOF data as a
function of the densities of step atoms (Figure 9). For the
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Figure 9. Plot of the CO-based TOFs vs step densities of the Co single
crystals. Data from the annealed Co(0001) sample (green), from the
sputtered Co(0001) sample (blue), and from the Co(10115) sample
(red). The time instants are indicated.

(10115) surface, we used the nominal density of step atoms of
2.4 nm™? of the ideal Co(10115) surface (red data points). The
step bunches in the STM images were thus counted as series of
monosteps. For multistep geometries as those shown in Figure
Sb,cef, this can be justified by the local character of the
dissociation of the CO molecules. It should not make a major
difference whether the molecules dissociate at an ideal
monostep with broad terraces on both sides, or at a monostep
where one or both of the terraces are only one or two atoms
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wide. The same holds for other chemical processes at the steps.
True multisteps [Figure Sa,d] may be different in this respect so
that the concentration of these steps constitutes a residual
uncertainty. For control, step lengths were determined in a few
STM images that contained coherent areas with clearly resolved
monosteps. With the Co lattice constant of 2.507 A along the
close-packed direction of the steps, a step atom density of 2.4 +
0.2 nm ™2, was obtained, in agreement with the ideal value. The
step atom densities of the annealed and of the sputtered
Co(0001) surface, which we here used for comparison of the
data, were adopted from ref 1 (green and blue data points). For
the sputtered Co(0001) surface, three data points were available
because the steps created by sputtering decreased by a
measurable degree during an experimental run."

Figure 9 shows that the activity scales with the density of step
atoms, and a linear regression line (dashed) gives an acceptable
fit. An approximately linear scaling has been observed before for
the Co(0001) surface," but with the data from the Co(10115)
sample, the range where this correlation holds is expanded by a
factor of 2. It can be concluded that steps are also the active sites
on the Co(10115) surface.

Following an old claim how to report catalytic turnover
frequencies,” these results can be used to evaluate TOFs in
units of converted CO molecules per active site instead of the
usual units of converted CO molecules per surface atom. With
the step atom densities of the annealed Co(0001) surface, of the
sputtered Co(0001) surface after 1, 3, and S h, and of the
Co(10115) surface and the respective average TOFs, values of
1.4 +0.3% 1071, 1.00 + 0.06 X 1071, 0.73 + 0.06 X 107}, 0.73 +
0.07 X 107", and 1.2 + 0.2 X 107" s 7%, respectively, are obtained.
The average is equal to 0.1 s™. The variations around this value
reflect the same error as the deviations of the data points from
the regression line in Figure 9. Considering the fact that different
samples and sample states were analyzed, these variations are
moderate so that the active site-referenced TOFs are
comparable.

With the active sites identified for the Co(10115) sample, an
attempt was made to relate the activity of this surface to
literature data of supported Co catalysts. To obtain densities of
step atoms for these systems, we used the fact that the Co
nanoparticles of supported catalysts are to a considerable
fraction fcc-packed, in contrast to the hep-packing of bulk Co.%¢
fcc-packed Co nanoparticles form relatively well-defined,
rounded off cubo-octahedra that, according to recent in situ
TEM experiments and calculations of the surface free energy, are
stable in syngas at the reaction temperature.”’ The atomic
structure of such particles has been investigated by simulations
that also provided densities of step sites.'® It was shown that the
density first increases with particle size and then saturates at a
particle diameter of ~8 nm, as already mentioned in the
Introduction section. The simulations discriminated between
different local geometries of the step sites, namely, Bs-A sites
with a local (100) configuration, Bs-B sites with a local (111)
configuration, and kink sites.’® For 8 nm particles, the obtained
fractions with respect to all surface sites were 5.3% Bs-A sites,
6.7% B;-B sites, and 5.0% kink sites; 65% of the surface sites were
regular (111) sites, and 18% of the surface sites were regular
(100) sites. From these percentages, we evaluated an area-based
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where Ny, atoms = Nps-a + Nps.s + Nigak i5 the total number of
step sites. A, is the total surface area of a particle which is

given by
Asurface = N(l 1 I)A( 111) + ZV( IOO)A( 100) + lvstep atomsAstep site

N111) and Ni¢) are the numbers of (111) and (100) unit cells,
respectively; A(;1;) and A(jqp) are the respective unit cell areas;
and Ay, . is the average area of a step site; A(;1;) and A(jqg) are
crystallographically known, and we set Ay, g1 equal to Ay for
simplicity (the related error is low). Dividing all terms in the
resulting expression by the total number of surface atoms,
Niufaco and using the percentages from the simulations gives
Ostepatoms = 3-0 nm~2, which _is close to the step density of
2.4 nm™ of the ideal Co(10115) sample. Because 3.0 nm™>
represented a saturation value, we can assume that this
agreement remains valid also for somewhat larger particles.

It has also been mentioned in the Introduction section that
several experimental studies showed that the activities of
particles larger than 8 nm were constant, even up to 140 nm
in one study.'’”"® For the analysis, we therefore included all
investigations we could find that used particles with diameters
between 8 and 140 nm and that report TOFs in units of
converted CO molecules per surface atom per second. Most of
these measurements were performed with particles smaller than
20 nm, namely, 44% with 8—13 nm, 21% with 13—18 nm
particles. In cases where percent dispersions (%D) are given, we
converted these into particle diameters (d) by the approx-
imation d = 97 nm/%D for spherical Co particles ( adapted from
ref 38). TOFs measured at other temperatures and partial
pressures than in our experiments we converted to our
parameters [T = 503 K, p(H,) = 0.63 bar, p(CO) = 0.32 bar]
using the power law equation TOF = kp(H,)*” p(CO)™?,
which has been shown to be a good description of the kinetics®

0.7
E .
TOE, = exp __a( | i] 0.63 bar
R\so3K T)|| p(H,)
(0.32 bar) oF
p(CO)

where E, is the activation energy and R is the gas constant; for
E, we used an average value of 100 kJ mol™' from several
published data.*

The statistics of the resulting TOF,,,, values, extracted from
179 measurements in 49 studies is shown in Figure 10. A list of
the values with the corresponding references is given in Table
S1. As expected, the distribution has a considerable width. It is
clear that there are several effects that influence the activity and
are not included in the basic surface structure-based picture we
use here. Effects leading to major deviations are probably the
varying interactions of the Co particles with the different
supports, the fact that certainly not all Co particles of a real
catalyst are fcc-packed nanocrystals with an equilibrium shape,
and that, at higher pressures, a liquid hydrocarbon film and
restricted pore diffusion may slow down the kinetics.
Furthermore, the methods to determine the surface areas of
the particles (and thus the TOFs) have usually been relatively
indirect, and the power law we have used to correct the
temperatures and pressures is not precise over a wider parameter
range.*” Nevertheless, 70% of the reported TOF,,,, values vary
around a constricted range up to 32 X 107> s7".

The average TOFs from the (10115) surface, 15 X 107 s7*
after 1 hand 19 X 1072 s™" after 6 h, are in this range (Figure 10,
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Figure 10. Statistics of Fischer—Tropsch activity data of supported Co
catalysts from the literature and comparison with data from the
Co(10115) sample. Gray bars indicate the numbers of measurements
from the literature. Only those measurements were included in which
the diameters of the Co particles were between 8 and 140 nm. The
numbers of measurements are plotted vs the reported TOFs corrected
for our temperature and pressure parameters. The TOF_, step width of
8 X 107 s7! is arbitrary, but other reasonable widths give similar
distributions. The red bar indicates the averaged TOFs measured with
the Co(10115) sample; the width is given by the difference between the
TOPFs after 1 h and 6 h. For a list of all literature values used, see Table
S1.

red bar). It can be concluded that the (10115) surface is, in fact,
able to bridge the materials gap to the Co catalysts at the onset of
the constant-activity plateau. The hypothesis that steps are the
active sites also on the supported catalysts has thus been
confirmed. On supported catalysts, additional effects do
certainly play a role and may shift the activity to higher or
lower values, but the dominating factor is the activity of the
steps.

