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The basal plane of MoS, has been considered a potential source of active catalytic sites in hydrogen
absorption. Sulfur vacancies can activate the inert basal plane of MoS,; however, achieving sufficient
catalytic efficiency requires a high defect concentration of about 12%. We investigated the effect of
defects on the hydrogen adsorption on the basal plane of MoS, using angle-resolved photoemission
spectroscopy (ARPES) and density functional theory (DFT) calculations. Mild annealing in terms of
temperature and time effectively introduces single sulfur vacancy (Vs) defects, as observed from the
electronic structural changes that are in excellent agreement with DFT calculations for a Vg

concentration of ~4%. Subsequent exposure to molecular hydrogen showed that the higher hydrogen
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Accepted 18th July 2024 pressure facilitates hydrogen adsorption, as predicted by theoretical calculations. Interestingly, hydrogen

exposure restores the electronic structure to a state similar to that of pristine MoS,. These results

DOI: 10.1039/d4ta02570a suggest that the controlled introduction of Vs defects via annealing is a promising strategy for enhancing
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1. Introduction

High-efficiency devices for renewable and sustainable energy
conversion are essential to reduce dependence on conventional
fossil fuels and address global environmental and resource
challenges."® Hydrogen, a clean fuel and energy carrier, is
currently enjoying unprecedented political favour and business
momentum, with a rapidly increasing number of policies
around the world and being at the core of the circular economy.®
Addressing the challenges of hydrogen implementation as an
alternative fuel could significantly mitigate greenhouse gas
emissions and have a positive environmental impact.”
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ARPES data to support the results in the main text: comparison of the valence
band of an undoped and a Nb-doped MoS, sample; comparison of the
core-levels of an undoped and a Nb-doped MoS, sample; DFT band structure
calculations of a pristine Mo, single-layer and a single-layer with H atoms
adsorbed in the Vg; details of the formation of a Fermi step after
hydrogenation; comparison between the hydrogenation at high and low
pressures. See DOI: https://doi.org/10.1039/d4ta02570a
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hydrogen adsorption on MoS,, paving the way for its potential use in future catalytic applications.

Electrochemical water splitting (WS) stands out as one of the
most eco-friendly approaches for hydrogen production.®**° This
process involves two half-reactions: hydrogen evolution reac-
tion (HER: 2H" + 2e- — H,) occurring at the cathode and
oxygen evolution reaction (OER: 2H,0 — O, + 4H' + 4e") at the
anode.'>** Catalysts play a crucial role in enhancing the effi-
ciency of electrochemical devices by speeding up reactions and
reducing the required energy input.*'® Although platinum
group metals (PGMs) are often used as catalysts due to their
exceptional performance in a wide range of applications, there
is a strong interest in finding alternative catalysts for economic,
environmental, and technological reasons.****

MoS, has emerged as a promising alternative for PGMs in
the HER, driven by various advantageous features.'>'® Its cata-
Iytic activity can be modulated by altering its structure through
diverse approaches, such as layer number manipulation,'” Mo-
edge exposure,'**® nanostructuring,”>* phase engineering,>
doping with metal-**** and non-metal atoms®®* or defect
introduction,® thereby rendering it adaptable to specific
requirements. Furthermore, MoS, demonstrates stability under
a broad range of electrochemical conditions, retaining its
catalytic performance even in harsh environments.*

Defects play a pivotal role in MoS,, significantly impacting its
physicochemical properties and offering a rich test field for
tailoring and introducing new functionalities. Notably, single
sulfur vacancies (Vs) at the basal plane have been identified as
catalytic centres for the adsorption of hydrogen intermediates.***”

This journal is © The Royal Society of Chemistry 2024
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Vs is the most prevalent defect in MoS, since its enthalpy of
formation is the lowest compared to that of other defects.**** This
indicates that Vg has a lower tendency to combine. Additionally,
Mo and S antisites are rarely observed due to their higher
enthalpies of formation.** However, achieving good catalytic effi-
ciency requires a high defect concentration of approximately 12%
under normal conditions.*** The approaches described above for
adjusting the catalytic activity of MoS, vary in complexity. Among
these, thermal annealing is recognized as the most straightfor-
ward for generating Vs. Thermal annealing, yielding S sublimation
in the basal plane, has been previously reported for single-
layered*>** and bulk* MoS,. The threshold temperature at which
the defect-related effects are observed in a single layer is 200 °C.
While for the bulk case, a threshold temperature is less known. No
signs of defect-related effects are observed below 400 °C,** whereas
surface defects have been observed microscopically at 650 °C.*
These studies consistently employ temperatures below 900 °C,
which is the point at which MoS, degradation begins.” It is
important to consider that, the annealing treatment in previous
works typically maintain the target temperature for periods
ranging from 30 (ref. 43 and 45) to 120 (ref. 44) minutes, after
which defect-related effects become evident.

