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Chapter 6

In Situ Observation of a CoMoS Model
Hydrodesulfurization Catalyst at Industrially-Relevant
Conditions Using the ReactorSTM

Abstract

In this Chapter, the first direct observations of Co-promoted MoS, (CoMoS) slabs under industrially-
relevant hydrodesulfurization (HDS) conditions using the ReactorSTM are presented. CoMoS slabs
supported on Au(111) show new edge structures when imaged under 100% H. and 100% CHsSH
atmospheres. However, during the desulfurization of CH;SH, we observe a dynamically evolving edge
structure on the low index Co-substituted S edges of the CoMoS slabs. Furthermore, we also report
the formation of curved CoMoS slabs with high index edge terminations under the HDS conditions.
Additionally, mass transport along the edges of the larger CoMoS slabs results in the formation of
highly irregular edges. XPS analysis shows that the mass transport likely is due to the migration of
Co atoms from the CoMoS slabs into the 2D CoS, phase. Our experimental observations emphasize
the importance of studying a complex catalyst such as Co-promoted MoS, during the catalysis process.
The results presented in this work open up avenues for more fundamental research on HDS including

theoretical modelling with DF'T calculations.
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6.1 Introduction

Hydrodesulfurization (HDS) is the process of selectively removing sulfur from fractionated crude oil
using a catalyst and hydrogen. The most widely used catalyst for this purpose is based on MoS;, a
transition metal dichalcogenide (TMDC). Typically, Co and Ni are used as promoters to enhance the
activity of the catalyst. Such TMDC based catalysts have a broad spectrum HDS activity and have
met the commercial fuel’s residual sulfur standards of up to ~100 ppm for over the last 100 years.!
However, the regulations on SO emissions worldwide have become significantly more stringent in the
last decade. To meet the future sulfur emission thresholds, the residual sterically-hindered aromatic
sulfides also must be removed.? The current TMDC catalysts are not very active towards desulfurizing
such refractory sulfur compounds.’ To design a more efficient HDS catalyst, however, the much needed
atomic-level understanding of the catalyst for establishing the structure-activity relationships is
currently lacking. For instance, despite being a well-established process in the industry, the precise
working mechanism as well as the atomic structure of the working HDS catalyst is still under

considerable scientific discussion.

In the last two decades, a lot of work has been done to gain atomic-level insights into the Co-promoted
MoS; catalysts. It has been established that the active sites lay on the edges of the Co-promoted MoS.
slabs with the promoter Co atoms being incorporated into the S-terminated edges of the S-Mo-S
sandwich MoS; slabs.® ¢ Such Co-incorporated MoS; slabs are also known as CoMoS slabs (see Figure
1). Several islands of single-layer (SL) and multi-layer CoMoS slabs are known to exist on the industrial
catalyst, as has been observed with electron microscopy techniques.”™ While the atomic structure of
the CoMoS slabs has been studied in detail, the atomic structure of the edges of these slabs during the
hydrodesulfurization process is still unknown. Directly observing the HDS catalysts in action is
necessary to gain atomic-level insights necessary for designing better catalysts in order to meet the

demands of the ever-growing stringent regulations on sulfur emissions.’

Several attempts have been made in the recent past to gain such atomic-level understanding of pristine
and promoted MoS, slabs at near-industrial conditions using techniques such as X-ray absorption fine
structure (XAFS)*1" M transmission electron microscopy (TEM)", X-ray diffraction (XRD)"!, X-ray

819" peutron scattering® and importantly,

photoelectron spectroscopy (XPS)', Raman spectroscopy
scanning tunneling microscope (STM).*# Especially the recent work by Mom et al.** using the
ReactorSTM? bridges the pressure gap with the industrial catalysts and reports direct observations of
the edges of a non-promoted MoS, model catalyst under hydrodesulfurization conditions. Their work
shows that active edge sites of the MoS; slab adapt to the sulfur, hydrogen, and hydrocarbon coverages
depending on the gas environment. For Co-promoted MoS. slabs, the work carried out by Grgnborg
et al.”! investigates the effects of a reducing atmosphere on the Co-substituted edges of a CoMoS slab.
However, their work has a pressure gap of 7 orders of magnitude with respect to the industrial HDS
conditions. Furthermore, the possible effects of the interactions of organic molecules with the Co-

substituted edges are not investigated in their work.
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a MoS, slab b Co-promotedMosS, slab

Figure 1: a) Atomic model of a pristine MoS; slab with the Mo-terminated edges. b) Atomic model
of a CoMoS slab with the 100% S coverage Mo-terminated and Co-substituted S edges. The models

are based on the reference number 21.

In this work, we present the first observations of the Co-promoted MoS, model catalyst under
industrially-relevant HDS conditions using the ReactorSTM. We have prepared a model catalyst
containing the CoMoS slabs supported on an Au(111) substrate. We study this model catalyst both
in UHV as well as in situ under industrially relevant conditions for HDS. Under the desulfurizing gas
mixture of CH;SH and H,, we observe that the structure of the Co-substituted edge changes with time
whereas in pure H, and pure CH;SH, the edge structure remains static. The desulfurizing gas condition
also causes the transformation of hexagonal CoMoS slabs into slabs with curved edges signifying the
presence of high index terminations which have not been observed in prior low pressure experiments.
Additionally, we also observe the mass transport of Co atoms from the CoMoS slabs into the 2D CoS,
phase. Our experiments demonstrate that it is very important to observe a complex catalyst like the

CoMoS nanoclusters under industrially relevant catalytic conditions.

6.2 Experimental Methods

All the experiments were carried out in the ReactorSTM setup.” We use the same crystal cleaning
procedure as presented in Chapter 3 and 4 presented of this thesis. Briefly, a polished Au(111) single
crystal was purchased from the Surface Preparation Laboratory (SPL), Zaandam, the Netherlands.
The crystal was cleaned by repeated cycles of sputtering and annealing until impurities were no longer
detected by XPS and STM. Sputtering was performed using Ar* with an ion energy of 1.5 keV and

annealing was performed using radiative heating at 873 K for 10 minutes in ultra-high vacuum (UHV).

For growing the CoMoS slabs on Au(111), we used the well-known Aarhus recipe.”! First, MoS, slabs
were grown on the Au(111) surface by depositing Mo from an Oxford EGCO4 evaporator in a H.S
atmosphere of 2x10° mbar with the sample held at 400 K. Thereafter, annealing was performed at 650

K under the same H,S atmosphere to synthesize the pristine MoS, slabs which act as seeds for growing
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the CoMoS slabs subsequently. The sample was then cooled to 400 K in the same H,S background
over 30 minutes. At this stage, co-deposition of Mo and Co was performed followed by annealing to
650 K for 20 minutes while maintaining the H.S background. This step allows for the Co atoms to be
incorporated into the MoS; slabs. The model catalyst containing CoMoS slabs, thus synthesized, was
cooled in the H,S background to 450 K over 45 minutes and thereafter, to 300 K in UHV over 150

minutes.

