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ABSTRACT

Low dimensional materials have been examined as electrocatalysts for the hydrogen evolution
reaction (HER). Among them, two-dimensional Transition Metal Dichalcogenides (2D-TMDs)
such as MoS, have been identified as potential candidates. However, the performance of TMDs
towards HER in both acidic and basic media remains inferior to that of noble metals such as Pt

and its alloys. This calls for investigating the influence of controlled defect engineering of 2D



TMDs on their performance towards hydrogen production. Here we explored the HER activity
from defective multilayered MoS, over a large range of surface S vacancy concentrations up to
90%. Amorphous MoS, and 2H MoS, with ultra-rich S vacancies demonstrated the highest HER
performance in acid and basic electrolyte respectively. We also report that the HER performance
from multilayered MoS; can be divided into two domains corresponding to “point defects” at
low concentrations of surface S vacancies (Stage 1) and large regions of undercoordinated Mo
atoms for high concentrations of surface S vacancies (Stage 2). The highest performance is
obtained for Stage 2 in the presence of undercoordinated Mo atoms with a TOF of ~ 2 s at an
overpotential of 160 mV in 0.1 M KOH which compares favorably to the best results in the
literature. Overall our work provides deeper insight on the HER mechanism from defected MoS,

and provides guidance for the development of defect-engineered TMD-based electrocatalysts.
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The emergence of systems able to convert or to store energy requires the development of
smart materials that are more efficient and stable, and ideally made of earth abundant elements.
Many of these systems operate via electrochemical reactions: fuel cells,' batteries® and
electrolyzers.>® Two-dimensional (2D) materials have emerged as a fascinating class of

electrocatalytic materials demonstrating excellent activity for key electrochemical processes
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including the hydrogen evolution reaction (HER),” " the oxygen evolution reaction (OER)
and the CO, reduction reaction (CO,RR)."*'® HER is indeed one of the most promising reactions

for the production of hydrogen (H,) from water. In order to find alternatives to expensive and



scarce noble metals, 2D electrocatalysts based on earth abundant elements are currently being
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investigated among other candidates based on metal carbides, metal nitrides, metal
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phosphides or metal sulfide nanoparticles. Transition metal dichalcogenides (TMDs)
have shown promise towards the evolution of hydrogen since the seminal work from Hinnemann
et al.” The main proposed strategies include i) the maximization of the density of active sites, ii)
the improvement of the reaction kinetics via the reduction of the charge transfer resistance and
iii) the optimization of the intrinsic activity of the TMD nanosheets. For instance, the charge
transfer resistance can be reduced through modifying the electronic properties using elemental
doping (e.g., N, P)** of TMDs or of the conductive supports (e.g., N-doped porous carbon).”°
Moreover doping with nitrogen, boron or phosphorus has also been identified as an efficient
lever to optimize the electrocatalytic properties via the modification of the free energy of
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adsorption of the reactant and the intermediate species. Similarly the optimization of the

intrinsic activity of TMDs has notably led to the exploration of methods for activating the active

%% We have previously reported that the

sites via phase,”*' defect and strain engineering.
metallic 1T phase of TMDs can enhance the activity by activating the basal plane and improving
the injection of electrons into the MoS, nanosheets.*”* Alternatively, Xie’s group first identified
the beneficial role of defects in MoS, slabs on HER activity.”’ Since then, several strategies for
defect engineering have been reported based on controlled hydrothermal growth,”' plasma,’*”>
electrochemical desulfurization®® and chemical treatments.” Defects in the form of sulfur (S)
vacancies are expected to induce a reduction of the free energy of hydrogen adsorption: AGy+ on
the basal planes of the MoS, nanosheets.” However, these predictions of the HER performance

have been performed assuming point-defect S-vacancies whereas the influence of point defects

versus undercoordinated Mo remains unclear. Experimentally, the effect of sulfur vacancies has



43-45.5055 while the behavior of defected

been explored from 0% up ~ 15 % in acid conditions,
MoS; in alkaline medium is less explored. For instance, recent results from the Lewis group have
proposed that — contrary to the situation in acidic media where the edges are active — in basic
media, the terraces are involved in the HER mechanism.*°

The development of optimized HER electrocatalysts based on engineered TMDs calls for
painstaking exploration of the reaction mechanisms on defected MoS,. Here, we report a detailed
study of the influence of the crystallinity as well as the concentration of surface S-vacancies in
multilayered MoS, on the HER activity in both acidic and basic electrolytes. The combination of
physical characterization and in-depth investigation of the electrocatalytic response from the
MoS; nanosheets provides a detailed understanding of the role and the nature of defects in HER
over a large range of concentrations of sulfur vacancy. Our results show that HER mechanism on
defective MoS; is divided into two stages corresponding to: /) “point” defects at low
concentrations of surface S-vacancies; and 2) undercoordinated Mo regions cause by stripping of
sulfur atoms at very high concentration of surface defects. The intrinsic activity of the MoS; —
extrapolated from the turnover frequency (TOF) — suggests that the formation of

undercoordinated Mo regions in MoS; nanosheets results in the highest catalytic activity, while

amorphous molybdenum sulfide demonstrates the highest activity in an acidic medium.

