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MoS, is an intriguing material: although its basal plane is
quite inert, it is the key catalyst for petrochemical hydro-
desulfurization (and hydrodenitrogenation) processes. Dow/
Union Carbide developed an MoS,-based catalyst[!l for the
formation of higher alcohols from syngas, an application
which is gaining increased importance with the emergence of
biofuels. In these applications, MoS, is used as a fine powder;
cobalt or nickel (or mixtures thereof) activate the powder
through incorporation into edges of the MoS,? structures.
Further promotion is achieved by alkali doping with carbon
typically serving as the support.! Quite recently, MoS, has
attracted increasing interest as an exfoliatable monolayer
material for (opto-)electronic applications, and as a surface
material for electrochemical reactions,” among other appli-
cations.

Several studies have succeeded in growing MoS, on
various substrates and have shown that its catalytic activity
may be ascribed to a metallic electronic state at the brim of
MoS, triangular clusters, which can be readily identified in
scanning tunneling microscopy (STM).["® We have recently
developed a technique for growing MoS,—by evaporating
molybdenum on a sulfur-preloaded Cu(111) surface—that
leads to epitaxial MoS, islands of sizes ranging from
approximately 1 to 100 nm and for which we have confirmed
the presence of the brim state.’l Herein, we demonstrate that
another novel MoS, structure, reproducibly formed in the
same fashion as in the growth of MoS, we recently performed,
is stable in the entire temperature range of our experiments
(25 K to 650 K) and reverts to its pristine form after exposure
to oxygen-containing adsorbates upon annealing. More
importantly, this structure interacts far more strongly with
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these adsorbates than MoS,. Analysis of STM images and
related electronic structure calculations confirm the metallic
nature of this monolayer material, which we rationalize below
to have the composition Mo,S;.

We chose anthraquinone (AQ) as test adsorbate, because
it is large and rigid enough that we can directly image its
adsorption geometry, from which we can derive insight into
the interaction of the surface with the adsorbate.

The sample preparation described in the Supporting
Information gives two thermally stable MoS, patterns (Fig-
ure 1a). The patches formed by both patterns are capable of
extending across substrate steps. Regions not covered with an
MoS, patch exhibit the well-known (v/7 x v/7)R19° Cu-S
overlayer (abbreviated /7 in the following) that forms on
Cu(111). Although this Cu-S overlayer has been studied
extensively both experimentally and through calculations, its
atomic-level setup remains in debate.'™? Our DFT calcu-
lations of the vibrational spectra at the surface Brillouin zone
center (I') for some of the proposed hexagonal /7 sulfur
terminations of Cu(111) show both the structure reported by
Domange and Oudar'™® and the Cu,-based structure studied
by Foss!'!l to be dynamically stable. Although the phonon
densities of states at I show structure-distinctive frequencies,
the differences between the two spectra are too subtle to
determine an energetic difference. In the following, we
assume that the structure proposed by Domange and Oudar
is correct (Figure 1c), because experimental and theoretical
work supports it so far.

MoS, is one of the MoS, patterns we observed (Fig-
ure 1b). All MoS, films and islands were found to align with
the crystallographic axes of the substrate, and they appear in
STM with a characteristic Moiré pattern caused by the
epitaxial growth of (4 x 4) unit cells of MoS, on (5 x 5) atoms
of the Cu(111) substrate (Figure 1b).”) These islands also
feature the electronic brim state, described in detail by
Besenbacher and co-workers for MoS, synthesis on gold,[®**!
to which the catalytic activity of MoS, has been attributed.