In this study, we investigated the role of S defects and the
underlying physical mechanisms driving the enhancement of
hydrogen adsorption on the MoS, basal plane. To this end, we
employed mild annealing, i.e. at a relatively low temperature
and of short duration, under ultra-high vacuum as a simple and
reliable method to create S defects in the basal plane. We
monitored the appearance of novel spectral signatures in the
band structure upon defect creation and further hydrogen
exposure using angle-resolved photoemission spectroscopy
(ARPES). The comparison of the experimental results with
density functional theory (DFT) band structure calculations for
pristine and Vg-defective MoS, before and after hydrogenation
allows us to identify which electronic states are involved in
hydrogen absorption boosting.

2. Methods

2.1. Sample preparation

The samples used were synthetic bulk-like p-doped 2H-MoS, (Nb
concentration ~ 2 x 10" em ™) crystals from 2DSemiconductors,
3 x 3 mm® approx. in the lateral size. Structural and morpholog-
ical information, including photoluminescence, Raman spectros-
copy, X-ray diffraction and transmission electron microscopy, is
available elsewhere.”® Three samples were exfoliated in an ultra-
high vacuum (UHV) chamber at a pressure of 5 x 10° mbar,
which produces flat surfaces with large terrace widths. Following
exfoliation, the samples were transferred to a preparation
chamber (base pressure ~ 2 x 10'° mbar). Any possible surface
adsorbates were removed by a cleaning method that involved
annealing with a resistive heater at 150 °C for 15 min (temperature
was monitored with a thermocouple attached to the back of
a sample holder). Controlled annealing was performed by electron
bombardment (temperature was monitored with a calibrated
pyrometer aimed at the sample surface centre). The increasing
temperature ramp lasted A¢ = 10 min and the final temperature
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preparation was kept constant for 5 min. The hydrogenation
treatment involved exposing the samples to pure H, (purity better
than 99.999%). For this purpose, a preparation chamber operating
at room temperature (RT) and a base pressure below 5 x 10~ *°
mbar was filled with hydrogen up to a target partial pressure. Total
exposures were achieved by maintaining a constant H, partial
pressure while varying the exposure time. The exposures are
expressed in Langmuir units (L).

2.2. ARPES

ARPES measurements were performed at the URANOS beamline
of the SOLARIS National Synchrotron Radiation Centre (Krakow,
Poland) and the APE-LE beamline at ELETTRA Sincrotrone
(Trieste, Italy). All spectra were measured using light linearly
polarised in the horizontal plane with a photon energy of iv =
70 eV and at a temperature of 110 K. The maximum beamline spot
size was 65 x 130 um® (vertical and horizontal, respectively).
Photoelectrons were collected using a Scienta Omicron DA30-L
electron spectrometer with energy and angle resolutions better
than 16 meV and 0.1°, respectively. The Fermi level was deter-
mined by measuring a poly-crystalline Au mounted in electrical
contact with the sample. As MoS, is semiconducting, we
employed the standard approach to give any energy reference or
displacement with respect to the valence band maximum (VBM)
(see Fig. Sict for the determination of the VBM).

2.3. DFT calculations

DFT calculations were performed using the plane-wave
Quantum ESPRESSO (QE) package.” We used the generalized
gradient approximation (GGA) developed by Perdew-Burke-
Ernzerhof (PBE) for the exchange and correlation functional® as
well as the projector-augmented wave (PAW) pseudo-poten-
tials.>* The cut-off used for the plane waves was 49 Ry. The
calculations converged until the difference in the energy (force)
was less than 5 x 107> Ry (4 x 10~* Ry per bohr radius). The
pristine band structure was calculated before simulating the Vg
inclusion and hydrogen exposure. The pristine monolayer
structure consisted of a S-Mo-S trilayer (a MoS, single-layer)
with 1 x 1 periodicity. We included a vacuum of 15 A to
reduce the interaction between neighbouring layers. The two-
dimensional first Brillouin zone (1BZ) k-mesh has a 12 x 12
size. The lattice parameter obtained was 3.167 A, leading to
a band structure with a direct band gap of 1.8 eV at the K point.
To simulate the Vg defects, we expanded the periodicity of the
pristine structure to a 5 x 5 supercell by removing one atom
from the cell. This situation corresponds to a 4% Vg concen-
tration. Once we had created the vacancy, we introduced H,
molecules around. The calculations with the larger size used 16
k-points in the 1BZ. With the relaxed structures, we calculate the
corresponding band structure of the 5 x 5 supercell using now
91 k-points along the M-G-K direction. To compare the calcu-
lations with the experimental results, we converted the super-
cell band structure into unfolded bands in the 1 x 1 unit cell
with the extensively used unfolding methodology explained
before® and implemented in the unfold-x code, suitable for the
QE package.
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Fig. 1

