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ABSTRACT: Sulfur (S) vacancies in MoS; have been found to act as a new active
center, which shows an unprecedented intrinsic HER activity under elastic strain.
However, such S-vacancies are unstable and the activities are very sensitive to the
vacancy concentration. A strategy to stabilize these abundant active sites is thus
highly desirable. Herein, we rationally design a catalyst system to stabilize
S-vacancies in the basal plane of 2H-MoS, supported on defective vertical graphene
network (VGN). The energetically favorable line-shaped S-vacancies in MoS; shows
a consistently high HER activity that is insensitive to S-vacancy concentration.
Moreover, the defective graphene support effectively stabilizes these S-vacancies. The
optimized catalyst exhibits a superior HER activity with overpotential of 128 mV at
10 mA cm™ and Tafel slope of 50 mV dec™. Most importantly, the catalyst shows
greatly increased stability over 500 h; benchmarking the most stable nonprecious
HER catalyst in acidic media to date.

KEYWORDS: 2D heterostructure, hydrogen evolution, stabilization function,

vacancies, long-term stability



1. Introduction

As a clean and sustainable energy resource, hydrogen has been considered to be one of
the most promising candidates for replacing traditional fossil fuels in the future [1-3]. Water
electrolysis for hydrogen generation through the hydrogen evolution reaction (HER) is a
renewable and sustainable technology, yet it only contributes 4% of the global hydrogen
production [4]. The majority of this 4% hydrogen is produced via alkaline water electrolysis
(AWE) that can be implemented in large-scale owing to its excellent scalability and
competitive cost [5-7]. The other commercial water electrolysis technology, proton exchange
membrane (PEM) electrolysis, shows many advantages over AWE, including high-purity
pressurized hydrogen, good partial load range (i.e., compatible with intermittent renewable
energy sources), high efficiency, and portable/compact device [1]. However, it has poor
scalability because its noble metal-based catalysts prevent it from large-scale implementation,
and also increase the cost significantly [1, 8]. Over five-year global platinum (Pt) production
is needed to produce enough hydrogen to meet our annual energy consumption with current
PEM electrolysis technology.

Bio-inspired HER catalyst molybdenum disulfide (MoS;), which is 10,000 times more
abundant than Pt, has shown great potential as an alternative to Pt catalyst in PEM
electrolyzer [8]. Three types of HER active sites in MoS, have been discovered in the past
decade, including edge-site [9, 10], 1T-phase metallic clusters [11], and sulfur vacancies
(S-vacancies) in 2H-phase basal plane [12-18]. The edge sites show extraordinary activity,
however, its low density necessitates ultrasmall nanoparticles uniformly distributed and
stabilized on conductive substrate [10, 19]. 1T-phase MoS, is rich in active sites but it is
metastable [11]. The recently discovered S-vacancy is abundant in the basal plane of MoS,,
and shows unprecedented intrinsic activity under elastic strain [16, 20, 21]. However, it is
unstable particularly at high concentration; and its HER activity is very sensitive to
S-vacancy concentration (%S-vacancy) [13, 17]. Finding ways to stabilize these abundant
S-vacancies active sites remains an open challenge. Moreover, the HER activity shows strong
dependence on %S-vacancy, resulting in performances variation in large-area catalysts where
local S-vacancy distribution and concentration are difficult to control.

In this work, an optimal MoS,-based HER catalyst is rationally designed by using
density functional theory (DFT) calculations, and then constructed using vertical defective
graphene as the platform to stabilize S-vacancies in MoS,. The unique features of this design

contain (1) the two-dimensional (2D) graphene with defects help to stabilize the 2D MoS,



with S-vacancies (V-MoS;) by forming a stable 2D-2D interface, (2) the 2D graphene
facilitates the growth of thin MoS; catalysts, (3) robust catalytic activity that is insensitive
to %S-vacancy by generating line-shaped S-vacancies, (4) standing vertical graphene
network (VGN) directly grown on conductive carbon substrate minimizes Ohmic loss, and (5)
open structure of VGN facilitates proton transport in HER process. The resulting

V-MoS,/VGN catalyst shows excellent HER activity and extraordinary stability.

