Basal Plane Oxygen Exchange of Epitaxial MoS; without Edge Oxidation

Signe S. Grgnborg?, Kristbjorg Thorarinsdottir, Line Kyhl*, Jonathan Rodriguez-Fernandez?, Charlotte E.

Sanders®, Marco Bianchi?, Philip Hofmann?, Jill A. Miwa'2, Sgren Ulstrup?and Jeppe V. Lauritsen'”

1. Interdisciplinary Nanoscience Center (iNANO), Aarhus University, Aarhus, Denmark
2. Department of Physics and Astronomy, Aarhus University, Aarhus, Denmark
3. Central Laser Facility, STFC Rutherford Appleton Laboratory, Harwell, United Kingdom

*Corresponding author email: jvang@inano.au.dk

Abstract
The intentional formation of defects in transition-metal dichalcogenides, such as MoS, is an attractive way
to modify the electronic and chemical properties of this class of two-dimensional materials. However, the
mechanisms and methods available for selective doping or modification of the basal plane must be improved.
Here we investigate the process of O defect formation in epitaxial single-layer MoS, on Au(111) using
scanning tunneling microscopy (STM) and ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
during oxidation with O, and H,O gas from low vacuum to the mbar range. Both oxidants result in exchange
of S in the upper part of the basal plane with O, in line with air exposure experiments. Temperature-
dependent measurements show that this is an activated process with an experimentally estimated reaction
barrier of ~0.79 + 0.20 eV. We surprisingly find that the morphology of the MoS; flakes and their edges
remain intact in Oy, even for relatively high concentrations of basal plane O exchange, in contrast to the
oxidation behavior of exfoliated single-layer MoS,. From analysis of atom-resolved STM images of the
MoS; edges, we can attribute this unusual stability to a passivating effect of excess edge sulfur species
adsorbed under the sulfiding conditions of the MoS; synthesis in H,S gas. We thus demonstrate that control
over pre-sulfidation of the edges, temperature and pressure during oxidation can be used in a fast process to
form strongly O doped single-layer MoS; with no degradation of the initial shape and edge structure of the

epitaxial MoS; sheet.
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1. Introduction

The introduction of defects in two-dimensional materials is a proven way to engineer new electronic and
chemical properties [1, 2]. For example in graphene, functionalization by H or F heteroatoms enables a
modification of the electronic and optical properties [3, 4], and novel catalysts were demonstrated based on
single metal ions embedded in N-substituted graphene [5]. For single-layer MoS;, which is interesting due to
its direct band gap [6-8], attention to single atom defects as well as extended structural defect has led to
interesting discoveries related to electronic structure, charge transport and magnetism (see e.g. [9-17]).
MoS; nanoparticles are also active catalysts for electrochemical hydrogen evolution [18] and Ni and Co
promoted MoS; has for many years been in service world-wide as the industry-standard catalyst for sulfur
removal from crude oil [19, 20]. While it is known that the edges of the single-layer MoS; are highly active
for catalysis [21, 22], there is now an interest in activation of the basal plane [23, 24]. O incorporation into
MoS; has been advocated to promote the electrochemical hydrogen evolution reaction (HER) or oxygen
reduction reaction (ORR) [25-27]. Motivated by inducing changes in the electronic, physical or catalytic
properties of MoS,, investigations have thus focused on the formation of vacancies, O substitution [28], N or
P doping [29, 30], metal heteroatom incorporation [31-33] or functionalization with organic molecules [34].
Direct modification of MoS, has mainly been carried out by physical (e.g., sputtering) or chemical
modification schemes involving etching in reductive, oxidative or water environments or plasma treatments
[35-37]. Etching of MoS; in an oxidative environment takes place from the edge sites or at grain boundaries
rather than on the pristine basal plane [35, 37-41], and the resulting materials degradation may present a
problem for successful basal plane functionalization of devices or nanomaterials consisting of well-defined
MoS; nanostructures. The free-standing single-layer MoS; edges tend to oxidize orders of magnitude faster
than the basal plane, and this is in general attributed to the lower coordination and more exposed geometry of

the edge Mo atoms compared with the basal plane [42].