Why the activity of supported catalysts remains constant over
such a large range of particle diameters beyond ~8 nm is a more
difficult question to answer. The maximum in the step site
density-vs-particle diameter function might be broad but
eventually the step density and consequently the TOF should
decrease as the particles get larger."**" To explain the constant
activity, it has been suggested that Co surfaces roughen under
reaction conditions so that the concentration of step sites on the
particles remains constant.*~** However, this explanation is not
confirmed by the present in situ/operando STM experiments at
950 mbar on the (10115) surface. The data do not show any
signs of roughening or of other structure changes under reaction
conditions. Of course, we cannot exclude a roughening at higher
syngas pressures. However, the constant-activity plateau of the
supported catalysts reported in the literature was not restricted
to higher pressures but was also observed at 1 bar."’

We propose instead that the constant activity is a result of the
morphology of the particles. The mentioned atomic structure
simulations showed that the surface morphology of Co particles
up to a diameter of 8 nm is not given by the Wulff construction, a
concept based on macroscopic surface energies. The particles
are more compact, and their shapes are somewhere between
actual spheres and the polyhedra predicted by the Wulff
construction.'® When such particles get larger but still follow this
trend, an increase in particle size has to lead to additional
terraces on the Wulff facets. In this way, additional steps are
created. The number of step sites relative to the number of
surface atoms and the density of active sites could therefore
remain constant over a wider range of particle diameters.

https://doi.org/10.1021/acscatal.2c00703
ACS Catal. 2022, 12, 7199-7209
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5. CONCLUSIONS

In situ/operando STM experiments on the Fischer—Tropsch
synthesis have been performed on a Co(10115) sample at a
syngas pressure of 950 mbar and a temperature of 503 K. With
the same sample and under the same conditions, the catalytic
activity with respect to C, to C, hydrocarbons has been
measured by GC, and reference experiments have been
performed with a Co(0001) sample. Control experiments by
XPS showed that the surfaces stay metallic under reaction
conditions and are only covered by adsorbed atoms and
molecules. Three main conclusions can be drawn from these
combined experiments:

(i) The activity scales approximately linearly with the step
density. This correlation remains valid over a considerably
wider range than analyzed previously. The range has been
extended by a factor of 2 with respect to the range of data
from an annealed and a sputtered Co(0001) surface. This
result strongly supports the hypothesis that atomic steps
are the active sites for the Fischer—Tropsch synthesis on
Co single-crystal model catalysts.

The TOFs on the Co(10115) surface agree relatively well
with most of the TOF data from the literature on
supported Co catalysts. The comparison is based on TOF
data from supported Co catalysts with particle diameters
between 8 and 140 nm and which were corrected for
temperature and partial pressure differences. This agree-
ment is consistent with a structure model of the Co
nanoparticles of the catalyst according to which the
particles form compact, fcc-packed cubo-octrahedra that
have a similar density of atomic steps as the Co(10115)
surface. The data from the Co(10115) model catalyst
therefore confirm, in a quantitative way, the hypothesis
that atomic steps are also the active sites on the Co
particles of supported Fischer—Tropsch catalysts.

Like the Co(0001) surface in the previous study, the
Co(10115) surface does not show any signs of rough-
ening under the chosen conditions. The wide maximum
in the activity of supported Fischer—Tropsch catalysts vs
particle size is therefore most likely not caused by surface
roughening. It is proposed instead that it is related to the
compact shapes of the Co particles. The density of step
sites on the surfaces of such particles and thus the density
of active sites can thus be constant over a wide range of
particle diameters.

(ii)

(iii)

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.2c00703.

XP spectra of the Co 2p region and survey scans taken
before and after a reaction and table of TOFs of supported
Co catalysts from the literature (PDF)

STM images recorded over a time period of 1.75 h under
reaction conditions (MOV)

B AUTHOR INFORMATION

Corresponding Author
Joost Wintterlin — Department of Chemistry, Ludwig-
Maximilians-Universitit Miinchen, 81377 Munich, Germany;
Center for NanoScience, 80799 Munich, Germany;

7208

orcid.org/0000-0002-0636-7538; Email: wintterlin@
cup.uni-muenchen.de

Author
Katharina M. Golder — Department of Chemistry, Ludwig-
Maximilians-Universitit Miinchen, 81377 Munich, Germany;
orcid.org/0000-0002-3100-8609

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.2c00703

Author Contributions
K.M.G. performed the experiments and wrote the manuscript.
J.-W. supervised the project and wrote the manuscript.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This study was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation)—WT 1003/8-1.

B REFERENCES

(1) Béller, B.; Durner, K. M.; Wintterlin, J. The active sites of a
working Fischer—Tropsch catalyst revealed by operando scanning
tunnelling microscopy. Nat. Catal. 2019, 2, 1027—1034.

(2) Bartholomew, C. H.; Farrauto, R. J. Fundamentals of Industrial
Catalytic Processes, 2nd ed.; Wiley-Interscience: Hoboken, NJ, 2006; pp
398—486.

(3) Reuel, R. C.; Bartholomew, C. H. Effects of support and dispersion
on the CO hydrogenation activity/selectivity properties of cobalt. J.
Catal. 1984, 85, 78—88.

(4) Fu, L.; Bartholomew, C. H. Structure sensitivity and its effects on
product distribution in CO hydrogenation on cobalt/alumina. J. Catal.
1985, 92, 376—387.

(5) Johnson, B. G.; Bartholomew, C. H.; Goodman, D. W. The role of
surface structure and dispersion in CO hydrogenation on cobalt. J.
Catal. 1991, 128, 231—247.

(6) Bezemer, G.L.; van Laak, A.; van Dillen, A.J.; de Jong, K. P. Cobalt
Supported on Carbon Nanofibers—A Promising Novel Fischer-
Tropsch Catalyst. In Studies in Surface Science Catalysis, Bao, X.; Xu,
Y., Eds.; Elsevier, 2004; Vol. 147, pp 259—264.

(7) Geerlings, J.J. C.; Zonnevylle, M. C.; de Groot, C. P. M. Studies of
the Fischer-Tropsch reaction on Co(0001). Surf. Sci. 1991, 241, 302—
314.

(8) Geerlings, J. J. C.; Zonnevylle, M. C.; de Groot, C. P. M. Structure
sensitivity of the Fischer-Tropsch reaction on cobalt single crystals.
Surf. Sci. 1991, 241, 315—324.

(9) Beitel, G. A.; de Groot, C. P. M.; Oosterbeek, H.; Wilson, J. H. A
Combined in-Situ PM-RAIRS and Kinetic Study of Single-Crystal
Cobalt Catalysts under Synthesis Gas at Pressures up to 300 mbar. J.
Phys. Chem. B 1997, 101, 4035—4043.

(10) Bezemer, G. L.; Bitter, J. H.; Kuipers, H. P. C. E.; Oosterbeek, H.;
Holewijn, J. E.; Xu, X; Kapteijn, F.; van Dillen, A. J.; de Jong, K. P.
Cobalt Particle Size Effects in the Fischer—Tropsch Reaction Studied
with Carbon Nanofiber Supported Catalysts. . Am. Chem. Soc. 2006,
128, 3956—3964.

(11) Prieto, G.; Martinez, A.; Concepcién, P.; Moreno-Tost, R.
Cobalt particle size effects in Fischer—Tropsch synthesis: structural and
in situ spectroscopic characterisation on reverse micelle-synthesised
Co/ITQ-2 model catalysts. J. Catal. 2009, 266, 129—144.

(12) den Breejen, J. P.; Radstake, P. B.; Bezemer, G. L.; Bitter, J. H.;
Froseth, V.; Holmen, A.; de Jong, K. P. On the Origin of the Cobalt
Particle Size Effects in Fischer—Tropsch Catalysis. J. Am. Chem. Soc.
2009, 131, 7197—7203.

(13) Xiong, H,; Motchelaho, M. A. M.; Moyo, M,; Jewell, L. L,
Coville, N. J. Correlating the preparation and performance of cobalt
catalysts supported on carbon nanotubes and carbon spheres in the
Fischer—Tropsch synthesis. J. Catal. 2011, 278, 26—40.

https://doi.org/10.1021/acscatal.2c00703
ACS Catal. 2022,12, 7199-7209



88

4. EXPERIMENTAL RESULTS

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

(14) Van Santen, R. A. Complementary Structure Sensitive and
Insensitive Catalytic Relationships. Acc. Chem. Res. 2009, 42, 57—66.

(15) Gong, X.-Q.; Raval, R;; Hu, P. CO dissociation and O removal on
Co(0001): a density functional theory study. Surf. Sci. 2004, 562, 247—
256.