Scanning tunneling microscopy was performed with the ReactorSTM using both the UHV mode and
the high-pressure mode. STM tips were prepared by cutting polycrystalline Pt-Ir 90-10 wires purchased
from Goodfellow without further processing. Constant-current scans were performed using LPM video-
rate scanning electronics described in detail elsewhere.?** Home-developed Camera software and
WSxM were used for STM image processing.?**" Line-by-line background subtraction was used for the
ease of viewing the STM images. Line-by-line differential filtering was used to view the edge registry

if necessary. All of the UHV scans were carried out at room temperature.

For the high-pressure STM imaging, the model catalyst consisting of CoMoS slabs supported on
Au(111) was loaded into the STM assembly and a Kalrez seal was placed between the sample and the
reactor. Thereafter, the bellows of the reactor were actuated to close the reactor and establish the
closed volume for introducing the reaction gasses. The CoMoS model catalyst was studied under three
gasses: 1 bar H,, 0.1 bar CH;SH and a desulfurization mixture containing H>and CH3SH. Ar N5.0, H»
N5.0 and CH3;SH N2.8 (dimethylsulfide and dimethyldisulfide are the primary impurities) were
procured from Westfalen AG. The gas purity was confirmed using a mass spectrometer before use.
The gas lines were flushed with Ar and baked out at 423 K for 12 hours to remove any residual
reactants and volatiles before commencing all experiments presented in this chapter. All high-pressure
STM measurements were carried out at 510 K. A temperature of 510 K was chosen as this is within

the typical range of temperatures under which HDS is carried out in the industry.**

For observing the model catalyst under 1 bar H,, the STM’s reactor was first pressurized up to 0.1 bar
with H, and thereafter, the temperature was raised to 510 K with a heating rate of 2 K/min. After
this step, the system was allowed to reach thermal steady-state for 90 minutes in order to minimize
the thermal drift while scanning with the STM. Finally, the hydrogen pressure was raised to 1 bar at
a rate of 0.01 bar/min. After the system was allowed to reach steady-state for 180 minutes, the STM

scanning was commenced.

For observing the reduced model catalyst under CH3SH, the reactor was pressurized to 0.1 bar H, at
300 K. Thereafter, the temperature was raised to 510 K at a heating rate of 2 K/min. Once the thermal
steady-state was reached, the reactor pressure was gradually raised to 1 bar while maintaining the
temperature. The model catalyst was then allowed to reduce for 120 minutes under 1 bar H, at 510
K. After the reduction, the total pressure was reduced to 0.1 bar and the gas composition changed
from 100 % H, to 100 % CH;3;SH while maintaining the temperature at 510 K. A mass spectrometer
was used to analyze the exhaust gases and ensure that all the residual hydrogen was pumped away.
Thereafter, the system was allowed to reach steady-state for 180 minutes and the STM scanning was

commenced.
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For imaging the CoMoS slabs under HDS conditions, a freshly prepared CoMoS model catalyst was
reduced under 1 bar H> at 510 K using the procedure mentioned in the previous paragraph. Thereafter,
desulfurizing conditions were reached by introducing CH3;SH in the gas stream. The molar flow rate of
the gas stream was selected to ensure a residence time of ~1s in the reactor so that the product build
up, if any, is negligible. A variety of H.:CH3SH ratios have been used to image the CoMoS slabs. These
conditions are detailed in Table 1. For each of the conditions, only after the system was allowed to

reach steady-state for 180 minutes, the STM scanning was commenced.

For the post-HDS UHV measurements, the total pressure was reduced to 0.1 bar and the model
catalyst was allowed to cool down to 373 K under the flow of gasses for 15 minutes. After this step,
the gasses were pumped away and the model catalyst was brought under UHV conditions and allowed

to cool to room temperature over 120 minutes. Thereafter, the STM scanning was commenced.

The XPS spectra were obtained using a commercial SPECS Phoibos system equipped with an XRM50
X-ray source set to the Al K-alpha line and a HSA3500 hemispherical analyzer with a pass energy of
30 eV. A monochromator was used to separate the satellite peaks and the sample was excited with a
54.6° incidence. An acceleration voltage of 10 kV and a power of 250 W was used for all the
measurements. Calibration of the XPS spectra was performed by setting the bulk Au 4f peak of the
clean Au(111) substrate to 84.0 eV. The number of integrations was set to 30 in order to have sufficient
signal-to-noise ratio. CASA-XPS software was used for quantification and XPSPEAK41 software was
used for the peak fitting. Relative sensitivity factors for surface were obtained from literature.” Shirley
background subtraction was performed for all the spectra and a Newton-Raphson method was used
for convergence. The XPS spectra were fit using mixed Gaussian-Lorentzian (65-35) curves. For the
Mo 3d signal, a doublet separated by 3.15 eV was used. For the Co 2ps. peaks, an asymmetric
Gaussian-Lorentzian sum function was used to fit the main component. The Mo 3d spectra were fit
with components for Mo** in MoS, at 229.2 eV, reduced MoS; at 228.8 eV and 228.3 eV for 5-fold and
4-fold coordinated Mo atoms respectively and the S 2s component at 226.2 eV. The Co 2ps/: spectra
were fit with components for Co in the metallic Co sulfide phase and Co in the CoMoS phase. Co in
the metallic Co sulfide phase is fit with a main asymmetric peak at 778.1 eV, and two satellites at
781.1 eV and 783.1 eV. The Co in the CoMoS phase was fit with a main asymmetric peak at 778.6 eV
and two satellites at 781.6 eV and 783.6 eV. These binding energies are tabulated in Table 2. All the
signature peak positions are based on previously reported literature work.!11517:30

Table 1: Hydrodesulfurization gas conditions used for high-pressure STM measurements

510 K 1 0.9 0.1 9:1
510 K 0.3 0.15 0.15 1:1
510 K 0.6 0.45 0.15 3:1
510 K 0.6 0.515 0.085 6:1
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Table 2: XPS binding energies for various components used for peak fitting.