(a) Side and top view of the 2H-MoS; crystalline structure. Mo atoms (blue) and S atoms (orange). (b) Hexagonal BZ (dark blue line) and its

high-symmetry points. On top, we depict the projected BZ (red line). (c) Schematic representation of Vs defects generation by thermal annealing.
(d) ARPES intensity showing the MoS, band structure along the MI'KM high-symmetry points path. (e) Stack of constant energy maps at different
binding energies. (f) DFT orbital-projected band structure calculated for a single-layer of MoS, along the MI'KM path. The symbol size is

proportional to the weight of the state.

3. Results and discussion

Fig. 1a shows the 2H-MoS, structure consisting of a hexagonal
unit cell of two rotated hexagonal S-Mo-S trilayers (space group
symmetry is P6;/mmc). In this structure, the Mo atoms of one
layer are covalently bonded to the neighbouring S atoms layers.
S-Mo-S trilayers (hereafter referred to as single-layers) are
bonded to each other by van der Waals (vdW) forces and stack to
form the bulk. Fig. 1b presents the BZ and the projected BZ of
the reciprocal space.

Panel d in Fig. 1 shows the valence band (VB) of a Nb-doped
MoS, sample. The strong dispersion features two minima,
about halfway between the M and I" points and between the I
and K points. Notably, Nb doping does not alter the electronic
structure shape;* however, it induces a significant p-type rigid
shift of ~0.63 eV in the electronic band structure, placing the
VBM very close to the Fermi level (see Fig. S1 and S2t). Doping
with Nb has a beneficial effect on hydrogen adsorption by
bringing the d-band centre closer to the Fermi level,>”** thereby
reducing the free energy of hydrogen adsorption on the basal
plane.”® In addition, the increased conductivity mitigates
sample charge problems, ensuring reliable ARPES
measurements.

The electronic structure around the K point shows spin—orbit
splitting (160 meV), indicating the high crystalline quality of the
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samples®® (see Fig. S1df). Unlike single-layer MoS,, in bulk
MoS, the VBM is at the I" point, leading to an indirect band gap
of 1.2 eV (the I' point is ~0.6 eV higher than the K point).”**” As
a result, the constant energy contour plots shown in Fig. 1e
present the characteristic circle and triangles centred at the I
and K points, highlighting the crystalline symmetry.

To identify the orbital origin of the VB, in Fig. 1f we display
the VB orbital projection calculated for a single-layer of MoS,.
The top band is dominated by Mo d orbitals ranging from d,- at
the I' point to d,,/d,, near the K point. In contrast, the two
adjacent bands at higher binding energy mainly consist of S p
orbitals. Knowing the orbital origin of the bands is crucial in
elucidating the physical origin of the changes observed after
annealing and hydrogenation.

The electronic structures upon annealing at 600 °C and 700 °©
C are displayed in Fig. 2. We focus on the I'K direction, as this is
the region that exhibits the relevant changes. The quality of the
ARPES maps demonstrates that annealing at these tempera-
tures effectively preserves the overall crystallinity of the sample.
This preservation is particularly evident at the K point, where
the spin splitting remains well resolved.*

Although qualitative changes are apparent in the marked
regions, a deeper insight into the effect of annealing is obtained
by analyzing the energy dispersion curves (EDCs). Fig. 2d
presents the EDCs centred at I' of the annealed samples. A

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta02570a

Open Access Article. Published on 20 July 2024. Downloaded on 10/21/2025 9:52:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

a

— x0.01

2

c

=]

g

o T T

- 00 05 1.0

=

E = Pristine

9 600 °C

< = 700 °C
T T

T
-1.0 -05 00 05 1.0
E-E . (V)

VBM

Fig. 2 ARPES intensity showing the evolution of the MoS, dispersion
along the TK direction after annealing: (a) pristine, (b) 600 °C and (c)
700 °C. The dashed lines and rectangles mark the regions from which
EDCs are taken. (d) EDCs at I"integrated over a Ak = 0.1 A™%. The EDCs
of the annealed samples were shifted towards their respective pristine
VBM for comparison. Inset: enlarged region near the VBM, all the EDCs
are multiplied by 0.01.