(16) van Helden, P.; Ciobici, I. M.; Coetzer, R. L. J. The size-
dependent site composition of FCC cobalt nanocrystals. Catal. Today
2016, 261, 48—59.

(17) Fischer, F.; Tropsch, H. Die Erddlsynthese bei gewchnlichem
Druck aus den Vergasungsprodukten der Kohlen. Brennst. Chem. 1926,
7, 97—104.

(18) van Santen, R. A.; Markvoort, A. J.; Filot, I. A. W.; Ghouri, M. M,;
Hensen, E. J. M. Mechanism and microkinetics of the Fischer—Tropsch
reaction. Phys. Chem. Chem. Phys. 2013, 15, 17038—17063.

(19) Qi, Y;; Yang, J.; Chen, D.; Holmen, A. Recent Progresses in
Understanding of Co-Based Fischer—Tropsch Catalysis by Means of
Transient Kinetic Studies and Theoretical Analysis. Catal. Lett. 2015,
145, 145—161.

(20) Liw, J-X;; Su, H.-Y; Sun, D.-P; Zhang, B.-Y; Li, W.-X.
Crystallographic Dependence of CO Activation on Cobalt Catalysts:
HCP versus FCC. J. Am. Chem. Soc. 2013, 135, 16284—16287.

(21) Petersen, M. A.; van den Berg, J.-A; Ciobica, I. M.; van Helden,
P. Revisiting CO Activation on Co Catalysts: Impact of Step and Kink
Sites from DFT. ACS Catal. 2017, 7, 1984—1992.

(22) Ehrensperger, M.; Wintterlin, J. In situ high-pressure high-
temperature scanning tunneling microscopy of a Co(0001) Fischer—
Tropsch model catalyst. J. Catal. 2014, 319, 274—282.

(23) Weststrate, C. J.; van Helden, P.; van de Loosdrecht, J.;
Niemantsverdriet, J. W. Elementary steps in Fischer—Tropsch
synthesis: CO bond scission, CO oxidation and surface carbiding on
Co(0001). Surf. Sci. 2016, 648, 60—66.

(24) Weststrate, C. J.; Mahmoodinia, M.; Farstad, M. H.; Svenum, I.-
H.; Stromsheim, M. D.; Niemantsverdriet, J. W.; Venvik, H. J.
Interaction of hydrogen with flat (0001) and corrugated (11—20) and
(10—12) cobalt surfaces: Insights from experiment and theory. Catal.
Today 2020, 342, 124—130.

(25) Zijlstra, B.; Broos, R. J. P.; Chen, W.; Bezemer, G. L.; Filot, L. A.
W.; Hensen, E. J. M. The Vital Role of Step-Edge Sites for Both CO
Activation and Chain Growth on Cobalt Fischer—Tropsch Catalysts
Revealed through First-Principles-Based Microkinetic Modeling
Including Lateral Interactions. ACS Catal. 2020, 10, 9376—9400.

(26) RoBler, M.; Geng, P.; Wintterlin, J. A high-pressure scanning
tunneling microscope for studying heterogeneous catalysis. Rev. Sci.
Instrum. 20085, 76, No. 023705.

(27) Salmeron, M.; Eren, B. High-Pressure Scanning Tunneling
Microscopy. Chem. Rev. 2021, 121, 962—1006.

(28) Golder, K. M.; Bller, B.; Stienen, G.; Sickerling, J.; Wintterlin, J.
A highly sensitive gas chromatograph for in situ and operando
experiments on catalytic reactions. Rev. Sci. Instrum. 2021, 92,
No. 124103.

(29) Béller, B.; Zeller, P.; Giinther, S.; Wintterlin, J. High-Pressure
CO Phases on Co(0001) and Their Possible Role in the Fischer—
Tropsch Synthesis. ACS Catal. 2020, 10, 12156—12166.

(30) Ehrensperger, M,; Wintterlin, J. In situ scanning tunneling
microscopy of the poisoning of a Co(0001) Fischer—Tropsch model
catalyst by sulfur. J. Catal. 2015, 329, 49—56.

(31) Kuipers, E. W.; Vinkenburg, I. H.; Oosterbeek, H. Chain Length
Dependence of a-Olefin Readsorption in Fischer-Tropsch Synthesis. J.
Catal. 1998, 152, 137—-146.

(32) Eilers, J.; Posthuma, S. A.; Sie, S. T. The shell middle distillate
synthesis process (SMDS). Catal. Lett. 1990, 7, 253—269.

(33) Wu, C. H,; Eren, B.; Bluhm, H.; Salmeron, M. B. Ambient-
Pressure X-ray Photoelectron Spectroscopy Study of Cobalt Foil Model
Catalyst under CO, H2, and Their Mixtures. ACS Catal. 2017, 7, 1150—
1157.

(34) Navarro, V.; van Spronsen, M. A.; Frenken, J. W. M. In situ
observation of self-assembled hydrocarbon Fischer—Tropsch products
on a cobalt catalyst. Nat. Chem. 2016, 8, 929—934.

7209

(35) Boudart, M. Turnover rates in heterogeneous catalysis. Chem.
Rev. 1995, 95, 661—666.

(36) Kitakami, O.; Sato, H.; Shimada, Y.; Sato, F.; Tanaka, M. Size
effect on the crystal phase of cobalt fine particles. Phys. Rev. B 1997, 56,
13849—13854.

(37) De Vrieze, J. E.; Bremmer, G. M.; Aly, M.; Navarro, V.; Thybaut,
J. W,; Kooyman, P. J; Saeys, M. Shape of Cobalt and Platinum
Nanoparticles Under a CO Atmosphere: A Combined In Situ TEM and
Computational Catalysis Study. ACS Catal. 2019, 9, 7449—7456.

(38) Reuel, R. C.; Bartholomew, C. H. The stoichiometries of H2 and
CO adsorptions on cobalt: Effects of support and preparation. J. Catal.
1984, 85, 63=77.

(39) Ribeiro, F. H.; Schach Von Wittenau, A. E.; Bartholomew, C. H.;
Somorjai, G. A. Reproducibility of Turnover Rates in Heterogeneous
Metal Catalysis: Compilation of Data and Guidelines for Data Analysis.
Cat. Rev. 1997, 39, 49-76.

(40) Keyvanloo, K.; Lanham, S. J.; Hecker, W. C. Kinetics of Fischer-
Tropsch synthesis on supported cobalt: Effect of temperature on CO
and H2 partial pressure dependencies. Catal. Today 2016, 270, 9—18.

(41) Van Hardeveld, R.; Hartog, F. The statistics of surface atoms and
surface sites on metal crystals. Surf. Sci. 1969, 15, 189—230.

(42) Wilson, J.; de Groot, C. Atomic-Scale Restructuring in High-
Pressure Catalysis. J. Phys. Chem. A 1995, 99, 7860—7866.

(43) Zhang, X.-Q; van Santen, R. A; Hensen, E. J. M. Carbon-
Induced Surface Transformations of Cobalt. ACS Catal. 2015, 5, 596—
601.

(44) Banerjee, A.; Navarro, V.; Frenken, J. W. M.; van Bavel, A. P,;
Kuipers, H. P. C. E.; Saeys, M. Shape and Size of Cobalt Nanoislands
Formed Spontaneously on Cobalt Terraces during Fischer—Tropsch

Synthesis. J. Phys. Chem. Lett. 2016, 7, 1996—2001.

https://doi.org/10.1021/acscatal.2c00703
ACS Catal. 2022, 12, 7199-7209



4.2. FI1SCHER-TROPSCH SYNTHESIS ON A C0(10115) CRYSTAL 89

4.2.2 Correction of Activity Data

Follow-up experiments showed that the published temperatures were partially incorrect.
One error was caused by an erroneously corrected cross-fall between the two thermo-
couple inputs of the two-channel meter. A second error resulted from small variations
in the glass fiber-to-sample distance when the simplified setup or the complete setup
with the installed STM was used.

As a consequence, all temperatures of the Co(0001) sample, given in the ACS Catalysis
article, and most temperatures of the Co(10115) crystal were lower than given. For
correction, the TOFs of the Co(0001) crystal were upscaled to compare them to those
of the Co(10115) crystal. A scaling factor was determined in reference experiments at
higher temperatures. Additionally, only experiments performed with the simplified
setup were included in the corrected version. The conclusion that the activity scales
with the step density of the crystals and that, therefore, the steps must be the active

sites remains unaffected.