In this report we use a combination of ultra-high vacuum (UHV) scanning tunneling microscopy (STM) and
ambient-pressure X-ray photoelectron spectroscopy (AP-XPS) to systematically investigate the process for O

exchange in epitaxial MoS; on Au(111). We find - in contrast to previous observations on free-standing



single-layer MoS; - that selective doping of basal plane sulfur sites with oxygen can be obtained at high
concentrations without any apparent modification to the edges. From atom-resolved STM images of the post-
oxidized structure, we conclude that the low apparent reactivity towards O, on the edges is due to a fully
sulfur decorated MoS; edge configuration formed by in situ synthesis in H,S gas on Au(111) [43, 44], as
opposed to MoS; sheets obtained from exfoliation. The studies determine a parameter space in temperature
and oxygen pressure where one controllably and quickly synthesizes O-functionalized single-layer MoS;
basal planes on an Au support without affecting the large-scale morphology of single-layer MoS;
nanostructures. The pristine O-exchanged MoS: sheets, thus produced, may open up for new functionalities

of MoS; and pave the way for further functionalization of the MoS; basal plane.

2. Results and Discussion

Structure of pristine epitaxial MoS; on Au(111)

The STM image in Figure la shows the morphology of the pristine sample used in our experiments
consisting of epitaxial single-layer MoS; on Au(111) before oxidation. The samples used in our study reflect
a partial coverage (~50-70 % of a monolayer (ML)) of MoS, synthesized directly in H.S gas on the gold
surface by the cyclic deposition method reported in [43] and [45]. For this coverage, the individual single-
layer MoS; islands are seen to adopt truncated triangular to almost hexagonal shapes, all oriented with the
(0001) surface in parallel with the Au substrate. The size of the individual epitaxial MoS; islands on Au(111)

can be tuned to larger sizes with single-domain quality by the methods recently reported in [46].

Atom-resolved STM images (Figure 2a) on the top facets reveal a perfect hexagonal atomic lattice, reflecting
that the MoS; sheet in the as-synthesized state is virtually free of point defects. The bright bumps
occasionally seen at random positions on the basal plane (see white arrow in Figure 1a) originate from
structures underneath the MoS,, possibly in the form of trapped Mo. As evident from Figure 1a (and in more
detail in Figure 2a), we also observe a large-scale regular hexagonal periodic structure (a moiré) on the basal
plane of MoS;, that arises due to the lattice mismatch and resulting variation in the stacking of the bottom S

layers of the M0S,(0001) lattice against the Au(111) substrate. Direct exposure of the as-synthesized sample



to pure O, gas (N5.0 purity) at 10° mbar at room temperature for 30 min does not affect the pristine
appearance of the basal plane sites of the samples as judged from atom-resolved STM. The observation that
the basal plane sites are virtually unreactive towards O, at room temperature for a short oxygen exposure is
consistent with recent studies that showed ultraslow kinetics involved in O substitution on the basal plane
after months or even years of air exposure [28]. Likewise, extended annealing at temperatures up to 823 K
in the “reducing” environment of ultra-high-vacuum (10° mbar) did not lead to S desorption and
spontaneous formation of defects (vacancies) on the basal plane, confirming the high stability of the
MoS,(0001) basal plane itself. Edge vacancies obtained by exposure to hydrogen gas have been observed
previously in STM studies [47-49], but vacancy formation on the basal plane was concluded to be

unfavorable in hydrogen here.
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Figure 1: (a) Large-scale STM image of the pristine single-layer MoS2/Au(111) before Oz gas exposure. The superimposed rhombic
unit cell indicates the periodicity related with the moiré superstructure of the epitaxial MoS2 on Au(111). The white arrow indicates
an example of common defect, tentatively associated with Mo underneath the MoS: single-layer. STM images of single-layer MoS2
after exposure to Oz at P = 1x10°6 mbar for 30 min at (b) 400°C and (c) 500°C. All STM images are 30 nm x 30 nm and were

recorded at room temperature.