*

Components MoS, Reduced MoS; (4-fold) Reduced MoS; (5-fold) S 2s
Binding energy (eV) 229.2 228.3 228.8 226.2
ABE* (eV) 3.15 3.15 3.15

Components Co sulfide main Co sulfide sat. 1** Co sulfide sat. 2** S 2s ~-CHsS
Binding energy (eV) 778.1 781.1 783.1 226.9
Components Co (CoMoS) main Co (CoMoS) sat. 1** Co (CoMoS) sat. 2**

Binding energy (eV) 778.6 781.6 783.6

ABE(3d) = BE 3ds» — BE 3ds2 ; ** sat. stands for satellite
6.3 Results and Discussions

Figure 2 shows a large-scale STM image of MoS, slabs grown on Au(111) by the recipe detailed in the
experimental methods. The MoS; slabs are observed to have a triangular shape. The slabs exhibit this
shape because Mo-terminated edges of MoS; are thermodynamically more stable than the S-terminated
edges under the sulfur-rich conditions used during the synthesis.’! * The MoS, slabs have a measured
height of 1.8 A which is close to the experimentally measured height of 2+0.3 A of SL MoS, slabs
supported on Au(111) at similar sample voltages (see SI, Figure S1).*! In addition to the MoS; slabs,
the Au(111) terraces exhibit a ‘distorted’ herringbone reconstruction due to the exposure to H,S during
the synthesis procedure. A similar effect on the Au(111) surface due to H»S exposure has been observed
in Chapter 3 and also reported in the literature.’ * We use the MoS; supported on Au(111) sample as

a precursor to synthesize the Co-promoted MoS, model catalyst.

Figure 3a and 3b show the large-scale STM images of CoMoS slabs synthesized by the co-deposition
technique detailed in the experimental methods. The CoMoS slabs are observed to have a hexagonal
shape, in contrast to the triangular shape of the non-promoted MoS, in the precursor. This is because
the growth of the MoS; slabs in the presence of Co adatoms causes the Co to be incorporated into the
S-terminated edges.” The incorporation of Co atoms causes the S-terminated edges to become
thermodynamically stable under the sulfur-rich synthesis conditions.”** Therefore, the CoMoS slabs
exhibit a hexagonal shape. Additionally, large atomically-flat islands of SL Co sulfides like 2D CoS,
are also observed to form. The structural characterization of the 2D CoS. sheets on Au(111) has been
reported in Chapter 3 of this thesis and elsewhere in literature.*® Such Co sulfide sheets have also been
observed to form in the previous studies on CoMoS model catalysts as byproducts of the synthesis

recipe.>?1:%

Figure 3c shows an atom-resolved STM image of the CoMoS slabs. From the previous STM
experiments on MoS; slabs supported on Au(111), it is known that the sulfur atoms are imaged as the
bright protrusions on the basal plane at the filled-state scanning conditions used.*! Furthermore, the
penultimate line of protrusions preceding the edges of the CoMoS slabs is observed to be bright in
comparison to the protrusions on the basal plane. This bright feature is attributed to the presence of

1-D metallic states along the edges called as Brim sites.>*! In the prior work carried out on MoS, and
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Figure 2: Large-scale STM image of MoS; slabs supported on Au(111) acquired in UHV at room
temperature with sample voltage = -1 V and tunneling current = 200 pA. Some Au islands are also

observed to form during the MoS. synthesis.
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Co-promoted MoS, model catalysts, the registry of the edge protrusions with respect to those of the
basal plane has been directly correlated with the sulfur saturation of the edges.?»* Figure 3d shows
the zoom-in of the area marked by the green dotted rectangle in Figure 3c. The bright protrusions
associated with the basal plane sulfur atoms have been superimposed with a hexagonal lattice for the
ease of identifying the edge registry. The hexagonal lattice is drawn by connecting the experimentally
measured protrusions so that locally, any distortions due to thermal drift or creep in the piezo scanner
can be accounted for. Along one of the edges, the observed edge protrusions deviate from their expected
position and are clearly out-of-registry with respect to the basal plane. The registry shift along this
edge is measured to be 21+2%. This matches very well with the signature of a 100% S saturated Mo-
terminated edge of a CoMoS slab.?* Therefore, we identify this edge as an Mo-terminated edge. On
the adjacent edge, however, the edge protrusions are observed to be in registry but shifted away from
their expected positions in the in-plane vertical direction from the edge by ~0.4 A. The Brim sites
along this edge have a higher contrast that those along the Mo-terminated edge suggesting a higher
metallicity. These characteristics match very well with those of a 100% S Co-substituted S edge of a
CoMoS slab.?* The Co atoms along this edge are expected to be in a trigonal prismatic coordination
and are stabilized by the interaction of the edge sulfur atoms with the Au(111) surface (see SI, Figure
S1).2

As the next logical step towards reaching the HDS reaction conditions, the S-saturated CoMoS slabs
must be imaged under industrially-relevant pressures of hydrogen and at a high temperature as
reduction with Hs is performed industrially to activate the CoMoS catalysts for HDS. Even at vacuum
pressures, hydrogen treatment is known to reduce the Mo and Co-substituted edges of the CoMoS

222 A total pressure of 1 bar and a temperature of 510

slabs and drastically change the edge structure.
K were selected in order to get close to the industrial reducing conditions. To image the Co-promoted
MoS, model catalyst under H,, the operating conditions were reached by following the procedures
detailed in the experimental methods. Thereafter, the system was allowed to reach steady-state for

180 min before approaching with the STM tip and commencing the scanning.

Figure 4a shows a large-scale STM image of the CoMoS slabs supported on Au(111) acquired in situ
under 1 bar H, and at 510 K. The CoMoS slabs are observed to retain their hexagonal shape at these
conditions. This shows that both the Mo-terminated and Co-terminated edges are stable when reduced
by hydrogen and the overall hexagonal shape observed under the UHV conditions is also the stable
shape of the CoMoS slabs under 1 bar H; at 510 K. Additionally, all the CoMoS slabs retain the bright
Brim sites along their periphery. Figure 4b shows an atom-resolved STM image of a CoMoS slab
obtained in situ under 1 bar of H, at 510 K. The Brim sites along one of the edges are observed to be
relatively brighter. Along this edge, the edge protrusions are in registry with the basal plane. The
characteristics of this edge match well with the signatures of a reduced Co-substituted S edge with
50% S-atom saturation and adsorbed H.* The adjacent edge, however, has a relatively darker Brim.
Furthermore, the edge protrusions along this edge are observed to be in registry with the basal plane,
but with a 0.2 A shift towards the edge along the vertical direction with respect to the edge. There is

an excellent match with the characteristics of this edge and that of a reduced Mo-terminated edge
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Figure 3: a,b) Large-scale STM images of CoMoS slabs supported on Au(111); sample voltage = -1 V,
tunneling current = 200 pA. Figure 3b shows a high-contrast STM image highlighting the hexagonal
CoMos slabs. ¢) Atom-resolved STM image of CoMoS slabs supported on Au(111); sample voltage =
-0.35 V, tunneling current = 300 pA. d) Zoom-in of the region marked by the green rectangle in Figure

