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Chapter 1

Introduction

A catalyst is a substance that provides an alternative pathway with a lower activation energy for a
chemical reaction to occur. This allows for the reaction to proceed faster at a given reaction condition,
thereby saving energy and resources. In some cases, the reaction also proceeds with higher selectivity,

so that unwanted byproducts are minimized or eliminated. A catalyst merely participates in a chemical

reaction but is not consumed by it.! When a catalyst acts in the same phase as the reactants, it is
called a homogeneous catalyst while when the catalyst is in a different phase as compared to the
reactants, it is called a heterogeneous catalyst.! Chemical substances that enhance the activity,
selectivity, or stability of a catalyst are called promoters. Catalysis has been traditionally used by
humans for manufacturing products such as beer, yoghurt, cheese, soaps, ether and oil of vitriol since
the ancient times, likely without knowing its true impact. In today’s society, well-established and
indispensable chemical engineering industries such as clean fuel production® bulk chemicals®!,
pharmaceuticals*’, plastics and polymers®’, food processing®, and biotechnology’ have catalysis at their
backbone. In fact, catalysis is fundamental to the very origins of life as we know it because without it,

many fundamental biochemical reactions necessary to sustain life would not be possible.™

While the term ‘catalysis’ was first used in the work of Jons Jakob Berzelius in 1835', the discovery of
catalysis predates to 1794 in the published work of Scottish chemist Elizabeth Fulhame.'*'® Perhaps,
the first large-scale commercial product that involved catalysis was the Débereiner lamp in the 19th
century where a platinum sponge catalyst was used.! In the late 19th century, Wilhelm Ostwald
investigated acid and base catalyzed reactions and the associated reaction rates for which he was
awarded the 1909 Nobel Prize in chemistry. The ground work behind a large number of modern catalytic
processes involving oxidation and hydro/dehydrogenation was performed by the Russian chemist
Vladimir Ipatieff in the early 20™ century.” Ipatieff’s work particularly focused on metals and metal
oxide catalysts under high-pressure such as iron, copper and y-alumina, which are extensively used in
the petrochemical and refining industry today. Discovery and industrial applications of a large number
of catalytic processes in the early 1900s such as the Haber-Bosch process for ammonia production and
the Ostwald process for nitric acid were largely driven by the politics before and during the two world

wars and led to a rapid industrialization of society.'®

The industrialization of human society has, however, led to a world-wide dependence on fossil fuels,
which continues to increase even to this day as the developing countries start to grow economically and
industrialize rapidly. The fossil fuel dependence is further supplemented by the growing population. As
of today, 2.5 billion tons of crude oil are processed on a daily basis to meet the existing demand.'” The

trade of crude oil has become so important that the world economy is significantly influenced by it."®



As a result, clean gasoline and ultra-low sulfur diesel (ULSD) consumption is expected to grow by 1%
and 2% annually, respectively.” Over the last century, it has become very clear that the sulfurous
impurities present in crude oil are released into the atmosphere as SO, gases when the fractionated
products are consumed, particularly through combustion. Given the risks posed by these gases on the
environment and human health®, a catalytic process called hydrodesulfurization (HDS) has been widely
used to selectively remove these S-containing components from the crude oil fractions at the oil

refineries with the help of hydrogen and a heterogeneous catalyst.