2. Experimental Section

2.1. Synthesis of V-MoS,/VGN on Carbon Paper (V-MoS,/VGN@CP), MoS,@CP and
VGN@CP structures

Carbon paper (CP, TGP-H-060) was purchased from Toray Co. Ltd. Vertically standing
graphene were prepared on the CP substrate by a rapid mesoplasma chemical vapor
deposition (MPCVD) process at 900 °C (18 kW, 13.56 MHz). The as-prepared substrates
were denoted as VGN@CP, i.e., VGN on carbon paper substrate. MoS,/VGN@CP sample
were then synthesized via solvothermal method. 30 mg of (NH4)MoS4 powder was firstly
dispersed in 30 ml N, N-dimethylformamide (DMF) by ultrasonication and continuously
stirred for 30 min at room temperature. Afterward, a piece of VGN@CP (1 x 4 cm) was
immersed in the solution and transferred into a 50 ml Teflon-lined stainless steel autoclave.
The solvothermal process was carried out in an oven at 200 °C for 15 h followed by natural
cooling down to room temperature. After washing with deionized water and alcohol, the final
products were obtained by drying under vacuum at 70 °C for 10 h. MoS, directly grown on
CP was also prepared with the same solvothermal method to obtain MoS,@CP structure as a

control sample.

The mild argon (Ar) plasma was generated by dispersing a 30 W RF power in a 6-inch
diameter vacuum chamber at a pressure of 0.1 mbar. The as-prepared MoS,/VGN@CP
sample were exposed at the chamber with different times (20, 40, 60, 80, 100, 120, 140 and
160 s, respectively) to obtain the V-MoS,/VGN@CP samples.

2.2. Electrochemical Measurements

Electrochemical measurements were carried out by an electrochemical workstation (CHI
Instrument 660E) with a standard three-electrode setup in a 0.5 M H,SOs solution.
V-MoS,/'VGN@CP, MoS,/VGN@CP, MoS,@CP, VGN@CP and CP samples were used as
working electrodes. Ag/AgCl (saturated KCl) electrode and Pt foil were used as reference



electrode and counter electrode, respectively. All potentials were converted to a reversible
hydrogen electrode (RHE) scale, i.e., RHE=V vs. Ag/AgCl + 0.197 + 0.059 XpH. The
catalytic performance was measured by linear sweeping from -1 to 0 V (vs. RHE) with a scan
rate of 5 mV s ', with 85% iR correction compensation for all LSV curves from
electrochemical workstation, where the Ohmic series resistance Rs is obtained under
open-circuit voltage. Faradic efficiency was tested on Agilent 7890A GC equipment under

flow cell with Ar as carrier gas, and the interval time is 1311s.
2.3. DFT Calculation Details

DFT calculations were performed using the Atomic Simulation Envinement (ASE) with
Quantum Espresso code using plane-wave ultrasoft pseudopotentials.[22, 23] The
BEEF-vdW functional was chosen as it provides a reasonable description of van der Waals
forces between MoS, and graphene layers while maintaining an accurate prediction of
chemisorption energies.[24] We noted that the functional was tested with empirical data, and
its error on adsorption energies was found to be within 0.1-0.2eV.[24] To ensure no lattice
strain effects were present when adsorbing a single MoS; layer on to graphene, we modelled
our heterostructure system by matching the lattice parameters of graphene in a (9x3)
rectangular lattice cell containing 108 carbon atoms closely with MoS; in a (4x4) rectangular
lattice cell containing 16 Mo atoms and 32 S atoms. A PWSCEF input script that recreates the
heterostructure in its supercell is provided in the Supplementary Information. To reduce
computing time, plane-wave and density cutoffs were 400 and 4000 eV, respectively, with a
Fermi-level smearing width of 0.1 eV (0.0073 Ry) and 2x2x1 k-point sampling; convergence
with respect to plane-wave cutoffs and k points were verified in a previous report.[25, 26]
Still, a convergence study is provided in Supplementary Table S1, where we showed that H*
and heterostructure adsorption trends, to the extent of the pristine and V-MoS, with 2
S-vacancies over pristine graphene system, remain unchanged through energy cutoffs of 550
and 5500eV, and 3x3x1 k-point sampling. Periodic boundary conditions were applied and 11
A of vacuum was used in between the periodic heterostructure layers. Calculations performed
were spin-restricted as the model systems are non-magnetic. All structures were fully relaxed
until all force components were less than 0.05 eV A™'; no atoms were frozen in the supercell.
We define adsorption energy of hydrogen for our system to be:

AE(H*) = E(MoS, + H + graphene) — E(MoS; + graphene) — 1/2 *E(H>)
where E(MoS, + H + graphene) is the total energy for a given MoS, system with a given

graphene support and n hydrogen atoms adsorbed on basal plane, E(MoS, + graphene) is the



total energy of the clean system, and E(H,) is the energy of a gas phase hydrogen molecule.
The Gibbs free energy for hydrogen adsorption was then calculated as

AG(H*) = AE(H*) + AEzpg — T* ASy
where AEzpg is the zero-point energy difference between the adsorbed state and the gas phase
state of the system, and ASy is the entropy difference between the adsorbed state and the gas
phase standard state (300 K, 1 bar) of the system. Here we have approximated the entropy of
hydrogen adsorption as ASy = 1/2(Sw,°), where Sy,° is the entropy of gas phase H, at

standard condition. The adsorption energy of MoS, on the graphene support was defined by:
AE(ads) = (E(MoS; + graphene) — E(MoS;) + E(graphene)) / N¢
where the adhesion energy of MoS, on the support was normalized to the number of carbon

atoms N¢ in the supercell.

3. Results and Discussion

3.1. Rational Design of Catalyst

The use of support interactions to stabilize a catalytic material has been explored
recently [25, 27-30]. We rationalized an optimal design for the following catalyst system (see
Fig. 1 for schematic) using DFT calculations. Conductive 2D graphene is chosen as the
catalyst support to form a stable 2D-2D catalyst-support interface with 2D MoS; catalyst.
Pristine and defective graphenes would have different interactions with MoS, due to their
distinct chemical reactivity. We thus firstly study the adhesion energy between MoS, and
various graphenes. Our model system consists of a single infinite layer of MoS, with 4 Mo
atoms in the X direction and 8 atoms in the y direction (pristine MoS;), stacked on a single
infinite layer of graphene composed of 108 carbon atoms (pristine graphene), and defects
were created on MoS, or graphene based on the perfect stacked bilayer. We started by
elucidating the most stable arrangement of S-vacancies on graphene support before

investigating the H adsorption strength.

The S-vacancies that are observed most frequently in experiment are point and
line-shaped defects [31, 32]. We thus compare the energetics of line-shaped defects on the
basal plane of MoS, to that of randomly generated point defects. We assume that a uniform
arrangement of individual S-vacancies across the top layer of sulfur atoms on the MoS, sheet
will yield randomly distributed point defects because those individual S-vacancies are well

separated and have no influence on each other. For the sake of computational time, we



limited this stability study on defective graphene to those with even numbers of C-vacancies.
However, our simulations showed that the most stable configuration of S-vacancies in MoS,
anchored on defective graphene is line-shaped, in agreement with previous report [33] (see
Supplementary Figure S1 for more details).

This line-shaped configuration results in hydrogen adsorption free energies that are
insensitive to the %S-vacancy, as depicted in Fig. 2. We explored in depth the changes to the
free energy diagram as we introduce line-shaped S-vacancies in MoS, supported on various
graphene systems, as depicted in the insets of Fig. 2a (pristine graphene, i.e., 0%
C-vacancies), 2b (2 carbon atoms missing, i.e., 1.85% C-vacancies), 2¢ (4 carbon atoms
missing, i.e., 3.70% C-vacancies), 2d (an aromatic ring of 6 carbon atoms missing, i.e., 5.56%
C-vacancies), 2¢ (2 aromatic rings of 12 carbon atoms missing, i.e., 11.11% C-vacancies),
and 2f (graphene edge, i.e., 50% C-vacancies). The atomic configuration of the
heterostructure with graphene on top is presented in order to show clearly the C-vacancies in
graphene (the blue dots in the insets). For each free energy diagram, we studied how H
adsorption on the MoS; basal plane is affected by the amount of line-shaped S-vacancies, i.e.,
0.00% (blue), 3.13% (green), 6.25% (orange), 9.38% (cyan), and 12.50% (red), as shown in
Fig. 2 (see more defects configuration in Supplementary Figure S2). We limited our study to
12.50% S-vacancy because MoS, was found to become very unstable with S-vacancy above
12% [16]. The topmost blue curve shows the energetics on the pristine MoS, over the 6
defective graphene systems. Without any S-vacancies, the H adsorption onto MoS, basal
plane is found to be very endergonic across all graphene systems, in agreement with previous
studies that show the pristine MoS, basal plane to be chemically inert [9, 10]. The H
adsorption energy drastically decreases when 3.13% line-shaped S-vacancies are introduced.
Following that, it barely changes when S-vacancy concentration increases from 3.13% to
12.50%, and it remains around -0.10 eV (see Table S2 for detailed values), which indicates
excellent HER activity.

