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Abstract:
Water adsorption on transition metal dichalcogenides and other 2D materials is generally

governed by weak van der Waals interactions. This results in a hydrophobic character of the
basal planes, and defects may play a significant role in water adsorption and water cluster
nucleation. However, there is a lack of detailed experimental investigations on water
adsorption on defective 2D materials. Here, by combining low-temperature scanning tunneling
microscopy (STM) experiments and density functional theory (DFT) calculations, we study in
that context the well-defined mirror twin boundary (MTB) networks separating mirror-grains
in 2D MoSe.. These MTBs are dangling bond-free extended crystal modifications with metallic
electronic states embedded in the 2D semiconducting matrix of MoSe,. Our DFT calculations
indicate that molecular water also interacts similarly weak with these MTBs as with the defect-
free basal plane of MoSe.. However, in low temperature STM experiments, nanoscopic water
structures are observed that selectively decorate the MTB network. This localized adsorption
of water is facilitated by functionalization of the MTBs by hydroxyls formed by dissociated
water. Hydroxyls may form by dissociating of water at undercoordinated defects or adsorbing
of radicals from the gas phase in the UHV chamber. Our DFT analysis indicates that the metallic
MTBs adsorb these radicals much stronger than on the basal plane due to charge transfer from
the metallic states into the molecular orbitals of the OH groups. Once the MTBs are
functionalized with hydroxyls, molecular water can attach to them, forming water channels

along the MTBs. This study demonstrates the role metallic defect states play in the adsorption



of water even in the absence of unsaturated bonds that have been so far considered to be
crucial for adsorption of hydroxyls or water.
Key words: van der Waals materials; water adsorption; defect engineering; hydroxylation;

metallic defect states; molecular scale adsorption template.
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Introduction

Water adsorption on surfaces has extensively been investigated due to its prominent role in many
environmentally and technologically important phenomena, ranging from water condensation
on aerosol particles and corrosion to chemical transformations in aqueous solutions. Specifically,
vacuum surface science investigations have provided fundamental insights into water adsorption
on single crystal surfaces,1'2'3 and understanding of the ordering of water monolayers on
surfaces has been gained from a combination of scanning tunneling microscopy (STM)
experiments and density functional theory (DFT) calculations.4'5:6:7:8 The monolayer structure is
found to be defined by the delicate balance between the interaction of water molecules with the
substrate and the neighboring water molecules, which may be altered by cooperative effects, i.e.
the substrate interactions can also modify the molecule-molecule interactions.9:10 In addition to
molecular adsorption, dissociation of water on surfaces and the formation of hydroxyl (OH)-
groups bound to the substrate has been shown to be important on some metal as well as oxide
surfaces.11:12'13 Such OH groups can act as ‘anchors’ for additional water molecules to adhere
to and can transform hydrophobic surfaces to hydrophilic ones.14-15 On oxide surfaces such OH
groups often form at defects that then can be nucleation sites for water clusters. On FeO-
monolayers on Pt(111), for instance, an amorphous water monolayer was observed, while
hydrogenation of specific sites in the iron oxide moiré structure on Pt(111) enabled the
modification of water adsorption into nanoclusters around these localized hydroxyl-groups.16
This demonstrates that directed modification of surfaces with hydroxyls can result in nano-
structured water layers.

On van der Waals (vdW) materials the lack of unsaturated bonds at surfaces results in very weak
water-substrate interactions,17°18'19 and water adsorption in vacuum is only possible at low
temperatures. Initial water nucleation is generally observed as ring-structures in water-
pentamers or hexamers.®> At extended coverage, ice-like structures are predicted to form.20 For
graphene-21 or h-BN22 -monolayers on metal substrates regular moiré structures may form with
strong electrostatic modulations of the surface, and this may lead to patterning of the material.
As a consequence, localized water adsorption at preferential sites of the moiré superstructure

has been observed, giving rise to the formation of nano-water islands.