3c. The blue dotted lines denote the expected positions of the edge protrusions.
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with 50% S and adsorbed H which was observed in previous vacuum and high-pressure studies on a
1,22

pristine MoS, and CoMoS model catalysts.>

T =510 K; P =1 bar, 100% H,
. ( PR -

——6.7nm

Figure 4: a) Large-scale STM image of CoMoS slabs supported on Au(111) measured in situ under
Hs; total pressure = 1 bar, gas composition = 100% H,, sample voltage = -1 V, tunneling current =
400 pA. b) Atom-resolved STM image of a CoMoS slab measured in situ under Hs; total pressure =
1 bar, gas composition = 100% H,, sample voltage = -0.2 V, tunneling current = 600 pA.

Recently reported work on hydrogen-induced restructuring of CoMoS slabs* showed that, upon
exposure to rough vacuum pressures of H, and at elevated temperatures, two types of Co-substituted
S edges are formed. One of these edges has an intensely bright Brim, the edge protrusions are clearly
visible in the STM images and are observed to be in registry with the basal plane protrusions. This
edge was identified as a reduced Co-substituted S edge with adsorbed H atoms using pyridine
adsorption experiments.?® The adsorption of hydrogen was observed to lift the sulfur atoms that
otherwise strongly interact with the Au(111) substrate and remain low. The other type of S edge,
however, has the Brim sites quenched and the edge protrusions not very clearly visible in the STM
images. This edge was found to not be reactive towards pyridine and was identified as a reduced Co-
substituted S edge without adsorbed H. The edge S atoms on this type of edge lay low due to chemically
bonding with the gold substrate.?! Thus, the two types of Co-substituted edges could be identified by
the brightness of the Brim sites upon reduction under vacuum pressures of hydrogen. Figure 4a clearly
shows that all the CoMoS slabs observed at 510 K in situ under 1 bar H, retain the bright Brim
associated with the Co- and Mo- terminated edges. The edges with quenched Brim sites were never
observed in our experiment. This shows that, under 1 bar H» and at 510 K, all of the Mo terminated

and Co-substituted S edges are not only reduced but also hydrogenated.
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In order to ultimately image the CoMoS slabs under HDS conditions, it is also important to understand
the structural and morphological changes occurring upon exposing the CoMoS slabs not only to Ha,
but also to organosulfur molecules that need to be desulfurized. Methylthiol was chosen as a model
desulfurization compound for three reasons. First, methylthiol is a very common organosulfur

contaminant present in various fractions of processed crude oil.}*%

Second, methylthiol is a gaseous
organosulfur compound and is easier to handle in the ReactorSTM as compared to organosulfur liquids.
Third, methylthiol being the simplest aliphatic thiol, only has one possible HDS reaction pathway and

hence, complex side reactions can be circumvented.**%

A fresh model catalyst containing CoMoS slabs supported on Au(111) was prepared and reduced at
510 K under 1 bar Hsfollowing the methodology detailed in the experimental methods. Thereafter, the
gas composition was changed to 100 % CH;SH with a total pressure of 0.1 bar and 510 K. The system
was allowed to reach steady-state for 180 minutes before approaching with the STM tip and

commencing the scan.

Figure 5a shows the STM image of CoMoS slabs reduced under 1 bar H, and then observed in situ
under a 100% CH3SH atmosphere at a pressure of 0.1 bar and temperature of 510 K. Under these
conditions, the CoMoS slabs are observed to have three types of edges based on the Brim site contrast:
edge with an intermediate-contrast Brim, edge with a quenched Brim and edge with a bright Brim.
Figure 5b shows the zoom-in of the edge with an intermediate contrast Brim site. Comparison of the
positions of the edge protrusions along this edge with respect to those of the basal plane shows that
the edge protrusions are out-of-registry with a measured registry shift of 2442 %. These features match
very well with those of the Mo-terminated edges of pristine MoS, slabs when exposed to CH3;SH, as

1.2 According to their work, the low activation barriers for the

observed by Mom et a
adsorption/desorption of CHsSH on the Mo edge leads to fast adsorption/desorption kinetics and an
overall time-averaged out-of-registry structure at the elevated temperature and pressure. Based on
these characteristics, we identify this edge of the CoMoS slab with an out-of-registry edge structure

and an intermediate contrast Brim as an Mo-terminated edge.

Figure 5c shows the zoom in of an edge of the CoMoS slab with a quenched Brim. The edge protrusions
along this edge show a complex structure. Every alternate edge site has an intensely bright and diffuse
protrusion which is in registry with the corresponding basal plane protrusions. Due to the diffuse
nature of this protrusion, a minor registry shift if any, cannot be ruled out. On the site adjacent to
the the diffuse feature, a relatively darker protrusion that has a registry shift of 174+1% of a unit cell
towards the nearby diffuse bright protrusion is observed. We also note that the darker features were
always observed to be on the same side of the bright feature on a given edge, suggesting that the
features interact with each other along the edge. Additionally, the bright features are measured to be
0.2 A further away from the edge than the adjacent darker features. In the work carried out by Mom
et al.”2, a CH3SH adsorption structure on a reduced Mo edge without time averaging was also modelled
using DFT calculations. The simulated STM image of this structure showed a pair of a bright diffuse
feature and a darker adjacent feature due to the formation of an —SH and adsorbed CH3S- on adjacent
sites respectively, identical to the ones observed in Figure 5c. It is very likely that the structure
observed in Figure 5c¢ is a similar CH3SH adsorption structure. Additionally, low pressure molecular
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~ T=510K; P =0.1 bar; 100 % CH,SH

T=510K;
P = 0.1 bar;
100 % CH,SH

Figure 5: a) Atom-resolved STM image of CoMoS slabs measured in situ under 100% CHsSH. b,c,d)
Zoom-in of the areas marked red, green and blue respectively, in Figure 5a. The areas highlight the
atomic structure of the three types of edges of the CoMoS slabs. All STM images are obtained under
the following conditions: total pressure = 0.1 bar (100% CHsSH), T = 510 K, sample voltage = -0.2
V, tunneling current = 0.9 nA.
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adsorption experiments on CoMoS slabs with other organo sulfur compounds have shown the formation
of paired edge features on the Co-substituted edge and the quenching of adjacent Brim sites similar to
the one observed on the edge in Figure 5c.* * We interprete the edge with quenched Brim and paired
features on the edge (as in Figure 5¢) to be a Co-substituted S edge which has adsorbed CH3;SH
molecules. However, we note that in the model of CH3SH adsorption presented in the work of Mom et
al., the bright diffuse features were found to be in an out-of-registry configuration while the darker
feature was observed to be in registry. This is in contrast to the edge structure in Figure 5c. This
difference in the registry is attributed to the intrinsic structural differences between an Mo and a Co-
substituted S edge. That we do not observe the time-averaged structure suggests that CHsS- binds
very strongly to a Co-substituted S edge. A possible candidate structure for this type of an edge is
presented in the SI, Figure S2.