RESULTS AND DISCUSSION

We synthesized MoS, nanosheets via a hydrothermal reaction in N, N-
dimethylformamide (DMF) using ammonium thiomolybdate ((NH4).Mo0S4) as a precursor for
both Mo and S (Figure la). During the synthesis, the MoS, nanosheets organized into

nanoflower-like structures composed of few-layer stacked nanosheets (Figure 1b). At high



magnification, the layered structure of the MoS, is clearly visible and the length of the
nanosheets is typically below 100 nm (Figures lc,d). From the Raman spectrum of as-
synthesized MoS, (Figure Sla), the vibration modes are weak and broad, revealing that the
nanosheets are mostly amorphous in nature. The nanosheets were annealed at 800 °C under
argon (MoS,-8A) to obtain highly crystalline nanosheets of the trigonal prismatic (2H) phase —
as confirmed by the strong and sharp E1; and A;; modes at 385 cm™ (in-plane vibration modes)
and 410 cm™ (out-of-plane vibration modes), respectively (Figure S1a). We note that the pristine
2H MoS; keeps the same nanoflower-like structures as as-synthesized MoS,. The high
crystallinity of the pristine 2H MoS, nanosheets was observed under high resolution electon
transmission microscopy and high annular angle dark field scanning transmission electron
transmission microscopy (HAADF-STEM) (Figures S1b-d). The spacing of the nanosheets is
found to be ~ 6.5 A + 0.04. Different strategies have been reported for defect engineering in 2D
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5233 electrochemical desulfurization™ or

TMDs: including hydrothermal growth,”' plasma,
chemical treatments.” In this work, sulfur vacancies were introduced in the 2H MoS$; lattice by
annealing the nanosheets under hydrogen (H,) at increasing temperatures from 400 °C up to 800
°C (Figure 1a). H, annealing enables good control of the defect formation while being scalable.**
The final samples are labeled as MoS,-xH, where x represents the annealing temperature under
hydrogen (for example, MoS,-4H for 400 °C annealing under H, atmosphere). Defects in the
structure of the 2H MoS; nanoflowers have been observed under the electron microscope and
typical defects consist of cracks and misaligned basal planes as previously observed in the
literature (Figure 2a,b).’"”” After annealing under hydrogen, additional defects in the form of

sulfur atom vacancies are observed on the MoS, basal planes. Figure 2c¢ shows a representative

high resolution TEM image of an ultra-thin layer of defected MoS,-7H. The expected hexagonal



symmetry is clearly visible together with a high density of defects — identified as slightly brighter
spots in position of sulfur atoms (Figure 2c, red cycles) as previously reported in the

literature.’®>’

We also performed energy dispersive X-ray mapping of the Mo and S elements on
the MoS, nanoflowers (Figures 2d-f). The signals from S atoms from pristine 2H MoS; exhibit
higher density compared to the ones from Mo atoms as expected for a S:Mo ratio of ~ 2. In
contrast, defected MoS,-7H displays weaker contrast between the Mo and S maps (Figures 2g-1).
This observation first hints that a significant portion of the sulfur atoms has been removed from
the MoS; basal plane after annealing under hydrogen forming abundant sulfur vacancies.

While electron microscopy provides local information at the nanoscale level, we also
probed the nature of the defects in the MoS; nanosheets over large regions by notably using X-
ray diffraction (XRD), electron paramagnetic resonance (EPR) and X-Ray photoelectron
spectroscopy [See the Supplementary Information (SI) for details about the measurements]. After
annealing at 800 °C under Argon, the signatures of the 2H polymorph of MoS; are visible in the
diffraction pattern. The (002) peak is clearly detected at 14° — strongly enhanced compared to the
case of as-synthesized MoS; for which the (002) peak is split between 10° and 14° (Figure S2a).
When increasing the annealing temperatures under hydrogen, all the MoS, signatures decrease
suggesting a reduced crystallinity of the material (Figure S2b). The intensity of the (100) peak
decreases faster than the (002) peak indicating that the formation of defects does not dramatically
affect the layered structure (Figure S3a) of MoS,. This is in perfect agreement with high-
resolution Transmission Electron Microscope images showing an average interlayer spacing of
6.62 A +0.01 for MoS,-7H. We note that the full width at half maximum (FWHM) of the (100)
peak gets larger as the temperature is increased, while the crystallite size reduces (Figure S3b).