We note that when MoS; is adhered onto pristine graphene (Fig. 2a), and the line-shaped
S-vacancies are found to exhibit positive H binding energies at all %S-vacancy. When there
are defects on the graphene systems, the H binding energy on V-MoS, drastically decreases
towards negative values. The most optimal H binding across all %S-vacancy occur when
there are 4-6 C-vacancies on the graphene. When the graphene has less than 4 or more than 6
C-vacancies, a weakening of the H binding energy is observed for V-MoS,. Nevertheless, all
line-shaped S-vacancies shows a small H absorption energy (<0.16 eV) on all defective

graphene systems.



We also examined point-shaped S-vacancies in comparison to line-shaped ones. Over
pristine graphene, we found similar H adsorption trends to that in literature [16] (see
Supplementary Figure S3), where increasing %S-vacancy leads to increasing H binding
energies. Over defective graphene with 6 C-vacancies, we found that the H adsorption trend
remains similar to those over the pristine graphene. This is in obvious contrast to line-shaped
S-vacancies, where pristine graphene and defective graphene supports made significant
difference on the trend of H adsorption upon increasing %S-vacancy. We speculate that the
difference in H adsorption behavior between line-shaped S-vacancies and point-shaped
S-vacancies on MoS, over defective graphene systems may stem from the size of the
S-vacancy site. Nevertheless, we note that for both line-shaped and point-shaped S-vacancies,
the most stable %S-vacancy hovers around 6.25% and 12.5%. Putting together, our H free
energy calculations suggest that the HER activity is mostly insensitive to the %S-vacancy in
the range of 6.25% to 12.5% when V-MoS, is supported on defective graphene - this is
unique for line-shaped S-vacancies instead of point-shaped S-vacancies.

The stabilization of V-MoS, can be rationalized through the adhesion energetics between
the V-MoS, layer and the defective graphene layer. Graphene interacts with the V-MoS, layer
via its m-conjugation layer. Carbon defects introduce defect states near the Fermi level in the
graphene layer [34]. Similarly, when S-vacancies are introduced, gap states form near the
Fermi level of adhered V-MoS; layer, which may be regarded as the active basal site for HER
[16]. We hypothesize that, analogous to how H will stabilize S-vacancies on the MoS; basal
plane via chemisorption, the defect states on graphene stabilize the S-vacancies of MoS, via
physisorption, i.e., long-range Van-der Waals interactions. Adhesion between all
MoS,/graphene systems are exergonic; however, due to changes in adhesion area between
MoS; and defected graphene systems studied, we performed area normalization on the
adhesion energy through the number of carbon atoms (108) in the supercell. Fig. 3a shows
the adhesion energy between pristine MoS, and defective graphene systems. Pristine MoS,
over pristine graphene is found to be the weakest adhered system of all the systems studied,
consistent with previous report [25]. When a few C-vacancies are created in graphene, the
adhesion energy becomes stronger. Specifically, the adhesion energy increases by 8.15% and
11.89% for defective graphene with a missing aromatic ring and graphene edge, respectively,
in comparison with the pristine graphene. These observations suggest that defective graphene
effectively stabilizes the supported V-MoS, above.

The influence of S-vacancies on the structure stability is presented in Fig. 3b, where the

adhesion energy between V-MoS, and pristine graphene is presented. The introduction of the
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S-vacancies also drastically improves the adhesion energy between catalyst and support.
Specifically, the adhesion energy increases by 6.30% and 12.49% for MoS, with 3.03% and
12.50% S-vacancies, respectively. The impacts of both S-vacancies in MoS; and C-vacancies
in graphene are summarized in the colored contour plot of adhesion energy, as shown in Fig.
3c. Both S- and C-vacancies increase the adhesion energy between catalyst and support,
regardless of how the S-vacancies are arranged. We do note that the structure and phase of
MoS, may change at high %S-vacancy; [16] and the conductivity of graphene will decrease
at high %C-vacancy. Thus, one is not able to increase the stability continuously by simply

increase the vacancy concentration.