In this context, we investigate here water adsorption on MoSe, the typical two-dimensional (2D)
transition metal dichalcogenide (TMD), and one of the most technologically important 2D
material. The lack of dangling bonds on TMDs gives, like on other 2D materials, rise to weak
adsorption.’®19 23 TMDs have been suggested as potential materials for electrocatalytic
applications in aqueous solutions and their (electro)catalytic properties, specifically for hydrogen

evolution reaction (HER) are generally attributed to defects, specifically undercoordinated atoms
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Figure 1: Schematic representation of water adsorption on the 4/4P MTB network in MoSe;
monolayer. Note that the spacing between the vertices where the MTBs meet is much smaller
than in the experiment. Correspondingly, MTB density is much higher. The defect free TMD
grains are shown on a white background with the grain orientation indicated by the triangles,
illustrating the mirror domains. The domain boundaries and vertices are shown on gray
background.

at the edges or chalcogen vacancies.242526 Other defects such as grain boundaries may also
exhibit special chemical activity,27 but because of the low density of these defects, their catalytic
properties have been scarcely studied. A special kind of grain boundaries with increased
electrocatalytic activity28 are mirror twin boundaries (MTBs) that are formed between two
grains rotated by 60° as shown in Fig. 1. While different atomic configurations of these grain
boundaries can be obtained in dichalcogenides, the common configuration in MoSe; is the metal
rich structure, which is referred to as 4|4P.29-30-31 It has been demonstrated that this
configuration can be generated in MoSe; or MoTe; by incorporation of excess Mo-atoms, causing
the formation of triangular MTB loops.32 Therefore, incorporation of excess Mo is a potential

approach for modifying sheets of MoSe, basal planes with MTB networks and consequently



altering their properties and potentially enhancing chemical functionalities. In contrast to other
nanopatterned 2D surfaces that have been shown to possess modified reactivity,?22:33 MTB
networks in TMDs, schematically illustrated in Fig. 1, are intrinsic crystal-modifications and do
not require artificial growth on a metal substrate, but can be obtained also in free-standing TMD
sheets. Thus, these material modifications are of potential relevance for practical applications.
Moreover, it has been demonstrated that MTBs are metallic34:35:36 and thus could also assist
charge transport in the semiconducting TMD-based electrocatalysts. The interaction of MTB
modified TMDs with water is of importance for applications in aqueous solutions and maybe
considered as model systems to study water interactions with metallic defect states. While most
defect structures exhibit higher chemical activities due to the formation of unsaturated bonds,
MTBs are perfect one-dimensional crystal structures, without broken bonds and thus the surface
may still be considered as a vdW surface that is only electronically modulated by the metallic
MTBs. Using DFT calculations, we show that due to the lack of unsaturated bonds, water
molecules interact very weakly with these MTBs and the adsorption is barely modified as
compared to the defect free basal plane. However, the MTBs adsorb OH-groups much stronger
than the basal plane of MoSe». This leads to a functionalization of the MTBs with OH-groups that
subsequently can anchor water molecules and form amorphous water networks that decorate
the OH-functionalized MTBs. These experimentally observed water networks are a direct
verification of the chemical functionality of MTBs to induce nanostructured adsorption.

Results and Discussions

Monolayer islands of MoSe; were grown on highly oriented pyrolytic graphite (HOPG) substrates
by molecular beam epitaxy. The HOPG substrate allows vdW epitaxy, i.e. ensures weak
interaction between the MoSe; and the substrate, but its good conductivity allows STM
investigations at low temperatures, needed for the adsorption of water in vacuum. It has been
reported that MBE growth of MoSe, on HOPG or other van der Waals substrates yields samples
that exhibit MTB networks due to the incorporation of excess Mo into the crystal structure during
growth.3>37

Sample characterization by STM: STM images of the as grown sample are presented in Fig. 2 (a).