This is in agreement with the progressive formation of defects in the MoS; basal planes. It is



worth noting that the degradation of crystallinity accelerates after 600 °C. Similar trends are also
observed in the Raman spectra where the E;; and A;; peaks shift towards lower and higher
frequencies respectively as the annealing temperature increases (Figure S4). These displacements
are accompanied by a progressive broadening of the vibrational modes as previously observed
for ion-bombarded MoS,.%

Next, we performed Electron Paramagnetic Resonance (EPR) at increasing temperatures for 2H
MoS; under H; in order to estimate the evolution of the concentration of sulfur vacancies (See
methods in SI). The signature of the Mo-S dangling bonds can be detected at ~ 3500 G and the
signal is expected to be proportional to the concentration of dangling bonds from the S-vacancies
in the MoS; slabs (Figure 3a).”> We found that pristine 2H MoS, (MoS,-8A) presents some EPR
signals suggesting that as-synthesized materials possess some defects as expected for solution-
processed materials. As the H, annealing temperature increases, we observed that the signature
from the S-vacancies increases up to 600 °C, after which, the signal rapidly decreases (Inset of
Figure 3a). The decrease of the signal from the S-vacancies reveals a decrease in the amount of
Mo-S dangling bonds in the MoS, nanosheets after 600 °C. This is in apparent contradiction with
the formation of S-vacancies as the temperature increases. We attribute this behavior to a change
in the nature of the defects. Below 600 °C “point” defects are created and generate Mo-S
dangling bonds responsible for the EPR signals. Beyond 600 °C, the S atoms start to get stripped
leading to larger defects. The quantity of Mo-S dangling bonds in the MoS; slab is thus expected
to decrease leading to weaker EPR signals. The evolution of the structure of the MoS,
nanosheets upon annealing is summarized in Figure la. X-ray photoelectron spectroscopy was
used to further investigate the nature of the defects in the MoS,-xH samples. Figure 3b shows the

Mo3d and S2s regions from the different 2H MoS,. For pristine 2H MoS, (Mo0S,-8A), signals are



detected at 229.7 eV and 232.8 eV corresponding to the Mo3ds,, and the Mo3ds,, respectively,
and attributed to Mo(+IV) in MoS,, whereas the signals at 226.9 eV originate from the S2s
electrons. We note that no signals from oxidized Mo(+VI) — expected at 232.2 and 235.5 eV
from Mo(+VI)3d5/3 and Mo(+VI1)3d3/2 (Ref. 41) — can be detected, which confirms the absence
of oxidation for the different MoS, samples. The Mo 3d and S 2s signals remain virtually
constant up to 600 °C after which, the signals from Mo(+1V) and S 2s rapidly decrease. This
decrease is accompanied by the emergence of a new doublet at 228.5 eV and 231.7 eV attributed
to undercoordinated molybdenum: Mo(UC). By measuring the signals from the Mo 3d and the S
2p regions, it is possible to determine the S:Mo ratio as a function of the annealing temperature
(Figure 3c). The quantitative data from the XPS analyses was further confirmed by ICP-AES
analyses of as-synthesized MoS; and MoS,-8H (Figure S6). The low S:Mo ratio for MoS,-8H
combined with the absence of Raman signals (Figure S1) suggest that the majority of the
structure of MoS, is not preserved after annealing. On the other hand, the XPS analyzes of
MoS,-7H reveal a very low S:Mo ratio at about 0.5, which may appear to be in contradiction
with the amount of S atoms detected from the energy dispersive X-ray mapping shown in Figure
2h,i. We attribute this to a difference of composition between surface and bulk of the MoS,
nanoflowers. Indeed, the majority of stripped S atoms originates from the surface of the
nanosheets, while the other S atoms from the inner layers of the MoS, nanoflowers are more
stable and less prone to react with H,. Therefore the elemental mapping images shown in Figure
2 indicate both surface and bulk compositions, whereas the XPS analyzes only reflects the
surface composition. The formation of defects is visible on the HR-TEM images from the
disordered section on the outer layer of the MoS; nanosheets while the multilayered nature of the