3.2. Experimental Fabrication and Evaluation of Catalyst

As suggested by DFT calculations, conductive graphene with defects is crucial to
make stable and efficient HER catalysts of V-MoS,. However, one should balance the
tradeoff between defects and conductivity in defective graphene. We thus choose a MPCVD
system to directly grow VGN@CP as the conductive support. The high-energy (18 kW)
plasma involved in the process results in rich defects in VGN while the high-temperature
(900 °C) ensures its excellent electrical conductivity, meanwhile thin layers range from 4 to
10 layers were obtained, as shown in Figure S4. Then MoS, was grown on VGN@CP with a
solvothermal method to form MoS,/VGN@CP structure [35]. We noted that the graphene
substrate facilitated the growth of thin MoS, flakes, instead of MoS, particles/clusters as
those on CP substrate (Supplementary Figure S5). Both interfaces, i.e., MoS,-VGN and
VGN-CP, were formed by direct growth at elevated temperatures; leading to superior
electrical contacts. Afterward, Ar plasma exposure was employed to create S-vacancies in
MoS,, resulting in the final catalyst V-MoS,/VGN@CP, as shown in Supplementary Figure
S6. The open structure MoS,/VGN@CP support allows penetration of Ar plasma into the
catalyst efficiently to create S-vacancies. The scanning electron microscopy (SEM) image of
VGN reveals a three-dimensional (3D) porous network (~200 nm in pore size and 2~3 pm in
height), as shown in Fig. 4a. The large water contact angle of 147° indicates a super
hydrophobic surface of the as-prepared VGN (inset of Fig. 4a). The SEM image after the
growth of MoS, shows a well-retained VGN structure with a more closely packed surface, as
depicted in Fig. 4b. The entire surface of VGN is covered with MoS; thin sheets that have a
much smaller size. The MoS,/VGN@CP surface remains hydrophobic with a slightly smaller
water contact angle (131° as depicted in the inset of Fig. 4b).



In contrast, the catalyst surface became very hydrophilic after Ar plasma exposure, due
to oxygen occupation (from water molecule) of S vacancy sites [36]. After 120-s Ar plasma
exposure, the contact angle decreased to 25°, as displayed in the inset of Fig. 4c. The
wettability of catalysts determines the infiltration ability and the mass transport of electrolyte,
and thus largely influences the catalytic performance; [37] and the excellent wettability of our
catalyst is favorable for high HER activity. It is worth noting that the catalyst surface became
much rougher, yet the open network structure remained unchanged. The Raman spectra
before and after Ar plasma exposure are similar (Fig. 4d), suggesting the surface chemical
composition was not significantly changed. The MoS,/VGN@CP with a 120-s plasma
treatment has exhibited the best performance that will be detailed later, we therefore use
120-s Ar plasma treatment as the optimum condition (i.e., Vi20-MoS,/VGN@CP, where the
subscript denotes 120-s Ar plasma exposure). To further examine the structure of the catalyst,
particularly the MoS,/VGN interface, we performed high-resolution transmission electron
microscopy (HRTEM). The TEM image of MoS,/VGN (Fig. 4e) shows that (1) both MoS,
and VGN sheets are thin enough to appear to be transparent under TEM, and (2) MoS, (range
of 2-7 layers) and graphene flakes form a uniform composite. A closer look reveals typical
interplanar spacing of graphene and MoS, to be about 3 and 6 A, respectively, corresponding
to the (002) planes of graphene and 2H-MoS, [35]. Moreover, thin MoS, flakes are anchored
on the surface of multilayer graphene flakes to form 2D heterostructure, suggesting VGN
considerably limits the growth of thick MoS; and its aggregation, which is beneficial for
achieving high density of active sites. The plasma exposure did not change either the 3D open
structure macroscopically or the lattice parameters microscopically, as displayed in Fig. 4f. It
is worth noting that most MoS, thin sheets align along with graphene sheets and form a stable
2D-2D interface, offering excellent contact that facilitates the electron transport because the
electron conductivity across MoS; layers is much poorer than that of in-plane transport [38,
39].