distinctly sharp VB edge can be observed, indicating the crys-
tallinity preservation following the annealing treatments.
However, while the EDC of the pristine sample exhibits a steep
drop, a gradual emergence of tail states can be noted for each of
the annealed samples. According to the Anderson model,
a disordered lattice structure leads to the formation of localised
electronic states immediately above (below) the valence
(conduction) band.*®*** This tail states constitutes an exponen-
tially decaying density of states that extends into the gap®>® that
we can assign to the generation of defects.®>%*

The formation of Vg implies a broken Mo-S bond, so regions
of the reciprocal space with well-differentiated S p and Mo
d orbital contributions are more likely to show modifications.
Thus, the region prone to exhibit changes due to the presence of
Vs is marked with a dashed red rectangle in Fig. 2. Fig. 3a and
b shows a set of EDCs taken in this region corresponding to the
600 °C and 700 °C annealing samples. The set of EDCs of the
pristine sample is added for comparison. It is seen that some
shoulders appear, marked with ticks, as shown in the figure.
The intensity of these shoulders is more prominent at an
annealing temperature of 700 °C. The appearance of such
features in this region indicates that the annealing does not
affect the entire band structure equally.

To better understand the observed modifications after the
annealing, Fig. 3c presents the orbital contribution of the band
structure calculated for a single-layer of MoS, with 4% of Vs. To
compare with the experimental results, we display in Fig. 3d
a set of EDCs from a region analogous to the red dashed

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a and b) Set of EDCs corresponding to the rectangle regions
marked in Fig. 2 for annealing at 600 °C and 700 °C, respectively. The
black curves correspond to the pristine sample. (c) DFT orbital-pro-
jected electronic band structure calculated for a single-layer of MoS,
with 4% of Vs. (d) Set of theoretical EDCs taken from the dashed
rectangle regions in (c), corresponding to the sum of the Mod and S p
orbitals. The orbital projection of the central EDC is shown in (e).

rectangles. The figure shows the development of a shoulder in
the same place as those observed in the experimental bands.
Furthermore, Fig. 3e presents the orbital projection of the
marked EDCs in the set. The shoulder formation appears in the
S p orbital after the introduction of Vg and it is absent in the
pristine sample band structure (the calculation of the pristine
band structure is presented in Fig. S3at). In addition, the Mo
d orbital hardly shows any change. This remarkable agreement
between the experimental and theoretical results indicates not
only the presence of Vs in the annealed samples but also points
to the S p orbital origin of the observed electronic structure
changes. The amount of 4% of Vg has been selected for the
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Fig. 4 (a) ARPES intensity showing the evolution of the MoS, disper-

sion along the TK direction for the annealed sample at 700 °C after
exposure to 1000 L of H, at a pressure of 1 x 10~* mbar (relative high
pressure). (b) EDC at I of the hydrogenated sample taken from (a).
Inset: enlarged region near the VBM, all the EDCs are multiplied by
0.03. (c) Set of EDCs taken from the dashed rectangle regions in (a). (d)
Set of theoretical EDCs taken from the dashed rectangle region in
Fig. S3b.+

theory to obtain good agreement with the experimental results.
Therefore, it suggests that the density of defects obtained after
annealing should be around the same order. Moreover, no
changes in the chemical composition of the sample could be
detected by X-ray photoemission spectroscopy (XPS) for such
a low defect concentration.*

After revealing how the creation of sulfur defects modifies
the VB, we exposed the annealed samples to H, to evaluate their
reactivity at two different pressures. Two samples annealed at
700 °C were dosed up to 1000 L at RT and pressures of 1 x 10~*
mbar (hereafter referred to as “high pressure”) and 1 x 10°°
mbar (hereafter referred to as “low pressure”). Fig. 4a shows the
ARPES intensity of the sample dosed at high pressure. A new
spectral weight below 0 eV binding energy was observed. Fig. 4b
presents an EDC at the I' point, highlighting the appearance of
a well-defined intensity step. The formation of this step at the
Fermi energy across the entire BZ is shown in Fig. S4f and it
induces a —0.17 eV downward n-type shift of the VB. The
retrieval of the “pristine” electronic structure after hydrogena-
tion, as it is seen in panel a, provides additional experimental
evidence of hydrogen incorporation and bond formation into
the Vg. This effect is consistent with the “Vg passivation”
observed in MoS,.**** Unlike other previous works,* we have
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not detected any ambipolar VB or band replicas after
hydrogenation.