In the following, the correction to the previous article “Correction to ‘In Situ/Operando
STM of the Fischer-Tropsch Synthesis on a Co(10115) Surface — A Study to Bridge the
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Materials Gap between Single-Crystal Models and Supported Catalysts’ published in
ACS catalysis is reproduced with permission from ACS Catal. 2022, 12, 10560-10561.

Copyright © 2022 The Authors. Published by American Chemical Society.
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In follow-up experiments we found that the temperatures in
parts of the reaction experiments were lower than given in the
publication. As described in the Experimental Section of the
publication, temperatures were measured with thermocouple
wires at the backsides of the samples. Temperature differences
between the backsides and the polished and prepared frontsides
were determined by calibration experiments using second pairs
of thermocouple wires mounted to the frontsides. However, we
found that the calibration factors were partially incorrect.
Corrections are required that mainly affect the data of the
Co(0001) sample used for reference purposes.

In the experiments with the Co(10115) sample, the actual
temperature was 501 K, ~2 K lower than given in the paper,
which is within the error margins. However, for a subset of
measurements, the precise calibration factors were uncertain. In
the corrected Figures 6b and 9 (shown below) we therefore only
include those measurements in which the calibration factor was
certain (for both crystals). The time evolutions and distributions
of the activities of the Co(10115) sample are not significantly
affected by this change (corrected Figures 6b and 9, red data
points).

In the reference experiments with the Co(0001) sample, the
actual temperature was 482 K, ~20 K lower than given in the
paper, which is beyond the error margins. However, we can
upscale the activities to 501 K, the temperature of the
Co(10115) experiments, by means of (shorter) measurements
with the Co(0001) sample actually performed at 501 K within
the same set of experiments. The resulting scaling factor is 1.59.
A second set of experiments was performed after the setup of the
Co(0001) sample had been changed. The scaling factor
evaluated from those experiments (2.64) is therefore less
reliable. However, we can use it to estimate error margins of the
correction.

Figure 6b, which has been corrected by the scaling factor 1.59,
shows upshifted activities of the sputtered and the annealed
Co(0001) sample (blue and green data points, respectively).
The time evolutions are unchanged. The corrected Figure 9
indicates the spreads from the two scaling factors as error bars on
the data from the Co(0001) sample. Irrespective of these errors,
the main result that the activity increases with the step density
remains unaffected.

© XXXX The Authors. Published by
American Chemical Society
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Figure 6b. CO-based TOFs as functions of time. Total pressure
950 mbar, H,/CO = 2:1. Red: three experiments with the Co(10115)
sample at 501 K. Blue: four experiments with the sputtered Co(0001)
sample at 482 K. Green: three experiments with the annealed Co(0001)
sample at 482 K. The TOFs from the Co(0001) sample have been
upscaled by a correction factor of 1.59 to make them comparable to the
Co(10115) data at 501 K. Black: blank experiment with a Au(111)
sample, adopted from the original figure without change.

Two facts change. First, the linear regression line no longer
intersects the origin (corrected Figure 9). Actually, this is not
unexpected as a similar offset on the y axis has previously been
seen in activity data of Co(0001) alone (ref 1 of the publication).
It had been explained by a finite activity of the crystal rim, and we
here explain it in the same way. Second, the activity of the
sputtered Co(0001) sample after 1 h (corrected Figure 9, blue

https://doi.org/10.1021/acscatal.2c03712
ACS Catal. 2022, 12, 10560—10561



4.2. FI1SCHER-TROPSCH SYNTHESIS ON A C0(10115) CRYSTAL

91

Correction

ACS Catalysis pubs.acs.org/acscatalysis
20x10°
*
.
*
7
15 P
- 'Y
- -
*.m 7 A
ot 7~
8 -
= 10 = > A Co(0001) annealed 1h
_ % Co(0001) annealed 3h
- ¢ Co(0001) annealed 5h
A Co(0001) sputtered 1h
5 - % Co(0001) sputtered 3h
¢ Co(0001) sputtered 5h
A Co(10115) 1h
* Co(10115) 3h
¢ Co(10115) 5h
0 —
1 I I I I I I
0.0 0.5 1.0 1.5 20 25 3.0
Step density [nm'z]

Figure 9. Plot of the CO-based TOFs vs step densities of the Co single
crystals. The bars at the data from the Co(0001) sample indicate the
spreads from the application of the two scaling factors. The linear
regression line (black) was calculated from the activity values of the
Co(0001) sample, obtained by applying the average of the two scaling
factors (green and blue symbols), and from the activity values of the
Co(10115) sample (red symbols).

triangles) has shifted above the linear regression line. This fact
indicates that, shortly after the sample has been sputtered, a
further, nonstructural effect operates in addition to the steps. We
speculate about adsorbed reaction intermediates and by-
products that increase with reaction time, partially deactivating
the surface when steady-state conditions have been reached. The
initial activity may therefore be higher. That the activity of the
annealed Co(0001) sample decreases with time (corrected
Figure 6b, green data points) also must have nonstructural
reasons and is in line with this explanation.

The TOFs in units of converted CO molecules per active sites
change by the correction. The corrected values for the annealed
Co(0001) sample, for the sputtered Co(0001) sample after 1, 3,
and S h (ranges from the application of the two scaling factors),
and of the Co(10115) sample are (2.1-3.5) X 107", (1.7-2.7)
x 1071, (1.2-2.0) x 107", (1.2—2.0) X 107, and 1.2 X 107" 57,
The average value is 0.2 s™', compared to 0.1 s™' before the
correction.

The ASF plot (Figure 7) is only affected by constant shifts of
the individual data sets along the y axis by applying the
correction, whereas the variations within each data set remain
unchanged. Figure 10 is not affected within the error margins.

The conclusions of the paper that the activity scales with the
step density, that the TOFs on the Co(10115) surface agree well
with literature data of supported catalysts, and that the
Co(10115) surface does not roughen under reaction conditions
remain unaffected.
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CHAPTER 5

Summary and Outlook

Despite several decades of research on the Fischer-Tropsch reaction, many questions
remained open, in particular about the nature of the active sites on the cobalt catalyst.
This thesis revealed insights into the active sites of cobalt catalysts by means of
operando STM FT studies on cobalt single-crystal models. The study is based on a
new customized gas chromatograph that was attached to the existing HP-STM setup
and on experiments with a stepped single crystal. Several experimental improvements

were necessary to perform studies of the surface under FT reaction conditions.

After laying out the experimental setup and the applied analytical methods in chapter 2,
chapter 3 described experimental improvements obtained during this work. To analyze
the Ni contamination, a major problem in the previous work by B. Boller, efforts were
spent to understand the source of the remaining Ni. In section 3.1, the configuration
of a setup for Ni deposition tests as well as experimental test results were presented.
It turned out that for a measurable transport of Ni to a heated sample by the Mond
reaction, it was necessary to introduce a sheet of Ni as well as HyS into the apparatus.
After removing the Ni source, prolonged reactions in syngas were required to remove
Ni in the following blank experiments. It was concluded that Ni was initially deposited
in the setup an then had to be depleted by extensive reactions with CO. These results
showed that not necessarily a new Ni source must be present, but that residual Ni
from former experiments might cause the regularly detected amounts of Ni on the
surface after a sample has been used for FTS in the STM chamber. A depletion is

possible, but would take a long period of time.

A further problem were the glass fibers used for heating the samples during F'T
experiments which were damaged after a few reaction experiments. The analysis of
damaged glass fibers in section 3.2 revealed that an enhanced temperature of the
fiber tip and a changed topography of the front surface correlated. In order to reduce
the glass fiber temperature, a new fiber type with aluminum cladding was tested. Its

installation was the solution for a longer lifetime of the glass fibers.
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One major challenge was the precise surface temperature measurement. In order to
compare the catalytic activities of the Co(0001) and the new Co(10115) crystals,
temperature calibration measurements were performed directly at their surfaces. The
results of these measurements (section 3.3) showed that the surface temperatures of
the crystals are generally about 10 — 20 °C higher compared to the normally measured
temperatures at the backsides of the crystals. It was also shown that aging of the used

thermocouples played a role.