The large-scale image shows the edges of a MoSe, monolayer island, with only small bilayer



regions. Note that under the imaging conditions in Fig. 2(a) (-1V, 50 pA) the electronic contrast
of the MTBs make them appear with a large corrugation and an apparent height of ~ 0.2 nm
above the basal plane of MoSe;. The edges of the MoSe; island appear similarly bright as the
MTBs, indicating that they also have a metallic character. The imaging contrast is strongly bias
voltage dependent, as illustrated in Fig. 2 (b) and (c). At negative bias voltages (tunneling from
filled states in the sample) the MTBs appear as bright (double) lines. This double line feature in
STM of the MTBs has been confirmed by simulated STM images.3? At positive bias voltages
(tunneling into empty states in the sample) the contrast between the basal plane and the MTBs
is less pronounced, Fig. 2(c). This contrast in STM stems from the metallic character of the MTBs
and the fact that their charge neutrality level lies much closer to the conduction band minimum
(CBM) than the valence band maximum (VBM), i.e. MoSe, with MTBs is strongly n-type due to
the pinning of the Fermi-level to the MTB-induced defect states. In this case, tunneling at
negative bias voltages as large as -1V is still withing the band gap of MoSe2 and thus giving rise
to the very strong electronic contrast of the MTBs. For empty states, at positive voltages, we
already tunnel into the conduction band of MoSe; for the strong n-type material and thus causing
less contrast variation between MTBs and the pristine MoSe». At low temperatures, the MTBs
exhibit a modulation along the MTBs of 3 times their lattice constant. This has been suggested to
be a consequence of the strictly 1D metallic nature and may be either due to a Peierls’
instability,3*38 or a result of strong-correlations, as described within the framework of the
Tomonaga-Luttinger quantum liquid in the 1D electron system.3¢ At low temperatures, we can
also identify the moiré structure in the extended regions of the pristine MoSe; induced by the
differences in the lattice constant of the HOPG substrate and MoSe»,?” as shown in Fig. 2(d).
Surprisingly, the moiré structure is not well resolved if we image the surface at room
temperature. On the other hand, room temperature imaging allows imaging with lower bias
voltage, presumably because of better conductivity of the sample. At the lower bias voltage, the
atomic structure of the MTBs is resolved better as seen in Fig. 2(e), which shows clear atomic
corrugation along the MTBs. Surprisingly, some of the MTBs still show a periodicity of three times
the lattice constant even at room temperature, with every third atom appearing brighter, as

indicated in the line scan in Fig. 2(e).
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Figure 2: STM characterization of MoSe, monolayers grown on HOPG substrate. (a) Large scale
image showing a partial MoSe; island and HOPG substrate area. The MoSe; island is covered with
a dense MTB network. Under the imaging conditions in (a) the metallic MTBs exhibit a very strong
electronic contrast with an apparent height of ~ 0.2 nm. The inset shows a line-scan, indicated by
the dashed line in the STM image, showing both the height of the MoSe; basal plane of ~ 0.35 nm
with respect to the HOPG substrate and the apparent height of the MTBs. The bias dependent
image contrast is highlighted in (b) and (c), which show the same image area with 1V negative
(filled states) and positive (empty states) bias. (d) shows the moiré pattern of MoSe; basal plane
on HOPG substrate in between of MTB networks. The periodic distortion of the metallic MTBs with
3 times the lattice constant is shown in (e). The line scan along one MTB is shown in the inset,
with the atomic corrugation of 0.33 nm and the superstructure of 1.0 nm indicated.

MTBs form by nucleation and growth of triangular MTB-loops,3? with the inside of the loops
exhibiting a mirror domain relative to the outside of the loop. These loops grow until they are
impeded by interaction with the MoSe;-island edge or by interaction with other MTBs. Thus, the
MTB network is a consequence of merging of MTB-loops. In a second stage, new loops may
nucleate within existing loops and thus, especially in the center of the growing MoSe; islands,
denser MTB-networks are observed that are surrounded by larger MTB triangles. The MTBs are
often joined at their vertices, and while the MTBs themselves are 1D lattice modifications without

dangling bonds, the vertices exhibit more complex morphologies with unsaturated bonds that



could affect adsorption. For instance, it has been shown that some of these vertices are the
preferred nucleation sites for gold clusters.3> STM images reveal different configurations at which
the MTBs meet, with various offsets between the line defects at the vertices. Unfortunately, the
convolution of electronic and topographical contrast in STM makes a detailed determination of
the atom positions in the vertices challenging, although previous attempts have been made using
non-contact AFM.39 Because of the unknown detailed atomic structure and composition, as well
as the presence of several different configurations of these vertices, we are not discussing these
further in this manuscript, apart from pointing out that they potentially could facilitate the
dissociation of water. The focus of this manuscript is on the well-defined MTBs as a model of
metallic crystal modification with a vdW (no dangling bonds) surface termination.