Basal plane oxidation in O;

While neither oxygen exposure, nor annealing alone leads to the generation of defects in the MoS; basal
plane, the combination of both does. Figures 1b-c and 2b-d show selected STM images representing the

morphology and atomic-scale structure of the MoS; islands from a series of oxidation treatments in O,



(1x10° mbar for 30 minutes) at increasingly higher temperatures from 200°C up to 550°C. It is apparent
from the STM image in Figure 2b that a low density of isolated point defects (< 0.5 %) has formed on the
basal plane already at 200°C. The point defects in general appear as dark depressions on the S lattice (Figure
2b). A closer look (Figure 3a and 3b) reveals it as a distortion of the MoS; lattice composed of a single
central spot on the S lattice, surrounded by a lowering of contrast on the nearby shell of S atoms. This
appearance is representative for our low bias, filled state STM images (around V= -0.1 V to -0.4 V), but we
note that other images recorded at different tunneling parameters revealed the defects without the central
spot. We assign these point defects to O atoms substituted into the topmost S lattice positions in the basal
plane (denoted as Os) (Figure 3c). The STM appearance here is only partially matched with recent simulated
images of Os sites in unsupported MoS; [28], but the assignment of the defect to Os here is further supported

by our XPS data (see below).
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Figure 2: (a) Atom-resolved STM image of the (0001) basal plane of single-layer MoS2/Au(111) in the pristine state. (b-d) STM
images of the MoS2(0001) basal plane recorded after exposure to Oz at P = 1x10° mbar for 30 min at (b) 200°C, (c) 450°C and (d)
500°C, respectively. (e) Arrhenius plot of the Os formation rate (k) (density/nm?-s) in Oz (red curve) and H20 (blue curve). The error

bars reflect the statistical uncertainty in defect counting number (N), estimated by v/N. STM parameters and image sizes (a): lt= 1.3



nA, Vi=-0.4V (6.6 nm x 6.6 nm) , (b): lt=1.4 nA, Vi=-0.1V (7nm x 7nm), () : lt=0.5nA, Vi=-0.4V (7 nm x 7 nm), (d): =
0.6 nA, Vt=-0.2V (7 nm x 7 nm).

The density of Os during O, exposure increases significantly with temperature of the sample as illustrated in
Figs. 2c and 2d, reflecting that their formation is an activated process. By variation of the temperature, it is
thus possible to control the density of Os, from less than 0.5% per S basal plane sites to 5.5% for 30 min
oxidation at 550 °C. Here it is worth noticing that defects stay separated and that the formed phase thus
represents mixed oxy-sulfide MoS,xOx with an intact 2D morphology inherited from the epitaxial MoS;.
From the temperature series, we can estimate the activation barrier for the process by plotting the logarithm
of the rate of formation (defect density per time unit in nm?s?) as a function of 1/T in the Arrhenius plot in
Fig 2e. Here the slope is a measure of the activation barrier (-E«/ks), where kg is Boltzmann’s constant. From
a fit to the experimental data points, we obtain a value of E. = 0.79 + 0.20 eV. This experimental value for
the energy barrier is in the lower range compared with theoretical predictions (~1.0 eV [28]), which
considered an activated reaction involving a rate-limiting step consisting of SO, formation leading to a S
vacancy in the topmost S layer of MoS,. Here, however, we note that certain areas within the moiré
superstructure of the epitaxial MoS,/Au seem to be more susceptible to Os formations over others (especially
for high Os concentrations, see Figure 2d). Low energy electron diffraction (LEED) studies have shown that
the epitaxial single-layer MoS, on Au(111) appears on average unstrained in the in-plane direction [50], but
a local out-of-plane strain involved in the buckling (and moiré pattern) of the MoS; lattice may cause local
changes to the reactivity and a lowering of the average barrier. In fact, it has been observed that out-of-plane
buckling of MoS; can lead to a changed reactivity of the basal plane sites for S vacancy formation [24]. A
similar effect caused by the out-of-plane buckling may in our case explain the locally enhanced Os

concentrations in Figure 2d.



Figure 3: (a) Atom-resolved STM image of Os sites formed on the (0001) basal plane of MoS: by Oz exposure (Vi =-0.4 V; It = 0.5
nA) (b). Zoom-in on a single Os site observed in STM. The Os site is resolved in STM as a perturbation of the lattice at the defect
site and the surrounding shell of S atoms. A central spot is visible here, but we note that this appearance was observed to be highly
dependent on tip state and tunneling conditions. The superimposed crosses indicate neighboring S lattice sites. (c) Ball model

representation of the Os site and surrounding six S sites, again indicated by the crosses. (S= Yellow, O = Red, Mo = Blue).