In order to analyze the catalytic activity of the single crystals within F'T reaction,
a customized GC was attached to the HP-STM (section 3.4). To analyze the low
concentrations of hydrocarbons in the gas samples, the gas chromatograph was equipped
with a special automated gas sampling and injection unit. It enabled the extraction
of only small amounts of gas from the reaction cell below 1 bar and the compression
of this gas to the injection pressure of 1000 mbar by means of the He carrier gas. To
avoid peak broadening, a cryo trap was installed at the head of one column. With the
chosen capillary and micropacked columns, short C; to Cy4 olefins and paraffins could

be separated in the range from ~1 — 10000 ppb with a detection limit of 0.4 ppb.

This GC system facilitated operando measurements in combination with the HP-
STM setup. The FT activity of the model catalysts could in this way be correlated
with the morphology resolved by STM. The experimental results of two FT studies
performed with Hy:CO mixtures of 2:1, at a total pressure of 950 mbar, and at a
sample temperature of ~220°C/230 °C were presented in chapter 4. The first study on
a Co(0001) crystal (section 4.1) showed that the catalytic activity scaled with step
density. By sputtering the step density of the surface could be enhanced, which led to
an increased formation of products. Step edge sites were concluded to be the active
sites of the F'T synthesis. In a more general sense, the study proved a long-standing
idea that steps are the active sites in heterogeneous catalysis by direct observation on
the atomic scale. The hypothesis of a roughening of the surface during the reaction was
disproved. The Co actually displayed a smoothing effect of the surface under reaction

conditions.

The second operando study on the Co(10115) crystal (section 4.2.1) aimed at bridging
the materials gap between single crystals and supported nanoparticles. The Co(10115)
surface can be regarded as a vicinal (0001) surface with a step density in the range
of industrially relevant nanoparticles. The TOFs from the Co(10115) surface were
higher than those of the annealed and sputtered Co(0001) surface. As the TOFs of the
Co(10115) crystal match those of supported catalysts reported in the literature, it
was concluded that step edge sites are also the active sites on the supported catalysts.

The materials gap for the Co-catalyzed FTS can be regarded as bridged.
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Whether these results also apply for the higher pressures applied in the industrial
process remains open. As already mentioned, a further increase in pressure by one
order of magnitude is currently not possible. The maximum pressure is limited by
the viewports and feedthroughs of the STM chamber that cannot sustain internal
overpressures. The same holds for several valves at the STM cell. Another issue at
higher pressures would be the limited gas diffusion. To conclude, for measurements at

higher pressures, major modifications of the current setup would be needed.
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List of Abbreviations

BtL
CtL
DFT
EDX
fcc
FID
FT
FTS
GC
GtL
hep
HP-STM
IMFP
IR
LDOS
LEED
ML
NV
ppb
ppm

ppt
PtL

biomass to liquid

coal to liquid

density functional theory
energy dispersive X-ray spectroscopy
face-centered cubic

flame ionization detector
Fischer-Tropsch
Fischer-Tropsch synthesis

gas chromatograph

gas to liquid

hexagonal close-packed
high-pressure scanning tunneling microscope
inelastic mean free path
infrared

local density of states
low-energy electron diffraction
monolayer

needle valve

parts per billion

parts per million

parts per trillion

power to liquid
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APPENDIX A: LIST OF ABBREVIATIONS

QMS
RT
SEM
STM
syngas
TOF
TON
UHV
v
WGS
XPS

quadrupole mass spectrometry
room temperature

scanning electron microscopy
scanning tunneling microscopy
synthesis gas

turnover frequency

turnover number, equal to TOF
ultra-high vacuum

(shut-off) valve

water-gas shift

X-ray photoelectron spectroscopy
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XPS Analysis

Table B.1: Parameter values used for quantification of the surface composition at the
HP-STM (see sections 4.1 and 4.2) by XPS. Al K, -radiation (hr = 1486.6eV) was used.

Co 2p O 1s C 1s S 2p Ni 2p
ox 68 0.2591  0.040 0.013 0.022  0.2998
Bx 69 1.446 2 2 1.149 1.434
Lx(v)® 1.182 1.252 1.252 1.145 1.181
Eg [eV] 778 530 285 165 853
Erin [eV] 703.7  951.7  1196.7  1316.7 628.7
A [nm] in Col™™ 1,196  1.490 1.769 1.902 1.103
Ax?® 6.494  7.961 9.354  10.019 6.030
T(Ekin)c 1 1 1 1 1

%calculated by Equation 2.2.3, v = 66°

bcalculated by Equation 2.2.6
“calculated by Equation 2.2.4

Table B.2: Parameter values used for quantification of the surface composition at the
XPS chamber (see section 3.1.4) by XPS. Mg K,-radiation (hv = 1253.6eV) was used.

Au 4f O 1s C 1s S 2p Ni 2p
o x 08 0.4176  0.063  0.022 0.038 0.469
Bx 69 1 2 2 1.149 1.434
Lx(v)° 1.200  1.400  1.400 1.230 1.287
Ep [eV] 84 530 285 165 853
Ein [eV] 1164.1 7181  963.1  1083.1 395.1
A [nm] in Aul™™ 0654  1.213  1.471 1.640 1.640
Ax® 3.501 5181  6.228 6.727 3.731
T(Ekin)* 1.145 1556  1.291 1.198 2.276

“calculated by Equation 2.2.3, v = 75°

bcalculated by Equation 2.2.6
¢calculated by Equation 2.2.4






APPENDIX C

GC Settings

C.2 Carrier Gas Supply

Table C.1: Standard settings for the carrier gas of the GC.

AuxCarrierl AuxCarrier2 AuxCarrier3

Current mode Flow control Flow control Pressure control
Setpoint 10.000 mL min="  5.000 mL min~! 50.00 kPa

C.3 Flame Ionization Detector

Table C.2: Standard FID settings for GC measurements.

Parameter Front Detector Back Detector

Temperature 250°C 250°C

Flame on on

Hydrogen 35.0 mL min—! 35.0 mL min—!
Air 350.0mLmin~'  350.0 mL min—*

Makeup gas  35.0 mL min™! 35.0 mL min~!
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C.4 Oven Programs

Table C.3: Oven program 3 for GC measurements (ramped mode), used for the
experiments in section 3.4 and 4.1.

Retention time Rate Target value Hold time
[min] [°C min—] [°C] [min]
0.000 Run
4.500 0.00 35.0 4.5
12.100 25.00 200.0 1.0
New Row
13.250 Stop Run
200
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Figure C.1: Scheme of the original oven program 3. Details are listed in Table C.3.

Table C.4: Ofen program 13 for GC measurements (ramped mode), used for the
experiments in section 4.2.

Retention time Rate Target value Hold time
[min)] [°Cmin™!] [°C] [min)]
0 Run
4.500 0 35.0 4.5
8.500 40 75.0 3.0
10.500 25 125.0 0.0
16.750 4 150.0 0.0
21.417 30 200.0 3.0
New Row

21.417 Stop Run
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Figure C.2: Scheme of the new oven program 13. Details are listed in Table C.4.

C.5 Calibration Measurements

Calibration of the GC setup was performed by means of sequential dilutions of a custom-
made calibration gas (Air Liquide, 150 bar). For this purpose, the calibration gas
mixture, which contained ~10 ppm of methane, ethane, ethylene, propane, propylene,
and butane in a syngas matrix,? was filled into the STM cell up pressures of 13, 10, and
100 mbar. By filling up with syngas, first with CO up to 320 mbar, then with Hy to a
total pressure of 950 mbar, final concentrations of the hydrocarbons ~10/100/1000 ppb
were prepared. For the gas supply, the same pipes and gases as usually used for F'T
experiments were applied. Like in the FT experiments, both gases were led through
cooling traps and CO additionally through a heating trap. For the dilution to 1ppb
hydrocarbons, the 10 ppb gas mixture (950 mbar calibration gas and syngas) was
diluted a second time by a factor of 100/950. For this purpose, the gas mixture in
the STM cell was pumped out to a pressure of 100 mbar through the pump unit III
after which the cell was refilled by CO and Hs up to a pressure of 950 mbar. Before
GC measurements, it was waited 1h to allow the gas to mix properly and the pipe,
connecting the STM cell and the GC, was evacuated two times to avoid concentration
gradients. For the analysis of each dilution, five samples at a loop pressure of 80 mbar
were taken from the mixture in the STM cell. It turned out that the interval between
two GC measurements was important. As a result of the evacuation of the buffer
loop, reproducible GC results were obtained, when the times between measurements
were precisely the same. The theoretical mean values for each concentration used for

calibration purpose are listed in Table C.5. Based on these values, the GC software

2As butylene was not included in the calibration gas mixture, it was calibrated separately (see
ref. [63]).