The electrocatalytic HER performances were evaluated in a typical three-electrode setup
by steady-state linear sweep voltammetry (LSV) curves, as shown in Fig. 5a.
MoS,/VGN@CP needs a much smaller potential of -217 mV than VGN@CP (< -400 mV)
and MoS,@CP (-286 mV) to deliver a current density of 10 mA c¢m™, proving the importance
of MoS;-graphene interface. Notably, V|20-MoS/VGN@CP only needs -86 mV to start
hydrogen evolution and -128 mV to achieve 10 mA cm™; and the LSV curves show
negligible change in argon environment or when carbon electrode was chosen as the counter

electrode, as displayed in Figure S7a. The corresponding Tafel slope of
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V120-M0S,/VGN@CP is as low as 50 mV dec” (Fig. 5b), much lower those that of the other
samples, which indicates a much faster HER kinetic [40]. And the H, Faradic efficiency of
V120-MoS,/VGN@CP is close to 100%, as depicted in Figure S7b. It is worth noting that
V120-MoS,/VGN@CP also shows a much lower overpotential than those of similar catalyst
systems, including MoS,-VGN@nickel foam (~220 mV) [35], edge sites of MoS,
nanoparticles on reduced graphene oxide (~150 mV) [19], amorphous MoSx on
graphene/carbon nanotube@CP (141 mV) [41], and 1T-MoS,/carbon cloth (~151 mV) [42].
Indeed, the HER performances of V20-MoS,/VGN@CP are comparable or better than the
state-of-the-art MoS;,-based catalysts (as summarized in Supplementary Table S3). Most
importantly, the catalyst is very stable within 500-h continuous operation (Fig. 5c), which is 4
orders of magnitude more stable than monolayer S-vacancies supported on gold substrate
[16]. This superior stability also benchmarks the nonprecious HER catalyst in acidic media
(Supplementary Table S4). The 3D open structure of the catalyst morphology is well retained
after 500-h stability test and no Pt peaks appeared in SEM-EDS element mapping , as shown
in the SEM image (see inset of Fig. 5c, and Figure S8), due to the much low overpotential
than those reported in the literatures [43, 44].

Next, we discuss how to determine the optimum Ar plasma exposure duration. We
measured the dependence of overpotential (at 10 mA cm'z) on plasma treatment time, as
depicted in Fig. 5d (see Figure S7c and S7d for full LSV curves and Tafel slopes of samples
with different Ar plasma exposure). One can see that the overpotential declines dramatically
with the increment of plasma treatment time in the first 60 s, and then gradually decreases to
the lowest value of 128 mV at 120 s. Beyond 120 s, the overpotential starts to increase, which
is attributed to the structural damage of MoS, since too many S-vancancies have been created
[16]. The quick decrease of overpotential in the first 60 s is attributed to the increased
hydrophilicity of the catalyst and the increment of HER active site density, so the activity is
sensitive to %S-vacancy below 60 s. Interestingly, the stable performance between 60 s and
160 s suggest the robust HER performance that is insensitive to %S-vacancy (Fig.5d and
Figure S7c¢), consistent with our theoretic prediction (Fig. 2 and Supplementary Figure S3).

The energy dispersive X-ray spectroscopy (EDS) analysis (Supplementary Figure S9)
shows that the atomic ratio of S:Mo is ~2.1, consistent with MoS, made using solvothermal
method [45]. EDS mapping images reveal the uniform distribution of C, Mo, and S elements
in the MoS,/VGN@CP sample. Electron paramagnetic resonance (EPR) was used to confirm
the evolution of the defects concentration, as depicted in Fig. Se. Increasing Ar plasma