AP-XPS Studies of O Exchange in MoS2/Au at 0.1 mbar O pressure

Using AP-XPS we can spectroscopically follow the Os formation of the epitaxial MoS2/Au while annealing
at a higher oxidation pressure (mbar range), relevant to ambient pressure 2D material processing conditions.
Figure 4 displays the Mo3d and S2p doublet spectra of the Au(111)-supported SL MoS; together with the
O1s peak recorded in situ as we gradually heat the sample from room temperature (25°C) to 350°C in a O;
partial pressure of 0.1 mbar. No other elements (apart from Au) were present in the XPS spectra. Initially at
room temperature in O, the sample spectra show the XPS signature of pristine epitaxial MoS,/Au with a
binding energy of the Mo3ds, peak of 229.3 eV reflecting Mo in the +4 state (blue), and a broadened S2p
doublet (yellow) with the S2ps, component located at 162.2 eV (see table S1) [44, 46]. Furthermore, a low
intensity S2p component (red, labelled high BE) could be seen with the S2ps» component at a significantly
higher binding energy of 164.3 eV. For the O1s spectrum recorded in 0.1 mbar O, at room temperature in
Figure 4, we observe an O(g) peak due to the O gas in the volume under the analyzer located at high
binding energies (> 536 eV) [51] together with a low intensity peak at lower binding energy reflecting a

surface O species. The initial surface O peak (red) can be fitted by a single O1s binding energy component at



529.7 eV. We associate this peak to a low initial concentration of substituted Os species originating from
transfer in air from the vacuum suitcase to the beamline or induced by the first transient period in oxygen gas

in the AP-XPS chamber, in line with the findings for O exchange at room temperature [28].

When the temperature of the sample, kept in 0.1 mbar O, increases to 100°C and then to 200°C in Figure 4,
we observe growth of the surface O1s peak (see XPS quantification in Figure S1), indicating that Os sites are
now being formed in agreement with the STM experiments (Figure 2). On the other hand, the Mo3d spectra
in Figure 4 are, not strongly affected at these temperatures. The unshifted Mo3d peak is, however, consistent
with O substitution on the S lattice, since the gradual replacement of S with O in the Mo0S,xOx phase does
not change the +4 oxidation state of Mo, and one can therefore expect that the chemical shift is similar. For
the S2p doublet peak we see small changes reflected by the emergence of a lower binding energy peak
structure (green) with the S2ps, located 1.2 eV lower than the main peak at E, = 161.0 eV at 200°C and an
intensity change of the high binding energy structure 164.3 eV (see also Figure S1). We tentatively assign
these changes in the S2p peak to modified S atom species arising due to the oxidation of the basal plane of
MoS;. The atom-resolved STM image in Fig 3b of the Os site indeed shows that not only the central O site is
affected by the substitution of O, but also the six surrounding nearest neighbor S atoms are modified

electronically (the dark halo around the Os site in Figure 3b).

From 200°C we can also observe the growth of another O peak located at 528.4 eV (blue) in the Ols
spectrum in Figure 4. This indicates the onset of oxidation of the MoS, phase into a Mo oxide in the O; gas.
When the sample temperature is further raised to 300°C in 0.1 mbar O, the oxidation becomes more
apparent, indicated by the emergence of a new Mo3d doublet peak structure shifted 2.8 eV from the former
Mo3d peak positions. This shift is a change in the oxidation state of Mo from Mo*" to Mo®* [52]. For the O1s
spectra at 300°C and above, the peak assigned to Os is now gone and instead we only see a single peak (blue)
at the lower binding energy of 528.4 eV. In the corresponding S2p spectra, a complete loss of sulfur signal is
observed. Overall, the XPS data therefore reflects that full degradation of the single-layer MoS; structure
into MoO;3 has taken place at 300°C. To get a more precise estimate for the onset temperature for MoOs

formation, we performed a temperature programmed AP-XPS measurement in 0.1 mbar O, focused on the



Mo3ds, signal intensity (Supplementary Figure S3). Here we see a stable Mo*" component as a function of
temperature, consistent with the gradual Os formation, until MoOs formation finally initiates at an onset

temperature of ~280°C.

The formation of Mo oxide can also be detected in the oxidation experiments at lower pressure with STM,
although its formation is shifted to higher temperatures. Above 500°C, we see a mixed surface morphology
consisting of either well-defined MoS,xOx islands or particles that have completely converted into a
structure that bears strong resemblance to a mixture of MoOs/MoO, on Au(111) (Figure S3) [53]. The
difference in the temperature onset for MoOs formation between STM and AP-XPS experiments is explained
by the difference in chemical potential of O, for the pressures used in the two separate experiments. Between
the highest two temperatures, 300°C and 350°C in the 0.1 mbar O, atmosphere, the AP-XPS data for Mo3d
(Figure 4) shows a significant loss of Mo on the surface. A similar loss of material is detected in the low-
pressure STM oxidation experiment, but only for temperature above 550°C. In both cases, we ascribe this to

evaporation of Mo due to the high volatility of the Mo trioxide phase [54].