3Although this pressure is below the pressure range specified by the manufacturer, it provided
more reproducible results than further diluting a different gas mixture prepared before.
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CHROMELEON 7.2 (Thermo Fisher) determines detailed values in ppb for each peak
in a chromatogram. Details concerning the linearity of the calibration data are given
in the publication “A highly sensitive gas chromatograph for in situ and operando
experiments on catalytic reactions” starting on page 55. For more details of the data

processing see section 2.4.

Table C.5: Calibration data for the GC. To achieve several concentration values for each
component, the calibration gas was diluted with with syngas within the STM chamber.
The Conc. Cal. Gas column shows the concentrations of the individual hydrocarbons
in the calibration gas, as given by the manufacturer. The values in the four Dilution
columns are the theoretical concentrations evaluated from the pressure ratios applied in
the calibration measurements.

Hydro- Ret. Time Conc. Dilution®
carbons Cal. Gas® 1ppm 100ppb 10ppb 1ppb
[min] [ppb] [ppb] [ppb]  [ppb] [ppb]
Methane 5.053 9670 1017.8947 101.7895 10.1789 1.0715
Ethylene 6.940 9580 1008.4211 100.8421 10.0842 1.0615
Ethane 7.525 9490 998.9474  99.8947  9.9895 1.0515
Propylene 11.197 9450 994.7368  99.4737  9.9474 1.0471
Propane 11.612 9600 1010.5263 101.0526 10.1053 1.0637
Butane 14.163 9500 1000.0000 100.0000 10.0000 1.0526

“Integrated into the Chromeleon software as Levels 2-5, used for the calibration plot.
bIntegrated into the Chromeleon software as Level 1 but excluded from the calibration plot.
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Mass Spectra

Carbon monoxide
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Figure D.1: Mass spectra of CO, methane, ethane, and ethylene from the NIST data

base (ref. [120]).
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Propane Propene
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Figure D.2: Mass spectra of propane, propylene, butane, a-butylene, and isobutylene
from the NIST data base (ref. [120]).
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Supporting Information for Chapter 4.1

In the following, the supporting information of the article “The active sites of a
working Fischer-Tropsch catalyst revealed by operando scanning tunnelling microscopy”
published in Nature Catalysis (see chapter 4.1) is reprinted with permission from Nat.
Catal. 2, 1027-1034 (2019), Springer Nature Limited 2019. It contains detailed TOFs and
XPS data as well as STM images of possible carbon structures. In addition, it shows
the evaluation of the mass transport of Co atoms that occured during the smoothing of
the sputtered surface. The STM measurements shown in the Supplementary Figure 4
were performed in this work. The results are an important part of the publication,
as they show that the smoothing of the Co(0001) surface also takes place in vacuum.
It can be concluded that adsorbates do not play a role in the smoothing process of
the sputtered surface which even takes place at the relatively low temperatures of the
reactions. The smoothing (also shown in Supplementary Videos 3 and 4) is in contrast

to the literature,[*? where a roughening process has been postulated.

The Supplementary Videos 1-4 show step fluctuations during the reactions as well
as the smoothing of the sputtered Co(0001) surface. The videos are available on the
website: https://www.nature.com/articles/s41929-019-0360-1#Sec16.


https://doi.org/10.1038/s41929-019-0360-1
https://doi.org/10.1038/s41929-019-0360-1
https://www.nature.com/articles/s41929-019-0360-1#Sec16
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nature
CataIYSIS https://doi.org/10.1038/541929-019-0360-1

In the format provided by the authors and unedited.

SUPPLEMENTARY INFORMATION

The active sites of a working Fischer-Tropsch
catalyst revealed by operando scanning tunnelling
microscopy

Bernhard Béller®, Katharina M. Durner® and Joost Wintterlin®*

Department Chemie, Ludwig-Maximilians-Universitat Minchen, Munich, Germany. *e-mail: wintterlin@cup.uni-muenchen.de

NATURE CATALYSIS | www.nature.com/natcatal
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Supplementary Tabels

Supplementary Table 1: Detailed TOFs of the formation of the individual hydrocarbon products
(methane to butylene/butane) and of the consumption of CO from several experiments with the annealed
and with the sputtered Co(0001) single crystal. The product-based TOFs of the individual hydrocarbons
were calculated from the peak increments between GC spectra taken every hour. The CO-based TOFs
were evaluated by multiplying the product-based TOFs by the number of carbon atoms in the individual
hydrocarbon products and adding up. The values are given in units of product molecules per cobalt
surface atom per second, using the atom density of Co(0001) of 1.837-10" m2 and the area of the
prepared surface of 19.6 mm?.

The o values were obtained from plots of the logarithmic product-based TOFs vs. C numbers such as in
fig. 1(b) of the main text.

Conversions X were calculated by dividing the numbers of consumed CO molecules by the initial numbers
of CO molecules in the reactor. The numbers of consumed CO molecules were evaluated from the CO-
based TOFs, the number of Co atoms on the sample surface, and the elapsed times (assuming negligible
production of possible byproduct CO,). The numbers of CO molecules in the reactor were calculated from
the reactor volume (1.8 I) and the CO partial pressure of 317 mbar.

The data sets (a) and (b) were recorded with a time delay of one month and were normalized using the
intensity of the combined H, and CO peak the chromatograms as internal standard. The first
measurement with the annealed sample after 1 h was directly measured after calibration of the GC system
with a calibration gas mixture and was therefore used as reference. The normalization corrected a
continuous aging of the GC column mainly caused by the cryo trap. For comparison the uncorrected data
are given in brackets.

Dataset (b) was used for figure 1(b) in the main text. All experiments were performed with 2:1 H,:CO
syngas mixtures at total pressures of 950 mbar and sample temperatures of 493 K.
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(a)
Chy (G e e e Ol G ©0)  © [10®
[1(0'4 321] [§0'24 ;_Z] [40'24 36"2] [50'34 SG'Z] [§0'34 ;_g] [goftt ss')1] [(104}4 ;9?] [1(0'4 s)'1] 1ol
annealed
1h 29 2.9 0.57 3.4 0.26 1.7 - 54 043 05
3h 28 2.4 0.45 2.4 0.25 1.2 46 038 15
(26) (22) (0.41) (22) (0.22) (1.1) (42)
5h 27 2.0 0.42 1.9 0.09 1.1 - 42 038 25
(24) (1.7)  (0.37) (16) (0.07) (1.0 (37)
sputtered
1h 52 7.2 0.77 6.8 0.34 15 - 89 034 08
(46) (6.4) (0.68) (6.0) (0.30)  (1.3) (79)
3h 47 5.1 0.70 5.2 0.26 0.96 75 0.31 25
(40) (43) (06) (45) (0.22) (0.8) (64)
5h 42 4.6 0.62 3.9 0.18 1.0 - 64 0.31 4.2
(35) (38) (052) (3.2) (0.15) (0.08) (53)
annealed
1h 32 3.2 0.48 3.4 0.14 0.76 - 53 032 05
(26) (25) (0.38) (2.7) (0.11) (0.61) (42)
3h 31 2.6 0.42 2.1 0.12 0.78 46 0.32 15
(23) (1.9)  (0.31) (1.6) (0.09) (0.58) (35)
5h 29 2.6 0.35 2.2 0.27 0.77 45 033 25
(22) (1.9) (0.26) (1.7)  (0.20) (0.57) (34)
(b)
Chy. (Gt (O ©ft) (CHe) ) ©Hw ©0). ©  mo®
[1(0‘4 3?1] [50'24 s4')1] [50'24 36'2] [40'34 3] [50'34 s8')1] [goj44 ss'%] [(10‘E4 ;9?] [1(0’4 s)'1] 1o
annealed
1h 27 4.1 0.39 4.2 0.25 1.8 0.11 57 0.46 0.5
(18) (2.8) (0.26) (29) (0.17) (1.3) (0.76)  (39)
3h 24 3.1 0.35 2.9 0.29 093  0.12 44 0.39 1.6
(15) (2.0)  (0.22) (1.9) (0.19) (0.60) (0.07)  (29)
5h 23 2.6 0.29 25 0.12 1.0 0.06 41 0.39 27
(15) (1.7)  (0.18) (1.6) (0.07) (0.63) (0.04) (26)
sputtered
1h 40 7.6 0.59 8.6 0.49 4.0 0.15 101 0.51 0.9
(31) (5.9) (0.45) (6.7) (0.38) (3.1) (0.11)  (78)
3h 37 6.3 0.47 6.6 0.29 2.6 0.21 82 0.46 2.8
(27) (46) (0.34) (4.8) (0.21) (1.9) (0.15)  (59)
5h 32 5.0 0.41 4.6 0.26 1.7 0.13 65 0.42 47
(23) (3.6) (0.30) (3.3) (0.19) (1.2) (0.09)  (47)
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Supplementary Table 2: Carbon and oxygen coverages from XPS after reaction experiments. The
data in (a) are from the annealed surface, the data in (b) from the sputtered surface. All experiments were
performed at 950 mbar, H,:CO = 2:1, 493 K. The XP spectra were recorded after the sample was kept at
493 K in the reaction gas atmosphere for the indicated reaction times. The various carbon species were
identified by using their C 1s peaks, CO also by its O 1s peak, as described in the main text. The data
show no obvious trends of the coverages with reaction times.