exposure time from 0 to 160 s led to enhanced EPR intensity (g = 2.006), indicating
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consistently increased %S-vacancy [46, 47]. The S-vacancy concentration is further
quantified by X-ray photoelectron spectroscopy (XPS). The evolution of XPS spectra of
Vi-MoS,/VGN, where t is the Ar plasma exposure time, was measured when t increases from
0 (i.e., MoS,/VGN@CP) to 160 s. One can see that S 2p state is significantly weakened by
plasma exposure due to formation of S-vacancies on the catalyst surface (see Fig. 5f). Also,
the Mo 3d state becomes weaker after plasma exposure (see Supplementary Figure S10). All
Mo peaks including Mo*" (232.3 e€V/229.0 eV) and its slightly oxidized Mo’* (233.6
eV/230.3 eV) and Mo®" (235.8 eV) [48, 49] were all taken into account for quantification,
and the atomic ratio of S:Mo is calculated to be ~2.11 for t = 0 curve based on the XPS
spectra, consistent with the aforementioned EDS measurement. As Ar plasma treatment time
increases, the ratios of S: Mo decrease gradually, indicating more S-vacancy was created (see
Table S5 for atomic ratios and S-vacancy concentration). For the optimum condition t =120 s
(i.e., V120-MoS,/VGN@CP highlighted in red), S:Mo atomic ratio is decreased to ~1.86,
corresponding to 7% (normalized stoichiometric ratio 2.0) or 12% S-vacancy (normalized to

2.11 as measured).

To estimate the accessible active sites of the electrodes, the electrochemical capacitance
Cq is calculated in the double layer capacitance region, as shown in Supplementary Figure
Slla (see Supplementary Figure S12 for the corresponding CV scans). The pristine
MoS2/VGN@CP shows an Cg of 10.6 mF cm™, significantly higher than that of MoS,@CP
(4.6 mF cm™), which arises from the much thinner and better-separated MoS, thin sheets on
VGN than those on CP. More importantly, V1,0-MoS,/VGN@CP displays a large Cq of 13.6
mF cm?, indicating that S-vacancies effectively increase the active surface area in the basal
plane. For Vi-MoS,/VGN@CP with different Ar plasma treatment time, we found the Cgy and
electrochemical active surface areca (ECSA, calculated from measured Cg4 with reference to

the capacitance (60 pF/cm”) of the flat MoS, [50]) increases generally (Figure S11b and

Sllc), reveling the surface roughness increases from t = 0 s to 160 s. And the
ECSA-corrected LSV curves (Figure S11d) also reflect the same trend that activity change
slightly from 60 s to 160 s, consistent with DFT prediction. It is worth noting that the Ohmic

loss is negligible, owing to the superior conductivity of defective graphene support.

For the potential application of our catalyst in industry, one of the advantages is the low
cost of MoS; (more than 10,000-time more abundant and 1000-time cheaper than Pt), and the

superior activity and long-term stability also make it promising for practical use; thus it has
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great potential for large-scale implementation. Nevertheless, two major challenges remain.
Firstly, our V-MoS,/VGN catalyst was directly grown on carbon support, and the process is
not compatible with industrial PEM powder catalysts (Pt particle powder loaded on carbon
support). A method to transfer the V-MoS,@VGN catalyst onto proton-exchange membrane
has to be developed. Besides, the reported methods for S-vacancy generation in MoS,,
including plasma exposure and electrochemical reduction, are not suitable for treatment of
V-MoS,/VGN powder, so a scalable process to generate S-vacancies in MoS, powder is

needed before a practical application can be realized.

4. Conclusion

In summary, we have designed and evaluated a strategy to stabilize S-vacancies for HER
catalyst. MoS; thin sheets with S-vacancies are anchored on defective and conductive
graphene that forms an open network, which allows generation of S-vacancies using Ar
plasma. The designed catalyst has the following advantages. First, the similar 2D geometries
of MoS; and defective graphene thin sheets enable the stabilization of S-vacancies on the
stable 2D-2D interface. Second, the 2D natures of MoS; and graphene result in growth of thin
MoS,, and excellent electric contact between MoS; and the conductive support. Third, the
open structure and excellent wettability of the catalyst system facilitates the proton transport
and access to the active sites. All of these features lead to superior HER activity, i.e., low
overpotential, small Tafel slope, as well as outstanding long-term durability over 500 h. Our
strategy for stabilizing S-vacancies could be applicable to other catalysts beyond HER such
as carbon dioxide reduction reaction. As all the components and processes are scalable, the

demonstrated catalyst holds great promise as a scalable HER catalyst for PEM electrolyzers.
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Fig. 1. Rational design of stable sulfur vacancies in MoS,. (a) Schematic of the atomic
structure of MoS, with sulfur vacancies stabilized on defective graphene. The blue and
yellow big balls represent Mo and S atoms, respectively. The grey small balls represent C
atoms. The dotted red and blue dotted circle indicates S and C vacancies, respectively. Left
panel: side view (upper) and top view (lower) of MoS,-graphene stack with MoS, on top. A
linear configuration of S vacancies is highlighted in the dashed box. Right panel: side view
(upper) and top view (lower) of graphene-MoS, stack with graphene on top. An aromatic ring

configuration of C-vacancies is highlighted by the dashed lines (missing C-C bonds).