Typical crude oil contains a wide range of S-containing molecules such as aliphatic thiols, disulfides,
thioethers, cyclic sulfur compounds and aromatic sulfur compounds.?* Over the last 100 years, HDS has
been carried out using heterogeneous catalysts containing Co- and Ni-promoted MoS, slabs supported
on alumina. These catalysts have a broad-spectrum HDS activity and have efficiently met the residual
sulfur standards of up to ~100 ppm as they are very efficient in removing the non-aromatic sulfur
compounds from refined crude oil fractions.”? However, the regulations on SOy emissions worldwide
have become significantly more stringent in the last decade. In the developed countries, the emission
standards for sulfur have dropped to less than 10 ppm while in many developing countries especially in
Asia, between 2015 to 2018, the on-road emission regulations have decreased from 350 ppm of residual
sulfur to 10-50 ppm.* By 2025, it is expected that nearly all of the developing countries will adopt a
sulfur emission standard of less than 10 ppm at least.” This rapid drive towards cleaner fuels has led
to an increasing demand for hydrotreating of fuels worldwide. In a very recent kinetic study, it was
shown that the left-over sulfur compounds after desulfurizing diesel using industrial catalysts to 100
ppm of residual sulfur are primarily the refractory substituted dibenzothiophenes.”? The existing
Co(Ni)-promoted MoS; catalysts have a very poor activity towards desulfurizing these refractory sulfur
compounds mainly due to steric hindrance effects. However, to meet the future sulfur thresholds of <10
ppm, the residual aromatic sulfides like thiophene derivatives and substituted dibenzothiophenes also
must be removed. Despite these issues, until today, the existing catalysts have not been replaced
significantly on the industrial scale in spite of several improvements in their synthesis strategies.'*** #
In order to meet the catalytic demands of an ever decreasing emission threshold, it has become necessary

to engineer a more efficient catalyst for HDS.

In order to develop a more-efficient HDS catalyst, fundamental understanding at the atomic level of
the existing Co(Ni)-promoted MoS, catalysts is necessary. The precise working mechanism as well as
the atomic structure of the active phase of the conventional HDS catalyst has been under considerable
scientific discussion despite the process being well-established. This is an issue that is not isolated to
HDS, but can also be encountered in many other heterogeneous catalytic processes.?** This is mainly
because atomic-scale insights into the structure of the catalyst while the reactions occur were not
available to scientists until about two decades ago as the characterization techniques that provide

28-30

information on the structure and chemistry of the active phase were still under development. Early

catalysis research in general considered a reactor with catalyst in it as a black-box and all the scientific



interpretations of the data were based on the analysis of the catalyst before and after the reaction,
usually at conditions which were very different from the ones in which the reactions were carried out.
This led to a large number of hypotheses and speculations, and as a result, contradictory models were
suggested.

Early surface-science approaches to catalysis did not help with solving some of these issues. While many
of these studies gave detailed insights into the atomic structure of the catalyst, these studies were
carried out under clean ultra-high vacuum (UHV) conditions, usually on single-crystal surfaces while
industrial catalysis is carried out at high-pressure and high temperature, and on a more complex
material. A 5 to 9 orders of magnitude difference in the pressure between surface-science experiments
and industrial catalysis is typical.**3!3! The term ‘pressure gap’ has been used to refer to this large
discrepancy in the pressure. Furthermore, an industrial catalyst is structurally very complex. A typical
catalyst contains the active phase, the promoters, the co-promoters, and several other additives to
optimize the activity and selectivity. The reductionist approach of a single-crystal model catalyst that
is used in fundamental studies does not capture all the complex structural aspects of an industrial
catalyst. The term ‘materials gap’ has been used to refer to this structural discrepancy between model
catalysts used in fundamental studies and the industrial catalysts.* * As the surface-science techniques
evolved, in situ studies on catalysis were carried out under controlled environments.* These studies
focused on the adsorption/desorption processes of the reactants and products and quasi in situ
approaches where the reaction was quenched before characterization. Recently, spectroscopy and
microscopy techniques such as infrared spectroscopy®, Raman spectroscopy®, X-ray diffraction®, X-
ray absorption spectroscopy®, X-ray photoelectron spectroscopy (XPS)*, Méssbauer spectroscopy**
nuclear magnetic resonance®, high-resolution electron microscopy*, and scanning probe microscopy
techniques such as a scanning tunneling microscope (STM)* have been developed and upgraded to
perform such in situ characterization of catalysts. Many of these techniques have been combined with
prior information from surface-science studies of single crystals and model catalysts to develop a

comprehensive understanding of the catalytic process.