Figure 5d shows the zoom in of an edge with a bright Brim. The edge protrusions on this edge are
measured to be in registry with the basal plane and appear identical to those of a 100% S Co-
substituted S edge.?! All the edges that have this structure were observed to be encapsulated by the
2D CoS; sheets. We note that the adjacent edge of the CoMoS was identified as an Mo-terminated
edge in the previous paragraphs (Figure 5a and 5b). Based on the geometry arguments from the Wulff
construction,” the edge in Figure 5d should therefore, be an S edge. However, none of the features
observed on a Co-substituted S edge with a quenched Brim and adsorbed CH3SH (as in Figure 5¢)
were observed on this edge. A possible explaination is that the edge sites on this edge are not available

for CH3SH adsorption as they are involved in atomic bonding with the edges of the 2D CoS, sheet.

Having observed the effect of methylthiol exposure on the CoMoS slabs, at this stage, we introduced
H, into the gas stream while maintaining the partial pressure of CH;SH and the sample temperature
in order to transition into the HDS reaction conditions. A gas phase composition of 1:9 CH3;SH:H, at
a total pressure of 1 bar and a temperature of 510 K was used to closely imitate the industrial HDS
conditions. The precise steps undertaken to achieve the HDS reaction conditions are detailed in the
experimental methods. The system was allowed to reach steady-state for 180 minutes before the STM

scanning was commenced.

Figure 6a shows a large-scale STM image of the CoMoS slabs measured in situ under the HDS
conditions (1:9 CHsSH:H,, 1 bar and 510 K). Under these conditions, the Au(111) support did not
show the herringbone reconstruction. This effect is attributed to the presence of sulfur atoms formed
by the dissociation of CHsSH and the residual HsS (<0.1 mbar).?? In fact, a (1x1) structure of Au upon
exposure to CH3;SH has been reported in the literature.® In order to avoid the formation of a CH;SH
self-assembled structure, the temperature during the measurement was always maintained above 500
K.

Under the HDS conditions, in addition to the hexagonal CoMoS slabs, a significant number of curved
CoMos slabs were observed to form (see Figure 6b). Additionally, the larger slabs were observed to
also have irregular edges (see inset, Figure 6a). CoMoS slabs with such curved and irregular edges
were observed to form only under the HDS conditions but not after the synthesis, reduction under H,

or the exposure to CH3SH. In the past, curved MoS; nanoclusters have only been observed with
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Figure 6: a) Large-scale STM image of CoMoS slabs supported on Au(111) acquired in situ under the
HDS condition. The inset shows a zoom in of the CoMoS slab within the black rectangle.b) A CoMoS
slab with a curved shape observed in situ under the HDS conditions. ¢) Statistics of the shape of the
CoMos slabs vs slab size obtained by analyzing large-scale STM images after 16 hours of HDS. d)
Atom-resolved STM image with a differential filter showing the out-of-registry structure on the Mo-
terminated edge. All the images are measured under the following conditions: total pressure = 1 bar
(1:9 CHsSH:H,), T = 510 K, sample voltage = -0.2 V, tunneling current = 500 pA.
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STM on NiMoS model catalysts supported on Au(111) and have been attributed to coordinatively
unsaturated (CUS) Ni sites in the corner.” However, several electron microscopy experiments also
report the observation of CoMoS slabs with curved edges on a carbon support.™4 They have suggested
that the curved edges may be due to high index terminations such as the (1120) termination resulting
in highly undercoordinated Co atoms being exposed. An example of such a termination is shown in
the SI, Figure S3. It is likely that such CUS sites involving Co atoms are formed under HDS conditions
on the CoMoS slabs in our sample, causing them to adopt a curved shape. The analysis of the shape
of 291 CoMosS slabs vs slabs size after 16 hours of HDS shows that 53 % of the CoMoS slabs have at
least one curved edge (see Figure 6¢). Slabs larger than 4 nm were observed to have a higher tendency
to show curved edges while, slabs below the size of 2.5 nm did not show any curved edges. This

observation suggests the role of size effects in the formation of the curved CoMoS slabs.

Figure 6d shows the atom-resolved STM image of a CoMoS slab observed during the desulfurization
of CHsSH. A differential filter has been applied for the ease of viewing the registry of the edge
protrusions. The edge protrusions along one of the edges show a registry shift of 224+1% of a unit cell.
Furthermore, this type of edge was observed to have a relatively more intense Brim (not seen in Figure
6d). The features of this edge match very well with those of a 38%S-CHsSH Mo-terminated edge of an
MoS; slab imaged during the desulfurization of methylthiol.” Therefore, we assign this edge as the
Mo-terminated edge of the CoMoS slab. Based on the arguments from the Wulff construction,® the
other set of edges are then interpreted as the Co-substituted S edge.

The Co-substituted S edges were observed to have relatively darker Brim sites. Furthermore, these
edges also showed a time-varying structure under the HDS reaction conditions. In order to capture
this changing edge structure, the hexagonal CoMoS slabs were repeatedly scanned with the STM to
track the changes occuring on the edges. STM images were acquired 10 seconds apart to account for
any thermal drift. Figure 7 shows the successive STM images of a CoMoS slab obtained under the
HDS reaction condition. Over the time scale of seconds, several bright and diffuse features identical to
those attributed to CH;SH adsorption in Figure 5c¢, were observed to form and disappear on the Co-
substituted S edges. The dynamic activity is clearly activated by the introduction of hydrogen in the
gas stream as imaging the edge in CHs;SH alone showed a static edge structure (Figure 5¢). These
features are marked by the blue arrows in Figure 7a-h for the ease of viewing. In order to confirm that
the observed activity was not isolated to the particular CoMoS slab, several other CoMoS slabs on
various locations of the sample were also imaged under the HDS conditions (see SI, Figure S4).
Additionally, the CoMoS slabs were also imaged using other tunneling conditions (V =-0.2 to -1V, I
= 900 to 100 pA) to check if the observed dynamic activity may have been induced by the STM tip.
All the slabs were observed to show the dynamic edge structure irrespective of the tunneling conditions.
We also note that the darker features on the adjacent sites, as in Figure 5¢, were not imaged here very
likely due to tip effects. The STM image of CoMoS slabs acquired at 300 K in UHV immediately after
the HDS reaction gasses were pumped away indeed confirmed the presence of the neighbouring darker
features near the bright and diffuse features on the Co-substituted edge (see SI, Figure S5 and S6).
Additionally, it was also observed that sustained atom-resolved image acquisition under the HDS