The other MoS, pattern corresponds to well-ordered
islands that have a unit cell with v/7-long sides (similar to the
hexagonal v/7 structure), but at angles of 82° and 98°—or [jl
in vector notation. The pattern provides the closest approx-
imation to a square unit cell achievable with short unit vectors
on an fcc(111) surface. Although a number of molybdenum-—
sulfur structures have been described (including bulk
Mo,S;),/"14 to our knowledge, there is no prior reference to
this nearly square structure. We found up to 20% of the
sample surface covered by this structure. After a thorough
computational screening of about 50 possible MoS, structures
on Cu(111), targeted to find the lowest-energy structure and
the one whose calculated STM image most resembled the
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Figure 1. a) STM image of MoS, structures. Models of b) MoS,/Cu(111), ) v/7 sulfur-terminated copper (S—Cu), and d) Mo,S; structure at the
focus of this manuscript. Imaging parameters: bias: —0.93 V, current: 0.21 nA, scale bar: 5 nm. Models: Cu=brown, S=yellow, Mo =green/blue.

observed one, we found good correspondence of these nearly
square patches with the properties of an Mo,S; layer (Fig-
ure 1d). In the following, we will describe some observations
(experimental and computational) that support this structural
model and will highlight its chemical properties. The geom-
etry that we found to best match our experimental observa-
tions while at the same time being structurally stable on
Cu(111) contains four molybdenum atoms and six sulfur
atoms per [_% il unit cell (ie., Mo,S;); it arranges the
molybdenum atoms in approximately an upright square
which is stabilized along its sides by the sulfur atoms
(Figure 1d).

As we were not aware of any precedence for this MoS,
structure, establishing its unit cell composition and internal
geometry was not trivial: diffraction was no help here, as both
the /7 sulfur termination of copper and the novel structure
are set up from +/7 unit vectors and coexist on the surface. We
validated the presence of molybdenum in this structure in
preparations identical to the one mentioned in the Supporting
Information, yet leaving out the deposition of molybdenum
resulted in the formation of exclusively the /7 sulfur
termination of copper. We note that surrounding the MoS,
islands we frequently found sulfur depletion of the /7
structure.””) This is, however, not the case around the Mo,S;
islands, in agreement with their lower sulfur surface density
(Figure 1d).

Figure 2a shows an STM image in which all three
structures are present adjacent to each other in a single scan
line: on the left is an MoS, island, in the center the /7 sulfur-
terminated copper, and on the right an Mo,S; patch. Also
visible is some depletion of the (v/7 x v/7)R19° sulfur atoms
directly adjacent to the MoS, layer. The top portion of that
image is DFT-derived simulated topography as an isosurface
of energy-integrated (from —1.0 to 0eV) local density of
states of 10~* ¢ A’ convoluted with a tip radius of 2.4 A. While
each structure was calculated separately (hence not showing
any edge effects), the relative heights of the structures were
referenced to the bottommost of the five substrate layers in
the DFT simulation, thus permitting no adjustable parameter
in the height profile between simulation and experiments
(both image portions use the same grayscale). Not only are
the relative heights reproduced well, but even subtleties, such
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Figure 2. a) STM image (below the dashed line) and simulation (above
the dashed line) of a sample with MoS,, S—Cu, and Mo,S; (left to
right) in a single scan line. Also shown is depletion of the S—Cu
surface directly adjacent to the MoS, island (white arrow). Scale bar:
1 nm; tip height stabilized at 0.15 nA at —1.04 V bias. b) I/V spectra
obtained on MoS, and Mo,S; (darker lines), and simulated 1/V curves
(lighter lines); same imaging conditions as above. c) Thermal desorp-
tion spectroscopy of AQ fragments (masses: 50, 77) shows two
signals corresponding to AQ adsorbed on MoS, and v/7 S—Cu, and

a high-temperature shoulder for desorption from the two configura-
tions on Mo,S;. The red labels indicate the STM images that can be
obtained after annealing to these temperatures by referring to the
panels of Figure 3.

as the amplitude and alignment of the Moiré pattern on the
MoS,, are represented convincingly.