While these studies can give very important insights into the behavior of the active phase of an HDS
catalyst, in order to link the observations to industrial catalysts, operando studies carried out at high-
pressure are necessary.”*3'% As mentioned above, many of these fundamental studies are carried out
under controlled conditions wherein a large pressure gap still exists with the industrial HDS conditions.
The structure of the catalyst has a very strong dependence on the gas environment it is exposed to and
dynamically changes according to the reaction conditions. These changes are typically related to
adsorbate-induced reconstruction of the active phase and could completely change the morphology of
the working catalyst.* Therefore, the operando atomic structural characterization of the catalyst during
the reaction is very important. Simultaneous recording of any activity data, if possible, provides

28,29,31-35

additional information to link the atomic structure to the observed activity. Such structure-



activity relationships allow for the smart design of a HDS catalyst that is necessary to meet the near-

future demands of clean fuels.

Scanning probe microscopy techniques in particular are very useful in this regard as their principle of
operation allows them to work under a wide range of pressures and temperatures, and in media which
are relevant for industrial catalysis. Several high-pressure scanning tunneling microscopes in particular
have been developed in the last decades in order to try and bridge the pressure gap in catalysis.*" ¥
The ReactorSTM especially has been very successful in this regard as it can operate under the
conventional UHV conditions as well as industrially relevant high-pressure conditions allowing for a
model catalyst to be studied at a very broad range of reaction conditions without the loss of atomic
resolution.® The ReactorSTM has been used in the recent past to provide operando structural insights
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into very important catalytic processes such as CO oxidation™, automobile three-way catalysis™,

Fischer-Tropsch synthesis®, and importantly, hydrodesulfurization.*

In this thesis, four chapters are presented with an objective of providing atomic-level insights into
model catalysts that are relevant for HDS and to bridge the gap between prior surface-science studies

of HDS model catalysts and the industrial catalysts.

In the Chapter 3, atomic-level structural characterization of 2D CoS,, a novel MoS.-like 2D transition
metal dichalcogenide (TMDC) is presented. CoS; is formed as a byproduct of typical recipes for
synthesizing HDS model catalysts and is one of the phases that have been observed in operando studies
on industrial HDS catalysts where Co is used as a promoter.” Prior surface-science experiments show
that Co can form MoSx>like S-Co-S layered sheets on supports like Au(111) while density functional
theory (DFT) calculations show that free-standing S-Co-S sheets are highly unstable.™ * In our study,
this disagreement is resolved by using a combination of experiments and DFT calculations. The results
show that S-Co-S layered 2D CoS; sheets are stabilized by the interactions with the Au(111) support.
The methods presented in this chapter can be applied to resolve the atomic structure of any supported

2D material.

In the Chapter 4, an alternative approach to synthesizing an HDS model catalyst via the simultaneous
sulfidation of Co and Mo oxide nanoparticles on Au(111) is presented. The sulfidation of a mixed oxide
precursor is the industrial method-of-choice for HDS catalyst preparation. A combination of STM and
XPS is used to track the changes in chemistry and morphology at various stages of the model catalyst
synthesis. The results presented in this chapter show that Co-promoted MoS, model catalyst for HDS
can be prepared by this strategy. However, the yield of the Co-promoted MoS is low because of the
kinetically hindered sulfidation of the Mo oxide phasez.

In the Chapter 5, we take a detour from model catalysts involving a weakly-interacting metal supports
like Au(111) to one involving a strongly-interacting oxide support, namely, MoS, slabs supported on

Ti0(110). TiO: is also one of the supports that are used in the industry and by choosing this support,
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an important step is made towards bridging the materials gap with the industrial catalyst. Previously
reported research work to synthesize MoS; slabs on TiO(110) has predominantly made use of many
high-temperature synthesis methods. The synthesis temperatures used in these studies are much higher
than those used in the synthesis of an industrial HDS catalyst. In this chapter, a low-temperature
synthesis strategy and the structural characterization of MoS. nanoclusters supported on TiO»(110) are
presented. A combination of STM and XPS is used to investigate the morphology and the chemistry
of the Mo sulfide phases formed. The results presented in this chapter show that both flat-lying MoS.
slabs and MoS; stripe phases are formed. The formation of these phases is driven by the strong
interaction of the support with both Mo and S. Such phases have never been observed to form in the

high-temperature synthesis methods.