conditions was difficult owing to the frequently changing tip-states. The likelihood of a change of the
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Figure 7: a-h) Successive STM images of a CoMoS slab measured 10 seconds apart under the HDS
reaction conditions. The images have been acquired under the following conditions: total pressure = 1
bar (1:9 CHsSH:H,), T = 510 K, sample voltage = -0.2 V, tunneling current = 500 pA.
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tip-state under the HDS reaction conditions was observed to be related to the hydrogen partial

pressure; higher hydrogen partial pressure causing more frequent tip-state changes.

Since the changes of the tip-states were found to be related to the partial pressure of hydrogen, a lower
hydrogen pressure could allow for better quality imaging. The desulfurization experiment was repeated
for a CH3SH:H, ratio of 1:1, 1:3 and 1:6 while maintaining the partial pressure of methylthiol close to
0.1 bar. The system was allowed to reach steady-state for 180 minutes before commencing the STM

image acquisition for each of the experiments.

Figure 8 and 9 show the STM images of CoMoS slabs acquired at 510 K under HDS reaction gasses
with the CH;SH:H, ratio of 1:1 and 1:6 respectively. Successive STM images were recorded 14 seconds
apart. The images thus prepared, were used to generate movies of CoMoS slabs observed in situ under
the HDS reaction conditions (see SI, S7). For the ease of discussion, only the relevant frames are
presented. A time-variant edge structure marked by the appearance/disappearance of the bright and
diffuse edge protrusions identical to the one in Figure 7, was observed on the Brim-quenched Co-
substituted S edges under both of the reaction conditions (see Figure 8 and Figure 9). Additionally,
the contrast of the Brim sites was observed to be dependent on the occupation of the edge by the
bright and diffuse features. For example, the Brim sites on the edge in the lower right corner of Figure
9a appear relatively darker and more disrupted when the number of the bright edge features on the
edge increases, for instance, in Figure 9e. Furthermore, it is also observed that the corner sites of the

Co-substituted edge have a higher tendency to be occupied by the bright and diffuse features.

In addition to the Mo-terminated and Co-substituted edges with well-defined low index terminations,
a significant number of CoMoS slabs were also observed to have a highly irregular edges. The CoMoS
slab in Figure 9 (see also SI, S7) shows such irregular edges. The shape of the irregular edges of the
CoMoS slab was also observed to be time variant. Such irregular edges were observed to form under
all of the HDS conditions studied in this work. The irregular edges were, however, not observed either
in pure hydrogen, pure CH;SH or after the synthesis procedure that involves annealing at 650 K in
HsS. Therefore, the effect of temperature, Ha, HoS or CH3SH independently can be ruled out. A likely
explanation lies in the interaction of CH3SH with the edges of the CoMoS slabs under the highly
reducing conditions at elevated temperatures. The changing shape of the irregular edge could also be
due to mass transport of atoms into and out of the edge. Larger CoMoS slabs are especially prone to
this effect and were observed to always show such irregular edges suggesting that size effect likely
plays a role. We also note that this effect was not observed on pristine MoS, slabs under similar
hydrodesulfurization conditions in prior research work.?? Therefore, it is evident that the formation of
the irregular edges very likely involves the Co promoter atoms. Large-scale STM images acquired in
UHV at room temperature immediately after the HDS reaction gasses were pumped away(see SI
Figure S6) revealed that these edge structures were static in the UHV scans further suggesting the

combined role of the reaction gasses and elevated temperature.
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Figure 8: a-k) STM images of a CoMoS slab measured in situ during the hydrodesulfurization of
methylthiol showing the dynamic activity along the edges with quenched Brim. The images have been
acquired under the following conditions: total pressure = 0.3 bar (1:1 CH;SH:H,), T = 510 K, sample
voltage = -0.2 V, tunneling current = 1.2 nA, acquisition time = 14 s/frame.
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Figure 9: a-i) STM images of a CoMoS slab measured in situ during the hydrodesulfurization of
methylthiol. The images have been acquired under the following conditions: total pressure = 0.6 bar
(1:6 CHsSH:H,), T = 510 K, sample voltage = -0.2 V, tunneling current = 1.5 nA, acquisition time =
14 s/frame. Note the changing contrast of the Brim of the edge on the lower right corner with increasing
occupancy of the bright and diffuse features from Figure 9a to 9e. The irregular edges are seen in
Figure 9f to 9i.
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Additionally, CoMoS slabs which are involved in bonding with the 2D CoS. sheets were also imaged
under the HDS conditions. Figure 10 shows the STM images of a CoMoS slab in the vicinity of a 2D
CoS; sheet obtained in situ under a total pressure of 0.6 bar(CHs;SH:H, 1:3), at 510 K. In Figure 10a,
the CoMoS slab is attached to the 2D CoS. sheet along the edge marked by the green arrow. With the
progress of time, the overall shape of the 2D CoS, phase is observed to change. Furthermore, the
CoMoS slab and the edge of the 2D CoS, sheet are observed to drift away from each other in the
successive STM images. The changing shape of the edge of the 2D CoS, sheet further suggests that
there is likely mass transport of Co atoms under HDS conditions.