Mo3d 0.1 mbar O, SZp 0.1 mbar O;|| O1s 0.1 mbar O,
aso°c - |- ] B ?.xfc!e
e sl 350°C
= Ma# -‘-?"';,' 8 o
S |0 e, . S00C
; i 300°C
g Mo® ,
> ; I High BE - Low BE T allg
2 farc A el s aee] E "
2 Mo™ 200°C
=
w 5
o ) :
X | 1o0e it \l_,—, 100°C : v, 100°C
Mot J MoS,
82s
25°C St W ._’_ 2500 e
T T T T T 1 T T T T T T T
240 235 230 225 166 164 162 160 536 532 528 524 520

Binding energies (eV)

Figure 4: AP-XPS data of MoS2/Au(111) recorded while increasing the temperature from room temperature to 350°C in 0.1mbar Oo.
The XPS data shows the regions containing the Mo3d, S2p and O1s peaks, respectively and the temperature is indicated for each
spectrum. The intensity scale is relative to the first spectrum for each segment. In the O1s segment, the gas phase peak (O2(g)) was

located just outside the O1s region at higher energies. Peak energies are obtained from peak fitting and the peak positions are listed in



Table S1. The quantification of the peak areas of all peak components in Mo3d, S2p and O1s can be found in Figure S1. Photon

energies were 335 eV (S2p), 420 eV (Mo3d) and 820 eV (O1s), respectively.

Basal plane Oxidation in Water Vapor

We have then investigated the oxidation of the MoS; flakes with H,O vapor as the oxidizing gas. Figure 5a-d
shows a series of STM images of the MoS2/Au(111) sample after exposure to H,O at 1x10 mbar for 30 min
at the indicated temperature. The STM images at 500°C again reveal the formation of a low concentration of
point-like defects on the MoS; basal plane. Figure 5d shows an atom-resolved STM image of a MoS; layer
with a number of the dark point defects that match the assignment of the Os from Figure 3. We therefore
conclude that it is also possible to induce the thermal formation of Os sites using H,O as the oxidizing gas.
However, the temperature at which we begin to detect a significant number of defects seems to be shifted
considerably higher to 500°C, compared with O.. This overall indicates that the MoS,/Au is less prone to O

exchange in H,O gas than in O.

Pristine

Figure 5: (a) Large-scale STM image of the single-layer MoS2/Au(111) before H20 exposure. STM images of single-layer MoS:
after exposure to H20 at P = 1x10° mbar for 30 min at (b) 300°C and (c) 500°C. Images a-c are 30 nm x 30 nm (d) Atom-resolved
10 nm x 10 nm STM image of single-layer MoS: after H20 exposure at 550°C. The superimposed arrowheads indicate the position
of dark depressions on the S lattice positions associated with Os formation. lt= 0.4 nA, Vi=-1.1 V. All STM images were recorded

at room temperature.
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The corresponding AP-XPS experiment confirms that H,O is a milder oxidant than O,. Figure 6 illustrates
the Mo3d, S2p and O1s photoemission spectra recorded in situ in 0.1 mbar H,O vapor in the temperature
range from room temperature to 425 °C. The initial Mo3d peak and S2p peaks at room are again in line with
pristine MoS2/Au temperature (see binding energies in Table S1). Both their position and peak structure
remain stable up to a temperature of 350°C, reflecting that MoS; is stable in H,O up to this temperature. The
O1s spectrum recorded in 0.1mbar H.O is more complicated than in O; as it can be fitted with three peaks in
the temperature interval up to 350 °C. The sharp peak at 535.6 eV is the gas phase H>O(g) peak, whereas the
peak at 532.8 eV is consistent with adsorbed water on the surface [55]. As we heat the sample, we see a
decrease of the adsorbed water peak (see also Figure S4), as expected, and a corresponding growth of a
lower binding energy peak at 531.2 eV. There is no indication for a peak at the Os peak position (529.7 eV)
detected with XPS in the case of O, (Figure 4). However, considering that the O exchange takes place in
H,O and that this peak grows with temperature, we can still assign the 531.2 eV peak to formation of Os sites
if we assume that a hydroxyl group consisting of a substituted O and an adsorbed H is formed instead, i.e. a
Os-H group. In fact, the position of Ol1s peak corresponding to the Os-H is shifted by ~1.5 eV to higher
binding compared with Os. This shift has a magnitude typical for the chemical shift observed in Ols XPS
spectra for hydroxyl groups on many oxides surfaces [55]. Returning to our atom-resolved STM images for
O defect sites formed in O, (Figure 3a) and H.O (Figure 5d), the STM images do not allow us to conclude
about a specific STM signature associated with either Os or Os-H sites, respectively, as we in general see a
variety of dark site contrasts in both cases. Future low temperature STM and non-contact AFM imaging