In the chapter 6, we present the first direct observation of a Co-promoted MoS. model catalyst
supported on Au(111) studied in situ using the ReactorSTM under industrially relevant conditions of
high-pressure and high temperature. A mixture of H; and CH;SH are used to simulate the industrial
HDS environment, with CH3SH as the test gaseous aliphatic thiol contaminant. The results presented
in this chapter show that the edges of the Co-promoted MoS, nanoclusters are very sensitive to the
gasses they are exposed to. Under HDS conditions, a highly dynamic behavior of the Co-substituted
edges of the Co-promoted MoS; slabs is observed. The behavior of the Mo-terminated edges is however,
observed to match well with that of Mo-terminated edges of an unpromoted MoS, catalyst.
Furthermore, a large number of irregularly-shaped CoMoS slabs with high index terminations are also
observed to form during the desulfurization of methylthiol. Evidence from ex situ XPS analysis suggests
that a migration of Co atoms from the CoMoS phase to the CoS, phase occurs when the CoMoS slabs
are exposed to HDS reaction gasses. The findings of this study give us very important insights into the
complex behavior of an HDS catalyst in action and further exemplifies the need to study catalysis at

industrial reaction conditions.

References

(1) Laidler, K. J. A Glossary of Terms Used in Chemical Kinetics, Including Reaction Dynamics
(IUPAC Recommendations 1996). Pure Appl. Chem. 1996, 68 (1), 149-192.
https://doi.org/10.1351/pac199668010149.

(2) Bensebaa, F. Clean Energy. In Interface Science and Technology; 2013; Vol. 19, pp 279-383.
https://doi.org/10.1016/B978-0-12-369550-5.00005-7.

(3)  Armor, J. N. A History of Industrial Catalysis. Catal. Today 2011, 163 (1), 3-9.
https://doi.org/10.1016/j.cattod.2009.11.019.

(4)  Hagen, J. Industrial Catalysis: A Practical Approach; 2015.
https://doi.org/10.1002/9783527684625.

(5)  Furuya, T.; Kamlet, A. S.; Ritter, T. Catalysis for Fluorination and Trifluoromethylation.
Nature. 2011, pp 470-477. https://doi.org/10.1038 /nature10108.



(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

Dove, A. P. Organic Catalysis for Ring-Opening Polymerization. ACS Macro Letters. 2012, pp
1409-1412. https://doi.org/10.1021/mz3005956.

Kaminsky, W. Polymerization Catalysis. Catal. Today 2000, 62 (1), 23-34.
https://doi.org/10.1016/S0920-5861(00)00406-5.

Tavano, O. L. Protein Hydrolysis Using Proteases: An Important Tool for Food
Biotechnology. Journal of Molecular Catalysis B: Enzymatic. 2013, pp 1-11.
https://doi.org/10.1016/j.molcath.2013.01.011.

Chen, Z.; Zeng, A. P. Protein Engineering Approaches to Chemical Biotechnology. Current
Opinion in Biotechnology. 2016, pp 198-205. https://doi.org/10.1016/j.copbio.2016.07.007.

Lilley, D. M. J. The Origins of RNA Catalysis in Ribozymes. Trends in Biochemical Sciences.
2003, pp 495-501. https://doi.org/10.1016/S0968-0004(03)00191-9.

Berzelius, J. J. Arsberdttelser Om Vetenskapernas Framsteg, Bavarian State Library, 1835.

Fulhame, E. An Essay on Combustion, with a View to a New Art of Dying and Painting, First
Amer.; James Humphreys, 1794.

Elizabeth Fulhame, a Forgotten Chemistry Pioneer. Phys. Today 2020, 2020 (4), 0617a.
https://doi.org/10.1063/pt.6.4.2020061 7a.

Débereiner. Neu Entdeckte Merkwiirdige Eigenschaften Des Suboxyds Des Platins, Des
Oxydirten Schwefel-Platins Und Des Metallischen Platin - Staubes. Ann. Phys. 1823, 74 (7),
269-273. https://doi.org/10.1002/andp.18230740705.

Nicholas, C. P. Dehydration, Dienes, High Octane, and High-pressures: Contributions from
Vladimir Nikolaevich Ipatieff, a Father of Catalysis. ACS Catal. 2018, 8 (9), 8531-8539.
https://doi.org/10.1021/acscatal.8b02310.