To further investigate the hypothesis of Co mass transport, Mo 3d and Co 2ps» XPS spectra of the
as-synthesized CoMoS slabs and that of the CoMoS slabs after 16 hours of HDS at 1 bar (CH;SH:H,
1:9) and 510 K were analyzed. The Mo 3d and Co 2ps)» signatures were fit with components based on
the fitting parameters detailed in the experimental methods. Figure 11a shows the Mo 3d spectra of
an as-synthesized CoMoS model catalyst. The measured spectrum shows a doublet feature at 229.2 eV
with a separation of 3.15 eV. This doublet consists predominantly of the Mo** component belonging
to fully sulfur saturated MoS,. This is expected due to the sulfur-rich conditions used for the synthesis.
A small amount of CUS Mo component at 228.3 eV is also present. This feature is attributed to the
traces of reduced Mo sites formed due to the presence of H> contaminant during the synthesis and in
the UHV background. The shoulder at 226.3 eV is attributed to the S 2s signature characteristic of
MoS;. Figure 11b shows the corresponding Co 2ps/» spectra of an as-synthesized CoMoS model catalyst.
The Co 2ps)> signature shows components from Co present in the Co sulfide phase at 778.1 eV and Co
present in the CoMoS phase at 778.6 eV. Comparison of the areas of the two Co 2ps2 components
shows that 25.5 % of the total Co is present in the CoMoS phase (see Table 3). This is expected as an
excess of Co is used in the synthesis recipe to ensure that all the MoS, slabs have Co-substituted S
edges. Figure 11c and 11d show the Mo 3d and Co 2ps/2 spectra of the CoMoS slabs acquired in UHV
after 16 hours of HDS. We note that both the spectra show a decrease in the overall intensity of the
measured signal by ~50 % in comparison to those of Figure 11a and 11b. This decrease in intensity is
attributed to the presence of polymer residue left behind by the Kalrez O-ring on the Au(111) substrate
after the HDS experiment. This polymer residue covers a fraction of the region on the sample which
is excited by the X-rays and hence, an overall decrease in the intensities of the Mo and Co signals is
observed. We also note that this polymer residue is outside the scan area of the STM and cannot be
observed in the STM images. The region of the sample excited by the X-rays is such that it only
includes the area of the sample exposed to the gasses as well as the region that has the residue of the
Kalrez polymer seal. Therefore, the Mo 3d and Co 2ps)» signals measured after the HDS experiment
can be attributed only to that region of the sample which has been exposed to the HDS reaction gasses.
In Figure 11lc, we observe that the Mo 3d spectra has components from Mo** belonging to MoS, at
229.2 eV as well as those of reduced Mo species at 228.3 eV and 228.8 eV. In comparison to the as-
synthesized CoMoS slabs, the fraction of unsaturated Mo component increases from 3.6 % to 19.5 %
of the total Mo signal after 16 hours of HDS. These features are attributed to the presence of
unsaturated Mo edges of the CoMoS slabs formed due to the prevailing reducing conditions during
HDS. The Co 2ps)> spectra in Figure 11d shows a component of Co sulfide at 778.1 eV and that of Co
in CoMoS phase at 778.6 eV. Furthermore, we also observe that only 9.9 % of the total Co is present
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Figure 10: a-h) Successive STM images of a CoMoS slab measured in situ under HDS reaction
conditions. The images have been acquired under the following conditions: total pressure = 0.6 bar
(1:3 CH3SH:H,), T = 510 K, sample voltage = -0.2 V, tunneling current = 1.2 nA, acquisition time =
14 s/frame. The green arrow in Figure 10a indicates the edge of the CoMoS slab which is attached to
the CoS; sheet. The CoMoS slab and the CoS, sheet diffuses away from each other. Note the changing
shape of the edge of the CoS, phase.
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Figure 11: a,b) Mo 3d and Co 2psp spectra of an as-synthesized Au(111)-supported CoMoS model
catalyst. ¢,d) Mo 3d and Co 2ps/» spectra of an Au(111)-supported CoMoS model catalyst after 16
hours of HDS at 1 bar (CH3SH:H, 1:9) and 510 K. The spectra are acquired in UHV.

Table 3: Ratio between various components of the XPS spectra in Figure 11

As-synthesized 0.78 3.6 25.5 4.5
After HDS for 16 hours 0.80 19.5 9.9 90.1
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in the CoMoS phase (see Table 3) as compared to the 25.5% for the as-synthesized CoMoS model
catalyst. The decrease in the amount of Co in the CoMoS phase indicates an overall loss Co from the
CoMoS edges. However, the Co:Mo ratio before and after the HDS experiment remains a constant at
0.8 (see Table 3), suggesting that the total amount of Co in the system has not changed. Therefore,
the Co lost from the CoMoS edge must have migrated to the 2D CoS, phase. This observation supports
the hypothesis that the irregular edges of the CoMoS slabs and 2D CoS, observed in the STM images
acquired under the HDS conditions are likely caused by the migration of Co atoms. Such kinetic effects

that are observed only under the HDS conditions, however, raise many questions.

First, what is the location of the Co promoter atoms during HDS? Given the changing shape of the
edge due to Co mass transport, the location of the Co promoter atoms becomes uncertain. One
possibility is that the Co atoms are also redistributed around such irregular edges, likely to sites that
are equivalent to the S edge terminations of an MoS, slab. Theoretical work by Krebs et al. suggests
that Co migration from the CoMoS edges should be thermodynamically favorable under HDS reaction
conditions.*” An irregular edge shape suggests that previously unknown high index terminations of the
Co-substituted edge are possible under HDS conditions and also likely contribute to the overall HDS
activity. Therefore, the low index Co-substituted edge terminations that have been widely studied in
literature under vacuum pressure of gasses relevant for HDS, do not completely represent the CoMoS
slabs under HDS conditions. Such kinetic effects might also explain why small hexagonal CoMoS slabs

were observed to adopt a curved shape under the HDS conditions, such as in Figure 6b.

Second, what is the underlying process that causes the dynamic edge structure observed on the low
index Co-substituted S edges during the desulfurization of methylthiol? From the work of Mom et al.??
and Grgnborg et al.!, we know that the atomic structure of the Mo edges of a CoMoS slab not only
depends on the equilibrium with the H, and H.S in the gas phase, but also on the CH3sSH sorption
kinetics and the C-S bond dissociation barriers on the respective edges. On the Mo edge, it is known
that a 38 % S-CH3SH edge structure is dominant due to the fast adsorption/desorption process of
CH;SH. The Co-substituted edges of the CoMoS slabs under 100% CH;3;SH conditions showed an edge
structure that is not time-averaged (see Figure 5¢) likely due to the high desorption barrier for CH;SH
on the Co-substituted edge. If the C-S bond dissociation barriers on the Co-substituted edge are low,
then it is possible that the appearance and disappearance of the bright features observed in Figure 7,
8 and 9 is due to the desulfurization process forming CH4 and leaving behind an SH group which is
imaged by the STM. The disappearance of the bright feature will then be due to the H.S desorption
process on the Co-substituted edge regenerating the active site for the next catalytic cycle. Turn over
frequencies of around 0.1-10 s are typically observed on highly optimized industrial HDS catalysts %37
Even if the CoMoS slabs used in this experiment were just as active, the desulfurization process would

only occur on a time scale that can be captured by the ReactorSTM.