Fig. 2. Impact of S-vacancies in MoS, and C-vacancies in graphene on free energy. Reaction
free energy versus the reaction coordinate of HER for the line-shaped S-vacancies range of
0-12.50% supported on graphene with (a) 0% (pristine), (b) 1.85%, (c) 3.70%, (d) 5.56% (1
carbon ring missing), (e) 11.11 % (2 carbon rings missing), and (f) 50% (edge). Insets:
atomic configuration of graphene with various C-vacancy%. The blue and yellow balls
represent Mo and S atoms, respectively. The grey balls represent C atoms, and the blue balls

represent the missing C atoms.

Fig. 3. Stability of sulfur vacancies on defective graphene. (a) The adhesion energy per
carbon atom of pristine MoS, on defective graphene with carbon vacancies%. Inset: Atomic
configuration of MoS, on various defective graphene substrates with graphene layer on top.
The blue and yellow balls represent Mo and S atoms, respectively. The grey balls represent C
atoms. The blue balls indicate the missing carbon atoms. Pristine graphene, graphene with
one hexagon of carbon vacancies, graphene with two hexagons of carbon vacancies, and
graphene edge from left to right are inserted. (b) The adhesion energy per carbon atom of
MoS, with S-vacancies on pristine graphene. Inset: atomic configuration of MoS, with
various S-vacancies% on graphene substrate with MoS, layer on top. The red balls indicate
the missing sulfur atoms arranged in line shape. MoS, with 0.00% (pristine), 3.13%, 6.25%,
9.38%, and 12.50% S-vacancies from left to right are inserted. (c) Colored contour plot of
adhesion energy as a function of S-vacancy% and C-vacancy%. Inset: the color bar represents

the value of adhesion energy.

Fig. 4. Material characterizations of the catalyst. SEM images of (a) vertical graphene
network (VGN), (b) MoS,/VGN hybrid, and (¢) MoS,/VGN hybrid with sulfur vacancies by
Ar exposure for 120 s (V120-MoS,»/VGN). The insets are the contact angle measurement
results with 147°, 131° and 25° from (a) to (c). The scale bars in (a) to (c¢) are 500 nm. (d)
Raman spectra of V-Mo0S,/VGN and MoS,/VGN@CP heterostructure. (¢) HRTEM image of
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MoS,/VGN. The scale bar is 10 nm. (f) TEM image of V120-MoS,/VGN. Inset: corresponding
HRTEM image. The scale bar in (f) is 100 nm, and that in the inset is 10 nm. The interlayer
distance of graphene (~3 A) and V-MoS, (~6 A) are both labelled in (e) and (f).

Fig. 5. Electrochemical test and S-Vacancy characterization of the catalyst. (a) LSV curves
and (b) Tafel plots of the V120-MoS,/VGN@CP, MoS,/VGN@CP, MoS,@CP, VGN@CP,
CP and Pt. The Tafel slope of each curve is labelled. (c) Stability test of the
V120-MoS,/VGN@CP up to 500 h, where the inset is SEM image after stability test. (d)
Overpotential (at 10 mA cm'z) versus Ar plasma treatment duration and the red line is fitting
curve. (¢) EPR spectra of V(-MoS,/'VGN@CP when t is increased from 0 (i.e.,
MoS,/VGN@CP) to 40, 80, 120, and 160 s. (f) XPS spectra of S 2p states of
Vi-MoS,/VGN@CP sample when t increases from 0 to 80, 100, 120, 140, 160 s.
V120-MoS,/'VGN@CP (i.e., t = 120) case is highlighted in red.
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*Research Highlights

e A MoS; catalyst consists of sulfur vacancies is rationally designed for acidic HER.
e The MoS, with line-shaped vacancies is stabilized on vertical graphene network.
o The designed HER catalyst shows stable operation over 500 hours at 10 mA cm™.

e DFT calculations show the mechanisms for stable HER reaction.
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