MoS; is not affected (Figure S7). This is also supported by the obvious XRD and Raman



signatures from MoS, up to 700 °C confirming that the bulk section of the MoS, nanoflowers are
preserved. Thus the multilayered nature of the MoS; nanosheets allows maintaining the
structural integrity of the nanoflowers as the formation of defects mainly occurs at the surface
section, i.e. the outer MoS; layer of the nanoflowers. Our results are in line with previous reports

61-%3 Erom Figure 3¢, two stages are clearly observed:

from the literature for encapsulated TMDs.
a first stage where the S:Mo ratio decreases from ~ 2.1 to 1.7 for T < 600 °C and a second stage
for T > 600 °C where the S:Mo ratio decreases from 1.7 to 0.2 from 600 °C to 800 °C. A similar
trend as for the S:Mo ratio is observed by plotting the Mo(UC):Mo(+IV) ratio demonstrating that
the formation of the Mo(UC) and the extent of S-vacancies are strongly related (Inset of Figure
3c). Both EPR and XPS analysis qualitatively agree on the existence of 2 stages corresponding to
different natures of defects: “point” defects below 600 °C and S-stripping with formation of
undercoordinated Mo above 600 °C.

We evaluated the electrocatalytic response of the MoS, samples towards the evolution of
hydrogen reaction (HER). In order to gain deeper insight into the role of structure and S-
vacancies on the electrocatalytic performance, HER performance was investigated in both acidic
and basic media in order to vary the concentration of protons (H") present in the solution (See
HER measurements in the Methods section). We first compare the activity of amorphous and
crystalline 2H MoS, by recording the polarization curves in different electrolytes (Figure S8).
Amorphous and 2H MoS, exhibit the largest current density in 0.5 M H,SO4 (pH=0.6, denoted
as pH=~0) and in 0.1 M KOH (pH=12.9, denoted as pH~13) respectively. It is well known that the
current density can be influenced by external factors such as the surface morphology of the

electrode. In order to have a more accurate estimation of the intrinsic catalytic activity, we

estimated the Turnover Frequency (TOF): — 2 of the different MoS, electrodes based on

Nactive sites



the measurement of the electrochemically active surface area (ECSA) (See “TOF calculations”
section in the Methods section). Figure 3d shows the TOF from amorphous and crystalline 2H
MoS; electrodes at pH~0 and pH=~13. The values of TOF show a clear dependence on the
concentration of protons in the case of amorphous MoS, and the catalytic activity is clearly
enhanced at high concentrations of protons in the electrolyte solution. In 0.5 M H,SOs,
amorphous MoS; clearly evolves hydrogen at a minimal overpotential of ~ 100 mV and a low
Tafel slope of 44 mV dec” (Figure S9), while the activity is strongly reduced in 0.1 M KOH.
Conversely, the change of the activity between pH~0 and pH~13 is marginal in the case of 2H
MoS; and the overpotential together with the Tafel slopes remain virtually constant. Our results
reveal that the HER activity is proton mediated (H* + e~ — H*) in the case of amorphous MoS,
whereas for 2H MoS,, the HER can proceed via either direct proton adsorption H* + e~ —
H* or the dissociation of a water molecule:H,0 + e~ - H* + HO™.

To get deeper understanding of the role of surface S-vacancies on the HER activity we
systematically measured the different MoS,-xH electrodes with known concentrations of defects
in both electrolytes. Figures 4a,b show the polarization curves for 2H MoS,-xH at pH~0 and
pH=~13. In both acidic and basic media, the electrocatalytic performance of the 2H MoS,
electrodes gradually improves as the concentration of defects increases. This improvement
originates from the reduction of the overpotential combined with the decrease of the Tafel slope
(Figure S10). The value of Tafel slope of pristine 2H MoS, (MoS,-8A) is estimated to be ~ 110
mV dec” in 0.5 M H,SO, in good agreement with the previous results from the literature.”>**
This value is slightly larger in 0.1 M KOH and the Tafel slope reaches ~ 120 mV dec”'. When
the quantity of S-vacancies increases — with increasing annealing temperature — the Tafel slope

reduces to ~ 80 mV dec™ for both electrolyte solutions. When carefully examining the evolution
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of the Tafel slopes with the temperature, two different behaviors can be observed (Figure 4c). In
0.1 M KOH, the Tafel slopes linearly decrease with temperature. Conversely, in 0.5 M H,SOs,
the Tafel slopes first decrease from 110 mV dec” down to 85 mV dec” for the MoS,-6H and
then stabilize. When plotting the Tafel slopes as function of the S:Mo ratio, two regimes
corresponding to the two stages with point defects (Stage 1) and S-stripping (Stage 2) are clearly
visible (Figure S11). At both pH values, the Tafel slopes decrease faster upon the creation of
point defects in the 2H MoS; slabs demonstrating a clear improvement of the reaction kinetics.
In the regime of S-stripping, the Tafel slope further improves at a slower rate in the basic
medium, while much slower improvements are measured in the acidic medium.