experiments can possibly reveal quantitative contrast differences between a clean Os and a hydroxylated site.
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Figure 6: AP-XPS data of MoS2/Au(111) recorded while increasing the temperature from room temperature to 425°C in 0.1mbar
H20. The data shows the regions containing the Mo3d, S2p and O1s peaks, respectively and the temperature is indicated for each
spectrum. The intensity scale is relative to the first spectrum for each segment. In the Ols segment, the gas phase peak (O2(g)) was
located just outside the O1s region at higher energies. Peak energies are obtained from peak fitting and the peak positions are listed in
Table S1. The quantification of the peak areas of all peak components in Mo3d, S2p and O1s can be found in Figure S4. Photon
energies were 335 eV (S2p), 420 eV (Mo3d) and 650 eV (O1s), respectively.

At subsequently higher temperatures up to 425°C in Figure 6 we see a significant loss of Mo and total
elimination of S from the surface, which we assign to degradation of the 2D MoS; and subsequent
evaporation of oxide from the surface. In comparison, the degradation temperature was 280°C in 0.1 mbar
O,. Unlike heating in O, we see that remnant Mo at high temperature stays in the Mo*" state in H,O with a
Mo3ds/, peak at 229.3 eV. In the corresponding O1s spectra in H2O at 425 °C, the position of a new peak at

531.8 eV is consistent with formation of a oxy-hydroxide formed by the water exposure, such as MoO(OH),

where Mo is in the 4+ oxidation state [52].

From the STM data, we have again counted the number for defects formed as a function of temperature to
obtain a rate of formation and added these to the Arrhenius plot in Figure 2e (H-O data shown in blue). The
data points were reduced to two in the case of H.O due to the smaller temperature window in which the Os
sites are formed in substantial numbers. In the Arrhenius plot in Figure 2e the shift in the position of the blue

line (H20) on the vertical (log) axis compared with the red line (O>) is due to the lower rate of formation in
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H>O vapor than in O.. The slope of the blue line in H2O, on the other hand, is still a measure of the activation
barrier, and the near parallel orientation of the blue line (slope corresponding to 0.69 + 0.20 eV) compared
with the red line (0.79 eV) suggest that the activation barriers are not very different within the error bar for

each oxidant.
MoS; edge stability in O, and H,O

The series of STM images in Figure 1 and Figure 5 reveal that the sharply defined morphology of the
individual MoS; islands remains surprisingly unaffected by heating in H,O and O, even for high
concentrations of Os defects (for example Figure 1c at 500°C). An atom-resolved STM image of the edges
termination of an oxidized MoS; island is shown in Figure 7a. Interestingly, this contrasts the rugged
morphology often seen in microscopy images for exfoliated or chemical vapor deposition (CVD) grown
MoS:; flakes after exposure to oxidative conditions in ambient O; or H,O [37, 56, 57]. Our STM observations
thus show that the MoS; islands on Au(111) are significantly less susceptible to oxidation at the edges than
on the basal plane under the conditions used here. Modelling work using DFT has shown that the exposed
edges should be highly reactive towards detrimental oxidation using molecular O, due to a combination of
favorable kinetics and a thermodynamic driving force for MoOs formation at edge sites [42]. These studies,
however, assumed an edge termination in a lower sulfided state with a 50% S coverage, which in general
may be more reactive than the fully sulfided MoS; edges present in our case [58, 59]. To see this, we refer to
previous STM experiments that have determined that the hexagonal MoS; sheets in Figure 1a are terminated
exclusively by two types of edges, the low-index (1010) S-edge and (1010) Mo-edge (zig-zag) edge types,
illustrated in the ball model in Figure 7b [21, 47]. However, the resulting edges of the hexagonal MoS;
islands in Figure 1a are not bulk-terminated versions of the MoS; edges obtained from a simple truncation of
a MoS; sheet since additional S will adsorb during the in situ synthesis in H.S on the under-coordinated edge
sites of the “naked” Mo edge (Figure 7b). Thus, in the fully sulfided state, the MoS, edge types in the
hexagon expose a fully sulfided Mo edge with S, dimers terminating the Mo-edge (100%), as shown in
Figure 7c [21, 60, 61] and a corresponding 100% S coverage on the S edge, respectively [62]. This