Tyndall, J. Development of the Industrial Relevance of Catalysis and Its Physiochemical Basis.
Catal. Letters 2000, 67 (1), 5-13. https://doi.org/10.1023/a:1016674822904.

Silvy, R. P. Refining Catalyst Market Begins to Recover in 2010. Oil Gas J. 2010, 108 (15),
40-43.

Hamilton, J. D. Oil and the Macroeconomy since World War II. .J. Polit. Econ. 1983, 91 (2),
228-248. https://doi.org/10.1086/261140.

de Ledn, J. N. D.; Kumar, C. R.; Anttinez-Garcia, J.; Fuentes-Moyado, S. Recent Insights in
Transition Metal Sulfide Hydrodesulfurization Catalysts for the Production of Ultra Low
Sulfur Diesel: A Short Review. Catalysts. 2019. https://doi.org/10.3390/catal9010087.

Munawer, M. E. Human Health and Environmental Impacts of Coal Combustion and Post-
Combustion Wastes. Journal of Sustainable Mining. 2018, pp 87-96.
https://doi.org/10.1016/j.jsm.2017.12.007.

Simanzhenkov, V.; Idem, R. Crude Oil Chemistry; 2003.
https://doi.org/10.1201/9780203014042.

Wu, G.; Yin, Y.; Chen, W.; Xin, F.; Lu, Y.; Qin, K.; Zhang, L.; Song, Y.; Li, M. Catalytic



(20)

(30)

(31)

(32)

(33)

(34)

(35)

Kinetics for Ultra-Deep Hydrodesulfurization of Diesel. Chem. Eng. Sci. 2020, 214.
https://doi.org/10.1016/j.ces.2019.115446.

Miller, J.; Jin, L. Global Progress toward Soot-Free Diesel Vehicles in 2019; 2019.

Shafiq, I.; Shafique, S.; Akhter, P.; Yang, W.; Hussain, M. Recent Developments in Alumina
Supported Hydrodesulfurization Catalysts for the Production of Sulfur-Free Refinery Products:
A Technical Review. Catal. Rev. - Sci. Eng. 2020.
https://doi.org/10.1080/01614940.2020.1780824.

Babich, I. V.; Moulijn, J. A. Science and Technology of Novel Processes for Deep
Desulfurization of Oil Refinery Streams: A Review. Fuel. 2003, pp 607-631.
https://doi.org/10.1016/S0016-2361(02)00324-1.

Brunet, S.; Mey, D.; Pérot, G.; Bouchy, C.; Diehl, F. On the Hydrodesulfurization of FCC
Gasoline: A Review. Applied Catalysis A: General. 2005, pp 143-172.
https://doi.org/10.1016/j.apcata.2004.10.012.

Song, C.; Ma, X. New Design Approaches to Ultra-Clean Diesel Fuels by Deep Desulfurization
and Deep Dearomatization. In Applied Catalysis B: Environmental, 2003; Vol. 41, pp 207-238.
https://doi.org/10.1016,/S0926-3373(02)00212-6.

Topsge, H. Developments in Operando Studies and in Situ Characterization of Heterogeneous
Catalysts. In Journal of Catalysis; 2003; Vol. 216, pp 155-164. https://doi.org/10.1016/S0021-
9517(02)00133-1.

Chakrabarti, A.; Ford, M. E.; Gregory, D.; Hu, R.; Keturakis, C. J.; Lwin, S.; Tang, Y.; Yang,
Z.; Zhu, M.; Banares, M. A.; Wachs, I. E. A Decade+ of Operando Spectroscopy Studies.
Catalysis Today. 2017, pp 27-53. https://doi.org/10.1016/j.cattod.2016.12.012.

Rodriguez, J. A.; Hanson, J. C.; Chupas, P. J. In-Situ Characterization of Heterogeneous
Catalysts; John Wiley & Sons, 2013; Vol. 2013. https://doi.org/10.1016/s1351-4180(13)70477-
X.

Ertl, G. Heterogeneous Catalysis on Atomic Scale. In Journal of Molecular Catalysis A:
Chemical; 2002; Vol. 182-183, pp 5-16. https://doi.org/10.1016/S1381-1169(01)00460-5.