Fig. 4c displays the set of EDCs corresponding to the rect-
angular region marked in panel a. Surprisingly, the shoulders
due to the presence of Vg are suppressed and the overall band
structure exhibits increased sharpness after hydrogenation.
This experimental observation is in good agreement with the
DFT calculation with H atoms adsorbed on a single layer of
MosS, with 4% of Vs (see Fig. S3bf). Fig. 4d presents a set of
theoretical EDCs taken from Fig. S3b.f A comparison between
the theoretical and the experimental data reveals an identical
suppression of the shoulder intensity maxima.

Calculations indicate that molecular hydrogen chemisorbs
dissociatively near a Vs only under high H, pressure at RT.*
Molecular hydrogen physisorbs on the surface when there are
no sulphur vacancies. Furthermore, the molecule remains in
the same orientation over a Vg at 0 K temperature. Increasing
the temperature leads to desorption of the isolated molecule.
Including other H, molecules facilitates its rotation and leads to
molecular dissociation. In this situation, the H atoms remain
linked to the Mo atoms. At high pressure, the energy barrier
disappears, favouring the dissociative process (see Sec. III of
ESIf for more details). Our experimental findings suggest that
the high H, pressure yields a much larger dissociative chemi-
sorption that can thus be explained within this theoretical
scenario. For similar H, exposure but at lower pressure,
minimal changes in the band structure were observed (see
Fig. S57).

The appearance of a Fermi step after hydrogenation,
showing a transition from semiconducting to a metallic surface
upon hydrogen adsorption has been reported in other semi-
conductors, including Ge(111),*® Si-terminated n- and p-doped
B-SiC(100),*” SrTiO3(001),** and ZnO(1010).* Similar to these
semiconductors, the formation of a metallic Fermi step and the
n-type shift of the VB in MoS, indicates that the Vg present in
the annealed sample can adsorb and dissociate H,. Vg is either
in neutral or negative charge state and acts as an acceptor.®® The
adsorption of hydrogen involves the formation of Mo-H bonds,
facilitating charge transfer from the adsorbate to the surface.
The removal of sulfur causes an excess of electrons on the Mo
atoms, which is compensated through hydrogen bonding,
thereby enhancing overall surface stability.

The HER activity for S defect concentrations between 2 and
22% has been studied in previous works.**** Our results indi-
cate that a high concentration of Vg is not necessary to observe
significant changes in the electronic structure. Conversely, our
results are consistent with the observation that a high density of
S defects leads to an inert basal plane for hydrogen adsorption,
and consequently a low HER activity.>**>”° This comparison also
highlights the dissociative capability of V5 defects compared to
other types of defects.

4. Conclusions

We investigated the effect of sulfur vacancies upon hydrogen
adsorption on the basal plane of Nb-doped MoS, bulk crystals
exfoliated in UHV. Our work demonstrates that mild annealing

This journal is © The Royal Society of Chemistry 2024
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induces distinctive changes in the band structure, that can be
clearly attributed to the generation of sulfur defects at low
concentrations. The observed changes in EDCs that mainly
probe S p and Mo d orbitals are in perfect agreement with the
DFT calculations of MoS, with 4% of Vg defects. This highlights
the effectiveness of annealing as a simple, efficient and repro-
ducible method to generate sulfur vacancies in the basal plane.

In situ exposure of the S-defective samples to H, adsorption
causes a charge transfer from the adsorbate to the surface and
restores the electronic structure to resemble the pristine state.
The hydrogenation at high-pressure results in the metallisation
of the surface, evidenced by a well-defined Fermi-like step close
to the VBM. On the other hand, hydrogen exposure at low
pressure has a similar but less dramatic effect on the band
structure, indicating that the partial hydrogen pressure is more
relevant in the H, absorption than Vg defect concentration.
From theoretical calculations, we can conclude that high pres-
sure accelerates the hydrogen adsorption kinetics, shifting the
equilibrium towards more adsorbed molecules and explaining
the observed differences between high and low H, partial
pressures (even when large doses were used in both cases).

Our results demonstrate that mild annealing can effectively
enhance hydrogen adsorption. The significant dreceasing in the
annealing time has positive implications for the reduction of
energy resources needed to transform MoS, into a catalytically
active material. In this sense, the relatively “high” hydrogen
pressure required to enhance dissociation and adsorption is an
advantage in real catalytic reactions in industry, where the
working conditions are far from UHV experiments.

Data availability

The data that support the findings of this study are openly
available at https://zenodo.org/doi/10.5281/zenod0.12659310.
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