Third, what is the mechanism of the Co transport from CoMoS slabs under the HDS conditions? A
possible mechanism could be that under HDS conditions, attachment of methylthiol weakens the
binding of Co to the edges of MoS, especially along the curved edges thereby, enhancing the Co

diffusion. Enhanced diffusion of Co on Au(111) in the presence of HoS even at vacuum pressures and
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room temperature has been observed in previous experiments.® In general, gas phase molecules and
adsorbates can profoundly affect the mass transport phenomena on a surface. The effect of gasses has

49,50

been observed on the shapes of nanoparticles and islands®®, surface reconstructions®

, step

56 and segregation.’”  Many of these effects are attributed to a

morphologies™, surface roughening
‘skyhook’ effect where the surface diffusion coefficients are greatly enhanced in the presence of gas
molecules.”’ Etching of the CoMoS basal plane by hydrogen could be yet another explanation. This
explanation is not possible as we do not observe this effect in a pure hydrogen atmosphere.
Furthermore, etching of the MoS; basal planes by hydrogen is known to occur only at temperatures >
700K which is far above the temperatures used in our experiments.® A third possible explanation is
that of tip-sample interactions. If tip effects played a role, then the onset of the process with the
progress of the STM scan would be observed. This, however, was not the case in our experiments as
we observed CoMoS slabs with irregular edges irrespective of the scanning time and position on the
sample. By the time the STM scans were commenced, the CoMoS slabs were already under HDS
conditions for >4 hours. Furthermore, the conditions used for tunneling in the experiments presented
in this work are similar to those used in previous literature reports involving MoS, and CoMoS slabs
both in vacuum and at high-pressure conditions.??24414364 Prior work has not reported any tip-induced
mass transport effects of Co or Mo from the CoMoS slab edges at these tunneling conditions.
Furthermore, voltage pulsing has also been avoided while scanning over the CoMoS slabs under all
the conditions presented in this work in order to prevent the effects of field-induced processes.
Therefore, tip effects are highly unlikely to be the cause of the mass transport. However, why the mass

transport is observed only on some of the edges of the CoMoS slabs is not known.

In this work, several new edge structures have been observed on the CoMoS slabs under synthesis,
reducing, organosulfur exposure and desulfurizing conditions. We have interpreted the edge structures
based on comparison with previous literature work. We note that more than one type of edge structure
could give rise to identical STM images as has been observed by Mom et al.?? Therefore, the edge
structures and terminations assigned in this work need to be thoroughly investigated and verified by
DFT calculations. Furthermore, theoretical studies on the interactions of Co atoms present in the
edges of CoMoS slabs with the organosulfur molecules and hydrogen could provide insights into the
observed mass transport of Co under the HDS conditions. Such mass transport effects possibly play a
major role in catalyst deactivation that is observed in the industry. Furthermore, given our observation
that the larger CoMoS slabs have a higher tendency to form irregular edges, future theoretical

modelling of CoMoS slabs should be based on larger slab sizes.
6.4 Conclusions

In this work, we have presented the first in situ observation of CoMoS slabs supported on Au(111)
using the ReactorSTM under industrially-relevant HDS reaction conditions. We have observed a
variety of edge structures of the CoMoS slabs under sulfiding, reducing and desulfurizing conditions.
Our work shows that the atomic structure of the edges of the CoMoS slabs is very sensitive to these
gas conditions. The in situ STM movies acquired under HDS conditions show that the atomic structure

of the edges of the CoMoS slabs is time variant. Additionally, we also observe the mass transport Co
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atoms along the Co-substituted edges of the CoMoS slabs which causes the edges to appear highly
irregular and contain high index terminations involving coordinatively-unsaturated Co atoms. Such
high index edges have never been observed in the previous vacuum or low pressure studies. The results
presented in this work open many avenues for future fundamental research on HDS through more
experiments and DFT calculations. Furthermore, our findings greatly emphasize the need to perform
fundamental studies on complex catalytic processes like HDS in situ under industrially-relevant

conditions.
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Chapter 6 - Supporting Information
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Figure S1: a) STM image of MoS; slabs supported on Au(111) measured in UHV with sample voltage
= -1V and tunneling current = 200 pA. b) Measured height along the line marked A in Figure Sla.
The slabs marked 1 and 2 in Figure Sla are marked in the height profile as well. Most common normal

filter is used to extract the height profile with correctly connected surfaces.
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2. CH3;SH adsorption on Co edge

Figure S2: A possible candidate structure of a Co-substituted edge of a reduced CoMoS slab with
adsorbed CH3;SH
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3. Model for a CoMoS slab with high index terminated
edges
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Figure S3: A possible candidate structure for a CoMoS slab with high index terminations

143



4. STM images of CoMoS slabs under HDS conditions

Figure S4: a-c) STM images of CoMoS slabs acquired in situ under HDS conditions. All the images
are measured under the following conditions: total pressure = 1 bar (1:9 CHsSH:H,), T = 510 K,
sample voltage = -0.2 V, tunneling current = 500 pA. The blue arrows indicate the bright and diffuse

features on the edges,
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5. Atom-resolved STM image of a CoMoS slab after
HDS

Figure S5: Atom-resolved STM image of a CoMoS slab supported on Au(111) acquired in UHV at

room temperature after the HDS experiment; sample voltage = -0.3 V, tunneling current = 200 pA.
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6. STM images of CoMoS slabs after HDS

Figure S6: a,b) Large-scale STM images of CoMoS slabs supported on Au(111) acquired in UHV at
room temperature after 16 hours of HDS; sample voltage = -0.3 V, tunneling current = 200 pA.
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7. In situ STM movies of CoMoS slabs under HDS
conditions

M1.mp4 : STM movie of a CoMoS slab measured during the desulfurization of methylthiol. The
images have been acquired under the following conditions: total pressure = 0.3 bar (1:1 CHs;SH:H,),
T = 510 K, sample voltage = -0.2 V, tunneling current = 1.2 nA, acquisition time = 14 s/frame.

M2.mp4 : STM movie of a CoMoS slab measured during the desulfurization of methylthiol. The
images have been acquired under the following conditions: total pressure = 0.6 bar (1:6 CHs;SH:H,),
T = 510 K, sample voltage = -0.2 V, tunneling current = 1.5 nA, acquisition time = 14 s/frame.

M3.mp4 : STM movie of a CoMoS slab measured during the desulfurization of methylthiol. The
images have been acquired under the following conditions: total pressure = 0.6 bar (1:3 CH;SH:H,),

T = 510 K, sample voltage = -0.2 V, tunneling current = 1.2 nA, acquisition time = 14 s/frame.

The movies can be found in the surfdrive link.
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