Imbihl, R.; Behm, R. J.; Schlogl, R. Bridging the Pressure and Material Gap in Heterogeneous
Catalysis. Physical Chemistry Chemical Physics. 2007, p 3459.
https://doi.org/10.1039/b706675a.

Stoltze, P.; Norskov, J. K. Bridging the “Pressure Gap” between Ultrahigh-Vacuum Surface
Physics and High-Pressure Catalysis. Phys. Rev. Lett. 1985, 55 (22), 2502-2505.
https://doi.org/10.1103/PhysRevLett.55.2502.

Somorjai, G. A.; York, R. L.; Butcher, D.; Park, J. Y. The Evolution of Model Catalytic
Systems; Studies of Structure, Bonding and Dynamics from Single Crystal Metal Surfaces to
Nanoparticles, and from Low Pressure (<10® Torr) to High-pressure (>10 Torr) to Liquid
Interfaces. Physical Chemistry Chemical Physics. 2007, pp 3500-3513.
https://doi.org/10.1039/b618805b.

Weckhuysen, B. M. Snapshots of a Working Catalyst: Possibilities and Limitations of in Situ



(39)

Spectroscopy in the Field of Heterogeneous Catalysis. Chem. Commun. 2002, 2 (2), 97-110.
https://doi.org/10.1039/b107686h.

Zaera, F. New Advances in the Use of Infrared Absorption Spectroscopy for the
Characterization of Heterogeneous Catalytic Reactions. Chemical Society Reviews. 2014, pp
7624-7663. https://doi.org/10.1039/c3cs60374a.

Wachs, I. E. In Situ Raman Spectroscopy Studies of Catalysts. Top. Catal. 1999, 8 (1-2), 57—
63. https://doi.org/10.1023/a:1019100925300.

Gustafson, J.; Shipilin, M.; Zhang, C.; Stierle, A.; Hejral, U.; Ruett, U.; Gutowski, O.;
Carlsson, P. A.; Skoglundh, M.; Lundgren, E. High-Energy Surface X-Ray Diffraction for Fast
Surface Structure Determination. Science (80-. ). 2014, 343 (6172), 758-761.
https://doi.org/10.1126 /science.1246834.

Frenkel, A. I.; Wang, Q.; Marinkovic, N.; Chen, J. G.; Barrio, L.; Si, R.; Camara, A. L.;
Estrella, A. M.; Rodriguez, J. A.; Hanson, J. C. Combining X-Ray Absorption and X-Ray
Diffraction Techniques for in Situ Studies of Chemical Transformations in Heterogeneous
Catalysis: Advantages and Limitations. J. Phys. Chem. C 2011, 115 (36), 17884-17890.
https://doi.org/10.1021/jp205204e.

Vogelaar, B. M.; Steiner, P.; van der Zijden, T. F.; van Langeveld, A. D.; Eijsbouts, S.;
Moulijn, J. A. Catalyst Deactivation during Thiophene HDS: The Role of Structural Sulfur.
Appl. Catal. A Gen. 2007, 318, 28-36. https://doi.org/10.1016/j.apcata.2006.10.032.

Millet, J. M. M. Maéssbauer Spectroscopy in Heterogeneous Catalysis. Advances in Catalysis.
2007, pp 309-350. https://doi.org/10.1016/S0360-0564(06)51006-5.

Niemantsverdriet, J. W.; Delgass, W. N. In Situ Mdssbauer Spectroscopy in Catalysis. Top.
Catal. 1999, 8 (1-2), 133-140. https://doi.org/10.1023/a:1019144607553.

Hunger, M. In Situ Flow MAS NMR Spectroscopy: State of the Art and Applications in
Heterogeneous Catalysis. Progress in Nuclear Magnetic Resonance Spectroscopy. 2008, pp
105-127. https://doi.org/10.1016/j.pnmrs.2007.08.001.

Simonsen, S. B.; Chorkendorff, I.; Dahl, S.; Skoglundh, M.; Sehested, J.; Helveg, S. Ostwald
Ripening in a Pt/SiO, Model Catalyst Studied by in Situ TEM. J. Catal. 2011, 281 (1), 147—
155. https://doi.org/10.1016/j.jcat.2011.04.011.