Water adsorption studied by STM: Water is dosed through a precision leak valve and a stainless-
steel tube directed onto the sample mounted in the STM and cooled to ~20 K. The opening of the
leak valve was detected by an increase of the residual water pressure in the vacuum chamber
background using a quadrupole mass spectrometer. The precise exposure of water to the sample
could not be measured and thus the sticking probability of water on the sample is unknown. From
the increase in the background pressure and the exposure time we can estimate a lower limit of
the exposure and we give these values as the nominal exposure in Langmuir (1L = 10 Torr/sec).
The true water exposure through the directed dosing line is expected to be significantly larger.
As we discuss below, even this large exposure only leads to sub-monolayer coverage, indicating
a very low adsorption on the surface even at this low temperature. High exposures also make it
likely that dissociated water may adsorb, either from small fractions present in the beam or from
water dissociated in the vacuum chamber on e.g. filaments of the ion gauge or mass-
spectrometer.

Imaging of weakly bound water on the surface is challenging with STM due to tip sample
interactions. In our studies we found that individual water penta- or hexamers can be readily
imaged under filled state imaging condition. For higher coverage this leads, however, to unstable
imaging. Empty state imaging with low tunneling current (i.e. large tip-sample separation) are
the only conditions to image the adsorbed water. Filled state images (-1 V; 50 pA) or large positive

bias voltage (+6 V; 50 pA) allows to remove the water off the surface and this enables to image



the underlying structure in subsequent imaging of the cleaned region. In the following we
investigate STM images of samples with increasing water exposure in order to reveal the
preferential adsorption sites and the evolution of the water layer with increasing water coverage.
Fig. 3 shows filled state STM images for low water exposures. Under these conditions small water
clusters form at the surface, that exhibit a ring structure in STM. On rare occasions a substructure
is observed that reveals individual protrusions along the ring, which may be associated with
individual water molecules. The inset in Fig. 3(b) shows such a case with 5 protrusions. The fact
that we generally cannot resolve individual water molecules suggest that they are mobile or
fluctuate on a timescale faster than the several seconds it takes to record an STM image. The
water clusters can be clearly distinguished from other features on the sample by their apparent
height in STM images. Line-scans shown in Fig. 3 illustrates the apparent height of the MTBs
above the MoSe; basal plane of 0.11 nm, indicated as the red dashed line in Fig. 3. While there
are other bright protrusions, e.g. at MTB vertices, these are less pronounced than the height of
the water clusters that are ~ 0.07 nm taller than the MTBs. This height of the water clusters is
indicated as the green dashed line in the line scans shown in Fig. 3. Thus, the imaging height
enables us to unambiguously identify the water clusters. In Fig. 3(b) the water clusters are
indicated by white arrows. Importantly, all these small water clusters are on or adjacent to MTBs
and initially have a tendency to be close to the vertices of the MTBs. In this low dosage regime,
the number of water clusters increases with the dosage time. With increasing water exposure,
the water rings eventually get too close to maintain their individual ring-character. The water
appears disorganized or noisy in these images, indicating amorphous water as previously
reported for water layers on FeO surfaces modified by hydroxyl groups.2® The noisiness of the
images is attributed to mobility or rotation of the water molecules even at 20 K. Still, water is
only imaged along the MTBs and their vertices, no water clusters on the basal planes between

the MTBs are observed.
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Figure 3: STM images of water clusters on MTBs for low water exposures. All STM images are
20x18nm and the samples were exposed with increasing amount of water, with nominal
exposures of OL, 1L, 10L, and 15L for (a) —(d). Water clusters are identified by the image height.
The water clusters are imaged 0.1 nm above the height of the MTBs, as illustrated by the red and

green dashed lines in the line scans.