assignment was previously done by a detailed comparison of the STM contrast with simulations of the local-
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density of states from DFT modelling of all type of edges. In comparison, the atom-resolved STM image in
Figure 7a of the edges of a hexagonal MoS; island imaged after O, exposure show no signs of a different
edge structure. Specifically, for the Mo edge in Figure 7a, the edge protrusions are imaged out-of registry
with the basal plane S lattice (white markers), as for the fully sulfided Mo edge, and a bright brim originating
from an electronic edge state [63] is clearly seen in the second row behind the Mo edge. We note that the
theoretical STM simulations in that study showed that the STM image contrast on the Mo edge is dominated
by electronic effects, so that the interstitial region between S, dimers is imaged bright, and hence out of
registry (compare figure 7a and ball model in figure 7b). Furthermore, a characteristic double period along
the row of Mo edge protrusions originating from pairing of S, dimer pairs [21] is also detected. This Mo
edge after O, exposure is thus imaged qualitatively and quantitatively identical with unexposed fully sulfided
100% S Mo edge in the pristine MoS,. For the S edge after O, exposure imaged in Figure 7a, the edge
protrusions are in registry (grey markers) and a brim is seen in the row behind the edge. These are again
unchanged signatures that reflect a fully sulfided 100% S edge (Figure 7c¢). We can therefore conclude that

the full S coverage is kept on the edges even when a substantial amount of Os sites are formed.
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Figure 7: a) Atom-resolved STM image (7 nm x 3.5 nm) of an MoS: island with Os defects on the basal plane formed at 500°C in
Oz illustrating a 120° corner of a hexagonal island with the two types of edges (S and Mo edge) exposed, respectively. Imaging
parameters: It = 0.6 nA, Vt=-0.2 V. The superimposed markers illustrate the out-of-registry position of edge protrusions on the Mo
edge (white markers) and in-registry position on the S edge (grey markers) with respect to the basal plane sulfur lattice positions,
respectively b) Ball model of a hypothetical single-layer MoS: hexagonal island terminated by the two low-index Mo edges and S
edges, respectively. The edges expose the actual sulfur coverages and exact edge sections shown in side view are marked with a
dashed rectangle. c) Side view ball models show the structure of fully sulfided (100% S covered) S edges and Sz dimer (100%S)
terminated Mo edge reflected in the experimental image, as determined in previous STM studies [21, 61, 63, 64]. We note that the
out-of-registry position in the STM image on the Mo edge is an electronic effect where the region in between S dimers is imaged
bright.

The slow evolution of the Ol1s peak in the AP-XPS data, furthermore suggests that edge oxidation is not
predominant in the 0.1 mbar atmospheres of O, and H.0O, respectively, until fast degradation of the 2D sheet
into MoQOs sets in at the highest temperature (Figs. 4 and 6). We therefore attribute the apparent inactivity of
the MoS; edges to the fully sulfur saturated state of the edges (Figure 6c), obtained when they are
synthesized in excess H.S gas. On the Mo edge, this particular stability may be linked with the formation of
particularly stable S, dimer species (disulfide) terminating the edges (see Figure 7c) [59, 65]. As a
contributing factor, we note that recent theoretical modelling has shown that the Au support slightly
stabilizes the extra sulfur atom in the S, dimer on the Mo edge compared to unsupported MoS;. [66] The
effect is thus demonstrated here for Au supported MoS;,, and it should be verified for single-layer MoS;
supported on other substrates such as SiO; or graphene. Future work, using e.g. DFT modelling, might be
also used to shed light on whether edge oxidation is inhibited for the 100% S-saturated MoS; edges based on
thermodynamics related with removal of the edge S, or whether kinetics due to lack of sites for O, adsorption
on the fully sulfided edge structures is the origin of the stability of the MoS,/Au system towards oxidative

attack on the MoS; edges. Such insight may help provide viable ways of functionalizing the basal plane of

MoS; in oxidative environments.