(@)

reaction time

atomic carbon

hydrocarbon moieties

CO (from C 1s)

CO (from O 1s)

0.25h
2h
2h
45h
6 h
6h
6 h
6 h
6 h

0.16
0.14
0.15
0.16
0.16
0.14
0.23
0.14
0.14

0.07
0.02
0.18
0.05
0.14
0.10
0.19
0.06
0.12

0.32
0.24
0.33
0.25
0.22
0.21
0.23
0.24
0.19

0.32
0.21
0.30
0.25
0.19
0.17
0.34
0.28
0.29

(b)

reaction time

atomic carbon

hydrocarbon moieties

CO (from C 1s)

CO (from O 1s)

0.25h
4h
45h
6 h
6 h

0.15
0.18
0.21
0.17
0.17

0.17
0.15
0.13
0.14
0.13

0.27
0.26
0.30
0.28
0.28

0.25
0.29
0.27
0.34
0.28
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Supplementary Figures
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Supplementary Figure 1: XP survey spectra of the Co(0001) single crystal recorded after preparation in
UHV and after 6 h of reaction in syngas (950 mbar, H,:CO = 2:1, 493 K sample temperature), after sample
transfer from the STM cell to the preparation chamber, i.e., ex situ. The spectra were measured using a
monochromatized Al K, X-ray source. As explained in the main text, ex situ XPS was used to ensure a
clean sample after preparation, the absence of impurities after reaction experiments, and to quantify
carbon and oxygen coverages. The survey spectra taken before and after reaction only show metallic Co
and are almost identical, demonstrating that the reaction did not lead to significant adsorption of impurities
or chemical changes of the surface. The low peaks in the C 1s and O 1s regions detected after the
reaction (fig. 2 in the main text) are not visible on this scale.
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Supplementary Figure 2: STM images of a possible carbon structure on the annealed Co(0001)
single crystal in 950 mbar syngas (H,:CO = 2:1) at a sample temperature of 493 K. (a) STM image (90 nm
x 90 nm, V;=0.05V; ;= 0.7 nA) recorded 1 h, (b) STM image (15 nm x 15 nm, V; = 0.05V; /;= 0.7 nA)
recorded 1.5 h after starting the sample heating to 493 K. The weak triangular structures on the terraces
were similarly seen on the sputtered surface. They were only resolved under reaction conditions, never in
UHV, and they appeared directly after heating the Co(0001) sample to 493 K in syngas and did not
change in number and size during several hours of reaction. From their similarity to structures resolved in
CO dissociation experiments on Co(0001) they may be interpreted as a reconstruction induced by C
atoms’. A carbide phase has also been identified by in situ XPS, even though at a much lower syngas
pressure”. The structure model proposed in ref. 1 was a local stacking fault - the top Co layer in the
interior of a triangle is fcc-stacked - and the trench forming the dislocation between the hcp area outside
and the fcc area inside was occupied by C atoms. Using this structure model to estimate the C coverage
from the density of triangles gives considerably lower values than the approximately 0.16 ML measured by
XPS. However, the reconstruction model has not been solved so far with respect to the arrangement and
numbers of the C atoms along the dislocations. Moreover, as pointed out in the main text, a fraction of the
carbon species measured ex situ by XPS may have formed during the cooling and pumping-down period
after the syngas experiments. The C coverages during reactions may have been lower.
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Supplementary Figure 3: Growth and shrinking of cobalt terraces quantified from movie 4. Blue dots
represent incremental increases of the areas of the Co terraces, determined by integration of the bright
areas in movie 4; red dots represent decreases, the integrated dark areas in movie 4. The two areas
match very well, showing that the mass transport of Co atoms from high-lying to low-lying terraces is
balanced. Image #5 served as reference image; images #1 to #4 were not included because the thermal
drift was relatively strong in this phase and therefore the overlap with the rest of the series too low. In the
time period of movie 4 of about 2.5 h the migration of the Co atoms led to a reduction of the step density
of about 10 — 15 %.



116 APPENDIX E: SUPPORTING INFORMATION FOR CHAPTER 4.1

Supplementary Figure 4: STM images of the annealing of a sputtered surface in UHV. (a) At room
temperature directly after sputtering (100 nm x 100 nm V; = +1.0 V; I; = 0.7 nA), (b) 2 h after raising the
temperature to a constant value of 493 K (100 nm x 100 nm V; = +0.5V; I, = 0.7 nA); the background
pressure was approximately 3 x 10" mbar. The surface had been prepared and sputtered similarly as in
the syngas experiments. The terraces similarly increase in UHV as under syngas, indicating that the same
transport effects of Co atoms operate. The smoothing is therefore more an effect of temperature than of
the adsorption layer of CO molecules, H atoms, and C,H, fragments present under FT conditions. After
3.5 h the experiment was terminated and XP spectra were taken. Coverages of 0.25 ML carbidic and 0.10
ML graphitic carbon and 0.06 ML of oxygen and minor amounts of adsorbed CO were detected. The
formation of the C and O species can be explained by the adsorption and decomposition of residual gas
components on the hot sample.
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Supporting Information for Chapter 4.2.1

In the following, the supporting information of the article “In Situ/Operando STM
of the Fischer-Tropsch Synthesis on a Co(10115) Surface — A Study to Bridge the
Materials Gap between Single-Crystal Models and Supported Catalysts” published in
ACS catalysis (see chapter 4.2.1) is reproduced with permission from ACS Catal. 2022,
12, 7199-7209. Copyright © 2022 The Authors. Published by American Chemical
Society. Herein, XP Co 2p detail spectra as well as survey scans of the Co(10115)
surface before and after an experiment are shown. Furthermore, the TOF,, values for
supported Co catalysts are listed. These data were extracted from 179 measurements in
49 studies from the literature and converted to the respective experimental conditions

as described in the article.