The double-layer capacitance (Cq) of 2H MoS, and MoS;,-xH electrodes has been
estimated by cycling the different electrodes at increasing scan rates (See ‘“Double-layer
capacitance measurements” section in the Methods section). As the concentration of defects
increases, the Cq gets larger suggesting larger number of electrochemically active sites at the
electrodes surface (Figure S12). When reaching the domain (Stage 2) of S-stripping, the Cgy
saturates in the basic medium and eventually decreases in the case of the acidic medium.
Combining Cg and polarization curves, we then calculated the TOF for different electrodes
(Figures 4d,e). Figure 4f shows the evolution of the TOF measured at n = 300 mV in acidic and
basic media as a function of annealing temperature. In 0.1 M KOH, as annealing temperature is
increased, the TOF continuously increases up to 800 °C. This improvement is explained by the
linear decrease of the Tafel slope combined with the reduction of the overpotential. Interestingly,
the evolution of the TOF is different in 0.5 M H,SO4, for which TOF values stabilize at
temperatures higher than 600 °C, reflecting the saturation of the Tafel slopes. The exchange

current density (jo) was determined by extrapolating the Tafel plot to investigate the intrinsic
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HER activity from different MoS,-xH samples. Both in acidic and basic media, the exchange
current density gradually increases with the increase of Hj-annealing temperature (Figure
S13a,c). The ECSA-normalized exchange current densities of MoS,-7H reach 0.19 +0.004 and
0.35+0.04 pA cm ™ gcsa for pH~0 and pH~13, respectively. We measured the charge transfer
resistance (Zcr) in both acidic and basic media using electrochemical impedance spectroscopy
(See “Electrochemical Impedance measurements” section in the Methods section). Similar to the
evolution of the TOF, Zcr continuously decreases before saturating after 600 °C (Figure S14).
The rapid reduction of Zcr at T < 600 °C indicates that the injection of the electrons in the
presence of point defect S-vacancies is facilitated independently of the concentration of protons
in the electrolyte. In order to demonstrate the role of the surface S-vacancies on the improvement
of the HER activity, we repaired the defected MoS, electrodes by annealing the S-vacancies
under sulfur atmosphere (See “Healing defected MoS, electrodes” section in the Methods
section). We note that while the 2H MoS, structure is confirmed using XPS and Raman
spectroscopy (Figures 3 and S4), the Raman signatures from repaired 2H-MoS; display larger
FWHM (full width at half maximum) suggesting that the MoS, structure is not fully restored.
The repaired 2H-MoS; electrode (MoS;-7S) performs similarly in both acidic and basic media
compared to pristine 2H MoS, (MoS,-8A) as shown from the polarization curves (Figure S15).
This result is further confirmed by calculating the values of TOF frequency (Figure S16). More
importantly, the repaired 2H-MoS; electrodes exhibit nearly successful restoration towards some
key electrocatalytic parameters in both acidic and basic media, such as i) the Tafel slope (Figure
4c and Figure S11), ii) the TOF measured at 1 = 300 mV (Figure 4f and Figure 5b,c), iii) the
overpotential at 10 mA cm™ (Figure 4f and Figure 5b,c) and iv) the overpotential at TOF=2 s™'

(Figure 5a). We also applied the same methodology on chemically exfoliated single-layer MoS;
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nanosheets and the same trends as for MoS, nanosheets grown via hydrothermal reaction were
observed (Figure S17-18). Overall our measurements clearly supports that the enhancement of
the performance is primarily due to the surface S-vacancies.

Stability is an important parameter in electrocatalysis as the electrodes must be able to
sustain fixed current over a large period of time. We measured the stability of the 2H MoS, with
and without S-vacancies at a fixed current density of 10 mA cm™ — corresponding to
approximately 10 % efficiency in a solar-driven water splitting system. Figure S21 shows
evolution of the overpotential at 10 mA cm™ over 24 hours for MoS,-5H and MoS,-7H
corresponding to point defect and S-stripping regimes respectively. Both samples are found to be
stable in acidic and basic media with a minimal increase of the overpotential of less than 90 mV.
The chronopotentiometry measurements thus demonstrate that the active sites formed by the S-
vacancies are stable and validate the defect engineering strategy for increasing the intrinsic
electrocatalytic activity of 2H MoS..