With increasing water exposure, water is more clearly imaged under empty state imaging
conditions at which the clean MTBs have a less pronounced contrast (see Fig. 2 (c)). In Fig. 4 (a)
a region of the surface is shown where the entire MTB network is covered with water. The
imaging conditions are equivalent to those shown in Fig. 2 (c) for the bare surface and thus the
strong corrugation of the surface is due to the decoration of the MTBs with water. This can be
confirmed by imaging part of the surface at negative voltage (-1 V, 50 pA). This causes water to
be swept away with the tip and exposes the bare surface. Subsequent imaging of a larger area
shows both the MTB network and the water decorated MTBs (shown in Fig. 4 (b)), demonstrating
that the enhanced contrast is due to water adsorption on the MTBs. While in these small-scale
images the decoration of the MTB network is revealed, on large scale images a different structure
is observed. The MoSe: islands are covered by water ‘droplets’ that increase in size with
increasing water exposure, as shown in Fig. 4(c), while the HOPG substrate appears to be clear
of any water adsorption. On the MoSe; islands, the water drops can be again swept away with
the STM tip and thus expose the clean substrate to demonstrate that these drops are weakly

bound adsorbates. This is shown in Fig. 4(d). Thus, the water adsorption on MTB-modified MoSe>
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forms a hierarchical structure of 2D-water droplets and a water network structure within these

drops formed by decorating the MTBs.

Figure 4: STM images of water adsorption on MoSe; for large water exposure (nominal 50 L).
water decorating the MTB network imaged with positive bias voltage is shown in (a). Water may
be removed from the surface by imaging with negative voltage and this enables to clear part of
the surface of water and thus directly compare surface with and without water. A surface partially
cleared of water is shown in (b). On large scale images, shown in (c), it is apparent that initially
water does not uniformly cover all the MTBs, but an additional hierarchical structure is formed
with MTBs only decorated in tens of nanometer wide water islands. These water islands can be
again be removed with the STM tip at negative bias voltages as demonstrated in (d).

The STM data illustrate that water adsorption even at 20 K is selective at MTBs only, while the
basal planes remain free of water. Given the high exposure required for water to adsorb suggests
an inefficient process. To gain additional insight in the adsorption and the differences between
adsorption on the basal plane versus adsorption on MTBs we conducted detailed ab initio
claculations.

DFT analysis of water adsorption: In order to get microscopicinsight into the interaction of water
molecules with pristine MoSe, sheets and those with MTBs, we carried out extensive first-

principles calculations within the framework of the spin-polarized DFT, as described in methods
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section. The adsorption energy Eaqs (positively defined) of water molecules was evaluated, along
with the formation energy E:r of water clusters. The latter was defined as a difference between
the energy of MoSe; and isolated water molecules in vacuum and the total energy of MoSe; with
the adsorbed water molecules, and normalized by the number of water molecules.

The adsorption of water molecules onto pristine basal planes was investigated first. The full
optimization of the geometry of the system using Grimme corrections gave adsorption energy of
Ea.4s= 0.18 eV. The lowest energy position of water molecules on top of the basal plane is depicted
in Fig. 5(a). Calculations with a more accurate TS exchange-correlation functional gave Eaqs= 0.15
eV. These values are consistent with the results of water adsorption calculations for MoS; (0.15
eV),40 as well as on metal (0.1 — 0.4 eV)41 and FeQ® surfaces. Ef for water rings (pentamer and
hexamers) on top of MoSe; was found to be 0.47 eV per water molecule, Fig. 5(d), which is a sum
of the energies corresponding to the interaction between the molecules (0.37 eV per H,0 in the
isolated system) and adsorption energy, which is less in this case than that for the isolated
molecule, as all water molecules in the ring cannot occupy the preferred positions in terms of the
vdW interaction. The interaction energy between the molecules in the hexamer is in line with the
previously reported value (0.49 eV).1°

The calculations for water molecules on top of an MTB gave similar results, the adsorption energy
was found to be higher (adsorption is energetically more favorable) by ~0.015 eV only, which
could hardly explain the experimental observations of water clustering on top of MTBs. As MTBs
have metallic states at the Fermi level, so that the additional charge should be localized in these
structures, we also investigated the possible effects of doping on the adsorption energy. We
found that adding or removing one electron per six unit cells in the MTB has little effect on the
adsorption, Eags changes by about 0.01 eV per molecule, and thus could not explain the preferred
adsorption either.