Scanning tunneling spectroscopy performed on MoS, and
Mo,S; layers resulted in fundamentally different spectra
(Figure 2b): on MoS, we found comparatively little variation
of the tunneling current at negative sample bias, but large
variation at positive bias, indicating the MoS, conduction
band edge. In contrast, on Mo,S; we found little variation of
the current at either polarity, attesting to the absence of band
edges near the Fermi level, in agreement with DFT simu-
lations, which were averaged over the Mo,S; unit cell area.
The Supporting Information contain d//dV spectra, which
indicate a bandgap of approximately 1.4 eV for MoS,, in good
agreement with recent studies on MoS, devices with metallic
contacts."™ The comparatively high abundance of the Mo,S;
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layer posed the question of its relevance for surface reactions
and surface catalytic activity. To elucidate the capability of
this structure to interact with adsorbates, we exposed it to
a molecular species, anthraquinone (Figure 3), which was
chosen for ease of imaging in STM.

Figure 3 shows images obtained on the same surface at
increasing exposure of AQ from panels b to e. Exposure
proceeded at near-liquid-nitrogen temperature followed by
annealing just below room temperature. Contrary to our
expectation of preferential adsorption of AQ at the brim
states of MoS,, we found AQ to adsorb exclusively at the
Mo,S; structure (Figure 3a). Initially, AQ forms molecular
rows at intermolecular distances of v/7, quite similar to AQ
rows on Cu(111) (and on the v/7 structure, see below), for
which we found the presence of non-negligible intermolecular

Figure 3. STM images of increasing AQ coverages on the different surface structures (panels b—

e correspond to 0.1, 0.3, 1.5, and 2.7 Langmuir, respectively). Initially, AQ forms a) rows on Mo,S,,
followed by a complete coverage of Mo,S; with first b) horizontally and next c) uprightly adsorbed
molecules. Only subsequently do d) molecular rows form on the 1/7 structure until finally ) MoS, is
covered. The scale bars are 5 nm. Imaging parameters: a) bias: —4.33 V, 0.24 nA b) bias: —1.66 V,
0.17 nA; c) bias: —0.83 V, current 0.34 nA; d) bias: —0.92V, current 0.11 nA; e) bias —2.75V, current:

0.13 nA.

hydrogen bonds."” On further increasing the dosage of AQ,
we observed an increase in the coverage exclusively on the
Mo,S; structure until a dense layer of AQ molecules,
adsorbed parallel to the substrate (Figure 3b), is formed.
Increasing the coverage further leads to a denser packing of
the AQ layer on the Mo,S; structure (Figure 3¢), and the AQ
molecules continue to avoid the sulfur-terminated substrate,
as well as the MoS, islands, with their supposedly reactive
brim states.

We performed DFT simulations of the two adsorption
configurations of AQ on Mo,S; that we observed experimen-
tally: in agreement with the experimental observations,
minimization of the adsorption configuration results in
registry, periodicity, and alignment (Figure 4). In the planar
configuration, both AQ carbonyl groups are in close prox-
imity to the top molybdenum
atoms of the Mo,S; structure (Fig-
ure 4a); in the upright configura-
tion, the bottom carbonyl group
adsorbs on one of the molybdenum
centers, resulting in a slight rear-
rangement of the Mo,S; structure
(Figure 4c). We find the binding
energy tobe 3.36 eVand 1.92 eVin
the planar and upright configura-
tion, respectively.

Once all Mo,S; is covered, AQ
populates the sulfur-terminated
copper surface (Figure 3d), includ-
ing the areas near the MoS, and
Mo,S; island edges. Here, AQ
preferentially forms close molecu-
lar rows, optimizing intermolecular
hydrogen bonding, as discussed in
previous publications."®! Because
of the geometry and size of the v/7
S—Cu structure and its incommen-
surability with AQ, molecular rows
in adjacent surface unit cells do not
generate a closely packed AQ

Upright AQ
on Mo,S;

Figure 4. a, c) DFT-optimized adsorption geometry of AQ on Mo,S; in horizontal and vertical adsorption configuration, respectively, and b) STM
image (magnification of the island in Figure 3 c) showing the coexistence and relative orientation of the molecules. Imaging parameters:

bias=—0.83 V, current=0.34 nA, scale bar: 5 nm.