3. Conclusions
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We have investigated selective O exchange on the basal plane sites of Au(111) supported epitaxial MoS;
single-layers resulting from O, and H»O exposure at elevated temperature. Using a combination of STM and
ambient pressure XPS performed at varying temperature and pressure, we find that O exchange is an
activated process with an energy barrier of ~0.8 eV, and that this value is similar within the uncertainty of
the experiment for the process taking place in O, gas or H,O gas. Atom-resolved STM images reveal O as
single defects located on isolated positions on the upper S lattice of MoS;, in accordance with recent
literature [28]. Unlike other reports on the air stability of single-layer MoS,, we find that the edges are
protected from oxidative attack, even for high O exchange levels on the basal plane. We link this passivation
of the edges to the fully sulfided edges that are formed during in situ synthesis in H.S. Only at relatively
strong oxidation potentials, such as heating to 280°C in 0.1 mbar O, do we see degradation of the MoS; and
the gradual formation of oxide phases. Future studies could be aimed at clarifying the effect of ambient air
consisting of both O, and H20, e.g. to link these studies to ambient air exposure studies. In our case, we
propose that pre-saturation with sulfur combined with accurate control over temperature and O, pressure is a
viable method to obtain selective O functionalization of the basal plane of MoS,. The method may be used to
generate O-modified MoS; in a fast and controllable way, but the changed chemistry of the O sites in MoS;
could also provide interesting possibilities for catalysis and open for further pathways leading to additional

functionalization of the basal plane sites with molecules or other heteroatoms.
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4. Methods

MoS,/Au synthesis: Single-layer MoS; was grown on a Au(111) sample using procedures reported elsewhere
[43, 45]. In short, Mo is evaporated onto a clean Au(111) in a H,S atmosphere (~5x10° mbar) followed by
annealing at 570°C in the same H,S atmosphere. The single-layer MoS, sample coverages used here were
approximately 50-70% of a monolayer. Scanning tunneling microscopy was performed with an Aarhus STM
operated at room temperature using etched W tips. Oxidation (low pressure): After the synthesis and initial
characterization, the samples were heated in a pressure of 1x10® mbar of O, or H,O gas, respectively for 30
minutes. The data was collected in the temperature range from 200-550°C in an accumulative manner. On
the temperature ramp down the sample remained in the gaseous environment, which was pumped out once
the sample reached 173°C. The sample was then flash-annealed in ultra-high vacuum at ~200°C and imaged
at room temperature. To obtain the rate of formation, the accumulated number of Os sites per area was
counted from atom resolved STM images after each heating stage. Gases were supplied to the vacuum
through leak valves from a lecture bottle with a nominal purity better than 99.8% for H,S (N2.8) and

99.9999% for O, (N5.0)

X-ray photoelectron spectroscopy: The AP-XPS measurements were carried out at beamline 9.3.2 at the
Advanced Light Source in Berkeley, USA. The spectra were obtained using a photon energy of 335 eV
(S2p), 420 eV (Mo3d), 820 eV (O1s, O, series) and 650 eV (O1s, H,O series), respectively. The pressure
during AP-XPS was 0.1 mbar for both O, and H2O. For the AP-XPS data the single-layer MoS2/Au(111)
samples were grown in a dedicated growth chamber and stored in a vacuum suitcase under static vacuum for
transportation. The sample was exposed to ambient conditions shortly during sample mounting and
extraction, which may explain the initial oxygen content of the sample as measured in the O1s signal. The
sample was flash-annealed to ~200°C under ultra-high vacuum at the beamline prior to the AP-XPS
measurements. The XPS spectra were fitted with a Shirley background and a Gaussian/Lorentzian
convolution peak shape. The only exception was the Ol1s spectrum of the O, series, which was fitted to a

linear background to better account for the gas peak situated at the high binding energy cut-off. Peak
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positions are listed in Table S1. Peak positions for Mo3d and S2p were directly calibrated to the Fermi level,

whereas the O1s in the H,O series were calibrated to the Au4f peak.
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