To further understand the role and the nature of the surface S-vacancies on the
electrocatalytic response of the 2H MoS; electrodes, we then analyzed the HER performance
relative to the S:Mo ratio. Figure 5a shows the required overpotentials for reaching a TOF of 2 s
" in acidic and basic media. The overpotential at 2 s™ decreases rapidly when decreasing the
S:Mo ratio from ~ 2 to ~ 1.7 corresponding to the limit of the point defect regime (Stage 1).
Below S:Mo ~ 1.7 (Stage 2), the overpotential decreases further — albeit at a slower rate. We also
analyzed the evolution of the overpotential (1) and of the TOF at a fixed overpotential of 300
mV with the S:Mo ratio in 0.5 M H,SO4 and 0.1 M KOH (Figure 5b,c). Expectedly, both
parameters: 1 and the TOF are found to be strongly correlated to the S:Mo ratio. A similar

dependency is obtained when plotting the overpotential and the TOF at 300 mV overpotential as
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a function of the Mo-S dangling bond signals detected in EPR spectroscopy (Figure S22). Such
strong dependence highlights the role of the MoS, structure on the performance and calls for
additional investigations of the HER mechanism notably using numerical simulations. At defect
concentrations < 15%, the HER performance of 2H MoS; increases rapidly as evidenced by the
increase of the TOF values and the decrease of the overpotentials. This is attributed to the
decrease of the Tafel slopes and the overpotentials in agreement with previous results from the
literature.” Very interestingly, our results demonstrate that undercoordinated Mo atoms formed
by stripping the surface-sulfur atoms from the basal planes can further increase the HER
performance. The enhancement of the HER activity is observed in both acidic and basic media
although the largest improvements are observed in 0.1 M KOH, for which the overpotential
decreases from 420 mV to 260 mV while the TOF increases from < 1 s to 15 s™'. Finally Figure
6 presents the TOF values from amorphous and MoS,-7H together with those obtained from
other low dimensional electrocatalysts reported in the literatures.””””” One can see that MoS,-7H
compares favorably with most electrocatalysts and larger TOF are observed at pH=13,
unambiguously demonstrating the promise of defect engineering for the controlled formation of
undercoordinated Mo region within the MoS, slabs. We also note that the preparation of defect-
engineered MoS, via H, annealing has the advantages of being more controllable and scalable

compared to other nanostructures.

CONCLUSION
The above experiments provide an in-depth insight into the role of the structure and
surface sulfur vacancies on the HER performance of MoS,. The role of surface sulfur vacancies

from multilayered MoS, was explored over large range surface concentrations from 0 up to 90%.
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Amorphous MoS; and defective 2H MoS, demonstrated the highest HER performance in acidic
and basic electrolytes, respectively, suggesting different reaction pathways. Combining various
physical characterization techniques, we identified two stages corresponding to point defects for
S:Mo > 1.7 and undercoordinated Mo atoms for large defects formed during sulfur stripping
from the basal plane at S:Mo < 1.7. We observed that the existence of the two different domains
of surface S-vacancies translate into two different regimes in HER. Point-defects lead to a rapid
increase of the HER activity as confirmed by the TOF and overpotential values. We identified
that large densities of vacancies via S-stripping further improve the HER performance— albeit at
a slower rate — through the formation of domains of undercoordinated Mo. Based on our results,
we propose that combination of local point defects with undercoordinated Mo regions could be a
strategy for maximizing the density of active sites on the MoS; nanosheets. These findings shed
light on the importance of the structure and nature of defects for improving the electrocatalytic

activity of 2H MoS; towards HER for the production of hydrogen in both acidic and basic media.

METHODS

MoS; synthesis

20 mg of (NH4),MoS4 was dispersed in 35 ml of DMF followed by sonication at room
temperature for 10 min until a homogeneous, red-brown solution was achieved. The mixture
solution was transferred into a 50 mL Teflon-lined autoclave and maintained at 210 °C for 36 h
in an electrical oven. The product was collected by centrifugation at 12000 rpm for 30 min,

washed with ethanol and recollected by centrifugation. The washing step was repeated for at
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least 4 times to remove residual DMF. Finally, the product was dispersed in 12.3 mL of ethanol
to make the black ink (1 mg/ml) for electrochemical measurements.