As an alternative scenario, we considered the interaction of water molecules with hydroxyl
groups, Fig. 5(b,c), which can appear on the surface due to water splitting, as discussed in Ref.1®,
or through adsorption of water radicals from the gas phase. We found that adsorption energy of
the groups, which is naturally considerably stronger than that for water molecules, as it is of the

covalent nature, depends on the position of the group with regard to the MTB. The change in Eags
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is about 0.7 eV, Fig. 5(e), which makes the adsorption of OH groups on MTB strongly preferable.
The increase in Eags is associated with the charge transfer of the electrons localized in the MTB
into the empty orbitals of the OH group, Fig. 5(e), which are below the Fermi level in the system,
as the electronic structure analysis, Fig. 5(f), point out. The increase in Eqs is associated with the
charge transfer of the electrons localized in the MTB into the empty orbitals of the OH groups,
Fig. 5(e), which are below the Fermi level in the system, as the analysis of the electronic structure
of MoSe; with MTB and isolated OH group, as Fig. 5(f), points out. We note that the energy
diagrams of the isolated systems presented in Fig. 5(f) can be used only for getting insights into
the qualitative behavior upon radical adsorption, as the amount of the transferred charge is
governed by a delicate balance between the changes in the spatial distribution of the electron
density and thus electronic state population, followed by the changes in the electronic structure
of the combined system, and Coulombic interactions, so that it cannot be estimated from a
simple diagram presenting the electronic structures of the isolated systems. Moreover, the
position of the levels may not be reliably reproduced by DFT at the PBE/GGA level, but more
accurate calculations (RPI or with hybrid functionals) are computationally too expensive for the
large supercells required in the system studied here. The actual values of the transferred charge
may also depend on the method used to assess it, that is the Bader or ‘geometrical’ approaches
(for an illustration, see, e.g. ref.42).

The interaction of water molecules with the hydroxyl group is much stronger than the adsorption
of water on the pristine basal plane of MoSe, or on MTB, as the bond is of hydrogen rather than
vdW type. When further molecules are added, the enhanced interaction with the OH-group, is
however, accompanied by a drop in the vdW energy, because the water molecules are not in the
optimal position with regard to the basal plane, as illustrated in the right panel in Fig. 5(c).
Nevertheless, formation of water clusters (at least up to 6 molecules) attached to OH groups is
favorable, es evident from Fig. 5(d), with a difference of about 0.06 eV per water molecule. The
competition between hydrogen and vdW bonding may also explain why large clusters were not
observed in the experiments.

Having analyzed the energetics and geometry of the adsorbed OH species, we also studied the

energetics of hydrogen atoms on the pristine MoSe; and in the MTB area. We found that there
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are two metastable positions of H atom: as an adatom or an interstitial within the Mo plane, as
reported previously for MoTe;, 28 with the energy of the interstitial position being lower by 0.6
eV. Moreover, in line with the behavior in MoTe», the energy of the H interstitial is lower by 0.15
eV when it is next to the MTB. Thus, the total energy gain when a water molecule is split at the
MTB is about 0.7 + 0.15 = 0.85 eV, with the former value representing the gain in E,qs for the OH
group. It should be pointed out, though, that the energy required to split the molecule at the
MTB is overall high (about 2.4 eV), considerably larger than that for vacancies (0.8 eV, according
to our calculations), indicating that the latter should be catalytically more active. Similar results
have been obtained for other TMDs, e.g., MoS,, where water splitting is more efficient at
structures having undercoordinated atoms/dangling bonds, such as vacancies43-44-45 or
edges.46:47-48 The vertices at MTB cross sections may have a higher water splitting capacity, but

we have not studied them as their precise atomic structure is unknown.
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Figure 5: DFT calculations of water and hydroxyl adsorption on pristine and MTB modified MoSe;.
(a-c) Atomic structure of MoSe, with MTB and adsorbed water molecules, hydroxyl groups and
water hexamers attached to the sheet (a) and OH group (b,c). (d) Formation energy of water
clusters on top of MoSe; in the pristine area, next to MTB and OH group. (e) The dependence of
adsorption energy of OH group on distance to the MTB. The plot also shows charge transfer from
the MTB into the empty molecular orbitals of the hydroxyl group, as schematically illustrated in
panel (f).