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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layer (in contrast to what occurs on Mo,S;), and we observed
the absence of long-range 2D order on this surface. The
Supporting Information contain the calculated adsorption
structure and a higher-magnified STM image. The calculated
adsorption energy of AQ on the sulfur-terminated copper
surface is 1.47 eV, lower than that on the Mo,S; structure,
even in the upright configuration.

AQ molecules only populate the MoS, islands and their
brim areas after the sulfur-terminated copper surface is
covered. Here, AQ preferentially forms an array of molecular
rows, which are in anti-phase with adjacent rows, though
occasionally in-phase lateral stacking of rows is also observed.
The spacing of AQ molecules (at 6.75 A center to center) is
very tight, thus enabling intermolecular hydrogen bonding, as
discussed previously.['®!

The electronic and optical properties of MoS, in the
presence of a substrate have already been analyzed by
ab initio calculations."”’ Because the periodicity of the AQ
layer on MoS, is incommensurate with the Moiré super-
structure of the (4x4) MoS, layer, we calculated the
adsorption energy of 1.32eV by modeling an isolated
molecule on a MoS,/Cu slab (1.20eV) and adding to that
the lateral AQ-AQ interactions calculated on a MoS, mono-
layer (0.12 eV). The hierarchy of the DFT adsorption energies
is thus in agreement with the relative preference for AQ
adsorption on the three different surface structures that we
report here. The Supporting Information contains the calcu-
lated adsorption structure.

Thermal desorption spectroscopy of AQ gives the trace
shown in Figure 2 c. Through a sequence of partial annealing
and STM imaging, we correlated its features to the structures
shown in the referenced panels of Figure 3: heating to 275 K
results in a complete coverage of the surface (Figure 3e); the
signal at 297 K corresponds to AQ adsorbed on MoS,/
Cu(111), imaging after heating to 302 K shows AQ only on
the sulfur-terminated copper and on Mo,S; (Figure 3d); the
signal at 309 K corresponds to AQ/S—Cu, and its broad high-
temperature tail to the two AQ configurations on Mo,Ss;
imaging at 320 K and 355 K shows AQ exclusively upright and
flat (Figures 3¢ and b), respectively. The absence of a sharp
signal and the proximity of the signals of the latter config-
urations show how these structures may have been over-
looked in previous spectroscopic studies. Increase of the
substrate temperature above 500 K results in a clean surface
with the three surface morphologies shown in Figures 1 and 2.
The sequence of desorption temperatures are in agreement
with our theoretical modeling of binding energies; the
calculated energy values for all structures are higher than
what one would expect from the desorption experiment, thus
attesting to the challenges of modeling van der Waals
interaction in unit cells of this size and complexity.

The finding of a thermally stable molybdenum-sulfur
structure that has higher affinity for adsorbate interaction
than the much discussed MoS, brims is exciting and suggestive
of its relevance to existing catalytic applications, or its utility
as an inverse catalyst,'®! yet reactor studies will be necessary
to confirm its relevance conclusively. We also attempted to
adsorb CO on the MoS; structures, but could not resolve its
image on the surface, probably because it was moving too
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rapidly at a sample temperature of approximately 25 K (CO
starts diffusing on Cu(111) at around 40 K and the passivated
surfaces investigated here offer CO interactions that are
weaker than those of metallic copper, as shown in our
calculations).['”)

In conclusion, we found a novel MoS, surface structure on
copper, which we propose to have the composition Mo,S;,
whose ability to interact and activate adsorbates far exceeds
that of MoS, while proving to be of similar thermal stability
and also recoverable after adsorption through annealing.
Some catalyst compositions of MoS, for the formation of
products from syngas contain copper;!! thus, our finding of
a high affinity MoS, composition specifically on copper may
point toward an alternative origin of the actual working of
such a catalyst, if further corroborated by studies at high
pressure.
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