Preparation of 2H MoS; and MoS;-xH electrodes

The working electrode was prepared by drop casting 10 puL of ink onto a pure glassy carbon
electrode (diameter = 4 mm). The electrode (hereafter termed “MoS,-AS”) was dried at room
temperature before electrochemical measurements. As-prepared working electrodes were then
annealed in a tube furnace under ultra-purity argon at 800 °C (ramping rate of 5 °C/min) for 1 h.
The quartz tube containing the MoS,-AS electrodes was purged with argon for 30 min to remove
any trace of oxygen. The temperature of the furnace was quickly elevated to 800 °C (ramping
rate of 10 °C/min) and kept at 800 °C for 1 hour. The obtained working electrodes are denoted
MoS;-8A. Sulfur vacancies were generated in the MoS; slabs by further annealing under
hydrogen (5% in argon, Varygon®) under vacuum at temperatures varying from 400 °C to 800
°C for 30 min with a 10 °C min™' ramping rate. The obtained electrodes were denoted as MoS,-
4H, MoS,-5H, MoS,-6H, MoS,-7H, MoS,-8H for 400 °C, 500 °C, 600 °C, 700 °C and 800 °C
respectively.

Healing defected MoS;

Repaired MoS, electrodes were prepared by annealing MoS,-8H under Argon in a sulfur-rich
atmosphere. MoS,-8H electrodes were placed at the center of a tube furnace and 0.5 g of sulfur
were placed at the entrance of the furnace. After purging the tube with argon for 30 min, the
temperature of the furnace was quickly elevated to 750 °C (ramping rate of 10 °C/min), kept at
750 °C for 30 min and finally cooled down to room temperature. The healed defected MoS; is
denoted as MoS,-7S.

Electrochemical measurements
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Electrochemical HER measurements were performed on an potentiostat (VSP from Biologic
Science Instruments) with a three-electrode cell configuration. Glassy carbon electrodes were
used as working electrodes, whereas a saturated calomel electrode (SCE) and a graphite rod were
used as reference and counter electrodes, respectively. All potentials were referenced to the
reversible hydrogen electrode (RHE) by the equation Erpyr = Esce + 0.241 + 0.0591xpH. The
HER performance was measured in an Nj-saturated 0.5 M H,SO,4 (pH = 0) and 0.1 M KOH (pH
~ 13) electrolyte at a scan rate of 5 mV s”'. Prior to any measurements, the electrodes were
cycled 20 times in order to stabilize the electrochemical responses. The electrochemical stability
tests were conducted by chronopotentiometry at 10 mA cm™ for 24 h. To evaluate the
electrochemical active surface area (ECSA), CV was conducted from 0.12 Vt0 0.22 V (in 0.5 M
H,S0O4) and 0.1 V to 0.2 V (in 0.1 M KOH) vs RHE with different sweep rates between 10 and
80 mV s'. Measurements of the double-layer capacitance were carried out by cycling the
electrodes between 0.12 to 0.22 V (in 0.5 M H,SO4) and 0.1 t0 0.2 V (in 0.1 M KOH) vs. RHE at
increasing sweep rates between 10 and 80 mV s~

TOF calculations

The turnover frequency (TOF) is defined as the number of turnovers per active site per second.
The TOF was calculated from the current density normalized to the surface of MoS, exposed
using the following relation:

JXNy

TOF = 5 XFxECSA

,where J is the current density, Na is Avogadro’s number (6.023 x 10%), 2 represents the
stoichiometric number of electrons exchanged during the HER reaction, n is the number of active

sites per cm” for a flat surface of MoS,, F is the Faraday constant (96485 C mol™), and ECSA is
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the electrochemically active surface area of the electrode. The number of active sites was
estimated by assuming all surface S atoms are active. The error bars in Figure 6b correspond to
hydrogen coverage of % (Ref. 78) and '/1s (Ref. 44) based on previous numerical calculations of
the free energy of hydrogen storage (AG°y+) The electrochemically active surface area (ECSA)
was calculated from the ratio of the measured double-layer capacitance with respect to the
specific capacitance of an atomically smooth MoS, material (60 pF cm™).%

Calculation of the exchange current density

The exchange current density (jo) is calculated by fitting the linear portion of the Tafel plot to the
Tafel equation (n = b log |j| + a, where 7 is overpotential, j is the current density, b is the Tafel

slope, and a is the intercept of the Tafel plot).
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FIGURES