Bowker, M.; Davies, P. R. Scanning Tunneling Microscopy in Surface Science, Nanoscience
and Catalysis; 2010. https://doi.org/10.1002/9783527628827.

Salmeron, M. The Structure of Surfaces in Equilibrium with Gases and Liquids. In
Encyclopedia of Interfacial Chemistry: Surface Science and Electrochemistry; 2018; pp 292—
298. https://doi.org/10.1016/B978-0-12-409547-2.13634-0.

Jensen, J. A.; Rider, K. B.; Chen, Y.; Salmeron, M.; Somorjai, G. A. High-pressure, High
Temperature Scanning Tunneling Microscopy. J. Vac. Sci. Technol. B Microelectron. Nanom.
Struct. 1999, 17 (3), 1080. https://doi.org/10.1116/1.590697.

Herbschleb, C. T.; Van Der Tuijn, P. C.; Roobol, S. B.; Navarro, V.; Bakker, J. W.; Liu, Q.;
Stoltz, D.; Canas-Ventura, M. E.; Verdoes, G.; Van Spronsen, M. A.; Bergman, M.; Crama, L.;



(49)

(50)

(51)

(52)

(53)

(54)

Taminiau, I.; Ofitserov, A.; Van Baarle, G. J. C.; Frenken, J. W. M. The ReactorSTM:
Atomically Resolved Scanning Tunneling Microscopy under High-Pressure, High-Temperature
Catalytic Reaction Conditions. Rev. Sci. Instrum. 2014, 85 (8).
https://doi.org/10.1063/1.4891811.

Laegsgaard, E.; Osterlund, L.; Thostrup, P.; Rasmussen, P. B.; Stensgaard, I.; Besenbacher, F.
A High-Pressure Scanning Tunneling Microscope. Rev. Sci. Instrum. 2001, 72 (9), 3537-3542.
https://doi.org/10.1063/1.1389497.

Van Spronsen, M. A.; Van Baarle, G. J. C.; Herbschleb, C. T.; Frenken, J. W. M.; Groot, I.
M. N. High-Pressure Operando STM Studies Giving Insight in CO Oxidation and NO
Reduction over Pt(110). Catal. Today 2015, 244, 85-95.
https://doi.org/10.1016/j.cattod.2014.07.008.

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 (10), 929
934. https://doi.org/10.1038 /nchem.2613.

Mom, R. V.; Louwen, J. N.; Frenken, J. W. M.; Groot, I. M. N. In Situ Observations of an
Active MoS, Model Hydrodesulfurization Catalyst. Nat. Commun. 2019, 10 (1).
https://doi.org/10.1038/s41467-019-10526-0.

Plais, L.; Lancelot, C.; Lamonier, C.; Payen, E.; Briois, V. First in Situ Temperature
Quantification of CoMoS Species upon Gas Sulfidation Enabled by New Insight on Cobalt
Sulfide Formation. Catal. Today 2020. https://doi.org/10.1016/j.cattod.2020.06.065.

Kibsgaard, J.; Morgenstern, K.; Laegsgaard, E.; Lauritsen, J. V.; Besenbacher, F.
Restructuring of Cobalt Nanoparticles Induced by Formation and Diffusion of Monodisperse
Metal-Sulfur Complexes. Phys. Rev. Lett. 2008, 100 (11).
https://doi.org/10.1103/PhysRevLett.100.116104.

Ataca, C.; Sahin, H.; Ciraci, S. Stable, Single-Layer MX, Transition-Metal Oxides and
Dichalcogenides in a Honeycomb-like Structure. J. Phys. Chem. C 2012, 116 (16), 8983-8999.
https://doi.org/10.1021/jp212558p.

Prabhu, M. K.; Boden, D.; Rost, M. J.; Meyer, J.; Groot, I. M. N. Structural Characterization
of a Novel Two-Dimensional Material: Cobalt Sulfide Sheets on Au(111). J. Phys. Chem. Lett.
2020, 11 (21), 9038-9044. https://doi.org/10.1021 /acs.jpclett.0c02268.



10