The supporting video shows a time lapse of STM images, recorded during a FT
experiment; it and can be downloaded from the website: https://pubs.acs.org/
doi/10.1021/acscatal.2c00703.
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XP Spectra Recorded before and after a Reaction
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Figure S1. XP detail spectra of the Co 2p region (a) and survey scan (b) of the Co(10115) sample after
preparation in UHV and after a 6 h reaction experiment in syngas (950 mbar, H,:CO = 2:1, sample
temperature ~503 K). The Co 2p;, peaks in the spectra recorded before and after the experiment are
basically identical [Figure Sla]; peak fitting yields binding energies of 778.25 eV and 778.23 eV,
respectively. The unchanged Co peaks indicate that the surface stays metallic during the reaction. Weak
signals of the species appearing after the reaction are visible in Figure S1b. The detail spectra of the O
Is and C 1s regions at higher magnification are shown in Figure 8 of the main text. The Ar signals
detected before and after the reaction result from sputtering and are caused by Ar atoms in the Co bulk.
Due to the low annealing temperature, Ar could not completely be removed after sputtering. Spectra
from the Co(0001) sample are very similar.
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Statistics of TOF Values of Supported Co Catalysts from the Literature

Table S1. TOF,,,; values of supported Co catalysts used for Figure 10. Only data with particles = 8nm
are included. The original TOF values were extracted from the respective reference and converted to our
experimental parameters [T = 503 K, p(H,) = 0.63 bar, p(CO) = 0.32 bar] as described in the main text.

particle oo 2 Co/ZrO,/ SiO, 18.6 13.4
Ref. Catalyst diameter 03 ;?f]r 2 Co/Zr0O,/ SiO, 18 30.2
o, [ﬂ;nzl = Z Co/ZrOy/ SiO, 9.2 68.5
> Co/carbon 27 16.6 13 ngargim ;(l)g jig
> Colcarbon 12.8 15.2 4 Co/ALO 11.1 40'0
? Colcarbon 16 18.0 14 Co/A1203 12.4 49.2
> Co/carbon 8.5 17.7 14 CO/A1203 14'5 74'2
*  Co/carbon 10 16.7 15 Co/A1203 2.2 5.5
> Co/carbon 16 10.0 15 CO/A1203 13 6.2
> Co/carbon 8.5 9.9 15 Co/A1203 10 4.5
> Co/carbon 12.4 21.9 15 CO/A1203 10 5.2
> Colcarbon 12.4 9.4 15 Co/A1203 10 4. 1
*  Colcarbon 13 213 15 Co/Alez 10 5.2
S CofSiO; 10.5 425 . Colcarbon '
> Co/Si0, 29.4 425 (oxidized CNT) 10 >9
> Co/SiO, 10.5 25.8 16 Col/carbon 9 51
5 CO/Si02 204 38.4 (oxidized CNT) '
> Co/SiO, 10.5 15.7 o Cofcarbon 10 0.5
> Co/Si0, 29.4 22.4 17 S;lsiléed N 204 33.4
° Co/SiO, 19 47.0 7 ColSiO) 269 124
®  ColSiO, 19.9 48.6 18 CO/Si02 I8 517
6 Co/SiO, 21.3 50.2 19 Co/Si02 10 1'6
° Co/SiO, 235 51.7 D Co/SiO. 25 .
° ColSio, 8.3 36.1 2 Cosio, 9.9 48.4
° Cossio, 95 434 2 Corsion 1 48.4
° ColSiO, 103 455 0 Co/SiO, 2 484
6 . 2 B
. CofSi0, 3465 ' ColSiO; 145 510
i Co/carbon 15 2.4 20 Co/SiO, 14.7 45.9
Co/carbon 15 2.1 20 (Co/SiO 3 61.2
8 Co/SiO, 10.6 225 2 L '
" Cossio, 89 173 . goﬁl-% giz Ry
5 CofSiO, 123 229 2 CO e 441 -
®  Co/carbon 16 23.9 21 CO/T¥02 33 .4 229
®  Co/carbon 11 11.9 21 CO/]jO2 18-3 2!
®  Co/carbon 8.5 11.9 21 CO/T¥02 32'3 207
Y Co/ALO; 4 410 2 Tio. 149 ii;
0 ColALOs 35 410 N ColSio. 231 6o
" Co/carbon 10.1 24.6 21 : - .
2 Co/Sio2 19.7 9.5 21 gzggz 2(1)? ?(7)'(2)
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Ref. Catalyst d?ameter TO;,F e
[nm] [107 s7]

2L Co/Si0, 19.4 253
2L Co/Si0, 15.4 25.7
L Co/Si0, 16.2 23.8
2L Co/Si0, 10.2 20.1
2 Co/Zr0,/Si0, 15.9 15.9
2L Co/ZrTiO, 88.2 26.7
21 Co/AlLLO5 26.9 18.6
21 Co/AlLOs 64.7 15.5
2 Co/TiO, 44 17.3
2 Co/ALOs 9.7 3.5
2 Co/AlLOs 16.2 10.1
# Co/ALOs 21 23.5
» Co/AlLOs 12.8 3.4
3 Co/ALOs 19 11.8
3 Co/AlLOs 24.9 20.3
3 Co/ALOs 64.7 304
* Co/TiO, 11.6 13.5
% Co/C-TiO, 8.7 10.9
* Co/C-TiO, 28.8 9.6
% Co/C-TiO, 8.6 11.2
* Co/C-TiO, 12.3 11.0
2 Co/ALOs 8.8 39.1
2T Co/AlLO5 13 25.3
7 Co/ALLOs 18 26.4
2T Co/AlLO5 22 29.9
2 Co/ALOs 42 28.7
2 Co/TiO, 21 46.0
7 Co/TiO, 21 41.4
2 Co/TiO, 24 41.9
2 Co/TiO, 28 37.9
2 Co/TiO, 32 39.1
2 Co/TiO, 42 29.9
*® Co/SiO, 15 45.8
# Co/carbon 19.7 11.1
? Co/carbon 21.1 7.7
¥ Co/carbon 47.8 10.4
?  Co/carbon 51.5 99
# Co/carbon 74.8 10.6
30 Co/ITQ2-zeolite 10.9 10.0
1 Co/SiO, 8.6 35.6
3 Co/SiO, 11 76.9
32 Co/carbon 10.8 31.5
32 Col/carbon 19.4 24.2
* ColZnO 24.9 5.6
* Co/ZnO 249 5.0
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43
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46
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Co/AL,O3 9.3
Co/AlL,O3 13
Co/AL,O3 17.5
Co/zeolite 136.6
Co/zeolite 10.1
Co/zeolite 8.7
Co/Al,O3 10.9
Co/Al,O4 10.7
Co/Al,O3 9.5
Co/AlL,O5 10.7
Co/AlL,O3 12.3
Co/AlL,O4 13.7
Co/Al,O3 14.9
Co/Al,O4 16.7
Co/SiO, 8.8
Co/SiO, 9.7
Co/AlL,O4 9.7
Co/Al,O3 9.8
Co/AlL,O5 14.7
Co/TiO, 21.6
Co/MgO 511
Co/carbon 11
Co/SiO, 19.8
Co/Si0, 10.6
Co/Si0, 15
Co/Al,O3 15.2
Co/Si0, 18.1
Co/TiO, 41.7
Co/SiO, 20.4
Co/Si0, 12.2
Co/SiO, 15.1
Co/Si0, 17.9
Co/SiO, 12.7
Co/Si0, 12
Co/TiO, 15
Co/TiO, 11
Co/TiO, 13
Co/TiO, 14
Co/Si0, 13
Co/SiO, 9.6
Co/SiO, 11.3
Co/Si0, 11.3
Co/TiSiO, 8.3
Co/TiSiO, 9
Co/Si0, 10.5
Co/carbon 12.4
Co/carbon 16.6

423
39.8
34.8

3.0

3.2

2.5
27.0
15.5
20.7
19.0
14.4
17.2
15.5
12.6

6.7

9.2

34
14.7
77.2
46.6

0.2

9.7

0.8

0.4

9.2
29.9
31.0
304
15.4
13.7
24.8
16.4
15.6
17.8

4.2
23.2
23.9
23.9
23.6
373

9.9
12.3
18.7
22.2
32.0
74.1
87.2
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particle TOF 7 Co/N-doped C 12.1 53.2
Ref. Catalyst diameter [10° ;‘_’{]r B Co/AlLO; 11.2 25.0
R [HTS] ® Co/AlLO; 15.1 30.6
% Colearbon be 71 o CUALO: 14
46 ' : “ Co/ALO; 35 35.5
Co/carbon 21 78.5 49

16 Co/carbon 20 24.1
Co/carbon 14.2 82.8 9 cofcarbon 10 258

¥ Co/N-doped C 10.1 50.8 '

Movie S1

Time lapse of 30 STM images recorded during a period of 1.75 h. Conditions were a total pressure of
950 mbar syngas of a H,/CO = 2:1 mixture and a sample temperature of ~503 K. The first frame was
taken 3.2 h after heating the sample to 503 K (500 x 500 A, V, = 0.5 V, I, = 0.7 nA). The images were
processed to correct plane and line noise, contrast, and thermal drift for better visibility of the steps.
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