Figure 1. (a) Evolution of the different structures of MoS; and transmission electron
microscope (TEM) observations of as-synthesized MoS,. Schematic representation of the
multilayered molybdenum disulfide after the hydrothermal synthesis (blue), after annealing at
800 °C under Argon (green) and after annealing under H, below 600 °C (orange) and above 600
°C (red). The top and bottom MoS; structures represent the surface and the bulk sections of the
MoS; nanosheets in the nanoflowers structures. The S vacancies are displayed in red circles. (b)
TEM images of as-synthesized MoS,. MoS, nanosheets organized in the form of nanoflowers. (e,

d) High resolution TEM image of the stacked individual layers of as-synthesized MoS,.
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Figure 2. (a, b) Transmission electron microscope observations of defected MoS,. Typical
defects observed under high resolution TEM shows the creation of distortions and kinks in the
slabs of MoS; due to disorder within the basal planes of the nanosheets. (¢) High resolution TEM
image of an ultra-thin layer of defected MoS,-7H. The hexagonal symmetry of 2H MoS, can be
identified. Examples of sulfur vacancies are highlighted by red cycles. (d,i) Elemental mapping

of Mo and S from pristine (d,e,f) and defected (g, h, i) MoS, nanoflowers.
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Figure 3. (a) Characterizations of defected MoS; nanosheets. Electron Paramagnetic
Resonance (EPR) spectra generated by the Mo-S dangling bonds for the different defected MoS,
compared to 2H MoS,. Inset: Evolution of the intensity of the EPR signals as function of the
annealing temperature. (b) High-resolution XPS spectra from the Mo3d and S2s regions for the
2H MoS; electrodes. The S2s signals (in green) vanish after 600 °C whereas the Mo(UC)
doublets rapidly emerge because of the stripping of the S atoms from the MoS; slabs. (c)
Evolution of the S:Mo and Mo(UC):Mo(VI) ratios as a function of the annealing temperature of

the electrodes. The two domains of point defects and S stripping are shaded in orange and red
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respectively. Inset: Evolution of the Mo(UC):Mo(IV) as a function of the S:Mo ratio. (d)
Turnover frequency (TOF) from amorphous and 2H MoS;, at pH=0 and pH=13. 2H MoS,

performs the same at both pH values, while the activity from amorphous MoS, is strongly

reduced at pH=13.
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Figure 4. (a,b) Electrocatalysis measurements towards hydrogen evolution from defected
MoS; nanosheets. Polarization curves of 2H MoS, and defected 2H MoS; after annealing from
400 °C up to 800 °C under H,. There are identical legends for figures (a), (b), (d) and (e). (¢)
Evolution of the Tafel slopes with the annealing temperatures and measured at pH=0 and pH=13.
(d,e) Evolution of the TOF with the applied potential for the defected MoS, electrodes. (f)

Evolution of the TOF measured at 300 mV overpotential for 2H MoS, and MoS,-xH and
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measured at pH=0 and pH=13. The repaired 2H-MoS, electrode (MoS,-7S) is also presented to

confirm the healing function.
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Figure 5. (a) Turnover frequency (TOF) from defected MoS; nanosheets. Evolution of the
overpotential for reaching TOF = 2 s with the S:Mo ratio measured by XPS. (b,¢) Evolution of
the TOF at 300 mV with the S:Mo ratio and measured at pH=0 and pH=13. The repaired 2H-

MoS; electrode (MoS»-7S) is also presented and shows similar performance as pristine 2H MoS;

(M0S,-8A).
(@) 040 b (€) —
\ Repaired ( ) Y pH=0 pH=13 Q| 0.44
0.364 ! @ pH~13 10L. .o 0.48 A o
m | N .--9 3 "] _.-""" 0403
T 032]/a, ~ | JPtae 044 2 o TN .- 2
4 : e |img--T EoLqofbl Ng-mT ° 0.36 %
202 Vg g d Joaol 3 PLRY 1 ’32
= el |44 <= FoI\m ]
o2 . ¢ O [@\ - 036 & O [ BRI 0% 5
= DRy ~ = s~ | 2 [ ! ~--n 4 -
< 0.20 ‘~‘~°~ 1 p . ~~J. T ’II ) ‘§, 028 T
S~ / Repaired 1032 m (8. Repaired ] m
0.16 ° ] il
T T T T T T T T 1 T T T T 0.24
20 15 10 05 0.0 20 15 10 05 00 20 15 10 05 0.0
S : Mo ratio S : Mo ratio S : Mo ratio

31



Figure 6. Comparison of the HER activity with other electrocatalysts. Evolution of the TOF
at pH~0 (a, 0.5 M H,SO4) and pH~13 (b, 0.1 M KOH) from amorphous and MoS,-7H compared
to values from the state of the art HER electrocatalysts (pH~0: P-1T MoS,,”> MoS,/Mo,C,”” hH-
MoS,,% Stepped MoS,.% MoSz(l.X)Sez);/NiSez,é8 M0P|S,69 MoSz(l_x)Px,m W/BrN;"! pH=~13:

MoS,/NiCo-LDH,”* MoNis/MoOs.,,”* NiCo,P,,”* M0,C/Mo,N,” Mo,N@NC,’ NiS/Ni,P/CC™).
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