Conclusions

The water/TMD interface is critical for ambient and aqueous environments. Weak vdW
interactions between the basal plane and water molecules make defects important in enhancing
the interactions. Common defects, such as vacancies, exhibit undercoordinated sites that enable
stronger adsorption. Here we investigated MTBs that are fully coordinated defect structures, i.e.
without dangling bonds, but exhibit metallic defect states within the semiconducting TMDs.
While molecular water only adsorbs weakly via vdW interactions at these MTBs, similar to the
adsorption on the pristine basal plane, our DFT calculations show that OH- and H- radicals adsorb
much stronger on these defects than on pristine MoSe,. This difference is attributed to charge
transfer from the metallic defect states to the radicals. These bonded radicals further enhance
molecular water adsorption by intermolecular interactions. Thus, the functionalization of MTBs
with OH-groups gives rise to the decoration of the MTBs with water and the formation of
nanoscopic water network decorating the MTBs. While for water adsorption additional ‘anchor
groups’ are required, in general molecules with appropriate energy levels that enable charge
transfer from the MTBs to adsorbate should experience stronger adsorption on the MTBs and
thus decorate these line defects. On the other hand, this study also showed that
undercoordination of defects is not the only deciding factor to enhance the adsorption of OH- or
H- radicals but that appropriate design of band gap states alone can enhance their adsorption.
Such defects without dangling bonds but band gap states could be for example substitutional

metal dopants and thus provide an approach to design chemical properties of TMDs other than
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formation of undercoordinated sites, which so far has been discussed as the main route to
enhance chemical activity in applications such as hydrogen evolution electrocatalysis.

Methods:

Sample preparation: The MoSe, monolayer islands were grown on freshly cleaved HOPG
substrates. Prior to growth the HOPG substrates were outgassed at 400 °C for 6 h. The films were
grown at a substrate temperature of 300 °C by co-deposition of Mo and Se from an e-beam
evaporator and a hot-wall Se-cracker source, respectively. After growth, the samples are
transferred from the growth chamber to a dedicated low temperature scanning tunneling
microscope in a vacuum suitcase, keeping the sample in a vacuum better than 10 Torr.

Water exposure: Prior to water exposure the samples were briefly annealed to 200 °C for 40 min
to desorb any impurities that may have adsorbed during the sample transfer. Subsequently
samples were cooled down in the STM. The STM is a commercial low temperature STM cooled
with a closed liquid He-cycle. The sample temperature was close to 20 K for water adsorption and
imaging. High purity water was filled into a vacuum sealed quartz tube that was connected to the
UHV chamber through a precision leak valve. Prior to dosing, the water was further purified by
several freeze-pump cycles. The water was dosed through a stainless-steel tube directed at an
opening in the heat shield directly onto the sample, with the STM-tip withdrawn. The water
exposure was estimated from a pressure rise in the vacuum chamber and was also monitored
with a quadrupole mass spectrometer.

STM characterization: Unless otherwise stated the STM images were acquired at 20 K.
Electrochemically etched tungsten tips were used.

Computational: All calculations were carried out using the code VASP.49:50 We used generalized
gradient approximation with the Perdew-Burke-Ernzerhof (PBE) parametrization51 for the
exchange-correlation (XC) functional and PAW approach52 to deal with the core electrons. vdW
interaction was accounted for using the Grimme approach53 and the Tkatchenko-Scheffler (TS)
scheme54. The system was modelled as a ribbon composed from 588 Mo and Se atoms with the
MTB in the middle. The vacuum of 15 A was added above the sheet and also at the edges of the
ribbon. As temperature in the experiment was low, and because we were primarily interested in

the changes in adsorption energies with the relative position of the species with regard to the
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MTB, he entropic contributions to the Gibbs free energy as well as zero-point energy corrections
were not accounted for. The charge transfer upon adsorption of an OH group on MoSe; monolayer
was calculated by integrating the difference between the charge densities of the combined and
corresponding isolated systems (for the same geometry) over semi-infinite space with a border

being the plane parallel to the monolayer and passing through the middle of the Se-O bond.
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